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Abstract 

 This research utilizes Electrical Impedance Spectroscopy, a technique classically 

used for electrochemical analysis and material characterization, as the basis for a non-

destructive, label-free assay platform for three dimensional (3D) cellular spheroids.  In 

this work, a linear array of microelectrodes is optimized to rapidly respond to changes 

located within a 3D multicellular model.  In addition, this technique is coupled with an on 

chip micro-pH sensor for monitoring the environment around the cells.  Finally, the 

responses of both impedance and pH are correlated with physical changes within the 

cellular model.  The impedance analysis system realized through this work provides a 

foundation for the development of high-throughput drug screening systems that utilize 

multiple parallel sensing modalities including pH and impedance sensing in order to 

quickly assess the efficacy of specific drug candidates. 

 The slow development of new drugs is mainly attributed to poor predictability of 

current chemosensitivity and resistivity assays, as well as genetic differences between 

the animal models used for tests and humans. In addition, monolayer cultures used in 

early experimentation are fundamentally different from the complex structure of organs 

in vivo.  This requires the study of smaller 3D models (spheroids) that more efficiently 

replicate the conditions within the body. 

 The main objective of this research was to develop a microfluidic system on a 

chip that is capable of deducing viability and morphology of 3D tumor spheroids by 

monitoring both the impedance of the cellular model and the pH of their local 
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environment.  This would provide a fast and reliable method for screening 

pharmaceutical compounds in a high-throughput system. 
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Chapter 1:  Introduction 

The focus of this research is to optimize impedance-based techniques and 

couple them with parallel micro-pH sensors to monitor morphological and environmental 

changes within a 3-dimensional tumor cell model using multiple electrode sensors.  

Impedance-based techniques not only supply real-time, label-free measurements, but 

can also give insight into pathological processes occurring within cell cultures.  This 

work presents a method that optimizes a microelectrode design primarily used for 

planar cellular cultures for measuring impedance of 3D tumor models at several spatial 

locations.  In addition, a feasibility study is performed for the fabrication of an on-chip 

micro-pH sensor to measure extracellular pH simultaneously.  The outcome of this work 

is a design for a biosensor capable of correlating morphological changes with 

environmental pH changes in physiologically significant drug models; thus creating a 

system on a chip scalable for high-throughput drug screening.  

1.1 Motivation 

Screening candidate drugs for potential cancer therapeutics is a long and 

arduous process.  After initial discovery of a potential compound, its development into a 

drug begin with in vitro testing often done on 2D culture models.  While adequate for 

initial tests of drug compatibility/cytotoxicity, these models fail to be effective predictors 

of clinical success.  This shortcoming is due to a lack of cell-cell and cell-matrix contacts 

in 2D culture that are essential for cellular development and proper gene expression. 

This results in fundamental behavioral differences between traditional monolayer (2D) 
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cell cultures and the in vivo tumor.  Furthermore, chemical markers often used in 2D 

testing interfere with cellular metabolic pathways, altering and even impairing the 

natural functions of proteins.  As a result, three dimensional tissue models and label 

free tests are quickly gaining ground as an intermediate and alternative step for cancer 

therapy screening.  Despite their drawbacks, measurement of the response of various 

human cellular/tumor monolayer cultures exposed to new drug therapies remains a 

chief benchmark for determining drug efficacy and safety.   

As a result of this, the development of new therapeutics is delayed due to current 

assays for chemosensitiviy being unsuccessful for predicting clinical effectiveness. 

Additionally, it has become apparent that newer drug models should encompass both 

the tumor and its surrounding environment [1].  Although mouse and other small animal 

models are used currently to aid in development, they do a poor job predicting the 

clinical efficiency because of species-level differences. For this reason standard 

adherent cell models display a vastly simplistic array of phenotypic morphologies and 

fail to maintain clinically relevant attributes including resistance to uptake. 

1.2 Problem Definition 

Primarily organ tissue is comprised of individual cells positioned in precise 3D 

patterns in close proximity. This defined structure provides an ease of communication 

with surrounding matrix proteins allowing reproduction of organ-level behavior in model 

systems outside the body. Researchers have found cellular models containing 3D 

spherical models have properties that drastically mirror performance in vivo [2, 3]. 

Nevertheless, major issues must be resolved to reliably use 3D models for diagnosis or 

drug development. In contrast with macroscale laboratory approaches, microfluidic 
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devices offer the potential for more controlled formation of 3D cell cultures and are also 

particularly suitable for high-throughput screening on small sample sizes, such as 

biopsies [1]. 

Three dimensional tissue models provide a means to more accurately study cell-

cell and cell-matrix interactions and more importantly the effect of pharmaceutical 

agents on these interactions [4]. Techniques optimized for monolayer and suspension 

cultures are now being converted and optimized for 3D spheroid cultures.  One label-

free technique currently being translated for 3-dimensional culture analysis is Electrical 

Impedance Spectroscopy (EIS).  EIS applies a constant AC current through a range of 

frequencies to a sample and measures the resulting current and then calculates the 

impedance of the sample.  In the past, EIS has been utilized for assays of monolayer 

cultures including cytotoxicity, cell proliferation, and cellular kinetics/movement assays.  

Spheroid EIS systems have been used to monitor responses to chemotherapeutics [5], 

differentiation of osteogenic cells [6] and Alzheimer’s disease-like neurodegeneration of 

neuroblastoma spheroids [7].  An inherent flaw in these systems is a lack of spatial 

resolution, inhibiting location specific analysis as well as investigation of drug 

penetration and diffusion.  Furthermore, the mechanisms leading to cell death and 

morphology changes are difficult to discover based on impedance measurements alone.  

For this reason, this work seeks to develop electrodes capable of probing multiple areas 

of a single spheroid to increase spatial resolution and implement environmental pH 

sensors to assign physiological significance to the measured impedances. 

 

 



www.manaraa.com

 

4 

1.3 Research Objectives 

The objective of this research is to develop a multi-parameter system on a chip 

that is capable of deducing viability and morphology of 3D tumor spheroids by enabling 

monitoring of impedance and environmental pH.  Specific objectives include: 

1) Optimize impedance measurements of 3D tumor spheroids using planar 

electrode array design 

2) Design and integrate an on chip micro-pH electrode for simultaneous 

environmental monitoring 

3) Correlate impedance and pH data with biological events 

1.4 Dissertation Structure 

Chapter 2 of the dissertation introduces the justification for replacing common 

planar culture methods with 3D cellular models, the importance of label-free assay 

systems, currently available label-free assays, and the fundamentals of electrochemical 

impedance spectroscopy (EIS). 

Chapter 3 reviews the state of the art of impedance-based assay systems used 

for monitoring cellular cultures.  Commercial assays for 2D cellular models are reviewed 

in depth and developing assay systems for 3D cellular models are introduced. 

In Chapter 4, the design, fabrication and testing of improved multi-spatial 

microelectrode array designs for impedance measurements of monolayer cellular 

cultures are discussed.  An automated impedance monitoring system was developed to 

measure impedance of cellular monolayers in real-time.  Experimental results are 

presented which illustrate the benefits of higher spatial resolution for bioimpedance 

spectroscopy 
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Chapter 5 describes the design and optimization of multi-spatial microelectrodes 

in a microfluidic channel for tumor spheroid impedance monitoring in real-time.  Tumor 

cells of both planar and spheroidal morphologies are described.  For spheroidal 

cultures, comparisons are made between simulation results and measured data. 

Chapter 6 introduces a feasibility study between two candidate thin films for the 

addition of an on-chip microfluidic pH sensor.  This micro-pH electrode is then 

incorporated into the bioimpedance chip and tested for stability.   
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Chapter 2:  Background 

New pharmaceutical compounds enabling new drugs and treatments for various 

diseases have been the corner stone for advances in human health over the past 

century.  Unfortunately, the majority of drug candidates fail at various stages of the drug 

discovery process with only 1 in 10,000 making it to the market [8].  Today, cellular 

culture provides the first platform for evaluating the efficacy of new compounds as a 

treatment for a disease.  Prior to clinical trials, testing begins with in vitro tests of 

monolayer cell cultures for preclinical testing including basic absorption, distribution, 

metabolism, excretion and toxicology (ADME/Tox) testing [9].  These are then followed 

by animal models, where the specific ailment has to be introduced or surgically 

implanted prior to testing.   

 Due to physiological differences between species and the existence of species 

specific pathogens, these models often fail to be effective predictors of clinical success 

[10].  To address these issues, drug companies perform numerous studies in parallel to 

maximize predictive capability.  As monolayer cultures alone are inadequate for proving 

the efficacy of a new drug due to a lack of cell-cell and cell-matrix interactions, there are 

fundamental behavioral differences between traditional monolayer (2D) cultures and in 

vivo responses [1].  Thus compounds that look promising here are used in animal 

models, where the impact of cell-cell and cell-matrix interactions can be studied.  This 

approach is both expensive and ethically questionable.  This lack of ability of monolayer 

cultures to quantitatively include the effect of cell-cell and cell-matrix interactions is 
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made more apparent when phenotypes of monolayer cultures are compared to findings 

using 3D multicellular spheroids (MCS) [11].  

 In addition to the shortcomings of in vitro testing, the use of chemical labels in 2D 

and 3D assays creates significant potential of interference with cellular metabolic 

pathways;  potentially altering and even impairing the natural functions of proteins [12].  

This has led to the development of multiple label-free assays as an alternative for 

screening potential drug therapies.  One such promising, label-free assay is Electrical 

Impedance Spectroscopy (EIS).  This noninvasive technique has been utilized for 

analyzing single cells, cellular suspensions and cellular monolayers.  With the increased 

attention on 3D tissue models for drug studies, it is quickly being expanded for assays 

on 3D cellular models, specifically MCS. This review will examine past EIS analysis of 

single cells and 2D cultures; highlight recently developed EIS systems for analyzing 3D 

cell cultures, including MCS; and discuss future applications of 3D culture impedance 

monitoring systems. 

2.1 2D vs. 3D Tissue Models 

2.1.1 Rationale for Using 3D Cellular Cultures 

 Monolayer cultures have been used for decades to analyze the function of cells 

and organisms.  Unfortunately, this culturing technique fails to preserve the tissue-

specific function and morphology of the cells or to culture cells specifically so that they 

phenotypically represent their in vivo counterparts [7].”  While monolayer cultures may 

proliferate well, de-differentiation occurs and cells become increasingly different from 

the organs they were originally extracted from [8].  For example, primary hepatocytes 

lose liver-specific functions and de-differentiate within the first few passages [9, 10].  
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This is a widespread theme within most monolayer cultures.  In 3D spheroid cultures, 

heterogeneity is expressed through increased cell differentiation and self organization 

as compared to mostly homogeneous monolayer cultures.  Sutherland et al. found that 

human colon adenocarcinoma spheroids produced gland-like organizations similar to in 

vivo tumors [11].   

 In addition to a lack of heterogeneity, it is also apparent that monolayer cultures 

lack the three dimensional structure of tissue in vivo.  Because of this lack of 3D 

organization, cells within monolayer cultures are exposed to equal amounts of oxygen 

and other nutrients, ignoring gradients formed in the body.  Gradients are naturally 

formed in 3D tissues because of the orientation of cells and differences of exposure 

between cells residing in the exterior and the interior of the cell mass.  Oxygen diffuses 

equally throughout two dimensional cultures; however, it is limited in certain regions of 

3D cultures causing hypoxia or low oxygen supply.  Hypoxia, a common trait in solid 

tumors, can cause a decrease in new blood vessel formation in normal tissue.  Tumor 

resistance to different radio and chemotherapy’s has been associated with tumor 

resistance to hypoxia [12].  This resistance is regulated by HIF-1 (hypoxia-inducible 

factor), which amplifies genes for metabolism and blood vessel formation in tumor cells 

improving cell survival.  HIF-1 inhibition has been explored as an avenue of treatment, 

but it has been shown that greater concentrations of HIF-1 inhibitory drugs are required 

in traditional planar cell cultures [13].  By not reproducing this key environmental 

parameter, drug uptake and diffusion kinetics are distorted, altering the optimal dosage 

and further complicating the procedure to determine the optimum dosage.  Furthermore, 

significant reductions in cell to cell adhesion and communication also inhibit the 
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secretion of many extracellular matrix proteins, producing fundamental biochemical 

differences between the in vitro and in vivo micromilieu.   

2.1.2  Importance of Label-Free Testing 

 Traditional assays done on both 2D and 3D cellular cultures involve attaching a 

label, typically a fluorophore, to biomolecules to visually inspect and identify 

mechanisms at work.  Labels are either detected using visible light microscopy or 

fluorescent microscopy, a technique in which the attached label is excited via a specific 

wavelength.  The attached fluorophore then emits light at a higher 

wavelength/quenching emission which is filtered through a lens so it can be seen by the 

investigator.  The emission/quenching intensity of the fluorophore provides a 

quantitative measure of the mechanism hypothesized.  Limitations with this technique 

begin with the attachment of the fluorophore to different molecules on the cell [13].  

Attaching a fluorescent molecule onto specific proteins can affect the natural shape and 

movement of these biological structures within the organism.  This in turn interferes with 

the biological processes of the cultured cells, resulting in false positives or even sample 

toxicity [14].   

 Protein function is a prime example of interference in cellular metabolic pathways 

resulting from chemical markers often used in 2D and 3D testing [12].  Because protein 

function is highly related to the conformation of the protein any small change to the 

shape of the molecule can alter its function [12].  Although advances have been made 

to minimize the size of organic dyes, they are still subject to steric disturbances when 

too much dye is present, which will impair natural function. 
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 In addition to changes in normal protein function, the use of labels is time-

consuming and involves choosing an appropriate molecule that minimally impacts the 

cells and their microenvironment [13].  Users must calculate an adequate amount of 

label to use in order to prevent adverse effects.  Furthermore, fluorescent tags do not 

allow for real-time analysis.  Optical measurements must be made using spectral 

equipment for quantitative measurements of the fluorescent light being emitted or 

viewed under a fluorescent microscope, both expensive pieces of equipment.  

Fluorescent labeling is therefore implemented as an endpoint assay, not feasible for 

extended drug studies.  In order for testing to truly mimic the in vivo situation, non 

essential molecules such as fluorescent dyes and proteins should be withheld from the 

microenvironment.  Label-free methods have the potential to prevent conformational 

changes to proteins and preserve the natural function of protein interaction within the 

cellular model. 

2.1.3 Current Label-Free Techniques and EIS 

 As explained above, to mimic the in vivo environment, attention has been placed 

on developing an assortment of new and sophisticated label-free techniques for cellular 

analysis. Many label-free techniques focus on detection of proteins and small molecules 

through the use of small reporter molecules attached to a transduction element.  For 

example in quartz crystal microbalance (QCM), an acoustic technique, these reporter 

molecules are attached to a quartz crystal which resonates at a given frequency.  The 

resonating frequency changes as molecules or proteins of interest bind to receptors on 

the quartz crystal [15].   
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Other small molecule detection techniques have used different transduction 

elements such as cantilevers [14, 16, 17] to monitor changes in a particular molecule’s 

concentration or electrical techniques to monitor concentrations of target molecules 

such as field effect transistors (FETs) [18] and impedance [19].  Nanowires [19] and 

magnetic microbeads [20] have also been investigated for increasing sensitivity and 

potentially multiplexing the number of target molecules detected, increasing the 

knowledge of the mechanisms at play in an experiment.  While small molecule detection 

can provide insight into specific mechanisms of physiological effects of different 

compounds, these techniques, optimized for traditional monolayer cultures, do little to 

highlight real-time changes in cellular morphology, mobility, and communication in 3D 

tissue models.   

 Another class of label-free biosensors have been developed that focuses on 

morphological changes from a cellular system-based approach [21].  It has been known 

that changes to the cellular microenvironment can cause changes in cellular structure, 

behavior and viability [22].  Therefore, sensors that monitor changes to cellular 

morphology can be used to assess cellular responses to stimuli.  For example, QCM 

has been used for quantifying morphological changes in cellular mass when exposed to 

a potential toxicant [23].  Xi et al. reviewed currently available label-free whole cell 

detection [24].  

 For this reason label-free whole cell detection mechanisms are currently being 

developed for studies of 3D cellular models.  As the effect of pharmaceutical agents on 

the cell-cell, cell-matrix interactions are significantly closer to tumor/organ response in 

3D tissue models; they provide a means to study cell-cell and cell-matrix interactions 
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more accurately.  One technique currently being developed as a label-free technique for 

3-dimensional culture analysis is electrical impedance spectroscopy (EIS).   

 Easily automated and simple to implement, EIS has been used for a variety of 

applications to date including:  monitoring corrosion [25] and characterizing chemical 

sensors [26].  It has also been used to inspect cellular membranes [27].  More recently, 

it is increasingly being utilized for biological applications in order to characterize 

biological tissue and monitor changes induced by therapeutics as well as toxins.  With 

the development of commercial equipment such as impedance analyzers and their ease 

of automation, EIS has been recognized as a powerful tool with clinical potential as a 

real-time diagnostic technique. 

2.2 Introduction to EIS 

 Electrical impedance spectroscopy, known synonymously as Electrochemical 

Impedance Spectroscopy, has a long history of usage for determining the mechanisms 

of reactions taking place at electrode/electrolyte interfaces [28].  These studies have 

culminated in groundbreaking discoveries including:  description of the capacitive 

double layer [29]; actively monitoring corrosion mechanisms [30]; characterization of 

conductive polymers [31]; the development of DNA, enzyme, and antibody-based label-

free biosensors [32]; as well as monitoring cellular morphology [5, 33, 34].   

 Since Oliver Heaviside’s initial definition of the operational impedance [29], many 

variations to classic impedance measuring techniques have been explored.  Chang et 

al. reviewed improvements in impedance based monitoring, encompassing the past 25 

years that have increased measurement speed by using Fourier transforms to measure 
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multiple frequencies simultaneously.  However, the majority of commercially available 

impedance analyzers utilize single voltage sweeps of multiple frequencies [35].   

 The electrical impedance of a material is defined as the opposition to the flow of 

alternating current (AC).  The standard EIS method applies a small AC voltage, 

𝑣(𝑡) = 𝑉0 sin𝜔𝑡, 

 to the material under test, for a wide span of frequencies, where 𝑉0 and 𝜔 represent the 

voltage amplitude and the angular frequency, respectively.  The resulting current, 

𝑖(𝑡) = 𝐼0 sin𝜔𝑡 + 𝜃, 

where 𝐼0 is the current amplitude, is then measured.  In order to remain in the linear 

response region, a small voltage, typically under 25mV is used.  Electrical impedance is 

defined as the complex ratio between the voltage and current.  

𝑍(𝜔) =
𝑣(𝑡)
𝑖(𝑡)

 

Thus, the magnitude, 

|𝑍(𝜔)| = 𝑉0
𝐼0

, and phase, 𝜃 = 𝑡𝑎𝑛−1 �v(t)
𝑖(𝑡)
�, 

can be calculated.  In order to evaluate a system using EIS, one must use a modeling 

method to explain the behavior of the system.  This is approached in one of two ways: 

using an empirical formula that explicitly describes the system or, more commonly, 

using an equivalent circuit model which ascribes passive circuit elements to different 

components of the system.   

 As real systems rarely exhibit ideal (frequency independent) capacitances, ideal 

capacitive elements within equivalent circuit models are replaced by constant phase 

elements (CPE).  The formula for a constant phase element is 
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𝑍𝑐𝑝𝑒 = 1
𝑌0𝑗𝜔𝛼 , 

where α is a factor between 0 and 1 and Y0 is the CPE value, which is equal to the ideal 

capacitance (C) when α equals 1.   

2.2.1 Bioimpedance Measurements 

 When these experimental procedures are applied to biological systems including 

whole cells and cellular models, it is termed electrical bioimpedance.  Microelectrodes 

have been developed for analysis of single cells and cellular cultures.  In these cellular 

assays, a low signal voltage is applied to the microelectrodes.  The low signal voltage, 

in addition to preserving linearity, also ensures that the electric field intensity remains 

small.  This is critical for maintaining the viability of cells within the culture and 

minimizing the impact on the culture medium, making bioimpedance analysis a 

nondestructive technique for cellular analysis.  A classic bioimpedance experiment 

consists of monitoring the adherence of cells in culture medium with planar 

microelectrodes (Figure 2-1a).  Cells adhere to both the surface of the substrate and the 

electrodes blocking current exchange through the culture medium.  Rcell and CPEcell 

represent the cumulative resistive and capacitive impedances of the monolayer while RS 

and   CPEdl are the resistance of the solution and the the interfacial (double layer) 

capacitance caused by the ionic layers formed at the electrode-electrolyte interface.  

EIS and bioimpedance measurements are typically visualized using Bode plots (Figure 

2-1b).  The Bode plot depicts the frequency response of the magnitude and phase of 

the impedance, giving insight into the frequency-dependent mechanisms occurring 

within the system. 
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 When exposed to certain stimulants (environmental or chemical) biomaterials 

can physiologically respond in various ways such as:  morphological changes, 

increased or decreased adhesion, as well as increased or decreased metabolic output.  

These physiological changes within the material yield changes to the impedance that 

vary with frequency.  Monitoring these impedance changes over a wide range of 

different frequencies can provide insight to the viability of the cells.  Thus, impedance 

monitoring can be implemented as a simple and label-free method to observe the status 

of a cellular culture/model.  To date, impedance techniques have regularly been applied 

to single cells [27, 36-45], cellular monolayers [5, 6, 33, 34, 46-57], and more recently 

multicellular spheroids (MCS) [1, 4, 6, 58-61]. 
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Figure 2-1 (a) An equivalent circuit model for parameter extraction and (b) experimental 
data (bode plots) for modeling HUVEC monolayers [135]. 

  



www.manaraa.com

 

17 

 
 
 
 
 

Chapter 3:  Bioimpedance State of the Art 

3.1 Impedance-based 2-D Culture Devices 

The morphology of a cell in vitro is highly dependent on the cell line as well as 

culture conditions.  Different types of cell cultures require specialized culturing methods 

making various approaches to impedance monitoring necessary.  So-called anchorage 

dependent cells, such as fibroblasts, require a hard surface to adhere to in order to 

survive and proliferate.  Nonadherent cell lines do not require a rigid surface and can be 

cultured in suspension.  Cells cultured in suspension have the advantage that they 

remain viable independently and do not require trypsinization to separate cells, enabling 

monitoring of individual cells.  This advantage makes cell suspensions well-suited for 

impedance measurements of individual cells. 

3.1.1 Single Cell Culture Monitoring 

 Separating heterogeneous cell suspensions, such as blood, into single cell 

constituents has played a major role in point of care diagnostics as well as the study of 

disease pathology by enabling the detection of abnormal cells such as circulating tumor 

cells [62].  Devices utilizing impedance cytometry [63] have been used successfully to 

distinguish between white blood cell types including T-lymphocytes, monocytes and 

neutrophils within prepared whole blood samples.  Cells were distinguished according to 

cell size via a low frequency (503 kHz) impedance measurement.  Membrane 

characteristics were extracted via a theoretical opacity measurement defined as the 

magnitude of impedance measured at a high frequency (1.707 MHz) divided by the 
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magnitude of impedance at 503 kHz.  A lack of sampling resolution hampers its ability to 

discriminate cell types, requiring a saponin treatment prior to evaluation to destroy red 

blood cells in the sample so that white blood cells can be counted and differentiated.   

 Measuring a broader spectrum of frequencies through full impedance 

spectroscopy, could alleviate the need for pretreatment of the blood[64].  However, 

commercial impedance analyzers (Agilent 4294A) require a minimum of 5ms to perform 

a measurement at a single frequency while the cells in the above system move at 

60mm/sec, clearing the electrodes in 1ms.  Broadspectrum impedance analysis within 

impedance cytometry devices have been explored using a maximum length sequence 

approach (MLS) and have produced systems capable of simultaneous measurements 

of 512 frequencies per millisecond [65].  Despite this advantage over discreet frequency 

impedance measurements, MLS suffers from its assumption of a static electric field for 

measurements.  In addition, within impedance cytometry experiments, the material 

under test undergoes particle flow, leading to a loss in signal to noise ratio (SNR).  

Digital signal processing techniques are being investigated to increase SNR [66].   

 In addition to cell sorting applications, impedance-based measurements have 

been utilized for a variety of fundamental cellular studies.  Han’s micro-EIS system 

utilized impedance measurements to measure ionic channel activity in single cells and 

differentiated cells in various stages of cancer [27, 40].  In early stages of some 

cancers, circulating tumor cells (CTCs), are shed into the bloodstream.  Capturing and 

measuring the number of CTCs and their morphology can potentially be used as a 

predictor for patient prognosis.  Han’s micro-EIS system traps single cells precisely 

between measurement electrodes for characterizing single cells.  Impedance 
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measurements are made over a spectrum of 100 Hz to 3 MHz and, normal human 

breast tissue cell line MCF-10A, early-stage breast cancer cell line MCF-7, invasive 

human breast cancer cell line MDA-MB-231, and metastasized human breast cancer 

cell line MDA-MB-435 were compared to show dielectric differences between early and 

late stages of cancer.  Averages of 7 to 10 tested cells showed a decrease in 

impedance magnitude for each cell line, thus distinguishing the different cell lines.  

 These results show that EIS can be used to distinguish cancer cell lines from a 

normal cell line and also distinguish cancer cell lines from different pathologic states 

[27].  Cellular viability stains are not able to provide data in real-time, thus EIS has been 

used to monitor the response of single cell viability and membrane integrity to chemical 

exposure. Huang et al. used microaperture devices mounted on a transparent substrate 

to perform electrochemical viability assays on DU-145 cells and simultaneously monitor 

them with traditional techniques [41].  Dead cells that had taken up YOYO-1 dye 

showed chip resistances significantly lower than viable cells with intact membranes [41].  

This system was capable of measuring real-time responses of live cells to Triton-X100, 

a known membrane permeabilizer.  An improved microhole chip was developed by Kurz 

et al in order to monitor nonlethal membrane variations in response to implantation with 

polymer-DNA complexes [36].  These tests showed that changes in the cellular 

membrane could be effectively monitored in real-time with high resolution.  However, 

although these systems allow more information to be probed about a single cell, it 

cannot provide important information about the environment around the cell making it 

inadequate for tissue culturing monitoring, drug screening, and cytotoxicity testing. 
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3.1.2 Traditional Monolayer Cultures 

 Monolayer cultures are composed of anchorage dependent cells grown to form a 

monolayer at the bottom of a culture dish made of a hard, inert substrate such as glass 

or polystyrene.  Because many cell types must be attached to a surface before they can 

grow and divide, the cells are attached to a protein layer that has adsorbed to the 

surface of the electrode from the culture medium.  Once the cells have attached, they 

begin to spread from their initial spherical shapes and flatten against the surface and 

eventually grow and divide, if conditions are favorable.  In normal tissue culture, when 

the cells reach confluence, (surface becomes filled), cells are then harvested using an 

enzyme or chelating agent, but in order to monitor cells via EIS, cells remain attached to 

the surface electrodes.   

 Researchers have exploited this need for cellular adhesion to make impedance 

measurements of entire cell populations cultured over electrodes.  By fabricating 

microelectrodes on hard and often transparent substrates, impedance has been used to 

monitor a multitude of cellular parameters including cellular kinetics [33, 48, 53], drug 

screening [25], cellular adhesion [26], and cellular differentiation [5, 27, 28].  Perhaps 

one of the most well-know techniques used to monitor these changes is the Electric 

Cell-Substrate Impedance Sensing (ECIS) system.  Within the ECIS system, cells 

monolayers are grown directly on gold microelectrodes immersed in tissue culture 

medium.  The capacitive cellular membrane constricts the current paths at lower 

frequencies forcing current through the tight junctions between the cells and between 

the cell-substratum gaps.   



www.manaraa.com

 

21 

 This technique can be optimized to yield specific data about cellular behavior and 

may have the potential to be adapted to identify specific cell lines [27].  As a result of 

the increased interest in EIS-based monitoring, other ECIS-based systems have been 

used to perform more specific studies.  xCELLigence, another commercial impedance 

monitoring system, demonstrated the capability to monitor the effects of antibodies on 

voltage gated calcium channels in rat insulinoma cells.  Anti-VGCC antibodies isolated 

from diabetic patients were shown to have a negative impact on adherence of Rin A12 

cells, reaffirming whole organ assays that suggest that antibodies that function against 

VGCC may contribute to neurodegeneration [67].  A major challenge of ECIS-based 

cellular monitoring is a lack of spatial resolution and the collection of statistically-

significant data from single culture wells.  A solution to this problem is via incorporation 

of independent electrodes within a cell culture to enhance the spatial resolution and 

statistical analyses of impedance measurements. 

 Few designs have implemented multiple independent electrode measurements 

within a cell culture.  Wegener et al. [68], for example, designed a device with a row of 4 

independent working (sensing) electrodes (2 mm-diameter) to conduct trans-epithelial 

and trans-endothelial electrical resistance (TER) measurements of cell cultures.  Their 

multi-electrode design allows one to measure local inhomogeneities within the cell 

culture [68].  Similarly, Arndt et al. [46], developed a device with 3-independent 

electrodes (4 mm-diameter) on a microscope slide. In both studies, quantitative 

analyses and comparisons of the individual electrodes were not demonstrated.  

Additionally, the large working electrodes result in a greater averaging effect than if 

microelectrodes were used.  A variety of electrode designs are offered through the 
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commercial ECIS system vendors, including single electrode devices, interdigitated 

electrodes (IDEs), and a device with 2 independent working electrodes (250 µm) within 

a cell culture chamber.  

 Our approach has been to enhance the spatial resolution by increasing the 

number of independent working electrodes to obtain redundant impedance datasets 

within the same cell culture chamber.  The improved electrode design (Figure 3-1a) has 

eight independent sensing electrodes to improve statistical significance of measured 

data and obtain position-dependent data across the cell culture.  The system was 

evaluated by investigating the effects of a cytotoxic agent, arsenic trioxide (As2O3), on 

the well-established ovarian carcinoma cell line.  

3.2 Impedance-based 3-D Culture Devices 

3.2.1 3D Cellular Models 

 As traditional planar cultures are often insufficient for more complex studies, 

including drug interaction and cellular differentiation, 3D cellular models are desirable 

due to their proximity to the actual phenotype expressed in vivo.  Cell-cell and cell-

extracellular matrix communication are the primary appeal of using 3D cellular models.  

Many (if not all) of these interactions are lost in 2D monolayer cultures making them 

less similar to physiology found in cells in vivo, which makes them unreliable for 

predicting effects of drugs [69].  Several types of 3D cellular models have been 

developed for studying drug effects in vitro.  Organotypic explants are one example [2], 

consisting of a small fragment of tissue that is isolated from a subject.  By keeping 

explant slices at a thickness of less than .3mm, they can be preserved outside of the 

original subject.  However, due to their relatively large size tissue explants are difficult to 
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obtain and maintain.  Their large size also does not adequately support mass transport 

of nutrients to interior cells resulting in a loss of viability of the sample [70].    

 MCS, known as tumoroids or multicellular tumor spheroids (MCTS) when 

referring to cancerous cells or embryoid bodies when referring to stem cell 

agglomerations, are a simple 3D tissue model that is composed exclusively of cells 

closely aggregated to one another in a semispherical shape [71].  MCTS size is limited 

to a maximum of 100 μm without oxygen limitation (due to limited oxygen diffusion 

length), enabling easy diffusion of oxygen and other nutrients throughout the culture [72, 

73].  Spheroid diameters greater than 100 μm introduce hypoxia which can affect drug 

resistance [10].  Other 3D tumor models have been developed to more closely replicate 

the tumor microenvironment. 3D scaffolds composed of both synthetic and biomaterials 

have also been used to aid in forming in vitro 3D models of cell types.  The mulitcellular 

layer (MCL) model employs a porous Teflon® membrane coated with collagen [74, 75].  

Cells are seeded onto the permeable membrane immersed into medium and allowed to 

form multiple layers of cells.  Flux and diffusion analysis of different drugs can then be 

directly assessed by suspending the culture insert into a permeable holder that is 

immersed in a larger container of medium.  The test agent can then be introduced to the 

first container and diffuse through the MCL and into the second container.  High 

performance liquid chromatography (HPLC) can then be used to detect the target agent.   

 Another scaffold-based model, the hollow fiber model, utilizes unfilled 

polyvinylidine fluoride threads (450-500μm diameter).  The biocompatible fibers are 

seeded with high concentration cellular suspensions and allowed to incubate in 

medium.  Cells then adhere to the interior of the fiber and can then be used for 
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chemotherapeutic testing [75].  However, because cells are constrained within the 

scaffold the proliferation of the cells is limited to the size within the fiber.  The fiber also 

acts as a barricade to the natural diffusion of macromolecules, preventing studies using 

nanoparticles such as silica nanowires [76-78] or quantum dots [79, 80]. 

 MCS models are advantageous over existing models because of their simple 

morphology and are increasingly being cultured in high quantities, making them highly 

amenable for high-throughput drug screening.  In addition, most MCTS models form 

necrotic cores similar to the pathophysiology of avascular tumor nodules when cultured 

to sizes greater than 500 microns [81].  This is typically caused by limited diffusion of 

positive and negative regulators causing a lack of oxygen and nutrients as well as an 

accumulation of waste.  For this reason, spheroid models are typically maintained at 

sizes below 500 μm.  Many standard tumor cell lines have been isolated that readily 

form spheroids.  A list of spheroid forming tumor cell lines can be found in [82]. 

3.2.2 MCS Formation and Morphology Monitoring 

 MCS form in a process that consists of three stages.  First, there is an 

aggregation period where cells in close proximity bind to each other via extracellular 

matrix (ECM) fibers.  After initial aggregation, there is a delay.  During this delay, 

cadherin expression increases, and cadherin levels increase within the aggregation.  

Finally, as the cadherin accumulates, the spheroid is compacted due to the strong 

adhesion of cadherin-cadherin bonding.  The amount of ECM fiber and cadherin varies 

from cell to cell [83, 84].  Within the spheroid, different gradients exist (oxygen, nutrients 

and waste) that govern the composition of the spheroid.  A layer structure is the result, 

forming a zone of proliferating cells on the surface of spheroids 500 μm and above.  The 
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center is then comprised of decaying and dying cells (necrotic) at the core and viable 

non proliferating cells in between the two.   

To date, multiple methods for culturing cellular spheroids have been described in 

literature.  These techniques include culture using nonadhesive surfaces [82, 85], large 

rotary flasks and roller bottles [86, 87], hanging drop cultures, micropatterning of 

adhesion proteins [1], synthetic and biomaterial scaffolds [3, 83, 88, 89], external stimuli 

[90], and cellular molds [91, 92].  An in-depth review of these techniques can be found 

in [1, 84] .  Unfortunately, specialized equipment and plates required for rotary cultures, 

cell printing, external stimuli, and scaffolds; slow growth time and tedious protocols 

within hanging drop cultures; and the non-uniform growth for cultures on nonadhesive 

surfaces prevent these techniques from being converted for high-throughput assay 

systems.  In contrast, cellular molds are highly amenable to conversion to high-

throughput systems due to their simplicity and use of inexpensive, widely-available 

reagents.  Commercial plates have been developed (STEMCELL Technologies) 

containing adhesion-blocked PDMS microcavities capable of molding a variety of stem 

cells into embryoid bodies (EBs).  In practice, cells are first seeded within suspension 

onto the pretreated surfaces and then evenly distributed using centrifugation, forcing the 

cells into the micromolds to form spheroidal cell models.  

Spheroids are applicable for a wide range of studies, including use as avascular 

tumor models and as building blocks for organ reconstruction [84].  To date, several 

techniques have been investigated for monitoring changes in the morphology of 3D 

MCS.  Table 3-1 summarizes currently available label-free techniques for monitoring 

spheroidal morphology.  Many methods of existing biological assays coupled with phase 
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contrast microscopy can be easily converted for use in spheroidal cultures [93];  

however, the majority of traditional techniques include the use of chemical labels. 

Label-free techniques have also been used to monitor spheroids.  Spheroid 

growth has been tracked by calculating the volume with radial measurements taken 

from images recorded using phase contrast microscopy [94].  Nevertheless, basic 

optical microscopy techniques are only capable of imaging the outer surfaces of 

spheroids without the need for freezing and sectioning, making real-time analysis 

impossible. More recently, new imaging techniques like confocal and light sheet 

microscopy [95] have enabled three dimensional imaging of tumor spheroids allowing 

researchers to monitor spheroidal uptake of fluorescent nanoparticles [96].  Despite 

these advances, scanning microscopy suffers from poor image resolution at higher 

penetration depth required for larger spheroids (>300m) [95].  Magnetic resonance 

imaging (MRI) circumvents this issue by using magnetic radiation to image cellular 

proliferation noninvasively and has been utilized for not only imaging spheroidal 

morphology [97, 98] but also for monitoring intracellular pH [99].  Unfortunately, MRI 

utilizes highly expensive equipment and requires special expertise to operate, making it 

difficult to implement in high throughput systems.  Impedance monitoring overcome this 

limitation by being inexpensive, readily automated. 

3.2.3 EIS-based 3-D Culture Monitoring 

 In the past, techniques such as ECIS and micro-EIS have been employed to 

measure the bioimpedance of cellular monolayers from pairs of fixed planar electrodes.  

Planar electrodes are suitable for measuring cellular monolayers because the cells are 

grown directly over the sensing electrodes isolating them from the culture medium upon 
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reaching confluence.  Sufficient contact between the measured cells and the active 

electrodes is required to produce a detectable signal.  When suspension cultured MCS 

are being assessed, systems that require cellular attachment to planar electrodes in 

order to monitor cell-substrate interactions are insufficient. In order to circumvent this 

problem, researchers have employed an array of techniques including microfluidic 

channels [42], microcavity traps [62, 63], and multilayered cultures [105, 106]. 

 One technique that has been developed, utilizes an array of planar electrode 

pairs with increasing widths in order to probe multiple depths within a culture of human 

keratinocytes.  In keratinocytes, after confluence is reached cells begin to accumulate 

into aggregates that [106] termed “domes” that extend heights of up to 120 μm above 

the sensor surface.  Impedance spectroscopy reveals the “apparent resistivity profile” 

which allows the user to assess the resistivity of the culture at different depths.  This 

gives the advantage of monitoring the keratinocyte evolution from traditional monolayer 

into 3D cellular agglomerations with heights of up to 120 μm in real-time. 

 Other researchers have employed planar microelectrodes fabricated onto 

microcavities to measure the impedance response of cellular spheroids to different 

stimuli as an avenue for high-throughput screening.  A system was devised employing 

micro-cavities arrays (MCA) of varying widths (200, 300, and 400 μm) etched into 

silicon.  Metal electrode contacts sputtered on all four sides of the cavities record two 

independent bipolar electrical measurements using EIS.  Alterations in normalized 

spheroid impedance were monitored at 133 kHz after spheroids were exposed to the 

drug Camptothecin (CPT) for various time intervals to induce apoptosis.  Comparisons 

between treated and untreated spheroids revealed that normalized impedance 
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increased according to exposure time in a dose dependent fashion.  After assessing 

caspase-3 activity, slight increases in the impedance were attributed to the small 

increases in apoptosis occurring in the spheroid.  This contrasts previous studies which 

show decreasing impedance values in response to cell death [65].  This was attributed 

to low levels of apoptosis and a more proliferative nature of melanoma cells in 

comparison to breast cancer cells, causing the spheroid to remain intact.  In addition to 

measuring the electrical characteristics of melanoma spheroids, the MCA electrode 

device was used to monitor electrically active cardiomyocytes.  By cycling between 

multiple electrode pairs, an impedance map was produced, allowing for the position of 

the spheroid within the cavity to be deduced [63]. 

 The signal to noise ratio of this design was enhanced by Krinke to observe 

neuroblastoma spheroids a miniature model for Alzheimer’s disease (AD) [107].  

Neuroblastoma spheroids exposed to okadaic acid (OA) form hyperphosphorylated tau 

protein similar to the processes believed to cause AD-associated neurodegeneration.  

In order to assess pathological neurdegeneration, SH-SY5Y cell lines were genetically 

altered to express either wildtype normal tau (0N4R) or mutant misfolded tau (P301L) 

protein.  The misfolded tau aggregates faster accelerating neurodegeneration.  Five day 

old SH-SY5Y wildtype and mutant spheroids were inoculated with concentrations of OA 

of 0, 1, 5, 25, 50 and 100nM.    

 An average between horizontal and vertical electrode pairs (Figure 3-2a) was 

used to reduce variation due to spheroid shape, and relative impedance was calculated 

based on baseline measurements (no cells), normalized (to controls) and recorded at 

the frequency where there was a maximum ΔZ.  It was found that both cell lines, once 
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exposed to OA, saw a dose dependent decrease in relative impedance based on the 

concentration of OA exposed to the spheroid.  A more pronounced decrease in the 

transformed cell line indicated increased neurodegeneration as a result of increased 

aggregation of the hyperphosphorylated mutant tau protein as evidenced by western 

blot analysis.   

 Although the MCA-based device presented successfully captures the impedance 

of several 3D cellular models, it suffers from measurement variations induced by 

placement and size of the sample.  For high throughput systems this could lead to a 

problem in automation, because variations of sample size will impede exact placement 

of the sample causing changes in the measured impedance.  In addition, studies 

performed on this system lack temporal resolution because they are performed at a 

specific time-point and do not take advantage of the EIS potential as a monitor of real-

time and dynamic impedance changes.  The MCA chamber is not conditioned for long-

term viability and measurements of the tissue models.  Potentially valuable data on the 

pathology is lost by making measurements at single, punctuated timepoints.  In this 

system, spheroids are removed from the potential toxicant (CPT and OA) as well as the 

culture medium, potentially inducing changes that may affect the overall impedance.  It 

is of note that although impedance over a large frequency was investigated only a 

single frequency was used for analysis.  By analyzing data over a larger frequency 

range it may be possible to assess more information on the processes underwent within 

the culture. 

 Groups have also investigated systems that utilize microfluidic traps to capture 

and gauge the impedance of samples, similar to what has been done with single cells.  
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A system utilizing an hourglass shaped glass microcapillary filled with culture medium 

containing four electrodes (300 μm platinum wires) integrated at the openings has been 

produced for monitoring bioimpedance (Figure 3-1b).  Spheroids that are smaller than 

the 300-400 μm glass passageways are hydrodynamically trapped within the 

passageway by a precision pump [108].  In an investigation of the effect of genetic 

modification on apoptosis, cells were transfected with antisense-5’ 

butylrylcholinesterase (BchE) cDNA to inhibit the production of BchE a known 

embryonic proliferation marker.  Impedance measurements revealed lower impedance 

values for tumor spheroids transfected with antisense-5’ butylrylcholinesterase (BchE) 

cDNA compared to control spheroids.  DAPI staining confirmed that transfected 

spheroids underwent an increase in apoptosis and necrosis caused by inhibition of the 

(BchE) gene.  Using impedance it was shown that increases in the apoptosis of MCS 

post-transfection could be detected using impedance, demonstrating EIS as an effective 

means of monitoring spheroidal response to factors other than external stimuli [109]. 

 Other gene modification studies have been done utilizing the same microcapillary 

system.  Aggressive breast cancer cell spheroids were created by transfecting T-47D 

clone 11 cells with vectors to either decrease production of caspase-3, a known 

apoptosis precursor, or promote overexpression of the apoptosis suppressor protein, 

Bcl-xl.  Control spheroids were transfected with pEGFP.  3D tissue models of these 

cells were treated with the anticancer drug methotrexate (MTX).  Impedance results 

mirrored activity found through traditional biochemical assays including the tunnel assay 

and Western blot.  A decrease in caspase-3 activity (verified by Western blot) was 

detected as an increase in extracellular resistance for transfected cells.  After exposure 
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to MTX, a decrease in total impedance was detected.  Decreased apoptosis (verified by 

Tunnel assay and DAPI staining) in transfected cell lines after MTX exposure resulted in 

higher impedances for the two transfected cell lines [61]. 

 In another study, differentiation of human mesenchymal stem cells (hMSCs) was 

compared between 2D cell layers and 3D aggregations after chemically inducing 

osteogenic differentiation.  Cells were cultured as spheroids on gyratory shakers and as 

monolayers across planar electrodes and incubated with dexamethasome, l-ascorbic 

acid and β-glycerophosphate to induce osteogenic differentiation.  Impedance of cellular 

monolayers was fit to a simple equivalent circuit of a resistor (Rcl) and capacitor (Ccl) in 

parallel, representing the parameters of the cell layer.  A rapid increase in Rcl occurred 

during the first 2 days of measurements followed by stabilization.  After treatment with 

the osteogenic medium a large increase in Rcl was observed in comparison to the 

control.  In addition to control and osteogenically differentiated embryoid bodies (stem 

cell spheroids), necrosis was induced by incubating with Mikrozid liquid.  EBs tested at 

frequencies between 100 Hz to 100 MHz demonstrated that at lower frequencies there 

was a significant increase in the impedance of differentiated EBs when compared to 

control and necrotic EBs.  In contrast, necrotic cells showed a decrease in impedance 

magnitude for frequencies up to 10 kHz, indicating a decrease in cell density due to 

necrosis.  It is shown that hMSCs undergoing osteogenic differentiation exhibited similar 

impedance behavior both in monolayers and 3D embryoid body cultures [54]. 

 Tetrapolar (4-electrode) measurements used in this system have the advantage 

of removing the interfacial components of the impedance due to electrode polarization 

and the capacitive double layer.  This allows one to observe changes at the lower 
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frequency, also known as the α-dispersion, which can be attributed to changes in ionic 

diffusion and the membrane structure of cells on the exterior of the spheroid [110, 111].  

This is reflected in the data as a decrease in the impedance due to apoptosis.  Although 

this system has the ability to observe low frequency impedance changes, it has not 

been proven capable for making impedance measurements in real-time. 

 Without real-time measurement capabilities, it is not possible to track the 

progression of the effect of a potential therapy.  In addition, impedance alone is not yet 

sufficient to assess the effects of a potential therapy on a tissue model.  The inclusion of 

parallel environmental and metabolic sensors can greatly increase the predictive power 

of impedance based systems for high-throughput drug screening. 
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Table 3-1 Summary of spheroid morphology monitoring techniques. 

 
  

Techniques Advantages Disadvantages Examples 

Electrical Impedance 

High temporal 
resolution 

Quantitative 
measure 

Noninvasive 
Label-Free 

Easily automated 
Does not require 
dissociation of 

spheroids 

Lacks spatial resolution 
Lack of specificity w/o 

additional sensors 
May not reveal cellular 
mechanisms behind 

response 

[4, 58-61] 

Phase 
Contrast/Fluorescence 

Microscopy 

Noninvasive 
Easily automated 

High temporal 
resolution 

Labeling stains 
Dissociation of spheroids 
Only sensitive to surface 

cells 
 

[100, 101] 

Confocal/Light Sheet 
Microscopy 

Capable of 3D 
imaging of large 
spheroids(light 

sheet) 
Noninvasive 

High temporal 
resolution 

Only sensitive  at low 
penetration depths w/o 

fluorescent labels 
(confocal) 

Require specially 
engineered cells (light 

sheet) 
Not scalable to high 

throughput 
 

[95, 96, 
102, 103] 
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Table 3-2 Summary of EIS bioimpedance monitoring techniques. 
 

Culture Type Advantages Disadvantages  

Single Cell 
Impedance  

Useful for cell sorting 

Cells-based sensors 
High resolution (can detect ion 

activity) 

No cell-cell or cell-matrix 
interactions 

Pathologically insignificant 
No evironmental monitoring 

Monolayer 
Impedance  

Utilizes standard cultures 
Simple equivalent circuit 

modeling 
Well established for cellular 

adhesion, kinetics and 
cytotoxicity 

Lack cell-specific function/in 
vivo similarity 

Little spatial resolution 
No cell-cell cell-matrix 

interactions 

Spheroidal 
Impedance  

High in vivo similarity 
High Potential for Cellular 
Differentiation monitoring 

Drug screening 
Spheroidal Cell Model 

Monitoring 

Difficult equivalent circuit 
modelling 

Insufficient alone for 
pathological assessment 
Little spatial resolution 

No environmental 
monitoring 
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Figure 3-1 (a) Schematic and image of one 8-electrode array device. (b) Averaged |Z| 
vs. time at 16.69 kHz of HEY cells introduced to 0, 10, 25, and 50 µM As2O3 
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Figure 3-2 Examples of EIS analysis of MCS: (a) biohybrid microarray system [6] and 
(b) microcavity array device [59]. 
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Chapter 4:  Electrochemical Impedance Analysis of Cells:  Improving the ECIS 

Technique1 

4.1 Introduction 

 To date, an increase in the demand for quick and reliable medical diagnostics 

has sparked trends in the development of MEMS devices for biosensing.  MEMS 

devices and sensors are ideal for future medical diagnostics.  Their ability to manipulate 

and analyze very small volumes will lower the sample size required from patients, 

resulting in less invasive procedures.  In addition, their small form factor, enables them 

to be implanted within a patient, provided it is composed of biocompatible materials.  In 

the future, biosensors will be incorporated into both portable lab-on-a-chip and in vivo 

devices for quickly running diagnostics on tissue samples and continuous monitoring of 

patients. 

 However, the chief barrier preventing implantation of sensors within the human 

body is the foreign body response of the immune system and the native toxicity of 

sensor materials.  When foreign materials, like silica nanowires, are implanted, the 

inflammatory response may differ depending on the characteristics and sensitivity of 

cells in the implant region [104].  For this reason, ECIS-based techniques can be used 

as a fast and real-time assessment for the toxicity of nanoparticles and biomaterials. 

  

                                                           
1 Chapter 4 adapted from Ref. 174 with permission from The Royal Society of Chemistry. 
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4.1.1 Motivation for Nanowire Studies 

 As cellular uptake of nanowires can lead to cellular necrosis, maintaining 

tuneable properties such as diameter length and chemical composition play a key role 

in avoiding cytotoxicity [105].  Silica nanowires, specifically, offer a solution to this 

problem due to their biocompatibility with human cellular material and current use in the 

field of biological sensing.  In addition, silica nanowires can be grown directly on sensor 

surfaces fabricated on silicon substrates [78].  Creating a simple approach to biosensor 

fabrication that can be readily translated to high volume fabrication.  

 For these reasons, silica nanowires have been investigated in several types of 

biosensors used in nanowire-enabled sensors for biomarker detection [106, 107].  

Efforts are now underway to use these nanowires for in-vivo sensing. However, prior to 

implementing nanowires into active biosensors that interact with tumor cell models, the 

toxic effects of nanowires on the cells, if any, due to prolonged exposure must be 

assessed.  Thus, Hs 578T epithelial breast cancer cells were chosen to explore the 

cytotoxicity of Pd catalyzed silica nanowires.  Historically wire drug interactions have 

been studied with endpoint assays and a real-time measurement system has always 

been desired.  In this work, we report on the cytotoxic effects of Silica nanowires on 

epithelial breast cancer cells using real-time electrical impedance spectroscopy (EIS) 

measurements.   

 EIS has been used for decades for studying cellular interactions in real time [35, 

108].  These techniques improve on currently available assays that require chemical 

tags and a lengthy time for processing.  By applying a small voltage to a biological 

sample and measuring the resulting current over a range of frequencies, changes in the 
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electrical impedance of cell culture models [48], multicellular spheroid (MCS) [59], or 

antibody binding [16] can be monitored.  For example, impedance work has been 

performed to examine carrier density’s in Zinc nanowires [109]. However, few 

impedance studies have been found in literature that examines the effect of nanowires 

on cells.   

4.1.2 Need for Improvement 

 The commercial ECIS system and the xCELLigence system from ACEA 

Biosciences Inc. are currently the premier systems for performing impedance-based 

analysis for cellular cultures.  However, as stated in earlier sections, these systems 

currently suffer from several key drawbacks that prevent them from being suitable for 

evaluating cellular response to nanoparticles.  A lack of spatial resolution in 

measurements decreases the statistical significance of experiments and averages the 

cellular response of a large working area, erasing any area-specific impedance 

changes.  For this reason, a new multi-electrode array design was designed and tested 

to assess the effect of silica nanowires on epithelial breast cancer cells.  The work in 

this chapter demonstrates the ability of the newly designed 8-electrode array to monitor 

cell-nanowire interactions in real-time in a spatially specific manner, by studying the 

effect of varying concentrations of nanowires on breast cancer cells.  

4.2 Experimental 

4.2.1 Nanowire Synthesis 

Silica nanowires (NW’s) were grown using the vapor liquid solid method  [110, 

111] on 4” silicon wafers. Initially, the Si substrates were cleaned with buffered oxide 

etchant to remove any native oxide formed on the surface and a 5 nm thin palladium 
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was deposited via e-beam evaporation as growth catalyst. An open-tube furnace was 

used for growing the nanowires, which was heated to 1050°C and purged with Argon 

during the entire process. Argon served as a carrier gas for vapor phase silicon and to 

remove contaminating species from furnace tube.  The Pd-sputtered Si substrate was 

placed on a bare Si wafer and placed onto a quartz boat, which was loaded into the 

open-tube furnace. The sample was annealed for 60 minutes at 1050˚ C, to yield a 

dense formation of wires that would be suitable for characterization and cell testing. 

Figure 4-1a shows an SEM image of the nanowires grown with this process. Scanning 

Electron Microscopy (SEM) revealed the nanowires to have diameters on average of 

100-200nm in width and EDS verified wire elemental composition to be silicon and 

oxygen with Palladium growth catalyst dispersed along the length of the wire.  

4.2.2 Microelectrode Device Fabrication and Preparation  

Microelectrode arrays were fabricated in order to monitor monolayers of Hs578T 

epithelial breast cancer cells (ATCC:  HTB-126).  The electrode geometry, shown in 

figure 4-1b, contains a circular array of 8 working microelectrodes (diameter = 250μm) 

with a single counter electrode (diameter = 4mm) in the center.  The counter electrode 

is made much larger than the surrounding working electrodes in order to ensure that the 

impedance of the cellular monolayer dominates the measured impedance as opposed 

to impedance of the electrodes.  Electrodes were designed in order to increase the 

spatial resolution over currently available electrode designs.  By incorporating a circular 

array of working electrodes, multiple areas of a single culture are monitored during a 

single experiment.  In addition to increased spatial resolution, this incorporates 

measurement redundancy, an essential requirement for generating statistically 
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significant results. The microelectrode arrays were patterned on a 4” glass wafer using 

conventional lithography technique followed by thin film deposition of Cr (15nm) and Au 

(60nm) to define the microelectrodes and contact pads. Later, the electrode tracks were 

insulated using SU-8 and cloning cylinders were attached to the devices using SU-8 to 

hold the culture medium and cells covering the electrodes. The cloning cylinders were 

reinforced and leak-proofed using high vacuum grease. The fabricated devices were 

cleaned with isopropanol, deionized water, and then sterilized by dry heat sterilization 

for 90 minutes in an oven at 170°C. 

4.2.3 Cell Culture and Inoculation 

Hs 578T epithelial breast cancer cells (ATCC: HTB-126) were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine 

Serum (FBS), 0.01 mg/ml bovine insulin and 1 mg/ml penicillin streptomyacin antibiotics 

(all amounts indicated are final concentration).  During culture and experiments, cells 

were kept in a humidified atmosphere (incubator) at 37°C and 5% CO2.  Cells were 

grown to 90% confluence and then harvested using a 25% trypsin/EDTA solution.  

Viable cells were then removed to a separate flask and counted using a hemocytometer 

and the tryphan blue exclusionary technique.  Prior to cell seeding microelectrode 

surfaces were pre-treated with 0.1% Type B bovine gelatin solution (Sigma).  

Microelectrode arrays were incubated with gelatin solution for 30 minutes and then 

rinsed with complete culture medium prior to cell seeding.  This surface treatment 

improved cellular attachment to electrodes for experimental impedance monitoring.  

Cells were then seeded onto impedance devices at a density of ~2x104 cells/device.  
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Microelectrodes were connected to the switching circuit located inside an incubator and 

monitored for 24 hours or until baseline measurements stabilized. 

4.2.4 Nanowire Preparation and Inoculation 

Pd-catalyzed NWs were scraped from the growth substrate and weighed to be 

approximately 200 µg. In order to avoid contamination, NWs were then sterilized in an 

oven at 170°C for 90 minutes. Sterilized NW’s were then added to 1mL of sterile growth 

medium (DMEM) and dispersed using ultrasonic agitation for 1 minute.  A stock solution 

of NW/DMEM of 200 µg/mL was refrigerated at 4°C until needed for further dilution and 

cell inoculation.  Cells were inoculated with nanowire-medium solution with final 

concentrations of 1 µg/mL, 50 µg/mL, and 100 µg/mL.  

4.2.5 Impedance Measurements 

An Agilent 4294A Impedance Analyzer was used to make impedance 

measurements.  Measurements were recorded using a 10 mV peak to peak voltage 

over a frequency range of 100 Hz to 1 MHz and were kept in an incubation chamber at 

a temperature of 37.1°C and an atmosphere consisting of 5% CO2 to stabilize the 

environment for continuous cell growth.  Impedance measurements were controlled 

remotely using an HP Desktop computer with Labview software and an in-house 

switching circuit capable of monitoring 4 devices in parallel. In order to provide electrode 

functionality, baseline measurements were recorded using DMEM growth medium prior 

to cell seeding.  Damaged electrode connections, due to residual photoresist or 

scratched electrode contacts, were discarded at the end of the baseline experiment.   

  Next, cells were seeded onto devices, and cellular impedance was monitored for 

24 hours prior to inoculation with nanowires. Once cells reached 100% confluence and 
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cellular impedance stabilized, cells were removed from the incubation chamber and 

varying concentrations of nanowire solutions (0 µg/mL, 1 µg/mL, 50 µg/mL, and 100 

µg/mL) were then prepared and seeded into the devices as described in the previous 

section.  Finally, cells were immediately returned to the incubation chamber and the 

impedance of each device was then recorded once per hour for a minimum of 24 hours 

for real-time monitoring of cellular impedance. 

  Experiments were performed in order to extrapolate the effect of the gelatin 

coating on measured impedances.  Briefly, devices were incubated with DMEM for 2 

hours at 37° C and impedance measurements were recorded every 30 minutes.  Upon 

conclusion of recording the medium impedance, DMEM was removed and devices were 

rinsed with PBS solution and DI water and dried via nitrogen gas.  Next, gelatin coating 

was deposited over electrodes as described in section 4.2.3 and 500µL of DMEM 

culture medium was pipetted over the electrodes.  Baseline measurements were 

recorded in 30 minute intervals for a period of 2 hours.   

4.2.6 Equivalent Circuit Modeling 

Internally designed Matlab programs and Excel (Microsoft) spreadsheets were 

used to calculate impedance magnitude and phase data recorded by the impedance 

analyzer.  Initially, Bode plots were used to visualize magnitude and phase data 

calculated for each measurement on a specific device.  In order to assess changes in 

the culture, a time plot was then created; monitoring the average |Z| calculated at 96.49 

kHz.  This frequency is significant because it lies within the “beta dispersion” where the 

capacitive impedance contributed by the cellular membrane is highest [112, 113]making 

it a good indicator of cellular activity.  Equivalent circuit modelling via Matlab was used 

to extract parameters for baseline measurements.  Two different equivalent circuit 
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models were used to fit data using the complex nonlinear least squares (CNLS) method.  

Initially, all data was fit to (Figure 4-2a) denoting lack of cellular presence.  CPEdl 

represents the double layer capacitance at the electrode interface and Rs represents the 

solution resistance. Data was next fit to (Figure 4-2b) to detect cell presence.  Fit 

accuracy was evaluated by sum of squared error (SSE); where, parameters extracted 

with the smallest SSE value were taken to represent the system.  

4.3 Results and Discussion 

4.3.1 Effect of Gelatin Coating on Medium Baselines 

 Equivalent circuit parameters including Rs, n, and CPEdl were extracted for all 8 

electrodes over each measurement.  Figure 4-2(a) indicates that Rs values extracted 

from the impedance data are nearly identical after an hour of stabilization.  This is 

because the solution resistance of the DMEM remains unchanged with the addition of 

the gelatin coating.  Figure 4-2(b) and X(c) display the CPE parameters CPEdl and n.  It 

can be seen that the standard deviations on all figures overlap indicating an insignificant 

difference between coated and uncoated electrodes.  It can also be seen that the 

calculated CPE values are much higher than the estimated capacitance values of 10-20 

µF/cm2.  This is due to the non-ideal behavior of the CPE parameter and the existence 

of the n-value.  

4.3.2 Baseline Characteristics of Cellular Monolayer 

 In order to prove device functionality baseline measurements were first recorded 

for devices using only culture medium.  This ensured electrode connectivity and 

provided a reference to compare with measurements of confluent cellular monolayers.   

The extracted parameters for the baseline (Figure 4-3a) indicate that no cellular 
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presence is detected within the culture and the impedance of the system is best 

approximated as a solution resistance in combination with the double layer capacitance.  

Baseline impedance values at 96.49 kHz measured for each functional electrode (non-

functional electrodes not reported) were recorded and used as normalizing factors for all 

future time plots of monitoring impedance changes.  Values close to one indicate 

baseline characteristics and a very small change in impedance.  

A time plot of data collected from the six independent working electrodes located 

on one device is shown in Figure 4-3c, as an example of the increased spatial 

resolution made possible with this electrode design.  It can be seen that at time zero, 

impedance measurements are very close to unity, indicating that while cells are present 

in the culture area, they have yet to spread over the electrodes and contribute to the 

impedance.  Over the next 6 hours the impedance begins to increase rapidly due to 

cellular attachment to the substrate, eventually settling between an impedance increase 

of a factor of 1.5 and 2.  It is important to note that the rate of increase varies over 

different electrodes, indicating differences in cellular coverage within the chamber.  The 

measured impedance responses for electrodes D1-D6 on the electrode map correspond 

directly to specific spatial locations within the culture (see section C.2).  From this data it 

can be inferred that the majority of cells initially attached to the area surrounding 

electrodes D4-D6.  Cellular migration and division cause the impedance measured by 

other electrodes to rise when cells spread across them as time progressed.   

After 6 hours, dedicated increases in impedance begin to taper off and measured 

impedance begins to fluctuate for each electrode indicating cellular confluence.  The 

small fluctuations over time correspond to the micromotion of cells across the surface of 
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the electrodes, as seen previously in prior studies [48].  Equivalent circuit parameters 

extracted 24 hours after cellular seeding (Figure 4-3b) confirm cellular presence.  The 

equivalent circuit model representing cell presence was chosen because SSE values 

were smaller than SSE values obtained with the alternate equivalent circuit model.  

4.3.3 Cellular Impedance Response to Nanowire Inoculation 

After 24 hours of incubation, devices were then seeded with concentrations of 

nanowires including: 0μg/ml 1μg/ml, 50μg/ml, or 100μg/ml.  Figure 4-4 shows the 

impedance response of the cancer cells to various concentrations of nanowires.  A 

small increase after the first hour can be attributed to an initial decrease in impedance 

caused by being removed from the incubation chamber and restabilizing once returned 

to standard growth conditions.  Over time, only controls and cells seeded with 1µg/mL of 

nanowires remained attached and spread onto the electrodes. Cells that remained 

viable on the electrodes exhibited a stable impedance magnitude that continued to 

fluctuate in a small range due to cellular micromotion and activity.   

Cells inoculated with concentrations higher than 1ug/ml, in contrast, showed 

dedicated reductions in impedance magnitude immediately after initial seeding.  After 

approximately 30 hours, cells exposed to the highest concentration of nanowires 

(100ug/ml) reached near baseline characteristics.  This indicates that all cells had 

completely detached from the surface, resulting in cell death. 

In this study, real-time impedance responses were used to monitor cellular 

bioimpedance of the epithelial breast cancer cell line Hs578T in response to palladium 

catalyzed silica nanowires.  Online cellular impedance measurements verified the 

results of previous studies indicating that a high concentration SiNW negatively impacts 
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the viability of a confluent cellular monolayer [114, 115].  Julien et al. examined the 

mechanisms of cell death induced by exposing 3T3-L1, HeLa and Panc10.05 cellular 

cultures to silica nanowires and examining the effects at multiple time points.  Cell 

counts taken using the tryphan blue exclusionary technique indicated that cells exposed 

to silica nanowires continued proliferative activity at the control concentration of 

37µg/ml, compared to cells exposed to the apoptosis inducer cycloheximide (CHX) 

which resulted in cell death.  Further inspection showed relatively low caspase 3 and 7 

activity indicating that minimal apoptosis is induced upon exposure to silica nanowires 

alone. This suggests that cell death due to nanowire inoculation occurs mostly because 

of necrotic processes, induced by physical displacement from the surface as opposed to 

apoptotic processes induced by cytotoxic effects of the nanowires.  Our data revealed 

similar trends, showing an inert response to silica nanowires at 1µg/ml concentrations 

for periods up to 48 hours (data not shown) with no negative effects on cellular 

proliferation monitored via the cellular impedance.  Higher NW concentrations resulted 

in decreases in the cellular impedance (Figure 4-4) representing weaker tight junctions 

and cell adherence to the electrodes, eventually leading to total cell death within the first 

24 hours of exposure.  Our impedance based system was capable of real-time 

monitoring via multiple measurements of a single culture improving the temporal 

resolution available to procedures using standard assays, reducing the need for 

redundant samples. 

In addition, the inertness of silica nanowires is further supported by the apparent 

spatial dependent response to nanowire inoculation at 50µg/ml.  Figure 4-5a shows that 

decreases in cellular impedance did not occur in concert.  A sharp reduction in 
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impedance is first seen at electrode D1after six hours post NW-seeding.  At 18 and 20 

hours, the impedance at electrodes D2 and D3 drop significantly.  Finally, at 

approximately 36 hours the impedance drops at the remaining electrodes indicating 

total cell death.  The staggered effect on the impedance can be attributed to the random 

distribution of nanowires within suspension. Qi et al. examined the effect of high 

concentrations of nanowires on cellular adhesion by incubating HepG2 cells with 

100ug/ml of silica nanowires immediately after cellular seeding.  62.5% of cells were 

found to be adherent after 18 hours of incubation when compared with cells incubated 

alone.  Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 

(EDS) found that rounded and poorly adherent cells had high levels of silicon 

surrounding them.  Additionally, reverse transcriptase polymerase chain reaction (RT-

PCR) found a down regulation in expression of adhesion specific proteins integrin, FAK, 

and Col I.  

Our recorded impedance data confirms that areas exposed to larger amounts of 

NW died off faster than those in areas with lower amounts.   After impedance 

measurements were complete, devices were imaged using SEM (Figure 4-5b).  It can 

be seen that areas surrounding electrodes contain a higher concentration of NWs which 

impeded cellular adhesion to the surface causing cell death.  Furthermore, it was seen 

that cells can also be mechanically punctured by the NW.  Finally, these results 

demonstrate a unique approach to studying the interactions between biomaterials and 

nanomaterials.  By integrating a new electrode design, multi-spatial monitoring of a 

single cellular culture was realized.  
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4.4 Conclusion  

A new multi-spatial electrode design and real-time impedance monitoring system 

were used to demonstrate a potential application of monitoring the bio impedance of 

biological systems.  Quantitative impedance measurements were used to verify prior 

experiments that found that lower concentrations of silica nanowires are inert when 

exposed to cellular cultures, evidenced by stable fluctuations in the measured 

impedance overtime. At concentrations of 50 and 100ug/ml nanowires have fatal 

interactions due to mechanical disturbances that prevent proper adhesion to the 

surface.    Due to the capability of this system to work in real-time, it improves upon the 

design of traditional experimental assays because it allows a higher number of time-

points to be assessed without the need for increasing the number of experimental 

samples.  Also, the use of an 8-electrode array enables multiple measurements of the 

same sample, adding spatial resolution and statistical value through measurement 

redundancy. By offering quantitative, real-time, and non-destructive measurements of 

nanowire-cell interactions, this system is a viable complement to standard endpoint 

assays.  
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Figure 4-1 (a) SEM image of silica nanowires (SNW) annealed for 60 minutes at 
1050°C. (b) Map of 8-electrode array surrounding large counter electrode. 

 

Figure 4-2 Comparison of extracted (a) resistance (b) CPE and (c) n values  of DMEM 
culture medium taken from coated (red) and uncoated (blue) electrodes. 
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Figure 4-3  Results for equivalent circuit fitting of impedance data. (a) Baseline 
equivalent circuit model without cellular presence and (b) with cellular presence; (c) |Z| 
at 96.49 kHz normalized to baseline measurements over 24 hours after initial cell 
seeding (Device D07) 

 

Figure 4-4 Average normalized |Z| values for concentrations of 0μg/ml, 1μg/ml,50μg/ml 
and 100μg/ml after SNW inoculation.  
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Figure 4-5 (a) Single device showing spatial response of cells after nanowire exposure. 
(b) SEM micrograph showing cell in high concentration on SNW.  
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Chapter 5:  Simulation, Design, and Testing of Electrodes for Impedance 

Characterization of Tumor Spheroids 

5.1 Introduction 

Increased spatial resolution is an essential improvement to move impedance-

based assays into the arena of high-throughput drug screening.  The proposed method 

to address this needed increase in spatial resolution is to utilize microelectrode 

geometries, which are capable of probing multiple depths into cellular tumoroids.  To 

accurately define the area being interrogated, thorough consideration must be placed 

upon the electrode design.  For this reason, it is necessary to carefully design the 

electrodes to understand the relationship between electrode spacing and the 

penetration depth of the electric field.  

An additional consideration for impedance monitoring of 3D cellular models is 

minimizing the contribution of the culture medium (Rs).  Adherent cell lines that attach 

directly to electrodes in ECIS-based systems create a barrier between Rs as they reach 

confluence (as seen in Figure 5-1).  This forces the current to flow between tiny 

intracellular spaces or through the cellular membrane prior to coming in contact with the 

culture medium.  In contrast, when 3D cellular models are used, cells attach to each 

other and do not actively adhere to the measuring electrodes.  This allows the culture 

medium to come into direct contact with the measuring electrodes, causing Rs to shunt 

the cellular parameters.  In order to mitigate this shunt resistance, the electrode design 

should maximize electrode contact with the cellular sample and minimize contact with 
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the culture medium.  Microneedle electrodes achieve this by positioning the measuring 

electrodes directly inside the cellular sample, isolated from the culture medium.  In this 

work, passivated microneedle and planar electrodes were designed simulated and 

compared for impedance measurements of tumor spheroids.   

Microneedle electrodes were fabricated using a combination of photolithography, 

dry etching, and electroplating techniques and two etching techniques were evaluated 

for optimal needle formation.  Planar electrodes were fabricated using MEMS fabrication 

techniques and evalulated for impedance experiments.  The effect of electrode 

passivation on measurement sensitivity was characterized for planar electrodes and 

unpassivated electrode behavior was characterized using KCL and Dulbecco’s Modified 

Eagle Medium Solution (DMEM).  Finally, unpassivated electrodes were used to 

characterize the effect of electrode spacing on impedance measurements of tumor 

spheroids. 

5.2 Design of Microneedle Electrodes for Tumor Spheroid Impedance 

Monitoring 

5.2.1 COMSOL Simulations 

In order to characterize the shape and penetration depth of the electric field of 

these microelectrodes, FEA simulations were performed to visualize the magnitude and 

direction of the electric field lines using the electrostatic solver.  Comsol calculates 

these parameters by solving for Ohm’s Law:   

J = (σ + jωϵ0ϵ)E + Je 
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where E is the electric field, ρ is the space charge density and ε is the relative 

permittivity and ε0 is the permittivity of free space.   

Initially, conical microneedle tips were approximated in 2D as isosceles triangles 

with base widths of 50 microns and heights of 43.263 microns.  Simulations were 

enclosed in a boundary area of 200µm x 400µm (80,000μm2).  The simulation area was 

given an electrical conductivity of 1.47S/m and relative permittivity of 75.97 to 

approximate Dulbecco’s Modified Eagle Medium (DMEM) [116].  The boundaries of the 

triangles were simulated as gold with an electrical conductivity of 45.6e6 S/m.  Electrical 

current simulations were performed giving terminal characteristics to both of the 

triangles.  Terminal 1 (the first triangle) was given a voltage of 100mV and terminal 2 

was given a voltage of 0V as seen in figure 5-2.  Electrode tips were spaced in 

increments of 25µm from 25µm-250µm from base to base. 

Figure 5-3 shows a two dimensional surface plot of the distribution of the electric 

field emanating from the two electrodes in the simulation space.  Because electric 

potentials are applied directly on terminal 1 and terminal 2, the strength of the electric 

field is strongest at the innermost tips of the electrode surface.  Furthermore, it can be 

seen that much of the electric field is concentrated directly between the needle tips as 

expected.  The maximum electric field measured at the electrode tips is approximately 

4178 V/m.  In order to assess signal distribution above the electrodes, a reference line 

was drawn along the midpoint between the terminals to calculate the magnitude of the 

e-field.   

From figure 5-3, it can be seen that midway between the two terminals, the 

magnitude of the E-field reaches a minimum.  One can see, at this point a measured 
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sample will experience minimum exposure to the applied electric field.  For this reason 

this midpoint is used to find the effective penetration depth of the electric field into the 

sample.  Above the points of the electrodes, the field decreases to 1000V/m 4µm above 

the electrodes and further decreases to 500V/m 50µm above the tips.  This indicates 

that in pure medium the majority of the current will be passed directly between the 

electrodes but maintains intensities greater than 500V/m as far as 50 microns above the 

electrodes. 

 Further analysis revealed that increasing the electrode spacing causes a 

significant decrease in the maximum magnitude of the electric field (field located at 

electrode tips).  Increasing the electrode spacing from 50 µm to 75 µm corresponded 

with a 26.8% decrease in the maximum electric field (4178V/m to 3058V/m).  This can 

be attributed to a spreading of the electric field created by a larger distance between the 

electrodes.   

 However, in addition to the decrease in total electric field magnitude there is a 

noticeable change in the distribution of the electric field.  Figure 5-4 shows a plot of the 

percentage of the total electric field as a function of the height above the electrodes 

along the midpoint between the electrodes.  As electrode spacing increases, the 

distribution of the electric field extends further above the electrodes.   

 For a microneedle electrode design with 25 micron spacing, approximately 75% 

of the electric field is constrained between the electrodes, leaving only 25% of the 

electric field extending beyond the tips of the electrodes.  As the spacing of the 

electrodes increases, the penetration of the field into the space above the electrodes 

also increases until reaching saturation at spacing greater than 225 µm.  Upon reaching 
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225 µm a saturation point is reached due to the finite current applied to the system and 

the penetration depth starts to slowly decrease as the distance the charge fills becomes 

larger.  This saturation spacing is likely dependent on the initial level of current applied 

to the electrodes.   

5.2.2 Design Considerations 

One chief design consideration for microneedle electrodes was the size of tumor 

spheroids to be measured.  Tumor spheroid radii are normally limited by the diffusion 

length of oxygen to 100µm.  However, because hypoxia is a trademark of tumors in 

vivo, tumor spheroids with larger sizes can be useful for recreating these in vivo 

characteristics.  For this reason, electrodes and microfluidics were designed to support 

tumor spheroids of a maximum size of 250µm.   

Figure 5-5 presents the electrode spacing vs. the depth at which 70% of the total 

electric field is reached.  A logarithmic trend can be used to fit the data, further 

confirming the saturation spacing for a given voltage. According to simulation results 

microneedle electrode spacings of 50, 150 and 250 µm 70% of the electric field will 

extend approximately 27, 60, and 82 µm above the microneedles and into the tumor 

spheroid.   

5.2.3 Fabrication 

Gold microneedle electrode arrays were designed with electrode widths of 30, 

40, and 50µm.  In addition, electrodes were configured in 1 x 4 arrays with progressive 

spacings of 30, 90, and 150 µm for 30 µm electrodes; 40, 120, and 200 µm for 40 µm 

electrodes; and 50, 150, and 250 µm for 50 µm electrodes.  Microneedle electrodes 
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were fabricated on 2 inch silicon substrates using standard UV lithography, deep 

reactive ion etching, and gold electroplating techniques.   

Figure 5-6(a)-(f) outlines the process flow for fabricating the microneedle 

electrodes.  Two-inch silicon wafers were first solvent cleaned with acetone, methanol 

and isopropyl alcohol and then dried using nitrogen gas.  A dehydration bake was 

performed at 150°C to remove all traces of water.  An AZ4620 photoresist mask was 

patterned on silicon wafers to selectively etch the silicon into microneedle geometries.  

First, hexamethyldisilazane (HMDS) was spun at 3500rpm for 30 seconds to improve 

adhesion of the photoresist.  Next, a layer of AZ4620 was spun at 1500rpm for 1 

minute.  The thickness of AZ4620 was either 7 µm or 4 µm depending on the etching 

technique to be performed in subsequent steps.  The wafer was then soft-baked in an 

oven at 90°C for 1 hour.  The wafer was then left to rehydrate for 24 hours prior to UV 

exposure.   

Wafers were then exposed using a Karl Suss mask aligner at 25 watts for 55 

seconds.  Features were then developed using a 1:4 dilution of AZ400K for 5 minutes.  

Samples were rinsed in DI water and dried with nitrogen gas.  The resulting photoresist 

mask was then hardbaked in a 100°C oven to improve the physical resistance to the 

subsequent plasma etch.  Two dry etching processes using deep reactive ion etching 

(DRIE) were investigated to produce the microneedle geometry (1) a continuous 

isotropic etch and (2) a two step isotropic/anisotropic silicon etch.  These procedures 

created sharpened silicon microneedles with various needle tips.   
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5.2.3.1 Method 1:  Continuous Anisotropic Etch  

An Alcatel DRIE was used to define microneedle electrodes in a one step high 

aspect ratio (HAR) etch process.  The Bosch process is used to etch silicon 

anisotropically by alternating between an etch of octafluorocyclobutane (C4F8  @ 200 

sccm) and oxygen (O2 @ 20 sccm) for 1.4 seconds followed by an etch with SF6 gas 

(300 sccm) for 3 seconds.  During the etch process, the photoresist mask is etched 

uniformly from the top in addition to the large amounts of silicon consumed during the 

Bosch process.  Once the photoresist is etched to less than 1.5 µm, etching begins to 

occur on the sidewalls, shrinking the size of the photoresist mask and increasing the 

effective etch area.  For a circular mask, this leads to a conical structure being formed 

as shown in figure 5-7.  By characterizing the etch rate of the photoresist it is possible to 

etch sharpened microneedles in one continuous step.   

Khanna et al. first demonstrated a method of fabricating hollow microneedles 

with sharpened sidewalls without reducing the total diameter of the microneedle beam.  

This technique takes advantage of the photoresist depletion to gradually sharpen 

needles while simultaneously etching the microneedle shaft [117].  In this work they 

reported an etch rate of AZ4620 of .16-.20 µm/minute [118].  An iterative etching 

experiment was performed to verify the rate of photoresist consumption and develop a 

procedure for etching solid microneedles.  Briefly, silicon wafers coated with a 6 µm 

AZ4620 photomask and were etched iteratively in the DRIE for times of10, 8, 9, and 5 

minutes for a total of 32 minutes.  After each etching step, the height of the photoresist 

was measured using a Dektak 3030 Profilometer.   
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5.2.3.2 Method 2:  Two Step Isotropic/Anisotropic Etch 

The same Alcatel DRIE was used to perform a two step etch including:  (1) a 

timed isotropic etch to form the sharpened microneedle tips and (2) a 10 minute HAR 

etch to define the heights of the needles.  Isotropic etching of silicon was achieved by 

etching with a pure sulfur hexafluoride (SF6) plasma with gas flowed at a rate of 300 

sccm.  By definition, isotropic etches remove material in all orientations at the same 

rate.  This causes silicon beneath the photoresist mask to be undercut as illustrated in 

figure 5-8.  During the following HAR etch, the exposed silicon is also etched producing 

a conical tip.  The effective etch rate of the isotropic and HAR etches are 5.5 µm and 10 

µm, respectively.  Needle tip radii can be estimated by subtracting the calculated 

undercut from the proposed needle radii as seen in formula (1). 

𝑟𝑛𝑒𝑒𝑑𝑙𝑒𝑡𝑖𝑝 = 𝑟𝑛𝑒𝑒𝑑𝑙𝑒 − 𝑒𝑡𝑐ℎ 𝑟𝑎𝑡𝑒 ∗ 𝑡𝑒𝑡𝑐ℎ 𝑡𝑖𝑚𝑒 (1) 

Because 30, 40 and 50 µm needle diameters are included on a single wafer, it is 

important to specify the time of the isotropic needle forming etch.  For maximum needle 

sharpness, microneedle tips should be etched to micron-submicron diameters.  The 

variation between microneedle sizes prevents all needles (30, 40 and 50 µm from being 

etched to maximum sharpness on the same wafer.  For example, if 50 µm needles are 

sharpened to sub-micron sharpness 40 and 30 µm needles will be overetched resulting 

in a complete undercut of the photoresist.  For this reason it is necessary to perform 

multiple runs on different wafers. After defining the needle tips, the Bosch process was 

used to define the height of the microneedles with a nominal etch rate of 8 µm/min.   
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5.2.3.3 Metallization of Microneedles 

After etching, samples were prepped for electroplating by removing the 

photoresist mask with acetone and rinsing with methanol and isopropyl alcohol.  In 

order to electroplate gold onto the needles, a seed layer of nickel was first sputtered 

onto the wafer.  Due to surface roughness from micromasking during the DRIE process, 

microneedles with sharpened tips were not able to be seeded with nickel.  Microneedles 

with unsharpened tips were substituted for proof of concept.  RF Sputtering was chosen 

over other physical vapor deposition (PVD) techniques because the nickel ions are 

distributed in an omni-directional manner, leading to a conformal coating on 3D surfaces 

[119].  Next, 3000PY photoresist was spun at 3000rpm for 30 seconds and soft baked 

at 150°C for 1 minute to form a metallization mask.  The mask was then patterned by 

UV exposure for 23 seconds at 25 Watts.  A post-exposure bake was performed at 

100°C for 1 minute and the wafer was then developed in RD-6 for 15 seconds.  The 

samples were then rinsed in DI water and dried.  TG-25E-RTU gold electroplating 

solution (Technic Inc.) was used to metalize silicon microneedles.   

The procedure for electroplating was taken from Price et al [120].  Briefly, 

electroplating solution was warmed in a beaker to 55 ºC.  The solution was stirred 

constantly with a magnetic stirrer at 100 rpm.   A small area of photoresist on the 

sample was removed with acetone to provide an area to make electrical contact with an 

alligator clip.  The anode (negative terminal) was connected to the wafer and the 

cathode (positive terminal) was connected to a platinum mesh that acted as a counter 

electrode.  The applied current density used by Price et al was 2 mA.  Due to a large 

reduction of electrode area, the DC current was reduced to .5 mA to reduce the current 
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density and deposition rate.  DC current was applied for 15 minutes to coat the 

microneedle electrodes in gold.   

5.2.4 Results of Fabrication 

5.2.4.1 Etch Method 1:  Results 

Surface profilometry was used to verify the height of microneedles.  Because 

microneedles were formed in trenches, the trench height was taken as the microneedle 

height.  A Dektak D-150 surface profilometer was used to measure trench height.  

Profiles from the iterative etching experiment are shown in Table 5-1.  Because the etch 

rate of silicon is well characterized for the DRIE (4-10 µm/min), the effective etch rate 

can be calculated by subtracting the amount of etched silicon from the measured step 

height.  From this, the effective etch rate of the photoresist was found to be .21 µm/min. 

Figure 5-9 shows the microneedle mask patterned on a silicon wafer prior to 

etching and a close up of 30 µm needles immediately after the continuous etch process.  

Due to the nonuniform etch pattern of the thinned photoresist, needletips appear rough. 

It is important to note that the etch rate of the photoresist profile is not continuous and 

begins to slow after the photoresist thickness reaches less than 1.5 µm.  This can be 

attributed to the inclusion of the sidewalls in the etch process effectively decreasing the 

etch rate of the photoresist profile.  After 32 minutes of etching the tips of the 50 µm 

needles are found to have diameters of ~14 µm and heights of ~200nm.   

Because the etch time and needle tip diameter are controlled by the initial 

photoresist thickness, a longer etch time is needed for thicker photoresists.  This 

lengthy etch time introduced problems with removing the residual photoresist after 

etching due to the photoresist burning during the process.  In addition, micromasking 
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became more prevalent at longer etch times.  For this reason a spin speed of 8000 rpm 

was chosen for future processes to decrease the photoresist thickness to 3.7 µm and 

decrease the etch time.  Furthermore, it was found that 2 minutes after reaching a 

height of 1.5 µm was sufficient to sharpen microneedles.  In conclusion, to form needles 

with micron level diameters, the following formula was derived: 

𝑒𝑡𝑐ℎ 𝑡𝑖𝑚𝑒 = ℎ ∗ .21 µ𝒎
𝑚𝑖𝑛 + 2 (𝑚𝑖𝑛. ) 

where h is the thickness of the photoresist in microns. 

5.2.4.2 Etch Method 2:  Results 

This etch procedure utilized an isotropic silicon etch to first form microneedle tips 

during and an anisotropic etch to define the microneedle heights in the subsequent 

step.  The isotropic etch removes silicon equally in all directions resulting in a conical tip 

profile that is slightly curved.  The light microscopy images show the results of the 

isotropic etch.  The undercut photoresist can be clearly seen as the microneedle tip is 

defined.  Figure 5-10 shows an SEM of the final microneedle structures.   

5.2.4.3 Comparison of Etch Techniques  

Due to the dependence on poorly understood photoresist etching, etch method 2 

is the preferred method to form microneedles.  Etch Method 1 relies on precise timing of 

photoresist etching that can vary depending on the uniformity of film thickness, effective 

area to be etched, and health of the tool.  Furthermore, the etch depth is limited by 

photoresist thickness which is limited to the spin speed of the PR Spinner.  In addition, 

the depletion of the photoresist leads to micromasking issues that can prevent 

metallization processing in future steps.  Using a photoresist with a thinner profile may 

circumvent these issues; however, the etch rate of the photoresist must first be 
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characterized.  Etch method 2 is superior because the isotropic etch is standardized 

enabling easy control of the etch depth. 

 Unsharpened microneedles were used to test the electroplating process.  Figure 

5-11 is an image of the electroplated micro-pillars.  Conformal coating of the structures 

was achieved; however, due to poor transfer of the electroplating photoresist mask, 

features are distorted.  Because the microneedle structures are patterned in a trench, 

contact with the photomask is only made with the tips of the needles.  This results in a 

proximity exposure method which increases the influence of diffranction, causing the 

photopattern transfer to increase in size.  Future masks should be designed to address 

this gap. 

5.3 Planar Electrodes for Tumor Spheroid Impedance Monitoring 

 Gold planar electrode arrays were designed with electrode widths of 30, 40, and 

50 µm for sensitivity experiments.  Electrodes were configured in a linear array of four 

electrodes and progressively spaced in iterations identical to the microneedle 

electrodes.  Planar electrodes were used to investigate the influence on electrode 

spacing on measurement sensitivity and attempt to make multi-spacial measurements 

of tumor spheroids.  Planar electrodes were fabricated on glass substrates using a 

standard lift-off procedure described in section 5.3.1. 

5.3.1 Planar Electrode Fabrication 

The procedure outlined in figure 5-12 (a)-(d) was used to fabricate the planar 

electrodes.  Four-inch glass wafers or 1” x 3” microscope slides were first solvent 

cleaned with acetone, methanol and isopropyl alcohol and then dried using nitrogen 

gas.  A dehydration bake was performed at 150°C to remove all traces of water.  
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3000PY photoresist was patterned onto samples.  Photoresist was spun at 3000rpm for 

30 seconds.  The wafer was then soft-baked on a hotplate for 1 minute at 150°C.  A Karl 

Suss mask aligner was used to expose wafers to UV light at 25 watts for 23 seconds.  

Samples were then baked on a hotplate for 1minute at 110ºC post-exposure.  Features 

were then developed in RD6 (Futurrex) photoresist developer for 20 seconds.  Samples 

were then rinsed in IPA and dried with nitrogen gas prior to metallization. 

Thermal evaporation was used to form electrodes on the surface of glass 

samples.  A 20 nm layer of chromium was first evaporated onto the surface of the glass 

to improve gold adhesion.  Next, a 150 nm layer of gold was evaporated onto the 

surface.  After being fully metalized, samples were placed in acetone to remove all 

photoresist.  Cr/Au attached to the photoresist was removed, leaving patterned 

electrode arrays (seen in figure 5-12(e)).   

5.3.2 Microfluidic Design and Fabrication 

In order to position tumor samples onto the electrodes and measure the 

impedance of fluid samples, microfluidic channels were designed to be aligned and 

bonded directly over the electrodes.  Figure 5-13 shows the dimensions of the 

microfluidic channel attached to the electrodes.  A simple flow-through channel was 

designed with circular inlet and outlets measuring 2mm to interface with 23G Tygon 

tubing.  The inlet channel width was 350 µm to easily accommodate the flow of tumor 

spheroids (250 µm).  A simple barrier and dual bypass channels are located just beyond 

the electrodes to allow spheroids to be positioned directly on the electrodes.  Bypass 

channels measure ~50 µm in width to allow the flow of medium and fluid samples but 
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restrict the flow of larger solid tumor masses.  The outlet portion of the channel 

measures 500 µm. 

Channel molds were fabricated using standard lithography techniques.  First, 3 

inch silicon wafers were solvent cleaned with acetone and IPA then dried with nitrogen 

gas.  Wafers were dehydrated on a hotplate at 150ºC for 10 minutes.  SU-8 2150 

photoresist was first spun at 500rpm for 5 seconds then at 1750rpm for 30 seconds to 

achieve a thickness of 350 µm.  A two step soft bake process was performed to purge 

all solvents from the photoresist.  The wafer was baked at 65ºC for 8 minutes and then 

95ºC for 80 minutes.  UV exposure was performed using a Karl Suss MA-56 for 18 

seconds at 25mW.  Next, a post exposure bake was performed at 65ºC for 5 minutes 

and 95ºC for 25 minutes.  Finally, the SU-8 mold was developed in SU-8 developer 

(Microchem) for 25 minutes and plasma cleaned using O2 plasma. 

Microchannels were molded from Poly-dimethyl-siloxane (PDMS) via soft 

lithography.  A 1:10 mixture of PDMS hardener and prepolymer were mixed together 

with a stirring stick for 5 minutes and then degassed in a vacuum oven.  Mixed PDMS 

was then poured over the SU-8 mold and allowed to cure overnight.  After 24 hour 

PDMS channels were removed from the mold, diced, and irreversibly bonded to 

electrode chips via plasma bonding.  SU-8 5 photoresist was applied via syringe to 

leakproof microchanels and hardbaked at 200ºC for 10 minutes.  A 1.5mm biopsy punch 

was used to access channels and connected to 23G Tygon tubing.  A syringe was used 

to flow in measurement samples.  Figure 5-14 shows the completed microfluidic chip 

with PDMS microchannels bonded to numbered electrodes. 
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5.3.3 Impedance Measurement Set-up 

50 µm microelectrode chips were used to analyze the effect of electrode spacing 

on impedance measurement sensitivity.  Impedance measurements were recorded with 

a 4294A Impedance Analyzer.  DCP-100 DC probes (Cascade Microtech) connected to 

micromanipulators were used to make contact with electrode contact pads.  A 10mV 

signal was applied between two electrodes over a frequency range of 100Hz to 1MHz.  

1X4 electrode arrays were used to investigate the effect of electrode distance on 

sensitivity.  Impedance measurements were recorded over distances of 50 µm (1-2), 

150 µm (1-3), and 250 µm (1-4).  Initially, baseline measurements were recorded 

Dulbecco’s Modified Eagle Medium (DMEM) at room temperature.  The measured 

conductivity of DMEM was found to be 10mS/cm2, which corresponded well with 

previously reported conductivity values [116].  To ensure electrode sensitivity to 

conductivity, the impedance of KCL standard conductivity solution at room temperature 

was also recorded.  The conductivity of KCL solution was measured to be 100mS/cm2.   

5.3.4 Hs578T Spheroid Culture 

Following initial characterization of the device, impedance measurements were 

performed on tumor spheroids.  Hs578T epithelial breast cancer cells were cultured 

using standard protocol in Dulbecco’s modified eagle medium (DMEM) with 10% Fetal 

Bovine Serum (FBS) and incubated at 37°C and 10% CO2.  Upon reaching 75% 

confluence, cells were subsequently subcultured at a ratio of 1:8 or harvested using a 

25% trypsin/EDTA solution.  Cells were then counted using a hemocytometer and 

reserved for spheroid formation.  In order to form tumor spheroids of 250 µm, 9.6e5 

cells suspended in DMEM were pipetted onto, Aggrewell plates, a PDMS cellular 
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micromold located on a 24-well plate (StemCell Technologies).  Cells were then 

centrifuged at 100xg for 3 minutes to evenly distribute cells into 400 µm microcavities.  

Cells were then incubated for 24 hours to yield tumor spheroids. 

5.3.5 Results and Discussion 

5.3.5.1 Verification of Electrode Sensitivity 

To verify electrode sensitivity, impedance measurements were recorded for 

standard potassium chloride solution and DMEM culture medium with conductivities of 

100 and 10 mS/cm, respectively.  Results of the measured impedances are shown in 

figure 5-15.   

For an electrolyte solution in contact with a metal conductor, a basic Rs–Cdl 

circuit can be used to accurately describe the system.  The double layer capacitance, 

Cdl, defines the high impedance at lower frequencies and the slope of the curve.  This 

capacitance is well characterized for gold electrodes and is known to range from 10-20 

µF/cm2 (14.25 µF/cm2 in [121]).  By measuring the magnitude of the impedance, Z, at a 

known frequency, f, on that slope we can solve for the measured capacitance, c, using 

the following equation: 

|𝑍| =
1

2𝜋𝑓𝑐
→ 𝑐 =

1
2𝜋𝑓|𝑍|

(𝜇𝐹) 

We then can use this measured capacitance value to estimate the value of the double 

layer capacitance, Cdl by dividing the measured value by the area of the electrodes as 

follows: 

𝐶𝑑𝑙 =
𝑐

𝐴𝑟𝑒𝑎
�
𝜇𝐹
𝑐𝑚2� 
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It can be seen that only small changes in the impedance at lower frequencies occur 

because only the conductivity of the solution is changed.   

At higher frequencies (> 1e5Hz), the double layer capacitance no longer 

dominates the system for the medium because of the high impedance of the medium 

compared to the capacitive component.  The conductivity of the solution can be used to 

calculate the solution resistance parameter in the system.  Because the semi-circular 

electrode immersed in solution is similar to the rotating disk electrode, the solution 

resistance is easily calculated using the following equation: 

rr
Rs 24

2 ρρ
== , 

which is taken from Newman’s analysis on the spinning disk electrode [122].  Because 

there are two electrodes in the solution the resistance is increased by a factor of two.  

When calculating the theoretical resistance, the measured conductivities are first 

converted to the corresponding resistivity and then plugged into the resistance equation.  

The results of calculated resistance and capacitance values are shown in table 5-2(a) 

and measured values for each electrode configuration are shown in table 5-2(b).  

Measured solution resistance values correspond to the impedance value at frequencies 

= 9.55e6 Hz.  

 It can be seen that roughly an order of magnitude drop in Rs occurs when 

switching from KCl to DMEM, which corresponds well with the known conductivity 

change of the electrolyte.  This shows that the impedance change is proportional to 

electrolyte conductivity as expected.  However, it can also be seen that in KCl solution 

as the spacing of electrodes increases the solution resistance drops while the 

capacitance increases.  This is thought to be due to the high conductivity of the 
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electrolytic solution and an increase of available charge carriers in the larger gap 

between electrodes.  This is supported by the fact that the resistance increases and 

space increases in the DMEM solution. 

5.3.5.2 Effect of Electrode Spacing 

To assess the effect of electrode spacing on measurement sensitivity, the 

impedance change due to switching conductive solutions from KCl to DMEM was 

calculated for each electrode configuration.  The results from these calculations can be 

seen in figure 5-16.  At frequencies < 1e5 Hz, little to no change is seen for spacings of 

50 and 150 µm.  This is due to Cdl dominating the measured impedance.  However, at 

higher frequencies it can be seen that the % change increases for every electrode 

spacing, most notably at the larger spacings.  Furthermore, it can be seen that as 

electrode spacing increases, the % impedance change also increases.  This is 

illustrated by the maximum impedance increase being seen at the 1-4 electrode 

configuration (250 µm). 

Next, spheroidal impedance measurements were recorded.  Bode plots 

illustrating the impedance of Hs578T spheroids are shown in figure 5-17a.  From these 

images it can be seen that increasing the space between electrodes causes the 

measured impedance of the spheroid to increase.  When the percent change is 

calculated according to recorded medium baselines (figure 5-15), the maximum 

calculated percent change is at 250 µm.  A 60% increase in the impedance is seen in 

comparison to medium baselines.   

From figure 5-17b, it can be seen that the greatest increase in impedance is seen 

at higher frequencies and reaches a plateau around 1e6 Hz.  This reveals that the 
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mechanism causing the impedance change is the tumor spheroid physically displacing 

the conductive medium in the microfluidic chamber.  Because the electrodes are not 

fully insulated from the medium, current flows through both the spheroid and medium.  

However, when compared to figure 5-16 (denoting the impedance change solely on 

medium conductivity) the impedance change begins to increase closer to 30 kHz.  This 

indicates that the cause of the impedance change from 30 kHz to 1e6 Hz is in response 

to the presence of the tumor spheroid as expected from previous studies of the so-

called ‘beta’ region where impedance of biological tissue is dominated by cellular 

membrane presence. 

5.4 Conclusion 

This work presents the simulation, design and attempt at fabricating 3D 

microneedle electrodes for multi-spatial impedance measurements of tumor spheroids.  

A simple two step anisotropic/isotropic etching procedure was developed for fabricating 

sharpened solid silicon microneedles with submicron tips that improved upon previously 

developed processes relying on photoresist depletion.  Attempts were made to metalize 

unsharpened ‘nanorods’.  While conformal coating of the microneedle was achieved, 

resolution limitations distorted electrode tracks and contacts.  In addition, adhesion 

problems persisted due to micromasking issues and equipment failures.  Due to 

equipment malfunctions microneedle electrodes were not used in impedance analysis. 

Microfluidic planar electrodes were designed to position and monitor the 

impedance of tumor spheroids in real-time.  Microfluidic channels measured 350 µm in 

width and height and were capable of positioning tumor spheroids directly over 

electrodes via continuous fluid flow. Impedance measurements were first performed on 
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fabricated planar arrays of electrodes to assess the impact of electrode spacing on the 

measured impedance.  The function of the fabricated electrodes was verified by 

comparing the measured impedance curve to theoretical capacitance and resistance 

values taken from the literature.  Finally, impedance measurements of Hs578T were 

recorded and compared to baselines of pure culture medium.  The resulting impedance 

changes were associated with both medium displacement (f > 1e 6Hz) and tumor 

spheroid impedance (30 kHz < f < 1e6 Hz).  This work lays the foundation for a system 

that is capable of continuously perfusing a spheroid with culture medium and 

maintaining viability for an extended period of time while simultaneously monitoring the 

spheroidal impedance.   

Furthermore, it was established that impedance measurements made with planar 

electrodes were adequate for monitoring the spheroidal impedance and the use of an 

electrode array can increase the spatial resolution of currently available tumor 

impedance monitoring systems [1, 4, 60].  The automation of this system will yield many 

important comparison studies between the behavior of monolayer cultures and 

spheroidal models when exposed to a multitude of stimulants including: nanoparticles, 

future drug candidates, and potentially toxic materials. 
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Table 5-1 Etch profiles for continuous etching of silicon and photoresist. 

 

 Table 5-2 (a) Calculated and (b) measured values of resistance and capacitance of 
KCL and DMEM. 
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Figure 5-1 Equivalent circuit model for electrode covered with cells. 

  

Figure 5-2 Comsol simulation setup for 50µm microneedle electrodes.  
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Figure 5-3 Normalized electric field of microneedle electrodes spaced 50 µm apart. 

 

Figure 5-4 Calculated percentage of maximum electric field vs. penetration depth 
(distance from base of triangles). 
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Figure 5-5 Distance where electrode penetration reaches 70% of maximum vs. spacing 
between electrodes. 
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Figure 5-6 Microneedle process flow. (a) Standard silicon wafers solvent cleaned, (b) 
patterned with AZ4620 photoresist, (c) etched using deep reactive ion etching (DRIE); 
(d) photoresist removed and sputter coated with nickel; (e) gold deposited onto nickel 
layer; (f) gold passivated with SU-8 photoresist.  
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Figure 5-7 DRIE etch method 1:  continuous anisotropic etch. 

 

 

Figure 5-8 DRIE etch method 2:  two step isotropic/anisotropic etch. 
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Figure 5-9 Resultant silicon microneedles after continuous silicon etch. 

 

 

Figure 5-10 SEM image of silicon microneedles after two step anisotropic/isotropic etch. 
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Figure 5-11 Micropillars coated with nickel gold layer. 

 

 

Figure 5-12 Process flow for planar electrodes. (a) 4” glass wafers solvent cleaned; (b) 
patterned with 3000PY photoresist; (c) coated with chrome and gold; (d) dipped in 
acetone for liftoff; (e) resulting gold electrodes. 
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Figure 5-13 Microfluidic channel design shown on electrodes. 
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Figure 5-14 Top view of electrodes with PDMS microfluidic channel attached. 
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Figure 5-15 Bode plots of measured impedance of KCl solution and DMEM. 

 

 

 

Figure 5-16 Normalized impedance change (KCl/DMEM). 
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Figure 5-17 (a) Bode plot of impedance measurements of tumor spheroids. (b) 
Normalized impedance change of tumor spheroids compared to medium baselines 
(figure 5-15). 
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Chapter 6:  Design and Characterization of Micro-pH Electrodes for Extracellular 

Environmental Monitoring 

6.1 Introduction 

Despite improvements in real-time impedance analysis for cellular cultures, to 

date, impedance measurements of tumor spheroids alone are inadequate for assessing 

the pathology associated with morphological changes in the models.  In order to more 

accurately assess the underlying mechanisms causing cellular stressors/changes, other 

biosensors are a suitable method for monitor the extracellular environment of the 

tumoroid culture.  Specifically, pH sensing can be utilized to assess metabolic changes 

in a cellular by monitoring the extracellular acidification rate (ECAR)[123].  Monitoring 

these changes in metabolic activity can yield useful information about the underlying 

pathology.  Combining impedance-based sensors with optical [124] and semiconductor 

[125] pH detectors have been explored by several authors [126-128] and have even 

been corporate into multi-well plate assays [129, 130]; however, they have failed to 

incorporate the increased accuracy of tumor spheroid models.   

In the prior chapter, a microfluidic device was designed to trap tumor spheroidsf 

and continuously monitor their impedance changes.  In this chapter, a micro-pH sensor 

has been designed for monitoring real-time changes in extracellular pH on the same 

microfluidic chip.  The µ-scale pH electrode is located adjacent to the impedance 

measuring electrodes so that parallel measurements can be made in real-time (future 

work).  First, a commercial glass pH electrode was used to compare the ECAR of planar 
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cellular cultures to the ECAR of tumor spheroids.  Next, macroscale pH sensitive 

electrodes were fabricated and tested as a proof of concept.  Calibration procedures 

were developed to establish the sensitivity curve of fabricated macro-pH electrodes.  

Finally, micro-pH electrodes were fabricated using standard lithography techniques and 

characterization was performed. 

6.2 Theory  

6.2.1 Extracellular pH Theory 

Within an aqueous solution, the water molecules in the solution spontaneously 

decay and combine via the following reaction: 

H2O↔H+ + OH-. 

When the reactants and products are present in equal amounts, the solution is said to 

be in equilibrium or neutral.  A solution in which there is an excess of H+ ions is termed 

acidic, whereas a solution with excess OH- ions is termed basic (alkaline).  The level of 

acidity or alkalinity is called the pH.  PH is a measure of the acidity of an aqueous 

solution and can be formally defined as the negative logarithm of the concentration of 

[H+] ions in the solution as shown below: 

𝑝𝐻 = − log[𝐻+]. 

The pH scale is confined from 0 to 14, where a pH of 7 represents a neutral solution.  In 

addition, the logarithmic scale of pH denotes that a pH change of 1 means a 100-fold 

increase/decrease in the acidity of the solution.   

As cells live and consume nutrients, waste products are released into the 

outlying culture medium as a byproduct of cellular metabolism.  Primarily, cellular 

respiration causes nutrients (glucose and O2) absorbed by the cell to be broken down 
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via glycolysis.  These nutrients are broken down into waste products (CO2, water and 

energy in the form of ATP), which are the chief products of respiration.  However, 

because hydrogen ions are not directly produced as a product of cellular respiration the 

pH of the solution relies on the production of CO2. 

Excess CO2 in the atmosphere and the elevated temperature of the culture 

medium can cause the solution to be acidic: 

H2O + CO2 ↔ H2CO3 ↔ H+ + HCO3. 

For this reason and because mammalian cellular cultures proliferate most effectively in 

a small pH range (7.2–7.4) most culture medium contains additional sodium bicarbonate 

to lower the pH of the system by producing extra bicarbonate via:.   

NaHCO3 ↔ Na+ +CO3 

The production of additional CO2 by the cells being cultured causes a slow 

accumulation of CO2 in the medium overtime.  This accumulation of CO2 in the culture 

medium drives down the extracellular pH overtime, acidifying the medium.  Using 

extracellular pH sensors, one can monitor the rate of cellular respiration [131]. 

6.2.2 Extracellular pH Sensing 

6.2.2.1 Traditional Approaches 

Several methodologies have been used to monitor the pH of cellular cultures 

overtime.  The most common method of monitoring it is via phenol red.  In addition to 

nutrients and pH buffer, most commercial culture mediums include phenol red as a pH 

indicator.  Phenol red crystals are dissolved into the medium solution and appear yellow 

as the medium becomes more acidic (pH less than 7.0) and pink as it becomes more 

basic (pH greater than 7.0).  It is important to note that phenol red is a qualitative 
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measure of pH and is not useful when calculating the extracellular acidification rate 

(ECAR) or monitoring the pH quantitatively. 

Another traditional means of recording the extracellular pH are glass pH 

electrodes.  Commercial glass pH electrodes are typically constructed from 3 main 

components:  a glass container filled with buffer solution (either liquid or gel) of a 

constant pH, a membrane that is semi-permeable to H+ ions, and a conductive Ag/AgCl 

electrode (figure 6-1).  pH is then calculated by measuring the open circuit potential 

(OCP) between the pH electrode and a reference electrode immersed in the 

measurement solution using a highly sensitive voltmeter.  When the pH electrode 

comes into contact with the solution of interest, a “gel region” is formed on the surface 

of the membrane and only H+ ions are allowed to diffuse across the gel layer and build 

up in the gel region without crossing into the glass fully and contaminating the buffer 

solution.   

Because the AgCl wire is immersed in the buffer solution within the glass 

membrane, the wire-buffer system maintains a standard electrode potential E0.  A 

measurable potential difference then builds up in the gel region and the combined 

electrode potential can be defined by the Nernst equation: 

𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 𝐸0 −
2.303 ∗ 𝑅 ∗ 𝑇

𝐹 ∗ 𝑧
∗ log𝑎𝐻+ 

where, E0 is the standard electrode potential, R is the general gas count, T is the 

temperature in Kelvin, F is faraday’s constant, z is the ionic charge, and aH+ is the 

concentration of hydrogen ions.  Scaling issues make the traditional glass pH electrode 

impractical for monitoring small areas surrounding tumor spheroids.   
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6.2.2.2 Light-Addressable Potentiometric Sensors (LAPS) 

Other pH measuring techniques utilize the unique semiconductor properties of 

silicon.  Light-Addressable Potentiometric sensors are a type of photochemical sensor 

that leverages the global or local changes induced in a silicon-insulator interface to 

detect pH.  A schematic of a typical LAPS device is shown in figure 6-2.  The sensor 

consists of a piece of doped silicon with an insulating pH sensitive thin film (silicon 

nitride in the example) deposited on the top side of the silicon.  The topside of the 

sensor is enclosed so that cells can be cultured directly onto the top of the insulating 

layer.  Conductive leads are connected to the doped Si and immersed into the cell 

culture medium and a bias voltage is then applied to the system.  A laser or LED is then 

used to illuminate the backside of the silicon.  

When the silicon is forward biased no charge transfer is developed in the silicon; 

however, when reverse biased, a depletion layer develops at the silicon-insulator 

interface.  This results in the generation of photocurrents when the laser/led is used to 

excite the silicon surface.  The resulting photocurrent is then measured between a 

reference electrode and the contact made with the silicon[132].  Because the magnitude 

of this photocurrent is a function of the combined interfacial potentials and the interfacial 

potential between the culture medium and the insulator is dependent on pH the induced 

photocurrent is proportional to the pH of the solution. 

LAPS sensors are highly desired due to their simplicity of fabrication and 

functionality.  One can also employ special coatings onto the insulator surface to 

monitor other metabolically relevant analytes such as O2 [133] and glucose [134].  In 

addition, scanning a laser beam over the surface of LAPS sensors produces resolution 
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down to the microscale, allowing the resolution of extracellular pH of a single cell as well 

as pH gradients.  However, due to the planar composition of the LAPS sensor, resolving 

the pH in 3D tissues is not practical.   

6.2.2.3 Ion-Selective Field Effect Transistors (ISFETs) 

Another methodology used to monitor extracellular pH is the ion-selective field 

effect transistor (ISFET).  Based on the metallic-oxide-semiconductor FET (MOSFET) 

device, the ISFET was one of the first silicon-based pH sensors [135].  Operation of the 

ISFET is similar to that of a traditional MOSFET [29] where a small voltage is applied to 

the gate and the current flowing from source to drain is determined by the potential 

flowing through the gate (figure 6-3).  The key difference between the MOSFET and the 

ISFET is at the gate.  Within a typical MOSFET, ohmic contacts are connected to the 

doped silicon of the source and drain regions and an insulating silicon oxide layer is 

deposited between them to form the gate.  When a bias voltage is applied between the 

gate oxide and the source that satisfies a known threshold, a depletion layer is formed 

between the source and drain and current is allowed to pass.  

In the ISFET, the gate oxide is replaced with an ion-sensitive material and a 

reference electrode immersed in a solution of interest.  It is important to note that 

contact between the measured solution and the source and drain contacts will cause 

electrical shorting.  For this reason the rest of the surfaces are kept from making contact 

with the analyte.  To make an ISFET for pH detection, a pH sensitive metal oxide or 

nitride sensing layer is commonly used at the gate.  The performance of the pH sensor 

is dependent on the characteristics of the gate material.   
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The Nernstian sensitivity (mV/pH), drift (mV/time), sensing area, and range of pH 

sensitivity all contribute to the performance of the sensor.  Characteristics of several 

tested gate materials are listed in [136, 137].  pH-sensitive ISFETs have been used 

successfully to monitor the pH of monolayer cell cultures [13].  However, the need for a 

large reference electrode makes the ISFET difficult to implement seamlessly into 

microfluidic systems.  Small-scale reference FETs (REFET) have been utilized to 

address this shortcoming, but shrinking the size of ISFET packages for the 

measurement of nanoliter volumes remains a challenge due to an increase in signal to 

noise ratio typical of FET devices[138].   

6.2.2.4 Thin Film pH-sensitive Electrodes 

The increasing application of microfluidics for cellular analysis and chemical 

sensing demands new requirements for chemical sensors.  Microfluidic designs that can 

manipulate single cells require handling of volumes on the nanoliter scale.  Another pH 

sensor useful for this application is the thin film pH-sensitive electrode.  Comprised of a 

simple pH sensitive insulator deposited onto a conductive electrode, thin film pH 

electrodes are useful due to their easy incorporation into on-chip microfluidic designs.  

Because they are simply planar films deposited onto silicon or glass substrates, 

attaching PDMS- based microfluidics composed or other materials becomes as simple 

as aligning the channels to the electrodes and bonding the material to the substrate.   

A typical thin film pH electrode sensing system is composed of a conducting 

metal, a metal oxide, and a reference electrode (figure 6-4).  Electrical contacts are 

made between the metal oxide and the reference and the open circuit potential (OCP) is 

measured once the electrodes are immersed in solution.  Many metal oxides display 
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sensitivity to H+ ions when immersed in solution, obeying the following general redox 

reaction 

𝑀𝑥 + 2𝑦𝐻+ + 2𝑦𝑒− ↔ 𝑥𝑀 + 𝑦𝐻2𝑂 

as indicated by [139].  Equilibrium of these reactions are dependent on the 

concentration of H+ ions in the solution hence, it is pH dependent.  The measured OCP 

is then proportional to the nernstian electrode potential.   

Extensive work has been done to characterize the pH sensitivity and drift of 

various metal oxides, thanks to their extensive use in ISFET devices [137].  One 

drawback of thin film pH electrodes is the need for an external reference electrode to 

provide a stable measurement of the OCP.  Conventional reference electrodes are 

much larger than the microfluidic environment.  However, alternative have been 

developed to minimize the size of the reference electrodes.  World Precision 

Instruments has fabricated “Dri-Ref” AgCl reference electrode with diameters as small 

as 450 microns (WPI), but are still difficult to implement into closed microfluidic systems.  

Planar thin film reference electrodes made of Ag/AgCl have also been developed but 

suffer from a short lifetime due to the consumption of the finite supply of chlorine ions in 

the AgCl layer.  Alternative reference electrodes with longer lifespan have been devised 

using other materials and by encapsulating the AgCl layer [140].  

One alternative to a traditional reference electrode is using a “quasi”-reference 

electrode (QRE) that maintains a stable potential when immersed in a reference 

solution of known pH.  This is ideal for planar sensors that are attached to a microfluidic 

lab-on-a-chip due to the loss of the bulky external reference electrode.  To this end, a 

functional “differential” micro-electrode has been demonstrated by Ges et al. using 
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iridium oxide as a sensing layer with and without an external reference electrode[141].  

For this reason, thin film metal oxide electrodes were chosen to fabricate a preliminary 

on chip pH sensor for monitoring the extracellular pH of tumor spheroids. 

6.3 Fabrication of Macro-scale pH-sensitive Electrodes 

 Two pH sensitive thin films were chosen to be evaluated for fabricating 

microscale pH electrodes on a microfluidic chip for evaluating extracellular pH of tumor 

spheroids.  Zinc oxide and iridium oxide were chosen as candidate thin films for micro-

pH electrode construction and testing.   

 Iridium oxide based sensors have been increasingly investigated for use as a pH 

sensing film, resulting in various methods of deposition being developed including: 

electrochemical deposition, sputtering, sol-gel, and thermal preparation of films [142].  

Each of these preparation techniques generates films of varying quality and structure, 

which directly influences the pH sensitivity.  Iridium oxide films generated using sol-gels 

and electrochemical deposition have shown particularly high pH sensitivity [143, 144].  

This high sensitivity will be critical in assessing pH changes in the small physiological 

pH range that cellular cultures maintain (7.0 pH - 8.0 pH). 

 Zinc oxide has become a material of interest for biosensing and semiconductor 

applications due to its biocompatibility, stability and band gap.  Within the realm of 

biosensing, so-called nanowires and nanorods composed of zinc oxide have been 

investigated for monitoring the intracellular pH of single cells and used to measure the 

pH inside a human adipocyte [145, 146].  Depending on the fabrication technique, zinc 

oxide nanowires and nanorods have been shown to have varying pH sensitivity ranging 

from as little as 22 to as great as 51.8 mV/pH, however; to date the pH response of 
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sputtered zinc oxide thin films has yet to be investigated [147].  This work evaluates the 

pH sensitivity of zinc oxide and iridium oxide thin films for use in a micro-pH sensor. 

6.3.1 Iridium Oxide and Zinc Oxide Electrode Fabrication 

Centimeter scale electrodes were fabricated to test the pH response of iridium 

oxide and zinc oxide thin film coatings patterned on gold electrodes.  To begin, a 4” 

glass wafer was coated with chrome and gold and diced into 1 cm x 3 cm electrodes.  

Diced electrodes were then separated into two separate batches for processing.  The 

first half of gold electrodes were taken and partially covered with Kapton tape for zinc 

oxide deposition.  These electrodes were then sputter coated with a 100 nm thick zinc 

oxide layer to form pH sensing electrodes.  Thickness was verified using an Alphastep 

200 surface profilometer.  The Kapton tape was then removed exposing a gold contact 

for measuring the open circuit potential.  Kapton tape was then used to insulate pH 

sensing layers leaving an approximately 1 cm2 area.  Electrodes were then rinsed with 

DI water, and dried with nitrogen gas before storage in 10 mL tubes.  All fabricated zinc 

oxide pH electrodes were stored at room temperature. 

6.3.2 Iridium Oxide Deposition 

The second half of gold electrodes was coated with iridium oxide via anodic 

electrodeposition.  Ges et al. described a solution for electrodepositing iridium oxide 

consisting of dissolved iridium tetrachloride, hydrogen peroxide, and oxalic acid first 

devised by Yamanaka in [148].  First, 150 mg of iridium tetrachloride was dissolved into 

100 ml of DI water and stirred for 20 minutes with a magnetic stirrer.  1 ml of 30% 

hydrogen peroxide was added and the solution was stirred for an additional 15 minutes.  

Next, .5 g of oxalic acid was stirred into the solution for 5 minutes.  Anhydrous 
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potassium carbonate was added to the solution until the pH reached 10.5.  The solution 

was allowed to stabilize at room temperature for 24 hours and then transferred to a dark 

container and stored for an additional 24 hours in a refrigerator at 4ºC. 

Several authors have described various plating procedures for depositing iridium 

oxide onto gold substrates including galvanostatic, potentiostatic, and voltage pulse 

techniques.  Recently, Elsen et al. concluded that potentiostatic deposition provided the 

most stable, adhesive films when plating thicker films [143].  A standard 3-electrode cell 

(Figure 6-5) was used to carry out the electrodeposition.  Gold coated electrodes served 

as the working electrode, a platinum wire was used as the counter electrode, and either 

a Micro Dri-Ref Ag/AgCl electrode from WPI Instruments or saturated calomel electrode 

from Gamry Instruments was connected as the reference electrode.  Two pulse 

sequences were applied using a Gamry Ref600 Potentiostat for deposition of iridium 

oxide thin films.   

1) Galvanostatic Technique – A constant current density of 1-1.5mA/cm2 was 

applied for a period of 8-10 minutes. 

2)  Potentiostatic step Technique - A constant voltage of 500 mV was applied 

between the working and counter electrodes for 10 minutes followed by a 

constant voltage of 600 mV for 5 minutes. 

After deposition wafers were rinsed in DI water and stored in 10 mL tubes prior to 

testing. 

6.3.3 pH Sensitivity Measurements 

To evaluate the pH response of fabricated pH electrodes, beaker experiments 

were performed against pH standards.  Open circuit potentials were recorded for buffer 
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solutions with pH values of 4, 7, and 10 pH units (Fisher Scientific).  Either ZnO or IrO 

electrodes were removed from storage and rinsed with DI water and subsequently dried 

with nitrogen gas.  A simple 2 electrode cell, as seen in figure 6-4, was used to evaluate 

the pH response of electrodes.  Open circuit potentials were recorded using the pH 

sensitive electrodes as the working electrode and a saturated calomel electrode as the 

counter electrode.  OCP values were recorded for a minimum of 5 minutes until pH 

values stabilized.   

6.4 Micro-pH Electrode 

6.4.1 Design 

 A micro-pH electrode was designed for monitoring extracellular pH in conjunction 

with real-time impedance measurements made on the previously designed microfluidic 

chip.  A schematic view of the electrode design is shown in figure 6-6.  The pH sensor 

consists of 2 circular gold electrodes (working and reference) that are coated in a pH 

sensitive thin film (either zinc oxide or iridium oxide) and connected to contact pads 

similar to those for contacting the impedance sensors.   

 A working electrode is placed directly by the impedance electrodes in the cellular 

culture chamber while the reference electrode is located halfway between the inlet and 

the culture chamber.  Local changes in pH can be detected within the culture chamber 

due to the acidification of the medium by the tumor spheroid while the reference 

electrode remains in the unaffected medium.  The reference electrode (diameter = 50 

μm) is slightly larger than the working electrode (diameter = 40 μm) to increase the 

sensitivity of the response at the working electrode.   
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6.4.2 Fabrication 

 Gold conducting electrodes for micro-pH sensors were fabricated according to 

the standard lift-off procedure described in section 5.x.x.  After gold electrodes were 

patterned subsequent steps were taken to pattern the pH sensing film.  First, electrodes 

were passivated with a 15 micron thick layer of SU-8 photoresist.  Next, zinc oxide 

electrodes were fabricated by sputtering a 100nm thick layer of zinc oxide directly onto 

electrode devices and patterned via wet etching.  A protective layer of 3000PY 

photoresist was spun over and patterned to define the sensor area and a 1:900 solution 

of DI water and HCl was used to etch the unnecessary zinc oxide, revealing the sensor 

seen in figure 6-7.  

6.4.3 Testing 

 Experiments were performed to evaluate the stability of the fabricated zinc oxide 

micro-pH electrodes.  A PDMS microfluidic chamber was attached to the chip and buffer 

solution of 7 and 7.2 pH units pippetted onto the electrodes.  The working and reference 

electrodes were contacted via spring loaded pogo pins and open circuit potentials were 

recorded for each buffer solutions via a Gamry Ref 600 Potentiostat.  The setup is 

shown in figure 6-8. 

6.5 Results and Discussion 

6.5.1 Centimeter-scale Zinc Oxide pH Electrodes 

 1 x 3 cm bar pH electrodes were fabricated to test the pH sensitivity of 100nm 

sputtered zinc oxide thin films.  Zinc oxide electrodes were first immersed in a buffer 

solution with a pH of 7.0 followed by buffer solutions of 4.0 and 10.0 pH units for 10 

minutes in each solution.  Figure 6-9 shows the response of one of these electrodes.  
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When immersed into the buffer solutions reach a stable potential after approximately 

300 seconds and undergo varied drift depending on the pH of the solution.  Zinc oxide is 

an amphoteric metal oxide that undergoes both acidic and basic reactions when 

immersed in solution [146].  The following redox cycling, as described by Willander and 

Al-Hilli, summarizes what occurs when ZnO is immersed in the pH buffer solution: 

ZnO +2H+ + 2e- ↔ Zn + H2O 

 At a pH of 7.0, the calculated drift after 5 minutes is estimated to be 2.03 mV/min.  

It can be seen that the drift at pH values of 4.0 and 10.0 show a marked decrease in 

drift.  This is likely due to a stabilization of the thin film achieved over longer incubation 

times.  The longer incubation time in acidic solution may have caused loosely bound 

surface materials to dissolve resulting in a more stable thin film surface [149].  Plotting 

the stable potential recordings by the pH values gives the pH response of the sensor.   

 Figure 6-10 shows the pH response of the sputtered zinc oxide thin films is 

26.971 mV/pH, which is well below the theoretical Nernst limit of 59.15 mV/pH [150].  It 

should be noted that dc sputtered zinc oxide films are primarily composed of highly 

crystalline ZnO films that exhibit a high anisotropy [151].  These structures are similar in 

morphology to the small, dense and highly clustered layers of zinc oxide nanorods 

grown by [149, 152].  Although, our pH sensitivity is much lower than the Nernstian 

response, it corresponds well with sensitivity values found by Fulati et al. for zinc oxide 

nanorod sensors fabricated via low temperature aqueous chemical growth.   

6.5.2 Centimeter-scale Iridium Oxide pH Electrodes 

 pH electrodes were also constructed of iridium oxide to test their pH sensitivity as 

candidate films for monitoring extracellular pH of tumor spheroids.  Open circuit 
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potentials were recorded for pH buffer solutions of 4, 7, and 10.  Iridium oxide bar 

electrodes were first immersed in 4.0 buffer solutions for ten minutes and allowed to 

stabilize.  Electrodes were rinsed with DI water and dried then subsequently exposed to 

neutral and then acidic pH solutions immediately following baseline measurements in 

basic buffer.  Measurements were repeated three times with three separate electrodes. 

 Figure 6-11 shows the pH response of iridium oxide electrode 1 immersed in 

acidic (4.0), neutral (7.0), and then basic (10.0) buffer solutions.  It can be seen that the 

measured pH undergoes a large reduction in measured potential over the first 5 minutes 

of the acidic measurement and stabilizes at approximately 400mV with a drift of -5.17 

mV/min after an additional 5 minutes.  This drift reduces to -2.57 mV/min over the next 

10 minutes.  When immersed into neutral pH buffer (7.0) the measured potential 

decreases to a value of 170 mV.  This response can be attributed to the natural pH 

response of the electrode and is expected. However, the drift when exposed to neutral 

pH buffer solution is much smaller than the recorded drift in acidic buffer at .07 mV/min.  

Finally, when immersed in basic medium the potential reduces to -70mV and has a drift 

of .507 mV/min. 

 Figure 6-12 shows the average pH response of 3 pH electrodes immersed in 

acidic (4.0), neutral (7.0), and basic (10.0) pH buffer solutions along with plots of each 

individual electrode.  The average measured potential at a pH of 4.0 is ~420 mV.  The 

average pH sensitivity of all measured pH electrodes was -81.70 mV/pH. 

6.5.3 Zinc Oxide Micro-pH Electrode Stability 

 Lastly, zinc oxide was deposited onto gold microelectrodes to form micro-pH 

electrodes on a microfluidic chip.  Due to damage to the micro dri-ref reference 
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electrode, pH sensitivity was not measured.  However, the stability of the zinc oxide film 

was tested in pH buffer solutions of 7.0 and 7.2.  A two-electrode cell was formed 

between the working and counter zinc oxide electrodes and the open circuit potential 

was measured 3 times for each solution in 2 minute intervals for a total of 6 minutes.  

Figure 6-13 shows the response of the electrode to each solution It is notable that for 

neutral (7.0) and nearly neutral (7.2) pH solutions the potential stabilizes after the first 

two minutes of exposure.  For neutral pH buffer the -779 mV with a drift of ~4.5 

mV/minute.  For pH buffer at 7.2, the potential was measured to be -755 mV and a drift 

of ~3.5 mV/minute.  

6.5.4  Conclusion  

 In comparison, electrodes fabricated from iridium oxide display a much higher pH 

response (81.70 mV/pH) than electrodes fabricated from zinc oxide thin films (~27.0 

mV/pH) which displayed responses much lower than the theoretical Nernst limit of 59.15 

mV/pH.  Despite the low response of the zinc oxide thin films the values recorded were 

similar to those of previously developed nanorod sensors [ref 148,151].  Furthermore, 

sputtered zinc oxide thin films showed higher drift (1.07 mV/min) in the neutral buffer 

than the iridium oxide electrodes (.07 mV/min).   

 This lower drift around neutral pH will be essential when the electrodes are 

implemented in the micro-pH sensor.  This is made more apparent when looking at 

stability tests of zinc oxide micro-pH electrodes.  High drift values of 3.5 and 4.5 

mV/minute are observed in buffer solutions of 7.2 and 7.0 pH values, respectively.  In 

conclusion, iridium oxide electrodes are a suitable candidate for making micro-pH 

electrodes for monitoring the extracellular environment around tumor spheroids. 
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Figure 6-1 A simple pH electrode. 

 

Figure 6-2 Example of a typical LAPS device. 
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Figure 6-3 Comparison of a (a) metallic-oxide-semiconductor FET (MOSFET) and (b) 
an ion-sensitivie FET (ISFET). 

 

 

Figure 6-4 Example of a thin film electrode sensor immersed in solution. 
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Figure 6-5 Experimental setup of 3-electrode cell for electrodeposition of iridium oxide. 

 

 

Figure 6-6 Schematic view of electrode design for micro-pH electrodes. 
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Figure 6-7 Etched zinc oxide micro-pH electrode. 

 

 

Figure 6-8 Experimental setup for measuring micro-pH electrode response. 
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Figure 6-9 Results of planar zinc oxide OCP measurements. 

 

 

Figure 6-10 pH response of planar zinc oxide pH electrodes. 
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Figure 6-11 Results of planar iridium oxide OCP measurements 

 

 

Figure 6-12 pH response of planar iridium oxide electrodes. 
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Figure 6-13 Results of zinc oxide micro-pH electrode stability. 
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Chapter 7:  Summary and Conclusion 

7.1 Research Outcomes 

 This work has provided the basis for the development of a multiparametric 

microfluidic system for evaluating the response of tumor spheroids to nanoparticles and 

drug candidates in real-time.  The full development of this system will provide a new tool 

for pharmaceutical companies to analyze the effects of new drug candidates in a fast 

and accurate manner.  

  The importance of increased spatial resolution was demonstrated by performing 

studies on the toxic interactions between silica nanowires and epithelial breast cancer 

cells.  While not innately toxic, it was found that higher concentrations of SNW’s can 

cause cell death through mechanical disturbances.  The integration of a multi-electrode 

array established the mechanism of cell death by showing the pattern of cell death. 

 A microfluidic chip was designed to make impedance measurements of tumor 

spheroids with a maximum size of 350 microns.  The functionality of this chip was 

demonstrated by measuring the change in impedance between KCl solution, DMEM, 

and Hs578T breast cancer spheroids.  In addition, it was shown that the active area of 

the electrodes directly impact the magnitude of the impedance measured.  The 

presence of the tumor spheroid causes changes in the medium impedance at 

frequencies >30kHz, which corresponds to the beta region of the Schwan curve as 

expected. 
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 Finally, preliminary work was done to design an online pH electrode capable of 

monitoring pH within the microfluidic channel.  Proof of concept studies were performed 

to evaluate difference between pH changes of tumor cells in planar and 3D 

morphologies.  In addition, metal oxide coatings were evaluated for pH sensitivity and 

calibrated at macro-scale.  More work needs to be done to optimize and characterize 

pH electrode fabrication within the microfluidic chip. 

7.2 Future Work 

7.2.1 Real-time Analysis of Spheroidal Impedance 

 A second version of the switching circuit seen in Chapter 4 was designed in order 

to automate impedance monitoring of tumor spheroids (Figure 7-1).  Preliminary testing 

has already been performed to verify functionality of the switching circuit (not reported).  

This new design will automate the impedance monitoring procedure while tumor 

spheroids are incubated and medium is continuously perfused over the cells.   

 This will allow extended time experiments capable of monitoring impedance as 

long as the structural integrity of the spheroid is maintained.  Shear forces induced by 

medium flow may adversely affect the adherence of the cells to the spheroid.  Future 

experiments will be performed to optimize the medium flow rate so that structural 

integrity is maintained for the duration of experiments.  Future studies will investigate 

spheroidal response to known stimuli. 

7.2.2 Spheroid Response to As2O3  

 In [153], impedance measurements verified in real-time that when exposed to 

arsenic trioxide, HEY ovarian cancer cell monolayers underwent apoptosis.  As stated 

earlier, tumor cells grown in a spheroidal morphology have exhibited increased drug 
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resistance over cells cultured as monolayers.  Experiments will be performed to 

evaluate changes (if any) in the dosage and/or time exposure required to induce 

apoptosis in HEY cell tumoroids.  This work will serve two purposes.  First, it will help 

establish a methodology for automated chemotherapy assays on tumor spheroids.  

Second, it will help provide information into the mechanisms behind drug resistance in 

3D tumor models.   

7.2.3 Optimization of Micro-pH Electrode and Automation 

 In chapter 6, a micro-pH electrode was designed and an attempt at fabrication 

was made. However, more work needs to be done to optimize the electro-deposition of 

the iridium oxide onto the metal conductor.  In order to batch fabricate multiple pH 

electrodes a method must be established to deposit iridium oxide onto several 

electrodes simultaneously.  In addition, the response of the micro-pH electrode must be 

characterized and compared to the macro fabricated iridium oxide electrodes.  Finally, 

work must be done to automate and store the pH measurements so that pH can be 

recorded in concert with impedance measurements. 

7.3 Future Applications for 3D Impedance Analysis 

 The primary advantage of using impedance-based systems to monitor 3D cellular 

models is the capability to detect morphological changes in a label-free, minimally 

invasive, manner in real-time.  Table 3-2 highlighted advantages and disadvantages for 

using 3D spheroids in place of single cells and cellular monolayers.  Single cells and 

traditional monolayer cultures are limited in physiological significance, resulting in 

models that are not capable of properly modeling the in vivo situation.  By utilizing 
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impedance-based observation, a plethora of studies can be performed to further 

understand interactions on a multicellular level. 

7.3.1 Fundamental Cellular Studies   

 Multi-electrode arrays are currently being used to monitor electrically active cells 

such as neurons [154-156].  Recording impedance changes of 3D neuronal spheroids 

can be used to expand fundamental knowledge of cell-cell and cell-matrix interactions 

[75, 84, 89].  Impedance measurements of monolayer cultures of neurological cells 

using planar electrode arrays differed from intact brain measurements, inferring that 2D 

cultures do not accurately mimic in vivo conditions.  In addition to neuronal cellular 

spheroids, many other MCS have been developed for experimentation including 

hepatocyte spheroids for investigating liver function [157, 158], embryoid bodies for 

stem cell differentiation [159], and a variety of cancer cell models [2, 75, 84] .  

 An example where impedance-based assays can be used for fundamental 

studies of MCTS environmental interactions is in tumor cell invasion assays.  Recently, 

Liu studied the potential for carcinoma-associated fibroblast (CAF) spheroids to promote 

invasive behavior of salivary gland adenoid cystic carcinoma (ACC-M) cellular 

spheroids while embedded in basement membrane [160].  Using a three chamber 

microfluidic device, it was found that when CAF were cultured adjacent to ACC-M, ACC-

M cells invaded neighboring matrix and was reduced when MMP inhibitor was GM 6001 

was introduced.  Similar studies have proven EIS capable of monitoring growth rate of 

cells embedded inside of a 3D matrix [161].  Impedance based sensors integrated 

within culture chambers could actively sense changes in the density of cells trapped 
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within the matrix allowing for real-time cellular invasion assays, allowing for fully 

automated real-time monitoring of MCTS invasion. 

7.3.2 High Throughput Drug Testing 

 Cancer drug development and drug discovery have been hampered by the poor 

predictability of current chemosensitivity and resistivity assays.  Researchers are 

gradually recognizing the importance of new ex vivo assays encompassing both the 

tumor and its microenvironment. This recognition points towards using 3D culture 

systems due to their in vivo like behavior across many cell types.  The primary barrier 

for use in high throughput assays is a lack of rapid and standardized assays specifically 

for 3D cultures.  For this reason, real-time EIS monitoring of spheroidal cultures using 

microelectrodes provides a solid platform for high throughput drug testing.  Standard 

microfabrication techniques provide a simple cost-effective way of fabricating large 

amounts of EIS monitoring systems small enough to integrate into the bottom of most 

standard multi-well plates.  Similar assay systems have already been fabricated and are 

commercially available [162].  Massive parallel studies can be performed using EIS 

measurements to rapidly indicate the viability and response of MCTS to drug 

candidates. 

 Individual cell-based assays can be classified as: generic responses to 

stimulation, signal transduction monitoring, and transcription/translational responses.  

Recently reported impedance studies on MCS have assessed responses to generic 

chemical stimulation as well as transcription/translational responses.  Signal 

transduction studies have yet to be reported using impedance-based methods.  By 

correlating the impedance response of 3D tumor spheroids inoculated with potential 
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medicinal components with metabolic and environmental data taken from parallel 

sensors, physiologically relevant data can be recorded and used to assess the effects of 

a potential therapy. Significant challenges still exist in using these models reliably in the 

laboratory or clinical setting.  In contrast with macro-scale laboratory approaches, 

microfluidic devices offer the potential for more controlled formation of 3D cell cultures 

and are also particularly suitable for high-throughput screening on small sample sizes, 

such as biopsies.  Integrating microfluidic handling of cellular spheroids and 

implementing multiple parallel sensors for environmental and metabolic monitoring can 

revolutionize drug response predictability in pre-clinical settings, thereby accelerating 

drug development and enabling personalized treatment.  

7.3.3 Stem Cell Differentiation  

 Available treatments for multiple traumatic and debilitating diseases including 

myochardial infarction, spinal cord injury, and brain trauma cannot reverse injuries 

sustained during trauma.  Stem cell transplantation therapy from embryonic stem (ES), 

induced pluripotent (iPS) or adult stem cells (mesenchymal, hematopoietic or skeletal 

satellite myoblasts) offer a viable potential for new therapies that have little to no 

antigenic consequences.  Unfortunately, teratoma formation (the development of a 

tumor resulting from the implantation of undifferentiated stem cells) as well as 

uncontrolled differentiation into other tissue types hampers efficient clinical usage of 

stem cells.  For this reason resources and research have been dedicated to finding 

mechanisms to control differentiation of stem cells in vitro, prior to implantation in vivo. 

 For clinical applications, in vitro stem cell cultures should remain isolated without 

interaction with human or animal products to minimize contamination with pathogens.  
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Alternative synthetic serum and other chemicals have been developed for serum free 

expansion and proliferation of stem cell lines [163].  After expansion of a given stem cell 

line, in addition to these chemical constituents it is necessary to develop alternative 

methods for monitoring and stimulating various responses from stem cell populations.  

Bioreactors can be designed to utilize a multitude of methods to control stem cell fate 

and differentiation.  Physical cues including electric fields [164-167] and mechanical 

forces [168-170] have been found have a major influence on cellular differentiation.  

Increasingly, these cues are being utilized to direct differentiation of stem cell lines.  

Due to the electrical capability to simultaneously monitor morphological changes (EIS) 

and stimulate cells (e.g. electroporation) EIS is well-suited as a method to monitor 

differentiation of EBs. 

 It has already been proven that differentiated osteogenic EBs have significantly 

higher impedances than necrotic and undifferentiated EBs [6].  Furthermore, mouse 

neural stem cells trapped in alginate beads and exposed to electrical gradients have 

significantly different neuron to astrocyte differentiation ratios than unstimulated cells.  

In addition, Yamada cultured R1 embryonic stem cells and stimulated them as both 

monolayers and embryoid bodies.  It was found that cells stimulated as embryoid bodies 

increased differentiation into neuronal and muscle cell types [70].  Cells derived from 

stimulated EBs went on to incorporate into the central nervous system of recovered 

mouse embryos and successfully implanted into mice with injured spinal codes with a 

mortality rate of 1/5 with no immunoreactivity or tumorigenicity.  Electrically stimulated 

cells differentiated faster and also remained pluripotent allowing them to differentiate 

further in vivo exploiting in vivo cellular conditioning for natural development.  Devices 
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for stimulation of stem cell spheroids have been reported [154].  Using these concepts, 

bioreactors could direct differentiation patterns in EBs through dual-purpose 

bioelectrodes that stimulate and monitor cellular morphogenesis.  This could 

foreseeably be used to mass produce cells with a defined lineage from pluripotent stem 

cells harvested from patients.  Cells produced from this system could then be 

encapsulated into hydrogels [171, 172] for organ printing. 

7.4 Conclusion  

 EIS has been utilized for assays of monolayer cultures including cytotoxicity, cell 

proliferation, and cellular kinetics/movement assays.  Spheroid EIS systems have been 

used to monitor responses to chemotherapeutics, differentiation of osteogenic cells and 

Alzheimer’s disease-like neurodegeneration of neuroblastoma spheroids.  An inherent 

flaw in these systems is a lack of spatial resolution, inhibiting location specific analysis 

as well as investigation of drug penetration and diffusion.  Furthermore, the 

mechanisms leading to cell death and morphology changes are difficult to discover 

based on impedance measurements alone.  For this reason, it is necessary to develop 

electrodes capable of probing multiple areas of a single spheroid to increase spatial 

resolution and implement environmental pH, oxygen and CO2 sensors to assign 

physiological significance to the measured impedances. 
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Figure 7-1 Completed switching circuit. 
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