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ABSTRACT

Efficient separation techniques for organelles and bacteria in the micron- and sub-
micron range are required for various analytical challenges. Mitochondria have a wide size
range resulting from the sub-populations, some of which may be associated with diseases
or aging. However, traditional methods can often not resolve within-species size variations.
Strategies to separate mitochondrial sub-populations by size are thus needed to study the
importance of this organelle in cellular functions. Additionally, challenges also exist in
distinguishing the sub-populations of bio-species which differ in the surface charge while
possessing similar size, such as Salmonella typhimurium (Salmonella). The surface charge
of Salmonella wild-type is altered upon environmental stimulations, influencing the
bacterial survival and virulence within the host tissue. Therefore, it is important to explore
methods to identify the sub-populations of Salmonella.

This work exploits insulator-based dielectrophoresis (iDEP) for the manipulation
of mitochondria and Salmonella. The iDEP migration and trapping of mitochondria were
investigated under both DC and low-frequency AC conditions, establishing that
mitochondria exhibit negative DEP. Also, the first realization of size-based iDEP sorting
experiments of mitochondria were demonstrated. As for Salmonella, the preliminary study
revealed positive DEP behavior. Distinct trapping potential thresholds were found for the
sub-populations with different surface charges.

Further, DEP was integrated with a non-intuitive migration mechanism termed
absolute negative mobility (ANM), inducing a deterministic trapping component which
allows the directed transport of pm- and sub-pm sized (bio)particles in microfluidic
devices with a nonlinear post array under the periodic action of electrokinetic and



dielectrophoretic forces. Regimes were revealed both numerically and experimentally in
which larger particles migrate against the average applied force, whereas smaller particles
show normal response. Moreover, this deterministic ANM (dANM) was characterized with
polystyrene beads demonstrating improved migration speed at least two orders of
magnitude higher compared to previous ANM systems with similar sized colloids. In
addition, dANM was induced for mitochondria with an AC-overlaid waveform
representing the first demonstration of ANM migration with biological species. Thus, it is
envisioned that the efficient size selectivity of this novel migration mechanism can be
employed in nanotechnology, organelle sub-population studies or fractionating protein

nanocrystals.
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CHAPTER 1

INTRODUCTION

Separation and fractionation of micron- and sub-micron sized particles is important
for the development of nanoparticle-based applications as well as for biological studies,
since effective isolation methods are required to study biologically important species such
as cells, organelles, or large genomic DNA. In addition, revealing the heterogeneity of
particular bio-species through subpopulation analysis may allow novel insights into
biochemical pathways inducing malfunction and eventually disease.

Among the research of organelles, the study of mitochondria is important due to its
significant contribution to many cellular functions such as energy production, metabolism,
cellular signaling, and apoptosis [1-3]. Mitochondria have intrinsic heterogeneous sizes
and morphologies suggesting the existence of mitochondrial subpopulations dividing into
normal mitochondria of about 0.1 — 1 pm in diameter [4, 5] and atypically sized giant
mitochondria (> 1 jum) [4]. The latter have been observed in models of aging and in tissue
of various pathological states such as neurodegeneration [6-8], metabolic disorders [9-11],
and myopathies [12, 13]. In addition, the formation of cristae and the relation between the
ultrastructure as observed in giant mitochondria and diseases are reviewed in Zick et al.
[14] in detail. All these studies have suggested that such size heterogeneity may be an
important factor associated with disease initiation and progression. Therefore, reliable and
effective techniques allowing size-based subpopulation analysis of organelles are

demanded.



Conventional fractionation or isolation methods can separate a particular organelle
from cell lysate and they are typically based on size and density such as differential
centrifugation [15, 16], density gradient centrifugation [16-19], and flow field-flow
fractionation [20]. Other techniques for sample purification have also been developed [21,
22] including electromigration methods such as free flow electrophoresis (FFE) [19, 23-
25], micro-FFE [26], isoelectric focusing [27], capillary electrophoresis [28], and
dielectrophoresis (DEP) [29, 30]. In addition, immunomagnetic isolation of mitochondria
has also been reported [31]. However, these methods are mainly focused on isolating
mitochondria from cell cytoplasm and are generally not capable of subpopulation
fractionation. Thus, methods that can distinguish and separate subpopulations of organelles
based on their size are yet to be developed.

As size-based subpopulation analysis is in demand, employing non-intuitive and
novel migration mechanisms is thus suggested. Micro- and nanofluidic devices in
combination with the tailored integration of structured elements, fluid and force fields
(thermal, electric, dielectrophoretic, magnetic) have been shown to evoke novel migration
mechanisms [32], which cannot occur on the macroscale. Prominent examples are ratchets
and Brownian motors capable of directed transport of nanoparticles or even molecules [33,
34]. Another demonstration is the phenomenon absolute negative mobility (ANM), in
which particles can be transported in directions opposite to an average force [35-38]. The
ANM phenomena seems counter-intuitive, however, it obeys the laws of physics and
results from non-equilibrium conditions created by a periodic driving force and nonlinear

elements (created through obstacles in a microfluidic structure). The coexistence of



‘normal’ migration and migration in the direction opposite to an average force for
differently sized particles can be exploited for separation.

Most ratchets or ANM systems require some source of randomness which is
delivered by the Brownian motion of biomolecules or nanoparticles. For separation
purposes, such methods are however poorly suited for most realistic fractionation devices
since the Brownian diffusion of particles in the target size range is intrinsically slow.
Moreover, in the case of ANM the integration of geometrical traps requiring
microstructured features similar in size to micro- or nano-particles of interest is required.

Hence, further miniaturization to nm-sized particles is technically challenging.

DISSERTATION WORK METHODOLOGY

This dissertation is organized into seven main chapters. After this introductory
chapter, Chapter 2 provides a brief description of the theories involved in the numerical
simulations and experiments. Chapter 3 describes the iDEP migration and trapping of
polystyrene beads and isolated mitochondria in both DC and low-frequency AC fields in a
tailored microfluidic device, followed by the DEP-based fractionation of mitochondria
subpopulations by a microfluidic sorter and the validation of the sorting experiment by
numerical simulations. Chapter 4 describes the development and application of a non-
linear symmetric insulator-based device as a tool for the separation of micron and sub-
micron particles. Deterministic ANM was realized with the integration of periodically
driven electrokinetic and dielectrophoretic forces, which was proved by the numerical
modeling and then demonstrated experimentally by employing polystyrene beads. In this
chapter, a novel waveform was also suggested to induce dANM for sub-micron sized

3



particles and a demonstration with mitochondrial sample was shown. Chapter 5 presents
the velocity profiles quantified for the dANM-migration-induced mitochondria and sub-
micron polystyrene beads. The separation of sub-micron sized beads by dANM was also
demonstrated experimentally. It was then validated by the numerical modeling process.
Chapter 6 presents the preliminary DEP study of Salmonella typhimurium. Finally, Chapter
7 provides suggestions for future work based on the current results presented in this

dissertation.



CHAPTER 2

BACKGROUND AND THEORY

ELECTROOSMOSIS

In the microfluidic device, the transportation of sample can be realized by the
electroosmotic flow (EOF) [39]. As for a device made of glass and polydimethylsiloxane
(PDMS), oxygen plasma treatment generates silanol groups (Si-OH) on the PDMS surface
which are ionizable in aqueous solution [40]. The de-protonation process leads to negative
charges on the surface and thus attracts counterions (i.e. cations) from the solution while
anions are repelled away. Some counterions are directly attached to the PDMS or glass
surface, forming an immobile layer which is termed Stern layer. Loosely associated to the
Stern layer is the diffuse layer which also mainly contains cations. In this layer, ions diffuse
freely under the influence of electrostatic attraction and thermal diffusion. Stern layer and
diffuse layer together are termed electrical double layer (EDL). As depicted in Figure 2-
1(a), the electric potential v at the solid surface, i.e. Y, 41, depends on the surface charge
density. Then, i decreases linearly across the Stern layer and drops exponentially across
the diffuse layer and extending into the bulk solution. At an infinite point in the bulk
solution to the solid surface, i becomes zero, i.e. Yy — 0 as x — oo. The thickness of

EDL is defined as the Debye length (1) which can be expressed as [41]:

EmRT
Ap = (FB)1/2 2-1)
where F denotes the Faraday’s constant, ¢ is the electrolyte concentration, z is the

electrolyte valence, R is the gas constant and T is the temperature. &, is the medium

permittivity:
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Figure 2-1. Schematics of electric double layer (EDL) and the mechanism of
electroosmosis. (a) The solid surface is negatively charged, thus some cations from the
aqueous solutions adsorb on the solid surface and form an immobile layer (Stern layer). In
the second layer adjacent to the Stern layer, ions are loosely attached and can diffuse freely,
thus this layer is termed the diffuse layer. The electric potential i decreases linearly across
the Stern layer and drops exponentially across the diffuse layer. The thickness of EDL is
defined as the Debye length, A,. The potential at the slipping plane is the zeta potential, {.
(b) Schematic of the flat EOF velocity profile arising at negatively charged solid surfaces
of a straight channel upon the application of an external electric field (not to scale). The
velocity is uniform throughout the cross section but drops quickly to zero at the interface.

Em = & méo (2-2)

where &, ,,, is the relative permittivity of the medium and &, is the permittivity of vacuum.
Ap is typically within the nanometer range.

The interface of the Stern layer and the diffuse layer is a slipping plane which
separates the potentially moving fluid from the Stern layer. The potential at the slipping

plane (Figure 2-1(a)) is termed as the zeta potential ({) which is dependent on the Debye

length [41]:
¢ =722 2-3)

where o is the charge density at the shear surface.



Upon the application of an external electric field (E) along the longitudinal
direction of a straight channel, the net charges in EDL start to move and consequently lead
to the liquid motion in channel. The resultant flow exhibits a flat profile which is uniform
throughout the cross section but drops quickly to zero at the Stern-diffuse layer interface
(Figure 2-1(b)). The electroosmotic (EO) velocity, v,,, is defined by the Smoluchowski
equation [39, 42]:

Eemd
Veo =€T 2-4)

where 7 is the viscosity of the medium.
The EO mobility, u.,, is defined as the EO velocity over unit field strength [42]:
Heo = 22 2-5)
In a straight microfluidic channel, the EO velocity can be calculated by the distance

L the fluid has travelled during the time t when certain potential V is applied across this

distance:
Voo = % (2-6)
and
%4
E=- 2Z-7
Substitution of Eq. (2 — 6) and (2 — 7) into Eq. (2 — 5) yields:
Heo = % (2 - 8)

which can be used to determine the EO mobility in a straight microfluidic channel.



ELECTROPHORESIS

Electrophoresis is the motion of charged particles relative to the stationary liquid
when an electric field is applied (Figure 2-2) [43]. The electrophoretic (EP) force, F,, on a
particle with charge g can be expressed as:
F., = qE (2-9)

Based on the Stokes drag law, the drag force (F;) on a spherical particle is given
as [44]:
F; = 6mr(u—v) (2-10)
where r is the particle radius, u is the fluid velocity, and v is the particle velocity. When
EP force is balanced with the drag force on the particle, the EP velocity v, can thus be
derived:

qE

vepzu—v=6m]r (2-11)

Therefore, particles differing in the charge-to-size ratio can be separated by

electrophoresis. The EP mobility p,,, can thus be expressed as [43]:

=Y _ _4 —
Hep =5 = Gumr (2-12)

E
—

Y- @ et

Figure 2-2. Schematic of the mechanism of electrophoresis. Arrows depict the migration
directions of charged particles along (positive charge) or opposite to (negative charge) the
electric field direction.



Electroosmosis and electrophoresis together can be termed as electrokinesis. When
an electric field is applied to a straight microfluidic channel containing an aqueous
suspension of negatively-charged particles, a positive EOF and electrophoresis (EP) of the
particle induce the apparent velocity u:

U = (Ueo — Uep) E = perE (2-13)

where . represents the electrokinetic mobility.

DIELECTROPHORESIS

Dielectrophoresis (DEP) is the motion of polarizable particles in a non-uniform
electric field (Figure 2-3) [45]. It is governed by the polarization of a particle —which could
be either charged or neutral - and the surrounding medium in which it is suspended. DEP
theory has been comprehensively reviewed in several articles such as Pethig [46]. Briefly,
in order to induce DEP as a migration effect, a system which can generate an
inhomogeneous electric field is constructed, such as a pair of electrodes of different
configurations (Figure 2-3) or a non-linear array of insulating posts in a microfluidic
channel (Figure 4-1(b)). Electric field gradients are thus created in the space between the
electrodes when a voltage is supplied or around the insulating bodies upon the application
of potentials in the microchannel reservoirs.

The arising DEP force, F 4., 0n a spherical particle can be expressed as [47, 48]:
Fuep = 21r3e, froy VE? (2—14)

where f represents the Clausius-Mossotti factor [44, 46-48]:

fou = =2 (2-15)

Ept2em



() &m <&,, pDEP I (b) & >, NDEP —

[ NS - —

Figure 2-3. Schematics of the mechanism of dielectrophoresis for a polarizable particle
(orange dot) in a non-uniform electric field created by two electrodes of different
geometries. Electric field lines are presented by the black dash lines pointing from positive
charges to negative charges. (a) The particle is more polarizable than the medium and it
moves towards the region of high electric field gradient, representing positive DEP. (b)
The particle is less polarizable than the medium and it moves towards the region of low
electric field gradient, showing negative DEP. The polarities of the electrodes can be
switched while the DEP migration direction of the particle solely depends on &, and ,,.

where ¢, is the particle permittivity which can be calculated according to a single shell
model (Figure 2-4) [47]:

(dmem"'?”cyto)?’_'_z( Ecyto—&mem )

Tcyto Ecytot2&mem
£ =& 2—-16
p.1shell mem (dmem+rcyto)3_< Ecyto—Emem ) ( )
Tcyto Ecytot2&mem

where &, 1sper FEpresents &, when using the above equation. de, and ey, represent the
thickness of the membrane and the radius of the cytoplasm, respectively. The sum of d,,,o.,
and 7y, equals to the particle radius r. &pem and e, are the permittivity of the
membrane and that of the cytoplasm, respectively.

The Clausius-Mossotti factor f.,, governs the dielectrophoretic properties of

suspended particles apart from their size. When ¢, is greater than e,,, fcp is positive, thus

10



N

Figure 2-4. Single-shell model for a membrane-covered spherical particle. The thickness
of the membrane is d,.,, and the radius of the cytoplasm is r,,,. The permittivity of the
membrane and that of the cytoplasm are represented by &p,¢r, and cy,r,, respectively.
positive DEP (pDEP) behavior is exhibited in which particles are attracted to the regions
of high VE? (Figure 2-3(a)). Conversely, when ¢, is less than ,, rendering f), negative,
a repulsion from the regions of high VE? occurs and the corresponding migration and
trapping behavior is termed negative DEP (nDEP) (Figure 2-3(b)).

In DC and low-frequency AC conditions (<50 kHz), f¢) can be approximated as

[47, 48]:
fom = P 2-17)

where g, is the conductivity of the medium which can be measured by a conductivity
meter. g, is the conductivity of the particle which can be approximated from Eq. (2 — 16)

at DC conditions:

(dmem +Tcyto)3 +2( Ocyto—Omem )

Tcyto Ocytot20mem
o. =0 2—18
p,1shell mem (dmem+rcyto)3_< Tcyto—Omem ) ( )
Tcyto Ocytot20mem

11



where g, 1sne rEPresents o, when using the above equation. oy, and o.y, are the
membrane conductivity and the cytoplasmic conductivity, respectively. Thus, the DEP
force at low frequencies can be estimated by the conductive properties of the particle and
the suspending medium.

When the DEP force on a spherical particle is balanced with the drag force on the
particle, i.e. F4., = Fg4, the DEP velocity v,.,, can thus be derived [44, 49]. Combining

Eq. (2 — 14) with Eq. (2 — 10) results in:

2
fem Em
vdep=u—v=%\7E2 (2 - 19)

The contribution of the DEP force to the migration of a particle can also be
expressed by the DEP mobility 114, and the electric field gradient VE* [44]:
Vdep = .udepVE2 (2-20)

The DEP mobility u4.,, can thus be calculated by [49]:

Haep = L0 (2-21)
According to the above equation, when the medium in which the particle is suspended is
considered as homogeneous, ug., is dependent on the radius r for a spherical particle.
However, the shape of a sample may not be perfectly spherical. Thus, the variations in the
size and shape originating from a sample population could result in different 14, values.
In addition, p4.,, also depends on the Clausius-Mossotti factor fi,, which involves the
conductivity of the particle o, (Eq. (2 — 17)). Since g, relates to the size, the effective

surface area and the ionic properties of a particle [46, 50], p4¢,, could also be influenced

by these factors.
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NON-EQUILIBRIUM MIGRATION PROCESSES

According to Newton’s second law, upon the application of a net force in an
equilibrium system without any geometrical obstacles, particles accelerate towards the
direction of the net external force. This movement of particles is termed “normal response”
in the context of this thesis (Figure 2-5(a)). However, if the system is far from thermal
equilibrium, a migration direction of particles opposite to the applied force could be
induced in addition to the normal response, resulting in the ratchet effects (Figure 2-5(b))
[51]. Furthermore, if a net motion against the net external force of any direction is induced
(Figure 2-5(c)), it is called absolute negative mobility (ANM) [35]. The distinctive
difference between the two non-equilibrium migration processes is that when the net force
(F4y,) is zero, a particle undergoing a ratcheting migration mechanism has a non-zero

velocity while the velocity of a particle exhibiting ANM is zero (Figure 2-5(b) and (c)).

Y 47 AV
A,
/ ° av / 0 Fav 0

(a) (b) (c)

Figure 2-5. Normal migration and non-equilibrium migration processes. (a) A particle
showing normal response is accelerated in the direction of the net external force. (b) A
particle undergoing a ratcheting process can migrate in the direction opposite to the net
applied force. It has a non-zero velocity when the net applied force is zero. (c) A particle
exhibiting ANM migrates oppositely to the net external force of any direction. Compared
to the ratcheting process, the velocity of the ANM process is zero when the net force is
zero.

_n\f
.n\f

av
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The ratcheting and ANM migration processes are counter-intuitive, yet they still
obey the laws of physics. Their features can be explained by the respective structures
employed. As in an unsymmetrical structure shown in Figure 2-6(a) for a ratcheting process,
when the net driving force F,,, equals to zero, a particle firstly moves from left to right in
the first half period and passes around an obstacle by thermal diffusion (turquoise solid
line). In the second half period, the particle moves to the left and is trapped at the flat side
of a triangle (pink dash line). When the whole period ends, the net migration distance of
the particle is not zero, thus resulting in the non-zero velocity of the particle undergoing a
ratcheting process at zero F .

More specifically, ratchet effects refer to the directed transport under non-
equilibrium conditions in periodic systems with broken spatial symmetry [51]. The
migration direction of a particle showing a ratchet effect relates to the orientation of the
broken geometry of the structure (Figure 2-6(a)). If the orientation of the geometry is
reversed or the directions of the forces in the two half periods are switched, the ratchet
effect vanishes because the condition for a stable trapping in the half period with a larger
external force disappears (Figure 2-6(b)). Note that “broken” is used to describe the entire
geometric structure layout; it does not mean the individual element in the structure (such
as the triangular obstacles in Figure 2-6(a) and (b)) cannot be symmetric. In fact, several
applications employing ratchet effects exploited symmetrical obstacles which were
arranged to realize the broken symmetry as a tool for inducing the directed migration of

particles [51-54].
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Figure 2-6. Schematics of the mechanisms of ratcheting and ANM migration processes.
External forces are applied in the horizontal direction. The magnitude of the force in the
1% half driving period is small compared to that in the 2" half period. The direction of the
resultant net driving force (F,) in a complete period is indicated by the black arrow. The
start and the end positions of a particle in a complete driving period are represented by a
turquoise dot and a pink circle, respectively. The trajectory and migration direction of a
particle is indicated by a turquoise solid line and arrow in the 1% half period and then a pink
dash line and arrow in the 2" half period. If the particle travels less than 1 spatial period in
a complete driving period, neither a ratchet effect nor an ANM migration could be induced.
This situation is thus not discussed here. In (a) and (b), the tips of the triangular obstacles
are facing left and the flat sides are facing right, constructing an oriented unsymmetrical
structure. In (a), a particle moves to the right and passes around the tip of a triangle in the
1% half period. While in the 2" half period, the particle moves to the left and gets trapped
at the flat side of the triangle. This results in a net migration of the particle pointing to the
right while F,, is to the left. Note that this result could still be achieved even when the
forces in the two half periods have the same magnitude, thus leading to a non-zero velocity
at zero F . In (b), a particle moves to the left in the 1% half period and may escape the flat
side by thermal diffusion. In the 2" half period, the particle moves to the right and passes
around the tip(s) of the triangle(s) because the trapping at those positions is not stable. The
resultant net migration has the same direction as F,,, showing the normal response. Such
oriented migration of the particle shown in (a) and (b) is due to the broken spatial symmetry
of the structure, which leads to the feature of the ratcheting process differing from ANM.
(c) The rectangular obstacles make up for a non-linear symmetrical structure. The small
gap is smaller than any particle size employed in the structure. In the 1% half period, a
particle may escape the small gap by thermal diffusion. But it will be trapped by the small
gap when moving back from right to left in the 2" half period because it does not have
enough time to diffuse due to a larger velocity caused by the larger external force. This
results in a net migration of the particle in the direction opposite to F,,, exhibiting ANM.
If F,, changes direction, this conclusion still applies due to the symmetry of the structure.

The other non-equilibrium process, ANM, was first realized in experiment by

exploiting micron-sized colloidal particles of which Brownian motion is significant [36-
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38]. A non-linear but symmetric structure was utilized with the application of an AC signal
overlaid with a DC offset, creating the non-equilibrium conditions. The small gap as shown
in Figure 2-6(c) is also called a geometric “trap” which has a dimension smaller than any
employed particle size in the structure. When a small external force (such as U, — U,,) is
applied in the 1% half period, a particle migrates with the slow flow. When it encounters a
small gap, whether it could pass around the trap or not depends on its diffusion coefficient,
which relates to the particle size. Thus, within the same time, a small particle can diffuse
for longer distance perpendicularly to the flow direction as compared to a large particle
with a low diffusivity, leading to a successful escape from the trap for the small size while
the large particle is more likely to be trapped. In the 2" half period when the external force
becomes large (such as Uy, + U,.), the particle accelerates and has less time to diffuse. So,
trapping occurs for the particle once it hits on a small gap regardless of the particle size.
Therefore, after a complete driving period, a small particle may migrate towards a direction
opposite to the net external force F,, which results in the ANM process (Figure 2-6(c)),
while a large particle tends to migrate to the direction of F,,,. Note that when F,, is zero,
a particle will migrate for the same distances in the two half periods due to the symmetry

of the structure, resulting in a zero net migration distance at zero F,,.
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CHAPTER 3

INSULATOR-BASED DIELECTROPHORESIS STUDY OF MITOCHONDRIA

INTRODUCTION

As an important organelle participating in many cellular functions [1-3],
mitochondria display a wide range of sizes plausibly resulting from the coexistence of
subpopulations [4]. According to the studies over the past few decades, the abnormally
enlarged giant mitochondria may be associated with disease or aging [6-13]. Therefore, a
proper subcellular separation method to distinguish and harvest various sizes of
mitochondria is needed to elucidate the role of this organelle in cellular functions.

Conventional strategies to separate and prepare mitochondria fractions are based
on either size and density such as differential centrifugation [15, 16], density gradient
centrifugation [16-19], and flow field-flow fractionation [20], or charge-dependent
methods such as free flow electrophoresis [19, 23-25], isoelectric focusing [27], and
capillary electrophoresis [28]. In addition, immunomagnetic isolation of mitochondria has
also been reported [31]. However, these methods are mainly focused on isolating
mitochondria from cell cytoplasm and few have considered the separation of mitochondrial
subpopulations [26].

Here, a novel method to manipulate mitochondria in a microfluidic device, namely
by their dielectrophoretic properties, is proposed. To accomplish this, the dielectrophoretic
migration of isolated mitochondria was investigated under DC and low frequency AC
conditions, which was then applied to fractionate mitochondria into various size groups

using a microfluidic sorter.
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Dielectrophoresis (DEP) is an electric field gradient-based technique allowing the
manipulation of polarizable particles in an inhomogeneous electric field [45]. In the case
where DEP is the dominating force, particles can be trapped in regions where electric field
gradients establish. In conjunction with other transport phenomena, concentration of
particles into streams or separation can also occur [55, 56]. Most commonly, traditional
DEP applications focus on the use of electrodes to evoke electric field gradients [57, 58],
as utilized with a variety of biological samples, namely cells [59, 60] and tissue [61-63].
Observed variations in the DEP response of such samples have led to techniques that can
separate and distinguish cell lines such as various malignant or cancerous cells [64-66] or
detect and concentrate bacteria [67, 68]. While the use of DEP for the characterization and
analysis of organelles was originally suggested by Pohl [45] a few decades ago, only one
DEP-based application toward organelles was found in the literature in which mitochondria
were purified from cell homogenates in an electrode-based DEP microfluidic device [29].

While with electrode-based DEP (eDEP) the frequency dependence of the DEP
response can be tested, the DC and low frequency DEP behavior of biological entities can
also be examined with insulator-based DEP (iDEP) [49, 60, 69-72]. In iDEP, electric field
gradients are generated by integrating insulating structures within a microfluidic device.
Upon application of a potential difference between the ends of such a device, the insulating
structures deviate electric field lines into an inhomogeneous distribution, creating electric
field gradients at these locations. This method has the advantage of providing uniform
electric field gradients spanning the entire microfluidic cross section, in addition to
avoiding involved fabrication of embedded electrodes and reactions at electrodes within a
microchannel [73].
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In addition to eDEP and iDEP applications, considerable numbers of innovative
DEP-based microfluidic devices have been developed to suit for various research needs
over the last few years [32]. One of the techniques is contactless DEP (cDEP) in which the
electric field in the main channel is evoked by a high-frequency potential applied in the
side channel across a thin barrier of a dielectric material such as polydimethylsiloxane
(PDMS) [74-77]. Since the sample is placed in the main channel, the direct contact between
the sample and the electrodes is avoided. Moreover, this technique could advantageously
prevent electrolysis and bubble formation in the main channel which potentially exist in
eDEP and iDEP applications. However, due to the breakdown voltage of the dielectric
barrier and in order to induce sufficient electric field gradient in the main channel, the
thickness of the dielectric membrane and the voltage and frequency applied in the side
channel require vigorous adjustments.

Since DEP has demonstrated large capability of being exploited to provide a new
dimension of organelle separation, the manipulation of mitochondria by iDEP in the
microfluidic devices is investigated. First, the dielectrophoretic properties of isolated
Fischer 344 (F344) rat semimembranosus muscle mitochondria and C57BL/6 mouse
hepatic mitochondria in low conductivity buffer (0.025 — 0.030 S/m) at physiological pH
(7.2—7.4) are studied using a tailored PDMS microfluidic device. Direct current (DC) and
alternating current (AC) of 0 — 50 kHz with potentials of 0 — 3000 V applied over a channel
length of 1 cm are separately employed to generate inhomogeneous electric fields and
establish that mitochondria exhibit negative DEP (nDEP). DEP trapping potential
thresholds at 0 — 50 kHz are also determined to be weakly dependent on applied frequency
and are generally above 200 V for mitochondria. Second, a separation scheme using DC
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potentials < 100 V to perform the first size-based iDEP sorting experiment of mitochondria
is demonstrated as a potential precursor to isolating biologically relevant size fractions.
Dynamic light scattering is used to analyze the size distribution of the samples collected
from the sorting device and the numerical simulation based on the experimental conditions
matches the sorting results well. Samples of isolated mitochondria with heterogeneous
sizes (150 nm — 2 pm diameters) are successfully separated into sub-micron fractions,
indicating the ability of DEP to isolate mitochondria into sub-populations based on their

size.

MATERIALS AND METHODS
Chemicals

Si wafer (5 in.) was purchased from University Wafer. SU-8 2007 negative
photoresist and developer were purchased from Microchem (Newton, MA, USA).
(Tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (FOTS) was obtained from Gelest
Inc. (Morrisville, PA, USA). SYLGARD® 184 silicone elastomer kit for
polydimethylsiloxane (PDMS) was obtained from Dow Corning Corporation (Midland, Ml,
USA). Glass slides of 0.15 mm thickness were purchased from Electron Microscopy
Sciences (Gold-Seal coverslip; Hatfield, PA, USA) and platinum wire was purchased from
Alfa Aesar (Ward Hill, MA, USA). 0.87-pm-diameter polystyrene beads (FP-0852-2; ex:
470 nm, em: 490 nm) which were made using persulfate as the initiator and thus preserving
negative surface charges were purchased from Spherotech (Lake Forest, IL, USA). For
muscle isolation buffer, sucrose was purchased from MP Biomedicals (Solon, OH, USA),
potassium chloride (KCI) and potassium phosphate (K2HPO4) were from Mallinckrodt
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(Paris, KY, USA), tris-HCI was from Teknova (Hollister, CA, USA), ethylene glycol
tetraacetic acid (EGTA) was from Amresco (Solon, OH, USA), and bovine serum albumin
(BSA) was from Roche (Indianapolis, IN, USA). For liver isolation buffer, sucrose and
EGTA were purchased from Sigma-Aldrich, 3-(N-morpholino)propanesulfonic acid
(MOPS) was from Acros (Geel, Belgium), and tris was from Fisher (Fair Lawn, NJ, USA).
For buffers used in DEP experiments, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(brand name Pluronic® F108), potassium hydroxide (KOH), and sucrose were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Deionized water was from a Synergy

purification system (Millipore, USA).

Microchip fabrication

A silicon master wafer patterned with the microfluidic structures was fabricated by
photolithography as shown in Figure 3-1. In general, the wafer was firstly cleaned in
piranha and was rinsed with R/O water, acetone and IPA. Then SU-8 was spin coated on
the wafer at suitable rpm to reach the desired height (Figure 3-1(a)). After soft bake, the
wafer was exposed to UV light through a chrome mask (Figure 3-1(b)), and post-baked.
Then it was developed in SU-8 developing solution (Figure 3-1(c)). After hard bake, the
wafer was silanized by FOTS to make the surface hydrophobic.

After the master wafer was made, it was followed by elastomer molding using soft
lithography. Briefly, the PDMS silicon elastomer base and curing agent were mixed at a
10:1 ratio (w/w), poured onto the master wafer (Figure 3-1(d)), degassed under vacuum,
and cured in an oven for at least 4 h at 80 <C. The PDMS mold was then peeled off from
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the master wafer resulting in channels with a depth of 10 pm and 2-mm-diameter reservoirs
were manually punched at the channel ends (Figure 3-1(e)). The PDMS mold was cleaned
with isopropanol and distilled water and a glass slide was cleaned with acetone,
isopropanol and distilled water in an ultrasonic bath, dried in a stream of nitrogen, and
treated with oxygen plasma (PDC-001; Harrick Plasma, Ithaca, New York, USA) at high
RF for 1 min. After treatment, the PDMS mold was irreversibly bonded to the glass slide
(Figure 3-1(f)) to form a sealed microchannel system 1 cm in length for all DC and AC

experiments.

UV light

(b) (c)
~ N~ \/
(d) (e) (f)

Figure 3-1. Microchip fabrication procedures. (a) The SU-8 photoresist is spin coated on
the Si wafer. (b) The UV light exposes to SU-8 through a mask. (c) Exposed SU-8 forms
the microfluidic structure and remains on the wafer, while the non-exposed part is rinsed
away in the developing solution. (d) The PDMS is cured on the silanized wafer. (e) The
PDMS mold is peeled off from the wafer and holes are punched at the end of each channel.
(F) The channel side of the PDMS mold and a glass substrate are treated in oxygen plasma
and they are bonded together to form an irreversible seal. The holes remain open as the
inlet/outlet for the fluidic manipulation in the microfluidic structure.
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Mitochondria preparation and labeling

Mitochondria were prepared at the University of Minnesota according to
procedures based on mechanical homogenization and differential centrifugation from the
semimembranosus muscle of a Fischer 344 (F344) rat [78, 79] (hereafter called muscle
mitochondria) and from the liver of a C57BL/6 mouse [80] (hereafter called hepatic or liver
mitochondria). For all procedures, animals were housed in a central specific pathogen-free
facility and were treated in an optimally ethical and humane fashion using protocols
approved by the Institutional Animal Care and Use Committee.

For mitochondria prepared from rat semimembranosus muscle, the muscle was
excised from an anesthetized animal and placed in ice-cold muscle isolation buffer (100
mM sucrose, 100 mM KCI, 50 mM tris-HCI, 1 mM K>HPOs, 0.1 mM EGTA, 0.2% (w/v)
BSA, adjusted to pH 7.4). All subsequent procedures for muscle and liver mitochondria
isolation were performed on ice or at 4<C unless otherwise noted. The sample was minced
into small (~1 mm) pieces and rinsed with muscle isolation buffer to remove blood. The
pieces (~1 g total) were transferred to 5 mL of muscle isolation buffer containing 0.2
mg/mL Nagarse (bacterial proteinase type XXIV, Sigma-Aldrich) and incubated on ice for
1 min. The sample was then blended with an electric homogenizer (Tissue Tearor, Biospec,
Bartlesville, OK, USA) for three 20 s intervals. Muscle isolation buffer was added to a total
volume of 9 mL and the sample was centrifuged at 700>y for 10 min. The pellet was
discarded and this step was repeated. The supernatant was centrifuged at 10000>qg for 10
min. The resulting pellet was washed twice (10000>qg for 10 min) and re-suspended in 1.2
mL of muscle isolation buffer containing 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich).
Aliquots (50 i each) were flash-frozen in a liquid nitrogen dewar.
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For mitochondria prepared from mouse liver, the animal was anesthetized and the
liver was excised. The liver was immersed in ice-cold liver isolation buffer (200 mM
sucrose, 10 MM MOPS, 10 mM tris, 1.0 MM EGTA, adjusted to pH 7.4) and it was rinsed
with liver isolation buffer and minced into small (~1 mm) pieces. The pieces were rinsed,
suspended in 5 mL of buffer, and transferred to a glass 15 mL Potter-Elvehjem
homogenizer (Wheaton, Millville, NJ). The sample was homogenized with 3-5 strokes of
a motor-driven Teflon pestle operated at 1600 RPM (Wheaton). The homogenate was
centrifuged at 600>qg for 10 min and the resulting pellet was discarded. The supernatant
was centrifuged at 7000>g for 10 min, then the pellet was washed once with liver isolation
buffer and centrifuged at 7000>qg for 10 min. Mitochondria were re-suspended in 4 mL of
liver isolation buffer containing 10% DMSO, divided into four aliquots, and flash-frozen
in a liquid nitrogen dewar. When needed, mitochondria samples were transported on dry
ice and otherwise stored in a nitrogen dewer. Samples were transferred to a -80<C freezer
one day prior to the experiment. Isolation buffer was stored at 4<C and subjected to a 0.2
um sterile filter before use.

Mitochondria were labeled with MitoTracker Green (Life Technologies, USA) at
the time of experimentation. 1 mM MitoTracker Green stock solution in DMSO was
thawed to room temperature, diluted by isolation buffer, and added to the mitochondria
sample to reach a final concentration of 800 nM MitoTracker Green. The mitochondria
sample was incubated at 37 <C with gentle shaking (300 RPM) for 15 min, then centrifuged
(10000>q) at 4<C for 10 min followed by removal of the supernatant. The resulting

mitochondria-containing pellet was then resuspended in Buffer B (250 mM sucrose, 250
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M or 1 mM F108, 10 mM HEPES, pH adjusted to 7.2 — 7.4 with KOH, om = 0.025 — 0.030

S/m).

Bead solution preparation
1 pL of 0.87-pm-diameter polystyrene beads were suspended in 500 L Buffer B

and vortexed for 10 minutes. Then the solution was sonicated for 2 hours before use.

Fluidic operations

The following general preparation was followed for both microfluidic devices
shown in Figures 3-2 and 3-6. After assembly, all microfluidic channels were immediately
filled with Buffer A (500 pM or 1 mM F108, 10 mM HEPES, pH adjusted to 7.2 — 7.4 with
KOH) by capillarity and the chip was placed in a humid environment overnight to ensure
complete surface coating with F108. Buffer A was then removed by vacuum suction, and
the channels were washed with Buffer B three times and refilled by adding Buffer B to the
outlet reservoirs.

DEP characterization and trapping experiments were performed using the
microfluidic device shown in Figure 3-2. For this device, a PDMS holder was employed to
increase the reservoir volume and provide stability for the electrodes. The holder was ~0.5
cm thick, consisting of 5 mm diameter reservoirs that matched the channel design allowing
it to be reversibly placed onto the assembled chip. The prepared mitochondria sample was
added to an inlet reservoir replacing Buffer B and mineral oil was added on top of the liquid
layer in both reservoirs to prevent evaporation. Platinum electrodes attached to the
reservoirs were connected via micro-clamps (LabSmith, Livermore, CA, USA) to either a
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Figure 3-2. (a) — (d) Schematics of the microchip (not to scale). (a) Channel top view with
shaded area indicating the post region. (b) Zoom-in of the post region. (c) Channel side
cross section with PDMS reservoir holder and integrated electrodes. (d) SEM image of the
post region. (e) and (f) show the numerical simulations of VE? for a post pair based on a
DC experiment where 3000 V was applied across a 1-cm-long channel. Under DC
conditions (e), small arrows indicate the nDEP force direction and large arrows indicate
the electrokinetic forces resulting from electroosmosis and electrophoresis. Under AC
conditions (f), only nDEP forces are prevalent. Note that arrow size does not represent the
magnitude of the forces. For all experiments, the electric field is applied along the y-axis.

DC power supply (HVS448-6000D High Voltage Sequencer, LabSmith) commanded by
Sequence software (version 1.150, LabSmith), or an AC power supply from a high voltage
amplifier (AMT-3B20, Matsusada Precision Inc.) amplified from a Multifunction DAQ
card (USB X Series, National Instruments, TX, USA) programmed by LabVIEW 2010

(version 10.0.1, National Instruments).
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The microfluidic device shown in Figure 3-6 was employed for sorting experiments.
Outlet reservoirs were filled with 5 pL of Buffer B prior to the experiment and at the
beginning of the experiment, 5 pL of mitochondria sample was injected into the inlet
reservoir. Positive DC potentials ranging from +20 to +60 V were applied to the inlet and
negative DC potentials ranging from -20 to -60V were applied to the outlets. Sorting was
performed over a duration of ~1 h and solutions were extracted from all reservoirs for size

analysis.

Detection and data analysis

Fluorescence images were acquired with an inverted microscope (1X71, Olympus,
Center Valley, PA, USA) equipped with a 100 W mercury burner (U-RFL-T, Olympus,
Center Valley, PA, USA) and fluorescence filter set (exciter ET470/40, dichroic T495LP,
emitter ET525/50, Semrock, USA). A 40x(LUCPIlanFLN, NA = 0.60) objective was used
to visualize the migrations of polystyrene beads and a 60> (UPLSAPO60>W, water
immersion, NA = 1.20) or 100x (UPLSAPO100xO, oil immersion, NA = 1.40) objective
was used to visualize the migrations of mitochondria in the microchannel. Images were
captured at an interval of 100 or 150 ms using a CCD camera (for DC experiments: iXon
X3, Andor Technology, Belfast, Northern Ireland; for AC experiments: QuantEM:512SC,
Photometrics, Tucson, AZ, USA) and Micro-Manager software (version 1.4.7, Vale Lab,
UCSF, CA, USA). The data were then analyzed with ImageJ software (version 1.47d, NIH).
Note that the fluorescence emission of the beads was more intense in comparison to the

stained mitochondria.
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For sorting experiments, dynamic light scattering (DLS) (Spectro Size 302,
Molecular Dimensions, UK) was used for size characterization of particle distributions in
the inlet and each outlet. A 3 puL hanging droplet was set up in a 24-well crystallization
plate and aligned to the DLS laser until a response signal was obtained. Each sample was
subjected to 10 consecutive measurements lasting 20 s each. The results were combined

into histograms of particle size distribution as well as signal intensity heat maps.

RESULTS

The DEP behavior of muscle mitochondria and hepatic mitochondria were tested
in the device depicted in Figure 3-2. The iDEP device consists of a 1-cm-long linear
channel, in which an array of triangular insulating posts is integrated. A dynamic coating
with Pluronic® F108 was utilized to significantly reduce the adsorption of samples to
channel walls as well as sample aggregation [42, 81, 82]. Figure 3-2(a) — (c) shows the
device schematically and Figure 3-2(d) shows a scanning electron microscopy image of
the post array in the microchannel. A reservoir holder was attached to the PDMS mold and
defined the volume of the reservoirs accessing the inlet and outlet. Mitochondria iDEP was
tested under both DC and AC conditions (up to 50 kHz). Figure 3-2(e) and 2(f) show the
arising VE? around the inward facing tips of two triangular posts which represent all post
pairs in the channel. Additionally, arrows indicate the direction of electrokinesis and nDEP
for DC (Figure 3-2(e)) and nDEP only in the case of AC (Figure 3-2(f)). According to the
single-shell model (Eq. (2 — 18)) and the literature values for mitochondria [83-86], the
derived mitochondrial conductivity was estimated to be 6 < 10° S/m. With a medium

conductivity of 0.025 — 0.030 S/m, a f;, of -0.5 was thus applied in the simulations. The
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resulting F 4., acting on mitochondria with diameters of 150 nm to 2 pm ranges from -9.4
%104 10 -2.2 x10° N at the post region (V E?max = 1017 V2/m®) and -9.4 x10°t0 -2.2 %
102 N away from the posts (VE?max = 10 V?/m?), exhibiting a two orders of magnitude

difference.

Results of DC experiment

Mitochondria DEP was studied under DC conditions at various electric field
strengths (0 — 3000 V applied across a channel length of 1 cm). A low conductivity buffer
with a physiological pH similar to what was used in the previous capillary electrophoresis
study on mitochondria [87] was chosen. Generally, mitochondria were observed moving
away from the inward facing tips of the posts where the highest electric field gradient
regions were present, indicating nDEP. An example of this behavior can be seen in Figure
3-3(a) which shows a fluorescence snapshot of muscle mitochondria under a DC field with
a voltage-to-distance ratio of 3000 V/cm. Three typical mitochondria migration behaviors
were observed and classified as “wiggling”, “trapping”, and “trap hopping”. Wiggling is
defined as mitochondria moving in-between two adjacent post pairs along the flow
direction. This behavior could result from a combination of several factors: (1)
electroosmotic flow (EOF), which drives the mitochondria toward the cathode, (2)
migration of mitochondria to the anode due to their negative electrophoretic mobility (u,,)
at physiological pH [87], and/or (3) nDEP forces pushing the mitochondria away from the
inward facing post tips. The velocity of a particle transported by the EOF and the

electrophoresis is proportional to the magnitude of the electric field (Eq. (2 —4) and (2 —

11)). The magnitude of the DEP force is also directly proportional to the organelle size as
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Figure 3-3. Behaviors of (a) muscle mitochondria under DC conditions at 3000 V and (b)
hepatic mitochondria under AC conditions at 180 V and 50 kHz across the 1-cm-long
channel. Scale bar is 30 pm. One row of posts and the channel edges are outlined in each
figure; the other rows of posts are indicated by stars. In (a), the thinnest arrows point at
mitochondria wiggling in-between adjacent rows of posts, the medium thickness arrows
point at those trapped at the edges of posts or away from the inward facing tips of the posts
(nDEP trapping), and the thickest arrows point at those migrating in-between several rows
of posts quickly (trap hopping). (see Supplemental video Fig2a enhanced in [30]). In (b),
AC IDEP trapping is shown. Since electroosmotic flow was suppressed under AC
conditions, mitochondria were attracted toward the edges of the posts immediately when
voltage was applied. (see Supplemental video Fig2b enhanced in [30]).

well as the electric field gradient (Eq. (2 — 14)). Meanwhile, the magnitude of the electric
field as well as the gradient of it varies within the post array. Additionally, the local electric
field lines may be distorted by the displacement of a particle if the particle size is not
negligible (Figure 2-3). In this situation, the migration of the particle could induce a
continuous re-distribution of the electric field lines. This could possibly alter the magnitude

of the electric filed and the local field gradients around the particle, which in turn constantly

influence the EO, EP and DEP forces on the particle. Therefore, mitochondria experience
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unbalanced forces within the post array, resulting in the wiggling behavior observed in the
DC experiments.

The second phenomenon is trapping. When mitochondria were approaching a post
pair, the nDEP force was large enough to repel them away to areas of lower VE? along the
edges of posts, effectively trapping them. The third phenomenon, trap hopping, is in
principle similar to wiggling; however, mitochondria also migrated perpendicularly to the
flow direction. In this way, mitochondria could escape high VE? regions before being
trapped and continue migrating longitudinally until they were randomly trapped by another
post pair downstream. In real time, this appeared as though the mitochondria were hopping
between post pair sections, hence the designated term. Figure 3-3(a) provides a snapshot
of each of the three mitochondria migration phenomena with arrows indicating the distinct
migration mechanisms occurring.

To elucidate the observed behavior for mitochondria, the DEP properties of 0.87-
m polystyrene beads were also studied as they have been demonstrated to be a good model
particle for characterizing iDEP devices [49, 69, 71]. With an estimated conductivity of
0.001 S/m [88], polystyrene beads are expected to show nDEP behavior [69] under the
same experimental conditions (om = 0.025 — 0.030 S/m) used for mitochondria. As such,
these beads provided a reference for nDEP behavior. The results of beads experiments are
shown in Figure 3-4, which support the conclusion that mitochondria exhibit nDEP since
the polystyrene beads resemble the migration behavior of the mitochondria when using the

same conditions and microfluidic device.
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(b)

Figure 3-4. Behaviors of 0.87-um polystyrene beads under (a) DC conditions at 900 V/cm
and (b) AC conditions at 300 VV/cm and 7.5 kHz. Scale bar is 30 jm. In (a), the thinnest
arrows point at beads wiggling in-between adjacent rows of posts, medium thickness
arrows point at those trapped at the edges of posts or away from the inward facing tips of
the posts (nDEP trapping), and the thickest arrows point at those migrating in-between
several rows of posts quickly (trap hopping). In (b), AC iDEP trapping is shown. Since
electroosmotic flow was suppressed under AC, the beads were attracted to the edges of
posts immediately when voltage was applied.
Results of AC experiment: trapping potential threshold vs. frequency

AC frequencies ranging from 0 to 50 kHz were tested in the same chip under
varying applied potentials. As expected, the DEP trapping behavior was pronounced since
the electrokinetic component was suppressed. Consequently, the migration behavior of the
mitochondria showed stronger DEP trapping since the electrokinetically supported
wiggling and trap hopping phenomena were suppressed. Upon the application of AC signal,

mitochondria were attracted to the edges of the posts where VE? is low (Figure 3-3(b)),

again indicating nDEP trapping in accordance with the DC experiments.
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In addition, the potential threshold at which the mitochondria began to exhibit
significant trapping behavior was studied as demonstrated in Figure 3-5(a) for AC
frequencies ranging from 0 to 50 kHz in seven devices (n = 7) with about 100 mitochondria
per potential tested. The large variation observed at each frequency, shown as error bars,
is expected from the natural size distribution of mitochondria in the sample. Consequently,
Figure 3-5(a) shows that trapping potential threshold for heterogeneous mitochondria is
weakly dependent on frequency. Furthermore, this data was collected from highest to
lowest frequency over the duration of each single experiment; therefore, a possible reason
for the increasing error at low frequencies may be the longer exposure of the mitochondria
to the electric field (while residing in the chip). This exposure could cause changes in their
DEP properties over the course of the experiment and could also lead to mitochondria
aggregation. Additionally, at low frequencies, EOF is not completely suppressed since a
considerable DC component is acting in each half period of the periodic potential (as tested
with an oscilloscope). This could also explain why the potential required to trap the
mitochondria was somewhat higher at low frequencies compared to high frequencies. Also
as a reference, the trapping potential threshold of polystyrene beads was studied under the
same conditions and the results are shown in Figure 3-5(b).

Note that for both DC and AC experiments, currents never exceeded 10 A even at
the largest potentials (max. 3000 V) tested, and power dissipation is on the order of a few
tens of mW (no larger than 30 mW when at the maximum applied potential 3000 V). A
considerable heating and temperature rise above 37°C within the device are thus only
expected for larger potentials applied (> 100 V), such as examined by Chaurey et al. [89],
and over long durations (several minutes to hours). If potentials are kept small, effects on
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Figure 3-5. Dependence of trapping potential threshold on frequency for (a) muscle
mitochondria and hepatic mitochondria (n = 7) and (b) beads (n = 7). In general,
mitochondria can be trapped at applied peak-to-peak potentials above 200 V across the 1-
cm-long channel and at frequencies between 0 — 50 kHz, while beads can be trapped at
applied peak-to-peak potentials (U,,,) above 400 V under the same conditions.

mitochondria viability are expected to be marginal as examined by Nakano et al. [90]
Therefore, other assays on viable mitochondria can be performed after iDEP experiments.
Consequently, low applied potentials on the order of 100 V were used to test iDEP-based
sorting for mitochondria subpopulations; the results are reported as follows. It is also noted
that considerable pH gradients can occur in iDEP experiments; however, when the applied

potentials are small and durations on the order of minutes are not exceeded, considerable

pH variations are not expected [91].

Proof-of-principle nDEP-based sorting experiment and numerical simulation

Based on the study of mitochondria iDEP, iDEP sorting of hepatic mitochondria
was investigated by using a microfluidic sorter previously developed for sorting nano beads
and protein nanocrystals by nDEP [69]. A schematic of this device can be seen in Figure 3-

6(a) in which six different microchannels (I: inlet, 2x<0O: outer, 2x<MO: midouter, C: center)

34



Figure 3-6. (a) Schematic of the microfluidic device employed to sort hepatic mitochondria.
The device consists of one inlet channel (1) and five outlet channels (O: outer, MO: mid-
outer, C: center) with reservoirs at all channel ends (not shown). The mitochondria sample
is injected into the inlet reservoir and transported through the device via electroosmosis.
The zoomed in region shows the constriction area where inhomogeneous electric fields are
generated, creating areas of high VE? to induce DEP. Scale bar is 20 pm. (b) Fluorescence
microscopy image of the constriction region during a mitochondria sorting experiment.
Applied potentials are +60 V in I, -60 V in C, and 0 V in MO and O. As shown, large
particles focus into the center outlet channel (C) due to their higher nDEP forces repelling
them from areas of high VE?2. (see Supplemental Video Fig4b enhanced in [30]).

are employed for particle fractionation. Mitochondria of various sizes were introduced in
the inlet reservoir (I) and DC potentials were applied to all channels to transport the
organelle downstream by EOF. The zoomed in region shows a numerical simulation of
VE? at the constriction area connecting the inlet to the outlets where electric field lines
converge to establish an inhomogeneous electric field inducing nDEP. Areas of high VE?
(red), three orders of magnitude larger than the wide inlet channel (blue), form and repel
larger mitochondria with a greater F,,, from constriction walls, per Eq. (2 — 14) in

Chapter 2. Consequently, the sorting principle is based on the varying magnitude of F 4,

experienced by differently sized mitochondria flowing through the device.
As a proof of principle that this sorting mechanism could be applied to
mitochondria, the sorter was set up with DC voltages of +20 to +60 V in I, =20 to —60 V in

C, and 0 V in MO and O (low potentials were used to reduce Joule heating effects that
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could potentially damage the sample). The optimal potential scheme was determined to be
-60V I, +60V C, and 0 V MO and O in which upon entering the constriction, large
mitochondria experiencing a greater nDEP force focus into the center outlet channel (C),
as shown in Figure 3-6(b). Conversely, small mitochondria experiencing lesser nDEP
forces are only marginally influenced by nDEP at the constriction and therefore can deflect
into the O and MO outlet channels. Because small mitochondria can have a sub-micron
size range, they are difficult to detect with optical microscopy as they are either below the
resolution limit or have weak fluorescence emission indistinguishable from the background.
Therefore, DLS was used to detect and quantify the size distribution of each fraction
collected after ~1 h of sorting at the optimized potentials (Figure 3-7).

In the upper half of Figure 3-7, histograms are shown illustrating the detected
particle size distributions in each reservoir and in the lower half, scattering intensity heat
maps with respect to particle size in each reservoir are shown. Figure 3-7(a) illustrates the
expected large size distribution of the injected bulk mitochondria sample ranging from
~300 nm to 2 pm diameters. Because the entire sample, namely the larger mitochondria,
focuses into the center outlet, a similar distribution is seen in Figure 3-7(b). The smaller
mitochondria ideally fractionate into the side outlet channels MO and O, which is shown
in Figure 3-7(c) and (d) as both having sub-micron distributions. Surprisingly, an even
more desirable effect is seen here as the MO fraction has a measured size range of ~200 —
600 nm, whereas further fractionation occurs in O which was measured at ~150 — 350 nm.
In total, three fractions of decreasing size from C to O were obtained, indicating that the

nDEP properties of mitochondria can be exploited for size-based sorting.
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Figure 3-7. Size analysis by dynamic light scattering of the sorted hepatic mitochondria
sample. The upper frame shows the histogram size distributions of detected particles and
the lower frame shows the heat maps of scattering intensities with respect to particle size
(blue = lowest, red = highest, y-axis spans the measurement time). (a) Size distribution of
the injected inlet solution. A wide distribution (~300 nm — 2 pm diameters) is observed,
qualifying the need for sorting. The smallest particles detected in other fractions are not
seen due to their significantly lower scattering intensities. (b) Size distribution of the
fraction collected from the C outlet which has the same wide distribution as the inlet since
all sample particles flow here. (c) Size distribution of the MO fraction which is shifted
towards a smaller particle size range of ~200 — 600 nm. (d) Size distribution of the O
fraction showing a further shift towards an even smaller size range of ~150 — 350 nm. As
observed, the mitochondria sample was fractionated into three size groups, decreasing from
the C to O outlet channels.

Furthermore, from a typical loading of 5 | of sample containing 10® mitochondria,
analysis of the obtained fractions show that from a bulk mitochondria preparation, large
mitochondria can be separated from small mitochondria. For an outlet reservoir, the
estimated recovery is ~10° mitochondria per reservoir. This amount is sufficient for further

analysis such as the measurement of membrane potentials [92], mitochondrial respiration

[93], or proteomics studies [94].
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To help establish and support this developed optimal potential scheme, the sorting
experiments was simulated using COMSOL Multiphysics 4.3 within an exact replica of the
microfluidic device geometry used in the experiments. Three relevant physics were
considered in the numerical model: DEP [49], electrokinesis due to EOF [49], and diffusion.
This numerical method was successfully applied to the previously mentioned sorter
developed to fractionate nanocrystals [69], thus the same physical model was employed
and adapted to mitochondria DEP parameters. The detailed description is shown below.

Mathematically, DEP was considered by the DEP velocity (v4.,) and mobility
(Hqep) as described by Eq. (2 — 20) and (2 — 21) in Chapter 2. Due to the mitochondria
having a negligible conductivity, f., became equal to -0.5. Two representative particle
sizes, 500 nm and 2 pm diameters, were simulated which gives 4., values of -7.9 <10
m*V2st and -1.3 x 107 m*wV2s? respectively. To consider an electrokinetic
component, the electrokinetic velocity (u) and mobility (u.)) were used as described by
Eq. (2 — 13). Electrophoretic effect was considered to be negligible, therefore u,,, was
negated and p,, (1.5 x10® m2 V! s for F108 coated PDMS) dominated as p,,.

The final parameter, diffusion, was considered by the particle diffusion coefficients
(D) calculated with the Stokes-Einstein equation (500 nm: 9.8 x10¥ m? s, 2 pm: 2.5 x
103 m? s1). Combining all three physics, the concentration profiles could be simulated by
computing the total flux, J.

J = —DVc + clugy + Ugep] B3-1

The system was solved at steady state, therefore:

dc
==V-J=0 (3-2)
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Figure 3-8. Simulated relative concentration profiles of the nDEP sorting mechanism
supporting the optimized potential scheme for mitochondria sorting shown experimentally
in Figure 3-6(b) (+60 Vin 1,-60 V in C, and 0 V in MO and O). Two representative particle
sizes were studied (500 nm and 2 pm diameters). As expected, the larger particles focus
into the C outlet whereas the smaller particles deflect into the MO and O outlets, effectively
sorting and isolating them.

A medium conductivity of 0.03 S/m was applied and potentials were set to +60 V
in the inlet (1), 0 V in the side outlets (MO and O), and -60 V in the center outlet (C). The
Transport of Diluted Species module within COMSOL allowed for the 4., and D of each
particle size to be input with values given above. The electric field and creeping flow driven
by EOF were also calculated, which were accounted for in the overall calculation for the
transport of the particles and resulted in the concentration profiles of the constriction region
and encompassing channels shown in Figure 3-8.

The resulting profile of the smaller 500 nm particles illustrates complete deflection
(>90% rel. conc.) into all outlet reservoirs due to a weak influence of DEP. Under the same
conditions, the corresponding profile of the larger 2-pm particles illustrates DEP driven

focusing into the C outlet channel (> 90% focused, < 10% deflected). Consequently, these

simulation results agree with expected migration trends.
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CONCLUSION

In summary, the DEP properties of isolated mitochondria from Fischer 344 (F344)
rat semimembranosus muscle and C57BL/6 mouse liver were studied and it was elucidated
that they exhibit nDEP behavior. This was performed using a surface treated PDMS
microfluidic device with DC (0 — 3000 V) and AC (0 — 50 kHz) electric fields applied
across a 1 cm long channel and media with a conductivity of 0.025 — 0.030 S/m at
physiological pH. The trapping potential thresholds for mitochondria at the applied
frequency range were generally above 200 V and were found to be weakly dependent on
frequency. These conclusions were confirmed by a model study utilizing 0.87-pm
polystyrene beads known to exhibit nDEP, since their behavior within the post array was
in agreement with that of the mitochondria under the same conditions. Moreover, the DEP-
based sorting experiment conducted at low DC potentials successfully sorted mitochondria
into various size fractions. The size range investigated is highly compatible with
separations of “giant” mitochondria observed under conditions of disease and aging [4].
This is the first time that iDEP sorting of an organelle type, specifically mitochondria, has
been demonstrated. Additionally, the amount of sorted mitochondria is suitable for most
ensuing studies and negative effects due to iDEP manipulation are greatly suppressed due
to the low potentials applied in the sorting device. Overall, this study provides important
information about mitochondria under both DC and AC conditions, contributing to a
foundation for future development of mitochondria subpopulation separation and

applications to investigate their role in aging and disease.
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CHAPTER 4
DETERMINISTIC ABSOLUTE NEGATIVE MOBILITY STUDY OF

MITOCHONDRIA

INTRODUCTION

Efficient particle separation techniques in the micron- and submicron range is
required for the various analytical challenges related to nanotechnology and microbiology.
Based on the studies of DEP properties of polystyrene beads and mitochondria described
in Chapter 3, a non-linear symmetric microfluidic structure was designed. With the new
structure, an innovative method which can induce the non-intuitive, yet efficient migration
mechanism absolute negative mobility (ANM) while not requiring the Brownian motion
of analytes is developed. In this method, the size selectivity and the characteristic migration
of ANM were induced under the periodic action of the combination of the insulator-based
dielectrophoresis (iDEP) and the electrokinetically induced transport. Due to the
contribution of the size-based DEP trapping force [46], the migration directions of
different-sized particles were deterministic — thus termed deterministic ANM (dANM) —
and tunable by the external electric field. Moreover, the geometric trap was no longer
needed so that a simple photolithographic device fabrication strategy can be applied
without the need of nanofabrication techniques, whereas the size selectivity for sub-pm
biological species such as mitochondria is preserved.

In the present work, the realization of dANM for pm- and sub-pm sized polystyrene
particles was firstly studied by numerical simulations. Regimes in which the deterministic

particle migration opposite to the average applied force occurs for larger particles — a
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typical signature of deterministic absolute negative mobility (dAANM) — were revealed,
whereas normal response is obtained for smaller particles. The coexistence of JANM and
normal migration was characterized and optimized in numerical modeling and
subsequently implemented in a microfluidic device demonstrating at least two orders of
magnitude higher migration speeds in the proof-of-principle experiments as compared to
the previous ANM systems. Based on the parameters quantified from the experiments and
the actual structure dimensions used, the simulations were refined and a suitable DEP
mobility was thus proposed to reach a good agreement with the experiments. Furthermore,
dANM was demonstrated for the mouse liver mitochondria with adequate modification to
the waveform of the applied potentials, thus preserving the size selectivity for sub-pum

biological species such as mitochondria.

MATERIALS AND METHODS
Chemicals

4.4-pm-diameter (FP-3065-2) and 0.9-pm-diameter (FP-0852-2) polystyrene beads
which were made using persulfate as the initiator and thus preserving negative surface
charges were purchased from Spherotech (Lake Forest, IL, USA). SYLGARD® 184
silicone elastomer kit for polydimethylsiloxane (PDMS) was obtained from Dow Corning
Corporation (Midland, MI, USA). 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(brand name Pluronic® F108), potassium hydroxide, and sucrose were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Deionized (DI) water was from a Synergy
purification system (Millipore, USA). For beads experiments, Fisherbrand® Plain
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Microscope glass slides were purchased from Thermo Fisher Scientific Inc. (75 %50 %1.0
mm; USA). For mitochondria experiments, Gold-Seal coverslip were purchased from
Electron Microscopy Sciences (48 <60 mm, No. 1; Hatfield, PA, USA). Platinum wire

was purchased from Alfa Aesar (Ward Hill, MA, USA).

Microchip fabrication
The patterns of the microstructures were designed in AutoCAD (Autodesk Inc.)
and were then transferred to a chrome mask. The fabrications of the silicon master wafer

and the microfluidic device were the same as described in Chapter 3.

Fluidic operations

All the dANM experiments were performed using the microfluidic device as
schematically shown in Figure 4-1. After assembly, each channel was filled with solution
A (0.5 mM F108 for bead experiment and 1 mM F108 for mitochondrion experiment, 10
mM HEPES, pH adjusted to 7.4 by KOH, sterile-filtered to 0.2 jum) by capillarity and the
chip was placed in a humid environment overnight (16 — 24 hours) to coat all the channel
surfaces with F108. Solution B (250 mM sucrose in solution A, pH 7.4, 0.03 S/m, sterile-
filtered to 0.2 pm) was used to prepare the polystyrene bead or the mitochondrion solution
and to rinse the channel right before use. A 0.5 cm thick PDMS holder was employed to
increase reservoir volume and provide stability for the electrodes. The prepared bead or
mitochondrion solution was added to an inlet reservoir and solution B to another reservoir.
Mineral oil was added on top of the liquid layer in both reservoirs to prevent evaporation.
Pt electrodes attached to the reservoirs were connected via micro-clamps (LabSmith,
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Livermore, CA, USA) to an AC power supply from a high voltage amplifier (AMT-3B20,
Matsusada Precision Inc.) driven through a Multifunction DAQ card (USB X Series,

National Instruments, TX, USA) programmed by LabVIEW 2014 (version 14.0, National

Instruments).
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Figure 4-1. (a) Top view of the 1-cm-long channel (not to scale). The shaded area refers to
the post array section in the channel. (b) Bright field microscopy image of a section of the
post array region. W, L, d1 and d2 refer to post width, length, gap distance and row distance,
respectively, and are defined in the Numerical Modeling section. The dark circles
correspond to 4.4-um polystyrene beads. (¢) The combination of an AC amplitude U, and
a DC offset Uy, results in a waveform used in both simulation and bead experiment. (d)
The dANM behavior (red line) and the normal migration (turquoise line) in one driving
period are shown. Particles are assumed to exhibit nDEP and are also subject to
electrokinetic migration. In the 1 half period at the applied potential U, — U, particles
are transported to the left and the trajectories are depicted by solid lines. When particles
migrate to the right in the 2" half period atU,, + Uy, two situations occur: (1) For large
DEP forces, particles are trapped near a post as indicated by the red dashed line and circle
(end position of particle after one period). This situation relates to dANM, as the particle
migrates opposite to F,,. (2) For small DEP forces, particles migrate through the gaps as
indicated by the turquoise dashed line and dot (end position of particle). This relates to
normal migration behavior following F,,,. The surface plot shows the gradient of the
electric field (see grey scale).
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For the electrokinetic mobility measurement, the chip preparation was similar to
the procedures for dJANM experiments except that a straight channel without posts was
used. Beads were introduced into the channel by capillary action, the liquid level was well
balanced and subsequently a DC signal was supplied by the high voltage amplifier. The
resulting bead migration was recorded with a video camera with time interval recorded by
Micro-Manager software (version 1.4.7, Vale Lab, UCSF, CA, USA) as described in
Detection and Data Analysis. The migration of beads was imaged at 20, 40, 60, 80 and 100

V/icm.

Preparation of bead and mitochondria suspensions

The bead solution was prepared by diluting 1 pL original bead solution from the
manufacturer in 100 pL solution B. Then the beads were rinsed for three times by repeating
a procedure of 1 min vortex, centrifugation at 100009 for 5 minutes, removing of the
supernatant and re-suspension of the pellet in 100 pL solution B. After rinsing, the bead
solution was sonicated for 1 hour.

Mitochondria were prepared from the liver of a four week old male C57BL/6 mouse
as previously described [80]. All mice were housed in a designated clean facility and
treated in accordance with protocols approved by the Institutional Animal Care and Use
Committee at the University of Minnesota. The mouse was euthanized and the liver was
excised and placed in 10 mL ice-cold isolation buffer (10 mM Tris, 1 mM EGTA, 10 mM
MOPS, 200 mM Sucrose). All subsequent isolation steps were performed on ice or at 4 C
as appropriate. The liver was transferred to a Petri dish, rinsed with isolation buffer and
minced into small (~1 mm) pieces using a razorblade. The liver pieces were again rinsed
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with isolation buffer and re-suspended in 4 mL isolation buffer and transferred to a 15 mL
glass Potter-Elvehjem homogenizer tube (Wheaton, Millville, NJ). The liver was
homogenized by 4 strokes of a tight-fitting motor driven Teflon pestle (Wheaton) operated
at 1600 RPM. The homogenate was transferred to a 15 ml conical tube and centrifuged at
600g for 10 min. The supernatant was removed, divided into four 1.5 ml Eppendorf tubes
and centrifuged at 7000g for 10min. Each pellet was washed in 1 mL isolation buffer and
centrifuged at 7000g for 10 min. Each pellet was resuspended in 900 L isolation buffer
and transferred to cryotubes containing 100 pl DMSO and snap frozen in liquid nitrogen.
Then the mitochondria samples were shipped from the University of Minnesota to Arizona
State University on dry ice and stored in a nitrogen dewer when received. Sample was
transferred to a -80 T freezer one day prior to the experiment. 1 mM MitoTracker Green
stock solution in DMSO was thawed to room temperature, diluted by solution C (100 mM
sucrose, 125 mM KCI, 10 mM HEPES, 2 mM K2HPOs, 5 mM MgCl;, pH adjusted to 7.4
by KOH, sterile-filtered to 0.2 jum) and added to mitochondria sample to reach a final
concentration of 800 nM MitoTracker Green. The mitochondria solution was incubated at
37 T with gentle shaking (160 RPM) for 15 min and then centrifuged (10000g) for 10 min.
After the removal of the supernatant, the pellet was re-suspended gently in solution B
followed by a 5-min centrifugation (10000g) step. After removing the supernatant, the

resulting mitochondria pellet was re-suspended in solution B.

Detection and data analysis
Fluorescence images were acquired with an inverted microscope (1X71, Olympus,
Center Valley, PA, USA) equipped with a 100 W mercury burner (U-RFL-T, Olympus,
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Center Valley, PA, USA) and fluorescence filter set (for 0.9-pum beads and mitochondria:
exciter ET470/40, dichroic T495LP, emitter ET525/50, Semrock, USA; for 4.4-pm beads:
exciter 607/36, emitter 670/39). A 20<(LUCPIanFLN, NA =0.45) or a 40> (LUCPIlanFLN,
NA = 0.60) objective was used to visualize bead migration and a 60> (UPLSAPOG60>W,
water immersion, NA = 1.20) objective was used to visualize mitochondria migration in
the microchannel. Images were captured by a CCD camera (QuantEM:512SC,
Photometrics, Tucson, AZ, USA) and Micro-Manager software.

The obtained videos were then processed by ImageJ software (version 1.47d, NIH).
In dANM experiments and for 4.4-pum beads at each applied potential, over 230 individual
trajectories were analyzed using the MTrack2 plugin [95]. Depending on when the particle
moved out/in the focus region, 1 - 9 complete periods were considered per particle. For the
experiment with 0.9 um beads, 40 trajectories of 1 - 2 complete periods for each applied
potential were analyzed using the Manual Tracking plugin [96]. For mitochondria, the
trajectories of 20 individual mitochondria in a complete period at the specific driving
conditions were evaluated using the Manual Tracking plugin [96]. Stroboscopic images
were manually generated by overlaying each image frame at corresponding locations from
the same video and this procedure was done for bead and mitochondria, respectively.

For EK mobility measurement, over 100 individual trajectories for 4.4-um beads at
each DC voltage were analyzed by MTrack2 plugin [95] to obtain the migration distances
over defined time intervals. After plotting the average migration velocity versus the applied
DC electric field, the elektrokinetic mobility of 4.4-um beads was obtained by calculating
the slope of the least squares line, which resulted in 2.2 +0.33 x10° m? ¥ s (Appendix
A 1). This value was used in the refined simulations.
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NUMERICAL MODELING

The simulations were performed using COMSOL Multiphysics 4.4 in a non-linear

spatially-periodic structure (Figure 4-1(b)). Since the particles are treated as point-like

particles in the simulation, virtual walls were additionally constructed with a distance equal

to the particle radius to account for specific particle sizes. The parameters used in the

preliminary and the refined simulations are listed in Table 4-1. The DEP mobilities were

calculated by Eq. (2 — 21) in Chapter 2 for the respective particle sizes with the relative

permittivity of the medium &, ,,, = 80 as for water [97] and the viscosity of the medium n

= 8.90 x 10 Pa s as for water. The value of f,,, used in the preliminary simulation is

estimated to be -0.5 based on the literature value of g, for polystyrene [98, 99] and g,

measured in the employed solution (0.03 S/m).

Table 4-1. Parameters used in the preliminary and the refined simulations

Preliminary simulation

Refined simulation

Post size L xW [um] 13.2 %2 17 <10
Gap size di [um] 11.8 8

Row spacing dz [um] 20 20
Particle diameter [um] | 3.5 4.5 5.0 4.4

Her [*10° M2V 1st] |15 15 15 2.2
Haep [<10°m* V251141 67 -83 |-64
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For the refined model, post geometries were matched to those in the actual
experimental device and a parameter sweep was additionally performed for the DEP
mobility parameter to find matching velocities in accordance with the experimental
velocities. For the parameter sweep of the DEP mobility used in the refined simulation, the
fcu Value varied from -0.08 to -0.4 corresponding to |kep from -1 to -5 x1071° m* V2 g1
(not included in Table 1). The result is shown in Figure 4-4 and discussed in detail in the
Results section.

Three relevant physics were considered to model particle migration: EK, DEP, and
Brownian force. Firstly, by combining the static study result of the Electric Currents
module with a rectangle and an analytic function, a tunable alternating electric field with
rectangle waveform (Figure 4-1(c)) was realized representing the combination of U, and
Ugae (Appendix A 2 and A 3). This was then coupled with the time-dependent study using
the Creeping Flow module providing an alternating flow profile in which the electrokinetic
components were considered. Based on Eq. (2 — 13) in Chapter 2, the flow profile was
obtained by the apparent velocity u. Electrophoresis of particles was neglected for the
preliminary simulations (results shown in Figure 4-2) and the electrokinetic component
was considered through the EOF mobility u., for F108 coated PDMS [49]. In the refined
simulations (Figure 4-4), experimentally determined electrokinetic mobility p,j for 4.4 um
polystyrene beads was used. Finally, the electric field and the flow profile were additionally
integrated with the DEP force (F 4.,) and the Brownian force (Fj) to perform the time-
dependent study with the Particle Tracing for Fluid Flow module. Newton’s second law

was utilized to solve for the instant velocity of the particle:
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d(mpv) _

= F, (4-1)

where m,, is the particle mass and F, stands for the total force applied on the particle at
time t. The particle trajectory was then visualized by solving Eq. (2 — 10) and Eq. (4 —
1) time-dependently:

Fq, = 6mnR(uw) = V-1)) 4—-2)

and

mp V() —V(-1))

At = Fd(t) + Fdep(t) + FB(t) (4-3)

where t =1, 2, ..., etc. Note that at the first time step (t = 1) particles were released with

zero initial velocity v . Fgep,,, Was calculated by Eq. (2 — 14) in Chapter 2 with VE? at

the current particle position.

For the particle sizes used in this study, the Brownian force F was negligible and
had no influence on dANM, as expected for this deterministic migration effect. For
comparison, numerical modeling was performed with the same model but without
Brownian motion contribution, which then resulted in similar results (see Appendix A 4).
However, it was found that particles may disappear at the borders of the structures due to
zero velocity during the modeling when there was no Brownian motion contribution.
Therefore, the Brownian force was still included in the modeling to decrease the events of
particle vanishing.

For each simulation case, the resultant particle trajectories were used for calculating

the average migration velocities. In all simulations, particle-particle interactions and the
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particle gravity were not considered. The time step and the period were chosen carefully to

ensure each particle travelled at least one spatial period in the considered time period.

RESULTS
Mechanism of dANM and results of preliminary numerical modeling

Firstly, the microfluidic device design and the prevailing migration properties for
dANM of polystyrene particles will be discussed as follows. dANM was studied in an
elastomer microchannel in which an array of posts was integrated as shown schematically
in Figure 4-1(a) and (b). The directed motion of different particle sizes is induced due to
the interplay of electrokinetic driving and dielectrophoretic trapping. Due to the symmetry
in the system, particles are on average not displaced if a periodic potential U, below the
iDEP trapping threshold is applied; the average force (F,,) acting on the particles is zero.
If this periodic potential is however combined with a static offset component Uy, (F ;,7#0)
as exemplarily shown in Figure 4-1(c), dielectrophoretic trapping may be induced and
directed particle migration occurs. Particles of different sizes migrate with different
velocities and in different directions. This is schematically depicted in Figure 4-1(d),
displaying the migration trajectories for two particle sizes. Both particles migrate according
to their electrokinetic properties in the first half of the driving period (solid lines). The
conditions are set such that DEP cannot trap the particles. In the second half driving period
(dashed lines), the applied potential is stronger, inducing DEP trapping, but only for the
larger particle. Hence, the larger particle will be trapped, whereas the smaller particle can
still migrate. Repeating this process periodically leads to the average transport of larger

particles against F,,,, whereas smaller particles respond in the direction of F,,.
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To characterize the conditions where dANM occurs, numerical modeling was
firstly employed. The contributing factors giving rise to particle migration under dANM
regimes are electrokinesis (bulk electroosmotic flow and particle electrophoresis) as well
as DEP. Various combinations of U, and U, were tested as well as post array geometries
in order to find the threshold parameters under which normal and dANM particle responses
exist. Initially, 3.5-pm and 5-pm particle sizes were investigated in this regime. Figure 4-
2(a) shows the characteristic signature of dANM for the 5-pm particles as apparent in a
negative velocity for positive Uy, offset. In other words, the 5-pm particles are transported
against F,, in a regime of +/- 225 V/cm U, offset, an AC amplitude of 275 V/cm and
0.625 Hz. In contrast, 3.5-um beads show ‘normal’ behavior as they migrate in the
direction of F,,.

Interestingly, dANM was observed for the larger particles (5 pm) under the
coexistence of normal migration for the smaller particles (3.5 pm). This is contrary to what
was previously reported in the literature [36] since in the Brownian motion based
mechanism smaller particles show ANM while larger sizes migrate in a normal manner.
This results from the difference in the trapping mechanism. Previously, ANM was induced
by utilizing geometric traps which particles need to avoid via random Brownian motion
during the periodic driving. The smaller the particles, the more readily they avoid a trap
and thus show ANM in contrast to larger particles of which the Brownian motion is not
sufficient to induce migration around a geometric trap. As contrast, trapping in dANM
occurs when the dielectrophoretic force is large enough to trap a particle while smaller

particles are not affected. Note that the dielectrophoretic force scales with the cube of the
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Figure 4-2. Numerical modeling results revealing regimes of dANM vs. DC offset. Particle
diameters of 3.5, 4.5 and 5.0 um are represented by solid circles, hollow diamonds and
solid squares, respectively (the number of tracked particles varies from 4 to 20 due to the
vanishment of particles at the channel walls during simulation as mentioned in Numerical
Modeling). The error bars represent the standard deviations of the velocities as obtained at
each applied potential. (a) For U,. = 275 V/cm and |Uy.| < U, 5-pm particles always
show dANM, while 3.5-pm particles show normal migration due to the weaker DEP
trapping force. (b) For U,. = 450 V/cm and Uy, < U, 5.0- and 4.5-pm particles show
dANM. 3.5-pm particles show normal behavior at U, <200 V, whereas dANM is induced
when larger DEP trapping forces act for Ug. > 200 V. For small DC offsets, 4.5-pm
particles migrate faster than 5.0 um particles because smaller sizes experience less strong
DEP force in the first half of the driving period (U, — Uyg.)-

particle radius. As a consequence, the size-ANM relationship is reversed in dANM as
compared to ANM.

The second important result is that a maximum dANM velocity of ~50 pm/s was
observed (Figure 4-2(a)). This average velocity is three orders of magnitude larger as
compared to ANM velocities for comparable pm-sized particles [100]. This is
advantageous for further separation and fractionation applications exploiting this counter-
intuitive migration phenomenon. Note that particles suspended in a 100 pm > 100 pm

section could be effectively transported and collected at the extreme ends of this section in

an overall time of ~2 seconds. Additionally, due to the dielectrophoretic trapping
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mechanism, a large size selectivity (~R®) is induced, which can be exploited in future
devices for separation and fractionation. Moreover, the combination with iDEP allows the
tuning of dANM driving parameters to sub-pm particle sizes without the need of
nanofabrication technology, which will be demonstrated below.

Further, the dependency of dANM on the amplitude of U, was investigated as well
as the selectivity for a third particle size. Figure 4-2(b) shows the velocity vs. U, response
for U, of 450 V/cm for 3.5-pm, 4.5-pm and 5-pm particles. Two major observations can
be made: First, due to the augmented amplitude, larger DEP forces are induced thus causing
dANM for 3.5-pm particles at Uz, > 200 V/cm. Second, in the range of 50 V/icm < U, <
200 V/cm, all three particles show differing average velocities indicating the potential to
exploit this regime for separations. The two larger particles show negative (but distinct)
while the 3.5-pm particles show positive velocities. In addition to these major observations,
it was noted that 4.5-pum particles migrated faster than 5 um particles at Uy < 200 V/cm.
From a detailed analysis of the simulated trajectories, it was found that this effect was due
to the first half of the periodic driving when U,;. — U,.was acting. In this phase, DEP
slowed down the overall migration and induced slightly larger acting DEP forces for the
larger particles. The second half of the driving period (U, + U,.) did not contribute to this
behavior since trapping forces were large enough for both species in this situation that
trapping occurred as soon as particles encountered any nearby posts. This reversal in size
dependence of dJANM only occurs, when DEP forces influence the first half driving period

as observed for U, = 450 V/cm.
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Proof-of-principle JANM experiment with polystyrene particles

Next, the occurrence and regimes of dANM were investigated in experiments to
examine the migration behavior predicted in the numerical model. A microchannel
exhibiting a post array as featured in Figure 4-1 was fabricated with PDMS and the
migration of 0.9-pm and 4.4-pm-diameter polystyrene beads in aqueous solution buffered
at pH 7.4 was observed. Similar periodic driving parameters as in the simulations were
employed and the average velocity of particles was evaluated by individual particle
tracking. Figure 4-3 shows the obtained average migration velocities for both particle sizes.
Note that only for the larger particles negative U, offset values were tested for consistency
with the numerical modeling since the physical principles contributing to dANM are not
dependent on the sign of Uy, (see Figure 4-2(a)). As shown in Figure 4-3(a), a dANM
signature is apparent for the 4.4-pm beads in a range of 50 V/cm < Uy, < 225 V/cm,
whereas 0.9-pum particles show normal behavior. The stroboscopic image inserted in Figure
4-3(a) is an example of the dANM migration of the 4.4-um bead in a complete driving
period during which F ,,, points to the left while the net migration of the bead is to the right.
Figure 4-3(b) indicates the corresponding experiment with U,. of 450 V/cm, similarly
showing dANM. Both experiments (Figure 4-3) clearly indicate the occurrence of dANM
similarly to what was predicted.

Several factors, however, differ from the numerical model. First, the maximum
dANM velocity amounts in ~5 pm/s for the 4.4-pm beads which is two orders of magnitude
larger than previously reported for ANM with similar bead sizes [100], however slower
than observed with the numerical model (Figure 4-2). This could be attributed to an

overestimation of the dielectrophoretic trapping component and an underestimation of the
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Figure 4-3. Experimental results of migration velocity vs. DC offset. Diameters of 0.9 and
4.4 um are represented by solid circle and solid diamond, respectively. The error bars
represent the standard deviations of the velocities as obtained at each applied potential from
tracking over 230 particle trajectories for 4.4 pm beads and 40 trajectories for 0.9 pm beads.
@) Uge = 275 Viem and |Ug.| < Uge. () Uy = 450 Viem and Uy | < Ug,.. For both (a)
and (b), the dJANM behavior of 4.4-pm beads was significant while 0.9 pm beads migrated
‘normally”’ following F ,,,. The inserted stroboscopic image in (a) shows the trajectory of a
4.4 um bead in a complete driving period at Uy, = -135 V/cm. At —U,. + Uy, the bead
moved along the depicted trajectory following the turquoise arrowhead. At —Uy, — Uy, it
was trapped at the position marked by the red arrowhead. This results in the dANM
migration of the bead since its net migration is to the right while the average F,, points to
the left.

electrophoretic component of the beads in the model (which will be further discussed
below). Second, the experimentally measured velocities exhibit increased error compared
to the simulations even though a larger amount of beads has been analyzed with particle
tracking (over 230 particle trajectories) than was released in the numerical simulation (20
particles per offset). This could be caused by the heterogeneity in size and potentially

surface charge of the employed beads, which are intrinsic parameters of the commercially

obtained polystyrene beads.
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Refined numerical simulation with experimental conditions

Since the experimentally observed maximum dANM velocities were smaller than
obtained with the numerical model, the parameters employed in the numerical model were
revisited. The major driving force leading to transport of the particles through the post array
is related to the electokinetic migration in the respective phases of the periodic driving.
Thus the apparent electrokinetic mobility of 4.4-pm beads was determined by experiment
and analyzed via particle tracking. The resulting i, value is tabulated in Table 1. It was
then employed for a refined simulation. In addition, the dielectrophoretic mobility of the
polystyrene beads was adapted. Since the beads have a size distribution which could result
in different uge, the uge, values for the 4.4-pm beads were varied exemplarily in the
model calculations (Figure 4-4).

Figure 4-4 represents an overview of this parameter sweep. Represented are 5 U,
offset values for puep Of -3, -4, and -6.4 <10"2° m* /2 s’ corresponding to variations in the
Clausius-Mossoti factor fqy, in Eq. (2 — 21). At U, = 135 V/cm where the maximum
dANM velocity was found, the corresponding velocities for puep of -1, -2, and -5 x<107°
m* V2 s are additionally shown. Furthermore, the experimentally observed dANM
velocities are overlaid in Figure 4-4 (solid diamond). This parameter sweep indicated that
the model coincides excellently with the observed velocities at tep between -3 and -4 =10
¥ mtwv2st Second, for phep < -4 X107 m* V252 or e > -3 <1070 m* V2 s the
maximum velocities are reduced and the JANM effect is less prominent. Moreover, for
Ibep Of -1 %1072 m* \/-2 52 normal behavior is observed, i.e. a positive velocity. The latter

observation clearly supports the characteristic selectivity mechanism in this dANM
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Figure 4-4. (a) Migration velocity vs. DC offset obtained from the refined simulation for
4.4 pm particles at Uy, = 275 V/iem and Uy < Uge.  Jhiep OF -6.4 X<1071° m* V2 571 (solid
square) results in much slower velocities than the experimental data (solid diamond) at Uy,
<135 V/cm while ep of -1 <1072 m* A2 571 (cross symbol) even showed normal behavior.
The best match of the parameter sweep of uep With the experimental data was found at pkep
between -3 (solid triangle) and -4 x<102° m* V2 s (solid circle). (b) Migration velocity
obtained from the refined simulation for 4.4-pm particles at U,. = 275 V/cm and U, =
135 V/cm. Represented here are the velocities at uep of -2 (solid triangle) and -5 <107°
m* V2 s (solid square) which are reduced comparing to the experimental data (solid
diamond), indicating less prominent dANM effect. The number of tracked particles varies
from 9 to 19 due to the vanishment of particles during simulation as mentioned in
Numerical Modeling.

approach: If the DEP forces are too weak and can no longer trap a particle (in the phase

where Uy, + U, act), the dANM effect vanishes.

dANM demonstration for mitochondria

To further exploit the size selectivity of dANM and to extend its application on
biological samples, driving forces suitable to induce dANM for mouse liver mitochondria
were designed. Since IDEP force in DC mode was too weak to induce large enough
trapping force for the much smaller mitochondria, it was enhanced through the overlay
with an AC component in the kHz range as iDEP trapping at AC mode was previously

investigated [30]. The modified waveform for dANM driving is represented in Figure 4-
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5(a). Briefly, alow DC potential (U,.;) was employed in the 1% half period, which provided
the driving force for all mitochondria while the DC-induced DEP trapping force was
negligible. In the second half period, an AC component (Ug pigr) Was utilized and overlaid
with a DC component (Uy,). The frequency and amplitude of Uy, 4, Can be adjusted to
suit the need for trapping a target particle size — here mitochondria. This combination of
the potentials in the two half driving periods essentially represents a JANM case with a
low frequency U, driving force and U, offset similar to the bead experiments. The only
difference results in the trapping force induced through Ugc pign-

Based on the previous DEP study of mitochondria [30] and the current microfluidic
structure (Figure 4-1(b)), Ugc nign Was chosen with an amplitude of 700 V/cm and a

frequency of 30 kHz to induce trapping in the second half driving period. Potentials of
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Figure 4-5. (a) The waveform applied for dAANM experiments with mitochondria: The
typical dANM U, driving (here indicated through Uy, and Uy, on the left) is combined
with an AC component Uy, 4;4n t0 Obtain the waveform shown on the right. To distinguish
the two half driving periods, the potential applied in the first half period is displayed in
turquoise and that applied in the second half period is red. (b) The stroboscopic image
shows the trajectory of a fluorescently labeled mitochondrion in a complete driving period.
During the application of Uy, the mitochondrion moved in the direction indicated by the
turquoise arrows. In the second half period, when Uge, + Uge nign Was applied, the
mitochondrion was trapped at the position pointed at by the red arrow. This results in
dANM behavior of the mitochondrion since its net migration is to the left while the average
driving force F,,, dominated by its electrophoretic mobility points to the right. The blue
ovals indicate the insulating posts in the channel.
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Uger =20 Viem and U, =-30 V/iem were chosen to induce dANM with each half period
lasting 10 seconds. The resultant migration of mitochondria showed dANM behavior.
Figure 4-5(b) depicts a trajectory of a mitochondrion in a complete driving period in form
of a stroboscopic image, clearly showing the dANM signature. Under these conditions, the
dANM velocity was evaluated to be -2.90 0.90 pm/s for mitochondria in the same order
of magnitude as obtained with pm-sized microparticles as demonstrated above. In addition,
there were a few mitochondria showing normal migration, indicating that for those special
cases the DEP trapping force induced by Uy, pign Was not strong enough compared to the
driving force by Uy.,. Interestingly, these mitochondria appeared smaller in size indicating
that smaller mitochondria show a normal migration behavior whereas larger species exhibit
dANM. This example demonstrates the potential of dANM for size-based separation of
organelles, which is promising for sub-population analysis and separation of abnormally

sized organelles.

CONCLUSION

In this work, the first design study for dANM and the experimental realization of
this deterministic counter-intuitive migration phenomenon were demonstrated with
colloidal particles and mouse liver mitochondria. The size selectivity of this novel
migration technique is ideally suited for separation and fractionation, and it allows steering
of analytes into opposite directions and at different rates. A microfluidic post array in which
dANM can be evoked was successfully developed and suitable parameter selection of the
driving forces was demonstrated through numerical modeling and in experiment. Note that

the only tuning parameter is the dielectrophoretic component for given electrokinetic and
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intrinsic sample contributions. By employing pm- and sub-pm sized polystyrene
microbeads, the occurrence of JANM was proved to be in excellent agreement with the
numerical model. As quantified from the experiments, an intrinsic advantage of dANM lies
in the two orders of magnitude improved average migration velocities of polystyrene beads
as compared to the existing ANM approaches [100] and up to four times larger magnitude
to ratchet approaches [51], which is favorable for future separation or fractionation
applications. In addition, the here presented dANM approach can be readily realized with
standard photolithographic and soft lithographic techniques and allows dANM for sub-pm
species via the adjustment of the DEP trapping forces though variation of the externally
applied potentials. As proof-of-principle, the realization of dANM for mouse liver
mitochondria was shown and it represented the first experimental application of an ANM
migration mechanism for a bioparticle. It is thus envisioned that this novel migration
mechanism is applicable to a large range of separation problems in which size selectivity
IS required, such as in the fractionation of organelles and their subpopulations, in

nanotechnological applications or as fractionation method for protein nanocrystals.
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CHAPTER 5

dANM-BASED SEPARATION IN THE SUB-MICRON SIZE REGION

INTRODUCTION

In Chapter 4, the potential application of deterministic absolute negative mobility
(dANM) in the separation of micron and sub-micron sized particles has been demonstrated
by both numerical modeling and experiment. An overlay of a DC offset on a low-frequency
AC signal was exploited to induce the periodically driven electrokinetic and
dielectrophoretic effects on the migration and trapping of particles in the aforementioned
approach. At the end of the results section in Chapter 4, a second waveform which overlays
an AC component on a driving DC signal was additionally suggested for realizing dANM
for sub-micron sized particles. An experimental demonstration of dANM realized for
isolated mouse liver mitochondria was shown with this novel waveform, revealing the
potential of extending the application of dANM in separation into the sub-micron size
range.

In this chapter, the induced dANM migration was further quantified for the
C57BL/6 mouse hepatic mitochondria with the novel waveform mentioned above. To
prove that the dANM migration mechanism can be exploited as a tool for the separation in
the sub-micron size range when size selectivity is needed, this novel waveform was
additionally applied in the manipulation of 0.3- and 0.9-micron-diameter polystyrene beads
in a microfluidic device with F108-coated all-PDMS channels. The migration velocities
for each particle size were quantified. Moreover, the electrokinetic mobility of each bead

size was determined in the straight microfluidic channel. Together with the voltages and
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the square waveform applied in the experiments, the obtained EK mobility values were
subsequently employed in numerical modeling for validating the experimental results.
Under these conditions, the simulations resulted in good agreement with the experimental
results, exhibiting that 0.9-micron-diameter particles can migrate against the net driving
force demonstrating obvious dANM behavior. Meanwhile, particles with 0.3 micron
diameters showed normal response. Thus, the capability of dANM for the size-based
separation problems in the sub-micron size range was demonstrated experimentally and

numerically.

MATERIALS AND METHODS
Chemicals

0.3- (FP-0262-2) and 0.9-pm-diameter (FP-0852-2) polystyrene beads which were
made using persulfate as the initiator and thus preserving negative surface charges were
purchased from Spherotech (Lake Forest, IL, USA). SYLGARD® 184 silicone elastomer
kit for polydimethylsiloxane (PDMS) was obtained from Dow Corning Corporation
(Midland, MI, USA). 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES),
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (brand
name Pluronic® F108), potassium hydroxide, and sucrose were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Deionized (DI) water was from a Synergy purification
system (Millipore, USA). Gold-Seal coverslip were purchased from Electron Microscopy
Sciences (48 <60 mm, No. 1; Hatfield, PA, USA). Platinum wire was purchased from Alfa

Aesar (Ward Hill, MA, USA).
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Microchip fabrication

The pattern of the microstructure used in this chapter was described in Figure 4-1
in Chapter 4. The fabrications of the silicon master wafer and the preparation of the PDMS
mold were the same as described in Chapter 3. In order to maintain the same coating effect
of all the surfaces in the microchannel, the glass slide was cleaned, dried and then spin-
coated at 1300 rpm for 30 seconds with PDMS mixed in the same ratio as preparing a
PDMS mold. Then the PDMS-coated glass was placed in an oven for at least 4 hours at
80 <C. The resultant PDMS layer was approximately 20 pm thick. In order to minimize the
PDMS autofluorecence (see supplementary info of [101]), the PDMS mold containing the
microchannels and the PDMS-coated glass were exposed to UV light for 1 hour. Then they
were treated with oxygen plasma and bonded together to form a sealed microchannel
system as described in Chapter 3. Since the surfaces of the microchannel were all made of

PDMS, it was called the “all-PDMS” channel in the context of this thesis.

Preparation of bead and mitochondria suspensions
The preparations of the C57BL/6 mouse hepatic mitochondria and the polystyrene

bead solutions were the same as described in Chapter 4.

Fluidic operations

All the dJANM experiments were performed using the microfluidic device as
schematically shown in Figure 4-1 in Chapter 4. After assembly, each channel was filled
with solution A (1 mM F108, 10 mM HEPES, pH adjusted to 7.4 by KOH, sterile-filtered
to 0.2 m) by capillarity immediately and the chip was placed in a humid environment
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overnight (16 — 24 hours) to coat all surfaces with F108. Solution B (250 mM sucrose in
solution A, pH 7.4, 0.03 S/m, sterile-filtered to 0.2 pm) was used to prepare the
mitochondrion or the polystyrene bead solution and to rinse the channel for three times
right before use. A 0.5-cm-thick PDMS holder was employed to increase reservoir volume
and provide stability for the electrodes. The prepared mitochondrion or bead solution was
added to an inlet reservoir and solution B to another reservoir. Mineral oil was added on
top of the liquid layer in both reservoirs to prevent evaporation. Pt electrodes attached to
the reservoirs were connected via micro-clamps (LabSmith, Livermore, CA, USA) to an
AC power supply from a high voltage amplifier (AMT-3B20, Matsusada Precision Inc.)
driven through a Multifunction DAQ card (USB X Series, National Instruments, TX, USA)
programmed by LabVIEW 2014 (version 14.0, National Instruments).

For the electrokinetic mobility measurement, the experiments were done in the
same chip as used for dJANM experiments but in the post-free region of a channel. Once
enough beads were in the focused region of a channel, the liquid level was well balanced
and subsequently a DC signal was supplied by the high voltage amplifier. The resulting
bead migration was recorded with a video camera with time interval recorded by Micro-
Manager software (version 1.4.7, Vale Lab, UCSF, CA, USA) as described in Detection
and Data Analysis. The migration of beads was imaged at 10, 20, 30, and 40 V/cm. The

experiments were repeated in 3 microchannels.

Detection and data analysis
Fluorescence images were acquired with an inverted microscope (1X71, Olympus,
Center Valley, PA, USA) equipped with a 100 W mercury burner (U-RFL-T, Olympus,
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Center Valley, PA, USA) and fluorescence filter set (for mitochondria and 0.9-pm beads:
exciter ET470/40, dichroic T495LP, emitter ET525/50, Semrock, USA; for 0.3-pm beads:
exciter 607/36, emitter 670/39). The migration of mitochondria in the microchannel was
visualized by a 60> (UPLSAPO60>WV, water immersion, NA = 1.20) objective and the
bead migration was visualized by the 60> objective or a 40 (LUCPlanFLN, NA = 0.60)
objective. Images were captured by a CCD camera (QuantEM:512SC, Photometrics,
Tucson, AZ, USA) and Micro-Manager software (version 1.4.7, Vale Lab, UCSF, CA,
USA).

The obtained videos for mitochondria or beads were then processed by ImageJ
software (version 1.49, NIH). For each data point in the dJANM velocity profile for
mitochondria (Figure 5-1) or beads (Figure 5-3), 20 individual trajectories of mitochondria
or beads per microchannel in a complete period at the specific driving conditions were
evaluated using the Manual Tracking plugin [96]. The experiment was repeated in three
channels for mitochondria and beads, respectively. For the stroboscopic image shown in
Figure 5-2(b), the trajectories of particles with either 0.3 or 0.9 micron diameter were
manually generated by overlaying each image frame at corresponding locations from the
same video.

For the electrokinetic mobility measurement, the measurement at each DC signal
was repeated in 3 channels. 20 individual trajectories per bead size per channel were
analyzed by the Manual Tracking plugin [96] to obtain the migration distances over defined
time intervals. After plotting the average migration velocity versus the applied DC electric

field, the elektrokinetic mobility of 0.3-um beads (uex 0.3 ym) @nd that of 0.9-um beads
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(Hek 0.9 um) Were obtained by calculating the slope of the least squares line (Appendix B

1). These EK mobility values were subsequently applied in the simulation.

Determination of the size distribution of mitochondria

The C57BL/6 mouse hepatic mitochondria solution was prepared as described in
Chapter 4. A DLS instrument (Zetasizer Nano - ZS, Malvern, Worcestershire, UK) was
used to analyze the size distribution of the sample. In general, a disposable folded capillary
cell was rinsed with ethanol, distilled water, and solution B1 to remove bubbles in the
chamber. Then, the mitochondria solution was carefully added into the capillary cell which
was placed in the DLS instrument for the analysis. Two trials with 3 scans per trial were
conducted to determine the size distribution of the mitochondrial sample (Appendix B 2).
Note that the conductivity of the solution in the capillary cell was 320 pS/cm as determined
by the instrument. It is the same as the conductivity of solution B1 used to condition the
channels in mitochondria experiments, indicating that the rinsing step was able to condition

the mitochondria solution to the same environment as in the microchannel.

NUMERICAL MODELING

The simulations were performed using COMSOL Multiphysics 5.1. The numerical
method was successfully applied to the previous modeling of dANM induced for micron-
sized particles as described in Chapter 4, thus the same physical model was employed and
adapted to the new waveform and parameters (Appendix B 3). The detailed description is

shown below.
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The non-linear spatially-periodic structure was the same as used in Chapter 4 except
that the dimensions of the virtual walls were adapted according to the particle sizes used in
this chapter. Three relevant physics were considered to model particle migration: EK, DEP,
and Brownian force. Mathematically, DEP was considered by the DEP velocity (v4.,) and
mobility (ugep) as described by Eqg. (2 —20) and (2 — 21) in Chapter 2. Due to the
polystyrene having a negligible conductivity [98, 99] and a,,, measured in the employed
solution (0.03 S/m), f.), became equal to -0.5. Two particle sizes, 0.3-pm and 0.9-pm
diameters, were simulated with 4., values of -2.48 x< 10! m* /% s and -2.39 %< 10
m* V2 s respectively as calculated by Eq. (2 — 21) with the relative permittivity of the
medium ¢, ,, = 80 as for water [97] and the viscosity of the medium n = 8.90 <10 Pa s
as for water.

To consider an electrokinetic component, the electrokinetic velocity (u) and
mobility (u.,) were used as described by Eq. (2 — 13). Experimentally determined
Hek 0.3 um aNd Lo 0.9 um Tor the employed polystyrene beads (Appendix B 1) were both
applied in simulation.

As for the modeling process, the static study result of the Electric Currents module
was firstly combined with a rectangle and an analytic function, resulting in a tunable
alternating electric field with rectangle waveform representing the combination of U,
and Uy, (Figure 5-2(a)). The result was then coupled with the time-dependent study using
the Creeping Flow module generating an alternating flow profile in which the
electrokinetic components were considered. Note that the AC signal Ug pign Was not

applied in this module. It is because when the AC waveform created by a sine wave and

68



the second analytic function was added in Creeping Flow, the computer cannot complete
the simulation. Since the symmetric fast alternating current does not contribute
significantly to the electrokinetic flow profile, the AC waveform was omitted. Finally, the
electric field and the flow profile were additionally integrated with the DEP force (F 4,)
and the Brownian force (F ) to perform the time-dependent study with the Particle Tracing
for Fluid Flow module. The particle trajectory was then visualized by solving the instant
velocity of a particle time-dependently (see Eg. (4 — 2) and (4 — 3) in Chapter 4). The AC
signal Ugc pign Was added in this module since it was the major component that induced
different behaviors of particles based on their size. The effect of U, p;4n Was verified by
performing simulation with the same model but without AC waveform, which resulted in
the normal migration behavior of 0.9-pm-diameter particles (Appendix B 4).

The average migration velocities were evaluated identically as described in Chapter

4. The results are shown in Figure 5-3 and discussed in detail in the Results section.

RESULTS
Quantification of dANM-induced migration velocity for mitochondria

Based on the study shown in Chapter 4, overlaying an AC component (Ug pign) in
the kHz range with a low DC potential (U,.,) can evoke a large enough iDEP trapping
force for the isolated mitochondria sample in one of the half driving periods. Meanwhile,
mitochondria could migrate with the flow in the other half period when only a DC driving
(Uge1) was applied. Thus, dANM was successfully induced for sub-micron bio-species

with the waveform shown in Figure 4-5(a).
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Figure 5-1. Experimental results of migration velocity (v) vs. driving DC (Uy,.) for isolated
mitochondria. The error bars represent the standard deviations of the velocities obtained at
each U, based on 60 individually tracked mitochondrial trajectories. At the experimental
conditions, the average migration velocities of mitochondria were in the opposite direction
to the applied Uy, clearly demonstrating the dANM migration behavior.

In the work presented in this chapter, the microchannel integrated with a post array
as featured in Figure 4-1 in Chapter 4 was employed here for the isolated mouse hepatic
mitochondria suspended in pH 7.4 aqueous buffer solution. The trapping potential was
chosen as Uy pign With an amplitude of 800 V/cm and a frequency of 30 kHz. Periodic
driving parameters of Uy, = -40, -30, -20, and -10 V/cm and Uy, = 60 VV/cm were chosen
in addition to the AC component to induce dANM with each half period lasting equal time.
The driving DC over a complete driving period is thus defined as U, = (Uge1r + Ugez)/2
with |Uge2| > |Ug01]- The results of the average migration velocities of mitochondria are
shown in Figure 5-1. As seen from the results, the dANM signature is apparent for

mitochondria. The velocity at each U . was proportional to the magnitude of U, applied

in one of the half periods. This is because in the other half period, mitochondria could be
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trapped by the DEP trapping force supplied by the AC component U, pi4n €ven though a

driving DC voltage Uy, was also applied. Besides, the sign of U;.,; was opposite to that
of Uy, and U,.. Therefore, the smaller the absolute value of U,.,, the smaller the
velocities of mitochondria while the larger the value of U,.. The error bars could be caused
by the wide size distribution of mitochondria which ranged from 150 to 800 nm in radius
(Appendix B 2).

In addition, the maximum dANM velocity amounts in ~5 pm/s which is
comparable to that obtained for 4.4-pm beads in Chapter 4 at similar net driving DC while
it is two orders of magnitude larger than previously reported for beads ANM [100]. This
exhibits the great potential of dANM as a tool for the separation of mitochondrial sub-

populations.

Proof-of-principle dANM-based separation experiment and numerical modeling
with sub-micron polystyrene particles

To demonstrated that dANM could potentially be exploited in the separation
applications in the sub-micron size range, two typical sizes which represent the lower and
the upper limits of the normal mitochondria size range [4, 5], namely 0.3-pm and 0.9-pm
diameters, were chosen for the experiment. According to the previous study [30] that
mitochondria and polystyrene beads exhibit the same DEP trapping behaviors under both
DC and low-frequency AC conditions, the beads were used as a model which can be easily
prepared and could relate distinct behaviors observed in experiment to size directly. The
microchannel used for mitochondria experiment was employed here with both sizes of

beads suspended in pH 7.4 aqueous buffer solution.
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Figure 5-2. (a) The applied waveform for the manipulation of the sub-micron sized
polystyrene beads of which the resultant trajectories were shown in (b). The driving DC
voltages (here indicated through U,., and U, on the left) are combined with an AC
component Uy pign to obtain the waveform shown on the right. To distinguish the two half
driving periods, the potential applied in the first half period is displayed in pink and that
applied in the second half period is turquoise. (b) The stroboscopic image shows the
trajectory of a 0.9-um bead (dark dot) and that of a 0.3-pum bead (fluorescent dot) in a
complete driving period. In the first half period when U, + Uge nign Was applied, both
beads started at the position highlighted by the pink circles. Note that the 0.9-jum bead can
only move back and forth within the region depicted by a pink arrow. Meanwhile, the 0.3-
|um bead moved several spatial periods in the direction indicated by the pink arrows. During
the application of Uy, both beads moved in the direction indicated by the turquoise arrows.
By the end of the period, they ended up at the positions indicated by the turquoise circles.
The distinctive migration behaviors in the entire driving period result in the dANM
behavior of the 0.9-pum bead since its net migration was to the right while the 0.3-pm bead
followed the average driving force F,,, which pointed to the left.

A demonstration of the dANM-based separation of sub-micron polystyrene beads
was shown in Figure 5-2. The AC signal Ug pign Was chosen with an amplitude of 400
V/cm and a frequency of 10 kHz. DC potentials of Uy, = -60 V/cm and Uy, = 20 V/cm
were chosen so that particles that were not trapped can travel at least one spatial period in
each half driving period. Figure 5-2(b) depicts the result from the experiment in which a
trajectory of a 0.9-pm bead (dark dot) in a complete driving period in form of a
stroboscopic image was show, clearly exhibiting the dANM signature. A trajectory of a

0.3-pm bead (fluorescent dot) obtained from the same video at the same conditions was

also included to show the normal migration behavior, indicating that for smaller sizes the
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DEP trapping force induced by U nign Was not strong enough as compared to the driving
force by U,.,. This example demonstrates the capability of dANM for the size-based
separation of sub-micron species, which is promising for the sub-population analysis and
separation of abnormally sized organelles in the nanometer size range.

In addition, the migration velocities were quantified from experiments for 0.9- and

0.3-pm-diameter beads (Figure 5-3, solid symbols). In this case, the AC signal U pign

was chosen with an amplitude of 800 VV/cm and a frequency of 30 kHz. Potentials of U,
=-60 V/cm and U,., = 10, 20, 30, and 40 V/cm were chosen as the driving DC in each
half period. At the applied conditions, 0.9-m beads can be trapped at the posts upon the
application of Uy, and Uy pign While they could migrate with the flow at Uy.4. Since
Uge = (Uger + Ugez)/2 and |Ugez| > [Ugerls Uge resulted in the same sign as Uy, Which
was opposite to U,.,. Therefore, the migration velocities of 0.9-pm beads were in a
direction opposite to Uy, exhibiting the dANM migration behavior. For the same reason,
the velocity profile of 0.9-pm beads showed the same tendency as that observed for
mitochondria as shown in Figure 5-1. To be specific, 0.9-um beads accelerated while |U,,|
was decreasing with the increasing |U,.1|. Meanwhile, the DEP trapping force for 0.3-pm
beads was weak that the beads migrated with the flow in both half periods. Thus, 0.3-pm
beads showed the normal response and their average migration velocities were proportional
to the magnitude of U,.. Moreover, the resultant velocities as shown in Figure 5-3 have
the similarly improved speed as that of mitochondria. More specifically, the maximum
dANM velocity of 0.9-pm beads amounts in ~10 pm/s which were two orders of magnitude
larger as compared to the previous ANM studies [100]. At the same conditions, 0.3-pm

beads migrated with a similar magnitude of speed but in an opposite direction. Thus, the
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Figure 5-3. Experimental and simulation results of migration velocity (v) vs. driving DC
(Ug,) for the 0.3- and 0.9-micron-diameter particles. The error bars represent the standard
deviations of the velocities obtained at each Uy, from tracking 60 or 20 individual
trajectories for the experimental or the simulation results, respectively. The overlaid AC
signal Ugc pign Was 800 V/cm at 30 kHz. The driving DC in a complete driving period is
defined as Uy, = (Uger + Ugez)/2 and |Uye2|>|Uge1 |- At the applied conditions in both
the experiment and the numerical modeling, the average migration velocities of 0.9-micron
particles were in the opposite direction to the applied U,., exhibiting apparent dANM
signature. Whereas 0.3-micron particles showed the normal response with their migration
velocities proportional to |U,.|. The simulation results were obtained at positive Uy,
values but they were additionally mirrored to the side of the experimental results at
negative U, in order to help guide the eyes. It is clear that the tendency of the velocities
simulated by the numerical modeling was in good agreement with that quantified from the
experiment.

two size groups can be directed into two opposite directions and the capability of dANM
for solving the size-based separation problems in the sub-micron size range is demonstrated.

To help establish the new waveform (Figure 5-2(a)) and to understand the effect of
the overlaid AC signal in inducing the DEP-based dANM migration, the same magnitude
of the periodic driving potentials as applied in bead experiments were employed in

numerical modeling for particles of 0.3 and 0.9 jum diameters with each half driving period
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lasted equal time. In this case, the AC signal U, pign Still preserved an amplitude of 800

V/cm and a frequency of 30 kHz. Potentials of U, = 60 V/cm and Uy, = -10, -20, -30,
and -40 V/cm were chosen as the driving DC in each half period since the physical
principles contributing to dANM are not dependent on the sign of U,.. The average
velocities were evaluated for each particle size by tracking 20 individual particle
trajectories at each U,.. The results were shown in Figure 5-3 as hollow symbols.

According to the simulation results, the dANM signature was apparent for 0.9-pm-
diameter particles. Thus, the simulated velocities had the same tendency as that for 0.9-pm
beads quantified from experiments that the average migration velocities increased as |U.|
was decreased with the increasing |U,q1|. As for the particles of 0.3 pm diameter, normal
migration behavior was shown, which was the same as observed from experiments. By
examining the particle trajectories (not shown), it is obvious that this smaller size migrated
with the flow in both half driving periods, indicating that their velocities were proportional
to the net DC potential applied in the entire driving period, i.e. Uy.. Therefore, the larger
the value of Uy, the larger the velocities of the 0.3-pm-diameter particles.

By comparing the velocity profiles obtained from the simulation (hollow symbols
in Figure 5-3) to that from the experiment (solid symbols in Figure 5-3), the simulated
values were lower than the experimental results for the same sized particles and at the same
U,c. This situation was also observed in Chapter 4 and it was suggested that it could be
attributed to an overestimation of the dielectrophoretic trapping component as well as an
underestimation of the electrophoretic component of the particles in the model. Since the
EK mobility experimentally quantified for each particle size was employed in the

simulation, the influence from the electrophoretic component has already been considered.
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However, the DEP mobilities used in simulations were calculated by Eq. (2 — 21) with
the assumption that f-,, = -0.5. Whereas in reality, f-,, may deviate from -0.5 and ranges
from -0.5 to 0, which could consequently result in smaller DEP mobility values and thus
higher velocities. In addition, it should be noted that numerical modeling did not reflect all
the experimental effects. Therefore, in spite of the slower velocities as obtained by
numerical modeling, the simulation results still reached 2 orders of magnitude faster speed
than pervious ANM approaches [100] and thus were in good agreement with the

experiment.

The resolution of dANM-based separation
The resolution Ry of a separation can be readily used to reflect how well two
specific components are separated. It can be defined by the distance AX between the two

zones divided by the combined widths of their peaks (Figure 5-4) [102]:

AX

Ry = s— G-1

~ 2(051+052)

where a; is the standard deviation which related to the total effective diffusion coefficient
Dy and the time t [102]:
o, = (2Dpt)/? 5-2)
Dy describes all the factors that contribute to the random walk of a particle and thus lead
to the zone broadening.

Since 95.6% of a Gaussian area lies between —20, and 20, the distance from
—20, to 20 can be arbitrarily taken as the effective zone width w (Figure 5-4). The

resolution can thus be determined by [102]:
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Figure 5-4. Separation resolution for two specified component zones is defined as R, =
AX /2(0s; + 05,), Where AX measures the distance between the peaks and 205, and 2a,
represent the zone dispersion. The distance from —20, to 20, can be termed as the
effective zone width w.

24X
wit+w;

R, = (5-3)

Since the numerical modeling can provide the coordinates of the released particles
at specified time steps, the resolution of dANM-based separation at specific conditions
applied in an experiment can be estimated by Eq. (5 — 3) with the data provided by the
simulation results. For example, based on the simulation results for 0.9- and 0.3-pm-
diameter particles at Uz, = 10 V/cm (Figure 5-3), the resolution is determined to be R, =
1.5 (Appendix B 5), which indicates a good baseline separation. Note that this result is
based on just one complete driving period lasting for 20 seconds in the simulation. Given
that more than one driving periods can be run in an actual experiment, the two particle sizes
from the same injection inlet could be separated and be collected at the corresponding
outlets without any overlap. With the above descriptions of R, and the numerical modeling,

the parameters needed to obtain an optimized resolution for a dANM separation can be
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found for other combinations of particle sizes, DEP and electrokinetic properties while

avoiding to conduct time-consuming experiments.

CONCLUSION

In this work, the C57BL/6 mouse hepatic mitochondria were manipulated in a non-
linear symmetric microfluidic post array. A low-frequency AC signal was additionally
overlaid with periodic driving DC potentials to supply periodic EK driving and strong
enough DEP trapping force for the mitochondrial sample. With these conditions, dANM
migration was induced for mitochondria and the average migration velocities were
quantified. Further, the dANM-based separation was demonstrated experimentally with
0.3- and 0.9-pm-diameter polystyrene beads. To be specific, /ANM behavior was induced
for 0.9-pm beads whereas the 0.3-pm beads were observed to show normal migration at
the same conditions. This is the first experimental realization of directing differently sized
sub-micron particles into opposite directions by dANM, indicating that this novel
migration technique can be applied as a tool for the size-based separations in the sub-
micron size range. In addition, the experimentally determined EK mobilities for 0.3- and
0.9-pm-diameter beads were employed in the numerical modeling and the migration
velocities were quantified for each particle size. The simulated velocity profiles showed
good agreement with the experimental results for beads in terms of the magnitude and
tendency. Moreover, both the aforementioned mitochondrial velocity profile and the bead
velocities have suggested an intrinsic advantage of JANM which lies in the two orders of
magnitude improved average migration velocities as compared to the existing ANM
approaches for similarly sized particles [100] and up to four times larger magnitude to
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ratchet approaches [51]. Furthermore, an example calculation for the separation resolution
was shown based on a set of simulation data. The result demonstrated baseline separation
for 0.3- and 0.9-pm-diameter particles within 20 seconds. Therefore, JAANM is favorable
for future separation or fractionation applications of mitochondria sub-populations. In
addition, the here presented dANM approach can be readily realized with standard
photolithographic and soft lithographic techniques and allows inducing dANM for sub-pm
species via the adjustment of the DEP trapping forces though the variation of the externally
applied potentials. It is thus envisioned that this novel migration mechanism is applicable
to a wide range of separation problems in which size selectivity is required, such as in the
fractionation of organelles and their subpopulations, in nanotechnological applications or

as fractionation method for protein nanocrystals.
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CHAPTER 6

DIELECTROPHORESIS OF SALMONELLA TYPHIMURIUM

INTRODUCTION

Salmonella typhimurium (Salmonella for short in the following content) is an
infectious food borne pathogen which could result in severe symptoms such as
gastroenteritis [103, 104]. Literature has suggested that a two-component system
PhoP/PhoQ in Salmonella is responsible for regulating the lipid components and proteins
in the bacterial envelope which are important for the survival and virulence of the bacteria
within the host tissue [105]. This regulation by the PhoPQ system to the surface component
of Salmonella can be stimulated by environmental conditions and directly results in the
alteration of the bacterial surface charge density. Since the change of the lipid and protein
contents cannot be probed directly, the variance of the bacterial surface charge can be
exploited instead to gain insight into the bacterial envelope composition and to elucidate
the PhoPQ regulatory work on the bacterial resistance to antibiotics.

Dielectrophoresis (DEP) depends on the migration of polarizable species in an
inhomogeneous electric field. Since different populations of Salmonella possess similar
size, the surface charge of this bacterium is a major factor that influences the bacterial
polarization in an electric field [46]. Therefore, DEP can be applied as a tool for the study
of Salmonella surface charge. Previously, the DEP-dependent techniques have been
utilized to manipulate various bacterial species, such as the dielectrophoretic concentration
and separation of the live and the dead E. coli. [71] The selectivity of insulator-based DEP

(iDEP) was also employed for the separation and concentration of Gram-negative and
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Gram-positive bacteria [72]. In addition, a study has suggested using electrode-based DEP
(eDEP) to detect Salmonella within microfluidic channels [106]. However, iDEP-based
techniques for distinguishing Salmonella sub-populations have not been assessed
experimentally yet.

In this work, an insulator-based microfluidic device was utilized to study the DEP
properties of Salmonella sub-populations at low-frequency AC conditions. Different levels
of Mg?* were applied to stimulate the charge variance in the cell envelope of Salmonella
wild-type (WT). More specifically, the Salmonella wild-type exhibits low or high negative
charges when incubated in low (-L) or high (-H) Mg?* concentration, respectively. A
Salmonella mutant-type (mutant) was additionally studied in the experiment as a control
since this mutant strain always carries high surface charges regardless of the environmental
stimulations. It is envisioned that the dielectrophoretic study of Salmonella variants
presented here will provide novel insight in the fractionation and detection techniques for
Salmonella sub-populations and extend the studies to the regulatory network of PhoPQ

upon Mg?* stimulation and the antibiotic resistance of the bacteria.

MATERIALS AND METHODS
Chemicals

SYLGARD® 184 silicone elastomer kit for polydimethylsiloxane (PDMS) was
obtained from Dow Corning Corporation (Midland, MI, USA). 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) (brand name Pluronic® F108),
potassium hydroxide, and sucrose were purchased from Sigma-Aldrich (St. Louis, MO,
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USA). Deionized (DI) water was from a Synergy purification system (Millipore, USA).
Gold-Seal coverslip were purchased from Electron Microscopy Sciences (48 <60 x<0.15
mm; Hatfield, PA, USA). Platinum wire was purchased from Alfa Aesar (Ward Hill, MA,

USA).

Microchip fabrication

The pattern of the microstructure was shown in Figure 6-1(b). The fabrication of
the photopatterned master wafer and the preparation of the microfluidic device for the study
of the iDEP properties of Salmonella were the same as described in Chapter 3. . The
preparation of the microfluidic chip used in the experiment in which channel position
dependent iDEP of Salmonella was observed was the same as described in Chapter 5.

2
LOW « s High

Figure 6-1. (a) Schematic of the 1-cm-long microfluidic channel (not to scale). The shaded
area corresponds to the post array region. (b) Bright field microscopy image (top view) of
a section of the post array region. (c) Upon the application of a potential in the channel
reservoirs, electric field gradients are established around the posts and the VE? distribution
is indicated by the color code. The solid arrows indicate the attraction in pDEP mode and
the open arrows indicate the repulsion from the high VE? regions, i.e. nDEP.
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Fluidic operations

The experiments were performed using the microfluidic device as schematically
shown in Figure 6-1(a). After assembly, all microfluidic channels were filled with solution
A (1 mM F108, 10 mM HEPES, pH adjusted to 7.4 by KOH, sterile-filtered to 0.2 pm) by
capillarity and the chip was placed in a humid environment overnight (16 — 24 hours) to
ensure complete surface coating with F108.

After that, the channel was rinsed for three times with solution B (250 mM sucrose
in solution A, pH 7.4, 0.03 S/m, sterile-filtered to 0.2 jum) for the DEP property studies or
with solution A for the experiment in which channel position dependent iDEP of
Salmonella was observed. A 0.5-cm-thick PDMS holder was employed to increase the
reservoir volume and to provide stability for the electrodes. The prepared bacteria solution
was added to both reservoirs with mineral oil added on top of the liquid layer to prevent
evaporation. Pt electrodes attached to the reservoirs were connected via micro-clamps
(LabSmith, Livermore, CA, USA) to an AC power supply from a high voltage amplifier
(AMT-3B20, Matsusada Precision Inc.) driven through a Multifunction DAQ card (USB
X Series, National Instruments, TX, USA) programmed by LabVIEW 2014 (version 14.0,

National Instruments).

Preparation of Salmonella typhimurium samples

Two strains of Salmonella, i.e. the wild type (WT) and the mutant type (mutant),
were grown and prepared in either low [Mg?*] (-L) or high [Mg?*] (-H) buffer by Dr. Yixin
Shi from School of Life Sciences, ASU. The samples were modified to express the green
fluorescent protein (GFP) [107] so that their migration behavior can be observed and
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imaged through fluorescence microscopy. Each sample was freshly prepared and then
incubated in 37 °C with gentle shaking at 160 rpm for 2 hours right before the DEP
experiment. In addition, the sample type was not revealed until the DEP experiment was
completed (i.e. blind test).

For the iDEP property studies, a sample was centrifuged at 10000 rpm (5-cm radius)
for 2 min and the supernatant was removed. Then, 200 pL solution B was added to the
pellet followed by gentle vortexing and re-suspension of the sample. Next, the sample was
centrifuged again and the supernatant was removed. Finally, the pellet was re-suspended
in 100 pL solution B.

For the experiment in which channel position dependent iDEP of Salmonella was
observed, each sample was prepared in the same way as described above except that
solution A was used instead of solution B, and that the pellet was re-suspended in 50 L

solution A in the final re-suspension.

Detection and data analysis

Fluorescence images were acquired with an inverted microscope (1X71, Olympus,
Center Valley, PA, USA) equipped with a 100 W mercury burner (U-RFL-T, Olympus,
Center Valley, PA, USA) and fluorescence filter set (exciter ET470/40, dichroic T495LP,
emitter ET525/50, Semrock, USA). A 60><(UPLSAPO60>W, water immersion, NA = 1.20)
objective was used to visualize bacteria migrations in the microchannel. Images were
captured by a CCD camera (QuantEM:512SC, Photometrics, Tucson, AZ, USA) and
Micro-Manager software (version 1.4.7, Vale Lab, UCSF, CA, USA). The obtained images
were then processed by ImageJ software (version 1.49, NIH).
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RESULTS
IDEP properties of Salmonella typhimurium

The DEP behavior of Salmonella was investigated in the device schematically
shown in Figure 6-1(a). The 1-cm-long insulator-based microchannel exhibited an
integrated array of circular posts (Figure 6-1(b)). Surface coating with Pluronic® F108 was
utilized to significantly reduce the adsorption of samples to the channel walls as well as
sample aggregation [42, 81, 82]. A reservoir holder was attached to the PDMS mold and
defined the volume of the reservoirs accessing the inlet and outlet. A low conductivity
buffer with physiological pH and sucrose was chosen to maintain the cell osmostic pressure.
The experiments were conducted at 10 kHz with applied voltages varying from zero to up
to hundreds of volts until significant trapping behaviors were observed.

Figure 6-1(c) shows the arising VE? schematically located at the post sides
perpendicular to the direction of the potential drop along the channel. Additionally, solid
arrows indicate the direction of pDEP while the nDEP mode is represented by the open
arrows at the applied AC conditions.

Upon the application of an AC signal, the DEP trapping behavior of Salmonella
was pronounced since the electrokinetic component was suppressed. Interestingly, the
populations of Salmonella stimulated by different levels of [Mg?'], i.e. the wild-types and
the mutant-types incubated in either low or high [Mg?*], were all observed to be attracted
to the post sides with high VE? (Figure 6-1(c)), indicating pDEP behavior. An example of
the trapping behavior of Salmonella was shown in Figure 6-2 with a series of fluorescence
snapshots of the mutant-type Salmonella which were incubated in high [Mg?*] (mutant-H).

As the applied AC amplitude increased from 50 to 80 V/cm at 10 kHz, the trapping
85



Figure 6-2. iDEP trapping demonstrated by the mutant-type Salmonella incubated in high
[Mg?]. The experiments were conducted with a frequency of 10 kHz and an AC amplitude
of (a) 50, (b) 60, (c) 70, and (d) 80 V/cm. Scale bar is 20 pm. In each figure, one row of
posts and the channel edges are outlined with the other rows of posts indicated by triangles.
In all the figures, Salmonella either migrated around the insulating posts freely or were
trapped at the regions with high electric field gradient at the posts, exhibiting pDEP
behavior. Moreover, as the AC amplitude increased from (a) to (d), the trapping response
of the bacteria became firmer and accelerated upon the application of the voltage. In
addition, less bacteria were observed undergoing free migration. A trapping potential
threshold of 80 V/cm for the mutant- H Salmonella was determined.
response of the bacteria became firmer such that less freely migrating bacteria could be
observed. This effect was also observed upon the application of a higher voltage. The
trapping potential threshold was defined as the applied overall electric field, when the
applied voltage is increased to a certain magnitude at which no further change in the
trapping behavior of a sample can be observed,. Thus, the trapping potential threshold of
the mutant-H Salmonella was found to be 80 V/cm (as demonstrated in Figure 6-2(d)).
The trapping potential thresholds of the other three types of Salmonella were also
tested and the results were summarized in Table 6-1. A difference was found in the trapping
potential thresholds of the wild-type Salmonella incubated in different levels of [Mg?*].
Compared to those incubated in high [Mg?*] (WT-H), the WT-L Salmonella required a

higher applied voltage to show a significant trapping behavior. In addition, the wild-type

Salmonella incubated in high [Mg?*] exhibited the same trapping potential threshold as the
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mutant types which always carry high surface charges regardless of the environmental
conditions. This may indicate that the wild-type Salmonella incubated in high [Mg*]
exhibited high surface charge in the cell envelope. The results demonstrate the potential
application of iDEP in distinguishing Salmonella differing in surface charges while
possessing the same or similar sizes.

Table 6-1. Observed trapping potential thresholds for the four Salmonella types tested

Salmonella type | Trapping potential threshold @10 kHz
mutant-L 80 V/cm

mutant-H 80 V/cm

WT-H 80 V/cm

WT-L 110 V/cm

Channel position dependent iDEP of Salmonella

In a repeating experiment of determining the DEP trapping potential thresholds for
Salmonella, an all-PDMS microfluidic device and the buffer solution A without sucrose
were utilized to explore ways of optimizing the experiment procedures. Interestingly,
nDEP trapping behavior was observed for Salmonella in addition to the pDEP trapping
behavior described above. Once this phenomenon was noticed, the migration of the sample
in the entire microchannel was investigated with an AC amplitude of 500 V/cm at 30 kHz.
Note that two electrodes were placed in the inlet and outlet reservoirs to supply the voltage

over the 1-cm-long microchannel. As schematically show in the center of Figure 6-3, the
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Figure 6-3. Channel position dependent iDEP of Salmonella. As demonstrated by the
schematics of the 1-cm-long microchannel in the center of the figure, an electrode
supplying 500 V/cm at 30 kHz was placed in the left reservoir and a grounding electrode
was placed in the right reservoir. Scale bar is 20 pm. The posts and the channel edges are
outlined for each figure. With the observation region moving from left to right along the
channel, the observed migrations of Salmonella were as follows: (a) Firm pDEP trapping
of Salmonella occurred while it was also observed that some bacteria can migrate along
the edges of the channel and loosely attach to the post sides with low VE?2. (b) & (c) nDEP
trapping of Salmonella occurred and it became obvious as the focus plane continued
moving to the right along the channel. (d) & (e) Both pDEP and nDEP behaviors of
Salmonella became less evident. (f) & (g) Salmonella tended to migrate freely in the
channel rather than being trapped by pDEP or nDEP.

electrode in the left reservoir supplied a positive voltage while the one in the right reservoir
was just grounded. Thus they are named as the voltage electrode and the grounding
electrode respectively in the following contents. As demonstrated by the fluorescence
snapshots in Figure 6-3, starting from the left side of the channel and at a position near the
voltage electrode, the pDEP trapping behavior of Salmonella occurred and the bacteria
were trapped to the post sides with high VE? firmly. However, it was noticed that in the
same region some bacteria could loosely attach to the post sides with low VEZ2. When the

observation region was moved along the channel to the right, bacteria exhibiting nDEP

trapping behavior were observed in addition to those trapped by pDEP. Moreover, the
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nDEP trapping became dominant as the observation region was further moved to the right.
When it eventually got closer to the grounding electrode, both pDEP and nDEP behaviors
became less evident and the bacteria tended to migrate freely in the channel.

To verify these observations, the voltage and the grounding electrode were
switched in the reservoirs and the migration of Salmonella was checked again from left to
right along the channel. Surprisingly, the trapping behavior of Salmonella observed this
time were exactly the same as what was described above but the occurrence was in reversed
order.

One possible factor that lead to the newly observed DEP behavior of Salmonella,
i.e. the nDEP trapping, was the conditions used in this experiment. Different from the
aforementioned iDEP property studies, the sample can only get in contact with the PDMS
surface and there was no sucrose in the solution in this case. Yet, it is difficult to tell
whether a glass substrate affects the migration behaviors of Salmonella or not. As for
sucrose, since it is widely used to maintain the osmosis of bio-species, the absence of
sucrose may cause physiological alteration of the sample cell which could potentially affect
the polarizability. But this needs further experiment before any conclusion is drew.

Furthermore, a possible reason for the simultaneous occurrence of pDEP and nDEP
behaviors observed for the same sample at the same conditions could be that the Salmonella
sample was not homogeneous. Though each sample was prepared freshly, the bacteria
populations could be in different growth states which preserved variations in size as well
as in surface charge. In addition, the samples prepared that day may have a compromised
quality leading to deviations in the response to the application of the electric field. However,
it is noteworthy that switching two electrodes lead to the reversed order of the observed
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trapping behaviors of Salmonella along the entire channel, which cannot simply be
explained by the sample variation. It is thus proposed that the unusual phenomena was also
attributed to the positions of the electrodes.

A possibility that can relate the forenamed phenomena to the positions of the
electrodes is the water electrolysis reactions which could potentially happen in an aqueous
buffer at the voltage electrodes upon the application of a voltage, generating H™ at the anode
and OH" at the cathode. A previous study suggested that the H" and OH" transport “is
responsible for pH drops from the anode toward the cathode” and results in the formation
of a pH gradient across the microfluidic channel [91]. Because the buffering capacity of
the solution was limited by the low concentration of the buffering agent used in this
experiment which was only 10 mM HEPES, electrolysis could happen at the voltage
electrode and cause a pH change in the channel. In addition, the study reported that a
significant pH change could be detected within 6 — 9 minutes for a medium with a
conductivity of 0.01 or 0.05 S/m at a DC voltage of 100 V/cm [91]. Since the DEP study
of Salmonella was conducted in a medium of 0.03 S/m and an AC amplitude of 500 V/cm
at 30 kHz was employed, it is likely that a pH drop has initiated or already established
during an observation along the channel. Moreover, the polarization of a particle involves
not just the properties of the particle itself (particle size, effective surface area, and surface
charge, etc.) but also the macroscopic movement of ions around the particle [46]. Therefore,
the migration of Salmonella upon the application of the electric field in the post array could
vary in accordance with the different concentrations of H* and OH" along the channel,
leading to the aforementioned phenomena that Salmonella near the voltage electrode can
show obvious trapping behaviors (either pDEP or nDEP) while those far away from the
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voltage electrode more tended to migrate freely. Furthermore, if the voltage electrode and
the grounding electrode switched positions, a new pH gradient would be established
conversely to the previous pH drop, thus resulting in a reversed order of observation along
the channel as mentioned above.

To verify if the migration behavior of Salmonella in a non-uniform electric field
relate to the pH, experiments can be designed to determine the response of Salmonella in
buffers of various pH. Meanwhile, strategies of maintaining the pH in the microchannel
could be considered. A straightforward way is to use a buffer with high concentration that
provides high buffering capacity to mediate the pH drop in the channel [91]. However, a
solution of high concentration usually possesses a high conductivity, which could lead to
the formation of bubbles in the channel when a high voltage is applied. Therefore, a device
that can remove bubbles may also be essential, such as suggested by Xu et al. [108] and
Zheng et al.[109] Yet, assembling and operating such bubble-removal device would
increase the complexity of an experiment, which should be considered before use. Another
method for maintaining the pH in the channel is to use contactless DEP (cDEP) which
avoids the direct contact of the sample solution with the electrodes. Thus, using this
technique removes all electrode reactions from the main channel (sample channel) such as
water electrolysis. In addition, it is easy to fabricate the cDEP-based device because no
miniature feature is needed in the structure [74-77]. However, the limitation of cDEP is
still noteworthy. As described in the introduction in Chapter 3, the frequency and voltage
applied in the side channel should be strong enough to induce a suitable electric field

gradient for the manipulation of particles in the main channel, while it should not exceed
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the dielectric breakdown voltage of the barriers (such as 280 V for a 20-pm PDMS

membrane).

CONCLUSION

In this chapter, an insulator-based microfluidic device was employed to study the
DEP properties of four types of Salmonella typhimurium, i.e. wild type and mutant type
incubated in low or high [Mg?*]. Each Salmonella sample was prepared freshly and was
suspended in a medium with a conductivity of 0.030 S/m at physiological pH. Upon the
application of voltages with a frequency of 10 kHz across the 1-cm-long F108-coated
microchannel, it was elucidated that Salmonella exhibit pDEP behavior. Further, the
Salmonella sub-populations which differ in the density of the surface charges were found
to have different trapping potential thresholds. In general, Salmonella with high surface
charges, i.e. the mutant type incubated in both concentrations of Mg?* and the wild type
incubated in high [Mg?*], begin to show significant pDEP trapping behavior at 80 V/cm.
Meanwhile, the wild-type Salmonella incubated in low [Mg?*] carry low surface charges
in the cell envelope and their trapping behavior became evident when the voltage reached
110 V/cm. This difference in the trapping potential thresholds reveals the potential of
exploiting iDEP for identifying sub-populations of Salmonella with different density of
surface charges while possessing similar sizes.

Furthermore, an unusual phenomenon was observed in a repeated DEP experiment
for Salmonella in which both pDEP and nDEP trapping behavior was observed for the
bacteria of the same type. The application of the all-PDMS channel and the absence of
sucrose in this experiment may contribute to the newly observed nDEP behavior of

92



Salmonella. Besides, the sample was not homogeneous or it was of compromised quality
may be the possible reasons. In addition, it is likely that water electrolysis happened at the
voltage electrode which lead to the formation of a pH gradient in the channel. Since the
polarizability of a particle can be affected by the surrounding ions, the different
concentrations of H* and OH" along the channel may have contributed to the channel
position dependent trapping behaviors of Salmonella. Suggestions were provided for
maintaining the pH in the channel. But further experiments are needed in order to verify
the dependence of the DEP trapping behavior of Salmonella on the aforementioned
experimental conditions and the pH of the medium. Overall, this work has provided
preliminary studies for Salmonella at low-frequency AC conditions, contributing to the

future development of distinguishing Salmonella sub-populations by iDEP.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

In summary, the DEP properties of mitochondria isolated from Fischer 344 (F344)
rat semimembranosus muscle and C57BL/6 mouse liver were firstly studied in an insulator-
based microfluidic device. It was elucidated that the organelle exhibits nDEP behavior in
both DC and AC (0 — 50 kHz) electric fields with potentials of 0 — 3000 V applied across
a 1-cm-long channel. The tailored iDEP device was statically coated with F108 to prevent
adhesion of bio-samples to the channel surface. A dynamic F108 coating and a buffer with
a conductivity of 0.025 — 0.030 S/m at physiological pH were used in the experiments.
With these experimental conditions, the trapping potential thresholds for the isolated
mitochondria at the applied frequency range were found to be generally above 200 V/cm
and were weakly dependent on frequency. In addition, the polystyrene beads with a size
similar to the normal mitochondria were employed as a model for the DEP study. They
exhibited nDEP behavior at the post array which was in good agreement with that of the
mitochondria under the same conditions. This study thus provides important information
about the isolated mitochondria under both DC and AC conditions,

Further, successful DEP-based sorting of the isolated mitochondria into various
size fractions was conducted at low DC potentials. Dynamic light scattering was used to
analyze the size distribution of the mitochondria sample collected from each outlet after
the sorting experiment. The size range investigated turned out to be highly compatible with
separations of “giant” mitochondria observed under conditions of disease and aging [4].

This is the first time that iDEP sorting of an organelle type, specifically mitochondria, has
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been demonstrated. Additionally, the amount of the sorted mitochondria is suitable for
most microbiological studies and any potential negative effects due to the iDEP
manipulation are greatly suppressed due to the low potentials applied in the sorting device.
Specifically, this study contributes to a foundation for the future development of separation
and applications for mitochondria sub-populations to investigate their role in aging and
diseases.

Moreover, based on the aforementioned DEP property studies of the isolated
mitochondria and polystyrene beads, a non-linear symmetric insulator-based microfluidic
post array was successfully developed to evoke dANM. This structure avoided the
integration of geometrical traps which were utilized by previous ANM studies [35-38],
thus removing the required microstructured features similar in size to the micron- or nano-
particles of interest. The first design study for the deterministic counter-intuitive migration
mechanism was demonstrated through numerical modeling. Further, by employing pm-
and sub-pm sized polystyrene beads, the occurrence of dANM was realized with the
integration of periodically driven electrokinetic and dielectrophoretic forces and it was
proved to be in excellent agreement with the numerical model. Suitable parameter selection
of the driving forces was demonstrated through both numerical modeling and experiment,
proving that the size selectivity of this novel migration technique is ideally suited for
separation and fractionation, and that it allows steering analytes into opposite directions
and at different rates. It is noteworthy that the only tuning parameter is the dielectrophoretic
component for given electrokinetic and intrinsic sample contributions, which can be
promptly adjusted through the externally applied potentials according to the experimental
observations. As quantified from the dJANM experiments with polystyrene beads, an

95



intrinsic advantage of dANM lies in the two orders of magnitude improved average
migration velocities as compared to the existing ANM approaches [100] and up to four
times larger magnitude to ratchet approaches [51], which is favorable for future separation
or fractionation applications. In addition, the device for the here presented dANM approach
can be fabricated with standard photolithographic and soft lithographic techniques while
the technically challenging miniaturization of the geometric traps needed for the previous
ANM studies [100] is not required.

Furthermore, by integrating a low-frequency AC signal in one of the half driving
periods, the DEP trapping for the sub-pm species can be achieved with the adjustment of
the amplitude and frequency of the AC component. Thus, the DC potentials in each half
period only need to be adjusted in accordance with the need of sample driving while JANM
can be induced for species in the sub-micron size range with this novel waveform. As
proof-of-principle, the realization of dANM for the isolated mouse liver mitochondria was
shown and it represented the first experimental application of an ANM migration
mechanism for a bio-species. Based on that, the migration velocity profile of the isolated
C57BL/6 mouse hepatic mitochondria was quantified within the F108-coated all-PDMS
microfluidic device with the employment of the aforementioned waveform. This waveform
was further employed in the separation experiment with sub-micron sized polystyrene
beads. The JANM migration was realized for the 0.9-jum-diameter beads whereas the beads
of 0.3 pm diameter showed the normal response. This is the first experimental realization
of directing differently sized sub-micron particles into opposite directions by dANM. Thus,
the size selectivity of this novel migration technique has successfully extended into the
sub-micron size range. Next, together with the experimentally quantified EK mobilities for
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beads, the waveform was applied in numerical modeling. The simulated velocity profiles
were in good agreement with the experimental results and demonstrated a good baseline
resolution of AANM-based separation. In addition, the average migration velocities of the
beads and the aforementioned mitochondrial velocity profile were two orders of magnitude
improved as compared to the existing ANM approaches [100] and four times larger
magnitude to ratchet approaches [51]. The results have demonstrated the capacity of this
novel migration mechanism in the applications of a wide range of separation problems in
which size selectivity is required, such as in the fractionation of organelles and their
subpopulations, in nanotechnological applications or as fractionation method for protein
nanocrystals.

In addition to the DEP and dANM studies of mitochondria, iDEP was also
employed in distinguishing Salmonella typhimurium strains grown with different
concentrations of Mg?*. The iDEP property studies elucidated that Salmonella exhibit
pDEP behavior when suspended in a medium with a conductivity of 0.030 S/m at
physiological pH. Further, a difference in the trapping potential thresholds for the
Salmonella samples with different densities of surface charge was observed upon the
application of voltages with a frequency of 10 kHz. In general, the mutant types grown in
both concentrations of Mg?* and the wild type incubated in high [Mg?], i.e. those with
high charge density in the cell envelope, can show significant trapping behaviors starting
at 80 V/cm. Meanwhile, the wild-type Salmonella incubated in low [Mg?*] carries low
surface charges. Thus a higher voltage of 110 V/cm was needed to observe the evident
trapping behavior of this type.. Moreover, unusual phenomena were observed for
Salmonella of the same type that both pDEP and nDEP trapping behaviors can be seen at
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the same conditions and that different migrations occurred along the channel which related
to the position of the voltage electrode. The newly observed nDEP behavior of Salmonella
may be related to the removal of the glass substrate and the absence of sucrose in the
experiment. In addition, possible reasons for the simultaneous occurrence of the pDEP and
nDEP trapping behaviors include that the bacterial populations may be at different growth
stages and that the sample may have a compromised quality. Furthermore, it is likely that
the formation of a pH gradient happened due to water electrolysis at the voltage electrode.
Since the polarization of a particle can also be affected by the surrounding ions [46], the
channel position dependent iDEP behaviors of Salmonella may be caused by the different
concentrations of H" and OH" along the channel but will need experiments to verify.
Suggestions on maintaining the pH in the microchannel were additionally provided.
Overall, this study provided the preliminary experimental results for the DEP properties of
Salmonella at AC conditions, contributing a foundation to the future development in

distinguishing the sub-populations of Salmonella by iDEP.
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Appendix A 1: Determination of the EK mobility for the 4.4-pm polystyrene beads
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Figure 4-S1. Migration velocity (v) vs. DC potential (U;.) for 4.4-um beads. The
experiment was conducted in a post-free straight channel. Each data point was obtained by
tracking over 100 individual trajectories. The error bars are the standard deviations of the
velocities at each DC voltage.

The slope of the best-fit line for the data set shown in Figure 4-S1 was 2.2 +0.33
x10° m? ¥1 51 which was the i, for the 4.4-um polystyrene beads at the experimental

conditions described in Chapter 4.

Appendix A 2: The equations used in COMSOL

Equations:
E = (Ex,Ey) A-1)
E? = (Ex,Ey).(Ex,Ey) = Ex? + Ey? (A-2)
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VE2 = (652 852) _ (6(Ex2+Ey2) 5(Ex2+Ey2))

5x ' 8y Sx ! 8y

0.5

= (P e

The expressions in COMSOL.:

For Eq. (A —1):

Ex = ec.Ex,

Ey = ec.Ey

For Eq. (A — 3):

‘;—bj = d(ec. Ex"2 + ec. Ey"2,x)
i_b: = d(ec.Ex"2 + ec.Ey"2,y)
For Eq. (A — 4):

|VE?| = (d(ec.Ex"2 + ec.Ey"2,x)"2 + d(ec. Ex"2 + ec. Ey"2,y)*2)"0.5
y

Appendix A 3: The equations for the square waveform in COMSOL

(A=-3)
(A—4)
(A=5)
(A-6)
(A=7)

The square waveform shown in Figure 4-1(c) is realized in COMSOL by a rectangle

function and an analytic function.

The rectangle function defines an x range = [Lower limit, Upper limit] in which y

= 1. Qutside this range, y = 0. This actually defines the time duration for each half driving

period which will be needed in the analytic function.
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The analytic function modifies the rectangle function into the waveform in need.
Firstly, a letter is assigned to define the variable in the functions. In my case, the functions
are created for the time-dependent studies, so the variable is the time, t. Next, the ratio
between the value of Uy, + U, and Uy, — U, is calculated to modify the rectangle
function. Then the duration of a complete driving period can be defined by the lower and
the upper limits in the analytic function. Choose “make periodic” if more than 1 driving
period is needed.

For example, to define a waveform with |U,.| = 450 V/cm and Uy, = 50 V/cm
with each half driving period lasting 5 seconds, a voltage equal to 450 V/cm (e.g. Ujpet) 1S
firstly defined in Parameters to be applied in the physical model. Then, for the rectangle
function (rectl), the lower limit = 0 and the upper limit = 5. In the analytic function (anl),
the lower limit = 0 and the upper limit = 10 are used to represent a complete driving period.
According to the ratio of Uy, + U, over Uy, — U, and the waveform as shown in Figure
4-1(c), the expression of the analytic function is set as: 1-(9/5)*rect1(t).

Therefore, based on Eq. (A — 5), the result of Electric Currents module integrated
in the Creeping Flow module for the time-dependent study is expressed as
Ex = ec.Ex * (an1(t[1/s])),

Ey = ec.Ey * (an1(t[1/s])), (A—8)

Based on Eg. (A — 6), the result of Electric Currents module integrated in the

Particle Tracing for Fluid Flow module for the time-dependent study is expressed as

(;—b;: = d((ec.Ex * (anl(t[l/S])))/\Z + (ec.Ey * (anl(t[l/s])))’\z,x)
SE? . )
% = d((ec.Ex * (anl(t[l/S]))) 2+ (ec.Ey * (anl(t[l/s]))) 2,9) (A—9)
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Appendix A 4: Comparison of the simulation results with and without the Brownian

motion
15+
w 10}
£
=
~ L
5L
r ® 0.9 uym, with Brownian motion
O 0.9 ym, without Brownian motion
O | L 1 " | L |
50 100 150 200
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Figure 4-S2. The migration velocities of 0.9-m beads simulated with (red dot) and without
(black circle) the Brownian motion. U, = 275 V/cm. The error bars represent the standard
deviations of the velocities obtained at each U,. from tracking 20 individual trajectories
for the simulation results.

Based on the simulation results shown in Figure 4-S2, there is no significant
difference between the velocities simulated with Brownian motion (red dot) and that

without Brownian motion (black circle). This indicates that the Brownian motion does not

influence the migration velocity significantly at the applied conditions.
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Appendix B 1: Determination of the EK mobility for 0.3- and 0.9-pm polystyrene beads
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Figure 5-S1. Migration velocity (v) vs. DC potential (Uy,) for (a) 0.3-pm and (b) 0.9-pm
polystyrene beads. Both velocity files were obtained in the post-free region of 3
microchannels. Each data point was averaged from the migration velocities by tracking 60
individual bead trajectories with 20 trajectories per channel. The error bars are the standard
deviations of the velocitites at each DC voltage.

The EK mobility of 0.3-pm beads (uex 03 4m) at the experimental conditions
described in Chapter 5 was determined by the slope of the best-fit line for the data set
shown in Figure 5-S1(a), which was 3.24 +0.41 x10° m? /! s1. Also, the EK mobility of
0.9-pm beads (uek 0.9 4m) Was determined by the slope of the best-fit line in Figure 5-S1(b)

and the value was 2.52 +0.45 x<10° m2 V1 s1,
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Appendix B 2: Determination of the size distribution of mitochondria

20
Trial 1 (3 scans)
Trial 2 (3 scans)
15
S
=
‘s 10|
c
[
=
5+
0

400 600 800 1000
r[nm]

200
Figure 5-S2.Size distribution of the isolated C57BL/6 mouse hepatic mitochondria

determined by a DLS instrument.

Two trials with 3 scans per trial were conducted to determine the size distribution
of mitochondria. The hydrodynamic radius (r) of the mitochondria sample was determined

to be 150 - 800 nm.
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Appendix B 3: The equations for the square waveform in COMSOL

The square waveform shown in Figure 5-2(a) as applied in experiments is realized
in COMSOL by a rectangle function, a waveform function and two analytic functions.

Firstly, a waveform shown in Figure 4-1(c) is created by a rectangle function (rectl)
and an analytic function (anl) as described in Appendix A 3. Then the overlaid AC signal
is created by a waveform function (wvl) and the second analytic function (an2). For the
waveform function, a sine signal is chosen with the angular frequency expressed as:
2*pi[rad]*f[Hz], where “pi” means &, and f is the frequency defined in Parameter with unit
of Hz. For the second analytic function, it is expressed as rect1(t)*wv1(t) so that the AC
signal is only overlaid with the half driving period of interest.

As described in Chapter 5, the AC signal is integrated in Particle Tracing for Fluid
Flow module only. Therefore, the result of Electric Currents module integrated in the
Creeping Flow module for the time-dependent study is the same as expressed by Eq. (A —
8). Based on Eq. (A — 6), the result of Electric Currents module integrated in the Particle

Tracing for Fluid Flow module for the time-dependent study is expressed as

‘Z—f = d((ec.Ex * (an1(t[1/s]) + an2(t[1/s])))"2 + (ec.Ey * (an1(t[1/s]) +

an2(t[1/s])))"2,x)

Z_Eyz = d((ec. Ex * (an1(t[1/s]) + an2(t[1/5])))"2 + (ec.Ey * (an1(t[1/s]) +
an2(t[1/s])))"2,y) (B-1)
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Appendix B 4: Comparison of the simulation results obtained with and without the AC

signal
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Figure 5-S3. Numerical modeling results simulated with AC component vs. without AC
component. The simulation was performed with the 0.9-pm-diameter particles but the
diameter depicted in the above figures was enlarged to 3 pm for a better view. The
migration direction in each half period was indicated by a black arrow. (a) All particles
were released with zero initial velocity at the two inlets indicated by the horizontal lines.
Then, Uy, = -40 V/cm (pointing upwards as indicated by the blue arrow) was applied in
the first half driving period and all particles moved upwards. (b) In the second half period,
Ugac2 =60 V/em (pointing downwards as indicated by the pink arrow) was applied with the
overlapping of Uy, pign =800 V/cm at 30 kHz. Therefore, particles moved downwards and
they were trapped by the nearby posts or at the gaps which they cannot surpass due to the
strong nDEP repulsion. When the entire driving period ended, the net migration direction
of the particles pointed upwards. Meanwhile, the net driving DC pointed downwards
because |Ugq,| > |Ug401|- Therefore, the dANM migration behavior was observed for the
particles. (c) Upon the removal of the AC component Uy, ;45 Which was applied in (b),
particles resumed the normal migration which was in the same direction as the net driving
DC.

As demonstrated in Figure 5-S3(a) and (b), the application of an AC component
Uac nign With an adequate frequency can help induce the dJANM migration for particles.
Without the AC component, the DC signal is not capable of supplying strong-enough DEP
trapping force and particles can only exhibit the normal migration behavior (Figure 5-S3(a)

and (c)).
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Appendix B 5: A sample calculation for the resolution of a dANM-based separation
According to the simulation results shown in Figure 5-3, the 0.3-pm-diameter
particles move in the direction of the net force (similar to Figure 5-S3(a) and (c)) while the
0.9-pm-diameter particles moved in the direction against the net force (similar to Figure 5-
S3(a) and (b)). Therefore, the distance between two size groups (4X) can be calculated as:
AX = |Ad0.9_um - Ado.3_um| (B-12)
The subscripts indicate the corresponding particle size. The distance migrated by each
group of the same particle size (4d) can be calculated by the average migration distance
of the particles in the same size group:
Ad = =TT, Axg (B-3)
where n indicates the total number of particles being tracked and Ax; is the distance
migrated by the i*" particle:
Axy = Ax() rinar — AX(pyinitial (B-4)
where Ax ;) finar aNd Axjyiniriq are the coordinates of the it" particle at the final and the
initial time step along the flow direction, respectively.
The effective zone width w for each size group can be approximated as the distance
between the farthest particle position x,,,, and the nearest particle position x,,;,:
W = |Xmax = Xmin| (B—5)
A set of coordinates for 0.3- and 0.9-pm-diameter particles obtained from
simulation is provide in Table 5-S1. The applied conditions were as follows: each half
driving period lasted for 10 seconds; in the 1% half period, Uy, = -40 V/cm; in the 2" half

period, U, =60 V/cm, U,. = 800 V/cm at 30 kHz.

118



Table 5-S1. Coordinates for 0.9- and 0.3-pm-diameter particles from simulation.

0.9-pm-diameter particle 0.3-pm-diameter particle
l X(pyinitial (MM Xy pinar [MM] | X(iyiniciar [MN] X0 pinar [HM]
1 60.064 115.56 98.443 58.417
2 61.14 115.87 122.34 14.772
3 40.629 115.49 118.79 74.167
4 39.968 97.484 102.34 74.798
5 39.988 95.62 123.03 119.82
6 60.659 95.597 99.119 76.995
7 60.932 136.41 98.89 56.684
8 40.886 95.246 122.61 92.171
9 40.846 95.742 117.55 77.609
10 40.577 95.529 98.77 78.739
11 59.499 120.89 105.49 118.47
12 60.232 122.96 115.94 103.68
13 60.949 115.54 100.49 58.816
14 40.74 115.65 118.02 67.213
15 60.178 115.55 124.21 61.406
16 60.636 115.62 99.217 68.144
17 40.863 95.683 106.25 78.088
18 60.464 118.18 121.05 80.049
19 40.205 118.33 100.31 72.136
20 39.985 75.961 119.83 63.761
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By processing the data in Table 5-S1 according to Eq. (B — 3), the distance that

each size group has migrated could be obtained:

1 20
i=

1 <20
Ad0.3_um = %z 1Ax(i)0.3_um = —32.84 um
i=

Based on Eq. (B — 5), the effective zone width for each size group at the final time

step can be calculated as follows:
Wo.9 um = | Xmax — xmin|0.9_um = 60.45 um

Wo3_um = | Xmax — xmin|0.3_um = 63.14 um

Combining the above values and Eq. (B — 2) into Eq. (5 — 3) yields:

R, = 24X _ 2X(58.17+32.84) _ 147 ~ 1.5

Wo.9_umtWo.3_um 60.45+63.14

which indicates a good baseline separation. Note that this resolution is achieved after just
one driving period which lasted for only 20 seconds. Since the two size groups of particles
can be directed into two opposite migration directions, an excellent baseline separation can

be easily achieved with more than one driving periods.
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