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Abstract

Tenocytes or tendon cells are the primary cells of a tendon that are responsible for holding a
muscle and a bone and are found throughout the body from head to the feet at several muscle bone joints
such as collar bone, hip joint, knee, etc. It is also a major component of the musculoskeletal system.
Tendons are susceptible to injuries such as tendinitis, tendon rupture due to the effects of aging and
stress. Stem cell based therapies offer alternative methods to treat such conditions. Among various types
of stem cells, mesenchymal stem cells (MSCs), a type of multipotent stem cell, are known for their
ability to regenerate and differentiate to tendon lineages. Undifferentiated MSCs derived from the bone
marrow of a mouse, are characterized to obtain dielectric properties (i.e., conductivity and permittivity)
of their outer membrane and cytoplasm using the dielectrophoretic crossover frequency technique.
Undifferentiated MSCs are then treated with growth factors to induce differentiation (tenogenesis) into
tenocytes and are dielectrically characterized at several time points. In this thesis, we chose to explore
the day-3 time point of differentiation to detect changes in the membrane and cytoplasm along with
undifferentiated cells aged to day-3 as control samples. Experimental results are statistically analyzed

for their reproducibility and are modeled using a single shell model to quantify the dielectric properties.

It is observed that the electrical nature of the cells significantly varied through their course of
differentiation, which will be utilized to serve as a label-free biomarker for sorting the differentiated
MSCs from the undifferentiated ones. Sorted differentiated cells can then be used in stem cell based
therapy without resulting in post-treatment complications such as tumors. The designed stem cell sorter
via dielectrophoresis (DEP) in a label-free way avoids complications involved in the current separation

techniques such as FACS and MACS.
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Chapter 1: Introduction

1.1 Background of stem-cell research

Stem cell based therapies offer a promising cure for several injuries such as cardiovascular
diseases, musculoskeletal disorders, retinal disorders, and autoimmune diseases [1]. Stem cell research
is of great interest due to their characteristic of inducing repair of damaged tissue in regenerative
medicine and also towards aiding in wound healing, cell therapy, and drug therapies, along with their
ability to differentiate into different cell types which finally form into a mature cell thereby resulting in
the formation of its respective organ [2]. Out of various types of stem cells available, Mesenchymal
stem cells (MSCs), which are multipotent, have the ability to develop into specific cell types closely
related to their lineage [3]. Several researchers in the biomedical field study these due to their self-

renewal property.

As the stem cells are cultured and differentiated artificially, it is essential to make sure prior to
use in a clinical setting, that the cell culture is viable, fully differentiated [4, 5], and does not have any
non-viable cell mass to ensure no complications, such as tumors, arise post-treatment [4, 6]. Current
challenges to clinically utilize the sorted differentiated stem cells by commercially available cell sorter
systems such as fluorescent activated cell sorting (FACS) [7] and magnetic activated cell sorting [8] is
that the cell preparation is tedious [2], requires expensive raw materials and is labor intensive [9]. These

processes also involve labeling of cells, which alters cellular function [9].

This thesis focuses on characterizing differentiating MSCs into tenocytes over the course of time
via an electrokinetic technique, called Dielectrophoresis (DEP). Subsequently, fully developed
tenocytes can be potentially used to treat tendon injuries such as tendonitis and tendon tears, which are
very common in athletes and older population. The use of developed tendon cells for treating injuries

will substantially decrease the healing time in contrast to self-healing or other methods [10, 11].

Dielectrophoresis is a simple, powerful technique and effective in terms of cost and detecting
subtle changes in the cells caused due to the physiological changes induced on the membrane and
cytoplasm. There is a lack of a proper technique that can identify and sort cells without the need for
tagging or labeling cells. DEP was first introduced by Herbert A. Pohl in the 1960’s to separate live and
dead cells [12, 13]. Over time, in the past fifty years since its inception, DEP has emerged as a powerful
cell separation technique [14]. Hence DEP is an appropriate technique to be implemented in the current

scenario to address the challenges.



Microfluidics is a multidisciplinary field combining engineering, physics, chemistry, and
microscale dimensions with practical applications designed to handle small volumes ranging from
107% to 107"® liters. Microfluidics has several advantages: the ability to use a minimal volume of regents,
less sample volume, highly effective and sensitive, low cost, and short times ranging from seconds to
minutes [15] based on the application of analysis on a miniaturized device. Microfluidics became
popular and emerged [15] as an interdisciplinary field combining with other sciences. Microfluidics,
when combined with DEP, evolves as a powerful microfluidic technique with advantages such as high-
throughput, efficient yet economical, which can be applied for various applications such as isolation,
enrichment, trapping, separation, characterization, and several other biological applications. The
primary focus of this thesis is to characterize MSCs for the changes associated with membrane and cell’s

interior on differentiation into tenocytes using DEP and microfluidics.

1.2 Research goal and objectives

The principle goal of this thesis is to characterize the mesenchymal stem cells for their
electrophysiological properties on their course of differentiation to tenocytes, primary cells of a tendon
using dielectrophoresis, which will subsequently lead into designing a high throughput, economical, and
efficient sorter to separate the differentiating tenocytes and the undifferentiated MSCs. The objectives

are listed below:

Objective 1: Characterizing the dielectric behavioral changes associated with the membrane of both the

primary bone marrow derived MSCs and the tenogenesis induced MSCs.

Objective 2: Characterizing the intracellular (cytoplasm) changes in terms of their electrophysiology of

both the primary bone marrow derived MSCs and the tenogenesis induced MSCs.

Objective 3: Simulate and design an efficient DEP aided microfluidic sorter to sort cells in a label

freeway.

1.3 Thesis layout

This thesis is divided into five chapters. Chapter 1 introduces the motivation behind the current
research study and how DEP emerged as a promising technique. Chapter 2 discusses the theory behind
DEP. Often many novice researchers confuse with the terms: electrophoresis and Dielectrophoresis,
hence a brief discussion comparing them is included as well. Chapter 3 is a detailed literature review

based on previously published research and review pertaining to stem cell research using DEP. Chapter



4 focuses on characterizing MSCs and their differentiated progeny (tenocytes) using DEP and results
associated with objectives 1 and 2, by using dielectric parameters as label free cell markers. Chapter 5
focuses on developing a stem-cell sorter, based on previous work through modeling and simulation using
COMSOL 5.5a based on the dielectric parameters of Cupriavidus necator determined through
experiments. Though simulation presented in Chapter 5 does not employ the dielectric properties of
MSC:s, this chapter serves as a model in achieving a final optimized device design for sorting, thereby
validating the simulated device platform. Finally, this thesis concludes with Chapter 6, illustrating the
challenges related to experimenting with mesenchymal stem cells in particular related to their
heterogeneity and sampling time. This chapter also provides a brief discussion of the future direction of

applying DEP in a clinical setting to use stem cells for regenerative medicine.
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Chapter 2: Theory of Dielectrophoresis

2.1 Introduction

Biological cells when subjected to AC or DC electric currents, respond with a distinct electrical

stimulus, which is classified to be passive and active electrical response [1].

a) Passive electrical response

Passive electrical response is produced when an electric current is forced across a biological
membrane due to the virtue of the membrane’s dielectric properties, such as capacitance and

conductance.

b) Active electrical response

Active electrical response often termed as membrane excitation, is found in excitable tissues such

as nerve, muscles, and sensory receptors that occur as a result of the response to a stimulus.

DEP can be applied using alternating current (AC) or direct current (DC) [3] to analyze and
separate cells by estimating the passive electrical properties of cells[4]. From the AC response, dielectric
properties such as capacitance, cell’s ability to store electrical energy; permittivity, cell’s ability to resist
electrical field; and conductance, cell’s ability to conduct electric current can be quantified [5]. From
the cells’ response under DC, clectrokinetic mobility of cells can be quantified, which is a key
deterministic property to detect subtle changes in cells [6]. DC based DEP, also known as insulator DEP
(iDEP) is commonly achieved using external electrodes, while non-uniformity in introduced through
insulating hurdles and obstacles within the channel, the reason for the need of non-uniformity is
discussed in the next paragraph. Since external electrodes are employed, DC-DEP needs high voltages
to generate sufficient DEP force that may lead to Joule heating within the channel, disturbing the
functioning of cells and affecting the cell’s viability [7]. DC-DEP is preferred with applications
pertaining to cell sorting due to advantages such as avoiding metal electrodes within channel, thus no
chance of electrode fouling [8]. DC-DEP is also known to induce electrokinetic particle transport while
simultaneously performing DEP based separation [8], unlike AC-DEP, where pressure driven flow is
necessary to transport particles within the channel. Recently DC-DEP is being exploited in applications
pertaining to characterization [6]. This thesis employs usage of the AC electric field to characterize

biological cells (mammalian) to obtain dielectric properties relating to their physiology.



DEP is a phenomenon that describes the force acting on the particles suspended in a medium
subjected to non-uniform electric field. The force experienced is based on the polarizability between the
particles and the suspending medium [9, 10].

In the case of a uniform electric field, the force experienced by the particles results in motion
based on the polarity of the applied electric field and the charges carried by the particle. This
phenomenon of particle motion in the uniform electric current (usually DC) is termed as electrophoresis
(EP) [11]. Since uniform electric field is applied, the net force experienced by the particle is zero, and
the motion of particles is purely due to the charges possessed, signified by electrophoretic mobility.
Thus, particles need to possess a charge to be manipulated by a uniform DC electric field.

However, in the case of DEP, it is based on the polarization of the particles due to the non-uniform
electric field and does not require the particles to be charged. Hence non-uniformity is a primary
characteristic [1], which is introduced using electrodes, such as the pin and plate electrode setup, as
shown in Figure 2.1. As AC is frequency dependent, the DEP force experienced by the particles varies
based on the intrinsic electrical properties of the particle and the frequency of the applied field. At a
particular frequency, when the polarizability of the particle is greater than the suspending medium, the
particles experience force termed as positive dielectrophoresis (pDEP), leading to the movement of the
particle towards the high electric field and when the polarizability of the particle is less than the
suspending medium, particles experience a force termed as negative dielectrophoresis (nDEP), leading
to movement of particles away from the high electric field. As the frequency is tuned, the net DEP force
experienced is altered, switching the particle’s behavior from nDEP to pDEP at a specific frequency,
termed as crossover frequency, which can be used to dielectrically characterize particles. At the
crossover frequency point, the polarizability of the medium and the particles are equal, and hence the

particles do not experience any DEP force, causing no motion of the particles [2].
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Figure 2.1: Diagram describing dielectrophoresis (DEP) and electrophoresis (EP). A) illustrates DEP where
particles experience pDEP and nDEP, i.e., particles travel towards high electric field (pin electrode at the
bottom) and away from the high electric field towards low electric field (plate electrode at the top). B)
illustrates EP where anions and cations move towards positive and negative electrodes respectively in a
uniform electric field. (Image adapted from [11]).



To better understand the polarizability of a particle, Figure 2.2 is shown to demonstrate
polarization of a dielectric particle in a uniform electric field, where the charges arrange, in response to

the electric field but experiences no movement owing to the uniformity of the electric field.
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Figure 2.2: Illustrating the polarization of a dielectric spherical particle in a uniform electric field, where €
and o refer to the permittivity and conductivity, the key dielectric properties. Subscript ‘m’ and ‘p’ refer to
the properties of the medium and the particle respectively.(Reproduced with permission [2]).

In Figure 2.3, a dielectric particle suspended in a medium is subjected to a non-uniform electric
field, demonstrating its polarizability. Figure 2.3a shows the polarization of the particle when the
particles’ polarizability is greater than that of the suspending medium, due to which more charges
accumulate inside the interface than on the outside depicting the behavior of conducting particle in
insulating medium (pDEP behavior). Figure 2.3b shows the polarization of the particle when particles’
polarizability is less than that of the suspending medium, reversing the direction of net dipole due to

which the particle behaves as an insulator in a conductive medium (nDEP behavior).
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Figure 2.3: Illustrating the polarization of dielectric spherical particle in non-uniform electric field, where o
is the polarizability and the subscripts ‘m’ and ‘p’ refer to the property of the medium and the particle.
(Reproduced with permission [2]).



Figure 2.4 shows the imaginary electric field lines based on the particles’ polarizability. Figure
2.4a shows when the particle is more polarizable than the medium, i.e., the particle is conducting, and
the dipole is aligned with the applied field. Figure 2.4b refers to the case when the particle is less
polarizable than the medium, where the electric field lines do not align with the particle (insulating

particle).

This chapter provides a brief theory related to the behavior of the particle under DEP force based
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Figure 2.4: Electric field lines for a dielectric spherical particle under nonuniform electric field. a) particle is
more polarizable than the medium, b) particle is less polarizable than the medium. (Reproduced with
permission [2]).

on the particles’ polarizability. DEP theory in detail, including the equations, are further discussed in
the relevant chapters. Chapter 3 covers theory related to the derivation of the DEP force equation and
Clausius-Mosotti (CM) Factor, an important parameter that evaluates particles polarizability and
equations correlating crossover frequency to cells’ membrane capacitance, size, and relative
permittivity. Chapter 4 includes the theory behind first (low) and second (high) crossover frequencies,
correlating experimental crossover frequencies to dielectric properties of the cell and single shell model
to evaluate complex permittivity of a cell based on its membrane and cytoplasmic conductivity and
permittivity and curve fitting to estimate the best-fit properties using non-linear regression minimizing
the sum of squares error between experimental and theoretical values. Chapter 5 focuses on second
(high) crossover frequency and modeling of a microdevice to simulate separation using AC-DEP using
COMSOL Multiphysics 5.5a and talks about all the physics used in modeling such as creeping flow,
wall conditions, AC electric current, particle tracing for fluid flow, and all the equations relevant to the

respective physics.
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Abstract

Dielectrophoresis (DEP), an electrokinetic technique, is a powerful cell manipulation technique
used widely for various applications such as enrichment, trapping, and sorting of heterogenous cell
populations. While conventional methods require tagging or labeling of cells, DEP offers a label-free
way of achieving heterogeneous cell separation efficiently and affordably. There is renewed interest in
applying DEP to characterize and sort stem cells, which have widespread potential applications in the
field of tissue engineering and regenerative medicine. This review summarizes recent, significant
research findings regarding the electrophysiological characterization of stem cells, with a focus on
cellular dielectric permittivity and conductivity, and on studies that have obtained these measurements

using techniques that preserve cell viability, namely electro-rotation or crossover frequency.
Keywords: Dielectrophoresis, electrokinetics, stem cells, mesenchymal stem cells.

3.1 Introduction

Dielectrophoresis (DEP), an electrokinetic technique, is widely used for characterizing biological
cells. DEP was first utilized for sorting stem cells in the 1990s [4-6]. There has been renewed interest
in using DEP for characterizing different types of stem cells via their dielectric properties for
applications in tissue engineering and regenerative medicine [8-13]. Since the inception of DEP in the
1950s [14], its widespread use has refined it into a powerful tool for applications ranging from separation
of live and dead cells [15, 16] to separation of cells in various stages of differentiation [8, 17]. Recent
advances in the technique, such as using non-uniform electric fields, have significantly improved DEP
accuracy and utility for characterizing and separating cells. DEP has now been applied to separate
various biological components such as proteins [18], bacteria [19], and stem cells [8, 10, 20] for various

applications such as trapping, sorting, and characterization.
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This technique evolved as a powerful cells sorting tool as it eliminates the necessity of labeling
the cells, instead exploiting the differences in the cellular dielectric properties and being sensitive to
slight changes within the cell or its membrane which is known to affect the dielectric properties [17, 21,
22]. Thus, DEP has several advantages over traditional cell sorting methods such as fluorescence
activated cell sorting (FACS), as it relies on less tedious preparation and results in improved cell viability
following separation [23, 24]. Additionally, the experimental setup for DEP is relatively simple [25]
compared to other methods of cell sorting such as flow cytometry, making it an attractive tool for
distinguishing between cell populations based on small variations in physical properties. Because of the
high accuracy and simple setup of DEP compared to the other microfluidic separation techniques, DEP
is also utilized on lab-on-a-chip for trapping, separating, and manipulating cells based on free surface

charge distributions [26]. DEP technology has also been extensively tested and refined to provide high

Publication trend in stem cell research via DEP
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Figure 3.1: An increase in trend of number of DEP related experiments on stem cells, reported by researchers
across the globe over the past three decades.

levels of accuracy, even compared to other microfluidic techniques [27]. Based on these recent advances
and potential applications, this review briefly summarizes the theory that enables dielectrophoresis,
significant research findings regarding the electrophysiological characterization of stem cells, with a
focus on cellular dielectric permittivity and conductivity, and on studies that have obtained these
measurements using techniques that preserve cell viability, namely electro-rotation or crossover
frequency. The first stem cell studies using DEP were reported in 1995 [6], 1996 [5], 1999 [4] that
studied the hematopoietic stem cells (CD34+). In the subsequent years of 2001-2010 the number of
studies doubled to at least 7 and increased to at least 10 times in the current decade (2011-2020). The

number of studies subsequently increased and by 2018, roughly 30 projects were investigating the
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potential of DEP for stem cell research [22]. There has been an addition of about 2 or more studies in

the recent years after 2018.

The potential of DEP as a stem cell sorting and diagnostic tool has been explored in several recent
reviews [3, 23, 28, 29], though it has not been investigated as extensively in the context of generating
homogeneous cell populations for applications in musculoskeletal tissues. Therefore, the utility and

future needs for DEP with a particular focus on musculoskeletal tissues are also discussed.

3.2 Theory of dielectrophoresis

DEP is a non-invasive, label-free technique which induces motion of particles relative to its
medium due to the gradient of a non-uniform electric field, based on the polarizability and the dielectric
properties (permittivity and conductivity) of the cell membrane and cell interior (cytoplasm &
organelles) [9, 14]. DEP was later used to separate live and dead cells [15]. In the first decade since its
inception, the applications of DEP have been extended to several processes such as enrichment, trapping,
and sorting [30]. Briefly, when a biological cell (by virtue non-polar) is subjected to non-uniform electric

field, an induced dipole moment (m,ss) occurs within the cell. The dipole magnitude can be derived as

follows [3], considering the cell to be spherical in shape of radius r:
Mess = 471> pE (1)

where &, is dielectric permittivity, £ is the applied electric field, p is the effective polarizability (per

unit volume) signified by the Clausius-Mossotti (CM) factor, which is expressed as [23]:

Ep—&m 2)

ept2ey

p:

where &, and &y, are the complex permittivity of the particle and the medium, respectively. Complex
permittivity of the particle and the medium can be calculated using the relation below:

£*=£—j£ 3)

where j = vV—1, ¢ is conductivity of the material and w is the angular frequency.

The net DEP force acting is proportional to the product of the induced dipole moment and the field

gradient, which can be expressed as [23]:

Fpep = (meff-V)E 4)
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Combining (1) and (4), we have the following equation after substituting (1) in (4):

Fpgp = 47€mr>p(E.V)E (5)

where V is the gradient operator, which mathematically represents i% + j:—y+ kaa_z‘ This result

considers a depolarization factor of 1/3 to account for the fact that a spherical body distorts an external

applied field, and that the electric field inside the sphere differs from the external field.

Equation (5) can also be represented by neglecting the imaginary part of p and considering the real part

alone as:
Fppp = 4meqr>Re[p](E.V)E (6)

Equation (6) is analogous to equation (7), which is another widely used expression with vector

transformation on electric field [12, 31]:
Fppp = 27em 1> Re[p]VE? (7
Dielectrophoretic force can also be commonly written as [32]:

3
Fpgp = EURe(p) VE? ®

where v is volume i.e., %nr3. Substituting volume in equation (8) results in equation (7).

Mathematically, p is bound within the limits —0.5 < p < 1.0. The dielectric properties of the
suspending medium (DEP buffer) and the cells determine the value of p, based on the angular frequency.
In general, the medium properties are standardized, and altering the frequency of the applied electric
field results in motion of the suspended cells towards the high and low electric field regions. Cells move
towards the high electric field (i.e., towards the electrodes) when p > 0, termed positive
dielectrophoresis (pDEP). Cells move towards the low electric field (i.e., away from electrodes) when
p < 0, termed negative dielectrophoresis (nDEP). Finally, there exists a frequency at which p = 0,
where there is no noticeable motion of the cells. This is termed the crossover frequency (fx;) or the zero-
force frequency, at which the acting DEP force is zero. This crossover frequency indicates that the real

part of the effective polarizabilities of the cell and the medium are equal to each other.

Utilizing f,4, i.e., the transition from nDEP to pDEP or vice versa (determined experimentally),

the properties of the membrane can be estimated using [9]:

_ V20umea &)

C =
MEM T ey fg

where C,,.m 1s the capacitance of the membrane, 0,4 is the electrical conductivity of the medium, r is
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the radius of the cell, and f, is the first crossover frequency. f, typically occurs in the radio frequency
band due to B-dispersion (i.e., frequencies between 0.010 — 0.1 MHz). Biological cells produce three
types of dispersions under wide frequency bandwidth, based on which they are classified into o, 3, and
v [33]. These cells are characterized for dielectric properties based on a-dispersion at low frequencies
(Hz — kHz), B-dispersion in the radio frequency band (kHz — MHz) and y-dispersion in the microwave
frequency region (> GHz) [34]. Estimated C,.,, can be extended to determine the permittivity of the

membrane, which is proportional to its capacitance and is given by:
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Figure 3.2: DEP response exhibited by a viable cell indicating the first and the second crossover frequencies
with the respective dependence on parameters. (Image adapted from [3]).

_ Cmemd (1 0)

€ =
mem 412,

where €0, is the permittivity of the membrane, d is the thickness of the membrane, and g is the

permittivity of a vacuum.

At frequencies >10 MHz, i.¢., high frequency range (10 MHz — 1 GHz), contents of a cell’s interior
(e.g., cytoplasm) play a significant role in determining the second crossover frequency (f). Properties
of the cytoplasm (conductivity & permittivity), nuclear envelope permittivity, and nucleus-cytoplasm
(N/C) volume ratio play significant role in determining f,., [3]. Though DEP is sensitive to detect subtle
changes within cell, one of the disadvantages of exposing cell to stronger electric fields i.e. > 10 V, for

longer durations of >30 min. alters cell’s properties and decreases viability [35-38].
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3.3 Applications of DEP on stem cell research

Overall, stem cells have the potential to greatly enhance tissue engineered regenerative therapies
due to their ability to differentiate into multiple tissue types. However, stem cells require further
characterization to improve their clinical potential. DEP is an appealing separation technique due to its
demonstrated ability to sort cells with a high degree of accuracy and based on minute electrical
differences, while also preserving cell viability. DEP sorting also takes advantage of the electrical
properties of cells, which can serve as label free biophysical markers and may be distinct at different
stages of differentiation. We briefly discuss types of stem cells before examining the existing, but limited
examples of DEP-based stem cell characterization. The current article’s focus is limited to a basic
classification of stem cells only before discussing the DEP characterization technique for stem cells.
Hence, further discussion of stem cells developmental biology and classification is out of the scope for

this current article.

3.4 Types of stem cells

Stem cells are undifferentiated cells that can differentiate into multiple cell lineages with the
potential to self-renew [39], and exist both in embryos and adults. Stem cells are classified based on
their origin and potency, as summarized in Tables 1 and 2. “Potency” refers to a stem cell’s ability to
differentiate into different cell types. Totipotent stem cells have the highest potency and can differentiate
into both embryonic (cells found in an embryo) and extraembryonic (placental cells) cell types. During
the early stages of embryonic development, primary cell layers are formed. Early embryos consist of
three layers: the endoderm (inner layer), the ectoderm (outer layer), and the mesoderm (middle layer)
[40]. Any primary cell layer is called as a ‘germ layer’ [40]. These cells are usually termed based on
their origin or their potency (ability to regenerate). The ability to regenerate varies based on the origin
of the cell. Based on potency, totipotent stem cells have the highest potential of differentiating into cells
of any kind, followed by the pluripotent stem cells (PSCs). PSCs are descendants of totipotent cells and
can differentiate into cells derived from any of the germ layers, but not the placenta [41]. Multipotent
stem cells have a narrower spectrum of differentiation, compared to pluripotent stem cells. Multipotent
stem cells can differentiate into cells that are closely related in their cell lineage. For example, bone
marrow contains multipotent stem cells that can give rise to all the cells of blood, (e.g. Hematopoietic
(blood) stem cells — HSCs) [41], but no other cell types. Oligopotent stem cells have the ability to
differentiate into only a few cells, for example lymphoid or myeloid stem cells that can only replenish

other lymph of myeloid cells. Unipotent cells can divide repeatedly to produce only their own cell type,
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are usually able to proliferate rapidly, but have the least differentiation capacity [39, 41]. Muscle stem

cells are a representative unipotent cell in the human body [42, 43].

Table 3.1: Classification of stem cells based on potency (regenerative potential). (Adapted from book chapter [39]
with permission).

Classification of stem cells based on potency

Type of cell Characteristic

Totipotent Ability to differentiate into cell lineages derived from all three germ layers:
mesoderm, endoderm, ectoderm (including placental cells).

Pluripotent Ability to differentiate into cell lineages derived from all three germ layers:
mesoderm, endoderm, ectoderm (excluding placental cells).

Multipotent Ability to differentiate into a limited number of types from germ layer of
origin.

Oligopotent Ability to differentiate into few types of cells with related functions.

Unipotent Ability to produce cells of their own type exclusively.

In addition to their potency, stem cells are broadly classified into three categories based on their
original source: embryonic stem cells, adult stem cells, and infant stem cells, a larger grouping that
includes induced pluripotent stem, fetal stem cells, skeletal stem cells, and cord blood stem cells [43].
Embryonic stem cells can differentiation into any fully developed cell of the body [44]. In the initial
stages of embryonic development, the cells of the zygote are totipotent [7, 43]. Once the zygote forms
a blastocyst (approximately 7 days following fertilization), these cells become pluripotent [43]. Adult
stem cells (also known as somatic stem cells) are harvested from mature tissues. MSCs, hematopoietic,
neural, hepatic, epidermal, and pancreatic stem cells are commonly utilized somatic stem cells [43].
Induced-pluripotent stem cells are programmed embryonic stem cells with pluripotent characteristics,

and are widely used in drug development and disease modeling applications [43].
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Table 3.2: Classification of stem cells based on their source. (Adapted from book chapter [39] with permission).

Classification of stem cells based on source

Stem cells Source; Characteristic
Embryonic Stem cells Blastocysts; Pluripotent
Adult Stem cells Adipose tissue/bone marrow/ peripheral blood; Multipotent
Induced pluripotent stem Any somatic cell, most commonly fibroblasts, keratinocytes, peripheral
cells (iPS) blood mononuclear cells; Pluripotent
Bone marrow/adipose tissue/skin/ peripheral blood, Perinatal tissue:
Mesenchymal stem cells umbilical cord blood, amniotic fluid, membrane and placenta;
Multipotent, Non-hematopoietic
Hematopoietic stem cells Bone marrow/ hepatic tissue; Multipotent/bipotent
Skeletal stem cells Bone marrow and local periosteum; Multipotent

Next, we examine existing uses of DEP in stem cell research and discuss ongoing investigation

areas in which expanded DEP use may have a positive impact.

3.5 Applications of DEP on stem cell research

Experimental studies using DEP for stem cell sorting are still at their nascent stages [3], but have
received renewed interest throughout the last three decades. The first stem cell studies utilizing DEP

studied the CD34+ hematopoietic stem cells [4-6].

Major unmet needs in stem cell research include selecting specific cells of interest from a cell
population (e.g., isolation and separation), identifying when cells have differentiated (e.g.,
characterization), and increasing the number of cells of interest (e.g., enrichment). DEP has the potential
to address these major unmet needs in stem cell research, and DEP has been applied to characterize,
separate, enrich, isolate, and sort different types of stem cells (Table 3.3). In the following section, we
discuss the recent characterizations of the dielectric properties stem cells, which can be used to further
advance DEP to characterize, separate, enrich, isolate, and sort different types of stem cells and progress

towards addressing these unmet needs in stem cell research [45].
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Table 3.3: Application of dielectrophoresis (DEP) in studying stem cells for various applications such as isolation,
characterization, separation, etc.

DEP application Types of stem cells References
Isolation Cancer (Glioblastoma) stem cells [31]
Characterization Human mesenchymal stem cells [9]
Separation Neural stem cells, BM-MSCs, NSPCs, ADSCs [46], [47]
Trapping Mouse NSPCs [48]
Enrichment BM-MSCs, ADSCs [46], [49]

BM-MSCs — Bone Marrow derived Mesenchymal Stem Cells
NSPCs — Neural Stem/Progenitor Cells
ADSCs — Adipose tissue derived Stem Cells

3.5.1 Adipose-derived Stem cells (ADSCs)

ADSCs are promising for stem cell-based therapies due to their availability and relatively easy
procurement from adipose tissue [S0]. ADSCs have not previously been characterized using DEP, and
their dielectric parameters have not been established. However, one prior study explored the potential
use of dielectric properties in monitoring ADSC differentiation into osteoblasts and mature adipocytes.
The cell membrane capacitance of undifferentiated human ADSCs was reported as 1.65 + 0.07 uF/cm?,
while the membrane capacitance of osteo-induced and adipose-induced cells (4 days after induction)
was found to be 1.72 £ 0.10 pF/cm?® and 2.25 + 0.27 puF/cm?® respectively, representing significant
differences in their membrane and cytoplasmic structures. The capacitance values were measured using
electric cell-substrate impedance system by monitoring time and frequency dependent complex
impedance at the cell-electrode interface [51]. Alterations in membrane capacitance present a
mechanism by which DEP might be useful for selecting ADSCs from more differentiated progeny. In a
different study, human undifferentiated ADSCs had a mean radius of 15.4 um, while the differentiated
adipocyte cells (7 day) exhibited a slightly larger mean radius of 18.8 um. 14 days after induction, cells
were further enlarged, with a mean radius of 20.3 pm [52]. These changes in size also indicate the DEP

might be able to detect undifferentiated and differentiated ADSCs.

Another recent study assessed the electrokinetic adaptability, the virtue of no-response to
induced electric fields by repeated stimulation. Due to their adaptive nature of ADSCs, they had higher
resistance to oxidative stress as examined using oxidative stress-induced senescence and [-galactosidase
(SA-B-Gal) assay by staining. Oxidative stress was induced by treating cells with hydrogen peroxide

(H20,). This induced oxidative stress was utilized to simulate decline in organ function and cellular
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aging. After treatment, ADSCs and MSCs did not show any morphological changes (Figure 3.3).
However, the BM-MSC proliferation rate decreased and 90% of BM-MSCs tested positive for cellular
senescence as measured by 3-(4,5-dim ethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
described in [7], whereas ADSCs remained more potent. Therefore, ADSCs were resistive to induced
oxidative stress, and displayed a higher capability to adapt to the electric field when exposed to repeated
electric stimulation. This adaptative potential to electric fields was characterized by measuring electrical
properties using DEP traveling wave technique i.e., traveling wave speed and rotational speed were
measured at 10 V,, and 8 MHz. Overall, ADSCs displayed slower velocity movement at lower frequency
and higher speed at higher frequency compared to BM-MSCs which almost remained constant

throughout the frequency sweep measurements from 1 kHz to 8 MHz at a fixed voltage of 10 V,, [7].

Taken together, previous studies suggest that ADSCs are a promising alternative to MSCs for
studies using stem cells. ADSCs display better adaptive potential to electric fields and higher
regenerative potential compared to bone-marrow derived MSCs [7]. Additionally, the viability of using
DEP to separate cells for clinical uses is higher in ADSCs, compared to MSCs, and ADSCs are
considered safe for human use [47]. DEP has also been evaluated for enrichment of stem cells from

adipose tissue using field flow fractionation technique, by subjecting the cells to AC electric field of

Control

@

H,0, Treated

Figure 3.3: A) Control group — BM-MSCs and ADSCs; B) Hydrogen peroxide treated BM-MSCs and ADSCs
to induce oxidative stress which is known to cause cellular aging and deteriorates organ functioning. It is
observed that ADSCs had higher proliferation to that of BM-MSCs, after treatment. BM-MSCs — Bone
marrow derived mesenchymal stromal cells; ADSCs — Adipose stem cells. (Image adapted from [7]).

200 kHz frequency and linearly decreasing the frequency to 60 kHz over 40 min at a processing volume
of 1500 pL/min. At 200 kHz frequency, intact cells experienced pDEP which resulted in trapping, while

the damaged cells and cell debris are not retained in the fractionating chamber. Further decrease in
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frequency over time, resulted in nDEP behavior of intact cells and achieved satisfactory results with up
to 14 fold enrichment from initial <2% of NG2-positive cells, highlighting their potential use in clinical

trials [49].

3.5.2 Hematopoietic stem cells

Hematopoietic stem cells (HSCs) were the first stem cells successfully sorted by DEP. Sorting
was based on separation and enrichment of CD34+ cells (a marker for human HSCs). These initial
studies in HSCs found that DEP was effective for enriching and separating HSCs from a heterogenous
cell population, which consisted of HSCs as well as bone marrow and peripheral blood stem cells [5, 6].
Another study showed DEP was able to isolate human breast cancer cells from HSCs, while also
characterizing CD34+ stem cells (HSCs) to obtain their dielectric properties. The values reported [4] are
provided in Table 3.4. A pDEP regime has also been successfully used to create DEP-based artificial
micro-environments for developing hematon-like structures (a compact, three-dimensional spheroid
complex from central adipocytes, fibroblastoid cells, and resident macrophages that compartmentalize
progenitor cells), while maintaining cell viability [53]. A hematon consists of at least two distinct
structures, an inner core to support cells and an outer layer of blood producing cells. In this study mouse
stromal cells were used as support cells, layered on the top using Jurkat cells (human T lymphocytes)
that produce blood cells. Frequency of 1 MHz at 20 V,, was used to first layer the bottom with stromal
cells using pDEP followed by adding Jurkat cells to aggregate on the top layer until desired height was
attained, which usually took about few minutes to a maximum of 15 min. Cell diameter of human HSCs
is estimated to be 8.2 £1.1 um and 8.7 = 1.7 um using Coulter electronic counter method and image

analysis method respectively [54].

Table 3.4: Reported dielectric properties of membrane and cytoplasm of human CD34+ cells (HSCs)[4].

Cell type Specific membrane capacitance Gint (S/m) Eint
(Ciem) (mF/m?)
CD34+ 10.2 £1.2 0.71£0.11 141.24+28.0

3.5.3 Mesenchymal stem cells

Mesenchymal stem cells (MSCs), the multipotent progenitors of muscle, tendon, bone, and
cartilage, are especially promising for musculoskeletal tissue engineering applications due to their
ability to undergo differentiation into several musculoskeletal tissue lineages [55-61]. However, the

inherent heterogeneity of cell populations presents a unique challenge for tissue engineering
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applications, where precise stem cell’s fate is crucial to the function of the engineered construct. Cells
that are not differentiating into the exact tissue can result in aberrant tissue formation, including ectopic

ossification when used in tendon repairs [62], or form malignant tumors [63].

Human MSCs (h-MSCs) express a range of biomarkers on their membrane, challenging
characterization efforts. Nevertheless, undifferentiated h-MSCs membrane permittivity and capacitance
have been characterized to obtain the dielectric properties [9], which are summarized in Table 3.5. This
initial characterization also suggested that treatment of the cells with polymer (polypeptide) skewed the
electrical properties significantly compared to the untreated cells, showing that pre-DEP treatment (such
as adding polymers) i.e., ELP-PEI treated group in Table 3.5 should be accounted for when using cell-

surface biomarkers to characterize cells.

Table 3.5: Dielectric properties of undifferentiated human mesenchymal stem cells as a function of medium
conductivity [9].

Human MSCs
Cell treatment Membrane Membrane
(suspending medium conductivity — S/m) permittivity capacitance (pF)
Untreated (0.03 S/m) 2.0 2.2
Untreated (0.10 S/m) 4.1 4.5
ELP-PEI Treated (0.10 S/m) 0.050 >0.13

MSCs can be isolated from several sources, including bone marrow (BM-MSCs). A DEP assisted
platform was used to separate and enrich BM-MSCs from a heterogenous cell population consisting of
MSCs and human promyelocytic leukemia cells. Using AC voltage of 5 V,, and 30 kHz of applied
frequency for 5 min resulted in separation of BM-MSCs with purity, recovery, and enrichment rates of
83.5+7.1%, 29.1+4.1% and 2.3, respectively, while the viability of cells remained above 90% [46]. h-
MSCs and their differentiation products (osteoblasts) were also assessed after continuous flow sorting
using DEP to separate undifferentiated human mesenchymal stem cells (h-MSCs) from MSCs that had
differentiated into osteoblasts, and was able to achieve 84% purity for h-MSCs and 87% purity for
osteoblasts, respectively [12]. Cells were viable after sorting and collecting, and followed distinct
trajectories during separation based on their differentiation state (h-MSCs or osteoblasts) [12]. Finally,
the collection efficiency for h-MSCs was high (92%), while 67% was achieved for osteoblasts [12].
Overall, this study showed that DEP can separate osteoblasts from their parent stem cells, although due
to the concern of ectopic ossification during tenogenic differentiation [62, 64], a higher collection
efficiency would be desirable for musculoskeletal tissue engineering applications. DEP is also capable

of separating mature musculoskeletal cell populations from stem cells. A recent study used DEP to
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distinguish between two osteosarcoma cell lines (MG-63 and SAOS-2) and an immunoselected enriched
skeletal stem cell fraction (STRO-1 positive cell) of human bone marrow [11]. By using DEP to develop
a model that generated the membrane and cytoplasmic properties of the cell populations, significant
differences were observed in the cytoplasmic conductivity and specific membrane capacitance of each
cell type (MG-63, SAOS-2 and STRO-1), which allows further sorting of populations [11]. This study
demonstrates the ability of DEP to separate both mature and stem cell populations, even from
heterogeneous human bone marrow cell population. The ability to detect and separate musculoskeletal
cell populations will greatly accelerate the clinical application of stem cell-based therapies.
Characterization of cells using DEP is impacted by the cell shape and size, especially the first crossover
frequency when using the DEP crossover technique. Hence the cell size and its effect should be well
understood, since variance in size is thought to be a significant cause of severe vascular obstructions
when MSCs are injected in large and small animal models [65]. MSCs had an average cell size
(diameter) of 17.2 £ 1.2 um, and remained small and spherical until 4 days of culture before increasing
to over 30 pm in diameter by day 7 [66]. Discussing the morphology, h-MSCs which are cryopreserved
has spindle shaped morphology one day after plating and it is observed that MSCs derived from different
sources such as adipose tissue, amniotic tissue, bone marrow, chorionic tissue, liver and umbilical cord
are not the same [2]. Based on the derived site, MSCs displayed varying differentiation potentials, even

though at 1 d in culture cells from most sources had similar, spindle-like morphology [2] (Figure 3.4).

(b) (©)

(d) (e) (f)

Figure 3.4: Phase contrast images of one day old plated human mesenchymal stem cells in culture (a) Adipose tissue
derived (b) amniotic tissue-derived (c) bone marrow-derived (d) chorionic tissue-derived (e) liver-derived (f)
umbilical cord-derived. (Image adapted from [2]). (Scale bar — 500 pm)
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The above reported cell sizes also match prior work reporting the average cell diameter of
fractionated MSCs based on the culturing method. Cells cultured in monolayer for six passages had cell
diameters ranging from 17.9 um (small) to 30.4 um (large) [65]. Passage 6 MSCs varied significantly
in size, from 15-50 um with an average of 26.5 um diameter. Clinical applications require homogenous
populations of MSCs to order to avoid further post-treatment complication such as progression of the
site of treatment using MSCs into a cancerous microsite[67], heterogeneity is thought to be one of the
causes for such behavior of MSCs [67, 68]. Sorting MSCs into homogenous cells is challenging to
isolate in large numbers rapidly, owing to the heterogeneity of differentiated products, using traditional
label-based cell separation and sorting techniques due to great diversity of MSCs based on the primary
tissue of origin, age of donor, method of isolation and culture conditions [69] especially since source
and number of passages is an important consideration in regenerative medicine[69]. Adding on these
challenges is the behavior of individuality of MSCs in spite being known for their heterogenous nature.
This individuality of MSCs might result in a single cell of all the cell population used in clinical
application to proliferate rapidly giving rise to new cells aiding recovery, or turn cancerous due, die due
to nutrient deprivation, DNA and membrane damage etc. [70]. All the discussed parameters make
sorting of stem cells more challenging than its’ thought to be. Although most stem cells used in
regenerative approaches are multipotent, the differentiation potential of MSCs derived from different
sources varies. In one study, murine MSCs derived from bone marrow (BM), compact bone (CB), and
adipose tissue (AT) were separated using FACS and cultured for three (3) passages. All cells retained
fibroblastic morphology, but growth was stalled in the BM-derived MSCs [71]. Additionally, FACS
analysis of cell markers revealed that the AT and CB derived MSCs were positive for CD29, CD44,
CD105, and Sca-1, but negative for CD34, TER-119, CD45, and CD11b [71]. AT-derived cells appeared
to have the most potential as a source of murine MSCs for future musculoskeletal tissue engineering
uses based on their growth rate and ability to form colonies. While the distinctions detected by FACS
are valuable, a method such as DEP that can separate cells based on characteristics other than membrane
markers or tags, while maintaining cell viability, would improve predictions of which cell line is ideal
for a specific musculoskeletal tissue application, such as tendon regeneration. In applications outside of
tissue engineering, MSC contamination with hematopoietic stem cells during their isolation is a concern
that is difficult to mitigate with traditional methods, such as FACS or cell labeling [72]. Future studies
using DEP could enhance the homogeneity of isolated MSC populations and facilitate the isolation of
MSCs from multiple sources. Overall, improved characterization of MSC differentiation will greatly

enhance their potential use in regenerative therapies. More work is needed to elucidate the effects of cell
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culture and differentiation on MSC morphology, size, and potency, and DEP is a promising tool for

improving the clinical potential of MSCs.

3.5.4 Neural stem cells

The dielectric properties of neural stem cells (NSCs) have been characterized by using impedance
measurement. The specific membrane capacitance and conductivity of cytoplasm of NSCs were studied
as biophysical markers during the differentiation process at time points Day 0, 1, 3, and 7. [73]. The
membrane capacitance and conductivity are found to serve as label free biophysical markers and are
distinct for different stages of differentiation. Undifferentiated NSC’s isolated from two different rats of
same species are characterized for electrical properties at day 0 in culture media and days 1, 3 and 7 in
the differentiating media. Specific membrane capacitance was obtained to be 1.71£0.45 uF/cm? and
1.74+0.66 uF/cm? for rats I and II respectively; cytoplasmic conductivity was estimated to be 3.21+2.05
S/m and 2.41+1.40 S/m for rats I and II respectively. further properties into differentiation at varying
time points are tabulated in Table 3.6. Undifferentiated cells (Day 0) exhibited large differences in
cytoplasmic conductivity, compared to the differentiating cells, possibly due to differences in culture
medium signifying cellular heterogeneity. Throughout differentiation, specific membrane capacitance
varied widely as a function of day in culture, signifying changing expression of the membrane proteins.

The reported values include data for two different rats (Table 3.6).

Table 3.6: Dielectric properties of rat NSCs during their course of differentiation at day 0, 1,3 and 7 which depict
significant difference in the properties at every time point. (Table adapted from [73]).

Dielectric properties of rat NSCs

) Specific membrane capacitance Conductivity of cytoplasm
Time 2

oint (uF/cm”) (S/m)
P Rat 1 Rat Il Rat ] Rat Il
Day 0 1.71+£0.45 1.74+0.66 3.21+2.05 2.41£1.40
Day 1 4.26+1.73 3.44+1.22 3.71+£2.26 2.83£1.59
Day 3 2.80+1.71 3.12+2.07 1.19+0.59 1.43+0.73
Day 7 2.65 £1.50 3.70+1.81 1.40+0.65 1.22+0.64

Utilizing whole membrane capacitance i.e., cell’s ability to store electrical energy, separation of

rat NSCs using DEP was assessed, which yielded promising results of applying DEP to separate cells at
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transplantation scale ~10° cells [8]. Results also suggest that whole membrane capacitance has the

potential to serve as a biophysical marker to enrich and separate NSCs [8].

The dielectric properties can also be used to distinguish undifferentiated NSCs from differentiated
cells, while also revealing heterogeneity in the cell population [10]. In another study, DC-iDEP (Direct
current-insulator based Dielectrophoresis) was successfully employed to distinguish NSCs [74], which
measures electrokinetic mobility ratio, a key biophysical property that can be measured using DC-iDEP
which is observed to be distinct for NSPCs (Neural stem and progenitor cells). This opens the
opportunity to apply DC-iDEP, which does not depend on the frequency of electric field in identifying

and distinguishing cells successfully in heterogenous cell populations.

In addition to characterizing NSCs, DEP has been used to characterize the physical properties of
differentiated neural cells. DEP is shown to accurately estimate the dielectric permittivity, cytoplasm
conductivity, and specific membrane capacitance of mouse hippocampal neuronal and glial cells,
providing novel information about these three physical properties in two understudied types of neural

cells [25].

3.6 Recent advances in DEP for sorting stem cells

Owing to the characteristic of heterogeneity, stem cells which are extensively being studied to
exploit their use in regenerative medicine is hurdled [74]. Another significant challenge is to identify
cells accurately at high-throughput, since only a small percent of population can be of use in therapy
[74]. In order to advance stem cell based studies, to better understand the functions at cellular level,
DEP is seen as a powerful and successful technique in distinguishing and manipulating cells based on
their morphological and physiological characteristics such as size, shape, ratio of cytoplasm to the
nucleus volume, etc. [49].Recent modifications to DEP based devices, combined with hydrophoretic
modules where in induced pressure gradient aids cell motion along with the non-uniformity in fluid flow
caused by the embedded microstructures within the channel. These modifications have allowed high-
throughput separation of stem cells at rates of ~240,000 cells per hour [20], which is much higher than
any conventional DEP based platform (6000-100,000 per hour) as well as commercial techniques like
FACS and MACS. A mean optimal sorting frequency of 184 kHz was reported based on trap and release
mechanism that is operated as a DEP standalone platform using the differences in the dielectric behavior
of neural stem cells [20]. To our knowledge, no therapeutic based evaluations were reported for NSCs
using DEP. However, based on these existing studies, DEP offers a promising way of sorting NSCs for

use in treating neurological disorders.
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3.7 Potential future impact and application of DEP for musculoskeletal tissues

While all musculoskeletal tissues are active research objectives for regenerative therapies using
stem cells, tendons have emerged as a previously understudied tissue that would benefit immensely from
more effective regenerative treatment options. Tendons, the musculoskeletal tissues that transfer forces
from muscle to bone to enable movement, are frequently injured and heal poorly, resulting in permanent
loss of function. Tendons are especially challenging to imitate with in vitro tissue engineered approaches
using stem cells, as they have low cellularity and the characteristics of tendon-specific cells are poorly
understood. There are only a few distinguishing transcription factors that allow for differentiated tendon
cells to be identified [75-77]. Therefore, using DEP to identify, isolate and enrich populations of stem
cells primed for tenogenesis (differentiation towards tendon) would greatly enhance tissue engineering

and regenerative approaches to treat tendon injuries.

A promising application of DEP is improved characterization of the cells involved in tendon
differentiation and development. A recent study showed that, contrary to prior expectations, the make-
up of tendon progenitor cell populations is heterogeneous. Single-cell analysis of tendon stem/progenitor
cells (TSPCs) showed that some cells had active expression of nestin at specific stages of tendon
development [78]. Nestin, an intermediate-filament protein commonly associated with nerve cells, was
expressed by some TSPCs, and nestint TSPCs displayed enhanced tenogenic capacity and ability to
self-renew, compared to nestin- cells [78]. When nestin’s expression was knocked down using sShRNA,
TPSCs had suppressed clonogenic capacity and reduced tenogenic potential both in vitro and in vivo
[78]. These results suggest that certain subpopulations of TSPCs may be more primed towards
tenogenesis than others, despite all being tendon progenitors, and highlight a potential use for DEP in
generating viable pools of nestin+ TPSCs. While nestin expression alone is unlikely to affect the
physical properties that allow for DEP separation, it is possible that other variations exist between

nestin+ and nestin- TPSCs that do allow for DEP-mediated distinction.

Variations between tenogenically differentiating cells may manifest as differences in the
transmembrane cell-cell junction proteins, including cadherins and connexins [79]. Embryonic tendon
contains an array of cell-cell junction proteins including cadherin-11, N-cadherin, connexin-43, and
connexin-32 [80, 81]. These membrane-bound junctions are also potential mechanotransducers, or
proteins that can convert mechanical signals into cellular responses [82], and are thought to modulate
the tendon response to mechanical loading. Prior research suggests that connexin-32 and connexin-43
have opposite roles in either enhancing or suppressing collagen deposition, and may differ between

energy-storing and positional tendons, or within regions of the same tendon (e.g. the midsubstance



27

versus the enthesis) [83, 84]. In addition to connexins, cadherin-11 and N-cadherin are altered during
tenogenesis in vitro [85] and subtle changes in their cellular levels may distinguish tenogenic
differentiation from the related and concurrent process of chondrogenesis [86]. Subtle differences in
levels of membrane-bound cadherins and connexins would likely result in detectable changes to the
membrane specific capacitance of the cells, allowing DEP to distinguish between populations based on
their production of these cell-cell junctions. Taken together, the emerging role of cell-cell junction
proteins during tenogenesis provides an additional marker that DEP can utilize to derive optimized

cellular precursors for tendon tissue engineering applications.

Beyond cell sorting, DEP may be useful to tendon tissue engineering applications as a method of
building and characterizing scaffolds. Aligned three-dimensional nanofibrous silk fibroin-chitosan
(eSFCS) scaffolds were fabricated using DEP [87]. Silk fibroin and chitosan have several characteristics
that make them a promising candidate for tissue engineering approaches, including biocompatibility and
biomimicity. The percent aligned area of the scaffolds was increased by modulating the DEP frequency
at 10 MHz resulting in the greatest scaffold alignment. Furthermore, as DEP frequency increased from
100 kHz to 10 MHz fibril sizes decreased significantly [87]. By tuning the DEP frequency and adding
sodium chloride to the scaffolds, the elastic modulus was also tuned, and changing scaffold elastic
modulus resulted in changes to the elastic modulus of seeded human umbilical vein endothelial cells
(HUVECs). HUVECs also formed aligned and branched capillary-like vascular structures, indicating
the parameters of the scaffold were favorable to vascularization. Overall, this study highlights the use
of DEP beyond cell sorting, as a potential tool for customizing scaffolds to enhance differentiation
towards a specific cell lineage, or promote vascularization, which is especially challenging for

implantable tissue engineered tendon constructs.

In addition to sorting and selecting undifferentiated stem cells and enhancing the design of
scaffolds, DEP has potential applications in characterizing the cells involved in musculoskeletal tissue
injuries. In tendon, the ability to sort cells involved in the injury response may augment clinical
treatments of tendinopathies. Tendons have limited healing capacity, and the inflammatory response
involves distinct cell types. Embryonic tendon heals scarlessly [88], and postnatal tendon has been
shown to retain some regenerative capacity [89], but this is lost in early postnatal stages. Several recent
studies in mice have examined the roles of heterogeneous cell populations during both the injury and
long-term healing responses in tendons. These studies highlight the application of DEP in sorting and
potentially excluding cells that are detrimental to healing, as well as generating pure populations of

embryonic or postnatal cells that are able to repair tendon scarlessly. To examine the roles of distinct
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cell populations in scar formation, a recent study subjected postnatal days (P) 5 and 50 mice to an
Achilles tendon transection. In the P5 mice, pools of scleraxis-positive cells infiltrated the wound and
formed a “neo-tendon” that regained native mechanical function, as shown via the lack of scarring and
the return to normal gait 28 days after the transection [89]. In the same study, P50 mice with Achilles
transections did not have scleraxis-positive progenitors infiltrate the injury, and healing occurred with
permanently altered gait and scarring [89]. These results suggest that simply isolating scleraxis-
expressing cells for use in tissue engineered constructs to repair tendon injuries may enhance the healing
response. The ability to separate and potentially exclude or enrich certain populations of cells in vivo

following injury may improve the outcomes of tendon pathologies.

Injuries to the rotator cuff tendons are another significant clinical challenge [90], and a recent
study showed heterogencous cell populations are involved in the injury response of the rotator cuff
enthesis (the progressively mineralized fibrocartilage of the rotator cuff). To identify the cell populations
involved in this inflammatory response, partial and full detachment tears of the supraspinatus tendons
were induced in adult mice [91]. While both injuries resulted in significant scarring, the amount of
scarring following full detachment and repair led to permanent impairments in gait and disruption of
enthesis architecture [91]. Lineage tracing showed cells with minimal scleraxis or Sox9 expression in
the scar, while stem cell lineage cells were not found in the scar of the partial tear model, but were the
majority of cells detected in the scar of the full tear [91]. Sox9-expressing cells were detected in the
articular cartilage of the humeral head, the unmineralized enthesis fibrocartilage, and near the insertion
following both the full and partial tear injuries. These results suggest that distinct cellular mechanisms
may operate in response to partial or full tear injuries of the rotator cuff, and that minimizing the amount
of resident stem cell-derived cells may prevent scarring. Maintaining cell viability during separation

would be crucial for healing, making DEP an attractive separation method.

Following the initial injury response, it may be useful to separate cells during long-term healing.
Different populations of cells participate in the healing process and, as the roles of each cell type are
established, it may become desirable to separate cell populations when simulating the cellular injury
response in vitro. A recent study demonstrated cell heterogeneity in adult mice after detachment of the
central portion of their supraspinatus tendon. Following the injury, mice had distinct populations of cells
on the distal versus proximal stump, with proteoglycan-4, smooth muscle actin, and aggrecan-expressing
cells found in different locations within the injury [92]. The proximal stump showed enhanced healing
compared to other areas, indicating that the cell population in this area may be optimized for healing

[92]. Additionally, the distal stump of the injured tendon underwent minimal remodeling, but cells from
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other areas (the bursal and articular surfaces) appeared to contribute to healing in the proximal stump
[92]. Together, these data highlight a need for technologies that can recreate the natural healing response

by sorting cells both in vitro and, ideally, in vivo.

Taken together, the above studies highlight the need to select for certain cell populations, as
heterogeneous cell types are involved in the acute and long-term tendon injury response. /n vitro models
of tendon injuries that segregate cell types without more aggressive interventions, such as genetic
knockouts or siRNA, can help determine the exact roles of each cell type, potentially leading to new
clinical approaches that enhance the native healing response and suppress inflammation. DEP has the
added advantage of detecting simple dielectric properties of cells (specific membrane capacitance,
permittivity) and can thus be easily adapted to detect small changes that have recently been identified
as markers of tenogenesis, such as drops in cadherins or increases in connexins [85]. The ability to
separate cells based on tenogenic markers is highly desirable for tendon tissue engineering applications,
and DEP is a promising method for accomplishing this separation. Overall, DEP has the potential to
separate cells based on minute variations in physical properties, while preserving cell viability, making
it an appealing technique for generating homogeneous populations of stem cells for tissue engineering

and regenerative applications.

3.8 Potential application of DEP in microgravity environment for stem cells

Extended human space flight, such as the duration required for manned missions to Mars, is
currently prohibited by the limited understanding of the effects of prolonged exposure to microgravity
on the body, including on stem cells. Cells cultured in microgravity freely float and interact with each
other to develop 3D structures [93]. Microgravity is known to induce significant changes in stem cells
[94]. Exposure of mouse embryonic stem cells to microgravity resulted in retention of cellular self-
renewal markers, and inhibited differentiation [94, 95]. Different mechanical devices are used to
simulate microgravity-like conditions artificially. Clinostat systems are the most widely used method
and reduce the impact of gravity by constantly changing orientation [1]. While more research is needed,
clinorotation results in flattening in hMSCs due to changes in functional activity induced by the
microgravity[93]. The effects of microgravity on living tissues and cells are of great interest to
researchers attempting to understand the effects of microgravity on the human body. Continued space
exploration depends on the development of effective ways to minimize the negative effects of
microgravity on astronauts, as health problems such as bone loss, muscle atrophy, and cardiovascular
and immune system changes are common following extended spaceflight [1]. 3D cell culture technique

using stem cells better aids in maintaining the pluripotency thus benefits the formation of organs by
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inducing differentiation [1]. Mammalian cells are cultured using high aspect ratio vessel (HARV) under
pg conditions [96], there are several other types of equipment to simulate pg like conditions such as
Random positioning machine (RPM) [97]. Figure 3.5 depicts osteoblast cells from Human fetus (hFOB)
(Figs. 3.5A, B) and human mesenchymal stem cells (hMSCs) (Figs. 3.5C, D). h-FOB cells are grown
on RPM and HARV (ug conditions), which resulted in the formation of spheroids from adherent cells,
spheroids are stained with hematoxylin-eosin. hMSCs are cultured for seven days under normal gravity
and microgravity using RPM, which resulted in the formation of 3D spheroids, as seen in Figure 5D.
3D spheroids, resulted from three-dimensional (3D) growth resembles tissue like environment found in
living organisms, which can be achieved by negating the effect of gravitation field [93]. 3D cell culture
techniques using stem cells are also known to maintain pluripotency improving the differentiation
potential thereby aids formation of organoids [1] to be used in regenerative medicine. Hence these
techniques are more sought over 2D monolayer culturing and is drawing attention of researchers and

clinicians [93].

Figure 3.5: Images describing the effects of cell culturing at different conditions using HARV Bioreactor
(High aspect ratio vessel) and RPM -Random Positioning Machine. A) Adherent cells and spheroids grown
from human fetal osteoblasts (hFOB) cells cultured for 7days on RPM. Spheroids are stained with
hematoxylin-eosin (HE) (insert: Phase contrast microscopy — adherent cells and spheroid). B) Similar 3D
tissue grown from hFOB cells on HARV. C) hMSCs — 7d culture under standard gravity conditions D)
hMSCs — 7d culture grown on RPM (microgravity) resulting in spheroids. (Insert: Adherent MSCs and
spheroid) (Image adapted from [1]). (Scale bar - 30 um)
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3.9 Conclusions

Following its initial discovery, DEP has rapidly evolved as an efficient, accurate, and label-free
technique for characterizing and sorting cells. Although DEP has been used in the field of stem cell
research for some time, clinically satisfactory results have only recently been achieved, renewing the
potential DEP use in tissue engineering applications. Dielectric properties, which serve as biomarkers
for label-free sorting and enrichment purposes, are still being studied and recorded for large-scale
characterization of many different types of cells. While the accuracy and reproducibility of DEP cell
characterization require some improvement, DEP has already enhanced research in the field of
regenerative medicine. DEP continues to be a promising, efficient, and low-cost technique that may

revolutionize the field of stem cell science and advance regenerative medicine.
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Abstract

Tenocytes or tendon cells are responsible for holding a muscle and a bone in mammals. It is also
amajor component of the musculoskeletal system. Tendons are susceptible to injuries such as tendonitis,
Achilles tendon, etc., due to the effects of aging and stress. Stem cell-based therapies offer alternative
methods to treat such conditions. Out of various types of stem cells, mesenchymal stem cells (MSCs), a
type of multipotent cell, are known for their ability to regenerate and differentiate. Undifferentiated
MSCs derived from the bone marrow of mouse, are characterized for dielectric properties (conductivity
and permittivity) of their outer membrane and cytoplasm using the dielectrophoretic crossover
technique. Undifferentiated MSCs (baseline) are then treated with growth factors to induce
differentiation (tenogenesis) into tenocytes and are characterized for dielectric properties on day 3 of
differentiation (3d-TGFB2) to detect changes in the membrane and cytoplasm, along with
undifferentiated cells and undifferentiated cells aged to day 3 (3d- control) as controls. Treated cell
groups at time points Day 1 and Day 7 into differentiation are also studied for changes. Experimental
results are statistically analyzed for their significance and modeled using a single shell model to quantify
the dielectric properties, using which differentiation changes can be detected as early as 3 days of
treatment . This difference in the dielectric properties at different time points Day 1, Day 3 and Day 7
enables the separation of cells in a label freeway avoiding complications involved with current
separation techniques such as FACS and MACS. This work primarily focuses on characterizing the

undifferentiated (day 0, 1 and 3) and differentiating cells (day 1 and 3).

Keywords: Dielectrophoresis, diclectric properties, mesenchymal stem cells, tendons, tenogenesis.



39

4.1 Introduction

Mesenchymal stem cells (MSCs) are multipotent cells that are known for their ability to
differentiate and self-renew into various types of cells such as adipocytes [2], chondrocytes [3],
osteoblasts [4, 5], myocytes [2, 6], tenocytes [7]. Since the discovery of MSCs in the 1960s [8], MSCs
gradually established as standard cell line in the field of regenerative medicine [9]. Bone marrow is a
predominant source of MSCs [10]. MSCs are also available by isolating from other sources such as
adipose tissue, skin, peripheral blood, and perinatal tissues like umbilical cord blood, amniotic fluid,
fetal membrane [11, 12] and placenta [13]. MSCs offer promising therapy to treat several conditions
related to cardiovascular health [14-16] and other chronic conditions such as lupus, diabetes mellitus,
liver cirrhosis, and Crohn’s disease [17]. A study published in 2016 states that at least 493 MSC based
clinical trials are completed or being investigated according to National Institutes of Health [18]. Like
most stem cell populations, MSCs are heterogenous [17, 19] with diameters ranging widely from 15-30
um, this considerable variance in size is also known to be the cause for severe vascular obstructions and
stroke in animal models [20]. MSCs that are derived from different sources such as adipose tissue,
amniotic tissue, bone marrow, chorionic tissue, liver, and umbilical cord had distinct differentiation
potentials based on their source of origin which also should be considered for clinical applications [21].

Therefore, it is necessary to sort the heterogenous population of MSCs prior to clinical trials.

Current conventional stem cell separation techniques widely used and commercially available can
be classified into two categories a) techniques based on physical parameters like size, density such as
density gradient centrifugation, field-flow fractionation, etc., and b) techniques based on affinity-based
on chemical, electrical or magnetic couplings such fluorescence-activated cell sorting (FACS) [22],
magnet-activated cell sorting (MACS) [23]. Dielectrophoresis (DEP) [24] and flow cytometry [25] fall
under the category of electrical affinity based techniques where DEP based sorting is much sought due
its robustness and separation in label free way. . Size/density based separation techniques are time-
consuming, expensive, and requires prior knowledge of the size/density parameter of the target cell type
[24], Further, their inability to sort cells of same density and size regardless of them being distinct in
their physiological make-up, is a major limitation. In order to overcome these limitations, affinity-based
methods were developed, which include FACS and MACS. FACS is currently used for cell sorting [10]
which involves labeling of cells with antibodies coated with fluorescent dyes and magnetic beads (for
MACS). They require tedious cell preparation protocol, and are labor-intensive, expensive with high
operating costs [24, 26]. This type of cell labeling technique also alters cellular function, which is not

desirable [17].
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In this thesis, we are exploring a possibility of utilizing DEP to sort the differentiated MSCs from
their heterogenous population. DEP based methods are simple, cost-effective, label-free, accurate, and
quick that overcomes all the limitations associated with the conventional cell separation methods. The
application of DEP for stem cell research began in 1990’s [27-29] and has significantly progressed over
the past two decades. DEP was less explored to characterize stem cells and their differentiate progeny
until the last decade [30]. Flanagan ef al. in 2008 researched heavily on the dielectric properties of stem
cells and their differentiated lineage[30]. DEP has a slight disadvantage of affecting cell viability when
exposed to electric fields within the frequency range of 0.01- 1MHz for prolonged duration (5 — 30 min)
[17], but is known that shorter exposure times of 30 s — 1 min does not affect cell viability and their

metabolism substantially [31].

On the other hand, while FACS and MACS offer limited throughput of ~5000 cells/s and 280,000
cells/s respectively [32], DEP assisted sorting devices can progress to transplantation scale of ~10° cells,
using at least four passages at 150,000 cells /hr of sorting throughput per passage. [32]. DEP was first
applied in an clinical setting for hand atrophy correction by lipo-transfer using stromal vascular cells

(SVF) that was successful and was found to be safe [33].

This work presented in Chapter 5 is the primary step towards developing a novel sorting technique
for differentiated MSCs i.e., the dielectric characterization of both membrane and cytoplasm at cellular
level using DEP crossover technique is critical and significant to separate stem cells from their

differentiated tenogenic progeny.

4.2 Theory of DEP

DEP is the force observed on the dielectric particles when subjected to a non-uniform AC electric
field as a result of the difference in the polarizability of the medium and the particles [34, 35]. For a

spherical particle of radius r, the magnitude of DEP force is given as

Fpgp = 2mr3e,emRe[K (w)]VE? ()

where ¢, and ¢, are the permittivity of the free space and the relative permittivity of the surrounding
medium respectively, Re[K (w)] is the real part of the Clausius-Mosotti factor which is discussed below
in equation (2) and VE? signifes the gradient of electric field. The force acting on the cells can be tuned
by adjusting the frequency and magnitude of the electric field. Cell motion due to the force acting on

the cell under electric field is defined by Clausius-Mossotti factor, K (w) given by:
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Ecell — Emed ()

K(w) = = p
Ecell + nged

where ¢,; and &,,,, are complex permittivities of cell and the medium respectively. Complex

permittivity, £* is defined as

g&=&e—j— 3)

where ¢ is permittivity, o is conductivity, and w is the angular frequency of the applied electric field.
For spherical particles, Re[K(w)] ranges between -0.5 and 1 accounting for the polarizability of the
particle [34, 36]. Further estimation of dielectric properties using the determined complex permittivities
of membrane and cytoplasm, to calculate €,; and thereby K(w) using equation . requires an
appropriate shell model. Biological shell models can be classified into single shell, double or multi shell
models, ellipsoidal model whichh are discussed in detail[1, 37]. We modelled MSCs in this study using

single shell model.

4.2.1 Single shell model

In here single shell model is considered. Stem cells’ cytoplasm and its content i.e., nucleus, DNA,
organelles etc., are considered as one homogenous sphere surrounded by a plasma membrane to reduce

complexity (Figure 4.1). For a single-shell model, complex permittivity of a cell is given by [37, 38]:
p y (Figu g plex p Y g Y
R \3, [ Ecyt—Emem
(ﬁ) +2(62;’t+2£;‘nem>
R \3 ([ €cyt—Emem
(ﬁ) _(£Z;+2£;nem>

where R is the outer radius of the cell, d the thickness of the membrane, and the subscripts mem, cyt

“

* ok
Ecell = €mem

refer to the membrane and cytoplasm respectively.
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Single shell model

dmem

Cell membrane
Cytop|asm " mems€ “mem

Figure 4.1: Single shell model of a cell where € and ¢ denote permittivity and conductivity
respectively. Subscripts mem, cp refer to the properties of membrane, and cytoplasm
respectively[1]. (Reproduced with permission [1]).

DEP force is dependent on the frequency of the applied electric field. As frequency is tuned
maintaining a fixed peak-to-peak voltage, cells exhibit distinct behavior based on their polarizability.
When polarizability of the cell is greater than the medium in which it is suspended, the cell experiences
attraction towards high field electrode termed as ‘positive dielectrophoresis (pDEP)’ and when the
polarizability of the cell is less than that of the medium, cells move away from the high field electrode,
thus experiencing a force termed as ‘negative dielectrophoresis (nDEP)’ [39]. There exists a certain
frequency at which the cell experiences no net DEP force, which is termed as ‘crossover frequency’
[40]. Cells typically display two crossover frequencies, where the lower crossover frequency (f,1), also
refered as the first crossover frequency occurs in 3 region (kHz to several MHz) where cells transition
from nDEP to pDEP, and signifies the cell’s size, shape, and the outer membrane physiology [17]. The
higher crossover frequency(f,.), also referred as the second crossover frequency, occurs at frequencies
above 10 MHz in low conductive medium [17], where cells transition from pDEP back to nDEP and is
sensitive to the changes of the cell’s interior physiology, especially with those associated with nucleus
and the relative size of the nucleus to the cell’s volume. It is also found that the changes in the
conductivity of the suspending media did not effect the f,, [41] but affects f,,, where f,4 is directly
proportional to the medium conductivity [42].

A direct relation correlating, the f,; with the membrane capacitance, Cyep and medium

conductivity is given by [17, 36]:

V2o,
fx1= B

- 21T Cmem

)
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Using Cpem calculated from equation (5), permittivity of the membrane (&,.,) can be obtained using

the relation:

C d
€mem = 4::;20 (6)

where ‘d’ is the thickness of the membrane, and g, is the permittivity of the vaccum/free space —
8.854x10™'* F/m . In order to estimate the dielectric properties of the cell interior i.e., cytoplasm, the

following relation is used as given by Gimsa et al. [42].

2 1 i(am_o'cyto)(acyto"'zo'm)
X2 an? €2 (gcyro—em) +2
72 €5 (Ecyto—&m)(Ecytot2Em)

(7

Using the above mentioned equations, dielectric properties of membrane and cytoplasm can be
estimated using the experimentally determined crossover frequencies. However, further optimization of
these estimated dielectric parameters is required which is achieved through curve fitting and non-linear
regression, where initial estimates of dielectric properties are used to back-calculate the crossover
frequency (labeled theoretical) and then optimizing by minimizing the sum of squares error using non-
linear regression. The properties estimated can then be used to determine the DEP characteristic curve

to determine optimum sorting region.

4.3 Materials & Methods

This study involves culturing of MSCs suiting the planned experimental design which involves
Day 1, Day 3 and Day 7 undifferentiated and treated cells with TGFB2 (6 cell groups in total, combing
the undifferentiated and the treated) whose culturing in described in detail in section 4.3.1. Following
the culturing process, comes the DEP experiments which involves DEP Solution to suspend the cells,
and crossover frequency experiments as discussed in section 4.3.2 and 4.3.3. Experimental results are
then statistically analyzed using GraphPad Prism 8, and radial changes in cells are also determined using
Image J, whose methodology is discussed in sections 4.3.4 and 4.3.5 respectively. Curve fitting

procedure in determining the best-fit estimates is also discussed in section 4.3.6.

4.3.1 Cell culture

Murine MSCs (C3H10T1/2, ATCC, Manassas, VA), a model MSC used in prior studies
investigating tenogenesis [43, 44], are cultured and supplemented with transforming growth factor beta-
2 (TGFp2), a protein that is known to control various cellular functions by binding to the surface proteins

of cell, which triggers transmission of signals within cell and is known to induce tenogenesis as



44

previously described [45]. Briefly, cells are expanded in standard growth medium (Dulbecco’s Modified
Eagle’s Medium (DMEM), 10% fetal bovine serum (FBS), and 1% Penicillin/Streptomycin) until 70%
confluent, and used between passage 3 and 9. MSCs are trypsinized, and are seeded into each well of a
6-well plate at 5000 cells/cm?. Cells are incubated for 24 h to allow for initial cell attachment, and then
washed with warm phosphate buffered saline (PBS) (Gibco, Grand Island, NY). The cells are now
switched to low-serum medium (DMEM, 1% FBS, 1% Penicillin/Streptomycin), and allowed to
equilibrate for 24 h. Following equilibration, cells are rinsed with warm PBS and cultured for 0, 3, or 7
days (d) in low-serum medium with the corresponding amount of sterile water (vehicle controls) or low-
serum medium supplemented with 50 ng/mL recombinant human TGFB2 (PeproTech, Rocky Hill, NJ).
The medium is changed every third day. To collect the cells for DEP characterization experiments, cells
are washed in warm PBS and trypsinized for 3 min to ensure cell detachment from the well. The trypsin
is neutralized using low-serum medium, and cells are centrifuged at 1200 RPM for 8 min. The
supernatant is discarded, and the cell pellet is resuspended to approximately 10° cells/mL in DEP
solution (Section 4.3.2) of known standard which serves as medium for DEP experiments, estimated
properties varies based on the standards of this medium and hence plays a major role in DEP
experiments. The suspended cell pellet obtained is to be used for DEP experiments within 30 min of

trypsinization. Experiments are repeated a minimum of 3 times for each sample of MSC.

4.3.2 DEP Solution

DEP suspending medium properties (conductivity) is one of the important parameters that affects
the cell’s response to the experimental first crossover frequency. It is necessary to maintain the medium
ideally at isotonic conditions in order to avoid shrinking, swelling, or lysis of the cells being suspended.
A standardized DEP suspending medium (50 g/L) is prepared by dissolving 1.25 g of D-glucose in 25
ml of DI water. The pH of the buffer is maintained between 6.5 — 7. Conductivity of the medium is
adjusted to ~0.060 S/m using sodium chloride crystals. Conductivity of the DEP solution is maintained

consistent throughout the experiments. All experiments are performed at room temperature of 70°F.

4.3.3 DEP Experiment Setup

Physical DEP experimental setup involves a microscope to monitor changes in motion of the cells
as frequency is tuned, a DEP microwell to suspend the cells and a function generator to tune the
frequency. Experimental setup for this study is shown in Figure 4.3. The most primary step towards
DEP experiments is fabrication of the microwell, using soft-lithography technique. This technique is

termed ‘soft’ owning to the usage of elastomeric polymers in fabricating the microwell, post fabrication
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steps involves electrode setup, and sealing with appropriate spacing. This process is discussed in detail

in Section 4.3.3a below.

a) Microwell fabrication

~30 g of Sylgard 184 silicone elastomer (Dow Corning, Midland, MI, USA) is weighed using a
weighing balance (XS204, Mettler Toledo) and mixed with the accompanying curing agent (~3 g) at
10:1 ratio. The mixture is degassed in a degassing chamber to ensure no air bubbles are trapped in the
mixture, clear mixture is then poured into a petridish and is cured at 75 °C in a sterile polystyrene petri
dish (100 mm x 15 mm). The cured poly(dimethylsiloxane) (PDMS) is cooled and cut into ~6 X 6 mm?
pieces followed by a microwell punched with a 3 mm Miltex biopsy punch. The PDMS piece with
microwell is plasma cleaned using our in-house plasma cleaner [46] and sealed onto a pre-cleaned
microslide (25 mm % 75 mm, 1.0 mm thick). This process is a slightly modified version compared to
the previously mentioned process [47, 48]. High grade platinum (Pt) wire (99.5%, 0.2 mm diameter) is
cut into 15 mm pieces and are inserted perpendicularly into the microwell such that wires are
approximately on the same plane as that of the microslide. These Pt wires serve as the electrodes
delivering a non-uniform electric field gradient for the DEP crossover frequency experiments, a simple
figure showing the electrode setup in included (Figure 4.2). Spacing between the electrodes is adjusted
to ~75 um by using a microscope (Olympus IX-71 inverted microscope) and the electrode wires are
sealed using epoxy to permanently fix the distance between the two point and planar electrodes.
However it was noticed that occasionally the spacing was altered due to the pipette’s in and out motion
from the microwell (i.e., when rinsing the microwell); the spacing was adjusted back to the initial
spacing in such cases and care was taken at the beginning of every experiment to verify and re-measure

the electrode distance.

Figure 4.2: Sample Image showing sealed electrode setup of point and planar with ~75 pm electrode spacing
in the DEP microwell.
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b) DEP crossover frequency experiments

Figure 4.3: Image showing the experimental setup 1) Function Generator (Upto 80 MHz), f,; experiments.
2) Function Generator (upto 1200 MHz), f,, experiments. 3) Plane on which DEP microwell is placed. 4)
Camera to record/visualize the experiments. 5) Olympus IX-71 Inverted Microscope.

The platinum electrodes in the microwell are connected to a waveform function generator (Siglent
SDG 2082X) and electrical signals at a voltage of 8 V,, are supplied to the microwell to create non-
uniform electric field. Frequency is swept until the lower crossover frequency f,4, is found where no
noticeable motion is seen in the cells. The above used function generator, SDG 2082X cannot sweep
frequencies higher than 80 MHz and hence the higher crossover frequency, f,, experiments are done
using a different function generator (Marconi Instruments, 9 kHz — 1.2 GHz signal generator 2023) at
13 decibel milliwatts (IBM) equivalent to ~2.825 V,, voltage to experimentally determine the higher
crossover frequency where second transition of pDEP to nDEP is noticed. Once after the frequency
range of transition is determined, further frequency is fine-tuned to narrow down the range so as to
determine the single frequency (integer) value. Experiments are repeated at least 6 times for all the stem
cell groups, undifferentiated MSCs (controls), 3-day differentiated MSCs (treatment group), and 3-day
aged undifferentiated MSCs (no treatment group) to determine the average crossover frequencies (f:;
and f;) at single DEP suspending medium conductivity (~0.06 S/m). Experiments are also done on Day

0 & Day 7 undifferentiated and differentiated cell groups.
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4.3.4 Statistical Analysis

Obtained f,; and f,, through experiments are analyzed separately using one-way ANOVA and
Welch’s t-test (GraphPad Prism version 8.4.3 for Mac, GraphPad Software, San Diego, CA, USA)

respectively. All the reported values in this study are expressed as mean+ S.E (standard error).

4.3.5 Image Processing

Images captured during experiments are analyzed using ImagelJ [49] to measure the stem cell size
of all the different groups i.e., control, treatment, and no-treatment. Cell diameter is measured manually
by setting up the scale and using straight segmented line. Further, area of the cells is also measured using
‘Analyze Particle’ tool and subsequently radius of each cell is obtained. At least six images

corresponding to the crossover experiments are analyzed for each cell type to obtain the mean cell radius.

4.3.6 Curve-fitting procedure

Obtained experimental crossover frequencies, and the initial estimates for the parameters to be
quantified, permittivity and conductivity are then used to theoretically estimate the crossover frequency
using Equation and adjusted using non-linear regression to minimize the residual sum of squares error
(difference between experimental and theoretical crossover frequencies) using Microsoft Excel. Initial
estimates for the parameters are calculated using equations 5 and 6 for the membrane characteristics and

for the cytoplasmic properties initial estimates are obtained from literature.

4.4 Results & Discussion

4.4.1 DEP crossover frequency response of stem cells

DEP crossover frequency response of the undifferentiated (baseline control), undifferentiated
aged to day 3 (3d- no treatment) and differentiating cells at day 3 time point (3d- TGFp2-treatment)
were recorded after suspending the cells in the DEP suspending medium of conductivity 0.06 S/m. At a
fixed voltage of 8 Vyp, frequency was swept from 0.01 MHz to 0.5 MHz in increments of 0.005 MHz
and 2.83 Vpp, 1 MHz to 300 MHz in increments of 5 MHz to record f,; and f,, respectively. All
experiments were completed within 30 min of suspending the stem cells in DEP suspending medium
and the cells were not exposed to AC electric field for no longer than a minute at each frequency point.
Post 1 min of cell exposure, the microwell is rinsed well with DEP suspending medium and 2 uL of

fresh cell suspension from the same sample aliquot is pipetted into the microwell. This protocol is
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followed for all the cell groups. Finally, after 30 min the samples are treated with 70 % EtOH solution
followed by bleach and discarded. No change in cell viability and metabolic activity in human and
mouse neural stem/progenitor cells is noticed at shorter exposure times of 30 s to 1 min [17, 31]. In

general, mammalian cells exhibit nDEP at low frequencies and pDEP at higher frequencies, within the

Figure 4.4: Images describing movement of cells away and towards the high electric field region i.e. nDEP
and pDEP for cell groups. A) Baseline cells- control group experiencing pDEP at 105 kHz and 8 Vpp, B) 3
d-no treatment group experiencing nDEP.at 110 kHz and 8 Vpp C) 3 day treatment group with TGFp2 i.e.,
differentiating into tenocytes experiencing pDEP at 200 kHz and 8 Vpp.

frequency range of 0.01 MHz -1 MHz [50] i.e., B-region. This similar trend is also observed while
characterizing dielectric differences in murine cells under normal and cancerous condition [51]. Mean
crossover frequencies are observed to be 0.0986 + 0.0003 MHz, 0.134 + 0.003MHz, and 0.175 £+ 0.007
MHz for control, 3 d - no treatment, and 3d- treatment with TGFB2 groups in this experimental study at
0.06 S/m medium conductivity and voltage of 8 Vpp. Day 0 and Day 7 untreated cells had crossover
frequency ranging from 100-110 kHz and 135-150 kHz respectively at 0.06 S/m and 8 Vpp, no
morphological changes are noticed for these cell groups. These reported frequencies were not repeatable
and chosen not to be reported, since further experiments are needed to model these cell groups. For the
day 1 and day 7 treated cells, day 1’s experimental values were not repeatable, and day 7 cells appeared
more elongated with crossover values of 110-130 kHz for smaller elongated cells while the large ones
had values ranging between 50-70 kHz. It is expected that Day 1 treated and untreated will not
significantly differ from the Day 0, which is statistically proven through their insignificance (p> 0.1).
Day 7 crossover frequency for the treated cells groups failed in statistically significance as the values
appeared close to the Day 0 cells. Hence these time points require further experiments. Day 7 will need

to be modeled as ellipsoidal rather than spherical single shell model, which is complex.
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4.4.2 Variance in cell size

Image analysis using ImageJ as discussed in Section 4.3.5, resulted in the following cell
dimensions as provided in Table 4.1. Baseline cells are spherical in shape, and the sphericity is retained
in both 3 day no treatment and 3 day- treatment with TGFB2 cell groups as well, which is in agreement

with the previously reported study where the cells remained spherical until 4 days of culturing [52].

Table 4.1: Various studies reporting sizes of MSCs derived from different sources.

Radius (in um) of Mesenchymal stem cells
Baseline- 3d-no 3d- treatment | Reference
control treatment
Current study (murine) 8.91+0.09 10.10£0.1914 | 10.11£0.2109
Adams ef al. (human) 13.2 [17,37]*
Velugotla et al. HI-MSCs | 7.5£1.55
(human
embryonic stem (53]
cells H9-MSCs | 6.25+1.1
differentiating
into MSCs)
Liu, L. et al (murine) 8.6x£0.95 [52]

* Adams et al 2014. does not cite size in the article, reported value was calculated and reported

[32].

4.4.3 Quantification of dielectric properties

a) Statistical analysis of data

Analysis of categorical independent variables (three different cell groups for 3-day time period)
and numerical dependent variable (f,.1) using One-way ANOVA resulted in significant different lower
crossover frequencies for every group (P < 0.05). Unpaired t-test with Welch correction of f,, data
comparing undifferentiated cells with 3 day differentiated and 3 day undifferentiated resulted in a
significant difference between the undifferentiated cells and the 3d differentiated ones (P < 0.05).
However, undifferentiated cells and the 3d aged undifferentiated were not statistically significant,

meaning that they had similar f,, which signifies the electrophysiology of the cell’s interior/cytoplasm.

b) Initial estimates for modeling

Initial estimates and their bounds effect the final estimated values. Hence, good initial guess
reduces the time of estimating the final dielectric property values significantly. A bad guess my result

in errors, such as negative R* or R>>1, Inf or Imaginary values. It is also equally possible, to have the
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final calculated values outside the bounds, which might not be true values. Hence fixing the bounds to
large range for example cytoplasmic relative permittivity bounds can be fixed to 1-500 range, not fixing
the range might result in values that doesn’t comply with previous studies. Once a good close estimate
is arrived, the sum of squares can be minimized using optimization algorithm by changing the estimated
values, until the error is minimized. The values are considered to be final and best fit estimates, at the
least possible sum of squares error, considering them to be optimized values. All the initial values are
tabulated as shown in Table 4.2. In an effort to estimate the best fit values with minimal residual error,

bounds are fixed to the initial values.

Table 4.2: Initial estimates of dielectric parameters used prior to non-linear regression for obtaining the
best-fit parameters by minimizing the residual error; values for membrane are obtained from [17],
cytoplasmic conductivity range is modified to 0.30-3.0 based on two different journal articles [40, 54].

Cell component Permittivity Conductivity (S/m)
3 3

Membrane 6511 10°-10

Cytoplasm 50100 0.30-1.5

¢) Modeling of membrane properties

Membrane dielectric properties are initially estimated using equations 5 and 6 and are adjusted
for best fit to obtain the mean values with the respective standard errors. A nominal membrane thickness
of 7 nm is used in quantifying the dielectric properties of the membrane [37, 55].

The estimated electrical properties of the membrane are tabulated in Table 4.3 where a decreasing
trend is observed for both the permittivity and capacitance of all the three groups. Though the 3d- no
treatment and 3d-treatment with TGFB2 radial changes are not significantly different from each other in
terms of size and sphericity, 3 day- treatment group expressed higher f,; values, resulting in lower
permittivity and capacitance. This difference in membrane’s capacitance and permittivity might be due
to the onset of tenogenesis, or an increased rate of change in the membrane’s protein expression due to

the treatment of cells with a specific growth factor TGFB2.
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Table 4.3: Estimated membrane’s electrical properties using DEP spherical single shell model, Mean +
S.E are reported for all the cell groups.

Control 3d- no 3d- treatment
Property
treatment
Whole cell Capacitance (pF) 3.83+0.012 | 3.19+0.08 246 +0.1
Relative Permittivity 3.03+£0.01 1.97 £0.05 1.51 £0.06

d) Modeling of cytoplasmic parameters

Following the procedure described in Sec. 4.3.3b, cytoplasmic properties are quantified using the

experimentally obtained f,, as tabulated in Table 4.4.

Table 4.4: Cytoplasmic properties obtained through the fitting procedure described in Sec 4.3.6 using
equation 7, where the 3d-TGF[2 shows a decrease in cytoplasmic conductivity.

Type of cell Conductivity(S/m) Permittivity
(scell/ 80)

Baseline- Control group 0.88 £0.01 55+£2

3 d- no treatment 0.88 +0.02 551

3-d TGFB2 0.82+0.02 62+ 1

The second crossover frequency is highly sensitive to ion-leakage, and not so sensitive to
permittivity of the cell’s interior [37]. f,, is also sensitive to temperature changes to the DEP
solution[41] and lag time between experimenting and suspending the cells in the DEP suspending
medium. Experimental values of f,, are within £ 5 MHz, while the technical replicates (n=6) for each
group did not change when the time lag between suspending cells in DEP media and experimenting was
under 30 min along with shorter exposure times to electric fields at less than a minute. Statistical analysis
of f,, for control group and the 3 day- no treatment cells had no significant difference at p<0.05 which
is also the trend observed for cytoplasmic conductivity. 3 day — treatment with TGFB2 cell group
exhibited higher f,, than 3 day - no treatment and control cell groups. This is due to the fact that neither

size nor shape affects f,, [36]. Lower conductivity and increased permittivity of 3 day- treatment with
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TGFP2 cell group might be sign of the onset of tenogenesis associated with the cytoplasmic changes

where these cells become more polarizable, also signifying cellular heterogeneity in cytoplasm.

4.4.4 Comparison of theoretical model to experimental frequencies

In order to graphically represent the theoretical model of single shell sphere (Equation 4) to the
experimental frequencies, the following plots (Figure 4.5) is included plotting the theoretical curve to
the experimental Re[K(w)], which is determined by the different frequencies at which experiments are
run for all the cell groups i.e. baseline, 3d untreated and 3d treated cell groups. The datapoints starts to
skew as the frequency is increased due to a single conductivity experiment. For more accurate model,
experiments at different conductivities should be done with subsequent curve-fitting to accurately
determine the parameters to be used in the theoretical model. Since the f,, experiments were run at a
different voltage (2.83 Vpp) to that of the f,; experiments (8 Vpp). This can be perhaps avoided by
using mathematical approach of interpolating the properties at a particular voltage when two sets of

experiments at two different voltages are conducted.
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Figure 4.5: Plots comparing theoretical single shell spherical model to the experimentally determined
Re[K(w)], A) Baseline cells B) 3d untreated cells C) 3d treated cells. Horizontal error bar of +5 kHz for f,,
is included and the respective error in Re[K(w)] (y-axis) is represented.
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4.4.5 Effect on Clausius-Mossotti factor as a function of frequency

A plot of Re[K(w)] over frequency range, 10* Hz— 10° Hz (10 kHz — 1000 MHz) is generated to

better understand the DEP characteristic behavior over the wide frequency range. All the positive y-axis
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Figure 4.6: DEP characteristic plot of Re[K(w)] vs. frequency identifying the first and second
crossover frequency i.e., the co-ordinates at which the zero line intersects the curves provides the
crossover frequency value.

values represent the pDEP behavior of the cells and all the negative y-axis values represent nDEP
response of the cells. Crossover frequency values can also be estimated using the zero DEP line i.e., y-
axis at 0, and there by estimating the dielectric properties. Dielectric properties can also be estimated
using Re[K(w)] values [56]. Figure 4.6 helps in determining sorting zone using AC fields to efficiently
separate the cells based on their distinct size, shape and dielectric properties. Frequencies ranging close
to first crossover frequency (fx1) can be used to sort the cells based on figure 4.1, where the cell groups
exhibit distinct behavior, which is indicated through distinctly non-intersecting curves. Inset image is a
zoomed version at frequencies close to fx2. The curves appear to be merging, which is not the actual case
and hence an inset is used to describe the difference signifying the distinct characteristics of the
cytoplasm. fx, frequency can only be used to study the cells but not for sorting, as such high frequency

as not easily accessible and damages membrane’s structure.



54

4.5 Conclusion

Though using DEP based techniques in a clinical setting requires further multiple studies
including different animal models with extensive investigation, it is seen to have the potential of being
developed into modern day label free separation devices, that can enrich, isolate cells stem cells
effectively to be used in treat injuries and diseases. Studies show that tendon like tissue is observed from
MSCs after 21 days of treatment [57], further studies are required to characterize a complete tendon cell
to better understand the electrophysiology associated with cytoplasm as a cell grows from an MSC to a
complete tendon (21 days time point). This study hypothesizes that 3 day- no treatment and control
groups did not exhibit variance in their cytoplasmic properties, which also needs further experiments
and modeling to firmly state this especially since fi» values account for temperature, ion leakage, changes
of nucleaus volume This study progresses cytoplasmic characterization to a step ahead, since there not
a lot of studies using DEP ultra high frequency characterization, as the higher frequency ranges are not
casily accesible. The DEP second crossover regime still remains largely unexplored. The distinct
properties of MSCs reveal their biophysical identity which can be used to separate cells based on the
difference in their intrinsic electrical properties . It can be concluded that baseline cells are smaller in
size than the 3 day treatment and no treatment groups. However, the treatment group of cells did not
exhibit large variance in their radius on day 3, though the cells remained similar in size and shape,
exhibited different crossover frequencies, signifying a change in membrane and cytoplasmic
expressions. Smaller cells usually exhibit lower-first crossover frequency, which when applied to this
scenario, 3d-control and 3d-TGFp2 should have had lower first crossover frequency due to their large
cell radii if their dielectric properties had remained similar. This also describes a difference in the
membrane nature between Day 3 no treatment undifferentiated cells and Day 3 differentiating tenocytes.
Understanding cellular level changes during differentiation is complex and requires sophisticated
techniques. However, using DEP higher crossover frequency, cytoplasmic changes can be studied to
better understand changes within nucleus and its content. This study characterized MSCs and their
differentiating progeny (tenocytes) to obtain the dielectric properties, which can be extended to develop
a stem cell sorter to efficiently filter differentiating/differentiated MSCs from non-viable cells and
undifferentiated cells in a label free way at low cost which can be taken to transplantation scale through

further studies.
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Abstract

Rare earth elements (REEs) are widely used across different industries due to their exceptional
magnetic and electrical properties. In this work Cupriavidus necator (C. necator) is characterized using
dielectrophoretic ultra-high frequency measurements, typically in MHz range to quantify the properties
of cytoplasm in C. necator for its metal accumulation capacity. C. necator, a gram-negative bacteria
strain is exposed to REEs like europium, samarium, and neodymium in this study. Dielectrophoretic
crossover frequency experiments were performed on the native C. mecator species pre- and post-
exposure to the REEs at MHz frequency range. The net conductivity of native C. necator, C-europium,
C-samarium, and C-neodymium are 16.56 uS/cm, 16.78 uS/cm, 16.67 uS/cm, and 16.20 pS/cm
respectively. The estimated properties of the membrane in our previous study are used to develop a
microfluidic sorter by modeling and simulation to separate REE absorbed C. necator from the
unabsorbed native C. necator species using COMSOL Multiphysics commercial software package v5.5.

The optimal AC potential was obtained to be 9.5 V at fixed AC frequency of 100 kHz.

5.1 Introduction

Rare earth elements (REEs) are lanthanide group elements (Atomic number 57- 71) along with
Scandium, Sc (Atomic number 21) and Yttrium, Y (Atomic number 39). These are sub classified into
three categories as light REEs (La, Ce, Pr, and Nd), medium REEs (Sm, Eu, Gd), and heavy REEs (rest
of the lanthanide group and Y) [1]. These elements are widely used across technology industry due to
their distinct electrical, magnetic, chemical, and optical properties [2] with applications in metallurgy
industry as metal alloys [3], catalysts [4], biomedical devices [5], etc. Hence recovery of REEs from
waste streams and end of the life products is an attractive technology. Recovery of REEs was studied
previously using extraction [6, 7] but possess environmental concerns. This proves the need for
developing greener methods of REE extraction. Several research studies have been published to extract

REEs through different biological mechanisms, especially using bacteria as discussed elsewhere [8, 9].
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Sorption of these REE ions by the microorganism can occur through two possible ways:
bioaccumulation (active) and/or biosorption (passive). Bioaccumulation is absorption of the metal ions
into the living organism and is regulated by its metabolic activity while passive biosorption can occur

on the surface of both living and dead organisms independent of the organism’s metabolic activity [9].

Bacteria Structure

O Metal lon

*Only for gram negative

Figure 5.1: Bacteria model demonstrating the phenomena of bioaccumulation and biosorption, where
bioaccumulation results in metal ions migrating into the cytoplasm passing through the cell wall and
biosorption is an accumulation of metal ions on the surface of bacteria. i.e. membrane.

Bioaccumulation results in the change of the organisms’s electrical properties and biosorption will
change both the membrane and cytoplasm electrical properties. Both bioaccumulation and biosorption

explained above are demonstrated in Figure 5.1, for reader’s understanding.

In this work dielectrophoresis (DEP) is utilized to characterize the bacteria’s cytoplasmic
(interior) conductivity linking to the genomic variation observed due to the REE uptake by them. DEP
dates back to the 1950°s [10] but has gained popularity during the last decade for its potential in
biomedical applications [11, 12]. Recently, DEP is explored for its applicability in non-biomedical fields
like in separation of minerals [13]. This study is the first report that utilizes DEP to characterize a gram-
negative bacterium in both its native and REE exposed states at high frequency. This paper determines

the net conductivity of the organism, and also provides an in-silico model to sort the native and REE



62

exposed bacteria from a heterogenous population of C. necator. Until now, DEP was used to quantify
the REE adsorbed by the Cupriavidus necator (C. necator) on its surface by quantifying the DEP first

crossover frequency to obtain properties related to the cell-wall [14].

5.2 Dielectrophoresis Theory

Dielectrophoresis (DEP) is the induced motion on dielectric particles due to non-homogenous
(non-uniform) electric field gradient using alternating current (AC) [15]. DEP has been used in particle
separation [16], enrichment [17], manipulation [18], quantification [14] and several other biomedical
applications [12]. It’s a non-destructive and label/marker free electrokinetic technique to determine the
electrical signatures. Some of the popular methods which employ DEP to characterize and quantify the
dielectric signatures of the cells are electrorotation, zero force method (also termed as crossover
frequency method), DEP spectra, capture voltage spectra, traveling wave which were well discussed in

a recent review article by our research group [19].

The technique used in this current work is the DEP crossover frequency quantification at ultrahigh
frequency ranges to characterize the cytoplasmic properties (genotypic information) of the C. necator.
The transition from negative DEP (nDEP) to positive DEP (pDEP) and vice versa is termed as the first
and second crossover frequency respectively which is described in detail [19, 20]. Positive
dielectrophoresis occurs when the particles move towards the high electric field gradient, if the particle
is more polarizable than the medium. Negative dielectrophoresis occurs when the particle is less
polarizable than the suspending medium where it moves away from the high electric field maxima to a

low field minima [21, 22].

Broche et al. in 2005 [23] obtained an expression to quantify the second crossover frequency as

given below

2 2
28m—Ecytofm—Ecyto

2 _ -2 2
foor = 55 J " n

The subscript cyto and m refers to the properties of the cytoplasm and suspending medium
respectively, whereas o denotes the conductivity and & denotes the permittivity of the particle i.e. C.
necator here. To obtain the dielectric properties (conductivity & permittivity) of the C. necator interior
(cytoplasm), the above equation (1) can be used to fit the experimental data to the appropriate biological

shell model i.e. single or double shell model [19].
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A slightly modified version of equation (1) was reported by Gimsa et al. [24] represented as below:

fz _ 1 l(am_o'cyto)(acyto“'zam) (2)
co2 42 e (Sine—&m) (Eine+2&m)

which was further simplified on the basis of medium conductivity i.e. when the conductivity of the
media is < 0.2 S/m, which is required such that .y, > 0, this condition makes the roots of equation
(2) to be real, which is usually the case in all our DEP based studies (refer Sec 4.1) [25], equation (2)

can be simplified in this situation as below:

froz =222~ J - 3)

2m & | Eine—em) (Eine+2&m)

At frequencies higher than first crossover (f,1), the effective resistance of the membrane which
acts as an insulating shell around the bacteria’s cytoplasm is zero, therefore the non-uniform electric
field applied penetrates the outer membrane and effectively can be used to characterize the electrical
properties of intracellular of any biological entity. This frequency is known as DEP second crossover
frequency (f,,2) that can be used to determine the particle’s net or whole conductivity, which can be
combined with the shell properties to develop a real-time separation device via simulation and

fabrication.

5.3 Materials & Methods

5.3.1 C. necator culturing & biosorption assay

C. necator (ATCC # 17697) used for biosorption assay was grown in culturing media prepared as
described previously [14]. For all assays, C. necator was grown in culture bottles placed on an orbital
shaker at 135-rpm and 35°C. Parent solutions of C. necator were inoculated (2% v/v) from freezer stocks
into culturing media prepared, grown to early stationary phase, (~12 h) prior to use in biosorption assays.
Biosorption assay used Acetic acid/acetate buffer solution (AABS) to minimize the potential of
complexation or precipitation induced by the culturing medium component along with the additional

growth of C. necator cells. AABS is prepared as described in our previous article [14].

C. necator cells were rinsed three times with AABS prior to exposing them to the REE containing
solution. After the final wash, the supernatant was decanted, and the pellet was vortexed with 1.5 ml of
~400 uM single element REE solution) in a centrifuge tube and incubated at 35°C for one hour to allow

biosorption of REEs. Incubated C. necator cells were sequentially centrifuged for 10 min at 10,000 RCF
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to form a pellet of the dispersed cells. The supernatant REE solution is removed and the DEP suspending

medium is added to the C. necator cell pellet in the tube for further experiments.

5.3.2 REE metal solutions preparation

Europium(I1I) nitrate hexahydrate (Strem Chemicals, Newburyport, MA, USA) molecular weight
— 337.98 g/mol, Neodymium(III) nitrate hexahydrate (Strem Chemicals, Newburyport, MA, USA)
molecular weight — 438.35 g/mol, and Samarium(IIl) nitrate hexahydrate (Strem Chemicals,
Newburyport, MA, USA) molecular weight — 444.47 g/mol are used in the making of REE solutions.
Eu(Ill), Nd(III), and Sm(III) were weighed at ~0.0338 g, ~0.0438 g, and ~0.044 g respectively and
dissolved in 250 ml of deionized (DI) water to make 400 uM of the respective REE solutions.

5.3.3 DEP experiments

a) DEP suspending medium

A standard suspending medium is required for DEP experiments to suspend the biological cells
in the medium whose properties (conductivity) are adjusted. D-glucose is used, which serves as the
nutrient for the C. necator cells to be alive by maintaining the osmolarity. DEP suspending medium (50
g/L) is prepared by dissolving 1.25 g of D-glucose in 25 ml of DI water. The pH of the buffer is
maintained between 6.5 — 7 to avoid any C. necator lysis and to preserve the uniform conditions and
osmolarity of the microorganism. This pH is necessary to maintain the pH of the culture media and
AABS that the cells were suspended in initially. Conductivity of the medium is adjusted to ~0.050 S/m
using phosphate buffer saline (PBS) solution for initial experiments and subsequently conductivity was

varied to 0.072 S/m, 0.095 S/m, and 0.190 S/m for further experiments.

b) Microwell fabrication

Sylgard 184 Silicone Elastomer (Dow Corning, Midland, MI, USA) was weighed at ~30 g using
a weighing balance (XS204, Mettler Toledo) and mixed with the accompanying curing agent (~3 g) at
10:1 ratio. The mixture is degassed in a degassing chamber and is cured at 75° C in a sterile polystyrene
petridish (100 mm % 15 mm) . The resulting poly(dimethylsiloxane) (PDMS) is cooled and cut into ~6
X 6 mm2 square pieces, punched with a 3 mm Miltex biopsy punch, plasma cleaned (Harrick plasma
cleaner — PDC-32g), and sealed onto a pre-cleaned microslide (25 mm X 75 mm, 1.0 mm thick). This
process is a slightly modified version compared to the previously mentioned process [26, 27]. High
grade platinum (Pt) wire (99.5%, 0.2 mm diameter) is cut into 15 mm pieces and are inserted

perpendicularly into the microwell such that wires are approximately on the same plane as that of the
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microslide. These Pt wires serve as the electrodes delivering a non-uniform electric field gradient for
the DEP crossover frequency quantification experiments. Spacing between the electrodes is adjusted to
~100 um by using a microscope (Olympus IX-71 Inverted Microscope) and the electrode wires are
sealed using epoxy to permanently fix the distance between the electrodes. However it was noticed that
occasionally the spacing was altered due to the pipette’s motion in and out of the microwell (rinsing the
microwell), the spacing was adjusted back to initial spacing in such cases and care was taken at the

beginning of every experiment to verify the electrode distance.

¢) DEP crossover frequency experiments

Post the biosorption, centrifugation, and removal of REE supernatant (Sec 3.1), DEP suspending
medium is added to the C. necator pellet and vortexed for better dispersion. 2 uL of this suspension is
pipetted into the DEP microwell and AC frequency is swept using function generator (Siglent SDG
2082X) at a sinusoidal amplitude of 8 V,,. Frequency is manually swept in the range of 0 - 80 MHz to
determine the second crossover frequency i.e. transition from pDEP (moving towards pin electrode) to
nDEP (moving away from electrode). Technical replicate experiments to determine the average
crossover frequency are done using the same sample for at least six times. Biological replicate
experiments are performed for three times with different C. necator samples. Both the biological and
technical replicate experiments were performed at four different conductivities in the range of 0.02 - 0.2

S/m to suspend the REE exposed and native C. necator.

5.4 Results & Discussion

5.4.1 Experimental results

The second crossover frequency i.e. zero DEP force obtained for native C. necator, C-Eu, C-Sm,
and C-Nd are approximately around 43 MHz, with + 1 MHz differences in some cases as shown in the

Table 5.1 below.
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Table 5.1: Second crossover frequency data obtained for C. necator (native) and REE exposed C. necator (C-Eu,
C-Sm, and C-Nd). Experiments conducted at four (4) different conductivities of the DEP suspending medium,
values below are averaged for six (6) technical replicates and three (3) biological replicates at each conductivity
for all the groups.

DEP Crossover frequency (in MHz)
Conductivity (S/m) Native Metal exposed

C. necator | C-Eu | C-Sm | C-Nd
0.050 43 43 43 42
0.072 43 43 43 42
0.095 42 44 43 42
0.190 44 44 44 42

Equation (3) for the second crossover frequency signifies that it is independent of the conductivity
of the suspending medium, largely depends on the conductivity of the cytoplasm, and to a lesser extent

on the permittivity [25].

The DEP crossover frequencies were averaged over three biological and six technical replicates
for fitting the data to a single shell model using curve fitting (Excel, MATLAB, PRISM) and equation
(3) that relates the permittivity and conductivity of the cytoplasm with the second crossover frequency;

thus quantifying the properties of the C. necator’s interior.

5.4.2 Statistical data analysis

The obtained experimental data is categorized into three (3) variables (independent variable 1 —
suspending medium conductivity, independent variable 2 — C. necator native and REE exposed cells,
and dependent variable — DEP crossover frequency) were analyzed using a two-way ANOVA in
GraphPad PRISM. The data analyzed is found to be significant for the C. necator groups (p-value =
0.0079) and with no significance in the row factor (i.e. variation in the suspending medium conductivity;
p-value = 0.1298). This signifies that the second crossover frequencies are significantly different for the

native C. necator and the REE exposed C. necator i.e. C-Eu, C-Nd, and C-Sm.

5.4.3 Dielectric properties of C. necator

The physical characteristics of the C. necator strain are 0.7 — 0.9 um by 0.9 —1.3 um short rods,
and are gram-negative by nature [28]. C. necator is known to accumulate polyhydroxyalkanoates

(PHAS) up to 90% of its dry weight under extreme conditions [29] and also to synthesize these PHAs
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[30, 31]. There are very few studies reported in literature who have correlated or quantified the dielectric
constant i.e. cytoplasmic properties. Some of the gram-negative bacteria like S. Typhimurium and E.
coli and gram-positive bacteria like L. innocua and L. sakei has been well studied. Under ambient
conditions i.e. at room temperature & > 30 relative humidity (R.H) , the dielectric constants of different

bacteria were reported by Esteban-Ferrer ef al. in 2014 [32] as tabulated in Table 5.2 below.

Table 5.2: Effective dielectric constants for gram negative and gram positive bacteria calculated using electrostatic
force microscopy under ambient conditions, it is observed that the net effective dielectric constant for the gram
negative bacteria is less than the gram positive bacteria. (Adapted with permission from [32]).

Mean geometric parameters

Effective
Bacteria type dielectric . Mean effective equatorial
constant | Height (nm) radius (um)
Gram negative ‘-’ 6-7 212 £26 (S.typhi) 0.75 £ 0.06 (S.typhi)
S. typhimurium and E. coli 348 + 34 (E. Coli) 0.9=+0.1 ((E. Coli)
Gram positive “+’ 636 £40 (L. sakei) 1.1 £0.1 (L. sakei)
- + ] + )

L. sakei and L. innocua 15-20 260 + 33 (L. innocua) | 0.7+0.1 (L. innocua)
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Figure 5.2: Plot of mean DEP crossover frequencies for different C. necator groups with the standard error
mean (SEM). Experimental crossover frequency remained the same for all the replicates for C-Nd species,
hence so error bar.

All the physical properties discussed related to C. necator morphology and the suspending
medium are combinedly used in quantifying the cytoplasmic dielectric properties of C. necator i.e. the

interior of the microorganism.
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DEP second crossover frequency is highly sensitive to the conductivity of the cytoplasm and not
so sensitive to the changes in permittivity [25]. The microorganism, C. necator is known to accumulate
PHA’s which acts as insulators. Due to the accumulation of PHA’s a decrease in conductivity of the
cytoplasm is observed. Hence it is more accurate to term the cytoplasmic conductivity obtained as the

‘net conductivity’ of C. necator as shown below:
Op = Ocyr + k 4)

where o.,: — conductivity of cytoplasm, o, — net conductivity of the microorganism C. necator, and k
contributes for the observed decrease in conductivity due to the presence of PHAs, REE
bioaccumulation, and other predominant mechanisms affecting the cytoplasm e.g. ion leakage. The term
k is usually negative when insulating PHASs are predominant and is positive when conducting REEs are

bioaccumulated.

In this present study, £ is hypothesized to be negative due to the presence of PHASs in the cytoplasm
of C. necator to a large extent despite the fact that some amount of REE bioaccumulation is observed in
the microorganism’s interior. To quantify accurately the extent of REE accumulation vs. PHASs requires
complicated techniques such as ICP-MS [33]. Presence of indirect carbon sources used in preparing
growth media for biosorption like citric acid and 1,4-Piperazinediethanesulfonic acid (PIPES) can
induce the production of PHAs by the microorganism [14] . Some of the prime important factors that
will affect the cytoplasmic properties of the C-Eu, C-Sm, and C-Nd are: ion leakage, presence of PHAs,
and REE bioaccumulation. Nevertheless, the presence of PHAs and ion leakage will also induce effects
on the cytoplasmic properties of the native C. necator microorganisms in this study. The difference in
conductivities between both the groups can be possibly utilized to quantify the REE bioaccumulated in

these microorganisms.

TEM images of C-Nd shown in Figure 5.3, also supports the presence of PHAs inside the C.
necator (shown in lighter areas), while the darker regions are electron rich areas indicating higher

concentration of Neodymium (III) [Nd] inside them.
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Figure 5.3: (A) TEM SA27500x Magnification of C. necator thin section at 50 uM initial [Nd] and pH
4.53 with an hour of incubation time. (B) TEM SA 20000x Magnification of C. necator thin section @
50 uM Initial [Nd] and pH 4.53 with an hour of incubation time. The darker areas are electron dense areas
(likely heavy metals), while lighter areas are electron deficient (likely PHAs).

This study is the first one to report electric signatures of Cupriavidus necator, specially related to
the cytoplasm. Not many studies are reported on the cytoplasmic signatures due to the involvement of
ultrahigh frequency regime. Few reports in literature as summarized in Table 5.3 have characterized and

quantified the net conductivity of different gram-negative bacteria [34].

Table 5.3: Literature reported values of the net conductivities of different gram-negative bacteria strains.
Acinetobater calcoaceticus closely resembles Cupriavidus necator with respect to the shape and
dimensions. (Adapted with permission from [34]).

Gram Net
Species . conductivity Shape Dimensions (um)

stain

op (1S /cm)

Acinetobater calcoaceticus - <20 IS)%CCI’ 1.5%2.5
Agrobacterium tumefaciens - 452 +50 Rod 3.0x1.0
Erwinia carotovora - 20+ 9 Rod 3.0x1.0
Escherichia coli - 412 £25 Rod 2.0x0.5
Pseudomonas putida - 195+ 14 Rod 5.0%1.0
Rhodobacter sphaeroides - 967 £ 53 Rod 1.3x0.9




70

As discussed previously, permittivity is not a major contributor affecting the DEP second
crossover frequency, the bounds were fixed between 6 — 15 based on previously reported values in Table
5.2 by other research reports [32]. The net conductivities were estimated using equation (3), and was
optimized by the sum of squares of residual error technique between the measured and the fitted value.
The net conductivities reported in Table 5.4 are evaluated using the mean crossover frequency for 6
technical and 3 biological replicates. Evaluation of properties for each experimental data point, resulted

in a change of £+ 0.10, hence mean crossover frequency is a better way to evaluate these properties.

Table 5.4: Net particle conductivities calculated using the DEP second crossover frequency experimental data over
6 technical and 3 biological replicates obtained for native C. necator and REE exposed bacteria (C-Eu, C-Nd, C-
Sm).

Native & REE uptake | Native C. necator | C-Eu C-Sm C-Nd
Net conductivity 16.56 16.78 16.67 16.20
(uS/cm)

5.5 Simulation study

The overall goal behind this simulation is to separate the REE exposed cells and native cells from
a heterogenous mixture of cells. While there are several microfluidic techniques available to manipulate
cells [35], DEP has been proved by several researchers to separate cells utilizing the minute differences
in their electrical properties [36, 37]. In this simulation study, the principle of separating the C. necator

REE exposed cells by DEP has been employed, utilizing the electrical properties of the membrane.

5.5.1 Design of microdevice & setup of simulation

The evaluated properties of the membrane of native C. necator and REE absorbed C. necator cells
which is currently under consideration in another journal is utilized in simulating a DEP platform for
sorting. COMSOL Multiphysics simulation package v5.5 (COMSOL, Inc., Burlington, MA, USA) that

uses finite element analysis approach was utilized to develop the microscale sorting device.

The design of the device is adapted from Piacentini et al. 2011 [38], who used this platform to
dielectrophoretically separate platelets from red blood cells (RBCs) employing electrical properties of
platelets [39] and RBCs [40]. Detailed device design with dimensions is shown in Figure 5.4.
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Figure 5.4: Design of the microdevice showing the dimensions, where voltage remains the same at every
boundary and vary in magnitude by + and — alternatively.

Simulation studies utilized creeping flow physics to model the fluid flow, and electric currents
physics under AC/DC module to study the electric field and particle tracing for fluid flow physics to
compute the trajectories of native C. necator and REE exposed C. necator to determine the sorting

voltage under the influence of dielectrophoretic and drag forces.

Simulation is modeled using two studies, where Study 1 comprised of two sub steps i.e., (1)
stationary that solves for the fluid profile and (2) frequency domain solving for the AC electric potential
(100 kHz). Study 2 is a time-dependent study that accounts for the computation of the particle

trajectories using the particle tracing for fluid flow module while accounting for the DEP force.

The boundary wall of the geometry is assumed to be insulated, with creeping flow condition at
inlet ports 1 and 2. A heterogenous mixture of C. necator in its native and REE absorbed states is
introduced into the device at 134 um/s through the inlet 1 and the suspending medium is introduced into
the device at 853 um/s through inlet 2. Particle tracing physics assumes the following conditions while
solving for the trajectories: the particles bounce (wall condition) and freeze at the outlets. Simulation
also employs using the fluid medium parameters as discussed in Table 5.5. A user controlled meshing
calibrated for fluid dynamics using the pre-defined element size parameters for coarser mesh is used.

Thickness of the device (out of plane) of 10 um is fixed in this study.
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Table 5.5: Table of parameters used in the simulation study.

Parameters Value
Fluid viscosity 0.001 Pa-s
Fluid medium conductivity 0.055 S/m
Channel depth 10 pm
Fluid density 1000 kg/m’
Dielectric permittivity of the medium 80

The dielectric constant assumed in this study i.e. 80 as mentioned in Table 5.5 was previously

reported for aqueous dextrose (5% wt) at 25° C as 77.37 [41].

Equations associated with the physics and the boundary conditions employed for the DEP sorting
of REE exposed C. necator from a heterogenous mixture of both native and REE exposed C. necator
using COMSOL are listed in Table 5.6. Zeta potential for PDMS is assumed to be -0.1 V [42]. A
frequency domain study is used to solve for the physics contributing to electric currents at 100 kHz
frequency. While the C. necator cells and the fluid medium is introduced into the sorting device (Figure
5.4) at the velocities in the creeping flow regime (i.e. Reynolds number << 1), a stationary study
followed by particle tracing are solved to obtain particle trajectories by taking into account the drag and

the dielectrophoretic forces using the boundary conditions described in Table 5.6.

Calculating the effect of DEP force requires the electrical properties of particles of interest that
are to be sorted i.e. C. necator native and REE exposed in the current study. Two important electrical
parameters that are required to calculate the DEP force are conductivity and permittivity. While the
former one signifies the ease at which electricity passes through and the later one signifies the ability to
transmit (or permit) electric field [43]. While bacterial cells possess insulating outer shell (membrane)
and conducting interior (cytoplasm), for this simulation study sorting is based on membrane properties

as summarized in Table 5.7.
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Table 5.6: List of physics involved with respect to the dependent variables and the study type. Equations
associated with each of the physics along with the boundary conditions that were incorporated into
COMSOL 5.5a for sorting study are also provided.

Physics

Dependent
variable

Study
type

Equations & conditions

Electric
currents

Frequency
Domain

V-]=0Q v
J=0E+],
E=-VV
Out of plane thickness = 10 um
Insulated wall boundaryn -/ =0

Fluid flow
(creeping)

Stationary

0=V:-[-pl +K]+F
pV-u=0
K= pu(Vu+ (Vu)?)
Reference Temp =293.15 K
Reference Pressure = 1 atm

Wall boundary — electroosmotic velocity
U = feoEy

Heoz#aEtzE_(E'n)n

where ( is the Zeta potential of the polymer PDMS.

Boundary conditions:
Normal inflow velocity (Inlet 1) — 134 um/s
Normal inflow velocity (Inlet 2) — 853 um/s
Pressure (Outlet) — 0 (relative), suppressing back flow.

Particle
Tracing for
fluid flow

q,v
q — particle
position
v — particle
velocity

Time
dependent

m — Ftd(m,,v) _

dt T—Ft

(Newtonian Formulation)
Wall condition: Bounce
v=v,—2(n-v)n
(v, is particle velocity when striking the wall)

Outlet condition: Freeze; v = v,
1 ppds
Fp = Emp(u —V); T, = 184
FDEP = 27TTP3€093€(K)V|E|2
Erp — &

&rp t+ 28
io . .
& = g, — — for time harmonic fields
wWEp

&, = &, for stationary fields
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Table 5.7: Electrical properties of the membrane for both native and REE exposed C. necator used in the
simulation study for separation.

Bacteria membrane properties Conductivity (uS/m) Permitivity

Native C. necator 0.05 12

REE exposed C. necator (Mean of

C.Eu, C.Nd, and C.Sm) 0.03 14.3

5.5.2 Voltage optimization

The device design illustrated in Figure 5.4 is used for the optimization study that has seven (7)
fixed voltage terminals. The terminals are varied in polarity between + and — alternatively while the
magnitude remains constant for all the seven (7) terminals. As known from prior knowledge, DEP force
is dependent on cell size, cell’s electrical properties, medium conductivity (fixed at 0.055 S/m), and the
non-uniform electric field gradient. While all the dependent parameters mentioned above are determined
experimentally, except the non-uniform electric field gradient which is a function of applied voltage.
Hence a parametric study is performed varying the applied voltage potential between 2 and 15 V, while
the polarity is altered between the arrangement of the electrode terminals as explained above. The
frequency is fixed at 100 kHz for the entire simulation. It is observed that a voltage range of 9 — 9.5 V
enabled separation of both the variants of C. necator (i.e., native and REE exposed) by generating the
desired electric field required to experience the DEP force. The voltage is further narrowed to obtain
optimal separation maintaining the specificity. Separation is observed at 9.5 V which is the optimal
voltage where the bacteria experiences desired DEP force to sort into different outlet ports i.e. the
observed particle trajectories are different. The observed trajectory of both native and REE exposed C.
necator remains same until the cells reach the vertex close to the division of outlet channels. This
behavior is due to the similarity of cell sizes and a narrow dielectric property differences observed for
both native and REE exposed C. necator. Electric field strength at an applied voltage potential 0f 9.5 V
is plotted using a 2D plot group across the surface as illustrated in Figure 5.5. Electric field or electric

field strength can be written as:

E=-VW (5
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Figure 5.5: Electric field strength plotted across the surface of the device at an applied voltage of 9.5 V. The
red and blue regions indicate the high and low electric field strength respectively. Electric field strength is
resolved into components for rectangular co-ordinates where A) x-component of the electric field strength -
Ex = 0V /0dx and B) y-component of the electric field strength - Ey = 9V /dy.

where V denotes the voltage potential and V is the gradient which is a collection of partial derivatives.
Electric field strength is resolved into components for rectangular co-ordinates and are individually

plotted as A & B in Figure 5.5 for better understanding.

A detailed schematic of the particle trajectories of the native and the REE exposed C. necator for
voltages at the vicinity of the optimal voltage i.e., 9.5 V is illustrated in Figure 5.6. Electric field strength,
a function of applied voltage potential whose gradient generates necessary DEP force required at the
terminals, yield the separation. Applied voltage potential is varied between 9.3 — 10 V (i.e., 9.3 V, 9.4
V, 9.5 Vand 10 V), to determine the change in the trajectories of the native and REE exposed C. necator
based on the non-uniform gradient in the electric field strength. In this study, the particle tracing physics
module for fluid flow condition has both the bacteria’s (native and REE exposed) initial position set to
be uniformly distributed and release one particle of each kind per release over a range of 0 — 3 s at a
interval step of 0.05 s. Hence, same number of the native and the REE exposed bacteria is released into
the channel through inlet 1. At a voltage potential of 9.3 V, the DEP force experienced by both the native
and REE exposed C. necator, is not sufficient to result in separation and hence follows the same
trajectory into outlet channel 1 as shown in Figure 5.6A. This motion of both the bacteria types into
outlet channel 1, is also due to the higher velocity of the medium introduced into the device through
inlet 2 (853 um/s) compared to the velocity of the bacteria release (134 um/s) through inlet 1. This
higher velocity of the medium through inlet 2 — left lower channel, tends to push all the particles to
outlet 1 (right upper channel) by virtue of the velocity profile only i.e., drag forces dominate and DEP
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force generated is low to observe any separation. This profile of particle trajectories remained the same
for voltages below 9.3 V. While in Figure 5.6B, partial sorting is observed i.e., the native C. necator
species (particles in red) enter both outlet channels 1 and 2, and the REE exposed C. necator (particles
in blue) remain in outlet 1, as in Figure 5.6A. Hence no change was noticed in the trajectory of the REE

exposed C. necator but the native C. necator enters both the outlet channels.

It is also observed from Table 5.7, that the conductivity of native C. necator is higher than the
REE exposed, while the permittivity follows a reversed pattern of REE exposed C. necator permittivity
being higher than that of the native C. necator. As permittivity signifies the ease of polarizability of the
particle to the electric field and conductivity signifies ease of penetration of the electric field i.e. particles
of higher conductivity are sensitive to lower strength and vice versa, these electrical properties play an
important role in deciding the particle trajectories for the bacteria on separation (whether native/ REE
exposed should enter outlet 1/outlet 2 is based on their electrical properties). Figure 5.6C, demonstrates
the case of perfect separation at 9.5 V (based on the electrical properties of the particles). Separation is
also observed to occur at voltage 0of 9.6 V and 9.7 V, but since optimum voltage (lower value) is better
towards making it portable, the lower value of 9.5 V is being reported as optimal voltage yielding
separation. At all the higher voltages i.c., >9.9 V, both the C. necator forms changes the trajectory to
outlet 2 yielding no separation.
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Figure 5.6: The red particles are native C. necator and the blue are the REE exposed. The frequency is maintained
at 100 kHz for all cases. A) Computed particle trajectories at 9.3 V where both the forms of C. necator move to
outlet 1; B) computed particle trajectories of the particles at 9.4 V, where the native C. necator enters outlet 1 and
the REE exposed enters both outlet 1 and outlet 2, indicating partial separation; C) computed particle trajectories
of the particles at 9.5 V, where complete separation occurs; D) computed particle trajectories of the particles at 10
V, where the trajectory changes to outlet 2 contrary to A for both the C. necator forms.
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The study is optimized to obtain the lowest AC potential for separation, i.e., 9.5 V and 100 kHz
in this case, which can be further expanded to future work by experimentally validating the simulation

study.

5.6 Conclusions

This study characterizes the Cupriavidus necator bacteria for changes in the properties induced
by bioaccumulation of rare earth elements using dielectrophoresis. Measuring the second crossover
frequency for REE exposed and the native species is a novel approach since DEP, by virtue, is known
to detect subtle changes within the cell or any changes in the membrane. In the present research, based
on the obtained conductivities of the C. necator, there are minute changes in the net conductivity of both
the native and the REE exposed species that suggests that there is potential to quantify the REE
bioaccumulated and the volume of the PHA’s present. The significant low conductivity of the cytoplasm
obtained might be due to the PHA’s that are typically insulators adding to the decrease in the net
conductivity of REE absorbed C. necator species. Further, a possible device design is proposed by
utilizing COMSOL Multiphysics v5.5 and electrokinetics based on the estimated properties of the
membrane. The device is about 1-mm long and 0.5 mm wide containing rectangular obstacles ~5
rectangular obstacles of 40 um wide. The distance between the obstacles in also maintained at 40 um.
Low frequency AC field is utilized to manipulate the articles with frequency being fixed at 100 kHz.
The optimized AC voltage of separation was found to be 9.5 V that yielded different particle trajectories
of native C. necator and REE absorbed species. Overall, this device could be applicable to different
biosorbent species and other rare earth elements to maximize biosorption efficiency. This promising
new application in dielectrophoresis can be utilized in treating wastewater streams from nuclear reactors
and also to obtain knowledge about the geothermal water streams that occur naturally throughout the

world.
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Chapter 6: Challenges, Conclusions, and Future Scope

In this thesis, a comprehensive work on characterization of mesenchymal stem cells (MSCs) and
their differentiated progeny towards tenocytes has been discussed and accomplished via
dielectrophoresis. DEP as a technique that has become popular due to its growing potential to open up
an era of economical, rapid, and efficient medical lab-on-a-chip platforms revolutionizing the field of
medicine. Soon, stem cell-based therapies which are still at a nascent stage due to their limitations
associated with heterogeneity can be addressed and be made into a reality. Ultra-high frequency
characterization of cell’s cytoplasm remains relatively an unexplored area, as most characterization
research studies via DEP are based on the lower or first crossover frequency which signifies the
biophysics of the membrane. Advancing to ultra-high frequency (UHF) characterization is a significant
step towards understanding the biophysical changes associated with cytoplasm once these MSCs
undergo differentiation. To this date, based on a thorough literature search via google scholar and web
of science resulted in no research study characterizing the MSCs cytoplasm or the interior of the cell.

Hence this is the first work being reported to our best knowledge.

While experimenting with MSCs, several unavoidable challenges occurred that had to be
addressed in order to successfully narrow down the DEP crossover frequency range maintaining
repeatability and reproducibility of the experiments while being statistically significant. Challenges
pertaining to the DEP characterization experiments of MSCs and their differentiating tenocyte

progenitors focusing on the effects of morphology is discussed below.

6.1 Challenges

6.1.1 Cell Adherence

The adherent nature of MSCs to plastic aids tendon healing [1] is a primary and major concern in
DEP characterization experiments utilizing polymeric microfluidic platforms. In order to avoid this
adherence, experiments are rapidly performed within 1-2 min and the device is flushed with 70 %
ethanol and with the DEP suspending medium twice before adding fresh cell suspension to flush the
cells adhered to the bottom of the micro well. To better avoid this, addition of Bovine serum albumin or
Tween 20 can be helpful, though they could affect the cells’ outer structure which should be accounted
while calculating the electrical properties. Hence, this study preferred having no additional agents to the
buffer and advanced the protocol of flushing the microwell multiple times with DEP suspending

medium, Care should be taken to avoid adding cell suspension to the microwell, with flushing after 70



82

% ethanol alone which will result in death of cells. At least two flushes with DEP suspending medium

post 70% ethanol flush is preferred to flush out all the alcohol before adding cells to the microwell.

6.1.2 Effect of trypsinization

Cultured cells from flasks are dissociated by trypsinization ,which digests protein and
mechanically disrupts cells from their natural culturing habitat [2]. It is noticed that longer treatment
with trypsin affected the values of the first crossover frequency during experiments, while shorter times
made cells adhere in the microwell. In order to better address this problem, trypsin treatment time
periods should be kept constant, so as to not affect DEP frequency values drastically since trypsin is

known to affect the cell membrane that is detectable using the DEP first crossover frequency.

6.1.3 Heterogeneity of MSC samples

This thesis studies MSCs, which are known to vary widely in their size representing a
heterogenous population. As it is known that DEP first crossover frequency is affected by the size and
shape of these cells and passive electrical nature of the membrane as discussed in Chapter 3(Section
3.4), including the number of cells in the microwell. Density of cell suspension and volume being added
to micro-well is kept constant throughout the study. Studying at a single cell level, helps is understanding
the cell better but does not aid in clinical setting since it is typically impossible to study one cell at
instance for transplantation scale. Hence DEP, based characterization based on average cell population
might aid in characterization, using which sorting regions can be better understood. As the shape
remained spherical until day 3 time point, only size-based variance is accounted here to estimate the

dielectric properties.

6.1.4 Differentiation time period

At the day 7 period, MSCs undergoing tenogenesis appeared to be elongated, which requires
complex modeling of the shape in order to determine the electrical properties though experiments are
performed on this time point using single shell model[3]. Statistical analysis on the dielectric properties
obtained by curve fitting at the day 7 time point via students’ t-test for the three groups of cells i.e.,
baseline and day 7 treatment and no treatment groups failed with no significance. This is partly due to
the lack of homogenous shaped cells (as discussed in sec 6.1.3) and varying sizes from 15 - 30 um in
diameter. It is also noticed that the day 7 stem cell suspension after treatment with trypsin appeared
cloudier and were present in the form of clusters once they are suspended in the DEP medium. To break
those clusters and overcome issues of clogging the channels in the microdevice, cells should be well-

dispersed using a cell vortexer at low speed for 2-3 seconds prior to DEP experiments. Centrifuging
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time and force to settle the cells before removing trypsin and addition of DEP suspending medium
should be kept minimal at 300 RCF or less as mammalian cells are sensitive to centrifugal forces to
avoid lysis, death of cells. In addition, day 1 into treatment with growth factor, the cells are spherical in
shape with no noticeable changes in their size. They also had similar dielectric properties as the no
treatment undifferentiated cells. statistical tests on the day 1 time period also reported no significant
differences between the undifferentiated no treatment MSCs and day 1 into treatment with TGFp2.
Hence, we can conclude that day 3 time period provided the best results to further this research towards

developing a DEP sorting platform.

6.1.5 DEP suspending medium

Maintaining the standards of DEP suspending medium is essential to accurately determine the
crossover frequency and to test the repeatability. Change of standards, affect the first crossover
frequency values. While it is a preferred way, to linearly change the conductivity of suspending medium
to and determine the first crossover frequency at respective medium conductivities, to estimate the
membrane properties more accurately, care should be taken to maintain the conductivity standard of
medium constant for every experiment trial, when experiment is being repeated at a certain conductivity.
pH of the buffer should be kept close to neutrality as to the cell culture media, to avoid unwanted stress
induced to wide changes in pH. Iso-tonicity of the suspending medium is necessary to maintain cells’
viability and membrane’s integrity throughout the experiments to avoid cell shrinkage, breakage of outer

membrane etc.

6.2 Simulation study

The simulation demonstrated in Chapter 5, is a separation study based on the dielectric properties of the
cell’s outer membrane of the bacteria Cupriavidus necator, a gram-negative bacteria strain which is rod
shaped with dimensions ranging 0.7 — 0.9 um by 0.9 —1.3 pm. These bacteria’s shape and dimensions
are very different from the mesenchymal stem cells. Simulation study also employs device design that
has been adapted from a different study and has been optimized with parametric studies to achieve
optimum separation of the native and REE exposed bacteria groups. This simulation is only included in
this thesis, to be seen as an example of designing and optimizing a sorting device suitable to separate
undifferentiated and tenogenically differentiating MSCs. However, with changing dimensions and shape
the physics employed such as stokes drag force for submicron particles for bacteria dimensions <10 um
will no longer be valid for stem cells and should be accounted and re-modeled completely to develop a

stem cell sorter.
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6.3 Conclusions and Future work

In this study, both low (first) and high (second) DEP crossover frequency technique is used to
quantify the electrical properties of MSCs and their differentiating progenitors (tenocytes) at several
time points viz. Day 1, Day 3, and Day 7. Results suggest that, Day 1 (p> 0.05), Day 3 (p< 0.05) and
Day 7 (p< 0.05) during the course of differentiation, cells express distinct passive electrical properties,
using which the differentiated and undifferentiated cells can be sorted for their application in
regenerative medicine. Day 1 and Day 7 as indicated above are not statistically significant, while it is
expected that Day 1 should be resembling Day 0 cells in electrical behavior and hence not significant.
Day 7 timepoint being not significant from Day 0 needs further modeling as a ellipsoid owing to their
clongated shape. Since first crossover frequency correlates size, shape and electrical properties of
membrane, accurate modeling of shape and size will help in estimating the electrical properties for this
time point, which will be distinct. In order to better understand cytoplasmic changes within the cell
from the development of an MSC to tenocyte, which usually takes 21 days [4], further ultra-high
frequency characterization can be performed, though experiments may not be required until 21 day time
point to sort the cells. With the results reported in this these, we are able to cut down the time taken to
detect these differentiation changes to as early as 3 days. However, with more rigorous testing, we will
be able to completely support our hypothesis of measuring early differentiation changes without the
need of extensive labeling and expensive instrumentation. This research will advance both the fields of
electrokinetic cell manipulation and regenerative therapies. In order to study, physiological functions at
cellular level, single cell characterization techniques such as electrorotation have been emerging even
though the single cell analyses is sophisticated with analysis rate of one cell at any instance. DEP is now
being exploited at single cell level [5, 6], and is proven to be successful than other complex single cell
techniques like electrorotation, impedance flow cytometry though the application of DEP is largely

towards developing lab-on-a-chip platforms for cell manipulation and separation.

In order to understand the design of a sorting platform, a scenario is presented in Chapter 5
included in this thesis where in sorting of cells based on the electrical properties evaluated using DEP
crossover technique platform (point and planar microwell platform) developed in MESA Lab at
University of Idaho. The simulation study is developed using COMSOL Multiphysics software where
in different physical mechanisms like creeping flow, frequency dependent electric field and particle
tracing for fluid flow are applied to study the cell trajectory under non-uniform electric fields. Further

extension of this characterization study to simulating a microfluidic stem cell sorter employing DEP and
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experimental validation of the simulation study is seen in future, along with detailed modeling of the

MSCs cytoplasm to study relative cell to nucleus volume changes during differentiation.
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