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Abstract  

 

The dielectric properties of biological cells are indicators of their physiological states. Cells 

dielectric properties change in response to physiological changes such as stem cell differentiation, 

the transition of cancerous to multidrug-resistant cancer cells, and apoptosis. Ion concentrations 

make an important contribution to the dielectric response of cells in these processes. Single-cell 

dielectric analysis techniques can be used to detect these events and monitor the dielectric response 

of cells. However, in order to link the dielectric response of cells to their physiological states, a 

quantitative model of ion fluxes is required. In this thesis, a quantitative model of ion 

concentrations and hence cytoplasm conductivity for Chinese hamster ovary (CHO) cells, which 

are used in 70% of all biopharmaceuticals, is presented.  A flux-based assay has been used to study 

ion channel and Na+/K+ ATPase pumps activity and determine CHO-specific model parameters. 

In order to validate the model, temporal changes in cytoplasm conductivity of pump inhibited CHO 

cells using 5 mM Ouabain are monitored using a dielectrophoresis cytometer. The model 

predictions match the experimentally observed temporal changes in cytoplasm conductivity of 

pump inhibited cells. 

The second part of this thesis focuses on monitoring the cytoplasm conductivity of CHO cells 

during nutrient deprivation since the nutrient level directly influences the activity level of Na+ /K+ 

ATPase pumps and cytoplasm conductivity. Employing single-cell dielectrophoresis, the 

cytoplasm conductivity of nutrient-deprived and nutrient-reintroduced cells are monitored. A 

minimum cytoplasm conductivity of nutrient-deprived cells that maintain the ability to restore to 

the normal viable level when nutrients are reintroduced is determined, 0.3 S/m. The developed 

quantitative model is also used to predict the minimum cytoplasm conductivity of nutrient-
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deprived cells with the ability to recover to the normal viable state, and the predicted value is in 

agreement with the experimental results. 

In the last part of this thesis, an optical dual-source DEP cytometer capable of high throughput 

characterization of single CHO cells is developed. The developed optical cytometer provides the 

Clausius Mossotti factor spectrum of viable CHO cells. This system is also capable of quantitative 

characterization of 10 μm-diameter polystyrene spheres with more than 300 particles per second 

analysis rate.  
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1.1 RESEARCH RATIONALE AND OBJECTIVES 

Chinese Hamster Ovary (CHO) cells are important since they are used in the production of 70% 

of biopharmaceuticals [1] and are available in large volumes at regular intervals. They are also 

extensively employed in medical and biological research studies as they share the characteristics 

of many mammalian cells. The dynamics of intracellular ions behavior is important in CHO cells, 

as well as other mammalian cells. In recent years, there have been studies in developing electrical-

based techniques to monitor and investigate mammalian cells. These techniques employ dielectric 

properties of cells for cell characterization and identification. As an example, CHO cells expend a 

significant portion of their energy to control the ion flow across the cell membrane and hence their 

cytoplasm conductivity. Ions concentrations have also been demonstrated to be important to 

processes such as apoptosis[2], in the cancer progression [3] and also have implications in the 

monitoring cells metabolism [4] . Cell ionic concentration has important contribution to the 

dielectric response of the cell [5]. Dielectric response is a key to explore cell state and in 

CHAPTER 1. INTRODUCTION 
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monitoring onset of apoptosis. There are different techniques for dielectric study of biological cells 

[6]–[18]. Electrical techniques [19], [20] are promising for cell characterization and manipulation 

[21], [22] due to their label-free and inexpensive nature, the capability of miniaturization and 

integration within microfluidic chip [23]. For example, impedance spectroscopy has been used to 

estimate pollen viability, plant breeding and production processes [24] or dielectrophoresis is 

useful for cellular characterization, manipulation and separation [21].  

Dielectrophoresis (DEP) has proven to be one of the powerful dielectric techniques, which is 

employed at the single-cell level. DEP refers to the translation of a polarizable particle which 

investigates the dielectric properties of the polarized particles by studying their behavior in the 

presence of a non-uniform electric field. It offers a way to monitor cell ionic content depends on 

the driving frequency of the applying non-uniform electric field. There have been extensive studies 

showing that cells at different physiological states exhibit unique dielectric properties that can be 

exploited for cellular DEP characterization, identification and separation [25], [26].  

Over the past decades, DEP-based methods have been used in biomedical applications due to the 

ease and simplicity of these techniques. DEP has been successfully used for separating cells of 

different type in blood [27], separating cancerous cells from healthy ones [28], identifying cultured 

tumor cells [29], separating viable and non-viable cells [20], [30], and characterizing human red 

blood cells [31], [32]. DEP has also been employed in the biopharmaceutical industry for 

monitoring changes in biological cells’ state in batch culture. Quantitative characterization of cells’ 

dielectric properties and their changes is necessary to relate the dielectric response to the 

physiological or morphological state of cells. This can be an important advancement toward better 

understanding, accurate prediction and evaluation of cellular processes.  
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In order to link the dielectric response of cells to their physiological states, a model that predicts 

the effects of physiological changes is needed. There has been some work in quantitative 

estimation of cell characteristics and electrical properties; however, a complete model of ion fluxes 

for CHO cells does not exist, since the densities of ion channels and pumps are not known for 

CHO cells. In order to quantitatively model the ion transfer across the cell membrane, there is a 

need for studying the ion channel and pump activities. There are different techniques to study ion 

channel and pump activities [33]–[37], such as electrophysiological assays [33], Fluorescence-

based assays [34], flux-based assays [37] and binding assays [37]. In this thesis, flux-based assay 

has been used to determine the ion fluxes through the membrane. To study the ion fluxes through 

the passive and active pathways separately, Ouabain was also added to inhibit the Na+/K+ ATPase 

pumps.  

In this thesis, first, we explained the details of the quantitative model describing intracellular ion 

concentrations, cell volume and membrane potential. There have been quantitative models for 

different cell types with/ without experimental verifications. However, a complete model of ion 

transport for CHO cells does not exist in literature. In order to develop a quantitative model for a 

specific cell type, information about the density of ion channels and pumps and ion fluxes through 

the channels and Na+/K+ ATPase pumps are required. These parameters are known to vary from 

one cell type to another [4], [38], [39] and have not been previously determined for CHO cells 

under varying cell physiology. The first objective of this thesis is to determine CHO-specific model 

parameters, Na+/K+ ATPase pumps and ion channels densities. This work also intends to explore 

the dielectric properties of single healthy and pump inhibited CHO cells while in flow by 

employing dielectrophoresis and compare with model predictions. Here, first, the experimentally 

observed temporal changes in cytoplasm conductivity for healthy cells in low conductivity 



 

 19 

medium and pump inhibited CHO cells by using Ouabain are compared with model predictions. 

This model can provide insight into the effects of processes such as apoptosis or external media 

ion concentration on the cytoplasm conductivity of mammalian cells. 

In the next chapter of the thesis, the application of a developed DEP cytometer in bioprocess 

monitoring is demonstrated. The ability to monitor the status of cells during nutrient limitation is 

important for optimizing bioprocess growth conditions in batch and fed-batch cultures.  Here, the 

study is meant to mimic conditions near the end of a batch process or during fed-batch processes 

where a decrease in nutrients leads to a decrease in productivity and reduced cellular activity. 

Using the DEP cytometer, the cytoplasm conductivity of the nutrient-deprived CHO cells is 

monitored. It is demonstrated that cytoplasm conductivity can be employed to indicate the status 

of CHO cells in nutrient-depleted medium. This thesis is also intended to explore the point at which 

the nutrient-deprived CHO cells are able to recover to a normal state by the reintroduction of 

nutrient. A minimum cytoplasm conductivity is also determined for CHO cells that maintain the 

ability to restore the cytoplasm conductivity to the normal viable levels when nutrient is 

reintroduced. The quantitative model developed in this thesis is also employed for different levels 

of Na+/K+ ATPase pump inhibition to predict the minimum cytoplasm conductivity. It shows 

nutrient-deprived cells are able to recover to a normal healthy state when their cytoplasm 

conductivity is above 0.3 S/m. Further decrease in cytoplasm conductivity cannot be explained 

solely by the activity level of the Na+/K+ ATPase pumps. Additional mechanisms would be 

required in the model to obtain a cytoplasm conductivity lower than 0.3 S/m. 

In the last part of this thesis, a parallel single-cell dual source optical transit dielectrophoresis 

cytometer is developed. A linear optical array containing 256 detector pixels has been used in the 

developed cytometer which enables the detection of more than one particle per second per detector. 
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Due to the wide channel, this method is capable of particle analysis rates exceeding 300 per second. 

The wide channel greatly reduces the probability of clogging. In addition the method has the 

potential to quantitatively measure dielectric response. Here, the developed optical cytometer is 

first demonstrated and verified by using polystyrene microspheres. The device is then used to 

characterize the DEP response of Chinese hamster ovary (CHO) cells from 100 kHz to 6 MHz. 

The system can be employed for the separation of viable and non-viable CHO cells. It also has 

applications in biopharmaceutical industry for on-line bioprocess monitoring to enhance the 

product yield and quality.  

1.2 BACKGROUND 

1.2.1 Introduction 

The dielectric study of biological phenomena has become an important subject in biophysics. Cells 

are dynamic electronic materials that change the electric state in response to environmental stress. 

There have been many demonstrations that dielectric changes occur in cells that are coincident 

with important physiological changes such as the transition of cancerous to multidrug-resistant 

(MDR) cancer cells [40], and during programmed cell death (apoptosis) [41] . There are different 

techniques to characterize dielectric properties of the cells, such as imaging [22] , mechanical [42] 

and electrical techniques [19], [20].  

Computational modelling of ion transport is a useful tool to link physiological to dielectric changes 

in cells and to achieve an integrated understanding of experimental data [38] . In order to have 

such a quantitative model, information about the ion channel and pump densities are required since 

ion channels enable rapid membrane flux of ions across the membrane. There are different methods 

for ion channel assays [33], [36], [37] .  
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In this chapter, first, we describe the dielectric model of biological cells. We focus on cell 

membrane and cytoplasm since these two are the most important organelles controlling the ion 

flux and cytoplasm conductivity.  The next part of this chapter addresses some of the techniques 

for studying ion channels such as binding assays [37] , electrophysiological assays [33] , flux-

based assays [37] and Fluorescence-based assays [34] .The last part of the chapter describes 

different techniques to investigate the dielectric properties of biological cells, such as impedance 

spectroscopy [5], [23] and AC-electrokinetic [43].  

1.2.2 Dielectric Model of Biological Cells 

Biological cells exhibit a heterogeneous structure consisting of different organelles and their 

membranes, all surrounded in the cytosol and cell membrane. Dielectric methods give a measure 

of the cell’s overall dielectric properties [44], [45]. In order to predict the cells’ dielectric response 

and characterize the dielectric parameters of cellular organelles, it is beneficial to model a cell as 

a sphere with multi-layers of dielectric properties. There are two main models, single-shell model 

and double shell model. In the single-shell model, large organelles within the cytosol, such as the 

nucleus or membrane-bound organelles, are ignored [46]. The dielectric properties of cells with 

nucleus such as lymphocytes are modelled using double-shell structures [47]. This model 

represents the nucleoplasm (εn, σn), nuclear envelope (εne, σne) , cytoplasm (εc, σc), and plasma 

membrane (εm, σm). Equation set 1.1 shows how to calculate effective complex permittivity of the 

entire multi-shell cell [44]. 

ε̂cell = ε̂m

2(1 − v1) + (1 + 2v1)E1

2 + v1 + (1 − v1)E1
, 

E1 =
ε̂c

ε̂m

2(1 − v2) + (1 + 2v2)E2

2 + v2 + (1 − v2)E2
,                                          (1.1) 
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E2 =
ε̂n

ε̂ne

2(1 − v3) + (1 + 2v3)E3

2 + v3 + (1 − v3)E3
,                                                    

with E3 = ε̂n/ε̂ne. In the above, ν1 = (1 − d/R)3, ν2 = (Rn/(R − d))3 and ν3 = (1 − dn/Rn))3. 

Here Rn is the radius of the nucleus and dn is the thickness of the nuclear envelope.   

In the rest of this section, we focus on the cell membrane, which is an important compartment in 

controlling the ion flux and hence, cytoplasm conductivity.  

Cells typically comprise a lipid bilayer membrane enclosing the cell cytoplasm. The cell 

membrane incorporates a large density of proteins forming thousands of pumps, channels, and 

carriers responsible for ion transport inside and outside of the cell. Pumps are enzymes that 

consume ATP to transport ions against the gradient. There are different types of ATP driven 

pumps. In this thesis, we focus on Na+/K+ ATPase pumps on the plasma membrane.  Na+/K+ 

ATPase pumps regulate ion concentrations by pumping ions in and out. They consume ATP to 

move 3 Na+ and 2 K+ out and into the plasma, respectively. Channels are membrane proteins, 

which are selectively permeable to ions. They transport ions out and into the cell depending on the 

ion concentrations. In order to interpret cell dielectric response and develop a quantitative model 

for ion transport, understanding the ion channels and pump functionality is important.   

1.2.2.1 Ion channel assays  

Ion channels are important targets in biomedical research since they are physiologically essential 

for biological cell functionality. As an example, maintaining ion balance by ion channels and 

pumps plays a significant role in determining the osmotic stability and size of the cells. In addition, 

opening and closing of Na+, K+, and Ca2+ channels are essential to the conduction of an electric 

impulse in the nerve system. This section discusses the different methods to study ion channels 

under different situations [33]. 
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1.2.2.1.1 Binding assays 

Ligand binding assays have been used to screen for ion channel modulators. This method detects 

the binding affinity of a compound to the ion channel. It does not identify the functional changes 

of the ion channel [37]. In addition, ligand-binding assays require previous knowledge of the target 

binding sites and synthesis of a radiolabeled ligand with known pharmacological activity [33].  

This assay has been rarely used for general screening of ion channels, but it is still useful for the 

identification of modulators. 

1.2.2.1.2  Electrophysiological assays 

Electrophysiological assay or patch-clamp is considered as the gold standard to record the ion 

channel activity [33]. A detailed characterization of ion channel, measurement of the compound-

channel interaction in pharmacological testing of compounds and studying the ion channel 

function are the significant characteristics of this method; however, trained people are needed for 

doing patch-clamp due to its labor-intensive and low throughput nature [36], [37]. 

1.2.2.1.3 Flux assays 

The flux assay is a common method for measuring the ionic flux in order to study the functional 

change of ion channel activity [37]. Radioactive and non-radioactive isotopes have been used to 

trace the cellular influx or efflux of specific ions. An important example is Rb+ which permeates 

through K+ channels [33], [35], [36]. In this protocol, the cells are incubated with a buffer 

containing Rb+ for a couple of hours. At the specific time intervals, cells are washed to remove 

extracellular Rb+, and channel activation is determined by measuring rubidium uptake of the cell 

lysate and supernatant. Radioactive flux assays suffer from the inconvenience associated with 
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handling radioactive material; however, the nonradioactive assay has found application in drug 

discovery and replaced radioactive Rb+ assays in the pharmaceutical industry [37]. 

1.2.2.1.4 Fluorescence-based assays 

Fluorescence-based methods characterize functional channel properties at a high-throughput level 

[33]. In This method, a fluorescent dye is loaded into the cytosol, and changes of the fluorescence 

signals due to the change in membrane potential and ion concentration are measured [37]. 

In Fluorescent voltage-sensor dyes, the change in the membrane potential because of ionic flux is 

detected. This technique is useful to investigate steady-state changes in membrane potential [36]. 

In addition, Ion-specific fluorescent probes that measure intracellular ionic concentrations are used 

in the study of ion channels [36], [37]. There are popular dyes in this method, such as  SBFI for 

Sodium and PBFI for Potassium [48]. 

1.2.3 Apoptosis 

There are different pathways of cell death, necrosis and apoptosis. Necrosis happens as a result of 

severe energy depletion or severe membrane injury [49]. Apoptosis, or programmed cell death, 

normally occurs during the development of cell cycle and ageing. It also occurs as a defense 

mechanism in immune reactions or when cells are damaged by disease. It is highly energy-

dependent and happens within determined pathways and triggers [50], [51]. Early identification of 

apoptosis and changes in cell physiological state as a result of apoptosis can be used for feeding 

strategies optimization or yield and quality of biotherapeutic products improvement [21], [52]. 

There have been many biological assays to detect different stages of apoptosis such as Trypan blue 

exclusion assay and Annexin V assay to measure the membrane permeability to dyes and 
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phosphatidylserine (PS) externalization, respectively. However, these techniques require image 

analysis with the use of specific dyes [53]. 

Change in the cell’s dielectric properties such as membrane capacitance (Cmem) and cytoplasm 

conductivity (σcyt) have been investigated during onset and progression of apoptosis [13], [30], 

[54]. The early stages of apoptosis is associated with variations in the intracellular ions, the ionic 

flux across the membrane and cell shrinkage, which impact the intracellular ion concentrations 

and thus cytoplasm conductivity [2], [55], [56]. There are also structural changes in the cell plasma 

membrane followed by loss of microvilli on the membrane surface [57]. The change in plasma 

membrane protrusions impact the membrane effective surface area and subsequently its effective 

capacitance [58]. The need for a means to predict the onset of apoptosis is necessary and dielectric 

methods can be sensitive to apoptosis and to provide insight on how membrane morphology and 

intracellular ion concentration changes during apoptosis. 

1.2.4 Fluorescent and magnetic beads techniques 

There are a number of different techniques for cell characterization, separation and sorting based 

on fluorescent dyes and magnetic beads. There are a large number of fluorescent dyes that are 

markers for different parameters. Using flow cytometry, these dyes can provide parameter 

characterization on an individual cell basis. However, while the range of biological parameters 

that can be accessed is large, there is still interest in dyes for more parameters [59]. Flow 

Cytometry and magnetic bead attachment are powerful for cell characterization and separation but 

require cells to be incubated with dyes or magnetic beads [59], [60]. For example, an Annexin V 

assay for apoptosis requires the cells to be incubated for 15 minutes [61]. Flow cytometry is an 

expensive way for cell sorting and needs highly skilled technicians to provide quantifiable data for 
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cell characterization. It is not typically a technique that could be attached to cell culture equipment 

for on-line monitoring [60], [62]. Magnetic beads separation techniques are also as of interest in 

bioscience since they are quick, simple and high throughput. However, there is a possibility for 

cells to be activated by beads attachment and also the temperature and duration of the binding 

should be monitored [59]. Therefore, a label-free technique that needs no dye incubation would be 

advantageous for cell characterization and separation. 

1.2.5 Electrical techniques 

The dielectric properties of a single cell are attributed to the polarization of the cell in an applied 

electric field and can be characterized through the Clausius-Mossotti Factor (KCM), which is 

effective polarizability of the cell with respect to its surrounding media. The following sections 

address the electrical techniques for cell investigation. 

1.2.5.1 Impedance Spectroscopy 

Impedance spectroscopy is a label-free technique for the analysis and characterization of biological 

cells. This technique measures the impedance of cells in a suspension. In order to characterize the 

cells’ dielectric properties such as membrane capacitance and resistance and cytoplasm 

conductivity and permittivity, further analysis is required since the measured impedance is a 

function of the cells and medium dielectric properties and the geometry factor of the electrodes 

[5], [63], [64]. This technique can be used to characterize multiple dielectric properties since it can 

be employed at multiple frequencies. In this technique, an equivalent circuit model, describing the 

electrical behavior of the cells, is usually used to interpret the measured data . The change in 
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impedance due to the particle passing through an aperture placed between two electrodes can be 

determined.  

Impedance spectroscopy investigates cellular systems at both population and single-cell level. 

There have been studies showing bulk impedance measurements for on-line monitoring of biomass 

in biopharmaceutical productions [65]–[67]. This can be employed to detect changes in cell size 

and surface morphology. Impedance measurement at the population level gives the average 

information about the cell suspension. A population of identical cells in a suspension exhibits a 

heterogeneous behavior. This may lead cells in a culture to be at different physiological states. 

Bulk measurements would not be able to detect the heterogeneity in the cell culture. This can affect 

the understanding of a cell’s response to a specific condition.  

Impedance spectroscopy at a single level has also been used for to characterization of single 

erythrocyte and erythrocyte ghost cells. This was introduced by Renaud et al. in 2001 [68]. Their 

proposed impedance cytometer consists of two pairs of electrodes, which are used acting as a 

differential pair, one for detecting the cell and another for reference impedance. When a cell is 

placed through the channel near one electrode, the impedance will be changed, while the 

impedance of the other electrode will not. The difference between the two measured impedances 

provides cell impedance. The cells dielectric properties can be obtained by using the electrical 

model of the impedance change in the presence and absence of a cell.  However, this method 

suffers from channel clogging due to the small size of the sensing region. 

1.2.5.2 AC-electrokinetic 

AC-electrokinetic studies the behavior of the cells in the presence of the external electric field. In 

this technique, the characteristic of the electric field determines whether the cell experiences a 



 

 28 

force and moves (dielectrophoresis approach, DEP) or torque and rotates (electrorotation 

approach, ROT). The next two sections describe the ROT and DEP techniques. 

1.2.5.2.1 Electrorotation 

Electrorotation (ROT) technique induces a circular movement to a polarizable particle such as a 

biological cell in an external rotating electric field. The direction and the speed of the induced 

rotation depend on the imaginary part of the Clausius-Mossotti factor and, subsequently, cell 

dielectric properties [69]. One of the common approaches to create a rotating electric field is using 

four electrodes in a quadrupole configuration [20], [64], [70].  A multiphase ac voltage with a 90-

degree phase difference is applied to electrodes to generate a rotating electric field [20]. In this 

technique, the biological cell is located in the center of the electrodes and based on its dielectric 

properties, the velocity of the rotation will be different. One of the difficulties in this technique is 

placing the cell in the center of the electrodes, and there are various methods to do so such as laser 

tweezer, dielectrophoretic field cage or hydrodynamic flow[71], [72]. This technique has been 

used to characterize  biological cells dielectric properties over a wide frequency range [54].  

1.2.5.2.2 Dielectrophoresis 

Dielectrophoresis (DEP) is defined as the translation of a polarizable particle in a non-uniform 

electric field [14], [73] . In other words, when a cell surrounded by a medium is located in a non-

uniform electric field, it will be polarized and experienced a force, as it is shown in Figure 1.1. 

The force causing this movement is called a dielectrophoretic force and defined as: 

�⃗�𝐷E𝑃 =
3

2
𝑉𝑐𝜀𝑚𝑅𝑒{𝐾𝐶𝑀(𝑓𝐷𝐸𝑃)}. 𝛻|�̅�𝑟𝑚𝑠

𝐷𝐸𝑃(𝑟)|2,                                          (1.1) 
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where Vc  is the cell volume, 𝜀𝑚 is the medium permittivity,  �̅�𝑟𝑚𝑠
𝐷𝐸𝑃(𝑟) is the spatial non-uniform 

electric field at the position of the cell and 𝑅𝑒{𝐾𝐶𝑀}, known as the Clausius Mossotti factor, is a 

measure of effective polarization of a particle relative to its surrounding medium.  Figure 1.1 shows 

that the direction of the force on the particle depends on the particle polarization (the sign of the 

Clausius Mossotti factor) [74]. The DEP force is frequency-dependent through 𝑅𝑒{𝐾𝐶𝑀} and as 

Figure 1.1 shows it is directed with or against the gradient of the square of the electric field 

depending on the sign of 𝑅𝑒{𝐾𝐶𝑀}. For a particle with 𝑅𝑒{𝐾𝐶𝑀}> 0, the force is called positive 

DEP (pDEP), and the particle is pulled toward a higher electric field density region. Conversely, 

for a particle with 𝑅𝑒{𝐾𝐶𝑀}< 0, the force is called negative DEP (nDEP) and, the particle is pushed 

toward low electric field density region. Figure 1.2 gives 𝑅𝑒{𝐾𝐶𝑀} versus frequency for a typical 

viable CHO cell suspended in a medium with conductivity 0.42 S/m. The electrical and 

geometrical parameters of the cell are the values obtained for CHO cells in [75]. 

 

Figure 1-1 A polarized cell in a non-uniform electric field experiencing dielectrophoretic force. 
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Figure 1-2 Simulated spectrum of Re{KCM} for a viable CHO cell with parameters from [75] in a medium 

with conductivity 0.42 S/m.  

(Rcell = 6 μm, dmembrane = 5 nm, εmembrane = 8.5 ε0  F/m, σmembrane= 1 μS/m, εcytoplasm = 60 ε0 F/m, σcytoplasm = 0.42 

S/m, r nucleus = 3.3 μm, ε nucleus = 120ε0  F/m , σ nucleus = 1.5 S/m, d nuclear envelope = 40 nm, ε nuclear envelope = 23.2 

ε0 F/m,) 

The spectrum of Re{KCM}, and hence the DEP response of cells, is dominated by the cell’s 

organelles at different frequencies. As an example, Figure 1.3 shows the spectrum of Re{KCM} 

where the cytoplasm conductivity varies from 0.3–0.5 S/m and cell diameter varies from 10 –14 

μm and medium conductivity is 0.42 S/m.   
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Figure 1-3 The simulated spectrum of the real part of the Clausius-Mossotti factor (Re {KCM}) for a 

mammalian cell (Chinese hamster ovary), with parameters from (Salimi et al., 2016). (a) Cytoplasm 

conductivity varies from 0.3–0.5 S/m and medium conductivity is 0.42 S/m.  (b) Cell radius varies from 5–

7 μm and medium conductivity is 0.42 S/m.   

There is a great interest in biomedical applications of DEP in recent years, such as stem cell 

differentiation [76], DNA trapping and separation [77], [78] isolation of circulating tumor cells 

from a blood sample [15], differentiation of different types of cells in blood analysis [27], [79], 

viable and non-viable cells separation [45], [80], [81], studying the effects of drugs on cells [29], 
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[82], [83], dielectric characterization of biological particles, tracking apoptosis and monitoring the 

effects of nutrient deprivation [62], [84]–[87]. For example, apoptosis dramatically changes ion 

concentrations in the cytoplasm as well as the effective surface area of the cell membrane and, 

consequently, its cytoplasm conductivity and membrane capacitance.  

Dielectrophoresis based devices use many different approaches to detect the magnitude and sign 

of the forces acting on the cells. One of the earliest methods used was the direct observation of the 

movement of cells in the neighborhood of high field gradients under a microscope [88]. This 

method is still used by many researchers, as the apparatus is relatively accessible. There is also a 

number of approaches that use DEP trapping to infer dielectric properties [89]–[92]. There are 

DEP trapping based systems to measure dielectrophoretic collection rate (DCR) [13], [88]. This 

approach relates the dielectric properties of the cells to the number of the cells accumulated on the 

electrode pin or edge as they flow over it, and the polarizability expression is scaled by a 

phenomenological factor. A number of methods make use of dielectrophoresis movement of cells 

within a flow channel. Microwave interferometers have been used for differential dielectrophoresis 

flow cytometers and are able to reproducibly measure small changes in dielectric properties [84], 

[93]. CMOS based DEP cytometers have been reported suitable for use up to one cell per second 

and have the potential to scale to a large number of parallel channels [94]. Dielectrophoresis-field-

flow fractionation (DEP-FFF) is a method that has proven very useful for the analysis of cells. It 

can analyze relatively large numbers of cells but analyzes cells that are pulsed into a channel and 

then measures the elution time of the pulse of cells through a relatively long channel [29], [95]–

[97].  Recently particle imaging velocimetry (PIV) has been used to perform DEP analysis of cells. 

However, this approach makes use of very costly image acquisition and analysis equipment [98]. 

There are also insulator based DEP or iDEP approaches that make use of field gradients created 
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around insulating objects placed within channels . The iDEP approaches also use microscopes and 

require image analysis. The extraction of quantitative dielectric properties from the images taken 

as the cells flow past these objects is challenging. The balance of dielectric forces over electrodes 

skewed to the channel and fluid flow forces has also been used to create a dielectric spring that 

can be used to extract dielectric properties of cells . This approach is continuous and fast enough 

to measure populations on a cell-by-cell basis and is automated. Table 1.1 summarizes the methods 

and their specifications for the dielectric analysis of biological cells with their application. 

In this thesis, the previously developed DEP cytometer [93], which enables measurement of the 

cell’s DEP response over a wide frequency range is employed for monitoring cytoplasm 

conductivity of the CHO cells.  This technique employs two sets of coplanar electrodes located at 

either side of the actuation electrodes. The sensing electrodes generate a non-uniform electric field 

at different heights. The presence of cells over the sensing electrodes induces a capacitance change 

associated with their height in the channel. The induced capacitance is measured using a 

microwave interferometer. The measured signal is later exploited to determine the cells' cytoplasm 

conductivity. Using this approach, a dual light source optical transit dielectrophoresis flow 

cytometer for massively parallel single-cell analysis is developed in this thesis. This cytometer has 

the advantage of simple optics and is composed of simple modular components. The application 

of the device for characterization of single viable CHO cells is demonstrated. This device also has 

the potential to be scaled to achieve a significantly high throughput label-free single-cell analyzer.  
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Table 1.1 Methods of the dielectric analysis of cells 

Method 

 

Time to first 

measurement 

(second) 

Analysis rate 

(number/minute) 

Application References 

 

 

Impedance 

spectroscopy 

 

 

 

 

10 

 

 

 

 

100000 

Characterization of dielectric properties 

of red blood cells, characterization, 

separation and counting erythrocytes 

from erythrocytes ghost cells in 

diagnostic applications in hematology 

and oncology, Classification of 

Osteoblast and Osteocyte cells, 

Characterization and identification of 

activated T lymphocytes, Morphology 

discrimination of different cell types 

 

 

[68], [99]–

[101] 

 

Electrorotation  

 

 

100 

 

 

1 

Characterization of the viable and non-

viable yeast cells, Characterization of 

dielectric properties of human breast 

cancer sublines, Manipulation and 

characterization of human malignant 

cells 

 

[20], [69], 

[71], [102] 

Dielectrophoresis 

Field-Flow 

Fractionation 

(DEP-FFF) 

 

1000 

 

50000 

characterization and separation of HL-60 

cells from peripheral blood mononuclear 

cells, Separation of stem cells from 

tumor cells and blood cell 

subpopulations 

 

[29], 

[103], 

[104] 

 

Insulator- based 

dielectrophoresis 

 

60 

 

270 

Separation and manipulation of 

biological cells such as circulating tumor 

cells, Isolation and identification of 

Listeria monocytogenes  

 

[105], 

[106] 

 

Dielectrophoresis 

cytometer 

 

 

30 

 

 

40 

Characterization of dielectric 

properties of CHO cells, determination 

of cell viability, identification of the 

level of nutrient stress and tracking 

apoptosis 

 

[30], [84], 

[85], [87], 

[107] 

Optical transit 
Dielectrophoresis 

cytometer 

10 18000 
Characterization of dielectric 

properties of CHO cells 
This work 
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1.3 THESIS ORGANIZATION AND CONTRIBUTIONS 

This thesis is comprised of three published journal papers and organized in five chapters. 

Chapter 1: Introduction 

This chapter gives an introduction to the thesis, summarizing the motivation and objective of this 

research, and reviews the previous works on different dielectric methods for cellular 

characterization and ion channel study.  

Chapter 2: Quantitative Model For Ion Transport And Cytoplasm Conductivity Of Chinese 

Hamster Ovary Cells [Azita Fazelkhah, Katrin Braasch, Samaneh Afshar, Elham Salimi, Michael 

Butler, Greg Bridges, and Douglas Thomson, Scientific Reports, vol. 8, December 2018.] 

In this chapter, the quantitative model of ion transport, membrane potential and cell volume are 

described. The model has been applied to Chinese hamster ovary (CHO) cells and relates the 

physiological properties of CHO cells such as ion channel density or Na+/K+ ATPase pump activity 

to their dielectric properties. The contributions of this paper are: 

 A quantitative model that predicts the effects of physiological changes in ion 

transport on the cytoplasm conductivity of Chinese hamster ovary (CHO) cells is 

described.  

 CHO-specific model parameters, Na+/K+ ATPase pumps and ion channels densities 

are determined. 

 The Model is used for observing the temporal changes in cytoplasm conductivity 

by controllably turning off Na+/K+ ATPase pumps. 

 The model predictions are compared with the experimentally determined temporal 

changes in the cytoplasm conductivity of Na+/K+ ATPase pump inhibited CHO 

cells using dielectrophoresis cytometry. 
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Chapter 3: Cytoplasmic Conductivity as a Marker for Bioprocess Monitoring: Study of Chinese 

Hamster Ovary Cells under Nutrient Deprivation and Reintroduction, [Azita Fazelkhah, Samaneh 

Afshar, Katrin Braasch, Michael Butler, Elham Salimi, Greg Bridges, and Douglas Thomson, 

Biotechnology and Bioengineering, vol. 116, July 2019]. 

In this chapter, a DEP cytometer is employed for monitoring the cytoplasm conductivity of the 

CHO cells during nutrient deprivation and reintroduction. This work is a significant advance with 

respect to the application of dielectric analysis to cell culture and the development of new online 

monitoring tools for optimizing bioprocess growth. The contributions of this paper are: 

 Cytoplasm conductivity of CHO cells is demonstrated to be a useful marker-free indicator 

of cell status during nutrient limitations. 

 The minimum cytoplasm conductivity at which the nutrient-deprived CHO cells remain 

able to recover to a normal state by the reintroduction of nutrients is determined to be 0.3 

S/m. 

 The 0.3 S/m experimentally observed minimum cytoplasm conductivity corresponds to the 

numerical prediction of cytoplasm conductivity in CHO cells with complete inhibition of 

the Na+/K+ ATPase pumps, using the described model in chapter 2. 

Chapter 4: Parallel Single-Cell dual Source Optical Transit Dielectrophoresis Cytometer, [A. 

Fazelkhah, S. Afshar, N. Durham, M. Butler, E. Salimi, G.E. Bridges, and D. J. Thomson, 

Electrophoresis, Feb 2020]. 

 A massively parallel single-cell DEP cytometer using a linear optical array detector is 

described. 

 Sign and magnitude of cell dielectrophoresis response are obtained from velocity 

perturbations. 
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 The Clausius-Mossotti factor from 100 kHz to 6 MHz for viable CHO cells is estimated 

and is within 0.06 of expected values. 

 Analysis rates exceeding 300 particles per second is achieved. 

 The system is composed of simple modular components. 

Chapter 5: Conclusion and Future Work 

This chapter summarizes the presented material and outlines the future work of this research.  
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2.1 ABSTRACT 

In mammalian cells, cytoplasm ion concentrations and hence, cytoplasm conductivity is an 

important indicator of their physiological state. Changes in the cytoplasm conductivity have been 

associated with physiological changes such as progression of cancer and apoptosis. In this work, 

a model that predicts the effects of physiological changes in ion transport on the cytoplasm 

conductivity of Chinese hamster ovary (CHO) cells is demonstrated. We determined CHO-specific 

model parameters, Na+/K+ ATPase pumps and ion channels densities, using a flux assay approach. 

The obtained sodium (PNa), potassium (PK) and chloride (PCl) permeability and Na+/K+ ATPase 

pump density were estimated to be 5.6×10-8 cm/s, 5.6×10-8 cm/s, 3.2×10-7 cm/s and 2.56×10-11 

mol/cm2, respectively. The model was tested by comparing the model predictions with the 

experimentally determined temporal changes in the cytoplasm conductivity of Na+/K+ ATPase 

CHAPTER 2.   QUANTITATIVE MODEL FOR ION TRANSPORT AND 

CYTOPLASM CONDUCTIVITY OF CHINESE HAMSTER OVARY CELLS 
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pump inhibited CHO cells. Cells’ Na+/K+ ATPase pumps were inhibited using 5 mM Ouabain, and 

the temporal behavior of their cytoplasm conductivity was measured using dielectrophoresis 

cytometry. The measured results are in close agreement with the model-calculated values. This 

model will provide insight into the effects of processes such as apoptosis or external media ion 

concentration on the cytoplasm conductivity of mammalian cells. 

2.2 INTRODUCTION 

Chinese Hamster ovary (CHO) cells are used in the production of 70% of all biopharmaceuticals 

[1]. They are also extensively employed in medical and biological research studies as they share 

the characteristics of many mammalian cells. The dynamics of cytoplasm ions behavior is 

important in CHO cells, as well as other mammalian cells, as a significant portion of cells energy 

is expended to control the flow of ions across the cell membrane. Changes in ionic content of cells 

can be an indication of impaired cellular functions and are possible to be detected by measuring 

the cells cytoplasm conductivity [2], [3]. There have been studies showing that cytoplasm 

conductivity is affected by various processes such as apoptosis [4]- [6], progression of  cancer [7]- 

[9], differentiation of stem cells [10], separation of healthy and tumor cells [11], and drug 

treatments [9] . Table 2.1 shows changes in cytoplasm conductivity of various cell lines, as their 

physiological state changes. In order to link the cytoplasm conductivity of cells to their physiology, 

there is a need for a quantitative model of ion transport and its relationship with the cytoplasm 

conductivity. In this study, we develop a quantitative model of ion transport that also estimates 

cytoplasm conductivity for Chinese hamster ovary (CHO) cells. 

Ion transport is commonly modelled using a set of nonlinear equations governing the cell volume, 

transmembrane potential, and internal and external ion concentrations. The model has been  
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Table 2.1 Comparison of the cytoplasm conductivity of various cells in different physiological 

states 

Cell line Normal Altered  Condition 

Jurkat cells 0.9-0.7 S/m 0.2-0.1 S/m Apoptotic [4] 

Human Oral Keratinocytes 0.7 S/m 0.3 S/m Oral squamous cell 

carcinomas  [49] 

HN5 cells 0.5 S/m 0.18 S/m Cancer treated (With 

Cisplatin+ Iressa) [9] 

Stem cells 0.49 S/m 0.84 S/m Stem cell differentiation 

[10] 

MCF-7 cell line (Human 

breast) 

0.23 S/m 0.4- 0.14 S/m Multidrug resistance 

derivatives [50] 

Chinese Hamster Ovary cells 0.42 S/m 0.06 S/m Apoptotic [51] 

Chinese Hamster Ovary cells 0.4 S/m 0.32 S/m Stationary phase of Fed-

batch culture [52] 

Chinese Hamster Ovary cells 0.37 S/m 0.45 S/m Decline phase of Batch 

culture [52] 

Chinese Hamster Ovary cells 0.42 S/m 0.27 S/m Inhibition of mitochondria 

ATP production [3] 

Multidrug-resistant  

leukaemic cells(K562AR) 

0.5 S/m 0.25 S/m Cl- channel blocked with 

NPPB [53] 

Multidrug-resistant 

leukaemic cells(K562AR) 

0.5 S/m 0.34 S/m K+ channel blocked with 

quinine [53] 

Multidrug-resistant 

leukaemic cells(K562AR) 

0.5 S/m 0.41 S/m Ca+ channel blocked with 

verapamil [53] 

Human chronic myelogenous 

leukaemia cells  

0.25 S/m 0.45 S/m 4 hours incubation with 

Staurosporine [5]  

Jurkat cells 

 

0.5 S/m 0.9 S/m Low conductive buffer 

(0.06 S/m) [54]  

Chondrocytes 0.4 S/m 0.55 S/m Low conductive buffer 

(0.06 S/m) [54]  
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successful in estimating the dynamic ion transport in various cell types [12]- [18]. Among the 

reported quantitative studies, estimation of ion concentrations has been verified with experimental 

measurements on rat renal collecting duct (OMCD) principal cells [16], [17]. In addition, 

quantitative models have been developed without experimental verification for human red blood 

cells and reticulocytes [19], [20], guinea-pig cardiomyocytes [21], and frog skeletal muscle [13], 

[15]. A complete model of ion fluxes and cytoplasm conductivity for CHO cells under varying cell 

physiology does not exist. In order to develop a quantitative model for a specific cell type, 

information about the density of ion channels and pumps and ion fluxes through the channels and 

Na+/K+ ATPase pumps are required. These parameters are known to vary from one cell type to 

another [15], [16], [22] and have not been previously determined for CHO cells. There are various 

techniques to study ion channels and pumps activity such as binding assays, electrophysiological 

assays, flux-based assays and fluorescence-based assays [23]- [26]. Flux-based assays are common 

to study changes in ion channels activity by measuring cell membrane ion flux using isotopes or 

tracer elements [26]. 

In this study, we develop a predictive model of cytoplasm conductivity for CHO cells. We 

determine the density of pumps and channels for CHO by measuring ion fluxes. To determine ion 

fluxes through channels and pumps in CHO cells, we employ a flux-based assay with a Rb+ as a 

tracer element. To separate the ion fluxes through the Na+/K+ ATPase pumps and channels, Rb+ 

and K+ free buffers are used. Employing the obtained parameters in the ion transport model, we 

predict temporal changes in the cytoplasm conductivity of CHO cells. We verify the model 

predictions by comparing its results with measured cytoplasm conductivity of healthy and pump-

inhibited CHO cells using Ouabain [27], [28]. Measurement of cytoplasm conductivity is 

performed at a single-cell level using a dielectrophoresis (DEP) cytometer [29]- [31]. The 
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developed model provides insight into how cells ionic balance vary in different environmental 

conditions.  The model is applicable to other mammalian cell lines with proper parameter 

adjustments. 

2.3 RESULTS AND DISCUSSION  

2.3.1 Mathematical Model of Cell Ion Transport 

The mathematical model employed in this work is based on approaches proposed in the literature 

[14]- [18]. To model the temporal ion transport across the membrane, we consider passive channels 

for sodium, potassium, and chloride and an active pathway via Na+/K+ ATPase pumps (Figure 

2.1). Ion fluxes through the other co-transporters such as KCC (K+- Cl-) and NKCC (Na+- K+- Cl-

) are assumed to be negligible according to experimental data shown in [16]. In the model, ions 

and water transport depend on the number of passive channels and Na+/K+ ATPase pumps, which 

are assumed to remain constant during the time period of the simulation.  

The set of equations governing the dynamics of the number of intracellular moles of ions (nNa, 

nK , nCll) and cell volume due to the movement of water and ions are [16],  

𝑑𝑛𝑁𝑎

𝑑𝑡
= 𝐴(−3𝐽𝑝 + 𝐽𝑁𝑎)                                                                   (2.1) 

𝑑𝑛𝐾

𝑑𝑡
= 𝐴(2𝐽𝑝 + 𝐽𝐾)                                                                            (2.2) 

𝑑𝑛𝐶𝑙

𝑑𝑡
= 𝐴(𝐽𝐶𝑙)                                                                                       (2.3) 

dVC

dt
= AVw Pw ( 

nNa + nK + nCl+nX

Vc
−  Πe ),                             (2.4) 
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where, 𝐽𝑖  (i = K, Na, Cl) are the inward ion fluxes, 𝐽𝑝 is the Na+/K+ ATPase pump flux, A, Vw, Pw 

and Πe are cell surface area, the partial molar volume of water, membrane osmotic water 

permeability, and extracellular osmolarity respectively and defined in Table 2.2. To satisfy osmotic 

balance and electroneutrality ((nNa  + nK   + nCl  + nX)/Vc  = Πe , nCl+ ZXnX  = nNa + nK   ) the cell 

is assumed to contain a fixed number of membrane-impermeable anions, nX, with the mean charge 

valence of ZX. These two equations are employed to estimate ZX and nX. The estimated value of  

ZX  is equal to -1.2, which is in the range reported in literature [14]- [16]. 

Figure 2-1 The model cell in normal condition. Its membrane contains three types of channels, Cl-, K+, and 

Na+ which mediate passive movement of these ions and Na+/ K+ ATPase pumps which produce efflux Na+ 

ions and influx K+  ions with a 3:2 ratio. [X-] are the membrane impermeable anion concentration. 
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The modified Goldman equations by Hodgkin and Katz are used to model the passive ion 

movement through the channels (𝐽𝑖) [32]- [34], 

JNa =  PNa ε(u) [[Na+]e exp (−
u

2
) − [Na+]i exp (

u

2
)]                   (2.5) 

JK =  PK ε(u) [[K+]e exp (−
u

2
) − [K+]i exp (

u

2
)],                           (2.6) 

JCl =  PCl ε(u) [[Cl−]e exp (
u

2
) − [Cl−]i exp (−

u

2
)]                         (2.7) 

 

where, u = F 𝐸𝑚 / RT, 𝜀(𝑢)= u / (𝑒𝑥𝑝(𝑢/2) − 𝑒𝑥𝑝(−𝑢/2) , PNa , PK , and PCl  are membrane ion 

permeabilities and F, R and T are Faraday’s constant, gas constant and absolute temperature, 

respectively. 

The Na+/K+ ATPase pump flux is derived from a six-stage sequential kinetic model of Na+/K+ 

ATPase pump activity reported in [35] as, 

Jp =  
N

Σ
 (α − β),                                                                   (2.8) 

where α is a function of the forward rate constants, β is a function of the backward rate constants, 

N is the Na+/K+ ATPase pump density, and Σ is a function of all the rate constants and ligand 

concentrations. In this work, the constant parameters of the Na+/K+ ATPase pumps reported in 

[14] are used. 

To estimate the membrane potential, Em, a stationary solution of the electroneutral condition is 

employed and defined as [14], 

-𝐽𝑝 + 𝐽𝑁𝑎+𝐽𝐾 − 𝐽𝐶𝑙 =0.                                                   (2.9) 

 

Substituting Eq. 2.5 – 2.8 in Eq. 2.9, an expression for Em is derived as, 
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Em =  
RT

F
 𝑙𝑛 (

(PK[K+]e + PNa[Na+]e + PCl[Cl−]i) 𝜀(𝑢) +
𝑁
𝛴 𝛽 exp (

𝑢
2) 

(PK[K+]i + PNa[Na+]i + PCl[Cl−]e)𝜀(𝑢) +
𝑁
𝛴 𝛼 exp (−

𝑢
2)

).                (2.10) 

  The fixed and variable parameters used in the model for CHO cells, their values and associated 

symbols are listed in Table 2.2. A fourth-order Runge-Kutta method is used to numerically solve 

the differential equations.  

To verify the mathematical model described here, we simulate the steady-state internal ion 

concentrations and membrane potential of two cell lines (OMCD [16] and skeletal muscle cell 

[15]). We compared our simulation results with the results previously reported in literature [15], 

[16.] Table 2.3 shows the comparison results. In our simulations parameters reported in literature 

[15], [16]  were employed for OMCD and skeletal muscle cells.  

2.3.2 Measurement of ion fluxes through channels and Na+/K+ ATPase pumps 

In this work, we used rubidium (Rb+) as a tracer of potassium [27], [36]. We measured K+ and Rb+ 

concentrations inside adherent CHO cells in three experiments with media containing either K+ or 

Rb+ using inductively coupled plasma optical emission spectroscopy (ICP-OES, Varian 725-ES, 

Agilent, Australia). The obtained concentrations and their rate of change over time were employed 

to calculate K+ and Rb+ fluxes across the membrane channels and Na+/K+ ATPase pumps. The cell 

radius and number of cells required for flux calculations were determined by optical imaging using 

a Cedex XS cell analyzer (Innovatice, Germany). 

The cell radius was measured four times using a Trypan Blue exclusion assay. The uncertainty of 

measurements is ±4% on the radius and ±8% on the surface area of the cell. The average cell 

diameter was measured to be 13 μm, and there were approximately 6.8×106 cells in each T25 cm2 

flask. In the first experiment, CHO cells were placed in a K+-free buffer containing RbCl (5.4 
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mM). Figure 2.2(a) shows the change in the intracellular concentration of Rb+ over a 2-hour period. 

In this case, Rb+ transport into cells occurs through both channels and the Na+/K+ ATPase pumps. 

Table 2.2  Parameters, associated symbols, and their values employed for CHO cell model 

Parameter         Symbol    Value (unit)            Reference 

Extracellular osmolarity 𝛱𝑒 300 mM measured 

Intracellular ATP concentration [𝐴𝑇𝑃]𝑖 5×10-6 mol/cm3 [16], [35] 

Intracellular ADP concentration [𝐴𝐷𝑃]𝑖 6×10-8 mol/cm3 [16], [35] 

Intracellular inorganic phosphate [𝑃𝑖]𝑖 4.9×10-6 mol/cm3 [16], [35] 

Ratio of permeabilities 𝑃𝑁𝑎: 𝑃𝐾: 𝑃𝐶𝑙 1:1:5.7 [36] , Calc. 

Membrane 𝑁𝑎+ permeability 𝑃𝑁𝑎 5.6×10-8 cm/s Calc. 

Membrane 𝐾+ permeability 𝑃𝐾 5.6×10-8 cm/s Exp. 

Membrane 𝐶𝑙− permeability 𝑃𝐶𝑙 3.2×10-7 cm/s Calc. 

Membrane osmotic water 
permeability 

𝑃𝑤 0.0012 cm/s [55] 

Partial molar volume of water 𝑉𝑤 18 cm3/mol [16] 

𝑁𝑎+/𝐾+- ATPase pump density N 2.56×10-11 mol/cm2 Exp. 

Mean organic osmolyte valence 𝑧𝑋 -1.2 Calc. 

Cell surface area 𝐴 5.3×10-6   cm2 Exp. 

Intracellular amount of 𝑋−  𝑛𝑋 7.5×10-14 mol Calc. 
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Table 2.3 Membrane potential and ion concentrations of OMCD principal cells 

and skeletal muscle cells. The columns marked with * show the results using the 

model described in this study 

Physiological 

characteristics 

OMCD * OMCD16 Skeletal 

muscle * 

Skeletal 

muscle15 

Em (mV) -36 -37 -86 -88 

[Na+]i (mM) 36 37.3 15 21 

[K+]i (mM) 123 124 124 121 

[Cl-]i (mM) 36 32.2 5 3.8 

[X-]i (mM) 85 86 86 84 

 

Rb+ concentration inside the cells reaches a plateau (approximately 80 mM) after 90 minutes. In 

this case, the total flux through channels and the Na+/K+ ATPase pumps is JRb-tot =4.6×10-12 

mol.cm-2.s-1   In the second experiment, cells were placed in the same K+-free buffer containing 

RbCl (as in the previous experiment) and Ouabain was added to inhibit the Na+/K+ ATPase pumps 

activity. Figure 2.2(b) shows the effect of different concentrations of Ouabain on the uptake of 

Rb+.  

 It is evident that inhibition of Rb+ uptake through the Na+/K+ ATPase pumps (reduction of 76% 

as compared to no Ouabain in Figure 2.2(a)) is achieved after 2-hour incubation with 5 mM of 

Ouabain. This is in agreement with the results reported in the literature [27].  In this case, Rb+ is 

transported into the cells solely through the channels, and the measured result obtains the Rb+ flux 
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through the channels JRb =1.1×10-12 mol.cm-2.s-1. Using the Rb+ flux through the channels, JRb, and 

considering the total Rb+ flux through channels and the Na+/K+ ATPase pumps , JRb-tot, the  Rb+   

Figure 2-2 (a) Rubidium uptake by adherent CHO cells in a K+-free buffer over a period of two hours. (b) 

Percentage of Rubidium uptake by adherent CHO cells treated with various concentrations of Ouabain with 

respect to untreated cells in (a). Ouabain inhibits the Na+/K+ ATPase pumps. (c) Potassium and Rubidium 

concentration inside CHO cells in a K+-free buffer (0-90 min.) and subsequently in a Rb+-free buffer (90-

180 min.). The error bars represent the minimum and maximum values of the ion concentrations for three 

repeated measurements reported by ICP-OES. 
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flux through the Na+/K+ ATPase pumps is calculated as, JRb-p= 3.5×10-12 mol.cm-2.s-1. In this case, 

some of the channels are contributing to the efflux of potassium. In the third experiment, cells 

were initially incubated in the K+-free buffer containing RbCl for 90 minutes (similar to the first 

experiment) and then washed and incubated in a Rb+-free buffer containing KCl for another 90 

minutes. The measured potassium and rubidium content of cells over the 180 minutes is shown in 

Figure 2.2(c). The error bars represent the minimum and maximum values of the ion 

concentrations for three repeated measurements reported by ICP-OES for each time interval. Over 

the initial 90 minutes (in the K+-free buffer containing Rb+), efflux of K+ occurs through the  

channels and the potassium concentration inside the cells decreases over time, as shown in Figure 

2.2(c). This result obtains the K+ flux through the channels, JK=-5.9 ×10-12 mol.cm-2.s-1. 

Considering the obtained Rb+ and K+ fluxes, the total flux through the channels is 7×10-12 mol.cm-

2.s-1. The total flux through the channels is calculated by adding the magnitude of JK, and JRb 

(regardless of direction) as in both transport mechanisms the passive channels are involved. Over 

the same period, Rb+ enters the cells through both channels and Na+/K+ ATPase pumps. During 

the next 90 minutes where the cells were placed in the Rb+-free buffer containing KCl, efflux of 

Rb+ occurs only through the channels and influx of K+ takes place through the channels and Na+/K+ 

ATPase pumps. The Rb+ flux calculated from this experiment is JRb=-5.8×10-12 mol.cm-2.s-1. 

Considering the total flux through the channels, we conclude that, potassium flux through the 

channels is 1.2×10-12 mol.cm-2.s-1 from 90 to 180 minute. The total K+ flux through the channels 

and the Na+/K+ ATPase pumps is calculated as, JK-tot = 4.7×10-12 mol.cm-2.s-1. From this experiment 

K+  flux through the Na+/K+ ATPase pumps is calculated as, JK-p=3.5×10-12 mol.cm-2.s-1. Note that 

by separate measurements of K+ and Rb+, similar values were obtained for JK-p and JRb-p. This is 

expected as potassium and rubidium employ the same Na+/K+ ATPase pumps for active 
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transportation across the membrane. The uncertainties in measured ion concentrations (Figure 

2.2(c)) and radius cause a maximum of 6% and 4% deviation in the calculated ion fluxes, 

respectively, which is negligible. Note that a large number of parameters are used in the 

calculations. However, the sensitivity of the calculations to each of the parameters is not uniform 

due in part to the non-linear nature of the calculations. The sensitivity of the calculations to these 

parameters are reported in supplementary information.  The obtained fluxes along with Eq. 2.1-

2.10 were employed to calculate the membrane ion permeabilities, PNa, PK, and PCl, and the Na+/K+ 

ATPase pump  density, N, for CHO cells. The values are listed in Table 2.2. 

2.3.3 Simulation results of cell volume, membrane potential and intracellular ion 

concentrations   

Biological cells maintain a stable cell volume, membrane potential and intracellular ion 

concentrations in a healthy state when the Na+/K+ ATPase pumps and channels function properly. 

The model described here (see Mathematical Model of Cell Ion Transport and Cytoplasm 

Conductivity section) was employed to simulate the steady-state of a normally functioning cell 

with extracellular concentrations set similar to those of regular growth media  (1.7 S/m). In 

addition, the effect of various perturbations such as shutting down the pumps or changing the 

medium conductivity on the cell ion concentrations. Figure 2.3 summarizes the simulation results 

for membrane potential, cell volume and ion concentrations within a cell and after shutting down 

the Na+/K+ ATPase pumps. The model is initiated with intracellular ion concentrations close to 

equilibrium with extracellular fluid except the chloride concentration which is lower due to the 

intracellular organic anions ([Na+]i = 145 mM, [K+]i= 12 mM, [Cl-]i= 60 mM, [X-]i= 83 mM Em= 

-20 mV and Vc= 9×10-10 cm3). Channels and pumps parameters obtained for CHO in 

“Measurement of ion fluxes through channels and Na+/K+ ATPase pumps” section were employed 
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in simulations. The model parameters are reported in Table 2.2. Note that the ratio of potassium to 

sodium passive channels is 1:1 for CHO cells [36], and their steady-state membrane potential is -

10  mV [37].  These are different from most mammalian cells for which the ratio of potassium to 

Figure 2-3 Simulation results of ion concentrations, membrane potential and cell volume for healthy and 

pump inhibited CHO cells in 1.7 S/m medium. The model is initiated with intracellular ion concentrations 

close to equilibrium with extracellular fluid except the chloride concentration which is lower due to the 

intracellular organic anions ([Na+]i = 145 mM, [K+]i= 12 mM, [Cl-]i= 60 mM, [X-]i= 83 mM). Vc is initially 

defined as 9×10-10 cm3. The parameters such as ion permeabilities and Na+/K+ ATPase pump density are as 

specified in Table 2.2. Ion concentrations at steady state are [Na+]i = 11 mM, [K+]i= 145 mM, [Cl-]i= 70 

mM and [X-]i = 74 mM. At the point marked with dash line, after 150 minutes, the Na+/K+ ATPase pump 

density is reduced to zero, to simulate total Na+/K+ ATPase pump inhibition. At this time, the model is 

initiated with variables derived from the results of the first 150 minutes, marked with dash line, and 

therefore all variables are initially stable. After pump inhibition, there is a gradual depolarization as [K+]i 

and [Na+]i begin to equilibrate with the extracellular fluid. This depolarization allows [Cl-]i influx and thus 

volume increases. 
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sodium is 1:50, and their membrane potential is -88 mV [15]. The simulation results of membrane 

ion permeabilities, Na+/K+ ATPase pumps density, the steady-state ion concentrations and 

membrane potential of CHO cells in comparison with OMCD and skeletal muscle cells are 

presented in Table 2.4. It shows how these parameters vary for different cell lines requiring proper 

characterization for accurate modelling. Figure 2.3 also shows that by inhibiting the Na+/K+ 

ATPase pumps activity, the cells ion contents begin to equilibrate with the extracellular fluid 

([Na+]e= 145 mM, [K+]e = 5 mM,  [Cl-]e= 110 mM and other compounds). It is in agreement with 

the results of pump inhibition reported in literature [15], [38] which shows [K+]i and [Na+]i begin 

to equilibrate with the extracellular fluid after the pump inhibition. This allows [Cl−] influx and  

   Table 2.4. Comparison of physiological characteristics 

Physiological characteristics CHO cell (This 
study) 

OMCD cells [16] Skeletal muscle 
cells [15] 

PNa (cm/s) 5.6×10-8  3.2×10-6 8×10-10 

PK (cm/s) 5.6×10-8  1×10-5 4×10-8 

PCl (cm/s) 3.2×10-7  3×10-6 1.2×10-7 

N ( mol/cm2) 2.56×10-11  3.35×10-12 5×10-12 

Em (mV) -12±1* -37 -88 

[Na+]i (mM) 11±1* 37.3 21 

[K+]i (mM) 145±6* 124 121 

[Cl-]i (mM) 70±2* 32.2 3.8 

 The reported uncertainties here is due to the uncertainty in the measured radius. 
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thus volume increases [15], [38]. 

2.3.4 Estimation of cytoplasm conductivity from simulation model 

The simulated ion concentrations shown in Figure 2.3 are used to estimate the cytoplasm 

conductivity (σc ) of CHO cells. In order to calculate the conductivity from ion concentrations, a 

simplified version of the Kohlraush law and limiting molar conductivity of ions in water has been 

used [39], given as, 

σc = µ{ Na[Na+]i + K[K+]i + Cl[Cl−]i                               (2.11) 

Here λi  (i = Na, K, Cl) is the limiting molar conductivity of ion i in water [40],  [i+ ] is the 

concentration of ion i and μ is the mobility factor. The mobility in the cytoplasm is 0.25-0.35 [40] 

and is less than 1. It can be attributed to the presence of organelles, proteins and other molecules 

in cytoplasm reducing the space available for the ions to move as well as other scattering 

influences. Therefore, the effective mobility in the cytosol is 3-4 times lower than estimated from 

the limiting molar conductivity [39], [41], [42].  

2.3.5 Comparison of model simulation and experimental results of the effect of Na+/K+ 

pump inhibition 

There have been studies showing that cytoplasm conductivity plays an important role in different 

biological processes such as apoptosis [4]- [6], progression of  cancer [7]- [9], differentiation of 

stem cells [10], separation of healthy and tumor cells [11]. One aim of this work is to provide a 

link between physiological changes and cytoplasm conductivity of CHO cells. In this work, 

Dielectrophoresis has been chosen as the method to monitor the cytoplasm conductivity of CHO 

cells. This can be achieved with a time resolution of a few minutes.  Dielectrophoresis is the 
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translation of a polarizable particle in a non-uniform electric field. The time-averaged DEP force 

exerted on a cell is given by [43] 

�⃗�𝐷𝐸𝑃 = 1.5 Ɛ𝑚𝑉𝑐𝑅𝑒{𝐾𝐶𝑀}. �⃗⃗�|�̅� (𝑟)𝑟𝑚𝑠
𝐷𝐸𝑃 |2                                 (2.12)                                                                                                                                                     

where, Vc is the cell volume, �̅�  is the non-uniform electric field at the position of the cell, and 

KCM is the Claussius-Mossotti factor, expressed as, 

KCM =
ε̃p−ε̃m

ε̃p+2ε̃m
                                                                      (2.13)                                                                                                                                                             

where, 𝜀�̃� and 𝜀�̃�are the complex permittivity of the cell and medium, respectively, defined as Ɛ =

Ɛ0Ɛr + σ/jω, with ω being the angular frequency of the electric field. It should be noted that, through 

KCM, the DEP response is dependent on the difference in the complex permittivity of the cell and 

medium. The amount of deflection and its direction due to the DEP force is directly related to the 

magnitude and sign of Re {KCM}. Re {KCM} is depicted in Figure 2.4 for a typical healthy CHO 

cell in a medium with conductivity 0.42 S/m. The dielectric properties of different compartments 

of cells affect the Re{KCM} spectrum in different frequency ranges. For example, Re{KCM} is 

dominantly affected by the cytoplasm conductivity, and subsequently, the ionic composition of the 

cell at frequency of 6 MHz3, shown in Figure 2.4(a). This operating point is chosen, as it is least 

sensitive to other factors such as cell size, shown in Figure 2.4(b). In CHO cells, the equilibrium 

cytoplasm conductivity is approximately 0.46 S/m in a medium with conductivity 0.42 S/m. This 

is obtained experimentally as Re{KCM} ≈ 0 resulting in a near-zero DEP force on cells.  

The detail of the DEP cytometer used in this work to monitor the cytoplasm conductivity of the 

cells is described in the supplementary information. The DEP cytometer measures a parameter 

called force index, which is related to the cells displacement due to an applied DEP force. To map 

the obtained experimental results by DEP cytometer (Force Index) to the Re {KCM} and 

subsequently cell cytoplasm conductivity (σC) [29], we followed the same procedure explained 
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elsewhere [3]. In the prior work, first the force index of CHO cells was measured at 6 MHz 

frequency in medium with different conductivity shown in Figure 2.5(a) [3]. Then this result was 

used along with the  

simulation result of the Re {KCM} for different medium conductivities and cytoplasm 

conductivities (see Figure 2.5(b, c)) to relate the measured force indices to the Re {KCM} and 

subsequently the cell cytoplasm conductivity. A linear relationship between the force index and 

cytoplasm conductivity was established for our experimental condition (cell’s velocity, medium 

conductivity, etc.) and shown in Figure 2.5(d).  

 

Figure 2-4 . Simulated spectrum of the real part of the Claussius-Mossotti factor (Re {KCM}) for a 

mammalian cell (Chinese hamster ovary (CHO)), with parameters from 35. (a) Cytoplasm conductivity 
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varies from 0.35–0.5 S/m and medium conductivity is 0.42 S/m.  (b) Cell volume varies from 5×10-10 –

10×10-10 cm3 and medium conductivity is 0.42 S/m. 

We simulated and experimentally measured the temporal change in the cytoplasm conductivity of 

Na+/K+ ATPase pump inhibited CHO cells using our model and the DEP cytometer. In the 

simulation model, pump inhibition was performed by setting the density of the pumps to zero for 

a cell at its equilibrium state in an extracellular fluid with the conductivity set to 0.42 S/m ([Na+]e= 

55.3 mM,  [K+]e = 0.8 mM,  [Cl-]e= 25.2 mM and other compounds). In experimental measurement, 

5 mM Ouabain was employed to inhibit Na+/K+ ATPase pumps (See Figure 2.2(b)). The DEP 

response of cells was measured in a medium with conductivity 0.42 S/m. Approximately 2500 

cells were measured over a period of 105 minutes after the inhibition of the Na+/K+ ATPase pumps. 

The results were averaged over five minute periods (~100-150 cells in a five-min window). Figure 

2.6 shows the simulation and experimental results of three independent experiments for the 

temporal change of cytoplasm conductivity in pump inhibited CHO cells. Experimental and 

simulation results show that there is a decline in cytoplasm conductivity of CHO cells when the 

pumps are inhibited. The reason is that when the pumps are shutdown, ions passively flow in and 

out of the cell to reach to a new equilibrium with extracellular fluid ([Na+]e= 55.3 mM,  [K+]e = 

0.8 mM,  [Cl-]e= 25.2 mM and other compounds). K+ and Cl- flow out of the cell while Na+ flows 

into the cell resulting in a new ionic equilibrium state. The efflux of Cl- and lower limiting molar 

conductivity of Na+ compared to K+ lead to lower cytoplasm conductivity. With the pumps off, it 

might be expected that the cytoplasm ion concentrations will become equal to that of the external 

medium. In this case, the cytoplasm conductivity would be expected to decrease to 0.11 - 0.14 

S/m, from Eq. 11. However, the observed conductivity under pump inhibition is much larger. We 

hypothesize the reason is that the immobile anions within the cytoplasm require the presence of 
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cations to maintain electroneutrality. These cations make the cytoplasm conductivity significantly  

larger than 0.14 S/m. The equilibrium cytoplasm conductivity obtained in our study is 0.32 S/m. 

Figure 2-5 (a) Mean Force Index for 0.17–0.45 S/m medium conductivities. Black stars indicate the 

obtained results in our previous work 3, red circles indicate the results obtained in this work. (b) The real 

part of the KCM calculated using a double shell model versus the cytoplasm conductivity. (d)The linear 

relation between force index and cytoplasm conductivity using Figure 5 (a-c) graphs. 
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The developed model can be employed to predict the effect of physical processes such as apoptosis 

on the cytoplasm conductivity. Apoptosis is a central process in microbiology and biotechnology.  

Previous studies have shown a dramatic decrease in cells’ cytoplasm conductivity, from 0.3-0.6 

S/m to 0.1-0.2 S/m, during apoptosis [4], [6]. At the same time, cation concentrations have been 

observed to drop from 140 to 30-50 mM [4], [44], [45]. Our model can be used to offer some 

insight into the movement of ions during apoptosis and subsequent changes in the cytoplasm 

conductivity. Using the model, we can explore what mechanisms would lead to a drop in ion 

concentration of this magnitude. Intuition would lead to the assumption that increases in channels 

ion fluxes (imitating the increase in membrane permeability observed in apoptosis) or decreases 

in Na+/K+ ATPase pumps  density (imitating the impairment of ATP-driven pumps during 

apoptosis) would lead to a drop in the ion concentration and hence the cytoplasm conductivity. 

Figure 2-6 Simulation and experimental results of pump inhibited CHO cells using 5 mM Ouabain. The 

marked lines show the estimated cytoplasm conductivity using the experimental results of three DEP 

measurements for 105 min. Each marker represents the average for 5 min intervals (100–150 cells). The 

solid line represents the simulation results of the pump inhibited CHO cells. To inhibit the pumps, pump 

density is set to zero. 
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However, our model simulation shows that, by complete shutdown of active pumps or one 

hundredfold increase in channels ion fluxes, the cytoplasm conductivity decreases from 0.54 S/m 

to 0.49 S/m and 0.5 S/m, respectively (data not shown). In both cases, the cation concentrations 

are more than a factor of two above the concentration observed in apoptotic cells. This is because 

in the model, the immobile  

anions within the cytoplasm must be balanced by an equal concentration of cations to maintain the 

charge balance [46]. This model predicts that the drop in ion concentration required to reach the 

cytoplasm conductivity observed during apoptosis, cannot be reached simply by the loss of Na+/K+ 

ATPase pump activity or the increase in ion pore density. 

2.4 CONCLUSION 

In this paper, we proposed a quantitative model for the temporal ion transport across the Chinese 

hamster ovary (CHO) cells and used it to predict the cytoplasm conductivity considering Na+, K+ 

and Cl- passive channels and Na+/K+ ATPase pumps for active pathways. We measured potassium 

and rubidium content of the cells using two different buffers and performed quantitative estimation 

of potassium flux through the active and passive pathways separately (see K+ and Rb+ Content of 

the cell section). The obtained fluxes were used in the model to estimate the ion channel and pump 

densities. Using the described model, the cytoplasm conductivity was estimated. These estimates 

of cytoplasm conductivity were compared with cytoplasm conductivity measurements carried out 

using Dielectrophoresis cytometry. The model predicted the experimentally estimated temporal 

changes in cytoplasm conductivity of pump inhibited CHO cells using Ouabain by setting the 

density of pumps to zero. The model will also aid in relating bulk dielectric measurements used 
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for monitoring large scale cell cultures to physiological changes within cells applicable in 

biopharmaceutical production. 

2.5 METHODS 

2.5.1 Cell culture   

Chinese hamster ovary (CHO) cells (CHODG44-EG2-hFc/clone 1A7), provided by Yves 

Durocher of the National Research Council were used in this work. CHO cells were used in two 

cultures, suspension and adherent. CHO cells in suspension culture were grown in 250 ml shaker 

flasks and incubated at 37oC with a 10% CO2 overlay on a shaker platform (120 rpm). The cells 

were passaged every 3–4 days with a seeding density of 2×105 cells/ml in c-CHO serum-free 

medium (BioGro Technologies, Winnipeg, MB). Adherent CHO cells were grown in T-75 cm2 

flasks and incubated in Iscove’s Modified Dulbecco’s Medium (IMDM) at 37oC with a 10% CO2 

overlay. The cells were passaged every 3–4 days in a 1:6 split (aspirate cells 1 ml in 9 ml IMDM).  

2.5.2 Ion flux measurement using ICP-OE    

In this work, in order to estimate the required parameters for the quantitative model, the ion fluxes 

through the channels and pumps were determined using a flux-based assay with a tracer element. 

Here, Rb+ was used as a tracer of potassium to study the flux through the potassium channels and 

Na+/K+ ATPase pumps [23], [24], [47]. In the Rb+ assay, cells were incubated with a buffer 

containing Rb+ for 0.5-2 hours. At specific time intervals, cells were washed to remove 

extracellular Rb+, and channel activity was determined by measuring the rubidium concentration 

of the cell lysate and supernatant using an ion-specific tool, inductively coupled plasma optical 

emission spectroscopy (ICP-OES, Varian 725-ES, (Agilent, Australia)).  
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2.5.3 Buffers    

Two different buffers were used in this work to study Rb+ uptake and K+ content of the cells: K+-

free and Rb+-free buffer. The K+-free buffer contains 15 mM HEPES, 140 mM NaCl, 5.4 mM 

RbCl, 1 mM MgCl2, 0.8 mM NaH2PO4, and 2 mM CaCl2,  and the pH is set to 7.4 with NaOH. 

The Rb+-free buffer contains 15 mM HEPES, 140 mM NaCl, 5.4 mM KCl, 1 mM MgCl2, 0.8 mM 

NaH2PO4, and 2 mM CaCl2,  and the pH is set to 7.4 with NaOH. 

2.5.4 Sample preparation for ion measurement   

In order to quantify the ion fluxes through the channels and Na+/K+ ATPase pumps, a measurement 

was performed in two groups. Two days prior to the experiment, the cells were washed and put 

into 10 T25 cm2 flasks with IMDM culture medium.  On the day of the experiment, the first group 

of five T25 cm2 flasks were removed, and the samples were washed twice with K+-free buffer. 

Then the first group was incubated with K+-free buffer for five different time intervals. At each 

time interval, the cells in the flask were washed and lysed.  The second group of five T25 cm2 

flasks were incubated for 90 minutes in K+-free buffer. The second group of samples were then 

washed twice with Rb+-free buffer and incubated at five different time intervals in the same Rb+-

free buffer. At each time interval, the supernatant was removed, flasks were washed, and cells 

lysed.  During lysing, the sample was prepared by discarding supernatant, washing with deionized 

water, lysing and filtering the cell debris. In this work, 0.15% Sodium Dodecyl Sulphate (SDS) in 

DI water was used to lyse the cells. The average diameter and the total number of cells were 

determined by optical imaging using a Cedex XS analyzer (Innovatice, Germany). The mean 

diameter is measured to be 13 μm, and the average number of the cells is 6.67×106 cells in each of 

the T-25 (surface area 25 cm2) flasks.  Inductively coupled plasma optical emission spectroscopy, 
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ICP-OES, Varian 725-ES, (Agilent, Australia), was used to measure the ion concentration of the 

filtered solution. The sample volume for ICP-OES measurement was 5 ml. In order to measure 

Rb+ uptake over time, adherent CHO cells were incubated in K+-free buffer, containing 5.4 mM 

Rb+.  In some cases, Ouabain was also added to the buffer to determine the proper Ouabain 

concentration for maximum Na+-K+ ATPase pump inhibition over a period of two hours. The 

experiment was performed for five different Ouabain concentrations: 0, 0.01, 0.1, 0.5 and 5 mM 

for four different time intervals. The same procedure was used to wash and lyse the cells at each 

time intervals.  

2.5.5 Sample preparation for DEP measurement    

To prepare samples for DEP measurement, cells at 2 days after seeding were taken from the shaker 

flask, centrifuged and resuspended in a mix of low conductivity and BioGro CHO medium to a 

concentration 2×105 cells/ml. The ratio of low conductivity to BioGro CHO medium was adjusted 

to reach the desired media conductivity 0.42 S/m. In order to prepare pump inhibited CHO cells 

for DEP measurement, cells were resuspended in 0.42 S/m medium containing 5mM Ouabain. 

Ouabain is known to inhibit pump activity in several minutes [48]. 

2.6 SUPPLEMENTARY INFORMATION 

2.6.1 Dielectrophoresis cytometer      

In order to determine the actuation of individual cells using a dielectrophoresis (DEP) force, a 

microfluidic system with differential actuating and sensing electrodes at the bottom of the channel 

is employed. The DEP cytometer used in this work was developed at the University of Manitoba, 

as shown in Figure 2.7 [30], [31]. A schematic view of the channel with a cell flowing over sets 
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of coplanar electrodes is shown in Figure 2.7(a). As the cell passes over the first pair of detection 

electrodes (D1), a signal with a peak value P1 is produced. Then the cell is exposed to a DEP force 

as it passes over the actuation electrode (A) to which the DEP voltage is applied. Finally, as the 

cell passes over the second pair of detection electrodes (D2), a signal with a peak value P2 is 

produced. When a DEP voltage is applied, the cell will be attracted or repelled from the higher 

density electric field region depending on the magnitude and sign of the Claussius Mossotti factor. 

The cell holding Re {KCM} >0 experiences pDEP force and is pulled toward the region with high 

electric field intensity which results in P2 > P1. Conversely, the one exhibiting Re {KCM} <0 

experiences nDEP force and is repelled from the region with high electric field intensity which 

results in P2 < P1. Examples of signals recorded for CHO cells experiencing nDEP (P1>P2), no 

DEP (P1= P2), and pDEP (P1<P2) actuations are shown in Figure 2.7(b). 

To normalize the experimental results, a parameter, force index, FI =
𝑃2−𝑃1

𝑃2+𝑃1
 is introduced, which is 

a ratio of the difference and sum of each cell signature (peaks) before and after the DEP actuation. 

When the Re {KCM} is positive, the force index is positive, and when Re {KCM} is negative, the 

force index is negative. The force index is approximately proportional to Re {KCM} when the DEP 

force is small. 

2.6.2 Sensitivity of Flux Calculations to Model Parameters     

There are a large number of parameters in Table 2.2, which are used in the model calculations. 

However, the sensitivity of the calculations to each of the parameters is not uniform due in part to 

the non-linear nature of the calculations. For example, even if water permeability (Pw) has a large 

uncertainty, it has a minor effect on the results even if it is changed it by 50%. This is because the 

permeability is high, and as a result, the water remains in equilibrium over a wide range of values. 
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For a 50% change in permeability the cytoplasm conductivity in Figure 2.6 only changes by 0.03%. 

Vw is derived from fundamental constant parameters, and the uncertainty is negligible.  

The membrane potential and sodium: potassium ratio of permeabilities for CHO cells reported in 

the literature were used to find the ratio of the Chlorine permeability. The reference for these 

parameters does not explicitly state the uncertainty, but the calculations are relatively insensitive 

to uncertainties in the membrane potential. For example, if the membrane potential increases by ± 

%25 (Em= -10- -15 mV) the obtained ratio for the chlorine flux will change by 18%, 25%, 

respectively. One of the parameters that change as a result of this change is the flux through the 

Cl- channels. The overall impact on the calculated cytoplasm conductivity in Figure 2.6 will be 

0.9%.  

 

 

Figure 2-7  (a) Schematic of the microfluidic channel. (b) Different detection signals for CHO cells 

experiencing nDEP force (Re {KCM} < 0), no DEP actuation (Re {KCM} = 0), and pDEP force (Re {KCM} 

> 0). 

 

 

(a) 

(b) 



 

 73 

The cell radius was measured four times using a Trypan Blue exclusion assay. The mean value of 

these measurements has been used in our calculations. This radius is in agreement with literature 

values for the cell radius [56], [57]. The uncertainty of measurements is ±4% on the radius and 

±8% on the surface area of the cell. The impact of this radius uncertainty on the ion concentrations 

and the membrane potential reported in Table 2.4. 

The membrane potassium permeability was obtained using experimentally measured potassium 

and rubidium content of the cell using two different buffers, and the ratio of the permeabilities was 

used to calculate the membrane Na+ and Cl- permeabilities. Three sets of measurements have been 

done using ICP-OES, and the error bars have been added to figure 2.2(c). Compared to the radius 

uncertainty, the error in ICP-OES have significantly less impact on the estimated ion fluxes as well 

as ion permeability values (PNa, PK, PCl) reported in table 2.4.  

[ATP]i, [ADP]i, [Pi]i  parameters were imported from other references, and they have not reported 

the uncertainty for these parameters, and we assume the uncertainty is not a big effect on the values 

in Table 2.3. The concentration of these parameters play a role in the Na+/K+ pump activity and 

does not affect the results obtained in figure 2.6 since the Na+/K+ pump activity is zero in this 

experiment. 

nx and zx are dependent values and have been determined by applying the osmolarity and 

electroneutrality equations. Considering the total intracellular positive ion concentrations 

([𝑁𝑎+ + 𝐾+]𝑖~160 mM), chloride concentration at steady state ([𝐶𝑙−]𝑖 = [𝐶𝑙−]𝑒𝑒𝑥𝑝 (−
𝐸𝑚 𝐹

𝑅𝑇
))  

and CHO cell volume,  the amount of impermeable anions (nX) was estimated. Then the 

electroneutrality was applied to calculate the charge valence. Note that the extracellular osmolarity 

(Πe) is measured using an osmometer (AdvancedV Model 3300 Micro-Osmometer, Advanced 

Instruments Inc., Norwood, USA). 
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3.1 ABSTRACT  

The ability to monitor the status of cells during nutrient limitation is important for optimizing 

bioprocess growth conditions in batch and fed-batch cultures. The activity level of Na+/K+ ATPase 

pumps and cytoplasm ionic concentrations are directly influenced by the nutrient level, and thus, 

cytoplasm conductivity can be used as a marker-less indicator of cell status. In this work, we 

monitored the change in cytoplasm conductivity of Chinese hamster ovary cells during nutrient 

deprivation and reintroduction. Employing single-cell dielectrophoresis, the change in cytoplasm 

conductivity was measured over a 48-hour period. The conditions under which the cytoplasm 

conductivity would recover to a normal level after nutrient reintroduction was determined. In 

addition, numerical simulations of cell ion flux, for different levels of Na+/K+ ATPase pump 

inhibition, were used to predict the minimum conductivity expected for nutrient-deprived CHO 

CHAPTER 3.   CYTOPLASMIC CONDUCTIVITY AS A MARKER FOR 

BIOPROCESS MONITORING: STUDY OF CHINESE HAMSTER OVARY 

CELLS UNDER NUTRIENT DEPRIVATION AND REINTRODUCTION  
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cells. This predicted value is close to the minimum observed experimental cytoplasm conductivity 

for CHO cells that maintain the ability to restore the cytoplasm conductivity to the normal viable 

levels when nutrients are reintroduced. The recovery of  starved cells was verified by reintroducing 

them to nutrient for 36 hours and measuring their proliferation using trypan blue exclusion assay. 

We conclude that cytoplasm conductivity can be used as a marker to indicate whether cells are in 

a recoverable state, such that the reintroduction of nutrients results in cells returning to a normal 

healthy state. 

3.2 INTRODUCTION 

Process Analytical Technologies (PAT) are expected to contribute to reducing the time to optimize 

manufacturing processes, enhancing productivity and improving the product quality in mammalian 

cell culture bioprocesses [1]- [3].  Many PAT tools have been developed to monitor various aspects 

of batch cultures [1], [2].  Raman spectroscopy has been used to monitor viable cell density and 

glucose and lactate concentration during a batch culture to improve protein production and ensure 

product quality [4]- [6]. Near-infrared spectroscopy has been demonstrated to be useful in 

monitoring metabolites, viable cell density, and total cell density in batch cultures for final product 

quality control [7], [8]. Dielectric spectroscopy has been employed to monitor the biomass in batch 

cultures to improve process monitoring [9]- [13]. One important aspect of mammalian cell cultures 

for which PAT tools have been developed is the metabolically active biomass [9], [14], [15]. There 

are different techniques to measure biomass during a culture such as monitoring nutrient 

consumption, oxygen uptake, metabolites, direct biomass measurement, and cell counts [9], [16], 

[17]. The use of dielectric properties for monitoring biomass is of interest for biopharmaceutical 

production as the methods are label-free and non-invasive and have the potential to perform online 
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analysis [18]- [22]. It has been demonstrated that dielectric spectroscopy is a useful technique to 

monitor the biomass as well as the membrane and cytoplasm properties of CHO cells [9]- [13], 

[18], [23], [24]. Table. 3.1 shows the application of dielectric spectroscopy in monitoring dielectric 

parameters, specially cytoplasm conductivity in different cell lines. In this paper, we explore the 

possibility of using cytoplasm conductivity of CHO cells as an indicator of the metabolic activity 

during nutrient deprivation prior to the onset of apoptosis.  

In fed-batch culture, at present, the most relevant cultivation mode in the industry for 

bioprocessing, the feeding strategies are important to maintain high production levels and product 

quality  [24]- [26]. The concentration of nutrients in cellular bioprocesses should be maintained 

below levels that produce overflow metabolites such as ammonia and lactate [27], [28]  but yet is 

sufficiently high to prevent cells from becoming apoptotic [27]. The effects of glucose and 

glutamine depletion on viability and productivity level of cells have been studied to develop 

optimized feeding profiles [27], [29]- [31]. When the nutrient concentration declines, cells’ 

cytoplasm conductivity is impacted since the intracellular ion concentrations are affected by the 

active transport-mediated Na+/K+ ATPase pumps.  The activity level of the Na+/K+ ATPase pumps 

plays an important role in controlling the cells cytoplasm conductivity. Therefore, one can 

hypothesize that cytoplasm conductivity of the cells reflects the activity level of the Na+/K+ 

ATPase pumps during the batch culture and hence is an indicator of the activity level within the 

cell. This work investigates the use of dielectrophoresis (DEP) to estimate Chinese hamster ovary 

(CHO) cytoplasm conductivity for the purpose of monitoring the metabolic activity during a cell 

culture process.   
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Table 3.1 Application of dielectric spectroscopy in monitoring dielectric parameters of various cell lines in 

biopharmaceutical applications 

Cell line Objective Summary  Reference 

Chinese 

hamster 

ovary cells 

Enhancement and 

optimization of 

feeding strategies for 

production 

improvement 

Changes in dielectric parameters such as cytoplasm 

conductivity and membrane capacitance were 

estimated using obtained parameters from dielectric 

spectroscopy during batch and fed-batch cultures. 

Cytoplasm conductivity is 0.38S/m and 0.4 S/m 

during the growth phase of batch and fed-batch 

cultures.  

 

[11] 

Chinese 

hamster 

ovary cells 

 

Bioprocess 

enhancement 

 and improving 

bioprocess control  

To develop a new strategy for real-time monitoring 

and in-depth characterizing populations of cells 

throughout cultures, different parameters such as 

conductivity, permittivity and viable cell density of the 

CHO cell suspension were monitored using dielectric 

spectroscopy. 

 

[35] 

 

Chinese 

hamster 

ovary cells 

 

Bioprocess 

optimization  

Capacitance and conductivity of two perfusion 

cultures were monitored using dielectric spectroscopy 

to provide information on the metabolic state of the 

culture. 

 

[37] 

Chinese 

hamster 

ovary cells 

Bioprocess 

development and 

control 

Changes in capacitance and conductivity of a batch 

culture due to nutrients were monitored using 

dielectric spectroscopy to monitor metabolic shifts and 

consequently, the physiological state of mammalian 

cell cultures.  

[9] 

 

Chinese 

hamster 

ovary cells 

Bioprocess 

optimization for 

maximum 

productivity 

Capacitance and conductivity of a CHO cell culture 

were monitored during batch culture. A biomass 

monitor was used to characterize the process in terms 

of growth kinetics and to calculate the change of 

specific productivity as the process moves from a 

growth to a production phase  

[19] 

 

Vero cells Enhancement of 

product yield in the 

virus production 

process 

 

Different parameters such as permittivity, 

conductivity, cell size and concentration were 

monitored during the Measles virus production 

process using dielectric spectroscopy to enhance the 

product quality and yield. 

 

 

[36] 

 

SF9 insect 

cells 

 

Optimization of the 

virus production 

process 

On-line permittivity measurement and estimation of 

the characteristic frequency was employed to 

qualitatively correlate the physiological state of the 

cells to their diameter, intracellular conductivity and 

capacitance per membrane area.  

 

[23] 

 

SF9 insect 

cells 

 

Improvement in cell 

growth and protein 

production 

Relative permittivity and conductivity were monitored 

in a bioreactor using capacitance probe to maximize 

cell and recombinant protein yields. 

 

[24] 
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The majority of the available dielectric based label-free methods for monitoring biomass in a batch 

culture are based on bulk measurements. Dielectric spectroscopy techniques use the average 

dielectric properties of the cell culture medium to estimate the concentration of cells and their 

dielectric properties [9]- [13], [32]- [39].  Employing dielectric spectroscopy, also known as 

capacitance measurement, for real-time in situ monitoring of the biomass content in fed-batch 

cultures has been demonstrated to be successful in the estimation of dielectric properties and hence 

the physiological state of the cells[9], [10], [22].  The assessment of individual cell properties and 

identification of subpopulations such as viable and non-viable from bulk dielectric spectroscopic 

data is challenging as the measured information is related to the overall properties of the cell 

suspension. Electromagnetic models that are employed to extract the properties of the cells often 

neglect the impact of cell population heterogeneity and provide the average properties of all cells 

[9]- [11].  In our previous work, we employed a single cell dielectrophoresis technique to study 

the change in the cytoplasm conductivity of cells [40]. We showed that nutrient depletion in the 

culture was associated with a decrease in dielectric response of the cells and closely correlated 

with the cells’ cytoplasm conductivity [40], [41].  

In this work, we monitored the cytoplasm conductivity of CHO cells during nutrient deprivation 

and explored the point at which the nutrient-deprived CHO cells were able to recover to a normal 

state by the reintroduction of nutrients. Cytoplasmic conductivity was determined using DEP 

cytometry during nutrient deprivation and after reintroduction of nutrients. Cells undergoing 

nutrient deprivation for a controlled period of time were measured to determine whether their 

cytoplasm conductivity would recover to the normal level after reintroducing them to media with 

glucose and glutamine. In addition, trypan blue exclusion assay was performed to determine if the 

nutrient-deprived cells were able to grow and multiply after reintroduction of nutrients. The 
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experimentally observed effects of nutrient deprivation on the cytoplasm conductivity were 

compared with numerical simulations of Na+/K+ ATPase pump inhibition. The present study was 

meant to mimic conditions near the end of a batch process or during fed-batch processes where a 

decrease in nutrients leads to a decrease in productivity and reduced cellular activity.  It was also 

intended to test the hypothesis that conductivity could be used as a marker to indicate if cells were 

still in a recoverable state where reintroducing nutrients would lead to normal hemostasis.  

3.3  MATERIALS AND METHODS 

3.3.1 Dielectrophoresis  

The dielectric response and cytoplasm conductivity of cells during nutrient deprivation and 

nutrient reintroduction were monitored using dielectrophoresis (DEP). In DEP, cells are subjected 

to a translational force (FDEP) in the presence of a non-uniform electric field which is expressed 

as 

�⃗�𝐷𝐸𝑃 =
3

2
𝜀𝑚𝑉𝑐𝑅𝑒{𝐾𝐶𝑀(𝜔)}𝛻|�̅�𝑟𝑚𝑠

𝐷𝐸𝑃(𝑟)|2,                                              (3.1) 

where, 𝜀𝑚 is the real part of the medium complex permittivity, 𝑉𝑐 is the cell volume, and  �̅�𝑟𝑚𝑠
𝐷𝐸𝑃(𝑟) 

is the root mean square (rms) of the electric field at the position of the cell. Re{KCM} is the real 

part of the Clausius-Mossotti factor, a measure of the polarizability of the cell with respect to its 

surrounding medium, defined as 

𝐾𝐶𝑀 =
𝜀�̃� − 𝜀�̃�

𝜀�̃� + 2𝜀�̃�
.                                                                   (3.2) 

Here, 𝜀�̃�is the complex permittivity of the cell. The direction and intensity of the DEP force are 

associated with the sign and magnitude of Re{KCM}. Biological cells have a dispersive Re {KCM} 
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over a wide frequency range. Figure 3.1 shows Re{KCM} versus frequency for a typical viable 

CHO cell in a medium with conductivity 0.42 S/m for different values of cytoplasm conductivity 

[42]. Previous experimental and numerical analysis of CHO cells has shown that DEP 

measurement at 6 MHz is primarily sensitive to the cell’s cytoplasm conductivity. In a medium 

with conductivity 0.42 S/m, other parameters such as cell size have a much less significant 

influence [43], [44]. (𝜎𝑐). The electrical and geometrical parameters of the cell are the values 

obtained for CHO cells.  

3.3.2 Measurement setup  

In order to probe the dielectric properties of biological cells, a microfluidic chip with coplanar 

electrodes located at the bottom of its microfluidic channel (Figure 3.2) is employed. As a cell 

flows through the channel, it experiences a DEP force generated by the actuating electrode, A. The 

response of the cell to the applied DEP force is measured by the detecting electrodes, D1 and D2, 

Figure 3-1 The simulated spectrum of the real part of the Clausius-Mossotti factor (Re {KCM}) for a 

mammalian cell (Chinese hamster ovary (CHO)), with parameters from (Salimi et al., 2016). Cytoplasm 

conductivity varies from 0.25–0.5 S/m and medium conductivity is 0.42 S/m.    
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using a microwave interferometer. The details of the DEP cytometer and microwave interferometer 

has been described elsewhere [45], [46]. Briefly, when a cell passes over the first pair of detection 

electrodes, D1, it produces a signal with a peak amplitude, P1, related to its altitude in the channel. 

As it continues on its path over the actuation region, it is subjected to a DEP force. The cell then 

passes over the second pair of detection electrodes, D2, and produces a signal with a peak 

amplitude, P2, related to its altitude after the DEP actuation. From Equation (3.1), the DEP force 

acting on a cell is with or against the gradient of the electric field depending on the sign of 

Re{KCM}. A cell with Re{KCM} >0 experiences a positive force (pDEP) and is pulled toward the 

electrodes, which results in  P2 > P1. Conversely, a cell with Re{KCM} <0 experiences a negative 

force (nDEP) and is repelled from the electrodes which result in P2 < P1. Figure 3.2 shows example 

trajectories and corresponding signals for cells passing over the electrodes. 

To quantify the measured DEP response of each cell a normalized differential parameter called 

force index is defined as 

𝐹𝐼 =  
𝑃2 − 𝑃1

𝑃2 + 𝑃1
                                                                         (3.3) 

Positive or negative force index is associated with pDEP or nDEP, respectively. 

3.3.3 Cytoplasm Conductivity Estimation from DEP Response 

In order to map the DEP response, measured force indices, of the CHO cells to their cytoplasm 

conductivity, we used a similar procedure explained in our previous work [44]. By measuring the 
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DEP response of CHO cells at 6 MHz in media with various conductivities, we obtained the plot 

of force index versus medium conductivity shown in Figure 3.3a. From Equation (3.2) and using 

a model for CHO cells [42], we calculate Re{KCM} as a function of the medium conductivity, 

Figure 3.3b. Given that with DEP at 6 MHz, Re{KCM} is predominantly affected by the cell’s 

cytoplasm conductivity, we also calculate Re{KCM} as a function of the cytoplasm conductivity in 

medium conductivity 0.42 S/m with other cell parameters set to nominal values in [42], Figure 

3.3c. The relationship between force index and cytoplasm conductivity was then obtained by 

combining Figures 3a,b, and c. Figure 3.3d shows a linear relationship between FI and 𝜎𝑐 as, FI= 

0.18 𝜎𝑐– 0.08. 

 

 

Figure 3-2 (a) Microfluidic channel with detecting and actuating electrodes, D1, D2 and A. (b) Simulated 

trajectories for three cells experiencing nDEP, no DEP and pDEP corresponding to σc= 0.25 S/m, 0.42 S/m  

and 0.5 S/m, respectively. (c) Corresponding signals for cells in (b) experiencing nDEP force (Re {KCM} < 

0), no DEP actuation (Re {KCM} = 0), and pDEP force (Re {KCM} > 0).  
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3.3.4 Cell Preparation 

The Chinese hamster ovary (CHO) cell line expressing a human-llama chimeric antibody (EG2) 

for the epidermal growth factor receptor was used in this work.  This cell line was kindly provided 

by Yves Durocher of the NRC, Canada (Bell et al., 2010). The cells were maintained in BioGro-

CHO serum-free medium (BioGro Technologies, Winnipeg, MB) containing 0.5 g/L yeast extract, 

1 mM glutamine and 4 mM GlutaMax. Prior to experiments, the cells were maintained in 125 mL 

shaker flasks with culture volumes of 30 ml. Every 3 to 4 days, cells were passaged at a seeding 

density of 2×105 cells/ml. The cultures were grown on a shaker platform (120 rpm) in an incubator 

with a 10% CO2 overlay at 37°C. During the culture, cell viability was measured by trypan blue 

exclusion assay using a Cedex XS cell analyzer (Innovatice, Germany).  

For the nutrient deprivation experiments, cells were cultured in two 250 ml shaker flasks with a 

seeding density of 7×105 cells/ml in 80 ml of BioGro-CHO medium without glucose and glutamine 

(starvation medium). DEP measurements were performed on cells 24, 36, and 48 hours after 

suspension in the starvation medium.  For nutrient reintroduction experiments, cells were taken 

from the starvation medium after 24, 36, and 48 hours and resuspended for one hour in BioGro 

medium with the density of 2×105. DEP measurements were then performed on cells one hour 

after resuspension in the nutrient-rich medium (normal BioGro). For DEP measurement, cell 

suspensions were prepared by centrifuging and resuspending the cells in a mix of low conductivity 

[22.9mM sucrose (Sigma), 16mM glucose (Fisher), 1mM CaCl2 (Fisher), 16mM Na2HPO4 

(Fisher)] and starvation medium to a concentration of 2×105 cells/ml. The ratio of the low 

conductivity to the starvation medium is based on the desired sample conductivity, which is 0.42 

S/m (12:4).  
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Figure 3-3 (a) Mean force indices for different medium conductivities (0.17- 0.45 S/m). Stars and circles 

indicate the obtained results in our previous work ([44], circles; [43], stars). (b) Re {KCM} calculated using 

a double shell model as a function of medium conductivity [42]. (c)  Re {KCM} calculated using a double 

shell model as a function of cytoplasm conductivity for medium conductivity 0.42 S/m. (d) Relationship 

between force index and cytoplasm conductivity using a- c. 
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3.3.5 Mathematical model for cytoplasm conductivity 

Numerical models were used to determine if the observed cytoplasm conductivity is what would 

be expected for CHO cells in a nutrient-deprived condition. In this work, a quantitative model of 

ion transport developed for Chinese hamster ovary cells [44] was employed to link the cytoplasm 

conductivity of cells to their pump activity level during nutrient deprivation and nutrient 

reintroduction. The model includes passive channels for sodium, potassium, and chloride and an 

active pathway via Na+/K+ ATPase pumps. A modification of the Goldman equations by Hodgkin 

and Katz [47]- [49] was used to model the passive ion movement through the channels. A six-stage 

sequential kinetic model of Na+/K+ ATPase pump activity [50] was employed to drive the Na+/K+ 

ATPase pump flux. The obtained fluxes through the channels and pumps were used to estimate 

the dynamics of the CHO cell volume, intracellular ion concentrations and subsequently cytoplasm 

conductivity. Details of the model are explained elsewhere [44]. In this paper, the Na+/K+ ATPase 

pump activity level in the model was changed from 0 to 100% in 10% steps.  At each pump activity 

level, the cytoplasm conductivity of CHO cells was calculated. The model has been previously 

used to study the complete inhibition of  Na+/K+ ATPase pump activity, and results were shown to 

be in close agreement with experimental results for pump inhibition in CHO cells using 

Oligomycin and Ouabain [43], [44].  

3.4 RESULTS AND DISCUSSION 

3.4.1 The dielectric response during nutrient deprivation and nutrient reintroduction  

The dielectric response of many individual cells undergoing nutrient deprivation and after 

reintroduction of nutrients were measured using the DEP cytometer. Figure 4.3a. shows example 

histograms of the measured force indices (related to the DEP force and subsequently the dielectric 
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properties of the cell, see Equation (3.3)) of approximately 500 cells obtained just prior to nutrient 

deprivation (healthy cells) and after 48 hours of nutrient deprivation. It is evident that the mean 

force index has shifted from a positive value for cells prior to nutrient deprivation to a negative 

value for cells incubated in the starvation medium for 48 hours.  The mean value of the measured 

force indices for nutrient-deprived and nutrient reintroduced cells at time points 24, 36 and 48 

hours are shown in Figure 4.3b for four independent sets of experiments. The error bars are the 

standard error of the mean, which is associated with measurement error and heterogeneity in the 

sample. The results for nutrient-deprived cells show a gradual decrease in the force index over 48 

hours for all four measured sets. As the force index at 6 MHz is predominantly sensitive to 

cytoplasm conductivity, the observed decline in the measured force indices is associated with the 

decrease in CHO cells’ cytoplasm conductivity. The nutrient-deprived cells that were reintroduced 

to the growth medium after 24 and 36 hours, exhibit a mean force index similar to the healthy cells 

(0 hours in starvation medium). After 48 hours of nutrient deprivation cells were not able to recover 

to the normal state, and their force index remained close to the nutrient-deprived ones except in 

one set (set 2 in Figure 4.3b). This may be due to the high passage numbers for this specific set. 

The average cytoplasm conductivity of the nutrient-deprived and nutrient reintroduced cells over 

48 hours was determined for each set using the relationship described in Figure 3.3d. Figure 5.3 

shows the cytoplasm conductivity for the four measurement sets, derived from the mean value of 

the force indices for each set. Differences between nutrient deprivation and nutrient reintroduction 

measurements were assessed by a two-tailed Student’s t-test. The P-values for 24, 36 and 48 hours 

are 0.0085, 0.0012 and 0.62, respectively. A P-value of <0.05 was considered as statistically 

significant.  Figure 5.3 also shows that the average cytoplasm conductivity (dash lines) decreases 

monotonically with time from 0.46 S/m, for cells just before nutrient deprivation, to 0.08 S/m, 
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after 48 hours of nutrient deprivation. Significantly, it shows that by reintroducing nutrients, the 

cells with decreased cytoplasm conductivity to 0.3 S/m can recover to the normal state (0.46 S/m). 

If the nutrient deprivation is extended beyond 36 hours, cells become apoptotic and are no longer 

able to restore the cytoplasm conductivity to the normal viable level with the reintroduction of 

nutrients. A much greater loss in ions and hence decrease in cytoplasm conductivity occurs for 

apoptotic cells [40], [41], [51]- [55]. At 48 hours when glucose is reintroduced to the medium, no 

significant change in the status of cells is observed, and the increase in conductivity is minimal. 

This indicates that the cells have undergone an irreversible metabolic change that does not allow 

the restoration of the Na+/ K+ ATPase pumps. 

The recovery of the nutrient reintroduced cells after 36 hours of starvation was verified by growing 

them in normal growth medium (BioGro CHO) for 30 hours and measuring their proliferation 

using a Cedex XS cell analyzer (Innovatice, Germany). The results show the density of cells 

increases from 2×105 cells/ml to 9×105 cells/ml in 30 hours. This equates to a doubling time of 

approximately 14h, which is normal for CHO-EG2 cells [56] and shows a rapid recovery from 

nutrient deprivation. DEP measurement was also performed on the cells after 30 hours in the 

growth medium, and their cytoplasm conductivity was obtained close to that of normal cells 

(results not shown). Figure 6.3 shows the histograms of the starved cells, and the nutrients 

reintroduced cells after 1 and 30 hours in BioGro-CHO. The results show that the state of the 36-

hour starved cells reintroduced to nutrients for 30 hours is the same as the healthy normal cells 

(Figure 4.3.a). Reintroduction of the 48-hour starved cells to nutrients shows no significant change 

in the status of cells. 
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The error bars represent the standard error of the mean. Cells were undergoing nutrient deprivation 

in the starvation medium (BioGro-CHO medium without glucose and glutamine). Nutrient 

reintroduced cells were taken from the starvation medium and resuspended in BioGro-CHO for 

Figure 3-4 (a) Histograms of force index showing the DEP response of healthy viable and nutrient deprived 

CHO cells suspended in a medium with conductivity 0.42 S/m and actuated by a DEP force at 6 MHz. (b) 

The average value of force indices of measured cells (approximately 500 cells in each data point) after 24, 

36 and 48 hours of starvation for four different sets of experiments. 
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one hour. Cells were suspended in a medium with conductivity 0.42 S/m for the DEP 

measurements. 

 In our previous work, we showed that decrease in the DEP response (force index) of cells 

measured over time in batch culture was correlated with the early-stage decline in viability due to 

apoptosis as detected by Annexin V assay [57]. The decrease in the force index occurred after 72- 

96 hours of the culture where the nutrients in the medium had been mostly consumed by the cells 

and the decline progressed quickly over the next 24 hours. This behaviour is similar to nutrient 

deprivation results [40]. This suggests that the threshold of 0.3 S/m can be used as the minimum 

cytoplasm conductivity that allows restoration of the viability following nutrient reintroduction. 

This DEP method can be applied to the process control of CHO cell cultures as an online label-

free monitoring system. An automated feeding strategy could be achieved by monitoring the 

Figure 3-5 Cytoplasm conductivity of CHO cells for four sets of experiments. Dashed lines show the mean 

value of the cytoplasm conductivity for all the sets. Values were obtained from the mean value of the 

measured force indices (see Section “Cytoplasm Conductivity Estimation from DEP Response” for the 

detail of the procedure). The statistically significant measurements (P<0.05) are shown with an asterisk. 

The blue dotted line shows the minimum cytoplasm conductivity for cells that maintain the ability to restore 

the cytoplasm conductivity to the normal level. 
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cytoplasmic conductivity and feeding appropriately to maintain cells above the predetermined 

conductivity threshold. The determination of cytoplasm conductivity only requires samples of a 

few hundred cells. Therefore, monitoring could be carried out regularly or continuously.  This DEP 

monitoring system could be used to monitor sub-populations in culture and provide feedback to 

the commercially available online bulk capacitor sensors to improve the accuracy of 

measurements. 

3.4.2 Numerical simulation of nutrient deprivation  

The quantitative ion transport model [44] predicts the effects of nutrient deprivation on the 

cytoplasm conductivity of CHO cells, by numerically calculating the cytoplasm conductivity with 

reduced Na+/K+ ATPase pump activity level. Using the model of CHO cells, a simulation was 

carried out to closely match the experimental procedure used in this paper. In the simulations, the 

initial values for intracellular ion concentrations were set to the steady-state values obtained for a 

cell in BioGro medium (with conductivity 1.6 S/m) with a specified reduced pump activity level. 

The cells were allowed to equilibrate in this medium. In the simulation, the medium conductivity 

was then changed to that of the DEP measurement medium (0.42 S/m), and the temporal change 

in cytoplasm conductivity was calculated for a 45-minute period (approximate duration of our DEP 

experiments).  Figure 7.3 shows the simulation results of the cytoplasm conductivity for different 

Na+/K+ ATPase pumps activity levels (ranging from 0 to 100%) in 0.42 S/m medium. Note that 

the effect of immersing the cells in low conductivity medium, 0.42 S/m, on the cytoplasm 

conductivity was measured to be less than 0.05 S/m over a 45-minute period of DEP measurement 

(results not shown). Each data point represents the mean value of the cytoplasm conductivity over 

the 45 minutes period. Note that a zero level pump activity corresponds to a condition where there 
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is no ATP source to drive the Na+/K+ ATPase pumps. The simulations predict that the mean value 

of cytoplasm conductivity will decreases from 0.42 S/m to 0.33 S/m when the activity of the pumps 

is reduced to zero for a 0.42 S/m DEP measurement medium. This matches with experimental 

results of cytoplasm conductivity, which shows nutrient-deprived cells are able to recover to a 

 

Figure 3-6 Histograms of force indices of the 36 and 48 hours starved cells and their change after nutrients 

reintroduction (cells resuspended in BioGro-CHO and measured after 1 hour and 30 hours). Solid red lines 

show the mean of force indices and dashed blue lines show the zero-force index. It is evident that the cells 

cytoplasm conductivity recovers after providing nutrients to the 36-hour nutrient-deprived cells, whereas 

after 48 hours of starvation, no significant recovery is observed. 
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normal healthy state when their cytoplasm conductivity is above 0.3 S/m. Further decrease in 

cytoplasm conductivity after 36 hours of nutrient deprivation cannot be explained solely by the 

activity level of the Na+/K+ ATPase pumps. Additional mechanisms would be required in the 

model to obtain a cytoplasm conductivity lower than 0.3 S/m. 

3.5 CONCLUSION 

In this work, we have demonstrated that cytoplasm conductivity can be employed to indicate the 

status of CHO cells in nutrient-depleted medium. Using a DEP cytometer, the cytoplasm 

conductivity of nutrient-deprived cells were monitored over 48 hours. Cytoplasm conductivity 

monotonically decreased over the 48 hours of nutrient deprivation. The minimum cytoplasm 

conductivity at which the nutrient-deprived CHO cells were able to recover to a normal state by 

Figure 3-7 The numerical simulation of the cytoplasm conductivity for different Na+/K+ ATPase pumps 

activity levels (ranging from 0 to 100%) in 0.42 S/m medium. Each data point is the mean value of the 

cytoplasm conductivity over a 45-minute period (To match the duration of DEP experiment). Note that the 

initial values for intracellular ion concentrations, cell volume and membrane potential were set to the steady 

state values obtained for a cell with reduced pump activity in medium with conductivity 1.6 S/m. 
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the reintroduction of nutrients was 0.3 S/m. This was verified by growing cells in normal growth 

medium and measuring their proliferation. When the cytoplasm conductivity dropped below 0.3 

S/m, the cells do not recover to normal status when nutrients are reintroduced. The 0.3 S/m 

experimentally observed minimum cytoplasm conductivity corresponds to the numerical 

prediction of cytoplasm conductivity in CHO cells with complete inhibition of the Na+/K+ ATPase 

pumps. This is expected as nutrient limitation directly influences the Na+/K+ ATPase pumps. We 

conclude that cytoplasm conductivity can be used as a marker-free indicator to determine whether 

cells are in a recoverable state, such that the reintroduction of nutrients results in cells returning to 

a normal healthy state. This can be employed in the development of new online monitoring tools 

for optimizing bioprocess growth and harvest conditions in batch and fed-batch cultures. 
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4.1 ABSTRACT 

In this work, we present an optical transit dielectrophoresis (DEP) flow cytometer for parallel 

single-cell analysis. Each cell’s dielectric property is inferred from velocity perturbations due to 

DEP actuation in a microfluidic channel. Dual LED sources facilitate velocity measurement by 

producing two transit shadows for each cell passing through the channel. These shadows are 

detected using a 256-pixel linear optical array detector. Massively parallel analysis is possible as 

each pixel of the detector can independently analyze passing cells. A wide channel (~18 mm) was 

employed to carry many particles simultaneously, and the system was capable of detecting the 

velocity of over 200 cells simultaneously. We have achieved analysis rates for 10 μm-diameter 

polystyrene spheres response (PSS) exceeding 250 per second. With appropriate calibration, this 

DEP cytometer can quantitatively measure the dielectric response.  The dielectric response 

(Clausius-Mossotti factor) of viable Chinese hamster ovary (CHO) cells was measured over the 

CHAPTER 4.   PARALLEL SINGLE CELL OPTICAL TRANSIT 

DIELECTROPHORESIS CYTOMETER  
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frequency range 100 kHz to 6 MHz, and the obtained response matches the previously measured 

values by our group. The DEP cytometer uses simple modular components to achieve high 

throughput label-free single-cell dielectric analysis and can begin analyzing particles within a few 

10s seconds after starting to pump the sample into the channel. 

Keywords— CHO cells, Dielectric properties, Dielectrophoresis, Optical Transit DEP  cytometer, 

Microfluidic, Single-cell. 

4.2 INTRODUCTION 

Dielectrophoresis (DEP) has proven to be a useful technique for single-cell analysis. A 

number of physiological changes produce significant dielectric changes in cells. Under the 

appropriate conditions, DEP analysis can measure changes in either the cytoplasm or the cell 

membrane. DEP has been applied to the identification of different cell types in blood analysis [1- 

3], single-cell manipulation [4], identification and isolation of circulating tumor cells [5- 7], 

differentiation of cancerous cells from healthy ones [8, 9], identification of different types of 

cultured tumor cells [3, 10], characterization of biological cells [11, 12], characterization of the 

breast cancer cells [13], stem cell differentiation and separation [14- 17], tracking apoptosis and 

monitoring the effects of nutrient deprivation [12, 18- 22]. For example, apoptosis dramatically 

changes ion concentrations in the cytoplasm as well as the effective surface area of the cell 

membrane and, consequently, its cytoplasm conductivity and membrane capacitance  [19, 22- 

28].  DEP has the advantage of being label-free compared to techniques such as flow cytometry 

and magnetic bead attachment technologies. Cytometry and magnetic bead attachment are 

powerful for cell characterization and separation but require cells to be incubated with dyes or 

magnetic beads. Other label-free dielectric based methods exist for single-cell analysis, including 
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impedance-based analysis and electrorotation. Impedance-based analysis methods use electrodes 

within the channel to measure the impedance perturbation due to passing cells [29- 33]. 

Impedance-based analysis can have throughput exceeding 100 cells/s but requires corrections for 

background media dielectric properties in order the extract quantitative estimates of cell 

dielectric properties and to enhance signals uses small channels that are prone to clogging. 

Electrorotation is also a single-cell approach however, the throughput of this method is in the one 

cell per minute range [34-038]. In this work, we present a dual-source optical transit system for 

label-free high throughput DEP analysis of single cells. 

Dielectrophoresis analysis uses the movement of cells from forces generated in electric field 

gradients to deduce dielectric properties [39]. DEP analysis methods use many different 

approaches to detect the magnitude and sign of the forces acting on the cells. One of the earliest 

methods used was the direct observation of the movement of cells in the neighborhood of high 

field gradients under a microscope [40]. This method is still used by many researchers as the 

apparatus is relatively accessible. Although this is an effective analysis tool, it is highly manual, 

low throughput and not easily automated. There is also a number of approaches that use DEP 

trapping to infer dielectric properties [27, 41- 43]. There are DEP trapping based systems to 

measure the dielectrophoretic collection rate (DCR) [9, 40]. This approach relates the dielectric 

properties of the cells to the number of the cells accumulated on the electrode pin or edge as they 

flow over it and the polarizability expression is scaled by a phenomenological factor. However, 

cell repulsion (nDEP) cannot be quantified by this method and moreover, there is a need for a 

microscope, video camera and complex image analysis. Trapping based DEP systems have the 

advantage of being scalable and have been demonstrated in CMOS technology [43]. However, 

trapping is a slow process and also exposes the cells to electric field magnitudes that could alter 



 

 107 

the cell via processes such as electroporation and in many cases are limited to positive DEP [44]. 

A number of methods make use of the dielectrophoresis movement of cells within a flow channel. 

Microwave interferometers have been used for differential dielectrophoresis flow cytometers and 

are able to reproducibly measure small changes in dielectric properties [20, 45]. However, this 

approach is difficult to scale to a large number of independent channels. CMOS based DEP 

cytometers have been reported suitable for use up to one cell per second and have the potential to 

scale to a large number of parallel channels [46]. A high throughput, parallel CMOS system would 

have significant initial development costs. Recently, a simple electrical approach has been used to 

monitor dielectrophoretic focusing of beads flowing in a microchannel. However, the flow rate of 

this approach is in the order of 20-80 nL/min [47]. Dielectrophoresis-field-flow fractionation 

(DEP-FFF) is a method that has proven very useful for the separation of cells. It can analyze 

relatively large numbers of cells but analyzes cells that are pulsed into a channel and then measures 

the elution time of the pulse of cells through a relatively long channel [2, 7, 48- 50].  This results 

in a time of greater than 1000 s between the entry of cells into the channel and exit at the 

completion of elution [2]. Therefore, there is a significant time lag between the start and 

completion of the analysis. This time lag can be an important limitation when a large number of 

different experimental conditions need to be examined, such as for the estimation of the KCM 

spectra. In addition, the viability of cells, particularly in low conductivity media (<0.1 S/m), can 

be degraded for analysis times exceeding 10 min [9, 51]. Recently, particle imaging velocimetry 

(PIV) has been used to perform DEP analysis of cells. However, this approach makes use of very 

costly image acquisition and analysis equipment [52]. There are also insulator based DEP or iDEP 

approaches that make use of field gradients created around insulating objects placed within 

channels [53- 56]. The iDEP approaches also use microscopes and require image analysis. The 
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extraction of quantitative dielectric properties from the images taken as the cells flow past these 

objects is challenging. The balance of dielectric forces over electrodes skewed to the channel and 

fluid flow forces has also been used to create a dielectric spring that can be used to extract dielectric 

properties of cells [57]. This approach is continuous and fast enough to measure populations on a 

cell-by-cell basis and is automated. However, the throughput of this approach is 4 cells per second 

[57].  Table S1, supporting information, summarizes different dielectric methods for cell 

investigation with their characteristics. These methods have shortcomings, including long analysis 

time, complex and expensive apparatus and inability to produce quantitative measurements. In this 

work, a single cell DEP analysis method is presented that has short analysis time, simple, low-cost 

components and can produce quantitative measurements at throughputs exceeding 250 particles 

per second.  

In this work, two light-emitting diodes (LEDs), a linear CMOS optical detector array, and two 

co-planar electrodes are used to create an optical transit DEP cytometer.  Dual LED sources 

facilitate velocity measurement by producing two transit shadows for each cell passing through 

the channel. The time between two shadows determines the particle velocity. This optical transit 

cytometer uses a linear optical array containing 256 detector pixels. Massively parallel analysis is 

possible as each detector pixel can be used to independently measure the velocity of a passing 

particle. With some optimization, such as using a photodetector with 768 pixels or increasing the 

flow rate, more than one particle per second can be analyzed per detector and rates exceeding 1000 

particles per second should be possible. DEP particle analysis utilizes the velocity profile produced 

by Poiseuille flow, where the velocities of particles increase with distance from the DEP electrodes 

towards the center of the channel. The sign and magnitude of the dielectrophoresis response of 

each particle are estimated from the sign and magnitude of velocity differences produced by DEP 
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forces acting on the particles. In this work, we report on measurements of 10 μm PSS and CHO 

cells taken with this DEP cytometer. Using accompanying simulations and calibrations for 

mapping, the method is capable of quantitative measurements of the dielectric response. 

Quantitative measurements of the dielectric response or Clausius-Mossotti factor for viable CHO 

cells from 100 kHz to 6 MHz are also presented. 

4.3 MATERIALS AND METHODS 

4.3.1 Optical Transit Microfluidic DEP Analysis Platform 

Figure 4.1 shows the optical DEP cytometer. The optical transit cytometer uses simple, low-cost 

components. A linear 256 photodiode array (AMS TSL1402R) with each pixel being 64 μm × 56 

μm with an 8 μm space between pixels was used. As shown in Figure 4.1A, the schematic diagram 

of the system, two blue LEDs (Wurth 150224BS73100 or QT-Brightek  QBLP679E) illuminate 

the fluid channel, and the detector is positioned beneath the channel. The LEDs were chosen for 

small emission area (400×400 μm) and were used without any aperture. The LEDs were held 100 

mm above the channel. The components were assembled on an optical breadboard (Thorlabs 

MB4). A 50 μm deep, 18 mm wide channel was fabricated using double-sided adhesive tape (3M 

9628FL) sandwiched between a 1 mm × 25 mm × 75 mm glass slide with patterned gold electrodes. 

The front face of the optical detector array was positioned against the bottom of the glass slide. 

Two gold co-planar DEP electrodes on the bottom of the channel, 25 μm wide with a 25 μm gap, 

were positioned such that the shadow of the particles would fall onto the optical detector array just 

after they have passed over the co-planar electrodes. A 1 mm × 25 mm × 75 mm glass slide with 

an ultrasonically drilled 3 mm hole provided the top of the channel and a port into the channel.  A 

channel with DEP electrodes positioned above the detector array is shown in Fig 1B. The detector 



 

 110 

array cannot be seen as the gold coating covers most of the surface. The positioning of the detector 

can more clearly be seen in Fig 1C as the glass slide does not have any gold coating. The fluid 

containing the particles was pushed through the channel using pressure-driven flow. The pressure 

was produced by raising the altitude of the fluid reservoir above the channel by 3-6 cm. This 

produces a pressure of 3-6 mBar, which corresponds to the volumetric flow rate of 60 μl/min. 

Typically the pressure was adjusted to give an average fluid velocity from 900 to 1500 μm/s. The 

tendency of the particles to attain velocity equilibrium with the flow is characterized by the 

response time, 𝜏𝑟= 
𝜌

𝑝 .  𝑑𝑝
2

18 𝜂𝑚
  (ρp is particle density, dp is particle diameter,and ηm is medium 

viscosity) [[128]]. The Stokes number, (
𝜏𝑟

𝜏𝑓
), is used to determine whether 𝜏𝑟 is small enough that 

the particle follows the flow faithfully. The Stokes number is the ratio between particles’ response 

time, 𝜏𝑟, and fluid’s characteristic time scale, 𝜏𝑚 =  
𝑙0

𝑢0
, ( l0 is the characteristic length and u0  is 

the average fluid velocity.). In our case (ρp = 1050 
kg

m3 , dp = 13 μm, ηm = 0.001 Pa. s, l0 =

25 μm and u0 = 1200 μm/s ) the Stokes number will be 4×10 -4. Therefore, the particle velocity 

closely matches the fluid velocity [58, 59]. The LEDs were 100 mm above the channel, and the 

detector array was 2 mm below it. As a particle passes between the detector and an LED, a shadow 

is cast on a photodiode and the signal from that pixel decreases. As each particle passes, two 

minima are produced, one from each LED.  Including the effects of refraction as the light passes 

through the glass slides, the shadows on the detector array are separated in space by 175 μm. The 

particle velocity can then be estimated from the time between the minima.  The parallel optical 

detecting array has the potential to detect the passage of many particles simultaneously, each one 

producing a pair of minima.  
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Figure 4-1(a) Schematic diagram of the DEP cytometer with two light sources, an optical detector and 

microfluidic channel (b) The optical DEP cytometer sensor including electrodes (1) and microfluidic 

channel (3) mounted together. (c) The system with no gold on bottom glass, so that photodetector (2) is 

visible. 
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Figure 4.2A shows the schematic side view of the DEP cytometer with schematic trajectories for 

particles passing over the device. The output from one pixel of the photodetector, shown in Figure 

4.2B, is a series of electrical pulses, where the amplitude of each pulse is proportional to the optical 

power incident on a particular pixel. The clock sequences required to control the flow of signal 

pulses were provided by a microcontroller (PRC Teensy 3.6). All 256 pixels can be digitized and 

logged every 4.5 ms. This rate can be maintained indefinitely. At an average velocity of 1300 μm/s 

the particle passes over a pixel in 49 ms. Therefore each minimum contains approximately 11 

sample points. The time between signal minima due to the illumination from each LED occurs 

after the particle has travelled a distance of 175 μm. At a particle velocity of 1300 μm/s the time 

between minima (Δt) is 135 ms and contains approximately 30 sample points. Once the raw data 

was captured, it was post-processed to produce estimates of the particle arrival time and velocity.  

The dielectrophoretic (DEP) response of the particles is measured through a change in particle 

velocity. In the channel, there is a gradient in the velocity from the channel wall to the center of 

the channel produced by Poiseuille flow. When the particles enter the channel, gravity pulls the 

particles towards the bottom of the channel. The force of gravity is counteracted by the so-called 

lift force that increases as the particle approaches the bottom of the channel [12]. These forces 

balance at some point and the particle will remain at this altitude unless some other force perturbs 

it. In the present system, DEP forces due to the co-planar electrodes produce attractive and 

repulsive forces that either push the particle above this equilibrium or pull it below this equilibrium 

position. Due to the velocity gradient particles that are pushed up move into regions of higher 

velocity (narrower peaks, Δt <ΔtNo DEP) and particle that are pulled down move into regions of 

lower velocity (wider peaks, Δt >ΔtNo DEP). Figure 4.2C shows the corresponding signals for 
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recorded for particles experiencing nDEP (Δt <ΔtNo DEP), no DEP (Δt No DEP =Δt0) and pDEP           

(Δt <ΔtNo DEP) actuations.  The array is positioned to detect the particles just after flowing over the 

Figure 4-2 (a) A schematic side view of the optical detector, microfluidic channel and trajectories of 

particles experiencing nDEP, no DEP and pDEP (b) Sample of a signal and transit time calculation using 

minima time. (c) Detected signals for particles experiencing nDEP force (Δt <Δt0), no DEP actuation (Δt= 

Δt0), and pDEP force (Δt> Δt0). 
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co-planar electrodes. Therefore, the array detects particles after they have been actuated by the 

DEP forces. The sign and magnitude of the velocity changes depending on the sign and magnitude 

of the DEP force [1], [2]. 

4.3.2 Data analysis  

In this work, the particle velocity was estimated by post-processing the raw sampled data using 

MATLAB. To reduce the noise, the raw data were first filtered using a 5-point moving average 

filter. Figure 4.2b shows one sample of the signal after the moving average filter. Then the minima 

and their locations were determined using a minima detection function. Then a threshold of -0.3% 

is applied to identify minima of interest. In order to find the particle velocity the time between two 

consecutive minima was used to calculate the transit time (∆t =  tmin2

2

− tmin1

2

 ). tmin2

2

  and tmin1

2

  

are the times corresponding to the points when the signal reaches half the amplitude of the second 

and first minima, respectively. Erroneous pairs of minima can occur for a number of reasons. 

Erroneous pairs of minima can occur due to peaks being above the threshold, having coincident 

particles and having multi-pixel shadows. These were partially eliminated by rejecting events with 

transit times less than 45 ms or greater than 437 ms. This corresponds to eliminating particles with 

velocities greater than 3880 μm/s and less than 400 μm/s. These steps yield time and velocity for 

each valid particle. 

4.3.3 Dielectrophoresis 

Dielectrophoresis is the translation of a polarizable particle in a non-uniform electric field. The 

magnitude and direction of the DEP force depend on the effective polarizability of the particle 

with respect to its surrounding medium. For biological cells, this depends on the structure and 
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electrical properties of its constituent components. Under the assumption of a spherical cell, the 

time-averaged DEP force on the cells is given by [60]:  

�⃗�𝐷𝐸𝑃 =
3

2
 Ɛ𝑚𝑉𝑐𝑅𝑒{𝐾𝐶𝑀}. �⃗⃗�|𝐸𝑟𝑚𝑠

𝐷𝐸𝑃|2                                   (4.1) 

where 𝜀�̃� is the medium permittivity, Vc is the cell volume, and 𝐸𝑟𝑚𝑠
𝐷𝐸𝑃 is the rms value of the 

electric field at the center of the cell. 𝑅𝑒{𝐾𝐶𝑀} is the real part of the Clausius-Mossotti factor 

expressed as: 

𝐾𝐶𝑀 =
𝜀�̃� − 𝜀�̃�

𝜀�̃� + 2𝜀�̃�
                                                                   (4.2) 

where, 𝜀�̃� and 𝜀�̃�are the complex permittivity of the cell and medium respectively, defined as Ɛ̃ =

Ɛ0Ɛr +
σ

jω
, with Ɛ0 and Ɛr being a vacuum and relative permittivity, σ being conductivity and ω being 

the frequency of the electric field. 

4.3.4 Numerical Simulation of Particle Trajectory  

Simulations of the particle motion in the channel with dielectrophoretic forces were compared to 

the experimental observations. In order to simulate the particle trajectory in the channel, fluid 

dynamics simulation is employed. Here, the movement of particles with various dielectric 

constants, and hence 𝑅𝑒{𝐾𝐶𝑀} , was simulated using COMSOL Multiphysics which includes the 

presence of gravity, buoyancy, lift, and drag forces in addition to the DEP force [12].  For our 

typical operating DEP frequencies (100 kHz – 10 MHz), other effects such as electro‐osmotic flow 

are negligible. In addition, we have neglected the effect of electrothermal flow since the velocity 

change due to temperature rise for our experimental conditions does not contribute significantly to 

the signatures observed [61]. The 𝑅𝑒{𝐾𝐶𝑀} used for PSS was -0.5 and the values of  𝑅𝑒{𝐾𝐶𝑀} for 

CHO cells were taken from [12]. The average cell diameter used in the simulation was obtained 
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by optical measurements using an Image Analyzer (Cedex, Innovatice, Germany). The average 

cell diameter was measured to be 13, and the variation in radius is ±4%. Fluid flow in a 

microfluidic channel can be assumed laminar and the fluid velocity at any altitude, h, from the 

bottom of the channel is given by [12] 

𝑣𝑚 = 6 < 𝑣𝑚 > (
ℎ

𝐻
) (1 −

ℎ

𝐻
)                                                   (4.3) 

where < v_m > is the average velocity of the particle in the channel, h is the distance from the 

center to the bottom of the channel, H is the height of the channel. The majority of cells flowing 

in the microfluidic channel are at an equilibrium altitude before entering the DEP actuation region. 

The equilibrium altitude, heq, of a cell, is the elevation at which gravity, buoyancy, and lift forces 

are in balance, shown in equation (4.4) [61].   

𝐶 
6𝜂𝑅3 < 𝑣𝑚 >

𝐻(ℎ − 𝑅)
=  

4𝜋𝑅3

3
𝑔(𝜌𝑐 − 𝜌𝑚 )                              (4.4) 

By substituting equation (4.3) into equation (4.4), the following cubic polynomial in h can be 

solved for the equilibrium height [61]: 

 

ℎ3 − (𝐻 + 𝑅)ℎ2 + (𝐻. 𝑅)ℎ +
𝛾𝑣𝐻2

6
= 0                         (4.5) 

where 𝛾 = 9𝐶𝜂 /(2𝜋𝑔𝐻Δ𝜌), v is the entrance velocity obtained by measurements, R is the particle 

radius, C= 0.031 is the lift coefficient, 𝜂=0.001 is the viscosity of the medium,  g= 9.81 m/s2 is 

the gravitational acceleration, and Δ𝜌 = 0.05 gm/cm3 is the difference in densities of the cell and 

suspension medium. This formula gives three roots. The only valid root is the two height below 

mid‐channel, heq, which is the value we choose [61].  
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The starting point of the particle trajectory simulation is determining the equilibrium height of a 

particle. Considering cells at their equilibrium height while entering the DEP region, the 

experimentally obtained velocity, V1, corresponds to the particle’s velocity at its equilibrium 

height. Employing equation (4.5) and obtained V1, equilibrium height can be determined. Then 

applying equation (4.3), the average velocity of the particle in the channel is determined. With the 

particle entering at a given height, h1, and subjected to DEP and hydrodynamic forces, we obtain 

its exit altitude, h2, at the location of the second electrode, for different values of 𝑅𝑒{𝐾𝐶𝑀}. The 

exit velocity corresponding to the obtained exit height can be calculated using equation (4.3).  

4.3.5 Chinese Hamster Ovary cell Preparation 

The details of the cell growth and preparation are covered in detail elsewhere but are briefly 

outlined here [22]. The Chinese hamster ovary cells (CHODG44-EG2-hFc/clone 1A7), provided 

by Yves Durocher of the National Research Council, were grown in 250 ml shaker flasks and 

incubated at 37°C with a 10% CO2 overlay on a shaker platform (120 rpm). The cells were 

passaged every 2–3 days with a seeding density of 2×105 cells/ml in BioGro-CHO serum-free 

medium (BioGro Technologies, Winnipeg, MB) supplemented with 0.5 g/l yeast extract (BD, 

Sparks, MD), 1mM glutamine (Sigma, St. Louis, MO), and 4mM GlutaMax I (Invitrogen, Grand 

Island, NY). Samples for DEP measurement were prepared by centrifuging and resuspending day 

2 cells in a mix of BioGro CHO medium  and low conductivity medium [22.9mM sucrose (Sigma), 

16mM glucose (Fisher), 1mM CaCl2 (Fisher), 16mM Na2HPO4 (Fisher)] with 1:15 ratio. A 16 mL 

sample was obtained with a concentration of 2×105 cells/ml, osmotic pressure 291mOsm/kg and 

conductivity 0.17 S/m  
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4.4 RESULTS AND DISCUSSION 

Signals obtained for 10 μm diameter PSS flowing through the cytometer are shown in Figure 4.2b.  

When the PSS passes over the detector, it refracts the light causing a decrease in the optical power 

incident on the detector. For the 10 μm PSS using two LEDs, a decrease in the optical power of 

1.2% is typically observed. The noise in the digitized signal is ~0.026% RMS.  The two minima 

are not equal amplitude due to the illumination from each LED being mismatched. This is due to 

the optical emission being different, and differences in the loss along the optical path due to effects 

such as dust. The velocity of the particle is calculated from the time between minima estimated 

using the methods outlined above. When DEP potentials are applied to the co-planar electrodes 

the particles are actuated, and the velocity perturbed depending on whether the sign of the DEP 

forces. In Figure 4.2c, examples are shown of particles with negative forces (nDEP), no DEP and 

positive (pDEP). In the case of nDEP the particle velocity increases leading to a decrease the time 

between minima. For pDEP the particle velocity decreases and the time between minima increases. 

The possible throughput of the approach was tested using PSS beads. The particle density was 

chosen to produce a condition where there is a relatively small probability of multiple particles 

being present in the analysis region at the same time. Typical signals from several pixels for a 4.5 

second time period are shown in Figure 4.3a. It is not possible to show results from all pixels. In 

this instance, 200 pixels are being sampled corresponding to 12.8 mm of channel width. The 

particles have an average velocity of 1500 μm/s. In a 4.5 second period 1185 particles are detected, 

corresponding to an average rate of 1.2 particles/s for each pixel. Given the average velocity of the 

particles, the average space between each particle is 1,250 μm. Given the 175 μm spacing between 

LED shadows, this will produce a condition with low probability of 2 particles being in the analysis 
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region at the same time. The particle distribution is also reasonably uniform for each pixel. The 

particle count for each pixel is shown in Figure 4.3b.  

The shadows for each particle are largely confined to one pixel. There is a small 8 μm gap between 

each pixel and the fraction of particles producing shadows on more than one pixel is less than 

4.5%. To a large degree, each pixel can be regarded as producing a signal that is independent of 

the particles passing over any other pixel. Therefore, with the configuration presented up to 256 

pixels, each with particles can be analyzed simultaneously. This has been tested by using particle 

concentrations that approach this limit. Under these conditions we have reached particle analyses 

rates of 330 particles/s. This corresponds to a rate of 19,800 per minute.  

The approach outlined in this work is highly scalable. Optical sensors of the type used in this work 

are available in arrays reaching 3300 pixels (400 pixels per inch over 8.5 inches) for applications 

such as document scanners. The channels and electrode arrays could also be scaled to these 

dimensions. The required computation can also be modularized and therefore systems reaching 
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Figure 4-3 Example signals from four pixels for a 4.5-second time period. (b) The particle count for each 

pixel in 4.5 seconds. The system throughput is 263 particles per second. 

250,000 particles per minute are achievable. Further, the very large channels used are not prone to 

clogging and can be operated for long periods of time.  

Figure 4.4a shows the example PSS signals before and after applying DEP. When a 6V peak to 

peak voltage at 1 MHz is applied to the co-planar electrodes nDEP forces are experienced by PSS  

particles and the particles are actuated into regions of higher velocity. The effect of the DEP forces 

can be seen in signal traces where the minima spacing is clearly shorter after the DEP potentials 

are applied.  In the histograms shown in Figure 4.4b, the 10 μm PSS particles have a mean velocity 
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 of 900 μm/s before the application of the DEP signals. After the application of the DEP forces the 

mean velocity is 1500 μm/s. This can be compared to particle trajectory simulations Figure 4.4c 

Figure 4-4 (a) Example of signal traces for 10 μm PSS before and after applying DEP force. (b) Histograms 

of the PSS before applying DEP and after applying 6 Vpp with 1 MHz frequency to the electrodes. (c) 

Particle velocity simulations in the channel for PSS with -0.5 Clausius-Mossotti factor. 
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where the simulation is adjusted to first yield an equilibrium position 8.9 μm above the channel 

bottom and a velocity of 900 μm/s. After passing the co-planar electrodes with DEP actuation 

applied the particles rise to 22.2 μm above the bottom of the channel and to a velocity of 1518 

μm/s.   

Figure 4.5a shows the example of CHO cell signals before and after applying DEP. When a 10V 

peak to peak at 6 MHz voltage is applied to the co-planar electrodes, pDEP forces are experienced 

by CHO cells, and the cells are actuated into regions of lower velocity. The effect of the DEP 

forces can be seen in signal traces where the minima spacing is clearly longer after the DEP 

potentials are applied.  In the histogram shown in Figure 4.5b the CHO cells have a mean velocity 

of 1250 μm/s before the application of the DEP signals. After the application of the DEP forces 

the mean velocity is 600 μm/s. This can be compared to particle trajectory simulations Figure 4.5c 

where the simulation is adjusted to first yield an equilibrium position 13.2 μm above the channel 

bottom and a velocity of 1250 μm/s. After passing the co-planar electrodes with DEP actuation 

applied the particles drop to 8 μm above the bottom of the channel and to a velocity of 850 μm/s.   

This analysis method also can produce estimates of the dielectric properties of the particles versus 

frequency. Using particle trajectory simulations, a mapping between velocity differences before 

and after application of the DEP forces and Clausius Mossotti Factor (KCM) was determined for 

KCM from -0.35 to +0.35. This mapping is shown for CHO cells in Figure 4.6a. At 100 kHz the 

cells experience nDEP with a KCM of -0.25 and the velocity change is negative. At 6 MHz the cells 

experience pDEP with a KCM of +0.32 the velocity change is positive. The curve is not symmetric 

about a KCM of 0, as the DEP forces decrease with distance from the electrodes and therefore the  
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Figure 4-5 (a) Example of signal traces for CHO cells before and after applying DEP force. (b) Histograms 

of the cells before applying DEP and after applying 10 Vpp voltage with 6 MHz frequency to the electrodes. 

(c) CHO cells velocity simulations in the channel for -0.32 and 0.32 Clausius-Mossotti factor. 

magnitude of velocity changes produced by nDEP forces is lower. The velocity change was 

experimentally determined by measuring the velocity of CHO cells prepared as described above 

for approximately 15-30 seconds with no field applied and comparing this with the velocity 

(a) 

(b) 

(c) 
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measured with the field applied for 15-30 seconds to the DEP electrodes. These velocity 

measurements are shown in Figure 4.6b. Each point represents the average velocity of 150-200 

individual CHO cells. The error bars represent the error associated with the variation in the mean 

value of the cell size. The results of Figure 4.6b can be mapped to KCM using Fig 6(a) and these 

are shown in Figure 4.6c along with the experimental estimate of the KCM for CHO cells [62]. The 

error bars are associated with the impact of size variation on the estimated Re {KCM}. The 

experimental estimate for the KCM and the previously measured Re {KCM} are within 0.08 [12, 

62]. Being able to detect changes in KCM of 0.08 is useful as biological changes such as apoptosis 

produce a change of 0.4 in the KCM at 6 MHz [22].  

4.5  CONCLUSION 

An optical transit dielectrophoresis (DEP) cytometer for analysis of single biological cells can be 

created using two light-emitting diodes (LEDs), a co-planar electrode, and a linear optical detector 

array.  As a particle passes over the detector array two minima are produced, one from each LED.  

The particle velocity can estimated from the time between the minima, as the distance between the 

minima is known. Each pixel of the detector can independently measure the velocity of a passing 

particle, and hence a wide channel (~15 mm) can be employed to carry many particles 

simultaneously particles. The wide channel greatly reduces the probability of clogging. Due to the 

wide channel this method is capable of particle analysis rates exceeding 300 per second. In addition 

the method has the potential to quantitatively measure dielectric response.  The Clausius-Mossotti 

factor from 100 kHz to 6 MHz was measured for viable CHO cells and was within 0.058 of the 

expected values. The system is composed of simple modular components and with modest 

optimization, a throughput of thousands of particles per second should be achievable. 
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Figure 4-6 (a) Simulation results of the change in velocity of the CHO cells for different values of the 

Clausius-Mossotti factor in -0.35 to 0.35 range. (b) Experimental results of CHO cells velocity changes 

with the field applied for 15-30 seconds to the DEP electrodes. Each point represents the average velocity 

of 150-200 individual CHO cells. The error bars represent the error associated with the variation in the 

mean value of the cell size. (c) Previously measured Re{KCM }for CHO cells (red stars). Experimental 

results of the KCM (black circles) mapped to Clausius-Mossotti factor using simulation and experimental 

results in (A, B). The error bars are associated with the impact of size variation on the estimated Re {KCM}. 
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5.1 CONCLUSIONS 

This thesis was focused on quantitative modelling of ion transport and dielectric properties of 

Chinese hamster ovary (CHO) cells and developing dielectrophoresis based techniques for 

characterization of single CHO cells. In chapter 2, a quantitative model of ion transport, membrane 

potential and cell volume for Chinese hamster ovary (CHO) cells are described. Mammalian cells 

expend a significant portion of their energy to control the ion flow across the cell membrane and 

hence, cytoplasm conductivity. Cell ionic content has an important contribution to the dielectric 

response of biological cells. In order to link the dielectric response of cells to their physiological 

states, a quantitative model that predicts the effects of physiological changes is needed. In this 

chapter, first a flux-based assay using Rb+ as a tracer element was used to study the ion channel 

and pump densities. Then, the obtained parameter was used to predict the internal ion 

concentrations and cytoplasm conductivity of CHO cells. The model was also verified by 

CHAPTER 5. CONCLUSIONS AND FUTURE WORK  
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comparing the temporal changes in cytoplasm conductivity of the pump inhibited CHO cells. The 

previously developed DEP cytometer was used to measure the cytoplasm conductivity of pump 

inhibited CHO cells. The analysis technique for mapping the dielectric response of cells at 6 MHz 

frequency to cytoplasm conductivity is also explained in this chapter.     

In chapter 3, the previously developed DEP cytometer was employed to monitor the cytoplasm 

conductivity of CHO cells over 48 hours during nutrient deprivation and reintroduction. This study 

was conducted to determine if the cytoplasm conductivity is an indicator of the metabolic activity 

of cells during nutrient deprivation and prior to the onset of apoptosis. The experimental results 

showed that if the nutrient deprivation is extended beyond 36 hours, cells become apoptotic and 

are not able to restore the cytoplasm conductivity to the normal viable level with the reintroduction 

of nutrients. The nutrient reintroduction experiment showed that by reintroducing nutrients, the 

cells with decreased cytoplasm conductivity to 0.3 S/m could recover to the normal state (0.46 

S/m). The 0.3 S/m conductivity considered as the minimum cytoplasm conductivity at which the 

nutrient-deprived CHO cells were able to recover to a normal state by the reintroduction of 

nutrients. This was verified by growing nutrient-deprived cells in normal growth medium and 

measuring their proliferation. The quantitative model explained in chapter 2 predicts the effects of 

nutrient deprivation on the CHO cells’ cytoplasm conductivity. The cytoplasm conductivity was 

numerically calculated for different Na+/ K+ ATPase pumps activity levels. This indicates that the 

cytoplasm conductivity decreases from 0.42 S/m to 0.33 S/m when the activity of the pumps is 

reduced to zero. This result matches with experimental results of cytoplasm conductivity, which 

shows nutrient-deprived cells are able to recover to a normal healthy state when their cytoplasm 

conductivity is above 0.3 S/m. Further decrease in cytoplasm conductivity after 36 hours of 

nutrient deprivation cannot be explained solely by the activity level of the Na+/K+ ATPase pumps 
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since cells have undergone an irreversible metabolic change that does not allow the restoration of 

the Na+/ K+ ATPase pumps. Additional mechanisms would be required in the model to obtain a 

cytoplasm conductivity lower than 0.3 S/m. This study can be applied to the process control of 

CHO cell cultures as an online label-free monitoring system. 

Finally, chapter 4 presents the development of an optical transit dual-source DEP cytometer for 

high throughput characterization and identification of Chinese hamster ovary cells. The system 

was employed for characterization of single CHO cells using two light-emitting diodes (LEDs), a 

co-planar electrode, a linear optical detector array and a wide channel. As a particle passes between 

the detector and an LED, a shadow is cast on a photodiode and the signal from that pixel decreases 

and creates a minimum. As each particle passes two minima are produced, one from each LED. 

The time between the minima was used to estimate the particle velocity. The DEP response of the 

particles is measured through a change in particle velocity. Using this device, the dielectric 

response of 10 μm-diameter polystyrene spheres (PSS) and Chinese hamster ovary (CHO) cells 

were measured. We have achieved analysis rates for PSS exceeding 300 per second. This analysis 

method is also produced estimates of the dielectric properties of the particles versus frequency. 

The Clausius Mossotti factor (KCM) of viable CHO cells was measured over the frequency range 

100 kHz to 6 MHz. Using particle trajectory simulations, a mapping between velocity differences 

before and after application of the DEP forces and KCM was also determined. Identification and 

simultaneously characterization of single cells within a population are important when significant 

subpopulations of cells such as viable and non-viable co-exist in a sample. This approach also 

enables separation of viable and non-viable CHO cells in a population. The approach outlined in 

this work is also highly scalable and has the potential to detect the passage of many particles 

simultaneously.  
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5.2 FUTURE WORK 

In this thesis, a quantitative model of ion transport was developed to predict the cytoplasm 

conductivity of Chinese hamster ovary (CHO) cells under different conditions. Some of the 

limitations of this study was conducting DEP measurements on the CHO cells in suspension and 

not surface adherent cells. In addition, there was an experimental time limitation in order for the 

cell viability to be maintained, as the viability of cells in the low conductivity medium decreases 

with time. In the future, modifying the ion content of the extracellular fluid of the low conductivity 

medium could be helpful in maintaining the viability of cells. For example, we can examine which 

ion plays a more important role in maintaining cell viability and change its concentration in the 

extracellular medium. The developed model was able to predict the effect of low conductivity 

medium and also complete inhibition of Na+/ K+ ATPase pumps. However, it was unable to predict 

the effects of apoptosis on the cytoplasm conductivity of CHO cells. Even with increasing the ion 

channel and pump densities, the electroneutrality needs to be maintained, and the cytoplasm 

conductivity will not be reduced to the levels seen in apoptosis. It is of interest to improve the 

model to be able to predict the cytoplasm conductivity of apoptotic cells. One hypothesis is that 

cytoplasm conductivity can be reduced to levels seen in apoptotic cells by reducing the 

concentration of immobile anions. In this case, there is a reduction in the number of mobile cations 

needed in order to maintain the electroneutrality and the cytoplasm conductivity can drop below a 

level seen in unmodified cells. In this case, additional mechanisms for the change in the 

concentration of the immobile anions and hence, internal Osmolarity is required.  

In this thesis, DEP based techniques to quantitatively characterize the dielectric properties of single 

cells were also presented. The application of these approaches was illustrated to characterize 

viable, pump inhibited and apoptotic CHO cells under nutrient deprivation.  In chapter 3, 
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cytoplasm conductivity was introduced as a marker for monitoring the CHO cell metabolism 

during starvation. This work was able to monitor the cytoplasm conductivity of CHO cells during 

nutrient deprivation and reintroduction. A minimum cytoplasm conductivity at which the nutrient-

deprived CHO cells were able to recover to a normal state by the reintroduction of nutrients was 

also obtained. It is interesting to extend the application of this approach to the controlled feeding 

of fed-batch and perfusion culture for bioprocess monitoring.  

Monoclonal antibody (MAb) production is the predominant part of the biopharmaceutical industry 

since MAbs have been successfully used in medical applications. Chinese Hamster Ovary (CHO) 

cells are the current industry host to produce these complex drugs. Improving the CHO cells fed-

batch cultivation processes requires a better understanding of the cell behaviour for feeding 

strategies during process optimization. These processes need to respond to variations in real-time 

to avoid loss in productivity or product quality. However, the majority of traditional bioprocess 

methods rely on time-consuming analysis rather than online monitoring. The development of  

online tools to monitor the process closely and rapidly respond to changing conditions is highly 

desirable.  

One of the available methods to monitor the dielectric properties of the CHO cell culture is 

capacitance measurement. Capacitance has already been shown to correlates with the number of 

viable cells as long as the individual cell dielectric properties remain constant. Capacitance 

measurements have already been used to control perfusion and fed-batch culture and linked with 

the onset of apoptosis and nutrient deprivation. However, it relies on the bulk measurement of the 

cell culture in the medium. Single-cell measurements using a dielectrophoresis (DEP) cytometer 

have been used to monitor changes in cell dielectric properties during apoptosis, and shown 

subpopulations of cells such as viable and non-viable co-exist in a sample. As it is shown in this 
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thesis, by controlled starvation, sub-populations with dielectric properties such as cytoplasm 

conductivity can be identified. Further, it was shown that by reintroducing nutrients intracellular 

conductivity could be recovered to a normal healthy state. This suggests that the single-cell DEP 

cytometer can be used as a simple label-free on-line culture-monitoring tool for process control. 

Therefore, it is interesting to combine the DEP analysis and capacitance measurement to 

implement the proposed single-cell optical DEP cytometry for bioprocess optimization. This 

would evaluate the potential of DEP as a tool to optimize CHO fed-batch processes. To do so, 

samples taken from fed-batch culture needs preparation for the DEP measurements in order to 

have a proper density and medium conductivity.  The single-cell dielectric analysis could also be 

used to produce predicted multifrequency bulk dielectric spectroscopy signatures and compare the 

results with what capacitance measurements. This will provide more accuracy in the interpretation 

of capacitance measurements based on the timing of the emergence of subpopulations. 

 

 

 

 

 

 

 

 

 

 


