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Abstract 

 

The viability of mammalian cells is primarily tested by dye exclusion assays to examine the 

integrity of the outer membrane. Precursor events to the onset of cell death are detectable 

using a combination of online and offline technologies. This work explores the use of 

dielectric spectroscopy and impedance flow cytometry to characterize changes in the 

biophysical properties of cells as they progress through batch cultures. At-line single cell 

imaging was examined in tandem with these methods to prove further insight into the 

identification of morphological changes in the cell culture. Ultimately, this information was 

collated to better understand at what point cells can no longer be classified as recoverable 

prior to the loss in membrane integrity. 

Autophagic activity such as the increased presence of lysosomes was identified 

using digital holographic imaging. An earlier decline in the online capacitance signals 

relative to offline counts occurred in tandem with the onset of autophagy due the shifting 

dynamics of the cell population. Schwan modelling gave insight on the changes in the bulk 

membrane capacitance and intracellular conductivity of the cells during this period. Single 

cell impedance measurements were used to examine the population dynamics with 

greater accuracy. Opacity and phase parameters were derived at suitable frequencies and 

compared to the online models. Multifrequency data from the capacitance probe proved 

useful in the identification of apoptotic activity which followed autophagy. The Cole-Cole 

α and critical frequency of the changing β-dispersion curve properties were examined 

relative to these starvation events.  

A feeding strategy was employed to delay the onset of autophagy in batch cultures, 

through the introduction of amino acids. Controlled refeeding experiments were shown to 

affect both the presence of lysosomes and shifts in opacity trends, suggesting that cells 

could be recovered during autophagy. The affects of such a feed on the online modelling 

data was examined to see if a real time parameter from the multifrequency trends could 

be used as an indicator for culture refeeding.  
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1.1. Project Motivation 

 

Monoclonal antibody (mAb) drug products are large molecules which exhibit affinity 

towards a single epitope or antigen binding region. Unlike active pharmaceutical 

ingredients, complex cellular “machinery” is required to manufacture antibodies due to 

their complicated structure and the presence of post translational modifications. 

Therapeutic mAbs are used for the treatment of conditions such as Rheumatoid Arthritis, 

Crohn’s disease, and asthma, as well as various forms of cancer. The manufacture of mAbs 

at commercial scale is of major importance to the biopharmaceutical industry; mammalian 

cell derived biopharmaceuticals are expected to exceed $125 billion in sales by 2020 (Ecker 

et al., 2015).  

The monitoring of cells in culture is of high importance to the biopharmaceutical 

industry. Cell performance is intricately linked to the volume and quantity of produced 

mAb. A consistent, well understood process will benefit both patients and manufacturers, 

increasing both process yields and profitability. The processes used to monitor these 

cultures are still reliant on offline viability assays, though this is beginning to change with 

the adoption of online process analytical technologies. This shift in manufacturing ideology 

can be attributed to the rise of “Industry 4.0;” the reimagining of industrial processes by 

the integration of robotics and computer-controlled systems (Lasi et al., 2014). This can be 

achieved in the biopharmaceutical landscape if there is a collaborative effort on behalf of 

industry partners, research teams and regulators to develop state-of-the-art technologies 

to enhance our process understanding and capabilities. 

Several governmental and collaborative agencies have voiced their interest in next 

generation processing. The BioPhorum Operations Group (BPOG) is a joint group of 

industry leaders with the aim of promoting and accelerating novel ideas in the 

biopharmaceutical industry. As part of their Technology Roadmapping Phorum, BPOG have 

identified a series of innovative technologies such as in-line monitoring and automated 

facilities as key innovations (BioPhorum Operations Group, 2018). Horizon 2020 was 

launched in the European Union to aid research and innovation through the allocation of 

grants that support novel advancements in the sciences. In particular, the Future and 
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Emerging Technologies programme has a purse close to three billion euro in order promote 

research into these technologies.  

Beyond looking at cells as live or dead entities, it would be advantageous to 

understand key physiological or biochemical changes in real-time to allow for process 

interventions. PAT tools such as capacitance and optical  probes exist that are capable of 

monitoring cells on-line with little to no user intervention (O’Mara et al., 2018). The 

volumes of data generated by these systems must be analysed in a way that allows for 

greater process understanding through well-informed yet easy to digest information. 

Furthermore, what synergies do these systems possess with one another that may enhance 

this data even further? This body of work will develop this principle by applying multiple 

methods of cell health analysis to an industrially relevant cell line.  

Online methods of analysis often characterise cells in bulk, a natural limitation of 

PAT technologies that are in-situ. Cultures are known to be heterogeneous at any point in 

time as cells progress through their lifecycle. This will limit the application of analytical 

technologies which rely on fitting cell constants to models to aid characterisation. The 

physiological state of live cells can vary depending on factors such as nutrient availability 

or the introduction of stresses. To understand what information can truly be derived from 

bulk measurements, single cell analysis can probe variance in thousands of cells at any one 

time. A balance must be struck between the convenience of bulk measurements with the 

accuracy and detail of single cell analytical methods (Schmitz et al., 2019). To do this, data 

between the various sources should be analysed in tandem with established cell biology 

assays with the goal of modelling cells through the various pathways of viability loss.  

Several industrially relevant technologies were employed in this project. Dielectric 

spectroscopy (DS) has been used in the brewing industry for numerous years as a method 

of quantifying yeast in commercial manufacturing scenarios. The technology has translated 

successfully to mammalian cell applications, including both suspension and adherent 

cultures. Based on the principle of measuring and quantifying the charge on polarisable cell 

membranes, capacitance probes are typically used to correlate single frequencies with 

viable cell concentrations through modelling. Multifrequency sweeps can also be 

performed and may be used to indicate changes in cell physiology if understood correctly 

(Ansorge et al., 2009). The Cole brothers introduced a method of extracting cell parameters 
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from the β-dispersion range of cell measurement frequencies, including cell size, 

membrane capacitance and intracellular conductivity (Cole and Cole, 1941). 

Multifrequency scanning in manufacturing scenarios has not been cited widely, though 

could be implemented easily with current capacitance probe technologies. 

Optical imaging of cells has been associated with the identification of morphological 

changes in the cell structure. Imaging of cells is performed on fixed cells on static slides. 

The advent of new camera technologies like holographic imaging have shown potential to 

identify a wide variety of cell characteristics. Events like membrane blebbing, blistering and 

the formation of cellular vacuoles are known to indicate events associated with cell death. 

By combining optical data with capacitance values, the process of identifying events 

associated with a decline in cell viability could be expanded beyond a loss in membrane 

integrity. Both systems are label free and non-destructive to the cells, allowing for in-situ 

monitoring in real time. 

Assessing dynamic populations with flow cytometry remains the gold standard for 

single cell analysis. Fluorescence cytometry involves the labelling of cells with dyes that 

emit light depending on the specificity of the binding. Probes exist for assessing the heath 

of the mitochondria or the progression of death pathways such as apoptosis and 

autophagy. Lasers illuminate the cells as the pass through a channel and the intensity of 

the forward and side scatter is analysed. Dielectrophoresis (DEP) cytometry is another 

method of flow cytometry that interrogates the electrical properties of cells based on the 

frequency of an applied electric field. A combination of all the above methods may allow 

for a reclassification of what we consider to be viability of mammalian cells (Henslee et al., 

2016). 

The application of such research is suited towards implementation in industrial 

settings. Capacitance probes like those produced by ABER Instruments are GMP compliant 

and used for a variety of purposes, including the controlled bleed of perfusion systems to 

maintain chemostat conditions which will be of particular interest to continuous 

manufacturing scenarios (Karst et al., 2017). Extracting further knowledge from probes like 

these may enhance our efforts to extract additional productivity and value from these 

cultures (Figure 1.1). 
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Figure 1.1: A diagram of the methods of analysing the health of cells used as part of this 

body of work. Dielectric changes in cells occur due to the dysregulation of ion channels 

early in cell death mechanisms. This is followed by cell condensation and membrane 

blebbing. The membrane integrity is lost in the final stage of cell death. The arrow on the 

left represents how early these technologies can identify changes in cell health. 
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1.2. Problem Statement 

 

To determine the viability of a cell by interrogating the membrane integrity alone may limit 

the ability to improve the performance of cultures. A culture should be terminated after 

the population is showing the loss of membrane integrity; the release of host cell proteins 

including proteases will cleave the target product and cause an unnecessary burden on 

downstream purification. Consideration can be made for the recovery of cells that may not 

have progressed into traditional death mechanisms. If events such as a reduction in 

cytoplasmic conductivity, an indicative morphological change, or a significant shift in the 

measurable dielectric properties of the cell population prove to be measurable inline, a 

process intervention could be made in reaction to this. The suitability of this analysis 

stretches beyond conventional manufacturing processes. In a time where integrated 

continuous manufacturing has the potential to shape modern processes, more work can 

be done to understand cells as they are cultured for extended time periods. The use of 

capacitance and imaging in tandem to improve the performance and longevity of perfusion 

cultivations may unlock the true potential in current manufacturing settings (Figure 1.2).  

 

 

Figure 1.2: Methods of analysing mammalian cell viability. The method of interrogation 

differs between the methods listed. 
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This project aims to increase our understanding of cell health through enhanced process 

monitoring to improve the performance of modern upstream bioprocesses. This is 

proposed to be achievable using PAT technologies at both bulk and single cell level and 

may provide an earlier indicator of cell stress relative to traditional trypan blue counts. The 

changing symptoms of cell death could be used to diagnose and, in an ideal scenario, 

recover cells prior to reaching this outcome. 
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1.3. Work Structure 

 

The work conducted as part of thesis fell under six main sections, discussed in individual 

chapters: 

Chapter 1 comprises of a literature review of the included topic. An initial 

introduction to the biopharmaceutical industry is given. This is followed by a review of the 

methods associated with the analysis of cell health in modern bioprocesses. Included is an 

introduction to the theory behind analytical techniques such as dielectric spectroscopy, 

imaging, and flow cytometry. Finally, the methods of culturing CHO cells at an industrial 

level are explained.  

Chapter 2 identifies the materials and methods used throughout the project 

timeline. Included within this chapter are methods relating to the establishment and 

maintenance of cell lines used in the project, the running of benchtop bioreactors and 

protocols used for performing flow cytometry work.  

 Chapter 3 focuses on the establishment of an impedance flow cytometry method 

for analysing the dielectric properties of cell populations. The method was initially tested 

on batch cultures of CHO-EG2 cells in BioGro-CHO media. The performance of these cells 

in shaker flasks was established, using fluorescence flow cytometry and imaging assays to 

understand the evolving mechanisms of this cell line. This was followed by an in-depth 

analysis of the impedance properties of these populations. The cell line in question was 

further examined under starvation conditions to determine what effects nutrient limitation 

has on the dielectric properties over time.  

 The next body of work was split over two chapters. Both pieces of work examine 

bioreactor cultures of the same CHO-EG2 cell line and media combination, with the added 

benefit of online analytical technologies.  

Chapter 4 focused on the use of the methods established in Chapter 3 to compare 

to bulk capacitance measurements traditionally used in bioreactor cultures. Single 

frequency measurements were taken relative to offline counts to understand where 

discrepancies may arise.  
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Chapter 5 implemented multivariate data analysis techniques to examine the 

frequencies derived from the capacitance probe. Data derived from the flow imaging 

system was also analysed to understand how the population dynamics of the cultures 

changed over time. 

 Chapter 6 focuses on the changing dielectric and morphological parameters of cells 

as they are supplemented with additional amino acids to support growth. He amino acid 

content of BioGro-CHO was examined as a raw formulation, and as daily sample points 

from bioreactor cultures. The impact of the addition of supplemental amino acids was 

examined at bulk and single cell levels to understand what impact these additions made to 

the culture. The dielectric properties of the cells were stabilised during the first three days 

of the culture, where cells in traditional BioGro-CHO media were showing signs of nutrient 

limitation.  

 Chapter 7 provides an overall summary of the project objectives and findings. 

Recommendations for future work that could be performed to progress the findings 

contained within are also provided.   
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1.4. Assessing the Current Climate 

 

Information relating to the contents of this literature review has been previously published 

in the following papers: 

O’Flaherty, R., Bergin, A., Flampouri, E., Mota, L.M., Obaidi, I., Quigley, A., Xie, Y. 

and Butler, M., 2020. Mammalian cell culture for production of recombinant proteins: A 

review of the critical steps in their biomanufacturing. Biotechnology Advances, p.107552. 

Butler, M., Bergin, A., Braasch, K., and Salimi, E. Cell Viability in Bioprocesses: 

Making a Case for Reevaluation. BioProcess International, Nov 2019. 

 

Next generation continuous manufacturing promises “end-to-end” production, where the 

product in question is in constant motion throughout the process (Godawat et al., 2015). 

Benefits include a reduction in scale, consistent product quality profiles and greater 

productivity. This differs from traditional single train facilities which segregate individual 

process steps in controlled cleanrooms. These processes are usually run-in batch or fed-

batch operation, requiring downstream purification to be completed in multiple cycles. 

Lengthy and expensive product changeover procedures result in rigid, single-product 

focused facilities. Facilities of the future may rely on agile, single use equipment at smaller 

scales to maintain a competitive presence in the marketplace. The benefits are obvious, 

but why do we not see all modern manufacturing processes adapting ICBs?  

10-20kL production scale fed-batch processes dominate current facility designs 

therefore there is a reluctance on behalf of industry to adapt next generation technologies. 

An argument exists that the current reliance on stainless steel, fed-batch process trains is 

justified; why change a process that is proven to be reproducible and is compliant to 

existing regulatory requirements? Extensive validation and recommissioning would be 

needed to convert facilities to be suitable for a continuous architecture. It is also important 

to note that ICBs has inherent risks and challenges. The cell line in question must remain 

genetically stable over the period of a perfusion culture. Any signs of product variation 

because of time casts doubt over the viability of such methods. Real-time monitoring tools 
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will need to be robust as to ensure accuracy of all data collected. Finally, there is an 

unproven track record for the implementation of continuous processes at industrial scale.  

Processing benefits of ICBs include sustained manufacturing at higher cell densities, 

as well as increased control of antibody critical quality attributes (CQA). Higher achievable 

viable cell densities (VCD) can allow for a reduced process scale and capital costs when 

designing facilities. A push towards smaller and more efficient processes will pass savings 

onto the customer. Simulations predict that an ICB platform could yield cost savings of 55% 

compared to traditional batch processes (Walther et al., 2015), and 20% compared to fed 

batch (Pollock et al., 2017). Within the next decade, biosimilars in Europe alone are 

expected to return savings of 20 – 40 billion euro since the expiration of innovator molecule 

patents have begun expiring (Haustein et al., 2012). 

The US Food and Drug Administration (FDA) have announced their support for the 

biopharmaceutical industry to adapt this method of manufacturing (Yu, 2016). Provisions 

for active research into the area of ICB were granted through the passing of the 21st 

Century Cures Act in 2016 “The Secretary of Health and Human Services may award grants 

to institutions of higher education and non-profit organizations for the purpose of studying 

and recommending improvements to the process of continuous manufacturing of drugs 

and biological products and similar innovative monitoring and control techniques.”. The 

FDA have granted licences for two drugs that are manufactured using continuous methods: 

Vertex’s cystic fibrosis medication Orkambi® (lumacaftor/ivacaftor) and Janssen’s HIV-1 

medication Prezista® (darunavir).  

The concept of next generation manufacturing promises cell-based production 

processes that have greater flexibility and are not only cheaper to operate than current 

methods, but also generate consistently safe and efficacious product at a reduced cost. 

Included within the scope of next generation manufacturing is an emphasis on fully 

continuous bioprocesses that are highly automated and require reduced operator input.  

Of the top ten bestselling pharmaceutical drugs in 2016, six were mammalian cell 

derived, monoclonal antibody therapies (Genetic Engineering and Biotechnology News, 

2017). The sole production rights of these therapies lie with the originator company for a 

defined period, before reaching what is known as the “patent cliff.” Once patent protection 

has expired, the product is free to be manufactured by competitor companies. This has 
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opened a new market for biosimilars that will be cheaper and easier to produce, slicing the 

profitability of these drugs. Integrated continuous bioprocessing (ICB) methods are touted 

as an ideal candidate for new biosimilar facilities when compared to batch/fed-batch 

operations (Xenopoulos, 2015, Croughan et al., 2015). 
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1.5. The Importance of Cell Health 

 

Cell measurements are a fundamental aspect of cell culture that is performed at 

development and commercial scale. The viability and density of cells is a key indicator as 

to how the process is performing. Cell counts taken during development can identify the 

stage of cell growth whereas counts at commercial scale can identify performance issues 

through routine process monitoring. The technologies used to monitor cells have remained 

the same for decades, Trypan Blue (CAS no.: 72-57-1) has been used as a monitor for cell 

viability as far back as the 1910’s (Pappenheimer, 1917). Trypan blue dye exclusion testing 

is a widely accepted standard for the analysis of cell density and viability (Cadena-Herrera 

et al., 2015). Using the loss of membrane integrity as a model for cell death raises a 

question, at what point do we no longer consider a cell viable? Although it is certain that 

the cell that is stained with Trypan Blue is indeed dead, there may be novel methods that 

can enhance our understanding of what changes occur leading up to cell death. 

 

1.5.1. Chinese Hamster Ovary Cells 

 

Chinese hamster ovary (CHO) cells are primarily used in the production of recombinant 

protein therapies (Jayapal et al., 2007). They are well characterized, exhibit low 

immunogenicity in humans when screened effectively and are easily engineered to express 

recombinant protein with titres more than 1-5 g/L (Chusainow et al., 2009, Wurm, 2004). 

CHO cells can perform post-translational modifications (PTM) which, in most cases, are 

compatible with humans.  

 CHO-K1 cells are a subclone of the original CHO line created from a biopsy by T.T. 

Puck in the 1950’s (Figure 1.3). From these CHO-K1 cells, variants which have the 

dihydrofolate reductase (DHFR) gene deleted were created. Included in these variants is 

the CHO-EG2 line which was used in this project to produce EG2 hFc/clone 1A7 (Agrawal 

et al., 2012). Removing DHFR activity from a cell eliminated the ability to produce glycine, 

an essential amino. By integrating an expression vector of interest with the DHFR gene, 

these cells can be selected for by culturing in media that does not contain thymidine. By 
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selecting or the expression gene, the system is amplified to produce higher titres for the 

POI. To further enhance the productivity of the cells, MTX is added to cultures in increasing 

concentrations; this will select for clones that have high copy numbers of the DHFR gene 

and vector of interest (Cacciatore et al., 2010). 

 

 

 

 

 

 

Figure 1.3: A schematic showing some of the variations of CHO cells that exist. Those 

responsible for discovering/engineering the lines are listed in red below. Adapted from 

(Jagschies et al., 2018).  
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1.5.2. Happy Cells  

 

Researchers and conference presenters often refer to “happy” cells as those which appear 

normal under a microscope, grow at an expected rate, or secrete desired proteins. These 

are of course properties that are associated with viable cells. A dictionary definition of 

viability would include a quantification of live cells. This begs the question of how we 

determine whether a cell is alive or dead. There would be of course an expectation that a 

live cell would be able to undergo a recognised network of metabolic processes but one 

fundamental property that should be associated with a live cell is its ability to divide. 

However, often viability is quoted in the literature as the proportion (%) of cells within a 

sample that can exclude a dye such as trypan blue. The cells that become stained with 

trypan blue have a damaged membrane and are clearly incapable of growth and many 

other functions associated with normal metabolism. However, the question arises as to 

whether there is a period prior to the membrane damage during which cells become 

incapacitated with respect to normal metabolism and their ability to divide. If this were the 

case, then it could be argued that the values of viability obtained by the dye exclusion assay 

are an overestimation of the true viability as defined by their ability for cell division. 

Dye exclusion is the primary method of evaluating cell number, however methods 

such as particle counting a dielectric analysis also exist. The dye exclusion methods include 

trypan blue as well as other dyes such as propidium iodide that have been adopted for use 

in flow cytometry. As a basic method, cells can be enumerated using a haemocytometer 

following trypan blue staining. As a manual method this has been used for decades and 

involves loading a cell sample onto a haemocytometer followed by visual counting with a 

tally counter. The % viability is then calculated from the number of unstained cells over the 

total number of cells. The same principle is adopted with the various image-based 

analysers that are now available such as the Roche Diagnostics Cedex HiRes™. 

There are now several alternative on-line methods for the continuous monitoring 

of bioprocesses that generate an enormous amount of digital data. Dielectric spectroscopy 

and digital holography are just two methods that can lead us to a more realistic 

understanding of the metabolic state of the producer cells. These methods are applicable 

to continuous biomanufacturing and lend themselves to replacing the commonly used dye 
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exclusion methods that are off-line and limited in their information. These novel, digital, 

on-line methods are markerless and indicative of the metabolic state of the cells. 

Therefore, they would allow the development of strategic feeding regimes and a timely 

product harvest that would reduce contamination with host cell proteins which include 

degradative enzymes originated from cell lysis. This has the potential to provide a 

consistently high quality bioproduct with minimal molecular heterogeneity. Recent work 

has shown the use of the data to predict an early but reversible stage of apoptosis providing 

currently unavailable information about cell sub-populations and their metabolic state.  

 

1.5.3. Holographic Imaging 

 

Imaging systems that are more sophisticated include the iLine F on-line digital holography 

system offered by Ovizio (Lambrechts et al., 2016). It has the ability for continuous 

monitoring cells by pumping samples from the bioreactor through a closed loop at around 

4.8 ml/min. The cells flow through an optical monitoring chamber and back into the 

bioreactor. A holographic image of single cells in a field of view is created by exposure to a 

light beam processing both the intensity and phase of the scattered light. Software analysis 

of the holograms produces fifty-nine parameters related to the cells’ characteristics 

including diameter, circularity aspect ratio, and granularity. Live cells are distinguished as 

focused images differentiated from the images of dead cells. The advantage of this form of 

cell analysis is that it does not depend upon the use of dyes (markerless) and results in a 

continuous real-time analysis of cell proliferation. It also provides a large amount of digital 

data that has the potential to be mined for hitherto unreported metabolic characteristics. 
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1.5.4. Biocapacitance as a Dielectric Measurement  

 

Dielectric measurements of cells rely on the principle that the intracellular ionic content is 

separated from the surrounding aqueous media by an electrically insulating membrane. 

This means that cells can create a dipole of charge when exposed to an electromagnetic 

field. If the field is created from an alternating current, then the formation of the dipole is 

dependent upon the frequency. A low frequency creates a permanent dipole in the cell 

membrane while at high frequencies a dipole may not be formed. A sweet spot occurs in 

the radiofrequency range in which a characteristic beta dispersion profile of response is 

created. The response may be different for each cell type and dependent on the 

permittivity of the membrane and the conductivity of the fluidic content of the cells (Salimi 

et al., 2016).  

To monitor the proliferation of cells in a bioreactor using this principle, the 

biocapacitance monitor such as those produced by ABER Instruments Ltd. Or Hamilton 

Instruments is recommended. These systems are available with a sterilisable probe fitted 

with annular electrodes around the tip. The probe can be secured through the head-plate 

of a bioreactor and a low-intensity electric field the size of a tennis ball is created around 

the probe tip. The increased capacitance within this field caused by cell growth can be 

monitored during a culture run.  
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1.5.5. DEP Cytometry 

 

The biocapacitance probe is valuable because it can be autoclaved and monitor cells 

continuously in a bioreactor. The output records the average properties of the population 

of cells which may be heterogeneous particularly in the latter stages of culture. A 

dielectrophoretic (DEP) cytometer can measure the responses of individual cells to an 

electromagnetic field (Nikolic-Jaric et al., 2009). Cells flow through a microcapillary tube at 

5 cell per second, allowing a sample of around six hundred cells to be analysed within 10 

min. The detector has three electrodes. The middle electrode produces a radiofrequency 

field at 100 kHz to 10 MHz and acts as a dielectrophoresis (DEP) actuator that causes the 

displacement of individual cells dependent upon their polarizability. The two electrodes on 

either side or the actuator are called sensing electrodes and electronically measure the 

vertical displacement of cells due to the DEP actuation. The sensing electrodes record an 

electronic signature for each cell which contains information about its dielectric status. 

One parameter extracted from the cells’ signature called the force index (FI) is an indicator 

of the relative difference in response from the two sensing electrodes. The DEP cytometer 

has proven to be a valuable experimental tool in characterizing the sub-population of cells 

during a culture. With proper frequency selection (6 MHz), cells can be distinguished based 

on positive or negative force indices, which relates to a change in cellular polarizability 

observed toward the end of a culture.  

Figure 1.4 shows the distribution of force indices in a batch culture at the critical 

time of loss of cell viability at 96-120h post-inoculation. If under these conditions, we 

ascribe the loss of cell viability to the change from a positive to a negative force index we 

can relate the measure of viability to more established staining methods. From the Table 

we can see that there is a good correlation between the DEP measure of viability and the 

Annexin V method which is an early apoptotic indicator based upon a measure of the 

marker, phosphatidyl serine on the outer surface of the cell membrane. A further 

observation is that there is a substantial difference in values between the DEP viability 

measure and the trypan blue viability measure particularly at the later time points.  
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The differences in viability measures using alternative assays were illustrated 

further by the PhD work of Katrin Braasch (Braasch et al., 2013). While high viability values 

(>90%) were recorded by each of several methods during the exponential growth phase of 

cells, substantial differences were observed during the decline phase – beyond 90 h in the 

batch culture. In Run A the values recorded at 120 h show 80% viability by trypan blue but 

only 10% by DEP or by Annexin V. Thus, the recorded rate of loss of cell viability is assay-

dependent and may well be related to the sequence of events that occur during the demise 

of cells at the late stage of culture. Further evidence for this was obtained in Run B which 

includes a measure of the adenylate energy charge (AEC) of the cell extracts at 5 late-stage 

time points. AEC is the measure of the state of phosphorylation for the adenosine 

nucleoside and is an indicator of the energy status of the cells (Atkinson, 1968). It is 

noticeable that this value decreases at an even earlier stage than the measures used for 

cell viability. 

 

Figure 1.4: DEP cytometry time-lapse histograms showing binary population of cells. DEP 

cytometry has shown to indicate a change in the viability of cells prior to trypan blue 

staining. Adapted from (Braasch et al., 2013) 
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1.5.6. Induction of Apoptosis by Starvation 

 

The death phase of cells in a bioreactor usually follows the well-established sequence of 

events characterized by apoptosis. This could be triggered by an accumulation of inhibitory 

metabolites or by a depletion of critical nutrients. These late-stage events in a bioreactor 

can be simulated by inoculating exponentially growing cells into a media depleted of 

glucose and glutamine (starvation media). The decrease in cytoplasmic conductivity, values 

that are derived from data obtained by the DEP cytometry, can be obtained (Salimi et al., 

2018). The conductivity values decline over 48 h following nutrient deprivation of the cells 

in the starvation media from a base value of 0.45 S/m to 0.05 S/m (Fazelkhah et al., 2019b). 

The question can then be asked: At what point are the cells recoverable? So, at the four 

time points up to 48 h cells were re-introduced into glucose and glutamine containing 

media. The data shows that up to 36 h post-starvation cells could recover their normal 

cytoplasmic conductivity and continue growing whereas at 48 h the cells could not be 

recovered. This finding is further supported by an analysis of the force index observed by 

DEP cytometry. The mean negative value of starved cells at 36 h recover to a mean of zero 

after only 1 h in the presence of nutrients whereas the cells obtained after 48 h do not 

recover to their original values. This suggests that a cytoplasmic conductivity of around 0.3 

S/m may be a threshold value below which cells can be considered non-viable whereas 

cells above the threshold cells still maintain the potential for cell division and viability. It 

could be argued that this is a clearer threshold of live/dead cells than that offered by 

membrane damage as determined by the dye exclusion assay of trypan blue. 

Further data on the state of the cells during the nutrient deprivation experiment is 

available for differential interference contrast microscopy. A change in the morphology of 

cells can be obtained when incubated in starvation media (Afshar et al., 2019). Cells appear 

to gradually loose the microvilli associated with the outer cell membrane and assume a 

smooth appearance but notice that nevertheless the membrane is still intact and therefore 

trypan blue negative up to the 48h point.  
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1.5.7. Proposed Model of Loss of Cell Viability 

 

The model shown in Figure 1.5 combines the well characterized stages of apoptosis with 

the measurements obtained by various methods used to monitor the state of the cells. In 

a normal growing cell, the intracellular ionic content is in a steady state controlled by 

energy-dependent active transport mechanisms such as the ATPase pumps that exclude 

Na+ and Ca2+. Deprivation of energy substrates results in the depletion of ATP and 

subsequent decrease of the adenylate energy charge. This causes the active transport 

pumps to fail resulting in a decrease in cytoplasmic conductivity as has been observed. At 

the same time a re-orientation of the membrane phospholipids results in the exposure of 

phosphatidyl serine to the outer membrane resulting in a positive Annexin V assay. These 

early-stage events can also be picked up by the DEP cytometer and biocapacitance probe. 

Further progression results in an increase in cytoplasmic Ca2+ and activation of the caspases 

which can be assayed and identified as mid-point apoptosis. The membrane damage 

required for sensitivity to trypan blue only comes at a much later stage.  

 

 

Figure 1.5: Proposed model for detecting changes during apoptosis. ATP depletion 

triggers membrane pump dysregulation and PS externalisation. This is followed by caspase 

cascade activation and inevitable lysis of the outer cell membrane. 
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Using this model and the measured events described earlier we estimate that the 

time lapse between the observed dielectric changes and the membrane damage is typically 

around 15-25 h. This would account for the different viability estimates between methods. 

A further conclusion is that the standard values obtained by the trypan blue assay are a 

gross overestimation of the viability as defined by the ability of cells for recovery and 

division.  

 

1.5.8. Advantages of New Methods of On-line Cell Monitoring 

 

Although trypan blue has been the gold standard as a routine assay for the state of cells in 

a bioprocess, there are clear disadvantages. Firstly, the method normally requires manual 

sampling at regular intervals. Secondly, the method is a late indicator of the demise of cells 

and, therefore, provides a gross overestimation of the true viability. On-line optical and 

dielectric methods are now available and particularly suitable for continuous culture 

operations. At minimum, dielectric methods such as biocapacitance provides an early 

indication of loss of cell viability. This allows for early intervention with a feeding regime or 

an early termination of the culture reducing the potential contamination of secreted 

products with host cell proteins (HCP) that arise once membrane damage occurs. These 

methods are markerless, that is they do not require cell staining, and with enhanced 

techniques such as multi-frequency scanning can identify sub-populations of cells. 

Advanced optical methods such as those provided by on-line holography can also be used 

to mine previously untapped quality data about the state of the cells. The observation of 

smoothing of the cell surface may be one optical indicator of early on-set changes to cell 

viability.  

Further investigation may be required to fully understand what we regard as live or 

dead cells. The definition of viability based upon potential for cell division makes more 

sense than one based upon membrane damage. If cells are required to have a cytoplasmic 

conductivity above 0.3 S/m for cell division to occur, this may be a reasonable surrogate 

marker. This could also lead us to a better understanding of what we really mean by 

“happy” cells.  
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1.5.9. Cellular Metabolism 

 

Glucose, the main energy source for cells in culture media, undergoes glycolysis to produce 

pyruvate. The process of forming this pyruvate yields ATP which in turns fuels cellular 

proliferation. Depending on the availability of oxygen in the system, this pyruvate is further 

metabolised. Pyruvate is converted spontaneously to lactate through the Warburg effect 

(Deberardinis and Chandel, 2020). In the case of the Warburg effect, glucose is broken 

down to produce pyruvate like traditional oxidative phosphorylation. However, much of 

this pyruvate is then converted to lactate which produces far less ATP than otherwise 

would be if cells underwent oxidative phosphorylation. This phenomenon is seen 

commonly in cancer cell lines and is known as anaerobic glycolysis (Vander Heiden et al., 

2009). For every molecule of glucose that is metabolised, two molecules of lactate are 

produced: 

𝑔𝑙𝑢𝑐𝑜𝑠𝑒 +  2 𝐴𝐷𝑃 +  2 𝑃𝑖 →  2 𝑙𝑎𝑐𝑡𝑎𝑡𝑒 +  2 𝐴𝑇𝑃 (1.1) 

 

The tendency for cells to undergo anaerobic glycolysis is strange since oxidative 

phosphorylation yields far more ATP. This can be attributed to the excess availability of 

resources in traditional cell culture media, where maximising ATP production no longer 

becomes a necessity. Lactate in higher concentrations in cell culture can have a negative 

impact on cell yield (Hassell et al., 1991). Although the production of lactate in cell cultures 

is often abundant during proliferation, cells may switch to lactate consumption during 

glucose deprived conditions. This event is associated with higher cell titres (Zagari et al., 

2013). 

An alternative source of energy for cells is glutamine (Figure 1.6). Glutamine is 

added initially to cell cultures to boost the production of amino acids and vitamins due to 

the presence of a nitrogen atom. The effect of added L-glutamine is seen in the initial stages 

of a culture, where it may reduce the lag phase of growth after routine cell passaging. L-

glutamine is freely converted to glutamate and ammonia via glutaminase (Curthoys and 

Watford, 1995):  
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𝐿 𝑔𝑙𝑢𝑡𝑎𝑚𝑖𝑛𝑒 +   𝐻2𝑂 → 𝐿 𝑔𝑙𝑢𝑡𝑎𝑚𝑎𝑡𝑒 + 𝑁𝐻3 (1.2) 

The ammonia produced is known to limit cell densities and viability; when 

ammonium chloride concentrations were increased in cell cultures, a 50% reduction in cell 

growth was observed at 33mmol NH4Cl (Yang and Butler, 2000). A source of issues 

associated with CHO cell cultures is the rapid breakdown of L-glutamine in cell culture 

media. It is known to degrade rapidly at mild conditions, especially when media is heat 

cycled.  

The concentration of amino acids in cell culture will affect the metabolism 

pathways that the cells undertake. Amino acids are the essential components utilised in 

the make-up of proteins. Successful proliferation of cells and antibody production would 

not occur to desirable levels in an incomplete media.  

 

 

Figure 1.6: Pathways of amino acid utilisation in mammalian cells. There are a variety of 

pathways that are followed in the consumption and utilisation of amino acids. The cell 

culture media should provide enough nutrients to support these pathways. (Nolan and Lee, 

2011) 
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1.5.10. Cell Death Triggers 

 

The cause for cell death in cultivations is typically a result of a preprogramed response. This 

stress is typically metabolic constraint if the parameters of cultivations are maintained 

constant throughout. In the case of batch cultures, starvation is initiated through glucose 

and/or glutamine depletion; this will occur typically after 5 to 7 days in culture. Lactate may 

be consumed after glucose depletion to feed the Krebs cycle; however, this is not 

sustainable. A brief stationary phase is observed before the rapid onset of cell death. To 

extend out this stationary period where cell specific productivity is highest, feeds may by 

introduced at specific time points. Fed batch cultures are no longer constrained by 

depletion of nutrients, by-product accumulation now becomes the limiting factor. Lactate 

and ammonia concentrations will reach a point that will actively inhibit cell viability, 

resulting in eventual cell death. This will occur between 12 and 14 days in a typical culture. 

 Perfusion cultures on the other hand strip away spent media and with it, metabolic 

products. Fresh media replenishes glucose stocks and the ability to fuel product production 

is maintained. The limitations of batch/fed-batch cultures are therefore removed in 

perfusion applications. If this system remains in balance, the viability of perfusion cultures 

can be maintained for months in theory. Limits exist to the duration of perfusion cultures 

for reasons that are not yet fully understood; a loss of product titre has been reported at 

durations beyond 30 days, whilst maintaining a constant viable cell density (Warikoo et al., 

2012). The reasoning for this loss in volumetric productivity could be due to the genetic 

drift that occurs as cells are maintained in culture for extended periods. This issue brings 

us full circle to the original question proposed; at what point do we consider cells no longer 

viable. If a cell is considered healthy by traditional standards (intact membrane) yet 

productivity is lost, can we understand this through other physical or metabolic indicators? 
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1.5.11. Cell Death Pathways 

 

When discussing the loss of membrane integrity of a cell, we are referring to a late-stage 

event in the cell death pathway. The process of cell death can follow two distinct pathways, 

apoptosis, and necrosis (Galluzzi et al., 2018). Apoptosis is a structured, irreversible process 

that is triggered by a signal rather than an external stress (Elmore, 2007), and is a normal 

physiological response (Figure 1.7). Insufficient apoptotic events in a biological system 

would be evidence of malignant behaviour. The mitochondria are responsible for the 

activation of apoptosis including the release of cyt-c, which in turn results in the activation 

of a caspase pathway which triggers apoptotic events (Green and Reed, 1998). A loss of 

permeability of the mitochondrial membrane allows for the passage of cyt-c into the 

cytosol. Phosphatidylserine (PS) which resides on the inner surface of the cell membrane 

is “flipped,” exposing it to the external environment, where it acts as a signalling molecule 

for macrophages (Fadok et al., 2000). Once effector caspases such as Caspase-3 are 

activated, DNA fragmentation will occur and lead the formation of apoptotic bodies (Nuñez 

et al., 1998). Apoptosis can be activated through the intrinsic and extrinsic pathways, 

depending on the stimuli. In the case of cell culture, most apoptotic activity is triggered 

through the intrinsic pathway because of glucose starvation or the deprivation of a 

nutrient. Necrosis on the other hand is a method of cell death that results from an external 

stress factor applied to the cells. Unlike apoptosis where cell shrinkage is observed, cell 

swelling is characteristic of necrotic behaviour followed by the formation of blebs on the 

outer cell membrane. These blebs appear as blisters on the cell surface and eventually 

swell to bursting.  
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Figure 1.7: A representation of apoptosis activation in mammalian cells. Inactivation of 

Bcl-2 allows for the triggering of effector caspases to progress cells into apoptosis. Reused 

with permission from (Meier et al., 2000). 

 

The dysregulation of membrane channels has been cited as an early event in cell 

death pathways such as apoptosis, but also in the regulation of autophagy (Kondratskyi et 

al., 2015, Kunzelmann, 2005). The key to the influx of ions into the cell is related to the 

calcium channels on the outer surface of the cell membrane. It is essential to the life of the 

cell that a healthy osmotic pressure exists to maintain a stable volume when factoring the 

external environment. Ion channels in the membranes outer surface regulate the osmotic 

pressure by pumping or retaining ions depending on the ionic characteristics of the 

suspension media. Under normal healthy conditions, calcium (Ca2+) and (Na+) ions are 

pumped out of the cell whilst potassium (K+) is taken up from the external environment 

(Jaitovich and Bertorello, 2006). The triggering of these channels allows for the conversion 

of ATP to ADP, in turn facilitating cellular energy production. In scenarios where there is a 

lack of energy available to the cell, the regulation of these membrane pumps may be 

affected due to insufficient ATP availability (Caro-Maldonado and Muoz-Pinedo, 2011). In 
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processes such as necrosis or apoptosis, these channels activate causing cell size changes, 

however the response it not necessarily due to changes in the external environment. The 

dysregulation of such pathways can influence the activation of executer pathways as a 

response to stress signals. This is particularly true of internal membrane-bound structures 

within the cell such as the mitochondria. The active transport of ions across these 

membranes are important for maintaining homeostasis between the cytoplasm and 

internal structures (Pedersen et al., 2021). The membrane potential is directly connected 

to the concentration gradient of certain ions across membrane structures and affects key 

cellular functions such as regulating osmotic balance and therefore, water content.  

During the initial stages of apoptosis, there is an influx of sodium (Na+) ions into the 

cell in conjunction with a decrease in intracellular potassium (K+). There is also an increase 

in intercellular calcium (Ca2+), a result of the deactivation of the membrane channel pumps. 

The regulation of calcium ions has been shown to be a crucial factor in the onset of 

autophagy in cells (Zhang et al., 2021, Lou et al., 2021). One of the major contributors to 

changes in the cell volume during the onset of apoptosis is potassium. Voltage-gated 

potassium channels are responsible for the induction of caspases (Gerhardt et al., 2001, 

Catterall, 2011). An influx of intercellular calcium will promote intake into the 

mitochondria, which in turn releases pro-apoptotic factors such as Cytochrome C (Cyt C) 

through permeation of the mitochondrial membrane. This method of apoptosis activation 

is known as the intrinsic pathway (Rao et al., 2006, Palchaudhuri et al., 2015). Upon release 

of Cyt C from the mitochondria, the apoptotic pathway is irreversible and the fate of the 

cell in question is inevitable. 

As apoptosis progresses, ions actively pumped out of the cell which results in a 

marked decrease in cell volume. It has been found that during this period, there are minor 

changes in the ionic balance of the suspension media that would cause the ion channels to 

activate in an attempt to maintain osmotic pressure. The discussed early events of 

apoptosis are of particular interest to investigate as part of this work. Ionic imbalance is 

impossible to detect with dye exclusion assays, except for cell size changes. Systems such 

as biocapacitance and impedance spectroscopy may identify the dysregulation of 

membrane channels by examining changes in the ionic content of cells. The goal of 

operating in this area is to identify changes in the ionic flux of the cell prior to the activation 
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of caspases due to the release of Cyt C. A method that has been employed previously is 

DEP to examine changes in the membrane capacitance during apoptosis induction (Wang 

et al., 2002, Afshar et al., 2019). When applying an electrical stimulus to cells, the 

concentration gradient of ions will directly affect the response of cells. Healthy cells 

possess a high membrane potential as ions are actively channelled through the channels 

to regulate with the external environment. As apoptosis progresses and the cells are 

incapable of driving ion homeostasis, the membrane potential decreases significantly 

(Gottlieb et al., 2003).  

A trait of cells that is commonly associated with cellular death pathways through 

its signalling mechanisms is autophagy, although this phenomenon is more so a survival 

mechanism. A common observation in cells under starvation conditions, autophagy is a 

mechanism in which cells degrade their cytoplasmic contents because of nutrient 

deprivation (Denton and Kumar, 2019). The lysosome acts to self-consume its own cellular 

contents to supplement the missing nutrients in the environment. Autophagy can occur 

independently of apoptosis, or it can act as a signal for cells to induce apoptotic behaviour. 

The identification of autophagy in mammalian cells is well characterised (Klionsky et al., 

2021) 

Knowing the mechanisms of cell death, we can construct a timeline which paths the 

loss of viability of a cell. Ionic dysregulation is an early, potentially pre-apoptotic event. This 

is followed by the activation of a detectable caspase cascade. Finally, the cell membrane 

will be compromised. Testing the integrity of the cell membrane using methods such as 

trypan blue exclusion dye is therefore a late-stage indicator of cell death. An important 

question must therefore be posed when discussing cell health; at what point is a cell 

considered no longer viable? The use of dye exclusion techniques is indeed accurate, 

however could we be missing valuable information on the state of cells prior to this point? 

Furthermore, could a combination of online analytical technologies point to cell states that 

could be reversed? A theory behind this has already been put forward in the literature. At 

the point of nutrient depletion in a bioprocess, cell smoothening has been observed under 

high cell magnification (Afshar et al., 2019). A sharp decrease in the cytoplasmic 

conductivity of cells has also been observed at the point of cell starvation. 
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1.6. Theory of Measurement Methods 

 

1.6.1. Capacitance Measurements 

 

The dielectric spectrum of cells under the influence of an AC electric field can be 

characterised by several distinct dispersion regions (Figure 1.8). The frequency applied to 

the cells will impact the characteristics of the system to be measured. The α-dispersion 

region, commonly associated with bacterial cells, occurs at frequencies below 0.1 MHz. 

Due to the composition of their outer membrane, bacterial cells hold a large, negative 

surface charge which forms a dipole with accumulated positive charges. When a low 

frequency field is applied, these ions migrate in a planar manner to the cell surface. The 

effect of α-dispersion is much lower in mammalian cells and is therefore discarded when 

understanding dielectric models. In the case of mammalian cells, the β-dispersion region is 

of particular interest which is associated with charge accumulation at the surface of the 

bilipid membrane. Finally, γ-dispersion is focused on the measurement of small molecules 

in aqueous solutions. For the purposes of the work conducted, the focus will remain on the 

β-dispersion region within a frequency range of 0.1 – 50 MHz. 

The β-dispersion region can be further broken down into distinct frequency regions 

of interest. At frequencies below 0.5MHz, information on the cell size is obtained. As the 

membrane is not polarised and acts as a barrier for the electric field, the relative volume 

of the cell in the fluid path is determined. The intermediate frequency range (up to approx. 

6MHz) is the region in which β relaxation is observed. This has been described previously 

as the region in which parameters relating to the Cole-Cole equation are calculated. This 

relaxation is a result of changes in the polarisation of the plasma membrane as the 

frequency of the field is increases. A plateau of the dispersion curve is observed above 

6MHz, though further information can be calculated. Systems that can apply electric fields 

beyond 10MHz can probe cytoplasmic conductivity changes and determine the properties 

of intracellular particles. 
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Figure 1.8: The dispersion regions of double membrane bound particles when an electric 

field of increasing frequency is applied. The green box indicates the β-dispersion region of 

interest in this work. The influence of an electric field on mammalian cells. At low 

frequencies in the β-dispersion region, cell volume is examined as there is complete 

polarisation of the cell membranes. As the frequency is increased, information on the 

membrane capacitance and cytoplasmic conductivity is extrapolated. 
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The Debye equation defines the relative permeability of a biological systems relative to 

the frequency of an applied electric field, 

𝜀∗
𝑟𝜔 =  𝜀′

𝑟ℎ +
𝛥𝜀′

𝑟

1 + 𝑖𝜔𝜏
(1.3) 

 

The low (εl) and high (εh) frequencies are seen as plateaus on the dispersion curve. 

This assumes that cells will follow a single relaxation time value (τ) and is true in a scenario 

where all cells were perfect spheres. The progress of cellular death pathways influences 

the physical properties of cells and as such, may provide different relaxation times 

depending on the culture heterogeneity. As such, the Cole brothers introduced an α 

parameter that accounts for the distribution in relaxation times.  

𝜀∗
𝑟𝜔 =  𝜀′

𝑟ℎ +  
𝛥𝜀′

𝑟

1 + 𝑖𝜔𝜏

1−𝛼

(1.4) 

 

The α parameter affects the steepness of the β-dispersion curve, which otherwise remains 

constant in application of the Debye model. The Debye model can be applied to biological 

systems to calculate a variety of cell parameters, including an average radius and volume 

fraction of cells in media. Herman Schwan proposed the theory behind the electrical 

properties of cell suspensions (Schwan, 1957), and the following parameters can be 

determined: 

∆𝜀′
𝑟 =  

9𝑃𝑟𝐶𝑚

4𝜀0

(1.5) 

 

Equation 1.5 has shown to be used in the development of capacitance probes to 

relate the derived dielectric increment with the volume fraction of cells in the culture at 

single frequencies. This single frequency is taken towards the low frequency plateau of the 

β-dispersion curve and the membrane capacitance is assumed to remain constant. Due to 

the restrictions of the Debye model because of assessing all cells as spherical, this 

relationship is often lost as cell viability declines.  
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1.6.2. Cell Imaging 

 

The use of fluorescent and live cell imaging microscopes have formed a cornerstone of 

biological practices in modern labs (Stephens, 2003, Lichtman and Conchello, 2005). 

Although fluorescence imaging is sensitive and capable of selecting for multiple 

parameters, its applicability in live cell imaging is reduced considering many of the 

fluorochromes are toxic to cells. To capture cell images throughout a cultivation, the 

desirable method should be non-destructive and have the capability to return samples to 

the native culture. Therefore, for the purposes of this project, live cell imagine was 

preferred. 

 Inverted microscopes are the equipment of choice when considering the capture of 

biological tissue and cell images. The light source in an inverted setup sits above the 

observation platform, whereas the objectives are located underneath which can allow for 

the viewing of multi-well plates and t-flasks. The application of inverted microscopes has 

advanced from simple cell counting through to the capture of neurons using fluorescent 

markers (Lund et al., 1958). What has attributed towards such sophisticated capturing 

abilities is the advancement of light source and objective technologies. In combination with 

the automation and processing power of a computer, images can be captured under a 

variety of optical conditions with autofocusing correction providing reliability and 

reproducibility.  

 There are a multitude of cellular parameters that can be measured using 

microscopy techniques. Included within these are physical aspects such as the shape and 

size of the cellular membrane (Figure 1.9). To assign tangible values to the physical 

structure of a particle, the microscopy image is typically compared to standard shapes. For 

instance, the circularity of a cell can be assigned by examining the deviation of the outer 

membrane of the cell relative to a standard circle. The granularity, or roughness of an 

object can be measured relative to a multi-point star. Compactness is a measure of the 

volume of an object relative to the outer perimeter size and shape. Elongated cells can be 

assigned by measuring their aspect ratio, the measure of the height of an object relative to 

its width. All these parameters can be assigned and assessed using image analysis software, 

such as CellProfiler™ (McQuin et al., 2018).  
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Figure 1.9: The shape of mammalian cells can be assessed by machine learning 

algorithms to classify their changing properties. Often, the outer shape of the particle is 

related to a perfect sphere to quantify changes in the membrane structure. The formation 

of vacuoles within the cell can also be detected through the changing light properties of the 

image. 

 

A powerful method of analysing the morphology of cells is to combine the detailed 

images of a high-resolution microscope with the capability of non-destructive, single cell 

analysis via an inline format of operation. Like flow cytometry, single cell morphology 

analysis enhances our knowledge of discreet changes in a population in reaction to a 

change in conditions or, the onset of a death trigger. An Ovizio iLine F system was selected 

to capture images for the initial work package. This system employs the use of digital 

holography to construct three dimensional images of cells that pass the viewing chamber 

(Merola et al., 2017). A comprehensive explanation of the principle behind the digital 

holography method can be seen in (Alm et al., 2013). Simply, a camera sensor captures the 

interference pattern between two lasers and reconstructs a digital signature from these. A 

laser beam is split and reflected through a series of mirrors. One beam passes through the 

object to be measured (cells) whilst a second laser passes without obstruction. The 

captured information between the two beams allude to the three-dimensional properties 

of the cell once interpreted by software. Cells with act as a lens as light passes through 

them; changes in the morphology of the cell membrane or internal components will alter 

the observable intensity of light.  
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1.6.3. Fluorometric Flow Cytometry  

 

Flow cytometry is the gold standard for studying the physical or biological aspects of a 

population of cells. As the name suggests, a flow of cells pass a detector which are typically 

complexed with fluorescent antibodies. Lasers of a suitable wavelength within the 

cytometer excite the fluorescent label present on the antibody which has bound to the 

target molecule. Light is scattered by each particle; side scatter (SSC) is measured at right 

angles to the laser beam, forward scatter (FSC) is measured ahead of the laser. FSC gives 

information on the size of the measured cell; the collected data is related to calibration 

beads of a defined size. SSC on the other hand gives information on internal cellular vesicles 

or granules within the cell. When plotted, the goal is to gate cell populations based on the 

added fluoroforms.  

 The use of flow cytometry is particularly suited for use in the study of apoptosis 

(Vermes et al., 2000). Early cell shrinkage in apoptosis can be captured using FSC relative 

to the cell swelling observed in necrotic activity. As the cell membrane remains intact 

during early apoptosis, there is no observable change in SSC, however this will eventually 

decrease as time passes. The various stages of apoptosis can be further interrogated using 

a variety of probes. The externalisation of phosphatidylserine can be bound and measured 

using an Annexin V probe (Figure 1.10). The Annexin V probe is used in conjunction with 

propidium iodide (PI). Like trypan blue, PI is excluded from cells that have an intact 

membrane. When PI enters a cell, it binds to double stranded DNA in the nucleus and will 

fluoresce (Riccardi and Nicoletti, 2006). How the flow chart is gated will determine 

information on the state of the cell. 

The activation of the caspase pathway during apoptosis can also be exploited using 

flow cytometry. A variety of caspase probes exist, including mixed caspase assays. 

However, cleaved caspase-3 is responsible for the activation of chromatin condensation 

and cell blebbing and can be activated directly vis death receptors or is mediated by 

cytosol-c/caspase-9 (Porter and Jänicke, 1999). The abundance of active, cleaved caspase-

3 in a sample can be measured relative to the non-active species in a control treated 

sample.  
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The use of fluorescence flow cytometry is a reliable and well understood method 

of analysing apoptosis, however the greatest limitation in this case is the time required to 

process samples. Practically implementing fluorescence analysis into an online system 

would be near impossible. Furthermore, there is an element of sample preparation 

required before a sample can be run. In this time, a particularly sensitive event may have 

passed before detection. Flow cytometry is a strong ally for use in conjunction with online 

analysis. Models can be developed to strengthen the data generated using probe data. In 

combination, a detailed picture can be drawn of the events associated with apoptosis 

(Figure 1.10).  

 

Annnexin V (-) and PI (-) → Live 

Annnexin V (+) and PI (-) → Apoptotic 

Annnexin V (+) and PI (+) → Dead 

 
 

Figure 1.10: The classification of apoptotic cells using quadrant gates. The assignment of 

the gates in flow cytometry are based on the detection of fluorescent dyes associated with 

phosphatidylserine binding (Annexin V) and nucleus staining (Propidium Iodide). 
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1.6.4. Impedance Flow Cytometry 

 

The discussion so far has focused on the bulk dielectric measurement of cells, but single 

cell analysis of these cultures could yield information on the population dynamics. Coulter 

counters have been used to count the number of suspended particles in an ionic solution. 

An electric current is applied to the sample which registers a change in resistance when a 

particle passes through a microchannel. The magnitude of the resistance differential 

recorded would indicate the size of the measured particle (Hurley, 1970). The Coulter 

counter has been used for decades in clinical setting to analyse the number of cells and 

platelets in a blood sample (Bull et al., 1965). 

 For a Coulter counter, the applied electric field is a direct current (DC) and 

therefore, uniform. An advancement of this technology Is the application of an alternating 

current (AC), which does not rely on the measured particle to be charged. 

Dielectrophoresis (DEP) measures the movement of a particle in a non-uniform electric 

field (Pohl, 1978, Pethig, 2010). Cells pass two detection sites, in which an electric current 

of a particular frequency is applied. As the cells pass these detection regions, they are 

displaced within the field; the difference in the cells distinct electric signature (S) at the 

two detection areas is measured and is measured as the amplitude of this S value. The 

force index (Φ) quantifies the state of the cells based on the recorded amplitude of the 

electric field at the detection points. In the case of viable cells, a Φ value is greater than 1 

otherwise Φ >1 in the case of non-viable cells. 

Φ =  
𝑃2 −  𝑃1

𝑃2 +  𝑃1
 (1.6) 

 

This Φ value is recorded for every cell that is measured in a sample, therefore a 

shifting population can be recorded for cultivations based on the samples taken. By altering 

the applied frequency of the electric field, information beyond the cell size and viability can 

be derived. At mid to high frequencies (<0.5MHz) the cells in the culture are polarised and 

current can pass freely through the cell membrane. The region between these mid to high 

frequency values where the charge is no longer impeded can give information on the 
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membrane capacitance. Beyond this, information on the cytoplasmic conductivity is 

observed. In (Afshar et al., 2019) a sharp decline in the average cytoplasmic conductivity 

of cells under starvation conditions was observed. A cytoplasmic conductivity of 0.42 S/m 

is reported for healthy cells; however, this value decreases sharply as cells enter nutrient 

deprivation (52h). A threshold value of σcyt = 0.3 S/m is suggested before the cells enter 

apoptosis. A similar, but less pronounced, trend is seen for the cell membrane capacitance 

of these cells. A decline is observed in Cmem is observed, however at the same 52h time 

point a sharp decline is observed.  
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1.7. Methods of Culturing CHO Cells 

 

The manufacture of recombinant protein is complex and highly regulated, consisting of 

protein production and purification (Kantardjieff and Zhou, 2013). Unlike small molecule 

drugs, mAbs are often more than 100kDa in size and cannot be made through chemical 

synthesis. Chinese hamster ovary (CHO) cells are primarily used in the production of 

biological therapies because they are well characterized, exhibit low immunogenicity in 

humans and are easily engineered to express recombinant protein with desired qualities 

(Chusainow et al., 2009, Wurm, 2004). Scaling of mammalian cells is a sensitive procedure 

due to the requirement for expression of growth factors and hormones (Graña and Reddy, 

1995). Without sufficient expression of these factors, cells will not proliferate. The 

environment in which they are grown must also be controlled within tightly defined ranges 

in accordance with a Quality by Design (QbD) approach (Looby et al., 2011). Mammalian 

cells which have been exposed to a variable growth condition may fail to reach sufficient 

viability or productivity may be lost. Quality attribute changes including protein misfolding, 

variations in amino acid sequences or shifts in the glycosylation pattern can all occur with 

changes to culture parameters (Ivarsson et al., 2014). The mode in which CHO cells are 

grown will therefore greatly impact their growth and productivity. When moving towards 

a continuous upstream process, cell must remain stable and maintain productivity over the 

lifespan of the culture. Advancements in cell line engineering such as overexpression of the 

bcl-2/bcl-xL genes have imparted apoptosis resistance in high density cultures (Krampe and 

Al-Rubeai, 2010). 
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1.7.1. Batch Culture 

 

Mammalian cells are typically grown in suspension, however in the case of adherent cell 

lines there is a possibility to grow cells on microcarriers. The originator recombinant 

therapies such as Trastuzumab®, Infliximab® and Etanercept® which were licenced at the 

turn of the century were mostly suspension cultures grown in stirred tank vessels (Chu and 

Robinson, 2001). Batch models are limited by the availability of nutrients as the culture 

progresses. Cells will exponentially grow until they reach limited substrate availability, at 

which point the viability of the cells will rapidly drop. Batch cultures last for 3-4 days in 

seed train applications such as shaker flask expansion and seeding bioreactors. Due to the 

rapid decline of available nutrients, productivity in batch cultures is low relative to fed 

batch or perfusion processes. Fed-batch methods prolong the life of the culture by 

delivering optimised feeds on specifically chosen days (Bibila and Robinson, 1995). A 

scheme for a fed-batch culture can be seen in Figure 1.11. These feeds will extend the 

viability of the cells beyond that of a batch process, allowing protein production to 

continue. Expected titres from a fed-batch culture remains around the 1-5g/L figure, 

however yields reaching 10g/L of antibody has been discussed in literature (Birch and 

Racher, 2006, Huang et al., 2010b). For both scenarios, the culture is not removed from the 

reactor until the batch is harvested at the end of the process. Perfusion cultures advance 

this concept by feeding fresh media at a constant rate, expressed as reactor volumes per 

day (RV/day), whilst retaining cells within the system.  

Chemostat cultures maintain a constant culture volume over an indefinite amount 

of time. The system is kept in steady-state by setting a media flow in-rate that matches the 

removal rate of cells and spent media. Nutrient availability governs the specific growth 

rate; cells will maintain a density where there are enough nutrients to support growth but 

none in excess. The genetic instability of cells over a period is therefore the new limiting 

factor when determining culture duration. The replenishment of fresh nutrients and the 

removal of cellular by-products such as ammonia and lactate allow for a more consistent 

product quality profile in chemostat cultures. To increase product titre values however, the 

cell density must be increased beyond what is possible in a chemostat culture. A “closed” 

system is preferred, where cells are retained within the system whereas spent media is 
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removed. Perfusion cultures build upon the chemostat principle by retaining cells that 

would otherwise be lost through bleeds using a hollow fibre membrane. Densities 

exceeding 6x107 cells/mL are commonly referenced (Xu and Chen, 2016, Karst et al., 2017). 

The residence time of the product in culture is reduced, this is especially important for 

sensitive products. Perfusion systems are often run at a 10-15-fold reduced scale compared 

to batch cultures, whilst maintaining the same product titre. 

 

 

 

 

Figure 1.11: A representation of a fed-batch culture. Batch cultures are favoured during 

scale-up steps in a bioprocess, whereas fed-batch cultures are employed during the final 

upstream step. A feed source is added to the production bioreactor. 
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1.7.2. Perfusion Technology 

 

Perfusion cultures are the primary enabler to execute continuous manufacturing. Many of 

the traditional fed-batch bioreactor design concepts can be applied to perfusion cultures. 

Inputs for control of critical process parameters and a robust feedback loop must be 

present. Examples of critical process parameters that will have a major impact on product 

quality and efficacy include temperature, dissolved oxygen content, pH, and agitation. The 

complexity of a perfusion reactor is increased however when we consider the recirculation 

of cells. The method of cell separation must not be prone to fouling or else the efficiency 

of the perfusion system may be lost over time. An increased emphasis must also be placed 

on monitoring cell viability and density values. If the viability of the culture does not remain 

constant, then productivity can be severely impacted.  

A list of methods for retaining cells in a perfusion system can be found in (Voisard 

et al., 2003). The most common method of separating cells in a perfusion setup is using 

porous membranes. Spin filters were previously used for perfusion applications; however, 

they lost popularity due to scale up difficulties associated with filter fouling (Deo et al., 

1996). Expected versus actual flow rates across the filter were not consistent as the 

duration of the culture increased and the pore size of the filter had to be increased due to 

fouling, resulting in excessive product loss. To reduce the potential of filter fouling, a self-

clearing membrane was devised. Examples of membrane systems include tangential 

filtration flow (TFF) and alternating tangential flow (ATF) (Karst et al., 2016). Both methods 

work on a similar principle; culture broth is fed tangentially onto a membrane of a defined 

pore size. The pore size of the membrane allows media to flow through (filtrate) whereas 

cells (retentate) continue to pass along the feed stream. The retentate stream is fed back 

to the bioreactor whereas the filtrate is captured offline. The flow of the culture across the 

membrane tangentially reduces the potential for filter fouling. In TFF applications, the feed 

stream travels in a single direction across the membrane. ATF systems include a pump that 

can create a bidirectional flow across the membrane, further reducing the potential for 

filter fouling. Evidence suggests that TFF systems are prone to retaining significant levels 

of produced mAb (up to 50%) when compared to an identical ATF system (Clincke et al., 
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2013). Both systems are scalable with proven success; Repligen (Massachusetts, United 

States) supply both single-use and stainless-steel ATF columns through their XCell™ range. 

There are two primary methods of controlling the perfusion rate of a culture. The 

simplest method of control is examining the volume of media lost using a scale. A set 

volume of fresh media is added which is equal to that of spent media removed to maintain 

a constant working volume, like a chemostat culture. Perfusion cultures can also be 

controlled by limiting the peak viable cell density of the culture via cell bleeds. If samples 

are taken offline to be counted, the bleed rate will be adjusted for that count alone and 

remain unchanged until the next sample is taken. When trending the VCD value throughout 

the batch, a “saw-tooth” pattern is observed. This method is acceptable when running in a 

perfusion mode but there will be an increased loss of product due to excessive bleeding of 

the system. The use of commercially available inline probes can optimise these bleeds if 

connected to an appropriate feedback control system.  

When perfusion is activated, media is added at a rate which is quantified as the 

number of reactor volumes per day or RV/d. Perfusion rates between 1 and 2 RV/d are 

expected, however as cell density values in cultures increase this value could increase 

significantly. This value is dependent on the bleed rate from the system and can be related 

to the cell density. This linear relationship can be expressed as the Cell Specific Perfusion 

Rate (CSPR) and is a target for process optimization. Benefits of reducing the CSPR include 

reduced media consumption and higher obtainable titre values. This must be offset against 

the potential risk to product quality; lower RV/d values will result in a longer residence time 

of the product in the bioreactor. 
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1.7.3. Perfusion Applications 

 

Although primarily focused on N-stage production bioreactors, there is potential for scale-

up steps to run on a perfusion model. To gradually increase the culture working volume 

from the thaw vial, cells are scaled up using multiple shaker flask steps. This process is time 

consuming and requires manual input from operators to split cells into proceeding flask 

steps. Even with environmental controls in place, there is a risk of contamination. The strict 

Grade A/B cleanrooms that are used for cell line expansion are a major concern when 

designing ballroom facilities. Reducing or even eliminating these steps using disposable 

perfusion technologies would prove beneficial. 

Rocking bioreactors at 10-50L scale are often used to inoculate seed bioreactors. 

The disposable bags possess similar levels of control as stainless steel reactors; probes and 

sensors can be introduced using ports on the bag. An increased headspace volume allows 

for rapid dissolution of gases into the culture, eliminating the need for a sparger. Foaming 

of the culture is reduced dramatically, eliminating the need for antifoam. There is potential 

for these bioreactors to be adapted for use with perfusion filters such as ATF or TFF  

(Chotteau et al., 2014). Compared to shaker flasks, larger volumes of culture at higher cell 

densities could be generated which would allow quicker inoculation of subsequent steps.  

Perfusion cultures can also be used to boost the final titre in N stage fed-batch 

bioreactors by converting the N-1 stage to a perfusion model (Yang et al., 2014). The aim 

of such a system would be to inoculate the N stage reactor at a higher cell density than 

what was previously achievable with a batch culture at the N-1 stage. Operating at a higher 

cell density would allow for a product titre that could be multitudes higher than before. 

The culture environment in perfusion processes is more homogenous when compared to 

fed-batch cultures. Due to the continuous replenishment of fresh media into the system, 

as well as the reduced residence time of the product in culture, product quality 

enhancements are expected (Figure 1.12). A reduction in charge variants was observed in 

perfusion cultures when compared to fed-batch (Walther et al., 2019). 
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Figure 1.12: A representation of an ATF perfusion culture system. To produce a similar 

quantity of antibody in comparison to batch and fed batch models, the required perfusion 

bioreactor is much smaller. However, a large media hold vessel is needed to supply 

perfusion media at the required rate over the duration of a culture.  
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1.8. Conclusion and Aims 

 

The measurement of cell health in current bioprocessing standard is one dimensional and 

only reveals a small proportion of the information available to the user. An increased focus 

should be placed on detecting changes prior to the onset of death. There are numerous 

technologies that are available that can achieve this goal. By assessing thew electrical or 

optical properties of cell cultures with greater emphasis, we can pull out information on 

pre-cell death events such as intracellular ionic changes or membrane smoothening. 

Furthermore, this is possible using non-evasive techniques that can sit in-situ with culture 

vessels and monitor cells in real time without user intervention.  

 The following work focused on the analysis of CHO-EG2 cells in BioGro-CHO media. 

This cell line and media combination has been examined previously with single frequency 

capacitance measurements (Braasch et al., 2013). The data generated in this work 

suggested that there were events associated with mechanisms other than apoptosis which 

may be affecting their dielectric properties. This work would examine the dynamics of 

these cultures in greater detail, identifying evidence of autophagy prior to the onset of 

apoptosis. Work conducted included the multivariate analysis of capacitance sweeps 

generated in bioreactor cultures, in tandem with single cell analysis of the impedance 

properties of the same populations. Imaging data would also be generated to examine with 

the dielectric properties of the cells to obtain a multi-parameter lifecycle of the cells as 

they progress through typical batch culture.  
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The aims of the work documented in this thesis are as follows: 

 

1. Identify the onset of cell death, or events associated with cell death, prior to the 

existing method of analysing the cell membrane integrity. Dielectric measurement 

methods via impedance flow cytometry (Chapter 3) and dielectric spectroscopy 

(Chapter 4 and 5) were used to aid in the identification of such events. Membrane 

channel dysregulation and ionic imbalances are early events in the onset of cell 

death and as such, should provide an earlier indicator for the demise of cells in 

culture.  

2. Identify the mechanisms of viability decline in CHO-EG2 cultures. The 

identification of autophagy in the CHO-EG2 line was of particular interest in this 

work because there is little to no information available in literature on the dielectric 

measurement of cells displaying this survival mechanism. The changing dielectric 

properties of cells as they enter autophagy may explain why apoptosis models 

alone may not satisfy the properties of CHO-EG2 cells in culture.  

3. Use a novel cell imager to determine morphology changes in the cells. The use of 

optical systems in cell monitoring allude to changes in the physical shape of cell 

populations, events also associated with cell death. A combination of 

multifrequency dielectric spectroscopy and flow imaging dataset examined using 

multivariate data analytical techniques was employed to show how subtle changes 

in the trends generated by such systems were more sensitive than trypan blue 

measurements.  

4. Recovery of cells prior to viability loss. Autophagy occurring in mammalian cultures 

would suggest a nutrient limitation as a causation. The amino acid profile of BioGro-

CHO media cultures was examined to see what components are heavily relied upon 

during the culture of CHO-EG2 cells. Supplementation via a cocktail of amino acids 

was performed to see how their addition would affect the dielectric properties of 

the cells.  

 



 

48 

 

 

 

 

 

 

Chapter 2| Materials and Methods 

  



Chapter 2 

 

49 

2.1. Introduction 

 

This chapter outlines the procedures and materials used to run the experiments as part of 

this body of work. A series of CHO cell lines were required to be banked in the NIBRT facility 

in the media of choice. Once working cell lines were established, a robust method of 

growing cells in bioreactors was needed to complete the online analysis of the cells. The 

bioreactor cultures must be shown to be reproducible over a series of runs and ensure that 

the system was free of contaminants. Flow cytometry methods were then established to 

perform in-depth analysis of single cell populations to better understand the death 

pathways in the cell cultures.  
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2.2. Cell Culture Methods 

 

2.2.1. Ultrapure Water 

 

Ultrapure water was used for the preparation of any reagents or media to be used for cell 

culture applications. Ultrapure water was prepared in a reverse osmosis system (Sartorius 

Arium Pro). The resistivity of the water when dispensed was 18.2 mΩ/cm at 25°C. 

 

2.2.2. Working with Biological Cells 

 

All work relating to cell culture was performed under aseptic conditions in a class II 

biosafety laminar airflow cabinet (Esco Infinity). The cabinet was allowed to air for 15 

minutes prior to performing any work, followed by a surface wipe down with 70% w/w 

Isopropyl Alcohol (IPA). Equipment for use in the cabinet was sprayed with IPA and wiped 

with a lint-free cloth. Correct technique was used when working in the biosafety cabinet; 

movement was minimized to prevent disturbance of the air flow curtain and the workflow 

was divided to controlled dirty and clean zones. When work was complete in the cabinet, 

the surfaces were wiped with IPA and air flow was maintained for 15 minutes. The sash 

was lowered, and the onboard UV lamp was activated for 30 minutes. A deep clean of the 

cabinet was performed monthly. The surfaces below and above the work area were wiped 

with a 1% Virkon detergent solution, followed by a wipe with water and finally a wipe with 

IPA. Any spills associated with biological substances were immediately cleaned with a 1% 

Virkon solution and absorbed with a suitable material. 

 Incubators that were used to hold cell cultures were maintained regularly to ensure 

no contaminants such as moulds were growing. The incubator (Eppendorf) was fitted with 

holders of suitable size to ensure the flasks were secure and no additional lateral 

movement occurred that may disrupt the fluid dynamics of the culture. Quarterly, the 

surfaces of the incubator were wiped with a 1% Virkon solution, followed by water and 

finally IPA. Once wiped, a thermocycle was performed to heat the chamber to 121°C for 8 
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hours. Water trays were disinfected bi-weekly and fresh autoclaved water containing 

copper sulphate was added.  

 

 

2.2.3. Routine Cell Passaging 

 

Suspension cell cultures were maintained in a 5% CO2 incubator at 37°C on a shaking 

platform set to 120rpm (25mm radius throw). 125mL vent-capped, treated polystyrene 

Erlenmeyer culture flasks were used for maintaining cell cultures (Fisherbrand). A working 

volume of 30mL was used for 125mL flaks, maintaining a working to total volume ratio of 

1:5 for subsequent scale up steps. Cultures were passaged twice a week during the late 

exponential phase of growth, with a split ratio of 1:10. Cell densities were maintained 

within a range between 0.2x106 to 3.0x106 cells/mL. Cell viability and density readings were 

taken using trypan blue dye exclusion to record the condition of the cultures for routine 

passaging.  

Although the CHO-EG2 is derived from a DHFR- expression system, this cell line 

underwent an antibiotic selection process. Before receiving these cells, puromycin was 

added to select for DNA containing clones with the resistance gene and mAb producing 

sequence inserted. Without amplification by methotrexate, the expected titre of this line 

was expected to be low when compared to a commercial cell line. Hypoxanthine and 

thymidine were added to BioGro-CHO due to the lack of DHFR. CHO-EG2 lines were derived 

from CHO-K1 cells. As such, similar growth characteristics were expected between both 

lines.  
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2.2.4. Cell Cryopreservation 

 

Working cell banks were established at the start of the project. Only healthy cells with 

viabilities ≥95% and in mid-exponential growth were selected to make banks. Cells were 

grown to a density of 2.0 – 3.0x106 cells/mL, at which point they were concentrated to a 

target density. The final target concentration of the culture for freezing was 1x107 cells/mL 

in each vial. A freeze media was used to cryopreserve the cells. The freeze media contained 

equal parts fresh medium to conditioned medium from the cell culture, supplemented with 

10% DMSO.  

The required volume of cells for banking were spun at 200x g for 5 minutes to form 

a pellet. The pellet was resuspended in 10mL of freezing medium. Cryovials were slow 

frozen overnight in a Mr. Frosty container stored at -80°C. The cryovials were then 

transferred to a liquid nitrogen dewar and were stored in liquid phase. The fill level of the 

dewar was maintained to ensure the internal racks were always submerged in liquid LN2. 

 

 

2.2.5. Cell Thawing 

 

Cell cultures were expanded from a working cell bank (WCB). To revive cells, vials were 

rapidly thawed in a 37oC water bath for 2-3 minutes. Once thawed to a point were only a 

shard of frozen culture remains, the vial was transferred to 9mL cold media in a centrifuge 

tube. Cells were spun in a centrifuge at 200x g for 5 minutes. The supernatant was removed 

from the pelleted cells to remove any remaining DMSO. Cells were re-suspended in a 

125mL Erlenmeyer flask (Fisher Scientific); V1 = 30mL, Xc = 0.3x106 cells/mL, V% ≥ 95.  
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2.2.6. Cell Adaptations 

 

The source media that cell cultures were provided in were often not the media of choice 

for this project. To switch cells into BioGro-CHO, adaptations were set up. Cells were slowly 

exposed to an increasing ratio of the source media to BioGro-CHO, using a six-well plate 

(Table 2.1). The viability and density of the cells were observed whilst maintaining the same 

passaging procedure. If cell clumping or unusual growth was observed during the 

adaptation, the ratio was reduced for the next passage. The ratio was gradually increased 

until the cells were growing successfully in 100% BioGro-CHO. As soon as an adaptation 

was complete, working cell banks were made. An example of a 6-well plate schematic used 

for adapting cells is displayed below. 

 

Table 2.1: Media adaptation scheme used for 6 well plates 

100% Source 

0% BioGro-CHO 

 

TCD: 

VCD: 

% Viability: 

80% Source 

20% BioGro-CHO 

 

TCD: 

VCD: 

% Viability: 

50% Source 

50% BioGro-CHO 

 

TCD: 

VCD: 

% Viability: 

20% Source 

80% BioGro-CHO 

 

TCD: 

VCD: 

% Viability: 

0% Source 

100% BioGro-CHO 

 

TCD: 

VCD: 

% Viability: 

Control Cells 

 

 

TCD: 

VCD: 

% Viability: 
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2.2.7. BioGro-CHO Media Make-Up 

 

BioGro-CHO CD (herein referred to as BioGro-CHO), a chemically defined media 

formulation, was selected for use in this project. The formulation for BioGro-CHO cell 

culture media was kindly provided by BioGro Technologies (Manitoba, Canada). The use of 

BioGro-CHO as a cell culture media is extensive and well documented when conducting a 

literature search (Mishra et al., 2020, Fazelkhah et al., 2019a, Robitaille et al., 2015, 

Ghaffari et al., 2020). Media was made in-house in NIBRT in lots, typically in 5 to 10L batch 

lots. A log of all media batches of BioGro-CHO made during the project was kept tracking 

any potential inconsistencies. The recipe was tailored depending on the experiment to be 

performed. For example, to perform starvation experiments glucose was replaced with 

mannitol to ensure consistent osmolality values. The recipe excluded the addition of L-

glutamine due to the inherent instability at working temperatures. Aliquots of 200mM L-

glutamine were supplemented to the media at point of use to prevent this occurring. 

 Components of the media were added sequentially as per a master record, to 

ensure no side reaction occurred between chemicals. Ultrapure, reagent grade water was 

used as a base to dissolve media components (Sartorius Arium). This was done so using a 

magnetic stirrer over gentle heat (<40°C). Any component that required dissolution prior 

to addition was done so individually in an appropriate buffer. Once all components had 

been added, the media was pH adjusted to 7.4 using 0.5M NaOH or 0.5M HCl. Osmolality 

and conductivity measurements were taken to ensure uniformity of produced batches. The 

target osmolality value was dependent on the experiment to be performed (typically 280 

– 320 mOsm/kg). The following equation was used to estimate the final osmolality 

concentration (Martín-Calderón et al., 2015): 

𝑂𝑆𝑀𝑐 = 1.86(𝑁𝑎 + 𝐾) + 1.15 (
𝐺𝑙𝑢

18
) + (

𝑈𝑟𝑒𝑎

6
) + 14 (2.1) 
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The batch of media was sterile filtered using a 0.2µm bottle-top filter (Thermo 

Scientific 597-4520) connected to a 1L storage bottle (Thermo Scientific 455-1000) under 

vacuum. This step was performed in a biological safety cabinet. The corresponding media 

bottles for each batch were labelled for tracing purposes. All cell culture media were stored 

at 2 - 8°C for a maximum period of 6 months. Aliquots of media were removed from the 

mother bottle to avoid heat-cycling.  

 

2.2.8. Growth Curves 

 

For each cell line used in the project, growth curves were established. Cells were allowed 

three passages prior to thawing. Following this, cells were cultured in triplicate flasks under 

normal conditions. Daily samples were taken to examine the growth and metabolite 

consumption of these cells. Trypan blue samples were measured in triplicate to calculate 

standard deviation values for density and viability. The specific growth rate, doubling time 

and cell-specific metabolite uptake rate were calculated for each cell type. 

 

• Cell-Specific Growth Rate 

The specific growth rate (µt) is required to determine the doubling rate for a cell line. It can 

be determined by monitoring the cell density of the cell line in each period. The maximum 

cell specific growth rate (µmax) can be calculated during the exponential growth phase:  

𝐿𝑛 (
𝑋

𝑋0
) =  𝜇𝑡 (2.2) 
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• Population growth rate and doubling time 

The time it takes for the cell population to double. The doubling time can only be 

determined once the specific growth rate is known, which can be defined by the Monod 

equation: 

𝜇 =  𝜇𝑚𝑎𝑥

𝑆

𝐾𝑆 + 𝑆
 (2.3) 

 

𝑇𝐷 =  
ln 2

𝜇
 (2.4) 

 

• Cell-Specific Metabolic Uptake Rate: 

The rate at which glucose is consumed and lactate is produced in batch cultures can be 

quantified using the following equations (Fan et al., 2015): 

𝑞𝐺𝑙𝑐 =  −
1

𝑋𝑣

𝑑𝐺𝑙𝑐

𝑑𝑡
 (2.5) 

 

𝑞𝐿𝑎𝑐 =  −
1

𝑋𝑣

𝑑𝐿𝑎𝑐

𝑑𝑡
 (2.6) 
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2.2.9. Culture Scale Up 

 

Cell cultures were scaled gradually over a series of passages to ensure the health and 

productivity of cultures was maintained. Cells were scaled using off the shelf Erlenmeyer 

culture flask volumes. A working to flask volume ratio of 1:5 was kept at all stages. In the 

case of inoculating a bioreactor, the target inoculum volume was one tenth the working 

volume of the bioreactor (Table 2.2). If required, inoculum flasks were pooled to increase 

the available volume for inoculating reactors 

 

Table 2.2: A description of the bioreactors used as part of this work.  

Vessel 
Size 

Working 
Volume 

Seeding 
Density 

Inoculum 
Volume 

Inoculum 
Density 

Media 
Volume 

3L 2L 3x105 cells/mL 200mL 3x106 cells/mL 1.8L 

1.5L 1L 3x105 cells/mL 100mL 3x106 cells/mL 900mL 
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2.2.10. Cell Line Establishment and Maintenance 

 

Suspension lines of various origins were used throughout this work. The primary cell line 

used for this work was the CHO-EG2 cell line (Table 2.3): 

 

Table 2.3: Details of the cell line used in this work. 

 

CHO-EG2, a gift from National Research Council of Canada, was derived from the 

well characterised CHO-DXB11 cell line that produces EG2-hFc. A detailed characterisation 

of the produced antibody is available (Xie et al., 2021). The CHO-EG2 line was originally 

derived from the CHO-K1 parent line. Human Fc (hFc) gene was inserted into a mammalian 

expression vector pTT5, a derivative of the pTT vector, to generate hFc fusion vector pTT5-

hFc. EG2 was amplified and inserted into pTT5-hFc such that the C-terminus of the sdAb 

was linked to the hinge region and Fc of human IgG1 without addition of extra residues. 

pTT5, a derivative of the pTT vector, has an Epstein–Barr Virus origin of replication (OriP). 

The expression unit includes CMV promoter (pCMV), adenovirus tripartite leader (TPL), a 

synthetic intron including the adenovirus major late promoter enhancer (Enh MLP) and is 

terminated by a rabbit beta-globin polyadenylation signal (pA). DNA encoding Fc of human 

IgG1 was flanked with DNA encoding signal peptide sequence of VH and hinge region of 

human IgG1 at the 50-end and inserted into EcoRI and ApaI restriction sites of pTT5. This 

generated pTT5-hFc. 

  

Abbreviation Parental Line Species mAb Supplier 

EG2 CHO-DXB11 
Cricetulus griseus, 
hamster, Chinese 

Human-llama 
chimeric 

antibody. EG2 
hFc/clone 1A7 

NRC, 
Canada 
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2.2.11. Growth Curve Establishment 

 

The growth of CHO-EG2 cells in BioGro-CHO media is well cited in literature, and growth 

curves have been established in both flasks and bioreactors (Robitaille et al., 2015, Dionne, 

2014). An additive pack of defined key components that support cell growth was used in 

replacement of yeast extract, which has traditionally been added to BioGro-CHO 

(Spearman et al., 2016). CHO-EG2 batch cultures exhibit peak VCD values of 3.5 – 4.0x106 

cell/mL after 3 days of growth in BioGro-CHO, based on a seeding density of 3.0x105 

cells/mL (Figure 2.1). Rapid population doubling times of approximately 15 hours are 

observed during the exponential phase of cell growth. After this point, L-glutamine 

becomes limiting to the growth of the cells and a slowing of the doubling rate is observed. 

This is followed by a decline in cell viability.  
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Inoc. 24h 48h 72h 96h 

TCD/mL      

Mean 3.00E+05 6.15E+05 1.90E+06 3.72E+06 3.67E+06 

Standard Deviation 0.00E+00 2.06E+04 5.28E+04 1.30E+05 1.11E+05 
      

VCD/mL      

Mean 2.85E+05 5.92E+05 1.86E+06 3.65E+06 3.03E+06 

Standard Deviation 0.00E+00 2.25E+04 4.62E+04 1.01E+05 4.33E+05 
      

Viability      

Mean 90.0 96.2 98.2 98.2 83.0 

Standard Deviation 0.0 0.4 0.5 0.7 10.7 
      

TD (hours)      

Mean N/A 22.7 14.5 24.7 -88.9 

Standard Deviation N/A 1.9 1.2 1.4 1.5 

      

Figure 2.1: Growth curve established as reference for the CHO-EG2 cell line in shake flask 

cultures. n=3 ± SD, biological triplicate. 
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2.3. Offline Measurement Methods 

 

2.3.1. Trypan Blue Dye Exclusion Counting 

 

10µL of fresh sample was taken from a cell culture. This sample was diluted with an equal 

volume of 0.4% Trypan Blue dye (Tetrasodium 3,3'-[(3,3'-dimethyl[1,1'-biphenyl]-4,4'-diyl) 

bis(azo)]bis[5-amino-4-hydroxynaphthalene-2,7-disulphonate]) in PBS. The sample was 

incubated for two minutes in a 1.5mL Eppendorf tube. After the incubation was complete, 

10µL of sample was transferred to each side of a disposable viewing slide. The slide was 

placed into a Luna-II automated cell counter (Logos Biosystem, South Korea). The Count 

function on the automated counting system was used to record the viability and density 

data. To calibrate the system, polystyrene beads of a known concentration (1x106 

beads/mL) were run every six months. The protocol used for counting the CHO-EG2 cell 

line is shown (Table 2.4): 

 

Table 2.4: Protocol used on the Luna-II automated counter to examine the CHO-EG2 cell 

line. 

Noise 

Reduction 

Live Cell 

Sensitivity 
Roundness 

Min. Cell 

Size 

(µm) 

Max. Cell 

Size 

(µm) 

Declustering 

Level 

5 6 60 6 30 High 
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2.3.2. Metabolite Determination 

 

1mL of fresh sample was placed into a 1.5mL Eppendorf tube and spun in a microfuge at 

1000x rpm for five minutes. 200µL of supernatant was transferred to a sampling cup and 

loaded onto a CEDEX Bioanalyser (Roche Diagnostics, Germany). The system was loaded 

with metabolite standards which the samples were evaluated against. The samples were 

run against the validated test ranges recorded on the system and were diluted with on-

board PBS if required (Table 2.5). The reagents used for each test were routinely checked 

for accuracy using the available quality control tests. 

 

 

Table 2.5: Concentration ranges of analytes examined with the CEDEX system. 

  

Test Analyte Test Code Test Range Conversion Factor 

Ammonia 
NH3B 
NH3D 

0.278 - 13.89 mmol/L 
5.56 – 277.8 mmol/L 

1 mmol/L = 17.03 mg/L 

Glucose 
GLC2B 
GLC2D 

0.111 - 41.63 mmol/L 
1.11 – 416.3 mmol/L 

1 mmol/L = 180.2 mg/L 

Glutamine 
GLN2B 
GLN2D 

0.1 – 10.26 mmol/L 
0.2 0.5 – 51.3 mmol/L 

1 mmol/L = 146.2 mg/L 

Lactate 
LAC2B 
LAC2D 

0.0444 - 15.55 mmol/L 
0.444 – 155.5 mmol/L 

1 mmol/L = 90.09 mg/L 

IgG 
IGGLB 
IGGHB 

0.067 – 0.533 μmol/L 
0.533 – 10.67 μmol/L 

1 μmol/L = 150 mg/L 
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2.3.3. Impedance Flow Cytometry 

 

An Ampha Z32 (Amphasys, Switzerland) impedance flow cytometer was used as a method 

of single cell impedance analysis. A chip of a defined channel width (50µm C Chip, catalogue 

#11.050) was loaded onto the Ampha z32. The fluidic channels were flushed prior to 

analysis with AmphaClean solution, and the system was decontaminated weekly using 70% 

IPA. Desired frequencies were set through the AmphaSoft software for every sample to be 

run; four frequencies in total can be selected per sample. Only two frequencies were 

selected per run due to an increase in system noise readings at greater number of 

frequencies.  

150µL of sample was diluted 1:4 with low conductivity measurement buffer 

(approx. 0.2 S/m). A 1x PBS solution (Fisher BioReagents 12821680) was prepared and 

diluted 1:4 with reagent grade water. An 8% sucrose solution was prepared using the 0.25x 

PBS solution as diluent and filtered under sterile conditions. The 600µL of sample was 

passed through a 30µm filter mesh, into a glass flow cytometry tube. The sample was 

loaded onto the Ampha z32 system and 10,000 events were set as the stop condition. A 

triggering voltage of 0.02v was applied. The following gain settings were applied through 

the software: Modulation = 4, Amplification = 6, Demodulation = 1. Samples were imported 

into a workspace where a series of polygon gates were applied relative to controls. To 

compare samples, files were added to the Layout Editor and overlaid accordingly. Cell 

count data was obtained through the software and were calculated as a function of the 

pump speed and total volume used during the analysis (Figure 2.2).  

Six samples were run at each timepoint to account for the multiple frequencies 

analysed. It would be impractical to take such sample volumes to perform technical 

replicates. Instead, the measurement at 0.5MHz was repeated for every frequency pairing 

performed and was therefore used as a quality control. The six samples measured at 

0.5MHz were overlayed during analysis to ensure no changes in the samples were seen. 

The samples at 0.5MHz were also used for determining count data when comparing to 

trypan blue.  
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 Inoc. 24h 48h 72h 96h 

Imp. TCD 
     

Mean 3.00E+05 6.55E+05 1.94E+06 3.66E+06 3.82E+06 
Standard Deviation 0.00E+00 7.42E+04 3.31E+04 1.63E+05 2.03E+05 
      

Imp. VCD      

Mean 2.85E+05 6.17E+05 1.89E+06 3.53E+06 3.08E+06 

Standard Deviation 0.00E+00 6.30E+04 3.00E+04 1.28E+05 2.42E+05 
      

Imp. Viability      

Mean 90.0 94.5 97.7 96.6 81.0 

Standard Deviation 0.0 2.6 1.0 1.5 9.5 

      

Figure 2.2: Cell count data obtained from the Amphasys system in comparison to trypan 

blue counts. n=6 ± SD, biological triplicate.  
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2.3.4. Fluorescence Flow Cytometry 

 

An Accuri c6 flow cytometer (BD, United States of America) was used to perform any 

fluorescence assays as part of this work.  

 

1) Annexin V/PI staining protocol 

 

Annexin V is a phospholipid-binding protein that is dependant on Ca2+. It displays high 

affinity for phosphatidylserine (PS) which, under normal conditions, resides on the inner 

cytoplasmic side of the cell membrane lipid bi-layer (Mourdjeva et al., 2005). PS is 

translocated to the outer membrane during apoptotic conditions because of a calcium 

dependant scramblase which is released during ionic dysregulation within the cell (Zhou et 

al., 1997). To detect for the presence of PS on the outer membrane of cells, Annexin V can 

be conjugated with a fluorescein such as Fluorescein Isothiocyanate (FITC). FITC emits a 

green light at a wavelength of 495 – 520nm.  

 If a population of cells was to be labelled with FITC Annexin V alone, both apoptotic 

and dead cells will indicate for the presence of PS. The membrane of dead cells is 

compromised which would allow for the entry of the label into the cell. The assay is 

therefore run-in conjunction with a membrane integrity probe such as Propidium Iodide 

(PI). PI is added to the Annexin V mix to allow gating for both viable and PS presenting cells 

in the one plot. To account for this, a series of gating controls were run prior to experiments 

to develop a protocol. Cell samples were run containing no labels, cells containing only PI 

and cells containing only Annexin V.  

 To evaluate the accuracy of these gates, a control experiment was run using 

camptothecin as an apoptosis inducer. Camptothecin is responsible for preventing cells 

entering the S-phase of the cell cycle (Prasad Tharanga Jayasooriya et al., 2018). When cells 

are incubated in its presence, a large spike in apoptotic cells is expected in a short duration 

of time. For CHO-EG2 cells, an increase in the apoptotic population from 5% to 21% was 

observed after a period of 16 hours when exposed to camptothecin. 
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The BD FITC Annexin V Apoptosis Detection Kit I (catalogue #556547) was used to 

perform this assay. The kit consists of three reagents: FITC Annexin V (component #51-

65874X), propidium iodide (PI) (component #51-66211E) and 10x Binding Buffer 

(component #51-66121E). Prior to running the assay, the 10x Binding Buffer was diluted 

1:10 with deionised water.  

The cell concentration of a sample was determined prior to sample preparation. 

The sample was centrifuged x1000 rpm for 5 minutes, the supernatant was removed, and 

the pellet was washed twice with cold PBS. Once washed, the cells were resuspended in 1x 

Binding Buffer at a concentration of 1 x106 cells/mL. 1x105 cells/mL were removed for each 

sample and placed in 5mL Eppendorf tubes. 5µL of Annexin V and 5µL PI were added to 

each tube, followed by a gentle vortex. The samples were incubated for 15 minutes in the 

dark at room temperature. Once the incubation period was complete, 400µL Binding Buffer 

was added. Samples were then analysed using an Accuri c6 flow cytometer, using the 

preloaded template. When running the template, the following controls are suggested to 

aid gating the resulting plot; unstained cells, cells stained with only FITC Annexin V, and 

cells stained with only PI (Figure 2.3). 
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Figure 2.3: Fluorescence flow cytometry plots of CHO-EG2 cells. Scatterplots generated by 

the Annexin V assay and FITC-A intensity plots for autophagy assays after 16h post 

treatment with 4 µm camptothecin are shown. Control and glucose deprived cells are 

shown for reference. Cells in the lower left quadrant are PI (-)/AV (-) which indicated live, 

healthy cells. Those in the lower right quadrant are PI (-)/AV (+) which indicates apoptotic 

cells with an intact membrane. Cells in the upper right quadrant are those that are non-

viable due to both PI (+)/AV (+) readings. 
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2) Autophagy assay 

 

An Abcam Autophagy Assay Kit (catalogue AB 139484) was used to perform assays to 

identify the formation of autophagosomes. The kit contains five components: 10x assay 

buffer, rapamycin (autophagy inducer), chloroquine, green detection reagent and Hoechst 

33342 nuclear stain. All components were stored at -20oC. Fresh 1x Assay Buffer was 

prepared for each required set of samples by diluting 10x buffer 1:10 with deionised water. 

Positive control cell populations were established by treating cells with Rapamycin and 

Chloroquine 16 hours prior to analysis.  

The cell concentration of a sample was determined. 5 x 105 cells from each condition were 

pelleted in an Eppendorf tube and washed with 1X assay buffer. A microscopy dual 

detection reagent was prepared by adding 2 µL green detection reagent and 1 µL Hoescht 

33342 nuclear stain to 1 mL 1x assay buffer. The washed cell pellets were resuspended in 

250 µL dual detection reagent and incubated in the dark at 37 °C for 30 minutes. After 

incubation, the cells were pelleted to remove the dye solution and washed in 1x assay 

buffer. Cells were resuspended in 1x assay buffer and transferred to wells of a 96-well 

plate. Fluorescent and brightfield images were captured using a Celena X high content 

imaging system (Logos Biosystems). For flow cytometry, the intensity of the FITC-A signal 

was used to determine the level of autophagy activity per sample measured. The fold 

increase of the measured signal against cells after 24h in culture was calculated to show 

the evolution of autophagy activity as the culture progressed.  
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2.3.5. Osmolality 

 

The osmolality of a solution is influenced by the concentration of dissolved particles. This 

is an important value to understand when discussing cell cultures, as the osmolality of the 

prepared media can impact cell performance. Cells will balance their internal ionic 

composition with the external environment by the uptake or release of excess water, which 

will affect their size and function. Media is therefore prepared within a defined osmolality 

range, which typically corresponds to the healthy osmolality range of blood (275-295 

mOsm/kg). The osmolality of a cell culture is dynamic and will vary due to the addition of 

control substances such as base or antifoam. It is important to design cell culture 

experiments in a way that critical osmolality values are not exceeded.  

An Advanced Instruments OsmoTech Pro Multi-Sample Micro-Osmometer 

(Massachusetts, USA) was used to measure the osmolality of prepared media, as well as 

the osmolality of samples as they progress through cultivations. The system was calibrated 

before use with three standard osmolality solutions (50 and 280 mOsm/kg). Once 

calibrated, the onboard carousel was loaded with samples and identified for tracking with 

the onboard software.  
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2.4. Bioreactor Overview and Operation 

 

A benchtop bioreactor should be capable of supporting cell growth by maintaining a 

constant process environment through monitoring of multiple control parameters. A 

variety of analytical probes are introduced to the system, as well as a control loop into 

which these sensors feed live data. The control loop should be able to correct process 

parameters within a user-specified range. The bioreactor is made of pharmaceutical grade 

materials to minimise the risk of contamination or leaching of components from the 

materials of construction (MOC). Two bioreactor sizes were used during this work (Figure 

2.4). 

1) 5L glass, water-jacketed bioreactor (Applikon Technologies, The Netherlands) 

2) 1L glass, dished bottom bioreactor (Applikon Technologies, The Netherlands) 

The 5L bioreactors were used in conjunction with an ez-Control unit, whereas the 1L 

systems were connected to my-Control systems. The headplate contained threaded ports 

of various diameters to allow for the attachment of sensors and controllers. To maintain a 

sterile boundary, all fittings to the headplate contained O-rings which form an airtight seal. 

Most fixtures were threaded, however some probes required compression fittings to be 

added. Suitably sized tubing was fitted to the bioreactor to allow for additions/sampling, 

whilst ensuring the lines could be welded and sealed.  
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 3L Vessel 

 

 1L Vessel 

 

 

Figure 2.4: Dimensions of bioreactor vessels used. Vessel dimensions and available 

headplate ports are listed. Adapted from Applikon User Manual 
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2.4.1. Bioreactor Preparation and Operation 

 

The bioreactor was prepared, autoclaved, and calibrated prior to addition of the media and 

inoculum. Tubing was attached to various ports on the bioreactor headplate to allow for 

the addition of media, inoculum, base, and gases to the system (Figure 2.5). Tubing was 

secured with cable ties in the case of the 5L reactor, luer-lock connections were used for 

the 1L systems. 0.2-micron filters were added to the terminal points of tubing where no 

connector was present.  

Bottles that were used for additions such as alkali, media and inoculum were all 

prepared in a manner that maintains sterility after autoclaving. There was sufficient tubing 

attached to allow the bottle to be welded onto the appropriate line on the bioreactor. The 

size of the bottle used varied depending on the application; inoculum bottles were typically 

500mL whereas media bottles were 1-2L. C-Flex 374 tubing was used at points where 

welding was required and Masterflex tubing was used where tubing was to be added to a 

pump head.  

A pH probe calibration was performed using the bioreactor controller. The probe 

was calibrated against two reference solutions of pH 4.01 and pH 7.00 for which these 

values were entered into the bioreactor controller. After the readings were captured, the 

slope and offset of the pH probe is presented and accepted. The pH probe was screwed 

into the appropriate threaded port on the headplate after calibration, and a protective cap 

was added to protect the electronics. During the media hold, a sample is drawn from the 

bioreactor to verify the pH. If an offset was present, the difference was allowed for by 

entering the reference value into the controller. 

An overnight media hold was performed prior to inoculation to confirm the sterility 

of the system. Standard process parameters were measured using a sleeved thermometer, 

an annular pH probe (LumiSens) and a low drift polarographic dissolved oxygen probe 

(LumiSens). Limits for these parameters in the control loop of the system were adapted 

from (Braasch et al., 2013), and can be seen in Table 2.6. 
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Offline samples were taken at regular intervals, depending on the point of the 

bioprocess. For example, at the point of inflection for the process, the sampling frequency 

was increased. Sampling was performed using sterile luer lock syringes which were mated 

to a sampling valve on the end of a diptube. A minimal sample volume was taken as to 

minimise the impact of lowering the working volume of the system. Under normal 

cultivation conditions, the culture was terminated when cell viability reaches 70%. In the 

interests of studying the dynamics of the cell population during all growth phases, these 

cultures were allowed to progress beyond this point. 

 

 

Table 2.6: Parameter settings for bioreactor cultures. 

Parameter Setpoint & Range 

Dissolved Oxygen 30% (20-80%) 

pH 7.2 +/- 0.15 

Temperature 37.0°C +/- 0.5°C 

Agitator (Marine Impeller) 400RPM 
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Port Number Description 

1, 2 Sample Port 

3 Agitator Motor 

4 Dissolved Oxygen Probe 

5 Thermometer Sleeve 

6 pH Probe 

7 Ovizio iLine F 

8 Gas Inlet/Sparger 

9 Triple Inlet 

10 Gas Overlay 

11 Condenser 

12 ABER Futura 

 
 

Port Number Description 

1 Sampling Port 

2 Addition Line 

3 Base Addition 

4 Gas Inlet/Sparger 

5,6 Blank Port 

7 Agitator Motor 

8 pH Probe 

9 Blank Port 

10 ABER Pico 

11 Thermometer Sleeve 

12 Dissolved Oxygen Probe 

Figure 2.5: Headplate configuration for 3L (Top) and 1L (Bottom) bioreactors. The numbers listed represent the probes that were used for each 

port.2.4.2.  
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2.4.2. Process Parameter Control 

 

It was essential to maintain control of all critical parameters in each bioreactor run. If 

control was not maintained sufficiently, this could cause issues with the viability and/or the 

productivity of the cells. The Lucullus data from each bioreactor run was saved for 

evaluations alongside cell monitoring data. Setpoints were determined for each 

parameter, as well as alarm values that triggered if exceeded.  

The supply of sufficient oxygen to the cells is essential to support their growth. 

Oxygen requirements will vary depending on the cell type, as well as their relative 

concentration. The demand for oxygen during a cultivation is therefore dynamic and 

changes relative to the culture time. The oxygen uptake rate (OUR) is a value used to 

determine the volume of oxygen required by a cell population. The specific oxygen uptake 

rate (q02) is a variable value depending on the cell type and their state at any one time 

(Deshpande and Heinzle, 2004): 

𝑂𝑈𝑅 =   𝑞𝑂2
∗ 𝑋 (2.7) 

 

If the OUR of the culture is not satisfied, cells will be deprived of oxygen and will 

eventually be compromised. Conversely, if too much oxygen is supplied to the system, then 

there will be elevated production of reactive oxygen species (ROS). The oxygen transfer 

rate (OTR) must be considered, which considers the dissolved oxygen concentration of the 

media and the oxygen mass transfer coefficient (kLa). 

𝑂𝑇𝑅 =  𝑘𝐿𝑎(𝐶𝐿
∗ − 𝐶𝐿) (2.8) 

 

The kLa value of bioreactors is variable depending on the system and conditions, 

therefore it is required to determine this value to understand the OTR. In batch cultures, 

where the achievable cell densities are relatively low, there is no great risk of exceeding 

the required OTR. It stands to reason that low oxygen availability will occur in conditions 

where the OUR is greater than the OTR of the system.  
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To estimate the dissolved oxygen concentration of the culture, the measured 

dissolved oxygen concentration is measured relative to the dissolved oxygen concentration 

when the media is saturated with the chosen gas (air) prior to inoculation. 

%𝐷𝑂 = (
𝐶𝐿

𝐶𝐿
∗) ∗

100

1
 (2.9) 

  

The pH of a culture is a dynamic parameter and will change as a culture progresses. 

The generation of CO2 by cellular respiration is a normal mechanism and will decrease the 

pH of the culture as the cell density increases. To counteract this, build up of CO2 in the 

culture, sodium bicarbonate is typically added to cell culture media when appropriate. This 

buffer system is representative of that seen in blood, were 

𝐶𝑂2 + 𝐻2𝑂 ⇄ 𝐻2𝐶𝑂3 ⇄ 𝐻𝐶𝑂3
− + 𝐻+ (2.10) 

 

To control the pH of the culture, 0.5M sodium bicarbonate was added when the pH 

drifted below the setpoint. Conversely, CO2 was directly sparged into the culture when the 

pH drifted above the setpoint.  

Lucullus Process Information Management System (PIMS) was connected to the 

bioreactor systems to capture process trends. The Online tool within the Lucullus software 

was launched at the start of each bioreactor run, and parameters for capture were 

established. Setpoints and alarm conditions were set for each of the process parameters 

(m_pH, m_DO, m_temp, m_stirrer). Setting alarm limits allowed for the identification of 

errors during the process.  
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2.5. Online Analysis Methods 

 

2.5.1. ABER Futura Set Up and Operation 

 

An ABER Futura 220mm annular probe was used in the 3L bioreactors to record 

capacitance. The Futura was installed via a 12mm threaded port on the headplate. In the 

case of the 1L bioreactors, a Pico probe was fitted via a 10mm port. The probe was 

autoclaved in place with the bioreactor prior to media addition. A protective cap was 

attached to the probe connector to prevent water entering the electronics. The probe was 

attached to a Standard Futura or PICO signal amplifier after the autoclave cycle was 

complete, and the bioreactor had cooled. The earth cable on the signal amplifier was 

connected to an external source to ensure signal interference was minimised. The signal 

amplifier was routed to a Connect hub for integration to a PC for data storage. Head 

amplifiers were routinely checked with signal simulators to ensure correct function of the 

system.  

 The SCADA software package was activated prior to each cultivation, and bioreactor 

runs were recorded as separate experimental files. Media addition to the reactor was 

performed the day prior to inoculation to confirm the sterility of the bioreactor, as well as 

to allow the process parameters to adjust to their setpoints. A probe clean was performed 

through the SCADA software after media addition. Prior to inoculation, the capacitance 

readings were zeroed in the culture media through the SCADA software. The stability of 

the zeroed signal was confirmed for a ten-minute window before inoculation. Significant 

interventions in the process, such as sampling, were recorded through the software. 

Frequency scans were performed every 30 seconds for the duration of the culture. 
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2.5.2. Ovizio iLine F Set Up and Operation 

 

An Ovizio iLine F probe was installed through a 12mm compression fitting on the headplate 

of the bioreactor (Figure 2.6). The system was equipped with a 20x microscope objective. 

Cells travelled through the probe tubing at a rate of 4.8mL/min, with a total travel time of 

120 seconds from start to finish. The BioConnect probe was autoclaved in place whilst 

connected to the bioreactor, prior to media addition. After the initial media charge, the 

pump was attached to the probe via the osOne software. Once the pump was correctly 

installed, the bioreactor was inoculated, and an experiment was set up through the 

software. The system was set to provide readings every 30 minutes, with images captured 

every minute; 5 images were used to eliminate background noise whilst the remaining 25 

images were used to capture information on the cell population. A CHO cell algorithm was 

applied to calculations provided by the software. The system auto-calibrated prior to the 

start of sampling. If a sampling error occurred during a cultivation due to debris or clumping 

in the flow cell, the flush function in the software was performed.  

 

Figure 2.6: An image of the Ovizio iLine F probe installed in a bioreactor. The BioConnect 

system was autoclaved in-situ with the bioreactor. The cartridge was inserted into the 

microscope after inoculation. 
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2.5.3. Canty PharmaFlow Set Up and Operation 

 

The Canty PharmaFlow™ particle analyser (Buffalo, USA) contains a series of pumps which 

are capable of auto diluting the sample to the optimal cell density for measurement (Figure 

2.7). A dilution ratio is calculated through the software to report the correct values for cell 

density. Images were captured at a rate of 15 frames per second. The flow cell of the 

analyser was first rinsed with a 1x PBS solution. 1mL of the cell sample was then pipetted 

into a sample reservoir before starting the analysis on the PharmaFlow software. The 

software captures and displays single-cell images and dynamically converts the raw 

grayscale form to binary (black/white) formats, while extracting a set of 39 morphological 

descriptors. A custom image classification file was through the software to detect and 

categorise the cells. Cell categories included viable, viable_dark (darker cell images), 

apoptosis, necrotic and clusters. 

 

Figure 2.7: An image of the Canty PharmaFlow system. The pumps used to add diluent to 

the system are seen towards the bottom of the image.  
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2.5.4. Celena X Operation 

 

The Celena X imaging system (Logos Biosystems, South Korea) was fitted with 10x, 20x, 40x 

and 60x objectives. A series of fluorescent cubes for imaging DAPI (Ex375/28 - Em460/50), 

EYFP (Ex500/20 - Em535/30) and DSRed (Ex530/40 – Em620/20) were installed on the 

system. These were used in conjunction with the type of assay that was performed.  

Images were captured using the Celena X Explorer software package. A custom 

protocol was established for capturing stained cell images, using a combination of 

overlapped brightfield and fluorescent images. Settings that were adjusted in the protocols 

included the light intensity, gain (dB) and exposure (ms). Image autofocus was used to set 

the focal plane of the cells for each well captured. Two wells for each condition tested were 

captured, with at least three images captured at various positions per well. Peak emission 

for the Hoechst 33342 solution occurs at 461nm when bound to DNA in the nucleus.  
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2.6. Amino Acid derivatization by UPLC 

 

Amino acid derivatization was performed using an Agilent 1290 UPLC. The column used 

was an Agilent InfinityLab Poroshell HPH-C18, 2.1X150mm, 2.7 µm, 100 Å (Part #: 693775-

702). Culture supernatant samples were kept at -20°C.  

(1) To one vial of Agilent AdvanceBio Gly-X InstantPC dye (30 mg), 150 µl of InstantPC 

dye solvent was added, mix well, the InstantPC dye stock concentration is 200 

mg/ml. 

(2) Dilute the solution 50-fold with acetonitrile (4 µl InstantPC stock and 196 µl of 

acetonitrile, mix well) to get InstantPC working solution, 4 mg/ml (10mM). 

(3) Dilute BioGro-CHO medium 20 folds with 50 mM HEPES, pH 8.0, mix well (5 µl 

BioGro-CHO medium and 95 µl of HEPES) to get medium test solution. 

(4) Mix 20 µl of BioGro-CHO medium test solution with 5 µl of InstantPC working 

solution. 

(5) Incubation for 10 minutes at 55 °C. 

(6) Dilute the resultant InstantPC derivatized amino acid solution 5 folds with 5 mM 

ammonia acetate, pH 5.03, mix well (25 µl AA derivatizing solution and 100 µl of 

Ammonia acetate, pH 5.03), inject 1 µl for HPLC detection. 

 

Fluorescence detection (FLD) is much more sensitive than UV detection and was 

therefore favoured for analysis. However, we can get much shaper peaks with UV 

detection, the peaks are broader with FLD detection since the volume of the flow cell is 

much bigger (8 µl). Both detectors were used for the current study: the samples went 

through UV detector first, then FLD detector, therefore there is a slight lag in retention 

time.  
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Table 2.7: Gradient and conditions used to run BioGro-CHO spent media samples. 

Time (minutes) 
Mobile Phase A (%) 

5mM Ammonia acetate, 
pH 5.03 

Mobile Phase B (%) 
ACN:H2O 60:40 

0 100 0 

20 65 35 

30 30 65 

31 0 100 

32 0 100 

33 100 0 

43 100 0 

Column Temperature: 35 °C 
Flow rate: 0.3 ml/min 
UV detection: 285 nm 
FLD detection: Ex= 285 nm, Em=345 nm 
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2.6. Data Preparation and Analysis  

 

The mean of replicate data sets was used to determine the average and standard deviation 

values for growth curves. This was also true for the determination of opacity and relative 

phase values during impedance analysis. 

Comparisons between counting methods were performed using an unpaired, two-

tailed Students T-test, with a confidence value of 98% (P > 0.02). Any values recorded above 

this confidence level were considered statistically significant.  

Data sets from the various probes and analytical systems were exported as .csv files 

for further processing in Microsoft Excel. Linear regression models for specific cell growth 

phases were built using data from the online probes and offline cell counting data. The 

mean of three offline cell counts were correlated with the ΔC of the related capacitance 

spectrum. The slope (cell factor) and y-intercept values were calculated, as well as the R2 

coefficient of correlation. For comparisons to other analytical methods, capacitance signals 

were continuous from a single source and as such no replicate values were available. 

An explanation of the statistical methods used for this work is found in Appendix 2.  
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 2.6.1. Impedance Flow Cytometry Data Processing 

 

Data was stored as workbooks in the AmphaSoft 2.0 package. Populations were identified 

and polygon gates were applied to determine the percentage of each population type. 

Dead cell populations and debris were identified from the final sampling day where offline 

viability <60%. Debris was excluded from the total population percentage. Live populations 

were identified from 24-hour samples where offline viability >95%. Any shifts in the live 

cell population were noted by a movement in both the phase and amplitude of the 

population as the culture progressed.  

Amplitude and phase data relating to each captured cell, as well as the population 

they belonged to, were exported as .csv files and further processed in Microsoft Excel. Data 

processing was performed in Excel, where the data was comma delimited and filtered 

based on the applied gates from the AmphaSoft analysis. AmphaSoft data was always 

exported as pairs, and the pairing of each data couple was always kept during preparation. 

The opacity and relative phase of each pairing was performed in excel through row division 

or subtraction in the case of the latter. At 20MHz and 30MHz samples, the phase shift fell 

on or around 360°, making data interpretation difficult without data scaling. To 

compensate for this, both paired frequencies were shifted identically to a region where no 

obscuring of the cell populations were observed. This ensured no changes to the relative 

phase angles occurred. 

The prepared data was then transferred to GraphPad Prism 9, where outliers from 

each dataset were identified and removed. Statistical analysis such as unpaired T-tests 

were applied in the Prism software. Plots for calculated opacity and relative phase values 

were replotted in DeNovo Software FCS Express v7 using density scatter plots.  
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2.6.2.  Capacitance Probe Data Processing 

 

Data from the capacitance probe was captured every 30 seconds using the Futura SCADA 

software package. Each capture consisted of capacitance values from 25 individual 

frequencies: 50, 64, 82, 106, 136, 174, 224, 287, 368, 473, 580, 779, 1000, 1120, 1648, 

2115, 2714, 3484, 4472, 5740, 7368, 9457, 12139, 15650 and 20000kHz. A 30-point filter 

was applied to the data for averaging purposes, which accounts for a total culture duration 

of 15 minutes. The Futura Data Exporter tool was used to export the raw data files for each 

frequency sweep as a .csv file, which was then used for further processing.  

The SCADA software package does not apply electrode polarization correction to all 

the points in the sweep. Instead, only the selected single frequency measurement is 

corrected for the purposes of correlating with offline cell counts. Electrode polarization can 

result in a non-visible upper β-dispersion plateau due to the high conductivity of cell culture 

media (Gerckel et al., 1993, Párta et al., 2014). Frequencies of interest above 0.5MHz are 

not affected by electrode polarisation. When fitting the Cole-Cole curve fitting equation, 

the raw uncorrected data is modelled rather than a curve that has been corrected. This can 

lead to inaccuracies in the calculation of these parameters, especially in the early days of 

culture where the effects of electrode polarization are most apparent. The geometry of the 

electrodes in the smaller Pico probes resulted in higher levels of electrode polarization in 

the culture when compared to the standard Futura probe (Wu et al., 2021). To mitigate the 

effects of electrode polarization in the calculation of Cole-Cole parameters, a low 

frequency can be applied in lieu of data correction. Any data lower than this selected value 

will be ignored when determining the curve slope. A flow value of 0.4MHz was selected 

based on the observed signal of BioGro-CHO prior to inoculation (Figure 2.8).  

Prior to using the data in such methods, baseline shifts were corrected for by 

subtracting C∞ from all capacitance values at lower frequency values. C∞ otherwise known 

as flow was determined by the SCADA software and subtracted from all datapoints. This 

method of subtracting a set fhigh value and applying a flow threshold is referred to as dual 

frequency biomass estimation (Yardley et al., 2000).  
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Figure 2.8: The effects of electrode polarisation on capacitance probe data. Frequency 

sweep data for BioGro media prior to signal zeroing (Top). The effect of different methods 

of reducing electrode polarisation on the captured capacitance sweep data (Bottom). The 

grey box signifies the region in which electrode polarisation was having the greatest effect 

on the capacitance signal. This was used to guide where to set flow and set a plateau relative 

to corrected data (green line). 
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2.6.3. MVDA Data Generation 

 

The sweep data that was fitted to the Cole-Cole equation was examined at a total of 22 

frequencies. The residual capacitance associated with the medium rather than biomass 

(C∞) was subtracted from all values at the associated time point. This reduces any baseline 

shifts that may contribute to the miscalculation of biological parameters (Dabros et al., 

2009, Cannizzaro et al., 2003). Sweep data was captured every 30 seconds during the 

culture. This data was imported into GraphPad Prism, where the data was smoothed via a 

second order Savitzky-Golay algorithm (Schafer, 2011). 10 data points corresponding to 5 

minutes were used to calculate the moving average of the curve. Each frequency value was 

graphed relative to the culture duration. This data was also normalised as decimal values 

between the largest and smallest values in each frequency dataset. A heatmap of the 

normalised data was generated to represent the distribution of the capacitance magnitude 

across frequencies. 

 Data from the imaging microscope was also analysed using PCA. The parameters 

determined by the Canty system were added to a single PCA analysis list in GraphPad Prism. 

It was essential that all cells from the timepoints to be tested were added to a single PCA 

analysis, otherwise variance between timepoints was calculated. The grouping for each 

timepoint were kept and recorded to allow for post-PCA analysis. The rank of each cell as 

per the Canty classification was also kept allowing for the identification of clusters. Once 

the PCA was performed (covariance), The loading of the highest PC’s was isolated for each 

timepoint and population type. 
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3.1. Introduction 

 

The viability of a population of cells is a critical performance parameter for modern 

bioprocesses. Maintaining the health and growth rate of cells is crucial for producing the 

required quantity, quality, and efficacy of therapeutic proteins (Huang et al., 2010a). Cells 

are much like factories, requiring a high degree of control and regulation to produce high-

quality products. An in-process control strategy to understand subtle changes in how these 

cells are operating would yield improved process performance. Furthermore, a system to 

determine the viability of cells in a non-destructive manner is desirable for continuous 

manufacturing operations (Rosenberg and Cady, 2021). 

In the case of monitoring the viability of cells, dye exclusion assays remain the 

standard for analysing their health (Coder, 2001). Trypan blue is a large molecule 

compounds that is excluded from intact cell membranes (Tennant, 1964). Regardless of the 

mechanism of cell death, the final stage of these processes is the loss of the outer 

membrane integrity. Trypan blue will penetrate these cells, staining the cytoplasm which 

aids their identification using microscopy. Automated counters express the unstained 

population relative to the total, determining a percentage of the population which have 

lost viability. No other reference to the state of the cell can be deduced from these counts, 

other than the changing size of the cells. Another drawback of the use of trypan blue stain 

is the health impact. The European Chemicals Agency list trypan blue as a carcinogen, 

mutagenic and potentially harmful to human reproductive cells (ECHA, 2021). 

The loss of membrane integrity is a late-stage event of cell death (McNeil and 

Steinhardt, 1997). If relating this to the medical field, we are simply identifying the pulse 

of the patient rather than diagnosing the symptoms of illness. Are me missing signs of cell 

death due to infrequent sampling of a fraction of the cell population as is true with staining 

techniques? Particularly in the case of harvesting processes based on a defined viability 

threshold value, many of the cells have released their intercellular contents at the point of 

membrane rupturing. Proteases and other enzymes that cleave the sugars on proteins, 

affecting their homogeneity and function. Downstream purification burden will be 

increased as a result, reducing the efficiency of these processes. Ideally, we would like to 
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harvest cells prior to membrane rupturing, perhaps when the cells exhibit the signs of 

stress prior to self-destruction. 

A method for analysing CHO cells using the Amphasys impedance cytometer was 

required to be established for offline monitoring. The system selected was primarily used 

for agricultural applications, for the monitoring of pollen cells (Heidmann et al., 2016). To 

date, there is little information available for the use of Amphasys chips in the monitoring 

of mammalian cell cultures. A series of testing was required to determine suitable analysis 

parameters. Once these parameters had been established, batch cultures using CHO-EG2 

cells in BioGro-CHO were tested daily to understand the changes in the dielectric properties 

over time. There is potential to identify subtle changes in the dynamics of sub-populations 

within the culture using single cell analysis techniques. This could be further used in 

comparison to bulk capacitance measurements, which are known to deviate from 

traditional counting methods under cell stress conditions.  
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3.1.1. Principles of Impedance Spectroscopy  

 

Impedance flow cytometry was devised as a method of removing the limitation of 

destructive cell labelling due to traditional fluorescence applications. A thorough summary 

of the principle of impedance measurements can be found in the literature (Ostermann et 

al., 2020, Honrado et al., 2021b). Impedance, like capacitance measurements, is 

determined as a cell passes through an applied electric field of a particular frequency and 

voltage. Two parameters characterise the impedance value of the cell: the resistivity (real) 

and reactance (imaginary) (Figure 3.1). The Z vector is found using the following equation: 

𝑍 = 𝑅 + 𝑗𝑋 (3.1) 

 

where R is the real component and X is the imaginary. The value for the imaginary 

reactance value will vary depending on the frequency of the applied electric field. Two key 

parameters are derived from the impedance plot.  

a) the impedance amplitude, which is the length of vector Z and, 

b) the phase angle which is the angle between the resistance and vector Z. 

 

Figure 3.1: The relationship between the real and imaginary parts of an impedance 

signal. The phase angle (Ѳ) is determined from the Z vector. 
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An Amphasys z32 impedance flow cytometer was selected for applying impedance 

spectroscopy for CHO cells in this work. This system consists of two primary components. 

1) the main instrument body which contains the fluidics systems for pumping cells 

to the point of measurement   

2) custom fabricated microfluidics chips for analysing the cells. 

Unlike a Coulter Counter which applied a direct current (DC) when analysing cells, an 

impedance system can apply an alternating current (AC). The frequencies that are 

measured by the system are user defined through the AmphaSoft software package. The 

microfluidics chip that is used with the Ampha Z32 consists of a polymer that is embedded 

with a set of electrodes (Figure 3.2). The electrodes provide the AC current which is applied 

to the measured cells and buffer. The chip channel consists of a focusing region where 

single cells are funnelled down to the measurement channel which contains the applied 

electric field regions. A simple outlet region exists on the far side of the measurement 

channel, but this region can be used for cell separation functionality if required. Although 

the chips used in the running of the spectrometer are primarily intended for pollen analysis, 

a channel width of 50µm was suitable for use with the CHO-EG2 cell line (Opitz et al., 2019). 

30µm chips were used at the start of the project, however they were prone to blocking due 

to cell debris and environmental particles.  

Two characteristics of impedance waves are captured relative to a cell passing the 

detector: the amplitude and the phase angle of the wave. As cells pass the electrodes 

within the detection region, an impedance pulse pair signal is generated and its 

corresponding amplitude it determined via a user defined algorithm. There are two parts 

to an impedance signal, a real and imaginary wave. The phase difference (represented as 

an angle) between the current and applied voltage because of this imaginary component 

is also a measured parameter.  
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Figure 3.2: Diagram of an Amphasys measuring chip. An image of the 50µm C-chip flow 

channel and electrodes used for capturing information on CHO-EG2 cells (Top). A depiction 

of the capturing of impedance parameters of a cell passing through the two detection 
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regions on an Amphasys chip (Bottom). Image sourced from Amphasys website.The 

impedance amplitude of the measured impedance signal is defined by: 

𝐴 =  √𝑋2 + 𝑌2 (3.2) 

 

Where X is the height of the real part of the wave and Y is the height of the 

imaginary part. Furthermore, the impedance phase angle can be calculated as follows: 

𝑝 = arctan (
𝑦

𝑥
) (3.3) 

 

The amplitude and phase angle of the generated signals are used to characterise 

cells. The impedance amplitude is related to size information of the measured particle. Like 

in capacitance readings from the ABER probe, cells with greater volume will generate a 

larger capacitance signal. The same is true for impedance signals in the case of the 

amplitude of the derived signal. The phase angle represents a change in the electrical 

properties of the cell. Phase angle analysis of bioimpedance signals is employed in the 

medical field to understand changes in patients’ health markers and survivability because 

of conditions such as cancer or malnutrition (Baumgartner et al., 1988, Gupta et al., 2004). 

In the case of single cell analysis, dead cells will generate a lower phase angle relative to a 

live population. However, the live population of the measured cells may also change in 

electrical properties due to a lack of nutrient availability or a transition into a distinct cell 

phase like apoptosis or autophagy. This was explored in greater detail as part of this work.  

 The frequency at which impedance measurements are taken can distinguish 

information on different aspects of the cell. Low frequencies near 0.5MHz are relatable to 

cell size, mid frequencies (1-5MHz) correspond to changes in membrane capacitance and 

high frequencies >10MHz are associated with changes with the intracellular conductivity. 

To generate information of statistical significance, a threshold of at least 5000 events per 

sample was applied for analysis purposes. 

  



Chapter 3 

 

95 

3.1.2. Development of Impedance Flow Cytometry Methods 

 

The width of the measurement channel must be balanced in accordance with the 

characteristics of the cell type. The sensitivity of measurements is lost as the channel width 

is increased, however channels that are too narrow will block because of cell debris. For 

CHO cells, a channel width of 50µm is recommended. The viability of the cell, as well as the 

progression through apoptosis, can be measured depending on the frequency applied to 

the cell. Like traditional flow cytometry, scatterplots containing information on each cell 

that passes the detector are generated.  

The gain settings within the AmphaSoft software have a significant impact on the 

measurement of cells as the signal-to-noise ratio of the particles will be adjusted based on 

the gain protocol. This is particularly important when different cell lines are run because 

the properties of the cell will affect the signal generated by the Amphasys. The gain settings 

were therefore developed for use with the CHO lines in this project. Three parameters fall 

within the gain settings: modulation, amplification, and demodulation. Modulation (mod) 

affects the peak voltage that is applied to the electronics. As the name suggests, the 

amplification (amp) setting amplifies the signal that is recorded from the electronics and 

finally the demodulation (demod) parameter affects the information that is separated from 

multiple frequencies. Once the gain settings are adjusted, the triggering level (trig) of the 

protocol must also be adapted accordingly. Depending on the triggering level selected, 

debris or noise signals may be included with the desired cell signals. Default settings of 

mod = 3, amp = 6, demod = 2 and trig = 0.1mV were used initially, however these 

parameters were adjusted depending on the plots generated by the Amphasys. This was 

done by examining the detection pattern of particles as they were captured in real time by 

the system (Figure 3.3). Customised parameters of mod = 4, amp = 6, demod = 1 and trig = 

0.02mV were chosen for experiments herein, unless otherwise stated.  
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Figure 3.3: The effect of particle size on the amplitude of the captured impedance signal. 

10µm beads are clearly identifiable relative to the background noise of the system (Top). 

6µm polystyrene beads do not generate a signal that is easily discernible from background 

noise when applying the triggering level threshold (Middle). Some degree of cell debris may 

also not be captured by the system (Bottom). 

  

 10µm Beads, 0.02mV Triggering Level 

 

 6µm Beads, 0.02mV Triggering Level 

 

 CHO-EG2 Cells (8% viability), 0.02mV Trig Level 
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3.1.3. Objectives 

 

This chapter aimed to establish the points at which a change in the dielectric properties 

occurred in the CHO-EG2 cell line in BioGro-CHO media. The ability of the Amphasys z32 

system was tested and related to offline counting data to ensure that the system was 

capturing suitable cell populations for analysis. An initial scouting of the death mechanisms 

associated with the cell lines was conducted using traditional flow cytometry methods. 

Optical and brightfield imaging was used in tandem with flow cytometry to further 

characterise the changes in the cell properties over time.  

 Upon completion of this initial package of work, the captured impedance data was 

studied in greater detail. Data associated with the changing membrane capacitance and 

cytoplasmic conductivity was isolated through the application of opacity as an analysis 

technique. These studies of the changing properties were transitioned onto starvation 

studies. This was performed to see if the fate of cells through certain death mechanisms 

could be isolated through population analysis.  

 

1. Establish CHO-EG2 batch cultures and understand points of interest in the 

metabolic state of the cell using flow cytometry and imaging. 

 

2. Perform in-depth analysis of the changing dielectric properties of the culture using 

impedance cytometry. 

 

3. Implement starvation conditions on these cultures to further examine how the 

batch culture populations compare to glutamine and glucose limitation. 
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3.2. Results 

 

3.2.1. Examination of Culture Dynamics 

 

The growth of CHO-EG2 cells in BioGro-CHO media is well cited in literature, and growth 

curves have been established in both flasks and bioreactors (Dionne, 2014, Robitaille et al., 

2015). An additive pack of defined key components that support cell growth was used in 

replacement of yeast extract. Yeast extract has traditionally been added to BioGro-CHO, 

but it’s use introduces an undefined factor when analysing data (Spearman et al., 2016).  

CHO-EG2 batch cultures exhibited peak VCD values of 3.5 – 4.0x106 cell/mL after 3-

4 days of growth in BioGro-CHO, based on a seeding density of 3.0x105 cells/mL (Figure 

3.4). Rapid population doubling times of approximately 15 hours were observed during the 

exponential phase of cell growth. Glutamine availability becomes limiting to the growth of 

the cells after 72 hours, and a slowing of the doubling rate was observed. This was followed 

by a plateau in cell growth, where glucose becomes limiting at timepoint 120h.  

Growth curves were established for the CHO-EG2 cells to compare the available 

technologies which could count mammalian cells. Standard deviation values across 

replicated fell within 10% of the measured replicates at all timepoints in the culture. An 

increase in the deviation of samples was observed beyond 96 hours, though this is 

expected due to the formation of cellular debris and abnormalities such as morphology 

changes because of cell death. Furthermore, the effect of passage number has shown to 

impact the longevity of CHO-EG2 cultures in BioGro-CHO. 
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Inoc. 24h 48h 72h 96h 120h 

Trypan TCD 
     

 

Mean (cells/mL) 3.00E+05 6.30E+05 1.86E+06 3.53E+06 3.73E+06 3.77E+06 
Standard Deviation 0.00E+00 1.08E+04 4.73E+04 5.30E+04 1.82E+05 6.73E+04       

 
Trypan VCD 

     
 

Mean (cells/mL) 2.70E+05 6.08E+05 1.84E+06 3.51E+06 3.64E+06 3.31E+06 
Standard Deviation 0.00E+00 8.28E+03 4.07E+04 5.25E+04 1.74E+05 9.87E+04       

 
Trypan Viability 

     
 

Mean (%) 90.0 96.5 98.9 99.2 97.6 87.8 
Standard Deviation 0.0 0.4 0.4 0.3 0.2 1.3       

 

TD (hours)        
Mean N/A 20.5 15.0 25.8 N/A N/A 

Standard Deviation N/A 0.2 0.1 0.2 N/A N/A 

 

Figure 3.4: Growth curve of CHO-EG2 cells in BioGro-CHO media cultured in 250ml flasks. 

n=2, technical triplicate. 
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3.2.2. Fluorescence Flow Cytometry and Metabolite Analysis 

 

Fluorescence flow cytometry was employed to examine the mechanisms of cell death 

(Figure 3.5). The primary pathway for naturally occurring cell death is resulting from the 

onset of apoptosis. The FITC Annexin V apoptosis kit used examines the externalization of 

phosphatidylserine (PS) on the outer membrane of the cell, an early apoptotic event. 

Annexin V binds to the externalized PS, resulting in a fluorescent signal. Propidium Iodide 

(PI) is externalized by intact membranes and as such, is a measure of the loss of membrane 

integrity. Populations were gated based on the identification of AV and PI. Camptothecin 

treated cells were used as a positive apoptosis control to set the gates used in the analysis 

(See Chapter 2.3.4).  

Throughout the culture, relatively low levels of PS externalized cells were observed, 

with peak levels reaching no more than 5% of the total population.  This was surprising as 

the effects of nutrient deprivation, such as the decreased cell doubling times, occur earlier 

than the timepoints indicated by the apoptosis assay. Low levels of glucose (<5mM) are 

not seen until at least 96 hours. Glutamine on the other hand, becomes limiting at 72 hours. 

To understand if further signs of starvation could be identified, an autophagy assay was 

run in tandem with the Annexin V detection kit. An increase in the quantitative FITC 

fluorescence signal is seen at 72 hours and continues to increase after this point. An 

increase in the mean fluorescence intensity was indicative of the formation of 

autophagosomes at the same timepoints as glutamine depletion. 
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Figure 3.5: Metabolite and flow cytometry data for CHO-EG2 flask cultures. Glucose and glutamine concentrations of shaker flask cultures (Top). 

Results of apoptosis flow cytometry data of shaker flask cultures (Left). Results of autophagy flow cytometry data of shaker flask cultures (Right). 

n=3 ± SD, technical triplicate. 
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3.2.3. Cell Imaging  

 

Daily brightfield and fluorescence images were captured of the CHO-EG2 cells to 

understand the progression of autophagic activity as suggested by the quantitative analysis 

performed with flow cytometry (Figure 3.6 and Figure 3.7). Cells were stained with a 

nuclear dye (Hoechst 33342) and a green stain specific for autophagosomes. In line with 

the quantitative analysis, modest increase in autophagosome formation is observed in the 

first 48 hours of the culture when analysing the cell images. A level of baseline activity was 

observed; however, this was attributed to activity carried over from the inoculum and non-

specific binding. An increase in activity was observed after 48 hours, in both the number of 

cells displaying green fluorescence and the intensity of the signal. The intensity of the signal 

steadily increased for each additional day in culture, until cell death was observed. This 

agreed with the cytometry data presented in the previous section.  

The intensity of nuclear staining in the initial 24-hour period was high for the entire 

population. The intensity of the staining was reduced in later time points, even though the 

viability of the culture remained high during this period. With this came an observed 

change in the optical properties of the cell when viewed under phase contrast. A 

proportion of the cells showed a lack of a “halo” around the outer membrane. 

Smoothening of the cell membrane was observed over time, which has been reported 

previously (Afshar et al., 2019). 
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 24h  48h 

  
 72h  96h 

  
  

Figure 3.6: 10x phase contrast images of a CHO-EG2 culture from 24 to 96 hours. 
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 24h  48h 

  
 72h  96h 

  
  

Figure 3.7: DAPI and EYFP fluorescent images of the same CHO-EG2 cells. An increase in the fluorescence intensity of the green autophagosome 

tag was observed after 48h.
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A second observation that was made was in the formation of bright spots (referred to as 

puncta from hereon) in cells beyond 48 hours (Figure 3.8). These puncta appear as areas 

of intense light within the cell that measure approximately 2 µm in diameter. Cells that 

displayed these puncta typically had one or two on display at any one time. The observation 

of these puncta was sensitive to the z-plane focus of the microscope, appearing as light or 

dark spots depending on the focal plane. The combination of the metabolic and image 

analysis suggested a change in the cell metabolism and/or cell structure after 48 hours. 

This became a timepoint of interest for future analysis using dielectric analysis 

  



Chapter 3 

 

106 

 Figure 3.8: 40x phase contrast images of CHO-EG2 cells after 24h and 72h. The formation 

of vacuoles within the cells are evident at the later timepoint. These vacuoles are seen as 

intense pockets of light within the cell surface.  

 24h 

 

 72h 
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3.2.4. Impedance Flow Cytometry as a Counting Method 

 

Live and dead cell populations from the impedance data were used in comparison to trypan 

blue counts. For the purposes of counting, the cell debris population was retained in the 

count data as this was present in trypan blue stains due to the applied gating criteria. The 

change in phase angle were used to discriminate live from dead cells in impedance 

applications (Figure 3.9). A simple linear gate was established to define these populations 

at the 0.5MHz frequency. Impedance data at low frequencies is used to examine the 

properties of the cell membrane and should correlate closely with membrane probes such 

as trypan blue. Dead cells appear at an amplitude of 0.1-0.5mV and phase angle of 145-

155 degrees. Two dead cell populations were typically observed. Cells at amplitude values 

<0.1mV were attributed with cell debris whereas the population with amplitude between 

0.1-0.5mV was related to whole, dead cells which have not fragmented.  

A comparison between counts recorded using the Amphasys and existing cell 

counting methods was determined (Figure 3.10). No significant differences between the 

two data sets were recoded in the first three days of the culture when compared using an 

unpaired T-test (P < 0.02). A slight deviation in the counts is observed after 72 hours 

between impedance and trypan blue counts, however this can be attributed to the 

detection limit of the impedance system at the dilution range used. The upper 

concentration detection limit of the system was 4.5x106 cells/mL. Debris present in the 

cultures also increased the rejection rate during this period. 

Two distinct events occurred during the later stages of the culture. A subpopulation 

was observed between the live and dead populations at a phase angle of approximately 

160 degrees. The live population migrates towards the dead population by approximately 

10 degrees. A slight increase in the amplitude of the live population is also observed in the 

later stages of the culture, activity synonymous with cell swelling because of death 

activation. This was explored further through the calculation of the impedance derived 

electric diameter of the cell populations. A shift in the phase angle of the live population 

was also observed over time. This activity has been cited previously and was examined in 

further detail in subsequent cultures (Opitz et al., 2019).  
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24h 48h 

  
72h 96h 

  
   120h 

 

Figure 3.9: Raw impedance plots of daily samples from shaker flask cultures, measured 

at 0.5MHz. Differentiation of cell state is possible using impedance cytometry. The vertical 

gate applied at a phase angle of 155 degrees splits the live (right of gate) and dead (left of 

gate) populations. 
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  Growth Curve 

 

  Linearity Analysis 

 

Figure 3.10: Impedance vs. dye exclusion counting accuracy. Comparison of cell count and 

viability data between trypan blue (blue line) and impedance flow cytometry (purple line) 

data (Top). Linearity test between impedance cytometry and traditional trypan blue 

counting (Bottom). n=2 ± SD for trypan blue counts, n=6 ± SD for impedance counts, 

technical triplicate.  
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3.2.5. Determination of Cell Parameters using Polystyrene Beads 

 

12µm polystyrene beads were used to determine the electric diameter factor for which the 

amplitude can be converted from analysed cells. A population of 30000 events was 

captured, which were suspended in the same 1:3 low conductivity running buffer of 

BioGro-CHO to 0.25x PBS, 8% sucrose. The change in buffer caused swelling of the beads, 

so the average diameter of the population was recalculated. To compensate for this in the 

calculation of the electric diameter constant, the properties of the bead population in the 

running buffer was determined using a cell imaging system (Figure 3.11). The mean 

diameter of the bead population was found to be 13.9 ± 0.7 µm because of the swelling.  

The electric diameter of a cell was obtained from impedance data using the 

following equation: 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 =  √|𝑍|0.5𝑀𝐻𝑧
3

∗ 𝑓𝑎𝑐𝑡𝑜𝑟𝑒.𝑑. (3.4) 

 

where Z is the measured signal amplitude of a particle (Honrado et al., 2021a). The 

known diameter of a polystyrene bead can be used in place of the electric diameter to 

calculate factore.d.  

The electric diameter factor was determined from the mean amplitude of the 12 

µm bead population. An average of 6 independent runs were used in the calculation of this 

parameter. An electric diameter constant of 18.15 was determined for the impedance 

system/buffer combination and was used for future experiments to examine the variance 

in the CHO cell populations. When this factor was applied to the same bead population 

measured by the imaging system, a mean electric diameter of 14.1 ± 1.1 µm was observed 

(Figure 3.11). The additional tailing of the diameter distribution for impedance 

measurements was attributed to particle positioning in the chip focusing region. To 

compensate, an upper amplitude limit of 0.75 mV was placed on the impedance plots when 

calculating the cell diameter.  
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 Image captures from PharmaFlow system 

 

 Comparison of bead populations 

 

Figure 3.11: Comparison between optical and electrical diameter. Images of the 12 µm 

beads as captured by the Canty PharmaFlow system (Top). Polystyrene beads are shown to 

have a homogenous distribution of physical properties. Optical cell diameter of the 

captured population shown relative to the electric diameter of the bead populations 

(Bottom). n=5, 5000 events measured per capture. 
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A sample of cells was run which was spiked with the same beads to show how the 

populations compare (Figure 3.12). A tight band of beads was observed due to the 

homogeneity of the beads relative to cells, evident when examining the phase histogram. 

The variation in the cell population was due to the dynamic nature of cells in culture and 

their changing dielectric properties. When run with cells, the size difference of the beads 

due to swelling was observed. Both the polystyrene beads and cells had an average 

diameter of approximately 14 µm and as such, fell on a similar amplitude axis. The red gate 

indicates beads that show varying amplitude values because of positing in the focusing 

region of the impedance chip. This was corrected using opacity measurements.  

 

 

 

 

 

 

 

 

 

 

Figure 3.12: CHO-EG2 cell sample spiked with 12 um beads. This histogram shows the 

uniformity of manufactured polystyrene beads (left of black gate) when compared to a live 

cell population (right of black gate). Events associated with duplicates in the chip channel 

were removed, as seen by the red gated region. The measurement of the amplitude of 

uniform beads allows for the calculation of their electrical diameter.  

  

Beads CHO-EG2 
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3.2.6. Determination of Opacity Values 

 

To eliminate the effect of volume on the determined impedance values, the opacity of each 

cell was obtained. The opacity of the cell populations was determined by performing 

measurements using paired frequencies (Table 3.1). By pairing frequencies during 

measurements, amplitude and phase angle for individual events can be calculated for both 

frequencies. 

 

Table 3.1: Frequencies selected for pairing purposes when performing impedance 

spectroscopy.Each of the paired sets of data recorded impedance values for both 

frequencies for each cell that passed the electrodes. 

Measurement Frequency 1 (MHz) Frequency 2 (MHz) 

1 0.5 1 

2 0.5 2 

3 0.5 6 

4 0.5 10 

5 0.5 20 

6 0.5 30 

 

 The opacity of each cell was determined by normalising a high frequency result relative to 

a low frequency: 

|𝑍ℎ𝑖𝑔ℎ|

|𝑍𝑙𝑜𝑤|
 (3.5) 

The use of polystyrene beads of varied sizes was used to demonstrate that volume 

was successfully removed as a variable (Figure 3.13). The amplitude signal of the 6µm and 

12µm beads differ significantly due to their volume difference. This differential is carried 

across the entirety of the measured frequency range. Dead cells and associated debris 

show a linear amplitude response over the low to mid frequency range. This is expected as 

the membrane has been compromised under these conditions, therefore a relaxion 

spectrum cannot be generated. When the opacity of these populations is generated, high 
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frequency values associated with cytoplasm characteristics are differentiated. Live cells 

display a typical β-dispersion relaxation curve under these conditions. A change in the 

opacity spectrum of cells therefore suggested a change in the cell’s dielectric properties, 

such as membrane capacitance and intracellular conductivity (Cheung et al., 2005). The 

opacity values of both bead populations across the frequency spectrum remain the same, 

regardless of size (Figure 3.13). 

 Amplitude 

 

 Opacity 

 
Figure 3.13: Raw amplitude (Top) and paired opacity (Bottom) of polystyrene beads 

relative to various populations that can be isolated from impedance measurements. 

When converted from amplitude to opacity, the different sized beads return the same value. 

Cells of various conditions return different opacity values due to their dielectric properties, 

with dead cells and inert beads reporting opacity values close to 1 across the frequency 

range. This information is used to differentiate the state of cells.  
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3.2.7. Interpretation of Impedance Plots 

 

To digest the information contained within the raw impedance plots, the individual phase 

angle and amplitude parameters for each timepoint were separated and expressed as 

histograms. No gating criteria was applied to the initial screening to examine how the 

dynamics of the population as a whole change over time.  

Phase angle and amplitude charts were plotted against some of the measured 

frequencies (Figure 3.14). The frequencies chosen are representative of the cell size 

(0.5MHz), membrane capacitance (2MHz) and intracellular conductivity (30MHz) values. 

Across all frequencies, a phase angle decrease is observed relative to the timepoint 

measured. This phase angle change is apparent after 48 hours in the live population, with 

a stabilisation of these values after 72 hours. It was noted that the amplitude of 

populations also changed, depending on the frequency measured. At low frequencies, the 

shift in amplitude was relatively small as this corresponded with changes in the cell 

diameter. At higher frequencies, a shift was more apparent. At 30MHz, the amplitude was 

interesting as it appeared there was an initial decrease in the amplitude over the initial 72 

hours. After this point, the shift in amplitude is reversed and begins to recover to its original 

state.  

Data from the unpaired 0.5MHz populations were recalculated to determine the 

electric diameter of the cell populations (Figure 3.15). A somewhat strong correlation was 

observed between the two datasets (r2 = 0.79) This method of determining the electric 

diameter was used in further work (Section 4.2.4).  
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0.5MHz 

  

2MHz 

  

30MHz 

  

Figure 3.14: Histogram representations of the phase and amplitude of impedance 

measurements recorded at a series of frequencies. A shift towards lower phase angles was 

observed in all samples as time progressed. 
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Figure 3.15: Electric diameter calculated for daily CHO-EG2 cell samples. Linearity with offline radii values is shown.  
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The formation of a subpopulation in the live cells after 48 hours across all samples 

run was evident, with the most obvious separation between these populations occurring 

at a frequency of 10MHz. Figure 3.16 shows an overlay of the populations over the first 72 

hours of the culture. The phase histogram shows the extent of the phase shift of the 

populations.  

 

Figure 3.16: Impedance plot overlay at 10MHz of cell populations collected at 24h (red), 

48h (green) and 72h (blue). As time progressed, there is a shift in the phase angle of the 

cells towards lower values. The movement of the cells can be seen at 72h, which was most 

apparent at a frequency of 10MHz. The vertical gate was added to visualise the shift in 

phase angle of the live population 

 

To show the effects of this phase and amplitude shift relative to cell characteristics, 

the relative phase and opacity of the live cell populations measured at 1MHz and 30MHz 

were calculated and replotted (Figure 3.17). A quadrant gate was applied to emphasis the 

shifting dynamics of the populations in question. Furthermore, the mean of the relative 

phase and opacity of whole dead cell and debris populations are given for reference. This 

was of particular interest at frequencies higher than 10MHz, where a separation of the two 
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populations was observed and was used as reference for tracking the evolution of the live 

cell population.  

When examining the distribution of the populations over time in batch cultures, 

there is a clear shift in the pattern of the populations after 48 hours depending on the 

frequency examined. The mean opacity of the populations increases from 0.74 to 0.83 over 

the course of the sampling period a 1MHz. Opacity is the most relevant attribute to 

examine at 1MHz as the magnitude of the relative phase between the uncorrected 

populations is low. This shift of the live population towards higher opacity values in the low 

frequency range suggested the magnitude of the charge build up is lesser over time. The 

dead cell populations, which hold a mean opacity value of approx. 1.1 emphasises this 

point. The live cell population is shifting towards an opacity value of a particle that is unable 

to hold a charge. The low frequency value also suggested that this change is a result of a 

variation in the membrane capacitance of the cell. 

 The phase angle shift is more apparent at 10MHz. In this scenario, the opacity and 

relative phase of the whole dead cell and debris populations hold significantly different 

values. The lower opacity value of the debris population at this higher frequency suggested 

that the cytoplasmic conductivity of the debris is different to that of the whole dead cells. 

Two live cell populations are apparent at the 72-hour timepoint in these cultures, with one 

population migrating towards the quadrant of the whole dead cell population whilst the 

other remains in the quadrant where debris is found. This suggested that there are two 

potential pathways in which the live cell populations are migrating. This was examined 

further in the following sections of work through induced starvation experiments.   
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          24h           48h 

  

          72h           96h 

  

          120h            Dead Populations 

  

Figure 3.17: Opacity plotted against relative phase angle for daily samples determined 

between frequencies of 0.5MHz and 1MHz. An increase in the opacity was observed, with 

a notable change at 72h. This tells us that the ability of the cell to hold charge has reduced, 

caused by changes in the cell membrane capacitance. 
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          24h           48h 

  

          72h           96h 

  

          120h            Dead Populations 

  
Figure 3.18: Opacity plotted against relative phase angle for daily samples determined 

between frequencies of 0.5MHz and 30MHz. A change in the relative phase and opacity is 

observed at higher frequencies. Higher frequency changes are indicative of changes in the 

cell’s interior composition over time.  



Chapter 3 

 

122 

3.2.8. Testing of Impedance under Induced Starvation Conditions 

 

It was seen from the growth curve of the CHO-EG2 cells that a cessation of cell growth 

occurs with the depletion of glutamine in the culture. This is apparent after 72 hours where 

a significant decrease in the cell growth rate was observed. Changes in the phase angle are 

observed earlier than this time point, suggesting some change in the function of the cells 

after 48 hours. It was suspected that the change in these parameters was due to the 

depletion of one or more key nutrients in the culture that support the viability of cells.  

 To test the effects of key nutrient depletion on the CHO-EG2 cells, starvation 

experiments were designed by manipulating the formulation of BioGro-CHO. Four separate 

conditions were tested: cells under normal conditions (control), cells without glucose, cells 

without L-glutamine and finally cells without glucose or glutamine. Cultures were seeded 

at a higher cell density of 7x105 cells/mL to ensure sufficient cells were available for analysis 

purposes, whilst minimising the sampling volume needed. The growth curves of the four 

conditions tested are presented in Figure 3.19. No meaningful growth was observed in 

flasks without glucose, whilst cells in the absence of glutamine grew at significantly 

reduced rates. This was expected as glucose is an essential energy source for cells, whilst 

L-glutamine is a non-essential amino acid and is supplemented to cultures to promote 

growth rates in the early days of culture. The onset of rapid viability loss in flasks without 

glucose was observed during the first 24 hours. The loss of viability in control flasks was 

observed prior to cultures in the absence of glutamine. This could be attributed to the 

higher peak VCD values and sustained doubling time reached in the control flask. This led 

to an increased nutrient uptake rate when compared to the cultures lacking L-glutamine, 

evidence to support that there is an additional nutrient limitation beyond L-glutamine.   
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Figure 3.19: Growth data of CHO-DBX1 cells under a variety of starvation conditions. Higher deviation values in low viability cultures were 

associated with staining inaccuracies and the presence of cellular debris, a known limitation of trypan blue counting. n=3 ± SD, biological 

duplicate.
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An interesting observation was made between both culture systems that did not contain 

glucose when viewing the raw impedance plots (Figure 3.20 and Figure 3.21). There was a 

noticeable difference in the dead cell populations between conditions B and D. In cultures 

in the absence of glucose alone, significantly less whole dead cells were observed. The ratio 

of whole dead cells to debris was approx. 1:2. In the cultures absent of both glucose and 

glutamine, the trend was the opposite with whole cells outnumbering debris 2:1. It was 

assumed that this change in population dynamics was due to the route from which cells 

were dying. 

When examining results of the qualitative autophagy fluorescence assay, a clear 

difference is observed between cultures containing glucose and those without (Figure 3.23 

and Figure 3.25). The cultures without glucose showed an increase in the formation of 

autophagosomes after 24 hours, whereas cultures containing glutamine did not show this 

response. In fact, no signs of significant autophagosome formation were observed over the 

48-hour period in cultures without glutamine. Interestingly, the most obvious signs of 

autophagy were observed in cultures containing no glucose but containing glutamine. This 

suggests that the presence of glutamine in the cultures may promote cell survival through 

the upregulation of autophagy. Although an essential energy source for cells, glucose 

starvation is not associated with the upregulation of pro-survival autophagy (Ramírez-

Peinado et al., 2013, Lang et al., 2014). 
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 4h control  24h control  48h control 

   

 4h -ve glucose  24h -ve glucose  48h -ve glucose 

   

Figure 3.20: Raw Impedance plots of control cells and cells cultured without glucose. 
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4h -ve glutamine 24h -ve glutamine 48h -ve glutamine 

   

4h -ve glc/gln 24h -ve glc/gln 48h -ve glc/gln 

   

Figure 3.21: Raw Impedance plots of cells cultured without L-glutamine and without glucose and L-glutamine (-ve glc/gln). 



 

127 

 4h Control  24h Control  48h Control 

   

 4h -ve Glucose  24h -ve Glucose  48h -ve Glucose 

   
   

Figure 3.22: 40x phase contrast images of control cells and cells cultured without glucose. The intensity of haloing observed on cells without 

glucose is lower when compared to control cells. 
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 4h Control  24h Control  48h Control 

   

 4h -ve Glucose  24h -ve Glucose  48h -ve Glucose 

   
   

Figure 3.23: 40x fluorescence images of control cells and cells without glucose. The intensity of the green autophagosome stain in glucose 

deprived cells is higher after 24h of culture. 
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 4h -ve Glutamine  24h -ve Glutamine  48h -ve Glutamine 

   

 4h -ve Glc/Gln  24h -ve Glc/Gln  48h -ve Glc/Gln 

   

   
Figure 3.24: 40x phase contrast images of cells without glutamine and cells without glucose and L-glutamine (-ve Glc/Gln).  
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 4h -ve Glutamine  24h -ve Glutamine  48h -ve Glutamine 

   

 4h -ve Glc/Gln  24h -ve Glc/Gln  48h -ve Glc/Gln 

   
   

Figure 3.25: 40x fluorescence images of cells without L-glutamine and cells without glucose and L-glutamine (-ve Glc/Gln). 
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The opacity spectra of cells under normal conditions and those with glutamine 

removed display similar characteristics across the measured time range (Figure 3.26). An 

upwards shift in the opacity values in cultures without glutamine is observed at the later 

time point in the 1-10MHz frequency range. This suggested that there is a change in the 

membrane properties of these cells at the later time point, specifically a decrease in the 

membrane capacitance. The effect of increasing opacity in this range is particularly evident 

in cultures without glucose. Corresponding with this shift in opacity across both cultures B 

and D is the onset of autophagosome formation because of autophagic activity. At higher 

frequencies, there was an increase in the opacity values of control cells when examined 

relative to the other conditions. The dynamics of these populations at a single cell level 

were then examined to understand these changes relative to the determined phase angle. 
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 Control  -ve Glucose 4h Scatterplot Overlay 

  
 

 -ve Glutamine  -ve Glc/Gln 48h Scatterplot Overlay 

  
 

Figure 3.26: Opacity plots of impedance amplitude relative to cells at a low frequency. The shift towards higher opacity values in the mid 

frequency range (1-10MHz) was due to the formation of subpopulations with different dispersion curves. These subpopulations are formed 

due to the changing dielectric properties of cells because of the onset of starvation. n=5000 ± SD, biological duplicate. Overlay of scatterplots 

showing the phase angle change of the cell populations (Right). Red = control, green =-ve glucose, blue = -ve glutamine, pink = -ve glc/gln.
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The impedance properties of relative phase and opacity for the four conditions tested 

at 1MHz and 30MHz are seen in Figure 3.27 and Figure 3.28. The results of this data at 1MHz 

will account for changes in the membrane capacitance of the cell and is most apparent as a 

shift in the opacity of the cell population. For the first two days of culture, the control 

population mean remains at an opacity value below 0.8, like the batch cultures tested 

previously. Similar behaviour is observed in the flasks in the absence of glutamine. No 

dramatic shift in opacity is observed over time, although at the 48h timepoint a shift in the 

opacity value towards higher values occurs. The appearance of a second population is 

observable in the control culture which mimics the shift in the opacity values as seen in the 

negative glutamine culture.  

In cultures without glucose, less shifting of the phase angle occurs. Unlike the control 

flask, the opacity values steadily increase to an average mean value of 0.9 over the course of 

the sampled timepoints. This indicated the limitation of glucose on the cultures can be 

attributed to the shift in opacity in this case. The gradual increase in the mean opacity of the 

cultures without glutamine may be due to a switch in the mechanism of the cells to consume 

amino acids in the absence of glutamine. The depletion of the core amino acids in the BioGro 

media may explain why delayed starvation is observed in this case.  

When examining the 30MHz plots, the changing opacity and relative phase of the live 

populations under different starvation conditions is apparent also. Of particular interest was 

the difference between cultures without glucose and cultures without glucose and glutamine. 

The shifting of the relative phase of the population under glucose starvation conditions was 

barely apparent, whereas a dramatic shift in the phase angle was observed in cultures absent 

of both nutrients. The shift in this population was more so representative of the population 

changes in the control culture and cultures without glutamine. This suggested that the 

population dynamics of the live population may change depending not only on the removal 

of one nutrient, but the removal of multiple key metabolites may induce different dielectric 

changes in the cell. This occurs at high frequency values, where changes in the intracellular 

conductivity are most apparent. 
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Figure 3.27: Plots of opacity against relative phase of starvation cells at 1MHz. 
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Figure 3.28: Plots of opacity against relative phase angle of starvation cells at 30MHz. 
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3.2.9. Testing of Impedance Signals under Induced Conditions 

 

To test the ability of the Amphasys to differentiate cells in different physiological states, 

cells were placed in starvation media to see what effects nutrient limitation had on 

impedance signals as cells progress through death mechanisms. A control flask of cells 

grown in standard BioGro-CHO was established. An additional flask was run where cells 

were treated with rapamycin and camptothecin, inducers of autophagy and apoptosis 

respectfully.  

Cells were seeded at a density of 0.7x106 cells/mL and sampled at hours 4, 16, 24 

and 40. Raw culture samples were diluted 1:2 with a low conductivity buffer (0.25x PBS, 

8% sucrose) and filtered. The following settings were used when running the samples: 

 

Table 3.2: Impedance parameters used for exploring subpopulations. 

 

 

The combined timepoints from each flask were first overlaid to understand the shift 

in populations relative to the duration of a batch culture (Figure 3.29 and Figure 3.30). No 

significant changes were observed in the control flask during the first 40 hours as the 

viability of the culture remained above 95%, except for a migration of the last data point 

in the phase plot. Two distinct populations are observed in the starvation flask, the leftmost 

peak in the phase plot indicating a dead population of cells which occurs after 24 hours. 

The shift of the peak to the left in the amplitude plot is indicative of cell shrinkage because 

of starvation. The camptothecin treated cells show a quicker, less uniform trend towards 

viability loss in the phase plot. The cells show a migration towards the left at 4h, whilst a 

Id Freq 1 Freq 2 
Trig Level  

[v] 
Trig Src Trig Dir  Mod  Ampl  Dem  

S_1 0.5 20 0.05 x + 4 6 1 

S_2 2 10 0.05 x + 4 6 1 
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large distribution of unhealthy and dead cells is seen at 24h and beyond. Cell swelling is 

apparent in the amplitude plot, as well as a large debris peak to the left 

When examining control and starvation cells against those induced for autophagy 

and apoptosis, a pattern emerges which can explain the changing population dynamics of 

the impedance plots. A subpopulation is apparent at the later timepoint of the starvation 

and apoptotic cell populations, which occurs between the phase angle of the live and dead 

cell populations (approx. 145 degrees).  
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 4h Control  4h Starvation 

  

 4h Autophagy Induced  4h Apoptosis Induced 

  

 Phase Plot Overlay  Amplitude Plot Overlay 

  

Figure 3.29: Impedance plots of treated cells after 4h. The gates population in impedance 

plots shows the formation of a subpopulation between the live and dead cells (Top). The 

phase angle and amplitude for each plot are shown as histogram distributions (Bottom). 
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 40h Control  40h Starvation 

  

 40h Autophagy Induced  40h Apoptosis Induced 

  

 Phase Plot Overlay  Amplitude Plot Overlay 

  

Figure 3.30: Impedance plots of treated cells after 40h. The gates population in impedance 

plots shows the formation of a subpopulation between the live and dead cells (Top). The 

phase angle and amplitude for each plot are shown as histogram distributions (Bottom). 

Autophagy induced cells show a shift in phase angle, though the population remains viable. 
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3.3. Discussion 

 

The self-regulation of mammalian cells is of vital importance to their productivity and 

health during cell cultures. The traditional method of determining a change in the state of 

these cells is through the interrogation of the integrity of the cell membrane. The work in 

this chapter set out to establish how we can identify subtle changes in the cells biochemical 

function prior to the onset of cell lysis because of traditional death mechanisms. Ideally, 

the progression of the cells in a culture could be mapped to potentially identify points of 

intervention to recover cells before progressing towards death. 

 Impedance spectroscopy was compared to the traditional method of trypan blue 

counting to understand what additional information could be extracted. Initially, the ability 

of the impedance cytometer to count cells and distinguish viable cells relative to an 

automated counting was compared. This ensured that the populations captured were 

comparable. Low frequency captures were used for determining such information, as the 

separation of amplitude between intact cells and debris should be at its greatest. A high 

degree of linearity was observed between the two systems with an appropriate 

dilution/buffer protocol in place. This could be achieved simply whilst capturing a large cell 

population per sample in a relatively quick time (approx. 1 minute per 10,000 cells). It 

appears that as a simple replacement for trypan blue counting, impedance shows potential 

as a non-invasive and stain-free method of analysing cell populations. Although some 

resolution in the count information was lost at higher cell density values, this could easily 

be corrected by modifying the dilution and impedance setting protocol.  

 Of greater interest was the ability of IFC to differentiate changes in the cell 

properties prior to a loss in membrane integrity. This was explored, and a definite change 

in the live cell population was observed over time in batch cultures. This was explored 

further by exposing cells to a variety of starvation conditions. Two distinct regions of 

interest were observed, depending on whether the cells were exhibiting autophagic or 

apoptotic activity. 
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 3.3.1. Understanding the Dielectric Properties of CHO-EG2 Cells. 

 

The study of the cell opacity using impedance spectroscopy is a method of understanding 

how the dielectric properties of cells can change over time. The opacity of a cell is directly 

influenced by the cell electrical properties, including cytoplasmic conductivity and 

membrane capacitance. Cm is largely understood to be related to the thickness of the lipid 

bilayer, protein constitution and dielectric constant. The structure and complexity of the 

cell membrane is known to have an influence, with smoother cell membranes displaying 

lower Cm values than those with high levels of ruffling and other physical features. The 

cytoplasmic conductivity is reflective of change in both the permeability of the cell 

membrane and therefore the intercellular ionic content. The intrinsic pathway of apoptosis 

activation or the imbalance of calcium ions during the onset of autophagy may all be 

identified by examining the impedance properties of cells during the progression of cell 

cultures. A change in the opacity of cells is indicative that a meaningful change in the ionic 

content has occurred during the progression of cell death, and morphological data may 

further strengthen this argument.  

Performing in-depth analysis of the cell populations with impedance spectroscopy 

showed the identification of more sensitive changes in the dynamics of sub-populations. 

The identification of phase and opacity changes in the live population over time is 

significant. In methods such as trypan blue counting, no distinguishment of populations 

exist as the cells are classed simply on the integrity of their outer membrane. When 

analysing the same cells with impedance measurements at a variety of frequencies, it was 

clear that there was a shift in the dynamics of the live cell population in advance of any loss 

in membrane integrity. Relative opacity and phase values were determined for the cells to 

eliminate data skewing as a result of cell size or cell location in the detection region of the 

chip (Cheung et al., 2010).  

In batch cultures a change in the phase angle of the cells was detected from 24 - 72 

hours, with a stabilization of this parameter after this point. This changing phase angle has 

been linked previously to the changing properties of the cell membrane (Opitz et al., 2019). 

Image analysis of the cell populations agreed with this, as the presence of autophagosomes 

increased from 48 hours in culture. Furthermore, there was no significant levels of 
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apoptosis detected throughout these timepoints. A logical assumption to draw from this 

information was the depletion of glutamine and/or other key amino acids in the media was 

resulting in the onset of autophagic activity.  

 The progress of live cells through distinct populations based on their impedance 

values may present an opportunity to track cell populations and define values in which the 

viability of such cells can be reclassified. The concept of culture fingerprinting is possible 

using this technique, which is the definition of typical and extreme values for population 

dynamics that may represent a meaningful change in performance. Of interest in this work 

was the formation of a subpopulation between the live and dead cells (Section 3.2.7.). This 

was clearly discernible at low frequency values; however, this population was incorporated 

into the dead population at higher frequencies. Upon examining the impedance plots 

further, it was shown that this subpopulation was closely tied with the debris population 

that was previously identified. This population has been connected with the onset of 

apoptosis, as the cell membranes become leaky and the formation of apoptotic bodies 

occur (Pierzchalski et al., 2012). This activity was apparent in cultures that had been treated 

with camptothecin, but also in populations that had been starved of glucose. The position 

of the observed populations could be tied to the change in membrane potential as death 

mechanisms advance.  

 The induction of starvation via limitation of key metabolites enhances our 

knowledge on why these dynamics changes of the live population were occurring. In batch 

cultures during typical bioprocesses, nutrient deprivation via glucose depletion is the 

primary source of viability loss. When tested through induced glucose starvation, a rapid 

decline in cell viability was observed almost immediately. During quantitative analysis of 

autophagy, elevated levels of autophagosome formation was detected in these cultures 

without glucose. The viability of cells in conditions without glutamine was maintained, an 

expected result as glutamine is a non-essential amino acid. Glutamine availability is 

important for the supply of nitrogen in biosynthesis and the generation of non-essential 

amino acids such as asparagine (Yoo et al., 2020) 

An experiment that was conducted (not shown) was the reintroduction of nutrients 

to see what impact it has on the discussed parameters of phase angle and amplitude. It 

was seen in these experiments that after a period of 4 or 16 hours in induced starvation, 
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the addition of a nutrient feed can reverse the shift in opacity and phase values of cell 

populations. As the shift in these parameters is observed prior to a decrease in viability 

using trypan blue as a counting method, this could prove to be a potential avenue for 

refeeding such cultures in a more intelligent manner. The viability of such a method of 

refeeding cells was tested as part of this work.  

  



Chapter 3 

 

144 

3.3.2. Limitations 

 

In the identification of autophagy, the formation of autophagosomes was observed using 

green fluorescence protein and microscopy. The non=specific binding of such proteins to 

cellular aggregates and other lipids found in the cell may affect the accuracy if quantitative 

analysis was employed. Qualitative analysis is more suitable when analysing data 

associated with the use of fusion proteins to monitor autophagosome formation. As a 

recommendation, it would be beneficial to run further autophagy screening on the cell 

populations. This could include Western Blot analysis to identify LC3 protein concentration 

as time progresses (Gómez-Sánchez et al., 2015).  
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3.4. Conclusion 

 

The dynamics of a cell population is ever changing, a trait that is often examined at a 

superficial level through membrane integrity analysis. The idea of analysing the integrity of 

the cell membrane will only provide information on whether a cell is classified as live or 

dead, without examining the precursor events of these mechanisms. Changes in the 

membrane capacitance or intracellular conductivity of these populations have shown to 

occur prior to trypan blue testing in this work.  

With a method of analysing the impedance of individual cells in place, work could 

then be undertaken to establish the bulk measurement of cells in an on-line manner. 

Although offline impedance cytometry has shown potential to discern the different 

properties of cells as they begin to lose viability, the method requires user intervention and 

layers of data processing. Online technologies may not discern as much information on 

these population dynamics as the measurements are bulk, however the combination of 

bulk and single cell measurements at development scale may indicate why traditional 

capacitance probes can lose correlation with offline counts over time. The low frequency 

range where online measurements are traditionally taken (0.5MHz) was shown to result in 

changes in the opacity of cells at a timepoint prior to a loss in membrane integrity. This was 

examined as part of the work in Chapter 4, to see if the changing properties of the live cell 

population at a single cell level are reflected in bulk measurements  
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4.1. Introduction 

 

The work performed in Chapter 3 establishes a method for which the dielectric properties 

of single CHO cells can be analysed using impedance spectroscopy. Of interest was the 

evolving properties of the live cell population, both in typical batch cultures and during 

induced starvation conditions. A limitation with this method of in-depth analysis is the 

relative complexity and time required to process and analyse samples. It is desirable to 

transfer the learnings from this work into an online method to generate similar data in real 

time. The trade-off with the use of an online capacitance probe is that measurements are 

made in bulk, that is, the dynamics of subpopulations are not directly analysed. 

It was noted that the use of dielectric spectroscopy or impedance flow cytometry 

as a measure of autophagy has not been widely cited when conducting a literature search. 

Studies relating to dielectric spectroscopy tend to focus on the observation of apoptosis, a 

more commonly observed death mechanism when discussing biopharmaceutical 

applications (Ma et al., 2019). The progress of cells through autophagy is significant when 

analysing dielectric data. Upon identification of changes to the dielectric signal related to 

autophagy, attempts can be made to recover these signals through targeted feeding 

strategies. Unlike apoptosis, autophagy is well understood to be a reversible process 

through supplementation of the culture.  

 With the use of fitting algorithms such as the Cole-Cole equation (Cole and Cole, 

1941) and Schwan equations (Schwan, 1957), information on cell properties beyond the 

total suspended biomass can be extracted from capacitance data. With the bulk data 

examined in tandem with single cell impedance data, there is potential to unravel what 

impacts these changing cellular properties are having on dielectric measurements. 

Information that can be extracted include changes to the intracellular conductivity and 

membrane capacitance because of dysregulation associated with cell death pathways. This 

is particularly true of autophagy, where the ion channels are dysregulated as a response to 

starvation conditions by the mTOR pathway (Zhang et al., 2021). 
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 This chapter explores the route of cell death in the CHO-EG2 cell line in more detail 

using these analytical techniques. Findings from Chapter 3 showed that the dynamics of 

the live cell population change after 48 hours, far earlier than any change in the viability of 

the culture as per trypan blue measurements. It is of interest to understand whether a 

change in the capacitance readings from the online probe could be detected at the same 

timepoints that impedance flow cytometry can. Single frequency capacitance 

measurements were initially be assessed as they are traditionally compared to cell 

counting data. In the second part of this chapter, the frequency sweeps generated by the 

capacitance probe were analysed through multivariate analytical techniques to further 

interrogate the properties of the bulk cell suspension.  
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4.1.1. Dielectric Measurements 

 

Biologically speaking, cells are membrane enclosed structures that contain “machinery” 

that produce the fundamental building blocks that support life. The mentioned machinery 

can produce DNA, RNA, and proteins whose mechanisms of function are widely studied 

and understood. The regulation of these complex biological pathways can vary dramatically 

depending on the state of the cell. Stresses such as nutrient limitation or metabolite build-

up will trigger cells to initiate death pathways in an effort to regulate themselves (Galluzzi 

et al., 2018). To determine the viability of the cell, evasive fluorescence-based probes or 

stains have traditionally been used.  

 

 

 

Figure 4.1: A representation of the charge build up on the cell bilipid membrane when an 

alternating current is applied via a capacitance probe. A build up of ions is observed as 

they migrate towards the poles of the applied AC electric field.  
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The analysis of physical cell properties may also be used for determining their 

characteristics. Due to the presence of an ionic cytoplasm and poorly conducting bilipid 

membrane, cells can be considered capacitors when applying mathematical models (Figure 

4.1). Modern capacitance probes measure the charge potential within the cell when an 

electric field of a particular frequency is applied. Measurements are taken at a single 

frequency, depending on the type of cell to be measured. Bacterial cells are often 

measured at 1MHz, whereas a frequency of 0.6MHz is selected for mammalian cells. As the 

number of intact membranes (biomass) is measured, as well as their associated average 

size, single frequency data is often used as a comparison to trypan blue derived cell 

densities: 

∆𝐶 = 𝑁𝑟4 (4.1) 

 

where N is the number of cells and r is the average cell radius. It is often reported in 

literature that this relationship is lost during the decline of cell viability, suggesting there 

are more aspects of the cell physiology that are changing during this phase (Konakovsky et 

al., 2015, Párta et al., 2014). This model is reliant on ideal cell properties, which is a 

population of perfect spheres with no changes to the ionic content of the cell. No cellular 

death mechanism will yield such a perfectly distributed cell population, and as such this 

simple relationship could be expanded upon. To do so, online imaging of the cells can be 

interpreted in tandem with the changing dielectric properties of cell to enhance the 

applicability of bulk measurements of cell dielectric properties. The initial experimental 

package focuses on single frequency measurements alone to establish the correlation 

between the optical system and offline trypan blue counts.   
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4.1.2. β-dispersion Parameters 

 

To establish a relationship between established cell density counting methods with 

dielectric spectroscopy, the measured bulk capacitance (ΔC) is correlated to the increase 

in the viable cell density. When cells are an ideal sphere of an assumed radius (r), the 

change in the magnitude of ΔC can be represented as: 

 

 

where Cm is the membrane capacitance and P is the biomass fraction (Yardley et al., 2000). 

Assuming Cm remains constant throughout the process, the magnitude of the capacitance 

signal is solely dependent on the biomass fraction and the radius of the cells, which can be 

simplified further (Equation 4.1). 

A key factor to understand when discussing ΔC relative to measuring cells is the 

critical frequency (𝑓𝐶). If an electric field of varying frequencies was applied to a culture, 

the critical frequency is the point at which  ΔC is half of that between the dielectric 

permeability at the highest and lowest applied frequency (Carvell and Dowd, 2006). This is 

represented below in a β distribution curve (Figure 4.2). 

𝑓𝐶 =  
1

2𝜋𝜏
 (4.3) 

 

From Equation 3, we can substitute for 𝜏 to determine the critical frequency of the cell 

population: 

𝑓𝐶 =  
1

2𝜋𝑟 ∗ 𝐶𝑚 (
1

σ’i
+

1
2σ’m

)
 (4.4) 

  

∆𝐶 =  
9𝑃𝑟𝐶𝑚

4
 (4.2) 
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The Cole-Cole Alpha (α) is a measure of how steep the β-dispersion curve at the 

determined 𝑓𝐶  value. Information relating to the physical state of the measured cells can 

be derived from the parameters associated with the Cole-Cole equation. For example, 𝑓𝐶  

has shown to have a relationship with the radius and intercellular conductivity of cells in a 

population (Ma et al., 2019). This Cole-Cole Alpha value is required to calculate the Cole-

Cole function which determines the shape of the β-dispersion curve. This value has shown 

to relate to changes in the uniformity of the cells and is of particular interest during 

starvation conditions where sensitive changes may be observed: 

𝐶(𝑓) =  
ΔC[1 + (

𝑓
𝑓𝑐

)
1−𝛼

sin (
𝛼𝜋
2 )]

1 + 2 (
𝑓
𝑓𝑐

)
1−𝛼

sin (
𝛼𝜋
2 ) + (

𝑓
𝑓𝑐

)
2(1−𝛼)

+ 𝐶∞ (4.5) 

 

 

 

Figure 4.2: A representation of the β-dispersion curve of cells under an applied electric 

field. The parameters used in the Cole-Cole equation are calculated from these curves using 

computer software. Reprinted with permission from (Flores-Cosío et al., 2020). 
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We must remember that we are primarily analysing intact membranes and 

therefore live cells when interpreting dielectric signals. With further manipulation of 

Equation 4.2, an estimated cell density can be obtained by dividing the biomass fraction by 

the volume of an ideal sphere, which is: 

𝑒𝑋𝑐 =  
𝑃

4
3 𝜋𝑟3

 (4.6) 

 

It has been widely reported in literature that this relationship holds true during the 

growth phase of cells. However, deviations occur during the decline of cell viability. To 

understand these changes, we must look beyond the assumption of cells as ideal spheres 

with uniform characteristics. During the cell lifecycle, dramatic physical and biological shifts 

occur which will influence parameters in the capacitance models. Therefore, an 

investigation between the dielectric properties of cells and their biological function should 

yield models with enhanced accuracy.  

For the purposes of analysing mammalian cells during a bioreactor, a measuring 

frequency of 0.6MHz is recommended by the manufacturer. This frequency is selected to 

give the best correlation with the present biovolume, and therefore should be comparable 

to biomass values. The raw capacitance at 0.6MHz is multiplied by a calculated cell factor 

to display the estimated cell density. This assumption holds true where no observable 

changes in the size of the cell occur, however this is not always the case with bioprocesses. 

Changes to nutrient availability can affect the dynamics of the population.  
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4.1.3. Objectives 

 

Using a combination of dielectric and optical analytical methods, the changing properties 

of the CHO-EG2 cell line was further analysed to understand how and when the cell 

population undergo a recognisable change. These cultures were analysed in benchtop 

bioreactors to allow for the use of online technologies. 

Part 1 of this chapter focused on the readings from traditional single frequency 

measurements from a capacitance probe to see how they compare to cell imaging and 

impedance flow cytometry data. The first part of the modelling work that was conducted 

focused on examining cells as they enter nutrient starved conditions during a typical batch 

system. Two conditions were tested as part of this analysis. First, two parallel 1L 

bioreactors were inoculated at a cell density of 0.3x106 cells/mL in BioGro-CHO media 

containing 1mM glutamine and 4mM GlutaMax™ as technical replicates. GlutaMax™ is a 

dipeptide of L-alanyl-L-glutamine dipeptide and is added to culture media due to its 

increased stability. These conditions had been tested in previous work and served as a 

starting condition (Braasch et al., 2013). Biological replicates of each run were also 

performed at a similar passage number. Condition B was the same condition used in 

Chapter 3, where GlutaMax™ was replaced with L-glutamine. Offline samples were taken 

every 24 hours for processing by additional analytical methods. 

 

1. Capture online capacitance data of the CHO-EG2 cell line in BioGro-CHO media to 

identify critical timepoints in the culture. 

 

2. Correlate flow cytometry data with capacitance readings to better understand the 

population dynamics of the cells at these points. 

 

3. Capture data suitable for use with multivariate data analytical techniques in Part 2. 
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4.2.  Results 

 

4.2.1.  Reproducibility Across Small Scale Benchtop Bioreactors 

 

To confirm the reproducibility of the benchtop bioreactors across multiple vessels, three 

identical bioreactors were inoculated from the same mother culture under the same 

conditions. Offline cell counts were performed in triplicate for each system and the 

averages of all were compiled (Figure 4.3). Good correlation is observed between the three 

bioreactors, with standard deviation for cell count values falling within 10% of the mean 

value. When performing an ordinary one-way ANOVA between the three bioreactor 

results, no significant difference was recorded between the means (P > 0.02). It was noted 

that the growth rate of the cells in the first 24 hours of this experimental condition was 

initially low compared to subsequent experiments. This was due to the optimisation of the 

gassing strategy in the small-scale bioreactors. Gas flow was restricted during this period 

and as such, low oxygen availability slowed the metabolism of the cells. The gas flow was 

restored after 24 hours, and the growth rate recovered. 

 

 

Figure 4.3: Triplicate culture of CHO-EG2 cells in BioGro-CHO media in bioreactors. n=3 ± 

SD, technical triplicate. 
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 4.2.2. Establishment of CHO-EG2 Bioreactor Cultures. 

 

The growth rate and peak cell density value observed in both conditions were comparable 

to that of flask cultures (Figure 4.4 and Figure 4.5). Slightly higher growth rates were seen 

in cultures containing GlutaMax™ (15.8h Condition A, 17.0h Condition B), however this can 

be attributed to variation in seeding density and control parameters. The supplementation 

of GlutaMax™ into the culture had a significant difference on the rate of cell death between 

conditions. Although a nearly equal concentration of glutamine was present in both 

conditions, higher viability values were recorded during the latter stages of Condition A. 

The viability of cultures in Condition B was >95% for the first 96h. After this point, a steady 

decrease in the viability was observed. When examining the average radius of the cell 

populations, a steady decline is observed over time. A rapid decrease in the cell size is 

observed beyond 96h in Condition B, aligning with the formation of debris and cellular 

shells because of viability loss.
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Inoc. 6h 24h 48h 72h 96h 120h 144h 168h 

Trypan TCD/mL          

Mean 3.00E+05 3.76E+05 8.13E+05 2.32E+06 3.99E+06 4.05E+06 4.03E+06 3.94E+06 3.85E+06 
Standard Deviation 0.00E+00 7.04E+04 1.09E+04 3.22E+05 2.67E+04 9.37E+04 1.62E+05 1.34E+05 1.41E+05  

         

Trypan VCD/mL          

Mean 2.85E+05 3.67E+05 7.98E+05 2.28E+06 3.90E+06 3.89E+06 3.55E+06 2.94E+06 2.44E+06 
Standard Deviation 0.00E+00 6.66E+04 1.11E+04 3.18E+05 2.94E+04 5.60E+04 9.74E+04 4.60E+04 7.09E+04  

         

Trypan Viability (%)          

Mean 95.0 96.1 98.1 98.3 97.8 96.1 91.1 74.6 63.5 

Standard Deviation 0.0 2.0 0.7 0.4 0.4 1.4 5.0 2.0 1.8  
         

DT (Hours) - - 16.2 15.8 31.1 - - - - 

Figure 4.4: Trypan blue count data for CHO-EG2 cultures containing 1mM L-Glutamine and 4mM GlutaMax. n=3 ± SD, biological duplicate. 
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Inoc. 6h 24h 48h 72h 96h 120h 144h 168h 

Trypan TCD/mL          

Mean 3.00E+05 3.51E+05 6.96E+05 1.87E+06 3.27E+06 3.74E+06 3.74E+06 3.75E+06 4.04E+06 
Standard Deviation 0.00E+00 1.69E+04 4.47E+04 2.14E+05 1.88E+05 2.03E+05 2.15E+05 1.98E+05 3.46E+04  

         

Trypan VCD/mL          

Mean 2.85E+05 3.29E+05 6.80E+05 1.81E+06 3.21E+06 3.58E+06 3.13E+06 1.61E+06 6.63E+05 
Standard Deviation 0.00E+00 4.40E+03 4.40E+04 1.93E+05 1.76E+05 1.33E+05 2.61E+05 1.43E+05 1.45E+05  

         

Trypan Viability (%)          

Mean 95.0 95.1 97.8 96.9 98.1 95.0 83.7 42.8 16.4 

Standard Deviation 0.0 3.6 1.1 1.0 0.3 1.0 4.1 1.5 3.9  
         

DT (Hours) - - 19.1 17.0 28.9 - - - - 

Figure 4.5: Trypan blue count data for CHO-EG2 cultures containing 6mM L-Glutamine. n=3 ± SD, biological triplicate. 
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4.2.3. Capacitance Reproducibility 

 

The reproducibility of the single frequency capacitance signal was tested across biological 

replicates under the different culture conditions. The recorded capacitance at 0.6MHz 

subtracted from C∞ was used for the comparison. The results of these tests can bee seen 

in Figure 4.6. An increase in the variance is observed during the decline phase of the culture 

(post 120h, condition B), but this is expected due to the heterogenous nature of a cell 

population during the death phase. The viability was maintained for a longer period in 

Condition A and as such, the same variance is not observed. An increase in debris and other 

cellular abnormalities were present in the culture during this culture window which was 

assumed to have added to this variation.  
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  Condition A 

 

  Condition B 

 

Figure 4.6: Reproducibility of capacitance curves across multiple cultures. Single 

frequency curve at 0.6MHz are commonly associated with changing cell density in cultures. 

Variation in the later stages of the cultures is associated with the formation of cellular 

debris and abnormal cells (A) n=1 ± SD, biological duplicate. (B) n=1 ± SD, biological 

triplicate. Condition A = Media containing 1mM L-glutamine, 4mM GlutaMax™. Condition 

B = Media containing 6mM L-glutamine. 
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4.2.4. Comparison of Capacitance with Existing Counting Methods  

 

The results of the comparison between the trypan blue counts and the capacitance signal 

at 0.6MHz are seen in Figure 4.7 and Figure 4.8.  

An early inflection in the capacitance signal was observed when compared to trypan 

blue counts in both conditions tested. A decrease in the capacitance signal was observed 

at approximately 60 hours, where the trypan blue counts did not decrease until approx. 80 

hours. Although the capacitance at 0.6MHz correlates closely to the offline counts early in 

the culture (48h), the signal begins to deviate significantly for the next 36 hours. Under 

normal conditions, these reading will remain relatively linear until the onset of starvation 

occurs under apoptotic conditions. This capacitance signal shows that a biomass of smaller 

magnitude is present prior to the onset of cell death because of a size and/or volume 

reduction according to the Schwan equations.  

Although the estimation of cell biomass is inconsistent within the mentioned 

timeframe, the onset of cell death is captured successfully. The slower rate of cell death 

observed in condition A is reflected in the gradual decrease of the capacitance signal after 

96 hours. This is also observed in Condition B, where there is a sharper decline in the 

capacitance signal after 120 hours.  
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Figure 4.7: Comparison of Trypan Blue counting with capacitance measurements at 

0.6MHz for Condition A Linearity between the single frequency curves and trypan blue 

counts was lost at 56 hours. n=3 for trypan blue counts ± SD, biological duplicate. Condition 

A = Media containing 1mM L-glutamine, 4mM GlutaMax™.  
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Figure 4.8: Comparison of Trypan Blue counting with capacitance measurements at 

0.6MHz for Condition B. The loss in linearity between the to systems occurred in a period 

between 72 – 144h. n=3 for trypan blue counts ± SD, biological triplicate. Condition B = 

Media containing 6mM L-glutamine. 
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The inflection point of the capacitance signal corresponded with depletion of freely 

available L-glutamine in the culture (Figure 4.9). Similar observations relating to glutamine 

limitation have been noted in the literature previously (Ansorge et al., 2009). Growth 

continued after this period until 80h, were a loss of viability in accordance with membrane 

integrity assays is then observed. CHO cells have shown to grow in the absence of 

glutamine, which is considered a nonessential amino acid. When the metabolic data was 

analysed, an increase in the glutamine content is observed after depletion of the initial 

1mM L-glutamine added to the culture. There was a decrease in the consumption rate of 

glucose after the depletion of freely available L-glutamine. This was attributed to the 

breakdown of GlutaMax™ as a response to L-glutamine depletion. To supplement the loss 

of freely available glutamine to fuel metabolism, it is suspected that cells will then scavenge 

the glutamine dipeptide to sustain themselves.  

The steeper decline in viability in Condition B occurs at a timepoint where glucose 

is completely depleted in the culture. From Chapter 3, it was noted that glucose starvation 

in CHO-EG2 cultures resulted in an almost immediate viability loss. This explains why a 

similar viability loss was not observed in Condition A. The shift in glutamine metabolism 

slowed the consumption of glucose and resulted in availability in the later stages of the 

culture.   
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  Condition A 

 

  Condition B 

 

Figure 4.9: Glucose and glutamine data for the two conditions tested. Glutamine was 

rapidly depleted in CHO-EG2 cultures, prior to glucose consumption. An increase in 

glutamine concentration in Condition A was due to the breakdown of the dipeptide 

GlutaMax™. n=1 ± SD, biological duplicate for Condition A. n=1 ± SD, biological triplicate 

for Condition B. Condition A = Media containing 1mM L-glutamine, 4mM GlutaMax™. 

Condition B = Media containing 6mM L-glutamine. 
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Figure 4.10 shows the result of an Annexin V assay to detect apoptosis. No 

significant increase in apoptosis levels were observed during the first five days of the 

culture, with Annexin V (+) cells only accounting for approximately 10% of the population. 

A change in the distribution of the population occurs at 120h, where the Propidium Iodide 

(-)/Annexin V (+) cell population increases for each additional timepoint. This is the case 

for a cell population that is beginning to enter starvation and corresponds with the 

consumption of glucose and the onset of apoptosis. A gradual increase in the Propidium 

Iodide (+) population was observed earlier than the population that exhibits Annexin V (+) 

behaviour, occurring from 72h. This result meant that a proportion of the cell population 

may be dying via a mechanism other than apoptosis. It has been reported previously that 

the detection of any significant levels of apoptotic activity in batch cultures of CHO-EG2 

cells in BioGro media was minimal (Salimi et al., 2018). The data generated matched closely 

to results reported in literature previously (Braasch et al., 2013) 

Figure 4.11 shows the results of fluorescence flow cytometry data from an 

autophagy assay. Of note was the increase of autophagic activity in condition B after 48h. 

The timing of the increase in autophagic activity in bioreactor cultures was like that of the 

shaker flask cultures in Chapter 3. In Condition A, the observed level of autophagy was 

lesser, with no relevant increase until 120h. This was assumed to be due to the availability 

of glutamine because of GlutaMax™ breakdown in the latter stages of the culture.  
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 48h  72h 
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Figure 4.10: Apoptosis data generated from fluorescence flow cytometry. No significant increase in apoptotic cells was observed until 96h in 

both culture conditions. Gating applied to the populations are shown (Left). n=3 ± SD. Condition A = Media containing 1mM L-glutamine, 4mM 

GlutaMax™. Condition B = Media containing 6mM L-glutamine. 
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 Condition A 

 
 

 Condition B 

 
 

Figure 4.11: Autophagy data generated from fluorescence flow cytometry. An increase in autophagy activity was observed after 48h in Condition 

B, due to the depletion of glutamine. The onset of autophagy in Condition A was delayed, due to the release of additional glutamine from the 

dipeptide GlutaMax™. Fluorescence intensity signals are represented as fold change over the 24h timepoint value (Right). n=3 ± SD. Condition A 

= Media containing 1mM L-glutamine, 4mM GlutaMax™. Condition B = Media containing 6mM L-glutamine. 



Chapter 4 

 

169 

4.2.5.  Optical Analysis 

 

Cells were analysed using a flow imaging system to determine changes in the morphology 

of cell populations. The ability of the system to count cells compared to traditional methods 

was first assessed (Figure 4.12). A high degree of linearity is seen between trypan blue 

counts and those taken from the optical system (Figure 4.13)1. The correlation was 

observed to be weaker in the later stages of the culture, but this was attributed to the 

detection limits of the imaging system when assigning cellular debris. The assigned viable 

and nonviable classes through the imaging system software were analysed separately 

against trypan blue counts to assess the accuracy of the classification assignment. In all 

cases, linearity between both systems was high (r2 > 0.95). A significant difference was 

recorded between the data sets at the latest time point of 144h, however this can be 

explained through the classification of the cells using the Canty software package (refer to 

Section 5.2.8).   

 
1 A single biological replicate was available to perform linearity analysis with Condition A. Although a 
biological replicate culture was performed, evidence of cell adhesion to the surface of the imaging flow cell 
was apparent for the first replicate. This skewed the counts to overestimate the density due to recounting of 
the same cell on every frame of capture. This was mitigated through a software patch for further cultures. 
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Figure 4.12: Comparison of total and viable cell count from trypan blue automated counts 

and data from the flow imaging system A loss in correlation between flow imaging counts 

(orange line = TCD, yellow line = VCD) and trypan blue counts (dark blue line = TCD, light 

blue line = VCD) occurred at time points beyond 120h, suggesting an underestimation of 

dead cells using the classification system. n=3 ± SD for trypan blue counts, n=2 ± SD for 

imaging system. Biological triplicate for Condition B. Condition A = Media containing 1mM 

L-glutamine, 4mM GlutaMax™. Condition B = Media containing 6mM L-glutamine. 
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Figure 4.13: Linearity analysis between automated cell counter and imaging system. High 

linearity scores were registered between viability estimations for the imaging system and 

trypan blue counting during the log growth phase. Condition A = Media containing 1mM L-

glutamine, 4mM GlutaMax™. Condition B = Media containing 6mM L-glutamine. 
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Condition B, TCD Condition B, VCD 
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4.2.6. Qualitative Analysis of Cell Images 

 

The formation of vacuoles in the cells under both conditions were evident after hour 56 

when viewed under a brightfield microscope (Figure 4.14). The number and size of these 

vacuoles per cell varied on a cell-to-cell basis, however it was common to see one or two 

vacuoles at the mentioned timepoint. The formation of such vacuoles appears at a 

timepoint in which the capacitance signal changes relative to trypan blue data. During the 

later stages of the culture (post 120h), swelling and blebbing of the membrane was 

apparent. This activity was linked to the onset of apoptosis and necrosis in this time 

window (Zhang et al., 2018).  

Captures from the flow imaging system were examined to see if such vacuoles were 

detectable using the system. Although the magnification of the objective in the optical flow 

imaging system was relatively low for isolating intracellular detail, the vacuoles in question 

were clearly identifiable (Figure 4.15 – Figure 4.18). The application of a filter to the 

captured images aided the visualisation of these bodies. It was also noted at this point that 

there were seemingly two types of viable cell captured when examining this classification 

at all timepoints. Both light and dark cells were observed. Cells which present signs of large 

blisters on the outer membrane are evident after 120 hours, or when glucose is consumed 

in the culture media. This behaviour is typical of cells under necrotic conditions, and this 

was backed up by flow cytometry data.  
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Figure 4.14: 40x Brightfield images of CHO-EG2 cells. Vacuoles were observed in cells after 54h of cell growth.  

    

    

     

    5   
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Figure 4.15: Flow images of viable classified cells for Condition A after 24h. The distribution of the cells was balanced, with little to no 

deformities observed. Condition A = Media containing 1mM L-glutamine, 4mM GlutaMax™. 
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Figure 4.16: Flow images of viable classified cells for Condition A after 96h. Vacuoles appear as dark regions on the interior of the cells 

classified in the viable population. Condition A = Media containing 1mM L-glutamine, 4mM GlutaMax™.  
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Figure 4.17: Flow images of viable classified cells for Condition B after 24h. Condition B = Media containing 6mM L-glutamine. 
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Figure 4.18: Flow images of viable classified cells for Condition B after 96h. The vacuoles appear as dark regions on the interior of the cells 

classified in the viable population. Condition B = Media containing 6mM L-glutamine.
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4.2.7.  Application of the Schwan Equations 

 

To investigate the change in the radius of the cells on the capacitance signal, as well as any 

shifts in their electrical state, the capacitance data was interpreted using the Cole-Cole 

alpha function. The changing mechanisms of cell death have shown to affect the function 

of ionic channels in the cell membrane, as well as the conductivity of the cell cytoplasm. 

The capacitance signal was corrected to read for the estimated viable cell density, 

Xc. The volume fraction (P) of the dataset was calculated from the observed capacitance 

height (∆C) value using the SCADA software package. ΔC is used in the calculation of the 

cell volume fraction (P); an increase in ΔC is directly associated with an increase in the cell 

biomass within the bioreactor. Also considered is the radius of the measured cells (r), the 

average cell membrane capacitance (Cm) as well as a volume fraction of an assumed sphere. 

It must be noted that these calculations depend on the assumption that cells are prefect 

spheres, rather than having dynamic characteristics as per Equation 4.2. This can be 

rearranged to give the following: 

 

 

P is the volume fraction of the cells in a particular volume of media. This value is 

expressed as a fraction of the contained volume of media. To convert P to the derived live 

cell density (Xc), this value is divided by the volume of an ideal sphere: 

𝑋𝑐 =  
𝑃

4
3 𝜋𝑟3

 (4.8) 

 

This value considers the variation in the cell radius as the culture progresses, 

according to the β-dispersion fitting. The calculated Xc value for the capacitance curve was 

directly compared to the capacitance signal at 0.6MHz and the trypan blue derived cell 

density, where Cm was set at a constant value of 1.5 ± 0.1 pF/cm in the Futura software. 

This value of 1.5 pF/cm was chosen to correlate the derived Xc value with offline trypan 

𝑃 =  
4∆𝐶

9𝑟𝐶𝑚
 (4.7) 
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blue counts at Xcmax (Figure 4.19). P was found to follow closely to the capacitance signal, 

with a similar inflection point at hour 48 of the culture.  When Xc was derived from P, a 

shift in the inflection point of the curve was observed. Correcting for the volume of the cell 

aligned the curve to the measured trypan blue counts during the growth phase. Like 

previously shown data for cells cultured under normal conditions, the growth phase of the 

cells correlates well in both data sets. However, there is a larger deviation during the initial 

starvation period and death phases. A volume-independent change in the properties of the 

cells must have occurred in this time between the inflection points of the curves. 

A characteristic of the culture at the P inflection point is the complete consumption 

of free L-glutamine in the culture. An expected trait of mammalian cells under starvation 

conditions is a reduction in the cell radius and circularity. This occurs as expected when 

examining the average diameter of the cells using the flow imaging system (Figure 4.19). A 

notable difference is observed if the calculated diameter of the cells from the capacitance 

data is examined. In contradiction to trypan blue data, a greater decrease in the cell 

diameter after 72h is observed. The calculated diameter of the cell is based on multiple 

parameters observed in Equation 4.7; therefore, it may be incorrect to assume that the 

diameter is increasing if assumed constants are variable. The calculated radius is a function 

of the biovolume of the cell, so it may be more correct to say that the internal volume or 

electrochemical density of the cell has changed rather than the membrane diameter. The 

effect of the overestimation of r is the cause of the underestimation in Xc. 
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 Condition A  Condition B 

  

  

Figure 4.19: Derived cell density and radius values taken from the ABER Futura software for the two conditions tested. The system struggled 

to determine a good correlation between the Cole-Cole derived VCD (orange line) and  offline cell density (blue line), due to an underestimation 

of the cell radius. The dielectric properties of the cell are also considered when calculating the derived cell density and were expected to be the 

cause of such deviations. Condition A = Media containing 1mM L-glutamine, 4mM GlutaMax™. Condition B = Media containing 6mM L-glutamine.
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A consideration to make when analysing this data beyond the formation of vacuoles 

is the effects of mitochondrial dysregulation on other calculated parameters in the fitting 

equation. The accuracy of frequency derived radius data has already shown to vary 

somewhat from other data sources, and some of the parameters that feed Equation 4.7 

are represented as constants. In particular, the membrane capacitance (Cmem) and 

intracellular conductivity (σi) have shown to be variable based on culture progression 

(Afshar et al., 2019). To further understand the affects of these parameters on the derived 

capacitance, offline data was used as a substitute to derive these parameters.  

The membrane capacitance and intracellular conductivity were calculated by 

replacing parameters from the Cole-Cole equation (Figure 4.20). To correct eXc, parameters 

from the ABER probe was replaced with cell size and number data from the automated cell 

counter. Cm is defined by the following equation: 

 

To recalculate this equation, the volume fraction of cells from trypan blue counts 

was calculated and replaced for Pcapacitance: 

 

Where N and r are taken from offline counting data. P was then replaced into 

Equation 4.9 to derive Cm. When recalculated, Cm was shown to change significantly as the 

culture progresses (Opel et al., 2010). Values for Cm of between 1 and 2 pF/cm-2 have shown 

to be common for traditional cancer cell lines (Zhang et al., 2020). This change in the 

membrane capacitance has been attributed to the changing ionic concentration in the cell 

as a result of calcium/potassium channel dysregulation (Labeed et al., 2006). Substituting 

the newly found Cm and r parameters into the original eXc equation, we can confirm that 

the newly calculated Xc values are the same as offline counts.  

 Cytoplasmic conductivity is a second parameter that’s assumed as a constant in the 

derivation of the Cole-Cole parameters. For mammalian cells, σi is set to 0.42 S/m in the 

𝐶𝑚 =  
4∆𝜀

9𝑃𝑟
 (4.9) 

 

𝑃 =  (
4

3
× 𝜋 × 𝑟3) × 𝑁 (4.10) 
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ABER fitting algorithm. Like the membrane capacitance, we can recalculate this parameter 

by inserting cell volume fraction volumes derived from offline counts. σi was recalculated 

using the following equation: 

𝜎𝑖 =  
8𝜋𝑓𝑐∆𝜀𝜎𝑎

9𝑝𝑚𝜎𝑎 − 4𝜋𝑓𝑐∆𝜀
 (4.11) 

 

Fc, Δε and σa were taken as average values for the time point in which the offline 

sample was taken over a duration of 10 minutes. Δε was set at a value at 0.2MHz, where 

the β-dispersion plateau was found for data that had been corrected for electrode 

polarisation (Asami, 2011). Data only relating to timepoints up to and including 120h were 

shown when performing this analysis. The Schwan modelling equations rely on healthy 

cells having the properties of ideal spheres. As cells progress through autophagy and 

apoptosis, this assumption loses strength and as such will be erroneous. 
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 Condition A  Condition B 

  

  

Figure 4.20: Membrane capacitance (Cmem) and intracellular conductivity (σi) progression in CHO-EG2 bioreactor cultures. A sharp decrease in 

the membrane capacitance (green line) and cytoplasmic conductivity (blue line) were recorded after 48h of culture. Data was calculated using 

the Schwan equations with data from the capacitance probe and the calculated electrical diameter of the cell populations. Condition A = Media 

containing 1mM L-glutamine, 4mM GlutaMax™. Condition B = Media containing 6mM L-glutamine.  
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4.2.8.  Analysis of IFC Measurements 

 

Offline impedance cytometry data was examined in relation to online capacitance 

measurement sin an effort to understand the changing dynamics of the live population. 

The accuracy of the captured impedance data was tested against offline trypan blue counts 

to ensure accuracy of the system. Like cultures at smaller scale, good correlation was seen 

between the two systems (Figure 4.21 and Figure 4.22). The counts at peak density for the 

impedance system were lower than that by trypan blue counts, no significant differences 

were recorded between the data sets however when performing a paired T-test for 

Condition B (P < 0.02).  

Like the imaging system, a slight differential between mean values was seen 

between trypan blue and impedance counts at the later stages of the culture. In the case 

of the impedance system, a higher debris reading in the latter stages of the culture resulted 

in lower viability readings. Linearity between impedance and trypan blue counts for viable 

cell counts remained high across both systems, with r2 values > 0.95 observed. The lower 

linearity score was attributed to the width of the chip channel when analysing cultures at 

higher cell densities. The 50-micron channel width allowed for two cells to pass the 

detector, especially at higher cell concentrations. This in turn resulted in a false count, 

showing as a particle of higher amplitude on the scatterplots.  
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  Condition A 

 

 
Figure 4.21: Amphasys comparability with automated trypan blue counts for condition 

A.Setting a phase value boundary of 155° at 0.5MHz to determine the viability of cells using 

impedance flow cytometry (purple line) yielded strong correlation results with trypan blue 

counts (blue line). n=3 ± SD for trypan blue counts, n=6 ± SD for impedance counts, 

biological duplicate. Condition A = Media containing 1mM L-glutamine, 4mM GlutaMax™.  
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  Condition B 

 

 

Figure 4.22: Amphasys comparability with automated trypan blue counts for condition B. 

n=3 ± SD for trypan blue counts, n=6 ± SD for impedance counts, biological triplicate. 

Condition B = Media containing 6mM L-glutamine. 
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Paired frequencies were not selected when performing bioreactor cultures for Condition 

A. Frequency and buffer conditions from Chapter 3.2.9. were used. Data was recorded at 

four frequencies; 0.5MHz, 2MHz, 10MHz and 20MHz. The data was assessed to see what 

changes in the raw phase angle and amplitude occurred. Across all frequencies tested, a 

decrease in the phase angle of the cells was observed after 24 hours (Figure 4.23). After 72 

hours, these phase angles remain constant for the remainder of the timepoints tested.  

 When examining the raw impedance plots at 0.5MHz (Figure 4.24), an increase in 

the gated region associated with apoptotic cells was observed after 96h. The number of 

cells in these populations was like that of the population sizes determined by fluorescence 

flow cytometry.   
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 0.5MHz 

  

 2MHz 

  

 20MHz 

  

Figure 4.23: Phase and amplitude changes during daily sampling of the condition A 

bioreactor. A change in the phase angle of the live population was observed after 24 hours. 

Dead cells are observed at lower phase angle values. Condition A = Media containing 1mM 

L-glutamine, 4mM GlutaMax™. 
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 24h  48h 

  

 72h  96h 

  

 120h  144h 

  

Figure 4.24: Raw impedance plots at 0.5MHz for Condition A. The gate shown corresponds 

to the assumed apoptotic population, as discussed in Chapter 3. Values for these 

populations match closely to those determined by fluorescence flow cytometry. Condition 

A = Media containing 1mM L-glutamine, 4mM GlutaMax™. 
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 0.5MHz 

  

 2MHz 

  

 30MHz 

  

Figure 4.25: Phase and amplitude changes during daily sampling of the condition B 

bioreactor. Condition B = Media containing 6mM L-glutamine. 
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 24h  48h 

  

 72h  96h 

  

 120h  144h 

  

Figure 4.26: Raw impedance plots at 0.5MHz for condition B. The gate shown corresponds 

to the assumed apoptotic population, as discussed in Chapter 3. Values for these 

populations match closely to those determined by fluorescence flow cytometry. Condition 

B = Media containing 6mM L-glutamine. 
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The distribution of opacity values across all frequencies tested was determined 

(Figure 4.27) At low frequency values, a gradual increase in the opacity values were 

observed, particularly after 48 hours. A crossover in the distribution of opacity values was 

observed beyond 10MHz, where the opacity values decreased over time. An increase in 

the opacity of cells at low frequencies over time is reflected in a decrease in the membrane 

capacitance. At higher frequencies, the cell membrane does not represent a barrier to 

electric waves and as such, information on the cytoplasmic conductivity is derived.Opacity 

values at higher frequencies were known to reflect on the formation of highly conductive 

cellular bodies as a result of autophagy (Haandbæk et al., 2014, Kirkegaard et al., 2014). 

The difference between the patterns of the evolving opacity values can be seen between 

high and low frequencies.  
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 1MHz  2MHz 

  
 6MHz  10MHz 

  

 20MHz  30MHz 

  
Figure 4.27: Opacity values across all frequencies tested for daily samples. The broken line 

separates frequencies related to membrane capacitance and cytoplasmic conductivity. The 

pattern of opacity magnitude differs depending on what attribute of the cell is examined.  
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    24h     48h     72h 

   
 

 

 

 

 

 

 

    96h    120h 

  

Figure 4.28: Opacity spectra of CHO-EG2 cells for daily timepoints. The crossover 

frequency can be seen at approximately 10MHz. This shows the point at which the cell 

membrane no longer acts as a barrier to impede the applied electrical current. n=1 ± SD, 

biological triplicate. 
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The opacity and relative phase plots of cells at low (1MHz) and high (30MHz) frequency 

values are shown in Figure 4.29 and Figure 4.30. At low frequencies, a change in the opacity 

is noticeable after 48 hours, with a gradual increase from 0.73 to 0.83. It was desirable to 

analyse the opacity of the cells at this frequency range as it corresponds closest to the 

capacitance probe measurement value of 0.6MHz. This shift in the population therefore 

relates to the loss of correlation in biovolume of the capacitance probe.  

In the case of 30MHz measurements, the shift in phase angle of the cells is more 

apparent. A shift towards lower phase angles in conjunction with an increase of the opacity 

of the cells means that the cells are undergoing a change in their cytoplasmic conductivity 

properties. This shift occurs strongest during the first 72 hours of the culture, with little 

movement observed after this point.   
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          24h           48h 

  

          72h           96h 

  

          120h           dead populations 

  

Figure 4.29: Daily opacity and relative phase plots (1MHz) of CHO-EG2 cells. Like flask 

cultures, an increase in the opacity was observed after 72h. A gate was applied at an 

opacity value of 0.8 to demonstrate this.   
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          24h           48h 

  

          72h           96h 

  

          120h           dead population 

  
Figure 4.30: Daily opacity and relative phase plots (30MHz) of CHO-EG2 cells. Changes in 

the phase angle of cells at high frequencies were observed after 24h, corresponding to 

changes in the cell interior.  
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4.3. Discussion 

 

It is clear from the results shown in this chapter that the onset of autophagy influences the 

dielectric properties of cells. In both online and single cell techniques, there are significant 

changes in the response of cells as they progress through batch cultures. The cells remain 

relatively stable during the first two days; however, the onset of autophagy is apparent 

after this point as confirmed by both flow cytometry and imaging data. The impact of 

autophagic activity is linked to a loss in linearity between single frequency capacitance data 

and offline counts. To bolster this understanding, the impedance characteristics of single 

cell live populations were assessed to uncover the exact reasoning behind this loss in 

correlation.  

 

4.3.1. Mechanism of Autophagy 

 

Autophagy is traditionally observed as a pro-survival mechanism as a response to a lack of 

nutrient availability. Self-consumption of the cellular content occurs to regulate the 

presence of dysfunctional proteins, or release ATP in the absence of the required nutrient 

source. The formation of membrane bound autophagosomes occurs, which envelop and 

enzymatically digest proteins and cellular structures (Glick et al., 2010, Meijer and 

Codogno, 2004). Stimulants of autophagy include starvation, oxidative stress, and protein 

aggregation. Activation of the mammalian target of rapamycin (mTOR) pathway is 

ubiquitous with the onset of autophagy (Neufeld, 2010). 

 A prerequisite to the formation of an autophagosome is the assembly of a 

phagophore. The phagophore acts like a net, encapsulating the desired cytoplasmic 

contents and eventually sealing its membrane to form an autophagosome. The target of 

the phagophore is entirely dependant on the mechanism of inducing autophagy. In the 

case of nutrient starvation, the mechanism of interest in this work, the phagophore is non-

selective that is the degradation of any available proteins should release the required ATP. 

Once an autophagosome has been complete, the bound contents are delivered to an 

autolysosome where merging of the membranes occur (Yim and Mizushima, 2020). The 
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cellular components are delivered and released for degradation (Jin and Klionsky, 2014). 

The formation process of these molecules, particularly membranes, is associated with the 

mitochondria and will therefore have an affect on its activity (Sandoval et al., 2008, 

Rambold and Lippincott-Schwartz, 2011). This has shown to be particularly true in the case 

of starved cells, where membrane structures are shared between the mitochondria and 

autophagosomes without a loss of mitochondrial mass (Hailey et al., 2010) The size and 

shape of these vacuoles can vary depending on the mechanism of action, however in 

mammalian cells it is common to observe autophagic bodies above 1µm in diameter 

(Klionsky and Eskelinen, 2014). 

As discussed in Chapter 3, the presence of autophagosomes was proposed as a 

detectable trait using the available technologies. The structural bodies associated with 

autophagy had already been shown to be visible using a combination of fluorescence flow 

cytometry and imaging data. This was shown to be true in both sets of experiments 

performed in this chapter, and flow cytometry techniques were employed to confirm that 

the development of autophagosomes occurs at a similar timepoint. The effects of 

GlutaMax™ in the culture was evident when examining the online capacitance data.  
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4.3.2. Effects of Autophagy on Impedance Data 

 

This body of work tells us that the effects of autophagy are detectable using dielectric 

spectroscopy, with a notable decrease in capacitance values relative to offline counts 

during the period of autophagy induction. This was true at the manufacturers 

recommended measuring frequency of 0.6MHz, where a change in the capacitance relative 

to offline counts was observed at approximately 60h. If analysing this data based on the 

equation Δε = Nr4 alone, this suggests that there was a volumetric change in the cell 

biomass because of the onset of autophagy. This can be due to either the number of cells 

or a change in their radii, but neither of these criteria fit the change observed.  

Measurements taken from a capacitance probe are representative of the bulk 

population and cannot divulge information on potential subpopulations. Online 

capacitance data has been used for industrial applications to monitor cultures due to the 

relative homogeneity of cell populations in well characterised media. When cells begin to 

enter the stage of viability loss in these processes, the increased heterogeneity of the 

culture is known to result in a loss in correlation between these readings and traditional 

offline counting. Looking beyond the ability of capacitance systems to quantify the biomass 

of a culture, little consideration has been given to cell populations that may exhibit a 

change in their biochemical properties prior to viability loss. 

 Impedance flow cytometry was employed as an aid to distinguish the changing 

dynamics of such cells in more detail. From the impedance data taken, there was a distinct 

change in the phase angle and opacity data across all measured frequencies in both 

conditions tested. The change in opacity was most apparent in the initial stages of the 

culture, which coincides with the onset of autophagic activity as confirmed by fluorescence 

imaging with the appropriate stains. The changing amplitude of cells at frequencies at 

30MHz as the culture progressed further tells us that the cell interior properties was 

changing between the populations. Given the close interplay between ionic channel 

regulation and autophagy, this is a plausible method of assessing the changing biochemical 

signals of cells (Zhang et al., 2021).  
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The early onset of autophagy in BioGro-CHO media was of interest. The 

performance of CHO-EG2 cells in this media fell in line with reported max cell density and 

culture duration values. No report of autophagic activity was noted, however. The 

mechanism of cell death reported by Braasch et al. showed that apoptosis was the major 

pathway of cell death in such conditions, but events associated with the dielectric changes 

in these cells could not be accounted for. Autophagy may contribute towards these findings 

in a meaningful way and might suggest potential for a method of recovering these cells 

prior to reaching death. 
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4.3.3.  Understanding Dielectric Signals 

 

With this knowledge of the changing dynamics of the cell population in accordance with 

autophagic activity, we can begin to divulge the dielectric data with a greater degree of 

certainty. The average size and membrane capacitance of the cell population is known to 

be inversely proportional to the fc parameter, whilst Cole-Cole α is a representation of the 

size distribution of the cells. Both parameters can be read in accordance with the phases 

of autophagy. Membrane regulation and changes to the ionic content of the cell may be 

attributed to shifts in the critical frequency relative to the Cole-Cole α parameter  

The previously discussed mTOR pathway, ubiquitous with the activation of 

autophagy, is tightly regulated by ion channels (Zhang et al., 2021). Calcium ions are 

transported from the endoplasmic reticulum to the mitochondria under healthy 

conditions, which in turn regulate AMP-activated protein kinase (AMPK). AMPK is activated 

under nutrient deficient conditions or oxidative stress, a precursor event to autophagy 

activation (Zhao and Klionsky, 2011). Ion channels also exist on the lysosomes to regulate 

cell homeostasis because of starvation or other cellular stresses. The release of Ca2+ from 

the lysosome may alter the balance of the cells ionic content during starvations and is a 

parameter that is beneficial to monitor in real time. 

The sudden loss of correlation between the cell count and capacitance 

measurements at 72h in both cultures (Figure 4.7 and Figure 4.8) can only be explained by 

two parameters according to the Schwan equations: a change in the average cell radius or 

membrane capacitance. With no dramatic change in the cell radius observed using the 

optical systems available, a change in the membrane capacitance was suspected to be the 

cause of this difference. In accordance with the discussed events relating to nutrient 

starvation, there appears to be a change in the activity of the cell that occurs prior to the 

loss of cell viability.  
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 Although bulk measurements of cell capacitance may lack the sensitivity of flow 

cytometry methods, we can use the β-dispersion formulae to calculate approximations of 

the membrane capacitance and intracellular conductivity at any time with the aid of offline 

sampling. The fitting algorithms used to determine the average cell radius and volume 

fraction are dependant on constant values for Cmem and σi.  

The results from the determination of Cmem and σi from bulk capacitance 

measurements shows that these parameters are dynamic as the culture progresses. 

Changes to the capacitance of the membrane are typically attributed to the complexity of 

the outer surface. Microvilli and other structural features are often decreased during the 

evolution of death pathways, and this smoothening has been associated with decreased 

membrane capacitance values using DEP cytometry (Wang et al., 2002). A decrease in the 

calculated Cmem values for both cultures run in this chapter correspond with glutamine 

deprived conditions. This was confirmed when examining the opacity values of the 

subpopulations. Opacity measurements calculated between low and mid-frequency values 

have shown to negatively correlate with Cmem. This was found to hold true at Zhigh values at 

1MHz. 

Single cell impedance measurements can be used to enhance bulk measurements 

by modelling the changes in the cell’s dielectric properties in accordance with frequency. 

CHO cells are represented as double shell models for the purposes of modelling (Salimi et 

al., 2016). The presence of both nucleus and plasma membranes give rise to this name, and 

information on the conductivity and capacitance of these components can be extrapolated. 

Where these methods of estimating the changing biochemical properties of the cell hold 

true potential is if they can be calculated in real time, rather than using offline data to back-

calculate.  

Intracellular conductivity of CHO-EG2 cells under starvation conditions has been 

examined previously to determine critical values at which cells become non-recoverable 

from nutrient starvation (Fazelkhah et al., 2019a). In this work, a threshold of 0.3 S/m was 

this critical value after which cells were considered non-recoverable even with a nutrient 

feed (Figure 4.31).  
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Figure 4.31: Cytoplasm conductivity values for CHO-EG2 cells undergoing starvation of 

glucose and glutamine (blue dotted line). Values indicated in red are cells which have had 

nutrients reintroduced. The reintroduction of nutrients to cells stabilised the cytoplasmic 

conductivity of cells, however a threshold value of 0.3 S/m was breached at a later 

timepoint. (Fazelkhah et al., 2019a). 

  



Chapter 4 

 

205 

4.3.4. Limitations 

 

The primary limitation that was observed in this work was the extent of electrode 

polarisation observed at the low frequency range of the capacitance probe readings. This 

was true in the case of this work due to the use of the ABER Pico probe. The PICO probes 

that were used have a smaller footprint for accommodation into smaller vessels such as 1L 

benchtop bioreactors. As such, the electrodes used have a smaller footprint and design 

elements. The geometry of the probe, especially the distance between the electrodes sets, 

has an impact on the levels of polarisation in the low frequency range (Davey and Kell, 

1998). It was noted that the determining of parameters relating to ΔC at low frequencies 

may have inaccuracies due to electrode polarisation. To counteract this when calculating 

parameters associated with the Schwan equations, an upper threshold frequency of 

0.2MHz was applied.  

A second limitation to this work was regularity of sampling and the sample volume 

needed per analysis timepoint. When scaling down reactor systems, the volume of samples 

needed to perform multiple methods of analysis becomes important. It was essential to 

ensure the total volume withdrawn from the system did not exceed 10% of the working 

volume, otherwise the dynamics of the system can be compromised. Especially during the 

early timepoints of the culture where the cell density is low, higher samples volumes are 

required to capture a statistically relevant population count. An online method of 

determining the cell density at regular intervals was desirable in the application discussed 

in this work. A second method of image analysis known as digital holography was applied 

to test the feasibility of such a method (Appendix A.1).  
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4.4 Conclusions 

 

The results shown in this work may provide enhanced identification of the mechanisms 

associated with cell death, unearthing when the health of the cell population may be 

changing prior to identification with cell staying assays. This knowledge has application in 

prolonging the longevity and product quality of modern bioprocesses. Coupling this 

information with a targeted feeding strategy may prove to be a reliable method of 

enriching media prior to the onset of irreversible cell death mechanics (Ma et al., 2019). 

By examining frequency sweep data, particularly at higher frequencies considering 

the smaller size of such particles, we may account for unexpected shifts in mathematical 

signals (Cannizzaro et al., 2003). To further enhance the accuracy of these signals, high 

resolution cell imaging could be employed to determine the appearance, size, and 

abundance of such particles. Furthermore, applying the finding from this work to single cell 

analysis like dielectrophoresis (DEP) or another impedance-based flow cytometer may 

divulge further discrete shifts in the cell (Salimi et al., 2016). Not taken into account in this 

work is the potential changes in the membrane capacitance in cells during nutrient 

deprived conditions (Afshar et al., 2019). 
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5.1. Introduction 

 

Single frequency data from capacitance probes showed an early change in the dielectric 

properties of the CHO-EG2 cell population when compared to offline counting methods as 

part of this work. This is not traditionally be observed in industrial cultures, where a 

reduction in correlation is more so associated with events after viability loss is observed. 

The potential of using multifrequency data to analyse the changing dielectric properties of 

cells has been discussed in literature (Cannizzaro et al., 2003, Ansorge et al., 2009, Metze 

et al., 2020). This approach to the analysis of capacitance data may unlock the analysis of 

culture dynamics beyond what has previously thought possible.  

Multivariate data analysis (MVDA) encompasses the technique of collecting and 

interpretating multiple changeable parameters in a way that is easier to digest for the 

analyst. The goal of MVDA is to extract information from multiple overlapping, complex 

sources that may be hidden to the naked eye (Wheelock and Wheelock, 2013). The 

application of MDVA is suitable for a wide range of applications and has a high degree of 

suitability for the manufacture of biopharmaceuticals, particularly in process optimisation 

applications (Kirdar et al., 2007). Upstream processing in particular is an ideal candidate 

for the application of MVDA analysis, with popular statistical software packages such as 

SIMCA in use in development scale labs throughout the industry (Nejadgholi and Bolic, 

2015). 

The adoption of Industry 4.0 principles into the biopharmaceutical sector has led to 

this push towards statistical analysis to a greater extent. A combination of the harvesting 

of statistical data in combination with integrated communication with process control 

equipment through the Industry Internet of Things (IIoT) (Wollschlaeger et al., 2017). The 

advancement of PAT tools such as biocapacitance and Raman probes hold the potential to 

feed vast amounts of information to such analytical techniques (Whelan et al., 2012, 

Esmonde-White et al., 2017). Data points captured every 30 seconds over the course of a 

two-week fed batch system will yield results in the millions, an impossible dataset to 

interpret manually. The collection of such information to this scale is referred to as Big Data 

when discussing Industry 4.0. 
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“Big Data” sets can be applied towards the development of statistical models to 

predict the behaviour of cultures without manually running them (Obermeyer and 

Emanuel, 2016). Simulation can be performed to see what the changing of control 

parameters in the bioreactor may have on the growth and productivity performance of 

cells (Rafferty et al., 2020). The idea of such models is to provide an experimental black box 

to improve the quality of processes without the investment or time expense of running 

such systems. In the current climate, the adoption of technologies to analyse the health of 

cells is still in its infancy with automated cell counters still providing most of this 

information. Where this work aims to improve this system is to increase our understanding 

of health monitoring PAT tools to enhance process control in a timelier fashion.  

This chapter will further interrogate the datasets generated in bioreactor cultures 

to see what further information can be derived from multivariate data analysis. 

Information on performing frequency sweep analysis is relatively limited in literature. The 

work of Cannizzaro et al. was amongst the most significant that relates multifrequency 

analysis of capacitance data at the changing properties of CHO cells. PCA was a method 

proposed to analyse multifrequency data and withdraw information on the critical 

timepoints of the culture that would otherwise go unobserved using single frequency data. 

Through their analysis, morphology changes of the cell were responsible for the shift in 

capacitance weighting at high and low frequencies (Cannizzaro et al., 2003)  

 Work has been performed by a group in BioGen to correlate the changing values 

of the Cole-Cole equation to the onset of apoptosis (Ma et al., 2019). Cole-Cole α and 

critical frequency were metrics used to understand the changing dynamics of the culture 

during the onset of a nutrient limitation.  
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5.1.1. Principal Component Analysis 

 

Principal Component Analysis (PCA) forms one of the pillars of MVDA (Ringnér, 2008). The 

objective of PCA is to convert a series of variables into one or more statistically relevant 

principal components which represent the original variables. Each principal component has 

a “direction,” which indicates the route of least variance when the variables are plotted. 

By minimising the number of dimensions that the original variable dataset has, there is a 

loss in the accuracy of the resulting model which must be considered during analysis. Each 

calculated PC will have an associated Eigenvalue based on the variance matrix constructed. 

 A scatter plot which maps the variance scores of the two highest ranked principal 

components is presented after a PCA is performed. Clustering of the principal components 

is desired in an attempt to identify “hotspots”, or statistically relevant phenomena which 

correspond to process events (Mercier et al., 2013). This method of analysis is often used 

when considering the control of bioreactors and how the change in parameters such as pH 

or dissolved oxygen affect the growth of cells. A scree plot is also relevant to PCA analysis, 

indicating the weights of the calculated principal components. Like the name suggests, a 

scree plot should contain a defined cliff which denounces the area in which most of the 

variance is captured. If the scree plot was to taper gradually over many principal 

components, it suggests that the variables in question hold no relevant correlation.   

 The components that are derived from the PCA should follow similar trends 

between consecutive cultures, assuming the conditions remain largely the same. This 

introduces the use of PCA as a tool to examine where changes to this variation may occur 

as the conditions are changed. A variance plot can be seen as a map which tracks events 

associated with the change in the culture condition or growth of cells. The information 

captured at multiple frequencies by capacitance probes is suited towards multivariate 

analysis.  

  



Chapter 5 

211 

5.1.2. The Influence of Frequency on the Cole-Cole α Parameter 

 

The Cole-Cole α is a value of the slope of the β-dispersion curve and typically falls within a 

value range of 0.1 – 0.2 for mammalian cells. As this value is increased, the β-dispersion 

curve will flatten (Figure 5.1). This widening of the curve distribution would suggest a more 

heterogenous cell population size as smaller particles are represented at higher frequency 

values. Furthermore, changes in the Cole-Cole α are shown to reflect on changes in 

mitochondrial regulation as a result of sodium/calcium channel activation (González-

Correa et al., 2018). To better understand the applicability of the Cole-Cole α function to 

the cultures in this work, the sweep of relevant frequencies for CHO cells could be analysed. 

A change in the α function should be represented as a shift in the charge distribution 

towards higher frequencies (assuming an increase in the α value). 

Measuring capacitance at 0.6MHz has shown to correlate closely with the size and 

number of whole cells, but the higher frequencies generated by capacitance probes could 

hold understanding on additional cellular properties. It has been shown that the cell radius 

can be accurately estimated using on-line capacitance data by fitting to a simple Cole-Cole 

model, however a loss in correlation is observed during the phases of the culture after cell 

growth (Lee et al., 2015).  
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Figure 5.1: The effect of varying Cole-Cole α on the shape of the β dispersion curve with 

a constant critical frequency value. Changing the Cole-Cole α impacts the shape of the 

curve at higher and lower frequencies, behaviour associated with the change in the size 

distribution of cells in a culture. Reused with permission from (Yardley et al., 2000). 
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5.1.3. Multivariate Analysis of Imaging Data 

 

Machine learning and deepometry are techniques that are employed to analyse the 

changing properties of optical images (Doan et al., 2021). Machine learning is employed by 

the CellVision Image Analyser (CVIA) software package to classify the state of cells viewed 

by the PharmaFlow system. Machine learning parameters are trained from tagged cells 

that have been manually classified by a user, known as supervised learning. Objects that 

are detected pass by a flow imaging camera an LED light source to illuminate the field of 

view. Once detected, a series of 42 parameters is applied to the captured objects which 

differentiate the morphology of the cell. The objects are then binned into user-defined 

classes which are generated through supervised learning.  

 The data that is generated relating to the 42 parameters can be further analysed to 

understand how individual classes change over time. A number of techniques are available 

for visualising multiple-components datasets, including principal component analysis (PCA) 

and t-distributed stochastic neighbour embedding (t-SNE) (Kobak and Berens, 2019). Such 

analysis is capable of extracting information multiple cell parameters beyond morphology, 

including cells that are moving through the phases of the cell cycle (Blasi et al., 2016).  
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5.1.4. Objectives 

 

The objective of the second part of this chapter was to further analyse the data sets 

generated from bioreactor cultures using multivariate data analytical techniques. 

Capacitance sweep data and image parameters generated by the flow imaging system 

were suitable candidates for PCA analysis. Of particular focus was the changing properties 

of the live cell population which was uncovered by impedance spectroscopy in the first part 

of this chapter.  

 

1. Examining the frequency sweep data from the capacitance probe to see what 

frequencies are having the greatest impact on the derived Cole-Cole parameters.  

 

2. Add additional factors to the PCA analysis, including imaging data, to see what 

impact they may have on the analysis of the system. 
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5.2. Results 

 

Data presented in this section was delivered as a webinar for ABER instruments on 27th 

October 2021, titled:  

“Extracting additional information from frequency scanning using dielectric spectroscopy” 

 

5.2.1. Plotted Capacitance Sweep Data 

 

The frequency sweeps of the two conditions tested are seen in Figure 5.2. The frequency 

used for single frequency measurements is highlighted in green. The highest capacitance 

values are recorded in the low frequency range. This is due to the complete polarisation of 

the cell membranes in this range, where a plateau of the frequencies beyond this range is 

observed. Frequencies beyond 2MHz are relatively low in magnitude and as such, are 

difficult to differentiate in these plots. Variance scaled plots were generated to show the 

change in shape of the hight frequency data over time.  

When examining the normalised capacitance plot (Figure 5.3), the distribution of 

the curves differs when moving higher in the frequency ranges. This shifting is particularly 

evident at frequencies >1MHz according to the heatmap, regions of the β-dispersion curve 

associated with changing membrane capacitance and intracellular conductivity values. 

Peak capacitance values are not reached until 144h in this frequency range. The varying 

properties of the frequency sweep data may be due to multiple factors, however the data 

in Chapter 4 which identified changes in the properties of the live cell population may 

account for some of these changes. In condition B, a peak of high frequencies is observed 

post 120h. This was associated with the onset of apoptosis and the formation of highly 

conductive debris as identified in impedance flow cytometry.  
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 Condition A 

 
 Condition B 

 
Figure 5.2: Capacitance over time for all frequencies recorded. Frequency sweep data 

captured between 0.1 – 20MHz for a CHO-EG2 culture containing 4mM GlutaMax™ in the 

media (Top = Condition A, Bottom = Condition B). As time progresses, the shape of the 

capacitance curve changes depending on the observed frequency. This is due to the 

dielectric properties of the cell changing due to the applied frequency. Condition A = Media 

containing 1mM L-glutamine, 4mM GlutaMax™. Condition B = Media containing 6mM L-

glutamine. 
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  Normalised Capacitance Plot 

 

  Heat Map of Normalised Capacitance Data 

 
Figure 5.3: The shape of capacitance curves change depending on the frequency 

measured. Normalising the capacitance allows for the changing properties of the sweeps 

to be visualised with ease, especially high frequency values. Normalised plot over time of 

the captured frequencies for Condition A and B (Top). The variance of the frequencies was 

represented as a heat map (Bottom). High frequencies peak at the later stages of the 

culture, where cell debris and apoptotic bodies have formed. Condition A = Media 

containing 1mM L-glutamine, 4mM GlutaMax™. Condition B = Media containing 6mM L-

glutamine. 
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  Normalised Capacitance Plot 

 
  Heat Map of Normalised Capacitance Data 

 
Figure 5.3 continued. 
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5.2.2. Principal Component Analysis of Frequency Sweep 

 

PCA was performed on the frequency sweeps from the capacitance data (Figure 5.4). The 

data was mean centered and analysed using a correlation matrix. A correlation matrix was 

chosen because of the varying strength of the capacitance signals at different frequencies. 

If a covariance matrix was used, the capacitance at low frequencies would dominate the 

calculated variance (Borgognone et al., 2001). A summary of the variance between the two 

culture conditions is seen below: 

Table 5.1: Variance identified in PCA analysis of Condition A and B. 

 Total Variance 
Captured by PC1 and 

PC2 (%) 

PC1 Total 
Variance (%) 

PC2 Total 
Variance (%) 

Condition A 99.81 87.82 11.99 

Condition B 99.83 87.27 12.23 

 

PC1 in both scenarios showed high positive loading for all frequencies captured, 

with slight tailing observed after 2MHz. This shows that the dominant variable is due to the 

changing biomass volume and its effect across all the observed frequencies. The tailing was 

assumed to be a result of the relatively low capacitance values and associated error. PC2 

distribution on the other hand shifted from low to high frequencies. This was of interest 

because it seems to correspond with the changing magnitude of the capacitance signal in 

the heat map.  

When examining the biplot of the two PC’s, the early days of the culture shift 

towards the lower right quadrant which aligns with low frequency loadings. This is 

expected because low frequency values in the β-dispersion curve traditionally align with 

biomass changes because of a homogenous, live cell population. At a particular point in 

the culture, a prominent change in PC2 is observed as indicated by point A in the loadings 

plot. With no meaningful change in PC1, this shows a strong contribution of high frequency 

loading on the change in variance. The signal noise begins to increase towards the latter 

stages of the PCA plot, this was assumed to be due to the onset of cell death in the culture.
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 Principal Components 1 Scores  PC1 vs PC2 Scores Plot 
 

Freq 
(MHz) 

PC1 PC2 

0.106 0.900 -0.432 
0.136 0.901 -0.431 
0.174 0.903 -0.427 
0.224 0.908 -0.417 
0.287 0.916 -0.399 
0.368 0.929 -0.370 
0.473 0.945 -0.327 
0.580 0.959 -0.281 
0.779 0.979 -0.199 
1.000 0.991 -0.119 
1.120 0.995 -0.082 
1.648 0.997 0.044 
2.115 0.991 0.120 
2.714 0.981 0.190 
3.484 0.967 0.252 
4.472 0.952 0.306 
5.740 0.936 0.353 
7.368 0.919 0.393 
9.457 0.903 0.428 
12.139 0.888 0.457 
15.650 0.874 0.483 
20.000 0.861 0.504 

  

 Principle Components 2 Scores  Loadings Plot 

  

Figure 5.4: Principal components analysis performed on frequency sweeps from the capacitance probe for Condition A and B. Two principal 

components of variation were identified. Loading scores are included (Left). Condition A = Media containing 1mM L-glutamine, 4mM GlutaMax™. 

Condition B = Media containing 6mM L-glutamine.  



 

221 

 Principal Components 1 Scores  PC1 vs PC2 Scores Plot 
 

Freq 
(MHz) 

PC1 PC2 

0.106 0.917 -0.382 
0.136 0.917 -0.386 
0.174 0.917 -0.388 
0.224 0.920 -0.385 
0.287 0.926 -0.376 
0.368 0.934 -0.356 
0.473 0.946 -0.324 
0.580 0.957 -0.288 
0.779 0.973 -0.222 
1.000 0.984 -0.156 
1.120 0.988 -0.124 
1.648 0.995 -0.008 
2.115 0.994 0.069 
2.714 0.987 0.145 
3.484 0.974 0.219 
4.472 0.957 0.289 
5.740 0.935 0.354 
7.368 0.911 0.411 
9.457 0.886 0.462 
12.139 0.860 0.507 
15.650 0.834 0.545 
20.000 0.811 0.577 

 
 

 Principal Components 2 Scores  Loadings Plot 

  

Figure 5.4 continued. 
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5.2.3. Principal Component Loadings 

 

The loading values for PC1 and PC2 were plotted against time to understand when changes 

in their distributions occur. PC1 displays a closer resemblance to the offline VCD when 

compared to single frequency measurements at 0.6MHz. This holds true with the theory that 

PC1 is accounting for the change in biomass of the culture, however this was further 

investigated by analysing PC1 weighting relative to offline counts (Figure 5.5). For both 

cultures, an improved R2 of the fitting was observed compared to single frequency readings 

from Part 1 of this chapter.  

 

Table 5.2: Linear models for single frequency capacitance and multifrequency fitting. 

 Single Frequency Fitting PCA Fitting 

Condition A 
y = 0.8299x + 0.0877 

R2 = 0.8315 
y = 0.9018x + 0.0741 

R2 = 0.9447 

Condition B 
y = 0.892x 0.1072 

R2 = 0.9414 
y = 0.9183x + 0.0886 

R2 = 0.9694 

 

PC2 on the other hand displays a distinct change in loading at an earlier timepoint to 

that of PC1. The weighting of PC2 holds higher loadings when moving from low to high 

frequencies. This variance could be attributed to several sources and as such, would require 

further investigation. A strong shift in the loading of PC2 from negative to positive was 

observed in both culture conditions at a particular point in time. Opacity measurements were 

generated to examine what effects that the changing membrane capacitance or cytoplasmic 

conductivity may have on other variables.  
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  P ’  Normalised 

 

  PC1 vs. Offline Count Comparison 

 

Figure 5.5: Principal Component analysis with respect to time. Plot of principal components 

1 (blue line) and 2 (orange line) relative to time for Conditions A and B (Top). Correlation 

between PC1 and offline count data (Bottom). Condition A = Media containing 1mM L-

glutamine, 4mM GlutaMax™. Condition B = Media containing 6mM L-glutamine. 
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  P ’  N  malised 

 

  PC1 vs. Offline Count Comparison 

 

Figure 5.5 continued. 
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5.2.4. Correlation between Multifrequency Data and Offline Counts 

 

The suitability of single frequency measurements as an indicator of the viable cell density was 

examined for each recorded frequency. This test was independent of the multivariate analysis 

of data used in the previous section and would prove if there was a true correlation between 

the frequencies identified as highest in loading for cell biomass (Figure 5.6). Averages for the 

normalised capacitance values at frequencies between 0.1 – 20MHz over 1 hour were related 

to average offline VCD values from trypan blue. Pearson correlation coefficients were 

established between VCD and capacitance sweep values. 2.1MHz for Condition A and 1.6MHz 

for Condition B displayed the strongest correlation with offline counts. This agrees with 

literature reports that measurements of capacitance in the 1MHz range are often associated 

with single frequency biomass measurements.  
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  Heatmap 

 

  Pearson Correlation r Value Results  

 

Figure 5.6: Fitting of offline counts with capacitance sweep data. This data was normalised 

as a function of time for each frequency band (Top). When performing a Pearson Correlation 

between the two data sets, mid frequency values showed the closest correlation with trypan 

blue data. Condition A = Media containing 1mM L-glutamine, 4mM GlutaMax™. Condition B 

= Media containing 6mM L-glutamine. 
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  Heatmap 

 

 Pearson Correlation r Value Results 

 
Figure 5.6 continued. 
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5.2.5. Β-dispersion Curves 

 

The β-dispersion profile of both cultures at daily timepoints are seen in Figure 5.7. The 

changing shape of this curve over time is reflected in the fitted Cole-Cole model. Δε was seen 

to change in accordance with the cell density at any given timepoint. This data was normalised 

for each timepoint between the highest and lowest values recorded to show the change in 

shape of the β-dispersion curve over time, which is:  

𝜀𝑁(𝑓) =  
𝜀(𝑓)

𝜀𝐿
 (5.1) 

 

A similar trend was observed between the variance scaled β-dispersion curves and those 

generated by the impedance flow cytometry system (See Chapter 4.2.5). The curves under 

both conditions are similar for the first 48 hours. However, an increase in the mid frequency 

values is observed after this point. An increase in this range of the β-dispersion curve has been 

related to the formation of cell subpopulations in the system (Downey et al., 2014). These 

timepoints were comparable to the changing properties of the cell population determined by 

impedance spectroscopy. The changes in shape of the β-dispersion curve are reflected in the 

Cole-Cole α and critical frequency values, which are calculated from these datasets.  
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  β-Dispersion Curves 

 

  β-Dispersion Curves Normalised 

 
Figure 5.7: β-dispersion data for bioreactor cultures. The spectra shown are daily timepoints 

used for the generation of critical frequency and Cole-Cole α values (Top). Normalised β-

dispersion data between high and low frequencies (Bottom). An increase in the capacitance 

values at mid frequency values were observed after 48h due to the existence of changing 

dispersion spectra. Condition A = Media containing 1mM L-glutamine, 4mM GlutaMax™. 

Condition B = Media containing 6mM L-glutamine. 
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 β-Dispersion Curves 

 

 β-Dispersion Curves Normalised 

 
Figure 5.7 continued.  
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5.2.6. Analysis of Cole-Cole Parameters 

 

When examining the critical frequency and Cole-Cole alpha values of the β-dispersion curve, 

there was a notable change in the behaviour of both trends depending on the state of the 

culture (Figure 5.8). Both values correlate with each other during the initial stages of the 

culture. This relationship is lost beyond 72 hours, the point at which glutamine consumption 

occurs. A decline in fc is observed, whilst α continues to increase. This divergence continues 

for the remainder of the culture. It was theorised that the loss of the relationship between 

the fc and α values at 80h was a result of cellular parameters independent of volume. 

 A difference between the two conditions tested was the change in the Cole-Cole α 

value after the onset of cell death in Condition B. At 120h, a sharp inflection in the Cole-Cole 

α is observed and continues for the remainder of the culture. With a gradual increase in this 

value over time in both conditions, the change at 120h in Condition B indicated a more 

substantial change in the live cell population during a phase where apoptosis was registered 

because of glucose starvation.  
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  Condition A 

 

  Condition B 

 

Figure 5.8: Cole-Cole (α) and critical frequency (fc) values over time for Condition A and B. 

Substantial changes in these functions are reflective of a change in the electric properties of 

cells, or the formation of subpopulations. Cole-Cole α (blue) and critical frequency (red) data 

is shown with line of fit over 20 points. Condition A = Media containing 1mM L-glutamine, 

4mM GlutaMax™. Condition B = Media containing 6mM L-glutamine. 
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5.2.7. Opacity Measurements using Capacitance Probe Data 

 

Like with impedance data, cell volume was shown to have the greatest impact on variability 

in the system. Removing cell volume as a factor from the analysis provides information on the 

changing dielectric properties of the cell. Opacity data was generated from the 

multifrequency sweeps to compare to readings established from impedance flow cytometry. 

0.45MHz was selected as the lower capacitance value for generating opacity values, such that: 

|𝜀ℎ𝑖𝑔ℎ|

|𝜀0.45𝑀𝐻𝑧|
(5.2) 

 

Of interest when determining opacity values was the relationship between high/low 

opacity values and the determined Cole-Cole α and critical frequency values. The plot of 

opacity over time is shown in Figure 5.9. Low frequency values corresponded with the Cole-

Cole Alpha value, whereas low capacitance opacity corresponded with critical frequency. This 

was expected as critical frequency is commonly associated with changes in the cell size and 

membrane capacitance. Decreasing opacity values in the initial 24h of the culture was 

attributed to the recovery of inoculum cells when reintroduced to fresh culture medium. 
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  Condition A 

 

  Condition B 

 
Figure 5.9: Opacity of frequency range between 0.5 – 20MHz for Conditions A and B. The 

generation of opacity values from capacitance data shows a difference in the period between 

72 – 132h. Condition A = Media containing 1mM L-glutamine, 4mM GlutaMax™. Condition B 

= Media containing 6mM L-glutamine. 
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PCA analysis was performed on the frequencies from which opacity was determined 

(Figure 5.10). Performing PCA analysis on the opacity dataset for each condition yielded 

interesting information when compared to impedance spectroscopy data generated in Part 1 

of this chapter2. PC 1 and 2 accounted for 99.97% in Condition A and 99.97% of the variance 

in Condition B, with PC1 capturing approximately 95% of the variance in both systems. When 

examining the biplot under both conditions, there is no clean correlation between the two 

main principal components. A weak relationship is seen at timepoints later in the culture, 

where the onset of cell death was occurring. 

The removal of cell volume as a parameter through the determination of opacity 

values meant that the cytoplasmic conductivity and membrane capacitance of the cells were 

expected to be the major contributors to variance in the system (Figure 5.11). Loadings for 

PC1 were consistently high beyond 1MHz. A combination of loadings for high frequencies and 

the high variance captured by this component led to the conclusion that the changing 

cytoplasmic conductivity could be responsible for this principal component. PC2 shows values 

that may be representative of membrane capacitance, with loadings favouring low 

frequencies. In Condition A, the changing properties of the cells as GlutaMax™ was consumed 

is only obvious in PC2 further suggesting that this component is related to cell membrane 

parameters. 

 
2 Although opacity data could not be generated for Condition A due to the method in which impedance data was 
captured, the opacity for capacitance data is shown for reference.  
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 Principal Components 1 Scores  PC1 vs PC2 Scores Plot 
 

Freq 
(MHz) 

PC1 PC2 

0.580 -0.968 0.247 
0.779 -0.981 0.193 
1.000 -0.989 0.148 
1.120 -0.992 0.128 
1.648 -0.998 0.066 
2.115 -0.999 0.030 
2.714 -1.000 -0.002 
3.484 -0.999 -0.031 
4.472 -0.998 -0.056 
5.740 -0.997 -0.078 
7.368 -0.995 -0.098 
9.457 -0.993 -0.115 
12.139 -0.992 -0.129 
15.650 -0.990 -0.142 
20.000 -0.988 -0.154 

 
 

 Principal Components 2 Scores  Loadings Plot 

  

Figure 5.10: PCA analysis of opacity determined for Condition A and Condition B. Condition A = Media containing 1mM L-glutamine, 4mM 

GlutaMax™. Condition B = Media containing 6mM L-glutamine. 
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 Principal Components 1 Scores  PC1 vs PC2 Scores Plot 
 

Freq 
(MHz) 

PC1 PC2 

0.580 -0.892 0.450 
0.779 -0.935 0.355 
1.000 -0.962 0.274 
1.120 -0.971 0.238 
1.648 -0.992 0.120 
2.115 -0.998 0.052 
2.714 -1.000 -0.008 
3.484 -0.998 -0.060 
4.472 -0.994 -0.105 
5.740 -0.990 -0.144 
7.368 -0.984 -0.176 
9.457 -0.979 -0.203 
12.139 -0.974 -0.226 
15.650 -0.969 -0.246 
20.000 -0.965 -0.262 

 
 

 Principal Components 2 Scores  Loadings Plot 

  

Figure 5.10 continued.
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Figure 5.11: Normalised loading for PC1 and PC2 of the PCA analysis for opacity. PC1 (blue) 

and PC2 (orange) are shown with line of fit over 20 points. Condition A = Media containing 

1mM L-glutamine, 4mM GlutaMax™. Condition B = Media containing 6mM L-glutamine.  

  Condition A 

 

  Condition B 
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5.2.8. Principal Component Analysis of Flow Imaging Data 

 

The scores of the PCA analysis were compared to the cells ranked by the CantyVision software 

package (Figure 5.12). This was done to aid with the assignment of cell clusters that are 

related to live or dead cells. Examining the viable_dark cell population shows overlap with 

both the viable and dead populations identified by PCA analysis. This served as an explanation 

as to why the viability estimation of the CantyVision classification was biased at later 

timepoints in the culture. Cells that appear outside the 95% Hotelling’s T2 ellipse were 

assumed to be cellular debris and aggregates. Apoptotic cells identified by the CantyVision 

classification appeared at higher PC1 loadings than the identified dead population. 
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Figure 5.12: PCA analysis of a late-stage culture, showing the dead cell (red) and viable cell (green) populations.  A clear grouping of cell types 

is seen when PCA was performed on data from the flow imaging system. The viable_dark population straddles both the viable and necrotic cell 

populations, a potential root cause for the previously discussed overestimation of viable cells. The viable_dark population is seen is blue, whereas 

cells classified as apoptotic are labelled orange. Three viable populations were identified and are labelled as numbers in the diagram. 

(2) 

(1) 

(3) 
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When analysing cultures from day to day, a total of three live cell populations were 

identified as discreet clusters (Figure 5.12). A distinct dead cell cluster was visible after 96 

hours of culture, which corresponds with the previously discussed trypan blue data. Imaging 

data suggested changes to the membrane and its integrity, therefore it was expected that this 

data aligned with dye exclusion methods primarily. It was possible to isolate and quantify this 

population across all timepoints tested using polygon gating of the PC scores from PCA 

analysis. The three live populations were identified as follows: 

1. Cells that were captured during division. These cells appear as a separate population 

due to size and circularity parameter weightings. This population is particularly 

evident during the first days of the culture where cell division was at its most active. 

2. A population of cells that were appearing as less bright when analysing the raw images 

of the cell. Although the lack of brightness may have been attributed to cells that did 

not appear on the focal plane, they were successfully classified in the live population 

by PCA analysis. The changing optical density of these cells may be correlated to dark 

cells detected by the Celena X system (Chapter 4.2.3).  

3. This live cell population consisted of well focused live cells. A higher level of membrane 

detail was visible on these images. This population formed the highest percentage of 

the captured live cells.  

Figure 5.13 shows the formation of these populations over time. The gated populations 

represent live and dead cell populations. Of interest was the movement of live cell population 

3 over time, whereas none of the other populations appear to shift. This would suggest a 

change in the characteristics of this population. 
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  24h 

 

  48h  

 
Figure 5.13: PCA scores of cell population captured by the flow imaging system across 39 

parameters. The group of cells observed at coordinate (PC1 = 10, PC2 = 10) were observed to 

be actively dividing cells when these images were examined and as such, their properties were 

different to those of single viable cells.  
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  72h 

 

  96h 

 
Figure 5.13 continued. 
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  120h 

 

  144h 

 
Figure 5.13 continued. 
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The PC scores of the live cell population were isolated their variance across multiple 

timepoints were analysed separately. The population related to cells undergoing division 

were removed from the analysis by applying a threshold value on the PC1 score (-5 lower 

threshold). The results of this analysis are seen in Figure 5.14. Violin plots were used to show 

the distribution across the two live cell populations in question. A decrease in the PC1 mean 

cell population is observed over time, which captures most of the variability in the system 

(39.83%). The shift in the mean score of PC1 is most apparent between the 48 and 72h 

timepoints. The morphology of the cell structure is primarily analysed using an imaging 

system; therefore, much of the observed variance was expected to be caused by membrane 

variance. 

A different distribution in the mean population values was observed for PC2 (31.42%). 

An initial decrease between 24h to 48h was observed, but this trend was reversed for the 

remaining timepoints. The separation of the live cell populations was less obvious when 

examining PC2, suggesting that the variance in question was common to all cells regardless 

of the quality of the image captured.   
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  Principal Component 1 

 

  Principal Component 2 

 
Figure 5.14: Principal component scores of the live cell population captured during analysis 

of the flow imaging system parameters. The changing properties of the live cell population 

can be tracked like in impedance flow cytometry. PC1 showed the greatest change in its 

loading over time, suggesting that the live population has changing properties between early 

and late-stage culture timepoints.  
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5.3. Discussion 

 

The multivariate analysis performed in the second part of this Chapter served to reinforce the 

subtle changing dynamics of cell populations during culture. The use of single frequency 

measurement to determine the biomass of a culture is well regarded at an industrial level 

(Ducommun et al., 2002). This is true for stable cell lines, where variability occurs at the later 

phase of the culture as a result of programmed cell death such as apoptosis (Párta et al., 

2014). In the case of the CHO-EG2 cell line in BioGro-CHO, autophagy affected cell physiology 

and bioimpedance prior to the onset of cell death. This information is of significance when 

relating to modern processing, as the effects of nutrient limitation may be going unnoticed 

when using traditional counting methods. 

 Single frequency values were shown to lose correlation with trypan blue counts after 

approximately 60 hours of culture in both conditions. This was seen as a reduction in the 

expected capacitance value. Data from the impedance flow cytometer and Schwan modelling 

equations determined that a change in the membrane integrity and cytoplasmic conductivity 

at this time point was apparent. Furthermore, the visualisation of vacuoles in the cell and an 

increase in autophagosome formation could be seen. Multifrequency data was used to see if 

this information could be extracted in real time using online methods which could allow for 

swift intervention to recover cell properties.  

Two technologies used in the project were suitable for analysis by multivariate 

methods. Capacitance probes generate data at 25 separate frequencies in a range of 0.05 – 

20MHz. Although the dataset is treated differently to impedance flow cytometry data through 

probe zeroing and measurements performed in culture media, information relating to cellular 

properties such as membrane capacitance and cytoplasmic conductivity can be extracted 

from these datasets when analysed correctly. Bulk measurements will only provide 

information on intact cells and smaller membrane-bound particles, with the changing 

dynamics of the culture impacting the generated β-dispersion spectra.  
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5.3.1. Multivariate Analysis of Capacitance Data 

 

The rapid generation of data using online probes identifies discreet changes in the dynamics 

of cell populations when compared to infrequent offline counts. Large data packages are 

generated and must be interpreted in real time to identify such changes. The use of software 

packages like SIMCA to perform details statistical analysis of cultures in real time is becoming 

common place in the biopharmaceutical space.  

Differences in the shape of the capacitance curve between high and low frequencies 

are evident when examining the sweep data. At frequencies below 0.5MHz, a peaking of the 

curve is observed at the inflection point. This peak occurred for a period of approx. 12 hours, 

suggesting a meaningful change in the size distribution of the cells during this period. This 

falls in agreement with the data presented in Chapter 3, where the electric diameter of the 

cells was shown to shift significantly for a brief period before returning to expected levels. 

Higher frequency values allude to information on the structure of the interior of the cell, 

including any potential ionic imbalances or presence of vesicles. This information was 

discussed as part of opacity measurements in Part 1 of this chapter. How the shape of the 

capacitance curve changes from high to low frequencies may give information on the changes 

of the cell state, independent of physical changes such as cell size. This is true of single cell 

measurements, where opacity readings have shown to differentiate cells under starvation 

conditions or ongoing apoptosis. Necrotic cells have shown to produce a unique capacitance 

trace at frequencies close to 10MHz (Wang et al., 2002). Where this knowledge could be 

powerful for application in bioprocesses is a live representation using an online probe to 

perform similar analysis. 

The fitting of capacitance data across the frequency spectrum using PCA analysis was 

shown to correlate with offline counts with greater accuracy. This fitting could be further 

improved by only analysing frequencies associated with the membrane capacitance i.e., fit 

values <10MHz to PCA analysis. Providing values in the high frequency range will skew the 

correlation with live cell density in the later stages of the culture due to the presence of 

cellular debris and apoptotic bodies in the culture.  
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The analysis of β-dispersion plots and how these change shape over time has been 

shown to be correlated to the changing dielectric properties of cells previously (Downey et 

al., 2014). In this work, a change in the shape of the β-dispersion curve occurred at the same 

time when single frequency measurements lost correlation with offline counts, an occurrence 

that matched this work. A “novel area ratio” calculation was used to determine drift between 

the calculated cell volume and permittivity readings at 1MHz. Cell size changes alone were 

not seen to hold responsibility for the changes in the β-dispersion curve and as such, changing 

dielectric properties were assumed.  

Opacity values were generated from the capacitance sweep data to mitigate the effect 

of cell volume on the generated signals. It was seen from the initial PCA analysis that the 

primary component of variance was dominated by the growth of cells. This can be 

advantageous; this principal component was shown to correlate closely with offline counts. 

Of particular interest was the examination of the changing electric properties of cells which 

may indicate an earlier decline in cell viability. When examining the scores plot of opacity 

data, no strong relationship was observed between the two principal components of interest. 

In fact, during the initial stages of the culture there is a clustering of the scores for the two 

PCs in question. This makes sense if we are analysing the biochemical properties of cells with 

opacity. The cytoplasmic conductivity and membrane capacitance off cells are inherently 

linked. A loss in membrane capacitance is resulting in dysregulation of the membrane 

channels and as such, this will affect the internal conductivity of the cell as ions travel with 

greater freedom. This appears to be the case when examining the principal components over 

time. There appears to be an equal but opposite relationship between these two values 

during the stage of the culture where high cell viability is maintained. When the culture 

viability begins to decrease, the relationship of the two components changes and we see a 

movement away from this initial clustering. The generation of opacity values from frequency 

sweeps requires user intervention without a suitable statistical package that can handle 

multivariate data in real time. The close resemblance of Cole-Cole α and critical frequency 

values to the extremities of these opacity values can prove to be useful in understanding the 

dielectric properties of cells regardless of volume. An increase in the critical frequency has 

been linked to nutrient starvation previously (Ansorge et al., 2009, Ma et al., 2019). Upon 
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performing a literature search, no reference to opacity values linked to these discussed 

parameters has been made.  

Efforts have been made to understand the effects of cell death mechanisms on the 

changing properties of cells during death (Braasch et al., 2013, Fazelkhah et al., 2019a, Patel 

and Markx, 2008). Although it is clear from the capacitance data that there is a definite shift 

in the dielectric parameters of the sweeps prior to the onset of death, the sensitivity of the 

system to capture data in as sensitive of a manner as impedance flow cytometry required 

testing. Due to the nature of bulk measurements, a trade-off between data resolution on ease 

of capture is required. 
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5.3.2. Multivariate Analysis of Flow Imaging Data 

 

A theme that carries across multivariate data techniques is the idea of generating 

“fingerprints” that represent the conditions of an ideal culture (Sokolov et al., 2015, Xiong et 

al., 2013). A combination of dielectric and imaging data hold great potential for predicting 

changes in cultures from this work. The datasets work in tandem, where changes in the 

dielectric parameters are reflected in changes in the live cell population captured by the Canty 

system.  

The use of the Canty system as a generator of such fingerprints holds potential. As the 

bioreactor cultures progressed, the formation of debris and apoptotic cells was visible as a 

distinct cluster of events that were separate to the dead population. This is advantageous 

when examining the properties of cells under systems such as impedance spectroscopy. The 

generation of debris was shown to be a late-stage event in impedance measurements, and 

this was confirmed from flow imaging datasets. The identification of subtle subplots that 

match in magnitude across measurement systems gives further confidence in the 

identification of cell types and importantly, shifts in the dynamics of these populations. 
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5.3.3. Correlation vs Causation 

 

Correlation and causation are two factors when discussing the statistical integrity of 

experiment design. Correlation examines the interlink between two or more parameters, 

where there is a change in both parameters’ properties because of a particular function. 

When we examine the correlation between two parameters, we look at how influential the 

parameters are relative to each other. Although parameters can correlate, especially in 

biological contexts where systems are complex, this does not infer that the cause of a 

particular output is identified. Causation is the identification of a source of change in a system. 

Causation differs from correlation in the sense that the outcome of an event is different to 

the relatable factors that may occur. 

  When examining the correlation between two or more factors, it is often considered 

that this will identify the cause of the desired output. Strong correlation signals were 

observed between the PAT tools and key events identified external of these systems such as 

autophagy. By examining the initial linearity, or loss thereof, between offline counting 

methods and PAT tools, we can see where the correlation between the systems is lost. 

Changes between these systems were detected at the key timepoint of 72 hours, where there 

is a loss in correlation which signifies some process change. This was achieved by examining 

the correlation coefficients (r2 values) and changes in the mean values of populations 

measured by the equipment discussed previously. It is important to remember that there are 

other factors which may contribute towards such relationships. The events that correlate with 

the onset of autophagy after 72h include: 

1. Changes in the dielectric properties of cells, as determined by biocapacitance and 

impedance measurements, 

2. Morphology differences in the live cell population, including an increase in the 

formation of puncta within the cells, 

3. An increase in autophagosome formation, as determined by fluorescence assays.  

All these points support a correlation between online measurements and events 

associated with autophagy. By performing MVDA analysis on biocapacitance signals, a further 

detailed correlative analysis was performed. The goal of this analysis was to understand how 
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measurements at high and low frequency may impact the correlations with cell volume. 

Correlation coefficients were established between the discreet measured frequencies and cell 

density to see which frequency displayed the greatest correlation. It must be remembered 

that biological systems are extremely complex, and the presence of multiple correlating 

factors may exist. This can make the task of identification of causation difficult. A robust 

experimental design must be implemented in an attempt to extract meaningful causation 

events, whilst attempting to include as many factors as possible.  



Chapter 5 

 

254 

5.3.4. Limitations 

 

Shortcomings of this approach must be appreciated when analysing this data. The sensitivity 

of the online probe will never be that of single cell analysis. The signals that are generated 

from the probe are of intact cells only, however debris and particularly apoptotic bodies can 

affect the quality of the signal produced. This must be kept in mind when analysing data, 

especially during the early and late stages of the culture where cell density or viability may be 

at their extremes. 

There is potential to perform more complex methods of multivariate analysis on the 

datasets generated in this chapter. Principal component analysis is relatively simple to 

perform with the correct software package and fundamental knowledge on how to set up the 

experiment. With data mining technologies used commonly in the -omics field, there is 

potential to discern an even greater level of detail. For the purposes of this body of work, 

principal components analysis was sufficient.  

The ability of the flow imaging system to identify holes or in this case, vesicles in the 

cell was not optimal for the purposes of this analysis. The identification of holes using the 

system software was via the recognition of bright and dark pixels The applied thresholding of 

the system when identifying holes caused the pixels associated with holes to blend with the 

outer membrane of the cell. This resulted in misidentification of holes under many conditions. 

As such, holes were eliminated from parameter analysis using MVDA. If holes were included, 

even better separation of the populations could be expected as the formation of such events 

occurred at a critical time in the culture. 
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5.4. Conclusion 

 

The application of on-line and at-line technologies reveals greater volumes of information on 

culture dynamics, beyond the ability of the systems to count cells. The complex data captured 

on multiple aspects of cell morphology and dielectric properties must be presented in a way 

that is simpler for the end user to understand. Traditional methods of analysing individual cell 

parameters are not applicable to such data sets and as such, multivariate methods of 

analysing data are most suitable. 

The data analysis performed in this work highlighted key changes in the live cell 

population dynamics in both systems tested. Across both capacitance and flow imaging 

systems, the characteristics of the live cell population were shown to change at a timepoint 

where autophagic activity was observed. A change in the distribution between high and low 

frequencies was observed in capacitance data sets. This was especially true at points of the 

culture where the cell growth plateau and decline are observed (Patel and Markx, 2008).  

The data generated from multivariate analysis of capacitance and cell imaging 

technologies hold the potential to identify events associated with cell death in real time, a 

clear benefit over traditional cell counting techniques.
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autophagy in CHO-EG2 cultures 

  



Chapter 6 

 

257 

6.1. Introduction 

 

The onset of autophagy in the CHO-EG2 cultures is shown to impact both the dielectric 

properties of the cell, as well as data tied to their morphology. As a self-regulating cellular 

mechanism, the cause of autophagy in cultures is attributed to a variety of conditions. Of 

particular interest in this work was starvation induced autophagy because of amino acid 

limitation. Glutamine deprivation was shown to occur in the period where evidence of 

autophagy occurred. Previous literature has cited that BioGro-CHO media may be limited in 

its constitution to support the growth of cells at high cell densities. Furthermore, the duration 

of cultures that use BioGro-CHO as a basal media show relatively short lifetimes, with the 

onset of cell death occurring after 3-4 days of culture. Glutamine was shown to influence the 

performance of cells, and feeds into the General Amino Acid Control (GAAC) pathway.  

 A study has been performed previously to understand the effects of asparagine and 

glutamine limitation on CHO-EG2 cells (Fomina-Yadlin et al., 2014). The authors of this study 

found that cell proliferation ceased upon limitation of asparagine and glutamine in a 

proprietary media used in combination with the CHO-DBX11 cell line. Although this study was 

performed in fed-batch, it was found that culture viability remained above 85%, even though 

growth had ceased. G1 cycle arrest was quoted as the cause for growth suppression. This was 

like the affect of glutamine limitation observed in Chapter 4 of this work.  

To prolong the period before autophagy is seen in cells, a chemically defined media 

was added to the cells to understand the changing dielectric properties of the culture. Data 

relating to changes to β-dispersion parameters have been published previously (Ansorge et 

al., 2010). Although no reference to autophagic activity was made, an interesting observation 

was made when glutamine was depleted from the culture. It was noted that the Δε of the 

capacitance signal “slope tended to zero” at this point of the culture. Similar conclusions were 

drawn in Chapter 4 of this work, an assumed cause for the resulting loss of linearity between 

trypan blue and capacitance readings.  
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6.1.1. Understanding the Effect of Amino Acids on the Performance of Cells 

 

The chemical composition of cell culture media should be tailored to suit the needs of the 

cells in question. A comparison between the composition of BioGro-CHO media and 

PowerCHO, another commercially available media, was performed previously (Robitaille et 

al., 2015). Both media were used to culture CHO-EG2 cells to examine the differences 

between the metabolism of the cells. A key finding from the paper was that the amino acid 

balance of the media, rather than the availability of glucose or glutamine, was the key driver 

in changing cell behaviour. This was confirmed in this body of work when examining the initial 

CHO-EG2 culture in high glucose/glutamine conditions. Maximum cell densities were 

observed after 3-4 days, followed by a plateau and eventual decline of cell viability. This was 

almost identical to the results of the cultured performed in NIBRT. PowerCHO showed 

enhanced performance, with maximum cell densities double that of BioGro-CHO. The decline 

in cell viability also occurred later after 7 days. No cell growth affects were noted with 

depletion of Glutamine in PowerCHO, suggesting to the authors that the difference in amino 

acid concentrations between the two media was the cause of the different growth profiles. 

The potential limitation of amino acids including aspartate, asparagine, isoleucine, arginine, 

and serine were potential causes. There was no discussion relating to autophagy in this paper, 

but the conclusions appear to fit the observed trends in this work. 

 Although the conclusions of this paper fit with the culture dynamics observed in 

cultures discussed so far in this work, it appeared that glutamine was rate-limiting to the 

growth of cells. It was shown that a reduction in the growth rate of CHO-EG2 cells was 

observed in cultures absent of glutamine, but no significant autophagic activity was observed 

(Section 3.2.8.).  
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6.1.2. Mechanism of Glutamine Starvation 

 

Glutamine is considered a non-essential amino acid, with low levels in culture associated with 

a loss in proliferation, but not promoting cell death. Glutamine is responsible for the synthesis 

of amino acids through its conversion to glutamate. mTOR is an activator of autophagy 

because of cell stress, with amino acid starvation a major component of its activation. The 

presence of glutamine in the culture will regulate the uptake of amino acids by cells through 

the General Amino Acid Pathway (GAAC). As a response to the depletion of free glutamine in 

the culture, the GAAC pathway will be upregulated to reactivate the activity of mTOR and 

reduce autophagic activity. The process of autophagy as a result of glutamine starvation has 

shown to be reversible via the reintroduction of glutamine to a deprived culture, reducing the 

number of autophagosomes as a result (Chen et al., 2014).   

 The regulation of autophagy is reliant on numerous factors, not just the presence of 

glutamine. A combination of essential amino acids and a nitrogen source are critical to 

support the healthy functioning of cells. Removal of such components from media have 

shown to induce mitochondrial elongation, an autophagy associated event (Gomes et al., 

2011). Although the depletion of glutamine may suggest an expected onset of autophagy, this 

must be balanced with the availability of amino acids. (Ghaffari et al., 2020). 
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6.1.3. Determination of InstantPC derived Amino Acids in Cell Culture Media  

 

Typical pre-column derivatization reagents for liquid chromatography amino acid analysis 

include o-phthalaldehyde (OPA), phenylisothiocyanate (PITC), 5-dimethylamino-1-

naphthalenesulphonyl-chloride (Dansyl), 9-fluorenylmethyl chloroformate (FMOC), propyl 

chloroformate (PrCl) and butanol. Several disadvantages are associated with these pre-

column derivatization methods and the analysis of their derivatives by LC and LC-MS. (i) long 

derivatization reaction time (Dansyl, 35–50 min, PITC, 20 min, FMOC, 1 hr, Butanol, 1 hr), (ii) 

complex sample preparation (PITC), (iii) inability to derivatize secondary amino acids (OPA), 

(iv) derivative instability (OPA, PITC), (v) photosensitive adducts (Dansyl), (vi) inconsistent 

production of derivatives (Dansyl), (vii) extraction of excess reagent must be performed to 

stop derivatization and avoid spontaneous hydrolysis of adducts (FMOC), (viii) removal of 

excess reagent is necessary to avoid rapid LC column deterioration (OPA, PITC). These 

disadvantages render these derivatization methods impractical for high-throughput and 

reliable amino acid analysis since they introduce errors which can compromise the quality of 

the data. 

The shortcomings have urged the development of additional pre-column 

derivatization reagents. This new generation of reagents has the additional advantage of 

rendering amino acid adducts with desirable features for LC and LC-MS analysis. These 

reagents include N-hydroxysuccinimide-activated N-alkylnicotinic acid esters (Cn-NA-NHS), p-

N, N, N-trimethyl-ammonioanilyl N’-hydroxysuccinimidyl carbamate iodide (TAHS), 3-

aminopyridyl-Nhydroxysuccinimidyl carbamate (APDS), (5-N-succinimidoxy-5-oxopentyl)- 

triphenylphosphonium bromide (SPTPP), and iTRAQ (isobaric tag for relative and absolute 

quantitation). Although highly sensitive and selective detection of amino acids is attained by 

LC-MS when employing these new generation of reagents, unfortunately the reagents are not 

commercially available (or being prohibitively expensive) and some derivatization procedures 

are still complex and time-consuming. 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate 

(AQC) is commercially available for amino acid derivatization. Reaction of AQC with primary 

and secondary amino acids is a simple, straightforward process that occurs within seconds 

and produces stable derivatives. InstantPC is another commercially available reagent which is 

currently developed for glycan analysis (Figure 6.1 and Figure 6.2).  
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Figure 6.1: Activated carbamate chemistry-based reaction mechanism for derivatization of 

the amine functional group (-NH2) on amino acids by InstantPC dye, with the NHS leaving 

group as the by-product. 

 

 

Figure 6.2: Possible derivatization of the amine functional group (primary and secondary) 

on lysine by InstantPC dye. 
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6.1.4. Objectives 

 

A key series of trends in the changing properties of CHO-EG2 cells grown in BioGro-CHO were 

observed. Prior to the onset of death, a change in frequencies associated with the 

measurement of cytoplasmic conductivity were observed in both impedance flow cytometry 

and on-line capacitance probes. A shift in the morphology of the cells was also observed.  

 This chapter aims to reduce such variations in the culture through supplementation 

with amino acids. A feed of a defined amino acid supplement pack was added after 24 hours 

to understand what effect it has on the dielectric properties of cells. A further feed of glucose 

and glutamine was added a day later to extend the longevity of the culture. 

 

1. Examine the amino acid profile of BioGro-CHO to understand what amino acids are 

been consumed during the cultures. 

 

2. Add an amino acid feed to control cultures to understand what effects this has on the 

dielectric properties of cells.  
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6.2. Results 

 

6.2.1. Amino Acid Analysis via UPLC 

 

The assignment of peaks determined by RP-UPLC for BioGro-CHO media are shown in Figure 

6.3 (without L-glutamine addition). Peak assignment was aided by performing spike additions 

with known amino acid standards to determine the expected retention time (not shown). 

Serine/asparagine and cystine/methionine exhibit the same retention time and as such, 

appear as conjoined peaks for the purposes of assignment.  

 

 

retention time (min) 

Figure 6.3: BioGro-CHO amino acids RP-UPLC separation (Top) FLD detection and (Bottom) 

UV detection. BioGro-CHO was diluted 20-fold for InstantPC derivatization. The assigned 

amino acids are labelled in the FLD plot, as well as peaks associated with InstantPC dye and 

N-Hydroxysuccinimide (NHS). 
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Amino acid profile of daily samples from a batch CHO-EG2 bioreactor culture are 

shown in Figure 6.5. Asparagine/serine and glutamine were seen to be consumed throughout 

the initial period of the culture, whereas glycine and alanine were produced. The rate at which 

serine and asparagine were consumed was highest during the period between 24 and 48 

hours (Figure 6.4). This falls in alignment with the consumption rate of glutamine in the 

culture. The rapid decrease of serine and asparagine during the initial stages of the culture, 

combined with the synergy with glutamine prompted a feed of amino acids to target this 

deficiency.  

 

 

retention time (minutes) 

Figure 6.4: Profiles for the consumption of Serine/Asparagine (Top) and Glutamine (Bottom) 

during batch cultures. Graphs are derived from FLD sensor data, with daily time points shown. 

Complete depletion of glutamine was observed after 72h. Although serine/asparagine was 

not completely depleted, a lack of consumption after 72h would suggest that a limiting 

concentration was reached.  
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 24h 

 

 48h 

 

 72h 

 

 96h 

 
Figure 6.5: BioGro-CHO amino acids RP-UPLC separation FLD detection. Glutamine (rt = 8.55) 

was only available in trace amounts after 72h of culture.   
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6.2.2. Testing of Amino Acid Feed in Shake Flasks 

 

An initial test of feeding cells with an amino acid pack was performed in shake flasks. The 

contents of the amino acid pack are shown below. The opacity of cells with and without an 

amino acid feed are shown in Figure 6.6. Opacity values across the frequency range tested 

shift over time in control cells. This was true of the bioreactor cultures discussed previously. 

The shift in opacity values was particularly evident at frequencies above 10MHz, where a 

significant difference was observed at 48 and 72 hours. Cells that were given amino acids 

maintained a stable opacity profile for the first three days of culture. The high frequency 

opacity of cells in the absence of additional amino acids decreased over time. At 96h, the 

profiles of both conditions were similar. This was at a period where the viability of the fed 

culture began declining.  

 

Table 6.1: Components of added MEM NEAA pack 

Amino Acid Concentration (mg/L) 

Glycine 750 

L-Alanine 890 

L-Asparagine 1320 

L-Aspartic Acid 1330 

L-Glutamic Acid 1470 

L-Proline 1150 

L-Serine 1050 

 

 

A second observation that was made was in the morphology of the cells (Figure 6.7). Less 

vacuoles were observed at 72h in cultures that were provided a NEAA feed. Furthermore, 

these cells also displayed a more complex outer membrane profile when compared to control 

cells.  
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 24h  48h 

  

 72h  96h 

  

 Control 96h  Feed 96h 

  
Figure 6.6: Impedance data for cultures fed with additional amino acids. Opacity data for 

cells under normal conditions (control, blue line) and those given additional amino acids (feed, 

red line) after 24h (Top). The effect of amino acid addition was most apparent at the high 

frequency values. Scatterplots are also provided, which show the evolution of the dead cell 

population in both culture conditions (Bottom). Fed cells = +5% AA feed after 24h. 
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 Control Cells 72h 

 

 Fed Cells 72h 

 

 
Figure 6.7: 40x Brightfield images of cells under control and fed conditions. Cells appear 

smoother in the control cultures at 72h, with less complex membrane structures. The intensity 

of internal vacuoles in the fed cells is lesser than that of the control cultures. Fed cells = +5% 

AA feed after 24h. 
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6.2.2. Fed Bioreactor Cell Growth. 

 

The reproducibility of the capacitance signal across two different fed batch cultures is shown 

(Figure 6.8). A higher peak viable cell density was recorded in fed bioreactor cultures when 

compared to the control. The first 48 hours of the growth phase was the same for both 

conditions, however the growth rate of the cells was maintained for the period between 48 

to 72 hours in fed cultures (Table 6.2). The higher peak cell density and growth rates in the 

fed bioreactor was followed by a quicker decline in cell viability. After 120 hours, the 

difference in the cell densities were negligible.  

 As with the other cultures examined, the capacitance correlated closely with offline 

counts for the first 72 hours of culture. This correlation was lost in both sets of conditions; 

however, this was particularly obvious in the fed bioreactor. Although the growth of the cells 

was maintained for a longer period, this was followed by an earlier decline in cell viability 

when compared to control cultures. 

 

 

Table 6.2: Daily growth rate values for control and fed bioreactor cultures. n=3 of trypan 

blue counts. Fed cells = +5% AA feed after 24h. 

 24h 48h 72h 96h 

TD Control (hours) 18.5 18.5 29.1 120.6 

TD Feed (hours) 18.2 18.2 16.9 N/A 
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  Capacitance Reproducibility 

 
  Growth Curves 

 
 

Figure 6.8: Capacitance reproducibility and growth curves for fed bioreactors. 

Reproducibility of capacitance curves across two separate bioreactor cultures (Top), n=1 ± 

SEM. Trypan blue counts shown against capacitance for a parallel control (red line) and fed 

batch (blue) bioreactor run (Bottom). Higher peak VCD values were recorded in the fed 

bioreactor. n=3 ± SD for trypan blue counts. Fed cells = +5% AA feed after 24h. 
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6.2.3. Dielectric Properties of Fed Batch Cultures. 

 

Information from the capacitance profiles were used to determine the average membrane 

capacitance and cytoplasmic conductivity of the cultures (Figure 6.9).  

 Examining the bulk cytoplasmic conductivity of the cell cultures in both conditions 

showed a difference in their profiles. Unlike control cultures where a gradual decline in the 

cytoplasmic conductivity is observed, an increase in the cytoplasmic conductivity occurs with 

the addition of the amino acid feed. This increased cytoplasmic conductivity value was 

maintained through to 96 hours, where a sharp decrease was recorded in line with the loss in 

correlation with offline counts. The viability of the cells was high at this point of the culture 

when examining the trypan blue counts, however this suggested that there was a definite 

change in the dielectric properties of the cells. This was examined further through impedance 

cytometry.   
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Figure 6.9: Schwan equation data for membrane capacitance and cytoplasmic conductivity 

between both conditions. Although the trend for the membrane capacitance was similar 

between control (red line) and fed batch (blue line) conditions, there was a difference in the 

profiles for the cytoplasmic conductivity. The addition of a feed to the cells prevented the 

decline in σi seen in typical batch cultures. Fed cells = +5% AA feed after 24h.

  Membrane Capacitance (Cm) 

 

  Cytoplasmic Conductivity  σi) 
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Daily samples taken by the impedance flow cytometer were processed to determine the 

opacity of the populations over time (Figure 6.10). At both high and low frequencies, there 

was a change in the opacity values of the cultures, especially at the 72h sample point. The 

phase angle of the cultures was also seen to be affected by the addition of the amino acid 

feed to the culture. The phase angle of the live population remained constant for the first 

three days of the culture (Figure 6.11). This contrasted with the control cells where an obvious 

shift in the phase angle was observed after 24 hours (Figure 6.12). At 96 hours, there was a 

large shift in the phase angle that aligned with the control cells.  

The formation of a significant population associated with apoptosis was seen in the 

fed culture at 96 hours. This population combined with the dead cell population accounted 

for approx. 25% of the total population. This population formation was evident when 

examining the phase angle histograms above each scatterplot. The formation of debris and 

apoptotic bodies was confirmed through examination of flow imaging data, which is discussed 

later in the chapter (see Figure 6.18).  
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Figure 6.10: Opacity and relative phase values across timepoints between 24-120h for 

control and feed bioreactors. A significant difference between data sets was seen for all the 

tested parameters at 72h. The phase angle of the cells was significantly different across times 

48 – 96h. n=3 for control ± SD, n=2 for feed ± SD. Individual mean values for each replicate are 

shown as dots. Fed cells = +5% AA feed after 24h. 
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24h 48h 

  

72h 96h 

  

   120h 

 
Figure 6.11: Raw impedance plots of cells fed with additional amino acids. A large population 

of apoptotic cells were observed at 96h, as well as a substantial change in the phase angle of 

the live cell population. Fed cells = +5% AA feed after 24h. 
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24h 48h 

  
72h 96h 

  
   120h 

 
Figure 6.12: Overlay plots at 0.5MHz between control and fed cell populations per day. The 

change in phase angle between the two conditions is apparent when viewing the impedance 

scatterplots as overlays. This supports the data shown by the capacitance probe, suggesting 

a change in the cytoplasmic conductivity of the cells in the fed bioreactor. Red population = 

fed cells, green population = control. Fed cells = +5% AA feed after 24h. 
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6.2.4. Multifrequency Examination of Fed-Batch Cultures 

 

Multifrequency plots from the capacitance probe are presented in the following figures. The 

difference in ΔC between the cultures is clearly apparent and resulted from the increased 

biomass in fed cultures. Also apparent as a sharp decrease in low frequency capacitance 

values at 72 hours in fed culture. Following the trend of a dramatic change in the relative 

phase and opacity of cells in this period, it meant that a significant stress caused a change in 

the dielectric properties of the cells in this period. Although the viability of the cells remained 

high in fed cultures at 96 hours according to trypan blue, it was assumed that the state of 

these cells had declined. Furthermore, trypan blue is known to overestimate cell viability 

relative to other test sources (Mascotti et al., 2000, Altman et al., 1993).  

When examining the normalised plots of the frequency curve, a change in the high 

frequency capacitance values was observed. Like in fed cultures, a later inflection of high 

frequency values was observed in the fed culture. The values at 96 hours were of interest, as 

a larger number of apoptotic debris was observed in impedance plots at this time point. A 

further increase in the high frequency values were observed in the fed capacitance values. 

The earlier, stronger increase in these high frequency values can be explained by the earlier 

onset of apoptotic activity in this condition. The β-dispersion profile also alludes to this fact. 

An increase in the normalised profile in the mid-frequency region is suggestive of the 

formation of smaller membrane-bound particles in the system.  
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  Control Culture 

 
  Fed Culture 

 
Figure 6.13: Frequency sweep data between both control and fed bioreactors. The higher 

VCD values was reflected in a larger ΔC value in the fed bioreactor culture. Fed cells = +5% AA 

feed after 24h. 
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  Feed Capacitance Normalised 

 
  Feed β-Dispersion 

 
Figure 6.14: Sweep data for a fed bioreactor culture. The difference in distribution between 

high and low frequencies was apparent, with an increase in high frequency values at the 

timepoint where apoptotic cells were identified in impedance scatterplots. Normalised 

frequency data for fed bioreactor culture (Top). The effect of a high proportion of apoptotic 

cells can be seen on the β-dispersion curves, with an increase in capacitance values between 

1 -10MHz. Normalised β-dispersion curves (Bottom). Fed cells = +5% AA feed after 24h. 
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Performing PCA analysis on the two sets of capacitance sweeps revealed a different 

profile for the two cultures (Figure 6.15). PCA was performed with the two data sets analysed 

in the same run. Although the inflection points of the two identified principal components 

were similar, the magnitude of change differed. When examining the principal component 

scores relative to time, the inflection of PC2 was at a near identical timepoint between the 

two cultures (Figure 6.16). The perceived live cell growth curve in the fed bioreactor was also 

extended when compared to offline data. This further confirmed that there was significantly 

more debris formed in the system at this point. An initial decrease in PC1 was observed prior 

to debris formation. A change in the shape of the β-dispersion curves between conditions was 

also registered, especially during the initial stages of the culture (Figure 6.17). 
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 Principal Components 1 Scores  PC1 vs PC2 Scores Plot 
 

Freq 
(MHz) 

PC1 PC2 

0.106 0.889 -0.414 
0.136 0.887 -0.431 
0.174 0.886 -0.445 
0.224 0.888 -0.451 
0.287 0.893 -0.446 
0.368 0.904 -0.427 
0.473 0.920 -0.390 
0.580 0.935 -0.347 
0.779 0.959 -0.264 
1.000 0.975 -0.177 
1.120 0.981 -0.134 
1.648 0.990 0.020 
2.115 0.985 0.118 
2.714 0.972 0.209 
3.484 0.954 0.291 
4.472 0.932 0.361 
5.740 0.907 0.420 
7.368 0.883 0.469 
9.457 0.859 0.509 
12.139 0.836 0.541 
15.650 0.814 0.568 
20.000 0.795 0.589 

 
 

 Principle Components 2 Scores  Loadings Plot 

  

Figure 6.15: Principal components analysis performed on frequency sweeps from the capacitance probe for control and fed bioreactors. Two 

principal components of variation were identified and both data sets were combined into the one analysis. Fed cells = +5% AA feed after 24h. 
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  Principal Component 1 

 

  Principal Component 2 

 
Figure 6.16: Comparison between Principal Components of both conditions.  The addition 

of a feed to the CHO-EG2 cultures exaggerated the loadings of the Principal Components. 

The additional debris and apoptotic bodies seen in the fed batch reactor (blue line) resulted 

in a shoulder in PC1 during the period of 96-120h. Fed cells = +5% AA feed after 24h. 
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  Critical Frequency 

 

  Cole-     α 

 
Figure 6.17: Comparison of critical frequency and Cole-Cole α values. No change of 

interest was seen in the critical frequency between the control (red line) and fed batch (blue) 

culture, as confirmed by offline cell size data. The Cole-Cole α value displayed a difference, 

with a longer stabilisation period before a rapid increase at 72h. Fed cells = +5% AA feed 

after 24h. 
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6.2.5. Comparison of Flow Imaging Data 

 

PCA analysis was performed on daily sample populations captured using the flow imaging 

system (Figure 6.18). The magnitude of the live and dead cell populations was comparable 

to those captured using trypan blue data. An earlier decline in the viability of the fed 

bioreactor was observed the 96h when compared to trypan blue counts. This evidence 

further suggests that the viabilities calculated by trypan blue my read higher than other 

methods available.  

 Live populations from the control bioreactor were compared to those from the fed 

system. No significant differences were recorded for the first three days of the culture. The 

movement of the populations was like those recorded for the membrane capacitance 

derived from the capacitance probe. At 96 hours, the fed population migrated to lower PC1 

scores, similar behaviour to that of cells that were classified as dead. Similar movement 

was not seen in the control bioreactor, where the onset of cell death occurred at a later 

timepoint. This was robust evidence to suggest that the imaging system was able to capture 

a deterioration in the cell membrane properties prior to the classification of dead cells in 

the system. This could account for the difference in the recorded viabilities between trypan 

blue and the imaging system; damage to the cell membrane prior to the complete lysis of 

the cell may allow for the passage of trypan blue into the inner cell cytosol.   
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  24h 

 

  48h  

 
Figure 6.18: PCA analysis of daily samples from a fed bioreactor culture.   Green gate = 

live cells, red gate = dead cells. Fed cells = +5% AA feed after 24h. 
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  72h 

 

  96h  

 
Figure 6.18 continued 
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    24h     48h     72h 

   
  

    96h    120h 

  
Figure 6.19: The difference in MVDA analysis of flow imaging data from the two 

bioreactor conditions tested. The migration of the live cell population between the control 

(red) and fed batch (blue) cultures was similar first the first days of the culture, however a 

change in the trend was observed after 72h. Fed cells = +5% AA feed after 24h. 

48h 24h 72h 96h 120h 
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6.2.6. Amino Acid Profiles of Fed Bioreactor Culture 

 

The amino acid profiles of both cultures are shown (Figure 6.20 and Figure 6.21). The 

effects of the amino acid pack addition can be seen after 48h as the samples taken were 

prior to the addition been made at 24h. The decline in asparagine and aspartate availability 

seen in the control culture was increased in the feed culture (Figure 6.22). Additional 

glutamine was also seen at the 72-hour timepoint. This led to increased levels of ammonia 

in the culture. It was observed that glutamine was never fully depleted during the fed 

reactor culture, although glutamine availability was assumed to be limiting at such low 

concentrations.  
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 24h 

 

 48h 

 

 72h 

 

 96h 

 
Figure 6.20: RP-UPLC FLD plots of daily amino acid profiles for the fed bioreactor. 
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 24h 

 

 48h 

 

 72h 

 

 96h 

 
Figure 6.21: RP-UPLC FLD plots of daily amino acid profiles for the control bioreactor. 
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Figure 6.22: Daily consumption of amino acids for both conditions tested. Due to the feed added, higher levels of asparagine/serine were 

observed after 48 hours. 
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6.3. Discussion 

 

6.3.1. Amino Acid Analysis 

 

During the bioreactor time point run, glycine and alanine were net produced. The fact that 

the EG2 are producing these amino acids tells us that they are not limiting to their growth 

in any way. In contrast to this, many of the other amino acids, especially asparagine and 

serine were being consumed during the cell culture. The concentration of these amino 

acids dropped rapidly during the first three days of culture and remained constant for the 

remainder of the days. As there is a synergistic effect between the consumption rate of 

different amino acids in culture medium, having a net remaining amount of some was not 

surprising. Although not consumed completely, the utilisation of several amino acids 

ceased after 72 hours, suggesting there is a threshold value for availability of these amino 

acids.  

 The addition of the non-essential amino acid feed to the cell culture increased the 

rate at which the other amino acids present in BioGro-CHO were consumed (Arginine, 

Threonine, Lysine, Isoleucine, Leucine and Phenylalanine). This tells us that these amino 

acids are required for the maintenance of growth of the cultures, however they were never 

limiting at any point in the culture. The lowest values for each of these amino acids was 

recorded after 96h in control cultures, where a net increase was observed for the 

remaining days. This increase was due to the release of the cell’s intracellular contents 

because of membrane lysis.  
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6.3.2. The role of Glutamine and NEAA’s in Maintaining Cell Health. 

 

The role of asparagine as a fuel for metabolism has shown to change depending on the 

availability of glutamine in the system (Pavlova et al., 2018). In this work, the amino acid 

determination that was performed was shown to have net consumption of glutamine and 

NEAA’s from the start of the culture. Once glutamine was depleted, no further 

consumption of these NEAA’s was observed. This was followed by the observed autophagic 

activity in the CHO-EG2 cell line. Glutamine has shown to be a key nutrient in the interplay 

between cells undergoing autophagy to prevent apoptosis occurring. 

The metabolism of serine and asparagine was of interest because asparagine has 

been shown to prevent apoptosis in glutamine-depleted cells (Krall et al., 2016, Zhang et 

al., 2014, Jiang et al., 2018) In the absence of nutrients, cells are known to promote the 

GLN2-ATF4 pathway to maintain survivability. The addition of asparagine alone was shown 

to promote this pathway in the absence of glutamine (Ye et al., 2010). Cell survival and 

prevention of cell arrest have shown to occur with the supplementation of asparagine to 

cultures. The production of asparagine is facilitated through the ASNS pathway through 

metabolism of aspartate with glutamine. Evidence of asparagine limitation was observed 

early in standard CHO-EG2 cultures, with aspartate consumption occurring after 24h. An 

increase in aspartate concentration is observed after this point, suggesting cells are trying 

to produce asparagine as a counter to glutamine depletion (Alkan et al., 2018).  

 Glutamine is required for the de novo synthesis of asparagine. Both the utilisation 

and reliance of glutamine in the CHO-EG2 cultures may be explained by this. The content 

of several amino acids in BioGro-CHO is relatively low compared to other mammalian cell 

media on the market. Asparagine and serine for example were found to be 14 and 10 time 

lower in concentration compared to PowerCHO respectfully (Robitaille et al., 2015).  

 The low abundance of nonessential amino acids in the culture medium may not 

seem to be a cause for concern as growth should continue in their absence. The combined 

effect of a reduction in NEAA’s and glutamine may have greater implications, however. 

Glutamine is required to fuel the TCA cycle through the generation of glutamate in the 

cytosol via glutamine synthetase (Bernard and Habash, 2009). If insufficient levels of 
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glutamine are available to fuel this conversion, glutaminolysis will be inhibited and will 

result in the onset of autophagy (Villar et al., 2015). NEAA’s, specifically arginine, proline, 

and histidine, can fuel the generation of cytosolic glutamate in the absence of glutamine if 

available (Figure 6.23).  

 The levels of the NEAA’s mentioned are of vital importance to the Krebs cycle and 

ultimately the generation of metabolic energy. The low relative abundance of amino acids 

in BioGro-CHO, combined with the complete depletion of glutamine in the culture cause 

appear to cause cell cycle arrest and the onset of autophagy (Robitaille et al., 2015, Fomina-

Yadlin et al., 2014). An answer to the issues seen in this work would be the continuous 

reintroduction of glutamine to the culture. This presents its own issues, especially in the 

formation of inhibitory levels of ammonia which is a by-product of glutamine utilisation 

(Butler and Christie, 1994). A more sensible approach to take would be to increase the 

levels of basal amino acids present in the media to support growth in the absence of 

glutamine.  
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Figure 6.23: The generation of cellular energy is facilitated through the utilisation of 

amino acids and glucose. The amino acids discussed in this work all have a substantial role 

in the facilitation of energy production in mammalian cells. The production of glutamate 

and aspartic acid were of particular interest (red arrows). Image reused with permission 

from (Robitaille et al., 2015)  
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6.3.3. Effects of Supplementation on Dielectric Effects. 

 

Although the decline of cell viability in fed batch cultures occurred at a similar timepoint to 

control reactors, the profile of cells prior to the onset of this death was of interest. 

Specifically, a period of sustained growth was observed after 48 hours in fed cultures. This 

was of interest to examine using dielectric technologies as it was hoped that this would be 

detectable with these systems. 

The addition of a NEAA feed to the cells in both flask and bioreactor cultures 

stabilised the dielectric properties of the cells. In impedance flow cytometry, the phase 

angle and opacity of fed cells were shown to remain constant for the first three days of 

culture. This contrasted with controls cells, where a change in these parameters was 

observed after 24h. The additional amino acids restored the properties of the cells that are 

related to the phase angle, most associated with the membrane integrity and cytoplasmic 

conductivity. This was confirmed through the calculation of opacity values, determining 

that this phase angle change was not due to cell size fluctuations. This restorative effect 

was maintained until 96 hours, where these values returned to those of control cells.  

 Bulk capacitance data from bioreactor cultures backup up the findings from single 

cell impedance measurements. The averaged cytoplasmic conductivity of the bulk 

population was shown to remain stable over the first three days of the culture, unlike 

control cultures where a continuous decline was observed after 24h. This reflects the phase 

angle and opacity data from the impedance flow cytometer, enhancing the theory that the 

cells are undergoing underlying starvation after 24h under batch conditions. High 

frequency values from the capacitance probe also stabilised relative to the control reactor, 

further suggesting that there was a change in the conductivity of the cells recoded. 

Furthermore, this was observed in the Cole-Cole α parameter. 
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6.3.4. Limitations 

 

The pathways associated with the metabolism of amino acids is complex and branching. 

The work performed in chapter aimed to simply show what changes on the dielectric 

properties of cells would reintroducing supplements had on CHO cells. This was 

successfully achieved, if only for a relatively brief period of time. The nutritional value of 

BioGro-CHO has been shown to lack the density required to support CHO cells for durations 

or densities expected of other well-established media.   
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6.4. Conclusion 

 

The work in this chapter further strengthens the argument that CHO-EG2 growth in BioGro-

CHO media was limited by nutrient availability. The signs of starvation are detectable via 

electrical methods prior to trypan blue stained cells. Through supplementation with amino 

acids, the dielectric properties of the cells could be stabilised. The peak cell density of the 

cultures was increased; however, this was followed by a quicker demise. The outcome of 

the nutrient addition was sufficient for the purposes of this analysis.  
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7.1. Project Conclusions 

 

Process analytical technologies hold the power to increase our understanding of how cell 

characteristics evolve during bioprocesses. Although the pool of knowledge relating to the 

mechanisms of cell death is exhaustive in scientific literature, the current method of 

assessment in the manufacture of biologics is outdated. Trypan blue staining methods 

examine the latest possible event in these mechanisms, whereas there are several 

precursor events that can reveal an earlier symptom of cell demise. Furthermore, the use 

of trypan blue in laboratories poses a serious health risk to the user. There is a compelling 

case to re-evaluate how we determine cell viability in modern bioprocesses and this work 

strengthens this argument.   

This body of work examines the changing dielectric and morphological aspects of 

cells prior to the loss of membrane integrity. The primary concern for regulators and 

process development scientists is the comparability between innovative technologies and 

existing methods (Yu, 2008, Rathore and Winkle, 2009). This is particularly true when the 

method of assessing a cellular change differs. Dielectric technologies and imaging systems 

must show a high degree of comparability with how we count cells currently. The ability of 

the system to differentiate cells undergoing stress and eventual death must then be 

scrutinised in more detail. The systems tested showed that they are not only capable of 

counting cells in a manner that’s comparable to trypan blue staining, but detects events 

associated with cell death earlier than dye exclusion techniques.  

Changes in the dielectric properties of CHO-EG2 cells were detectable with both 

capacitance probes and impedance flow cytometry. An early inflection in the single 

frequency capacitance profile of these cultures was detected after 72h, at the same 

timepoint that glutamine was depleted in the culture. The viability of the same cells did 

not show a decline until after 96h. The loss of corelation between these methods would 

suggest a change in the membrane capacitance and/or cytoplasmic conductivity of the 

cells. This was confirmed through single cell impedance cytometry, a method with higher 

sensitivity and the ability to analyse the properties of cell sub-populations. The dynamics 

of the live cell population was shown to evolve as the culture progressed, as seen in 
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changes in the phase angle and opacity. A combination of both methods of analysis showed 

that the change in the dielectric properties of CHO-EG2 cells occurred early in the culture, 

in contrast to membrane integrity data.  

The use of BioGro-CHO media in combination with the CHO-EG2 cell line presented 

challenges and opportunities in this project. Unlike established cell line and media 

combinations, autophagy was observed as a mechanism for cell survival prior to traditional 

death pathways like apoptosis. The formation of autophagosomes through the addition of 

a specific green, fluorescent dye displayed autophagic activity after 72 hours of culture. 

Quantitative flow cytometry data confirmed the formation of these bodies. Apoptosis was 

also examined though the use of a PS tag, however no significant activity was recorded 

until a later timepoint of 120h. Testing the onset of autophagy through induced nutrient 

limitation confirmed that glucose starvation triggered an almost immediate response. 

Glutamine depletion alone did not trigger an autophagy response, even though cell growth 

was supressed. This suggested that the onset of autophagy in bath cultures was tied to 

starvation of several nutrients and was explored further through amino acid profiling via 

UPLC.  

Trypan blue counts registered high viability values up to 120h in batch cultures, 

whereas a capacitance probe registered an earlier inflection in its viable biomass reading. 

This time window was the primary focus of this work; what was changing in the cell 

population that resulted in this differential between the two methods? From our 

understanding of death mechanisms, ionic dysregulation occurs prior to a loss in 

membrane integrity. The regulation of membrane channels on the cell surface is tied to 

the state of the cell. The inflection of the single frequency capacitance signal tells us that 

there was either a loss in viable cell density or a change in the properties of the cells in this 

window. When examining information on the radius of the cells, no notable change in the 

size of live cells was observed. Focus was therefore turned towards the ability of the cell to 

hold a charge, and what this meant when examining the viability of the population. The 

change in the low frequency dielectric response of yeast cells undergoing cell cycle changes 

has previously been discussed, with findings similar to this work (Asami et al., 1999). 

The measurement of dielectric changes can be achieved using several methods, 

each with their own positive and negative attributes Dielectric methods shown true 
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potential as a non-evasive and detail orientated method of assessing cell viability in 

mammalian cultures. The derivation of parameters relating to the membrane capacitance 

and/or cytoplasmic conductivity hold weight when considering the state of cells, and the 

development of microfluidics systems of higher resolution will only continue to further this 

field of study (McGrath et al., 2020, Honrado et al., 2021b). A balance that must be struck 

is between the ease and accuracy of capturing such signals.  

Capacitance probes measure the bulk properties of cell cultures and exist in a form 

factor that allow them to be integrated into a variety of bioreactor systems (Käßer et al., 

2020). Once autoclaved in-situ with the reactor, they pose a minimal sterility risk to the 

system, allowing for continuous monitoring with negligible risk. On the other hand, the 

signals generated cannot separate signals associated with the changing homogeneity of 

cells as the culture lifecycle progresses.  
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The following statement was to be addressed as part of this work: 

 

“This project ultimately aims to increase our understanding of cell health through 

enhanced process monitoring to improve the performance of modern upstream 

bioprocesses. This is proposed to be achievable using PAT technologies at both bulk and 

single cell level and may provide an earlier indicator of cell stress relative to traditional 

trypan blue counts. The changing symptoms of cell death could be used to diagnose and, 

in an ideal scenario, recover cells prior to reaching this outcome.” 

 

The goal of this project was achieved with success. The use of PAT technologies 

allowed for the identification of autophagy in the CHO-EG2 cell line. This was an 

advancement on the work established by Braasch et al. in their identification of apoptosis 

as a mechanism that affects the dielectric properties of cells. The confirmation of 

autophagy as an event in the CHO-EG2 cell cycle explains the changing dielectric properties 

of these cells in more detail. This was confirmed using a combination of dielectric 

spectroscopy, impedance flow cytometry and flow imaging as methods of cell analysis. The 

signs of cell demise were identified prior to the loss of membrane integrity.  
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The aims of the project were met, or work was established that would allow for 

further exploration: 

1) Identify the onset of cell death, or events associated with cell death, prior to the 

existing method of analysing the cell membrane integrity. Trypan blue showed cell 

death occurring after 96 hours in batch CHO-EG2 cultures. When analysing the 

same cultures with impedance flow cytometry, strong linearity was observed 

between the TCD and VCD when applying a simple gating criterion at low 

frequencies. Upon further examination, the opacity and phase angle data of the live 

cells revealed a change in their properties over time. A notable change in these 

parameters was observed after 48h, an earlier timepoint than the trypan blue 

viability results. The increase in opacity of live CHO-EG2 cells, coupled with a shift 

towards lower phase angle values suggested a loss in membrane capacitance and 

cytoplasmic conductivity over time. Capacitance probe data further confirmed a 

loss in correlation between offline counts and single frequency measurements in 

this period. MVDA results showed that the loading distribution between high and 

low frequencies in capacitance sweeps changed at the 72h timepoint, further 

evidence that the dielectric properties of the cells were changing prior to a loss in 

membrane integrity. 

2) Identify the mechanisms of viability decline in CHO-EG2 cultures. Although 

apoptosis is mostly associated with cell death, other mechanisms exist which affect 

the dielectric properties of cells. Qualitative and quantitative autophagy assays 

indicated activity in the same period where there was a change in the dielectric 

properties of cells. Apoptosis was identified, but in relatively low levels towards 

120h when trypan blue assays indicated a loss in viability. For the purposes of 

identifying changes in the properties of cells, autophagy as a survival mechanism 

was deemed to be responsible for the changes in cell parameters.  

3) Use a novel cell imager to determine morphology changes in the cells. Cell imaging 

played a significant role in the identification of key events in the cell lifecycle. The 

formation of vacuoles in the cells were observed in the period of autophagy 

initiation. Membrane smoothening and a change in the optical density of the cells 

followed. Necrotic events such as membrane swelling were seen at the later 
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timepoints in the culture, agreeing with trypan blue viability data. The capture of 

larger volumes of cells using a flow imaging system, including the identification of 

a multitude of physical parameters allowed for the use of MVDA tools to track the 

progress of individual cell populations. The live population was shown to evolve 

when examining the loadings of the principal components of variance. Although 

further work is required to identify vacuoles successfully using computer 

recognition algorithms, a project is currently underway in the Cell Technology 

Group to perform this wok. The system will also be automated to take daily samples 

to track the changes in cells in real time without user intervention.  

4) Recovery of cells prior to viability loss. The recovery of cells was attempted with 

some success. The dielectric signals that were associated with autophagy were 

stabilised through the addition of an amino acid supplement pack. This was evident 

in impedance data, where the phase angle of the cells was stabilised for a period of 

48h when compared to non-fed media. The recovery period was relatively narrow 

however, further media optimisation would be required to prolong the viability of 

the cultures to a meaningful extent. A path forward was identified to aid in the task 

of culture supplementation. To extend the period of viability in CHO-EG2 cultured 

in BioGro-CHO media, a media development project could be performed in tandem 

with dielectric analysis to see if the performance of BioGro-CHO could be further 

enhanced.  
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7.2. Future Direction 

 

The availability of nutrients became a significant factor in the analysis undertaken as part 

of this work. A combination of glutamine and amino acid availability became of interest as 

the mechanisms of cell death in the CHO-EG2 cell line were understood. Glutamine 

availability was shown to impact the point of inflection of single frequency capacitance 

data whilst amino acid availability affected the correlation between these capacitance 

values and off-line counts. A combination of these factors led to the identification of 

autophagic activity as a precursor event to cell death that is capable of monitoring in real 

time.  

 It is impossible to identify the onset of autophagy using dye exclusion methods 

alone in modern processes. The potential for nutrient limitation may lie undiagnosed in 

many processes, particularly in the push towards continuous manufacturing and perfusion 

processes. The adoption of continuous manufacturing for bioprocessing has begun to gain 

traction over the past decade. In Ireland, WuXi Biologics (Jiangsu Province, China) invested 

€325 million euro into a new biomanufacturing facility that will house 6 x 1000L perfusion 

reactors, as well as single use, fed-batch capacity of 48000L. Literature relating to the 

development of intensified perfusion processes from the leading names in 

biomanufacturing, including Amgen, can be found readily (Gomez et al., 2020, Chen et al., 

2018).  

 To account for the affects of amino acid limitation on the dielectric properties of 

cells, an experiment to reintroduce specific amino acids to the cells would be of interest. 

Specifically, two objectives could be met by performing this work. First, it would be 

interesting to see if specific amino acids can account for changes in the opacity an/or phase 

angle of cell populations as they are removed from the culture. Second, can  timeframe be 

established in which targeted feeds can be reintroduced in a timely manner to prevent any 

loss in viability.  

This work has focused on the integration of imaging and capacitance as methods of 

on-line analysis for CHO cell cultures. There are other probes available that would be 

interesting to correlate with the gathered data. Raman spectroscopy is a non-destructive 
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method of determining the metabolic profile of cultures. Raman is a spectroscopic method 

of analysing cultures, based on small molecule light-scattering. Studies have shown the 

implementation of Raman signals to analyse and replenish glucose concentrations in CHO 

cell cultures using a control loop (Berry et al., 2016). The importance of amino acid profiles 

relative to the electric signals generated could be explored using Raman spectroscopy. The 

use of multiple PAT tools in conjunction with each other holds the power to eliminate the 

need for manual sampling in industrial processes, allowing for complete process 

automation.  

The differentiation of cell populations by their electrical properties shows potential 

in this body of work. Much of the work in literature focuses on apoptosis as the primary 

mechanism of cell death in mammalian processes, but there may well be discrete 

populations that are unidentified via methods such as trypan blue assays. Although the 

value of such knowledge may be diluted when considering well established manufacturing 

processes, stepping backing in the development lifecycle may suit the application of the 

technologies discussed in this thesis. There is a push to maximize the productivity and 

scalability of mammalian processes through media and cell line development projects 

(Whitford and Nelson, 2019).  

Unless induced to enhance the productivity of cells (Jardon et al., 2012), the 

identification of autophagy in cells can suggest a lack of nutritional support in the basal 

media. As seen in this work, evidence of autophagy was identified using both single cell 

imaging and impedance measurements. Such discreet analytical methods are suited for the 

development of medias that may exhibit such evidence. The omics field of analysis has 

been successfully applied in such scenarios to understand cell characteristics at a gene 

level, to improve process performance. Chapter 6 concluded that the basal BioGro-CHO 

media used in this project may lack such nutrition due to the identification of changes in 

cell properties at key timepoints. This would be of particular interest in media formulations 

that move towards the removal of serum, hydrolysates, and other non-defined 

characteristics. Such components contain a complex balance of amino acids and metals 

that may be deficient when moving towards a chemically defined formulation. As such, 

imbalances in the nutritional profile which can affect cell performance may be passing 

undetected.  
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The methods used in this work show strong correlation with existing counting yet 

explore population imbalances to a higher degree of detail. An added benefit of impedance 

and imaging methods is the speed of analysis, a benefit over even omics approaches to cell 

analysis. In applications where smart feeding strategies could be applied to improve culture 

longevity, decisions are required swiftly to ensure there is no threat of exceeded process 

parameters that affect performance. For future work in this field, it is suggested that an 

emphasis is placed on the identification of key nutrients that may affect the dielectric and 

optical signals observed herein. The work performed in Chapter 6 served as an introduction 

to this field of study. When developing the experimental plan for future work, a greater 

emphasis should be placed on the causation of the events leading to the identified 

prevalence of autophagy. It would be of interest to examine the impedance parameters of 

cells using two primary approaches. First, understanding what nutritional components 

contribute towards the loss in parameters such as the phase angle or opacity of the live 

cell populations. This could be done trough nutrient limitation and/or spiking experiments. 

Second, can the critical times for reintroducing these feeds be established? When 

developing feeding regimes, we must be conscious of “the cliff,” or in other words, the 

critical point in which cells assign themselves to the fate of losing viability. Ideally, we must 

work in the space prior to reaching this point of no return, where a feed will recover cells 

with mimical impact to process performance. If this can be achieved through the 

identification of dielectric changes, there is a great potential to enhance production 

processes. The knowledge gleamed at the single-cell level of analysis is advantageous when 

further applied to on-line capacitance technologies. Bulk measurements may be “hiding” 

changes in the cell populations as they cannot distinguish changes relating to the onset of 

apoptosis or autophagy. Loss in correlations between capacitance measurements and 

offline cell counts are currently attributed to culture homogeneity because of cell death. 

Why these changes are occurring could be further examined by combining the single cell 

analysis with bulk data to frame the analysis of such complex systems.
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A.1. Examination of CHO-EG2 growth and morphology using a holographic 

imaging probe, with capacitance data for reference. 

 

A.1.1. Comparison between growth curves 

 

A bioreactor culture was established with excess levels of glucose (50mM) and glutamine 

(4mM L-Glutamine, 4mM GlutaMax™) available at the time of inoculum. The BioGro-CHO 

medium was also supplemented with an enriched amino acid complex. These conditions 

are described in  

Data from an online holographic probe that can identify the live cell density of the 

culture every 30 minutes was compared to the bulk capacitance at 0.6MHz (Figure A.1). 

Correlation between the two datasets is presented (Figure A.2). Almost perfect correlation 

was observed for the first 78 hours of the culture. After this point, a plateau of cell growth 

was observed in the holography data set, with a steady decline occurring in the capacitance 

data. 
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Figure A.1: Viable cell density of a CHO-EG2 culture as determined by an optical 

holographic probe. The bulk capacitance (green line) was recorded at the same time in the 

same bioreactor. Holographic imaging (orange line) showed high cell viability during the 

period where capacitance readings began to drop rapidly. A shoulder in the capacitance 

signal was observed when the viability of the holographic probe showed a decrease.  
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 0-78h 

 

 

Slope 0.615 ± 0.005 

r² 0.98 

Number of X values 156 

 78-108h 

 

 

Slope 0.178 ± 0.029 

r² 0.39 

Number of X values 61 

 108-141h 

 

 

Slope 0.443 ± 0.015 

r² 0.93 

Total number of values 66 

Figure A.2: Individual plots of the linear relationship between the capacitance value at 

0.6MHz and the VCD as determined by the online imaging system. The red line represents 

the line of best fit with dashed lines showing the 95% confidence interval. 
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A.1.2. Morphology parameters 

 

When examining the physical properties of the single cell datasets, the decrease in the cell 

size and circularity/compactness indexes occur while the Ovizio indicates a decrease in 

viability (Figure A.3). The circularity feature of the cell population remained at 0.95 until 

96h, where a continuous decrease is observed. The change in the capacitance signal at 72h 

cannot be attributed to a change in the physical size or cell count, in contradiction to 

equation ∆𝐶 = 𝑁𝑟4. An observation was made in the holographic images which occurred 

in the window of the growth plateau. The appearance of small pockets of intense light were 

observed in the cells during the plateau phase of growth and remained obvious for the 

duration of the culture.  

3D holographic scans of the cells imaged using the Ovizio probe gave insight into 

the progression of vacuole formation (Figure A.3). The difference between light and dark 

regions within the cell can be analysed using optical height and phase parameters. Live 

cells will act as a lens due to their intact membrane and will produce a defined optical 

signature relative to the background image. As the cell membrane degrades, the intensity 

of this light decreases. The presence of areas of intense light within the cell can be 

visualised by peaks on the optical surface.  



 

332 

Figure A.3: Analysis of Ovizio probe parameters. Violin plots representing the distribution of the cell circularity and diameter at each daily 

sampling point (Top). N = 150 cells. Phase images from the Ovizio system (Bottom). Small areas of intense light were observed within the cells 

after 72h. 

             

 24h  48h  72h 
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  48h 

 

  72h 

 

  96h 

 

 

Figure A.4: 3D plots of the optical height of CHO-EG2 cells. The colour scale represents the 

optical height. The transition of the culture into the plateau phase was accompanied by 

pockets of light as seen in peaks on the optical cell surface. 

0                0.5 
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The changes in optical distribution across the surface of single cells can be viewed 

in Figure A.5. Using the height profile tool in the OsOne software, a distribution of the 

phase height across the physical length of the line can be determined. Healthy cells show 

an even distribution of optical height across the entirety of the cell. Cells that presented 

areas of intensified light will have peaks on the optical surface. The size and intensity of 

such objects can be identified by examining the optical height profile (Figure A.6)  

It was impractical to use the peak height tool to measure cells throughout the 

culture. To track the emergence of these areas of focused light over the course of the 

culture, the phase contrast and mean optical height parameters were extruded from the 

bulk measurement data. The phase contrast parameter will give information on cells which 

have a contrast between dark and light areas within the cell. Cells with high contrast values 

will represent cells with a greater distribution between dark and light areas. An increase in 

the trends in both parameters occur after 72 hours.  

 

 

Figure A.5: Mean phase contrast values for cell populations from each day of culture. An 

increase in the phase contrast trend was observed after 72h, with peak values observed at 

120h. n=150 cells per time point. 
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 Normal Cell (48h) 

 

 Intercellular Vesicles (96h) 

 

 Membrane Blebbing (120h) 

 
Figure A.6: Optical height plots of three cell events during the EG2 culture.  Healthy cells 

(Top) show an even cell surface when compared to the peaks observed in cells with the 

presence of bright spots (Middle). Cell blebbing in necrotic cells show a lower optical height 

compared to the main cell body (Bottom). 
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A.2. Statistical Methods 

 

The statistics employed during this thesis can be broadly split into two principal areas: 

hypothesis testing and multivariate analysis. The employment of statistical techniques was 

treated case by case. Some systems were suited towards univariate analytical methods, 

including data related to cell counting. For complex datasets such as those generated by 

the biocapacitance and cell imaging systems, multivariate analysis was better suited.  

To determine any significant difference between sampling methods as part of this 

work, unpaired student T-tests were performed. T-tests are used to test a hypothesis 

applied to data sets of different origins. In the case of this body of work, a primary focus of 

the statistical methods applied was to examine whether multiple PAT systems could 

enumerate cells accurately. All systems were tested against the counts determined by an 

automated trypan blue counter, as this is recognised as the gold standard of counting cells. 

A t-test was chosen as the data sets in question were assumed to be normally distributed, 

as the number of cells present in a sample was under examination. Normal distributions, 

commonly referred to as bell curves, show most data points centered at the mean. Data 

points that stray progressively further from the mean should be less common, resulting in 

a bell-shaped curve if the event occurrence is plotted relative to the distribution.  

 A Students T-test examines the hypothesis whether the mean value of two normally 

distributed populations is equal. The confidence interval, represented as the P value, 

indicates at what point we can reject the null hypothesis. In the case of this work, a 

confidence interval of 98% was set (P > 0.02). If a P value less than 0.02 was returned when 

performing the T test, we can say the null hypothesis is rejected and there is a significant 

difference between the tested datasets. For further analysis of the statistical nature of a 

set of data, the P-value can be stated exactly to display a quantitative measure of 

difference. By performing a two-tailed T-test, we are ensuring that the calculated P-value 

is distributed both positive and negative to the mean. In the case of cell counting, this is 

possible as there can be both over- and underestimations when enumerating cells.  

To generate the datasets to test, we must ensure that biological and analytical 

variation is accounted for. This ensures that variation in the system is representative of 
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differences in the test type, rather than variation derived from typical biological function 

or from test technicalities. To ensure that biological and technical variation is captured in 

the test, known as common variation, cells from different experimental replicated were 

used. Mean values were captured from a series of three replicates per experimental 

condition, to capture this common cause variation. Data points identified as statistically 

significant are of importance as the common variability identified in the system has been 

exceeded in such cases. For example, this may be due to changes in the biological function 

of the system because of a stress. 

 Standard deviation values were given to show the distribution of the sample 

populations tested. The number of data points per statistical test was also shown. The 

number of events, as well as the distribution of these samples is important when 

understanding variation in the system. Although the mean values of replicates may be 

similar, it is important to understand the distribution as this can allude to the accuracy and 

reproducibility of the systems. An ideal counting system would be both accurate and 

reproducible. Automated trypan blue counters have an expected variation of +/- 10%. In 

this work, it was of interest to examine the technical variation between existing trypan blue 

methods, and those seen in impedance and imaging methods.  

 In the case of large datasets such as those generated by the capacitance and 

imaging systems, a more suitable method of analysing the data was required. Multivariate 

data analytical (MVDA) methods are proving popular in the biopharmaceutical field as they 

are capable of extracting information that may prove undetectable by human analysis. The 

goal of such methods is to reduce the complexity of the total dataset, and instead 

represent the data in a way that can be easily digested during review and decision-making. 

The balance between readability and retention is tailored in the way the test protocol is 

constructed.  

 To perform such analysis, the whole dataset is treated to make the execution of the 

analysis as effective as possible. The total variation contained within the reduced to a small 

number of components of variation. These principal components (PC) are typically plotted 

against each other, generating a moving plot in which changes in these components are 

represented. The contribution of the individual parameters that feed each PC are read in 

tandem with the biplot. What is generated is a map to the process in which changes in the 
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trajectory of PCs represent changes in the system variation. Although MVDA is informative 

to the reader, it is important to understand to what extent individual components are 

contributing towards the variation. What may be more important is how these individual 

parameters change in their contributions over time.  
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A.3. Chapter 3 Appendix 
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Replicate 2: Growth Curve, 30MHz Opacity and Relative Phase  
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Replicate 3: Growth Curve, 1MHz Opacity and Relative Phase 
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A.4. Chapter 4 Appendix 

 

 

 

Single frequency capacitance (0.6MHz) vs growth curve replicates, Condition B 
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Impedance counts vs. trypan blue count replicates, Condition B 
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Replicate 2: Growth Curve, 1MHz Opacity and Relative Phase 

  



Appendix A 

 

348 

          24h           48h 

  

          72h           96h 

  

          120h           Dead Populations 

  
 

Replicate 2: Growth Curve, 30MHz Opacity and Relative Phase 

  



Appendix A 

 

349 

          24h           48h 

  

          72h           96h 

  

          120h           Dead Populations 

  

Replicate 3: Growth Curve, 1MHz Opacity and Relative Phase 

  



Appendix A 

 

350 

          24h           48h 

  

          72h           96h 

  

          120h           Dead Populations 

  
Replicate 3: Growth Curve, 30MHz Opacity and Relative Phase 

  



Appendix A 

 

351 

A.5. Chapter 5 Appendix 

Replicate 2: Condition B bioreactor capacitance spectra. 
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Replicate 2: Condition B MVDA principal components. 
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Replicate 3: Condition B bioreactor capacitance spectra. 
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Replicate 3: Condition B MVDA principal components. 
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 Triplicate principal component values for Condition B. Shown with ± SD values. 



Appendix A 

 

 

356 

A.6. Chapter 6 Appendix 

 

 

Replicate 2: Fed bioreactor capacitance spectra. 
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Replicate 3: Growth Curve, 1MHz Opacity and Relative Phase 
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B.4 Posters 

Figure B.1: Poster Presented at ESACT 2019 in Copenhagen, Denmark 

 



Appendix B 

 

365 

 

 

Figure B.2: Contribution to Poster Presented at ESACT 2019 in Copenhagen, Denmark 


