
ABSTRACT 
 
THOMPSON, TREVOR LEWIS. Investigation of Dielectric Spectroscopy as an Enabling 
Tool for Process Analytical Technology in 3D Biofabrication (Under the direction of Dr. 
Binil Starly). 

 
Biofabrication is rapidly expanding usage and utility with applications towards drug 

screening, cell therapy and artificial tissue manufacturing being more viable. The processes 

for biofabrication consist of manufacturing living systems comprising cells and biomaterials 

used in both in vivo and in vitro applications. Effective and efficient quality assessment is a 

critical component to successful scale-up and expansion of biofabrication into industry 

practices. Current state of the art quality assessment is primarily applicable to 2D cell 

cultures and proves inefficient when translated to 3D distributions of the cells, resulting in 

delayed analysis and samples required for destructive testing. This work studies the use of 

dielectric spectroscopy (DS) as a method of process analytical technology (PAT) for 3D 

biofabrication, that fits within the quality by design (QbD) framework- an initiative 

developed by the Food and Drug Administration (FDA) for the pharmaceutical industry that 

incorporates real-time, non-destructive product monitoring into manufacturing processes. DS 

is used to assess the viable cell population, cell type and cell distribution through the 

correlation of dielectric parameters to critical to quality attributes (CQA) of biofabricated 

constructs. To evaluate the potential of DS to classify cells, studies were conducted over 

multiple days to monitor changes within cellular samples consisting of different cell types 

(liver and fibroblast cell lines). During the course of these studies, it was observed that 

permittivity readings- theorized to track number of viable cells- significantly changed over 

the course of 5 days (p < 0.05) for all types of cellular constructs; alamarBlue assay results 

also indicated a significant change in viable cell population (p < 0.05) over the 5 day studies. 



Additionally, no significant changes occurred in critical frequency or α – both dielectric 

parameters that are theorized to be inherent to cell type- when compared within the same cell 

type (p < 0.05). Drug screening was also performed by administering different concentrations 

of acetaminophen (APAP) to cellular constructs containing liver cell lines, followed by 

monitoring of dielectric properties once the APAP metabolized. These studies found a 

significant change in permittivity readings, dropping as drug dosage is increased (p < 0.05). 

At the highest dosage of drug testing, the critical frequency increased significantly (p < 

0.0001) indicating changes to cellular morphology. This investigation, of cellular constructs 

both over time and when exposed to drug screening, supports DS as an appropriate method of 

PAT in the field of biofabrication. 
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CHAPTER 1: INTRODUCTION  

1.1. Biofabrication 

The field of tissue engineering and regenerative medicine (TERM) has emerged to combat 

disease and organ failure that threaten the quality and duration of human life. Defined as “the 

application of principles and methods of engineering and life sciences toward fundamental 

understanding of structure-function relationships in normal and pathological mammalian 

tissues and the development of biological substitutes to restore, maintain, or improve tissue 

function” by the National Science Foundation, TERM focuses on the production of living 

biological systems that function as substitutes for systems that were previously only available 

in natural biological entities [1]. Three general strategies have been cultivated with the goal 

of recreating human tissue: isolated cells in the form of cell therapy, tissue-inducing 

substances in the form of growth factors and other external regulatory mechanisms that 

influence cell growth, and cells placed in 3D environments to replicate the structure of tissue 

[2]. While cell therapy and substance delivery have shown benefit in the past, current 

technological trends have prioritized new focus in new research to enable tissue engineering 

in the form of 3D fabrications.  

Biofabrication is a facet of TERM that can be defined broadly as the conjunction of 

biological materials into fabricated constructs [3]. The combination of biological and 

biologically compatible materials is done additively with the most popular technique being 

bioprinting in which cellular material is extruded to form unique geometries in accordance to 

3D positioning [4]. Biofabrication has applications in artificial tissue manufacturing, disease 

modeling and the studying of cells and bioactive components due to a customizable 3D 
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organization that can best mimic in vitro conditions [5]. These current applications aim to 

solve issues associated with deteriorating health such as organ failure.  

Other potential solutions to the diseases that cause organ failure, is in the form of 

pharmaceuticals that undergo extensive and costly regulatory validation before reaching 

human trials with only 10% of products making it through clinical development [6]. 

Validation often includes animal drug screening which is not always an accurate assessment 

of clinical efficacy of pharmaceuticals for certain human tissue types [7,8]. Due to the 

concerns of ethicality, feasibility, accuracy and cost of animal trials alternatives are being 

sought to conduct drug screening. Recently, biofabricated tissue models are being applied to 

drug screening in what is the most imminent use of the technology due to the lower level of 

complexity associated with manufacturing a small scale organ to serve for toxicity testing 

compared to an entire artificial tissue for transplant [9]. Manufacturing the necessary 

components for these complex biological products is vital for the success of biofabrication, 

regardless of the application.  

1.2. Manufacturing Process Flow for Biofabrication 

The manufacturing process for biofabricated constructs begins with harvesting cells [10–13]. 

Cell harvest can be classified as either autologous (sourced from the person who is the intended 

patient for the application), allogenic (sourced from an acceptable match to the intended patient 

of the application) or xenogeneic (sourced from a different species than the intended patient of 

the application) [14]. For the most accurate results cells harvested for biofabrication should be 

autologous [15,16]. Once cells are harvested, cells are expanded to reach the appropriate 

population needed for the application of biofabrication. Then, through the use of additive 

manufacturing techniques, cells can be combined with biomaterials and dispensed layer by 
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layer, stacked on top of one another to form engineered tissues and organs [17]. Harvesting 

cells, culturing cells to the appropriate number and then utilizing cells in 3D biofabricated 

constructs are a multi-step process with several interactive parameters that comprise the 

manufacturing process. 

1.3. Problem Background 

During the processing flow for manufacturing biofabricated products, several concerns arise 

affecting the overall functionality and efficacy of the final product. For biofabrication to be 

considered functional the cells composing the end result must be the intended cell type, with 

specified spatial distribution and high viability [5,18]. As with any manufacturing process, the 

processing parameters utilized to generate the product can have adverse effects on the quality 

of the materials used to manufacture- in this case, cells [19]. When in the presence of 

environmental stimuli, cells can react with a myriad of changes impacting product quality. 

These changes include alterations to cellular morphology- which dictates how cells interact 

with one another-, cellular migration – a prominent component of tissue repair, immune 

surveillance and cell functionality -, differentiation- cells changing into other cell types through 

the use of transcription factors - or metabolic rate- the construction of key enzymes for essential 

cellular function and breaking down of molecules for energy [20,21]. Additionally, certain 

processing parameters can cause cells to undergo necrosis- cell death through environmental 

stimuli- resulting in fewer viable cells within a sample [22]. As with the most successful 

manufactured items, continuous and accurate quality assessment is critical to reduce cost 

associated with scrap and to ensure that the end result functions as intended. Although quality 

assessment measures are available for biofabricated constructs, current methods are lacking 

functionality which creates a challenge for scale-up.  
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The most common practice of cellular quality assessment consists of histological and 

biochemical assays. These assays are used to evaluate viability and metabolic rate (in the case 

of LIVE/DEAD®, alamarBlue® L-Lactate®, MTT®), permeability (in the case of 

CultureCoat®, Caco-2) and cell differentiation (in the case of Alizarin red staining); however, 

these assays cannot be done in real time and have yielded mixed results when applied to 3D 

culture [23–25]. Additionally, these assays are often destructive- requiring a sample to be used 

solely for testing- and during the testing can even have results mixed due to stress dealt to the 

cells during the assay process [26].  

When applied to drug screening, the need for an identical sample testing and the lack of real 

time results is problematic. Typically, drug screening responses are tracked over time to 

determine the interactions the drug has with the body as it is metabolized [27]. In cases of 

tracking cellular viability, in vitro models utilizes trypan blue and other assays to predict the 

concentration of live cells [28]. Although this determines the percentage of viable cells, it sheds 

no knowledge on the number of viable cells in a sample which is a critical factor for predicting 

drug metabolization and lethal drug dosage [29]. These assays are also not suitable for 3D 

biofabricated constructs. Due to these concerns, as biofabrication begins to scale up from a 

research setting to an industrial production system, new quality control methods must be 

explored to assure real-time and accurate monitoring of cellular components. Given that drug 

screening is the most imminent and likely application of biofabrication subject to scale up, new 

quality control methods must also be able to detect changes caused by interactions with drugs. 

1.4. Research Objectives 

In this work, two key research objectives are investigated to contribute to the state of quality 

monitoring in the field of tissue engineering: 
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Objective 1: Determine the β-dispersion Characteristics of 3D Biofabricated Constructs 

(Comprising NIH/3T3, HepG2 and a Co-Culture of NIH/3T3 & HepG2) Over the Course of 5 

Days 

Create a reference table for three types of cellular constructs- NIH/3T3 (Mus musculus embryo 

fibroblast cells), HepG2 (Homo sapiens hepatocellular carcinoma cells) and a co-culture of 

HepG2 and NIH/3T3 - detailing the dielectric properties of each cellular construct at a given 

concentration of 5 million 100% viable cells encapsulated in 1mL of crosslinked 2% (w/v) 

alginate hydrogel. 

Objective 2: Investigate the Response  of β-dispersion Characteristics When Exposed to 

Acetaminophen 

Monitor the dielectric properties of three types of cellular constructs- NIH/3T3, HepG2 and a 

co-culture of HepG2 and NIH/3T3- after a 24hr exposure to acetaminophen at 3 doses- 1g, 2g 

and 4g. Each cellular construct will be at a given concentration of 5million cells and 

encapsulated in 1mL of crosslinked 2% (w/v) alginate hydrogel. 

The contributions of this thesis include: 

- Assessment of a nondestructive method to evaluate the quality of biofabricated constructs in 

real-time. 

- Detailed quality evaluation of the dielectric properties of specific cell types which can be 

used to evaluate critical quality attributes of future biofabricated constructs. 

- Investigate the relationship between changes in dielectric properties of cells in response to 

controlled drug exposure 
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1.5. Chapter Summary 

Biofabrication has the potential for use in cell therapy, drug screening and artificial tissue 

manufacturing. As the uses of biofabrication become more common in industry, quality 

assessment will be a critical component of success to ensure the process control and intended 

functionality of products. Currently methods of quality assessment that are applied to 

biofabrication lack functionality as assays were developed for 2D cell culture and require 

offline testing that is oftentimes destructive to cells. The limitations of previous approaches 

to get real-time, continuous results have created a need to establish new quality monitoring 

techniques that are applicable to biofabrication to ensure the advancement of manufacturing 

biological systems. Put forth by two objectives, this study will assess the efficacy of a new 

quality monitoring method in the case of multiday studies of cellular constructs and drug 

screening studies of cellular constructs.  
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CHAPTER 2: QUALITY 
 
2.1. Quality by Design 

Current quality assessment methods can be best described as quality by test, consisting of 

batch testing at set checkpoints during the manufacturing process. These checkpoints 

comprise raw material testing and end product testing all of which requires fixed product 

manufacturing processes in order to mitigate quality risks between raw material acceptance 

and end product results [30]. When using current quality control practices several 

disadvantages occur; products that are out of quality specification are often times discarded 

resulting in high scrap rate and associated cost, root causes of product failure are typically 

not well understood resulting in a manufacturing process with a likelihood to spoil further 

batches, additionally changes to the manufacturing processes require the manufacturer to file 

supplements with the FDA constraining manufacturers to processes that were originally 

approved until a lengthy approval is completed [31]. Although quality by test methods have 

been used across industries for several decades, new quality assurance methods have been 

proposed to improve efficiency and efficacy [32]. 

Quality by Design (QbD) is an initiative put forth by the FDA under its guidelines for current 

Good Manufacturing Practices (cGMP) that details methods of integrating quality into the 

design of manufacturing processes rather than testing quality after manufacturing processes 

have occurred. The success of QbD is contingent on the idea of a dynamic control strategy 

that combines quality monitoring with adaptive set points and operating ranges that can be 

adjusted once feedback occurs in conjunction with in-process monitoring [33]. The first step 

to implementing quality by design into a manufacturing process consists of setting a Quality 

Target Product Profile (Q-TPP) which is a summary of quality characteristics to be achieved 
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once manufactured. To accurately define the desired quality target product profile the 

necessary properties to be monitored during manufacturing must be defined as well [30]. 

These properties are split into three categories: Critical to Quality Attributes (CQA), Critical 

Material Attributes (CMA) and Critical Process Parameters (CPP). Critical Material 

Attributes refers to the physical, chemical or biological properties of an input material; these 

are to be monitored prior to integration into the manufacturing process to ensure the desired 

quality and quantity of in-process material. Critical Process Parameters are the manufacturing 

parameters that are to be monitored in process due to the influence it has on the purity, yield 

and function of the final product. Critical to Quality Attributes are quantifiable attributes of a 

product to be monitored in-process or after-process due to the potential impact on safety and 

efficacy. CQA, CMA and CPP are multivariate factors integral in determining the end quality 

target product profile. Typically, CPP are known inputs into manufacturing processes while 

CMA can be assessed prior to processing; therefore, more emphasis will be placed on CQA. 

 

Figure 1: Outline of traditional Quality by Testing (QbT) methodology 

 

Figure 2: Outline of Quality by Design (QbD) methodology 
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2.2. Critical to Quality Attributes 
The International Council for Harmonisation of Technical Requirements for Pharmaceuticals 

for Human Use (ICH)- a collaborative organization that corresponds with both the 

pharmaceutical industry and regulatory bodies- defines CQA as “A CQA is a physical, 

chemical, biological, or microbiological property or characteristic that should be within an 

appropriate limit, range, or distribution to ensure the desired product quality.” [34]. Though 

initially applied to the pharmaceutical industry, the term is prevalent across all forms of 

biotechnology [35–37]. When used as a pillar of QbD, CQA must be well defined and well 

monitored throughout the manufacturing process. Defining CQA is product specific and should 

have a direct link to desired output defined by the Q-TPP. Establishing what CQA is, requires 

appropriate testing and correspondence of potential CQAs to well defined Q-TPP of end 

products [33]. This testing should give a direct relationship to a CQA and the targeted function 

of the final product [31].  

CQA can be thought of as a response variable of the CPP that indicates the effect of the process 

parameters has on overall product quality. Therefore, effective and efficient monitoring of 

CQA in the form of accurate and timely product analysis is a critical component of process 

control. Accurate monitoring of CQA can be performed in a few ways:  

• off-line: monitoring consists of samples of products being taken away from the 

manufacturing process stream- typically at the end of the process stream- and being assessed 

for CQA to be within specification.  

• at-line: monitoring is conducted where the sample is removed from the manufacturing 

process stream and then assessed for CQA to be within specification. 

• on-line: monitoring takes place as a sample is diverted from the manufacturing process 

stream, only to be returned once CQA assessment has occurred. 
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• in-line: monitoring takes place within the manufacturing process stream with no 

removal or diversion necessary to gather data for CQA assessment.[38] 

Traditionally, off-line and at-line quality monitoring has occurred in the form of quality 

assurance checks once the product has been manufactured or a verification protocol that occurs 

during manufacturing. Though helpful in the past and still prevalent in some industries today, 

the results gathered from these tests are met with a lag time that can cause significant scrap 

rate and increased cost that is not suitable for the biotechnology sector where manufacturing 

costs are already high [39,40]. QbD aims to alleviate this hefty cost by assessing CQA during 

the manufacturing process in the form of on-line or in-line monitoring [41]. 

When in-line or on-line monitoring methods are incorporated into the manufacturing process, 

real-time feedback occurs. Real-time feedback describes an assessment that is made in process 

to efficiently provide analysis of a product. This can be integrated into a feedback control loop 

that adjusts critical process parameters to optimal values to compensate for CQA when out of 

specification [42]. The result is a robust system that can correct for variables affecting the 

manufacturing processes that negatively impact the CQA profile of an in-process product. 

Once the CQA profile of a final product is verified to be within the acceptable quality limits 

dictated by the Q-TPP, based on real-time measurements, then produced goods can be safely 

released on the basis of quality monitoring data alone and require no further quality assurance 

[43].  To achieve these real time measurements appropriate sensing technology must be applied 

to the analysis of the manufacturing process. 

2.3. Process Analytical Technology 

The term Process Analytical Technology (PAT) has been used to describe measurement 

technologies and physical characterization tools in the field of process analytics for well over 

a century, with the terms use dating back to 1911 [44]. However, as the manufacturing 
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industry has evolved, PAT is becoming a common term to control and analyze manufacturing 

processes. Although this technology applies ubiquitously, across industries, the FDA has 

recently come to define the term as such: 

“a system for designing, analyzing, and controlling manufacturing through timely 

measurements (i.e., during processing) of critical quality and performance attributes of raw 

and in-process materials and processes, with the goal of ensuring final product quality.” 

[38] 

Expounding on this the FDA wrote a guidance describing the framework of PAT that 

outlines the risk-mitigating framework in which industries can advance process 

understanding, improve data collection and innovate quality control practices specifically in 

pharmaceuticals, but more broadly, in any industry the organization oversees.  

While the implementation of PAT varies, pending on the application, the general framework 

for appropriate use of this system finds basis in four main principles: 

 
2.3.1. Process Analytical Technology Tools 

To mitigate risk appropriate data must be taken during manufacturing process. Data must be 

taken through multivariate sources for assurance of root cause [43].  This data is collected 

through a process measurement system that monitors all critical to quality attributes. 

Feedback loops should be in place so that process controls can provide adjustments to 

account for all critical to quality attributes and modify processes when these attributes are out 

of specification.    

 
2.3.2. Risk-Based Approach 

When implemented PAT is reliant on a risk-based approach that has an inverse relationship 

between process understanding and the risk of inadequate product quality. PAT is dependent 
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on the practice of continuous learning through data collection and analysis. Information 

technology infrastructure that forms from this data must be managed by a knowledge of 

regulatory decision making. 

 
2.3.3. Integrated Systems Approach 

PAT integrates the functions of development, manufacturing, quality assurance and 

information/knowledge management into a concurrent product process. 

 
2.3.4. Real Time Release 

Real time release is founded on the principle that process data is indicative of the final 

product quality as the product moves through the manufacturing process stream. Process data 

is collected through direct and indirect process analytical methods that utilize PAT tools that 

monitor continuously throughout manufacture. By using the process data collected 

throughout manufacture, in lieu of final product quality assessment, standards for product 

testing and release for distribution-21 CFR 211.165- are fulfilled while reducing lead time 

and storage inefficiencies.  

The development and implementation of PAT is consistent with the tenants of QbD and is 

compatible in the goal of improving efficiency through reducing quality concerns. PAT is a 

critical component in establishing accurate and efficient feedback to processing parameters 

as well as identifying in-process products that could be out of Q-TPP specification and 

subject to rework to salvage the product instead of the product becoming scrap upon final 

inspection. 

2.4. Chapter Summary 

Originally implemented by the FDA for the pharmaceutical industry, quality by design is a 

framework that incorporates quality assurance into the manufacturing system design through 
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the use of process analytical technology to measure critical to quality attributes, monitor the 

variability of the process through these quantifiable attributes and adjust process parameters 

through a feedback loop. Proper application of quality by design through the use of 

established relationships between measured attributes and final product function results in a 

robust system where quality is a part of the manufacturing process and requires no additional 

product testing. This framework is also finding use in the biotechnology industry where 

production costs are high and products are complex, heterogeneous systems. Identification of 

CQA of biofabricated products and the appropriate process analytical technology can deliver 

real-time feedback that ensures product quality and facilitates necessary process parameter 

adjustment consistent with the QbD framework.  
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CHAPTER 3: DIELECTRIC SPECTROSCOPY 
 
3.1. Critical to Quality Attributes of Cells 

Successful manufacturing of biofabricated products is a nuanced and multifaceted set of 

specifications that requires proper cell type, cellular alignment, cell population and cell 

viability. Cell type has a myriad of effects on overall tissue function including structural 

function, vascularization, maintaining other cells [45]. Cell type can also provide a niche for 

stem cell maintenance and differentiation, a necessary function when in vivo where stem 

cells are present [46]. Cell type can change, if differentiation occurs, making keeping track of 

the cell type an essential component to successfully manufacturing biofabricated constructs. 

Cellular alignment is critical to facilitating proper alignment of the extracellular matrix 

(ECM) of a biofabricated construct. ECM is a collection of macromolecules secreted from 

cell- the type of secretion is dependent on the type of cell [47]. The ECM provides the 

structural integrity for tissue; therefore, ECM is a determining factor of the quality of a 

biofabricated construct. As advances are made in biofabrication, the proper spatial 

distribution of cells will become more critical in order to ensure that vascularization of tissue 

can occur [48]. 

The appropriate number of cells within a sample can determine the success of a biofabricated 

construct. While the exact number of cells needed for proper tissue function depends on the 

type of tissue, too few cells risk tissue failure due to the low overall rate of cellular 

proliferation and low rate of ECM secretion [49]. Too few cells can also change the 

trajectory of differentiation resulting in an unwanted cell type if not at adequate cell density 

[50]. While too many cells can result in inadequate nutrition and oxygen transport resulting 

in cell death [51]. 
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Cells viability is the ratio of live cells to dead cells; live cells are intact and capable of proper 

protein expression while dead cells are unable to proliferate or produce proteins [52]. Protein 

expression is a defining component of cellular function and needs to be achieved as expected 

in order for a biofabricated construct to function as expected. In addition to needing a proper 

number of viable cells to achieve the desired functionality of a biofabricated construct, it has 

been shown that non-viable cells have inhibitory effects on the viable cell population 

hindering antibody production [53]. A critical characteristic of viable cells is an intact 

membrane- protecting the organelles responsible for protein production that determines the 

functionality of the cell [54].  

The target quality product profile, regardless of application, requires appropriate CQA to be 

in specifications. In biofabrication, the aforementioned specifications serve as CQA: cell 

type, cell distribution, cell number and cell viability. Identification of CQAs of biofabricated 

constructs leads to the next need in implementing the QbD framework: selecting appropriate 

monitoring equipment to serve as PAT and pairing the measurements taken from monitoring 

to establish a relationship to CQA.  

 
3.2. Theory of Dielectric Spectroscopy 

Dielectric Spectroscopy (DS) is the method of measuring intrinsic electrical properties of a 

dielectric material. A dielectric material is any system that is an electrical insulator whereby 

the flow of electrons is impeded by insulating properties of the material; unable to flow 

freely through the material electrons shift only slightly away from equilibrium positions 

within the dielectric material [55]. When electron movement is facilitated by an electric field, 

the material becomes polarized reducing the overall force of the electric field within the 
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material. As frequencies of exposure vary, electrons within the material polarize at different 

rates resulting in different permittivity and conductivity values.  

In the case of high-frequency response the dielectric constant (ε)- which is a ratio of 

permittivity of the dielectric to the permittivity of a vacuum- can be fit to the Cole-Cole 

model using the following equation [56,57]: 

𝜀∗(𝜔) = 𝜀' − 𝑗𝜀" = 𝜀+ +
𝜀- + 𝜀+

1 + (𝑗𝜔𝜏)012 −
𝑗𝜎
𝜔𝜀4

 

Equation 1: Calculation of permittivity at a given frequency where 𝜀∗(𝜔) is the relative complex permittivity as a function 
of frequency, 𝜀'is the real part of the relative permittivity, 𝜀" is the imaginary part of the relative permittivity containing both 
conductivity and dielectric loss, 𝜀- is the static relative permittivity, 𝜀+ is the optical relative permittivity, 𝜀4 is the 
permittivity of vacuum, 8.85 x 10-12 F m-1, 𝜔 is the angular frequency (rad s-l), 𝜏 is the relaxation time (s), 𝜎 is the 
conductivity of the fluid (S m-1) and 𝛼 is the distribution factor 

When the Cole-Cole model is applied to a dielectric substance the Maxwell-Wagner effect is 

observed in which as frequencies increase interfacial polarization occurs resulting in 

capacitor effects impacting the permittivity of samples [58]. Given that the imaginary portion 

of the calculation for permittivity is based on the resting potential of the sample being 

measured, each dielectric measured interacts differently across a spectrum of frequencies 

which can be used to classify the composition of the sample without contact [59–61].  

Given that DS is non-destructive and can provide real-time results indicating the properties 

of any dielectric substance, it has the potential to be applied to biological systems. 

3.2. Dielectric Spectroscopy for Cell Monitoring 
 
Viable cells maintain a semi-permeable membrane that provides structure to the cell and 

maintains the intracellular cytoplasm and organelles. The cellular membrane consists of a 

non-conductive phospholipid bilayer acts as a double shell structure separating conductive 

media and enclosed cytoplasm that is also conductive. Due to this insulating separation, the 

membrane provides the ions within the cell and outside of the cell makes living cells behave 
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as electrical capacitors when exposed to electric fields [62]. In cellular media and 

intracellular space, ions are free floating and displace in response to the electric field only to 

accumulate at cellular membranes. In healthy cells with intact membranes, the cell membrane 

circumscribes cytoplasmic ions leading to a buildup of opposing charges both sides of the 

thin phospholipid bilayer membrane. Intact cell membrane provides a separation between the 

accumulated positive and negative charge causing the cell to behave like a capacitor. 

Alternatively, dead or dying cells will hold no charge along the cellular membrane due to the 

rupture of the damaged cell membrane caused by apoptosis or necrosis [22].  

 

Figure 3: Differences between cells with an intact cell membrane and cells with a ruptured cell membrane when in the 
presence of an electric field 

Knowledge of these differences contribute significantly to drug screening where the 

morphology of cells changes notably when exposed to drugs. When metabolizing drugs, cells 

undergo either apoptosis or necrosis. Necrosis is the rupturing of a membrane through cell 

swelling and is theorized to change dielectric parameters in ways that correspond to viable 

cell population and distribution. Apoptosis creates a unique circumstance in which membrane 

properties are changes and cells shrink which can theoretically change dielectric parameters 

associated with cell type and viable cell population. The proportion of apoptosis vs necrosis 

as a product of drug toxicity has been the subject of debate with some studies indicating a 
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high rate of apoptosis in rat studies while other groups detected oncotic necrosis [63,64]. 

Intracellular signaling and regulatory mechanisms support the concept that there exists a 

close relationship between apoptosis and necrosis supporting the notion the dielectric 

parameters may detect distinct differences in permittivity readings [65]. This distinction 

between intact membranes and damaged membranes is indicated by differences in 

permittivity readings across a range of frequencies that correspond to dielectric parameters 

that can be monitored within cell samples using DS. 

3.3. Beta-Dispersion Spectra and Dielectric Properties 

The spectra of permittivity values across a frequency range results in a graph consisting of an 

inverted sigmoid shape. When graphed, as in Figure 4, the spectrum of frequencies results in 

3 distinct regions can be distinguished due to changes in the slope: the α-dispersion, the b-

dispersion and the γ-dispersion. The α-dispersion occurs at low frequencies. The low 

frequency range allows intracellular and extracellular ions to have adequate time to 

accumulate across the cell membrane resulting in higher interfacial polarization [66]. In the 

low frequencies of the α-dispersion, there is a measure of resting potential of the cells in a 

sample, but this lacks appropriate dielectric sensitivity necessary for quality monitoring [67]. 

At the other end of the spectrum, γ-dispersion occurs at high frequencies where ions do not 

have enough time to polarize at the cellular membrane, resulting in low permittivity readings 

[68]. This γ-dispersion is indicative of the permittivity of the media environment but is not 

suitable for quality monitoring cellular samples [69]. Between the α-dispersion where the cell 

membrane is highly polarized and γ-dispersion where it is not, there is a steady decrease in 

permittivity as frequency increases. This results in a region of interest referred to as the b-

dispersion. 
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Figure 4: Expected dielectric permittivity response as frequency increases 

 
The b-dispersion is characterized by three important parameters – delta permittivity (∆ε), 

critical frequency (fc) and cole-cole alpha (a). The difference between the permittivity in the 

high permittivity-low frequency region and low permittivity-high frequency region of the b-

dispersion is referred to as the ∆ε. The ∆ε is proportional to the total volume of viable cells as 

well as the mean radius of the cells present in the measurement volume as shown in Equation 

2 [70]. 

∆𝜀 = 	
9 · 𝑃 · 𝑟 · 𝐶=	

4𝜀4
 

Equation 2: Calculation for ∆ε where P is the volumetric fraction of viable cells (i.e., volume of material bounded by the 
cell membrane per unit measurement volume), r is the radius of nominally spherical cells, Cm is the cell membrane 
capacitance per unit area, and ε0 is the permittivity of free space (8.854 x 10-12 F/m). 
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Delta permittivity values can be monitored regularly through frequency scans of a dielectric 

spectroscopy probe. This provides real-time feedback of values that correspond to viable cell 

population. 

The frequency corresponding to the midpoint of the b-dispersion slope is referred to as the 

critical frequency (fc) [71,72]. The fc is is inversely proportional to the mean cell radius and 

intrinsic properties of the cell such as membrane conductivity. Due to these intrinsic cellular 

properties corresponding to  fc values, this dielectric parameter is expected to distinguish 

given cell type regardless of the total viable cell volume as shown in Equation 3 [73–75].  

𝑓@ = 	
1

2𝜋 · 𝑟 · 	𝐶=(
1
𝜎C'
+	 12𝜎4'

)
 

Equation 3: Calculation for fc Where 𝜎C' is the internal cytoplasmic conductivity of the cells within the measured sample 
and 𝜎4'	is extracellular conductivity, r is the radius of nominally spherical cells, Cm is the cell membrane capacitance per unit 
area. 𝐶=, r, 𝜎C', and 𝜎4'  are intrinsic constants for a given cell type.  

 

The slope of the b-dispersion is referred to as the Cole-Cole α. The dimensionless α 

corresponds to τ (relaxation time) and the number of dipoles formed during the interfacial 

polarization across the cell membrane [76,77]. The value for a has been shown to be related 

to cell size distribution within the measured volume [71,78]. Through the correspondence of 

the three characteristic dielectric parameters to CQA of cells- delta permittivity (∆ε) paired to 

viable cell population, critical frequency (fc) paired to cell type and Cole-Cole alpha (α) 

paired to cell distribution- DS demonstrates the potential to be used as PAT for biofabrication 

and other tissue engineering applications. 

 
3.4. Former Applications 

The potential for DS to be used as a diagnostic and quality assessment tool has been 

established in 2D cultures to assess biomass without damaging the cell samples [79–81]. In 
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3D environments, DS has been applied to fermenters to monitor bacterial and yeast activity 

while in suspension [74,82]. DS has also been applied to bioreactors, which provide a 3D 

non-adherent environment for proliferation of select cell lines, but also prevents an 

accumulation of ECM that is needed for in vivo comparison [83]. More recent developments 

of DS have included the detecting of cell morphology changes caused by temperature 

changes and the ability to distinguish healthy tissue from cancerous tissue [71,84]. 

In addition to DS other methods of quality assessment have been applied to biofabrication. 

Both near infrared (NIR) and mid-infrared (MIR) spectroscopy have been applied 

extensively to monitoring biofabricated constructs [30,39,85,86]. This method of detection 

provides fast, real-time results, but yields itself to inaccuracies in analysis due to overlapping 

of spectrum values [87]. Raman spectroscopy has been applied to 3D cultures to quantify 

viable cell population by measuring the amount of scattered light through the use of fiber-

optics [88]. However, despite the use of DS and other analytical monitoring methods in both 

2D and 3D cultures there still exists no study utilizing a non-destructive quality assessment 

tool capable of real-time feedback to indicating the changes cellular properties when exposed 

to drug screening.  

 
3.5. Chapter Summary 

Dielectric spectroscopy is a method of detecting the properties of any dielectric material. 

This technology operates by emitting and electric field and detecting corresponding changes 

to the flow of ions within the material. Given that cells used in biofabrication applications 

can act as a capacitor due to the insulating phospholipid bilayer separating intracellular and 

extracellular ions dielectric spectroscopy can used to determine properties that correspond to 

the CQA of biofabricated constructs: viable cell population, cell distribution and cell type. 
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When detecting dielectric properties of cells relative permittivity is measured across a 

spectrum of frequencies in which an indicative region known as the b-dispersion exists. The 

b-dispersion denotes three characteristic parameters delta permittivity (∆ε), critical frequency 

(fc) and cole-cole alpha (α) that correspond to viable cell population, cell type and cell 

distribution respectively. DS has been shown to distinguish cell type and populations within 

2D environments demonstrating the potential for this technology to be used for real-time, 

non-destructive quality assessment of biofabricated constructs in multiple applications. Due 

to the utility of biofabricated constructs in drug screening applications, DS was selected to 

monitor changes in cells when exposed to acetaminophen.  
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CHAPTER 4: MATERIALS AND METHODS 
 
To monitor the dielectric properties of biofabricated cellular constructs both over time and 

under drug exposure conditions two sets of experimental studies were conducted and outlined 

in Figure 5. The first set of studies consist of monitoring dielectric properties of cells when 

cast in 3D alginate constructs and made to sustain a lifespan of 5 days in in-vitro conditions. 

The dielectric parameters taken from this study were then compared with assay results in order 

to assess the corresponding number of cells in each sample. The second set of studies consisted 

of exposing cast cellular constructs to varying doses acetaminophen and subsequently 

monitoring changes in the dielectric parameters after the cellular constructs metabolized the 

acetaminophen. The dielectric properties taken from this study were then compared with the 

properties taken from healthy cell studies. 
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Cell Types 

 
Study 1:  
Studying dielectric 
parameters over time 

 
Study 2: 
Studying dielectric 
parameters during 
drug screening 

 
 

Figure 5: Overview of experimental studies 

 

4.1 Cell Expansion 

NIH/3T3 (ATCC® CRL-1658), HepG2 (ATCC® HB-8065) were all separately cultured in 

15mL of prepared media, consisting of Minimum Essential Medium (MEM; Gibco, Grand 

Island, NY) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco) and 

1% Antibiotic-Antimycotic (Gibco), in 75cm2 cell culture flasks that were maintained at 

37°C and 5% CO2. Each cell type was passaged when confluency was approximately 80%. 

Cells were harvested using 3mL of 0.25% trypsin EDTA (Gibco) subsequent to one wash 
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using 5mL of sterilized phosphate buffered saline (PBS). A hemocytometer was used to 

count the number of cells during cell passaging and for the preparation of the cellular 

constructs. Trypsinized cell solutions were neutralized with media. Cells were passaged at a 

seeding density of 250,000 cells/75cm2 cell culture flasks. 

4.2. Alginate Preparation 

2% w/v alginate was prepared by mixing 0.6g of alcohol sterilized sodium alginate powder 

(WillPowder, Miami Beach, FL) with 29.4mL of sterilized phosphate buffered saline (PBS) 

in an ultrasonic water bath at 60Hz for 2 hours, based on an established protocol [89]. 2% 

w/v calcium chloride was prepared by mixing 10g of calcium chloride dehydrate (Signma-

Aldrich; St. Louis, MO) with 490mL sterile deionized water. 

4.3. Casting Process 
All casted cellular constructs were made using 5 million cells total based on previously 

established cellular concentrations that were distinguishable using the same dielectric 

spectroscopy probe [90]. Single cell type constructs consisted of solely 3T3/NIH or HepG2 

cells while the co-culture constructs consisted of 4 million HepG2 and 1 million 3T3/NIH 

[91]. Once harvested at the appropriate concentration cells were pelletized through 

centrifugation (125g for 7min) and media solution was aspirated off. Cell pellets were then 

suspended in 1mL of the 2% alginate solution mixed by a 1000µL micropipette to ensure 

even distribution of the cells within the construct. The 1mL of alginate mixture containing 

cells was then cast in a 24-well culture plate. The dispensed gel was then crosslinked with 

500µL of 2% CaCl2 for 5 minutes before being immersed in wells of 1mL of 2% CaCl2 to 

improve the strength and structural integrity of the cross-linked hydrogel. This resulted in 

Ø12x10mm thick cast constructs containing 5million cells encased in alginate hydrogel. The 

constructs were then each stored in a well of a 6 well plate containing 4mL of media at 37°C 
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(5% CO2) for 24 hours to mitigate the risk of the external stimuli from the casting process 

interfering with the dielectric readings of each cellular construct [92]. 

4.4. Drug Dispensing 

For cellular constructs that underwent drug screening a drug solution containing 

acetaminophen was prepared. Acetaminophen (APAP, Sigma-Aldrich) was UV sterilized 

prior to being mixed with prepared media at the following concentrations: 0.25g/mL, 

0.5g/mL, 1g/mL so that when submerged in 4mL of media the constructs would be exposed 

to the following concentrations of acetaminophen: 1g, 2g, 4g along with a control of 0g that 

consisted of media without the addition of acetaminophen. Constructs that were used in drug 

screening trials were then placed into a 6 well plate with 4mL of media containing 

acetaminophen for 24 hours for cells to metabolize the drug. 

4.5. Assays 
LIVE/DEAD® assay (Life Technologies, Carlsbad, CA) was prepared by mixing 5μL calcein 

and 20μL ethidine into 10mL of PBS before applying 1mL doses on cellular constructs 

followed by an hour of incubation. Subsequently, the discs were imaged using a fluorescence 

microscope (DM5500B, Leica Microsystems, Wetzlar, Germany) to qualify the cellular 

viability. 

alamarBlue (aB) assay (Thermo Fisher Scientific) was used to quantify the metabolic rate of 

cellular constructs. aB was dispensed at 400μL doses onto cellular constructs housed in 

3.6mL media within a 6 well plate. After 5 hours three 1 ml samples from each well were 

transferred to a 24 well plate placed on a micro-plate reader (Tecan, Männedorf, 

Switzerland), and analyzed for absorbance at 570 nm and 600 nm excitation and emission 

wavelengths, respectively. The absorbance data was reported as % aB reduction after 

normalizing to the acellular control. 
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alamarBlue assay curve was prepared using three distinct cell concentrations of 1 million, 2 

million and 5 million cells. Trend lines were generated to quantify cell population given a 

alamarBlue reduction rate.  

4.6. Dielectric Spectroscopy Assessment Methodology 

The dielectric permittivity spectra, of each construct, was measured using a dielectric 

spectroscopy flush probe (Ø25mm; ABER Instruments Ltd., Aberystwyth, UK) with a set up 

as shown in Figure 6. On days of measurement samples of the cellular constructs were 

initially submerged in 1mL of CaCl2 to improve the strength and structural integrity of the 

cross-linked hydrogel that had degraded during the time incubating in media. After being 

rinsed via submerging in 1mL phosphate buffer saline to prevent any ions from affecting the 

dielectric readings the dielectric probe was prepared for measuring the dielectric properties of 

each sample.  
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Frequency Range:50 kHz-20,000 kHz 
Measuring Range:  
 Capacitance- 0.0 to 400 pF/cm 
 Conductivity- 1.0 to 40 mS/cm 
Cell Concentration Range: 
 Yeast (6 µm Ø)- 106 to 1010 cells/mL 
 Bacteria (1 µm Ø)- 109 to 1013 cells/mL 
 Animal Cell (12 µm Ø)- 105 to 109 cells/mL 
 Plant Cell (50 µm Ø)- 103 to 107 cells/mL 
Resolution: 0.1 pF/cm 
Accuracy: ±3% of reading 
Stability: ±0.2 pF/ 
Linearity: ±1% over 100pF/cm 
Precision: ±5pF/cm 
 
 

 

Figure 6: Set up of ABER FUTURA probe and specifications 

 
During each experiment, the cellular construct was placed directly underneath the probe 

electrodes inside a glass beaker (Pyrex, Corning, NY) containing 150mL of phosphate buffer 

saline. Prior to the introduction of samples in each experiment, the electrodes of the probe 
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were cleaned using a pulse function that prevents any electrode polarization from impacting 

readings [93]. The total capacitance of the beaker content was measured and zeroed prior to 

introducing the construct. The measured capacitance was normalized using the probe 

constant to obtain the permittivity of the constructs. 

Once placed into the experimental set up, test samples were exposed to the electric field 

established by the two sets of platinum electrodes on the bottom of the probe. Exposure 

lasted 20min in which changes in electric field due to the capacitance of cells were amplified, 

processed and recorded as permittivity readings across the default frequency scan (50–

20,000kHz) using FUTURA SCADA (ABER Instruments Ltd.). 

4.7. alamarBlue Assay Curve 

Each type of cellular construct was prepared using three different concentrations- 1million 

cells/construct, 2million cells/construct and 5million cells/construct- to generate an 

alamarBlue assay curve based on the reduction percentage of each concentration (n=3). 

Constructs were cast using the methods detailed in Section 4.3. and alamarBlue was 

administered using the methods detailed in Section 4.5. Once reduction rates were obtained 

the average of each concentration was plotted in MS Excel using a scatterplot to establish a 

line of best fit that details the predicted alamarBlue reduction rate corresponding to the 

number of cells within a cellular construct. 

4.8. Data Analysis 
A standard frequency scan of 50-20,000 kHz was performed on each construct, and data from 

the 16 preset frequencies between 50-2115 kHz (50, 64, 82, 106, 136, 174, 224, 287, 368, 

473, 607, 779, 1000, 1284, 1648 and 2115 kHz), as recommended for mammalian cell 

culture, was used for β-dispersion characterization. β-dispersion curves of the constructs 

were created by plotting the relative permittivity against log scale frequency [73,94]. The 
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permittivity values at different frequencies are reported as an average of the permittivity 

readings over a 20-minute measurement interval. The ∆ε, α, and fc values were determined 

from these β-dispersion curves. Using MS Excel each spectra of permittivity readings were 

plotted in response to frequency. From these graphs, the ∆ε was calculated as the difference 

in relative permittivity between the low-frequency high-plateau and high-frequency low-

plateau regions of the curve. The fc was determined by fitting a sixth-degree polynomial to 

the decline region of the curve and solving for the frequency at a relative permittivity value 

of ∆ε/2. The α was calculated as the slope of the decline region of the curve. The statistical 

software package JMP was used to assess statistical significance through ANOVA and Tukey 

Post Hoc tests. 
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CHAPTER 5: RESULTS AND DISCUSSION 
 
5.1 Research Objective 1 

For DS to be an effective tool of PAT, it must be able to track changes over time and have 

reliable feedback that indicates changes in biofabricated constructs. To assess this, Research 

Objective 1 investigates the responses in dielectric parameters when cellular constructs are 

maintained over an extended period of time. In accordance to the design of experiments 

layout of the QbD framework, CQA must be quantified and have an established relationship 

to Q-TPP. To establish this, assays were cross-referenced with dielectric responses to 

quantify the CQA of viable cell population. 

Permittivity readings of cellular alginate constructs (n = 3) were monitored over the course of 

5 days at 48 hour intervals of time lapse. Each sample’s permittivity readings were then 

analyzed through MS Excel to determine the dielectric properties of each sample. Next, the 

dielectric properties of each sample were analyzed for significance using the statistical 

software JMP. 

Table 1: Experimental design for Research Objective 1 

Factors Levels Samples 

Cell Type NIH/3T3, HepG2, Co-Culture n = 3 

Day Day 1, Day 3, Day 5 

Responses ∆ε, α, aB% and fc 

 

Two-way ANOVA results show that the day that monitoring took place had a significant 

effect on ∆ε (p < 0.0001) with a corresponding significant effect on the percentage of 

alamarBlue reduction (aB%) between days (p < 0.0001). Tukey HSD post-hoc tests show 

that ∆ε readings on Day 3 was statistically significant from Day 1 and Day 5 across all three 



 

    
 

32 

types of cellular constructs (p < 0.05), but differences between Day 1 and Day 5 were not 

significant.  

 

Figure 7: b-dispersion for HepG2 on Day 3 compared to Day 5 with the dielectric parameters for HepG2 on Day 3 noted 

 

Tukey HSD post-hoc tests show that for each cellular construct type aB% coincides with the 

changes noted in ∆ε i.e. a significant difference in Day 3, while Day 1 and Day 5 are not 

significantly different (p< 0.05). This supports the concept of ∆ε permittivity as a measure of 

viable cell population and is confirmed by prior research on alginate hydrogels that note its 

inefficacy for long-term studies [95]. 
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To establish the relationship between the ∆ε readings and the CQA of viable cell population, 

alamarBlue assay curves were prepared for each of the three cellular construct types. The 

aB% for each cell type for each given day was then quantified to estimate the viable cell 

population. Other methods of quantifying cell count involve dissociating the cells from 

encapsulation, but this can have harmful effects on cells, reducing viability in the processes 

[96].   

  

Day 1 ∆ε = 15.36 pF/cm aB% = 38.57% Cell Estimate = 4.71mil 
Day 3 ∆ε = 20.80 pF/cm aB% = 48.03% Cell Estimate = 7.08mil 
Day 5 ∆ε = 17.15 pF/cm aB% = 40.44% Cell Estimate = 5.18mil 

 

Figure 8: Top Left: ∆ε for NIH/3T3 cellular constructs and corresponding alamarBlue Reduction % across each day of 
dielectric monitoring. Top Right: An alamarBlue assay curve with line of best fit based off aB% for 1 million, 2 million and 
5 million cells per NIH/3T3 cellular construct. Bottom: Corresponding ∆ε, aB% and estimates of cell count per sample 
based on alamarBlue assay curve 
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Day 1 ∆ε = 16.64 pF/cm aB% = 38.52% Cell Estimate = 4.94mil 
Day 3 ∆ε = 21.44 pF/cm aB% = 43.96% Cell Estimate = 6.92mil 
Day 5 ∆ε = 15.92 pF/cm aB% = 32.32% Cell Estimate = 2.69mil 

 

Figure 9: Top Left: ∆ε for HepG2 cellular constructs and corresponding alamarBlue Reduction % across each day of 
dielectric monitoring. Top Right: An alamarBlue assay curve with line of best fit based off aB% for 1 million, 2 million and 
5 million cells per HepG2 cellular construct. Bottom: Corresponding ∆ε, aB% and estimates of cell count per sample based 
on alamarBlue assay curve 
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Day 1 ∆ε = 17.55 pF/cm aB% = 50.79% Cell Estimate = 5.56mil 
Day 3 ∆ε = 21.46 pF/cm aB% = 54.68% Cell Estimate = 6.46mil 
Day 5 ∆ε = 16.07 pF/cm aB% = 47.63% Cell Estimate = 4.84mil 

 

Figure 10: Top Left: ∆ε for Co-Culture cellular constructs and corresponding alamarBlue Reduction % across each day of 
dielectric monitoring. Top Right: An alamarBlue assay curve with line of best fit based off aB% for 1 million, 2 million and 
5 million cells per Co-Culture cellular construct. Bottom: Corresponding ∆ε, aB% and estimates of cell count per sample 
based on alamarBlue assay curve 

 

Results from two-way ANOVA indicate that α, and fc were not significant different across 

cell types, day of monitoring or any interaction between the two factors. aB% between cell 

type was significant (p < 0.0001) supporting studies that demonstrate different metabolic 

rates between cell types [97].  

Given the similarities in cell radius, the insignificant difference between the dielectric 

responses of each cell type is reasonable.  
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Table 2: Dielectric parameters of each cell type measured for Research Objective 1 on Day 1 of the study 

Cell Type ∆ε (pF/cm) fc (kHz)  α aB% Ø (μm) 
NIH/3T3 15.36 110.86 -3.90 38.57 18 
HepG2 16.64 113.49 -5.12 38.52 18 
Co-Culture 17.55 97.30 -4.19 50.79 18 

 

5.2 Research Objective 2 
Drug screening is likely the most imminent application of biofabrication. With the capability 

to perform on-line quality monitoring with real-time feedback, DS has the potential to assess 

the changes in cells overtime when exposed to drugs. This continuous monitoring would 

enable a better understanding of changes in cellular morphology as drugs are metabolized. To 

this point, studies were performed to investigate the efficacy of DS in the application of drug 

screening. 

Cellular alginate constructs (n= 3) were administered different doses of acetaminophen- 0g 

(control), 1g, 2g, 4g. After a 24 hour time lapse, for cells to metabolize the drug, monitoring 

of the permittivity of each sample was performed with subsequent analysis to determine the 

dielectric properties of each sample. Samples of the same cell type and drug concentration 

were then analyzed through the statistical software JMP to determine significance of 

findings.  

Table 1: Experimental design for Research Objective 2 

Factors Levels Samples 

Cell Type NIH/3T3, HepG2, Co-Culture n = 3 

Drug Dosage 0g, 1g, 2g, 4g of Acetaminophen 

Responses ∆ε, α, aB% and fc 
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Two-way ANOVA results show that ∆ε, α, aB% and fc were all significantly affected by cell 

type, drug concentration and the interaction between both factors (p < 0.05). Tukey HSD 

post-hoc tests showed no notable difference across any administered drug dosage for cellular 

constructs consisting of NIH/3T3 cells for α, aB% and fc while ∆ε was not significantly 

different between 0g, 1g and 2g, but there was significant difference between 1g and 2g 

when compared to 4g.  When drug dosage was compared within cell type via Tukey HSD 

post-hoc test, both HepG2 and the Co-Culture cellular constructs showed no significant 

difference between 0g, 1g and 2g for ∆ε, α, and fc (p < 0.05), but both 4g drug dosage groups 

had significant difference from the other drug dosage groups (p < 0.05). aB% significantly 

lowered when drugs were applied, but there were no notable differences between the three 

different drug doses: 1g, 2g and 4g. 
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Figure 11: Comparisons of ∆ε between cell types when exposed to different doses of acetaminophen and the fc value 

 

The decrease in ∆ε of HepG2 and Co-Culture cellular constructs is supported by 

LIVE/DEAD that was performed on separate samples to qualify the amount of cells that were 

dying under drug exposure. Across all samples exposed to 0g APAP, we observe nearly 

100% viability (as indicated by the green staining) with very little cell death (as indicated by 
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red staining) that occurred through processing to make the cellular constructs. However, 

when LIVE/DEAD was performed on samples that were exposed to 4g of APAP, cell death 

in HepG2 and Co-Culture cellular constructs exceeded cell death that occurred in NIH/3T3 

samples. This is supported by drug study research that indicates hepatocytes undergo 

necrosis and apoptosis while fibroblasts do not undergo cytotoxic effects [98]. The accurate 

monitoring and real-time feedback provided by DS supports use for detecting cell death that 

occurs as a product of drug screening. 

a  b  c  

d  e  f  
 

Figure 12: LIVE/DEAD images of biofabricated constructs consisting of (a) NIH/3T3 cells exposed to 0g APAP (b) HepG2 
cells exposed to 0g APAP (c) Co-culture of NIH/3T3 and HepG2 cells exposed to 0g APAP (d) NIH/3T3 cells exposed to 
4g APAP (e) HepG2 cells exposed to 4g APAP (f) Co-Culture of NIH/3T3 and HepG2 cells exposed to 4g APAP 

 

When observing the permittivity readings of samples consisting of HepG2 or Co-Culture 

cellular constructs exposed to 4g of acetaminophen, a shift in the b-dispersion is noted. 

Samples that are unexposed to APAP exhibit a steep slope beginning at the first preset 

frequency of the ABER probe permittivity readings (50 kHz). This is observed across all 



 

    
 

40 

three types of cellular constructs when exposed to 0g; the same trends are present in 

Research Objective 1 for all three days of measurement. However, when exposed to 4g 

APAP both HepG2 and Co-Culture cellular constructs provide permittivity readings that 

signify a shift in b-dispersion. For HepG2, in particular, this shift occurs by a rising 

permittivity reading until reaching a permittivity value of 136 kHz before the permittivity 

readings decrease resulting in the steady slope that is associated with the b-dispersion.  

 

Figure 13: b-dispersion of HepG2 with 0g of APAP, HepG2 with 4g of APAP and Co-Culture with 4g of APAP 

 

This shift in b-dispersion has the most impact on fc, resulting in a shift to high frequencies as 

the b-dispersion begins at higher frequencies. Given the connection between acetaminophen 

induced hepatotoxicity and apoptosis, a relationship can be made to Equation 2 in which fc 
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has an inverse relationship to cell radius [99–101].  Recall that hepatocytes undergo necrosis 

while fibroblasts do not experience it when exposed to APAP, the significant difference 

between each of the three types of cellular construct’s fc (p < 0.05) can likely be attributed to 

hepatotoxicity causing shrinkage of HepG2 cells that are undergoing apoptosis while 

dielectric readings are taken [98]. 

 
 NIH/3T3 HepG2 

Dose 
∆ε 

(pf/cm) 
fc 

(kHz) α aB% 
∆ε 

(pf/cm) 
fc 

(kHz) α aB% 
0g 17.79 113.70 -4.46 36.79 20.48 101.00 -4.49 45.07 
1g 17.94 108.40 -5.21 41.07 11.30 102.72 -2.39 32.71 
2g 17.86 103.26 -4.70 40.10 8.75 98.49 -1.77 31.78 
4g 13.80 110.00 -5.68 39.39 2.63 548.88 -1.80 29.92 

 

 Co-Culture 
Dose ∆ε (pf/cm) fc (kHz) α aB% 

0g 23.12 121.17 -7.51 58.15 
1g 10.60 101.38 -3.90 30.67 
2g 7.77 118.80 -2.41 31.57 
4g 3.57 297.71 -1.09 30.73 

 

Figure 14: Dielectric parameters of each cell type after exposure to specified dose of Acetaminophen during the study for 
Research Objective 2 

 

The detected shift in the b-dispersion and the corresponding changes to fc complex cellular 

reactions to drug screening are shown to be distinguishable through monitoring of dielectric 

parameters. This evidence supports the use of DS as a nondestructive means of providing 

real-time feedback while drug screening occurs.  

 
5.3. Chapter Summary 

The ∆ε values for each of the three cell types fabricated into cellular constructs- NIH/3T3, 

HepG2, co-culture of NIH/3T3 and HepG2- changed significantly over the course of 5 days 
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when measured every 48hours. This change, corresponding with alamarBlue reduction rates, 

indicates that the cell population increased from Day 1 to Day 3 before the population 

decreased on Day 5. This is supported by other studies conducted using sodium alginate, 

which has not shown the ability to withstand cell life for long term studies. Through 

correspondence with alamarBlue assay curve the cell population of each sample where 

quantified, further supporting the findings. While the ∆ε values significantly changed, all 

other dielectric properties did not change between days. Given that fc and α are properties 

inherent to cell type and cell distribution, respectively, the lack of change corresponds to 

dielectric theory and the insignificant variation is promising for the use of DS to track 

dielectric changes over time.  

When acetaminophen was applied for 24hours the dielectric parameters of both the HepG2 

and co-culture cellular constructs changed significantly. Changes were most notable when 

comparing the control of 0g APAP applied to 4g APAP applied in which ∆ε dropped 

significantly as cell death occurred (as supported the LIVE/DEAD assay). Additionally, 

when comparing permittivity readings of HepG2 or Co-Culture constructs exposed to 4g of 

APAP a shift in the β-dispersion resulting in a higher fc value leading to the conclusion that 

the cells undergo apoptosis resulting in shrinkage.  
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CHAPTER 6: CONCLUSIONS 
 
6.1. Conclusions and Contributions 

This thesis investigates the efficacy of using dielectric spectroscopy as a means of PAT for 

biofabrication to enable QbD upon industry scale-up and to provide real-time feedback of 

biofabricated constructs. Impetus to do so sources from the knowledge gap of current cell 

quality assessment requiring destructive sampling, lag time for processing or inaccuracies due 

to design optimization for 2D systems, not 3D. Contributions to the field of biofabrication 

include the support for DS as a method of PAT within the QbD framework; this enables scale-

up of biofabrication from research settings to industry level production. This investigation 

quantifies dielectric properties to estimated cell counts through the use of assays, establishing 

the connection between DS, CQA and Q-TPP. Drug screening studies demonstrated the ability 

to monitor changes in cellular constructs via DS, a significant contribution that updates 

previous methods that involved destructive sampling or lag time that were unable track 

responses to drugs over long term studies.  

6.2. Future Work 

6.2.1. Inclusion of DS for On-Line Monitoring of Bioprints 

The QbD framework promotes the use of on-line quality monitoring to facilitate an 

integrated and robust approach to quality. The use dielectric spectroscopy as PAT for the 

QbD system has been strongly supported through the results of both research objectives. 

Although the real-time feedback of DS was shown, an integrated, on-line monitoring method 

was not a part of any of the studies in this paper. To test the potential DS shows for quality 

monitoring in the field of biofabrication future work should integrate DS into the process 

flow of manufacturing biofabricated constructs to assess the utility of on-line assessments.  
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6.2.2. Dielectric Probe Studies 

To expand on the work done on this paper the method of measurement will need to be more 

thoroughly optimized. Studies should be conducted using a more sensitive dielectric probe that 

could be used to assess the permittivity spectra of cells at a lower frequency (<50kHz) to gather 

more data about the α-dispersion and to ensure that the β-dispersion is beginning at the slope 

that is captured starting at 50kHz using the ABER FUTURA probe. Additionally, although this 

study indicates low variability in terms of repeatability (results between experimental runs), 

reproducibility (results between operators) should be analyzed to ensure results do not change 

significantly if a different operator takes readings using the same set up. This would be 

achieved through a Gage R&R study  

6.2.3. More Complex Cellular Constructs for Drug Modeling 

While co-culture cellular constructs are more indicative of organ function than single cell 

constructs multi-cellular constructs that incorporate more cell lines would better indicate drug 

toxicity. Further studies should be designed to include more cell lines that are found in the 

liver, most notably endothelial cells to provide a cellular system with normal, abnormal and 

tumor-associated angiogenesis, oxidative stress, hypoxia and inflammation related pathways 

in endothelia under normal and pathological conditions that better models toxicity [102,103].  

6.2.4. Imaging Cellular Constructs 

To better understand the changes in cellular morphology that occur in response to drug 

exposure further imaging could take place. Ideally this imaging would enable quantification of 

membrane thickness and cell radius after drugs have been metabolized. As previously 

mentioned, confirmation of cell viability and morphology by dissociation of alginate is 

problematic, but if a different material or method was used to separate the cells from 
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encapsulation then further analysis and imaging could better confirm theories of cell shrinkage 

and cell death. 

As biofabrication continues to grow and DS is considered as a quality monitoring technique 

further research will be needed to confirm the efficacy of DS as a method of real-time, on-line 

feedback that is needed for PAT. These future directions would give a more robust application 

of DS to the field of biofabrication resulting in a better system for quality assessment. 
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Appendix A: Output of HepG2 (0g of APAP) Permittivity Readings 
 

Frequency (kHz) HepG2 0g 

 Sample 1 Sample 2 Sample 3 
50 18.65453 24.098 18.69121 
64 13.44288 15.298 14.2985 
82 9.813529 10.38431 10.53843 

106 7.136235 6.929 8.506786 
136 5.745706 4.717308 6.438857 
174 4.243 3.385923 5.479 
224 3.603 2.351538 4.129571 
287 2.741471 1.515462 2.958929 
368 2.348765 1.164538 2.3455 
473 1.832471 0.870462 1.642429 
607 1.597235 0.836231 1.277571 
779 1.151706 0.741077 0.899071 

1000 0.994353 0.626385 0.488857 
1284 0.759647 0.537615 0.2695 
1648 0.622588 0.486154 0.077714 
2115 0.538118 0.444538 -0.1075 
2714 0.408706 0.504 -0.21764 
3484 0.284882 0.443385 -0.34029 
4472 0.268235 0.414308 -0.30136 
5740 0.286941 0.428846 -0.44671 
7368 0.194765 0.339 -0.4185 
9457 0.224059 0.397 -0.41214 

12139 0.207353 0.377462 -0.4545 
15582 0.177529 0.311154 -0.4715 
20000 0.249294 0.390769 -0.46829 

 
Appendix B: alamarBlue Assay Curve Readings 
 
Cell Type Sample # 1 Million Cells 2 Million Cells 5 Million Cells 
NIH/3T3 Sample 1 24.51105 28.93707 38.85367 

Sample 2 20.59213 27.07284 40.23383 
Sample 3 23.1228 31.56023 39.08711 

HepG2 Sample 1 27.13397 30.31222 38.94782 
Sample 2 25.79573 32.15657 35.66677 
Sample 3 27.91564 31.73663 40.67513 

Co-Culture Sample 1 27.21 41.07 45.57 
Sample 2 29.58 35.98 47.88 
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Sample 3 29.16 37.05 49.30 
 
 
Appendix C: NIH/3T3 Dielectric Responses for Research Objective 1 

  Day 1 Day 3 
  Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3 
Delta C 17.60 14.24 14.25 20.17 21.46 20.76 
Fc 100.01 109.70 122.78 107.48 100.41 119.73 
Alpha -3.42 -4.28 -3.99 -2.95 -3.79 -2.94 
% Reduction 38.23 38.17 39.3 46.9 49.8 47.4 
  Day 5 
  Sample 1 Sample 2 Sample 3 
Delta C 15.49 18.29 17.68 
Fc 119.03 116.81 122.89 
Alpha -3.22 -4.66 -4.92 
% Reduction 38.63 41.59 41.1 

 
 
Appendix D: HepG2 Dielectric Responses for Research Objective 1 

  Day 1 Day 3 
  Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3 
Delta C 17.56 16.86 15.49 20.42 24.26 19.64 
Fc 105.03 110.78 124.67 98.99 104.08 124.10 
Alpha -4.35 -5.47 -5.54 -2.76 -6.70 -4.44 
% Reduction 38.60 39.59 37.35 43.09 46.87 41.90 

 Day 5 
 Sample 1 Sample 2 Sample 3 
Delta C 14.56 15.21 17.99 
Fc 104.59 95.58 116.23 
Alpha -3.32 -3.78 -3.96 
% Reduction 33.43 33.02 30.52 

 
 
Appendix E: Co-Culture Dielectric Responses for Research Objective 1 

  Day 1 Day 3 
  Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3 
Delta C 17.48 16.94 17.32 20.78 19.32 24.27 
Fc 99.58 97.52 94.80 107.86 92.25 107.74 
Alpha -3.06 -4.24 -5.26 -4.42 -4.89 -5.30 
% Reduction 50.38 51.10 50.88 54.49 55.69 53.85 
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  Day 5 
  Sample 1 Sample 2 Sample 3 
Delta C 17.46 15.19 15.55 
Fc 109.68 103.64 116.96 
Alpha -4.47 -4.35 -3.76 
% Reduction 45.50 49.79 47.60 

 
 
Appendix F: NIH/3T3 Dielectric Responses for Research Objective 2 
 

    Delta C Fc Alpha % Reduction 

3T3 Control 
Sample 1 17.05 114.87 -3.90 38.85 
Sample 2 18.53 112.53 -5.01 34.72 

3T3 1g 

Sample 1 17.61 106.00 -4.61 42.48 
Sample 2 19.25 95.94 -3.70 39.67 
Sample 3 16.96 123.26 -7.33 - 

3T3 2g 

Sample 1 15.43 110.46 -4.34 38.79 
Sample 2 19.30 99.17 -4.73 41.41 
Sample 3 18.84 100.16 -5.64 - 

3T3 4g 

Sample 1 14.92 101.42 -5.11 38.34 
Sample 2 13.82 109.51 -4.82 40.44 
Sample 3 12.65 119.07 -7.12 - 

 
Appendix G: HepG2 Dielectric Responses for Research Objective 2 
 

    Delta C Fc Alpha % Reduction 

HepG2 Control 

Sample 1 18.48 105.26 -4.53 49.06 
Sample 2 23.79 89.63 -2.98 40.38 
Sample 3 19.16 108.11 -5.97 45.76 

HepG2 1g 

Sample 1 10.86 110.50 -2.44 35.01 
Sample 2 9.21 106.55 -2.35 34.16 
Sample 3 13.81 91.11 -2.37 28.96 

HepG2 2g 

Sample 1 11.11 109.12 -2.21 31.93 
Sample 2 8.97 87.08 -1.86 35.03 
Sample 3 6.18 99.28 -1.24 28.40 

HepG2 4g 

Sample 1 2.64 530.05 -1.60 30.94 
Sample 2 2.37 505.13 -1.90 32.26 
Sample 3 2.89 611.46 -1.90 26.56 
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Appendix H: Co-Culture Dielectric Responses for Research Objective 2 
 

    Delta C Fc Alpha % Reduction 

CC Control 

Sample 1 25.48 132.99 -9.06 64.91 
Sample 2 22.30 112.21 -6.69 55.37 
Sample 3 21.57 118.31 -6.77 54.15 

CC 1g 

Sample 1 11.61 96.08 -2.55 31.96 
Sample 2 9.41 96.05 -1.99 33.30 
Sample 3 10.78 112.00 -7.16 26.75 

CC 2g 

Sample 1 8.67 113.77 -2.19 36.19 
Sample 2 7.23 112.10 -2.94 32.15 
Sample 3 7.20 130.54 -2.11 26.36 

CC 4g 

Sample 1 2.44 276.65 -1.02 34.25 
Sample 2 2.98 281.65 -1.05 31.96 
Sample 3 5.29 334.82 -1.20 25.98 

 


