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ABSTRACT

DESIGN OF A MULTI-SENSOR PLATFORM FOR INTEGRATING EXTRACELLULAR
ACIDIFICATION RATE WITH MULTI-METABOLITE FLUX MEASUREMENT FOR

SMALL BIOLOGICAL SAMPLES

Cell metabolism involves a set of cellular chemical reactions that are very important to cell
development as well as its response to environmental changes around the cell. Understanding
cell metabolism and the associated metabolic pathways has been the focus of many research
efforts and it is gaining more attention recently. In assisted reproductive technology (ART),
understanding metabolism of oocytes and embryos provides the possibility of selecting more
viable embryos for transfer and reducing the number of embryos transferred in a given in vitro
fertilization (IVF) cycle. Although stage-specific morphologic markers and grading systems have
been developed and widely in use, this approach is unable to reliably assess the physiological
status of the embryo and it is not only subjective but has a poor correlation with subsequent
developmental competence. Therefore, there is an ever-increasing need for noninvasive
guantitative markers of embryo viability. Analysis of metabolism has proved to be a valuable
marker of embryo viability based on animal models. Through noninvasive analysis of metabolic
markers, it will be feasible to identify those embryos with the highest probability of establishing a
healthy pregnancy.

Crucial to cell metabolic process is a set of analytes that can be used as indicators of cell
metabolism. They include oxygen, glucose, and lactate. Rates of cellular oxygen consumption
(OCR) and extracellular acidification (ECAR) are widely used proxies for mitochondrial oxidative
phosphorylation (OXPHOS) and glycolytic rate in cell metabolism studies. However, ECAR can
result from both oxidative metabolism (carbonic acid formation) and glycolysis (lactate release),

potentially leading to erroneous conclusions about metabolic substrate utilization. Co-



measurement of extracellular glucose and lactate flux along with OCR and ECAR can improve
the accuracy and provide better insight into cellular metabolic processes but is currently not
feasible with any commercially available instrumentation.

Some techniques for measuring dissolved oxygen (DO), glucose and lactate rely on
fluorescent labels. These techniques are incredibly labor intensive, and the pipet construction
used is complex comparing with solid state and electrochemical methods. Injecting a cell with
fluorescent label can also lead to experimental error, since biochemical mechanisms inside of the
cell may interact with the label. Other techniques include the use of scanning electrochemical
microscopy (SECM) for studying the metabolism of single cells, but it has its drawbacks including
probe fouling, complex instrumentation, as well as calibration can also be challenging.
Furthermore, electrochemical microphysiometers were used for monitoring changes in glucose
and lactate concentrations in cell cultures, but these techniques need larger sample volumes and
might need difficult calibration.

Due to the lack of quantitative and real-time monitoring of cell metabolism, the success rate
of in-vitro fertilization (IVF) is still low, with very low percentage of embryos transferred resulting
in a term pregnancy [1-2]. Therefore, more work needs to be done for testing embryos metabolism
in-vitro to improve the culture conditions and reduce the effect of environmental stresses and
chose the media that balance all nutrients the cell needs during development.

In this work, we present a miniaturized multi-sensor platform capable of real-time monitoring
of OCR and ECAR along with extracellular lactate and glucose flux for small biological samples
such as single equine and bovine embryos. This multiplexed approach enables validation of
ECAR resulting from OXPHOS versus glycolysis, and expression of metabolic flux ratios that
provide further insight into cellular substrate utilization. We demonstrate expected shifts in embryo
metabolism during development and in response to OXPHOS inhibition as a model system for

monitoring metabolic plasticity in very small biological samples.



In this work, DO was measured amperometrically using a three-electrode system of working
(WE), counter (CE) and reference (RE) electrodes. Glucose and lactate were measured
enzymatically by measuring the current generated from the oxidation of hydrogen peroxide
generated from the catalysis of glucose or lactate at the WEs with their catalysis enzymes. pH
was measured potentiometrically using two electrodes system of Indium Tin Oxide (ITO) WE and
Au pseudo RE. A micro-chamber containing all four sensors was designed and manufactured to
investigate single cell immersed in a respiration medium. The micro-chamber design is an
important part of the platform that provides sufficient change of the target analytes in the micro-
environment that enables the sensors to measure tiny changes of the target analytes due to cell
respiration. This setup helps to measure the analytes with a change in concentration ranges from
(0.001 to 30) fmol/s with high specificity which is comparable with what was published in literature.
The specificity of our sensors was clearly determined by monitoring the switch in metabolism to
glycolysis induced by adding oligomycin as an inhibitor for ATP-synthase. The ability to measure
the extracellular acidification rate (ECAR) in addition to lactate production can help to differentiate
the respiratory acid production from glycolytic acidification. The ability of the sensor to detect a
metabolic shift from oxidative phosphorylation (OXPHOS) to glycolysis was demonstrated in
embryos by an ablation of oxygen consumption and an increase in lactate production as well as
ECAR following addition of oligomycin. The increase in pH change rate after adding oligomycin
and its slowdown after FCCP further indicates the dependence of cell on glycolysis and the
increase of lactate production. The results of bovine or equine embryos show that the embryos
metabolism change with development as expected and the amounts of glucose and oxygen
uptakes and lactate production increase at later stages of developments, which match the existing
biological knowledge of increasing the need for ATP production at later stages of development.

Our system is capable to provide single-cell metabolism measurement with more complete
panel than what commercially available devices such as Seahorse provides. Our results provide

a clear insight into the mechanism of OXPHOS and glycolysis for single cells and a more complete



analysis to include inter-sensor interference for improved accuracy. The capability of the platform
is illustrated with measurements multi-metabolites of single-cell equine or bovine embryos for
assisted reproduction technologies. However, this platform has a wide potential utility for
analyzing small biological samples such as single cells and tumor biopsies for immunology and
cancer research applications. Furthermore, we also present a preliminary interference analysis of
the multi-sensor platform to allow better understanding of sensor interference in the proposed

multi-sensor platform.
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Chapter 1: Introduction and Motivation

Cellular metabolism is the set of chemical reactions that generate chemical energy for the
cells for their daily activities and produce complex molecules to maintain the cell life and support
its reproduction [3]. Metabolism involves complex sequences of controlled biochemical reactions
known as metabolic pathways, in which one chemical is transformed into another by a sequence
of enzymes [4].

Chemical energy is mainly derived from a molecule called adenosine triphosphate (ATP).
ATP forms adenosine diphosphate (ADP) through hydrolysis process, ADP is an inorganic
phosphate molecule, and energy [3]. Metabolic pathways are generally devided into two
pathways: a catabolic pathway which includes any metabolic function associated with making
ATP, and an anabolic pathway which includes any metabolic function associated with assembling
more complex molecules from carbon-containing molecules produced out of the catabolic
pathway. The new molecules built via anabolic pathways are useful for building cell structures
and maintaining the cell [3-4]. The catabolic pathway is dominated by the breakdown of glucose
into a form that releases sufficient energy to make ATP and it is simply the transfer of energy
stored in glucose bonds to phosphate bonds. The transfer of electrons from glucose to oxygen
results in a release of energy that is sufficient to convert (phosphorylate) ADP molecules to ATP
molecules and if glucose were to transfer electrons directly to oxygen, the release of energy would
be so sudden that a large amount of heat would be produced, which would cause cell damage
and would be extremely inefficient [3, 5]. Therefore, a series of intermediate reactions are
requiered to produce a similar amount of energy and produce ATP without causing cell damage.
The first intermediate reaction that glucose undergoes is glycolysis, where glucose sugar is
broken into a compound called pyruvate. Pyruvate is used to initiate a series of chemical reactions
known as the Krebs cycle. The Krebs cycle converts some ADP molecules to ATP and completes

the conversion of glucose to carbon dioxide CO.. In an aerobic metabolic cycle, oxygen is the
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final electron acceptor [4-5]. Cellular respiration doesn’t occur when oxygen is not readily available
for accepting electrons at the end of the transport chain, and instead, electrons are transferred
from glucose to some other organic, electron-accepting molecule. The process by which ATP is
produced via electron transport from glucose to a non-oxygen molecule is called an anaerobic
process and is essentially a secondary process for the cell to produce fuel in the absence of
oxygen. The use of other electron acceptors (non-oxygen molecules) in the transport chain
produces different byproducts than regular cellular respiration such as lactate. All these molecules
are first broken down into pyruvate, which is then used in the Krebs cycle [3-4]. A schematic

diagram that shows the major metabolic pathways in mamalian cells is shown in Fig. 1.1.
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Fig.1.1. Major catabolic and anabolic pathways in mammalian cells. [3]

Metabolic activities of a cell are often associated with cell activity and viability, such as
mitochondrial respiration [6]. Oxygen consumption of a cell can often be used as a good indicator
of cell activity and viability that is closely associated with organismal metabolic health and disease
[3, 5-6]. However, to better understand the cell’'s metabolic activity, it is desired to measure
different metabolites from individual living cells [4, 7-12]. The development of sensing techniques

to analyze at the single cell level is more desirable for biomedical and biological research. The



most common analytes of interest at the single cell level, when anlyzing metabolism include
inorganic molecules such as DO and CO,, organic molecules such as glucose, adenosine
triphosphate (ATP), NADH, reduced flavin adenine dinucleotide (FADH ), and lactate. Combined
with pH, they are good indicators of cellular metabolic activity [4-14]. These analytes provide a
good understanding of how well a cell is supporting proper metabolism through both catabolic and
anabolic mean. For examples: Monitoring the amount of extracellular oxygen O; give information
about how well the cell can carry out respiration, extracellular CO- reflects how well the Krebs
cycle is being completed in the cell, extracellular glucose reflects the capacity for the cell to
produce fuel and to carry out anabolic functions, and extracellular pH is an indication of cellular
respiration, especially the production of CO, and/or lactic acid [4].

Multiple analytes measurement provides a more complete understanding of cellular metabolic
pathways and changes in these pathways in response to various chemical and biological
stimulations. During the aerobic pathway the cells consume glucose and oxygen with COzas a
product and in the anaerobic pathway the cells consume glucose in the absence of oxygen,
producing lactic acid [3-5]. Therefore, a simplified view of cellular metabolism and more insight
into both the aerobic and anaerobic pathways of the cells can be proposed by measuring analytes
directly involved in the energy-producing pathways where the inputs are glucose and oxygen and
the outputs are lactic acid and CO, which both contribute to acidification (change in the
extracellular pH level) [15]. By monitoring the direction and magnitude of the changes in these
analytes, cellular metabolic responses to a particular agent can also be inferred.

Most studies at the present time focus on multiple cells measurements. Multiple-cell
measurements are more compatible with the limitations of existing instrumentation technology. In
order to develop a more complete understanding of inherently heterogeneous cell populations, it
is necessary to measure and analyze a wide variety of parameters from individual living cells.
Single-cell characteristics play an important role in determining population characteristics and the

transient dynamics that lead to future cell expression and behavior at a population level [4, 7].



Therefore, the need for a wide variety of sensing and measurement technigues to analyze at a
single-cell level is increasing in the biological research community.

Dramatic variations in energetic metabolism can be experienced in cells based on their
nature, activity, and microenvironment. Abnormal cellular bioenergetics are always associated
with diseases such as obesity, diabetes, cancer, neurodegeneration and cardiomyopathy [16, 17]
All phenotypic changes are driven by underlying adjustments of cellular bioenergetics which often
have unique profiles [18, 19].

Cancer cells represent a good example of metabolic adaptation. Many cancer cells dispense
completely with ATP generation through the highly efficient mitochondrial respiratory pathway and
rely on glycolysis for ATP generation even when growing in the presence of oxygen. This process
known as the Warburg effect [20, 21] and basically represents the increase in glucose uptake and
the enhancement of glycolytic capacity and a high lactate production, along with the absence of
respiration despite the presence of high oxygen concentration in tumor cells [22-24].

Living cells have relevant biological complexity and can be highly multiplexed to screen for
drugs and their mechanisms. Therefore, measurement at cells level has become a favored format
for drug discovery. Cells remodel bioenergetic pathways in response to a changing extracellular
environment, disease and/or drug exposure, to drive phenotypic changes associated with these
perturbations [25-28]. By measuring the changes in oxygen and extracellular acidification in the
media surrounding cells, the relative state of aerobic and glycolytic metabolism can be
determined, respectively [29-30].

The development of new techniques for measuring the cellular metabolites uptake or release
has wide applications in exploring directed evolution, drug toxicity, and cancer [31-32]. Measuring
the metabolism of single cells is very useful because it helps avoiding the complexities associated
with cellular heterogeneity. Single cell sensitivity is necessary for studies of organisms composed
of a single or small number of cells, such as embryos during early development. There is also a

strong need in the clinical field of assisted reproduction to develop non-invasive methods for



evaluating the health and developmental potential of embryos. The methods that have been
developed and widely used for selecting embryos in clinical in vitro fertilization (IVF) programs
are stage-specific morphologic markers and grading systems, these methods are based on
physical characteristics identified through optical microscopy [1-2]. But these methods are unable
to reliably assess the physiological status of the embryo and it is well recognized within the clinical
IVF community that morphology is not only subjective but has a poor correlation with subsequent
developmental competence [33]. As a result, multi-fetal pregnancies might happen because more
than one embryo are often transferred to the uterus in an IVF cycle, which increase risks to the
pregnancy, the mother, and the child [34]. Therefore, a variety of non-invasive approaches are
being developed to assess embryonic developmental potential to move toward single embryo
transfer [35].

Metabolism is considered as one of the most intensely investigated biologic processes in
early embryonic development. There are increasing studies demonstrated that embryos with
greater development capacity have distinct metabolic profiles [31, 32]. Many previous studies
have demonstrated that the early embryo undergoes dramatic changes in its metabolism,
switching from a low to a high basal metabolic rate [36]. The increase in metabolic activity
indicates a switch in utilization of nutrients, switching from a pyruvate to a glucose-based
metabolism [37]. Furthermore, energy metabolism may serve as a biomarker for the development
of mammalian embryos and some alterations in metabolism have been demonstrated as a reason
for abnormal embryonic development [38]. Non-invasively assessing metabolism of embryos
most commonly means the ability to evaluate what embryos consume and produce through
analysis of culture media. Measuring the consumption and production of several key energetic
substrates such as glucose, lactate and pyruvate is one of the standard techniques of evaluating
embryonic metabolism. Fluorometric enzymatic assays have been used in several studies to
measure change in cell metabolites, specifically glucose, pyruvate, and lactate. The main

drawbacks of this technology are: it is incredibly labor intensive and pipet construction is complex



[39, 40]. An array of alternative microfabricated approaches have been developed in recent years
for studying cellular metabolism, many of them are technically more complex and may not be
suitable for integration with culture systems or routine clinical use. One example is the use of
electrochemical microphysiometers for monitoring changes glucose and lactate concentrations in
cell cultures using both continuous [41] and discrete [8] fluid flow approaches that needs larger
sample volumes and might need difficult calibration. Furthermore, scanning electrochemical
microscopy (SECM) has been demonstrated as a noninvasive means for studying the metabolism
of single cells by measuring oxygen [42] and glucose and lactate [43], but it has its drawbacks
including probe fouling, complex instrumentation, as well as calibration can also be challenging.
These methods are technically complex and may not be suitable for routine clinical use. The
drawbacks of these systems exemplify the challenges involved in developing flexible systems that
are compatible and can be integrated with embryo culture. Therefore, a continuous advancement
in this field need to be done to develop methods for measuring metabolism at a single cell level

with a robust, easy to use, reproducible and cost-effective systems.

The focus of the research presented here has been to develop a microfabricated multi-
sensors system for real-time measurement of multiple metabolites in addition to the change in pH
level during cell metabolism. The results of this work demonstrate the capability of a multi-sensors
platform to measure the glycolysis and mitochondrial respiration and ectracellular acidification in
real-time of single cells during metabolism. The final results have shown the ability of the sensor
to monitor a shift from OXPHOS to glycolysis in real-time at single cell level and the correlation
between the glycolysis and extracellular acidification. Although there are some commercially
available analyzers that are used to measure cell metabolism such as Seahorse XF analyzer [44-
45], these analyzers are extremely expensive, consumes a lot of media for each test, and requires

thousands of cells per each test, and it lacks the real time monitoring of single cells.



Our design platform can support the ART by providing a simple, flexible, easy to use,
inexpensive way with simple pipette system and less labor intensive for measuring multiple
analytes at the same time at single cell level. This way of measuring bovine or equine embryos
allows tracking the embryo development in the same chamber and the change of metabolic
activity during development in a small volume of medium. The micro-chamber design is an
important part of the platform that provides sufficient changes of the target analytes in the micro-
environment that enables the sensors to measure tiny changes of the target analytes due to cell
respiration in a small volume of medium. This setup helps to measure the analytes with a change
in concentration ranges from (0.001 to 30) fmol/s with high specificity which is comparable with
what was published in literature. Moreover, our platform allow monitoring the switch in metabolism
to glycolysis induced by adding oligomycin as an inhibitor for ATP-synthase. Our platform allow
measuring the maximal non-coupled respiratory capacity revealed by carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) titration and it is effect on pH, glucose consumption
and lactate production. Other important applications of our platform is evaluating effects of
metabolic therapies on oocyte bioenergetics and monitoring mitochondrial function throughout
oocyte maturation andblastocyst development to predict embryo viability to compliment assisted
reproductive technologies. This platform has a wide potential utility for analyzing small biological
samples such as single cells and tumor biopsies for immunology and cancer research
applications. However, Limitations of the current setup include challenges associated with
handling and positioning of single embryos for analyses, which can be overcome by the addition
of microscopy and microfluidic channels for sample visualization and manipulation. Some other
limitations include the minor toxicity of the enzyme materials on cells in long term development.
Moreover, to monitor the cell in a good environment as close as possible to the body environment,
strict control of temperature during monitoring is needed. Finally, other limitations include the lack

of periodic calibration process to ensure accuracy.



Chapter 2: Background and Existing Research Work

2.1 Background in Electrochemistry

Electrochemistry includes techniques that determine an analyte’s concentration or
characterize an analyte’s chemical reactivity by measuring of potential, charge, or current.
Electrochemistry is originated from the study of the movement of electrons in an oxidation—
reduction reaction [46]. The most commonly used electrochemical techniques include
amperometry, potentiometry and voltammetry. Amperometry and voltammetry are considered
Dynamic techniques in which a current is meausred as a function of a fixed or variable potential
[46]. Potentiometry is one of the most important quantitative electrochemical methods in which a

potential of an electrochemical cell is measured under static conditions [46].

Electrochemistry provides the ability to do rapid and continuous measurements and
observation of real-time changes in diverse biological systems, from single cells [47] to patients
in a clinical setting [48]. Additionally, electrochemical sensors can enable label-free, real-time
intracellular and extracellular measurements without perturbing the system under investigation
[47]. The sensor resolution can be improved by co-locating the sensors with the cells to prevent
mixing due to diffusion. Placing both sensors and cells within a micro- environment decreases the
distance from cells to sensors [49-51] and increases sensitivity by lowering sample volumes,
minimizing the dilution of cellular metabolic products such as lactate into a large extracellular
volume, and maximizes the concentration changes with cellular consumption and production, e.g.,
glucose, oxygen, lactate and acid [50-52, 52-53]. Examples of electrochemical sensors that are
widely used for biosensing applications include potentiometric pH sensors [47-48], Clark oxygen
sensors [49-50], and enzymatic based sensors such as glucose and lactate sensors [9-10, 12,
43, 51-53]. There have been several studies that used electrochemical methods for measuring

DO [50, 54] glucose [51, 55-56], lactate [51, 57] and pH [58-61].



2.1.1 Clark Oxygen Electrocehmical Sensor

Electrochemical sensor relies on the transfer of electrons between an electrode and a
chemical redox reaction. Clark sensor is one of the first amperometric sensors that was developed
in 1956 by L. C. Clark to measure DO in blood [54]. Clark oxygen sensor measures DO
concentration using amperometry [49-50]. As shown in Fig. 2.1, the DO is brought to the surface
of WE and a negative voltage is applied between the WE and CE. Electrochemical reduction
happens at the WE, and the reduction current of oxygen is proportional to the DO of the sample
solution. The reduction at the WE is represented by the following equation [53-54]:

0, + 2H+ 4 2e- = H,0, (2.1)
H,0,+ 2H* + 2e- - 2H,0
The resultant passes through the electrolyte to the CE and oxidizes as following [56]:
2H,0 - 0y + 4H* + 4e- (2.2)
Also, the oxygen reduction current related to the oxygen partial concentration is related

by the following equation [56-57]:

I(t) = nFAP, (5), @x=0 (2.3)

Where n is the number of electrons, F is Faraday’s constant, A is surface area of the working

electrode, and P is permeability of the membrane.
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Fig. 2.1. Principle of Clark sensor operation



2.1.2 Potentiometric pH Sensors

In potentiometry the potential of an electrochemical cell is measured under static conditions.
The gquantitative potentiometric applications use Nernst equation to relate an electrochemical
cell’'s potential to the concentration of electroactive species in the cell [46]. Potentiometric
biosensors are based on ion-selective electrodes (ISE) and ion-sensitive field effect transistors
(ISFET). The primary outputting signal is possibly due to ions accumulated at the ion-selective

membrane interface. Current flowing through the electrode is ideally zero [46].

pH is defined as the negative logarithm of the hydrogen ion concentration. It represents the
relative activity of hydrogen ions in solution. The defintion of pH was introduced
in 1909 by the Danish biochemist, Soren Peter Lauritz Sorensen,
and is expressed mathematically as:
pH= -log [H+] (2.4)

pH measurement is based on the use of a pH sensitive electrode and a reference electrode.
Silicon dioxide (SiO2) was commonly used as a pH-sensitive dielectric for the ISFET [59]. For
higher pH responses, Al,O3, Si 3sN4, Ta,0s, and SnO; have been used as pH-sensitive dielectrics
[59-64]. Indium tin oxide (ITO) has been used as a pH-sensitive electrode because of it's high
electrical conductivity, high optical transmittance in the visible region and it is considered a novel
pH sensitive material [65-66].

pH measurement is potentiometric, where a change in potential between a pH sensitive
electrode and reference electrode is measured in response to change in hydrogen ions

concentration without polarizing the electrochemical cell [47-48].

The difference in the potentials of the pH and reference electrodes provides a millivolt signal
proportional to pH. The general mathematical description of pH Measurement obeys Nernst
equation [66]:

E=Eo- X In ay (2.5)

F

10



where F is the Faraday constant, R is the gas constant, T is the absolute temperature, Eois the

potential of the reference electrode, and ay is the active ion ratio of hydrogen to hydroxide.
2.1.3 Enzyme-Based Glucose and Lactate Sensors

Enzyme-based sensors need enzymes to catalyze a specific biochemical reaction and be
stable under the normal operating conditions of the biosensor. They measure the concentration

of analytes and/or product of enzymatic reactions that diffuse to the transeducer surface and

generate electrical response as shown in Fig. 2.2.

Transducer
Positive Vi, vs RE

0, H,0;

Immobilized enzyme

Fig. 2.2. Schematic representation of enzyme based sensors [67].

Glucose and lactate are usually sensed ampeometrically. Their concentrations are measured
indirectly by measuring the current generated from the oxidation of hydrogen peroxide generated
from the catalysis of glucose or lactate at their working electrodes with their catalysis enzymes
[9-10, 51-52].

The principle of operation of lactate sensor is described by the following reactions [9, 12]:

L — lactate + 0, —2> Pyruvate + H,0, (2.6)
H202 4 02 + 2Ht + 2e- (27)
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where lactate oxidase (LOXx) catalyzes the oxidation of lactate acid (LA) to pyruvate with the
production of hydrogen peroxide (H20>) in the presence of molecular oxygen. This H2O- is then
detected on the working electrode as a measurable current, the magnitude of which is directly

related to the LA concentration.

Glucose biosensors are based on the glucose oxidase (GOx) enzyme, which catalyzes the
oxidation of glucose to gluconolactone which is hydrolyzed to gluconic acid and hydrogen
peroxide. The quantification of glucose can be achieved via electrochemical detection of the

enzymatic release of H,O, [68-69]:

The principle of operation of glucose sensor is described by the following reactions [9-10, 12]:
Glucose + 0, —=— gluconolactone + H,0, (2.8)
Hy0, = O, + 2H+ + 2e- (2.9)
2.2 Optical Methods

Optical assays have convenient features that make them frequently used for rapid analysis
in clinical setups and in laboratories. Fluorescence analysis is one of the most important optical
approaches that is widely used for many applications, providing non-invasive, easily operated,
disposable, and low-cost assays [70-71]. Several studies have used the optical techniques to
measure pH [72-73], oxygen [71-74], glucose [75] and lactate [74]. Agilent Extracellular Flux
Analyzer XF96 developed by Seahorse Bioscience is commercially available and commonly used
for measuring oxygen respiration and extracellular acidification measurements (ECAR) in cell
cultures [30, 44-45, 76-78]. The sensors in the XF96 instrument are a kind of polymeric gel-based
sensor. Seahorse’s XF instrument uses a specific chip design to achieve its goal for high-
throughput analysis of extracellular pH and oxygen measurements in their sophisticated and
advanced instrument. This instrument can be used to monitor the OXPHOS and glycolysis by
measuring oxygen consumption rate (OCR) and ECAR. However, this can be used for

understanding cell metabolism in general, but it is certainly insufficient for differentiating different
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cells in terms their metabolism for therapeutic applications. In addition, other important
metabolites such as glucose and lactate cannot be measured directly. Moreover, these analyzers
are extremely expensive and are incapable of single-cell level resolution.

2.3 Multi-Sensing Techniques

Various approaches have been used to facilitate integration of electrochemical sensors for
real-time monitoring of multiple analytes [10, 79-82]. Some methods combine amperometric and
potentiometric sensors to measure changes to cellular bioenergetics in real-time [10]. The multi-
analyte microphysiometer (MAMP) employs amperometric glucose, lactate, and oxygen sensors
and a pH-sensitive light-addressable potentiometric sensor (LAPS) to measure real-time changes
caused by the metabolism of cells immobilized in a microfluidic chamber [51]. The unique
combination of these analytes allows for the monitoring of both aerobic and anaerobic respiration.
Some other studies used the integration of optical and electrochemical sensors to measure
multiple analytes [71]. A multidimensional approach in which responses are obtained
simultaneously from multiple analytes offers a more complete understanding of cellular metabolic
pathways and changes in these pathways in response to various chemical and biological
stimulations [11]. Therefore, different multi-sensing platforms have been developed to assist cell
monitoring and drug effects testing. Various techniques of sensors design, and integration have
been used to develop multi-sensors platforms. Microelectronic sensors can be used to control the
physico-chemical parameters in a measurement chamber containing cells and detect changes of
cellular behaviors in response to an experimental treatment [11]. The semiconductor microsensor
fabrication process simplify the process of integrating more than one sensor on the same chip, it
allows the combination of for example ion-sensitive field-effect transistors (ISFETSs) [13, 83-86]
with other semiconductor sensors like temperature, light-sensors or interdigitated electrode
structures (IDES) [87]. It also allows the integration of high-quality standard electronics on the
sensor chip and offers high cost reduction potential by mass production. The FET-based

potentiometric sensors can be used for different measurement tasks. Using additional special
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chemical membranes on the gateinsulator of a basic-FET the realisation of ISFETSs for different
ions (Cat+?, Na*, K+, ...) or ENFETs (enzyme sensitive FETS) for other metabolites (glucose,
lactate, ...) becomes feasible [13, 62, 88]. Fig. 2.3 is a Cell Monitoring System (CMS) developed

by [11] that has different types of sensors integrated to measure cellular signals.

biosensors for cell metabolites
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Fig. 2.3. Cell Monitoring System (CMS). It consists of a thermostated cell culture chamber with
a fluid handling system and different microsensors. Top sensors are for the detection of
chemical parameters in the culture medium and the bottom sensors are directly contacting the
cells. (Abbreviations: ISFET, ion selective field-effect transistor; ENFET, enzyme FET; ISE, ion
selective electrode; CPFET, cell potential FET; TD, temperature diode; CCD, charge coupled
device; SPR, surface plasmon resonance.) [11]

Other studies have developed A microphysiometer by incorporating modified wire electrodes
into a standard Cytosensor Microphysiometer plunger to measure changes in extracellular
glucose, lactate, oxygen, and acidification rate [10].

Moreover, some other works have used microfabrication techniques to design integrated
sensors and built microfludic systems to carry out the timely transport of solutions [12]

2.4 Existing Research Work

The techniques that have been successfully used for monitoring cellular activity include

electrochemical sensing, scanner electrochemical microscopy, sensing using ion-sensitive field

effect transistors, and sensing using solid-state light addressable potentiometric techniques [7-
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15, 31]. Electrochemical sensors have been used successfully in measuring single-cell events

using amperometry or voltammetry methods through the development of microelectrodes [7-10].

Many types of solid states and electrochemical sensors have been developed to measure
analytes that indicate the metabolic activity in the extracellular environment [7-10, 12, 47-53].
These sensors have been used to determine changes in the analyte concentrations and study the
effect of adding chemical or biological agents such as a toxin or drugs [9-12]. Clark sensor is one
of the first amperometric sensors that was developed in 1956 by L. C. Clark to measure DO in
blood [54]. Clark sensors have been used to measure the DO concentration because of it is
simplicity and reliability in measuring DO [49-50]. With the rapid advances in semiconductor
technology, various types of miniaturized Clark-type oxygen sensors have been proposed [51-
52]. The main difficulty of applying the semiconductor manufacturing process for microelectrode
fabrication is the incompatibility of the internal electrolyte solution with the fabrication processes
[15]. Miyahara et. al. [53] injected the electrolyte manually using a syringe for the charge transfer
between electrodes as a postprocessing step to add electrolyte. Niazi et. al. [52] designed
microelectrodes with solid electrolyte membrane to improve electrical conductivity and eliminate
the need for rehydration. Jobst et. al. [49] used a solid state proton conductive matrix PCM to
increase sensor’s lifetime and to eliminate the need for rehydration. Clark sensors are also
amendable to surface modifications to improve its selectivity using Nafion as solid-state electrolyte

as well as membrane [50].

A widely used technigque using a light-addressable potentiometric sensor (LAPS) is
commercially available for pH measurement as the Cytosensor Microphysiometer [68-69].
However, pH sensors suitable for high level of integration are those using ion-sensitive fiel effect
transistor (ISFET) as the transducer [ 33-34, 30]. The most commonly used pH-sensitive materials
include SiO,, Al;Os, SisN4, Ta20s, Tin oxide (SnO2z and indium tin oxide (ITO) because of their

higher pH responses [11-12, 45-50]. ITO is known of its high electrical conductivity and high
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optical transmittance in the visible region and a novel material used as a pH sensitive electrode
[51-52]. Moreover, an extended gate field effect transistor (EGFET) structure has been developed
to produce FET isolation from the chemical environment [34]. The main advantages of this
structure include light insensitivity, simple to passivate and package, and the shape flexibility in

the extended gate area.

Enzymatic sensors have shown their promise for glucose and lactate measurements, and
they lend themselves for high level of integration [9-10, 29, 37-38]. The majority of the current
glucose and lactate biosensors are of the electrochemical type, because of their better sensitivity,
reproducibility, easy to miniaturize, robust, can operate with small sample volumes and easy
maintenance as well as their low cost [56-60]. Studies were done to detect extracellular changes
in the concentrations of glucose and lactate during cell’s metabolism, and different techniques

were used to integrate them together or with other sensors such as oxygen and pH [9-10, 12, 55].

Enzymatic amperometric glucose and lactate biosensors are the most common devices
commercially available especially for blood glucose and lactate monitoring, and have been widely
studied over the last few decades [56, 57]. However, Amperometric enzyme-based biosensors
are subject to interference from chemicals present in the sample matrix, as well as small molecule

metabolites, proteins, macromolecules and cells [60].

Other methods of measuring analytes included in metabolism include resonant sensors,
conductivity or impedance sensors, and sensors with multiple transduction steps [61-63]. These
methods are not aimed at the single-cell level due to size, detection range, or sensitivity
incompatibilities [4].

Furthermore, techniques relying on fluorescent labels are dominant in measuring intracellular
events [64-66]. However, these techniques have their drawbacks including photobleaching and

cytotoxicity that do not exist in the solid state and electrochemical methods [66]. Injecting a cell
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with fluorescent label can also lead to experimental error, since biochemical mechanisms inside

of the cell may interact with the label [46-65].

However, most of prior work focused on a single-analyte, whereas simultaneous
measurement of multiple analytes can reveal more information about the metabolic pathways of
the cell and their response to various chemical and biological stimulations [7-14, 29, 67]. For
example, if the extracellular acidification diminishes that does not mean the cell will stop
respiration, so monitoring the extracellular acidification alone would lead to the false conclusion
that the cells are killed [12, 49]. To solve this problem mutli-analytes detection is required to give
complete information about the cell transport of solutions and conducts electro analysis.
Brischwein et al. [8] designed a multi-parametric silicon sensor chips to measure extracellular
acidification rate, cellular respiration and cell morphological change of adenocarcinoma colorectal
cell. Their design successfully measured all parameters and the effect of different drugs during
cell metabolism. However, the pH sensor has a variable sensitivity of 40-50mV/pH lower than the
values (55-59) mV/pH published in most of studies of pH sensor [33-34]. The use of ISFET for
measuring pH reduce the sensitivity and stability, induce some leakage and increase noise level.
Moreover, oxygen sensor has a very low sensitivity of 0.05 nA/uM. The system measures the
average from cell populations growing on the chip surface not for single-cell level. And it is not
directed to the determination of absolute metabolic rates or distinct cell morphological conditions,
but to relative changes of these parameters in the course of an experiment.

Eklund et al. [10] designed a microphysiometer for simultaneous measurement of pH,
glucose, lactate and oxygen changes. The design was successfully used to measure Chinese
hamster ovary cells and mouse fibroblast and study the effect of different drugs on cell’s
metabolism. However, the design has some limitation; the use of wire electrodes makes it hard
to integrate the design with cell culture, less stability of the sensors due to using two electrodes
system with all sensors sharing same reference electrodes, some interference problems

happened between sensors, and response time of ~ 5 min is very slow.
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Several studies have used Fluorometric enzymatic assays to measure change in cell
metabolites including glucose, pyruvate, and lactate. But these methods incredibly labor intensive
and pipet construction is complex [25, 26]. Microfabricated approaches have been developed in
recent years for studying cellular metabolism, but many of them may not be suitable for integration
with culture systems or routine clinical use. One example is the use of electrochemical
microphysiometers for monitoring changes in glucose and lactate concentrations in cell cultures
using both continuous [27] and discrete [8] fluid flow approaches that needs larger sample
volumes and might need difficult calibration. However, the existing methods lack the
sophistication and the breath needed to better understand the fundamental mechanisms
associated with cell metabolism. One of the important drawbacks of the existing approach is the
lack of attention and discussions on electrochemical interference for sensors residing in close

proximity within the sensor chamber.
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Chapter 3: Characterization of an O, Sensor Using Microelectrodes

3.1 Background

To validate the use of Clark principle in measuring DO concentration under a variety of
operating conditions, three silicon-based Platinum Pt microelectrodes were used [50]. The main
goal of testing different operating conditions was to determine suitable configuration for future
integrated oxygen sensor and the suitability for integration with other types of electrochemical
sensors on the same substrate surface. The operating conditions tested included the use and the
absence of oxygen permeable membrane, the use and absence of electrolyte solution including
Nafion as a solid-state electrolyte. The sensor characteristics were evaluated by measuring the
change of output current as a function of DO concentrations ranging from 0% to 100%. The details
of this chapter are largely based on a published conference paper, “Characterization of an O,
Sensor Using Microelectrodes [50]".
3.2 O, Sensor Design and Characterization
3.2.1 Sensor Structure

The microelectrodes array of twenty-one sensors with different sizes and geometry and
arrangement of working electrode (WE), reference electrodes (RE), and counter electrode (CE)
designed in [87] was used. The microelectrodes were fabricated using a commercial CMOS
process with Pt surface using a lift-off process. The overall chip area is 9 mm x 9 mm with bonding
pads on the exterior that were 160y m x160u m each [87]. For all experiments sensor 17 was
used, it has four pairs of WEs with area of 15 ym? each and the CE and RE each has an area of
186 um>2. Fig. 3.1A shows the microphotographs of the microelectrodes used in the experiments.
The electrodes were connected to a potentiostat (eDAC, Colorado Springs, CO) through a set of

micromanipulator probes as shown in Fig.3.1B.
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(A) (B)

Fig. 3.1. (A) Microphotographs of the microelectrodes used. (B) Close-up view of experiment
setup with membrane and PDMS well.

3.2.2 Materials

Sodium sulfite was purchased from Eisen-Golden laboratories (Berkeley, California). 0.1 M
KCL electrolyte was purchased from HACH Company (Loveland, Colorado). Nafion perfluorinated
resin was purchased from Sigma Aldrich (St. Louis, Missouri). A PCTE (Polycarbonate Track Etch
Membrane) oxygen-permeable membrane was purchased from Sterlitech Corporation (Kent,

Washington).

3.2.3 Sensor Surface Modification and Operating Conditions

Experiments were carried out with four different operating conditions: 1) No electrolyte and
no membrane; 2) with 0.1 M KCL electrolyte and PCTE membrane; 3) with Nafion as solid
electrolyte and PCTE membrane; 4) with Nafion as solid electrolyte, but no PCTE membrane.
During experiments under each condition Na.SOs; was used as zero oxygen concentration and
deionized (DI) water as saturated oxygen concentration. Solutions of different oxygen
concentrations were made by mixing Na SOz with DI water to achieve the desired concentration.
All O, concentrations for measurement by the sensor were validated using the Oakton DO6+ DO
meter. The oxygen sensor responses are plotted against the concentrations to determine sensor’s

sensitivity, linearity, and dynamic range.
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3.2.4 Optimal Activation Voltage

A range of voltages from -0.4 V to -0.8 V was studied to determine the best tradeoff point for
activation voltage and the reduction current. Fig. 3.2 shows the relationship between the
activation voltage applied at the WE vs. RE and O; reduction current. A voltage of -0.6 V was

chosen for all experiments.
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Fig. 3.2. Amperometry measurements at a WE vs. RE voltage range between 0.4V and -0.8 V.

3.2.5 Calibration Results

The calibration curves for the Clark sensor under four different conditions are shown in Figs.
3.3 and 3.4. For all conditions, the sensor output current increases with increase in O
concentration in a linear relationship with the correlation coefficients between 0.88 and 0.98, limit
of detection (LOD) of 1.7%, and sensitivity range of (0.387 to 1.27) nA/%. The factors that can
contribute to variations of the measurement results include variations in pipetting speed and
direction, electrochemical crosstalk between electrodes, and atmospheric oxygen diffusing
through PDMS (Polydimethylsiloxane) well. Variations can be larger under the condition without
electrolyte and membrane because the pipetted solution came in direct contact with the electrode
surface causing disturbance in the immediate area of the electrode surface. The results have

shown that using Nafion as solid-state electrolyte and oxygen-permeable membrane provides the
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best linearity and stability, and good sensitivity. However, using Nafion as solid-state electrolyte
as well as membrane also shows comparable linearity and sensitivity. The use of Nafion only is

more compatible with integration and multiplexed sensing applications using other sensing

modals.
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Fig. 3.3. Calibration curves: (A) without electrolyte and membrane. (B) with 0.1 M KCL

electrolyte and PCTE membrane. The error bars represent the standard deviation (SD) between
four data points for the same condition.
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Fig. 3.4. Calibration curves: (A) with Nafion and PCTE membrane. (B) with Nafion but without

PCTE membrane. The error bars represent the SD between four data points for the same
condition.
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Chapter 4: Monitoring Oocyte/Embryo O, Respiration Using Three Electrodes Clark
Sensor

4.1 Background of The Research

After validating the use of Clark principle in measuring DO in Chapter 3, A disposable three-
electrode, Clark-type biosensor suitable for mitochondrial respirometry in single oocytes and
embryos was developed. The biosensor described in this chapter was embedded in a PMMA
(polymethyl methacrylate) micro-chamber to allow investigation of single oocytes/embryos
immersed in up to 100 uL of respiration buffer. The microchamber was sealed to avoid oxygen
exchange between the inside of the chamber and the atmosphere, while being maintained at a
temperature of 38.5 °C to preserve cell viability. The measurements from the sensor system
revealed basal cell respiration supported by endogenous substrates, respiration associated with
proton leak induced by inhibition of the adenosine triphosphate (ATP) synthase (complex V) with
oligomycin, and the maximal noncoupled respiratory capacity revealed by carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) titration. The details of this chapter are largely based
on a published journal paper, “Monitoring oocyte/embryo respiration using electrochemical-based

oxygen sensors [89]".

4.2 Sensor Structure
4.2.1 Sensor Electrodes

All experiments used the screen-printed electrodes DS550 (Dropsens, Llanera, Spain). The
electrodes were printed on ceramic substrate of 33 mm length, 10 mm width, and 0.5 mm height.
The electrochemical cell consists of: circular Platinum (Pt) working electrode (WE) of 4 mm
diameter, curved Pt counter electrode (CE), and small curved silver (Ag) pseudo reference

electrode (RE), and silver electric contact as shown in Fig. 4.1.
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Fig. 4.1. DS550 screen printed electrodes.

4.2.2 Microchamber Design

A micro-chamber for housing single oocyte and embryo cells was laser cut from a 4.76 mm
thick PMMA sheet with a 1.59 mm thick PMMA slit to allow the electrode chip to be mounted. The
screen-printed sensor chip was placed on a flat PMMA base, overlaid on top by the cone shaped
micro-chamber. The assembly between the base and the cone-shaped micro-chamber is sealed
by a rubber ring. The cone-shaped chamber was manually press drilled using a 2" 82-degree
countersink drill bit (Vermont American), resulting in a base diameter of 8 mm, top chamber inlet
diameter of 2 mm, and 3.5 mm height truncated cone as shown in Fig. 4.2. The setup holds up
to 100 pL of buffer with a 2 mm diameter top opening to allow loading of buffer and oocyte/embryo

cells into the chamber.

!

. “2mm diameter inlet
!one-shaped micro-chamber
y 1 o -

Rubber ring

Fig. 4.2. Single channel sample reservoir of 100uL volume max.
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4.2.3 Sensor Surface Modification

Among different surface preparation methods, Nafion was chosen as the solid-state
electrolyte as well as the membrane. Using Nafion only is more compatible with integration and
multiplexed sensing applications than using other electrolytes and membranes as described in
Section 3.2.5. A 2 L of Nafion solution was added and distributed using a pipette to cover the

surface of the WE and allowed to dry for 20 minutes to form a thin layer of Nafion on the WE.

4.3 Sensor Characterization
4.3.1 Oxygen Reduction Voltage

Activation voltages range from -0.6 V to -0.8 V has been suggested in the literature [90-93].
However, the actual reduction voltage also depends on electrode size and geometry. To
determine the required activation voltage for measuring DO using the sensor, cyclic voltammetry
(CV) was performed, the potential was swept from -1.5 V to 0.5 V at 100 mV/s with respect to Ag

pseudo-reference electrode. The CV results are shown in Fig. 4.3.
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Fig. 4.3. (A) CV when DI water was tested. (B) CV when Na,SO3 was tested. (C) CV when
MIRO5 buffer was tested.
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When DI water or MiR05 buffer was tested, a noticeable cathodic peak was observed in the
range -1 V to -0.7 V, whereas when sodium sulfite was tested, negligible reduction current and
no cathodic peak was observed as shown in Fig. 4.3. To achieve the least interference from other
molecules in the solution, low voltage is preferred; in all experiments, a reduction voltage of -0.75

V was used.

4.3.2 Sensor Calibration

Taking in consideration the following reaction between oxygen and sodium sulfite:

2 Na;SO3 + O — 2NaxS04 (3.1
The theoretical number of parts of Na,SO3; required to consume 1 part of Oz, can be calculated

as:

2(126% NazSo
wz 7.88 (3.2)
3250

Therefore, about 8 parts of Na;SOs3 are needed to consume each part of oxygen theoretically.
Sodium sulfite (Na,SO3) was purchased from Eisen-Golden laboratories (Berkeley, California)
and was used for measurements as the zero-oxygen concentration. DI water or MiR05 buffer was
used for measurements as the saturated DO concentration. To determine the calibration curve
and linearity of DO sensor, DO concentration was changed by adding 0.1 M NazSOs to the
saturated solution in steps with continuous stirring to produce different oxygen concentrations for
generating the calibration data as explained in [90]. All O, concentration measurements were
made at room temperature of 25 °C and validated using calibrated Oakton DO6+ DO meter. The
DO reduction current was measured 0.5 min after each addition of Na,SOs. The oxygen sensor
responses are plotted against the concentrations (relative percentage of DO) to determine
sensor’s sensitivity, linearity, and dynamic range. Furthermore, the DO concentration in the MiR05
respiration buffer in uM corresponding to the measured current was calculated at 158 uM based

on the average barometric pressure of the experiment location (Fort Collins, Colorado (84.8 kPA))
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at the temperature of 38.5 °C, corrected for the slightly lower oxygen solubility of the MiR05
respiration buffer (0.92) compared to water, as determined by Rasmussen and Rasmussen [91].
Calibration curves of the measured reduction current versus the relative percentage of DO

concentration in DI water and in the GMOP respiration buffer were generated.

4.3.3 Reproducibility Test

DI water and 0.1 M Na SOz were added in a sequential cycle to demonstrate the repeatability
of the sensor. In each step, 0.1 M Na,SOs solution with zero oxygen concentration was added
using a pipette and reduction current was measured, then the solution was pipetted out after
taking each measurement and the electrodes were dried before adding another solution. DI water
was added to measure the reduction current corresponding to high oxygen concentration. This
process was repeated multiple times to ensure sensor repeatability. The sensor showed good
reproducibility with a mean of 3.27 YA and a standard deviation of (47 nA or 2.44 uM) in the
saturated DO level (21% or 170 puM) using DI water, and a mean of (27 nA or 1.4 uM) and a
standard deviation of (6 nA or 0.311 pM) in the minimum oxygen level (0.23% or 1.87 uM) using
Na,SOs. The results also demonstrated a 0%-t0-21% oxygen response time of 30 s as shown in
Fig. 4.4A. A similar reproducibility experiment was done using MiR05 buffer as saturated DO
concentration instead of DI water, the sensor showed a good reproducibility with a mean of 4.09
MA and a standard deviation of (74 nA or 3.07 UM ) in the saturated DO level (21% or 158 uM)
using MiR05 buffer; and the mean of (30 nA or 1.17 uM) and a standard deviation of (4.8 nA or
0.188 pM) in the minimum oxygen level (0.23% or 1.73 puM)) using Na>SOsas shown In Fig. 4.4B.

The figures show absolute values of current (current sign is not shown).
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Fig. 4.4. Time response and reproducibility of the Clark sensor when: (A) DI water and Na>SOs
was used. (B) MiR05 buffer and Na,SO3z was used.

4.3.4 Verification of Airtightness of the Micro-Chamber

To determine whether the micro-chamber is airtight, a 0.1 M Na,SO3; was loaded into the
micro-chamber, and continuous operations of up to 30 minutes were performed to determine
whether oxygen exchange between the micro-chamber and the atmosphere occurred. To test the
ability of paraffin oil to seal the micro-chamber, paraffin oil was added to the load cap at the top
of the micro-chamber, and the change in oxygen level inside the micro-chamber was measured
and compared with the setup without paraffin oil sealing. The sensor measurement output without
the micro-chamber being sealed shows a change in the measured current across time reflecting
a diffusion of atmospheric oxygen into the micro-chamber as shown in Fig. 4.5A. The sensor
measurement, when the micro-chamber was sealed by paraffin oil, indicate no oxygen diffusion

from the atmosphere as shown in Fig. 4.5 (B).
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Fig. 4.5. (A) Time response when 0.1 M Na>SO3;was tested with no-top sealing. (B) Time
response when 0.1 M Na SO was tested with paraffin oil as a top sealing.
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4.4 Measurement Setup
4.4.1 Oocytes and Embryos

Equine and bovine oocytes were collected from live mares or bovine ovaries from a
slaughterhouse. Equine oocytes were matured in Tissue Culture Medium 199 (Gibco™, Grand
Island, NY) with additions of 10% fetal calf serum, 0.2 mM pyruvate and 25 pg/mL gentamicin,
with or without the addition of hormones and growth factors (15 ng/mL FSH, 1 ug/mL LH, 1 pug/mL
E>, 200 pg/mL P4, 10 ng/mL IGF and 100 ng/mL EGF) depending on if maturation inducing drugs
had been administered to the donor mare and on morphology of the granulosa and cumulus cells
[92]. Cumulus oocytes were classified as mature or not mature and invariant amounts of
hormones were only added if the oocytes were considered not mature. Equine oocyte maturation
was performed in an atmosphere of 6% CO- at 38.2 °C. Bovine oocyte maturation, fertilization
and embryo culture were performed as previously described and using CDM1/CD/M2 sequential
embryo culture media [93]. Prior to analyses, oocytes or embryos were transported < 20 min to
another laboratory in medium TCM 199 with Hanks’ salts, 10% newborn calf serum, 0.2 mM
pyruvate and 25 pg/mL gentamicin) while housed within an insulated container.
4.4.2 Stimuli for Oocytes and Embryos

Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP: 1-4 uM) was purchased
from Sigma Aldrich (St. Louis, Missouri) and was used as a potent protonophore uncoupler of
mitochondrial oxidative phosphorylation. Oligomycin (1 uM) was purchased from Sigma Aldrich
(St. Louis, Missouri) and was used as ATP synthase inhibitor.
4.4.3 Experiment Protocol

Prior the experiments the WE was covered by a Nafion layer as solid-state electrolyte as well
as membrane. The temperature of the medium was maintained at 38.5 °C by placing the device
on the slide warmer during the experiments. The applied potential during all the amperometric
experiments was set at -0.75 V. The electrodes were rinsed using DI water and electrochemically

cleaned before each test. The pulses used for cleaning were 2 V peak-to-peak with a sampling
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rate of 50 mV/s for one minute. MiR05 respiration buffer (90 uL) was placed in the micro-chamber
and overlaid with 90 pL Paraffin oil to seal the micro-chamber and the baseline current was
measured where it took 1-2 min for the current to stabilize before injecting the cell. The
oocyte/embryo was transferred to the micro-chamber by pipetting through the top oil layer on to
the center of the WE under the microscope. When measuring respiration of multiple cells, they
were placed on the WE with all of them approximately at same distance from the center of the
WE. Oxygen consumption was measured by monitoring the decrease in the oxygen reduction
current over time during cell respiration.

4.4.4 Model Used for Calculations

The change in the measured reduction current over a given period was converted to its
equivalent oxygen consumption within a defined volume in fmol/s using the calibration curve of
the sensor.

Assuming the oxygen concentration gradient within the micro-chamber towards the cell
reached its equilibrium state when measurement was taken (i.e. changes in reduction current over
time is constant), the defined volume is the volume immediately surrounding the cell inside the
micro-chamber. The radius of the WE is 2 mm. The cell height ranges from 150-200 pum and the
cell is placed on the WE during experiments. The defined volume for cell oxygen consumption
calculation is the area of the WE time the height of 250 pm, i.e. 3.14 mm3. The height of 250 pm
was chosen by considering the maximum cell height (approximately 200 um) and another 50-100
pm above the cell which is the volume immediately surrounding the cell. The schematic view of
the micro-chamber is shown in Fig. 4.6.

Oxygen consumption in fmol/s (OC (fmoal/s)) is defined as:

fmol — AC
0cC ( - )_Exv (3.3)

where AC/At is the change in oxygen concentration over a given time, and V is the defined volume

within the micro-chamber. Equation 3 can be re-written as:
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fmol_— AI/At
s Al/AC

0C ( 14 (3.4)

where Al/At is the change of reduction current over a given time obtained during experiments,

and Al/AC is the calibration curve.

Micro-chamber

Chamber inlet

Fig. 4.6 Schematic view of the oxygen consumption measurement for sample located in a cone-
shaped microwell. (drawing is not to scale)

4.5 Results and Discussion
3.5.1 Calibration Results

The calibration curves in Figs. 4.7 (A and B) were obtained for the sensor when Nafionwas
used as a solid-state electrolyte as well as membrane. The sensor can measure a DO range of
(0-170) uM with a sensitivity of 0.022 pA/uM was found by taking the slope of the calibration curve.
The sensor output current increased with the increase in Oz concentration in a linear relationship
and the correlation coefficient of 0.9807 when MIRO05 bufferwas used and 0.9825 when DI water

was used.
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Fig. 4.7. Calibration curve with Nafion used as solid-state electrolyte: (A) when DI water was
used. (B) when MiRO5 buffer was used. Left y-axis represents concentration in %, right y-axis is
the corresponding concentration in uM. The error bars represent SD of ten calibration data
points under the same conditions.

4.5.2 Measurement of Basal Mitochondrial Respiration in Individual Equine Oocytes

The vast majority of oxygen consumption by intact living cells is associated with oxidative
phosphorylation (OXPHOS) by mitochondria, whereby electrons removed from endogenous
metabolic intermediates (oxidation) are transferred through a series of inner membrane protein
complexes before reducing oxygen to form water at cytochrome oxidase (respiration). This
transfer of electrons is linked to proton translocation across the inner mitochondrial membrane,
which generates a proton gradient that flows through and “powers” the ATP synthase to
phosphorylate ADP to ATP. Thus, cellular respiration is coupled to ATP synthesis through

generation of an inner membrane proton gradient. The oxygen consumption rate of individual
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equine oocytes was determined by monitoring the linear decrease in reduction current for 20-30
minutes following stabilization of the electrode signal in 90 pL respiration buffer alone as shown
in Fig. 4.8A. The measured respiration rate increases accordingly if additional cells are added to
the micro-chamber. A nearly-linear increase in basal respiration rate with the increase in the

number of cells in the micro-chamber was achieved as shown in Fig. 4.8B.
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Fig. 4.8. (A) An example of the difference in the slope of the basal respiration of one, two or three
bovine oocytes. (B) The average basal respiration of one, two or three bovine oocytes (error bars
represent SD between 7 different experiments). * paired t-test: p < 0.01; ** paired t-test: p < 0.05.

4.5.3 Effect of Oligomycin Addition on Cell Respiration of Equine Oocytes

Blockade of proton flux through the ATP synthase with oligomycin severely limits the rate of
cellular respiration by minimizing dissipation of the inner membrane proton gradient [94-95]. To
confirm that the rate of oxygen consumption detected was associated with oxidative
phosphorylation, 1 uM oligomycin was added to the microchamber following stabilization of the
basal oocyte respiration signal. The results are shown in Figs. 4.9 and 4.10. As expected, the
addition of oligomycin reduced respiration of the cell to about 1/7 of it is basal respiration value,
confirming that essentially all the oxygen consumption being monitored was oocyte mitochondrial
respiration. This reflects a high degree of oxidative phosphorylation “coupling” in oocytes,
indicated by nearly undetectable levels of “leak” respiration in the absence of ATP synthesis.

These results agree with what was achieved by Sugimura et al. [95], where 2 pg/mL oligomycin
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was used to inhibit ATP synthase (complex V) in bovine oocytes and a decrease in basal

respiration at different stages and ages of the cells was reported in their paper.
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4.5.4 Effect of FCCP Titration on Cell Respiration of Bovine Oocytes and Embryos
Importantly, basal oocyte respiration might not represent the cellular mitochondrial respiratory
capacity, which can be limited by the basal activity of the ATP synthase (i.e., cellular energy
demand). Determining the maximal mitochondrial respiratory capacity is useful for estimating
metabolic potential and, when expressed in relation to basal respiration, an index of cellular

metabolic activity.

Low concentrations of the protonophore “uncoupler” FCCP (1-2 uM) are routinely used to
reveal the maximal respiratory capacity of a cell by removing the limitation of electron flow
imposed by mitochondrial membrane potential (proton gradient). However, slightly more FCCP
(3-4 uM) may inhibit respiratory chain enzymes and decrease respiration in many cell types,
resulting in erroneous estimates of cellular respiratory capacity [96]. This effect had not been
previously investigated in oocytes, so we performed 1 uM titrations of FCCP following stabilization

basal oocyte respiration.

The effect of four 1 uM titrations of FCCP on bovine oocyte respiration was observed and the
result is shown in Fig. 4.11A. FCCP titrations was done after (20-30) min basal respiration and
the effect of each titration was measure for 10 min. As expected, the results demonstrate the
sensitivity of the electrode to pinpoint the maximal rate of oocyte respiration following ~2 uM

FCCP, after which an inhibitory effect becomes evident.

Fig. 4.11B shows that the maximal respiration in bovine embryos is achieved between 1-2
MM FCCP, indicating potential variations in the optimal concentration of FCCP needed to obtain

the true maximal respiratory capacity between cell types or developmental stage.
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Fig. 4.11. (A) OXPHOS of bovine oocytes: Basal respiration and the respiration after four
sequential additions of 1 uM FCCP (mean+SD, n=10) (B) OXPHOS of bovine embryos: Basal
respiration and the amount of respiration after 4 times titration of 1 yM FCCP (meanzSD, n= 6).
*paired t-test: p< 0.05; **paired t-test: p < 0.01.

455 Basal Respiration and the Effect of Oligomycin and FCCP Titration on Bovine
Oocytes

Based on the findings in Fig. 4.11, we repeated the experiments to test the effect of
oligomycin and FCCP titration on bovine oocytes and embryos. The results of basal respiration
and expected inhibitory effects of adding oligomycin (1 uM), and recovery of respiration with three
1 puM titrations of FCCP on single bovine oocytes and embryos are shown in Fig. 4.12A and Fig.

4.12B, respectively.

— 1
(A) . (B) ' -
— R —_——
-
—
— =
o —
01007 1 —_— © 140
2 - .
2 90 g — —_—
E . = 120 4
S 80 | = -
= = —
£ 70+ £ 100
g g
£ 60| — 3 s04
2
=4 [ -4
g % )
S 40 o)
& 30 § 4
k<1 s
¢ 20 @
2 g 20
[ T @
= >
3 P < 00 <]
00 - 5
oocyte Oligo FCCP1 FCcP2 FCCP3 embryo oligo FCCP1 FCCcP2 FCCP3

Fig. 4.12. (A) OXPHOS of bovine oocytes: Basal respiration and the respiration after adding
oligomycin and 3 additive titrations of 1 uM FCCP (meantSD, n=8). (B) OXPHOS of bovine
embryos: Basal respiration and the amount of respiration after adding oligomycin and 3 additive
titrations of 1 pyM FCCP (meanzSD, n=10). *paired t-test: p< 0.05; **paired t-test: p < 0.01.
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4.5.6 Discussion

This sensor is capable to basal cell respiration supported by endogenous substrates, and
respiration associated with proton leak induced by inhibition of the adenosine triphosphate (ATP)
synthase (complex V) with oligomycin, and the maximal non-coupled respiratory capacity
revealed by Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) titration. Validation
that respiration measurements were indeed cellular oxidative phosphorylation was demonstrated
by expected responses to ATP synthase inhibition and the induction of maximal respiration by
titration of the protonophore FCCP. Although, one other study has demonstrated the importance
of carefully titrating micromolar concentrations of FCCP to avoid its inhibitory effects on respiration
in other cell types [96], Nearly all papers utilizing commercially available systems (e.g., Seahorse
Extracellular Flux Analyzer) report experiments where only a single FCCP concentration is
employed (e.g., 1.5 pM) [97], which could underestimate the true maximal respiratory capacity.
Similarly, in the paper by Sugimura et al., only a single FCCP concentration was used (2 pM) in
their SECM assays [95]. To our knowledge, our work is the first to demonstrate the importance of
titrating FCCP to determine the true maximal respiratory capacity of intact respiring oocytes
specifically showing that both 1 uM is insufficient, and 3 uM becomes inhibitory, and thus both

underestimate the maximal respiratory capacity.

The range of respiration rate at a single cell level previously reported varies between fmol/s
to pmol/s [97, 95-99]. However, it should be taken into account that different types of cells have
different behaviors and different respiration measurements, the readings that were obtained in
this work for bovine/equine oocytes or bovine embryos basal respiration are all in fmol/s and they
are comparable with the range found in the literature. The respiration rates reported by our work
are slightly higher than what was previously reported in the literature. This can be resulted from

the method of calculating the respiration rate. In our work, the respiration was measured at the
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vicinity of the cell and no concentration gradient was used in the calculation because of the small

volume of the medium that we used.

Finally, our sensor was able to detect the effect of adding oligomycin and FCCP on the cell
respiration rate. As was shown in the results section, the addition of oligomycin reduced
respiration of the cell to about 1/7 of it is basal respiration rate. This is better than what was
reported by Sugimura et al. were only able to get a reduction of about half the basal respiration
when Oligomycin was added [96], whereas in [80] by Santos et al., their system was able to detect
a reduction of a cell respiration to 1/3 of it is basal respiration rate. For related FCCP effects, the
maximum value of respiration rate measured after the second FCCP titration was used to
compare with what was reported in [96, 100]. Our results have shown that the cell respiration rate
increases to about double of its basal respiration rate after adding FCCP and that was

approximately same amount of increase reported in [96, 100].
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Chapter 5: A Multi-Sensor System for Measuring Bovine Embryo Metabolism

5.1 Background of the System

A multi-sensor platform capable of simultaneous measurement of DO concentration, glucose
and lactate concentrations in a micro-chamber for real-time evaluation of metabolic flux in bovine
embryos was developed. A micro-chamber containing all three sensors (DO, glucose, and lactate)
was made to evaluate metabolic flux of single oocytes or embryos at different stages of
development in <120 pL of respiration buffer. The ability of the sensor to detect a metabolic shift
from oxidative phosphorylation (OXPHOS) to glycolysis was demonstrated in embryos by an
ablation of oxygen consumption and an increase in lactate production following addition of
oligomycin. An increased reliance upon glycolysis relative to OXPHOS was demonstrated in
embryos as they developed from morula to hatched blastocysts by a progressive increase in the
lactate/oxygen flux ratio, consistent with isolated metabolic assessments reported previously.
These studies highlight the utility of a metabolic multi-sensor for integrative real-time monitoring
of aerobic and anaerobic energy metabolism in bovine embryos, with potential applications in the
study of metabolic processes in oocyte and early embryonic development. The details of this
chapter are largely based on a published journal paper, “A Multi-Sensor System for Measuring

Bovine Embryo Metabolism [101]".

5.2. Materials and Methods
5.2.1 Materials and Reagents

SU8-2050 and SU8 developer were purchased from MicroChem Corp (MA, USA). Megaposit
MF -26A developer and S1813 photoresist were purchased from Capitol Scientific, Inc (Austin,
TX). Glass substrates, 5% w/w Nafion perfluorinated resin, glucose oxidase (GOx), lactate
oxidase (LOx), D- (+)-glucose, sodium L-lactate, phosphate buffer saline (PBS), Tween-20,

oligomycin, and bovine serum albumin (BSA) were purchased from Sigma Aldrich (St. Louis,
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Missouri). Sodium sulfite (Na>SOs) was purchased from Eisen-Golden laboratories (Berkeley,
California). G-MOPS medium (respiration buffer) and paraffin oil (OVOIL™) were purchased from

Vitrolife.

5.2.2 Electrodes and Chamber Designs and Manufacturing

A multi-sensor chip was fabricated on a glass substrate of 24.5 mm x 24.5 mm through
standard photolithography and lift-off techniques. The three-electrode configuration with working
electrode (WE), quasi reference electrode (RE), and counter electrode (CE) was used for all
sensor configurations. A 12 mm diameter and 3 mm deep micro-chamber containing all three
sensors was made using SU8. A glass lid with two drilled holes (inlet and outlet) was glued on the

chamber (Fig. 5.1).

5.2.2.1 Photolithography
The multi-sensor chip was fabricated on a glass substrate of 24.5 mm x 24.5 mm through
standard photolithography and lift-off techniques. A mask was designed using AutoCAD®

software (Autodesk, Inc.) which was used for generating electrodes patterns.

The photolithography steps include cleaning the substrate by acetone, methanol and DI
water. The substrate was dried using nitrogen (N2) and baked at 135 °C to remove water from the
surface. S1813 photoresist was spin-coated at a low speed of 700 revolution per minute (rpm) for
5 seconds (s) and at a high speed of 3000 rpm for 30 s. The chips were baked at 135 °C for 1
minute (min); the electrodes mask was aligned on the chip and exposed to a 20-Watt UV light
source of 395-405 nm wavelength range for 13 s. The exposed chips were immersed in Megaposit
MF -26A developer for one min, and finally immersed in DI water bath for 1 min and dried using

nitrogen (Nz).
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5.2.2.2 Metal Deposition

A 20 nm of Chromium (Cr) was first evaporated onto the substrate as an adhesion layer,
followed by the evaporation of 100 nm gold (Au) layer onto the substrate. A liftoff process was
performed afterwards to form the individual electrodes on the substrate. The sensor sizes are
0.368 mm? for the WE, 0.259 mm? for the CE, and 0.169 mm? for the quasi RE.
5.2.2.3 Micro-Chamber

A 3 mm deep SU8 micro-chamber was made using photolithography. The photolithography
steps include cleaning the substrate by acetone, methanol and DI water. The substrate was dried
using N2 and the chip was placed on a hot plate of 80 ‘C; SU8-2050 was dripped on the designed
chip, then the layer of photoresist was distributed evenly after 2 s. Bubbles formed on the surface
of the photoresist layer were removed using a pipette. The chip was placed on the hotplate for 30
min to soft bake the SU8 layer, and a lid was used to cover the chip during baking to prevent
solvent evaporation and cracking. After the soft bake, the chip was cooled down to room
temperature for 10 min. Micro-chamber masks were used to expose the soft-baked SU8 layer to
UV for 10 min, followed by a 30-min post exposure bake with a lid covering the chip to prevent
solvent evaporation. The chip was cooled at room temperature for 15 min, immersed in a

developer for 1 hour (h), then rinsed using isopropanol and dried with Na.

Fig. 5.1. Complete design with 3 mm thick SU8 micro-chamber covered by a glass lid.
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5.2.3 Sensors Surfaces Modification
5.2.3.1 Oxygen Electrode Surface Modification

Among different surface preparation methods, Nafion was chosen as a solid-state electrolyte
as well as a membrane. Using Nafion only is more compatible with integration and multiplexed
sensing applications than using other electrolytes and membranes [50]. A solid electrolyte layer
was formed on the electrode surface by applying 0.1 uL of Nafion solution to the surface of the

WE and allowing it to dry for 20 min.

5.2.3.2 Glucose Electrode Surface Modification

The GOXx film solution was prepared by dissolving 5 mg of GOx and 50 mg of BSA in 500 uL
of 1 mM PBS containing 0.02% v/v Tween-20. BSA was used to allow better immobilization of the
enzymes on the electrode surface. The glucose WE was covered by 0.1 pL of the GOx solution
and was left to dry for 30 min at room temperature. Then a 0.1 L of 5% w/w Nafion was used to
cover the GOx film surface before drying for 15 min at room temperature. The functionalized

electrodes were refrigerated (4°C) in phosphate buffer until use.

5.2.3.3 Lactate Electrode Surface Modification

The LOXx film solution was prepared by dissolving 2.5 mg of LOx and 50 mg of BSA in 500
pL of 1 mM PBS containing 0.02% v/v Tween-20. The lactate electrode was covered by LOxfilm
by adding 0.1 pL of the LOx solution to the WE surface and was left to dry for 30 min at room
temperature. Nafion was diluted with ethanol, with one-part Nafion to nine parts ethanol. Then a
0.1 pL of Nafion was added to the LOx film surface and allowed to dry for 15 min at room
temperature. The functionalized electrodes were placed in a refrigerator (4°C) in phosphate buffer
until use.
5.2.4 Bovine Embryos and Their Stimuli

Bovine oocytes were obtained from ovaries collected at a slaughterhouse and fertilized and

incubated in embryo culture (G-MOPS) at 38.5°C (see Section 4.4.1). Oligomycin (1 yM) was
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used as an ATP synthase inhibitor. The initial volume of the respiration medium used in all
experiments was 120 pL. Stock solutions of oligomycin were made up in 100% ethanol to provide

1 pM concentration in the 120 pL respiration chamber with a 1 pL volume.

5.2.5 Electrochemical Instrumentation

A potentiostat (eDAC, Quadstat EA164H, Colorado Springs, CO) was used to perform all
electrochemical measurements. Data collected using potentiostat were analyzed using a set of
custom-built tools and Gui written in MATLAB (The MathWorks, Inc.) (Appendix F) for data
calibration and conversion from pA/min to the equivalent respiration rate in fmol/s.
5.2.6 Sensors Activation Voltages

The range of activation voltages for DO, glucose, and lactate have been reported [40, 43, 90-
91]. However, the actual activation voltage also depends on other sensor features such as
electrode geometry and electrode surface preparation.
5.2.6.1 Oxygen Sensor Activation Voltage

To determine the required activation voltage for measuring DO using the sensor in this
chapter, CV was performed. DI water was used as saturated oxygen solutions, while sodium
sulfite was used as a zero-oxygen solution. The potential was swept from -1.5 V to 2 V at 100
mV/s with respect to Au quasi-reference electrode. And a noticeable reduction current was
observed in the range -0.55 V to -0.7 V (Fig. 5.2). To achieve the least interference from other
molecules in the solution, low voltage is preferred; in all experiments, a reduction voltage of -0.6
V was used.
5.2.6.2 Glucose Sensor Activation Voltage

The range of activation voltages in the literature for measuring lactate and glucose depends
on the electrode surface modifications and enzymes layers used [12, 40, 43]. To determine the

required activation voltage for measuring glucose, CV was performed where the potential was
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swept from -1 V to 1 V at 100 mV/s with respect to Au quasi-reference electrode. When 10 mM

glucose solution was tested, a noticeable current peak was observed at 0.4 V (Fig. 5.3A).

5.2.6.3 Lactate Sensor Activation Voltage

The required potential for measuring lactate was determined by CV with the potential from -1
V to 1V at 100 mV/s with respect to Au quasi-reference electrode. A current peak was detected
at 0.4 V when 5 mM lactate was measured (Fig. 5.3B).
5.2.6.4 Hydrogen peroxide (H.O,) Activation Voltage

Glucose and lactate are measured indirectly by amperometric oxidation of hydrogen
peroxide, which is produced from oxidizing of glucose and lactate at the electrodes containing
their respective enzymes [12, 68]. The required potential for measuring glucose or lactate is
basically the potential needed to measure the hydrogen peroxide generated. Therefore, a CV test

for 10 mM hydrogen peroxide was done (Fig. 5.3C).

120

80

40

urrent in nA
o

-120 . - . : . . v
15 10 05 00 05 10 15 20
Applied potential in V

Fig. 5.2. CV of oxygen sensor when DI water was tested.
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Fig. 5.3. (A) CV of glucose sensor. (B) CV of lactate sensor. (C) CV of hydrogen peroxide

5.2.7 Sensors Calibration
5.2.7.1 Oxygen Sensor Calibration

To determine the calibration curve and linearity of the DO sensor, the DO concentration was
changed by adding 0.1 M Na>SOsto the saturated solution in incremental steps with continuous
stirring to produce different oxygen concentrations for generating the calibration data [89]. All O
concentration measurements were made at 38.5°C and validated using a calibrated Oakton DO6+

DO meter. The DO reduction current was measured at -0.6 V at 0.5 min after each addition of
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Na;SOs. The DO concentration in the G-MOPS respiration buffer corresponding to the measured
current in the calibration curve was calculated at 158 uM based on the average barometric
pressure of the experiment location (Fort Collins, Colorado (84.8 kPA)) at the temperature of
38.5°C, corrected for the slightly lower oxygen solubility of the G-MOPS respiration buffer (0.92)
compared to water [92].
5.2.7.2 Lactate Sensor Calibration

A 10 mM lactate solution was prepared using L-lactate powder taking into consideration its
molecular weight (112.06 gram/mole) and calculations required to convert grams into mol/L.
Solutions with different lactate concentrations were prepared by diluting a known lactate solution
in PBS buffer. The current generated from the oxidation of hydrogen peroxide was measured at
0.4V at 38.5°C.
5.2.7.3 Glucose Sensor Calibration

A 20 mM glucose solution was prepared using D-glucose powder, taking in considering its
molecular weight (180 gram/mole) and calculations required to convert grams into mol/L. Different
glucose concentrations solutions were prepared by diluting a known glucose concentration
solution in PBS buffer. The current generated from the oxidation of hydrogen peroxide was

measured at 0.4 V at 38.5°C.

5.2.8 Measurement Setup
5.2.8.1 Oxygen, Glucose and Lactate Measurements

The multi-sensors chip embedded in the micro-chamber described in Section 5.2.2 was
used. The temperature of the medium was maintained at 38.5°C by placing the device on a stage
warmer for a stereomicroscope. The applied potential during all the amperometric experiments
was set at -0.6 V for measuring DO and at 0.4 V for measuring lactate and glucose. The electrodes
were rinsed using DI water and electrochemically pulse cleaned before and after each test.

Sterilized water was used for pulse cleaning to avoid any toxic effect on cells from any other
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cleaning chemicals. The pulses used for cleaning were 1.2 V peak-to-peak with a scan rate of 50
mV/s for 1 min.

G-MOPS respiration buffer (120 pL) was first placed in the micro-chamber and overlaid with
120 pL of paraffin oil to seal the micro-chamber. The intrinsic oxygen, glucose, and lactate
concentrations in the buffer were assessed, and the measured currents were used as baselines
to determine oxygen consumption, glucose consumption, and lactate production after adding
embryos. A technician selected and moved the embryos into the micro-chamber, and the readings
were done with the sensor operator blinded to the quality or type of sample. Embryos of different
stages were tested during these experiments. A single embryo was transferred into the micro-
chamber by pipetting through the paraffin oil layer on top of the WE, while viewing through a
stereoscope. Analytes were measured for 8-10 min each by reading DO, glucose, and lactate
consecutively, with the embryo moved from one WE to another for specific analyte reading.
5.2.9 Model Used for Analyte Consumption/Production Calculations

Oxygen consumption was measured by monitoring the decrease in the oxygen reduction
current over time during cell respiration, glucose consumption was measured by monitoring the
decrease in the H,O, oxidation current over time during cell respiration, and lactate production
was measured by monitoring the increase in the H>O. oxidation current over time during cell
respiration. The change in the measured current over a given period of time was converted to its
equivalent analyte concentration change within a defined volume in fmol/s using the calibration

curve of the sensor and a similar model used in Section 4.4.4.

Assuming the concentration gradients of analytes within the micro-chamber towards the cell
reached its equilibrium state when measurements were taken (i.e., changes in measured currents
over time are constants), the defined volume is the volume immediately surrounding the cell inside
the micro-chamber. Cell heights ranged from 120-250 pm, and the cell is placed on the WE during

experiments. The defined volume for analytes consumption/production calculations is the area of
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the WE multiplied by the height of (170-300) um. The height was chosen by considering the cell
height range and another 50-100 um above the cell which is the volume immediately surrounding
the cell. This assumption was used to convert analytes uptake/release from current readings to

change in concentrations in fmol/s. Therefore, Analyte uptake/release in fmol/s (AC (fmol/s)) is

defined as:
mol AC
AC(f )= —xV (5.1)
S At

where AC/At is the change in concentration over a given time period and V is the defined volume

within the micro-chamber. Eq. 5.1 can be rewritten as:

fmol AI/At
0C ( ) = / xV
s AI/AC

(5.2)

where Al/At is the change of reduction or oxidation current over a given time obtained during

experiments, and Al/AC is the calibration curve.

The goal of the model represented in Eq. 5.2 is to report the analytes consumption/production
rates in the immediate vicinity of the cell. Since the cell is located on top of the sensor, the model
presented by Eq. 5.2 is the average rate directly obtained by the difference over a unit time of
sensor readings (WE electrode) in its immediate vicinity. The choice of height range for calculating
the volume may seem to be a bit arbitrary. However, this choice itself is not that important for the
study presented in this paper since we report concentrations changes over a unit time period (i.e.
consumption rate or production rate). A different choice of the height for volume calculation will
give us a slight static bias on the measured rates. However, it will not alter changes of the

measured rates under various stimuli.
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5.3. Results and Discussion
5.3.1 Sensors Calibration

The calibration curves for all sensors are shown in Fig. 5.4 and explained in the following sections.
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Fig. 5.4. (A) Oxygen sensor calibration curve: left y-axis represents concentration in %, right y-
axis is concentration in uM. (B) Glucose sensor calibration curve. (C) Lactate sensor calibration
curve. (meantSD, n=6)

5.3.1.1 Oxygen Sensor Calibration

A calibration curve (Fig. 5.4A) was obtained for the oxygen sensor, which demonstrated its
ability to measure a DO range of 0 to 170 pM, with a sensitivity of 1.93 nA/uM (13.9 nA/%). Sensor
output current increased linearly with the increase in O, concentration with a correlation coefficient

of 0.986 and had a limit of detection (LOD) of 1.22 puM.
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5.3.1.2 Glucose Sensor Calibration
The calibration curve generated for the glucose sensor (Fig. 5.4B) demonstrated a wide
dynamic range of 0 to 9 mM with good sensitivity (between 12.89 and 14.1 nA/mM) and linearity

(r=0.98 - 0.99), and a LOD of 0.5 pM.

5.3.1.3 Lactate Sensor Calibration
The calibration curve (Fig. 5.4C) obtained for the lactate sensor demonstrated a wide
dynamic range of 0 to 6 Mm with good sensitivity (12.1 - 14.38 nA/Mm) and linearity (r = 0.99),

and a LOD of 0.4 uM.

5.3.2 Characterization of Bovine Embryo Energy Metabolism
5.3.2.1 Effect of Oligomycin on Embryo Metabolism

To determine the specific ability of the multi-sensor to monitor a metabolic shift from OXPHOS
to glycolysis in real-time, the metabolism of 6 embryos (at the blastocyst stage) were measured
before and after adding oligomycin. Oligomycin inhibits the mitochondrial ATP synthase by
blocking H+ transport through the complex, thereby forcing cells to rely on non-mitochondrial
(primarily glycolytic) ATP production for survival [45]. Fig. 5.5A shows the averages of the oxygen

and glucose consumption and lactate production before and after the addition of oligomycin.

As expected, oligomycin stopped oxygen consumption, but increased lactate production,
without a significant effect on glucose uptake. To better describe this observed effect on cellular
metabolism, we calculated the flux ratio of lactate production to glucose uptake before and after
adding oligomycin (Fig. 5.5B). This ratio increased significantly (P<0.01) after the addition of
oligomycin, demonstrating a greater rate of lactate release relative to glucose consumption after
inhibition of mitochondrial ATP production, consistent with a “switch” from OXPHOS to glycolysis
to maintain cellular ATP production. These results highlight that embryo glucose uptake alone is

not a reliable measure of glycolytic energy production, since the pyruvate generated in glycolysis
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can be oxidized in mitochondria (glucose oxidation) or converted to and released as lactate

(anaerobic glycolysis).
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Fig. 5.5. (A) Oxygen and glucose consumptions and lactate production of bovine embryos before
and after adding oligomycin. (B) Flux ratio (Lac prod/Glu uptake) of lactate production and glucose
uptake for bovine embryos before and after adding oligomycin. (mean £ SD, n= 6 embryos at
blastocyst stage). *paired t-test: P< 0.01, **paired t-test: P< 0.001.

5.3.2.2 Evaluation of Embryo Metabolism Throughout Development
To investigate the metabolic characteristics of embryos during development, a total of 106
embryos in various stages were evaluated. Sixty-nine embryos graded good to excellent in quality
(see B.1 in Appendix B), were used for metabolism studies. Glucose and oxygen consumption
and lactate production are expressed as fmol per embryo per second + SD. The patterns of
oxygen and metabolite flux during development from (8 to 32) cells to the hatched blastocyst
stage was analyzed by one-way analysis of variance (ANOVA). Differences between means were
examined using Tukey HSD (pairwise comparison among stages). Dead and degenerate oocytes
and embryos (negative controls) had low measurements when compared with viable embryos of
any development stage.
Throughout the observed stages of embryo development, every parameter of metabolic
flux (oxygen, glucose, and lactate) significantly increased (P<0.001, ANOVA). (See Table B.1
and Fig. B.2 in Appendix B for pairwise comparison) A non-significant change in mean oxygen

consumption (P>0.05) was observed from early-stage embryos (8 to 32 cells) to morulae and
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from morulae to blastocysts (Fig. 5.6A) (See also Table B.1 and Fig. B.2 in Appendix B); but,
oxygen uptake increased significantly from the blastocyst to expanding blastocyst stages and
from expanding to hatching blastocyst stages (P<0.05). Glucose consumption followed a similar
pattern to oxygen uptake with a significant increase from blastocyst to expanding blastocyst
stages (P<0.05) and a highly significant increase from expanded to hatched blastocysts (P<0.05).
Lactate production significantly increased from blastocyst to expanded blastocyst and from
expanded to hatched blastocysts (P<0.05). (See Table B.1 and Fig. B.2 in Appendix B)

The observed increases in oxygen consumption, glucose uptake, and lactate production of
bovine embryos as they progress toward the blastocyst stages are consistent with previous
studies [98, 102], and parallel the well-established increase in embryo energy demand as cell
numbers increase [103-104]. The mean values of glucose and lactate flux in bovine embryos in
the present study are similar to those previously reported for bovine [98] and human embryos
[103, 105]. However, observed rates are lower than those reported for equine embryos [106] and
bovine and human embryos incubated in lactate-free culture media [102, 107] suggesting
variations due to both species and culture media composition. Indeed, levels of lactate may
attenuate rates of glycolysis in vitro [108] and at least one previous study demonstrated that rate
of glucose metabolism is linearly related to its concentration in the media [105]. The degree of
increase in glucose consumption and lactate production by embryos from the morula to blastocyst
stages in the present study is similar to previous studies utilizing glucose tracer methods in bovine
embryos [109] and microfluorometry in equine embryos [106] but lower than some reports in
bovine and human embryos [98, 102]. These discrepancies could be explained in part using later
stage (Day 6) morula in the present study which can behave similarly to blastocysts used in the
latter studies [98, 106]. Table 1 provides a comprehensive comparison between the multi-sensor
system described herein and the published results on methods, targeting species and cells,

specific analytes to be measured, and the related sensor performance.
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5.3.2.3 Metabolic Flux Ratios Reveal Shifts in Glucose Utilization during Embryo
Development

A primary advantage of simultaneous measurement of metabolite flux using the multi-sensor
system is its ability to express different rates relative to one another. This provides internally-
controlled indices of substrate utilization that are more sensitive than absolute flux rates of
individual metabolites. Accordingly, to further investigate the nature of increased metabolic flux
observed in embryos during development, we evaluated relative flux of lactate production/glucose
uptake, the glucose uptake/oxygen uptake, and the lactate production/oxygen uptake atdifferent
stages of development (Figs. 5.6B, 5.6C, and 5.6D). Results show that while increases in all
three flux ratios were observed (reflecting enhanced glucose metabolism), the amount of lactate
produced relative to oxygen consumed nearly doubled from morula to hatched blastocyst stages

(P=<0.001), indicating an increasing contribution of anaerobic glycolysis to embryo ATP

production during development. These findings are in general agreement with studies
demonstrating increases in glucose and oxygen uptake and lactate production of bovine [102,
109], human [103, 105, 107], equine [106] and sheep embryos [110] at the expanding blastocyst
stage.

Overall, the results of our studies are consistent with a link between embryo metabolic activity
and development, and specifically a transition in the relative contribution of OXPHOS and
glycolysis to energy production during later stages of development. However, as noted above, it
is important to consider that embryos being studied in vitro are subject to the stress of being
placed in an artificial environment, including the potential for nutrient imbalance and oxidative
stress [2, 111], which have the potential to influence embryo genomic imprinting, development
rate and metabolism [112-114]. Therefore, it is critical to understand how specific culture
conditions (medium composition, length of exposure, developmental stage treatment applied, and

concentrations of oxygen) interact and impact the metabolism of the preimplantation embryo,
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resulting in altered embryo and fetal development [111, 113, 115]. The use of metabolic multi-
sensors such as the device described herein are ideally suited for characterization studies of this
nature, which may ultimately help to optimize embryo incubation conditions and enhance the

success rate of assisted reproduction technologies.
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Fig. 5.6. (A) Oxygen and glucose consumptions and lactate production of bovine embryos at
various stages. (B) Flux ratio between lactate production and glucose uptake (Lac prod/Glu
uptake). (C) Flux ratio between glucose and oxygen uptakes (Glu uptake/O- uptake). (D) Flux
ratio between lactate production and oxygen consumption (Lac prod/O- uptake). In all figures:
mean * SD; dead oocytes or embryos (n= 12), 8 to 32 cells (h= 12), morula (M, n=7), blastocyst
(B, n= 6), expanded blastocyst (XB, n= 17), and hatched blastocyst (n=8, HB). a, b, ¢, d within
columns: Tukey HSD (pairwise comparison), values with different superscripts are significantly
different (P< 0.001).

5.3.3 Advantages of the Present Design over Other Metabolism Sensing Systems

A particular advantage of our design is its ability to measure respiration in the immediate
vicinity of a single cell in the micro-chamber, eliminating the uncertainty of relative positioning in
other methods such as SECM [42, 116]. These instruments are bulky with inconsistent
performance and high cost compared to the micro-chamber system described herein. Most

SECM-based technigques involve movement of the sensor tip between the cell and bulk solution.
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The scanning system needs a precise positioner and motors to achieve an accurate control of the
tip’s position, and multiple measurement sites are needed.

More recently, the most widely used instrument for assessment of cellular metabolism is the
Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA), which is capable of
monitoring rates of glycolysis (via extracellular acidification rate) and oxygen consumption in cell
populations by fluorescence techniques in a multi-well format [44-45]. However, this analyzer is
extremely expensive, requires separate assays to measure glycolysis and oxygen consumption,
and generally requires hundreds to thousands of cells per assay. In this work, we describe an
integrated metabolic multi-sensor capable of monitoring single embryo oxygen consumption,
glucose uptake, and lactate production in real-time using amperometric methods, providing a
simple and inexpensive method of monitoring single embryo metabolism during development in

a small volume of medium.
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Chapter 6: Design of A Multi-Sensor Platform for Integrating Extracellular Acidification

Rate with Multi-Metabolite Flux Measurement for Small Biological Samples

6.1 Background of the System

Rates of cellular oxygen consumption (OCR) and extracellular acidification (ECAR) are
widely used proxies for mitochondrial oxidative phosphorylation (OXPHOS) and glycolytic rate in
cell metabolism studies. However, ECAR can result from both oxidative metabolism (carbonic
acid formation) and glycolysis (lactate release), potentially leading to erroneous conclusions about
metabolic substrate utilization. Co-measurement of extracellular glucose and lactate flux along
with OCR and ECAR can improve the accuracy and provide better insight into cellular metabolic
processes but is currently not feasible with any commercially available instrumentation. Herein,
we present a miniaturized multi-sensor platform capable of real-time monitoring of OCR and
ECAR along with extracellular lactate and glucose flux for small biological samples such as single
equine embryos. This multiplexed approach enables validation of ECAR resulting from OXPHOS
versus glycolysis, and expression of metabolic flux ratios that provide further insight into cellular
substrate utilization. We demonstrate expected shifts in embryo metabolism during development
and in response to OXPHOS inhibition as a model system for monitoring metabolic plasticity in
very small biological samples. Furthermore, we also present a preliminary interference analysis
of the multi-sensor platform to allow better understanding of sensor interference in the proposed
multi-sensor platform. The capability of the platform is illustrated with measurements multi-
metabolites of single-cell equine embryos for assisted reproduction technologies. However, this
platform has a wide potential utility for analyzing small biological samples such as single cells and
tumor biopsies for immunology and cancer research applications. The details of this chapter are
largely based on a submitted journal paper, “Design of A Multi-Sensor Platform for Integrating
Extracellular Acidification Rate with Multi-Metabolite Flux Measurement for Small Biological

Samples [1177".
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6.2. Materials and Methods
6.2.1 Materials and Reagents

pH meter was purchased from (Hanna instruments, Woonsocket RIl, USA). Indium Tin Oxide
(ITO) coated glass substrates was purchased from Sigma Aldrich (St. Louis, Missouri). The rest

of the materials used are similar to what was included in Section 5.2.1 in Chapter 5.

6.2.2 Electrodes and Chamber Designs and Manufacturing

The multi-sensor chip has an Indium Tin Oxide (ITO) electrode for pH measurement and gold
(Au) electrodes for measuring the rest of the target metabolites. The masks were designed using
AutoCAD® software (Autodesk, Inc.) which was used for generating electrodes patterns (Figs.
6.1A and 6.1B). The sensor chip was fabricated using an ITO coated glass substrate of 24.5 mm
X 24.5 mm as the base to form the ITO electrode pattern through standard photolithography and
etching. The Au electrodes are formed afterwards through standard photolithography, thermal
evaporation, and lift-off techniques. The three-electrode configuration with working electrode
(WE), quasi reference electrode (RE), and counter electrode (CE) was used for allamperometric
sensor configurations. A Two-electrodes configuration was used for pH sensing (Fig. 6.1C).
Details of the mask design, photolithography, metal evaporation, and lift-off are included in
Section 5.2.2. ITO etching is described in Section 6.2.3. A 12 mm diameter and 3 mm deep
micro-chamber containing all three sensors was made using SU8 with details provided in Section
5.2.2.
6.2.3 ITO Etching

The ITO pattern for the pH sensor was created on an ITO coated glass substrate using the
photolithography technique and etching. ITO etching was done using ITO TE-100 etchant after
heating at temperature of 60 °C on the hot plate for 8-10 min. The chip was rinsed with DI water

and dried with N, after the etching was done. The ITO electrode has a total area of 8 mmz2.
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Fig. 6.1. (A) Mask design for ITO electrode pattern. (B) Mask design for gold electrodes
patterns. (C) Complete design with 3 mm thick SU8 micro-chamber covered by a glass lid.

6.2.4 Sensors Surfaces Modification

The techniques for surface modifications for the oxygen, glucose and lactate sensors are the
same as those described in Chapter 5.
6.2.5 Sensor Activation Voltages

The activation voltage for each sensor was determined through a set of CV experiments. The
activation voltages for DO, glucose, and lactate, were found to be -0.6V, 0.4V, and 0.4V,

respectively (Section 5.2.6).
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6.2.6 Sensors Calibration
6.2.6.1 Calibration for Oxygen, Glucose and Lactate Sensors

The methods used for calibrating the oxygen, glucose and lactate sensors are the same as
those described in Chapter 5. The calibration curves in Chapter 5 assume a fixed pH value of
the buffer at the beginning of experiments. However, during cell basal respiration and glycolysis,
the pH level decreases which, in turn, affect the response of both glucose and lactate enzymes
[118-119]. To understand the potential measurement errors for glucose and lactate due to
changing buffer pH during experiments, we measured the effect of pH change on lactate and
glucose sensors responses and added pH as a calibration variable.
6.2.6.2 Calibration for pH Sensor

To determine the calibration curve and linearity of pH sensor, solutions of different pH values
were made by diluting sodium hydroxide NaOH or hydrogen chloride HCL in 2 mM potassium
chloride (KCI) using concentration vs volume equation C1V1=C,V>. The KCI solution was used for
dilution to prepare solutions with different pH values with full ionic strength [120]. The value of pH

was validated using a commercial pH meter (Hanna instruments, Woonsocket RI, USA).

The change in voltage corresponding to pH change were measured and recorded using a
circuit based on the INA333 instrumentation amplifier (Analog Devices, Norwood, MA). The pH
sensor responses were plotted against the pH level (relative percentage of hydrogen ions) to
determine sensor sensitivity, linearity, and dynamic range.

6.2.7 Measurement Setup
6.2.7.1 Oxygen, Glucose, Lactate and pH Measurements

The multi-sensor chip embedded in the micro-chamber described in Section 6.2 was used.
The temperature of the medium was maintained at 38.5°C by placing the device on a stage
warmer for a stereomicroscope. The respective activation voltages were applied during all the

amperometric experiments for DO, glucose, and lactate.
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The electrodes were rinsed using DI water and electrochemically pulse cleaned for 1 min
before and after each test. Sterilized DI water was used for pulse cleaning to avoid any toxic effect
on cells from any other cleaning chemicals. The amplitude of pulses used for cleaning was 1.2V
(from -0.6V to 0.6V) and the pulse duration was 2 ms.

Two separate micro-chambers were used for measurement; one chamber was used for
measuring oxygen and pH and the other chamber was used for measuring glucose and lactate.
To reliably measure the oxygen consumption rate (OCR) of a given embryo, the embryo was put
in the micro-chamber with the oxygen and pH sensors activated for a period of time long enough
for the OCR signal to reach a stable reading, followed by a reading of the pH value in the micro-
chamber. The micro-chamber contains 250 uL G-MOPS medium (respiration buffer). Once the
stable OCR and pH readings were obtained, 2.5 pL of the G-MOPS medium each was extracted
from the micro-chamber and moved to the second micro-chamber with the glucose and lactate
sensors activated for glucose and lactate measurements. Each extracted 2.5 uL of the G-MOPS
medium covered the entire area of either the glucose or the lactate sensor site only in the second
micro-chamber. Once the measurements were made, the extracted G-MOPS medium droplets
were removed from the glucose and lactate sensor sites and the sensor sites were then cleaned
with DI-water and dried and ready for the next round of measurement. Due to the required
enzymatic surface modifications for the glucose and lactate sensors and the proximity of the
sensors inside the micro-chamber, there are two reasons for separating the micro-chambers. First
of all, enzymatic reactions on both the glucose sensor and the lactate sensor produce
corresponding H>O, which, in turn, is electrochemically detected by the sensor. The proximity of
the sensors within the micro-chamber may create interference due to diffusion of H.O, between
the sensor sites. Even though it was not clear such interference could have impacted the accuracy
of the glucose and lactate measurement, we were cautious to avoid the possibility of such

interference during the experiments.
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Further studies of interference and its preliminary findings are discussed later in this chapter.
Secondly, the toxicity of enzymes used for electrode surface modification for the glucose and the
lactate sensors is still under investigation. To avoid potential toxicity affecting embryos, embryos
under measurements were not put in the same micro-chamber to avoid direct contact with enzyme
layers.

Based on morphology, embryos separated into four groups: Group 1, small or early
blastocysts; 2, blastocysts with a defined blastocoel and thinning trophoblast layer; 3, expanded
blastocysts with expansion of the blastocoel, increased size of the embryo or extrusion of the
cellular mass through the encircling zona pellucida, and 4) non-viable embryo, embryos that
stopped developing in culture and appeared to be degenerating, considered a negative control.

Equine embryos from different groups (1-4) of different stages were tested during these
experiments. Group 1 includes small or early blastocysts (SB/EB); group 2 includes blastocysts
(B); group 3 includes expanded blastocysts (XB); and group 4 includes non-viable (dead)
embryos. Oxygen consumption and pH were measured in two cycles; in each cycle oxygen was
measured for 10-12 min and then pH was measured for 2 min, then a droplet of 2.5 uL of G-
MOPS medium was taken and placed on top of the glucose sensor and reading was measured
for 2 min, then a second droplet of 2.5 pL of G-MOPS medium was taken and placed on top of
the lactate sensor and reading was measured for 2 min. Oligomycin (1 uM) was used as an ATP
synthase inhibitor and all cycles were repeated after adding it. FCCP titration (1 uM) was used to
reveal the maximal cellular respiratory capacity and all cycles were repeated to measure its effect
on all rates of oxygen, glucose, lactate and pH.

The oxygen consumption, glucose consumption, and lactate production rates were calculated
based on a model described in Section 5.2.9.
The pH change was measured by converting the change in voltage during cell respiration in

a defined buffer volume to pH level change using the calibration curve and the following equation:
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AV

Sensitivity(zl—l}l/)

ApH = (6.1)

where AV is the measured change in voltage, and the sensitivity is the slope of pH sensor
calibration curve.
6.2.8 Sensor Interference Tests

Since glucose and lactate are both measured via electrochemical detection of the enzymatic
release of H,O; under the same activation potential, interference between the glucose and the
lactate sensors may exist if the glucose and lactate working electrodes are close to each other.
The enzymatically generated H.O- at one sensor site (e.g. the lactate sensor) can be diffused to
the nearby glucose sensor over time that also relies on H2O; of its own to generate redox current.
To reduce the possibility of interference, one can increase the separation distance between the
working electrodes. However, this will make the micro-chamber too big to hold the desired amount
of buffer volume of G-MOPS for the required sensitivity of single-cell respiration measurement.
Furthermore, the degree of interference also depends on the intrinsic quantities of associated
target analytes in the buffers. Previously, we illustrated the effect of interference between glucose
and lactate sensors within a single micro-chamber. The enzymatically generated H.O- at the
lactate sensor moves towards the glucose sensor through diffusion. The detectable amount of
diffused H20> took about 40 minutes to reach the glucose sensor site. However, the enzymatically
generated H-0, diffused from the glucose sensor has much less impact on the lactate sensor
reading through diffusion. This is because the G-MOPS buffer has a much higher concentration
of lactate than that of glucose. The G-MOPS respiration buffer contains 0.5 mM glucose and 5.3
mM lactate. The interference between the glucose and lactate sensors puts a limitation on the

measurement time period in order to avoid measurement inaccuracy.
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To further understand inter-sensor interference and their relationships with sensor distance
and measured target analyte concentration in a given buffer, a different multi-sensor configuration

was used with smaller sensor distances for interference experiments (Fig. 6.2).

Receivina sensor 2

Receivina sensor 1

Initiatina sensor

Fig. 6.2. The sensor design used for interference test.

The interference tests use three of the four corner sensors, one sensor is the initiating sensor
and the other two sensors are receiving sensors with differing distances to the initiating sensor.
The initiating sensor produces H>O: from its enzyme layer from one of the analytes (glucose or
lactate); the receiving sensors are turned on to electrochemically detect traces of H»O diffused
from the initiating sensors four different concentrations of glucose and lactate (0.1 mM, 0.5 mM,
1 mM and 2 mM) were used for the interference tests.

Three participating sensors (one initiating and two receiving sensors) were monitored by
three Potentiostat channels simultaneously to measure their responses over time. Each
concentration was measured for 2 hours. In one test the effects of lactate titration from the
initiating sensor were measured on two glucose receiving sensors at different distances of 3.2

and 4.6 mm from the lactate initiating sensor; in another test, the effects of glucose titration from
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the initiating sensor were measured on two lactate receiving sensors at different distances of 3.2
and 4.6 mm from the glucose initiating sensor.
6.3. Results and Discussion
6.3.1 Sensors Calibration
6.3.1.1 Oxygen, Glucose and Lactate Sensors Calibration Results

The processes of calibrating oxygen, glucose, and lactate sensors with a fixed pH value and
the calibration results are already included in Chapter 5. However, as discussed in Section
6.2.6.1, calibrations for glucose and lactate sensors should also include the impact of changing
pH during the experiments. The new calibration surfaces with pH as one of the variables for
glucose and lactate are presented in Figs. (6.3A and 6.3B). The effect of changing pHwill make
the glucose and lactate readings based on the calibration curve with a fixed pH value deviate from
their true readings.
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Fig. 6.3. (A) Lactate sensor 3D calibration curve. (B) Glucose sensor 3D calibration curve.

6.3.1.2 pH Sensor Calibration
Fig. 6.4 shows the pH sensor calibration results, the sensor has a wide dynamic range from
pH1 to pH 14, a good linearity of 0.99 and a sensitivity of -54.74 mV/pH that is close to what was

reported in previous studies [47].

64



100 -
pH value

b v . . v . .
0 i 4 6 8 10 12 14
-100 - “f..

0

y =-54.743x + 58.714
#2004 {} R? = 0.9998

-300 1 I
-400 {][
-500 - {

: }}

-700 - 4

Average voltage in mV

-800 -

Fig. 6.4. pH sensor calibration curve (Error bars in each curve are standard deviations (SD)
between 6 data points).

6.3.2 Characterization of Equine Embryo Energy Metabolism
6.3.2.1 Evaluation of Equine Embryo Metabolism

To investigate the metabolic characteristics of embryos, four groups of embryos were used
for metabolism studies. Glucose and oxygen consumption rates (GCR and OCR) and lactate
production rate (LPR) are expressed as fmol per embryo per second + standard error (SE). and
ECAR is presented in mpH per embryo per minute + SE. The patterns of oxygen, glucose, lactate
and ECAR of groups 1 to 4 was analyzed by one-way analysis of variance (ANOVA) between the
groups. Differences between means were examined using Tukey HSD (pairwise comparison
among stages). Paired t-test was used to test the differences between different conditions (basal,
oligo, and FCCP) within the same group. Group 4 (non-viable embryos) showed minimum basal

respiration and minimum response to oligo, and FCCP compared to groups 1 to 3 (Fig.6.5)
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Fig. 6.5. Average rates for equine embryos before and after adding 1 uM oligomycin and 1 uM
FCCP titration (mean £ SE): (A) OCR (B) GCR (C) LPR (D) ECAR.

All parameters of basal metabolic flux (OCR, GCR, LPR, and ECAR) increased (P<0.05) from
B and XB stages in viable equine embryos (Figs. 6.6A-6.6D). (See Tables 6.1 to 6.3 for pairwise

comparison).
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Table 6.1: basal OCR, GCR, ECAR and LPR of in vitro produced equine embryos. One-way
ANOVA for all data is (P<0.001). a, b, ¢, d within columns: Tukey HSD (pairwise comparison),
values with different superscripts are significantly different (P< 0.05).

ECAR (mpH/minx

group OCR (fmal/s) £ GCR (fmol/s) £ LPR ((fmol/s) £
SE SE SE) SE)

Group 1 | 3.315+0.12 3.7+0.352 5.52+0.462 32.3+2.22
3)

Group 2 | 4.15+0.26% 5.04+1.1% 8.93+2.9% 35.9+2.6%
(5)

Group 3 | 4.8+0.48° 8.86+0.9°¢ 17.97+2.6° 45.32+2.2°
(6)

Group 1.6+0.82¢ 2.26+1.14¢ 2.12+1.01¢ 5.27+1.6¢
4(4)




Table 6.2: OCR, GCR, ECAR and LPR of in vitro produced equine embryos after adding
oligomycin. One-way ANOVA for all data is (P<0.001). a, b, ¢, d within columns: Tukey HSD
(pairwise comparison), values with different superscripts are significantly different (P< 0.05).

group OCR (fmoal/s) £ GCR (fmol/s) £ LPR ((fmol/s) ECAR (mpH/minx

SE SE SE) SE)

Group 1 | 0.0003+0.00012? | 6.85+0.85% 10.55+0.812 55.07+4.72

3)

Group 2 | 0.00129+0.0002 | 9.4+1.6% 13+1.82° 72.79+3.82°

(5) 2ab

Group 3 | 0.0023+0.0008°¢ | 12.65+1.55°¢ 22.4+2.4°¢ 81.67+5.63°

(6)

Group 0.00151+0.0.000 | 3.53+1.88¢ 3.49+1.8¢ 57.45+1.74¢

4(4) 90¢

Table 6.3: Oxygen consumption, glucose uptake, ECAR and lactate production of in vitro
produced equine embryos at max respiration (FCCP2). One-way ANOVA for all data is
(P<0.001). a, b, c, d within columns: Tukey HSD (pairwise comparison), values with different
superscripts are significantly different (P< 0.05).

group OCR (fmoal/s) £ SE GCR (fmol/s) £ LPR (fmol/s) + SE ECAR
SE (mpH/minx
SE)
Group 1 4.5+0.1152 7.4+0.72 10.95+1.1°2 35.19+1.72
3)
Group 2 4.9+0.312° 10.6+1.9% 15.37+1.252° 40.35+3.5%
(5)
Group 3 6.25+0.63°¢ 13.5+1.7¢ 24.16+2.4° 54.37+5.3¢
(6)
Group 4(4) | 2.7+1.09¢ 4.01+2.18¢ 3.9+2.07¢ 8.5+1.7¢

The observed increases in basal OCR, GCR, LPR, from B to XB are consistent with our
previous results on bovine embryos in Chapter 5 and other previous studies [98] and generally

reflect the increase in embryo energy and nutrient demands as cell numbers increase [103, 104].

The observed increase of ECAR from B to XB stage suggests a greater reliance upon
anaerobic glycolysis to meet energy demands during blastocyst expansion, consistent with the
observed increase in LPR. This interpretation is further supported by a decline in the OCR/GCR
ratio (indicating a lesser contribution of OXPHOS to total glucose utilization) and higher LPR/GCR

ratio (suggesting a greater utilization of glucose for lactate production) from B to XB (Fig. 6.6E).

68



Interestingly, integrating ECAR into these metabolite flux analyses revealed insights that
highlight the greater complexity of metabolic substrate utilization in developing embryos (Fig.
6.6F). As expected, the ECAR/OCR increased from B to XB, which is classically interpreted a
greater contribution of anaerobic glycolysis relative to OXPHOS. However, both ECAR/GCR and
ECAR/LPR declined from B to XB, indicating a greater proportion of glucose consumed by
expanded blastocysts is not contributing to ECAR. Interpretation of this result requires a more
comprehensive view of nutrient metabolism and the potential courses of OCR and ECAR in

developing embryos, which is summarized in Fig. 6.7.

Importantly, a developing embryo uses glucose both for ATP production and biosynthetic
processes that are essential for cell growth and proliferation [124]. These pathways (in particular,
the pentose phosphate and one-carbon metabolism pathways) result in much less CO; production
or and net H+ released from glucose consumed because more of the carbons of glucose (and
other nutrients) stay inside the cell to build cellular components such as DNA, proteins, and lipids,
as well as mediate epigenetic programming (methylation) of developing genes [125, 126].
Therefore, the lower ECAR relative to glucose utilization in expanding blastocysts likely reflects
an increasing proportion of glucose uptake contributing to biosynthetic processes rather than
glycolytic ATP production. Moreover, shifts in the uptake and utilization of other metabolic
substrates (e.g., pyruvate and fatty acids) can decrease the net cellular release of H+ and alter
the stoichiometry of OCR and CO; production, further complicating interpretation of changes in
ECAR and OCR. Similar metabolic shifts occur in proliferating cancer cells [127, 128], and are
being increasingly recognized as an important consideration in the study of cellular glucose
utilization and bioenergetics in this context [129]. Therefore, integrating simultaneous OCR and
ECAR measurements with real-time metabolite flux analyses can significantly improve the
interpretive value of isolated measurements performed in these complex metabolic systems. The

multi-sensor approach described herein provides a miniaturized platform for performing these
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integrative analyses in very small primary samples, which could be complimented by additional
metabolite sensors or stable isotope-tracer technologies to further elucidate metabolic aspects of

cellular development and proliferation in health and disease.
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Fig. 6.7. Sources of OCR and ECAR and metabolite flux in developing embryos. Oxygen (O) is
consumed by respiring mitochondria in cells to support oxidative metabolism of multiple
substrates. Hydrogen ions (H+) are exported from cells with lactate but can also be generated
from CO:in the aqueous G-MOPS buffer or co-transported into cells along with pyruvate or
lactate. The six carbons of glucose can be released as CO; during oxidative metabolism, as two
lactate molecules following glycolysis, or utilized in the biosynthetic pentose phosphate pathway
(PPP) and one-carbon metabolism (LCM) pathway.

6.3.2.2 Effect of Oligomycin and FCCP Titration on Embryo Metabolism

To further evaluate the effect of metabolic shifts on individual and integrated metabolite flux
measurements in this system, we tested the effect of blocking mitochondrial ATP synthesis (with
oligomycin) and chemical uncoupling of oxidative metabolism from respiration (with FCCP) on
developing embryos. Figs. 6.8A-6.8D illustrate the combined averages of OCR, GCR, LPR and
ECAR in embryos at all developmental stages under basal conditions followed by the subsequent
titration of oligomycin and FCCP. As expected, oligomycin stopped OCR and forced embryos to
rely more heavily on glucose metabolism indicated by higher GCR, LPR and ECAR, consistent

with our previous findings in Chapter 5. FCCP was then carefully titrated in 1uM steps to pinpoint
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the maximal “non-coupled” rate of embryo OCR (at ~2 uM), after which an inhibitory effect
becomes evident (Fig. 6.5). This acceleration of uncoupled OCR by FCCP further increased GCR,
and to a lesser extent LPR, consistent with a re-activation of glucose oxidation by mitochondria,
but continued reliance on glycolytic ATP production due to inhibition of mitochondrial ATP
production. However, this uncoupling of mitochondrial respiration with FCCP strongly decreased
ECAR, suggesting a significant shift in embryo redox state under these conditions. FCCP
collapses the mitochondrial membrane potential, leading to acidification of the mitochondrial
matrix until it equilibrates with the cell H+ content. This creates a redox imbalance in the cytosol
that favors cellular retention of H+ to maintain reducing power, perhaps leading to lower net
release of H+ observed as lower ECAR. Mitochondrial substrate handling and oxidative potential
may also become progressively disrupted, perhaps favoring a lower net release of CO; that
contributes to ECAR resulting from carbonic acid buffering in the media (Fig. 6.7). The precise
mechanisms at play under these experimental conditions require more sophisticated methods to
elucidate fully, but the results of these studies highlight the distinctions between ECAR and
glucose utilization that could be leveraged using a multi-sensor approach to study the links
between cell metabolism and redox function.

Calculation of metabolite flux ratios (Figs. (6.8E and 6.8F)) further emphasizes this point.
Inhibition of mitochondrial ATP production with oligomycin significantly increased the embryo
LPR/GCR, ECAR/GCR and ECARI/LPR ratios, consistent with the expected “switch” from
glucose-supported OXPHOS to anaerobic glycolysis (lactate fermentation) in order to maintain
cellular ATP production. However, maximizing uncoupled mitochondrial respiration and substrate
oxidation rates with FCCP decreased ECAR relative to all other metabolite flux rates (Fig. 6.8F),
as well as LPR/GCR and OCR/GCR (Fig. 6.8E), reflecting marked shifts in cellular substrate and
H+ handling that dissociate elevated rates of glucose and lactate flux from ECAR. The decrease
in OCR/GCR, in particular, suggests a greater utilization of non-glucose substrates to support the

elevated rates of OCR under these conditions (Fig. 6.7), highlighting the complexity of this

71



metabolic system and value of simultaneous monitoring of multiple metabolites for more

comprehensive studies of embryo function during development.
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Fig.6.8. Rates for all equine embryos under conditions of (basal, Oligomycin, and FCCP): (A)
OCR (B) GCR C) LPR (D) ECAR (E) Flux ratios (LPR/GCR and OCR/GCR). (F) ECAR vsflux
ratios (mean = SE, n= 11). *paired t-test: P< 0.05

6.3.2.3 Effect of Changing pH on Glucose and Lactate Measurements

The glucose and lactate measurements presented in this work were based on the calibration

curve obtained assuming a fixed pH value of the buffer (G-MOPS) at the beginning of the

experiments. However, the obtained glucose and lactate measurements have errors due to our

ignoring pH changes during cell basal respiration and glycolysis.
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Using the calibration surfaces in Figs. 6.3A and 6.3B, we examined the amount of errors
associated with the glucose and lactate measurements presented in Figs. 6.5-6.8. Table 6.4

shows the maximum errors for each measurement phase.

current at optimal pH level — current at correct pH
% error = 5 *100% (6.2)
current at optimal pH

Table 6.4: Max percent of error under all conditions of basal, oligo, and FCCP

Analyte Basal Oligo FCCP
Error in % (glucose measurement) | 6.6 6.2 9.7
Error in % (lactate measurement) | 7.09 8.3 9.7

6.3.3 Sensor Interference between Glucose and Lactate Sensors

As discussed above, cross-diffusion of H,O, generated at the glucose and lactate sensorsis
a potential source of interference that could decrease measurement validity if both sensors reside
within the same micro-chamber (see Fig. 6.2). The extent of interference could be influenced by
substrate concentration at the initiating sensor and the distance between the two sensors in the
chamber, so we examined the effect of both factors in studies presented in Fig. 6.9. At
concentrations of 0.1 mM and 0.5 mM of the initiating analytes (glucose or lactate), there was no
detectable H.O, diffusion from initiating to receiving sensors at either distance examined (see
D.2.1 in Appendix D). Interference was detectable at distances of 3.2 mm and 4.6 mm when
analyte concentrations were increased to 1 mM and 2 mM, with cross-diffusion times ranging from
40-85 min. There was an interactive effect between analyte concentration and sensor distance,
whereby doubling substrate concentration from 1 to 2 mM only significantly shortened diffusion
time when sensor distance was decreased from 4.6 to 3.2 mm. These studies indicate that
substrate concentration and sensor spacing are potentially important considerations when using

enzyme-linked sensors at millimolar substrate concentration in a single micro-chamber, but
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interference can be minimized by running shorter experiments or isolated sensors in satellite

sampling chambers as was done in the studies presented in Figs. 6.5-6.6 and 6.8.
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Fig. 6.9 Amount of time (min) vs concentration (mM) at different distances. (mean £SD, n=8,
P<0.05)
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Chapter 7: Conclusions and Future work

7.1 Conclusions

This work has four main findings: 1) validating the principle of using Clark principle to measure
DO; 2) the use of Clark principle to measure oxygen consumption rate of single equine/bovine
oocytes and embryos and the respiration associated with proton leak induced by inhibition of the
adenosine triphosphate (ATP) synthase (complex V) with oligomycin, and the maximal
noncoupled respiratory capacity revealed by FCCP titration; 3) the development of a multi-sensor
platform capable of simultaneous measurement of DO concentration, glucose and lactate
concentrations in a micro-chamber for real-time evaluation of metabolic flux and the utility for
integrative real-time monitoring of aerobic and anaerobic energy metabolism in bovine embryos ;
4) the development of a final multi-sensor platform capable of measurement of DO, glucose,
lactate, and ECAR in a micro-chamber for real-time evaluation of metabolic flux in small biological
samples. The ability to measure pH in addition to lactate production can help differentiate the
respiratory acid production from glycolytic acidification. We demonstrate the multi-sensor
platform’s ability to detect a metabolic shift from OXPHOS to glycolysis in equine embryos by an
ablation of oxygen consumption and an increase in lactate production as well as ECAR following
addition of oligomycin.

The results demonstrated the metabolic features (oxygen and glucose consumption, lactate
production, and acidification rate) of equine and bovine embryos as they go from basal respiration
to glycolysis. Responses to ATP synthase inhibition and induction of maximal respiration by
titration of the protonophore FCCP were measured. The study also presents the sensor
interference results between enzymatic sensors in close proximity in a multi-sensor chamber and
clearly demonstrated the interference effect as functions of the target analyte concentration and
the distance between the corresponding sensors. Limitations of the current setup include

challenges associated with handling and positioning of single embryos for analyses, which can
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be overcome by the addition of microscopy and microfluidic channels for sample visualization and
manipulation that are currently under development. Some other limitations include the minor
toxicity of the enzyme materials on cells in long term development and this need to be avoided.
Future applications of this technology could be extended to metabolic monitoring of single cells
or small multi-cellular samples obtained from heterogeneous tissues such as tumors or
granulomas relevant to the study of cancer and infectious disease, as well as other settings where
sample paucity limits direct metabolic assessments by currently available methods.
7.2 Future Work and Suggestions
7.2.1 Electrodes and Chamber New Platform

In our current setup, we need to move the cell by manual pipetting from one electrode to
another to measure specific analyte. Automatic placement of target cells at the right place without
human intervention is needed and it can be achieved using advanced microfluidics systems. Other
suggestion is to develop a multi-sensor configuration with smaller sensor distances and place the
cell on one site close to all sensors without the need to move it from one sensor to another.
However, the interference between sensors need to be considered and measured and data need
to be corrected based on the level of interference.
7.2.2 Temperature Control

Since the applications of our platform include measuring the metabolisms of mammalian
cells, the cell environment temperature needs to be controlled. Temperature sensors can be
embedded in the platform to ensure a correct temperature reading in the environment chamber
during cell metabolism.
7.2.3 Design of Fully Controlled Circuit to Replace Benchtop

We have used a benchtop potentiostat for collecting all data in the experiments. The benchtop
tends to be expensive and bulky. Designing a fully controlled circuit integrated with the multi-
electrodes system embedded in a chamber for single cell readings will be more practical and

make the use of the design easy and useful for clinical application. Our group is in a process of

76



building a complete system to include: multi-sensors, incubator for temperature and gas control,
and fully controlled circuit. The design is aimed to be a commercially available system for clinical

use.
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Appendix A: Modifying enzymes contents to reduce toxicity on cells

The environment that the oocyte or embryo is exposed to during in vitro measurements can
have profound effects on the success of fertilization and subsequent embryo development. To
design a system for measuring oocytes or embryos in vitro it is important to make sure that the
environment where the cell is tested is healthy and non-toxic and doesn’t affect the cell in long
term development. Therefore, it is essential to do a toxicity test of any new materials that either
have a direct contact with the cell or exist in its environment. Toxicity tests are conducted to
evaluate the adverse effects of chemicals or biological substances on cells. In this work, different
experiments were done to test the toxicity of some enzyme’s materials and their effects on
embryos. Photos were taken before and after measuring to show the effect of different additives
on the cell’'s morphology.

A.1 Toxicity of Triton X-100

Triton is considered a nonionic surfactant that affects cell morphology, membrane
permeability, and viability, and it is a common detergent used in biology for protein extraction from
cell membranes [82]. If large concentration of Triton is added to the cells or the cell is subject to
high amount of Triton, the cells die [83-85]. This toxicity effect arises from the disrupting action of
its polar head group on the hydrogen bonding present within the cell’s lipid bilayer, and destruction
of the compactness and integrity of the lipid membrane will occur.

A.1.1 Triton X-100 Toxicity Test

Triton was used in glucose and lactate enzymes layers to solubilize the enzymes. Where 5
mg of GOx and 50 mg of BSA were dissolved in 500 pL of 1 mM PBS containing 0.02% v/v Triton.
And 2.5 mg of Lox and 50 mg of BSA were dissolved in 500 pL of 1 mM PBS containing 0.02%
v/v Triton. However, a change on cell morphology and membrane was clearly demonstrated to
indicate a toxic effect of Triton on oocytes and embryos which affect the cell life and development.

Therefore, to confirm the toxicity of Triton, we have done a toxicity test, ten oocytes were placed
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in a well of 240 yL GMOP buffer and 0.02% Triton for one hour at 38.2° C. Oocytes were then
washed and placed in maturation medium. The next day, the surrounding cells were removed,
and the oocyte morphology was examined for normal appearance and extrusion of a polar body
(indicating maturation to MIl). The oocytes were observed again the following day for delayed
maturation. Some oocytes were put on a well with no Triton and had an 84% maturation rate,
meaning that ~8/10 oocytes were alive and extruded a polar body (as we expect and want). While
all oocytes in the well that has Triton were dead, and none matured. Photos were taken after
putting the cells inside a well that has 0.02% Triton for 60 min as shown in Fig. A.1 (A), and for

oocytes in control well as shown in Fig. A.1 (B).

(A) (B)

Fig. A.1. (A) Photos of the cells after 60 min in a well has 0.02% Triton. (B) Photos of the cells ina
control well.

A.2 Toxicity of Glutaraldehyde

Crosslinking process uses a bifunctional agent to form a bridge between different biocatalytic
proteins. Glutaraldehyde is one example of crosslinking reagents that gives great stability to the
immobilized enzyme [86]. Glutaraldehyde is a highly reactive chemical that covalently cross-links
the albumin molecules to each other and, on application, to the measurement’s sites [87].
Glutaraldehyde is widely used as a tissue fixative for histology embryo lung fibroblasts. However,
Glutaraldehyde is classified as a toxic substance not only for cells and tissues but repeated

exposure to glutaraldehyde causes irritation of eye, nose, throat, or skin resulting in dermatitis
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and asthma [88]. Very low concentration of Glutaraldehyde might lead to significant changes in
morphology and density of cells and adding it to different cultured cells had deleterious effects on
cell viability [87].
A.2.1 Glutaraldehyde Toxicity Test

Glutaraldehyde was used in glucose and lactate enzymes layers as a crosslinking reagent to
immobilize the enzymes. Where 5 mg of GOx and 50 mg of BSA were thoroughly dissolved in
500 pL of 1 mM PBS containing 0.02% v/v Triton and 3 pL of 25% glutaraldehyde solution was
added and quickly mixed. And 2.5 mg of Lox and 50 mg of BSA were thoroughly dissolved in 500
pL of 1 mM PBS containing 0.02% v/v Triton and 3 uL of 25% glutaraldehyde solution was added
and quickly mixed. However, a damage in the cells was clearly demonstrated after measurement
and this indicates the toxic effect of Glutaraldehyde on oocytes and embryos which affect the cell
life and development. Therefore, to confirm the toxicity of Glutaraldehyde, we have done a toxicity
test, ten oocytes were placed in a well of 240 uL GMOP buffer and 1.44 uL Glutaraldehyde for
one hour at 38.2° C. Oocytes were then washed and placed in maturation medium. The next day,
the surrounding cells were removed, and the oocyte morphology was examined for normal
appearance and extrusion of a polar body (indicating maturation to MIl). The oocytes were
observed again the following day for delayed maturation. Some oocytes were put on a well with
no Glutaraldehyde and had an 84% maturation rate, meaning that ~8/10 oocytes were alive and
extruded a polar body (as we expect and want). While all oocytes in the well that has
Glutaraldehyde were dead and the surrounding cumulus cells were very hard to remove which
might be an indication of fixing, and none matured even the same results happened when 2 layers
of mesh were put on top of the Glutaraldehyde layer. Photos were taken after putting the cells
inside a well that has Glutaraldehyde for 60 min as shown in Fig. A.2 (A), and a well that has
Glutaraldehyde with 2 layers of mesh as shown in Fig. A.2 (B), and for oocytes in control well as

shown in Fig. A.2 (C).
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(A)

Fig. A.2. (A) Photos of the cells after 60 min in a well has Glutaraldehyde. (B) Photos in a well
that has Glutaraldehyde with 2 layers of mesh. (C) Photos of the cells in a control well.

A.3 Toxicity of Tween-20

Tween-20 (Polyoxyethylene (20) sorbitan monolaurate) is non-ionic solubilization and
stabilizing detergent [89]. Tween-20, as a member of non-ionic surfactants is considered one of
the least toxic material with lower irritant potential and it has been introduced in different parts of
human life by various industries [89]. Moreover, some in vivo studies showed low toxicity of tween
20, proposing it as a good candidate for application in drug delivery systems as a potential

stabilizing agent [90-92].

A.3.1 Tween-20 Toxicity Test
In this work, Tween-20 was used in glucose and lactate enzymes layers to solubilize and

stabilize the enzymes instead of Triton. But before applying that for measurements, toxicity test
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was done to ensure that there is no effect on oocytes or embryos. Ten oocytes were placed in a
well of 240 pyL GMOP buffer and 0.02% Tween-20 for one hour at 38.2° C. Oocytes were then
washed and placed in maturation medium. The next day, the surrounding cells were removed,
and the oocyte morphology was examined for normal appearance and extrusion of a polar body
(indicating maturation to Mll). The oocytes were observed again the following day for delayed
maturation. Some oocytes were put on a well with no Triton and had an 84% maturation rate,
meaning that ~8/10 oocytes were alive and extruded a polar body (as we expect and want). While
80% of the oocytes in the well that has Tween-20 were alive and matured. Photos were taken
after putting the cells inside a well that has 0.02% Tween-20 for 60 min as shown in Fig. A.3 (A),

and for oocytes in control well as shown in Fig. A.3 (B).

(A) (B)

P
Q,a&

Fig. A.3. (A) Photos of the cells after 60 min in a well has 0.02% Tween-20. (B) Photos of the
cells in a control well.

Moreover, to confirm that Tween-20 has less toxic effect on cells than other components
tested in this chapter, another toxicity test was done for different concentrations of Tween-20. 12
cells were used for each well for all concentrations of 0.01%, 0.02%, 0.03%, 0.04%, and 0.05%,
and two control wells. Table A.1 shows the conclusion of the number of the cells that were alive

after measurements.
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Table A.1: test of Tween-20 toxicity at different concentrations

Treatment Time in well (min) | #PB %PB
0.01% Tween-20 40 8/12 67%
0.02% Tween-20 40 8/12 67%
0.03% Tween-20 40 7/12 58%
Control 40 10/12 83%
0.04% Tween-20 50 7112 58%
0.05% Tween-20 50 7/12 58%
Control 50 10/12 83%

Furthermore, Calibration tests were done to see the effect of Tween-20 concentration on
enzymes sensors specifications including sensitivity, linearity and LOD. Table A.2 shows the
conclusion of the Lactate (L) and Glucose (G) sensors operation when different concentrations of
Tween-20 were added to the enzyme’s layers. The results show that the increase in Tween-20
concentration didn’t improve the sensors properties a lot and considering Table A.1, the increase
of Tween-20 concentration might increase the toxicity on cells and need to be avoided to reduce
any long-term effect on cells development, therefore we better use a concentration lower than
0.03%; we have used 0.02% in all experiments.

Table A.2: Lactate and Glucose sensors performance at different Tween-20 concentrations.

Tween-20 Sensitivity (nA/mM) Linearity LOD

concentration in % G L G L G L

0.01 12.94 121 0.987 0.982 0.15 mM 0.12 mM
0.02 13.374 14.1 0.99 0.99 0.1 mM 0.1 mM
0.03 13.068 14.35 0.99 0.99 0.1 mM 0.09 mM
0.04 13.343 14.487 0.986 0.99 0.1 mM 0.11 mM
0.05 14.846 14.685 0.98 0.99 0.085 mM | 0.092 mM
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A.4 Conclusion of the Toxicity Tests and Enzymes Modifications
To better understand the effect of each components in the enzyme’s layers on their

performance, calibration tests were done for each of the following cases:

1. No Glutaraldehyde, or Triton, or Tween-20 were added, the enzymes were made only by
dissolving their corresponding oxidase and BSA in PBS solution.

2. 0.02% Triton was added, where 5 mg of GOx and 50 mg of BSA were dissolved in 500 pL
of 1 mM PBS containing 0.02% v/v Triton. And 2.5 mg of Lox and 50 mg of BSA were
dissolved in 500 pL of 1 mM PBS containing 0.02% v/v Triton.

3. Glutaraldehyde was used in glucose and lactate enzymes layers as a crosslinking reagent
to immobilize the enzymes. Where 5 mg of Gox and 50 mg of BSA were thoroughly
dissolved in 500 pL of 1 mM PBS containing 0.02% v/v Triton and 3 pL of 25%
glutaraldehyde solution was added and quickly mixed. And 2.5 mg of Lox and 50 mg of
BSA were thoroughly dissolved in 500 pL of 1 mM PBS containing 0.02% v/v Triton and 3
uL of 25% glutaraldehyde solution was added and quickly mixed.

4, Tween-20 was used, where 5 mg of Gox and 50 mg of BSA were dissolved in 500 pL of
1 mM PBS containing 0.02% v/v Tween-20. And 2.5 mg of Lox and 50 mg of BSA were

dissolved in 500 pL of 1 mM PBS containing 0.02% v/v Tween-20.

Table A.3 shows the conclusion of the sensor’s performance under different contents of
enzymes layers. Comparing the performance of the sensors with different enzymes layers
materials, it was found that the use of Glutaraldehyde has the best sensitivity, good linearity and
LOD. However, Glutaraldehyde is very toxic on oocytes and embryos and can’t be added to the
enzymes as demonstrated in Section A.2. Although the sensitivities when Tween-20 and no
Glutaraldehyde was used were lower than when Glutaraldehyde was used, the sensors still show
good and comparable performance with good linearity and LOD and better performance than the

case when Triton only or no-additives were used. Therefore, we have decided to use Tween-20

93



instead of Triton for its high performance and less toxicity effect on oocytes and embryos as

demonstrated in Section A.3.

Table A.3: Sensors performance under different contents of enzymes layers

Additive Linearity Sensitivity LOB=meanpjank LOD= Effect on
(nA/mM) + SDplank 1.5*LOB/slope | cell
Lact | Gluc | Lact | gluco | Lactate | glucos | Lactate | Gluco
ate | ose ate | se e se
No 0.98 {0984 |99 |6.6 2.8 1.8 0.4 0.4 No effect
additives | 5 mM mM
Triton 0.99 | 0.99 |9.79 | 9.64 1.7 1.73 0.27 0.49 It kills the
mM mM cell
Tween-20 | 0.99 | 099 |14.3 | 141 1.025 1.09 0.1 0.1 Appears
8 mM mM fine
Glutaralde | 0.99 | 0.99 | 21.2 | 16.5 1.53 14 0.1mM | 0.1 It kills the
hyde 38 mM cell
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Appendix B: Bovine Embryos Grading, Experiment Setup, Statistical Analysis and

Sensors Properties

B.1 Embryo Morphological Grading

In vitro produced bovine embryos of good quality and different stages of development were
selected for multi-sensor measurements. Embryos were evaluated using a stereomicroscope at
100 X magnification. Embryos were classified in 5 stages of normal development associated with
days in culture: 8- tol6-cell embryos, morulae (compact mass of approximately 62 cells),
blastocysts (formation of blastocoel), expanded blastocysts (continued expansion of the
blastocoel), and hatched blastocysts (escape of the embryo from the surrounding zona pellucida).
Embryos were gualitative graded based on morphology using the International Embryo Transfer
Society (IETS) scoring system, which classifies excellent embryos as 1 and dead or degenerating
embryos as 4 [123]. Embryos of morphologic grades 1 or 2, were considered to be excellent or
good in quality and have good developmental potential; these embryos were used for multi-sensor
measurements. Embryos of poor-quality (grade 3) and uncertain viability were not used. Embryos
graded as 4 (degenerate or arrested in development) were used as negative controls as well as
dead, uncleaved oocytes. Just prior to multi-sensor measurements, embryos were taken out of
an incubator (38.5 °C, 5% COg, 5% O, 90% N,), evaluated and selected. The selected embryo
was moved to a dish containing G-MOPS and held at 38.5°C until being placed into the multi-
sensor chamber.

B.2 Experiment Setup

All experiments were done in ERL. Temperature were maintained by setting a hotplate at
38.8°C. the hotplate is a flat base connected under a microscope (Fig. B.1). The measurements
were done using a benchtop potentostat. The data collected by the potentiostat was analyzed

using a set of custom-built tools written in Matlab.
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Fig. B.1. Experiment setup for measuring single embryo metabolism

B.3 Statistical Analysis

One-way ANOVA was used to analyze the pattern of oxygen consumption, glucose uptake,
and lactate production during bovine embryos development from (8 to 32) cells stage to hatched
blastocyst. Differences between means were examined using Tukey HSD (pairwise comparison
among stages). These statistical analyses are for the data in Chapter 5 and similar methods were
used for statistical analysis of the data in Chapter 6.
Table B.1: Oxygen consumption, glucose uptake, and lactate production of in vitro produced
bovine embryos. One-way ANOVA for all data is (P<0.001). a, b, ¢, d within columns: Tukey

HSD (pairwise comparison), values with different superscripts are significantly different (P<
0.05).

stage Oxygen consumption Glucose uptake Lactate
(fmol/s) + SD (fmol/s) + SD production
(fmol/s) £ SD

Dead cells (12) 0.09 £ 0.102 0.13 £ 0.092 0.15+0.102
8-32 cells (12) 0.77 £ 0.20° 1.12 £ 0.23b 1.53 £ 0.24°
Morula (7) 1.18 + 0.15b¢ 1.65 + 0.23b¢ 2.17 + 0.19°¢
Blastocyst (6) 1.48 + 0.30° 2.26 £ 0.26° 2.77 £0.27¢
Expanded blastocyst (17) 1.94 + 0.30¢ 2.92 + 0.49¢ 3.74 £ 0.50d
Hatched blastocyst (8) 3.58 + 0.37¢ 5.63 + 0.55¢ 6.96 + 0.66¢

96



>

Average of 02 consumption in fmol/s

n
~—~
vy)
N—r

ionin fmol/s
~

ge change of

e
d
> d
33
be £
2 be
: b

14

a a

. 0 sl

dead (12) 8-32cells (12) M(7) B (6) XB (17) HB (8) < dead (12) 8-32cells(12)  M(7) B (6) XB (17) HB (8)
Stage of development Stage of development

©)%, ] l

(3} o
1 '

»
(2]
—_—

- N
s
o
—

a
sl

dead (12) 8-32 cells (12) M(7) B (6) XB (17) HB (8)
Stage of development

Average change in lactate production in fm
w
o
(2]

Fig. B.2. (A) Oxygen consumption with development. (B) Glucose consumption with
development. (C) lactate production with development. a, b, ¢, d within columns Tukey HSD
(pairwise comparison), values with different superscripts are significantly different (P< 0.05).

B.4 Sensors Properties
The responsiveness and reproducibility of the sensors used in Chapter 5 and Chapter 6 are
described in this section. Since all sensors were tested using a quasi RE and this might cause a

problem, the use of quasi RE is also described.

B.4.1 Sensors Responsiveness and Reproducibility
B.4.1.1 Oxygen Sensor Responsiveness and Reproducibility

The responsiveness and reproducibility of the oxygen sensor signal to changing oxygen
concentrations was demonstrated by adding G-MOPS (21% or 158 uM O2) and 0.1 M Na,SOs(an
O: chelator) in a sequential cycle. In each step, a 0.1 M Na»SOs solution with zero oxygen
concentration was added using a pipette and reduction current was measured. Thenthe solution

was removed, and the electrodes dried before adding a saturated G-MOPS medium to measure
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the reduction current corresponding to high oxygen concentration. The process was repeated
multiple times to ensure sensor repeatability.

Results demonstrated a 0%-t0-21% oxygen response time of 30 s. The sensor also showed
good reproducibility, with a mean of -297 nA and a standard deviation of (3 nA or 1.18 pM) at the
saturated dissolved oxygen level in G-MOPS medium (21% or 158 uM), and a mean of (-2.01 nA
or 1.1 uM) with standard deviation of (0.45 nA or 0.121 uM) at the minimum oxygen level (0.315%

or 2.37 uM) using Na.SOs (Fig. B.3).

Time in minutes

Current in
B A
o (9,
o o

-250

-300

-350 -

Fig. B.3. Time response and reproducibility of the oxygen sensor.

B.4.1.2 Glucose Sensor Responsiveness and Reproducibility

The responsiveness and reproducibility of the glucose sensor signal to changing glucose
concentrations was demonstrated by adding 9 mM glucose and DI water (zero glucose) in a
sequential cycle. In each step, a DI water with zero glucose concentration was added using a
pipette and oxidation current was measured. Then the solution was removed, and the electrodes
dried before adding a 9 mM glucose to measure the oxidation current corresponding to high

glucose concentration. The process was repeated multiple times to ensure sensor repeatability.
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Results demonstrated a low to high glucose response time of 40 s. The sensor also showed
good reproducibility, with a mean of 130.4 nA and a standard deviation of 1.76 nA at the max
glucose level and a mean of 2.3 nA with standard deviation of 0.5 nA at the zero-glucose level.

(Fig. B.4).
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Fig. B.4. Time response and reproducibility of glucose sensor.
B.4.1.3 Lactate Sensor Responsiveness and Reproducibility
The responsiveness and reproducibility of the lactate sensor signal to changing lactate
concentrations was demonstrated by adding 6 mM lactate and DI water (zero lactate) in a
sequential cycle. In each step, a DI water with zero lactate concentration was added using a
pipette and oxidation current was measured. Then the solution was removed, and the electrodes
dried before adding a 6 mM lactate to measure the oxidation current corresponding to high lactate

concentration. The process was repeated multiple times to ensure sensor repeatability.

Results demonstrated a low to high lactate response time of 40 s. The sensor also showed
good reproducibility, with a mean of 124.75 nA and a standard deviation of 1.8 nA at the max

lactate level and a mean of 2.5 nA with standard deviation of 0.43 nA at the zero-lactate level.

(Fig. B.5).
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Fig. B.5. Time response and reproducibility of the lactate sensor.

B.4.2 The Use of Quasi-Reference Electrode

The major advantages of using Ag/AgCl reference electrode is twofold: material stability over
time and minimized polarization at the electrode surface which results in minimized potential shift
between the reference and the working electrodes. The use of Au as reference electrode material
for our multi-sensor setup is mainly due to 1) manufacturing compatibility and simplicity of the
sensor system. The electrode substrate (glass substrate) of our multi-sensor system is set up to
be disposable. Therefore, keeping the overall manufacturing costs down using the same material
for all electrodes in the system is one of the main goals. 2) The advantage of stability using
Ag/AgCI reference electrode is greatly reduced due to the fact that our multi-sensor electrode
substrate is intended to be one-time use only. 3) The potential shift of quasi-reference electrode
such as Au electrode is insignificant in the short time period. In fact, the following table illustrates
the similarity of activation voltages using Ag/AgCl and Au in a three-electrode setup at the
beginning of the usage period. The potential shift over longer period of time due to surface

polarization does not impact our system due to the one-time-use nature of our system.
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Table B.2. Comparison of activation voltages of Ag/AgCl and Au reference electrodes

Ref# | System RE material Activation Linearity Response
voltage for time
oxygen sensing

[91] | Three or Two Au, or Ag/AgCl | -0.6 to -0.8 good Ag/AgCl

electrodes 20-50s
Au:30-
180s

[56] | Three electrodes | Ag/AgCI -0.6t0-0.9 0.99 40s

[57] | Three electrodes | Au -0.8to-1 good

[49] | Three electrodes | Au -0.6t0 -0.7 20.99

[101, | Three electrodes | Au -0.55t0-0.7 0.98 30s

117]

B.4.3 pH sensor Calibration (pH6-pH8)
pH level
-190 T . . )
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Fig. B.6. Calibration curve (pH6-pH8)
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Appendix C: Examples of the measured data

C.1 Bovine Embryos Metabolism: Basal vs Glycolysis

Examples of the measured current vs time of the metabolism of 5 embryos before and after

adding oligomycin are shown in Figs. C.1 (a-c).
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Fig. C.1. The currents readings nA vs time for 5 different embryos: (a)-(c).

C.2 Equine Embryos Metabolism (Basal, Oligomycin, FCCP1.3)
Fig. C.2 shows an example of the measured data. The figure to the left shows the oxygen
sensor current readings at basal, oligomycin, and FCCP1 to FCCP3, and the figure to the right

shows the glucose and lactate sensors current readings at same conditions. A baseline reading
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was taken for all sensors. The cell was injected into the well that has oxygen and pH and
specifically on top of the oxygen sensor. the readings of oxygen, pH, glucose and lactate was
recorded under all conditions of basal, oligo, and FCCP1 to FCCP3. pH is measured using
potenometric method (voltage not current) so that is why the readings of pH are not in the same

figures of oxygen, glucose and lactate.
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Fig. C.2. Example of equine embryo measured data
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Appendix D: Interference Tests

D.1 Effect of Enzymes Reactions on Oz Level in Multi-Sensor Platform

Considering the following equations from Chapter 2,

L —lactate + O, —> Pyruvate + H,0,
HzOz i 02 + 2H+* + 2e-
Glucose + 0, —*- gluconolactone + H,0,

H,0, = 0y + 2H* + 2e-

(D.1)
(D.2)
(D.3)

(D.4)

In each reaction glucose and lactate enzymes will need to take one oxygen molecule to

produce H,0,, and this molecule will be produced again after H,0, oxidation reaction happens.

However, to make sure that the oxygen molecules that are used for enzymatic reaction will not

affect the oxygen consumption level, experiment was done on 6 embryos.

Oxygen consumption was measured in two chambers (Fig. 5.1, Chapter 5): one has

enzymes on the working electrodes corresponding to glucose and lactate measurements, while

the other chamber has no enzymes anywhere. Only oxygen consumption was measured for each

cell, and the cell was moved from one chamber to another to compare the difference in oxygen

readings.

» Test 1: cell was measured when no enzymes on, then was moved to a device with

enzymes on.

* Test 2: cell was measured in the device with enzymes on, then was moved to a device

with no enzymes.

The results have shown that there is no significant difference between the oxygen readings

with or without enzymes and so no interference effect from the enzymes on the oxygen

consumption level. Fig. D.1 shows a bar chart conclusion of the oxygen readings of 6- cells in
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two chambers (with enzymes and without enzymes).

cells are shown in Fig. D.2 (A-E).
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Fig. D.1. Oxygen consumption level of embryos each measured in two chambers: with and
without enzymes on. Error bars are (SD) between 6 embryos.
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Fig. D.2. The currents readings nA vs time for 5 different embryos: (a)-(e).

D.2 Interference between Enzyme Sensors in Multi-Sensor System

The interference experiments were performed using a different sensor configuration with

shorter distances between interfering sensors. Each well (Fig. D.3A) has six sensors that will

ultimately be used for sensing of up to six different analytes. The multi-sensor design mask (Fig.

D.3B) was e-beam patterned on an ITO coated glass, and the chip was fabricated using the
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similar steps described in Sections 6.2.2 and 6.2.3. The final multi-sensor chip after ITO etching

and gold evaporation is shown in Fig. D.3C.

(A)

Fig. D.3. (A) Four wells design. (B) Single well chip. (C) The mask used for the design.
D.2.1 Interference Raw Data Examples

Figs. S.12A-S.12C show an example of the interference raw data, when glucose sensor was
used as an intiating sensor and and the effect of glucose titration (0.1 mM, 0.5 mM, 1 mM and 2
mM) was measured at two lactate sensors at different distances (sens3 at 4.6 mm and sens 4 at

3.2 mm).
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Fig. D.4. Effect of glucose titration (0.1 mM to 2 mM), (A) to (B) on lactate sensors at two different
distances (sens3 at 4.6 mm, and sens4 at 3.2 mm)
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Appendix E: Effect of the platform on embryos development

After some experiments, some cells were taken back to the culturing system to continue the
development and that helped us to study the effect of the platform on the cell development in long
term. However, the percentages of the cells from all stages that were developed until the last
stage were 33%, while 67% of the cells either died after 24 hours or couldn’t reach the last stage
of development. Fig. E.1 shows the bar-chart conclusion of analytes consumption/production for

all developed samples from all stages.

N W L) L&) D ~ o
1

Average change in concentration in fmol/s

0

| ] dead(12) 832cels(3)

02 consumption  mglucose consumption  mlacate production

Fig. E.1. The analytes consumption/production of the samples that were developed to the final
stage successfully (33% of all cells).

The percentage of the cells developed from each stage is: 33% of 8-32 cells, 25% of M, 88% of B,
28% of XB, and 75% of HB. Fig. E.2 (A-E) shows the bar-chart conclusion of analytes

consumption/production for developed vs non-developed samples from each stage.
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all stages (A)-(E).
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Appendix F: Matlab Gui

Matlab Gui was used for analyzing the measured data and converting them into consumption
or production rates in fmol/s. | have included the code used for oxygen consumption rate and
similar coding was used for lactate and glucose rates. The complete code is very long, so | only
included the part of the code used for oxygen consumption rate under all conditions (basal, oligo,

FCCP1, FCCP2, FCCP3).

%%%%% %% %% %% %% %% %% %%

% Project: O2 consumption rate study for 5 measurements %

% Version: V1 % %
% Date: June 27, 2017 %

% Modified: July 2, 2018 %

function varargout = GUI_design_m5(varargin)
gui_Singleton = 1;
gui_State = struct('gui_Name', mfilename, ...
‘gui_Singleton', gui_Singleton, ...
'gui_OpeningFcn', @GUI_design_m5_OpeningFcn, ...
'gui_OutputFcn', @GUI_design_m5_OutputFcen, ...
'gui_LayoutFcn', ], ...
'gui_Callback’, []);
if nargin && ischar(varargin{1})
gui_State.gui_Callback = str2func(varargin{1});
end
if nargout
[varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:});
else
gui_mainfcn(gui_State, varargin{:});
end
% End initialization code - DO NOT EDIT

% --- Executes just before GUI_design_mb5 is made visible.
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function GUI_design_m5_OpeningFcn(hObject, eventdata, handles, varargin)
xlim([0 40])
ylim([-2000 -1])
xlabel(‘time (min)’)
ylabel(‘current (nA)")
title('Oxygen Consumption Measurement')
display(‘Current to Oxygen Consumption Rate Conversion’)
display(‘'Please setup the measurement.’)
% Choose default command line output for GUI_design_m5
handles.output = hObject;
% Update handles structure
guidata(hObject, handles);
% --- Executes on button press in load_button.
function load_button_Callback(hObject, eventdata, handles)
global data unsmoothed data2 cell_height% dataz2 filter_fn
[file_reading,path] = uigetfile("*.txt");
selectedfile = fullfile(path,file_reading);
set(handles.Sample_ID,'String’, file_reading);
raw = load(selectedfile);
% %%% Since it is Oxygen measurement, any data points greater than zero %%%
% %%% is not consodered valid. Therefore | force it to be zero. %%%
for i = 1:length(raw)

if raw(i) <0

raw(i) = raw(i);
else
raw(i) = 0;

end
end
% %%%%%%%find the non-zero parts of the data, and merge the data %% %% %%%%%%%
B = find(raw);
for i = 1:length(B)

unsmoothed(i) = raw(B(i));
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end

%%%%% % %% % %% %% %% % %% %% %% %% %% % %% %% % %% % %% %% %% %% % %% % %% % %%

cell_height = str2double(get(handles.cell_height, 'string"));

data2 = 0;

data = unsmoothed;

plot(linspace(0,length(unsmoothed)/60/40,length(unsmoothed))',unsmoothed...
,'LineWidth',1.5)

grid on

xlabel('Time (min)")

ylabel('Current (nA)")

title('Oxygen Consumption Measurement')

display('Data Loaded Successfully...")

function basal_s_Callback(hObject, eventdata, handles)

% hObject handle to basal_s (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String’) returns contents of basal_s as text

% str2zdouble(get(hObject,'String’)) returns contents of basal_s as a double

% --- Executes during object creation, after setting all properties.

function basal_s_CreateFcn(hObject, eventdata, handles)

% hObject handle to basal_s (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,'BackgroundColor’), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");

end

function basal_f_Callback(hObject, eventdata, handles)

% hObject handle to basal_f (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)
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% Hints: get(hObiject,'String') returns contents of basal_f as text

% str2double(get(hObject,'String")) returns contents of basal f as a double
% --- Executes during object creation, after setting all properties.

function basal_f_CreateFcn(hObject, eventdata, handles)

% hObject handle to basal_f (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,'BackgroundColor"), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");

end

% --- Executes on button press in basal_run.

function basal_run_Callback(hObject, eventdata, handles)

global data data2 unsmoothed cell_height

if data2 ==
plot(linspace(0,length(data)/60/40,length(data))’,data...

,'LineWidth',1.5)

else

plot(linspace(0,length(data2)/60/40,length(data2)),...
data2,'LineWidth',1.5)

hold on
plot(linspace(0,length(data2)/60/40,length(data2))',data)

end

grid on

xlabel('Time (min)")

ylabel('Current (nA)")

title('Oxygen Consumption Measurement')

basal_start = str2double(get(handles.basal_s, 'string");

basal_stop = str2double(get(handles.basal_f,'string"));

hold off
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%%%%% % %% % %% % %% %% %% %% %% %% %% % %% % %% %% % %% % % %% %% % %% % %% % %%
basal_slong = basal_start*40*60;
basal_flong = basal_stop*40*60;
basal_T = basal_flong - basal_slong;
incre = round(basal_T/30);
for i = 1:basal_T/incre
c(i,:) = polyfit((basal_flong-incre*i+1:basal_flong-incre*(i-1))/40, ...
unsmoothed((basal_flong-incre*i+1:basal_flong-incre*(i-1))),1);
end
c = fliplr(c(:,1));
¢ = smoothdata(c,'movmean’,5);
incre2 = round(length(c)/20);
g = mean(c(length(c)-5+1:length(c)));
if max(c) >= abs(min(c)) % peak-to-mean ratio
L = abs(max(c)/q);
else
L = abs(min(c)/g);
end
% Para_ka = 6;
Para_ka = get(handles.Sensitivity, Value");
boundary L = L/10"2*Para_ka;
ctr7 =0;
for p = L:length(c)
if (c(p) >=0) && (c(p) > (1+boundary_L)*abs(qg))
ctr7 =ctr7 + 1;
k(ctr7) =p;
elseif (c(p) < 0) && (c(p) < (1-boundary_L)*abs(g))
ctr7 =ctr7 + 1,
k(ctr7) =p;
end
end

k_cal = k ;%* basal_s * 60 * 40;
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k_max = max(k_cal);
g = (k_max-0.5) * incre /60/40 + basal_start;
all =line([q q], get(gca, 'ylim"), 'Color','m");
%%%%% %% %% %% %% %% %% line for showing the reading period
al =line([basal_start basal_start], get(gca, 'ylim'), 'Color','n");
a2 = line([basal_stop basal_stop], get(gca, 'ylim"),'Color','b");
%%%%% % %% % %% % %% %% %% %% %% %% %% % %% % %% %% % %% %% %% %% % %% % %% % %%
if data2 ==
else
legend(‘raw data’,'smoothed data’)
end
%%%% %% %% %% %% %% % % %% %% %% %% %% linear curve fitting
% [slope,intercept] = polyfit
data_basal = smoothdata(unsmoothed(g*60*40:basal_stop*60*40),'gaussian’,50);
coefficients_basal = polyfit(linspace(q*60,basal_stop*60,...
length(data_basal)), data_basal, 1);
%%%%%%% %% %% %% %% %% %% % %% %% %% %% %% Conversion
cell_height = str2double(get(handles.cell_height, 'string"));
slope_basal = coefficients_basal(1);
dl_dC =1.632113498397532e-09;
if (cell_height >= 80) && (cell_height <= 300)
OC_basal = slope_basal/dl_dC*(0.25*0.25*pi)*cell_height/1000*10"(-6);
else
OC _basal = slope_basal/dl_dC*(0.25*0.25*3.14159)*0.150*10/(-6);
disp('Please set the diameter of the cell (Default: 150 um)’)
end
set(handles.result_basal, 'string’, OC_basal); % show the result on the GUI
disp(‘Analysis of Basal Respiration is done...")
disp(['Measurement taken from ',num2str(q),' min to ', num2str(basal_stop), ' min.")
% --- Outputs from this function are returned to the command line.
function varargout = GUI_design_m5_OutputFcn(hObject, eventdata, handles)

varargout{1} = handles.output;
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% --- Executes on selection change in popupmenul.
function popupmenul_Callback(hObject, eventdata, handles)
contents = get(hObject,'Value");
switch contents
case 2
close all
GUI_design_v2
case 3
close all
GUI_design_m2
case 4
close all
GUI_design_m3
case 5
close all
GUI_design_m4
% case 6
% close all
% GUI_design_m5
case 7
close all
GUI_design_m6
case 8
close all
GUI_design_m7
case 9
close all
GUI_design_m8
case 10
close all
GUI_design_m9

case 11
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close all
GUI_design_m10
case 12
close all
GUI_design_m11
case 13
close all
GUI_design_m12
case 14
close all
GUI_design_m13
case 15
close all
GUI_design_m14
case 16
close all
GUI_design_m15
otherwise
end
% --- Executes during object creation, after setting all properties.
function popupmenul_CreateFcn(hObject, eventdata, handles)
if ispc && isequal(get(hObject,'BackgroundColor’), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");
end
function m2_s_Callback(hObiject, eventdata, handles)
% hObject handle to m2_s (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
% Hints: get(hObiject,'String") returns contents of m2_s as text
% str2double(get(hObject,'String")) returns contents of m2_s as a double
% --- Executes during object creation, after setting all properties.

function m2_s_CreateFcn(hObject, eventdata, handles)
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% hObject handle to m2_s (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor’), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");
end
function m2_f _Callback(hObject, eventdata, handles)
% hObject handle to m2_f (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String") returns contents of m2_f as text
% str2double(get(hObject,'String")) returns contents of m2_f as a double
% --- Executes during object creation, after setting all properties.
function m2_f CreateFcn(hObject, eventdata, handles)
% hObject handle to m2_f (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor’), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");
end
% --- Executes on button press in m2_run.
function m2_run_Callback(hObject, eventdata, handles)
global data data2 unsmoothed cell_height
if data2 ==
plot(linspace(0,length(data)/60/40,length(data))',data...
,'LineWidth',1.5)
else

plot(linspace(0,length(data2)/60/40,length(data2)),...
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data2,'LineWidth',1.5)

hold on

plot(linspace(0,length(data2)/60/40,length(data2))',data)
end
grid on
xlabel('Time (min)")
ylabel('Current (nA)")
title('Oxygen Consumption Measurement')
m2_start = str2double(get(handles.m2_s, 'string"));
m2_stop = str2double(get(handles.m?2_f,'string");
hold off
%%%%%%%%% %% % %% % %% % %% %
m2_slong = m2_start*40*60;
m2_flong = m2_stop*40*60;
m2_T =m2_flong - m2_slong;
incre = round(m2_T/30);

fori=1:m2_T/incre

c(i,:) = polyfit((m2_flong-incre*i+1:m2_flong-incre*(i-1))/40, ...

unsmoothed((m2_flong-incre*i+1:m2_flong-incre*(i-1))),1);
end
¢ = fliplr(c(:,1)");
¢ = smoothdata(c,'movmean’,5);
incre2 = round(length(c)/20);
g = mean(c(length(c)-5+1:length(c)));
if max(c) >= abs(min(c)) % peak-to-mean ratio
L = abs(max(c)/q);
else
L = abs(min(c)/g);
end
Para_ka = 6;
boundary L = L/10"2*Para_ka;

ctr7 =0;
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for p = L:length(c)
if (c(p) >=0) && (c(p) > (1+boundary_L)*abs(qg))
ctr7 =ctr7 + 1;
k(ctr7)=p;
elseif (c(p) < 0) && (c(p) < (1-boundary_L)*abs(g))
ctr7 =ctr7 + 1;
k(ctr7) =p;
end
end
k_cal = k ;%* basal_s * 60 * 40;
k_max = max(k_cal);
g = (k_max-0.5) * incre /60/40 + m2_start;
all =line([g q], get(gca, 'ylim"), 'Color','m");
%%%%% %% %% %% %% %% %% line for showing the reading period
al = line([m2_start m2_start], get(gca, 'ylim'), 'Color','r";
a2 = line([m2_stop m2_stop], get(gca, 'ylim'),'Color','r");
if data2 ==
else
legend('raw data’,'smoothed data’)
end
%%%%%%% %% %% %% %% %% %% % %% %% %% linear curve fitting
% [slope,intercept] = polyfit
data_m?2 = smoothdata(unsmoothed(q*60*40:m2_stop*60*40),'gaussian’,50);
coefficients_mz2 = polyfit(linspace(q*60,m2_stop*60,...
length(data_m?2)), data_m2, 1);
%%%%%%% %% %% %% %% %% %% % %% %% %% %% %% Conversion
cell_height = str2double(get(handles.cell_height, 'string"));
slope_m2 = coefficients_m2(1);
dl_dC =1.632113498397532e-09;
if (cell_height >= 80) && (cell_height <= 300)
OC_m2 = slope_m2/dl_dC*(0.25%0.25*3.14159)*cell_height/1000*107(-6);

else
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OC_m2 = slope_m2/dl_dC*(0.25*0.25*3.14159)*0.150*10°(-6);
disp('Please set the diameter of the cell (Default: 150 um)’)
end
set(handles.m2_result, 'string’, OC_m2); % show the result on the GUI
disp(‘Analysis of Measurement 2 is done...")

disp(['Measurement taken from ‘,num2str(q)," min to ', num2str(m2_stop), ' min.")

function m3_s_Callback(hObject, eventdata, handles)

% hObject handle to m3_s (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String") returns contents of m3_s as text

% str2double(get(hObject,'String")) returns contents of m3_s as a double

% --- Executes during object creation, after setting all properties.

function m3_s_CreateFcn(hObject, eventdata, handles)

% hObject handle to m3_s (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,'BackgroundColor’), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");

end

function m3_f _Callback(hObject, eventdata, handles)

% hObject handle to m3_f (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObiject,'String') returns contents of m3_f as text

% str2double(get(hObject,'String")) returns contents of m3_f as a double

% --- Executes during object creation, after setting all properties.

function m3_f CreateFcn(hObject, eventdata, handles)

% hObject handle to m3_f (see GCBO)
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% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor’), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");
end
% --- Executes on button press in .
function m3_run_Callback(hObject, eventdata, handles)
global data data2 unsmoothed cell_height
if data2 == 0
plot(linspace(0,length(data)/60/40,length(data))',data...
,'LineWidth',1.5)
else
plot(linspace(0,length(data2)/60/40,length(data2)),...
data2,'LineWidth',1.5)
hold on
plot(linspace(0,length(data2)/60/40,length(data2))',data)
end
grid on
xlabel('Time (min)")
ylabel('Current (nA)")
title('Oxygen Consumption Measurement’)
m3_start = str2double(get(handles.m3_s, 'string"));
m3_stop = str2double(get(handles.m3_f,'string");
hold off
m3_slong = m3_start*40*60;
m3_flong = m3_stop*40*60;
m3_T = m3_flong - m3_slong;
incre = round(m3_T/30);
fori=1:m3_T/incre

c(i,:) = polyfit((m3_flong-incre*i+1:m3_flong-incre*(i-1))/40, ...

124



unsmoothed((m3_flong-incre*i+1:m3_flong-incre*(i-1))),1);
end
¢ = fliplr(c(:,1)");
¢ = smoothdata(c,'movmean’,5);
incre2 = round(length(c)/20);
g = mean(c(length(c)-5+1:length(c)));
if max(c) >= abs(min(c)) % peak-to-mean ratio
L = abs(max(c)/g);
else
L = abs(min(c)/qg);
end
Para_ka = 6;
boundary L = L/10"2*Para_ka;
ctr7 =0;
for p = L:length(c)
if (c(p) >=0) && (c(p) > (1+boundary_L)*abs(qg))
ctr7 =ctr7 + 1;
k(ctr7) =p;
elseif (c(p) < 0) && (c(p) < (1-boundary_L)*abs(g))
ctr7 =ctr7 + 1,
k(ctr7) =p;
end
end
k_cal = k ;%* basal_s * 60 * 40;
k_max = max(k_cal);
g = (k_max-0.5) * incre /60/40 + m3_start;
all =line([q q], get(gca, 'ylim"), 'Color','m");
%%%%% %% %% %% %% %% %% line for showing the reading period
al = line([m3_start m3_start], get(gca, 'ylim'), 'Color','r");
a2 = line([m3_stop m3_stop], get(gca, 'ylim'),'Color','r');
if data2 ==

else
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legend(‘raw data’,'smoothed data’)
end
%%%%% %% %% %% %% %% %% %% %% %% %%% linear curve fitting
% [slope,intercept] = polyfit
data_ma3 = smoothdata(unsmoothed(q*60*40:m3_stop*60*40),'gaussian’,50);
coefficients_m3 = polyfit(linspace(q*60,m3_stop*60,...
length(data_m3)), data_m3, 1);
%%%%%%% %% %% %% %% %% %% % %% %% %% %% %% Conversion
cell_height = str2double(get(handles.cell_height, 'string"));
slope_m3 = coefficients_m3(1);
dl_dC =1.632113498397532e-09;
if (cell_height >= 80) && (cell_height <= 300)
OC_m3 = slope_m3/dI_dC*(0.25*0.25*3.14159)*cell_height/1000*10"(-6);
else
OC_m3 = slope_m3/dI_dC*(0.25*0.25*3.14159)*0.150*10"\(-6);
disp('Please set the diameter of the cell (Default: 150 um)’)
end
set(handles.m3_result, 'string', OC_m3); % show the result on the GUI
disp(‘Analysis of Measurement 3 is done...")
disp(['Measurement taken from ',num2str(q),' min to ', num2str(m3_stop), ' min.")
function m4_s_Callback(hObiject, eventdata, handles)
% hObject handle to m4_s (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
% Hints: get(hObiject,'String') returns contents of m4_s as text
% str2double(get(hObject,'String")) returns contents of m4_s as a double
% --- Executes during object creation, after setting all properties.
function m4_s_CreateFcn(hObject, eventdata, handles)
% hObject handle to m4_s (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
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% See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor’), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");
end
function m4_f Callback(hObject, eventdata, handles)
% hObject handle to m4_f (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String") returns contents of m4_f as text
% str2double(get(hObject,'String")) returns contents of m4_f as a double
% --- Executes during object creation, after setting all properties.
function m4_f CreateFcn(hObject, eventdata, handles)
% hObject handle to m4_f (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor’), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");
end
% --- Executes on button press in m4_run.
function m4_run_Callback(hObject, eventdata, handles)
global data data2 unsmoothed cell_height
if data2 ==
plot(linspace(0,length(data)/60/40,length(data))’,data...
,'LineWidth',1.5)
else
plot(linspace(0,length(data2)/60/40,length(data?2)),...
data?,'LineWidth',1.5)
hold on
plot(linspace(0,length(data2)/60/40,length(data?))’,data) end
grid on
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xlabel('Time (min)")

ylabel('Current (nA)")

title('Oxygen Consumption Measurement')
m4_start = str2double(get(handles.m4_s, 'string’));
m4_stop = str2double(get(handles.m4_f,'string");
hold off

%%%%% %% %% %% % %% % %% % %% %
m4_slong = m4_start*40*60;

m4_flong = m4_stop*40*60;

m4_T = m4_flong - m4_slong;

incre = round(m4_T/30);

fori=1:m4_T/incre

c(i,:) = polyfit((m4_flong-incre*i+1:m4_flong-incre*(i-1))/40, ...

unsmoothed((m4_flong-incre*i+1:m4_flong-incre*(i-1))),1);
end
c = fliplr(c(;,1));
¢ = smoothdata(c,'movmean’,5);
incre2 = round(length(c)/20);
g = mean(c(length(c)-5+1:length(c)));
if max(c) >= abs(min(c)) % peak-to-mean ratio
L = abs(max(c)/q);
else
L = abs(min(c)/qg);
end
Para_ka = 6;
boundary L = L/10"2*Para_ka;
ctr7 =0;
for p = L:length(c)
if (c(p) >=0) && (c(p) > (1+boundary_L)*abs(g))
Ctr7 =ctr7 + 1,
k(ctr7) =p;
elseif (c(p) < 0) && (c(p) < (1-boundary_L)*abs(g))
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ctr7 =ctr7 + 1;
k(ctr7)=p;
end
end
k_cal = k ;%* basal_s * 60 * 40;
k_max = max(k_cal);
g = (k_max-0.5) * incre /60/40 + m4_start;
all =line([q q], get(gca, 'ylim"), 'Color','m");
%%%6%%%%%%%%%%%%%% line for showing the reading period
al = line(m4_start m4_start], get(gca, 'ylim'), 'Color','r";
a2 = line([m4_stop m4_stop], get(gca, 'ylim'),'Color','r");
if data2 ==
else
legend(‘raw data’,'smoothed data’)
end
%%%%% %% %% %% %% %% % %% %% %% %% %% linear curve fitting
% [slope,intercept] = polyfit
data_m4 = smoothdata(unsmoothed(q*60*40:m4_stop*60*40),'gaussian’,50);
coefficients_m4 = polyfit(linspace(q*60,m4_stop*60,...
length(data_m4)), data_m4, 1);
%9%6%%%%% %% % %% % %% %% %% % %% %% %% %% %% Conversion
cell_height = str2double(get(handles.cell_height, 'string");
slope_m4 = coefficients_m4(1);
dl_dC =1.632113498397532e-09;
if (cell_height >= 80) && (cell_height <= 300)
OC_m4 = slope_m4/dI_dC*(0.25*0.25*3.14159)*cell_height/1000*10/(-6);
else
OC_m4 = slope_m4/dI_dC*(0.25*0.25*3.14159)*0.150*10"(-6);
disp('Please set the diameter of the cell (Default: 150 um)’)
end
set(handles.m4_result, 'string’, OC_m4); % show the result on the GUI

disp('Analysis of Measurement 4 is done...")
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disp(['Measurement taken from ‘,num2str(q)," min to ', num2str(m4_stop), ' min.")

function m2_n_Callback(hObject, eventdata, handles)

% hObject handle to editll (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String") returns contents of edit1l as text

% str2double(get(hObject,'String")) returns contents of editll as a double

% --- Executes during object creation, after setting all properties.

function m2_n_CreateFcn(hObject, eventdata, handles)

% hObject handle to editll (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,'BackgroundColor"), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");

end

function m3_n_Callback(hObject, eventdata, handles)

% hObject handle to editll (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String’) returns contents of editll as text

% str2zdouble(get(hObject,'String")) returns contents of editll as a double

% --- Executes during object creation, after setting all properties.

function m3_n_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit11 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,'BackgroundColor’), get(0,'defaultUicontrolBackgroundColor"))

set(hObject,'BackgroundColor','white");
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end

function editll Callback(hObject, eventdata, handles)

% hObject handle to edit1l (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String") returns contents of editll as text

% str2double(get(hObject,'String")) returns contents of editl1l as a double

% --- Executes during object creation, after setting all properties.

function editl1_CreateFcn(hObject, eventdata, handles)

% hObject handle to editll (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,'BackgroundColor"), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");

end

function m5_s_Callback(hObject, eventdata, handles)

% hObject handle to m5_s (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String’) returns contents of m5_s as text

% str2zdouble(get(hObject,'String’)) returns contents of m5_s as a double

% --- Executes during object creation, after setting all properties.

function m5_s_CreateFcn(hObject, eventdata, handles)

% hObject handle to m5_s (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,'BackgroundColor’), get(0,'defaultUicontrolBackgroundColor"))

set(hObject,'BackgroundColor','white");
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end
function m5_f Callback(hObject, eventdata, handles)
% hObject handle to m5_f (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String") returns contents of m5_f as text
% str2double(get(hObject,'String")) returns contents of m5_f as a double
% --- Executes during object creation, after setting all properties.
function m5_f CreateFcn(hObject, eventdata, handles)
% hObject handle to m5_f (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor"), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");
end
% --- Executes on button press in m5_run.
function m5_run_Callback(hObject, eventdata, handles)
global data data2 unsmoothed cell_height
if data2 ==
plot(linspace(0,length(data)/60/40,length(data))’,data...
,'LineWidth',1.5)
else
plot(linspace(0,length(data2)/60/40,length(data2)),...
data?,'LineWidth',1.5)
hold on
plot(linspace(0,length(data2)/60/40,length(data2))’,data)
end
grid on
xlabel('Time (min)")

ylabel('Current (nA)")
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title('Oxygen Consumption Measurement’)
mb5_start = str2double(get(handles.m5_s, 'string’));
m5_stop = str2double(get(handles.m5_f,'string");
hold off
%%%%%% %% % %% %% %% %% % %% %%
m5_slong = m5_start*40*60;

m5_flong = m5_stop*40*60;

m5_T =mb5_flong - m5_slong;

incre = round(m5_T/30);

fori=1:m5_T/incre

c(i,:) = polyfit((m5_flong-incre*i+1:m5_flong-incre*(i-1))/40, ...

unsmoothed((m5_flong-incre*i+1:m5_flong-incre*(i-1))),1);
end
c = fliplr(c(:,1));
¢ = smoothdata(c,'movmean’,5);
incre2 = round(length(c)/20);
g = mean(c(length(c)-5+1:length(c)));
if max(c) >= abs(min(c)) % peak-to-mean ratio
L = abs(max(c)/g);
else
L = abs(min(c)/qg);
end
Para_ka = 6;
boundary L = L/10"2*Para_ka;
ctr7 =0;
for p = L:length(c)
if (c(p) >=0) && (c(p) > (1+boundary_L)*abs(qg))
Ctr7 =ctr7 + 1,
k(ctr7) =p;
elseif (c(p) < 0) && (c(p) < (1-boundary_L)*abs(g))
Ctr7 =ctr7 + 1,

k(ctr7)=p;

133



end
end
k_cal = k ;%* basal_s * 60 * 40;
k_max = max(k_cal);
g = (k_max-0.5) * incre /60/40 + m5_start;
all =line([q q], get(gca, 'ylim"), 'Color','m");
%%%%% %% %% %% %% %% %% line for showing the reading period
al = line(m5_start m5_start], get(gca, 'ylim'), '‘Color','r');
a2 = line([m5_stop m5_stop], get(gca, 'ylim'),'Color','r");
%%%%%% %% % %% % %% %% %% % %% %% %% % % %% % %% %% % %% % % %% %% % %% % %% % %%
if data2 ==
else
legend(‘raw data’,'smoothed data’)
end
%%%%% %% %% %% %% %% % %% %% %% %% %% linear curve fitting
% [slope,intercept] = polyfit
data_m5 = smoothdata(unsmoothed(q*60*40:m5_stop*60*40),'gaussian’,50);
coefficients_m5 = polyfit(linspace(q*60,m5_stop*60,...
length(data_mb5)), data_m5, 1);
%9%6%%%%% %% % %% % %% %% %% % %% %% %% %% %% Conversion
cell_height = str2double(get(handles.cell_height, 'string"));
slope_mb5 = coefficients_m5(1);
dl_dC = 1.632113498397532e-09;
if (cell_height >= 80) && (cell_height <= 300)
OC_mb5 = slope_m5/dl_dC*(0.25*0.25*3.14159)*cell_height/1000*10~(-6);
else
OC_mb5 = slope_mb5/dI_dC*(0.25*0.25*3.14159)*0.150*10"(-6);
disp('Please set the diameter of the cell (Default: 150 um)')
end
set(handles.m5_result, 'string', OC_mb5); % show the result on the GUI
disp(‘Analysis of Measurement 5 is done...")

disp(['Measurement taken from ',num2str(q),' min to ', num2str(m5_stop), ' min.")
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function edit1l4_Callback(hObject, eventdata, handles)

% hObject handle to edit14 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String") returns contents of editl4 as text

% str2double(get(hObject,'String")) returns contents of editl4 as a double

% --- Executes during object creation, after setting all properties.

function editl4_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit14 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,'BackgroundColor"), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");

end

% --- Executes on button press in reset_butt.

function reset_butt_Callback(hObject, eventdata, handles)

% hObject handle to reset_butt (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

set(handles.Sample_ID,'String’, ‘Sample ID');

% set(handles.m2_n,'String’, 'Measurement 2";

set(handles.Sensitivity,'Value',6);

set(handles.sen_level,'String', 6.0)

set(handles.cell_height, 'string’, 'Diameter’);

set(handles.result_basal, 'string’, 'Rate");

set(handles.basal_s, 'string', 'Start Time (min)’);

set(handles.basal_f, 'string’, 'End Time (min)");

set(handles.m2_s, 'string’, 'Start Time (min)");

set(handles.m2_f, 'string’, 'End Time (min)");

set(handles.m2_result, 'string’, 'Rate");
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set(handles.m3_s, 'string’, 'Start Time (min)");
set(handles.m3_f, 'string’, 'End Time (min)");
set(handles.m3_result, 'string’, 'Rate");
set(handles.m4_s, 'string’, 'Start Time (min)");
set(handles.m4_f, 'string’, 'End Time (min)");
set(handles.m4_result, 'string’, 'Rate");
set(handles.m5_s, 'string’, 'Start Time (min)’);
set(handles.m5_f, 'string’, 'End Time (min)’);
set(handles.m5_result, 'string’, 'Rate");
clc;clear all;
display(‘Memory is empty now...")
display(‘'Please load new measurement.")
plot(0:40,zeros(1,41))
xlim([0 40])
ylim([-2000 -1])
xlabel('time (min)")
ylabel(‘current (nA)")
title('Oxygen Consumption Measurement’)
% --- Executes on selection change in popupmenu2.
function popupmenu2_Callback(hObject, eventdata, handles)
global filter_fn
contents2 = get(hObject,'Value");
switch contents2
case 2
filter_fn = 'movmean’;
case 3
filter_fn ='gaussian’;
case 4
filter_fn ='lowess';
case 5
filter_fn = 'sgolay’;

otherwise
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filter_fn = 'movmean’;

end

% --- Executes during object creation, after setting all properties.
function popupmenu2_CreateFcn(hObject, eventdata, handles)
% hObject handle to popupmenu2 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: popupmenu controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor’), get(0,'defaultUicontrolBackgroundColor’))

set(hObject,'BackgroundColor','white");

end

function filter_num_Callback(hObject, eventdata, handles)
% hObject handle to filter_num (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String') returns contents of filter_num as text
% str2double(get(hObject,'String")) returns contents of filter_num as a double
% --- Executes during object creation, after setting all properties.
function filter_num_CreateFcn(hObject, eventdata, handles)
% hObject handle to filter_num (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor’), get(0,'defaultUicontrolBackgroundColor'))

set(hObject,'BackgroundColor','white");

end

% --- Executes on button press in filter_butt.
function filter_butt_Callback(hObject, eventdata, handles)

global data dataz2 filter_fn unsmoothed

data2 = unsmoothed;
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win_num = str2double(get(handles.filter_num, 'string"));
if (win_num <=length(unsmoothed)) && (win_num > 0)
data = smoothdata(data2,filter_fn,win_num);
plot(linspace(0,length(data2)/60/40,length(data2)),...
data2,'LineWidth',1.5)
hold on
plot(linspace(0,length(data2)/60/40,length(data2))’,data)
grid on
legend('raw data’,'smoothed data’)
xlabel('Time (min)")
ylabel('Current (nA)")
title('Oxygen Consumption Measurement')
display(‘Filter Applied Successfully...")
hold off
else
disp(['Please enter a number between 0 and ',num2str(length(unsmoothed))])
end
function cell_height_Callback(hObject, eventdata, handles)
% hObject handle to cell_height (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
% Hints: get(hObiject,'String') returns contents of cell_height as text
% str2double(get(hObject,'String")) returns contents of cell_height as a double
% --- Executes during object creation, after setting all properties.
function cell_height_CreateFcn(hObject, eventdata, handles)
% hObject handle to cell_height (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor’), get(0,'defaultUicontrolBackgroundColor'))

set(hObject,'BackgroundColor','white");
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end

% --- Executes on slider movement.

function Sensitivity Callback(hObject, eventdata, handles)

% hObject

handle to Sensitivity (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

kk = round(get(hObject,'Value'),1);

set(handles.sen_level,'String’, kKk);

% Hints: get(hObject,'Value') returns position of slider

% get(hObject,'Min") and get(hObject,'Max') to determine range of slider

% --- Executes during object creation, after setting all properties.

function Sensitivity CreateFcn(hObject, eventdata, handles)

% hObject

handle to Sensitivity (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: slider controls usually have a light gray background.

if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))

set(hObject,'BackgroundColor',[.9 .9 .9)]);

end
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