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ABSTRACT

Advancing personalized medicine with electrochemical aptamer-based (EAB) sensors

by

Nicole Ann Emmons

Personalized medicine, a rapidly evolving field of healthcare, aims to improve therapeutic
outcomes by individualizing patient care. Therapeutic drug monitoring (TDM) presents a
vast improvement to personalized medicine, enabling clinicians to optimize dosing regimens
to improve therapeutic outcomes while minimizing toxicity. The state of the art of TDM is
significantly limited by the current techniques employed to perform it. Existing technologies
are limited by reliance on ex vivo quantification that generally results in single time point or
low temporal resolution measurements and the inability to measure drug levels in different
physiological compartments simultaneously. Electrochemical aptamer-based (EAB) sensors,
a novel biosensing platform, present a powerful means of overcoming these limitations,
providing seconds-resolved, cross-compartment measurements of drug distribution in real-
time. Centered around the focus of advancing TDM, this work first utilizes EAB sensors to
better elucidate drug transport from blood to solid tissue, with an ultimate goal of improving
transport into the brain. Using doxorubicin as a testbed, I first demonstrate that EAB sensors

can capture the distribution of chemotherapeutics from the bloodstream to the peripheral

viii



subcutaneous tissue. I then utilize these measurements to perform high-precision feedback-
controlled drug delivery over plasma drug levels. After careful evaluation of the permeation
of drugs into tissue not separated by a physiological barrier, I then demonstrate the in-brain
EAB platform can explore how pharmacological manipulations and drug encapsulation
methods may improve drug permeation into the brain. Finally, this work utilizes individual,
subject-specific measurements to suggest EAB sensors could be used to inform inter-patient
pharmacokinetic variability. Collectively, this work argues that EAB sensors could
significantly advance both our understanding of drug transport to the brain and peripheral
tissues and revolutionize personalized medicine by enabling high-precision therapeutic drug

monitoring.
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Chapter 1: Introduction



1.1 Overview

The ability to monitor drugs and other small molecule concentrations in the body in
real-time would drastically improve our understanding of pharmacokinetics, which would
better inform how we diagnose and treat disease. The advancement of personalized medicine
relies on methods to quantify the individual relationship between dose and response (Chan &
Ginsburg, 2011; Goetz & Schork, 2018). Thus, our ability to individualize patient care and
advance therapeutic efficacy is significantly limited by the techniques with which we
quantify drug distribution. The ability to measure drugs in real-time and with high temporal
resolution would be advantageous for two primary reasons, both of which are significantly
advanced by the research outlined in this work. First, seconds-resolved measurements of drug
distribution in the body would enable clinicians to optimize therapeutic outcomes by
improving the permeation of therapeutics in their intended sites of action. Second, these
measurements could detect individual differences in pharmacokinetics to minimize variably
in drug exposure, increasing therapeutic efficacy while minimizing toxicity. Both
advancements would improve our understanding of drug transport through and elimination
from the body and advance high-precision, individualized medicine.

Comprehensively, this thesis posits that state-of-the-art biosensing techniques,
specifically electrochemical aptamer-based (EAB) sensors, would significantly advance both
our understanding of pharmacokinetics and our ability to perform truly personalized
medicine. Personalized medicine is a healthcare field that prioritizes the customization of
patient care to improve therapeutic outcomes (Chan & Ginsburg, 2011; Goetz & Schork,
2018). Therapeutic drug monitoring (TDM) is a foundational component of personalized

medicine, and its advancement would greatly improve the methods by which we treat and
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diagnose disease. TDM is a clinical practice achieved most often by single time point
measurements during the lifetime of specific drug administrations to maintain therapeutic
concentrations in the bloodstream (Kang & Lee, 2009). These measurements are, at times,
performed at sequential intervals to provide more insight into the drug’s distribution and
elimination in plasma. The goal of this practice is to individualize therapeutic dosing
regimens to optimize clinical benefit while potentially decreasing adverse side effects
associated with overdose. Achieving the “state of the art” of TDM is currently limited by
numerous factors related to the drawbacks of conventional sampling techniques.

Although blood sampling is ubiquitous in TDM, the ability to quantify drug
concentration at the site of action of specific drugs would provide a significant advancement
in the state of the art. How drugs are transported from the blood into the solid tissues that are,
most often, their sites of action, is poorly understood. Drug transport into the brain, for
example, is limited by the blood-brain barrier, a critical neuroprotective defense mechanism
that excludes the passage of harmful substances while permitting the passage of essential
molecules and nutrients (Goldstein & Betz, 1986). This same selectivity restricts the passage
of many therapeutic drugs aimed at targeting neurological abnormalities or specific
molecular pathways in the brain. For example, a primary objective in the development of
neuropharmaceuticals employed in the treatment of neuropsychiatric disorders, such as
depression and schizophrenia, as well as neurodegenerative disorders, such as Alzheimer’s
and Parkinson’s, is ensuring brain bioavailability to achieve neurotherapeutic efficacy
(Poovaiah et al., 2018). Likewise, the treatment of in-brain cancers is significantly limited by
the failure of chemotherapeutics to permeate the blood-brain barrier (BBB) (Park et al.,

2012). Understanding how drugs permeate, and conversely, fail to permeate, the BBB is



critical for developing targets and pharmacological manipulations aimed at maintaining
therapeutic in-brain concentrations of drugs. Developing methods to accurately and rapidly
quantify drug distribution across compartments would significantly advance TDM,
improving both pharmacological research and clinical practice.

Because existing methods to quantify drug transport often lack temporal resolution,
our understanding of inter-subject pharmacokinetic variability is limited. When generating
pharmacokinetic curves using data obtained by blood draw and HPLC, researchers must
periodically sample over extended intervals, suggesting the data may not capture critical
moments of drug absorption, distribution, metabolism, and elimination. And because drawing
enough samples from the same animal to track individual PK repeatedly is often impractical,
most of these methods rely on aggregating data across multiple animals to generate a
pharmacokinetic profile. While this is valuable for understanding more generalized
pharmacokinetic processes, aggregation may obscure important outliers or trends that could
inform facets of drug action in specific subpopulations. In contrast, EAB sensors can
generate high-density, high-precision data sets for individual animals, enabling the direct
evaluation of pharmacokinetic variability that would critically inform therapeutic drug
monitoring.

Here, I posit that EAB sensors can significantly advance personalized medicine by
enabling real-time therapeutic drug monitoring. To place my work in context, I first begin
with an overview of existing techniques utilized to quantify drug concentration across
different physiological compartments. I argue that while they have significantly advanced the
state of the art of precision monitoring, their limitations, including temporal resolution,

reliance on ex vivo quantification, and their inability to generate data in real-time, suggest



they may be ill-equipped to catalyze the advancement of personalized medicine that the field
demands. I then introduce the emerging and innovative biosensing platform, EAB sensors. |
illustrate how EAB sensors overcome the limitations of prior technology and summarize the

work conducted thus far.

1.2 Current methods for quantifying drug concentration

Current methods for quantifying the permeation of drugs into the blood or solid
tissues, including the brain, lack the temporal and spatial resolution to analyze the dynamics
of drug metabolism, elimination, or transport, particularly with regard to the CNS (M. L.
Davies et al., 2000; Sloan et al., 2012). Research suggests that using blood levels as a proxy
for CNS concentrations leads to underdosing (Ban et al., 2022; Lonsdale et al., 2013).
Modeling drug transport into the CNS is further hampered by incomplete evidence of how
therapeutics are distributed into peripheral compartments. Traditional sampling methods to
quantify both systemic and peripheral levels of drugs rely on ex vivo analysis and lack the
temporal resolution with which we can truly understand and quantify the distribution of these
agents into solid tissue.

1.2.1. Quantifying drug levels in blood. Accurately quantifying drug levels in the
blood is a fundamental aspect of pharmacokinetic monitoring. Understanding drug levels in
the bloodstream is invaluable for minimizing drug-induced toxicity and optimizing
therapeutic efficacy.

1.2.1.a. High-Performance Liquid Chromatography (HPLC). HPLC is the
most commonly used technique to quantify drug levels in the blood. However, this process

requires blood samples obtained through patient blood draws, which greatly restricts the



temporal resolution of the measurements. As a result, clinicians often rely on single time-
point measurements, likely due to the invasive nature of the procedure, its cost, and reliance
on skilled phlebotomists. Blood samples are drawn from patients and injected into a system
where a high-pressure solvent (mobile phase) carries it through a particle column (stationary
phase). The drug then separates from other components of the blood based on interactions
with the material of the column. The drug level in the sample is quantified using a sensitive
detection method, such as UV-VIS or mass spectrometry, which produces a signal
proportional to the concentration in the sample (Morikawa et al., 2023; Nikolin et al., 2004).
HPLC is significantly limited by numerous factors, including the cost of equipment, the need
for specialized personnel, specificity limitations, and the reliance on ex vivo quantification
(Ates et al., 2020; Gaspar et al., 2021).
1.2.1.b. Immunoassays. Immunoassays are an analytical method that relies on

antibodies as a biorecognition element. Like other techniques, immunoassay is reliant on
blood draws, and due to invasiveness, the need for specialized personnel, and cost, these
samples are often only single time point measurements. These assays include enzyme-linked
immunosorbent assays (ELISAs) and radioimmunoassay. While widely employed in clinical
diagnostics because of their commercial utility, immunoassays are significantly limited by
their specificity, as experimental antibodies may cross-react to analogs. Antibodies also
require in vivo maturation via mammalian expression vectors (Ates et al., 2020; Lippow et
al., 2007). Finally, like HPLC, immunoassays require ex vivo quantification of samples,
which significantly limits clinical time-to-answer.

1.2.2. Quantifying drug levels in interstitial fluid (ISF). Determining drug levels in

ISF is of critical importance for two reasons. First, many drugs exhibit their therapeutic



effects outside of the blood thus necessitating the need to accurately quantify drug levels at
their site of action. Second, ISF measurements could potentially circumvent the invasiveness
and inconvenience of routine blood draws currently employed for therapeutic drug
monitoring.

1.2.2.a. Sampling ISF. Quantifying drug levels in ISF is significantly limited
by current extraction methods. Two primary methods to sample ISF include suction blisters
and microdialysis. Suction blisters are created by applying negative pressure to the dermis,
from which fluid is then collected (Friedel et al., 2023; Vermeer et al., 1979). Microdialysis
obtains ISF by the insertion of a semi-permeable membrane into the tissue, through which a
perfusion fluid is passed (Davies et al., 2000; Kolluru et al., 2019). These methods are labor-
intensive and invasive and require ex vivo benchtop analysis. Collectively, ISF extraction
methods are limited to small volumes (~1-15 pL) and likely significantly alter the ISF
composition (e.g., by rupturing cells or dilution with dialysate) in the collection process
(Friedel et al., 2023; Niedzwiecki et al., 2018; Ribet et al., 2020; Samant & Prausnitz, 2018;
Vermeer et al., 1979).

1.2.3. Quantifying drug levels in the brain. Current methods for quantifying the
permeation of drugs into the brain lack the temporal and spatial resolution to analyze
dynamic changes that occur in the CNS. And many commonly deployed techniques, such as
tissue homogenization, provide measurements of only a single time point and often fail to
differentiate between tissue levels of target and circulating blood levels in the brain,
significantly limiting our understanding of how drugs move across compartments.

1.2.3.a. Homogenization of brain tissue. Drug levels in the brain are often

quantified through tissue homogenization. Postmortem tissue is collected and homogenized



through mechanical, chemical, or enzymatic processes (H. Gao et al., 2013). Brain tissue
must be extracted and stored carefully to avoid contamination. Finally, the sample analyte is
extracted using LC-MS bioanalysis. This method provides information on only a single time
point, hampering our ability to capture the seconds-resolved dynamics of drug transport. It is
also a terminal procedure and relies on ex vivo quantification. Further, accurate
measurements are confounded if there is any residual blood on the brain tissue, which can
impact concentration estimates (Timmerman et al., 2014).

1.2.3.b. Cerebrospinal fluid (CSF) extraction. The simplest method to
quantify drug distribution in the central nervous system is to measure drug concentrations in
CSF. CSF is a clear fluid, formed as an ultra-filtrate of plasma, found in both intracranial and
spinal compartments of the central nervous system (de Lange, 2013; Hrishi & Sethuraman,
2019). The most rudimentary method to obtain CSF is via a single lumbar puncture (spinal
tap) during a continuous intravenous infusion (de Lange, 2013). This method is significantly
limited by its invasiveness and reliance on ex vivo quantification. Additionally, this method
does not enable CSF sampling at the site of action, which raises the question of how closely
sampled CSF captures CNS target site concentrations (de Lange, 2013; Hrishi & Sethuraman,
2019). There is also evidence to suggest that repeated CSF sampling may influence
physiology (Bothwell et al., 2019; Miyakawa et al., 1977).

1.2.3.c. Microdialysis. The current gold standard methodology to quantify
drug distribution into the brain is microdialysis. This powerful technique permits the
measurement of endogenous and exogenous molecules in the central nervous system and has
significantly advanced the field of neuropharmacology and neurochemistry (Anderzhanova

& Wotjak, 2013; Deguchi & Morimoto, 2001; Pan et al., 2007). A microdialysis probe with a



semipermeable membrane is inserted into specific brain regions, and buffer solutions are
pumped through the probe (Figure 1.1). This permits molecules from the brain’s extracellular
fluid to diffuse into the solution, after which it is collected and quantified ex vivo. Typically,
microdialysis samples are quantified using HPLC or mass spectrometry to determine the
concentration of molecules of interest in the brain’s extracellular fluid (Anderzhanova &
Wotjak, 2013; Shannon et al., 2013). The strengths of this platform lie in its reliance on ex
vivo quantification, suggesting it is generalizable across targets of interest. Conversely,
because microdialysis is not performed in real-time and requires ex vivo quantification, the
temporal resolution is generally limited to the order of tens of minutes (M. 1. Davies et al.,
2000; Hammarlund-Udenaes, 2017; Yang et al., 2013). Notably, some highly skilled
scientists have been able to perform microdialysis with high temporal resolution (sampling
every ~10 seconds), but these advancements are more often one-offs rather than the standard
for microanalysis (Lada et al., 1997; Schultz & Kennedy, 2008). Dynamic changes in the
CNS occur in a matter of seconds, suggesting a platform technology that can provide real-
time, highly temporally resolved data would improve our understanding of in-brain

physiology and neuropharmaceutical efficacy.
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Figure 1.1. Microdialysis Coupled with HPLC-MS. Sombers Lab. 2019. Copyright Leslie Sombers.

1.2.3.d. Cyclic voltammetry. Fast-scan cyclic voltammetry (FSCV) is an
electrochemical technique that monitors drug distribution in the brain with high temporal
resolution, positioning it as a vast improvement to the abovementioned techniques. In FCSV,
a triangular voltage waveform is applied to a working electrode situated in brain tissue at
high scan rates (typically 100-400 V/s), thus enabling the detection of electroactive drugs and
endogenous metabolites (including neurotransmitters) based on their redox behavior
(Castagnola et al., 2020; Hashemi et al., 2009; Heien et al., 2004; Phillips et al., 2003; J. G.
Roberts & Sombers, 2017). The current output from these electrode scans can be analyzed
based on its magnitude, shape, and position relative to a reference electrode, providing
information about the identity of the molecules present. This technique is a powerful
advancement from techniques like microdialysis. This electrochemical method is
considerably less invasive than other in-brain sensing techniques, with electrode diameters
ranging from hundreds of nanometers to tens of micrometers (Burmeister et al., 2008;

Ngernsutivorakul et al., 2018; Seymour et al., 2017). Their smaller size minimizes disruption
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to local brain tissue, reducing both physical damage and the inflammation typically caused
by probe insertion that may cause changes in molecules of interest. FCSV’s primary strength
lies in its seconds and even sub-seconds temporal resolution, which is a critical strength for
capturing rapid neurochemical processes (Marken et al., 2010; Sarter & Kim, 2015).
Electrochemical approaches like FSCV present a powerful research tool enabling the
detection of molecules in the brain with high temporal resolution. This technique, however, is
significantly limited by the generalizability, or lack thereof, of the platform. FSCV is limited
to the detection of species that are redox-active, a constraint that excludes many molecules,
including most pharmaceuticals and nearly all drugs of abuse. Due to its reliance on redox as
identification, FSCV also suffers from poor selectivity: molecules with similar redox
potentials, such as dopamine and serotonin, produce overlapping signals, requiring
sophisticated post-hoc data analysis or waveform adjustments to differentiate them

(Movassaghi et al., 2024; Rafi & Zestos, 2021).

1.3 Electrochemical aptamer-based (EAB) sensors

1.3.1. Aptamer selection. EAB sensors are a novel biosensing platform that enables
real-time monitoring of drugs and metabolites in situ in the living body. EAB sensors utilize
aptamers, single-stranded oligonucleotides capable of binding to specific targets with high
specificity and selectivity. Aptamer sequences for specific targets are identified in an in vitro
process termed the Systematic Evolution of Ligands by Exponential Enrichment (SELEX).
SELEX begins with a large, random oligonucleotide library consisting of approximately 10'3

random sequences. These sequences are then incubated with a target; sequences that fail to
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bind target are eluted, while those that bind to the target are amplified through PCR. This
iterative process continues for many rounds, decreasing the concentration of target to isolate
high-affinity aptamer sequences (Figure 1.2). To ensure aptamer selectivity, SELEX also
involves the incubation of sequences with potentially confounding molecules in a process
called counter SELEX (Zhuo et al., 2017). Sequences that bind these confounds are eluted,
ensuring the final library contains aptamer sequences that have both high affinity and high
selectivity for the target of interest (Kohlberger & Gadermaier, 2022; Sampson, 2003). The
SELEX process is a significant advantage of EAB platforms, given that aptamers can be
synthesized chemically, which allows for rapid, reproducible, and scalable production
without the need for cell-based expression systems or animal hosts.

EAB sensors rely on single-stranded DNA as their biorecognition element. We utilize
DNA aptamers as opposed to RNA because of its comparative stability. Although both DNA
and RNA aptamers can bind targets with high affinity and selectivity, RNA-based aptamer
sequences are often more unstable due to the presence of a reactive hydroxyl group which is
more susceptible to hydrolysis (D. R. Davies et al., 2012; Ni et al., 2011; Zhu et al., 2015).
DNA-based aptamers have higher stability in complex media (fetal bovine serum and human

serum (Zhu et al., 2012)) and are resistant to hydrolysis.
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Figure 1.2. Schematic representation of the SELEX (Systematic Evolution of Ligands by Exponential

enrichment) process. The cycle begins with a randomized oligonucleotide library incubated with the target
molecule. Non-binding sequences are removed through a washing step, while target-bound sequences are
eluted. The selected sequences are amplified using PCR (or RT-PCR for RNA aptamers) to generate an enriched
pool. This pool undergoes iterative rounds of selection and amplification to refine high-affinity and high-
specificity binders. The process concludes with sequencing and characterization of the enriched aptamers for

downstream applications. Image from Zhou et al., 2017.

1.3.2. EAB mechanism. To engineer aptamers to function as biorecognition
elements, we modify sequences with a covalently attached redox reporter, specifically
methylene blue, and attach them to the surface of gold electrodes using thiol surface
chemistry. This modification allows us to exploit the structure-switching capabilities of
aptamers in the presence of target (Figure 1.3A). When the target is present, the aptamer
undergoes a conformational change. This target-induced conformational change causes the
methylene blue redox reporter to move closer to the surface of the electrode surface, thus

increasing the electron transfer rate (Figure 1.3B). We can quantify this change in electron
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transfer rate with an array of electrochemical techniques, including square wave voltammetry
(Arroyo-Curras, Somerson, et al., 2017; Dauphin-Ducharme et al., 2019a; Idili et al., 2019),
chronoamperometry (Arroyo-Curras, Dauphin-Ducharme, et al., 2018), and cyclic
voltammetry (Pellitero et al., 2021). The signal change can then be plotted against increasing
target concentration in vitro, allowing for rapid quantification of analyte concentration in

Vivo.
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Figure 1.3. (A) Electrochemical aptamer-based (EAB) sensors are composed of a methylene blue (MB)-
modified aptamer that is site-specifically attached to the surface of a gold electrode. Target binding produces a
conformational change in this aptamer, altering the rate of electron transfer. (B) The binding-induced change in

electron transfer results in an easily detectable change in peak current when the sensor is interrogated using

square wave voltammetry. Image created in BioRender.

1.3.3. Post-SELEX aptamer modifications. Aptamer sequences can be rationally re-
engineered for optimal performance as EAB sensors. Such modifications are often trial-and-
error approaches performed to either enhance or decrease the sensitivity and affinity of the
aptamer, depending on the application. Such modifications involve iteratively removing or

adding base pairs from the terminal end of the aptamer sequence or potentially repositioning
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the methylene blue redox reporter (S. Gao et al., 2016; Idili et al., 2021; Mayer & Lai, 2018;
Oliveira et al., 2024). Utilization of modeling and structural simulation software, including
Mfold, can provide information on secondary structure that can inform modifications that
conserve likely target-binding regions (Fallah et al., 2024; S. Gao et al., 2016). This permits
the rational reengineering of aptamer sequences in vitro to improve their performance as

EAB sensors.

1.4 Advantages of EAB platform

1.4.1. Improved temporal resolution

The temporal resolution provided by EAB sensors is a significant advancement to
prior biosensing platforms. EAB sensors can generate data with seconds resolution using
interrogation techniques such as square wave voltammetry and sub-seconds resolution with
techniques such as chronoamperometry (Arroyo-Curras et al., 2018) and intermittent pulse
voltammetry (Santos-Cancel et al., 2018). This improved temporal resolution would
significantly expedite clinical time-to-answer, enabling clinicians to adjust drug dosing in

real time.

1.4.2. Generalizability

EAB sensors provide significant advantages over existing biosensing techniques,
specifically because they are generalizable across targets. Because they rely on aptamers as
their biorecognition element, EAB sensors are modular. This implies that the only barrier to
target expansion is aptamer generation via SELEX and adaptation into the EAB platform.

Aptamer generation and post-SELEX modification is a synthetic process and requires no in
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vivo engineering, a primary advantage when considering other biorecognition elements such
as antibodies (Rudenko et al., 2021; Sharma et al., 2016). And, unlike other biosensing
techniques such as continuous glucose monitoring, EAB sensors do not rely on the chemical
reactivity of their target. This renders them generalizable across a wide array of drugs and
metabolites, including chemotherapeutics (Arroyo-Curras, Somerson, et al., 2017; Idili et al.,
2019; H. Li, Dauphin-Ducharme, Arroyo-Currés, et al., 2017), antibiotics (Arroyo-Curras,
Somerson, et al., 2017, 2017; Dauphin-Ducharme et al., 2019a; Vieira et al., 2019; Wu et al.,

2022), and endogenous metabolites (Idili et al., 2021; Li et al., 2021).

1.4.3. Supports continuous measurements

The current state of the art for pharmacokinetic monitoring relies on blood draws and
subsequent ex vivo quantification, which significantly limits clinical time-to-answer. In
comparison, EAB sensors are entirely reagentless, requiring no additional reagents or wash
steps, and contain all required incorporated elements to enable autonomous function (Downs
et al., 2023; Parolo et al., 2023). Additionally, EAB sensors do not require batch processing,
which sets them apart from many traditional analytical methods, such as ELISAs, HPLC, or
mass spectrometry. Batch processing typically involves analyzing multiple samples in a time-
consuming and multistep protocol, requiring reagents, pre-treatment, and extensive
preparation. EAB sensors circumvent this need, given the sensing mechanism is already
integrated into the electrode-aptamer system. Aptamers can also reversibly bind targets,

capturing both rising and falling concentrations within the body.
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1.4.4. Supports real-time measurements

Because aptamers reversibly bind targets, EAB sensors can capture the real-time
fluctuations of target concentrations (A. M. Downs et al., 2023). This enables the precise,
continuous measurement of drug distribution throughout the body and across distinct
physiological compartments. In fact, under typical conditions, the limiting factor in EAB
sensor operation is the electrochemical interrogation of the device, rather than the sensor's
equilibration rate with the target (A. Downs, 2021). EAB sensors can support the generation
of real-time data, enabling high-precision feedback-controlled drug delivery. This would
significantly advance both pharmacological research and clinical practice. For example,
feedback-controlled drug delivery could eliminate inter-subject pharmacokinetic variability,
allowing researchers to study the reproducibility of therapeutic outcomes (Arroyo-Curras,
Ortega, et al., 2018). It could further advance TDM by enabling patient-specific, optimized
drug dosing in clinical practice, enhancing therapeutic outcomes while minimizing adverse

side effects.

1.4.5. Supports in vivo measurements

EAB sensors support measurements in complex biological media. The EAB platform
has been demonstrated to enable long-duration measurements in the plasma of live rats for a
wide array of clinically relevant targets, including antibiotics (Arroyo-Currds, Somerson, et
al., 2017; Arroyo-Currés, Ortega, et al., 2018; Dauphin-Ducharme et al., 2019a; Vieira et al.,
2019), chemotherapeutics (Arroyo-Curras, Somerson, et al., 2017; Idili et al., 2021; H. Li,
Dauphin-Ducharme, Arroyo-Currés, et al., 2017; S. Lin et al., 2022), anesthetics (Gerson et

al., 2023a), and endogenous metabolites (Idili et al., 2021; Li, Dauphin-Ducharme, Ortega, et
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al., 2017; Li et al., 2019.). It is important to note that EAB sensors can still be impacted by
fouling, specifically when deployed in whole blood (Leung et al., 2021a). To mitigate fouling
that results in signal loss in vivo, we utilize a dual frequency drift correction method called

Kinetic Differential Measurements (KDM) (Ferguson et al., 2013):

(Signal,, — Signalyg)

KDM = 1
> (Signal,, + Signalyg)

We interrogate our sensors with frequencies that both increase and decrease in current in the
presence of target, delineated as our “on” and “off” frequencies, respectively, and then
subtract the normalized signals. KDM not only corrects for fouling-induced signal loss but
also increases the magnitude of the signal gain (Arroyo-Curras, Somerson, et al., 2017;

Ferguson et al., 2013; Figure 1.4).
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Figure 1.4. KDM, a dual frequency drift correction method, improves signal gain and corrects for signal drift.
Two frequency drift correction requires a frequency that increases and decreases in current in the presence and

absence of the target, respectively.

1.5. Aims

EAB sensors can be utilized to revolutionize the state of the art of intercompartmental
pharmacokinetic modeling. For example, EAB sensors can be utilized to obtain seconds-
resolved data that provides unparalleled insight into how drugs distribute from blood to
various solid tissues in real-time, information we can utilize to, for example, better infer and
predict in-brain drug concentrations from systemic concentrations. Given compartmental
pharmacokinetic monitoring is only as strong as the data from which it is derived, vast
improvements in temporal resolution would significantly improve our estimations of
compartment-specific parameters (Dunvald et al., 2022; Nandi, 2023). For example,
determining Cmax from data obtained by in-brain microdialysis is generally an inference,
given the lack of densely sampled data points between baseline and peak CSF concentrations

(Pan et al., 2007; Shannon et al., 2013).
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The general aim of the work presented by this thesis is to demonstrate how EAB
sensors can be utilized to significantly advance the state of the art of personalized medicine,
improving our clinical understanding of how drugs are transported into and eliminated from
the body. The first three chapters of this work outline methods to improve our understanding
of how drugs are distributed into peripheral tissue. The central goal of these projects is to
utilize EAB sensors to explore, in real-time with unprecedented, seconds temporal resolution,
the pharmacokinetics of chemotherapeutics as they move between major physiological
compartments, including the kinetics of drugs crossing (or failure to cross) the blood-brain
barrier (Doolittle et al., 2014). The final chapter suggests that EAB sensors can be utilized to
discover and analyze individual pharmacokinetic differences. In contrast with existing
techniques, such as microdialysis, EAB sensors can provide high-density data sets from
individual animals, enabling the precise evaluation of inter-animal differences.

Using doxorubicin as a testbed, I first demonstrate that EAB sensors can capture the
seconds-resolved distribution of chemotherapeutics from the bloodstream to the peripheral
subcutaneous tissue. I then utilize these measurements to perform high-precision feedback-
controlled drug delivery over plasma drug levels. Using the in-brain EAB platform, I further
explore how pharmacological manipulations and drug encapsulation methods may improve
drug permeation into the brain. Finally, the final chapter of this work demonstrates that
individual, subject-specific measurements obtained from EAB sensors can be used to inform
inter-patient pharmacokinetic variability. The central aim of this work argues that EAB
sensors provide a significant advancement to personalized medicine, enabling high-precision

therapeutic drug monitoring.
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Chapter 2: Simultaneous, seconds-resolved intravenous and subcutaneous
measurements provide a quantitative picture of the relationship between plasma and

ISF pharmacokinetics
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2.1 Abstract

The kinetics with which chemotherapeutics distribute into solid tissues, including
their sites of both action and toxicity, remain poorly characterized. In no small part, this is
due to the limited temporal resolution of traditional methods of measuring drug
concentrations in the body, all of which employ sample collection (via the withdrawal of
biofluids, microdialysis, or ultrafiltration) followed by benchtop analysis. Here, we have used
electrochemical aptamer-based (EAB) sensors to perform simultaneous, 12 s resolved
measurements of the chemotherapeutic doxorubicin in situ the veins (i.e., plasma) and the
subcutaneous space (i.e., interstitial fluid) of live rats. The resulting data sets support the
development of unprecedentedly high-temporal-resolution models of the distribution of
doxorubicin from the central compartment to a distal physiological compartment and identify
and demonstrate predictively strong correlations between plasma and solid-tissue
pharmacokinetics in terms of both cumulative (area under the curve) and maximum (Cmax)
doxorubicin exposure. In contrast, the correlations between delivered dose and drug exposure
in both the plasma and solid tissue are quite poor. The latter observation highlights the need
for therapeutic drug monitoring (TDM) and the former the potential value of employing
subcutaneous EAB sensors as a convenient, minimally invasive, high-precision means of

achieving this end.

2.2 Introduction

Because current methods for monitoring drug levels in the interstitial fluid (ISF), such

as microdialysis (Schmidt et al., 2008) and ultrafiltration (Hansen et al., 1999), are
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cumbersome and difficult to quantify (due, for example, to dilution effects), almost
everything known about pharmacokinetics is based on the measurement of plasma drug
concentrations. This is unfortunate for two reasons. First, the sites of action and toxicity of
most drugs are the solid tissues and not in the plasma, suggesting that measurements of their
pharmacokinetics in the solid tissues could prove of even greater clinical importance than the
now standard measurement of their plasma pharmacokinetics. Second, the cumbersome
nature of blood draws, microdialysis, ultrafiltration, and the subsequent benchtop analysis of
such samples greatly limits the temporal resolution of most pharmacokinetic studies, much
less pharmacokinetic measurements performed in the clinic during therapeutic drug
monitoring (Reynolds & Aronson, 1993). Against this background, the recent advent of
sensors able to measure drug concentrations in situ in the body and in real time provides a
means of overcoming these limitations (Arroyo-Curras et al., 2017; Arroyo-Curras, Dauphin-
Ducharme, et al., 2018; Wu et al., 2022; Idili et al., 2019; Gerson et al., 2023; Wu et al.,
2022). For example, the ability of electrochemical, aptamer-based (EAB) sensors to measure
drugs in the brain with seconds resolution has provided quantitative new insights into the
kinetics of blood-brain-barrier crossing (Gerson et al., 2024.). By vastly improving the speed,
convenience, and precision with which patient-specific pharmacokinetics are determined,
such a technology could also revolutionize therapeutic drug monitoring, ultimately leading
to, for example, fully autonomous, feedback-controlled drug delivery (Arroyo-Curras,
Ortega, et al., 2018; Gerson et al., 2023). The venous sensor placements used in most prior
EAB studies, however, are more invasive than is ideal for clinical applications, and thus with
widest adaptation of this technology to therapeutic drug monitoring will likely require

devices deployed intradermally or in subcutaneous placements. This, in turn, requires that we
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improve our understanding of how molecular concentrations in the dermal or subdermal ISF
correlate with those in plasma, since, as noted above, the latter forms the basis of all current
clinical decision-making. As an added benefit, such studies will also improve our
understanding of the transport of drugs from the plasma to the solid tissues that are their sites
of action, producing potentially important, if less direct, clinical impact.

A platform technology generalizable to the detection of many molecular analytes,
EAB sensors support the seconds or even sub-seconds (Arroyo-Currds, Dauphin-Ducharme,
et al., 2018) resolved measurement of specific drugs, metabolites, and biomarkers in situ in
the blood (Arroyo-Currés et al., 2017; Arroyo-Currés, Dauphin-Ducharme, et al., 2018; Idili
et al., 2019), in cerebrospinal fluid (Gerson et al., 2023), and in the interstitial fluid of solid
peripheral tissues (Ferguson et al., 2013; Lin et al., 2022). Comprised of a target-binding
aptamer that has been modified with a redox reporter, reengineered to undergo binding-
induced folding, and attached to an interrogating electrode, EAB sensors produce an
electrochemical signal that is monotonically related to target concentration (Fig. 1A, 1B).
The conformation-linked electrochemical signaling mechanism of EAB sensors renders them
both reversible, thus supporting the continuous measurement of rising and falling target
concentrations, and selective, such that they can be deployed in situ in the body. Building on
this, here we have adapted this technology to the problem of simultaneously measuring time-
resolved doxorubicin concentrations in the plasma and subcutaneous ISF of live rats, in an
effort aimed at defining the relationships between the drug’s pharmacokinetics in these

physiologically distinct compartments.
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2.3 Methods

The appropriately modified aptamer sequences were purchased from Integrated DNA
Technologies (Table 4). The other materials employed were obtained and processed as
follows. We diluted phosphate-buffered saline (PBS) from a 20x stock obtained from Santa
Cruz Biotechnologies. We obtained sodium hydroxide, 6-mercapto-1-hexanol, tris(2-
carboxyethyl) phosphine, and sulfuric acid from Sigma Aldrich. We obtained doxorubicin
HCI from LC laboratories and dimethyl sulfoxide from Fisher Scientific.

To fabricate intravenous sensors, we first cut and insulated gold (0.2 um diameter x
10 cm in length; 99.9% purity, A-M systems), platinum (0.125 pm diameter x 10 cm in
length; 99.95% purity; A-M Systems), and silver (0.125 um diameter x 10 cm in length;
99.99% purity, A-M Systems) wires with polytetrafluoroethylene heat-shrink (PTFE, Zeus
Inc., HS Sub-Lite-Wall). We bundled the wires with physical gaps separating each wire to
prevent shorting. We then trimmed the insulation to produce an exposed length of 3 mm
(gold), 5 mm (platinum), and 1 cm (silver). To convert the silver wire to a reference electrode
we submerged it in 7.5% sodium hypochlorite (commercial bleach, Clorox) overnight to
form a stable silver chloride film. Finally, we rinsed the electrodes in di-ionized water to
remove any residual bleach.

To fabricate subcutaneous sensors, we first cut and insulated gold (0.2 um diameter x
10 cm in length), and silver wire (0.2 um diameter, 10 cm in length, 99.99% purity, A-M
Systems) with polytetrafluoroethylene heat-shrink (PTFE, HS Sub-Lite-Wall). We trimmed
the insulation and electrodes to produce an exposed length of 5 mm (gold), and 1 cm (silver).
To convert the silver wire to a reference electrode we submerged it in 7.5% sodium

hypochlorite (commercial bleach, Clorox) overnight to form a stable silver chloride film,
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followed by a di-ionized water wash. We then fabricated a separate counter electrode by heat-
shrinking PTFE onto platinum wire (0.25 pm diameter x 10 cm in length). We then fed the
counter through a 20-gauge catheter.

Following the above electrode preparations, we then fabricated intravenous and
subcutaneous as follows. We reduced the disulfide bond in the methylene-blue modified
DNA with 14 mL of 10 mM tris (2-carboxyethyl) phosphine with 2 mL of 100 mM DNA for
1 hour in the dark. After electrode assembly and overnight bleach treatment we rinsed the
sensors in water and then cleaned as follows: (a) cycling the potential 1,000 times between -
1.0 and -2 V versus Ag|AgCl in a solution of 0.5 M NaOH (1 Vs!) to remove residual
organic or thiol contaminants on the surface; (b) pulsing between 0 and 2 V by applying
32,000 20 ms pulses with a pulse length of 0.02 s in 0.5 M H>SO4 to increase the surface area
of the electrodes. We then roughened the electrode surface by cycling the potential between
1.5 and -0.35 V at 1 V/s four times in H2SO4. We then rinsed the gold electrodes in de-
ionized water, fed them through 20 (intravenous) and 22 (subcutaneous)-gauge catheters, and
immersed them in 500 nM reduced DNA dissolved in PBS for 1 h. The sensors were then
transferred to a 10 mM solution of 6-mercapto-1-hexanol in PBS overnight at room
temperature to complete the formation of their self-assembled monolayers. We fed the
intravenous and subcutaneous sensors and the external counter of the latter through the
lumen of 22 and 20-gauge catheters, respectively (Becton, Dickinson & Company). Before
use 1n vivo, we fill the catheters with 1x PBS.

Sensor interrogation was performed electrochemically using square wave
voltammetry on a CH1040C multipotentiostat. To determine relevant calibration curve, we

performed a 24-point titration of each aptamer deposited onto the electrodes described above
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in 37° bovine blood and determined the “signal-on” (200 Hz) and “signal-off” (40 Hz)
frequencies that resulted in the largest relative changes in current. Drift correct was
performed with kinetic differential measurements (KDM), obtained by taking the difference
in the normalized (to the current seen in the absence of drug prior to the first drug challenge)

peak currents seen at these two frequencies (Signalon and Signalogr):

KDM = (Signalop— Signalgfr) Eq 4.

%(Signalon+ Signalgfr)

To fit resulting KDM signals to drug concentrations, we fit in vitro titration data to the

equation:

[Target] =

"H K‘l‘fz *(KDM—=KDM pin)
EqS.

KDMmpmax —KDM

where KDM,,,,. is the maximum signal gain observed at saturating concentrations, [Target] is
the drug concentration, ny is the Hill Coefficient, and K> is the binding half-point of the
aptamer (A. M. Downs et al., 2022).

We performed our in vivo experiments using adult male Sprague-Dawley rats (4-5
months old, 300-600 g; Charles River Laboratories, Wilmington, MA, USA). These were
pair-housed in a temperature and humidity-controlled vivarium on a 12-h light-dark cycle
and provided ad libitum access to food and water. All animal procedures were consistent with
the guidelines of the NIH Guide for Care and Use of Laboratory Animals (8" edition,
National Academy Press, 2011) and approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of California Santa Barbara.

Rats were induced under 4% isoflurane gas in a Plexiglas anesthesia chamber.

Anesthesia was maintained with 2-3% isoflurane gas/oxygen administered via a nose cone
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for the experiment’s duration. A pulse oximeter (Nonin Medical, Plymouth, MN) was used to
measure heart rate and SpO» during the experiment. The rat was shaved and the skin above
the jugular vein was disinfected with 70% ethanol and betadine. A small incision was made
to isolate both veins. A small incision in the jugular vein was made using spring loaded
microscissors. A silastic catheter (composed of a bent steel cannula and silastic tubing) was
inserted into the left jugular vein for infusions. The EAB sensor was inserted into the right
jugular vein for in-vein drug monitoring and stabilized with sterile 6-0 silk sutures (Fine
Science Tools, Foster City, CA). Following this insertion, we infused 30 units of heparin
through the indwelling infusion line. Insertion of the subcutaneous sensor and external
counter electrode was performed using an 18 g catheter inserted just below the surface of the
skin on the posterior ventral side of the rat between the two legs after shaving the area.

For drug dosing, a 0.01 M stock of doxorubicin HCI was prepared by diluting a 0.1 M
solution dissolved in dimethyl sulfoxide (DMSO, Sigma Alridch) with phosphate buffered
saline. A 3 mL syringe containing this stock was connected to the catheter and then inserted
into a motorized syringe pump (KDS 200, KD Scientific, Holliston, MA, USA). We
performed all measurements using square wave voltammetry on a CH1040C
multipotentiostat over a voltage window of approximately -0.1 to -0.45 V (relative to the
Ag|AgCl reference). Before infusion of doxorubicin, we waited approximately 20 minutes to
establish a stable baseline, ensuring any initial fouling of the electrode was corrected
successfully with KDM. Once a stable baseline was determined, doxorubicin was injected
over 3 min to better model clinical administration, given most injections of doxorubicin for
the treatment of cancer in humans are administered over 10 to 30 minutes (Bronchud et al.,

1990; D’ Adamo et al., 2005). Target concentration was quantified by fitting KDM values to a
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Hill Langmuir equation with parameters for Kp, ny, KDMyax obtained from in vitro
calibrations performed in bovine blood at 37°C. All figures were made in BioRender and all

graphs were made using Graphpad Prism 9 Software (San Diego, CA).

Pharmacokinetic modeling

For the pharmacokinetic modeling, we only considered data from the peak observed
plasma value and forward, effectively removing the pre-infusion and infusion period. That is,
for each subject, we removed any plasma data prior to the peak plasma concentration and
removed the equivalent ISF data from the respective ISF observations. These data were then
considered to start at time 0.

We fitted our data in an iterative process. We first fitted the plasma data using a
model based on the single-phase decay equation 12/11/24 8:36:00 AM. That is,

Co(t) =L+ (Y —L)e™*, Eq 6.
where Cp(¢) represents the plasma concentration value (in uM) at time ¢ (in min™'), Y is the
value at which the fit crosses the y-axis (in uM), L is the horizontal asymptote of the fit (in
uM), and k is the rate constant for the exponential decay (in min™!).

After fitting to the plasma data, we then fitted to the ISF data using four separate
multi-compartment models, each of which is represented by a system of first-order, linear
ordinary differential equations with initial conditions. In these models, we assumed the
contributions from the plasma compartment were fixed and known; specifically, we
employed the single-phase decay model fits discussed above as the known plasma values. By
setting the plasma compartment as fixed, we effectively reduced these multi-compartmental

models to have one less dimension, details of which are subsequently discussed.
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The first two of these ISF models we considered are the diffusion and differential
transport models (Fig. 6A, B). In these, drugs enter a single compartment (termed “ISF
compartment”) from a fixed and known plasma compartment. For the diffusion model, the
rate constants defining how rapidly the drug enters the ISF compartment, denoted 4p (in min®
1, is assumed to be non-negative and equal to the rate constant describing the drug’s removal
from the compartment. The corresponding ordinary differential equation and initial condition
that describes this model can be seen in Equation 1. Cp(?) represents the (fixed and known)
drug concentration in the plasma (in uM) at time # (in min) and Cjsx(¢) represents the
concentration in the ISF (in pM) at time ¢. In contrast, the differential transport model allows
the rate constants describing transport into and out of the ISF, kv and kour (both constrained
to be non-negative and denoted in min™!), are allowed to differ (seen in Equation 2).

The remaining two models, the distal compartment model and the intermediate
compartment model (Fig. 6C, D), extend the two-compartment model systems described
above by adding a third compartment. That is, in these models, the drug enters one
compartment from the fixed and known plasma compartment, from which it then distributes
and redistributes into another compartment that is not in direct communication with the
plasma. The underlying ordinary differential system of equations for these models is seen in
Equation 3. Here, Cicr(?) represents the concentration (in uM) in the more distal
compartment at time ¢, ky7 and k7 are the rate constants describing transport into the
intermediate compartment from the plasma and vice versa, and k;c and kcy are the rate
constants describing transport into and out of the distal compartment. All rates are non-
negative and in min'!, and Cp(¢) and Cis#(¢) are as defined before. The difference between the

distal compartment model and the intermediate compartment model is where we assumed the
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ISF concentrations were observed. In the distal compartment model, ISF concentrations were
assumed to be observed from the intermediate compartment (presumed to be the ISF); i.e.,
this is the two-compartment model with the addition of an unobserved distal compartment. In
contrast, in the intermediate compartment, we assume there is an unobserved compartment
between the plasma and the site of in-tissue measurement concentrations.

We estimated the parameters appropriate for all models using nonlinear
regression(Serber & Wild, 2003) in the R software package (RStudio, 2020). In this
estimation, we restricted our parameters to be positive, and we assumed the observed values
(both for plasma and ISF observations) were the true values (Cp(?) or Cisr(t)) plus some
additive, normally distributed errors with zero mean and constant variance. To select between
the four ISF model fits, we employed the Bayesian Information Criteria (BIC) (Schwarz,
1978) as our model selection method. The model with the lowest BIC value from the set of

considered models is deemed the preferred model of the set.

2.4 Results

To perform measurements in the subcutaneous space we employed a previously
described, doxorubicin-binding aptamer (Arroyo-Curras, Somerson, et al., 2017; S. Lin et al.,
2022) (Figure 2A). We deposited this on a 200 um diameter, 3 mm long gold working
electrode that we bundled together with a chloride-anodized silver wire reference electrode
(Leung et al., 2023) (Fig. 1A). To implant this into the subcutaneous space, we first inserted
an 18-gauge shielded catheter at a 45° angle below the surface of the skin on the posterior

ventral side of the rat, confirming the guide catheter is not embedded in fat or muscle by
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touch (the latter offer significant resistance to insertion). We then removed the needle,
leaving the catheter in place, and slid the working and reference electrodes through the
catheter and into the subcutaneous tissue. To complete our three-electrode setup then we
inserted a platinum wire counter electrode into the subcutaneous space approximately 1.5 cm
away from the working electrode using the same catheter-based approach (Figure 1C). To
ensure that we are sampling ISF and not blood, we confirm the catheter does not backfill
with blood during initial insertion and check to ensure a lack of blood on the sensor when it
is removed after the experiment; neither of these occurred during any of the collection of any
of the data presented in this study.

EAB sensors support the high-precision, high-frequency measurement of doxorubicin
in the subcutaneous ISF. Specifically, using dual-frequency, kinetic-differential-
measurement-corrected square wave voltammetry (A. M. Downs et al., 2022; Ferguson et al.,
2013) to interrogate our sensor, we achieve time resolution of 12 s and a pre-drug-challenge,
root-mean-squared (RMS) baseline noise of 0.005 uM (Figure 1D). Upon challenging the
animals with intravenous doxorubicin at body-mass adjusted doses of 3 to 10 mg/kg, we
observe the ISF concentration of the drug to rise to maximum ISF concentrations, Cmax(ISF),
ranging from approximately 0.3 to 1.4 mM in a dose-dependent manner (Figure 1D). The
concentration then falls, returning to near-baseline levels within 1 to 2 h.

The relative ease of employing EAB sensors in the body renders it possible to
perform simultaneous, seconds-resolved drug measurements in the plasma and the ISF,
providing new insights into the pharmacokinetic relationships between these distinct
physiological compartments. An initial difficulty in applying this approach to doxorubicin,

however, was that our original doxorubicin-detecting sensor begins to saturate at the few
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micromolar peak concentrations seen in plasma, Cmax(plasma), reducing measurement
precision (Figure 2B). To circumvent this, we fabricated a second sensor employing a one-
base-pair truncation of the aptamer which, by altering the thermodynamics of the aptamer’s
conformational switch, pushes the sensor’s useful dynamic range to higher concentrations
(Shaver et al., 2022). As expected, at 22 £ 2 uM (all reported confidence intervals reflect
95% confidence) the binding midpoint of the resulting sensor is several-fold higher than the
4.5 £ 0.7 uM of the original sensor (Figure 2B). Concomitantly, the sensor’s gain (relative
change in signal upon addition of high concentrations of target) is also enhanced, presumably
because truncation increases the population of the aptamer unfolded in the absence of target
(Vallée-Bélisle et al., 2009). Inserting this second sensor into the right jugular vein (approach
described previously, (Arroyo-Currds, Somerson, et al., 2017; Arroyo-Curras, Dauphin-
Ducharme, et al., 2018; Idili et al., 2019) we achieve the measurement of plasma doxorubicin
concentrations with 12 s resolution and 0.06 pM RMS baseline noise (Fig. 3). Of note, the
order-of-magnitude higher noise seen in plasma relative to subcutaneous measurements
arises due to the proximity of the former sensor to the heart. For example, this noise falls
dramatically upon sacrificing the animal (data not shown).

The plasma and ISF pharmacokinetics of doxorubicin vary significantly from animal
to animal. For example, the correlations between dose and the doxorubicin exposure (as
measured by area under the curve; AUC) seen in the plasma and ISF are, at R* = 0.38 for
both, not statistically significant at o = 0.05 (Figure 4A, Table 1). This observation in the rat
is consistent with prior literature suggesting high inter- and even intra-patient variability in
human doxorubicin pharmacokinetics (Hempel et al., 2002; Hon & Evans, 1998; Jacquet et

al., 1990). In contrast, the correlations between dose and Crax in both the plasma and the ISF
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are, at R>=0.71 and R? = 0.98, respectively, highly significant (p < 0.01 and p < 0.0001,
respectively, Fig. 4B, Table 1). This observation, however, is fairly trivial as, presumably,
these correlations simply reflect the strongly proportional relationships between body mass
and both blood and ISF volume (Lee & Blaufox, 1985). The fluid volumes the drug is
distributed into in both cases are strongly correlated with body mass (Feldschuh & Enson,
1977), and thus body-mass-adjusted dosing leads to significant correlations with the resulting
peak drug concentrations.

Despite the significant inter-animal variation in both the plasma and ISF
pharmacokinetics of doxorubicin, we nevertheless see strong correlations between the two
within individual animals. Specifically, the correlation between AUC plasma) and AUCsr)
within individual animals is, at R? = 0.96 and p < 0.001, far more statistically significant than
the correlation that either parameter has with dose (Figure 5A, Table 1). These observations
are consistent with similar recent studies (S. Lin et al., 2022) finding strong correlations
between AUC(plasma) and AUC(ISF) (R? = 0.99) for the antibiotic vancomycin. Perhaps not
surprisingly, Cmax(plasma) and Cmax(ISF) are, at R? = 0.86, p = 0.005, likewise strongly

correlated within individual animals (Fig. 5B).

Pharmacokinetic modeling

Prompted by the unprecedented time resolution of our EAB-sensor-derived,
simultaneous plasma and ISF doxorubicin concentrations we next explored compartmental
models of the drug’s transport between the two measurement compartments. In the first of
these, we assume that the plasma-filled veins and the ISF-filled “solid tissues” are the only

significant compartments and that the drug is transported between these via passive diffusion
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(Figure 6A). Given that we have knowledge of both the time-resolved plasma, Cp, and ISF,
C;sr, drug concentrations, this “diffusion model” is defined by the single parameter k),

which describes the rate of transport between the two compartments (Eq. 1).

dc%:(t) = kp(Cp(t) — Cisp(t)) (Eq. 1)

At the next level of complexity is an “differential transport model.” In this case, the
rate constant for transport from the vein into the tissues, k;y, and the rate constant describing
transport from the tissue to the vein, ky 1, are allowed to differ, thus yielding 2 fitted

parameters (Fig. 6B).

dCrsr(t)
I;—: = kinCp(t) — koyrCisr(t) (Eq. 2)

In our next two models we added a third, unobserved compartment. In the first of
these 3-compartment models, the “distal compartment model,” this additional compartment is
distal to the ISF compartment in which we are making measurements (Figure 6C). Finally,
for completeness, we also investigated an “intermediate compartment model” in which the
additional compartment is located between the vein and the ISF site at which we are taking
measurements (Figure 6D). Both of these models contain 4 parameters (Equation 3), as we
assume asymmetric transport into and between the two tissue compartments present in each.

To apply these models to our results, we first fit our plasma time courses to a one-
compartment model (Figure 7, top row). We then used the resulting plasma pharmacokinetic
model as input to four models of the resulting ISF drug concentration profiles. To delineate
the appropriateness of these models we have employed the Bayesian Information Criterion
(BIC), a model selection criterion that weights goodness-of-fit while penalizing model

complexity (Schwarz, 1978). The model with the lowest BIC is considered the most
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appropriate model with, as a general rule of thumb, models differing in BIC by less than 2
being considered indistinguishably good (or poor) descriptors of the system (Fabozzi et al.,
2014). Applying these 4 models to our 7 paired data sets (Figure 7, bottom row) we see that,
as judged by BIC (Table 2), the distal compartment model is selected for 5 (with differential
transport being ranked second best for all 5) and the differential transport model is ranked
most appropriate for the other 2 (with the intermediate model being ranked second best
these). That is, the diffusion model is too simple, and the intermediate compartment model
provides no significant improvement in fit over the differential transport or distal
compartment models for any of our paired data sets. This said, while many of our paired data
sets appear to be well-captured (by simple visual inspection) by one or both of the latter
models (e.g., F2, M1, M2(1), M2(2), M3), it appears that as yet uncaptured physiology or
experimental error (e.g., uncorrected sensor drift, incorrect sensor calibration) remains for
some data sets (e.g., F1).

Application of the differential transport model (which, again, is the most appropriate
model by BIC for 2 of the 7 data sets, and the second most appropriate for the remainder),
estimates rate constants for transport between the plasma and the ISF at the observation site
of order 0.06 to 0.16 min™! for all observations. These values are of similar magnitude to the
elimination rate constants obtained from our one-compartment modeling of the plasma time
courses (Table 3), suggesting that the rate constant for transport of the drug to the site tissue
site of measurement is similar to the mean rate constant for the distribution of this drug into
the solid tissues. This said, the rate constants for transport to the ISF measurement site are
lower than the estimated plasma elimination rate constant for 5 of 7 observations, presumably

because the rate constant for elimination from the blood also captures both transport into the
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solid tissues and removal of the drug from the body via the kidneys. The observation that the
rate constants for transport from (ki) and to (kout) the plasma differ by up to 2-fold could
reflect physiological variations between the two compartments, such as a metabolically
induced pH gradient that causes the drug to partition unequally between them. Alternatively,
this discrepancy could be due to errors in the calibration of either or both sensors (Downs et
al., 2022). For 5 of our 7 data sets, BIC ranks the distal compartment model as preferred
among our 4 models (Table 2). In this model there is a third, unmeasured compartment that is
distal to the measurement site (Fig. 6C). Given that doxorubicin must cross into cells to reach
its site of action (the DNA in the cell nucleus), this distal compartment is presumably the

intracellular fluid (ICF).

2.5 Discussion

Here we have utilized EAB sensors to simultaneously monitor the concentration of
doxorubicin in the blood and ISF of live rats, obtaining densely sampled data sets that
capture the distribution of drug between compartments with unprecedentedly high, few-
second time resolution. Analyzing these data, we find no significant correlation between
body-mass-adjusted dose and the resulting drug exposure (as AUC) in either bodily fluid.
Despite the significant animal-to-animal pharmacokinetic variation this poor correlation
implies, however, the correlations between the pharmacokinetics observed in the two
compartments is exceptionally strong.

The administration of antineoplastic agents, and many other therapeutic drugs, is

significantly limited by the relationship between systemic exposure and toxicity. Against this
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background, the relatively poor correlations between dose and drug exposure in both the
blood and subcutaneous space (Figure 4) highlight the potential clinical importance of
performing therapeutic drug monitoring to ensure that dosing is personalized to maximize
both safety and efficacy (Paci et al., 2014; Rebollo et al., 2010). Specifically, these
observations, which are consistent with prior literature suggesting high inter-patient
variability in pharmacokinetics (Hempel et al., 2002; Hon & Evans, 1998; Jacquet et al.,
1990), strongly suggest a need for dosing based on individualized pharmacokinetic
parameters rather than more generic physical descriptors, such as body mass or sex (Hempel
et al., 2002; Jacquet et al., 1990; Redlarski et al., 2016). Fortunately, the predictively strong
correlations we observe between drug exposure in the plasma and ISF suggest a convenient,
high-precision means to this end. That is, given the strong correlation between AUC(plasma)
and AUC(ISF), the ability of EAB sensors to perform real-time, high-frequency
measurements of drug concentration in easily accessible subcutaneous space would
circumvent the cumbersome blood draws and benchtop analysis traditionally employed in
therapeutic drug monitoring (Evans & Relling, 1989; Smita et al., 2022). And it would do so
while simultaneously vastly improving the temporal resolution of such measurements, and
with that, the accuracy with which patient-specific pharmacokinetics are determined.
Moving beyond the strong correlation we observe between plasma and ISF
pharmacokinetics, we suspect that measurements performed in the solid tissues, such as those
reported here, may prove of greater clinical value than plasma concentration measurements.
Specifically, plasma drug measurements provide only an indirect estimation of drug
concentrations in the targeted tissue (Alnaim, 2007; Hon & Evans, 1998). While additional

research will be required to confirm this speculation, we hypothesize that subcutaneous ISF
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measurements may prove a more accurate estimator than plasma drug concentrations are of
drug concentrations in other solid tissues, a question the technology described here is well-
placed to investigate. This said, the remarkably strong correlation between the
pharmacokinetics of doxorubicin in the plasma and in the subcutaneous ISF (Fig. 5),
observations that have also been observed for vancomycin (S. Lin et al., 2022) and
tobramycin (Y. Wu et al., 2022) suggest that plasma-based measurements may inform on
drug exposure in the solid tissues with more than sufficient accuracy to match clinical needs.
The potential value of EAB-based therapeutic drug monitoring is enhanced by the
generalizability of the EAB platform, which can be used in the measurement of a wide
variety of drug classes (Arroyo-Curras, Somerson, et al., 2017; Gerson et al., 2023a; Idili et
al., 2019). This may prove particularly valuable for the administration of chemotherapeutics,
given the narrow therapeutic windows typically associated with these drugs and the high
clinical value associated with their therapeutic monitoring (Hon & Evans, 1998; Paci et al.,
2014). General dosing of chemotherapeutics is determined using averaged pharmacokinetic
data collected from large populations with individualization based on gross and often low-
utility metrics such as body surface area (Redlarski et al., 2016). Determining the maximum
tolerated dose for these agents is complicated by significant inter-patient pharmacokinetic
variability, narrow therapeutic windows, and steep dose-response relationships. To ablate
metastasizing cancer cells, chemotherapeutic agents injected intravenously are expected to be
distributed to tissue where they must be maintained at relevant therapeutic levels. Providing
insight into the pharmacokinetics of drug distribution across compartments can inform
clinical interventions tailored to maximize drug levels in tissue while avoiding central

toxicity induced by antineoplastic drugs.
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2.6 Figures and Tables

Intravenous
sensor

Potentiostat

Drug pump

Subcutaneous
sensor

Figure 2.1. (A) Electrochemical aptamer-based (EAB) sensors are composed of a methylene
blue (MB)-modified aptamer that is site-specifically attached to the surface of a gold
electrode. Target binding produces a conformational change in this aptamer, altering the rate
of electron transfer. (B) The binding-induced change in electron transfer results in an easily
detectable change in peak current when the sensor is interrogated using square wave
voltammetry. (C) To perform simultaneous in-vein and subcutaneous doxorubicin
measurements, we insert an EAB sensor into the right jugular vein and a second sensor below
the surface of the animal’s posterior ventral skin. To administer the drug, we insert a silastic
catheter into the left jugular vein. (D) Shown are subcutaneous measurements of doxorubicin

assessed after the indicated, sequential intravenous doses, each lasting 4 min.
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Figure 2.2. To capture the rather wide clinical range of doxorubicin as it distributes from the
plasma to the ISF, we have used a pair of EAB sensors differing in their useful dynamic
range. (A) These sensors employ either the full-length “parent aptamer” (shown in red and
blue) or a 1-base-pair truncation (red), with the latter modification reducing the affinity of the
aptamer and pushing the resulting sensor’s dynamic range to higher doxorubicin
concentrations. (B) Shown are calibration curves for the two sensors, with the sensor
employing the parent aptamer (Kq= 4.5 £ 0.7 uM) shown in blue and the -1 base pair
aptamer (Kg =22 + 2 uM) in red. These data were collected in vitro in whole bovine blood at
37°C, with the error bars shown on this graph reflecting standard deviations across 8

independently fabricated devices to illustrate reproducibility.

41



3 mg/kg (V)
5
224
=
S
ERE ¢
e )
3 ‘
(=]

Time (min)
3_
< |4mokg (V) 4mghkg (V)
2 2
=
S
54
]
X
)
a

Time (min)

6 mg/kg (1V)

[Doxorubicin] (M)

Time (min)

© ¢ oAt 3%
150 "# %

M1

L] L] (]
o .
. MY ) T
| 30" ! 40 6% S5 100

M2

1 3 mgikg (Iv)
S 5
2 F1
=
524 |,
-g f
0 1- ;‘
3 s%. 5 .
=}

0 —

50 100 150 200 250
Time (min)

64 5mglkg (IV)
s
2 4 i
5 kY F2
g 24 ‘%‘ .
o ° o > .
X o <
o
=}

T
100

200 300
Time (min)
8_
8 mg/kg (IV)
S
e F3
=
S 44 |
) &
] :
22|y
° .
a = s e
0
50 100 150 200
Time (min)

Figure 2.3. Simultaneous jugular and subcutaneous EAB sensor measurements achieve high-

temporal-resolution measurement of the distribution of doxorubicin between the plasma and

the ISF. Shown are such measurements collected in six individual rats after the indicated

body-mass-adjusted doses. The rat ID, shown to the right of each figure (e.g., “F1”) refers to

animal sex and identification number. All doses were administered intravenously over 3

minutes.
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Figure 2.4. (A) Body-mass adjusted dose is poorly correlated with drug exposure (as
measured by Area Under the Curve- AUC) in both the plasma and the subcutaneous ISF.
Neither of the indicated correlations are significant at the a = 0.05 level. (B) In contrast, the
correlation between dose and peak observed concentration is significant (p < 0.01 and p

<0.001) in the plasma and ISF, respectively.

43



>
w

150+ 1.5+
<
£ R? =0.96"** s RZ=0.86" o
= 100+ 2 101
~ o
™ 2]
< 50- § 0.5
o o
o=
<
0I 1 1 1 00 1 1 1 1
0 100 200 300 0 2 4 6 8
AUC (plasma) (uM-min) C nax (Plasma) (uM)

Figure 2.5. The pharmacokinetics of doxorubicin in the subcutaneous ISF are strongly
correlated with those seen in the plasma. (A) For example, cumulative doxorubicin exposure
in the plasma and ISF, calculated as the area under the curve (AUC) obtained from fitting
data sets to a single exponential decay model, are strongly correlated (p < 0.001) within
individual animals. (B) The maximum doxorubicin concentrations, Cmax, reached in the ISF

and plasma are also strongly correlated (p < 0.01) within individual animals.
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Figure 2.6. Here we have explored 4 compartmental models of drug transport. In each of
these, drug enters the ISF compartment by way of the plasma compartment, where the
plasma compartment concentration time course, Cp(), is assumed to fixed and known. The
two compartments that are being measured are indicated with grey shading. (A) In the
diffusive transport model, transport between the plasma and ISF is via passive diffusion,
leading to a single fitted rate constant, kp, that describes transport both to and from the ISF.
(B) In the differential transport model, the rate constants for transport into (kiy) and out of
(kout) of the ISF are asymmetric. (C, D) We also investigated two three-compartment models,
which differ regarding which of the three compartments is not under observation. In the distal
compartment model, the unobserved compartment is distal to the tissue measurement site;
this presumably reflects intracellular fluid. In the intermediate compartment model, the
additional, unobserved compartment is between the plasma and the tissue measurement site.

This is difficult to rationalize physiologically, but we have included it for completeness.
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Figure 7. (Left column) To model transport from the plasma into the subcutaneous
measurement site we first fit our plasma time courses to a one-compartment model (red).
(Right column) While many of our paired data sets appear to be well-captured (by simple
visual inspection) 2 or more of our 4 models, it appears that uncaptured physiology (e.g.,
changing renal function) or experimental error (e.g., uncorrected sensor drift, incorrect sensor

calibration) remains for some data sets (e.g., F1).
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Table 1: Pharmacokinetic Parameters. Outputted data from single exponential fit

for each animal in the current study.

Dose Animal | AUC Cmax (uM) Time to Cmax | Half-life

(mg/kg) | ID (uM-min) (min) (min)
Plasma | ISF Plasma | ISF Plasma | ISF Plasma

3 M1 8.0 19 1.35 042 |29 16 2.5

3 F1 42 42 1.74 034 |35 49 1.7

4 M2 7.4 16 1.19 057 |32 11 1.9

5 F2 74 73 3.89 0.76 | 3.0 16 7.2

6 M3 242 137 6.3 1.11 15 26 3.7

8 F3 105 |70 5.20 034 |28 8.5 2.5

Table 1: Pharmacokinetic Parameters. Outputted data from a single exponential fit for each

animal in the current study.
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Table 2: Model Selection*

M2 M2
Model M1 (1% 2" M3 F1 F2 F3
Diffusion -1554.0 | -245.5 | -741.3 -245.8 -3397.2 1319.2 -440.2
Differential
transport -2017.0 | -357.5 | -1260.9 | -1057.7 |[-3510.3 |-1010.7 | -1220.6
Distal
compartment | -2153.4 | -360.7 | -1250.8 |-1821.5 [-3490.4 |[-1153.5 |-1233.0
Intermediate
compartment | -1103.4 | -314.0 | -1245.3 | -729.9 -3459.0 | -8.6 -135.5

second lowest BIC.

*Dark grey denotes lowest BIC and thus the preferred model; lighter grey denotes the

Table 2: BIC from each model and selected model.
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Table 3: Model Parameters
Model Elasma Differential Distal compartment
transport
523 rram ok e kelim kv kour kv kv Kcr kic
Estimate | 0.21 0.089 0.066 0.17 0.12 0.5 0.5
M1 I [0.16, [0.085, |[0.064, |[0.13, |[0.09, |[0.1, [0.2,
0.27] 0.095] | 0.068] |021] |0.15] |2.0] 1.6]
M2 Estimate | 0.15 0.16 0.088 0.23 0.103 0.38 0.35
an | c [0.11, [0.14, [0.081, |[0.14, | [0.103, | [0.26, |[0.09,
0.20] 0.19] 0.097] | 0.38] |0.103] | 0.54] 1.35]
Estimate | 0.11 0.096 0.053 0.102 | 0.056 0.3 0.02
M2
@ | cr [0.08, (0,083, | 0050, | %08 10025 |[0.0001, go.ooo
0.16] 0.111] | 0056] | ;5 |0126] |1633] |7,
Estimate | 0.15 0.103 0.113 0.147 | 0.141 0.096 0.114
M3 cI [0.14, o101, |ro.113,  [913% (10135, |[0.069, |[0.101,
0.16] 0.105] | 0.113] | 549 | 0146] [0.132] |0.128]
Estimate | 0.20 0.055 0.061 0.055 | 0.061 1.1 0.04
F1 cI [0.18, 0043, |[0.049, |[9033 10036, |[0.3.9¢7 |[0.380
0.23] 0.070] | 0.078] | 09y | 01041 |] 6]
Estimate | 0.031 0.114 0.246 0.40 0.74 0.14 0.81
F2 I [0.029, |[0.106, |[0.230, |[0.37, | [0.74, |[0.12, |[0.81,
0.034] 0.123] 0.262] 0.44] |0.74] 0.16] 0.81]
Estimate | 0.098 0.062 0.104 0.077 | 0.13 0.26 0.09
F3 cI (0090, |[0.057, [[0.099, [[%071 1012, [0.08. |[0.05.
0.106] | 0.067] | 0109 | gasy | 0.14] | 0.90] 0.18]
*Rate constant for one-compartment fit of plasma time course
**All units are in min’!
**% Approximate 95% confidence intervals

Table 3: All model parameters for each experiment.

Table 4: Aptamer sequences

Name Sequence (5’ to 3°)
Parent ACCATCTGTGTAAGGGGTAAGGGGTGGT
-1 Base Pair * CCATCTGTGTAAGGGGTAAGGGGTGG
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Chapter 3: Feedback control over plasma drug concentrations achieves rapid and

accurate control over solid-tissue drug concentrations
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3.1 Abstract

Electrochemical aptamer-based (EAB) sensors enable the continuous, real-time
monitoring of drugs and biomarkers in situ in the blood, brain, and peripheral tissues of live
subjects. The real-time concentration information produced by these sensors provides unique
opportunities to perform closed-loop, feedback-controlled drug delivery, by which the plasma
concentration of a drug can be held constant or made to follow a specific, time-varying profile.
Motivated by the observation that the site of action of many drugs, however, is the solid tissues
and not the blood, here we experimentally confirm that maintaining constant plasma drug
concentrations also produces constant concentrations in the interstitial fluid. Specifically, using
an intravenous EAB sensor we performed feedback control over the concentration of
doxorubicin, an anthracycline chemotherapeutic, in the plasma of live rats. Using a second
sensor placed in the subcutaneous space, we find that drug concentrations in the interstitial
fluid of this tissue rapidly (30-60 min) match and then accurately (root mean squared deviation
8% to 21%) remain at the feedback-controlled plasma concentration. This close
correspondence validates the use of feedback-controlled plasma drug concentrations as a
means of controlling drug concentrations in the solid tissues that are the site of drug action.
Following this, we expanded our studies to use pairs of sensors in the subcutaneous space of
individual animals undergoing feedback-controlled delivery to the plasma. The output of the
two sensors tracks one another with excellent precision (R? = 0.95-0.99) and accuracy (mean
deviation of 9-13%), confirming that the performance of in vivo EAB sensors matches that in
prior, in vitro validation studies. Together, these observations provide further evidence that
EAB sensors will prove a powerful new approach to the high-precision personalization of drug
dosing.
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3.2 Introduction

Electrochemical aptamer-based (EAB) sensors enable real-time, seconds-resolved
measurements of the disposition of drugs and biomarkers in the living body (Fig. 1A, 1B).
They have been used, for example, to measure an increasing number of drugs and metabolites
in situ in the blood (jugular) (Arroyo-Curras, Somerson, et al., 2017; Arroyo-Curras, Dauphin-
Ducharme, et al., 2018; Idili et al., 2019, 2021), cerebrospinal fluid (lateral ventricle,
hippocampus) (Gerson et al., 2023a), and interstitial fluid (subcutaneous space, muscle, solid
tumors) (Ferguson et al., 2013; Y.-L. Lin et al., 2018; Seo et al., 2021). The real-time, in vivo
concentration measurements provided by EAB sensors also offer unique opportunities to
perform feedback-controlled drug delivery. We have previously demonstrated, for example,
feedback control over both plasma (Arroyo-Currés, Ortega, et al., 2018; Dauphin-Ducharme
et al., 2019b) and in-brain (Gerson et al., 2023a) drug concentrations, in each case precisely
achieving either fixed concentrations or pre-defined, time-varying concentration profiles with
the latter, for example, mimicking human pharmacokinetics in a rat. Here we expand on these
studies by using feedback control over plasma drug levels to explore two questions regarding
the measurement of and control over drug concentrations in the solid peripheral tissues. The
first question, which is clinical in focus, is how well and how rapidly control over plasma drug
concentrations equates to control over drug concentrations in these tissues? The second
question, which is technical in nature, is how accurate is the calibration of subcutaneous EAB

sensors?
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To motivate the clinical question we address, we note that the argument in favor of
performing feedback control over plasma drug concentrations is that, if this is performed for
long enough, drug concentrations in the solid tissues will eventually reach and maintain the
same level. That is, the assumption that holding plasma drug concentrations constant at their
clinically optimal level equates to achieving similarly constant, similarly optimal levels in the
solid tissues that are the site of action of most drugs. Such an advance could prove particularly
important in the pharmacological treatment of cancer, which generally assumes that achieving
adequate plasma drug exposure corresponds to achieving adequate exposure in the solid tissues
of a tumor. Here we test this assumption by employing feedback control to maintain a constant
drug concentration in the plasma while simultaneously observing the resulting concentration
in interstitial fluid (ISF) of the subcutaneous space.

To motivate the technical question we wish to address, we note that the calibration of
sensors deployed in ISF has historically proven problematic (Friedel et al., 2023; Rodbard,
2016). As an example, we discuss the situation with EAB sensors. We traditionally calibrate
in vivo EAB sensors in vitro in the physiological medium in which they will be deployed. This
includes the calibration of intravenous sensors in vitro in undiluted whole blood (Arroyo-
Currés, Dauphin-Ducharme, et al., 2018; A. M. Downs et al., 2022; Idili et al., 2019, 2021)
and in-brain sensors in vitro in undiluted cerebrospinal fluid (Gerson et al., 2023a), both held
at body temperature. For sensors deployed in ISF, however, selecting the appropriate
calibration medium is complicated by the difficulty of meaningfully collecting this bodily
fluid. That is, ISF extraction methods, including suction blisters, microdialysis, and
microneedle extraction, are limited to small volumes (~1-15 pL) and likely significantly alter

the ISF composition (e.g., by rupturing cells or dilution with dialysate) in the collection process
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(Friedel et al., 2023; Niedzwiecki et al., 2018; Ribet et al., 2020; Samant & Prausnitz, 2018;
Vermeer et al., 1979). Given these limitations, some groups have entirely eschewed the
calibration of subcutaneous EAB sensors (S. Lin et al., 2022) In contrast, in prior studies we
have calibrated subcutaneous EAB sensors using 37°C whole blood as the calibrant, an
approach we justified by observing that, while they are filled with a molecular-weight-limiting
“glycocalyx” matrix (Dull & Hahn, 2022; Foote et al., 2022) the junctions between the cells
lining the walls of the finest capillaries are “leaky” enough that there is pressure-driven bulk
flow between the plasma and ISF (Cserr & Patlak, 1992; Friedel et al., 2023), suggesting that
the electrolyte and small-molecule composition of the two should be closely similar.
Consistent with this argument, 90% of the metabolites found in the ISF are also found in blood
(Friedel et al., 2023; P. R. Miller et al., 2018; Samant et al., 2020; Tran et al., 2018). Here we
have coupled feedback control over plasma drug levels with simultaneous measurements
performed in the ISF to quantitatively test the accuracy of using blood as a calibrant for the
latter. We argue that, if the use of blood as a calibration matrix for sensors deployed in the ISF
is accurate, the concentration measured in the ISF should eventually match and remain at the

plasma concentration.

3.4 Methods

We diluted phosphate-buffered saline (PBS) from a 20x stock obtained from Santa Cruz
Biotechnologies. Sodium hydroxide, 6-mercapto-1-hexanol, tris(2-carboxyethyl) phosphine,
and used sulfuric acid (Sigma Aldrich) doxorubicin HCl (LC Laboratories) and dimethyl

sulfoxide (Fisher Scientific) as obtained. We purchased methylene blue-and-HO-C 6 S-S-C 6-
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modified DNA sequences (Arroyo-Curras, Somerson, et al., 2017; S. Lin et al., 2022) from

Integrated DNA Technologies (IDT).

Doxorubicin aptamer sequence
5’ — HS- (CH2)6 — ACCATCTGTGTAAGGGGTAAGGGGTGGT — (CH2)7 —-NH-

Methylene Blue — 3’

Electrode fabrication and functionalization

To fabricate the electrodes of intravenous sensors, we cut and insulated gold (0.2 pm
diameter x 10 cm in length; 99.9% purity, A-M systems), platinum (0.125 pm diameter x 10
cm in length; 99.95% purity; A-M Systems), and silver (0.125 pm diameter x 10 cm in length;
99.99% purity, A-M Systems) wires with polytetrafluoroethylene heat-shrink (PTFE, Zeus
Inc., HS Sub-Lite-Wall). We bundled the wires with physical gaps separating each wire to
prevent shorting. We then trimmed the insulation to produce an exposed length of 3 mm (gold),
5 mm (platinum), and 1 cm (silver). To convert the silver wire to a reference electrode we
submerged it in 7.5% sodium hypochlorite (commercial bleach, Clorox) overnight to form a
stable silver chloride film. Finally, we rinsed the electrodes in DI water to remove any residual
bleach.

To fabricate the electrodes of subcutaneous sensors, we insulated gold (0.2 pm diameter
x 10 cm in length), and silver wire (0.2 um diameter, 10 cm in length, 99.99% purity, A-M
Systems) with polytetrafluoroethylene heat-shrink (PTFE, HS Sub-Lite-Wall). We trimmed the
insulation and electrodes to produce an exposed length of 5 mm (gold), and 1 cm (silver). To

convert the silver wire to a reference electrode we submerged it in 7.5% sodium hypochlorite
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(commercial bleach, Clorox) overnight to form a stable silver chloride film, followed by a DI
water wash. We then fabricated a separate counter electrode by heat-shrinking PTFE platinum
wire (0.25 pm diameter x 10 cm in length). We then fed the counter through a 20-gauge
catheter.

We functionalized intravenous and subcutaneous sensors as follows. First, we reduced
the disulfide bond in the methylene-blue modified DNA with 14 pL of 10 mM tris (2-
carboxyethyl) phosphine with 2 pL of 100 mM DNA for 1 h in the dark. After electrode
assembly and overnight bleaching we rinsed the sensors in di-ionized water and cleaned the
gold surface via: (a) cycling the potential 1,000 times between -1.0 and -1.6 V versus Ag|AgCl
in a solution of 0.5 M NaOH (1 Vs!) to remove residual organic or thiol contaminants on the
surface; (b) pulsing between 0 and 2 V by applying 32,000 pulses with a pulse length of 20 ms
in 0.5 M H>SO4 to increase the microscopic surface area of the gold (Arroyo-Curras, Scida, et
al., 2017). Following this, we rinsed the gold electrodes in de-ionized water, fed them through
20 (intravenous) and 22 (subcutaneous)-gauge catheters, and immersed them in the reduced
DNA solution (500 nM in pH = 7.4 PBS) for 1 h. The gold electrodes were then transferred to
a 10 mM solution of 6-mercapto-1-hexanol in PBS overnight at room temperature to complete
the formation of their self-assembled monolayers. Finally, we fed the intravenous and
subcutaneous sensors and the external counter of the latter through the lumen of 22 and 20-
gauge catheters, respectively (Becton, Dickinson & Company). Before in vivo insertion, we
fill these catheters with 1x PBS.

We performed our in vivo experiments using adult male Sprague-Dawley rats (4-5
months old, 400-650 g; Charles River Laboratories, Wilmington, MA, USA). These were pair-

housed in a temperature and humidity-controlled vivarium on a 12-h light-dark cycle and
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provided ad libitum access to food and water. All animal procedures were consistent with the
guidelines of the NIH Guide for Care and Use of Laboratory Animals (8th edition, National
Academy Press, 2011) and approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of California Santa Barbara.

We performed sensor placements as follows. Rats were induced under 4% isoflurane
gas in a Plexiglas anesthesia chamber. Anesthesia was maintained with 2-3% isoflurane
gas/oxygen administered via a nose cone for the experiment’s duration. A pulse oximeter
(Nonin Medical, Plymouth, MN) was used to measure heart rate and SpO2 during the
experiment. The rat was shaved and the skin above the jugular vein was disinfected with 70%
ethanol and betadine. A small incision was made to isolate both veins. A small incision in the
jugular vein was made using spring-loaded microscissors. A silastic catheter (composed of a
bent steel cannula and silastic tubing) was inserted into the left jugular vein for infusions. The
EAB sensor was inserted into the right jugular vein for in-vein drug monitoring and stabilized
with sterile 6-0 silk sutures (Fine Science Tools, Foster City, CA). Following this insertion, we
infused 30 units of heparin through the indwelling infusion line. Insertion of the subcutaneous
sensor and external counter electrode was performed using an 18 g catheter inserted just below
the surface of the skin on the posterior ventral side of the rat between the two legs after shaving
the area. We confirmed the guide catheter is not embedded in fat or muscle by touch (the latter
offers significant resistance to insertion). To ensure that we sampled ISF and not blood, we
confirmed that the catheter did not backfill with blood during initial insertion and checked to
ensure the sensor was free of blood when it was removed after the experiment. Neither of these

occurred during the collection of any of the data presented in this study.

57



Feedback control

To perform feedback control, we employed an adaptive controller we have recently
described. After a 20-minute baseline was measured to establish sensor stability, we started the
adaptive feedback control algorithm. This algorithm does not use any a priori knowledge of
the pharmacokinetics of doxorubicin in the test subject or any other animal. Instead, it uses a
simple, pre-defined, time-varying infusion rate until the drug level reaches 65% of the desired
set point. Using the injection profile and the resulting plasma concentrations measured up to
this point, the control algorithm then fits the individual animal’s pharmacokinetics to a two-
compartmental pharmacokinetic model. Afterward, the controller continues to update this
pharmacokinetic model using the most recent 100 concentration measurements. This allows it
to adapt to any changes in the animal’s physiology during the experiment. Using this model,
the controller then controls the infusion rate to achieve and maintain the set point
concentration. The controller also includes a safety feature that halts drug infusion if the drug
concentration exceeds 120% of the set point concentration and turns back on it once the

concentration falls back below 110% of the set point.

3.4 Results

Given that feedback-controlled drug delivery will presumably be of the greatest value
for drugs for which the pharmacokinetic variability between patients is clinically significant
(Knezevic & Clarke, 2020; Paci et al., 2014) we have used the chemotherapeutic doxorubicin,
a drug whose high inter- and even intra-subject variability is known to impact clinical

outcomes significantly (Gil et al., 1983). To measure the plasma doxorubicin concentrations
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we placed a 200 um diameter by 3 mm long EAB sensor into the right external jugular vein
(Leung et al., 2023) of anesthetized rats (subject characteristics detailed in Table S1) and a
catheter into the left jugular vein for drug delivery. To perform similar measurements in the
ISF, we inserted 200 pm diameter by 5 mm long EAB sensors into the subcutaneous space by
first inserting 18-gauge shielded catheters below the surface of the skin on the animal’s
posterior ventral side at a 45° angle. We then removed the needles, leaving the catheters in
place to guide the sensors into the subcutaneous tissue (Fig. 2). To interrogate both intravenous
and subcutaneous sensors we used square wave voltammetry to perform dual-frequency,
kinetic differential measurements (KDM) (A. M. Downs et al., 2022; Ferguson et al., 2013).
Using this approach, our sensors achieve a time resolution of 16 s and baseline (pre-drug-
challenge), root-mean-squared noise floors of 0.4 uM in the vein, and 0.2 puM in the
subcutaneous space. The greater noise in the former compartment arises due to the animal’s
pulse; this noise falls dramatically upon sacrificing the animal (data not shown). To maintain
constant drug concentrations in the plasma we employed an adaptive feedback control
algorithm that actively “learns” the pharmacokinetics of each animal. Relative to our earlier,
proportional-integral-derivative controllers (Dauphin-Ducharme et al., 2019b; Gerson et al.,
2023a) this approach improves the speed with which the set point concentration is reached and
the accuracy with which this is maintained.

Feedback control over plasma drug levels leads to rapid equilibration at the same
concentration in the interstitial fluid of the subcutaneous space. To see this, in our first
experiment we placed an intravenous sensor in the right external jugulars of 3 rats and a second
sensor in the subcutaneous space of the right posterior ventral side. After establishing a stable

baseline for the plasma sensor (typically after 20 to 30 min, Table 1), we initiated controller-
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informed drug infusion (Fig. 3, top row). Under such control, the plasma doxorubicin
concentration rose to within 15% of the 2 uM set point in 2 to 11 mins (average of 6.8 min;
Table 1), after which the controller maintained the plasma concentration at that set point to an
RMS deviation of £30% (Fig. 4). Of note, the rate of infusion required to maintain the set point
concentration, which is evident in infusion rate profiles (Fig. 3, middle row), varied
dramatically not only between animals but also within individual animals over time.
Specifically, the infusion rate required to maintain plasma drug concentrations at the set point
concentration eventually dropped to zero in all 3 animals. This is not due to poor sensor
reversibility; the sensor rapidly returns to baseline after being challenged at 3.2 uM in vitro in
37°C bovine blood for 60 min (Fig. S2). Instead, we believe this is due to doxorubicin-induced
kidney failure reducing the elimination rate to zero (Afsar et al., 2020, Burke, 1977) Consistent
with this argument, all 3 rats stop urinating during the experiment despite receiving significant
intravenous fluid during drug delivery.

Controlling plasma drug concentrations equates to control over drug concentrations in
the solid tissue. Specifically, after the ISF has equilibrated with the plasma, (defined here as
being when the subcutaneous concentration reaches within 15% of the plasma set point
concentration and remains within this window for at least 5 min), the mean measured plasma
concentration, and the mean measured ISF concentration differ by between 0.10 and 0.29 uM
for our first 3 animals (Fig. 3, bottom row, Table 2). In the face of sensor-to-sensor fabrication
variation, which is known to be of similar magnitude for these crudely hand-built devices (A.
M. Downs et al., 2022), this rather high degree of correlation validates both the argument that

control over plasma drug concentrations leads to rapid and accurate control over drug
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concentrations in the solid peripheral tissues and our use of blood as a calibrant for sensors
deployed in the ISF.

The reproducibility of subcutaneous EAB sensors is quite good. To see this, we next
performed feedback control over plasma levels in 2 rats while performing concentration
measurements using a pair of subcutaneous sensors placed ~1 cm apart, roughly 0.5 cm to
either side of the animal’s midline. Once again, upon initiating feedback control over plasma
doxorubicin, the drug’s measured concentration at both subcutaneous sites rapidly rises to and
maintains the set point concentration (Fig. 4). Despite the possibility of site-specific differences
in the rate of transfer from the plasma to the ISF, the concentration measurements produced by
the two subcutaneous track one another quite closely. Specifically, measurements following
the initiation of feedback control are correlated between the two sensors with R? of 0.95 and
0.98 (Fig. 5). That said, the slopes of these correlations differ from the expected value of unity
by 9% and 13%. These small, systematic errors presumably arise due to sensor-to-sensor
variation in these hand-built devices. For example (and as noted above), we observe similar

sensor-to-sensor variation in in vitro experiments (A. M. Downs et al., 2022).

3.5 Discussion

Here we have performed feedback control over plasma drug concentrations in live rats
with simultaneous monitoring of the drug in a solid tissue. Doing so we find that, upon holding
plasma doxorubicin concentrations steady at a fixed concentration for a few tens of minutes,

the measured concentration in the interstitial fluid of the subcutaneous space matches that seen
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in plasma to within ~15%, which is well within expected sensor-to-sensor variability. And it
achieves this match rapidly relative to the timescale of most drug action.

From the technical perspective, the close correspondence of paired plasma and ISF
drug concentration measurements following equilibration of the two compartments strongly
supports our prior claim that blood is a suitable proxy for the calibration of sensors placed in
the subcutaneous space. Given the difficulty of collecting sufficient volumes of undiluted,
unperturbed ISF, this observation should significantly improve the convenience of future
efforts to calibrate sensors for such placements. Indeed, given that most solid tissues (the
exceptions being the brain and gonads (Goldstein & Betz, 1986; Mruk & Cheng, 2015)) are in
direct, fluid communication with the plasma (i.e., are not separated by a transport-limiting
membrane, such as the blood-brain-barrier), we believe this approach will work for a wide
range of solid-tissue EAB sensor placements.

From the clinical perspective, the relatively rapid rate with which drug concentrations
in the subcutaneous ISF equilibrate with constant plasma drug concentrations speaks to the
potential therapeutic value of performing feedback control over plasma drug levels.
Specifically, our work validates the assumption that holding drug concentrations constant at
clinically optimized levels equates to achieving similarly optimal concentrations in the solid
tissues that are the site of action of most drugs. This should advance the therapeutic
administration of drugs with high interpatient pharmacokinetic variability and narrow

therapeutic windows, such as chemotherapeutics.
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3.6 Figures and Tables
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Fig. 3.1. (A) Electrochemical aptamer-based (EAB) sensors are composed of a methylene
blue (MB)-modified aptamer that is site-specifically attached to the surface of a gold
electrode. Target binding produces a conformational change in this aptamer, altering the rate
of electron transfer. (B) The binding-induced change in electron transfer results in an easily
detectable change in peak current when the sensor is interrogated using square wave
voltammetry. (C) To perform measurements of doxorubicin in plasma and subcutaneous
space, we utilize a doxorubicin aptamer with a K4 of 5 pM. Data was collected in vitro in
whole rat blood at 37°C, with the error bars shown on this graph reflecting standard

deviations across 8 independently fabricated devices to illustrate reproducibility.

63



Intravenous
sensor

T T — —
- ¢

=

Potentiostat —

Drug pump

A

Figure 3.2. To perform feedback control over plasma drug concentrations, we insert an
intravenous sensor in the right jugular vein and an indwelling catheter into the left jugular
vein and then connect it to a potentiostat for electrochemical interrogation using square wave
voltammetry. The real-time data this produces is used to inform an adaptive feedback control
algorithm (Gerson et al., 2024) that adjusts the rate with which a drug pump delivers the drug
to rapidly reach and accurately maintain the desired set point. Here we also employed 1 or 2
sensors in the ventral subcutaneous space to measure how rapidly these solid tissues

equilibrate with the plasma drug concentration.
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Table 1. Rise times in plasma and ISF
Rat Rise time in the plasma* Rise time in the ISF**
(min) (min)

Rat 1 6 25

Rat 2 11 29

Rat 3 10 59

Rat 4 5 SubQ1: 59
SubQl: 37

Rat 5 2 SubQl1: 35
SubQ2: 34

Average 6.8 39.7

*Rise time (vein) is defined as the time elapsed between the initiation of control and when
the plasma concentration reaches 15% of the set point concentration
**Rise time ISF is defined as the time elapsed between the initiation of control and when the

subcutaneous concentration reaches 15% of the set point concentration
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Figure 3.3. After the initiation of feedback control, drug levels in the subcutaneous ISF rapidly
equilibrate with those in the plasma. (Top Row) Shown are data sets collected from three different
animals (the three columns) illustrating the measured concentration in the plasma (red) and in the ISF
(blue). In all three cases the drug concentration in the plasma and ISF rapidly rise to the set point.
(Middle Row) Shown are the time-varying infusion rates required to reach and maintain the set-point
plasma concentration. Note that the maximum infusion rate differs between rats depending on their
body weight. (Bottom Row): After drug concentrations in the plasma and ISF have equilibrated
(defined here as subcutaneous concentrations reaching and remaining within 15% of the set point for
at least 5 min), the two concentrations remain closely similar. To illustrate this, here we present
scatter plots illustrating the correlations between the pairs of measured concentrations after
equilibration has been reached. The red points represent the average of vein and subcutaneous
measurements obtained over this period, and the error bars reflect the standard deviations of each
value. The generally larger standard deviations seen for plasma measurements are due to noise arising

from the close placement of these sensors to the animal’s heart.
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Table 2. The correlation between measured plasma and ISF concentrations

Rat identifier Average and Average and standard deviation
standard deviation of subcutaneous concentration
of plasma after the 2 pM set point is first
concentration after reached (uM)
the 2 pM set point is
first reached (uM)
Rat 1 22+04 2.0+0.1
Rat 2 1.9+£0.2 2.10+0.07
Rat 3 22+03 22+03
Rat 4 20+£04 SubQ1: 1.8 £0.1
SubQ2: 1.9+0.1
Rat 5 2.0+£0.2 SubQ1: 1.80 + 0.09

SubQ2: 1.90 + 0.14

Average plasma and subcutaneous drug concentrations observed after the set point is

reached (i.c., after the subcutaneous concentration reaches and remains for 5 min

within 15% of the set point).
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Figure 3.4. The reproducibility of subcutaneous sensors placed within individual animals
(light and dark blue) is quite good. (Top row) To see this, here we deployed a pair of sensors
in the ventral subcutaneous space located ~1 cm away from one another. (Bottom rows) Once
again, after the subcutaneous space has equilibrated with the plasma (determined when the
subcutaneous levels reach within 15% of the target concentration and maintain set point
concentration for at least 5 min), the correspondence between the measured plasma and ISF
drug concentrations is excellent for both sensors in the pair. Red points represent the average
vein and subcutaneous concentration across the duration of the experiment following
equilibration. Error bars represent the standard deviation of the vein concentrations (red) and

subcutaneous concentrations (blue). The corresponding infusion rate data is presented in the

SI (Fig. S2).
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Figure 3.5. Measurements performed simultaneously at two sites in the subcutaneous space
track one another with good precision. Shown are simple linear regressions of the
concentration estimates produced by each of the paired subcutaneous sensors presented in
Fig. 4; the correlations between the paired measurements are exceptional: R? = 0.98, F(1,
762)=33167, p <0.0001 and R* = 0.95, F(1, 905) = 16,472, p < 0.0001) for rats 4 and 5,
respectively. This said, we observe mean, systematic deviations between the two sensors of 9
+ 2% (Rat 4) and 13 + 3% (Rat 5). This presumably occurs due to sensor to sensor
fabrication variation; similar levels of deviation have been reported during in the in vitro

characterization of these hand-made devices (A. M. Downs et al., 2022).
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3.8 Supplemental Information

Table S1. Rat identification and characteristics.
Rat Identifier Weight (g) Sex Total drug volume
administered (nL)
Rat 1 569 M 461
Rat 2 635 M 756
Rat 3 598 M 688
Rat 4 469 M 1000
Rat 5 483 M 1000
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S3.1. The doxorubicin aptamer is rapidly reversible. Here we functionalized gold wire sensors
(n=8) with the doxorubicin aptamer in bovine blood at 37°C. The doxorubicin aptamer rapidly
responds to the target upon the addition of doxorubicin. We maintained drug levels at 3.2 uM
(well above the concentrations used in our in vivo studies) for 60 min before moving the

sensors to target-free, 37°C bovine blood.
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Figure S3.2. Shown are the injection time courses for Rats 4 and 5 (Fig. 4)
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Chapter 4: EAB sensors for the seconds-resolved quantification of drug permeation

across the blood-brain barrier
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4.1 Abstract

A significant barrier to the treatment of in-brain cancers is the generally extremely
low (to nil) penetration of chemotherapeutic agents across the blood-brain barrier—a tightly
regulated, homeostatic blockade that excludes the passage of most molecules and many
neurotherapeutics to the brain. The recent advent of drug formulations and pharmacological
interventions aimed at increasing in-brain drug concentrations of therapeutics suggests a
means of surmounting this problem. To explore the efficacy of two emerging methods (drug
encapsulation and P-glycoprotein inhibition) aimed at enhancing DOX penetration to the
brain, we utilize a novel sensing platform, electrochemical aptamer-based (EAB) sensors, to
capture the rate of distribution of chemotherapeutic formulations across the blood-brain
barrier. In contrast to unmodified doxorubicin, liposomal pegylated doxorubicin (2.5 mg/kg
IV) produced detectable changes in doxorubicin concentration in the brain however this
occurred inconsistently across subjects (i.e. significant concentration changes in only two of
six animals). Ondansetron pretreatment and subsequent administration of doxorubicin
produced no significant signal change in the brain. Potential sources of this irreproducibility
include storage and transportation of liposomal pegylated doxorubicin, EAB sensor

sensitivity, and inter-animal pharmacokinetic variability.

4.2 Introduction

The treatment of in-brain cancers is significantly limited by the failure of
chemotherapeutics to permeate the blood-brain barrier (BBB). Doxorubicin, for example,

effectively inhibits the proliferation of glioma cells in vitro and is highly toxic to

74



glioblastoma cell lines in vivo, yet when intravenously administered, its therapeutic efficacy
is almost non-existent due to poor permeation across the BBB (Ahmed Juvale et al., 2022). In
response, researchers have developed a host of new drug delivery methods aimed at
enhancing the permeation of chemotherapeutics (with much of this work focused specifically
on doxorubicin), across the BBB, to overcome this obstacle. However, existing methods for
detecting in-brain concentrations of drugs lack the temporal resolution to understand how
these manipulations dynamically alter the kinetics of drug distribution into the brain.

To improve drug permeation across the blood brain barrier, recent work has focused
on have developed methods of increasing the concentration of chemotherapeutics in the brain
with pharmacological manipulations, including inhibition of P-gp efflux pumps (Sardi et al.,
2013), focused ultrasound (Lin et al., 2018; Park et al., 2012), and encapsulation in a
pegylated liposome (Green & Rose, 2006). Here, we evaluate how drug formulation in a
pegylated liposomal improves permeation across the BBB. Liposomal doxorubicin
formulations have been authorized by the FDA for use in clinical populations specifically for
the treatment of ovarian cancer, AIDS-related Kaposi’s Sarcoma, and Multiple Myeloma
(Barenholz, 2012). Clinical research suggests encapsulating doxorubicin in pegylated
liposomes enhances its safety and efficacy, and preclinical research indicates that it may
specifically improve the treatment of brain cancers (Birngruber et al., 2014; Gaillard et al.,
2014; Ghaferi et al., 2022). This is accomplished by altering the pharmacokinetics of
doxorubicin, improving delivery to the tumor while decreasing cardiovascular toxicity.
Coating the liposome with polyethylene glycol (PEG), a synthetic hydrophilic polymer,
increases circulation time and enhances permeation into the BBB (Birngruber et al., 2014,

Xing et al., 2015). In preclinical research conducted by Gaillard et al. (2014), mice
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administered ['*C]-labeled liposomal pegylated doxorubicin had significantly higher in-brain
concentrations of doxorubicin compared to rats administered ['*C]-labeled doxorubicin.
Researchers quantified brain levels of doxorubicin ex vivo using scintillation. Similarly,
compared to free doxorubicin, Birngruber et al. (2014) determined doxorubicin encapsulated
in glutathione pegylated liposomes administered intravenously increased in-brain
concentrations in a rat brain tumor model. Brain levels of doxorubicin were quantified using
cerebral open-flow microperfusion (cOFM). Both tissue homogenization and ex vivo
quantification and cOFM are limited by their inability to capture the seconds-resolved
temporal dynamics of drug distribution across the blood-brain barrier.

Another strategy employed to maximize brain concentrations of chemotherapeutics is
pretreatment with P-glycoprotein (P-gp) inhibitors. Recent evidence suggests the mechanism
of BBB-mediated resistance is complicated by the cooperation of P-gp, also aptly named
multidrug resistance protein 1 (MDR1) (D. S. Miller et al., 2008). This glycoprotein codes
for a plasma membrane protein that functions as a “gatekeeper” efflux pump, which
efficiently removes molecules from the CNS, restricting their entry into the brain. Targeting
and inhibiting P-gp has received extensive attention in enhancing the efficacy of
pharmacotherapies (D. S. Miller et al., 2008). Ondansetron, or Zofran, is a competitive
antagonist of the 5-HT3 receptor and is also a substrate for P-gp (Chong et al., 2019). A study
by Sardi et. al illustrated that ondansetron pretreatment led to higher doxorubicin
concentrations in all analyzed brain regions following the quantification of brain tissue
samples with mass spectrometry (Sardi et al., 2013).

A key challenge in assessing the effectiveness of novel strategies for enhancing drug

penetration into the brain is the absence of technology that allows for seconds-resolved
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tracking of drug distribution. In this regard, in-brain EAB sensors could serve as a valuable
tool for evaluating the impact of various pharmacological interventions. Consisting of a 75
um, 3-mm long gold wire electrode, EAB sensors can be implanted into the brain following
stereotaxic surgery and can be used to analyze in-brain drug concentrations with high
temporal resolution, a vast improvement to traditional sampling techniques such as
microdialysis (Fig. 1) (Chefer et al., 2009). Utilizing EAB sensors, we have previously
demonstrated that doxorubicin does not permeate the BBB in detectable amounts (Fig. 2A).
We utilized this finding in prior research as a negative control to confirm that the intracranial
surgeries performed for probe insertion do not produce functional changes in BBB integrity
(Gerson et al., 2023a), it provides further confirmation that free doxorubicin does not
permeate the BBB. Here, in contrast, we utilize EAB sensors to capture, with seconds-
resolved resolution, the distribution of liposomal pegylated doxorubicin across the blood-
brain barrier. We also evaluate how pretreatment with ondansetron, a P-gp inhibitor, may

increase in-brain concentrations of doxorubicin.

4.3 Methods

The materials employed were obtained and processed as follows. We diluted
phosphate-buftered saline (PBS) from a 20x stock obtained from Santa Cruz
Biotechnologies. We obtained sodium hydroxide, 6-mercapto-1-hexanol, tris(2-carboxyethyl)
phosphine, and sulfuric acid from Sigma Aldrich. We obtained doxorubicin HCI from LC

laboratories and dimethyl sulfoxide from Fisher Scientific. We obtained liposomal pegylated
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doxorubicin from Avanti Polar Lipids. We purchased methylene blue-and-HO-C 6 S-S-C 6-
modified DNA sequences from Integrated DNA Technologies.

To functionalize in-brain EAB sensors, we reduced the disulfide bond in the
methylene-blue modified DNA with 14 mL of 10 mM tris (2-carboxyethyl) phosphine with 2
mL of 100 mM DNA for 1 hour in the dark. We cleaned the sensors, involving: (a) cycling
the potential 1,000 times between -1.0 and -2 V versus Ag|AgCl in a solution of 0.5 M NaOH
(1 Vs-1) to remove residual organic or thiol contaminants on the surface; (b) pulsing between
0 and 2 V by applying 32,000 20 ms pulses with a pulse length of 0.02 s in 0.5 M H2S0O4 to
increase the surface area of the electrodes. We then roughened the electrode surface by
cycling the potential between 1.5 and -0.35 V at 1 V/s four times in H2SO4. We then rinsed
the gold electrodes in de-ionized water and immersed them in 500 nM reduced DNA
dissolved in PBS for 1 h. The sensors were then transferred to a 10 mM solution of 6-
mercapto-1-hexanol in PBS overnight at room temperature to complete the formation of their
self-assembled monolayers.

Sensor interrogation was performed electrochemically using square wave
voltammetry on a CH1040C multipotentiostat. To determine relevant calibration curve, we
performed a 24-point titration of each aptamer deposited onto the electrodes described above
in 37° bovine cerebrospinal fluid and determined the “signal-on” (200 Hz) and “signal-off”
(40 Hz) frequencies that resulted in the largest relative changes in current. Drift correct was
performed with kinetic differential measurements (KDM), obtained by taking the difference

in normalized peak currents collected at our signal-on and signal-off frequencies:
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KDM = (Signalopn— Signalgfr) Eq 1.

%(Signalon+ Signalgfr)

To fit resulting KDM signals to drug concentrations, we fit in vitro titration data to the

equation:

(KDMpax~KDMpin)* [Target]"H
[Target]"H+K4"H

KDM = KDMmin +

Eq 2.

where KDM,,,, is the maximum signal gain observed at saturating concentrations, [Target] is
the drug concentration, ny is the Hill Coefficient, and Kp is the binding half-point of the
aptamer (A. M. Downs et al., 2022).

We performed our in vivo experiments using adult male Sprague-Dawley rats (4-5
months old, 300-700 g; Charles River Laboratories, Wilmington, MA, USA). These were
pair-housed in a temperature and humidity-controlled vivarium on a 12-h light-dark cycle
and provided ad libitum access to food and water. All animal procedures were consistent with
the guidelines of the NIH Guide for Care and Use of Laboratory Animals (8th edition,
National Academy Press, 2011) and approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of California Santa Barbara.

Rats were induced under 4% isoflurane gas in a Plexiglas anesthesia chamber.
Anesthesia was maintained with 2-3% isoflurane gas/oxygen administered via a nose cone
for the experiment’s duration. We performed intracranial surgery on rats with a chronic
indwelling jugular catheter (Charles River) to surgically implant a permanent 19-gauge

stainless steel cannula using stereotaxic coordinates aimed at the lateral ventricle
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[anteroposterior (AP) = —0.48, mediolateral (ML) = +1.6, dorsoventral (DV) = —1]. Once the
cannula is implanted, we inserted a removable 1.2-cm-long 22-gauge stainless-steel
obturator. After the animal had healed for 7 days, we inserted the functionalized EAB sensors
into the brain.

For drug dosing, a 0.01 M stock of doxorubicin HCI was prepared by diluting a 0.1 M
solution dissolved in dimethyl sulfoxide (DMSO, Sigma Alridch) with phosphate-buffered
saline. For injection of liposomal pegylated doxorubicin, concentration was quantified (per
batch) with UV-VIS before injection. A 3 mL syringe containing this stock was connected to
the catheter and then inserted into a motorized syringe pump (KDS 200, KD Scientific,
Holliston, MA, USA). We performed all measurements using square wave voltammetry on a
CH1040C multipotentiostat over a voltage window of approximately -0.1 to -0.45 V (relative
to the Ag|AgCl reference). Before infusion of doxorubicin, we waited approximately 20
minutes to establish a stable baseline, ensuring any initial fouling of the electrode was
corrected successfully with KDM. Once a stable baseline was determined, doxorubicin was
injected over 3 min to better model clinical administration, given most injections of
doxorubicin for the treatment of cancer in humans are administered over 10 to 30 min. Target
concentration was quantified by fitting KDM values to a Hill Langmuir equation with
parameters for KD, ng, KDMpax obtained from in vitro calibrations performed in bovine
cerebrospinal fluid at 37°C.

For animals in the ondansetron pretreatment group, we pretreated animals following
existing protocols (Sardi et al., 2013): 2 mg/kg, intraperitoneally at 10 a.m (Day 0), 2 mg/kg,
intraperitoneally at 5 p.m (Day 0), 2 mg/kg intraperitoneally at 10 a.m. (Day 1). Two hours

later, we induced rats and administered doxorubicin (8 mg/kg) via an indwelling jugular
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catheter. All figures were made in BioRender and all graphs were made using Graphpad

Prism 9 Software (San Diego, CA).

4.4 Results

In the brain EAB sensor captures the distribution of liposomal pegylated doxorubicin
with a temporal resolution of 20 s and a pre-drug-challenge, root-mean-squared (RMS)
baseline noise of 0.005 uM (Fig. 3, top row). This is the first data of its kind to demonstrate,
with seconds-resolved resolution, the distribution of this drug formulation across the blood-
brain barrier. This, however, was only observed twice, with 4 other replications producing no
measurable drug in the brain (Fig. 3, bottom rows). We discuss possible explanations for this
lack of replicability below.

Rats pretreated with ondansetron did not show detectable increases in the in-brain
level of free doxorubicin (Fig 4A). To verify that this dose is detectable with the aptamer
used in the current study, we provide evidence that this same dose measured intravenously

produced concentrations of 4.8 uM (Fig 4B).

4.5 Discussion

Here we demonstrated that EAB sensors can capture the distribution of PEG dox
across the blood-brain barrier with a few-seconds resolution (Fig. 3, top row). This, however,
was not replicable: 4 attempts of the experiment produced no change in signal gain upon the
addition of target (Fig. 3, bottom row). Potential sources of this irreproducibility include
storage and transportation of liposomal pegylated doxorubicin, EAB sensor sensitivity, and

inter-animal pharmacokinetic variability. First, we obtained liposomal pegylated doxorubicin
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from a distributor, which required shipping in dry ice. Because maintained temperature is a
critical factor in determining liposome stability, minor deviations in temperature could have
caused the liposomes to rupture (Pasarin et al., 2023). It is also possible that the aptamer
itself was not sensitive enough to detect in-brain concentrations for all animals, as
doxorubicin is a drug with incredibly variable inter-patient pharmacokinetics (Bronchud et
al., 1990; Jacquet et al., 1990; Park et al., 2012). Thus, our sensor may have only been
sensitive enough to detect changes in some animals, but unable to capture the lower in-brain
concentrations in others. To improve the sensitivity of our aptamer, we could modify the
parent doxorubicin aptamer. We have previously demonstrated our ability to make aptamers
more or less sensitive based on modifications (truncations or additions of base pairs) to the
termini of the sequence or by modifying the methylene blue reporter location (Idili et al.,
2021; Mayer & Lai, 2018). Further work could improve the affinity of the doxorubicin parent
aptamer to ensure it could capture lower in-brain concentrations of doxorubicin. Further
work could utilize this modified aptamer to explore other methods by which we can increase
the blood-brain permeation of chemotherapeutics. Additionally, some work has found an
increase in the in-brain concentration of doxorubicin when administering liposomal
doxorubicin following focused ultrasound (FUS) mediated blood-brain barrier disruption
(Aryal et al., 2015). Future research could evaluate, with high-precision and seconds-
resolved temporal resolution, how FUS-mediated BBB disruption improves in-brain drug
permeation.

This work also evidenced that pretreatment with ondansetron, a P-gp inhibitor, did
not lead to an increase of in-brain concentrations of free doxorubicin. The preliminary work

that informed this study was conducted by Sardi et al. (2014), which demonstrated that
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ondansetron pretreatment (identical to the pretreatment procedure utilized by this work) led
to an accumulation of doxorubicin within the rat brain. To quantify in-brain levels, authors
homogenized brain tissue and performed mass spectrometry. A possible explanation for our
inability to replicate the study could lie in the limitations of the methods used to quantify
brain levels of doxorubicin. Tissue homogenization followed by LC-MS may have led to an
overestimation of brain doxorubicin levels if residual blood remained in the brain tissue
samples despite perfusion. The presence of doxorubicin in the residual blood could have
inadvertently contributed to higher readings, falsely elevating the measured concentrations in
the brain tissue.

The successful treatment of in-brain cancers relies on the maintenance of
therapeutically efficacious drug concentrations in the brain, which is a particular challenge
when chemotherapeutics have a narrow therapeutic window and high inter-patient
pharmacokinetic variability (Jacquet et al., 1990; Undevia et al., 2005). The ability to achieve
optimal drug levels at the desired site of action for these targets would significantly advance
our ability to treat brain cancers, enhancing treatment efficacy while minimizing side effects.
And, as brain tumors are notably heterogeneous, advancing personalized precision medicine
could ensure individual patients are administered optimal drug dosages based on the unique

characteristics of their tumors (Lin et al., 2023).
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4.6. Figures and Tables

Stainless steel ® ®
reference electrode =

Gold working electrode

Figure 4.1. The in-brain EAB platform consists of a 75 pm-diameter, 3-mm-long gold
electrode that extends from a 22-gauge stainless steel counter/pseudo-reference electrode.

These probes are inserted into brain regions of interest following stereotaxic surgery.
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Figure 4.2. Doxorubicin does not permeate the BBB in detectable amounts. (A) Surgical
manipulations performed for the placement of EAB sensors do not disrupt the BBB,
evidenced by the lack of permeation of doxorubicin into the brain following a large dose of
drug. Specifically, some 1.1 hours into this experiment, the drug was dosed intravenously
(IV) at 12 mg/kg, a dose that would have saturated the sensor were the drug able to cross into
the brain. (B) The doxorubicin aptamer is sensitive to the detection of small amounts of drug,
as evidenced by the titration curve in 37°C CSF (Kq4 = 4.4). If doxorubicin was permeating
the BBB, our sensor would be sensitive enough to detect increases in doxorubicin in the

brain.
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Figure 4.3. (Top row) Successful data sets obtained from the administration of pegylated
liposomal doxorubicin. After establishing a baseline, we injected 2.5 mg/kg of pegylated
liposomal doxorubicin (Avanti Polar Lipids) into the jugular vein. (Bottom rows)
Unsuccessful data collected from the administration of pegylated liposomal doxorubicin.
Upon injection of 2.5 mg/kg of commercially available liposomal pegylated doxorubicin, we

observed no visible signal change associated with the injection
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Figure 4.4. (A) Pretreatment with ondansetron does not produce enhanced permeation of

doxorubicin across the blood-brain barrier. Shown are experiments in two different animals

utilizing the ondansetron pretreatment protocol. (B) This same dose administered

intravenously produced high in-vein and subcutaneous concentrations.
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Chapter 5: Seconds-resolved, subject-specific plasma pharmacokinetics in male and

female rats
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5.1 Abstract

Generating real-time, individualized, high-precision pharmacokinetic curves is a
critical step in better understanding individuals, including sex-specific, differences in the
effects of cocaine that may underlie addiction vulnerability. Thus motivated, here we employ
electrochemical aptamer-based (EAB) sensors to generate seconds-resolved measurements of
plasma cocaine concentrations to elucidate inter-animal differences (including sex-specific) in
cocaine pharmacokinetics. We do not find sex differences in maximum plasma cocaine levels
(Cmax), aligning with previous studies suggesting that sex-specific behavioral disparities in
cocaine response may stem from differences in brain transport or pharmacodynamic processes
rather than plasma pharmacokinetics alone. Despite the lack of sex differences in cocaine
plasma pharmacokinetics, we do observe that females in estrus have significantly higher
maximum plasma concentrations (Cmax) of cocaine compared to females in any other estrus
phase. Despite this, we find no significant correlation between estradiol levels, as measured by
ELISA, with any pharmacokinetic parameters, including Cmax, area under the curve (AUC), or
half-life. These findings suggest that previously observed heightened behavioral responses to
cocaine exhibited by females during estrus may be partially driven by estrus-dependent

fluctuations in plasma pharmacokinetics, rather than by the direct effects of estradiol.

5.2 Introduction

Sex is a major predictor of cocaine abuse. For example, although men use and are more
likely to become addicted to cocaine than women, women exhibit a faster escalation from

initial use to dependence (Brady & Randall, 1999; Lex, 1991; Westermeyer & Boedicker,
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2000). Consistent with this, preclinical research has evidenced significant sex differences in
the behavioral responses elicited by cocaine in rats, with females acquiring self-administration
more rapidly than males (dos Anjos Rosério et al., 2022; Hill & Powell, 1976; Lynch & Carroll,
1999) and exhibiting greater locomotor response to the same body-mass-adjusted dose (Chin
et al., 2001; Festa et al., 2004; van Haaren & Meyer, 1991). These sex differences appear to be
largely attributable to the effects of gonadal hormones and may be specifically related to their
fluctuation across the female reproductive cycle. For example, compared to females in other
estrous stages, females in estrus exhibit a larger psychomotor stimulant response to cocaine
(Martz et al., 2023; Quifiones-Jenab et al., 1999), will work harder for the delivery of
intravenous cocaine (Hecht et al., 1999; Lacy et al., 2016; D. C. Roberts et al., 1989), display
a greater preference for larger doses (Lynch et al., 2000), and exhibit fewer hesitations and
retreats in obtaining such doses (Kerstetter et al., 2013). Females in estrus likewise exhibit
higher relapse-like behavior, as indicated by higher cocaine-seeking behavior under cocaine-
primed reinstatement (Feltenstein et al., 2011; Kerstetter et al., 2008; Kippin et al., 2005).
Conversely, ovariectomized rats acquire cocaine self-administration more slowly than intact
females, a difference that is eliminated upon estradiol administration (Hu et al., 2004; Larson
et al., 2005).

A possible mechanism by which these gonadal hormones affect cocaine behavioral
responses is via their modulation of cocaine pharmacokinetics, such as the maximum drug
concentration, the drug’s half-life, or total drug exposure (Festa et al., 2004; Roth et al., 2004).
Quantifying differences in these pharmacokinetic parameters, however, has historically proven
difficult due to the cumbersome methods required to measure them with precision. That is,

prior work quantifying plasma cocaine relied on the drug’s ex vivo quantification from blood
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draws using LC-MS and HPLC, generating either only single-time-point measurements (i.e.,
a single concentration measured at a set time after administration) or sparse pharmacokinetic
curves obtained from samples drawn every ~10 min (Festa et al., 2004; Niyomchai et al., 2006;
Visalli et al., 2005). Such temporal resolution is rather poor relative to the 10-20 min half-life
of plasma cocaine (Barbieri et al., 1992; Benuck et al., 1987; Kosten et al., 1997) after
behaviorally relevant intravenous dosing, leading to relatively imprecise estimates of the
relevant pharmacokinetic parameters. For example, given the lack of densely sampled data
points between baseline and peak plasma concentrations, the determination of Cpmax from
samples drawn at ~10 min intervals requires inference (Pan et al., 2007; Shannon et al., 2013).
Adding to this ambiguity, existing research often combines pharmacokinetic data from
multiple subjects to achieve statistically significant results and to better understand generalized
pharmacokinetic processes at the expense of understanding individual differences. Against this
background, here we report seconds-resolved cocaine concentration measurements collected
in situ in the jugular veins of live rats (Arroyo-Currds, Dauphin-Ducharme, et al., 2018;
Arroyo-Curras, Somerson, et al., 2017; Arroyo-Curras Netzahualcoyotl et al., 2017; Dauphin-
Ducharme et al., 2019a; Gerson et al., 2024; Idili et al., 2019), which we use to characterize
individualized and sex-based cocaine pharmacokinetic differences with unprecedented
precision.

To resolve cocaine’s plasma pharmacokinetics on the seconds timescale here we have
used EAB sensors, a molecular monitoring technology supporting the seconds or even sub-
second-resolved (Arroyo-Curras, Dauphin-Ducharme, et al., 2018) measurement of specific
drugs, metabolites, and biomarkers in situ in the blood (Arroyo-Curras, Somerson, et al., 2017;

Gerson et al., 2023b, 2024; Idili et al., 2019; S. Lin et al., 2022), cerebrospinal fluid (Gerson
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et al., 2023b, 2024), or interstitial fluid (Ferguson et al., 2013; S. Lin et al., 2022) of live
subjects. Composed of a target-recognizing aptamer modified with a redox reporter and
attached to an interrogating electrode, EAB sensors generate an electrochemical signal
monotonically related to target concentration (Fig. 1A, 1B). Here, we use a cocaine-detecting,
intravenous EAB sensor to obtain high-temporal-resolution plasma cocaine measurements and
use these to explore relationships between the drug’s plasma pharmacokinetics and range of

potential pharmacokinetic effectors.

5.3 Methods

The appropriately modified aptamer sequences were purchased from Integrated DNA
Technologies. The other materials employed were obtained and processed as follows. We
diluted phosphate-buffered saline (PBS) from a 20x stock obtained from Santa Cruz
Biotechnologies. We obtained sodium hydroxide, 6-mercapto-1-hexanol, tris(2-carboxyethyl)
phosphine, and sulfuric acid from Sigma Aldrich, and cocaine HCI from NIDA.

To fabricate intravenous sensors, we first cut and insulated gold (0.2 pm diameter x 10
cm in length; 99.9% purity, A-M systems), platinum (0.125 um diameter x 10 cm in length;
99.95% purity; A-M Systems), and silver (0.125 pm diameter x 10 cm in length; 99.99%
purity, A-M Systems) wires with polytetrafluoroethylene heat-shrink (PTFE, Zeus Inc., HS
Sub-Lite-Wall). We bundled the wires with physical gaps separating each wire to prevent
shorting. We then trimmed the insulation to produce an exposed length of 3 mm (gold), 5 mm
(platinum), and 1 cm (silver). To convert the silver wire to a reference electrode we submerged

it in 7.5% sodium hypochlorite (commercial bleach, Clorox) overnight to form a stable silver
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chloride film. Finally, we rinsed the electrodes in di-ionized water to remove any residual
bleach.

Following the above electrode preparations, we then fabricated intravenous and
subcutaneous as follows. We reduced the disulfide bond in the methylene-blue modified DNA
with 14 mL of 10 mM tris (2-carboxyethyl) phosphine with 2 mL of 100 mM DNA for 1 hour
in the dark. After electrode assembly and overnight bleach treatment we rinsed the sensors in
water and then cleaned the as follows: (a) cycling the potential 1,000 times between -1.0 and -
2 V versus Ag|AgCl in a solution of 0.5 M NaOH (1 Vs!) to remove residual organic or thiol
contaminants on the surface; (b) pulsing between 0 and 2 V by applying 32,000 20 ms pulses
with a pulse length of 0.02 s in 0.5 M H2SO4 to increase the surface area of the electrodes. We
then roughened the electrode surface by cycling the potential between 1.5 and -0.35 V at 1 V/s
four times in H2SO4. We then rinsed the gold electrodes in de-ionized water, fed them through
20--gauge catheters, and immersed them in 500 nM reduced DNA dissolved in PBS for 1 h.
The sensors were then transferred to a 10 mM solution of 6-mercapto-1-hexanol in PBS
overnight at room temperature to complete the formation of their self-assembled monolayers.
We fed the intravenous sensors through the lumen of a 20-gauge catheter (Becton, Dickinson
& Company). Before use in vivo, we fill the catheters with 1x PBS.

Sensor interrogation was performed electrochemically using square wave voltammetry
on a CH1040C multipotentiostat. To determine the relevant calibration curve, we performed a
24-point titration of the aptamer deposited onto the electrodes described above in 37° bovine
blood and determined the “signal-on” (150 Hz) and “signal-off” (20 Hz) frequencies that
resulted in the largest relative changes in current. Drift correct was performed with kinetic

differential measurements (KDM), obtained by taking the difference in the normalized (to the
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current seen in the absence of drug prior to the first drug challenge) peak currents seen at these

two frequencies (Signalon and Signalorr):

KDM = (Signalop— Signalgfr) Eq 4.

%(Signalon+ Signalgfr)
To fit resulting KDM signals to drug concentrations, we fit in vitro titration data to the

equation:

[Target] = Eq 3.

"H KT}*Z *(KDM—=KDM nin)
KDM pax —KDM

where KDM,, ., is the maximum signal gain observed at saturating concentrations, [Target] is
the drug concentration, ny is the Hill Coefficient, and Kp is the binding half-point of the
aptamer (A. M. Downs et al., 2022).

We performed our in vivo experiments using adult female (n = 8) and male (n = 5)
Sprague-Dawley rats (2-5 months old, 300-550 g; Charles River Laboratories, Wilmington,
MA, USA). These were pair-housed in a temperature and humidity-controlled vivarium on a
12-h light-dark cycle and provided ad libitum access to food and water. All animal procedures
were consistent with the guidelines of the NIH Guide for Care and Use of Laboratory Animals
(8" edition, National Academy Press, 2011) and approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of California Santa Barbara.

Prior to induction, we took vaginal swabs of female rats using a lightly saline-
dampened cotton swab. Cells were transferred onto microscope slides. Rats were induced
under 4% isoflurane gas in a Plexiglas anesthesia chamber. Anesthesia was maintained with 2-
3% isoflurane gas/oxygen administered via a nose cone for the experiment’s duration. A pulse

oximeter (Nonin Medical, Plymouth, MN) was used to measure heart rate and SpO; during the
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experiment. The rat was shaved and the skin above the jugular vein was disinfected with 70%
ethanol and betadine. A small incision was made to isolate both veins. A small incision in the
jugular vein was made using spring loaded microscissors. A silastic catheter (composed of a
bent steel cannula and silastic tubing) was inserted into the left jugular vein for infusions. The
EAB sensor was inserted into the right jugular vein for in-vein drug monitoring and stabilized
with sterile 6-0 silk sutures (Fine Science Tools, Foster City, CA). Following this insertion,
we infused 30 units of heparin through the indwelling infusion line. Prior to insertion of the
EAB sensor, blood was drawn from the inserted catheter and let to sit at room temp for 15 mins
before refrigeration. Samples were then centrifuged for 15 min at 1000xg. We collected the
supernatant and froze samples for later processing using a rat estradiol ELISA (Novus
Biologicals, Centennial, CO).

For drug dosing, a 0.003 M stock of cocaine HCl was prepared. A 3 mL syringe
containing this stock was connected to the catheter and then inserted into a motorized syringe
pump (KDS 200, KD Scientific, Holliston, MA, USA). We performed all measurements using
square wave voltammetry on a CH1040C multipotentiostat over a voltage window of
approximately -0.1 to -0.45 V (relative to the Ag|AgCl reference). Before infusing cocaine, we
waited approximately 20 minutes to establish a stable baseline, ensuring any initial fouling of
the electrode was corrected successfully with KDM. Once a stable baseline was determined
(evaluated as within 5% of baseline noise), we injected 1 mg/kg cocaine HCl was injected over
3 min. Target concentration was quantified by fitting KDM values to a Hill Langmuir equation
with parameters for Kp, nu, KDMua obtained from in vitro calibrations performed in bovine
blood at 37°C. Pharmacokinetic curves were fit to each data set using Graphpad Prism 9

Software (San Diego, CA).
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We stained vaginal cytology slides by first fixing slides in methanol for 1 min and
then allowing to try. We stained slides with Giesma stain (Hi Media Laboratories, India),
diluted 1 part to 19 parts 1/15 M PBS, pH 7.2 for 10 min (Khatoon et al., 2014) Two blind

independent reviewers evaluated the slides and categorized them into estrus groups.

5.4 Results

For this work, we utilized a previously published cocaine-detecting EAB sensor (Fig.
1C) supporting measurements of plasma cocaine with excellent limits of detection and
temporal resolution (Alkhamis et al., 2024). The sensor is comprised of a cocaine-binding
aptamer deposited on a 200 pm diameter, 3 mm long gold working electrode bundled together
with a 1 cm chloride-anodized silver wire reference electrode and a 0.5 cm platinum counter
(Fig. 1D) (Leung et al., 2023). This is placed into the jugular vein and a catheter placed into
the other jugular vein is used for the intravenous dosing of cocaine; here we employed 1 mg/kg
over 3 min for all animals. Using dual-frequency, kinetic-differential-measurement-corrected
square wave voltammetry (A. M. Downs et al., 2022; Ferguson et al., 2013) to interrogate this
sensor, we achieve a time resolution of 15 s and a pre-drug-challenge, root-mean-squared
(RMS) baseline noise of 80 nM in the rat jugular (Fig. 1E).

EAB sensors easily capture the rapid increase in plasma cocaine seen upon intravenous
infusion of the drug followed by its subsequent elimination (Fig. 2). Across the 13 animals we
investigated (5 males and 8 females), we observed peak cocaine concentrations, Cmax, 0f 0.6 to
2.7 uM (mean + standard deviation = 1.7 £+ 0.6 uM), which are reached between 3.0 and 6.7

min after the end of infusion (mean + standard deviation = 4.2 + 1.0 min). The subsequent
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elimination of the drug is well-described by a simple, one-compartment model (Fig. 2B). In
contrast, the parameter estimates are unstable for two animals (Female 7 and Female 8) when
we fit these data with a two-compartment model. Based on the single-compartmental model,
the drug’s plasma half-life ranges from 5.0 to 26.5 min (mean + standard deviation = 12 £ 6
min). Finally, total drug exposure, defined as the area under the curve (AUC), varied from 19
to 107 uM-min (mean + standard deviation = 57 + 27 uM-min).

Despite employing the same body-mass-adjusted dose for all animals, the
pharmacokinetics we observe vary rather widely, suggesting that subject-specific factors
significantly influence cocaine’s disposition in the body. To explore this, we next evaluated the
relationships between the various pharmacokinetic parameters and the animal’s weight (Fig. 3,
top row) and age (Fig. 3, bottom row). Doing so we found a modest, yet statistically significant
correlation between weight and AUC (R? = 0.35, p = 0.03; Table 1). In contrast, we find no
significant correlation between weight and Cmax (R?= 0.07, p = 0.4), half-life (R*= 0.0007, p =
0.93), or femax (R?= 0.02, p = 0.65). We also identified a modest, yet statistically significant,
correlation between age and half-life (R?> = 0.42, p = 0.01), but no significant relationship
between age and between age and femax (R? = -0.19, p = 0.13), Cmax (R?2= 0.26, p = 0.07), or
AUC (R?>=0.01, p = 0.72) (Figure 3, bottom row; Table 1).

The positive, statistically significant correlation between body weight and AUC
suggests that heavier animals experienced higher cumulative drug exposure than lighter
animals when given the same body-mass-adjusted dose. It also suggests that, for non-body-
mass-adjusted doses, drug exposure is not inversely proportional to body mass, but instead
falls off less rapidly, but because we only employed body-mass-adjusted dosing in this work

we are unable to identify the correct functional relationship between the two. Finally, this
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observation suggests that simple body-mass-adjusted dosing might not be sufficient to achieve
consistent exposure across animals of different weights.

Despite the well-established sex-linked differences in cocaine-induced behaviors, we
see no statistically significant differences in plasma cocaine pharmacokinetics between male
and female rats (Fig. 2). Specifically, an unpaired t-test found no significant difference Cax
(#(11) =1.58, p = 0.14), AUC (#(11) = 1.57, p = 0.4), temax (#(11) =1.94, p = 0.32), or half-life
(#(11) = 0.36, p = 0.73) between the sexes (Table 1). Because an F-test for equality of two
variances revealed significant differences in variances for half-life (males: M = 11.1, 6> = 0.8;
females: M = 12.4; 6> = 60.8) and femax (males: M = 3.8, 6> = 0.10; females: M = 4.45, 6> =
1.22), we ran a secondary unpaired t-test with Welch’s correction and found no significant
differences between groups (#(7.3) = 0.46, p = 0.67; #(8.8) = 1.28, p = 0.23). Thus, it appears
unlikely that behavioral sex differences in cocaine responses are not attributable to sex
differences in cocaine pharmacokinetics. The difference in variances in both time to Cmax and
half-life suggests that these pharmacokinetic parameters may prove more variable to
fluctuating hormone levels.

To consider the impact of estrous cycle on resulting pharmacokinetic parameters, we
determined the estrus stage of the female animals using vaginal cytology. Since metestrus only
persists for 5 to 6 h, animals deemed in either diestrus or metestrus were combined into the
diestrus group (Ajayi & Akhigbe, 2020; Ji et al., 2008; Long, 1922). And given we were only
able to obtain a single animal in the proestrus phase (likely due to the short, ~14 h duration of
the phase (Ajayi & Akhigbe, 2020; Grasso et al., 1998; Long, 1922)) and we found no
statistically significant differences in any pharmacokinetic parameters in diestrus or proestrus,

we combined the proestrus animal into the diestrus group. Estradiol concentrations were higher
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for females in estrus (mean + standard deviation = 25 + 3 pg/mL) and lower for females in all
other phases (mean + standard deviation = 17 £ 6 pg/mL), though this difference was not
statistically significant (#6) = 2.56, p = 0.06). Animals in estrus achieved significantly higher
maximum plasma concentrations of cocaine (M = 2.2 uM) compared to animals in all other
phases (M = 1.14 uM), (#(6) = 3.76, p = 0.009; Fig. 3A). In contrast, we found no statistically
significant differences between any other pharmacokinetic parameters across the estrus phases,
including half-life (#(6) = 1.15, p = 0.30; Fig. 5B), AUC (#6) = 1.38, p =0.21; Fig. 5C), or tcmax
(1(6) =0.39, p = 0.71; Fig. 5D).

We next evaluated the influence of circulating estradiol concentrations on cocaine’s
plasma pharmacokinetics. To determine the former, we drew a single blood sample from the
intravenous catheter before drug injection and measured it using a competitive ELISA for rat
estradiol. We found the average estradiol concentration in females was 19.6 pg/mL, with a
coefficient of variation (CV) for all samples being below 11%. This concentration is within the
ranges suggested by prior literature, suggesting estradiol concentrations in female rats range
from 5-140 pg/mL.(Isaksson et al., 2011; Strom et al., 2012) Estradiol concentrations were
highest for females in estrus (mean/SD = 25 + 3 pg/mL) and lowest for females in all other
phases (mean/SD = 17 £ 6 pg/mL), however, this difference was not statistically significant
(#(6) = 2.56, p = 0.06). We found no significant correlations between any pharmacokinetic

parameters and estradiol concentration for females (Table 3, Figure SE-H).
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5.5 Discussion

Here, using datasets with an order of magnitude improved temporal resolution over
prior studies, we find no sex differences in cocaine pharmacokinetics. This is a vast
improvement to prior research, which has only been able to generate pharmacokinetic “curves”
from aggregated data across multiple subjects with single time point blood draws (Festa et al.,
2004) or blood samples drawn every ~10 min (Visalli et al., 2005). We demonstrate that EAB
sensors can enable the generation of individualized, high-precision data sets with
individualized pharmacokinetic curves with concentration measurements performed every 8
seconds.

The findings from this study reveal that interindividual variability in pharmacokinetic
parameters was evident although all rats received the same body-mass-adjusted dose of
cocaine. Specifically, our analysis showed that weight was not correlated with maximum
concentration (Cmax), half-life, or time to maximum concentration (z.max). However, a
significant correlation was found between weight and the area under the curve (AUC),
suggesting that while weight does not affect the peak levels or timing of cocaine in plasma, it
does influence overall drug exposure. This indicates that AUC, a measure of total drug
exposure over time, may be more sensitive to variations in body weight than other
pharmacokinetic parameters, potentially due to differences in drug absorption, distribution, or
clearance influenced by body size. The finding of a significant correlation between age and
half-life suggests that age influences how long cocaine remains in the system, with older
subjects likely experiencing a prolonged duration of drug presence. However, age does not
appear to significantly affect other pharmacokinetic parameters, such as time to reach

maximum concentration (fecmax), maximum concentration (Cmax), or total drug exposure
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(AUC). This indicates that while age may impact the rate at which the drug is cleared, it does
not substantially affect the peak levels or the overall exposure to the drug. These results
highlight the importance of considering age-related factors when assessing drug clearance
rates, as age may play a role in determining the duration of drug effects without altering peak
exposure levels. Moreover, this indicates that the ubiquitously employed strategy of body
mass-adjusted dosing fails to equate drug exposure even in a relatively homogenous set of
rats (i.e., all young adults).

We find no overall sex differences in any measures of cocaine pharmacokinetics
(including plasma cocaine levels (Cmax), AUC, femax, and half-life), which is generally
consistent with prior studies based on blood sampling and ex vivo measurement (Festa et al.,
2004; Niyomchai et al., 2006; Visalli et al., 2005). Collectively, this work suggests sex
differences in the behavioral response to cocaine administration are not attributable to
substantial differences in plasma cocaine pharmacokinetics and are more likely attributable to
in-brain pharmacokinetic or other pharmacodynamic processes. However, we did observe
that females in estrus had significantly higher maximum plasma concentrations than females
in other stages. This is consistent with prior literature, which suggests females in estrus
demonstrate increased behavioral responses to cocaine (Kerstetter et al., 2013; Kerstetter &
Kippin, 2011; Quifiones-Jenab et al., 1999). The exact cause of increased plasma
concentration during estrus is unclear. Altered cocaine metabolism is unlikely to explain the
higher Cmax, as we observed no estrous cycle impact on half-life. Conversely, the
administration of at least one reproductive hormone (LH) has been shown to regulate the
protein binding of cocaine in plasma, but it is unclear if a similar effect is observed during

the estrous cycle (Mendelson et al., 1999). Another possible explanation for higher maximum
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plasma concentrations observed in females in estrus following IV administration is that
changes in body composition, for instance, reduced body fat during estrus, could alter
cocaine distribution (Dakic et al., 2024; Wade & Gray, 1979), resulting in higher plasma
concentrations of cocaine in estrus females.

In contrast to the estrus effect, we found no relationship between estradiol levels and
any resulting pharmacokinetic parameters levels, including Cmax, AUC, fcmax, and half-life.
Our finding that Cmax is higher during estrus, but does not correlate with estradiol
concentration, indicates that the effects of the estrus cycle on pharmacokinetics are not a
simple reflection of circulating estradiol levels at any given moment. Estradiol, a potent
steroid hormone, exerts its physiological effects through both rapid, non-genomic
mechanisms and slower, genomic actions (Mendelsohn, 2002; Vasudevan & Pfaff, 2008)
with the latter involving gene expression and protein synthesis (Bossé et al., 1997; Igbal et
al., 2020; Kovacs et al., 2020) which have a delayed impact on physiological responses; for
example, the ability of estradiol to promote reproductive behavior occurs over days in both
rats and humans (Blaustein, 2008; Powers, 1970; Roney & Simmons, 2013; Whalen, 1974).
Such delayed genomic changes could impact pharmacokinetic processes and explain why
estrus status, but not estradiol concentration, at a single time point is more strongly
associated with the observed pharmacokinetic outcome. Further, estrus is not only
characterized by changes in estradiol concentrations but is also associated with fluctuations
in other hormones, including progesterone and luteinizing hormone (Ajayi & Akhigbe, 2020;
Brown-Grant et al., 1970). The demonstrated relationship between estrus stage and Cmax

could reflect cumulative, non-linear effects of hormonal fluctuations over time. To better
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understand this relationship, it would be valuable to consider continuous or multiple
measurements of estradiol and other hormones across the estrous cycle.

Future work should likely evaluate potential sex differences in brain cocaine
pharmacokinetics, given that the brain is the primary site of action. Fortunately, EAB sensors
remain well-positioned to answer that question, given they have been demonstrated to obtain
real-time measurements of drugs in both brain tissue and ventricular spaces (Gerson et al.,
2023b, 2024; Shaver et al., 2022). The individual variability observed within each sex further
strengthens the argument for personalized pharmacokinetic approaches. For example,
females in the current study achieved maximum plasma concentrations to the same dose of
cocaine ranging from 0.63 uM to 2.46 uM. Reliance on methods that require data
aggregation across multiple subjects risks obscuring critical individual differences that may
underlie important behavioral phenomena. EAB sensors present a powerful tool to overcome
the limitations of existing methods, obtaining high-density, patient-specific measurements

that could be used to transform our understanding of variability in pharmacokinetics.
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5.6 Figures and Tables
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Figure 5.1. Electrochemical aptamer-based (EAB) sensors are composed of a methylene blue

(MB)-modified aptamer that is site-specifically at

tached to the surface of a gold electrode. (A)

Target binding produces a conformational change in this aptamer, altering the rate of electron

transfer. (B) The binding-induced change in electron transfer results in an easily detectable

change in peak current when the sensor is interrogated using square wave voltammetry. (C) To

perform in-vein measurements of cocaine measurements, we utilize a previously published

aptamer with a Kq of 192 uM. (D) We then insert an EAB sensor into the right jugular. To

intravenously administer cocaine, we insert a sil

astic catheter into the left jugular vein. (E)

EAB sensors enable the real-time, high-precision monitoring of cocaine pharmacokinetics in

the blood
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Figure 5.2. EAB sensors enable seconds resolved pharmacokinetics of cocaine in live rats. (A)
Shown here is all data (n = 13) overlayed. (B) We fit data to single exponential models to
extract pharmacokinetic parameters. Shown are the resulting curve fits including (inset) an
example of the single exponential model fit overlayed on data obtained from Male 1. (C)

Plasma pharmacokinetic curves of cocaine for (C) females and (D) males.
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Figure 5.3. Despite uniformly dosing animals with body-mass-adjusted 1 mg/kg cocaine, we
observed substantial interindividual variability in the resulting pharmacokinetic parameters,
suggesting that subject-specific factors significantly influenced drug disposition. Here, we
evaluate the correlation between pharmacokinetic parameters and (left row) weight and (right
row) age. (Left) We found no correlation between weight and Cumax (R2= 0.07, p = 0.4), half-
life (R2= 0.0007, p = 0.93), or femax (R?= 0.02, p = 0.65), but found a significant correlation
between weight and area under the curve (AUC) (R?= 0.35, p = 0.03). (Right) We found a
significant correlation between age and half-life (R> = 0.42, p = 0.01), but no significant

relationship between age and femax (R?=-0.19, p = 0.13), Cmax (R?= 0.26, p = 0.07), or AUC

(R2=0.01, p=0.72).
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Figure 5.4. We find no sex-specific differences in plasma cocaine pharmacokinetics between
males and females. After fitting data to single exponential models, an unpaired t-test found no
significant difference between males in females in (A) maximum plasma concentration
(Cmax), #(11) = 1.58, p = 0.14 (B) total cumulative exposure (AUC), #(11) = 1.57, p = 0.14;

(C) half-life, f(11) = 0.36, p = 0.73, or (D) tcmax, #(11) = 1.04, p = 0.32.
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[Animal ID Male1 [Male2 |Male3 |Maled4 [Male5
Female 1 [Female 2 |[Female 3 |[Female 4 |[Female 5 |[Female 6 [Female 7 |[Female 8

tcmax (min) (Average 4.44375 3876

by sex)

tcmax (min) 52313231487 |4.06|4.03 | 6.7 3 443 (443 (397 3.7 |3.78] 3.5

Half-life (Average by 6.58 11.11

sex) (min)

Half-life (95% CI) (min)} 12 [ 10.6 | 7.5 [ 26.5 | 4.8 | 22.3 5 817 (115 11.5(11.8| 9.5 | 11.3

IAUC (Average by 48.9 71.25

sex)(uM * min)

AUC (uM - min) 66.86152.28119.15|31.03(36.59(72.48|60.62]52.56]75.71198.61] 33.6 {31.02(107.3

Cmax (Average by sex) 1.54 205

(nM)

Cinax (M) 1.78 | 1.64 10.966[0.635( 1.06 | 1.42 | 2.46 | 2.37 | 1.89 |1 2.65]|1.75(1.54 [ 1.93

[Estradiol] (pg/mL) 21951 9.62 |11.76(23.43| 19.4 |18.23|24.18| 27.8 | 19 | 25.5]14.45]22.55|21.35

Table 1. Compiled pharmacokinetic parameters across all animals.
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Figure 5.5. (A) Animals in estrus achieved significantly higher maximum plasma cocaine
concentrations than females in other estrus phases, #6) = 3.76, p = 0.009. We found no
significant differences between AUC, half-life, and tcmax for females in estrus vs. non-estrus.
(E-F) Estradiol concentration is not correlated with any pharmacokinetic parameters. The
average estradiol concentration in females was 19.5 pg/mL. We found no correlation between
estradiol concentration and AUC, R? = 0.08, p = 0.49. We found no correlation between
estradiol concentration and Cmax, R? = 0.17, p = 0.30. We found no correlation between

estradiol concentration and half-life, R> = 0.007, p = 0.84.
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Weight (g) Age (months)

Pearson

AUC (uM * min) ) 0.59 0.23
correlation
Sig. (2-tailed) 0.03* 0.44
N 13 13
Pearson

Cmax (uM) ) 0.25 0.36
correlation
Sig. (2-tailed) 04 0.23
N 13 13
Pearson

Half-life (min) ) -0.03 -0.56
correlation
Sig. (2-tailed) 0.93 0.04*
N 13 13
Pearson

tcmax (min) ) -0.14 -0.39
correlation
Sig. (2-tailed) 0.65 0.18
N 13 13

Table 2. Pearson correlation of pharmacokinetic parameters by weight and age.
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Estradiol level (pg/mL)

AUC (uM ‘- min) Pearson correlation 0.28
Sig. (2-tailed) 0.5
N 8
Cmax (uM) Pearson correlation 0.09
Sig. (2-tailed) 0.84
N 8
Half-life (min) Pearson correlation 0.08
Sig. (2-tailed) 0.84
N 8
tcmax (min) Pearson correlation -0.01
Sig. (2-tailed) 0.98
N 8

Table 3. Pearson correlation of pharmacokinetic parameters by estradiol levels.
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Animal ID Weight (g) Average Weight (g) = | Age (days)
c

Female 1 2553 305+41 89

Female 2 292.6 116

Female 3 289.1 44

Female 4 302.8 44

Female 5 378 140

Female 6 313.7 49
Male 1 514.7 433 + 84 150
Male 2 507 150
Male 3 336.3 91
Male 4 352.8 91
Male 5 455.0 72

Table 4. Descriptive sample characteristics of all animals in the study.
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Figure S5.1. Individual data sets from each subject in the current study, with males (blue)
and females (purple). Cocaine HCI was administered intravenously (1 mg/kg over 3 mins) for

all animals in the current study.
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Chapter 6: Discussion
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6.1 Summary

Comprehensively, the findings presented here suggest that EAB sensors are well-
positioned to significantly advance the state of the art of personalized medicine, improving
our ability to perform minimally invasive drug monitoring and enabling the individualization
of patient pharmacokinetics, and thus patient care. In the first data chapter of my research
(Chapter 2), I demonstrated that EAB sensors could perform real-time monitoring of drug
distribution across physiological compartments. This is of value for understanding the
pharmacokinetics of drug distribution for drugs whose site of action is not the blood.
Additionally, we found strong correlations between pharmacokinetic parameters in the
plasma and ISF, suggesting concentration data obtained from minimally invasive
subcutaneous sensors could reliably inform plasma concentrations—the latter of which forms
the gold standard sample source for therapeutic drug monitoring. In the second portion of the
research (Chapter 3), I utilized a novel adaptive feedback control platform to demonstrate
how maintaining plasma levels of drugs equates to achieving similarly maintained drug
levels in tissue. This close correspondence validates the use of feedback-controlled plasma
drug concentrations to control drug concentrations in the solid tissues that are often the site
of drug action. We further demonstrated that two sensors side-by-side in the ISF track each
other with high precision and accuracy, validating the reproducibility of these hand fabricated
sensors. In Chapter 4, I utilized the in-brain EAB platform to evaluate the success of putative
pharmacological and encapsulation techniques to enhance blood-brain-barrier crossing,
which are in high demand for treating central nervous system conditions. Future work with
the EAB platform should evaluate drug transport across physiological barriers in relevant

disease states in which the BBB is compromised, such as tumor models (Arvanitis et al.,
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2020; Aryal et al., 2015; Mitusova et al., 2022), to better inform how this platform could
inform neuropharmaceutical efficacy. Finally, Chapter 5 evaluates how EAB sensors can be
used to examine inter-animal pharmacokinetic differences, utilizing cocaine as a testbed. We
found high correlations between body weight-adjusted dose and cumulative drug exposure,
suggesting that body-weight-adjusted doing may not be sufficient to achieve consistent drug
exposure across subjects of different weights. We also found a significant correlation
between half-life and age, highlighting the importance of considering age-related factors
when evaluating drug clearance. Finally, we found statistically higher maximum plasma
cocaine concentrations in females in estrus compared to males and females in any other
stage. This work suggests that behavioral differences evidenced in estrus females may be, in
part, due to pharmacokinetic differences in plasma cocaine levels.

Collectively, the work presented in this thesis demonstrates the varied applications of
EAB sensors with use across different physiological compartments. I have demonstrated the
ability to monitor drug concentrations in the bloodstream, interstitial fluid, and the brains of
live rats with seconds-resolved resolution. This work demonstrates how EAB sensors could
significantly advance the state of the art of personalized medicine, by enabling the seconds

resolved, subject-specific measurements of drugs in the body.

6.2 Limitations

6.2.1. Generation of new aptamer sequences

Although the work presented here showcases the strengths of EAB sensing platforms,

a major notable limitation of this technology remains, at present, its current limited
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adaptability to a broader range of targets. Although, in the last decade, our group has been
able to develop EAB sensors against well over a dozen targets (outpacing the few optical
sensors developed across various labs in the same period), those targets are generally small
molecules whose physiological and/or clinical ranges are micromolar to high nanomolar. The
central limitation to the generation of new EAB sensors is the isolation of sufficiently
sensitive and selective aptamer sequences, which is currently universally achieved by
variants of the SELEX process. While this is also a significant advantage for the platform, as
it does not require in vivo engineering (antibodies, for example, require animal hosts or cell-
based expression systems (Sharma et al., 2016)), the SELEX process itself has some critical
limitations. First, the SELEX process requires iterative rounds to isolate high-affinity
aptamer sequences, which can take months to complete (Bowser, 2005; Liu & Yu, 2018). The
time-consuming nature of the SELEX process impedes the rapid development of novel EAB
sensors (Liu & Yu, 2018). SELEX also requires the generation of massive oligonucleotide
libraries, which require extensive reagent consumption and costly laboratory equipment. In
addition to these practical limitations, SELEX is also often performed in controlled
environments at room temperature, suggesting isolated aptamers may not perform well in
complex media or at physiologically relevant temperatures for in vivo applications.
Additionally, SELEX is performed in the solution phase, whereas EAB sensors utilize
surface-bound aptamers. To combat these limitations, several modifications to the SELEX
process, including automation, the integration of bioinformatics tools, and the introduction of
capillary electrophoresis SELEX (CE-SELEX) have been developed to expedite the process

(Liu & Yu, 2018). Modifying and adapting the SELEX protocol with both surface adherence
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and condition optimization may generate aptamers that have higher target affinity when
adapted to the EAB platform.

A notable limitation of the SELEX process is that not all target molecules are viable
candidates for aptamer generation. Target molecules that reliably produce successful aptamer
sequences are often positively charged and contain hydrogen-bond donors and acceptors
(Wilson & Szostak, 1999). However, generating aptamer sequences for targets that are
hydrophobic and negatively charged, however, remains challenging due to the necessary
intermolecular interactions between the aptamer and the target (Liu & Yu, 2018). Further, the
success of SELEX is also dependent on the size of the target molecule, which is difficult to
ensure with very small or very large targets. Ensuring specificity remains a critical hurdle for
small molecule targets, as aptamer sequences must be able to distinguish small structural
features. Conversely, large targets may contain a variety of biomolecular structures, thus
increasing the likelihood of non-specific binding. Because of their size, aptamers generated
for large molecules often offer slow dissociation (Kohlberger & Gadermaier, 2022; Liu & Yu,
2018). The expansion of targets may be better facilitated by exploring modified or unnatural
nucleobases, expanding beyond the possible 4" (where n is the number of nucleotide bases)
oligonucleotides possible for synthesis (D. R. Davies et al., 2012; Y. X. Wu & Kwon, 2016).
Not only would these non-natural nucleobases expand our potential library for aptamer
sequences, but research suggests unnatural nucleotide aptamers show an improved affinity

for their targets (Kimoto et al., 2013).
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6.2.2. Successful adaptation of aptamer sequences into EAB platform

Successfully adapting aptamer sequences to the EAB platform presents a significant
challenge, as not all aptamers that demonstrate high affinity in solution are inherently
suitable for electrochemical signaling. While aptamers may exhibit strong target binding in
traditional assays, their integration into the EAB platform requires them to undergo binding-
induced conformational changes that produce a measurable electrochemical signal by altering
the position of the redox reporter relative to the sensor surface. Unfortunately, many high-
affinity aptamers fail to achieve this due to their structural rigidity or lack of appropriate
folding dynamics. Integrating these aptamers into the platform “as-selected,” their signal gain
is often minimal (Downs & Plaxco, 2022). Fortunately, we have been able to remedy this via
the introduction of post-SELEX modifications that improve the performance of aptamers in
the EAB platform. Modifications such as truncation, or the removal of base pairs, destabilize
the folded state of the aptamer sequence so it equilibrates between the bound and unbound
state (Dauphin-Ducharme et al., 2019a; A. M. Downs & Plaxco, 2022; White et al., 2010).
The integration of spectroscopic methods employed to explore the necessary binding-induced
conformational changes has better informed the transition of a generated sequence into the

EAB platform (Y. Wu et al., 2023).

6.2.3. EAB sensor performance

6.2.3.a. Calibration. Engineering accurate and effective novel biosensing
methods depend critically on the ability to generate reliable calibration methods. To improve
calibration methods, our lab has generally calibrated sensors in the medium and conditions in

which they are to be deployed (A. M. Downs & Plaxco, 2022). For example, calibrating an in
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vivo sensor for use in a rat jugular vein is calibrated in 37°C bovine blood. These are
necessary approximations given that “titrating” in an animal would require continuous blood
draws and secondary ex-vivo analysis. Although we have performed secondary validation for
some in vivo targets, quantifying blood draws with traditional “gold standard” methods, I
believe future work should continue to verify concentrations to ensure the accuracy and
validity of EAB sensors.

Because the relationship between the target molecule concentration and EAB sensor
signal is not linear, the calibration of EAB sensors is complicated. Measurement precision is
thus limited in parts of the curve that are particularly high or low, where sensor response may
plateau or change less predictably. In addition, some aptamers exhibit nonlinear responses at
higher target concentrations, which often deviate from the behavior predicted by the
Langmuir absorption model. Further, the Langmuir model assumes a homogenous binding
surface, in which each binding site offers the same affinity and where binding is a single-step
process with no interactions between bound and unbound molecules (Johnson & Arnold,
1995; Swenson & Stadie, 2019; Umpleby et al., 2004). Practically, however, the homogeneity
of the binding sites on EAB sensors is unknown and aptamers may undergo multiple
conformational changes upon target binding. These deviations from the assumptions
proposed by the Langmuir model may complicate the accuracy of EAB calibration. Future
work should evaluate more flexible and realistic modeling approaches and data analysis
techniques to better capture the complexity of binding interactions in dynamic biological
environments.

Aptamers are highly sensitive to changes in pH, ionic strength, and temperature. To

perform in vivo, EAB sensors must remain stable in complex biological media in the face of
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potentially rapidly fluctuating conditions. This presents a challenge, for example, if EAB
sensors cannot demonstrate stability in mediums like sweat, where pH is often an index of
hydration state and can vary from 5.0 to 7.5 (Koh et al., 2016; S. Li et al., 2022). Further, in
some disease states such as acidosis, the pH of blood can vary significantly (Misbin, 1977).
Aptamer calibration can vary with deviations in temperature, ionic strength, and pH (Hianik
et al., 2007). Some work has evaluated the performance of pH-independent redox reporters,
specifically m-extended tetrathiafulvalene (exTTF) to enable continuous monitoring in pH-
variable media (S. Li et al., 2022).

Recent work from the Plaxco lab (Fetter et al., 2024) carefully examined the extent to
which physiological fluctuations impact the accuracy of EAB sensors and explored methods
to mitigate these effects. Using three distinct EAB sensors for vancomycin, phenylalanine,
and tryptophan, the authors found that fluctuations in ionic strength, cation composition, and
pH within normal physiological limits minimally impacted the accuracy of EAB sensors.
Deviations in temperature produced more significant errors, but these effects can be
effectively corrected when the temperature is known, effectively restoring measurement
accuracy. Therefore, physiologically induced environmental fluctuations do not appear to
pose a significant barrier to the clinical adoption of this in vivo molecular monitoring
technology (Fetter et al., 2024).

6.2.3.b. Cross-reactivity. The generation of new aptamer sequences via
SELEX prioritizes the generation of aptamers with high affinity for their target, often
compromising selectivity. The advent of techniques such as counter-SELEX, which
integrates rounds of SELEX screening in the presence of similar target molecules, presents

an opportunity to generate aptamers with both high affinity and selectivity (Zhuo et al.,
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2017). Regardless of whether counter-SELEX was performed, it is imperative to perform
cross-reactivity studies after adaptation as an EAB sensor. Ideally, potential confounds
produce no signal response on the target aptamer, or if they do induce signal change, they are
at concentrations far beyond physiological relevance. Minimizing non-specific adsorption is
a critical and promising strategy to address cross-reactivity in EA B sensors, particularly
when operating in complex biological matrices. Surface modifications of the electrode, such
as coating with antifouling materials like polyethylene glycol (PEG) and zwitterionic
polymers can effectively reduce the nonspecific binding of proteins and other biomolecules
(Jiang et al., 2020; Saxena et al., 2024; Zhou et al., 2022). These approaches enhance the
specificity of the aptamer-target interaction, ensuring that the signal generated by the EAB
sensor accurately reflects the presence of the intended analyte, even in the presence of
potential interferents in complex media. This remains a laborious effort that must be
determined empirically at some stage of development of an EAB sensor.

6.2.3.c. Longevity and stability. A critical hurdle in advancing the applications
of EAB sensors is overcoming signal drift, whereby sensor signal decreases over time. To
correct for signal drift, we employ Kinetic Differential Measurements (KDM; described in
prior chapters), but the cumulative loss in total signal gain over time still leads to a reduction
in the overall signal-to-noise ratio of the biosensor resulting in an inability to overcome noise
with signal change. Our lab has demonstrated that signal drift can be split into two phases: an
initial exponential signal decrease followed by a secondary linear decrease, attributable to
fouling and monolayer loss, respectively (Leung et al., 2021b). Electrode fouling occurs
when the electrode surface absorbs proteins or molecules found in complex biological media,

decreasing sensor longevity by decreasing the electron transfer rate from the redox reporter

124



to the gold working electrode (A. M. Downs & Plaxco, 2022; Leung et al., 2021b). Leung et
al. (2021) determined this initial exponential signal loss was due to electrode fouling, given
the same sensor degradation did not occur in a simple buffer solution. The authors concluded
the secondary linear drift phase was attributable to redox-driven monolayer loss and was
evident in both simple and complex media. Authors suggest this secondary phase is caused
by the desorption of the monolayer, demonstrated by the dependence of the rate of linear drift
on the width of the potential window. Narrowing the potential window used to interrogate the
EAB sensor markedly decreases the linear drift phase (Leung et al., 2021b).

Overcoming signal loss is a critical hurdle in ensuring EAB sensor longevity. The
initial exponential drift observed in a complex biological media could be minimized by
introducing novel monolayers that reduce electrode fouling, such as hydrogels (Leung et al.,
2021b; S. Li et al., 2023). Additionally, implementing different monolayer chemistry could
reduce signal drift. Implementing longer-chain monolayers would improve the stability of the
monolayer, but conversely may slow electron transfer (Lai et al., 2006; H. Li, Dauphin-
Ducharme, Arroyo-Curras, et al., 2017). Future work should evaluate how potential
modifications in monolayer chemistry may improve the longevity of aptamer-based
biosensors. To mitigate the loss of the monolayer that gives rise to the linear drift phase,
electrochemical methods that rely on scanning relatively narrow potential windows, such as
FT-EIS, should be further evaluated. Further, modifying the composition of the surface-
assembled monolayer (SAM) could help reduce the impact of fouling and voltammetric
scanning on signal loss, thereby enhancing the long-term stability of the sensor. For example,
utilization of a 1-hexanethiol monolayer exhibits greater resistance to desorption and

capacitance-related faradaic signal loss, even when challenged in undiluted blood for 60
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hours (Shaver et al., 2020). Although the 1-hexanethiol monolayer can influence an aptamer's
target response, combining mercaptohexanol and 1-hexanethiol monolayers enhances sensor
stability without compromising the aptamer's target response. Finally, recent work suggests
the integration of synthetic, non-natural “xenonucleic acid” backbones may improve the
performance of in vivo EAB sensors. Non-natural “xeno” nucleic acids (XNAs) impart
significant resistance to enzymatic degradation (Leung et al., 2024), improving the longevity
of EAB sensors.

Another alternative to minimizing the impact of signal degradation is to increase
signal gain. A promising method for improving the performance of EAB sensors by
improving signal gain is via codeposition, in which the thiol-modified aptamer and the
mercaptohexanol dilutant are simultaneously deposited on the electrode surface. Recent work
has suggested that codeposition generates higher signal gain than sequential deposition
methods (Y. Wu et al., 2024). Codeposition also substantially cuts down on the
functionalization time of EAB sensors (requiring only an hour, versus overnight incubation
for sequential deposition), which would significantly advance the scalability of EAB sensors
for clinical applications.

The ability to obtain long-duration measurements, over days or even weeks, would
drastically expand the potential applications of EAB sensors. Enabling long-term continuous
monitoring could posit EAB sensors as a technology rivaling the ubiquity of the continuous
glucose monitor, collecting seconds-resolved personalized data as a wearable, portable
device. EAB sensors could provide continuous insights into conditions requiring long-term
management, such as diabetes, cardiovascular disease, or chronic infections. And, given that

certain physiological or pathological processes require extended observation periods,
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including fibrosis development, slow disease progression, or long-term metabolic changes,
prolonging sensor longevity could expand the application of the platform to both inform how
these changes occur and inform clinical intervention. Future work must carefully evaluate
methods to improve the longevity and stability of EAB sensors, further strengthening the

technology’s position a revolutionary healthcare device.

6.3 Applications and future directions

6.3.1. Clinical advancements

EAB sensors could revolutionize clinical care, improving how we detect and treat
disease. We foresee this advancement in the integration of EAB technology into a platform
analogous to a continuous glucose monitor, enabling the real-time measurement of drugs and
biomarkers. Because EAB sensors are generalizable, the sheer number of clinical conditions
and disease states that EAB sensors could both inform and diagnose is presumably endless.
EAB sensors could drastically improve our ability to both diagnose and treat disease. For
example, EAB sensors could be particularly useful in diagnosing sepsis: high levels of
procalcitonin (PCT) in the blood can be utilized to determine a patient’s risk of progression
to severe sepsis (Vijayan et al., 2017). Not only could EAB sensors enable the detection of
sepsis but could also be used to improve clinical treatment outcomes: EAB sensors for
vancomycin, for example, could monitor drug levels within individual patients, maintaining
efficacious concentrations.

Real monitoring of endogenous metabolite levels could revolutionize the diagnosis

and treatment of disease. For example, renal malfunction, acute kidney injury, and chronic
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kidney disease are clinically diagnosed by measuring creatinine concentration in serum
(Gonzalez-Gallardo et al., 2022; Saddique et al., 2023). Likewise, urea is a marker of uremic
retention in chronic kidney disease (Vanholder et al., 2018). Developing and optimizing EAB
sensors for creatinine and urea would not only expedite and improve our diagnosis of kidney-
related disease but could also be used to evaluate treatment efficacy and develop novel
therapeutics to improve or regulate kidney function. Monitoring levels of c-reactive protein
(CRP) levels, a critical serum biomarker of acute inflammatory response, could quickly and
accurately inform vulnerability to cardiovascular disease (Luan & Yao, 2018; Noh et al.,
2021).

Another foreseeable clinical advantage of EAB sensors would be monitoring drug
levels for compliance in addiction medicine. EAB sensors could present as a powerful tool to
empower individuals suffering from addiction. For example, EAB sensors could be applied
to support drug-free compliance monitoring for individuals convicted of drug-related
offenses, providing an alternative to incarceration by enabling continuous, non-invasive
tracking of sobriety. This could help keep individuals out of prison while they rebuild their
lives in their communities. EAB sensors could further assist individuals undergoing
medication-assisted therapy (MAT), enabling continuous monitoring of therapeutic drug
levels to ensure patients are safely weaned off drugs of abuse. This would potentially better
enable “rehabilitation-at-home” contexts, in which individuals are empowered to safely detox
from substances of abuse without the financial burden of detoxification in hospitals or costly
rehabilitation centers. EAB sensors could be likewise used to better evaluate biomarkers that
precipitate relapse, such as cortisol levels (Lovallo, 2006), to inform the necessity of

behavioral intervention. It is in this author’s opinion that the deployment of EAB sensors
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should remain focused on empowering individuals, rather than enabling law enforcement or
regulatory bodies to monitor or penalize drug use, as this could undermine trust and
discourage individuals from utilizing such technologies in their recovery journey.

EAB sensors represent a powerful tool that would drastically improve the state of the
art of personalized pharmacokinetics, enabling a future where individuals are dosed based on
their distinct metabolic processes in contrast to the current reliance on archaic metrics like
body surface area, sex, or weight. Given that most pharmaceutical dosing is based on
overgeneralized assumptions about how the average individual metabolizes and processes
drugs, EAB sensors could revolutionize therapeutic outcomes, personalizing drug dosing to
maximize therapeutic outcomes and minimize toxicity-related side effects.

Finally, EAB sensors offer transformative potential for clinical drug development.
Taking a drug from its initial conception to market is an expensive and time-consuming
product, costing an average of 515 million dollars (Sertkaya et al., 2024) and taking an
average of 12 to 15 years (Brown et al., 2022). EAB sensors can significantly streamline this
process by providing real-time, high-resolution data on drug behavior in vivo, reducing the
reliance on labor-intensive and costly traditional sampling methods. EAB enables the
generation of both individualized and generalized pharmacokinetics with exceptional
accuracy, which can help optimize dosing regimens, predict therapeutic windows, and
identify potential safety concerns early in development. By accelerating the iteration and
refinement of drug candidates, EAB sensors have the potential to shorten timelines, reduce

development costs, and increase the likelihood of successful market approval.
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6.3.1.a. Barriers to clinical deployment

Developing EAB sensors as a practical clinical tool to monitor both endogenous and
exogenous drugs and metabolites would drastically revolutionize healthcare, but there remain

critical barriers to overcome to ensure successful adaptation.

6.3.1.a.a. Miniaturization
A primary hurdle for transitioning this preclinical research tool to a mainstay in
clinical practice is miniaturization: developing small and thus minimally invasive prototypes
that retain high signal gain. Many efforts have been made to evaluate methods to maximize
signal gain while minimizing both the length and width of working electrodes, from the

utilization of nanoporous gold to the integration of organic electrochemical transistors

(Bidinger et al., 2022; A. M. Downs et al., 2021).

6.3.1.a.b. Sterilization

A significant advantage of EAB sensors for clinical deployment is that aptamers are
generally considered non-immunogenic, eliciting little to no immune response (Y.-P. Wang et
al., 2024). Regardless, rigorous preclinical evaluation, including tests for cytokine release
and antibody production, is essential to confirm the biocompatibility of EAB sensors.
Addressing immunogenicity concerns is crucial for the safe and effective use of EAB sensors
in personalized medicine, particularly for applications requiring repeated or prolonged use in
patients. To be clinically approved as an implantable device, EAB sensors must be able to be
fully sterilized to ensure safety. Recent work has carefully evaluated different sterilization
methods and determined treatment with CIDEX OPA (0.55% ortho-phthalaldehyde)

successfully decreased pathogen load while not significantly altering sensor performance
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(Chung et al., 2022). Further addressing these considerations and the myriad other factors
that will ensure FDA compliance will be essential for translating EAB sensors from research

to practical, clinically viable devices.

6.3.2. Scientific advancements

In addition to advancing clinical care, EAB sensors present a powerful research tool
that could significantly advance biomedical research. This tool could advance many areas of
research, including pharmacology (drug metabolism and pharmacokinetics),
neuropharmacology and neurochemistry, and endocrinology.

EAB sensors could rapidly advance the field of neuropharmacology, enabling the
seconds-resolved quantification of the distribution of psychoactive drugs and the concurrent
monitoring of associated hormones and neurotransmitters that fluctuate in response to their
administration. The EAB platform has been demonstrated to work in awake, ambulatory
animals, enabling concurrent in-brain concentrations of various drugs and metabolites and
behavioral assays. This could be utilized to, for example, better elucidate the relationship
between circulating hormone levels, such as estradiol, and cognitive performance. The
attributes of EAB sensors suggest they could provide the opportunity to perform closed-loop
feedback-controlled optogenetics. Closed-loop optogenetics could enable the precise,
dynamic modulation of biological activity based on real-time neurochemical signals,
drastically improving our understanding of neurobiology (Potter et al., 2014). EAB sensors
could be utilized to link quantitative events (ex., the concentration of a drug in a specific

brain region) to an immediate modulation of neuronal response. These systems could be used
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to dynamically alter optogenetic stimulation to maintain or modulate biological processes,
including gene expression, metabolic activity, or neurotransmitter release. EAB sensors could
revolutionize optogenetics, enabling closed-loop systems that provide real-time feedback
based solely on biochemical cues.

EAB sensors could also be used for the real-time monitoring of cell cultures. To date,
they have been utilized to monitor ATP release in astrocytes and detect serotonin with glass
nanopipettes (Nakatsuka et al., 2021; Santos-Cancel et al., 2019). There are numerous
foreseeable applications of EAB sensors in cell culture applications. EAB sensors could be
utilized to measure growth factors necessary for cell proliferation and differentiation in tissue
or stem cell engineering or used to monitor critical metabolites or environmental markers to
improve cell proliferation. EAB sensors would reduce the reliance on static endpoint assays,
better informing the dynamics of cellular processes.

EAB sensors would be a powerful tool in the field of pharmacology, specifically
because of the ability to perform feedback-controlled drug delivery. Feedback-controlled
drug delivery using EAB sensors would not only advance clinical research but also advance
pharmacological research. The high precision control of drug concentrations would permit
researchers to treat inter-animal differences in pharmacokinetic response as an
experimentally controllable variable. This, in turn, would enable further exploration of the

reproducibility of therapeutic outcomes when this variability is eliminated.

6.3.2.a. Barriers to widespread adaptation as a research tool

EAB sensors present a powerful research tool that would vastly advance numerous

fields, including pharmacology, neuroscience, and endocrinology. Aside from the general
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limitations outlined in this section, there are specific hurdles for the adaptation of this

platform as a widespread research tool.

6.3.2.a.a. Miniaturization

The EAB sensor platform is a significant advancement over previous methods for
quantifying drug concentrations in the brain, such as microdialysis and cyclic voltammetry.
The in-brain EAB platform is currently composed of a 76 um diameter, 3 mm long working
electrode. While the current dimensions provide the spatial resolution to distinguish larger
brain regions, such as the lateral ventricle and hippocampus, it is not well suited to target
functionally distinct brain subregions with high precision (Beauchamp et al., 2022;
Herculano-Houzel et al., 2006). Miniaturizing the platform could provide higher spatial
resolution, enabling detailed functional studies of these and other neural subregions.
Miniaturization of the in-brain EAB architecture would enable measurements in smaller
animal models, such as mice, which offer specific advantages over rats for specific research

arcas.

6.3.2.a.b. Continued adaptation into behavioral paradigms

To fully realize their potential as a transformative tool in neuroscience, EAB sensors
must be adapted to a wide array of behavioral paradigms. We have been able to adapt our
platform to perform concurrent in-brain monitoring of drugs with behavioral locomotive
output, which is a critical hurdle in evaluating how drugs elicit behavioral responses (Gerson
et al., 2023b). Future work should examine how to best implement this research tool in
tandem with other behavioral paradigms, including cognitive assays, spatial navigation tasks,

and operant behavior paradigms.
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A critical hurdle in adapting this technique to behavioral studies is the reality that
these tasks often require subjects to be active, whether exploring environments, engaging in
tasks, or responding to stimuli. This movement introduces mechanical and electrical noise
that can significantly impact the stability and accuracy of EAB sensor readings. These
artifacts are especially problematic in dynamic behavioral paradigms, including locomotor
activity tests, self-administration studies, or cognitive tasks requiring free movement, where
stable, high-resolution molecular data are required for correlating physiological changes with
behavior. Potential routes forward include introducing novel signal processing techniques
that distinguish genuine molecular signals from movement-induced artifacts or optimizing
and refining EAB sensor platform design with more flexible materials that reduce sensitivity

to mechanical stress while ensuring stable placements in vivo.

6.3.2.a.c. Standardization

Another critical challenge for the widespread adoption of EAB sensors in research is
standardization. The lack of universally accepted protocols for using and interpreting EAB
sensor data can lead to inconsistencies across different laboratories and research settings.
Variations in sensor calibration, experimental conditions, and data analysis methods can
affect the reproducibility and reliability of results. To overcome this barrier, establishing
standardized operating procedures, validation protocols, and data interpretation frameworks
is essential to ensure consistency across studies, build confidence in the technology, and

accelerate its integration into diverse research applications.
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6.3.2.a.d. Secondary validation

Finally, one of the primary barriers to the widespread adoption of EAB sensors as a
revolutionary research tool is convincing fellow scientists of their reliability and accuracy in
comparison to “gold standard” methods. EAB sensor research must continue to integrate
secondary ex-vivo analysis using widely accepted techniques to confirm the sensor's
accuracy, providing researchers with a benchmark for comparison to build confidence in the
precision of the platform. By demonstrating that EAB sensors produce comparable or
superior results to well-established methods, the scientific community is more likely to adopt
them as a reliable tool for real-time, high-precision pharmacokinetics studies, ultimately

advancing personalized medicine.
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