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ABSTRACT 

Human mesenchymal stem cells (hMSCs) have gained popularity in 

clinical trials due to their multipotent differentiation characteristics, ability to 

secrete bioactive molecules, migrate into diseased or damaged tissues, and their 

immunosuppressive properties. HMSC cultures are heterogeneous, containing 

stem cells, partially differentiated progenitor cells, and fully differentiated cells. 

One of the major challenges with hMSCs therapeutic potential is the inability to 

select specific cell subpopulations due to an insufficient number of biomarkers. 

Often the biomarkers used, like those for fluorescence-activated cell sorting, are 

not sufficient to define hMSCs because they overlap with other cell types. 

Consequently, there is a need to develop alternative biomarkers and sorting 

technology to reduce hMSCs heterogeneity through cell identification and 

selection. Recently, electrophysiological properties such as membrane 

capacitance and cytoplasm conductivity have emerged as biomarkers to identify 

subsets of stem cells using dielectrophoresis (DEP), a label-free cell analysis 

technique. DEP uses electric fields to align ions around the surface of cells and 

induces cell movement. One key feature of the cell surface is the glycocalyx, a 

biointerface composed of glycolipids and glycoproteins surrounding the 

membrane of cells. This work focuses on modifying the cell-specific glycosylation 

patterns that make up the glycocalyx using treatments of either Kifunensine or N-

Acetylglucosamine to further develop membrane capacitance and cytoplasm 

conductivity as contenders for label-free biomarkers. Measurements collected by 
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modifications made to the glycocalyx using DEP to investigate the contributions 

of the glycocalyx to membrane capacitance and cytoplasm conductivity. Adipose 

tissue, (AT) was assessed throughout this experiment to determine if the 

changes undergone by treatment and differentiation can be accessed. Transient 

slope, a new parameter from DEP measurements, is evaluated as a third 

potential label-free biomarker. Modified and unmodified hMSCs will be 

differentiated into adipocytes and osteocytes, and RT-qPCR analysis of 

differentiation-related genes was performed to determine if the glycocalyx 

impacts cell fate. The results demonstrate that DEP can be used as a good 

engineering tool that provides label-free biomarkers, membrane capacitance, 

cytoplasm conductivity, and transient slope, as identifiers of hMSCs 

subpopulations. 
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CHAPTER ONE: 

INTRODUCTION 

Human mesenchymal stem cells (hMSCs) are important cells to study 

because of their multipotent differentiation characteristics (see Figure 1 below), 

ability to secrete bioactive molecules, migrate into diseased or damaged tissues, 

and their immunosuppressive properties. HMSC cultures are considered 

heterogeneous, containing stem cells, partially differentiated progenitor cells, and 

fully differentiated cells [1]. One of the major challenges with using hMSCs' 

therapeutic potential is the inability to select specific subpopulations due to an 

insufficient number of biomarkers [2]. Often the biomarkers used, like those for 

fluorescence-activated cell sorting, overlap with other cell-type phenotypes. 

Consequently, there is a need to develop alternative biomarkers and sorting 

technology to reduce hMSCs heterogeneity through cell identification and 

selection for potential therapeutic purposes [3].   
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Figure 1. Schematic of MSCs And Their Ability to Self-Renew, Repair, and 
Differentiate Into Different Cell Types. MSCs are considered novel therapeutic 
agents and are studied for their repair and high-healing capability, and to better 
understand their ability to differentiate into a variety of cell types. Images created 
by BioRender, 2023. 

 

Several engineering tools, such as dielectrophoresis coupled with 

microfluidic platforms, can be used for biomarker development in cell 

identification and characterization. Dielectrophoresis (DEP) is a novel cell 

analysis tool used to examine and manipulate biological cells. For instance, DEP 

can discern ABO blood groups [4] for rapid blood typing, discriminate between 

healthy and cancerous cells [5] for cancer detection, and purify subtypes of stem 

cells [6] to support stem cell therapies. 

Additionally, DEP allows for label-free measurement of cells’ 

electrophysical properties (membrane capacitance and cytoplasm conductivity) 

which may serve as numerical indicators of cell health and stem cell fate [6].  

Motivation for Work  

Many advances have been made in DEP; however, little is known about 

the role cell surface features play in DEP’s governing principle, cell polarization. 

More specifically, the field of DEP defines the electrophysical properties as the 

cell’s ability to store charge (membrane capacitance) and conduct an electrical 

current (cytoplasm conductivity) without making connections to the cell's 

biological function. This proposal's objective is to address this knowledge gap to 
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enable a deeper understanding of cell polarization and broaden the definitions of 

membrane capacitance and cytoplasm conductivity. 

  This work focuses on modifying the cell-specific glycosylation patterns 

that make up the glycocalyx using treatments of either Kifunensine (Kifu) or N-

Acetylglucosamine (GlcNAc) to further develop membrane capacitance and 

cytoplasm conductivity as contenders for label-free biomarkers and determine 

the role of the glycocalyx on the polarization. We measured modifications made 

to the glycocalyx using DEP to investigate the contributions of the glycocalyx to 

membrane capacitance and cytoplasm conductivity in adipose tissue (AT) 

derived MSCs as a base model for comparison. A new parameter from DEP 

measurements, transient slope, was assessed as a third potential label-free 

biomarker. Modified and unmodified hMSCs were differentiated into adipocytes 

and osteocytes and verified through gene expression using qPCR analysis to see 

how glycocalyx modifications impact cell fate [6]–[8]. 

Specific Aims 

Aim 1: Modify the Glycocalyx Using N-Acetylglucosamine (Glcnac) and Quantify 

the DEP Response, Membrane Capacitance, Cytoplasm Conductivity, and 

Biological Function. 

Aim 1 investigates the effect of modifying cell-specific glycosylation 

patterns that make up the glycocalyx using a 5-day treatment of GlcNAc. HMSCs 

treated with GlcNAc are expected to have an increase in multiple 

monosaccharide glucose to any exposed nitrogen-linked amines on the 
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glycocalyx, which increases a cell's overall area. The DEP response, membrane 

capacitance, cytoplasm conductivity, and biological function of hMSCs were 

measured. 

Aim 2: Modify the Glycocalyx Using Kifunensine (Kifu) and Quantify the DEP 

Response, Membrane Capacitance, Cytoplasm Conductivity, and Biological 

Functions. 

Aim 2 investigated the effect of inhibiting the glycosylation patterns that 

make up the glycocalyx using a 5-day treatment of Kifu. HMSCs treated with Kifu 

are expected to prevent the attachment of multiple monosaccharide glucose to 

the nitrogen-linked amino acid, which decreases the overall cell area. The DEP 

response, membrane capacitance, cytoplasm conductivity, and biological 

function were measured. 

 The studies completed in Aims 1 and 2 provide an understanding of the 

biological meaning of hMSCs' electrophysical properties. First hMSCs from 

adipose and osteocyte-derived stem cells were given a series of treatments to 

modify the glycocalyx to compare them to untreated cells in vitro. Then, baseline 

measurements of the electrical properties of untreated hMSCs were compared to 

the measured electrical signatures of treatment-modified cell populations. 

Additional experiments were conducted to determine how the electrical 

properties changed as hMSCs were treated, modified, and expanded in vitro. 

The electrical parameters of differentiating and non-differentiating treated and 

untreated hMSCs were collected to construct a correlation between the DEP 
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spectra and cell size and polarizability. Finally, the capability to sort hMSCs into 

their subpopulation based on their electrophysical properties (membrane 

capacitance and cytoplasm conductivity) was recorded. Those changes were 

then further verified using known gene markers to demonstrate that cells not only 

underwent differentiation but also the treatment and can be distinguished from 

one another. The changes observed were compared to their corresponding 

treatment and differentiation control as well as a double negative control (no 

treatment no differentiation). 

The studies that were undergone during the experimental process only 

further help better understand how the biological function of stem cells can be 

further understood using DEP methods for distinguishing between 

heterogeneous subpopulations of stem cells. HMSCs have great therapeutic 

promise and the development of membrane capacitance and cytoplasm 

conductivity as label-free biomarkers positions DEP as supportive technology. 
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CHAPTER TWO: 

BACKGROUND 

Heterogeneity of hMSCs 

Heterogeneity in human mesenchymal stem cells (hMSCs) refers to the 

presence of diverse subpopulations within the cell population. In the paper from 

Elahi, KC, et. al (2016) noted that subpopulations exhibit variations in their 

characteristics, properties, and functionalities, due to factors like cell source, 

donor-specific differences [9], culture conditions, and passage number. Elahi, 

KC, et. al. (2016) and Costa, Luis, et. al. (2021) [9], [10] also explained hMSCs’ 

heterogeneity is important for several reasons since different subpopulations 

possess distinct functional properties, affecting their ability to differentiate into 

specific cell types and secrete growth factors and cytokines [9], [10] necessary 

for their location. 

Additionally, the therapeutic efficacy of hMSCs can be influenced by the 

presence of diverse subpopulations because certain subpopulations can display 

a high regenerative potential and immune-modulating properties. Another factor 

may be due to donor-specific heterogeneity in hMSCs, which impacts their 

quality, potency, and responsiveness in therapeutic applications [10]. 

 



7 

 

 

Figure 2. The Heterogeneity of MSCs  (Adapted from Zha, K et. al., 2021) [11]. 
The image provides a representation of how MSCs can demonstrate implicit 
heterogeneity across a range of factors, including donors, tissues, and cell 
populations. 

 

The function of MSCs can vary among different donors, as well as 

different derived tissue sourced. These variations manifest in differences in 

cellular properties displayed like cell proliferation, differentiation potential, and 

immunoregulatory abilities. Where even within the same tissue, MSCs are 

heterogeneous, with not all cells displaying identical cellular functions as 

described in Zha, K et. al. (2021) [11]. Specifically, hMSCs that are derived from 

diverse sources are not uniform and cannot be categorized by the expected 

tissue differentiation as previously explored by Sacchetti, et al.’s (2016) paper. 

Sacchetti’s analysis concluded that cells are dependent on their origin and their 

“tissue-specific committed progenitors” determine how hMSCs respond to their 

new environment regardless of the differentiation they underwent [1] (Figure 3 

below). 
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Figure 3. “Cell Surface and Transcriptomic Comparison of MSCs” from Different 
Tissues Types(Adapted from Sacchetti, B et. al.’s 2016 paper) [1]. Gene-
expression profiling data of CD146+ cells from bone marrow (BM), cord blood 
(CB), muscle (MU), and placenta (PE) were subjected to unsupervised clustering 
analysis. The purpose was to explore if there were inherent groupings among 
samples based on correlations of gene-expression profiles. The results show 
how gene expression profiles and hierarchical clusters can produce distinct 
separations based on cell origin. 

 

Understanding this heterogeneity is crucial for personalized medicine 

approaches. By recognizing and monitoring heterogeneity during in vitro 

expansion of hMSCs only those desired properties are maintained, and the loss 

of therapeutic potential is lessened. Heterogeneity investigation also aids in the 

discovery of biomarkers associated with desirable/unique properties or functional 

subpopulations, which can help equality control and enhancement [1], [10], [12]. 

Overall, comprehending, and characterizing heterogeneity in hMSCs is vital for 

selecting suitable subpopulations, optimizing culture conditions, and advancing 

regenerative medicine strategies. 
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What is Dielectrophoresis (DEP)? 

DEP is a characterization technique that provides label-free 

electrophysical markers for cells [2], [5], [6], [13]. DEP employs a nonuniform 

electric field, created with electrodes, to induce cell movement based on the 

polarizability and inherent electrophysical properties (membrane capacitance and 

cytoplasm conductivity) of cells [14]. When the electric field is applied the field 

interacts with the ions available in the medium causing them to move and align 

around the cell (i.e., polarization) [13], which is directly impacted by the cell’s 

biophysical properties.  

The Clausius-Mossotti factor, also known as the Clausius-Mossotti 

equation or the Lorentz-Lorenz equation, is a parameter used to describe the 

polarizability of particles or molecules, including cells [4]. However, it should be 

noted that the Clausius-Mossotti factor is typically applied to describe the 

polarizability of homogeneous spherical particles rather than individual cells, 

which are more complex structures. 

The Clausius-Mossotti factor (CMF) is given by the equation: 

CMF = (ε - ε₀) / (ε + 2ε₀)      (1) 

Where ε represents the complex relative permittivity (dielectric constant) of the 

material or medium surrounding the particles, and ε₀ is the permittivity of free 

space. The CMF correlates the polarizability of a particle to its dielectric 

properties and the dielectric properties of the surrounding medium. It also 

describes how the electric field interacts with the particle and induces a dipole 
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moment or polarization within the particle [4]. When observing cells, they are 

considered heterogeneous structures with complex shapes and compositions 

[10]. Their polarizability depends on a range of factors, like the distribution of 

intracellular and extracellular ions, membrane properties, cytoplasmic 

components, and cell overall cell area. These factors contribute to the overall 

dielectric properties and polarizability of the cell which are referred to in this 

paper as the electrophysical properties that make up the cell. 

Although the CMF is not used to describe the polarizability of individual 

cells, it can be used as a theoretical framework for understanding the behavior of 

polarizable particles in cell suspensions or systems containing multiple particles. 

The CMF can help in describing the effective polarizability of cells or the 

response of the cell population to an external electric field. 

Cells have distinct frequency-dependent polarizability that can be used for 

identification with DEP. Polarized cells will show either a positive DEP response 

(pDEP), wherein cells move to areas of high electric field strength, or a negative 

DEP response(nDEP), wherein cells move to areas of low electric field strength 

[6] (Figure 4). Thus, low, and high-frequency DEP measurements provide 

information about the cell membrane and cytoplasm, respectively. 

 



11 

 

 

Figure 4. Schematic of How Cell Polarization and DEP Response Function in 
Cells  (adapted from Adams, T.N.G., et al., 2018 [15]).The light green circle 
represents a cell, and the dark green circle represents the nucleus of a cell. 3A 
the electrical field is off, ions randomly orient through the cell, with no 
polarization. 3B) When the electrical field is on, ions orient redistribute, and align 
around the cell, polarization. 3C Cell movement is toward a low electrical field 
(dotted line), away from the electrode, negative DEP. 3D Cell movement is 
towards a high electrical field (dotted line) towards the electrodes, positive DEP. 
The difference between positive and negative DEP responses depends on their 
movement [15]. 

 

Figure 5 is a visual representation of how pDEP and nDEP change 

according to the applied frequency. The electrophysical properties can be 

determined by using the DEP spectra to map the changes in polarity in cells. The 

cells' membrane conductance (yellow region), crossover frequency (zero-

intercept), membrane capacitance (blue region), and cytoplasm conductivity 

(green region) occur over a region of zero to twenty Hz with the corresponding 

average DEP increasing logarithmic scale where DEP decreases as the 

frequency increases [4], [5], [7], [13], [16].   
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Figure 5. Visual Representation of The Positive and Negative DEP Responses 
Based On Changes In Frequency (adapted from Tunglin, Tsai, et al, 2021 [4]). 
The parts of the DEP spectra infer the cells' membrane conductance (yellow 
region), crossover frequency (zero-intercept), membrane conductance (blue 
region), and cytoplasm conductivity (green region) [4]. 

 

Cell Polarization and DEP Spectra 

Cell DEP polarization is characterized experimentally by measuring the 

pDEP and nDEP responses at specific frequencies. Visually, this means that at 

specific frequencies cells will appear along electrode edges for pDEP and not 

along electrode edges for nDEP, which is used to build a DEP response 

spectrum for each cell type (Figure 6). With heterogeneous populations of cells, 

both nDEP and pDEP cell behaviors are visualized at a single frequency. Using 

data points from the DEP response spectra the electrical properties of the cell 

membrane capacitance and cytoplasm conductivity are estimated. 
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Figure 6. DEP Response Based on Frequency Changes (adapted from Tunglin, 
Tsai, 2022) [17]. The diagram is a visual representation of how DEP 
measurements where A, B, C are different frequencies. (A) represents a positive 
DEP, (B) a negative DEP response, and (C) a hypothetical DEP response for a 
heterogeneous cell population. The different frequencies demonstrated can help 
build DEP spectra for each cell type. 

 

The membrane capacitance represents the ability of the cell membrane to 

store electrical charge. It can be estimated using the following equation: 

Cmem = εmem * Amem / dmem      (2) 

where Cmem is the membrane capacitance, εmem is the relative permittivity of the 

membrane, Amem is the surface area of the cell membrane, and dm is the thickness 

of the cell membrane. Cytoplasmic conductivity represents the ability of the cell 

cytoplasm to conduct electrical current. It can be estimated using the following 

equation: 

σcyto = (Gmem * Cmem) / (Gmem + Gcyto)    (3) 

where σcyto is the cytoplasmic conductivity, Gmem is the membrane conductance, Cmem 

is the membrane capacitance, and Gcyto is the cytoplasmic conductance. 

The membrane conductance (Gmem) and cytoplasmic conductance (Gcyto) can 

be determined experimentally or estimated using appropriate models considering 
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the geometry and electrical properties of the cell [4]. It is also important to note 

that equations of membrane capacitance and cytoplasmic conductivity only 

provide an estimate. Both equations depend on the varying factors of each cell 

like cell type, experimental conditions, and cell state, and therefore used as a tool 

for quantifying parameters associated with DEP [4], [5], [10], [14]. 

Though membrane capacitance has been studied for hMSCs and other 

cell systems, specific molecular contributions to capacitance are unknown in the 

DEP field. Additionally, links between label-free measurements of membrane 

capacitance and hMSC function need exploration to provide insight for 

therapeutic purposes. Cells processed for DEP measurements experience a 

change in morphology. The more complex the cell surface the higher the 

membrane capacitance. Less complex surfaces or smooth cell membranes have 

an estimated capacitance of 9 mF/m2 [14], [15]. One notable feature of the cell 

surface is the glycocalyx, a biointerface composed of glycolipids and 

glycoproteins that span across the cell membrane [4]. The glycocalyx contributes 

to the cell area, varying from 60 to 500 nm [4], [18], [19] in size. The size, 

molecular pattern (glycosylation), and content of the glycocalyx impact cell 

polarization and are detectable using DEP. In both neural stem and progenitor 

cells, glycosylation contributes to membrane capacitance, which is linked to the 

complexity of the cell surface which impacts the fate of neural stem and 

progenitor cells [20], [21].  
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Membrane capacitance has been illustrated as a feasible biomarker [5], 

[7], [22] and DEP as a potential sorting technology to reduce cell heterogeneity, 

however, it is not widely used for cell identification and selection. Gold standards 

include fluorescence- and magnetic-activated cell sorting (FACS and MACS), but 

both have biomarker limitations. Often the biomarkers used for FACS and MACS 

overlap between multiple cell types, making phenotypic analysis using surface 

biomarkers inadequate to define hMSCs. Consequently, there is a fundamental 

need to develop alternative biomarkers and sorting technology to reduce hMSCs 

heterogeneity via cell identification and selection. In the absence of such 

knowledge, realizing the full therapeutic potential of hMSCs for stem cell 

therapies will continue to be difficult [10]. 

 The process of cell polarization involves the alignment of ions around the 

cell’s surface. All cells have a glycocalyx, a biointerface composed of glycolipids 

and glycoproteins, as part of their cell surface [23]–[25]. This means when DEP 

cell polarization occurs ions are interacting with the glycocalyx and the contents 

of the glycocalyx may contribute to membrane capacitance and cytoplasm 

conductivity measurements. The primary focus will be on altering the glycocalyx 

of cells utilizing N-acetylglucosamine (GlcNAc) and Kifunensine (Kifu) to observe 

variations in DEP polarization and the electrophysical properties of hMSCs. 

Glycocalyx of the Cell 

The glycocalyx contributes to the complexity of the cell surface, impacts 

membrane capacitance, and potentially cell fate. The glycocalyx has cell-
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adhesion molecules that enable cells to attach and guide the movement of cells. 

The cell’s capacitor is made up of two conducting materials separated by an 

insulator, in cells, the extracellular and intracellular fluids are the conductors, and 

the lipid membrane is the insulator [21]. Since DEP involves cell polarization and 

the alignment of ions around the glycocalyx the cell's structural features as well 

as the size play a key role in changes that can be observed in the cell’s 

electrophysical properties [2], [5], [16], [21], [22], [24], [26], [27]. 

Studies including DEP have proven that plasma membrane glycosylation 

affects membrane structure and surface area of a cell, which could affect whole 

cell membrane capacitance and behavior in DEP [3]. The glycosylation patterns 

change membrane microdomains associated with membrane infoldings, which 

lead to modifications in membrane surface area not detectable by phase contrast 

microscopy [5]. The cell surface glycocalyx depending on the function of the cell 

can have thickened membrane regions by increased structural attachments 

which can then affect capacitance, DEP responses, and cell area. The opposite 

is true for cells that have glycocalyx with fewer structural attachments [2], [14], 

[23], [24], [26], [28]. 

Figure 7 below is a depiction of glycocalyx complexity in a cell. The 

structure of the glycocalyx is entirely dependent on the type of cell, location, and 

function [2], [21], [24], [28], [29]. Each type of glycocalyx structure attached can 

be used for protection against something more complex like communication 

between cells and self-recognition [15], [21], [22], [24]. The overall complexity of 
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the glycocalyx is what can potentially give a better insight into how the cell area 

and DEP response can lead us to a better understanding of the biological 

function of a cell and potentially cell fate. 

 

 

Figure 7. Representation of the Glycocalyx Complexity  from (Purcell, S, et. 
al.,2019 [24]). The glycocalyx is depicted as the cell’s biological interface 
facilitating the exchange of information between cells and their surroundings. The 
glycocalyx itself can vary in structure depending on what is attached, aiding in 
the diversity where structures attached allow the location-specific cells to 
function. 
.   
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CHAPTER THREE: 

MODIFYING THE GLYCOCALYX OF HUMAN MESENCHYMAL STEM CELLS 

 

With the interest in characterizing and comprehending the heterogeneity 

of human mesenchymal stem cells (hMSCs) in the field of dielectrophoresis 

(DEP), this study focuses on investigating the DEP response and electrophysical 

properties of adipose tissue (AT) derived hMSCs through modification of the 

cell’s glycocalyx. Human mesenchymal stem cells (hMSCs) are the model cell 

system explored because of pluripotent capabilities and heterogeneous 

populations in the interest of therapeutic medicines. AThMSCs were used 

throughout the experimental trial as a basis for understanding DEP response in 

relation to the cells' electrophysical properties and how it affect the biological 

function of the cells. Figure 8 represents the experimental workflow for the trials 

conducted. 
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Figure 8. Experimental Workflow For (A) AT-hMSCs Glycocalyx Modification 
Using Treatment of Either GlcNAc or Kifu (B) with 24-Hour Media Replacement.  
All glycocalyx modification was monitored in vitro. Post-treatment cells continued 
to differentiate into either adipogenic (AD) or osteogenic (OS) for either 8 or 21 
days. (D) Those differentiated cells were then analyzed under three methods. 
The cell’s electrophysical properties were quantified first using the DEP 
response. The cell's biological function of cell fate was quantified using cell 
imaging for cell visualization during treatment and differentiation was coupled 
with qPCR. Control cells did not receive any treatment or were not differentiated 
but were treated in the same fashion as those undergoing treatment and 
differentiation. Image created by BioRender, 2023. 

 

Since the membrane capacitance of a cell is proportional to the cell 

surface area, changes made in the glycocalyx can be detected using Kifunensine 

(Kifu) and N-acetylglucosamine (N-GlcNAc) [6], [15], [21], [29]. N-GlcNAc (shown 

in Figure 9) is an amine-derived monosaccharide glucose that adheres it through 

glycosylation to exposed nitrogen-linked amines [16], [18], [24], [26]. By using N-

GlcNAc, more monosaccharide glucose is exposed to nitrogen-linked amines, 

which can increase the cell area (specifically the glycocalyx) therefore increasing 

the thickness. 
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Figure 9. Molecular Structure of N-GlcNAc. 
 

To decrease the glycocalyx thickness the cell surface will be modified 

using Kifunensine (Kifu). Kifu (shown in Figure 10) is an inhibitor for the 

mannosidase I enzyme that prevents glycosylation on the nitrogen-linked amino 

acid creating hybrid nitrogen glycans. These hybrid nitrogen glycans are linked to 

the amino acids that are stable in configuration inhibiting further the attachment 

of multiple monosaccharide glucose to the glycocalyx, therefore decreasing the 

overall cell area [30].  This modification can be measured using DEP by 

comparing modified hMSCs to unmodified hMSCs [4], [12], [22], [31]. 

 

  

Figure 10. Molecular Structure of Kifu. 
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Materials and Methods 

Cell Culture  

AT-hMSC (ATCC, Manassas, VA) were cultured in MSC basal media 

supplemented with 2% FBS, 5 ng/mL FGF-1 (ATCC, Manassas, VA), 5 ng/mL 

FGF-2, 5 ng/mL EGF (ATCC, Manassas, VA), and 0.1X antibiotic-antimycotic. 

AT-hMSCs were grown in tissue culture-treated T-75 flasks coated with gelatin 

by seeding 5,000 cells/cm2 and passaged at approximately 80% confluence. 

Tissue culture-treated 6-well plates were coated with 0.2% gelatin in 

preparation for hMSC differentiation. For coating, lyophilized porcine skin gelatin 

(Sigma Aldrich, St. Louis, MO) was dissolved in Milli-Q water (MQ H2O) and 

sterilized by autoclaving. 900 μL of the gelatin solution was added to each well in 

a 6-well plate and allowed to coat at room temperature for an hour using a lab 

bench rocker. The excess gelatin solution was aspirated, and the plates were 

placed in the biosafety cabinet to dry for at least 2 hours before plating. All AT-

hMSCs regardless of the differentiation were imaged using an EVOS XL (Thermo 

Fisher Scientific, Frederick, MD) microscope at 4X to 40X objectives. 

During cell passaging, the growth medium was aspirated, and the 

monolayer was rinsed once using 1X DPBS (Life Technologies, Carlsbad, CA). 

The cells were dissociated using 0.05% Trypsin-EDTA (ATCC, Manassas, VA) 

for 4 min at 37°C. When the majority of the cells were dissociated from the 

growth surface, residual trypsin activity was neutralized with an equal volume of 

trypsin neutralizer (ATCC, Manassas, VA). The removed cells were centrifuged 
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at 275 x g resuspended in the new growth medium and counted for accurate 

seeding and/or experimental processing. 

HMSCs Differentiation  

The AT-hMSCs used for differentiation were seeded at 10,000 cells/cm2 in 

a gelatin-coated 6-well plate and were allowed to adhere/proliferate for 2 days 

before inducing differentiation. Care was taken to ensure the monolayer of 

differentiating cells was not disturbed during media changes. 

For adipose differentiation, the growth media was aspirated and replaced 

with adipogenic medium, consisting of DMEM-HG (Thermo Fisher Scientific-

Gibco, Frederick, MD) supplemented with 10% FBS  (Corning Technology 

Center, Santa Barbara, CA), 50 mM of IBMX (MP Biomedicals, Irvine, CA), 1 mM 

of Dexamethasone (MP Biomedicals, Irvine, CA), and 0.1X antibiotic-antimycotic 

(Thermo Fisher Scientific-Gibco, Frederick, MD). The adipose differentiation 

media was changed every 2 days during the 8 or 21-day differentiation cycle. 

Particular care was taken to ensure the monolayer of the developing cells was 

not disturbed during media changes. 

For osteocyte differentiation, the growth medium was aspirated and 

replaced with an osteogenic medium, consisting of αMEM (Life Technologies, 

Carlsbad, CA) supplemented with 10% FBS (Corning Technology Center, Santa 

Barbara, CA), 50 μg/ml l‐ascorbic acid 2‐phosphate (FUJIFILM Wako, Richmond, 

VA), 100 nM dexamethasone (MP Biomedicals, Irvine, CA), 10 mM β‐

glycerophosphate (Alfa Aesar, Haverhill, MA), and 0.1X antibiotic-antimycotic 
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(Thermo Fisher Scientific-Gibco, Frederick, MD).  Care was taken to make sure 

the monolayer of differentiating cells was not disturbed during media changes. 

Reverse Transcriptase Quantitative Polymerase Chain Reaction (RT-qPCR)  

RT-qPCR was used to quantify the gene expression changes during 

hMSC differentiation. RNA was extracted using an RNA micro prep kit (Zymo 

Research, Irvine, CA). The differentiation media was aspirated, and RNA was 

liberated from the monolayer by adding the lysis buffer and purified following the 

manufacturer’s protocol. The cDNA was synthesized using LunaScript reverse 

transcription Master Mix (New England Biolabs, Ipswich, MA). Collagen type 1 

alpha 1 (COL1A1), alkaline phosphatase (ALPL), and related transcription factor 

2 (RUNX2) were used to quantify osteogenesis; and adiponectin (ADIPOQ), fatty 

acid binding protein 4 (FABP4), and peroxisome proliferator-activated receptor 

gamma (PPARG) were used to quantify adipogenesis [8]. Relative quantification 

of mRNA expression was obtained using the ΔΔCt method using glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) as the endogenous control.  

Treatment  

AT-hMSCs underwent resuscitation and one initial passage at 80% 

confluency before conducting experimental trials to ensure cell population health 

and establish proliferation rate. All treatment media was prepared in the 

corresponding mesenchymal media needed for the cell type with all 

corresponding supplements for normal growth and treatment to meet the 

appropriate concentration. All cells regardless of treatment or differentiation were 
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incubated at 37°C and 5.0% CO2 during the duration of the experiment before the 

analysis. After the first initial passage, cells were placed and prepped into their 

own individual T75 flasks at 5,000 cells/cm2 and allowed to proliferate for 24 

hours before the start of the treatment. Stock solutions of both GlcNAC and Kifu 

were created. The cells received a 100% media change every 24 hours for 5 

days. After 5 days of treatment cells were differentiated into adipocytes or 

osteocytes for 8 or 21 days. The controls throughout the experiment did not 

receive treatment or differentiation by being treated under the same conditions as 

those cells that were treated and differentiated. Throughout the experimental 

trial, cells were imaged for visualization.  

Histological Staining 

Differentiated and treated hMSCs were fixed with 4% paraformaldehyde 

for 15 min at room temperature. After 15 min the hMSCs were rinsed three times 

with 1X DPBS and stored in 0.05% Sodium Azide in 1x PBS at 4°C. To assess 

osteocyte differentiation Alizarin Red S (ARS) was used to stain the calcium 

deposits. An ARS stock solution was made by dissolving 40mM ARS in Milli-Q 

water and sterile-filtered. HMSCs were incubated in ARS for 15 min at room 

temperature. The ARS was aspirated, and the cells were rinsed with Milli-Q water 

until any unbound ARS was washed away.  

To assess adipocyte differentiation Oil Red O (ORO) was used to stain 

lipid accumulation. The ORO stock solution was prepared by mixing 0.5% (w/v) 

ORO dissolved in pure isopropanol with Milli-Q water at a 3:2 ratio. Before use, 
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the solution was left untouched for 20 min where after the allotted time was 

sterile filtered. The hMSCs were incubated in ORO for 10 min at room 

temperature and then aspirated while rinsing the cells three times with Milli-Q 

water. All cell samples were imaged immediately after staining using EVOS XL 

(Thermo Fisher Scientific, Frederick, MD). Histological method derived from 

reference [17]. 

Results and Discussion 

GlcNAc and Kifu Treatments  

GlcNAc and Kifu treatments were made to explore the basic principles of 

DEP cell polarization and expand our definition of electrophysical properties. 

Before treatments, the samples of cells were cultured at the same concentration 

(7.5 x105 cells/mL) in an incubator at 37°C and 5.0% CO2. Media was replaced 

every 24 hours to ensure an adequate amount of GlcNAc or Kifu was present 

throughout the 5 days of treatment. These media replacements account for the 

heat degradation of GlcNAc and Kifu in the incubator and increase the probability 

that a modification occurred. Daily cell images using an EVOS microscope at 40x 

magnification. All images were adjusted to grayscale with 20% 

contrast/brightness optimization for better visualization. Figure 11 displays 

images of one experiment of hMSCs treated with GlcNAc and Kifu. For the 

control, no treatment was administered and was overseen in the same fashion as 

treated cells with 24-hour proliferation media changes. Comparisons between the 

Kifu-treated cells and the control demonstrate a similar proliferation rate 
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throughout. GlcNAc-treated cells had a higher proliferation rate when compared 

to the control, especially at day 3 with a visible increase in the number of cells. In 

addition to differences in proliferation rates, cells' monolayer growth was also 

different. Cells that underwent GlcNAc treatment appeared opaque, making it 

easier to image, while cells treated with Kifu appeared translucent making 

imaging more difficult. In other words, cells modified with GlcNAc have more 

external monosaccharide glucose, and greater cellular area and therefore are 

opaquer than cells modified to have less external monosaccharide glucose 

attachments and less cell area (Kifu treatment). 

 

 

Figure 11. EVOS XL (Thermo Fisher Scientific, Frederick, MD) Microscope 
Images (40x Magnification) of AT-hMSCs that Underwent 5-Day Treatment of 
GlcNAc or Kifu. Images on Days 1, 3, and 5 are shown as a representation of 
visible changes observed during the 5-day treatment. Before treatments, the 
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samples of cells were cultured at the same concentration (7.5 x 105 cells/mL) in 
an incubator at 37°C and 5.0% CO2. Replacement of media occurred every 24 
hours to ensure an adequate amount of GlcNAc or Kifu was present on all 5 days 
of treatment. On an important note, the control cells were overseen the same as 
treated cells with a proliferation media change every 24 hours. The Kifu-treated 
cells and the control had similar proliferation rates. The GlcNAc-treated cells had 
the highest proliferation rate. 

 

Cell Differentiation Post- GlcNAc and Kifu Treatments 

 The results were based on the treatments of GlcNAC and Kifu treatments 

that changed the morphology and electrophysical properties (DEP response) of 

the treated compared to the control. At the time of the experimentation period, it 

was important to determine if changes due to differentiation in the same treated 

cells impact the DEP response and its additional analysis perimeter for review. 

Cells underwent 8 days of differentiation after treatment (of 5 days), where the 

control cells were treated in the same fashion as those undergoing differentiation. 

All cells regardless of treatments were compared to the control as a baseline for 

changes recorded and observed. Differentiated cells were compared to the 

corresponding treatment control to determine if the changes recorded could be 

observed. Figure 11 above is a representation of one experimental trial of the 

data collected for treatments conducted. Overall, the treatment and differentiation 

of the cells result in a visual representation of the DEP response differences.  

DEP Response and Glycocalyx Modification 

Since DEP involves the alignment of ions around a cell’s surface and the 

complexity of the cell surface is important, DEP measurements for the GlcNAc 

and Kifu treatments. After differentiation, cells were either processed for DEP or 
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RT-qPCR analysis. For DEP analysis the method described in reference [17] was 

used to prime and test all samples. The chip with cell sample was run on the 

3DEP analyzer using 20 log-linear frequencies ranging from 2 kHz to 20 MHz at 

10 Vpp for 60 seconds. The DEP response was evaluated using the 3DEP 

analyzer software and individual runs with an R-value > 0.9 were used in further 

analysis (approximately 10 runs for each experiment). All experiments were 

imaged on a hemacytometer where ImageJ software was used to determine cell 

size distribution [17]. 

The conductivity of buffer solutions and manual cell counts were done 

before DEP characterization using the 3DEP analyzer (LabTech, 224 East 

Sussex, UK). Figure 12 provides hypothetical representations of change to the 

cell’s surface with GlcNAc and Kifu treatments. The more (or less) glucose on the 

cell surface will impact the alignment of ions for polarization.  

 

 

Figure 12. Schematic of the Cell Surface with (A) No Treatment, (B) GlcNAc 
Treatment, and (C) Kifu Treatment. A cell that has not undergone treatment will 
have a baseline number of sugars on the surface adapted from Flanagan, L., et 
al. (2008) [22]. The GlcNAc treatment increases the amount of sugar on the 
surface (more orange structures) and the Kifu treatment decreases the amount of 
sugar on the surface (fewer orange structures). These differences in the cell 
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surface (i.e., cell surface complexity) will influence DEP cell polarization and the 
resulting DEP spectrum. In turn, the electrophysical properties estimated from 
the DEP response/spectrum help make connections between the electrophysical 
properties of the cell and the biological function. 

 

Histological Staining Post GlcNAc and Kifu Treatments  

To further prove a modification of the glycocalyx, AT-hMSCs with the 

same passage number as those that underwent other analysis perimeters 

differentiated for a total of 8 or 21 days after treatment. AT-hMSC cells that were 

used for histological staining underwent differentiation into either adipocyte or 

osteocyte cells. All differentiated cells are compared not only to the 

corresponding differentiated control but also to a double negative control that has 

not undergone treatment or differentiation. Controls for the treatment type are 

also used as a comparison of differentiation between treatments where treated 

controls have only undergone treatment but no differentiation. All cell samples 

were immediately imaged after staining using an EVOS XL (Thermo Fisher 

Scientific, Frederick, MD) microscope. Figure 13 and Figure 14 show 20X 

magnification images with a 20% brightness adjustment for better visualization. 

 To assess adipocyte differentiation, Oil Red O (ORO) stains target lipid 

accumulation in the sample cells. Cells that have visually more "red" 

pigmentation in the cell's images lead to higher concentrations of lipid cells. 

Sample cells used osteocyte differentiation Alizarin Red S (ARS) to access the 

calcium deposits. Cells that have visually more stained/noticeable "dark red" 

edges of sacs are regarded as having a high concentration of calcium cells. 
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Histological Stains and Glycocalyx Modification  

All images compared to the differentiation control (Figures 13 and 14; 3A 

and 3B for Day 8 differentiation and 6A and 6B for Day 21 differentiation), the 

double negative control (Figures 13 and 14; 3C for Day 8 differentiation and 6C 

for Day 21 differentiation) and treated control (Figure 13 and 14; 1C, 2C for Day 

8 Differentiation and 4C, 5C for Day 21 differentiation). Both Figures 13 and 14 

demonstrate that Day 21 is a better representation for understanding how treated 

(GlcNAc or Kifu) and differentiated (adipogenic or osteogenic) cells differ visually. 

This suggests that although Day 21 is better for determining the differentiation for 

those GlcNAc or Kifu treated cells, cells modified and differentiated tend to 

differentiate better if the parent cells originally derived from the same tissue cell 

are the same type of differentiated cell. Sample cells originally derived from 

adipose tissue and therefore have a higher propensity to become adipose tissue. 

The opposite is true if the differentiated cells are different from the originally 

derived cells making it difficult for the cells to become another cell type. 
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Figure 13. Keyence Microscope Images (20x Magnification) of AT-hMSCs that 
Underwent 5-Day Treatment of GlcNAc and then an 8-Day or 21-Day 
Differentiation.  Images on Day 8 and Day 21 of differentiation are shown as a 
representation of visible histological changes observed during the differentiation 
process. The treated cell samples are differentiated in an incubator at 37°C and 
5.0% CO2 where the media is replaced every 2 days until the differentiation time 
is complete. On an important note, the differentiated control cells (3A, 3B, 6A, 
and 6B), treatment control cells (1C, 2C, 4C, and 5C), and the double negative 
control cells (3C and 6C) overseen in the same fashion as the treated 
differentiated cells with a proliferation media change every 2 days. 

 

Based on Figure 14 below, Day 8 sample cells demonstrated little to no 

differentiation observed when comparing Day 8 GlcNAC treated and 

differentiated cells to the Day 8 controls. At Day 21 differentiation both high and 

low GlcNAc treated cells had a high adipose production when compared to the 

differentiated control, treated control, and double negative control. When 

comparing osteogenic differentiation in Figure 14, both low and high-GlcNAc-
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treated cells show little to no differentiation when observing the differentiation 

control and the double negative control.  

Overall, GlcNAC-treated cells (both high and low) differentiate visually 

similar to adipogenic control whereas the treatment control cells appear to be 

significantly different than the double negative control. Osteogenic differentiation 

of the treatment cells is negligible in the amount of calcium stained when 

compared to the osteogenic control. The Day 21 differentiation data does visually 

prove that modifications made using the GlcNAc treatment as both treatment 

controls differ from the double negative control (3C) and both treatments of 

GlcNAc successfully differentiated into a specific cell type when compared to the 

differentiated control and the double negative control. 

 

 

Figure 14. EVOS XL (Thermo Fisher Scientific, Frederick, MD) Microscope 
Images (20x Magnification) of AT-hMSCs that Underwent 5-Day Treatment of 
Kifu and then an 8-Day or 21-Day Differentiation. Images on Day 8 and Day 21 of 
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differentiation are shown as a representation of visible histological changes 
observed during the differentiation process. The treated cell samples are 
differentiated in an incubator at 37°C and 5.0% CO2 where the media is replaced 
every 2 days until the differentiation time is complete. On an important note, the 
differentiated control cells (3A, 3B, 6A, and 6B), treatment control cells (1C, 2C, 
4C, and 5C), and the double negative control cells (3C and 6C) overseen in the 
same fashion as the treated differentiated cells with a proliferation media change 
every 2 days. 

 

DEP Characterization 

 Figure 15 shows the DEP spectra for each treatment, treatment with 

differentiation, and control along with estimated electrophysical properties. In 

Figure 15A, the average DEP spectrum of the GlcNAc-treated cells is like the 

average DEP spectrum of the control. This suggests that the GlcNAc treatment 

had little to no impact on the glycocalyx of the cells. However, there is a visible 

difference between the average DEP spectrum of the Kifu-treated cells and the 

control. More specifically, the spectrum of the Kifu-treated cells has a higher 

relative DEP force and crosses the zero line at unique frequencies. This 

suggests that the Kifu treatment modified the cell’s glycocalyx and 

electrophysical properties. When looking at only the GlcNAc-treated cells with 

differentiation, Figure 15B, there are visible differences between the average 

DEP spectrum of the GlcNAC-treated cells with adipocyte differentiation (AD, 

blue curve), the GlcNAc-treated cells with osteoblast differentiation (OS, gray 

curve), and control. Yet, when looking at the Kifu-treated cells with differentiation, 

Figure 15C, there are more pronounced differences in the average DEP 

spectrum of the Kifu-treated cells with AD (yellow curve), Kifu-treated cells with 
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OS (green curve), Kifu treatment no differentiation (light blue curve), and the 

control. Interestingly, the GlcNAc treatment with OS increases the relative DEP 

force experienced by the cells and Kifu treatment with OS decreases the relative 

DEP force experienced by the cells [4]. This data illustrates that differentiation 

changes the cell in a manner discernible with DEP measurements. The most 

notable differences are comparing Kifu-treated cells to their control. Kifu-treated 

cells had significant differences in the DEP spectra creating distinct lines 

between the types of Kifu cells (as observed in Figure 15C). 

 Figure 15D combines all the average DEP spectra and 15E summarizes 

the cell size, cytoplasm conductivity, membrane capacitance, and the maximum 

relative DEP force. The size of the cells varied with treatment and differentiation. 

The GlcNAc and Kifu treatments increased cell size, GlcNAc with differentiation 

increased cell size, and Kifu with differentiation decreased cell size. The 

cytoplasm conductivity varies with treatments and differentiation and corresponds 

to the differences observed at higher frequencies in Figure 15D. Interestingly, 

membrane capacitance is similar for all treatment conditions except Kifu AD. The 

maximum relative DEP force varies for all treatment conditions. The data in 

Figure 15 demonstrates that Kifu-treated cells with and without differentiation 

yield the largest change in the cells reflected in their size, cytoplasm conductivity, 

membrane capacitance, and maximum relative DEP force. This supports literary 

evidence that membrane capacitance is proportional to the cell's surface area [5], 
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[6], [8]. It is also worth noting that buffer conductivity for this experimental trial 

had an average measurement of 103.6 µS/cm. 

 

 

 

 

Figure 15. DEP Response of AT-hMSCs with (A) GlcNAc and Kifu Treatments, 
(B) GlcNAc Treatment with Adipocyte Differentiation (AD) and Osteoblast 
Differentiation (OD), (C) Kifu Treatment with AD and OS, and (D) Combination of 
All Treatment Conditions. (E) Provides Cell Size and Estimations of Cytoplasm 
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Conductivity, Membrane Capacitance, and the Maximum Relative DEP Force. . 
The largest differences in cells we observed in Kifu treatments coupled with 
differentiation follow with values reported in E. 
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CHAPTER FOUR: 

CONCLUSION 

 
Determining stem cell heterogeneity and understanding its role in 

biological function is a fundamental aspect of cell biology. The heterogeneity of 

stem cell samples can provide valuable insights into its structure (i.e., the 

glycocalyx), organization, and physiological properties. One technique that has 

proven effective in determining cell heterogeneity based on their electrical 

properties is dielectrophoresis (DEP). DEP is a powerful tool that utilizes the 

electric field to measure and analyze the electric properties of cells. By subjecting 

cells to an electric field, DEP can evaluate the response of cells based on their 

size, shape, and membrane properties. As cell samples vary in heterogeneity, 

DEP can help determine the amount of heterogeneity by measuring the 

membrane capacitance and cytoplasm conductivity of cells. The electrical 

properties of a cell are influenced by its size, as larger cells have a larger surface 

area and different membrane characteristics compared to smaller cells. We 

define heterogeneity or the amount of heterogeneity based on the number of 

different cell types present in a stem cell sample. 

DEP can provide valuable insights into the overall biological function of 

cells. By analyzing the electrical signatures of cells, researchers can assess their 

physiological state and functional properties. For example, DEP has been used 

to investigate the differentiation potential of human mesenchymal stem cells 

(hMSCs) into various tissue types, such as adipocytes and osteoblasts. In my 
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work, the modification of glycocalyx treatments have been successful when 

looking at the cells visually. However, proof of glycocalyx modification is more 

notable in the DEP response spectra of the cells. Those cells that underwent 

treatment when compared to their respective control had a separate DEP 

response. Even treated cells when compared to one another have different DEP 

response spectra making the argument that DEP not only can help reduce 

heterogeneity in cells, but it can visually show those changes using the DEP 

spectra. Although DEP provided more information regarding the difference in 

cells when treated it is still unclear how those modifications affected the 

biological function of the cells and what genes were expressed after treatment 

and differentiation compared to those cells that were only treated. The label 

electrical biomarkers (membrane capacitance and cytoplasm conductivity) 

obtained through DEP analysis can be correlated with the differentiation profile of 

hMSCs, providing quantitative data on their differentiation potential. 

DEP can be utilized to explore and optimize additional bioassays to further 

understand the biological function of cells. For instance, quantitative 

differentiation assays can be developed to establish a stronger correlation 

between the electrical biomarkers obtained through DEP and the differentiation 

potential of hMSCs into various cell lineages, such as cartilage tissue, 

cardiomyocytes, or hepatocytes.  

Additionally, cytokine and growth factor secretion assays can be designed 

to investigate the relationship between the electrical biomarkers and the 
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paracrine and immunomodulatory properties of hMSCs. These assays can shed 

light on the potential therapeutic applications of hMSCs in tissue regeneration 

and immunotherapy. 

As future work, DEP can be used to aid in the characterization of sorted 

subpopulations of cells. By using DEP to sort hMSCs (i.e., manipulate their 

heterogeneity) into distinct groups based on their electrical properties, 

researchers can verify the successful separation of cells with different electrical 

biomarkers. The sorted subpopulations can then be further characterized using 

DEP to examine their electrical properties and compare them to the unsorted 

population. This analysis can provide insights into the differences in electrical 

signatures and biological activities between the sorted and unsorted cells. The 

sorted subpopulations can be expanded and subjected to differentiation assays 

to investigate their differentiation potential into adipocytes and osteoblasts, by the 

correlations observed in previous studies. The growth characteristics of the 

sorted subpopulations can be monitored and compared to the bulk 

measurements obtained from the unsorted population, providing a 

comprehensive understanding of the impact of electrical biomarkers on cellular 

behavior during expansion and differentiation processes. 
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Below is a summary of the three conferences where the research 

conducted on modifying the glycocalyx of hMSCS was displayed and shared with 

other scientists and the public. Figure A1 below is one representative poster. 

 

 

Figure A.1. Preceding Poster Presentation, 2022. All Data Represented and 
Displayed was Preliminary. 
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1. California Institute of Regenerative Medicine (CIRM) Bridges Conference 

2022 | San Diego, CA 
The CIRM Bridges program provides paid regenerative medicine and 

stem cell research internships to students at universities and colleges 

that do not have major stem cell research programs. Each Bridges 

internship includes thorough hands-on training and education in 

regenerative medicine and stem cell research. Every year CIRM hosts 

the “CIRM Bridges Conference” for the CIRM Bridges scholars (those 

who were awarded the scholarship for the CIRM Bridges program) to 

present the research they studied and how their studies can improve 

medicinal sciences. Students across all the colleges and universities in 

California who received the scholarship come to present their works 

and help support the reason for CIRM’s mission to increase areas of 

research in fields of regenerative and stem cells to help nurture 

innovative ideas and potential solutions to illness and disease.  

 

2. Inland Empire Stem Cell Consortium Symposium (IESCCS) 2022 | 

California State University, San Bernardino 
IESCC is a collaborative group of researchers from universities that 

include the University of California, Riverside, Western University of 

Health Sciences, Loma Linda University, and California State 

University, San Bernardino. The Consortium aims to encourage a 
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collaborative environment for stem cell research in the Inland Empire 

region. Its goals include promoting interaction among stem cell 

laboratories, offering training opportunities in stem cell biology for 

students, and raising awareness about stem cell research within the 

local community. To ensure its mission, the IESCC organizes joint 

activities such as seminar series, outreach programs, and an annual 

symposium. 

 

3. Open House | University of California, Irvine - Dr. Tayloria Adam’s Lab 
The Open House event hosted at the University of California, Irvine 

(UCI) as a collaboration between the researchers in the Department of 

Chemical and Biomolecular Engineering at UCI as an outreach 

program for elementary age students to learn about potential careers 

or research they can do while in a university setting. The Open House 

event was also geared to highlight each laboratory’s specialty and their 

research on stem cells. This event not only catered to other research 

colleagues through the campus but also invited potential investors to 

help contribute to stem cell research and the importance of science. 
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Co-Culturing Cells  

  Cell culturing is an important technical process that allows scientists to 

better understand how cells adapt, grow, and are maintained under a controlled 

laboratory environment. The culturing of cells not only plays a role in 

understanding cells but also in the discovery of new treatments and knowledge of 

cellular functions.  

The cells used throughout the experimental process were human 

mesenchymal stem cells (hMSCs) that were derived from either adipose, 

osteocyte, or umbilical cord tissue. This adaptation for co-culturing two cell lines 

can grow together under the same circumstances was largely done as a side-

project to determine what the DEP response for co-cultured cells displayed and 

to see if two cell lines can co-exist rather than influence (in terms of growth) 

another cell line. The use of data was primarily for informational purposes and to 

determine whether co-cultures can be used as an alternative to tissue repair or 

regenerative medicine.  
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The CytoRecovery’s ‘Cytochip’ is a microfluidic-based device, which uses 

the principles of hydrodynamic manipulation, induced electricity for sorting of 

cells or live/dead assessments of human mesenchymal stem cells (hMSCs). The 

Cytochip utilizes 3D small-scale pillars and channels and continuous fluid control 

to manipulate cells and achieve high-throughput analysis or sorting. 

 

 

Figure C.1. Schematic overview of the CytoRecovery’s workflow used in this 
experiment. The core technology employs contactless dielectrophoresis (cDEP) 
microfluidic device, where the cells are suspended in proprietary Cyto Buffer 
provided by the company CytoRecovery, then a series of pumps and generators 
create a constant flow rate and energy input for the cells to pass through the 
Cytochip. Once the desired flow rate and energy have trapped your specified 
cells the untrapped cells are collected. The apparatus setup allows for video 
recording of all cell-sorting experiments [32]. 
 

Figure C.2 (below) is a representation of Cytorecovery’s Cytochip created 

for cell sorting. The device contains two inlets that allow for attachment of cells 

suspended in CytoBuffer and another for CytoBuffer pressure maintenance. Both 

inlets are controlled by flow rates provided by the Harvard pumps. Once the 

parameters are set the generator is set to a desired interest and cells and buffer 
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are pushed throughout the apparatus. Because the generator creates an electric 

field those cells targeted will either be trapped if there is an attraction/polarity to 

the cells or untrapped continuing to flow through and collected via the outlet. 

 

 

Figure C.2. Schematic of the CytoChip provided by CytoRecovery interfaced with 
electronics and fluidics systems for the cell sorting experiment. Image rendering 
provided by Hyler, A. (2021) [32]. Cells sorted were visualized using an inverted 
microscope with laptop-based software control. The cDEP device is constructed 
in a single layer out of COC containing 20 μm pillars and a 14 μm membrane that 
allows electrical fields to pass but retains separation of the sample and the liquid 
electrodes (cDEP) [32]. 

 

All samples during cell-sorting testing phase were cultured to 

approximately 80% confluency with an approximate cell count of 2.3 million cells 

dedicated to cell-sorting. After cells were sorted, they were plated into 

corresponding wells to ensure overall health and proliferations rates were not 

disturbed. If the test cells were viable, then the next process was to assess for 

differentiation after cell-sorting. Therefore, the cells would have to undergo 

24hours in normal media for ensured adhesion and then be switched to 
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differentiation media. Figure C.3 is a representative image of the DU-145 cells 

(prostate cancer cells) that were sorted and plated after sorting experimentation 

was complete. 

 

 

Figure C.3. Representative sample of a cell sorting experiment conducted using 
DU-145 cells. Cells collected underwent a 2-hour sorting experimentation at 
200KHz with 46 gain as set parameters. It is important to note that the cells were 
prepped after reaching approximately 80% confluency and were harvested at a 
2.3 million cell/mL concentration for the sorting experiment to have the necessary 
flow rate and time to sort.  

 

Figure C.3 demonstrated that there are fewer number of trapped cells 

sorted under the parameters selected compared to the control. Trapped cells are 

referred to the cells under set parameters adhered/were attracted to the 

CytoChip because of the polarity experienced during the sorting process. The 
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control in this case did not undergo cell sorting, whereas the control-buffer was 

the cells still present in the Cyto Buffer that were not used and left over from the 

sorting experiment. This was done to ensure no contamination and overall cell 

health was maintained. Untrapped cells were those cells that were not attracted 

to the Cytochip under the parameters used but rather flowed through the 

Cytochip and collected at the end of the device.  

 Overall, the health of the cells was not harmed during the cell sorting 

experiment. Once the parameters are met and plating is a continued success the 

project will move to using hMSCs to determine optimize the system to sort cells 

and determine what population of cell was sorted in the process.  
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QPCR ANALYSIS OF DIFFERENTIATION AND TREATMENT OF HMSCS  
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Cycles Threshold (Ct) Data for Differentiation and Treatment Data 

The following data is additional supporting data for qPCR analysis in 

Chapter 3 of this thesis. Based on the results below additional optimization of 

qPCR to determine how the gene expression is used by hMSCs that have 

undergone treatment. Both table D.1 and D.2 are representative CT data of high 

treatment samples of hMSCs.  

Both data sets (Table D.1 and D.2) have three gene markers for 

adipogenesis (ADIPOQ, FABP4, and PPARG), three gene markers for 

osteogenesis (ALPL, COL1A1, and RUNX2), one stemness marker (SOX2), 

normalized control (GAPDH). These gene markers were used as there were 

proven to provide favorable results for the types of differentiation in tested same 

cell line hMSCs [17]. All gene markers are compared to the normalized control to 

determine up or down regulation of the gene. 

 

Table D.1. Cycles threshold (Ct) Data for High Kifunensine (HK) treatments for 
specific gene-expression markers. AD refers to cells that have undergone 
adipogenesis, OS refers to cells that have undergone osteogenesis, and CTRL 
refers to cells that are considered controls that have not undergone treatment. 
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Table D.1 shows that HK-AD up regulated for ADIPOQ and COL1A1, 

while it down regulates for all others. HK-OS and HK-CTRL have no up 

regulation of any gene markers like the CTRL-CTRL sample. As noted, the 

CTRL-CTRL sample did not express any up regulation for any marker, which was 

expected since the sample did not receive any treatment or differentiation. 

Whereas the CTRL-AD demonstrates a slight up regulation for stemness but no 

up regulation for the expected adipogenic marker since the CTRL-AD underwent 

adipogenic differentiation. CTRL-OS as expected down regulated adipogenic for 

all three gene expression markers (0.0) and did up regulate for two out of the 

three osteogenic gene markers (ALPL and COL1A1).  

 

Table D.2. Cycles threshold (Ct) Data for High N-Acetylglucosamine (HG) 
treatments for specific gene-expression markers. AD refers to cells that have 
undergone adipogenesis, OS refers to cells that have undergone osteogenesis, 
and CTRL refers to cells that are considered controls that have not undergone 
treatment. 
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In table D.2 HG-AD shows regulation for two out of the three adipogenic 

biomarkers (ADIPOQ and PPARG), and one osteogenic marker, COL1A1, when 

compared to the normalized control. Unsure how COL1A1 plays into HG-AD 

having an upregulation and additional testing may help determine if HG-AD is 

also expressing some osteogenic gene markers or the treatment conducted has 

also affected what is being expressed. As for HG-CTRL, up regulation of gene 

markers, ADIPOQ, ALPL, and RUNX2 were observed, which is also surprising 

noting that HG-CTRL only underwent treatment but no differentiation. 

Below is visual representation of the gene expression for the distinct types 

of treatments conducted. All graphs were normalized using GAPDH as the 

housekeeper gene. Each graph represents a n =3 where each column being the 

type of treatment received. Values greater than zero represent genes that have 

been up regulated and vice versa. 



55 

 

 

 

 

 

Figure D.1. Fold gene expression for AThMSCs that underwent treatment and 
differentiation (A-F). Where all the gene markers for adipogenesis (ADIPOQ, 
FABP4, and PPARG), three gene markers for osteogenesis (ALPL, COL1A1, 
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and RUNX2), one stemness marker (SOX2) were assessed to provide additional 
information on how the glycocalyx of the cell is affected by treatment and/or 
differentiation.  

 

Graph D.1 (A) represents ADIOPQ gene expression for HK-AD and HG-

OS were greater than the one which is up regulated. COL1A1 gene expression is 

upregulated by CTRL-AD, CTRL-OS, and HG-CTRL (D). FABP4 had no gene 

expression for any treated and/or differentiated by large error bars that express a 

processing error. RUNX2 gene expression was upregulated for CTRL-AD, CTRL-

OS, HG-CTRL, HK-CTRL, HG-AD (E). More upregulation prevalent for HG-

CTRL, CTRL-OS, CTRL-AD respectively (2.22, 1.00, 1.00). 

SOX2 had gene expression for CTRL-AD and CTRL-OS, which confirms 

that without treatment (changes to the glycocalyx) stemness was not affected 

and in fact up regulated (F). Whereas all treated cells (HK-CTRL, HK-AD, HK-

OS, HG-CTRL, HG-AD, HG-OS) did not express any stemness and therefore 

supports the theory that changes made the cells based on treated has affected 

something beyond what qPCR is able to demonstrate and other analysis into so 

the glycocalyx changes affect gene expression. 

Although the data was collected to be processed as statistical data, it is 

apparent from the graphs that the more understanding on how the changes in the 

glycocalyx are affecting other changes that are related to how the gene are 

expressed. The data was not processed for additional statistical analysis as the 

error bars expressed were varying magnitude that would suggest high error due 

to a potential false positive for up regulation of some of the marker genes.   
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Figure 16. The Heterogeneity of MSCs, adapted from Zha, K et. al. (2021) [11].  
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Figure 17. Cell Surface and Transcriptomic Comparison of “MSCs” from Different 
Tissues, adapted from Sacchetti, B et. al.’s (2016) paper [1].  
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Figure 18. Schematic of how cell polarization and DEP response function in cells 
(adapted from Adams, T.N.G., et al., 2018 [15]).  
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Figure 19. Visual representation of the positive and negative DEP responses 
based on changes in frequency (adapted from Tunglin, Tsai, et al, 2021 [4]).  
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Figure 20. DEP Response Based on Frequency Changes, adapted from Tsai, 
Tunglin (2022) [17].  
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Figure 21. Representation of the glycocalyx complexity, from (Purcell, S, et. 
al.,2019 [24]).  
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Figure C.2. Schematic of the CytoChip provided by CytoRecovery interfaced with 
electronics and fluidics systems for the cell sorting experiment. Image rendering 
provided by Hyler, A. (2021) [32].  
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