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Chapter 1

INTRODUCTION

Metabolites are products of metabolism and can have a number of functions that are
involved with multiple biological processes. These are a large class of compounds that can take
the form of carbohydrates, amino acids, antioxidants, neurotransmitters, organic acids, lipids, etc.!
Glucose is important as a main nutrient for cells, but is also a part of important processes in the
body including, glycolysis, glycogenolysis, and gluconeogenesis.?> Lactate provides information
on metabolic activities such as increased lactate concentrations in tissues during periods of
anaerobic glycolysis.** Glutamate and dopamine are excitatory neurotransmitters that are
responsible for several functions, including, learning, memory, and motor control.>” A
neuromodulator, acetylcholine modifies neuronal response to stimuli.® Superoxide is a reactive
oxygen species that provides intracellular signaling, defense against foreign substances, and cell
function.®!? Also known as vitamin C, ascorbic acid is an essential antioxidant that defends against
free radicals.!’!? Cholesterol is an essential part of the mammalian cell membranes and a part of
liver homeostasis.!>!* Ammonium is produced and consumed during cell metabolism and essential
part of the urea cycle.!® Lastly, potassium is an important mineral and helps to regulate muscle
contractions and nerve signals among others.'®!” Because metabolites serve in multiple function
and are involved in multiple pathways, the ability to detect and quantify them is necessary in
understanding mechanisms and processes in biological systems for monitoring health and disease.

Biosensors have been in development for decades to quantify real-time metabolite changes

in concentration to monitor health and disease and examine treatments for these diseases. Glucose



monitors used by diabetics have utilized electrochemical biosensing for decades to measure
glucose levels to deliver insulin more accurately.'®!” However, it was necessary to understand
more about biological systems, so sensors for other analytes, including, glutamate, acetylcholine,
calcium and more have been developed.>*2°-22 Multiple techniques including, mass spectrometry,
immunoassays, amperometry, potentiometry, and many others have been used to detect these

2327 Mass spectrometry is used to detect many metabolites and offers high sensitivity

analytes.
such as determining trends of metabolites in human serum.?® Immunoassays provide sensitive
detection to specific analytes and can be used in low resource areas as seen in the on-bead detection
of malarial protein biomarkers.”” While these techniques are sensitive and have their own
advantages, they suffer in temporal resolution and cannot integrate easily with biological systems
for in situ or downstream analysis. Electrochemical biosensors utilizing enzymes and ionophores
have been developed to overcome these challenges of temporal resolution and integration while
maintaining sensitivity.

One of the most widely used biosensors is enzymatic-based sensors that can be used to
detect metabolites, including glucose, lactate, dopamine, and reactive oxygen species.!?-242%:30
Generally, these sensors utilize an oxidase enzyme to oxidize the analyte to generate hydrogen
peroxide that can be oxidized at 0.6 V (vs. Ag/AgCl) and measured using amperometry. However,
a few of the them require multiple enzymes to become a form that can finally be oxidized and
measured. Dopamine readily oxidizes at 0.6 V, so tyrosinase is used for specificity and converts
dopamine to a quinone that may then be reduced at a negative potential. Enzymatic instability can
cause issues for these sensors as they degrade over time and require recalibration often to obtain

the most accurate measurements. Combining these sensors with microfluidic systems provides

automated calibration and analysis to reduce the effects of enzymatic degradation on the



measurements.®3! These sensors provide sensitivity, temporal resolution and can be miniaturized
for integration with model organ systems for analysis of metabolites in real-time, downstream, or
later on.

In addition to enzymatic-based sensors, potentiometric sensors have significantly
developed to detect a wide range of analytes such as calcium, hydrogen (pH), and even
gluten.2%-2432 Potentiometric sensors measure potential across a membrane without an applied
current and often utilize ionophores for selectivity.?* The membrane composition for making these
sensors is essential for the most accurate and superior sensing for specific target analytes.?*
Development in the ionophores and membrane compositions of potentiometric sensors has made
these useful in biomedical, industrial, and environmental applications.>* Drawbacks to these
sensors is frequent recalibration and dependence on temperature. However, integrating these with
microfluidic systems to create a platform enables automated calibration and analysis to limit these
challenges. These sensors provide label-free sensing with high selectivity, and can be miniaturized
for point-of-care diagnostics, wearable devices and integration with model organ systems.*

The development of instrumentation has enabled researchers to discover and investigate
the state and interactions of biological systems. One such development is the ability to monitor
multiple analytes concurrently for a better understanding of the cellular processes and pathways
of toxicity in healthy and diseased states. Researchers have developed biosensors that are capable
of detecting multiple analytes and even using multiple techniques simultaneously to unravel the
complex pathways in biological systems.*!8252%33 By combining and using multiple analytes, a
variety of physiological systems, including cellular bioenergetics, oxidative stress, antioxidant
capacity, cytotoxicity, and neurotransmission can be investigated for basic scientific discoveries

as well as applications to medicinal, environmental, and industrial areas.* Furthermore, the



addition of multiple analytes to one sensor may allow for deconvolution of pathways and
mechanisms, previously unavailable with single analyte detection methods. Multianalyte detection
is pivotal for better understanding the cellular processes and pathways of toxicity in model organ
systems.

Currently, model organ systems are used to study disease states, toxicants, and treatments
as a means to understand the risks and consequences for human health. Typically, cell culture,
animal studies, and organs-on-chips (OoCs) are the primary methods for studying health and
disease. Cell cultures are generally amply available, cost effective and provide the ability for high-
throughput screening.>* These studies are important for basic scientific discoveries like
macrophage responses to xenobiotics.®> Animal models are the gold standard for studies and
provide a full native system to react to external sources and a full system (multiple organs) to be
analyzed.’>*¢ Animal studies are useful for basic science as well as understanding the overall
health and disease of an animal such as the effects of TCDD on a mouse model to better understand
endometriosis.’” Finally, OoCs aim to mimic structure and biological responses of organs,
including the lung, liver, and blood-brain barrier.?6333%3% These provide basic scientific
discoveries as well as understanding human health and disease like understanding drug metabolism
in a liver-on-chip system.?® These model organ systems can be analyzed by multianalyte
biosensors to monitor their health and disease before and after perturbations.

Recognizing the usefulness of biosensors as a means to analyze the status and interactions
in model organ systems requires the integration of sensors that can provide temporal and detection
resolution. This will provide accurate and precise measurements for responses to perturbations in
model organ systems. Previously, sensors have been developed for use and integration with OoC

systems to detect metabolites like glucose, lactate, and oxygen that are involved in cellular



respiration.*!*>* However, many of these systems are limited in their detection resolution and the
need for customizable multianalyte detection. It is necessary to develop platforms that can reduce
interference and detect a larger number of analytes.

This dissertation presents the development and application of multianalyte enzymatic and
potentiometric sensors to monitor health and disease in model organ systems. Chapter three
discusses the development of a multianalyte osmium polymer-based sensor and its application to
studying glucose and lactate metabolism. Electrochemical sensors are used by millions of patients
and health care providers every year, yet these measurements are hindered by compounds that also
exhibit inherent redox activity. Acetaminophen (APAP) is one such interferent that falls into this
extensive class. In this work, an osmium-based redox polymer was used for electrochemical
detection in a sensor that was operated at a decreased voltage, allowing for decreased interference.
These sensors demonstrated better selectivity for their respective analyte over APAP, possessed
higher sensitivity over a broad range of analyte concentrations, and displayed similar operational
stability over seven days compared to first-generation sensors.

To test this platform under biologically-relevant conditions, glucose metabolism was
monitored in a model liver cell line, Alpha Mouse Liver 12 (AML12) after treatment with APAP
and/or insulin. By observing glucose metabolism as a representative indicator for the health of the
cell, toxicity studies were conducted. Furthermore, to answer biological questions about insulin,
specifically its interaction with liver cells, glucose metabolism in a model liver system can be
investigated to gain insight into these relationships.*” We used the AMLI12 cell line to study the
effects of treating the cells with APAP based on its clinical relevance and hepatotoxicity, known
redox activities, and insulin-dependent pathways for glucose metabolism. Glucose metabolism

was dysregulated in APAP and/or insulin-treated cells. This work represents a high-resolution



electrochemical biosensor for microphysiological monitoring of glucose and lactate in the presence
of an interferent.

In chapter four, we investigated a platform for detection and quantification of up to eight
analytes using enzymatic-based methods to understand more about the cellular processes and
pathways of toxicity. By combining sensors for multiple analytes together into one electrode array
with separate channels for real-time analysis of biological systems, we may electrochemically
monitor cellular respiration, oxidation processes, neurotransmission, as well as perform toxicity
screenings. This is helpful of understanding the complex biological response following
perturbation. Calibrations were performed to cover biologically-relevant linear ranges while
maintaining sensitivity. Measuring changes in multiple analytes will allow for a better
understanding of the state and interactions of a system.

This platform was used to test glucose and lactate metabolism of macrophages from mice
after treatment with 2,3,7,8-tetrachlorodibenzodioxin (TCDD), lipopolysaccharide (LPS), and -
glucan. TCDD, a model immune-disrupting toxicant, is often used in studies and has shown
hyperinflammatory effects in the uterine and peritoneal cavity of mice.?”** Mice exposed to TCDD
show a phenotype similar to that of women with endometriosis.** This can be further amplified by
a secondary trigger such as an infection like LPS.** B-glucan has been shown to train immune
cells to resist infection, causing increased glucose consumption and lactate production.* All of
these treatments disrupted glucose and lactate metabolism, indicating dysregulated cellular
respiration in macrophages. Understanding the relationships between TCDD, LPS, and B-glucan
and how they affect metabolism is key to determining pathways of toxicity and monitoring health

and disease.



Finally, chapter five presents two potentiometric sensors that are combined with two
amperometric sensors to simultaneously detect and quantify ammonium, potassium, glucose, and
lactate. By combining these four sensors, there is a more in-depth analysis and the complex
pathways in biological systems can begin to unravel. These potentiometric sensors were
investigated to determine the membrane composition that provides the most accurate sensitivity.
Furthermore, the necessity of a reference electrode coating was determined. Lastly, the sensitivity
over a broad range of analyte concentrations and operational stability of the potentiometric sensors
was established. To test this automated platform under biologically-relevant conditions, glucose,
lactate, ammonium, and potassium metabolism was monitored in a mouse model after treatment
with TCDD in utero and/or LPS in adulthood. These treatments significantly dysregulated
metabolism for all of the analytes, and shows possible pathways of toxicity for TCDD and LPS.
This work represents a customizable platform utilizing a multiplexed, multianalyte amperometric
and potentiometric biosensor for microphysiological monitoring of metabolites simultaneously to
provide a snapshot of the state and interactions of a biological system.

The first appendix of this dissertation describes the optimization of a cholesterol oxidase
sensor for use in model organ systems. Cholesterol is difficult to dissolve, so dissolving agents
were investigated with DMSO and Triton X-100 in combination as the best. Next, the sensitivity
was optimized through film modifications for cholesterol oxidase, indicating poly l-lysine as
providing the most sensitive film. A calibration for the cholesterol sensor was completed, showing
the sensitivity to cholesterol in biologically relevant concentrations. Finally, appendix B presents
a project that utilized the osmium-based sensors to detect glucose and lactate in another biological
system to determine the effects of a known hepatotoxin, rosiglitazone in healthy and diseased

hepatocytes.



Chapter 11

EXPERIMENTAL METHODS AND ANALYSIS

This chapter provides the general electrochemical methods used throughout the studies. It
will cover the cleaning of screen-printed electrodes (SPEs), Ag/AgCl reference electrode
deposition, enzymatic and ionophore deposition, amperometric and potentiometric
electrochemical analysis, and data analysis. More detailed methods for specific studies are
described in subsequent chapters.

Cleaning of Screen-Printed Electrode

All SPEs and associated electrodes must be cleaned prior to electrode modification. These
electrodes are designed in house and purchased from Pine Research (3 working electrodes;
Durham, NC) and Sullins Connector Solutions (8 working electrodes; San Marcos, CA). They are
first cleaned in 1 M nitric acid, then 0.5 M sulfuric acid. The SPE is attached to an edge card
connector and placed in a beaker with one of the solutions with the electrodes fully submerged.
The working electrodes from a potentiostat [CHI 1440 or CHI 1030 (CH Instruments, Austin, TX)]
are attached to the other side of the edge card connector from the SPE. A reference cable from the
potentiostat is attached to an external Ag/AgCl reference with 3 M KCl solution. Then, the counter
cable from the potentiostat is attached to a flame-polished (using a Bunsen burner) platinum mesh
electrode. These two electrodes are also submerged in the acid solution carefully as to not touch.
In the CHI software, the technique is set to Amperometric i-t, and the parameters are set (Table
2.1). The additional electrode options in the software were selected and set to the same parameters

to clean the additional electrodes on the SPE as well. After cleaning in both the nitric and sulfuric



acid solutions, the electrodes are rinsed. To evaluate the state of the electrodes, the SPE is placed
back into the sulfuric acid solution. Next, the CHI software technique is set to Cyclic Voltammetry
and the parameters are set again (Table 2.2). If the electrode is clean, the resulting voltammogram
should not have large triangular peaks at ~0.4 V or give noisy peaks. It should be a smooth graph
with three distinct reduction peaks between -0.2 and 0.1 V. If this is not the case, repeat the

cleaning process with nitric and sulfuric acid.



Parameter Setting
Initial E (V) 3 (HNO3) 6 (H2SO4)
Sample Interval (s) 1
Sampling Time (s) 300
Quiet Time (s) 0
Scales during Run 1
Sensitivity (A/V) 1e-003
El (and others) On Selected

Table 2.1 Parameters for Cleaning Electrodes. SPEs are cleaned in 1 M HNO3 then 0.5 M H2SOs.
These are set for each of the electrodes being cleaned.

Parameter Setting
Initial E (V) -0.2
High E (V) 0.7
Low E (V) -0.2
Initial Scan Polarity Positive
Scan Rate (V/s) 0.5
Sweep Segments 5
Sample Interval (s) 0.001
Quiet Time (s) 2
Sensitivity (A/V) le-004
El (and others) On Selected

Table 2.2. Parameters for Evaluating the SPE Cleanliness. SPEs are assessed in H2SO4 using
cyclic voltammetry. These are set for each of the electrodes to be checked.

10



Ag/AgCl Reference Electrode Preparation

After the SPES are cleaned thoroughly, the reference electrodes on the SPEs are coated in
silver and immersed in an iron (III) chloride solution to create the Ag/AgCl interface.!® On the
three-electrode SPE, the 0.08 mm? electrode is plated, while the circular electrode on the eight-
electrode SPE is plated. To prepare a sensor with an internal reference of Ag/AgCl, a
preconditioning step and plating method were performed in a stirring silver nitrate solution (0.3 M
AgNOs, 1 M NH4sOH) with an external Ag/AgCl (3 M KCl) reference electrode and a flame-
polished platinum mesh counter electrode. The silver electrodeposition is performed using the
sweep-step function in the CHI software. The reference and counter are connected as in the
cleaning procedure, but only one working electrode is connected to the reference electrode on the
SPE. A preconditioning step was first applied (0.3 to 0.95 V, 0.5 V s), which was followed by a
potential hold (0.95 V, 30 s). Then, the electrode was scanned (0.95 to -0.15 V, 0.5 V s!) with a
subsequent plating potential hold (-0.15 V for 450 s). Following plating, the electrode array was
removed from the silver nitrate solution and immediately rinsed in deionized water and immersed
and agitated in FeClz (50 mM, 1 minute) to form a silver chloride layer, generating the internal
reference electrode. In addition, the general parameters are summarized below (Table 2.3). The

electrode is rinsed again and stored in the dark to prevent oxidation of the silver deposition.
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Parameter Setting
Initial E (V) 0.3
Sweet S. 1. (V) 0.001
Step S.I. (V) 0.002
Quiet Time (s) 2
Sensitivity (A/V) le-004
E1 On Selected
Scan Mode Simultaneous

Table 2.3. Parameters for Silver Plating on Reference Electrode. SPEs are plated using these
general sweep-step settings.

12



Enzyme Films Deposition

After cleaning the SPE and creating the reference electrode, enzyme films may be
deposited on the working electrode of the SPE for selectivity and sensitivity to an analyte of
interest. First, a 31 mg mL! solution of BSA in phosphate buffer solution (50 mM, pH = 7.00) was
made. Then, powdered enzyme was dissolved in the BSA solution to the desired concentration
described in subsequent sections. These enzymatic solutions were used immediately or stored at -
18 °C until needed. In order to deposit these onto the electrode, a crosslinker is necessary for
absorption to the electrode surface. Glutaraldehyde (25% wt/v in water) was added to an enzymatic
solution to a concentration of 1% (v/v). For the acetylcholine sensor, this was diluted to 2% (v/v).
The resulting solution was vortexed for ~5 seconds before dropcast onto a working electrode. For
the 3-electrode SPE, 1 uL is deposited to cover the entire surface, while only 0.5 puL is necessary
for deposition on the 8-channel working electrodes. These electrodes are air dried (in the dark) for
at least an hour before use.
Ionophore Membranes Deposition

In addition to enzymatic biosensors, ionophore membrane solutions may be deposited on
working electrodes for selectivity and sensitivity. Components for the formulation were mixed
together and added to 1 mL of tetrahydrofuran (THF) to dissolve the components properly and for
ease in deposition. This solution was vortexed for ~5 seconds. Then, the membrane solution was
either immediately dropcast on the working electrodes as 0.5-uL aliquot or stored at 2 °C. If it was
used, the sensors were dried overnight and stored while covered at room temperature before use.
Electrochemical Analysis

After the sensors were dried, the SPE was inserted into the electrode housing (microclinical

analyzer — pCA) and connected to a pump and valve system known as the microformulator. The
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three-electrode SPE with the pCA (VIIBRE; Nashville, TN) and microformulator has been
detailed previously and used for multiple biological applications.®*!*¢ This sensor was inserted
into the pCA, topped with water to prevent bubbles, and closed using magnets to align and screws
to compress the housing. However, the eight-channel SPE  was topped with a
polydimethylsiloxane (PDMS) fluidic and sandwiched between two polymethylmethacrylate
pieces for the housing with four screws to compress it together. Before the housing was screwed
together, the channels in the PDMS fluidic were carefully aligned to the electrodes and deionized
water was added on top of the SPE to prevent the formation of bubbles.

Next, this housing with either of these SPEs was connected to a microformulator, a pump
and valve system. This system allows for automated calibration and sample analysis through the
development of a protocol on the AMPERE (Vanderbilt Institute for Integrative Biosystems
Research and Education — VIIBRE; Nashville, TN) software specific to this system. The pump
(VIIBRE; Nashville, TN) can flow between 2 pL min™! and 1 mL min™'. The valve (VIIBRE;
Nashville, TN) was used in both a 5 and 24 port variation to create flexibility in the number of
calibrants and samples being analyzed. It may be necessary to tare the valve in the software for
proper function. There was tubing connected between the pump, valve, debubbler, and electrodes
(housing). Sensors were calibrated and then samples were analyzed. A buffer solution was used
between each solution (calibrant and sample) to establish a baseline in electrochemical
measurements. To ensure proper analysis and remove previous solutions, the tubing between the
calibrant or sample and the valve (the first instrumentation) was primed with the correct solution.

Electrochemical analysis was performed using the Amperometric i-t technique in the CHI
software. The CHI 1030 provided electrochemical measurements for only amperometric sensors.

However, the CHI 1440 potentiostat can measure amperometrically and potentiometrically. For
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amperometric detection, the protocol was set up similar to Table 2.1 with a few adjustments. For
all sensors, except dopamine, the potential was set to 0.6 V (vs. Ag/AgCl). Dopamine uses a
reduction reaction, so it is set to -0.2 V (vs. Ag/AgCl). The sample times and sensitivities were
determined based on what the experiment dictated. The electrode potential was set for all
electrodes used and selected ON. To detect potentiometrically, the 5™, 6™, 7 and 8™ electrodes
are used from the potentiostat. The electrodes were selected ON and the Gain 10 was selected ON.
The amperometric sensor may or may not be selected on depending on the experimental
parameters.
Data Analysis

Because the data generated from these potentiostats can be substantial and CHI does not
have data analysis software built in, the use of other software is necessary. Both Microsoft Excel
and MATLAB were used to reduce the data size and create a more manageable set that eases the
burden for data analysis of calibration curves and sample sets. The collected data must be
converted to a text file in the CHI software, so it can be used in other software. This can then be
saved as Excel spreadsheet and used in Microsoft Excel or MATLAB. MATLAB provided the
averages and standard deviations of a specified amount of data points that allowed the user to
easily find the steady state of a calibrant or sample. Microsoft Excel may also be used to determine

the steady state by manual inspection.
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Chapter 111

A LOW-INTERFERENCE, HIGH-RESOLUTION MULTIANALYTE ELECTROCHEMICAL
BIOSENSOR!

Electrochemistry is a sensitive, stable, and selective analytical tool in diagnosing and
monitoring health and disease.*’** The most widely-used electrochemical sensors are first-
generation enzymatic sensors, relying on enzymes immobilized on an electrode for analyte
detection. These biosensors quantify the target analyte by means of an electroactive byproduct of
the enzymatic reaction, hydrogen peroxide (H20,).>**® For instance, glucose meters, commonly
used to measure blood glucose in patients with diabetes, use first-generation sensor technology
and account for the large majority of first-generation electrochemical sensors used commercially.>!
However, first-generation sensors are susceptible to electroactive interferents, compounds that

lead to signal contamination and therefore inaccurate results.’>

In this work, a polymer was
developed to act as a mediator for electron transfer, allowing for decreased interference compared
to first-generation sensors. Using this polymer, we quantified glucose and lactate over a
background of an inherently redox-active common interferent, acetaminophen APAP, by coupling
an oxidase enzyme with this osmium polymer (Os-polymer) in a sensor platform.

Although first-generation biosensors are selective for the analyte of interest against a
background of electrochemically inactive species, they are still prone to interference. At the

electrode surface of first-generation biosensors, H>O», acting as the electron transfer mediator from

the enzyme to the electrode, is oxidized with an electrode bias of 0.6 V (vs. Ag/AgCl), producing

! This chapter contains portions from the published research article: 1. Melow, S. L.; Miller, D. R.; Gizzie, E. A.;
Cliffel, D. E.
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an amperometric signal.’® However, at this potential [0.6 V (vs. Ag/AgCl)], other electroactive

3233 Thus, biosensors that

species such as APAP are also oxidized, causing signal interference.
reduce or eliminate interference are required for accurate analysis of analytes of interest.

There are a number of ways to reduce or eliminate interference including screening
polymers or electron transfer mediators (co-reactants).” > Although screening polymers increase
selectivity by preventing larger molecules from accessing the electrode surface, they still allow
smaller molecules to access the electrode and contribute to signal contamination since they use a
higher potential like first-generation sensors. Furthermore, though they increase selectivity, they
have decreased sensitivity due to impeded analyte diffusion.’® However, the use of metallic co-
reactants including Au, Pd, Rh, and Ru, reduce peroxide at a lower potential and therefore decrease
interference.>*>7-60 Still, the instability (Rh and Pd) and expense (Au and Ru) of these materials
have hamstrung their widespread implementation. Therefore, there is a need for stable and less
expensive co-reactants that accurately detect analytes in all samples.

To address this need, a group of polymers that contains an osmium complex, acting as the
co-reactant, were developed and incorporated into sensors. Osmium redox polymers were first
developed by Heller et al. in the late 1980s to act as a mediator for electron transfer in glucose
biosensors.®! These osmium polymers are redox polymers that can be reversibly oxidized and
reduced. When they are combined with an oxidase enzyme, these polymers can stably and
selectively detect their respective analyte at a lower potential, thereby decreasing interference
(Figure 3.1). Previous work has shown current densities do not vary with the Os content of the
polymers, so the overall redox efficiency of these sensors similarly would not change with the Os
content.®? Since their inception, their use has extended to other analytes and biological systems®-

85 such as detecting acetylcholine release from rat frontal cortex samples.5
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| Os(IID):

GDL Glucose GDL Glucose

Y o
LN
S
2\
\—/

GOX(OX) G()x(red) Gox(ox) GOx

)¢

0, H,0, | NAPQI  APAP(||| Os(lll) Os@) | / | NAPQI APAP
e e e :'l
Pt Electrode, 0.6 V vs. Ag/AgCl Pt Electrode, 0.2 V vs. Ag/AgCl

Figure 3.1. Redox Process for First-Generation and Os-Based Sensors. A) Representation of the
redox process/electron flow mechanism for the first-generation GOx sensor. There is a high
potential of 0.6 V (vs. Ag/AgCl) required to oxidize the H>O» that also oxidizes APAP, leading to
signal interference and inaccurate results. B) Representation of the redox process/electron flow
mechanism for the Os-based GOx sensor. The electrode bias of 0.2 V (vs. Ag/AgCl) required for
the Os-polymer and GOx system mitigates the interference from the oxidation of APAP. Inset:
Representation of the Os-polymer structure.
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The microclinical analyzer (LCA) provides automation, increased ease of use, real-time
monitoring, and multiple analyte detection. This platform is composed of a microfluidic housing
for a screen-printed electrode that is used for detection of metabolites as well as an automated
pump and valve system. There is increased ease of use due to increased sample throughput and
decreased user intervention from automated sensor calibration and sample input. Furthermore, the
sensor and small volume-microfluidic housing allow for real-time monitoring with the ability to
detect small metabolic changes.® Lastly, monitoring multiple analytes concurrently provides a
better understanding of the cellular processes and pathways of toxicity in healthy and diseased
states. This platform provides a versatile system that can be extended to many analytes and
biological systems.

Because the liver has a direct role in energy and metabolism, producing, storing, and
releasing glucose,’” hepatic models are important for the comprehensive understanding of
pathways and functions in the body. Alpha Mouse Liver 12 (AML12) is a cell line that models the
liver and can be used to study lipid metabolism, liver injury and hepatotoxicity.%® These cells are
amply available, cost effective, and show decreased variation in quality since the cell line is both
immortalized and comes from a healthy host. Furthermore, these cells most closely resemble basal
and insulin-stimulated glucose metabolism in primary mouse hepatocyte cultures.®” To answer
biological questions about insulin and APAP and specifically their interactions with liver cells,
glucose metabolism in a model liver system was investigated to gain insight into these
relationships.

In this work, we present an Os-polymer that couples with glucose and lactate oxidases to
comprise a multianalyte sensor platform for quantification that produces minimal signal

interference with APAP present. Together, this system represents a new method to rapidly analyze
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biological systems by electrochemically monitoring cellular viability, performing toxicity
screenings, and elucidating metabolic pathways. Selectivity assays demonstrated that this platform
is insensitive to APAP, an electroactive interferent, and calibrations were performed in this work
to cover biologically relevant linear ranges while maintaining sensitivity. Longevity studies of the
sensor performance indicated that this novel platform was ideal for interfacing with continuously
operational systems such as liver-on-chips. We used the AML12 cell line to study the effects of
treating the cells with APAP based on its clinical relevance and hepatotoxicity, known redox
activities, and insulin-dependent pathways for glucose metabolism. The platform was applied to
model liver cells to detect glucose metabolism changes and monitor the effects of insulin and

APAP.
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Experimental
Material Procurement

N-vinylimidazole, allylamine, azobisisobutyronitrile (AIBN), 2,2’-bipyridine, ammonium
hexachoroosmate (IV), poly(ethylene glycol) diglcidyl ether (PEGDGE), potassium chloride,
bovine serum albumin (BSA), GOx from Aspergillus niger (152.54 U mg™"), LOx from Aerococcus
viridians (11.29 U mg™'), and glutaraldehyde (25% by wt. aqueous solution) were purchased from
Sigma Aldrich (St. Louis, MO). Sodium phosphate monobasic and sodium phosphate dibasic
(buffer) were procured from Fisher Scientific (Hampton, NH). -D-Glucose was purchased from
Calbiochem (San Diego, CA), and sodium L-lactate was purchased from Alfa Aesar (Haverhill,
MA) and for use in calibrations. Dulbecco’s Modified Eagle Medium supplemented with F12
(DMEM/F12), glucose-free DMEM, F12, fetal bovine serum (FBS) and a primary hepatocyte
maintenance supplement kit (dexamethasone, penicillin-streptomycin (p/s), insulin, transferrin,
selenium complex, BSA, linoleic acid, GlutaMAX, and HEPES) were purchased from Gibco
(Gaithersburg, MD). All reagents were used as received and without additional purification.

The microclinical analyzer (WCA) housing was designed by The Vanderbilt Institute for
Integrative Biosystems Research and Education (VIIBRE, Nashville, TN) and made of
polymethylmethacrylate by the Vanderbilt Microfabrication Core (VMFC, Nashville, TN) that is
operated by VIIBRE.?’ More detailed information for the materials of this device and the screen-
printed electrodes can be found elsewhere.® To automate the system, rotary planar peristaltic
micropumps (RPPM, US patents 9,874,285 and 9,725,687 and applications claiming priority from
US patent application 13/877,925), rotary planar peristaltic five-port valves (RPPV, US patent

9,618,129), microcontrollers, and computer software were implemented in the system
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(VIIBRE/VMFC). CHI 1440 and 1030 potentiostats were purchased from CH Instruments (Austin,
TX) and used in the electrochemical measurements.
Synthesis and Characterization of the Os-based Metallopolymer

To produce the final Os-based redox polymer, Os(bpy).CI-PVI, a polymer and an Os
complex must be synthesized initially. First, the polymer backbone that connects the Os complex
to the electrode, poly(N-vinylimidazole-allylamine) (PVI) was polymerized and purified. To
randomly copolymerize with the N-vinylimidazole monomer and provide additional primary
amine crosslinking sites, allylamine was mixed with the monomer in a 1:1 ratio (equimolar) in
absolute ethanol (10-15 mL).”° This mixture was then added to a septum-sealed round bottom flask
and nitrogen purged (~15 minutes). Then, the initiator, AIBN (60:1 molar ratio of monomer to
initiator), was dissolved in absolute ethanol (2-3 mL) and added through the septum to induce free
radical polymerization in the reaction mixture.”! After initiation, the reaction mixture was heated
in an oil bath (85 °C, 2 hours) to complete polymerization, resulting in a solid. To remove the
unwanted contaminants, ethanol (5-10 mL) was added to this solid, stirred overnight for full
dissolution, and added dropwise to a beaker of rapidly stirring diethyl ether (40 mL), precipitating
and purifying the PVI polymer. This purified PVI was collected on a coarse vacuum frit (Pyrex,
Corning, NY), washed with cold diethyl ether (5-mL aliquots), and dried under vacuum until the
solvent was fully removed (~30 minutes). The PVI was then further purified via dialysis against
DI water using tubing with a 10 kDa mass limit. This PVI was used as the backbone for the Os
complexes in all future experiments and was set aside until the Os complex was synthesized.

Next, the Os portion that forms the redox component of the final Os redox polymer was
synthesized and purified. This synthesis was adapted from a previous method with slight changes

made for this polymer.”? Briefly, this Os redox compound, osmium[bis(2,2’-bipyridine)dichloride]
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(Os(bpy)2Cl), was synthesized by refluxing (45 minutes) ammonium hexachloroosmate with two-
molar equivalents of 2,2’-bipyridine in ethylene glycol (~50 mL) in a 100-mL round bottom flask
under N and cooled (2 hours). The reaction mixture was then added dropwise to the rapidly
stirring aqueous solution of sodium dithionite (~0.1 g mL™! in DI water, 25 mL) to reduce all Os
complexes to the Os(II) state. The reaction mixture was then chilled on ice and filtered using a fine
sintered glass frit (4-5.5 pum) (Pyrex, Corning, NY). Once filtered, the resulting crystals were
washed with three aliquots of cold water (5 mL) and dried on the frit under vacuum (>1 hour), and
then in an oven (65 °C, overnight). Oxygen exclusion may result in higher yield.

To form the final Os polymer, Os(bpy).CI-PVI, the Os(bpy).Cl> and the PVI components
were reacted and then 'H-NMR and cyclic voltammetry (CV) were used to characterize the
product. First, Os(bpy).Cl> and PVI were dissolved separately in absolute ethanol (10-15 mL),
vortexed, and gently heated. Then, these solutions were combined together in a 100-mL round
bottom flask, so the Os(bpy).Cl» was loaded onto the PVI backbone under reflux (1:10 molar ratio
Os to imidazole) while stirring in an oil bath (48 hours at 85 °C). The reflux condenser was capped
to limit ethanol evaporation during reflux. Then, the reaction mixture was cooled, and ethanol was
slowly evaporated under gentle heating and N»-stream until 6-10 mL were left. The reaction
mixture was slowly added dropwise to a stirring solution of diethyl ether (~30 mL) on an ice bath.
This Os polymer-ether mixture was then chilled on dry ice, and the precipitate was filtered on a
fine sintered glass funnel. This precipitate was then washed with excess volumes (>30 mL) of cold
ether to remove unbound Os(bpy):Cl> and dried under vacuum (<10 Torr, overnight). The
product, Os(bpy)2CI-PVI, was characterized by 'H-NMR (Figure 3.2) and CV (Figure 3.3) to
determine the approximate metal-loading percentage and redox potential, respectively. This

product was stored in the dark and was used for all experiments (up to 3 years).
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Figure 3.2 '"H-NMR of Poly(N-vinylimidazole-allylamine) and Os(bpy)2CI-PVI. The 'H-NMR
spectra of PVI and Os-based PVI (20 mg mL!' in D>O) were collected from at least 128 scans
using a 400 MHz Bruker spectrometer with water suppression. There is a multiplet at 6 6.5-7 ppm
that corresponds to the protons a, b, and ¢ on the structure for both polymers. The PVI spectrum
(top) shows a single proton (d) that produced three groups of peaks. At 6 2 ppm, there are two
protons (e) that produced a doublet. The Os-polymer spectrum (bottom) had imidazole protons (d,
e, and f) that produced signals at 6 7.5-8.5 ppm, resulting from the Os-complex substitution on
the polymer backbone.
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Figure 3.3 Cyclic Voltammogram of Os(bpy)2CI-PVI. The cyclic voltammogram was performed
using an SPE modified with Os-polymer in a 26-uL flow chamber under a flow rate of 100 pL
min!, showing the oxidation of the osmium at 0.177 V and a reduction of the osmium at 0.135 V
(1 mM phosphate buffer, 120 mM KCI, 10 mM APAP, pH = 7.00). The current vs. potential is
shown in the CV (-0.2 to 0.4 V, 0.5 V s!) of the Os-polymer. Oxidation of APAP began around
0.250 V (vs. Ag/AgCl). An internal reference, Ag/AgCl, and counter electrode, Pt, were used.
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Electrochemical Housing Configuration

Comprised of a screen-printed electrode (SPE) in a flow chamber, the pCA was used for
calibrations and sample analysis. SPEs served as the underlying substrate for this platform and
were modified for sensitivity and selectivity.?” The SPE featured three parallel 1.8 mm? circular
working electrodes, a 19 mm? auxiliary electrode, and a 0.08 mm? reference electrode, all printed
in platinum on a ceramic base. Each working electrode was modified for a specific analyte of
interest. Experiments were performed using the modified SPEs in a polymethylmethacrylate flow
chamber that was aligned with magnets and compressed with screws. An O-ring sandwiched
tightly between the SPE face and the polymethylmethacrylate created the 26-uL flow chamber,
ultimately forming the housing for the SPE, known as the pnCA. This apparatus is depicted in detail
elsewhere.®%

Electrode Modification

To make these biosensors, reference and working electrodes were generated through
electrodeposition and enzyme solution modifications. Initially to make the internal reference
electrode, silver was electrodeposited on the electrode followed by immersion in an FeCls solution,
creating the Ag/AgCl interface with slight modifications from previously developed methods.?7?
Then, working electrodes had either an Os-polymer-enzyme mixture or a first-generation enzyme
solution for comparison deposited on the electrode for detection of glucose or lactate.

To prepare a sensor with an internal reference of Ag/AgCl, a preconditioning step and
plating method were performed in a stirring silver nitrate solution (0.3 M AgNOs, 1 M NH4OH)
with an external Ag/AgCl (3 M KClI) reference electrode and a platinum mesh counter electrode.
A preconditioning step was first applied (0.3 to 0.95 V, 0.5 V s!), which was followed by a

potential hold (0.95 V, 30 s). Then, the electrode was scanned (0.95 to -0.15 V, 0.5 V s7!) with a
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subsequent plating potential hold (-0.15 V for 450 s). Following plating, the electrode array was
removed from the silver nitrate solution and immediately immersed and agitated in FeCl3 (50 mM,
1 minute) to form a silver chloride layer, generating the internal reference electrode.

Next, an Os-polymer-enzyme mixture was deposited on a working electrode and dried
overnight for detection of glucose or lactate. Glucose-specific electrodes were modified using a
solution of GOx (0.25 mg mL! in 50 mM buffer), Os(bpy).CI-PVI (50 mg mL! in 50 mM buffer),
and PEGDGE (5% v/v). For instance, 5 pL of a more concentrated GOx solution (0.5 mg mL™! in
50 mM buffer) is added to 4.5 uL of the Os(bpy)>CI-PVI solution (111 mg mL! in 50 mM buffer)
and 0.5 pL of neat PEGDGE. Lactate-specific electrodes were prepared similarly with PEGDGE
(5% v/v), except with LOx (2.5 mg mL! in 50 mM buffer) and Os(bpy)2CI-PVI (22.5 mg mL! in
50 mM buffer). Similarly, for a LOx Os-polymer sensor, 5 pL of a LOx solution (5 mg mL™! in 50
mM buffer) is added to 4.5 pL of the Os(bpy)2CI-PVI solution (50 mg mL-! in 50 mM buffer) and
0.5 uL of neat PEGDGE. These solutions were vortexed (5 seconds) in small tubes and then rested
to ensure sufficient crosslinking (1 hour, room temperature). These Os-polymer-enzyme solutions
were dropcast by pipetting 0.5-uL aliquots onto the working electrodes to create enzyme films.
Films were dried at room temperature and then moved to the refrigerator for overnight
crosslinking. After the initial use, sensors were then stored (2 °C) in buffered saline solution (2
mM buffer, 120 mM KCI, pH 7.00).

Simultaneously, first-generation enzyme-BSA crosslinked films were prepared similarly
for comparative purposes. The sensors were prepared with the same enzyme concentrations used
for Os-polymer sensors. However, BSA (31 mg mL!) in buffer (50 mM) replaced the Os-polymer,
and glutaraldehyde (0.25% w/v) replaced the PEGDGE crosslinker in the electrode modification

solutions. These solutions were also vortexed (5 seconds) but were immediately deposited, unlike
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the Os-based sensors. Similar to the procedure for the Os-polymer-enzyme solutions, the enzyme-
BSA-glutaraldehyde solutions were dropcast as 0.5-pL aliquots onto the working electrodes to
create enzyme films. These sensors were dried at room temperature and stored in the same manner
as the previously mentioned Os-polymer sensors.
Sensor Calibrations

Calibrations were completed from glucose, lactate, and APAP standards using a system
comprised of automated pumps and valves, the pCA, and a potentiostat. Standards for all three of
the chemicals were prepared in buffered saline solution. Each calibrant solution contained
increasing quantities of glucose and lactate such that simultaneous calibrations could be performed
for the analytes. Comprised of 18 calibrants, the analyte ranges used in this study were 0-23 mM
for glucose (Figure 3.4) and 0-2.5 mM for lactate, which allowed for the linear range of each
analyte to be determined. Separately, APAP was calibrated in the system with five calibrants
increasing from 0 to 10 mM APAP for use in later selectivity studies. To establish a baseline for
all of the calibrations, the same background buffered saline solution was flowed between every
calibrant. A pump and valve system (flow rate of 100 uL min"') was used for automation, increased
sample/calibrant throughput, and ease of use.® The pCA described above was operated in
conjunction with the potentiostats to measure the calibrant signals. CHI 1440 and 1030
multichannel potentiostats were used to record the amperometric signals (glucose, lactate, and
APAP, sampling frequency of 1 sec!). The potential for analyte quantification is held at 0.2 V (vs.
internal Ag/AgCl) for the Os-based sensors since it is a slightly more oxidative potential relative
to the redox potential of the coordination complex — Os(bpy).CI-PVI (0Os*?*) or at 0.6 V (vs.

internal Ag/AgCl) for the first-generation sensors.
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Figure 3.4. Continuous Measurement of Os-based GOx Sensor. Graphical representation of the
current (LA) vs. time (min) using an Os-based GOx sensor for glucose detection. One example for
a continuous measurement using this sensor for glucose with 18 calibrants ranging from 0 to 23
mM where the calibrants are highlighted in blue. There is buffered saline solution in between
calibrants to obtain a steady state in current before measuring the next calibrant. Experiment was
performed in buffered saline solution (ambient conditions) at 0.2 V.
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Using linear and non-linear regression of the current versus concentration, limit of
quantitation, the maximum limit of linearity, sensitivity of the electrode, maximum rate of reaction,
and concentration at 50% saturation of the enzyme were determined. By adding the signal of the
blank (buffered saline solution) to ten times the error of the blank and dividing by the sensitivity,
the limit of quantitation was determined. To set the upper limit of linearity, the slope between
calibration points was used to determine the approximate limit point. Subsequently, the next
calibration point was added. If the slope changed by 5% or more from the previous slope without
that point then the limit remained the same and the previous datapoint is the maximum limit of
linearity.® Using the linear range of the data set (limit of quantitation to maximum limit of
linearity), a regression of this data set determined the sensitivity of the electrode based on the slope
of the line. A non-linear regression was performed on both of the Os-based sensors (glucose and
lactate) to determine the maximum rate of reaction for the enzyme, Vmax, and the concentration at
50% saturation of the enzyme, K.

Operational Longevity

Calibrations (7 calibrants within linear range) were completed daily for Os-polymer GOx
and LOx sensors to ensure operational longevity for continuously operational systems. Standards
for both of the analytes of interest contained increasing quantities of glucose and lactate such that
simultaneous calibrations could be performed in buffered saline solution. This same buffered
saline solution was also used as the baseline for all of the calibrations and flowed between every
calibrant. Similar parameters were used for the sensor calibrations previously stated above. In
short, the same system comprised of automated pumps (flow rate of 100 pL. min!') and valves, the

HUCA (potential held at 0.2 V vs internal Ag/AgCl), and a potentiostats (CHI 1440/1030) were used

in these experiments. However, after each calibration, the sensor was removed from the pCA and
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stored (2 °C) in buffered saline solution overnight. Then on the next day, another calibration was
completed until calibrations for seven days was completed.
Selectivity Assay

A selectivity assay was performed to compare the signal contribution from interference
(APAP) and analyte (glucose or lactate) in first-generation and Os-polymer sensors based on
selectivity coefficients. The contribution of interference in an amperometric sensor can be

represented by a selectivity coefficient, Ky ; ', where a is the analyte for a specific sensor and i is

the interferent.”* The amperometric selectivity coefficient is the quotient of the signal (current)
produced from an interferent relative to the interferent concentration, and the current from the

analyte relative to the analyte concentration. This relationship is summarized below in Equation 1.
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The signal produced at a certain concentration of the interferent, C;, is defined as ;. Similarly, i, is
the current detected for the specific analyte at a defined concentration, C,. This calculation is used
in a comparative study of the Os-polymer sensors and first generation sensors with respect to the
analytes and model interferent. By performing a calibration with the Os-based sensors using
increasing concentrations of the interferent or analyte independently, the signal contributions of

interferent and analyte were separately determined. Then, K Z?p values for the Os-polymer and

first-generation sensors were calculated. The amperometric selectivity coefficients are presented

as log(K ZTP) values for ease of comparison. Sensors in which the interferent signal dominates

over analyte have selectivity values that are positive (APAP-selective), whereas favorable
(analyte-selective) coefficients are negative. These values are later used to demonstrate the

selectivities of the sensors.
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Cell Culture

AMLI2 cells (ATCC, Manassas, VA) were grown from cryopreserve, incubated, and
plated onto a 12-well plate for treatment. The cells were first thawed from a liquid nitrogen
cryopreserve and added to warmed media (DMEM/F12 with 10% FBS, 1% p/s, and a primary
hepatocyte maintenance supplement kit). Then, the cell suspension was spun down (125 x g, 7
minutes). After discarding the supernatant, 1 mL of media was added to the cell pellet, and the
cells were counted. Cells were subsequently added to ~10 mL of media in a T75 flask so that the
flask contained ~250,000 cells (50,000 cells mL"), and it was then incubated (37°C, 5% CO»).
After the cells reached 90% confluency, they were trypsinized (0.25% w/v trypsin-EDTA), spun
down (125 x g, 7 minutes), resuspended in media, and plated onto a 12-well plate (50,000 cells
mL"). The cells on the well plate were grown to 90% confluency before treatment.
APAP and Insulin Treatment

To determine the effects of APAP and/or insulin on cellular metabolism, cells were
subjected to one of four treatment protocols and then analyzed using the Os-based sensor. One day
before the APAP treatment, the AML12 cell media was switched to a minimal media (DMEM/F12,
50% v/v, 5 mM glucose, without both serum and the primary hepatocyte maintenance supplement
kit). For treatment, cell media was changed to one of four conditions: minimal media with protocol
1) no additives (media change); protocol 2) APAP only (1.4 mM ); protocol 3) insulin only (10 pg
mL); or protocol 4) APAP and insulin. The treatment media was removed after 2 hours in
experiments without insulin and after 24 hours in those containing insulin for analysis by a GOx
Os-based sensor. Basal and treatment unconditioned media inputs were also analyzed by both

types of sensors for comparison.
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Results.
Synthesis and Characterization of the Os- flow rate of 100 uL min!)

Prior to analysis, the Os-polymer was characterized by 'H-NMR and CV. Based on the
ratio of proton integration values in the 'H-NMR spectra, the polymer had a metal-loading
percentage of 9% (Figure 3.2). The redox potential of the Os-based polymer was identified as
+156 mV (vs. Ag/AgCl) by CV (Figure 3.3). These methods confirmed the structure of the Os-
polymer and that it oxidized at a lower potential than APAP as anticipated.”!

The unloaded polymer, PVI, (Figure 3.2 PVI) was analyzed by 'H-NMR. Peak
integrations were normalized to three protons for the multiplet of peaks in the downfield region (&
6.5-7 ppm) corresponding to the aromatic protons of the imidazole sidechain (PVI — a, b, and c).
Due to the mixed tacticity of this polymer, the proton signal attributed to the single proton (PVI —
d) is observed as three different groups of peaks (6 2.4-3.6 ppm). Finally, the two protons found
on the unsubstituted carbon in the polymer backbone (PVI — ¢) produced a doublet (5 2 ppm).

After covalently attaching the Os-coordination compound to the polymer backbone, 'H-
NMR was used to calculate the amount of Os loading percentage on the PVI. Due to the sensitivity
of the imidazole protons in their chemical environment, a large downfield shift was observed when
the Os-complex substituted onto the imidazole side chain the (Figure 3.2 Os(bpy):CI-PVI).
Imidazole protons (Os(bpy).CI-PVI — d, e, and f) produced signals further downfield than the
unsubstituted polymer (8 7.5-8.5 ppm). By comparing the integration of protons on the unmodified
imidazole (PVI — a, b, and c) to the total integration of protons for both the downfield, Os-bound
imidazole (Os(bpy).CI-PVI —d, e, and f) and the unmodified (PVI— a, b, and c¢), an approximation
for the metal-loading percentage was calculated. This relationship is summarized below in

Equation 2.
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unmodified protons

(2) metal — loading percentage = X 100%

unmodified protons + bound protons
For the Os-polymer used in these studies, there was an osmium metal-loading of approximately
9%.

Based on the cyclic voltammogram, a redox potential of 0.156 V (vs. Ag/AgCl) was
determined. The electrochemical reversibility of this redox couple was evident in the AE; of 21
mV. To identify the onset potential of bulk APAP relative to the Os>"** redox couple, APAP was
included in this voltammogram. The onset of APAP oxidation occurred around 0.250 V (vs.
Ag/AgCl). To oxidize the Os couple to the 3+ state, a potential that was slightly more positive than
the peak in the oxidation portion of the voltammogram was selected. In addition, to avoid APAP
interference, this potential must be less than 0.250 V (vs. Ag/AgCl), thus 0.2 V (vs. Ag/AgCl) was
ideal for this sensor operation and was used in all studies and experiments.

Selectivity Assay

To compare differences between the Os-based sensors presented here and first-generation
sensors, selectivities between the analyte and interferent were investigated. Direct comparison of
these sensor types indicated the increased selectivity of Os-polymer sensors to the analyte of
interest over a model interferent, APAP. The first-generation sensors showed approximately a 0.3-
fold selectivity of glucose and 1.79-fold selectivity of lactate over APAP in the same saline
buffered solution (Figure 3.5, left). In comparison, the Os-based sensors were approximately 40-
fold more selective for glucose and 200-fold more selective for lactate over APAP in a saline
buffered solution (Figure 3.5, right). Therefore, the Os-based sensors have about 2 orders of

magnitude (100x) more selectivity for both analytes over first generation sensors.
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Figure 3.5. Selectivity Assay Graph Comparing Os-Polymer and First-Generation Sensors.
Logarithmic representation of the selectivity coefficients for APAP with glucose (blue) and lactate
(red) sensors. The first-generation sensors (left)—oxidase enzyme with BSA—had log (K ©

values of 0.5 £ 0.1 for glucose and -0.25 + 0.01 for lactate, indicating a preference of APAP over
glucose and a slight preference for lactate over APAP, respectively. After coupling one of the
oxidase enzymes with the Os-polymer, the Os-based sensors (right) had selectivity coefficients for
glucose at -1.61 £ 0.03 and lactate at -2.29 £ 0.02, indicating a strong preference for the analyte in
both cases. Potentials were held at 0.6 V (vs. Ag/AgCl) for the first-generation sensors and 0.2 V
(vs. Ag/AgCl) for the Os-polymer sensors. Experiments were performed in buffered saline solution
at ambient conditions. Data represented as the average with standard deviation, n = 3.
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The amperometric selectivity coefficients are presented as log(K Z'i"p ) values. A positive

selectivity value indicated the sensor was APAP-selective, and a negative selectivity value was
analyte-selective. The first-generation sensors had a positive value for the glucose selectivity
coefficient and a slightly negative coefficient for lactate. Therefore, the first-generation sensor was
more selective for APAP with the glucose sensor, while the lactate sensor was only slightly more
selective for the analyte. However, the Os-polymer sensors were significantly more negative for
both analytes compared to the first-generation (p < 0.01), meaning they were more selective for
the analytes. Direct comparison of these sensor types revealed the increased selectivity of Os-
polymer sensors to the analyte of interest over a model interferent, APAP.
Sensor Calibrations

Calibrations were performed for glucose and lactate to compare the sensitivities of both
types of sensors. The sensitivities of the first-generation and Os-based GOx sensors were 0.166 +
0.013 pA mM! and 0.350 £ 0.006 pA mM!, respectively (Figure 3.6, left). A first-generation
LOx sensor showed a sensitivity of 1.71 + 0.03 pA mM-!, but the Os-polymer LOx sensor had a
higher sensitivity at 2.00 + 0.05 uA mM-! (Figure 3.6, right). Both the Os-based GOx and LOx

sensors offered increased sensitivity compared to the first-generation sensors.
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Figure 3.6. Representative Calibration Curves of Os-based Sensors. It shows anodic current vs.
analyte concentration with the limits of linearity, limits of quantitation, Vimax, and K for Os-based
GOx (left) and LOx (right) sensors. The linear range, indicated by the two dotted red lines, were
50 uM to 10 mM and 2 to 324 uM for glucose and lactate, respectively. The slopes are represented
by solid blue lines [y = (0.350 £ 0.006)x — (0.02 + 0.03), R? = 0.99] for the Os-polymer GOx sensor
and [y = (2.00 + 0.05)x — (0.016 + 0.007), R? = 0.99] for the Os-based LOx sensor. Using non-
linear regression, shown in solid red, Vmax and K were calculated for both analytes. For the Os-
based GOXx sensor, Vimax was 4.4 x 10 mol min™! and Ky, was 33 mM. The Os-polymer LOx had
a Vmax 0of 6.0 x 1071 mol min™! and K of 0.67 mM. Inset: zoom-in of the lower concentrations of
each analyte showing the lower limit of linearity (limit of quantitation). Experiments were
performed in buffered saline solution (ambient conditions).
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To test the linear range of the Os-based sensor, calibrations were performed for both
glucose and lactate. Glucose was detected as low as 43 uM and quantified as low as 50 uM. At
higher concentrations of glucose, the data began to deviate from linearity at ~10 mM, so the linear
range was 50 uM to 10 mM (Figure 3.6, left). Non-linear regression identified the Vimax and K
for glucose as 4.4 x 10 mol min™! and 32.9 mM, respectively. Similarly, the newly developed
lactate sensor was tested to determine the linear range. The limit of detection was 1 uM while the
limit of quantitation was 2 uM for lactate. The data began to deviate from linearity at 324 uM.
Based on a non-linear regression model of the data, the Vmax and K were 6.0 x 1071 mol min!
and 0.67 mM, respectively. Therefore, the linear range for the lactate sensor spanned from 2 to
324 uM (Figure 3.6, right). Both of the Os-based sensors offered a wide biologically-relevant
linear range.

Operational Longevity

The sensitivities of the Os-based sensors were monitored over time to investigate the long-
term stability of sensor performance. To do this, a calibration was carried out daily for a week for
the Os-based GOx and LOx sensors. The sensitivity of the GOx sensor decreased from 420 + 7 nA
mM ! to 313 £ 7 nA mM!, a 26% decrease, while the sensitivity decreased from 2460 + 70 nA
mM! to 1730 + 70 nA mM-!, a 29% decrease for the LOx sensor over the weeklong experiment

(Figure 3.7).
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Figure 3.7. Operational Longevity of the Os-based GOx (A) and LOx (B) Sensors. These were
tested by calibrating daily for seven days. Anodic (oxidative) current vs. calibration day vs. analyte
concentration reported above. The sensitivity of the GOx sensor decreased from 420 + 7 nA mM-
"to 313 £ 7 nA mM"!, and the LOx sensor sensitivity decreased from 2460 + 70 nA mM! to 1730
+ 70 nA mM! in the course of the week. Experiments were performed in buffered saline solution
(ambient conditions) at 0.2 V. Data represented as the average, n = 3 replicates.
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APAP and Insulin Treatment

To test the biological relevance of the Os-polymer sensors, AML12 glucose metabolism
was observed with and without the addition of a background interferent. A glucose concentration
above 5 mM (basal media concentration) denotes produced glucose while a glucose concentration
below 5 mM signifies consumed glucose. Four control media samples were measured for glucose
using the Os-polymer sensor. The basal media was treated with: protocol 1) no additives (4.78 *
0.09 mM glucose, Figure 3.8, solid blue); protocol 2) added APAP (4.91 £ 0.05 mM glucose);
protocol 3) added insulin (4.63 £ 0.14 mM glucose); and protocol 4) added both APAP and insulin
(4.79 £ 0.10 mM glucose). These values are not significantly different (p = 0.28), so the basal
media without additives is shown below as a representative for the control media. When compared
to the control media, cells cultured in only basal media, protocol 1, and basal media with APAP,
protocol 2, showed increased concentrations of glucose (7.15 £ 0.06 mM glucose and 6.78 + 0.09
mM glucose, respectively) when compared to the control media (Figure 3.8, striped). In contrast,
the glucose concentration decreased in cells challenged with protocol 3, media with insulin, (4.43
+ 0.11 mM glucose) and protocol 4, insulin-containing media from APAP-treated cells (3.83 +

0.09 mM glucose, Figure 3.8, checkered) when compared to the control media.
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Figure 3.8. Glucose Consumption of AML12 Cells Treated with APAP and/or Insulin. Bar graph
displaying the glucose concentration analyzed using an Os-based sensor vs. sample type including
control and cellular samples. AML 12 cells were grown to 90% confluency in four different growth
protocols and their glucose metabolism was monitored using the Os-based sensor and compared
to a control without cells. Reduced glucose media is shown as the control with 4.78 £ 0.09 mM
glucose. Cellular media without insulin was analyzed after two hours of exposure and is
represented with stripes. Protocol 1 was the cellular media (reduced glucose DMEM/F12) without
APAP and had 7.15 £ 0.06 mM glucose. Denoted as protocol 2, cells treated with APAP (1.4 mM)
had 6.78 £ 0.09 mM glucose. The samples, illustrated with diamonds, were cultured in insulin-
containing media and analyzed after 24 hours of exposure. The cells cultured in media with insulin
(10 pg mL') but without APAP were protocol 3 and had 4.43 + 0.11 mM glucose, while the media
from insulin- (10 ug mL") and APAP- (1.4 mM) treated cells was protocol 4 and had 3.84 + 0.09
mM glucose. Experiments were performed in reduced glucose DMEM/F12 media (ambient
conditions). Data represented as an average and standard error with n = 3 biological replicates.
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To determine the effect of insulin on glucose metabolism, AML12 cells were cultured with
and without insulin and analyzed by the Os-polymer sensor. Glucose concentration changes due
to the addition or removal of insulin were compared between cells treated the same (basal media
or APAP-added). In comparing the cells that were left untreated and were either cultured with
insulin (4.43 £ 0.11 mM glucose) or without it (7.15 £ 0.06 mM glucose), the glucose metabolism
showed a significant difference (p < 0.01). Similarly, the APAP-treated cells were significantly
different in glucose metabolism between those with (3.83 £ 0.09 mM glucose) and without insulin
(6.78 £ 0.09 mM glucose) in the media (p < 0.01). Cells that were cultured without insulin had a
larger glucose concentration than those with it.

While further examining glucose metabolism, the effect of APAP was analyzed using the
Os-polymer sensor by treating cells with either basal media alone (untreated) or basal media with
APAP. Samples from the media without insulin had a significantly decreased glucose
concentration (p < 0.01) for those cells treated with APAP (6.78 £ 0.09 mM glucose) compared to
the untreated cells (7.15 £ 0.06 mM glucose). The untreated cells (4.43 = 0.11 mM glucose) had
significantly increased glucose compared to the APAP-treated cells (3.83 £ 0.09 mM glucose) in
media containing insulin as well (p < 0.02). Based on these results, the APAP-treated cells have
less glucose in the media compared to the untreated cells.

To demonstrate the decreased sensitivity of the Os-based sensor to the model interferent
basal media with and without APAP was analyzed using both types of sensors. When analyzed by
a first-generation sensor, the basal media with insulin (3.0 £ 0.6 mM glucose) had a lower glucose
concentration than the same basal media and insulin with added APAP (24 £ 2 mM glucose)
(Figure 3.9). There was a significant difference in the basal media with and without APAP (p <

0.01). However, the same comparison between basal media with insulin (4.63 + 0.14 mM glucose)
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and basal media with insulin and APAP (4.79 £ 0.10 mM glucose), but analyzed by an Os-based
GOx sensor was not significantly different (p = 0.44). Since the Os-based sensors did not show
significantly different results while the first-generation sensors did, it was confirmed the Os-based

sensors had decreased sensitivity to APAP.
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Figure 3.9. Comparison Graph of Control Media with First-Generation Sensors. Bar graph
displaying the glucose concentration vs. controls (no cells) using a first-generation sensor for
analysis. The glucose concentrations of the control without APAP (reduced glucose media with 10
ug mL ! insulin) was 3.0 + 0.6 mM glucose, while the same control with added APAP (1.4 mM)
had 24 £ 2 mM glucose. Experiments were performed in reduced glucose DMEM/F12 media
(ambient conditions). Data represented as the average and the standard error, n = 3 biological
replicates.
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Discussion.

Electrochemical microphysiometry is an effective method in studying cellular
bioenergetics and toxicity.* However, electroactive signal interference may prevent accurate
detection of the analytes of interest. In this work, Os-polymer sensors were used to mitigate
interference by reducing the potential bias of the electrode. These sensors showed high analyte-
selectivity, had a biologically-relevant linear range with increased sensitivity for the analyte
compared to first-generation sensors, and established operational stability for use with model
organ-on-chip systems. Together with the pCA, this system provided an easy-to-use and versatile
format for sensing metabolites to improve diagnosing and monitoring health and disease.*’*

First, selectivities between the analyte and interferent were investigated for the developed
Os-based sensors for comparison with the first-generation sensors. These Os-based sensors were
approximately two orders of magnitude more selective than first-generation sensors for both
analytes, demonstrating the reduced interference from APAP due to the presence of the Os-
polymer that allowed for a reduced potential bias. Because the Os-based sensors were less affected
by the interferent, the results from these sensors provided more accurate details about the system.
This interferent insensitivity makes the high-resolution Os-polymer sensors ideal for monitoring
changes in multiple biological analytes over a high background of an electroactive interferent,
APAP.

Both of the new Os-based biosensors for glucose and lactate showed higher selectivity for
their respective analytes compared to the redox-active interferent, APAP, since the Os-polymer
allowed for a lower potential to be applied at the electrode surface. Because the Os-polymer
biosensors were operated at 0.2 V (vs. Ag/AgCl), minimal APAP signal was generated. This

reduced signal is expected, because 0.2 V (vs. Ag/AgCl) is well below the potential threshold for
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bulk APAP oxidation. Conversely, the 0.6 V (vs. Ag/AgCl) electrode bias required to transduce a
signal from the O2-H2O: couple in first-generation sensors was high enough to oxidize interferents
in the solution. Additionally, the observation of an anodic (negative) current in these sensors
confirmed the predicted electron flow mechanism (Figure 3.1), in which electron donation occurs
first from the oxidase enzyme to the reduced osmium (Os**) complex and finally to the SPE.
These polymers not only decrease interference, they are also predicted to improve
sensitivity of the sensor over first-generation sensors. Os-based GOx sensors have shown to have
better sensitivity compared to first-generation GOx sensors (Figure 3.10). Because there are
increase amine sites because of the imidazole there is increased crosslinking and increased electron
transfer. Os(bpy)2CIl-PVI had higher crosslinking efficiency with increased amine sites from the
imidazole in the polymer while maintaining higher electron transfer from the osmium complex.
Covalent linking of the enzyme to the hydrogel provided an enhanced pathway for electron
transfer, thus increasing the sensitivity of the Os-based sensors compared to first-generation

sensors.”
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Figure 3.10. First-Generation Glucose Sensor Calibration Curve. Representative calibration curve
of anodic current vs. analyte concentration showing the linear range of a first-generation GOx
sensor. This shows the calibration from 0 to 10 mM. The slope is represented by a solid black line
[y =(0.192 £ 0.009)x — (0.06 + 0.03), R? = 0.99] for the first-generation GOx sensor. Experiments
were performed in buffered saline solution (ambient conditions).
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Further evidence for the advantage of the Os-based sensors was the improved sensitivity
while simultaneously spanning a large linear range necessary for monitoring a variety of biological
processes. The first-generation sensors had a lower sensitivity for both glucose and lactate
compared to the Os-polymer sensors. As predicted, the Os-polymer mediates an enhanced electron
pathway, producing a higher sensitivity. More specifically, there was a 111% increase in
sensitivity for the Os-polymer GOx sensors and a 17% increase in the sensitivity for Os-based
LOx sensors compared to their respective first-generation sensors. This increased sensitivity
allowed for a low level of detection and quantitation while still including higher concentrations
which are both necessary for model organ systems and other biological applications. While there
was slightly less sensitivity for Os-based glucose sensors compared to previous Os-polymer
sensor, there was a slightly improved sensitivity for the Os-based LOx sensors.”®’” Based on
previous data, the Vmax value for the glucose Os-based sensor was similar to that of a first-
generation, but the lactate Os-polymer sensor was a magnitude less than a first-generation sensor.”®
The lactate sensor does not need to measure as high as the glucose so a lower Vmax value is
acceptable.? Furthermore, the Os-polymer GOx sensor had a slightly higher limit of quantitation
but also had a much higher limit of linearity compared to a previously developed glucose Os-based
sensor.” This is helpful for media-based detection that usually has glucose in it such as in this
work with the AML12 cells. In addition, both types of these Os-polymer sensors had a higher limit
of detection but a lower limit of linearity when compared to first-generation sensors.?’ These

sensors offered improved sensitivity and a wide linear range for glucose (50 uM to 10 mM) and

lactate (2 to 324 uM) that is suitable for monitoring cellular function and biological processes.!*"-

49,80-83
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Finally, considering the utility of this sensor platform in tandem with a continuously
operational system, the longevity of sensor performance was investigated. In both sensors, after
an expected initial sensitivity decrease was observed from enzymatic activity loss, the sensitivity
decreased slightly and stayed stable over the weeklong study (Figure 3.11). These sensitivity
decreases were expected in first-generation sensors as well, so the operational stability was not
compromised by the addition of the Os-polymer.?® First-generation sensors have been tested
previously for longevity, showing loss of sensitivity attributed to enzyme degradation.?® Though
the first-generation sensors showed they could be used up to three weeks for glucose and two
weeks for lactate, these Os-based sensors were only tested for seven days and may have longer
operational longevity than tested.?® Furthermore, the electrodes still yielded a significant analyte
response, upon which a new calibration curve was prepared. Another Os-based glucose sensor
showed similar stability of a week as the Os-based sensor presented here.” The slight decrease in
sensitivity throughout the week emphasized the need for regular recalibration in continuously
operational sensors. These sensors are promising for their use in monitoring multiple biological

analytes over extended periods of time.
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Figure 3.11. Comparison Graphs for Glucose and Lactate Sensitivities for Operational Longevity.
Operational longevity of the Os-based glucose oxidase (A) and lactate oxidase (B) sensors was
tested by calibrating daily for seven days. Sensitivity (nA/mM) vs. calibration day is reported
above. The sensitivity of the GOx sensor decreased from 420 + 7 nA mM™! to 313 + 7 nA mM!,
and the LOx sensor sensitivity decreased from 2460 + 70 nA mM-! to 1730 + 70 nA mM! in the
course of the week. Experiments were performed in buffered saline solution (ambient conditions)
at 0.2 V. Data represented as the average, n = 3 replicates.

50



The culturing media dysregulated glucose metabolism of AML12 cells with the addition
or removal of insulin. The cells cultured in media with insulin had decreased glucose
concentrations when compared to control media. Presumably, the cells were consuming glucose
and exhibiting the regular insulin-stimulated glucose metabolism shown in AMLI12 cells.*® Both
of the samples without insulin showed increased concentrations of glucose compared to the control
media. Therefore, glucose was produced, which is consistent with previous results from AMLI12
cells without insulin.%®® These results validate the Os-based sensor as an accurate detection
method. Glucose metabolism of AMLI12 cells reversed with the addition of insulin to the culturing
media.

Glucose metabolism of treated and untreated AML12 cells was investigated with a
background interferent to test the Os-polymer sensors’ biological relevance and application to
model organ systems. Because there is a risk of liver damage with a blood level of APAP at 200
pg/mL (1.3 mM for the average person) after four hours of ingestion, a concentration of 1.4 mM
APAP was chosen to induce liver changes in glucose metabolism.®* Both sets of APAP-treated
cell media had a lower glucose concentration than the accompanying untreated cells, indicating
the APAP-treated cells had dysregulated glucose metabolism. The cells were likely consuming
more glucose to compensate for the stress of APAP exposure and the onset of toxicity, thus
changing the glucose metabolism of the cell. Therefore, we accurately measured glucose
metabolism in the presence of APAP and showed the dysregulation due to the toxicant with the
Os-based sensor.

Finally, a comparison of the two different sensors was investigated, highlighting the
strength of the Os-polymer sensors to mitigate interference. There was a large difference between

the basal media with and without APAP when analyzed by the first-generation sensor, but no
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difference is seen in the same media samples analyzed by the Os-based sensors. This juxtaposition
emphasized the increased resolution of the developed sensors while maintaining the integrity of

the sensor for a more accurate detection method than first-generation sensors.

52



Conclusions.

A new multianalyte biosensor platform was constructed to directly quantify changes in
glucose and lactate over high backgrounds of an electroactive interferent, APAP. Os-based redox
hydrogels were utilized to mediate electron transport from the enzyme to the electrode, reducing
the need for high electrode potentials, and therefore mitigating the effects of APAP on the
electrochemical signal. Flow-based experiments using the pCA were performed simultaneously
for glucose and lactate Os-based sensors. The automation that the uCA offers and the addition of
these sensors to the ever-expanding toolbox of measurable analytes provides an efficient and
versatile format. Selectivity assays indicated greatly diminished signal contributions from
interferent with improved sensitivity in the Os-based sensors when compared to first-generation
biosensors. The Os-polymer sensors offered a wide linear range that can be used for measuring
changes in the metabolic profile of biological systems. Finally, long-term performance evaluations
revealed that these sensors retain substantial analytical sensitivity after several days of use and
storage, indicating that this platform can successfully be integrated in-line with a biological system
for analysis. The results from cellular experiments indicated 1) the removal of insulin from basal
media reversed glucose metabolism in AMLI12 cells; 2) APAP increased glucose consumption in
the cells; and 3) the Os-based sensor had diminished signal interference compared to the first-
generation sensor. This high-resolution platform can easily be translated to other applications such

5

as glucose meters for diabetics,’? lactate sensors for the food industry,® and biomimicry for

pharmaceuticals (organs-on-chips).86-?
Acknowledgments.

The authors thank Dr. Nathan Schley and Margaret Calhoun from Vanderbilt University

for assistance with the polymer and Dusty Miller and Evan Gizzie for assistance in designing and

53



performing experiments. The authors graciously acknowledge financial support from the Defense
Threat Reduction Agency (DTRA) under award CBMXCEL-XL1-2-0001, and the Environmental
Protection Agency (EPA-83573601). This work was also supported in part by the National
Institute of Health training grant (ES007028), EPA (83573601), and IARPA (2017-17081500003)
and using the resources of the Vanderbilt Microfabrication Core operated by the Vanderbilt

Institute for Integrative Biosystems Research and Education.

54



Chapter 1V

MULTIANALYTE AMPEROMETRIC ELECTROCHEMICAL BIOSENSOR PLATFORM
FOR ANALYSIS OF MODEL ORGAN SYSTEMS

Electrochemical biosensing provides insight into the processes of biological
systems.*!82%3! These sensors are most commonly used to detect and quantify single analyte i.e.
diabetic glucose meter.’! Over the last several years, there has been significant development in
electrochemical  biosensors that provides miniaturization and increased analyte
detection.?0-2336.7891-93 T gccurately understand cellular processes and monitor health and disease,
simultaneous multianalyte detection methods are critical. In this work, a multianalyte (up to eight
analytes) amperometric biosensor platform is presented, allowing for the deconvolution of
metabolic profiles in model organ systems. We simultaneously quantified glucose, lactate, and
ascorbic acid in two mouse studies using this platform. Combining the pump and valve with this
enzymatic-based electrode array allows for the quantification of a variety of analytes of interest in
a multitude of biological applications.

Amperometric biosensors are used widely and allow for the detection and quantification of
several analytes of interest.*?* Previously, detection has centered around only one analyte of
interest, which does not accurately reflect the metabolic processes and overall biosignature
(metabolic snapshot of the interactions in a system). Therefore, it is necessary to quantify multiple
analytes simultaneously to understand the system and the interactions taking place. Recently,
researchers have developed multianalyte amperometric sensors for the simultaneous detection and
quantification of analytes of interest.*!%2° By utilizing multiple analytes, complex mechanisms

and pathways can be deconvoluted and more easily understood. Many of these sensors while
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helpful for detecting multiple analytes, do not allow for the customization of enzymes, restricting
researchers to only those enzymes used in the respective study.?* Furthermore, these sensors are
not automated, cannot be integrated for real-time analysis, and still only detect a few
analytes.*!8-222494 Since these sensors detect analytes within one chamber, there is the possibility
for cross talk, and therefore inaccurate results. Thus, there is a need for a simultaneous,
multianalyte, amperometric biosensor platform that is automated as well as easily customized and
integrated for real-time analysis.

Addressing these needs, we investigated a multianalyte amperometric customizable
electrochemical biosensor platform for simultaneous detection and quantification of up to eight
analytes in model organ systems. A pump and valve are combined with this sensor for automation
of calibration and sample testing.*® With the addition of this pump and valve system and using
electrochemical methods, there is the opportunity for real-time analysis in organs-on-chips
(00Cs).® Furthermore, this biosensor has separated channels that eliminate cross-talk that has been
seen in previous biosensors.?!*>%¢ This system provides not only the detection of eight different
analytes, it can also be used for multiple analytes with multiple replicates i.e. two analytes with
four replicates or four analytes with two replicates. With the option for easy customization,
researchers may utilize the enzymes used in these studies or adapt it to the enzymes/analytes that
are most applicable for them.”’!°! This allows for more options of metabolite detection to
determine metabolic processes and toxicity pathways.* This multianalyte amperometric biosensor
creates a platform with the pump and valve system that allows for the addition of more metabolites
to the analytical toolbox and to learn more about the cellular bioenergetics of a system.

To monitor cellular respiration, oxidative processes, and neuronal processes, it is helpful

to detect metabolites to create a biosignature of a system before and after perturbation. Both
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glucose and lactate play active roles in key metabolic processes and cellular
respiration,?#1:94102.103 Quperoxide is a part of the oxidative burst in macrophages and reveals the
production of reactive oxygen species.!® Ascorbic acid is a known antioxidant, reducing oxidative
stress, and is also important in neuronal processes.!>!%* Lastly, glutamate, acetylcholine, and
dopamine are all essential neurotransmitters, providing neuronal signaling and neuromodulation.>-
821 Each of these is helpful in understanding multiple metabolic processes and will allow complex
problems and systems to be more easily understood.

It is currently unknown the effect 2,3,7,8-tetrachlorodibenzodioxin (TCDD),
lipopolysaccharides (LPS), and B-glucan has on metabolism in mice macrophages. A model
immune-disrupting toxicant, TCDD is used in studies and has shown hyperinflammatory effects

3743 TCDD-exposed mice phenotypically replicate

in the uterine and peritoneal cavity of mice.
women with endometriosis, which can be exaggerated by an infection or inflammatory secondary
trigger such as LPS.** B-glucan has shown to train immune cells, causing increased glucose
consumption and lactate production.*> Understanding the relationships between TCDD, LPS, and
B-glucan and how they affect metabolism is key to determining pathways of toxicity and
monitoring health and disease.

Applying this to a biologically-relevant system, we utilized this platform for understanding
the effects of TCDD, LPS, and B-glucan on macrophages of mice. To gain insight into these
interactions, glucose and lactate metabolism was investigated. Macrophages are a primary defense
in the immune system against xenobiotics.!? These are vital to understanding the pathways of
toxicity and cellular processes in the body with diseases such as endometriosis.?”* Understanding
the metabolic processes using glucose and lactate as a measure will be fundamental to

understanding the whole system,*24:94.102,103
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Here, we present a platform for detection and quantification of up to eight analytes using
enzymatic-based methods to understand more about the cellular processes and pathways of
toxicity. By combining sensors for multiple analytes together into one electrode array with separate
channels for real-time analysis of biological systems, we may electrochemically monitor cellular
respiration, oxidation processes, neurotransmission, as well as perform toxicity screenings.
Calibrations were performed to cover biologically-relevant linear ranges while maintaining
sensitivity. Measuring changes in multiple analytes will allow for a better understanding of the
state and interactions of a system. This platform was used to test glucose and lactate metabolism

of macrophages from mice after treatment with TCDD, LPS, and B-glucan.
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Experimental.
Analyte Sensor Modification

The electrode array features 11 electrodes; one platinum disk electrode, one platinum large
band electrode, and nine platinum small band electrodes. The top circular electrode on the screen-
printed electrode array was used as a Ag/AgCl internal reference with a large rectangular counter
electrode directly below it. Below both of those sensors, there were nine small rectangular
electrodes (A = 1.16 mm?) that can be modified for analyte selectivity, but only eight of these
electrodes may be used separately since two of the smaller electrodes are in series. The reference
electrode was modified to make an internal Ag/AgCl reference. To make this, silver was
electrodeposited on the reference electrode and then immersed in an iron (IIT) chloride solution.'®
Then, the working electrodes were modified with an enzymatic mixture described below.

The analytes and their respective detection enzymes include: 1) glucose (B-D-glucose,
Calbiochem, La Jolla, CA) with glucose oxidase from Aspergillus niger (Type 11, 17,300 Units g
!, Sigma Aldrich, St. Louis, MO); 2) lactate (sodium L-lactate, Sigma) with lactate oxidase from
Pediococcus sp. (20 Units mg™!, Sigma); 3) glutamate (L-glutamic acid potassium salt
monohydrate, Sigma) with glutamate oxidase from Streptomyces sp. (5 Units mg™!, Sigma); 4)
acetylcholine (acetylcholine chloride, Sigma) with acetylcholinesterase from Electrophorus
electricus (137 Units mg!, Sigma), and choline oxidase from Alcaligenes (15 Units mg™!, Sigma);
5) dopamine (3-hydroxytyramine hydrochloride, Acros Organics) with tyrosinase from mushroom
(7164 Units mg™!, Sigma); 6) ascorbate (L-ascorbic acid sodium salt, Acros Organics, Fair Lawn,
NJ) with ascorbate oxidase from Cucubita sp. (1000-3000 Units mg™!, Sigma); and 7) superoxide
(created by combining hypoxanthine anhydrous [MP Biomedicals, Santa Ana, CA] and xanthine

oxidase from bovine milk [0.5 Units mg!, Sigma]) with superoxide dismutase from bovine
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12182131106 Fyery enzyme except xanthine oxidase that

erythrocytes (3,000 Units mg!, Sigma).%
comes in a suspension was dissolved separately (4,000 U mL"! glucose oxidase, 2,000 U mL"!
lactate oxidase, 50 U mL"!' glutamate oxidase 150 U mL™ choline oxidase, 1,400 U mL!
acetylcholinesterase, 72,000 U mL"! tyrosinase, 1,000 U mL™! ascorbate oxidase, and 5,000 U mL"
! superoxide dismutase) in bovine serum albumin [BSA, (800 mg/mL, Sigma)] in buffer solution
[2 mM, pH 7, (Fisher Scientific, Hampton, NH)] and stored until use (-18°C) for up to one year.
When required, each of these enzyme solutions (except xanthine oxidase) was mixed with
glutaraldehyde (0.1% wt/v, Sigma), vortexed (~5 sec), drop-cast (0.5 puL) onto each working
electrode, and air-dried (1 hour) before either use or storage [low light, 4°C, buffer solution (2
mM, pH 7), 120 mM KCl]. However, the acetylcholine sensor had acetylcholinesterase and choline
oxidase combined equally (v/v) and mixed with glutaraldehyde (0.5% wt/v, Sigma), and then
vortexed and drop-cast the same as the other enzyme solutions. One working electrode was left
unmodified for use in conjunction with the ascorbic acid sensor.!?
Sensor Incorporation

To incorporate these sensors into the platform, they were sealed within a specially designed
housing [designed and fabricated by Vanderbilt Institute for Integrative Biosystems Research and
Education (VIIBRE)] similar to previous iterations (Figure 4.1, left).® The sensor was designed
in-house and fabricated by Sullins Connector Solutions (San Marcos, CA) (Figure 4.1, right). The
bioreactor opens to insert and remove the electrode that was attached to an edge card connector
linking the electrode signal to the potentiostat for analysis. Similarly, the housing interfaces with
the microformulator (Vanderbilt Institute for Integrative Biosystems Research and Education)—a

microfluidic pump and valve system providing automated sensor calibration and sample analysis
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and accommodates a variety of flow speeds.?’ Flow must go in over the working electrodes then

the flows out over the reference electrode.
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Figure 4.1. Drawings of SPE housing and SPE array. Left is the SPE, microfluidic, secured
housing pieces, and edge card connector for the potentiostat. The SPE on a PMMA piece (housing)
with a microfluidic on top of the SPE that create eight separate channels to reduce cross talk. The
SPE is in the edge connector on the top side and is connected to the potentiostat on the bottom side
(black/gold). A second PMMA piece with holes that allow for plumbing to the pump and valve
system as well as the waste is placed top. Finally, this is all screwed together to make the entire
SPE housing. Flow must start over the working electrodes first then the counter and finally can
flow out over the reference electrode. On the right is the SPE with a circular reference electrode,
a large rectangular counter electrode, and nine small rectangular working electrodes.
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Characterization of analyte sensors

The limits of detection (LOD) and quantitation (LOQ), linear range, Vmax, and Ky, for each
of the sensors were determined using the nCA as they were for other enzyme electrodes.®?’
Calibrations were performed by monitoring the current generated by 24 calibrants (2.8 uM to 50
mM glucose, 0.5 pM to 8 mM lactate/glutamate/acetylcholine, 0.9 pM to 50 mM
ascorbate/superoxide, and 0.3 uM to 50 mM dopamine) in buffer. Buffer for all experiments was
made from a 50 mM potassium monobasic-sodium buffer (pH 7.00, Fisher) diluted in water with
KCl to produce a 2 mM phosphate, 120 mM KCIl, pH 7 buffered solution. Calibrants were sampled
through the valve pulled by the pump at a flow rate of 100 pL/min for 2 min, and the resulting
current was monitored until a steady state was reached (~3 min) using a CHI 1030 potentiostat
(CH Instruments, Austin, TX) held at 0.6 V vs. Ag/AgCl except for the dopamine sensor which is
held at -0.2 V vs Ag/AgCl. To establish a baseline for each of the calibrants, buffer preceded each
calibrant. Calibrants were sampled using a microformulator (100 uL min' for 240 s) pump and
valve system.
Biological Application

Samples were graciously provided by Dr. Kevin Osteen’s Lab. Briefly, C57 BI/6 mice were
treated with TCDD or PBS in utero. Then, two of these mice (one was TCDD-treated and one was
a control with PBS) were grown to adulthood and a bone marrow isolation experiment was
conducted on both mice to obtain the macrophages. These macrophages were treated with PBS,
LPS, or B-glucan for either 24 hours or 3 days post injection. A reduced calibration (five calibrants)
was completed then the samples were analyzed for glucose and lactate concentrations.

Calculations
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Linear and nonlinear regressions were performed on the calibration data to determine the
limit of detection, limits of linearity, sensitivity, Vmax, and Ky, of the sensor for each analyte. The
equation for the line between six calibration points at the lower concentrations around the
approximate limits was used to calculate the limits of detection and quantitation. Values from this
linear regression were used for calculating the limit of detection (LOD) according to Equation 1,

. 35
Equation1l. LOD =—
m

where Sg is the error of the blank from the shortened calibration and m is the slope of the same
calibration. Similarly, the limit of quantitation was calculated using this equation, except that the
standard error was multiplied by ten instead of three. The upper limit of linearity is determined
using the slope between calibration points including the limit of quantitation to the approximate
saturation point based on visual inspection. If the next largest calibration point was added to the
whole linear range and the subsequent slope changed by 10% or more from the previous slope
without that point then the limit remained the same and the previous datapoint is the upper limit
of linearity. A linear regression was then performed on the whole linear range from limit of
quantitation to the upper limit of linearity, and the resulting slope provided the sensitivity of the
electrode for each analyte. Because the data showed enzyme saturation and followed Michaelis-
Menten kinetics, a nonlinear function could be fit to the data to determine Vmax and Ky, using Prism
9 (GraphPad software, San Diego, CA). The results yielded the values for Vimax and K for each
of the analytes. All p-values calculated in this study were found by performing two-tailed t-tests

assuming unequal variance. Values of p > 0.05 are considered significant.
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Results.

Calibrations were performed for all seven analytes (acetylcholine, ascorbic acid, dopamine,
glucose, glutamate, lactate, and superoxide) to determine sensitivities (equations of the linear
range), limit of detection, limit of quantitation, linear range, and nonlinear enzymatic kinetics
(Vmax and Kin) (Figure 4.2). The equations for the lines with the sensitivities of each of the analytes
include, 1) acetylcholine — y = (948 + 33)x + (46 + 4), R? = 0.996, (sensitivity - 948 + 33 nA mM-
1; 2) ascorbic acid — y = (1264 + 28)x — (30 + 4), R? = 0.998, (sensitivity - 1264 + 28 nA mM™!);
3) dopamine —y = (13,794 + 344)x — (77 £ 7), R? = 0.998, (sensitivity — 13,479 £ 344 nA mM™");
4) glucose —y = (1329 + 19)x — (8 £ 3), R2=0.998, (sensitivity — 1329 + 19 nA mM'); 5) glutamate
—y =(826 £18)x — (13 + 4), R?=0.997, (sensitivity — 826 + 18 nA mM™'); 6) lactate — y = (738 +
18)x — (10 £ 4), R? = 0.994, (sensitivity — 738 + 18 nA mM™"); and 7) superoxide —y = (1120 £
25)x + (2 £ 3), R?2 = 0.996, (sensitivity — 1120 + 25 nA mM!) (Figure 4.3). Acetylcholine was
detected at 6 uM and quantified at 22 uM. The limit of linearity was ~200 uM, making the linear
range 22 to 200 uM. A Michaelis-Menten enzymatic nonlinear regression gave a Vmax of 7.2 x 10
"' mol min"! and a Km of 0.036 mM. For ascorbic acid, the limits of detection, quantitation, and
linearity were 5, 17, and 260 uM respectively. Therefore, ascorbic acid had a linear range 17 — 260
uUM. A Michaelis-Menten regression determined Vimax and Km as 2.4 x 1071 mol min! and 0.34
mM for ascorbic acid. Dopamine had a limit of detection of 0.8 M and a limit of quantitation of
3 uM. Since the sensor began to saturate at 39 uM, the linear range is 3 — 39 uM. Vmax and Kn,
were 3.9 x 107! mol min™! and 0.035 mM, respectively, for dopamine. Glucose was detected as
low as 5 uM and quantified as low as 18 uM. At higher concentrations of glucose, the data began

to deviate from linearity at ~4 mM, so the linear range was 18 uM to 4 mM. Non-linear regression
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for Michaelis-Menten enzymatic kinetics identified the Vimnax and K for glucose as 3.5 x 1071° mol
min~! and 4.9 mM, respectively. The limit of detection for the glutamate sensor was 7 uM and the
limit of quantitation was 24 uM. With a limit of linearity of ~440 uM, the linear range is then 24
— 440 uM. A regression for Michaelis-Menten enzymatic kinetics for glutamate showed Vmax as
3.3 x 107! mol min"! and K as 0.77 mM. The limit of detection for the lactate sensor was 0.6 uM
while the limit of quantitation was 2 uM. The data began to deviate from linearity at ~670 uM,
making the linear range for lactate 2 — 670 uM. Based on a non-linear regression model of this
data, the Vmax and Km were 2.8 x 1071 mol min! and 0.68 mM, respectively. Finally, superoxide
was detected as low as 1 uM and quantified at 5 uM. The data began to deviate at ~260 uM, so
the linear range for superoxide was 5 — 260 uM. The Vmax and Kn, for superoxide were 7.6 x 107!

mol min"! and 0.085 mM using a Michaelis-Menten model for regression, respectively.
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Figure 4.2. Representative Logarithmic Curves for Various Analytes. The graphs display current
(nA) vs. log [analyte concentration (mM)] with Vimax, and Kn for glucose, lactate, ascorbic acid,
superoxide, glutamate, dopamine, acetylcholine, and blank sensors. Using non-linear regression
of Michaelis-Menten enzymatic kinetics, Vmax and K were calculated for all analytes. All current
is anodic, except dopamine which results in cathodic current. The blank electrode has ascorbic
acid concentrations as the analyte. Vimax and K, are represented as red dashed lines. Experiments
were performed in buffered saline solution (ambient conditions). The calibrations had a detection
time of 120 s and a flow rate of 100 uL/min.
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Figure 4.3. Representative Calibration Curves of the Linear Range of the Analytes. These graphs
show current (nA) vs. analyte concentration (mM) with the limits of quantitation and linearity as
well as the Vimax and K, values for all of the sensors. All of the sensors had an anodic current,
except the dopamine sensor which has cathodic current. The linear ranges are represented by solid
black lines with the limit of linearity as the last data point on the line. Vimax and K, are demarcated
as red dashed lines. The limit of quantitation is also indicated on the graphs. The equations of the
lines and the values for R%, Vmax, and K are shown on the graphs as well. Experiments were
performed in buffered saline solution (ambient conditions). The calibrants were flowed at a rate of
100 pL/min and detected for 120 s.
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Testing the biological relevance of this platform, macrophage glucose and lactate
metabolism was investigated. Mice in utero were exposed to PBS (control, C) or TCDD (F1). The
macrophages of two of these mice were treated with 1) PBS (no treatment), 2) LPS, or 3) -glucan
for either 24 hours or 3 days post injection. This gave 10 groups of mice macrophages with
different treatments, designated as C-1, C-2-24, C-2-3, C-3-24, C-3-3, F1-1, F1-2-24, F1-2-3, F1-
3-24, and F1-3-3. C-1 had -239 + 2 uM glucose and -56 + 3 uM lactate. C-2-24 showed 28.0 + 1.0
UM glucose and 68 + 2 uM lactate. C-2-3 had -141.3 = 1.5 uM glucose and 28 + 2 uM lactate. C-
3-24 showed -83.3 £ 1.3 uM glucose and -40 + 2 uM lactate. C-3-3 had -163 £ 2 uM glucose and
161.0 + 0.6 uM lactate. F1-1 had -153.4 + 1.3 uM glucose and 24 + 2 uM lactate. F1-2-24 had -
128 £ 2 uM glucose and 95.8 = 0.8 uM lactate. F1-2-3 showed -153 + 3 uM glucose and 30 + 2
uM lactate. F1-3-24 showed -41 + 2 uM glucose and 20 + 3 uM lactate. F1-3-3 had -170.1 + 0.2

uM glucose and -12 + 2 uM lactate (Figure 4.4).
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Figure 4.4. Glucose and Lactate Concentrations in Mice Macrophages After Treatment. Scatter
dot plot displaying the glucose and lactate concentrations analyzed using this platform vs
treatment. Five different treatments protocols were given to macrophages in mice that were either
a control set or F1 (TCDD-dosed in utero) set. C-1 had -239 + 2 uM glucose and -56 + 3 uM
lactate. C-2-24 showed 28.0 + 1.0 uM glucose and 68 + 2 uM lactate. C-2-3 had -141.3 + 1.5 uM
glucose and 28 + 2 uM lactate. C-3-24 showed -83.3 + 1.3 uM glucose and -40 = 2 uM lactate. C-
3-3 had -163 = 2 uM glucose and 161.0 £ 0.6 uM lactate. F1-1 had -153.4 = 1.3 uM glucose and
24 +2 uM lactate. F1-2-24 had -128 + 2 uM glucose and 95.8 + 0.8 uM lactate. F1-2-3 showed -
153 + 3 uM glucose and 30 + 2 uM lactate. F1-3-24 showed -41 + 2 pM glucose and 20 + 3 uM
lactate. F1-3-3 had -170.1 £ 0.2 uM glucose and -12 + 2 uM lactate. Data represented as an average
and standard error with technical replicates (n = 3) for both glucose and lactate.
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To determine the effect that TCDD had on the mice in each treatment, glucose and lactate
metabolism was compared using this platform. The analyte concentrations in macrophages from
mice that were previously treated with TCDD in utero were compared between macrophages
treated the same [PBS, LPS (24 h or 3dp), and B-glucan (24 h or 3dp)]. C-1 had significantly lower
glucose and lactate concentrations compared to F1-1 (p = 5 x 10 for glucose and p = 4 x 10~ for
lactate). The concentrations for glucose were significantly higher and lactate was significantly
lower for C-2-24 compared to F1-2-24 macrophages (p = 8 x 10”7 for glucose and p = 0.0009 for
lactate). C-2-3 showed significantly higher glucose than F1-2-3 (p = 0.03), but the lactate
concentrations were not significantly different (p = 0.4). C-3-24 had significantly lower glucose
and lactate levels than F1-3-24 (p = 0.0001 and p = 8 x 107, respectively). Finally, C-3-3 was
significantly higher for lactate concentrations (p = 5 x 107), but was only trending toward
significantly higher glucose (p = 0.06). Thus, glucose and lactate were significantly different in
macrophages that had previously been exposed to TCDD compared to control macrophages.

Next, the time period of treatment was investigated using glucose and lactate metabolism
in both LPS and B-glucan. Glucose and lactate levels were significantly higher for C-2-24
compared to C-2-3 (p = 5 x 107 and p = 8 x 107, respectively). C-3-24 had significantly higher
glucose (p = 9 x 10°) and significantly lower lactate compared to C-3-3 (p = 5 x 107). The glucose
and lactate levels were significantly higher when comparing F1-2-24 to F1-2-3 (p =0.003 and p =
8 x 1075, respectively). Lastly, F1-3-24 had significantly higher glucose and lactate concentrations
compared to F1-3-3 (p = 0.0002 and p = 0.001, respectively). Glucose and lactate metabolism is
significantly different between two time points.

Glucose and lactate metabolism was observed and compared for macrophages treated with

either LPS or B-glucan. C-2-24 had significantly higher glucose and lactate concentrations
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compared to C-3-24 (p = 6 x 107 and p = 5 x 10, respectively). Glucose was significantly higher
(p =7 x 10°) while lactate was significantly lower (p = 0.0001) for C-2-3 when compared to C-3-
3. For F1-2-24, there was significantly higher glucose and lactate levels compared to F1-3-24 (p =
5 x 10 and p = 0.0005, respectively). Finally, glucose and lactate concentrations were
significantly higher in F1-2-3 compared to F1-3-3 (p = 0.02 and p = 0.0001, respectively). In
conclusion, glucose and lactate metabolism significantly differs between the treatments of LPS
and B-glucan.

To understand the effect that LPS has on the system, glucose and lactate metabolism was
investigated. C-2-24 had significantly higher glucose and lactate compared to C-1 (p =3 x 10”7 and
p =2 x 107, respectively). Similarly, glucose and lactate levels were significantly higher for C-2-
3 than C-1 (p =2 x 10% and p = 7 x 107, respectively). Again, F1-2-24 had significantly higher
glucose and lactate concentrations compared to F1-1 (p = 0.0002 for glucose and p = 0.0003 for
lactate). However, glucose was not significantly different and lactate was only trending toward
significantly higher when comparing F1-2-3 to F-1 (»p = 0.9 and p = 0.08, respectively). Therefore,
LPS significantly dysregulates glucose and lactate metabolism.

Finally, glucose and lactate metabolism were observed to determine the effect of B-glucan
on the macrophages. Glucose and lactate levels were significantly higher in C-3-24 when
compared to C-1 (p =7 x 10 and p = 0.0001, respectively). C-3-3 had significantly higher glucose
and lactate levels compared to C-1 (p = 3 x 107 and p = 2 x 107, respectively). F1-3-24 had
significantly higher glucose (p = 3 x 10°) but no significant difference in lactate levels compared
to F1-1. There were significantly lower concentrations of glucose and lactate in F1-3-3 when
compared to F1-1 (p = 0.005 and p = 0.0003, respectively). Glucose and lactate metabolism is

significantly dysregulated by the treatment of macrophages with -glucan.
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Discussion.

Measuring multiple analytes on a single sensor platform will allow for the better
understanding of and insight into a biological systems’ state and interactions before and after
perturbations. Developing methods that allow for this, customization of analytes, and automation
is pivotal. This platform showed high analyte-sensitivity and had biologically-relevant linear
ranges for use with model organ systems. We then used this platform to observe glucose and lactate
dysregulated metabolism due to TCDD, LPS, and -glucan in mice macrophages. Combined with
a pump and value system, this multianalyte amperometric biosensor was easy-to-use and allowed
for customization to understand cellular respiration, neurotransmission, and oxidative stress for
diagnosing and monitoring health and disease.

First, this multianalyte amperometric biosensor was sensitive to seven analytes and
included a large linear range that is physiologically relevant for each analyte. These sensitivities
are often comparable or even better than previous iterations of these analytical sensors. Glucose is
two orders of magnitude higher in sensitivity compared to a similar sensor.!® This increased
sensitivity allowed for a low level of detection and quantitation that can still be used in higher
concentrations that is necessary in model organ systems and biological systems. However, lactate
had a slightly lower sensitivity compared to a previous sensor, but it was the same order of
magnitude.'® Thus, this will be useful in many applications as well. The glutamate sensor had the
same order of magnitude in sensing, but was more than four times the sensitivity of a previously
developed sensor.® Acetylcholine had a slightly lower sensitivity but was in the same order of
magnitude, so it will still allow for the detection and quantification of acetylcholine in many
applications.?! Next, this superoxide sensor was approximately half the sensitivity of a previous

sensor, but still provides an analytical signal necessary for measuring a wide range of
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concentrations.!® The ascorbic acid sensor was similar to the previously developed sensor in terms
of sensitivity and only minutely more sensitive to ascorbate.!? Lastly, dopamine had a slightly
higher sensitivity but was the same order of magnitude to a similar type of sensor that was
previously developed.”> These sensitivities enabled a large linear range that can be used for a
multitude of biological systems.

All of these sensors that had LODs in the single micromolar range or like for lactate and
dopamine had their LOD an order of magnitude lower than that as well. However, the LOQ ranged
from 2 to 24 uM (lactate and glutamate, respectively). These sensors also range from 39 uM
(dopamine) to 4 mM (glucose) in the upper limit of linearity. The linear range of glucose is well
suited for detection of cellular glucose consumption and other applications, but cannot detect in
most media as many of them have higher concentrations than the upper limit of linearity.!8-31.78.107
The lactate sensor can detect low and higher concentrations that will be helpful in understanding
lactate production from cellular respiration and other applications.!33!-80 The glutamate sensor had
a reduced linear range compared to a previous sensor but can still be used to investigate many
biological processes that modify glutamate uptake and release.®” The acetylcholine sensor had a
larger LOQ), but a higher upper limit of linearity that allows for detection in processes that have
larger increases of acetylcholine such as exposure to the environmental toxin, CPF, that increases
free-floating acetylcholine.?!-*> Superoxide showed a higher limit of quantitation but encompassed
a much larger upper limit of linearity that will allow for quantification of large increases in the
reactive oxygen species such as in macrophage oxidative bursts.!? Next, the ascorbic acid similarly
has a higher limit of quantitation but a larger linear range with a significant increase in the upper
limit of linearity that will allow for quantitation in many biological processes. This will also allow

for the possibility to remove this signal from the other sensor measurements as it is an
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electrochemical interferent.!%!8

Lastly, dopamine had a larger linear range that includes slightly
lower concentrations for the LOQ and slightly higher concentrations for the upper limit of linearity.
Dopamine is generally released at lower concentrations, so this sensor is more applicable to
systems that have been treated with higher concentrations of dopamine.®®> Similar to the ascorbic
acid sensor, this is also helpful as dopamine is another electrochemical interferent, so it’s signal
may be removed from the other sensors’ signals as well for more accurate results.”> Therefore, this
new multianalyte amperometric biosensor had sensitivity to seven analytes and encompassed a
wide range of concentrations that will be helpful for understanding cellular processes and pathways
of toxicity to monitor health and disease of biological systems.

Finally, we investigated the values of Vimax and K to further understand the usefulness of
this sensor. As an analyte reaches a certain concentration, the enzyme begins to saturate. As more
analyte is added, the current (signal) will not increase, and thus the enzyme has reached its
maximum rate of reaction, Vmax. The affinity of the enzyme for its substrate influences how Vmax
relates to concentration. This is quantified by the Ki value, the concentration of substrate when
rate of reaction is at half of its maximum. If an enzyme has a low K value compared to the
physiological concentrations under standard conditions, then the enzyme will turn over substrate
at a constant rate regardless of concentration variations. However, a high K., value when compared
to physiological concentrations under standard conditions, will result in enzyme activity that varies
with substrate concentration (depends on the availability of substrate). The glucose sensor had
lower Vmax and Km values than previously reported (and lower K, than physiological
concentrations) so the enzyme had a high affinity but does sacrifice in its upper limit of
linearity.'®7® Lactate had very similar values for these parameters compared to previous sensors

with a higher K, value than the physiological concentrations, so this sensor will be well suited for
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many biological applications and will not sacrifice sensitivity.!®’® Next, the glutamate sensor had
slightly lower Vmax and an order of magnitude lower K, meaning the limit of linearity is reduced,
but this is still lower than physiological concentrations so it will be well suited for a range of
biological applications.®? The Vmax and Ki, values for the acetylcholine sensor were an order of
magnitude lower than previously reported and lower than physiological concentrations, so this
sensor loses some sensitivity and raises the limit of detection/quantification.?!*> The superoxide
sensor had a slightly lower K, value that is around the physiological concentrations, so it will have
the ability to measure the a large range of biologically-relevant concentrations.!® For the ascorbic
acid sensor, the K, value is lower than physiological levels, so this sensor will be well suited for
a variety of applications without sacrificing sensitivity.'? Finally, the dopamine sensor had slightly
increased Vmax and Ky, values were higher than previously reported and Ky, is higher than most
physiological concentrations, so this sensor can quantify dopamine in a wide range of biological
applications. Thus, these sensors had Vmax and K values that will allow for the quantification of
the seven analytes.

To establish how TCDD affects a system, glucose and lactate concentrations were
monitored in macrophages from mice exposed to TCDD in utero. TCDD is part of a large class of
environmental toxicants called dioxins that affect the endocrine system and disrupt metabolism.*
Glucose and lactate were monitored in macrophages to illustrate the capability to measure multiple
replicates of a single analyte. TCDD decreased glucose consumption and increased lactate
production in F1-1 compared to C-1. Perhaps, the macrophages were releasing glucose from
glycogen stores or have a glucose intolerance that has led to this dysregulated metabolism.*108-110
These macrophages may also be depleting the glycogen stores and converting glucose straight to

lactate to compensate for the stress of the toxicant and its endocrine disruption for anaerobic
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respiration.*!07-10%110 Glycose consumption was increased and lactate production was increased in
F1-2-24 when compared to C-2-24. The stress of TCDD caused increased glucose consumption to
promote macrophage response, dysregulating glucose metabolism in the macrophages and
encouraged aerobic respiration.*197 Lactate is again being produced more to compensate for the
toxicity and disruption, showing how TCDD dysregulated the lactate metabolism and promoted

anaerobic respiration as well.*107

F1-2-3 consumed more glucose than C-2-3. Again, glucose
metabolism is dysregulated with possibly increased glycogen storage.* F1-3-24 had decreased
glucose consumption and increased lactate production compared to C-3-24. This set mimics
several of the previous sets and likely is showing anaerobic metabolism with glucose being
released from storage or a glucose intolerance.!?”-!!! Lastly, TCDD decreased lactate production
and slightly increased glucose consumption in F-3-3 compared to C-3-3. Here, glucose metabolism
is only slightly dysregulated, so maybe there was recovery from previous glucose intolerance or
glycogen stores were staying filled. Furthermore, this dysregulated metabolism with decreased
lactate production may be due glycogen stores not being converted back to glucose.*!07!1!1
Therefore, TCDD decreased glucose consumption and dysregulated lactate production, showing
TCDD affected inflammatory response, dysregulated metabolism and caused toxicity.

With increased cytokines and interleukins, LPS stimulates a strong inflammatory response
within the system.*~*>1%7 Glucose and lactate metabolism of macrophages provide insight into the
mechanisms and toxicity of LPS in the system. C-2-24 had decreased glucose consumption and
increased lactate production compared to C-1. Similarly, C-2-3 had decreased glucose
consumption and increased lactate production in comparison to C-1. F1-2-24 also consumed less

glucose and produced more lactate than F1-1. However, F1-2-3 had only slightly increased lactate

production compared to F1-1. Based on these results, there was increased lactate production, so
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the macrophages were undergoing anaerobic metabolism and were stressed from exposure to
LPS. #4197 In general, glucose consumption was reduced, so potentially this lactate was produced
from glycogen storage.*!%%!1% Similarly, glucose was possibly released from glycogen storage or
may have had a glucose intolerance, explaining the dysregulated metabolism and increased glucose
seen in the results.*!%-11% Therefore, LPS significantly dysregulated glucose metabolism and
increased lactate production in mice macrophages, indicating the inflammatory response metabolic
profile has been affected like in diseases such as endometriosis.

Next, we investigated the effect of B-glucan on macrophages using glucose and lactate
metabolism. C-3-24 had decreased glucose consumption and increased lactate production
compared to C-1. Similarly, C-3-3 showed decreased glucose consumption and increased lactate
production compared to C-1. These control cells that were then exposed to B-glucan both had
decreased glucose consumption and increased lactate production, so it is likely B-glucan has an
effect on their metabolic profile. They may have had a glucose intolerance or glucose was released
from storage.*!9-11 Furthermore, there was increased lactate production for anaerobic respiration
likely due to released glucose from storage and showed the promotion of macrophage response

and immunity training.*>-107-111

However, F1-3-24 only consumed less glucose compared to F1-1.
In addition, F1-3-3 had increased glucose consumption and decreased lactate production compared
to F1-1. TCDD-exposed macrophage cells also treated with B-glucan seemed to reverse
metabolism compared to control cells at the 3dp time point. B-glucan reversed the metabolism of
the TCDD-exposed macrophages. It was training immunity and compensating for stress of TCDD
by recruiting more glucose to promote macrophage response.>* However, lactate was produced

less or even unaffected, so glucose may have been being stored as glycogen in glycogenesis instead

of completing anaerobic glycolysis.*!07:19%:110 Thyg B-glucan had a significant effect on the
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macrophages, decreasing the glucose consumption in control macrophages while increasing
glucose consumption in TCDD-exposed macrophages. In contrast, there was increased lactate
production in control macrophages and decreased lactate production in TCDD-exposed
macrophages.

Furthermore, the treatment time of LPS and B-glucan was observed using glucose and
lactate metabolism. C-2-24 had reduced glucose consumption and increased lactate production
compared to C-2-3. C-3-24 consumed less glucose, but produced more lactate compared to C-3-3.
There was decreased glucose consumption and increased lactate production in F1-2-24 in
comparison to F1-2-3. Similarly, F1-3-24 had decreased glucose consumption and increased
lactate production. All of these follow anaerobic metabolism with increased lactate
production.!®7!!! Furthermore, it is likely glucose was released from glycogen stores or there was
a glucose intolerance that is responsible for increased glucose concentrations.>*!1° Thus the 24
hour time point had deceased glucose consumption and increased lactate production compared to
the 3 days post injection that indicated anaerobic respiration and dysregulated metabolism in
inflammatory biomarkers similar to endometriosis.

Lastly, the difference in glucose and lactate metabolism was investigated for macrophages
treated with either LPS or B-glucan. C-2-24 consumed less glucose and produced more lactate
compared to C-3-24. There was less glucose consumption, and less lactate production in C-2-3
compared to C-3-3. When comparing F1-2-24 to F1-3-24, F1-2-24 had less glucose consumption
and more lactate production. Similar to the previous set, F1-2-3 had decreased glucose
consumption and increased lactate production in comparison to F1-3-3. In comparing all of these,
there was decreased glucose consumption, revealing a glucose intolerance or release of glycogen

stores.>*!1% One set had decreased lactate production, a possible consequence of decreased glucose

78



consumption and glucose storage instead of anaerobic respiration, indicating aerobic respiration.
However, in general there was increased lactate production, showing anaerobic respiration to
protect from toxicity stress. These results show how B-glucan is training the immune system and
causing increased lactate production. However, there was decreased glucose consumption, so there
were more complicated mechanisms of toxicity and immunity at work. Therefore, LPS caused
attenuated glucose consumption and dysregulated lactate production compared to [-glucan,

indicating dysregulated macrophage metabolism and possible toxicity similar to endometriosis.
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Conclusions.

We present a new multianalyte amperometric biosensor platform that quantifies glucose,
lactate, glutamate, acetylcholine, dopamine, ascorbic acid, and superoxide concentrations
simultaneously. These are enzymatic-based and may be customized to the most applicable analytes
for a biological system of interest for a versatile format. The pump and valve system provided
automation for ease-of-use, while the sensor quantified multiple analytes, giving a better
understanding of the state and interactions of a system. These sensors gave a high analytical
sensitivity, while providing a wide linear range that may be used to understand the metabolic
profiles of biological systems. We applied this system to understand the effects of TCDD, LPS,
and B-glucan on the macrophages of mice in relation to health and disease. These results revealed
that 1) TCDD decreased glucose consumption and dysregulated lactate production; 2) LPS
dysregulated glucose consumption and increased lactate production; 3) B-glucan dysregulated
glucose and lactate metabolism differently in control and TCDD-exposed macrophages; 4) LPS
decreased glucose consumption more and dysregulated lactate metabolism differently than (-
glucan; and 5) 24 hour treatment time period decreased glucose consumption and increased lactate
production compared to the 3 day post injection time point. This platform utilizes a multianalyte
amperometric biosensor and pump and valve system that can be used and translated to other
biological applications to understand cellular processes and pathways of toxicity to monitor health
and disease.
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Chapter V

DEVELOPMENT AND APPLICATION OF A DUAL AMPEROMETRIC AND
POTENTIOMETRIC MULTIANALYTE ELECTROCHEMICAL BIOSENSOR

Electrochemical detection is used as an analytical tool in a variety of applications such as
monitoring environmental toxins, health, and disease.!®?>2425% The development of
electrochemical biosensors has significantly expanded the analytical toolbox by allowing detection
of an increasing number of analytes and by taking advantage of multiple techniques, including
amperometry and potentiometry.'®2>33 Previously, most sensors have monitored only a single
analyte at a time or have focused solely on either amperometric or potentiometric detection
methods.*!32* However, there are a few instances of multianalyte and simultaneous amperometric
and potentiometric detection.?>3* Simultaneous and multiplexed analyte detection is critical and
provides the most information for determining metabolic pathways, as well as diagnosing and
monitoring health and disease. In this work, a dual enzymatic and ionophore multianalyte (up to
eight analytes) electrochemical biosensor was developed, allowing for detection of more analytes
using multiple techniques. We quantified glucose, lactate, ammonium, and potassium
simultaneously by utilizing oxidase enzymes and ionophore-based membranes in a multianalyte
multi-method sensor platform. This biosensor array provides a platform that can detect and
quantify a variety of analytes of interest depending on the application.

Enzymatic sensors are the most widely-used electrochemical sensors and use amperometry
as the method for detection and quantification. However, using a sensor that detects only one
analyte does not account for all the necessary analytes that help to elucidate pathways and

mechanisms. Previously, electrochemical sensors only detected one analyte for example, a glucose
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sensor for diabetics.* Furthermore, sensors were only capable of one technique, for instance,
amperometry or potentiometry.?*°! However, it became necessary to quantify multiple analytes

29,31

simultaneously. In the last few years, researchers have developed multiplexed and

simultaneous detection and quantification of analytes on one electrode array using amperometric

and potentiometric methods.?>2>-33

This presents a larger realm of possibilities to determine the
mechanisms and pathways of toxicity.* However, these systems have not allowed for
customization to a particular biological application, thus foreclosing the possibility of detecting
many different analytes.?* In addition, these systems do not detect more than a handful of analytes
simultaneously, are not automated, and cannot be fully integrated for real-time
measurements.?>?425 Therefore, there is a need for a multiplexed platform that will provide
automation and integration as well as simultaneous detection and quantification of multiple
analytes.?*

To address these needs, simultaneous and multianalyte detection and quantification in an
interchangeable, automated platform was developed and investigated. A setup comprised of a
pump and valve used for automation is similar to the previously developed microformulator.*
This biosensor presents the opportunity for researchers to not only replicate this study, but it allows
for the customization using different enzymes and ionophores such as glutamate oxidase or
Sodium Ionophore X (used to sense the sodium ion) that were not used in this research.®!!? By
having both amperometric and potentiometric sensors together on one small chip, there are more
options for metabolite detection that can then be used in model systems to determine toxicity and
evaluate the potential of therapeutics.* Combining a pump and valve with this multiplexed,
multianalyte electrochemical biosensor allows this platform to become automated and add more

metabolites to the toolbox to learn more about the biosignature of a system.
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Currently, the effect that 2,3,7,8-tetrachlorodibenzodioxin (TCDD) and
lipopolysaccharides (LPS) has on metabolism in the peritoneal cavity of mice is unknown. TCDD
is used as a model endocrine/immune disrupting toxicant for studies and has been shown to
contribute to a hyperinflammatory uterine and peritoneal cavity environment.?”*3 Though mice do
not menstruate, TCDD-exposed mice show remarkably similar phenotypes to women with
endometriosis.** LPS also stimulates an inflammatory response in a biological system.*#+10> Tn
addition, many reproductive failures are said to be a result of the “second hit” hypothesis: an
inflammatory trigger like LPS arises after the initial problem.**** Thus, it is of interest to look into
these relationships and how they may affect metabolism within the mice to understand the
pathways of toxicity and disease.

To answer questions about how TCDD and LPS dysregulate systems and gain insight into
these relationships, glucose, lactate, ammonium, and potassium metabolism in a mouse model was
investigated. Because the peritoneal cavity contains several organs and deals with many different
cell types, a peritoneal lavage is important for a comprehensive understanding of pathways and
functions in the body such as with endometriosis.>’* Glucose, lactate, ammonium, and potassium
highlight a few metabolic pathways (cellular respiration and urea cycle) and are key to determining
more information about the system,#!5-17:24.94.102,103

In this work, two potentiometric sensors were developed and used in conjunction with
enzymatic-based sensors to provide more insight into the disruption of metabolic and disease
pathogenesis in mice exposed to TCDD and LPS. Combining these sensors together represents a
new method to rapidly analyze biological systems by electrochemically monitoring cellular

viability, performing toxicity screenings, and elucidating metabolic pathways. A formulation of

the potentiometric sensor membrane that exhibited the most sensitivity was determined.
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Calibrations were performed to cover biologically-relevant linear ranges while maintaining
sensitivity. Operational longevity studies for the sensors’ performance indicated that this system
could be used for interfacing with continuously operational systems such as organs-on-chips.
These ionophore-based sensors were combined with enzymatic sensors for a larger biosignature
that was used to test samples from a peritoneal lavage in mice. We studied the effects of TCDD

and LPS on glucose, lactate, ammonium, and potassium metabolism in a mouse model.
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Experimental.
Material Procurement

Dihydrogen potassium phosphate and sodium phosphate dibasic (buffer) were procured
from Fisher Scientific (Hampton, NH). Dibutyl sebacate (selectophore), ammonium ionophore I,
ammonium ionophore I — cocktail A (selectophore), potassium ionophore I, bovine serum albumin
(BSA), GOx from Aspergillus niger (152.54 U mg™'), LOx from Aerococcus viridians (11.29 U
mg™), and glutaraldehyde (25% by wt. aqueous solution) were purchased from Sigma Aldrich (St.
Louis, MO). B-D-Glucose was purchased from Calbiochem (San Diego, CA), and sodium L-
lactate was purchased from Alfa Aesar (Haverhill, MA). Ammonium chloride was purchased from
Sigma Aldrich (St. Louis, MO) and potassium chloride was purchased from Fisher Scientific (Fair
Lawn, NJ) for use in calibrations. Poly(vinyl) chloride) (PVC; selectophore, high molecular
weight), bis(2-ethylhexyl) sebacate (DOS; selectophore), nitrophenyl octyl ether (2-NPOE;
selectophore), potassium tetrakis(4-chlorophenyl)borate (PTCPB; selectophore), and dibutyl
sebacate (DBS; selectophore) were procured from Fluka Analytical (St. Louis, MO).
Tetrahydrofuran (THF) was purchased from Sigma Aldrich (St. Louis, MO). All reagents were
used as received and without additional purification. TCDD (99% purity) in nonane solution (50
ug/mL) was obtained from Cambridge Isotope Laboratories (Andover, MA). Lipopolysaccharide
(LPS), obtained from Enzo Life Sciences (Plymouth Meeting, PA), was derived from E. coli
(serotype 055:B5 S-form, TLR grade). Finally, phosphate buffer solution (PBS) 1X was purchased
from Mediatech, Inc. (a Corning subsidiary; Manassas, VA).

The housing for this 8-channel sensor was designed by The Vanderbilt Institute for
Integrative Biosystems Research and Education (VIIBRE, Nashville, TN) and made of

polymethylmethacrylate (PMMA) by the Vanderbilt Microfabrication Core (VMFC, Nashville,
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TN) that is operated by VIIBRE. Polydimethylsiloxane (PDMS) microfluidic with etched channels
from VMFC. SPEs were designed in-house and fabricated by Sullins Connector Solutions (San
Marcos, CA). Detailed information for the materials of a previous iteration of this device and the
screen-printed electrodes can be found elsewhere.®!® This system is similar, but has a few different
specifications that are detailed below in the Electrochemical Housing Configuration section. To
automate the system, rotary planar peristaltic micropumps, rotary planar peristaltic twenty-five
port valves, microcontrollers, and computer software (AMPERE) were implemented in the system
(VIIBRE/VMFC).* The CHI 1440 potentiostat was purchased from CH Instruments (Austin, TX)
and used in the electrochemical (amperometric and potentiometric) measurements.

For all studies, virgin female and male C57BL/6 mice were purchased from Harlan
Sprague-Dawley (now Envigo; Indianapolis, IN) and housed in Vanderbilt University Medical
Center’s Animal Care Facility (Nashville, TN) according to National Institutes of Health and
institutional guidelines for laboratory animals. All animals received food and water ad libitum.
Animal rooms were maintained at a temperature of 22.8 °C-24.8 °C and a relative humidity of
40%—-50% on a 12L:12D schedule. All original studies involving mice were approved by the
Vanderbilt University Institutional Animal Care and Use Committee in accordance with the
Animal Welfare Act.

Electrochemical Housing Configuration

The setup was comprised of a screen-printed electrode (SPE) with a PDMS microfluidic
on top, held together between two pieces of PMMA housing using four screws. This setup was
used for calibrations and sample analysis. SPEs served as the underlying substrate for this platform
and were modified for sensitivity and selectivity.!®?° The SPE featured nine parallel 1.16 mm?

rectangular working electrodes (A = 1.16 mm?), a large rectangular counter electrode, and a
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circular reference electrode, all printed in platinum on a ceramic base (Figure 5.1 — right). Each
working electrode was modified for a specific analyte of interest. The PDMS microfluidic has
eight parallel channels that create separate flow chambers, ultimately forming the housing for the
SPE (Figure 5.1 — left). Experiments were performed using the modified SPEs in the microfluidic

flow chamber that was aligned to have a single channel over each of the working electrodes.
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Figure 5.1. Schematics of electrode housing and electrode array. Left displays the screen-printed
electrode (SPE), microfluidic (light blue), housing, and edge card connector (blue). The SPE is on
a PMMA base and then a microfluidic is on top of the SPE to create eight separate channels. The
SPE is inserted into the edge connector on one side, which in turn is connected to the potentiostat
on the other side (black/gold). Finally, the second PMMA piece is placed top and screwed in to
make the entire electrode housing. Right shows the SPE with a circular reference electrode, a large
rectangular counter electrode, and nine small rectangular working electrodes.
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Electrode Modification

To make these biosensors, reference and working electrodes were generated through
electrodeposition and various solution modifications. To make the internal reference electrode,
silver was electrodeposited on the electrode followed by immersion in an FeCls solution, creating

18.29.73 Then, working electrodes

the Ag/AgCl interface similar to previously developed methods.
had either an enzymatic mixture or an ionophore membrane solution deposited on the electrode
for detection of glucose, lactate, ammonium, or potassium.

Enzymatic films were prepared using an enzyme, BSA, and glutaraldehyde for selectivity
and sensitivity.!® The sensors were prepared with 0.25 mg mL! glucose oxidase and 10 mg mL"!
lactate oxidase. BSA (62.5 mg mL™!") in buffer (50 mM) and glutaraldehyde (0.25% w/v) were used
for crosslinking in the enzymatic solutions.?! These solutions were vortexed for five seconds and
then immediately deposited on the SPE. The enzyme-BSA-glutaraldehyde solutions were dropcast
as 0.5-pL aliquots onto the working electrodes to create enzyme films. These sensors were dried
and stored while covered at room temperature.

The ionophore membrane solutions were made from different components with varying
ratios. Each of the formulations was mixed together, vortexed for five seconds, and then
immediately dropcast on the electrode. Lastly, they were covered and left to dry covered overnight
at room temperature. All of the following are weight by weight percentages. The microelectrode
formulation was 3.50% nonactin, 0.35% PTCPB, 0.90% PVC, 32.95% DBS, and 62.30% THF.!'!3
The next mixture is cocktail A made from 6.9% nonactin, 92.4% 2-NPOE, and 0.7% PTCPB.!!*
Formulation 1 had 1% nonactin, 66.80% DOS, and 32.20% PVC.''> Formulation 2 was 1%

nonactin or valinomycin, 33% PVC, and 66% DBS.!!¢ Lastly, formulation 3 was 0.20% nonactin,

69% 2-NPOE, and 30.80% PVC.!'7 Each of these solutions was then added to 1 mL of THF to
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dissolve all of the components and allow for the deposition of the membrane on the electrode.
Similar to the enzymatic solutions, these were dropcast as 0.5-uL aliquots onto the working
electrodes to create the membranes. The sensors were then dried overnight and stored while
covered at room temperature. The final mixture that is used for all sensors after this set of
experiments contained the pertinent ionophore for selectivity (ammonium — nonactin and
potassium — valinomycin), a solvent to dissolve the materials in order to drop cast (THF), and
plasticizers to harden the solution (PVC and dibutyl sebacate).
Sensor Calibrations

Calibrations were completed from ammonium chloride and potassium chloride standards
using a system comprised of automated pumps and valves, the SPE and its housing, and a
potentiostat. Standards for both of the chemicals were prepared in a buffer solution (2 mM buffer,
pH 7.00). Comprised of 24 calibrants, the analyte ranges used in this study were 0-50 mM for both
of the analytes, which allowed for the linear range of each analyte to be determined. To establish
a baseline for the calibrations, the same background buffered saline solution was flowed between
every calibrant. A pump and valve system (flow rate of 75 uL min™') was used for automation,
increased sample/calibrant throughput, and ease of use.® The set up described above was operated
in conjunction with the potentiostats to measure the calibrant signals. A CHI 1440 multichannel
potentiostat was used to record the amperometric signals (glucose and lactate, sampling frequency
of 1 sec’!) as well as the potentiometric signals (ammonium and potassium, sampling frequency of
1 sec!). The potential for glucose and lactate quantification is held at 0.6 V (vs. internal
Ag/AgCl)."® No potential is applied for the other analytes as that is what is measured.

Reference Coating
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To determine the usefulness of a membrane coating on the reference, a comparison study
was completed with and without the reference membrane coating. A working electrode was
modified with the analyte (ionophore)-sensing membrane. Then, the reference electrode was left
alone as is usual with enzymatic sensors or was modified with a membrane. For the reference
coating comparison, a similar procedure was followed to create the solution except the ionophore
(nonactin/valinomycin) was left out of the solutions of formulation 2. The membrane solutions
were dropcast as 0.5-pL aliquots onto the already coated Ag/AgCl reference electrode to create
the reference coating.

Operational Longevity

Calibrations (24 calibrants within linear range) were completed for the potentiometric
sensors to ensure operational longevity for continuously operational systems. The enzymatic
sensors have previously shown strong operational longevity.3! Standards for the analytes of interest
contained increasing quantities of ammonium or potassium in a buffered solution. This same
buffered solution was also used as the baseline for all of the calibrations and flowed between every
calibrant. Similar parameters were used for the sensor calibrations previously stated above. In
short, the same system comprised of automated pumps (flow rate of 75 pL min!) and valves, the
SPE and housing, and the potentiostat (CHI 1440) were used in these experiments. After each
calibration, the system had buffer solution flowed through constantly until the next calibration.
Another calibration was analyzed until calibrations for eight days were completed.

TCDD and LPS Treatment

Virgin C57BL/6 females (N 14 25), aged 10-12 wk, were mated with intact males of

similar age. Upon observation of a vaginal plug, females were separated and denoted as Day 0.5

of pregnancy (E0.5). Mice were monitored for weight gain and nipple prominence, which are
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indicative of pregnancy. Pregnant mice (FO) were exposed to TCDD (10 Ig kg!) in corn oil or
vehicle alone by gavage on E15.5 (when organogenesis is complete). To ensure consistency across
all studies, exposure of pregnant mice is routinely performed at 1100 h local time. This in utero
plus lactational exposure paradigm results in direct exposure of the fetuses (F1 mice) as well as
direct exposure of the fetal germ cells, which have the potential to become the F2 generation. This
dose of TCDD reflects the more rapid clearance of this toxicant in mice compared with humans
and is well below the LD50 for adult mice of this strain (230 1g kg!) [23]. TCDD given at this
time and dose is not overtly teratogenic, and gestation length was not affected in the FO animals;
pups (F1 mice) were typically born on E20.
Calculations and Statistics
Using linear and non-linear regression of the current versus concentration, limit of quantitation,
the maximum limit of linearity, and sensitivity of the electrode were determined. By dividing ten
times the error of the blank (buffered saline solution) by the sensitivity, the limit of quantitation
was determined.?! Using the linear range of the data set (limit of quantitation to maximum limit of
linearity), a regression of this data set produced the sensitivity of the electrode based on the slope
of the line.?!

All data were analyzed with GraphPad Prism 9 (La Jolla, CA). Data from experiments were
analyzed using a two-tailed unmatched t-test. All data values are presented as mean + SEM unless

otherwise noted. A p value < 0.05 was considered statistically significant.
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Results.
Electrode Modification

To determine the best formulation for the potentiometric sensors, five different
formulations that have commonly used membrane ingredients were measured for sensitivity.
Nonactin was used as the sensing component, so the sensitivity to ammonium is used as the
comparison measurement. The Microelectrode formulation has a sensitivity of 111 + 6 mV per
decade of concentration (order of magnitude of concentration), while Cocktail A had a sensitivity
of 95 £ 11 mV decade!. Formulation 1 showed a sensitivity of 68 + 5 mV decade!. Then,
Formulation 2 was sensitive to ammonium at 57 = 9 mV decade™!. Lastly, Formulation 3 had a
sensitivity of 138 + 7 mV decade™! (Figure 5.2). The comparison of these membrane formulations
indicated that Formulation 2 showed the best membrane formulation because it was closest to the

ideal sensitivity of 59.2 mV decade™! (indicated by the red dashed line — Figure 5.2).
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Figure 5.2. Membrane Formulation and Sensitivity for Ammonium Sensor. Scatter plot displaying
the sensitivities to ammonium for different membrane formulations. The red line denotes the
theoretical value for sensitivity and therefore, the membrane formulation closest will be taken as
the formulation type used for all future experiments. The microelectrode formulation had a
sensitivity of 111 =6 mV decade™!. Cocktail A showed a sensitivity of 95 + 11 mV decade!, while
the Formulation 1 was 68 + 5 mV decade™!. Formulation 2 had a sensitivity of 57 =9 mV decade
I, Lastly, Formulation 3 had a sensitivity of 138 = 7 mV decade™!. Experiments were performed in
buffer (ambient conditions). Data represented as an average and standard deviation with n = 3
technical replicates.
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Reference Coating

The necessity for a reference coating, which is standard generally, was investigated by
comparing sensitivities to ammonium and potassium with and without the coating.?? For the coated
reference electrode with the ammonium sensor, the sensitivity was 44 = 2 mV decade™. The
uncoated reference electrode of the ammonium sensor had a sensitivity of 42 = 9 mV decade™!
(Figure 5.3, left). Similarly, potassium sensors were tested for comparison of coated and uncoated
reference electrodes. The coated reference electrode had a sensitivity of 51 =12 mV decade™ while
the coated reference electrode had a sensitivity of 38 + 13 mV decade™ (Figure 5.3, right). Coated
and uncoated reference electrodes were not significantly different for ammonium (p = 0.77) and

potassium (p = 0.27).
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Figure 5.3. Reference Electrode Coating Determination. A scatter plot displaying the sensitivities
to ammonium (left) or potassium (right) with a coated (filled circle) or uncoated (unfilled circle)
reference electrode. The ammonium sensor with a coated reference had a sensitivity of 44 + 2 mV
decade!, while the uncoated reference had a sensitivity of 42 + 9 mV decade!. This was not
significantly different (p = 0.77). The potassium sensor with a coated reference had a sensitivity
of 51+ 12 mV decade!, and the uncoated reference electrode for potassium had a sensitivity of 38
+ 13 mV decade™!. This was not significantly different (p = 0.27). Experiments were performed in
buffer (ambient conditions). Data represented as an average and standard deviation with n = 3
technical replicates.
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Sensor Calibrations

Calibrations were performed for both of the potentiometric sensors to determine various
parameters. The sensitivity of the ammonium sensor was given by the equation, y = (57 + 5)x —
(77 + 3) with an R? of 0.99 (Figure 5.4, left). Similarly, the newly developed potassium sensor
was tested to determine the sensitivity, which is given by the line, y = (75 £ 2)x + (30 = 9) with an

R? 0f 0.99 (Figure 5.4, right). Both of these sensors showed sensitivity to their respective analytes.
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Figure 5.4. Calibration Curves of Potentiometric Sensors. These are for ammonium (left) and
potassium (right) sensors with voltage vs. the logarithm of the analyte concentration, showing the
linear range, sensitivity, and limits of linearity (shown as the two red dashed lines). On the left,
the slope is given by the line, y = (57 £ 5)x — (77 £ 3) with an R? = 0.99. On the right, the slope is
given by the line, y = (75 £ 2)x + (30 = 9) with an R? = 0.99. The linear range for the ammonium
sensor was 21 uM — 10 mM and for the potassium sensor it was 80 uM — 12 mM. Experiments
were performed in buffer (ambient conditions). Data represented as an average and standard
deviation, n = 3 technical replicates.
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Calibrations were performed with 24 calibrants for ammonium and potassium to test the
linear range. Ammonium was detected as low as 3 uM and quantified as low as 21 puM. At higher
concentrations of ammonium, the data began to deviate from linearity at 10 mM, thus the linear
range for ammonium was 21 uM — 10 mM (Figure 5.4, left). Similarly, the potassium sensor was
tested to determine the linear range. The limit of detection was 3 uM while the limit of quantitation
was 80 uM. The data began to deviate from linearity at 12 mM, making the linear range 80 pM —
12 mM (Figure 5.4, right). Both of these sensors offered a wide biologically-relevant linear range.
Operational Longevity

The sensitivities of the potentiometric sensors were monitored over time to investigate the
long-term stability of sensor performance. To accomplish this, a calibration was carried out
frequently over a total of eight days for the ammonium and potassium sensors. The sensitivity of
the ammonium sensor decreased from 57 + 5 mv decade™ to 32 £ 2 mV decade™, a 44% decrease.
The sensitivity of the potassium sensor decreased from 75 + 2 mV decade™! to 42.2 + 0.5 mV

decade™!, a 44% decrease (Figure 5.5).
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Figure 5.5. Operational Longevity of the Potentiometric Sensors. These graphs display the data
from ammonium (left) and potassium (right) sensors that were tested by calibrating frequently over
an eight-day period. The sensitivity (mV decade™!) vs. calibration day is reported above. The
sensitivity of the ammonium sensor decreased from 57 + 5 mv decade™! to 32 + 2 mV decade’!,
and the potassium sensor sensitivity decreased from 75 =2 mV decade™ to 42.2 = 0.5 mV decade
!in the course of the study. Experiments were performed in buffer solution (ambient conditions).
Data is represented as the average with SEM, n = 3 technical replicates.

101



Biological Samples

To test the biological relevance of the potentiometric sensors, ammonium and potassium
as well as glucose and lactate were quantified in samples from peritoneal lavages of mice. These
sensors were also used in conjunction with amperometric sensors to quantify glucose and lactate.
The mice consisted of two groups of treatment: group A) control mice and group B) mice exposed
to TCDD in utero (F1). Then, each group was given two protocols for treatment: protocol 1) treated
with LPS protocol 2) treated with PBS (no LPS) (Table 5.1). This gave four groups of mice with
different treatments, denoted as A1, A2, B1, and B2. A1 showed 126 + 17 uM glucose, 198 + 35
uM lactate, 1.3 = 0.3 mM ammonium, and 1.8 £ 0.5 mM potassium. B2 had 123 + 69 uM glucose,
231 £+ 43 uM lactate, 0.4 £ 0.4 mM ammonium, and 0.8 = 0.7 mM potassium. A2 had 174 + 27
UM glucose, 182 =21 uM lactate, 1.1 £ 0.3 mM ammonium, and 1.4 + 0.1 mM potassium. Lastly,
B1 showed 230 + 41 uM glucose, 236 + 24 uM lactate, 0.3 = 0.1 mM ammonium, and 0.8 + 0.4

mM potassium (Figure 5.6).
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Group and Protocol Mice Name Exposed to TCDD | Exposed to LPS
Letter and Number in utero

Al Control with LPS No Yes

A2 Control with PBS No No

B1 F1 with LPS Yes Yes

B2 F1 with PBS Yes No

Table 5.1. Treatment Protocols for Mice. This contains the group and protocol letters and numbers
for the treatments. There are also the names of the groups as well as their respective treatments.

103



4007— p— : 400 —

Akk . ok
*k

300- —

k * 4
200- %o 200-

100 ﬁ i % 100+ o

w

=

S
o

[Lactate] (uM)
L . -
[ £
(]
[ J
%%

[Glucose] (uM)

LPS PBS LPS PBS
Treatment Treatment e Control
O F1
P *
2500‘ Fokok 2500' [
s . . S
S 2000 : . & 2000
E - T
= 15001 1500 ®|e ©
f ool 1 £
w2
g 1000 % £ 10001
g o n?
< = 0
500- i gc 500- o
o)
0 'o__ T 0 T T
LPS PBS LPS PBS
Treatment Treatment

Figure 5.6. Analyte Concentrations of Mice Peritoneal Lavage Samples After Treatment. Scatter
dot plot displaying the glucose, lactate, ammonium, and potassium concentrations analyzed using
the multianalyte dual amperometric and potentiometric sensor vs. treatment type. Two different
types of mice were given two treatment protocols (Table 1) A1 showed 126 + 17 uM glucose, 198
+ 35 uM lactate, 1.3 £ 0.3 mM ammonium, and 1.8 + 0.5 mM potassium. B2, F1 mice treated with
LPS had 123 + 69 uM glucose, 231 + 43 uM lactate, 0.4 + 0.4 mM ammonium, and 0.8 + 0.7 mM
potassium. A2 had 174 + 27 uM glucose, 182 + 21 uM lactate, 1.1 + 0.3 mM ammonium, and 1.4
+ 0.1 mM potassium. Lastly, B1 had 230 + 41 uM glucose, 236 + 24 uM lactate, 0.3 + 0.1 mM
ammonium, and 0.8 £ 0.4 mM potassium. Starred experiments denote significantly different
results. Data is represented as an average and standard deviation with biological replicates for
ammonium and potassium (n = 3) and the addition of two technical replicates (n = 6) for glucose
and lactate.
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Glucose, lactate, ammonium, and potassium metabolism was observed for mice treated
with and without LPS. Glucose levels were significantly lower for A1 compared to A2 (p = 0.005).
Similarly, the glucose concentrations were significantly lower for those treated with B1 compared
to B2 (p =0.01). Lactate, ammonium, and potassium levels were not significantly different for the
same type of mice treated with LPS compared to PBS. Glucose metabolism was dysregulated in
mice treated with LPS compared to those treated with PBS.

To determine the effect of TCDD, control and F1_mice were compared for glucose, lactate,
ammonium, and potassium metabolism using this newly developed sensor. The concentrations of
the analytes produced from mice that were previously treated with TCDD in utero were compared
between mice treated the same (PBS or LPS). The concentration of glucose for A2 was
significantly lower than with the B2 (p = 0.02). However, A1 was not significantly different from
B1. Lactate levels were significantly lower in A2 compared to B2 (p = 0.002). Similar to glucose,
the concentration of lactate in A1 was not significantly different from the B1. The concentration
of ammonium was significantly lower for B1 compared to A1 and B2 compared to A2 (p = 0.01
and p = 0.02, respectively). Potassium levels were trending toward the B2 having a lower
concentration than the A2 (p = 0.09). Lastly, the A1 were not significantly different in potassium
levels from the B1. Therefore, glucose, lactate, and ammonium had significantly differing
concentrations for F1 mice compared to control mice.

While investigating all of these parameters, there were some analytes that were
significantly different in concentrations between all of the treatment protocols. The concentration
of glucose was significantly higher in B2 compared to the A1 (p = 0.0008). The levels of lactate
for the same set of mice when compared was trending toward B2 having a higher concentration

than A1 (p = 0.06). Interestingly, ammonium and potassium had significantly lower concentrations
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for the B2 compared to A1 (p =0.01 and p = 0.05, respectively). Then, B1 had significantly higher
lactate compared to A2 (p = 0.04). Finally, the ammonium levels were trending toward the B1
having significantly lower ammonium than the A2 (p = 0.06). Thus, many of the analyte

concentrations differed significantly between all of the variables.
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Discussion.

Electrochemistry can be used for studying cellular and in vivo bioenergetics and toxicity
pathways. The need to measure and quantify more analytes was the impetus for developing a
platform that is easily customizable and applicable to a variety of different applications. In this
work, we present two potentiometric sensors for ammonium and potassium, in tandem with
enzymatic sensors to comprise this platform for use with model systems. These potentiometric
sensors 1) used the most accurate membrane formulation, 2) showed that coating the reference
electrode with a membrane was nonessential, 3) showed a biologically-relevant linear range with
sensitivity to their respective analyte, and 4) established operational longevity for use in model
organ systems. We used this platform to analyze samples from a mouse model to show metabolism
dysregulation due to TCDD and LPS. Together with a pump and valve system, this biosensor
provided an easy-to-use and versatile format to build a larger biosignature, diagnose and monitor
health and disease, and further develop new therapeutics.

First, the sensitivities to ammonium were investigated to determine the formulation that
produces a sensitivity closest to the ideal sensitivity. The formulation for the potentiometric sensor

was determined to be the best based on the sensitivity of the electrode to ammonium.

0.0592
n

Potentiometric sensors obey the Nernst Equation (E = E° — log Q).* This reveals the

theoretical slope of potentiometric sensors based on the associated ion charge of n.** Thus, both of

the sensors developed here will have a theoretical slope of 0.0592 V decade™ (59.2 mV decade™),

2

since “n 118

(the number of electrons) is equal to one.''® The sensitivity that is closest to 59.2 mV
decade! represented the best formulation and was used for future experiments.!'® Formulation 2
had the closest sensitivity to the theoretical value and allowed for a more accurate determination

of the analyte concentrations in biological systems.
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Next, the need for a reference electrode coating was determined. Reference electrodes are
often coated to get a more accurate signal for the sensor by reduce potential drift.?%!"” However,
this data suggested that the reference electrode coating is not necessary and does not significantly
change the sensitivity to the analyte for either of the sensors. Thus, a reference coating was not
used in future experiments. Because a reference coating was not necessary for the potentiometric
sensors, the same reference electrode can be used for amperometric and potentiometric detection
on a single SPE.

The ammonium and potassium sensors were sensitive to their respective analytes and
spanned a large linear range necessary for monitoring a variety of biological processes. The
sensitivities allowed for a low level of detection and quantitation while also including higher
concentrations. It is possible that the linear range extends beyond the upper limit of linearity, but
calibrants with higher concentrations of analytes were not tested, since higher concentrations are
not physiologically relevant. The sensitivity of the ammonium sensor exhibited near-Nernstian
behavior (a theoretical sensitivity of 59.2 mV decade™! according to the Nernstian equation).'?°
Thus, it is performing as it should and will provide accurate results. The potassium sensor had a
slightly super-Nernstian response, providing accurate results, but emphasizing the need for
calibrations before sample testing. Using this as a platform would allow for use not only these
analytes but also other ions for instance, sodium. It is possible to use the same membrane with a
different ionophore, making this an interchangeable system that allows for customization to a
variety of applications.

Finally, since this can be used in tandem with continuously operational systems, the
longevity of the potentiometric sensors was established. The operational longevity of the

amperometric sensors has previously been established with a few weeks of stability after an initial
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loss of sensitivity due to enzyme degradation.?® In both sensors, there was a decrease in sensitivity
initially in the first few days that then stabilizes after approximately seven days. These were tested
for up to eight days, but it is possible they can be used for longer. Furthermore, these potentiometric
sensors still yielded a substantial response to analytes after eight days, allowing another calibration
to be completed, even though they seem to have a decreased sensitivity compared to other
electrodes.?>!2! These sensitivity decreases emphasized the need for regular recalibration in
continuously operational sensors. Therefore, the developed potentiometric sensors are promising
for their use in monitoring multiple ion-based biological analytes over extended periods of time
and in combination with enzymatic-based sensors to be used as a platform.

LPS elicits a strong inflammatory response with resulting increased cytokines and
interleukins in the system.*#+195 Here, the glucose was decreased in Al and B1 compared to A2
and B2, respectively, indicating dysregulated glucose metabolism. This is showing that the mice
are under significant stress from LPS and compensating by recruiting more glucose to promote
macrophage response, thus changing the glucose metabolism in the peritoneal cavity of the
mice.!*> However, the other analytes were not significantly different, showing a slight metabolic
profile change, but not enough to change the whole system. Even though glucose was consumed
more, it is possible that lactate was unaffected if glucose produced lactate and was stored as
glycogen.>* Glucose metabolism in the peritoneal cavity of mice is dysregulated due to LPS, but
the other metabolites are unaffected, showing that the inflammatory response does have an effect
on metabolism similar to endometriosis.

Dioxins are a family of environmental contaminants with TCDD considered to be the most
toxic and can disrupt several different cellular processes.** B2 mice showed dysregulated glucose,

lactate, and ammonium compared to A2. The mice treated with only TCDD had increased glucose
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concentrations when compared to control mice, indicating a dysregulation in glucose metabolism.
Perhaps the perturbed mice were releasing glucose (glycogen stores) or revealing a new glucose
intolerance, which explains the improper metabolism and the increased glucose seen in the
results.2*198122 Both of these may be done to compensate for the stress of TCDD and the onset of
its toxicity and endocrine disruption, thus changing the glucose metabolism of the mice’s

peritoneal cavity.!%®

This sheds more light on the possible effects endometriosis as a disease has
on a body’s metabolic profile. However, B1 and A1 did not show differences which may shed light
on how LPS affects the system. Similar to glucose, lactate also had increased concentrations for
B2 mice compared to A2 mice. The mice were generating more lactate by perhaps depleting their
glycogen stores or converting glucose straight to lactate to protect from toxicity stress and
endocrine disruption.>* Again, the B1 and Al mice did not show a difference in lactate
concentrations which may be a result of LPS again changing the system after TCDD has changed
the system. Lastly, ammonium had reversed results compared to glucose and lactate and showed
decreased concentrations in the B1 mice and B2 mice compared to the A1 mice and A2 mice,
respectively. This may be a result of ammonium levels increasing in the liver/blood stream, which
indicates possible liver or kidney failure.!>!22:123 Potassium levels were trending toward decreased
concentrations in the B2 mice compared to A2 mice. This may also account for the dysregulated
glucose metabolism.!?* Dysregulated potassium metabolism is most likely the result of distressed
kidneys as they are responsible for potassium homeostasis.!” Because the ion concentrations in the
peritoneal cavity were lowered, there were signs of distress and toxicity. In general, glucose,
lactate, and ammonium metabolisms were dysregulated in mice treated with TCDD, similar to the

endocrine disruption with endometriosis.
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Interestingly, in comparing some of the peritoneal cavity samples with treatment of TCDD
and/or LPS, there was significant metabolite dysregulation. B2 mice compared to Al mice had
increased glucose, trending toward increased lactate, and decreased ammonium and potassium.
This is possibly a result of LPS forcing cells to consume more glucose while TCDD promotes
glucose intolerance or storage. Lactate may reveal that the mice were producing even more lactate
when treated with TCDD as it has dysregulated their metabolism even more than a dysregulated
metabolism with LPS. Lowered ammonium and potassium concentrations may be the result of
dysregulated metabolic pathways and showing signs of the onset of toxicity by increasing the
concentrations of these ions in the liver/kidneys. Then, B1 mice compared to A2 mice showed
significantly increased lactate concentrations and trending toward decreased ammonium levels.
Thus, lactate is produced heavily when the peritoneal cavity is hit with both inflammatory agents,
and ammonium is reduced in the system with ammonium concentrated in the liver and kidneys,
perhaps.* Both of these reveal the significant metabolite dysregulation when dosed with both

toxicants. Thus, the metabolic profile of the peritoneal cavity changes with TCDD and/or LPS.
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Conclusions.

A new multianalyte dual amperometric and potentiometric biosensor platform was
investigated to quantify changes in glucose, lactate, ammonium, and potassium simultaneously.
Enzyme and ionophore-based membranes were used for multiplexed analysis and combined on
the biosensor array with a pump and valve for automation and customization. The developed
potentiometric sensors were combined with amperometric sensors to provide a platform for a
broader and more thorough profile of cellular function and toxicity pathways that is customizable
to a variety of applications. We developed potentiometric sensors to have a membrane formulation
that will allow for the most accurate results. The sensors offered a wide linear range that can be
used for measuring metabolic biosignatures in systems. Lastly, these sensors retain strong
analytical sensitivity after at least eight days of use, showing that the platform may be integrated
with organ-on-chip systems for real-time analysis of a number of analytes. Applying this platform
to a model organ system like the peritoneal lavage mice samples provides biological context and
demonstrates the translation to a multitude of applications. These results showed that 1) LPS
increased glucose consumption; 2) TCDD by itself decreased glucose consumption, increased
lactate production, decreased ammonium levels, and slightly decreased potassium concentrations;
3) TCDD decreased glucose consumption, slightly increased lactate production, and lowered
ammonium and potassium concentrations compared to the LPS dysregulated metabolisms; and 4)
TCDD and LPS together increased lactate production and decreased ammonium concentrations.
With the addition of these sensors and use of this platform, we can examine a biosignature before
and after a model organ system has been perturbed to understand metabolite dysregulation and

pathways of toxicity.
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Chapter VI

CONCLUSIONS AND OUTLOOK

Summary

This dissertation describes the development and application of multianalyte
electrochemical biosensors for understanding the cellular processes and mechanisms of toxicity in
model organ systems. Previously, there have been studies detailing the development of
multianalyte biosensors for several different analytes. However, these sensors are restricted by
their low resolution, inability to integrate with model organ systems, inability for customization,
and detection of only a few analytes. The studies shown here seek to not only validate the ability
of electrochemical biosensors to analyze complex biological processes, but establish platforms for
future work to further investigate model organ systems.

For chapter 3, a glucose and lactate osmium polymer-based sensor was developed and used
to measure metabolism in AML12 cells after treatment with APAP and/or insulin. The osmium-
based redox polymer was used for electrochemical detection in this sensor and operated at a
decreased voltage, allowing for decreased interference. These sensors demonstrated higher
selectivity (40-fold for glucose and 200-fold for lactate) over APAP, possessed higher sensitivity
(0.350 = 0.006 pA mM! for glucose and 2.00 + 0.05 uA mM! for lactate) over a biologically-
relevant range of analyte concentrations (50 uM — 10 mM for glucose and 2-324 uM for lactate),
and displayed comparable operational stability (26% decrease for glucose and 29% decrease for
lactate) compared to first-generation sensors. To test this platform under biologically-relevant

conditions, glucose metabolism was monitored in AML12 cells after treatment with APAP and/or
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insulin. This sensor revealed that the removal of insulin from basal media reversed glucose
metabolism in AML12 cells. In addition, it indicated that APAP reduced production of glucose in
the cells. Lastly, the Os-based sensor mitigated APAP interference compared to the first-
generation sensor. These studies illustrated the effectiveness of this high-resolution platform that
can be translated to other biological systems to understand cellular processes without concern for
interference.

To further understand cellular processes, a platform capable of the detection and
quantification of up to eight analytes using enzymatic-based sensors was developed. In chapter
four, the sensor was characterized using calibrations to obtain the high analytical sensitivities and
the wide biologically-relevant linear ranges for seven different analytes. These sensors can be
customized and are combined with a pump and valve system that provided an easy-to-use and
versatile format. This system was applied to analyze glucose and lactate metabolism of samples
from mice macrophages treated with TCDD, LPS, and B-glucan. The sensors revealed 1) TCDD
decreased glucose consumption and dysregulated lactate production; 2) LPS dysregulated glucose
consumption and increased lactate production; 3) B-glucan dysregulated glucose and lactate
metabolism differently in control and TCDD-exposed macrophages; 4) LPS decreased glucose
consumption more and dysregulated lactate metabolism differently than -glucan; and 5) 24 hour
treatment time period decreased glucose consumption and increased lactate production compared
to the 3 day post injection time point. Measuring changes in multiple analytes will allow for a
better understanding of the state and interactions of a system.

Finally, a similar platform was developed to detect and quantify changes in analytes
using amperometry and potentiometry. Chapter five details the development of two

potentiometric sensors combined with two amperometric sensors to simultaneously detect and
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quantify ammonium, potassium, glucose, and lactate. The membrane formulation that provides
the most accurate sensitivity was found to be 1% ionophore, 33% poly(vinyl chloride), and 66%
dibutyl sebacate. It was also determined that a reference electrode coating was not necessary.
The potentiometric sensors had sensitivities of 57 £ 2 mV per decade of concentration for
ammonium and 75 + 3 mV decade™! for potassium. This included a broad range of analyte
concentrations (21 uM — 10 mM for ammonium 80 uM — 12 mM for potassium). Finally, these
were characterized for operational stability (44% decrease for both ammonium and potassium)
over eight days. These sensors were used to detect the dysregulated metabolism of each of the
analytes from peritoneal lavage mice samples. Based on this data, LPS increased glucose
consumption, while TCDD decreased glucose consumption, increased lactate production,
decreased ammonium levels, and slightly decreased potassium concentrations. Comparing the
two treatments showed that TCDD decreased glucose consumption, slightly increased lactate
production, and lowered ammonium and potassium concentrations compared to the LPS treated
mice. Lastly, TCDD and LPS together increased lactate production and raised ammonium
concentrations. Overall, this work represents a customizable platform utilizing a multiplexed,
multianalyte amperometric and potentiometric biosensor for microphysiological monitoring of
metabolites simultaneously to provide a snapshot of the state and interactions of a biological

system.
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Outlook

Important to several biological processes, including biosynthesis, neurotransmission,
cellular respiration, metabolites are important aspects in understanding these complex processes.
Electrochemical biosensors that can detect a multitude of analytes will allow for the evaluation of
new and old systems to gain new insights on pathways of toxicity and cellular processes and can
show dysregulated metabolism in diseases like Parkinson’s or after perturbations like LPS.#24107
Thus, it is vital to detect and quantify metabolites to identify pathways of toxicity, monitor disease
progression, and develop novel therapeutics.

There have been many methods developed and used to detect and quantify metabolites,
electrochemical biosensors provide the opportunity for low cost, rapid, selective, stable, and
sensitive means to detect multiple analytes. These analytes comprise a biosignature, a snapshot of
the state and interactions of a system, that is used in analyzing biological applications. This makes
them highly translational, for instance to the clinic for personalized medicine or in wearable
monitors (smart bands).* Enzymatic- and ionophore-based sensors, like those described in this
work, provide all of these benefits unlike some of the other methods described previously.

Although enzymatic sensors show great promise, they do have some drawbacks that
prevent them from being fully effective in model organ systems. First, these sensors show lowered
enzymatic activity due to degradation, resulting in lowered sensitivity and a reduced operational
stability of the sensor. Glutaraldehyde is used as a common crosslinker (as it is in these studies)
for absorption of the enzyme onto the electrode surface. However, this crosslinking does not
promote enzymatic stability. Newer means of adsorption have been developed such as sol-gels that

maintain higher enzymatic activity.”®!2>126 These and the development of new methods will be

helpful in improving the effectiveness of enzymatic sensor.
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Next, these enzymatic sensors are susceptible to electroactive interference that can lead to
signal contamination and inaccurate results. Because enzymatic sensors often use oxidase enzymes
that rely on hydrogen peroxide oxidation, APAP and other interferents can also be oxidized at the
same potential. Significant research and development has been completed including this work to
reduce and mitigate this interference using conductive polymers and nanomaterials to lower the
potential for oxidation or change the sensor function entirely.!8%62 Applying these to more
analytes enables a better understanding of complex pathways and mechanisms. Screening
polymers such as m-phenylenediamine may also be used to reduce interference by preventing
larger molecules from accessing the electrode surface. All of these methods have improved
sensitivity and selectivity of enzymatic sensors by mitigating interference. Developing sensors
with better sensitivity and selectivity provides more opportunities for analysis of processes and
systems not previously understood due to interference.

Similarly, ionophore-based sensors are quite specific and low cost, but also have
limitations that must be considered. These sensors suffer from limitations that prevent them from
being fully effective in biological applications. One such drawback is the stability of the sensors.
The incorporation of polymers such as poly(3,4-ethylenedioxythiophene) doped with poly(styrene
sulfonate) and optimization and development of membrane compositions have proven helpful for
improving stability in sensors.?®** Furthermore, these sensors often suffer from selectivity issues
between ions. The addition of components to the membrane such as polymers and carbon paste
has demonstrated enhanced sensing capabilities of ions.?* Lastly, ionophore-based sensors often
have shortened linear ranges. Again, these may be improved through the integration of polymers

like PVC and ion exchangers like dibutyl phthalate.?*!'® Once these issues have been addressed,
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the sensors can be translated to multiple other ions and used to unravel the complex biological
processes in model organ systems.

Since electrochemical biosensors can be used for real-time analysis, it is helpful to
understand how they can integrate within or downstream of OoC systems. Using the sensors with
OoCs provides the opportunity for observing human cellular processes and pathways of toxicity
to monitor health and disease. While these sensors have the capability to be integrated, they suffer
from interference from the cellular media as well as diffusion, causing inaccurate results and
lowered resolution. Work has been done to reduce these effects through alternative cell media, the
addition of polymers, and lower flow rates, these methods are not perfect. Thus, electrochemical
biosensors need further optimization for use in real-time analysis of model organ systems like
O0Cs.

Metabolites are an important aspect of every biological process and are required for proper
function. The development of electrochemical biosensors to monitor multiple analytes provides
new insight about the pathways of toxicity and cellular processes. These sensors provide a low-
cost, sensitive, selective, and stable method for detection and quantification of multiple analytes.
While there are improvements that can be made to electrochemical sensors, the future is bright for

using these for integration with model organ systems to monitor health and disease.
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Appendix A

DEVELOPMENT OF A CHOLESTEROL AMPEROMETRIC BIOSENSOR FOR ANALYSIS
OF MODEL ORGAN SYSTEMS

Drug-induced liver injury is responsible for 5% of all hospital visits.!?” Organ-on-chip
(O0C) devices are being developed to faithfully reproduce human organs and organ systems unlike
traditional tissue culture techniques and animal models. Model organ systems such as OoCs are
the key to gaining insight in monitoring cellular function and toxicity and developing new
therapeutics. These devices provide 3D models that recapitulate the native environment and allow
for perfusion of cells. To monitor the health of the OoCs over time and in response to various
stimuli, several analytical tools have been developed. However, time dependent analysis is needed
to observe metabolic processes, pathways for disease, and mechanisms of toxicity in the organ for
use in identifying toxicant doses and time regimes, tracking changes in metabolic and signaling
activity, and observing metabolic pathway shifts. This may then be used to influence the use of
other methods that provide high-information content in terms of molecular-level responses like
mass spectrometry. Therefore, metabolic processes and mechanisms of toxicity may be established
as well as development of new therapeutics may progress.

Cholesterol is an important biomarker for overall health as it is used in every cell in the
body. It is vital to many organs as a structural component of cellular membranes and can be helpful
or harmful for them with varying concentrations.!?® Since the liver is responsible for the regulation
and synthesis of cholesterol, deviations can indicate the status of liver function.'” Higher

concentrations of cholesterol suggest that it is synthesizing too much cholesterol or regulating
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improperly. Lower concentrations of cholesterol indicate that it is not synthesizing enough or
regulating it improperly.

The liver-on-chip (LoC), a model liver system, is key to gaining insight in monitoring
toxicity as it is the metabolic center. Time-dependent analysis is needed to observe metabolic
processes, pathways for disease, and mechanisms of toxicity. This is important for identifying
toxicant doses and time regimes that are the most effective/toxic, tracking changes in metabolic
and signaling activity in the organ-on-chip (OoC), and observing metabolic pathway shifts such as
from anaerobic to aerobic. This may then be used to influence further in-depth analysis with other
methods, like mass spectrometry, that provide high-information content. These are necessary for
further development of therapeutics and monitoring toxicity in OoCs toward predictive toxicology
and biomimicry.

To answer this need, we developed a cholesterol sensor to be combined with LoC to gain
a better understanding of health and disease in the liver as well as its responses to chemical and
physical perturbations.?* The microclinical analyzer (WCA) accomplishes this by measuring the
concentration of cholesterol (and it is possible to measure other analytes simultaneously) in the
effluent from LoCs via electrochemistry in real time. Electrochemical analysis represents a
powerful tool for bioenergetic profiling.!** The biosignature measures the secretome of the cell of
a LoC that can be analyzed using specific biomarkers for liver stress as well as glucose, lactate,
dissolved oxygen, and pH biosensors previously developed.?’ Thus, by creating new sensors, more
information will be gathered about the system which will help build a larger and more descriptive
biosignature for the system. Together, they will ultimately allow for monitoring cellular function,
elucidating metabolic pathways, performing toxicity screens, and developing new therapeutics.

These will give greater insight into the cellular function and provide more information on the
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identifying the toxicant doses and time regimes, tracking changes in metabolic and signaling
activity, and observing metabolic pathway shifts. This new sensor will be a valuable resource for
the wider scientific community to pursue more studies in chemical and physical perturbations in
real time for toxicity and development of new therapeutics studies that have not been possible

before due to the limitations of current analytical tools.
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Experimental.

By using a cholesterol oxidase (12.5 mg mL-! in BSA/buffer solution; Sigma Aldrich; St.
Louis, MO) film (5 pL) deposited on an electrode, we detected changing concentrations of
cholesterol electrochemically. Cholesterol (Alfa Aesar; Ward Hill, MA) is difficult to dissolve in
water, so different dissolving agents such as Triton X-100 (Sigma Aldrich) and DMSO (Sigma
Aldrich) were investigated for their ability to dissolve it. This is used to determine the best
solutions for dissolving cholesterol and giving the most amount of free cholesterol. Furthermore,
biofouling can be an issue with sensors, so different semi-permeable polymer membranes
including nafion (Alfa Aesar) and poly I-lysine (Sigma) are examined. For both of these studies,

the best option is taken as the one that provides the most negative sensitivity.
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Results and Discussion.

Cholesterol is difficult to solubilize in water. It forms aggregates in the body as well as in
solutions of water. Therefore, a method for de-aggregation is sought. The body uses bile acids and
lipoproteins to accomplish this. Many groups have used beta-cyclodextrin/methyl beta-
cyclodextrin for dissolving the cholesterol.!3!:132 Micellar solutions like surfactants (triton x-100)
and organic solvents (ethanol) can also be used for accomplishing de-aggregation. In this study,
triton x-100 and different concentrations of DMSO are investigated for methods of dissolution
(Figure A.1). The higher concentrations of DMSO deactivated the enzyme or possibly opened the
enzyme pocket. Because the enzyme denatures, there were non-specific reductions as evidenced
by the largely positive sensitivity for 5 and 10% DMSO. Because we want the sensitivity to be
oxidative and therefore negative, a combination of 0.5% DMSO and 1% triton x-100 was the best
choice and provides the most amount of free cholesterol for testing on the sensor. The
concentration of triton x-100 was kept low to maintain biological relevance and produce the most

amount of free cholesterol while being able to solubilize it.
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Figure A.1. Comparison of Cholesterol Dissolving Agents. A scatterplot displaying how the
dissolving agents and their concentrations affect the sensitivity of the sensor. Experiments were
completed in Williams E media, HMM, and 1% FBS (same as LoC samples). Data represented as
an average with standard error, n = 4-8.
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In addition, biofouling and interference is a large issue for sensors, so much that it can
inhibit the sensor from being sensitive to the analyte of interest. Studies were conducted to
investigate how to prevent biofouling for this sensor. Semi-permeable polymer membranes can be
added on top to increase accuracy and precision of the measurements (Figure A.2). Again, the
most negative sensitivity is the most desirable for this sensor. Two commonly used polymers and
that were investigated here are nafion and poly l-lysine. Poly I-lysine had the largest oxidative
current, so it was the best membrane to prevent biofouling. The osmium-polymer developed in

chapter three was also utilized to prevent interference from unknown compounds.
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Figure A.2. Comparison of Cholesterol Oxidase Film Modifications. A scatterplot graph that
shows how films added on top of the sensor affect the sensitivity as well. Experiments were
completed in Williams E media with and without HMM. Poly lysine gives highest sensitivity and
prevents biofouling. Data represented as an average with standard error, n = 2-10.
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Finally, a cholesterol calibration is completed showing linear response for biologically
relevant concentrations (Figure A.3). The slope is given by the line, y = (-0.0135+0.0010)x - (1.8
+ 0.2). This provides an R? = 0.93 with n =3, showing the linearity of the sensor measurements.

The sensitivity is low, but this is likely due to the conglomerated cholesterol that is still in solution.
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Figure A.3. Cholesterol Calibration Curve. Experiments were completed in a buffered solution (2
mM PBS, 120 mM KCl, 0.5% DMSO, and 1% Triton X-100) in ambient conditions. The slope is
represented by the line y = (-0.0135 £ 0.0010) x - (1.8 + 0.2) with an R*?=0.93, n = 3.
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Conclusions.

Hepatotoxicity is the most common reason for drugs to be taken off the market.!3
Therefore, there is a serious need for increasing pharmacological and toxicological analyses of
pharmaceuticals and other xenobiotics. OoC systems provide insight that are difficult with other
methods, and improve medicine by assessing the acute and chronic drug effects. By coupling the
OoC with the pCA, a fast, robust, low-cost, and sensitive detection method, toxicological studies
may be completed in real-time on multiple analytes. Here, we present a cholesterol sensor for use
in LoC systems to test the hepatotoxicity of toxins and developing therapeutics. Two dissolving
agents, 0.5% DMSO and 1% Triton X-100, were used to dissolve cholesterol while still giving the
highest quantity of free cholesterol. A semi-permeable polymer membrane, poly I-lysine, was used
to prevent biofouling. Using these discoveries, a cholesterol sensor showed a linear response for
biologically relevant concentrations.
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Appendix B

ANALYSIS OF LIVER-ON-CHIP SAMPLES USING OSMIUM-BASED
ELECTROCHEMICAL BIOSENSORS

A model liver system deemed the liver-on-a-chip (LoC) is key to gaining insight in
monitoring toxicity, since the liver acts as a metabolic center. Time dependent analysis is needed
to observe metabolic processes and pathways for disease and mechanisms in the organ. The
microclinical analyzer (WCA) accomplishes this by simultaneously measuring the concentration of
various analytes in the effluent from organs-on-chips (OoCs) via electrochemistry for real-time
analysis. The biosignature of the LoC can be analyzed using specific biomarkers for liver stress,
ammonium and cholesterol, as well as glucose, lactate, glutamate, dissolved oxygen, and pH
biosensors.

Here, we present a study of LoC samples that have been treated with rosiglitazone or a
vehicle to understand the effects on glucose and lactate metabolism. Furthermore, these cells were
compared between diseased (cancerous tumor that had previously been treated with chemotherapy)

and control to determine how the cells glucose and lactate metabolism were affected.
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Experimental.

The sensors used to analyze these samples were the same described and developed in
chapter three. Four sets of samples were generously provided by the Vernetti group at University
of Pittsburgh from patients that had liver tumors.?® There were two samples: 1) a patient that had
a benign tumor and 2) a patient with a cancerous tumor that has been treated with chemotherapeutic
drugs. Then, these samples were cultured in a LoC system and treated with a vehicle (DMSO) or
rosiglitazone (a known hepatotoxic therapeutic). The media was collected and shipped to us. Media

was analyzed using glucose and lactate osmium-based sensors.
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Results and Discussion.

To understand the effects of rosiglitazone on the LoC cells, the vehicle and treated cells
were compared within the same control or diseased set of cells (Figure B.1). Rosiglitazone is a
known hepatotoxic therapeutic, so the effects on glucose and lactate metabolism can provide
insight into its mechanisms of toxicity.!** Glucose was not significantly different for the normal
control cells (p = 0.59) but was significantly decreased in cells treated with rosiglitazone for the
diseased cells (p = 0.02). Thus, rosiglitazone does have an effect on glucose metabolism if there is
another trigger that is affecting the cells as well, compensating for the stress by recruiting more
glucose for an inflammatory response.* This may also be the result that these diseased liver cells
also were treated with chemotherapy before being removed and cultured. The cells treated with
rosiglitazone had significantly less lactate compared to the vehicle in the diseased cell (p = 0.02)
and was trending similarly for the control cells (p = 0.06). Lactate metabolism was significantly
dysregulated. It is possible that lactate production is slowed from the stress of the toxicity from
rosiglitazone. Rosiglitazone dysregulated both glucose and lactate metabolism, indicating possible

pathways of toxicity.
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Figure B.1. Glucose and Lactate Metabolism in LoCs after Rosiglitazone Treatment. Scatterplot
displaying the glucose (left) and lactate (right) concentrations lactate analyzed using an Os-based
sensor vs. sample type including control and diseased samples. Experiments were performed in
Williams E media (ambient conditions). Data represented as an average and standard error with n
=4 (glucose) or 6 (lactate) replicates.
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In addition, glucose and lactate metabolism was investigated between the control and
diseased cells within the same treatments (vehicle or rosiglitazone) (Figure B.1). Glucose
metabolism was not significantly dysregulated in the diseased cells for the vehicle and
rosiglitazone-treated cell (p = 0.40 and p = 0.13, respectively). However, lactate production was
significantly increased in the diseased cells given a vehicle (p = 0.05) and trending toward
increased for the rosiglitazone-treated diseased cells (p = 0.06). Lactate metabolism indicated
increased anaerobic respiration. Lactate perhaps depleted the glycogen stores to protect against the
stress of the disease or the disease permanently shifted metabolism toward anaerobic respiration.>*
Thus, the diseased cells had dysregulated lactate, likely due to the stress of the disease and possibly

from the chemotherapeutic treatment.
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Conclusions.

The osmium-based amperometric glucose and lactate biosensors were used to investigate
glucose and lactate metabolism. Rosiglitazone affects glucose and lactate metabolism by
increasing glucose consumption and decreasing lactate production. Those cells that were diseased
and had been treated with chemotherapy previously show an exacerbated effect with the
rosiglitazone in these same metabolites. The diseased (and treated with chemotherapy) cells
showed increased lactate production. Using these sensors, to combine with a OoC system like the
LoC will undoubtedly provide new insights and understanding to previously unknown or poorly
studies diseases, toxicants, and biological systems.
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e Developed a podcast on COVID and public health for community outreach

Graduate Research Assistant/Ph.D. Candidate 2016-Present
Adpvisor: Dr. David Cliffel; Department of Chemistry, Vanderbilt University, Nashville, TN
e Developed eight electrochemical sensors for testing with model organ systems in
applications of toxicological studies and presented at weekly lab meetings and at several
conferences
e Collaborated with Vanderbilt-Pittsburgh Resource for Organotypic Models for Predictive
Toxicology to adapt electrochemical sensors for testing on model liver system

Research Assistant 2013-2016
Adpvisor: Dr. Jared Baker; Department of Chemistry, Elmira College, Elmira, NY
e Collaborated with a local whiskey distillery to develop a portable Arduino sensor to
determine methanol (0%) and ethanol content (40-80%) in the field for regulation
purposes
e Characterized whiskey flavor profiles using techniques such as fluorimetry and GC-MS
by evaluating various compounds (i.e. total acidity, calcium, and scopoletin)

Research Assistant May 2015-July 2015
Adpvisor: Dr. Lisa Holland; Department of Chemistry, West Virginia University, Morgantown,
A%
e Developed and investigated a self-directed project, and presented findings in two
presentations
e Assembled and standardized procedures for an Inductively Coupled Plasma — Optical
Emission Spectrometry (ICP-OES) instrument for colleagues and independent project use
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Research Mentor 2018-Present
Department of Chemistry, Vanderbilt University, Nashville, TN
e Organized projects for seven undergraduate/PhD students: monitored their progress,
provided feedback, and reviewed their presentations for internal use and external
institutions
e Directed experimental design and provided technical training for students in instruments
(potentiostat) and techniques (cyclic voltammetry and cell culture)

Teaching Assistant 2016-2017
Department of Chemistry, Vanderbilt University, Nashville, TN

e Supervised and facilitated general and organic chemistry labs

e (Guided and coordinated experiments for 18-24 students in each class twice a week

AWARDS

T32 Trainee in Environmental Toxicology Program, Vanderbilt University
2017-2020
Algernon DeWaters Gorman Prize, Elmira College

2015

Chemical Rubber Company Basic Chemistry Prize, Elmira College

2013

LEADERSHIP POSITIONS

Secretary/PR Chair, Younger Chemists Committee of ACS Nashville chapter 2020-Present
Secretary, Graduate Student Council at Vanderbilt University 2020-2021
Founder/President, Gamma Sigma Epsilon — Elmira College chapter 2016-Present
Member/President, American Chemical Society — Elmira College chapter 2013-Present

PROFESSIONAL AFFILIATIONS

Member, Electrochemical Society 2019-2020
Member, Sigma Zi 2017-2019
Member, Phi Beta Kappa 2016-Present
Member, Omicron Delta Kappa at Elmira College 2014-Present
Member, Phi Eta Sigma at Elmira College 2013-Present
PRESENTATIONS

Oral

Melow, S. L., Miller, D. R., Gizzie, E. A., and Cliffel, D. E. High-Resolution Multianalyte
Biosensor Array for Analysis of Model Organ Systems, Electrochemical Society Meeting, 2019,
Atlanta, GA

Melow, S. L. and Cliffel, D. E. Electrochemical Biosensors for Predictive Toxicology, Vanderbilt
University Toxicology Seminar, 2019, Nashville, TN
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Melow, S. L., Miller, D. R., Gizzie, E. A., and Cliffel, D. E. High-Resolution Multianalyte
Biosensor Array for Analysis of Model Liver Systems, SERMACS, 2018, Augusta, GA

Melow, S. L. and Cliffel, D. E. Electrochemical Biosensors for Predictive Toxicology in Model
Liver Systems, Vanderbilt University Chemistry Department Seminar, 2018, Nashville, TN

Melow, S. L. and Cliffel, D. E. Electrochemical Biosensors for Predictive Toxicology, Vanderbilt
University Toxicology Seminar, 2018, Nashville, TN

Poster

Melow, S. L., Miller, D. R., Gizzie, E. A., and Cliffel, D. E. High-Resolution Multianalyte
Biosensor Array for Analysis of Model Organ Systems, Cellular and Molecular Mechanisms of
Toxicity — Gordon Research Seminar/Conference, 2019, Andover, NH

Melow, S. L., Ellington, M. C., and Holland, L. A. Assessment of Titanium Dioxide
Nanoparticles in Aquatic Tanks, Pittsburgh Conference on Analytical Chemistry and Applied
Spectroscopy, 2016, Atlanta, GA

Melow, S. L., Ellington, M. C., and Holland, L. A. Assessment of Titanium Dioxide
Nanoparticles in Aquatic Tanks, Summer Undergraduate Research Symposium, 2015,
Morgantown, WV

PUBLICATIONS

Melow, S. L., Miller, D. R., Gizzie, E. A., and Cliffel, D. E. A Low-Interference, High-
Resolution Multianalyte Electrochemical Biosensor. Anal. Methods 2020, 12—15.
https://doi.org/10.1039/d0ay00528b.

Melow, S. L., Tuladhar, P., Stevens, V., Osteen, K., and Cliffel, D. E. Development and
Application of a Dual Amperometric and Potentiometric Multianalyte Electrochemical Biosensor.
In preparation for submission. (Estimated submission date: June 2021).

Melow, S. L., Stevens, V., Osteen, K., and Cliffel, D. E. Multianalyte Amperometric

Electrochemical Biosensor Platform for Analysis of Model Organ Systems. In preparation for
submission. (Estimated submission date: June 2021).
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