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ABSTRACT: A continuous levodopa sensor can improve the quality of life
for patients suffering with Parkinson’s disease by enhancing levodopa titration
and treatment effectiveness; however, its development is currently hindered
by the absence of a specific levodopa molecular recognition element and
limited insights into how real-time monitoring might affect clinical outcomes.
This gap in research contributes to clinician uncertainty regarding the
practical value of continuous levodopa monitoring data. This paper examines
the current state of levodopa sensing and the inherent limitations in today’s
methods. Further, these challenges are described, including aspects such as
interference from the metabolic pathway and adjunct medications, temporal
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resolution, and clinical questions, with a specific focus on a comprehensive

selection of molecules, such as adjunct medications and structural isomers, as an interferent panel designed to assess and validate
future levodopa sensors. We review insights and lessons from previously reported levodopa sensors and present a comparative
analysis of potential molecular recognition elements, discussing their advantages and drawbacks.

KEYWORDS: levodopa therapy, continuous levodopa monitoring, Parkinson’s disease, biosensor development,
molecular recognition elements, electrochemical detection, and sensor specificity

P arkinson’s disease (PD) is a neurodegenerative condition
marked by the loss of dopaminergic neurons in the
substantia nigra, leading to reduced dopamine production and
symptoms like bradykinesia and tremors, collectively known as
“parkinsonism”." In the US and Canada, PD affects
approximately 500,000 individuals with an annual incidence
of 86,000 and can progress at variable rates, typically over one
to two decades before leading to severe disability.”” Levodopa
is the gold-standard treatment for PD, though not the only
treatment available, with typical therapeutic concentrations
ranging from approximately 400—1500 ng/mL (2—7.6 uM) in
plasma to 150—250 ng/mL (0.76—1.26 uM) in cerebrospinal
fluid.* Adjunctive medications such as catechol-O-methyl-
transferase (COMT) and monoamine oxidase-B (MAO-B)
inhibitors are generally used to enhance or prolong the effects
of levodopa rather than as standalone therapies, while
dopamine receptor agonists are less commonly used due to
their lesser efficacy and greater side effects. Unlike dopamine,
orally administered levodopa readily crosses the blood-brain
barrier.” Once in the brain, levodopa is converted into
dopamine by aromatic amino acid decarboxylase (AADC),
where it can then be used normally in motor and nonmotor
dopaminergic pathways and thus significantly improve quality
of life by lessening PD symptoms, although it does not alter the
progression of PD pathophysiology.® However, levodopa has a
short in vivo serum half-life, ranging from 30 min to several
hours, and is rapidly metabolized in the gut and peripheral
tissues, reducing the amount that reaches the brain.” To
increase its half-life, levodopa is often paired with peripheral
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AADC inhibitors such as carbidopa, which reduce side effects
of levodopa while allowing increased central nervous system
penetration of the drug® A critical challenge of levodopa
therapy is maintaining the correct dosage; too much can cause
nausea, and dyskinesia, while too little can lead to reemergence
of conventional PD symptoms, a state commonly referred to as
“off-time”. There is a tremendous need for real-time,
continuous monitoring of levodopa in PD patients, both to
improve current therapy and management of the disease, as
well as to help develop future treatment options, such as the
long-term goal of closed-loop levodopa therapy.” Continuous
monitoring of levodopa will help patients and clinicians titrate
therapy based on acute and chronic changes in levodopa
metabolism, manage the narrowing of the therapeutic effective
window, and understand interactions with other adjunct
medications. Yet, despite such a need, there has been little
progress on this front, mostly due to the lack of sensitive and
specific molecular recognition elements and effective methods
of transducing these interactions. This perspective will
discusses these challenges by first delving into the biological
importance of levodopa, exploring the critical metabolic
pathways, and examining key adjunct medications. This
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Figure 1. Proposed clinical pathway for a Parkinson’s disease (PD) patient alongside a representation of PD progression across five stages. The top
portion highlights the pathological progression of PD with the healthy brain showing melanin-pigmented substantia nigra (SN) neurons, while the
PD-affected brain shows a loss of SN neurons and the presence of Lewy bodies. The middle portion shows a conceptual PD clinical management
pathway employing a levodopa sensor which monitors and transmits levodopa levels to movement disorder specialists or neurologists who then
analyze the data to inform treatment decisions and adjustments, with the goal of providing patient feedback. The lower portion shows the
progression of PD from stages I to V, with the increase in “off-time” and levodopa-induced “dyskinesia” as PD progresses as the therapeutic window

progressively narrows. Figure 1 was created with BioRender.com.

biological understanding is crucial for development and clinical
translation a practical, continuous levodopa monitor. There-
after, we discuss the current state of the art in levodopa sensing
and what key challenges remain in the pathway of developing a
continuous device. Finally, we close with some of the long-
term challenges in the clinical adoption of a continuous sensor,
including the gaps in compartment models, unknown
pharmacokinetics between various tissues of interest, and
temporal lag times between the metabolism of levodopa and
clinically relevant symptoms/outcomes.

In the early stages of PD, levodopa is particularly effective
due to a broad therapeutic window and a long duration of
therapeutic effects, lasting far beyond its expected serum half-
life. This effect has been described as a “buffering capacity”,
where the brain has a large capacity to store converted
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dopamine, using it as needed over time.'”'" This buffering
effect diminishes with progression of PD, leading to a
narrowed therapeutic window and more frequent occurrences
of both dyskinesia and off-time (Figure 1). These “motor
fluctuations” necessitate adjustments to dopaminergic therapy
including higher doses of levodopa, increased frequency of
levodopa administration, and addition of adjunctive medi-
cations designed to prolong the effects of levodopa, slow the
breakdown of levodopa and dopamine, and manage
dopaminergic side effects.'” Despite optimal dosing and use
of adjunctive medications, levodopa use in advanced PD is
frequently complicated by rapid onset of off-time, dose failures
and partial failures, unpredictable off-time, peak-dose and
diphasic dyskinesia and dystonia, as well as various neuro-
psychiatric side effects.'” These challenges have precipitated
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Figure 2. (A) Levodopa metabolic pathway and commonly administered (B) adjunct medication for PD treatment. Panel (A) outlines the
absorption and metabolic conversion of orally administered Sinemet, a combined levodopa and carbidopa therapy, in the proximal jejunum,
illustrating the metabolism of levodopa and its derivatives, detailing their transport across the jejunum, capillaries, and the blood-brain barrier. Panel
(B) demonstrates the regulation of levodopa’s metabolic pathway by AADC inhibitors like carbidopa and COMT inhibitors such as entacapone
and tolcapone, both peripherally and within the brain. It also highlights the mechanism of action of selective serotonin reuptake inhibitors and
medications for dysautonomia, conditions frequently associated with PD. Adapted from refs 16—22, 30, and 32—37. Figure 2 was created with
BioRender.com.

the development of both intestinal and subcutaneous levodopa
delivery systems, although the management of these systems
may also be challenging in advanced PD patients with complex
therapeutic needs.'”'* This complexity of management
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options highlights the potential value of continuous levodopa
monitoring. Analogous to continuous glucose monitoring
(CGM) in diabetes mellitus, monitoring of levodopa levels
in PD may potentially help clinicians more accurately titrate

https://doi.org/10.1021/acssensors.4c00602
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https://pubs.acs.org/doi/10.1021/acssensors.4c00602?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c00602?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c00602?fig=fig2&ref=pdf
http://BioRender.com
https://pubs.acs.org/doi/10.1021/acssensors.4c00602?fig=fig2&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.4c00602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

levodopa infusion therapies, adjust oral therapies, and
accurately identify side effects related to levodopa peaks and
troughs, as illustrated in Figure 1. However, no Food and Drug
Administration (FDA)-approved biosensor for levodopa exists,
mainly due to the lack of a stable, reversible biorecognition
element, such as enzymes, aptamers, or antibodies, that can
specifically bind to levodopa. Monitoring levodopa is
inherently different from other continuous monitors such as
CGM’s, where glucose undergoes metabolic pathways to
produce several metabolites that are not related to the
structure being recognized by the biosensing molecule, thereby
not causing any interferent signal. For example, compounds
that could interfere with glucose measurement, such as maltose
or xylose, are not found endogenously. Levodopa on the other
hand, undergoes a vast metabolic pathway that liberates
various metabolites structurally resembling levodopa, thereby
potentially interfering with the sensor signal. Understanding
these pathways and metabolites, as well as which exogenous
adjunct medications may accompany levodopa is critical for
both the development and commercial translation of a
continuous levodopa monitor.

This perspective will discuss current levodopa detection
methods, their limitations, and challenges in developing a
continuous sensor, focusing on electrochemical detection,
while excluding optical or mechanical detection, as the most
viable for patient-centric applications. For an extensive review
of academic research on levodopa detection, we refer readers
to Crapnell et al’s comprehensive analysis of the subject.”

B BIOLOGICAL SIGNIFICANCE OF LEVODOPA

Levodopa Metabolic Pathway. Understanding levodo-
pa’s metabolic pathway and structure is key to identifying
potential interfering molecules that may cause signal artifacts.
As shown in Figure 2A, upon administration, levodopa can
react with COMT, forming 3-O-methyldopa (1), or alter-
natively, can be decarboxylated by AADC to produce
dopamine (3).'"® To minimize peripheral metabolism and
increase levodopa’s availability for central nervous system
uptake, it is routinely coadministered with peripheral AADC
inhibitors such as carbidopa.” As shown in Figure 2B, the
further adjunctive use of COMT inhibitors, such as tolcapone
and entacapone, and more recently, opicapone,'” can reduce
the breakdown of levodopa into 3- and 4-O-methyldopa in
peripheral tissues.'® Upon crossing the blood-brain barrier (2),
levodopa is metabolized to 3-O-methyldopa by COMT or to
dopamine by AADC.'® After being converted to dopamine, it
can then be transformed into norepinephrine by f-hydrox-
ylase,'” which in turn is converted to epinephrine by
phenylethanolamine N-methyltransferase.”> Dopamine can
also be converted into 3-methoxytyramine by COMT or into
3,4-dihydroxyphenylacetic acid (DOPAC) by MAO-B.>' Both
metabolites may be further processed into homovanillic acid by
MAO-B and COMT, with DOPAC also being converted into
3,4-dihydroxybenzoic acid.’® Levodopa may also be converted
into 3-O-methyldopa by COMT, which can then be converted
into 3-methoxytyramine via AADC and eventually into
homovanillic acid, or into 3-methoxy-4-hydroxyphenylpyruvic
acid by amino acid oxidase, which is later reacted into
homovanillic acid by additional enzymatic reactions.”” The
presence of 3-O-methyldopa and 4-O-methyldopa, which
exhibit higher plasma concentrations ranging from 10 to 25
pug/mL—exceeding the 1 to S pg/mL concentration of
levodopa—and possess a half-life of 15 h, may interfere with
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levodopa detection methods that are based on the direct
oxidation of the 3,4-dihydroxyphenyl groups.”> To the best of
the authors’ knowledge, the oxidation of 3-O-methyldopa by
tyrosinase has not been evaluated, yet its structural
resemblance to levodopa raises concerns over potential signal
artifacts. As indicated in Supplementary Table 1, the effect of
3-O-methyldopa on detection methodologies has yet to be
assessed in the literature.

Adjunct Medication. Another source of nonspecific
interactions or direct oxidation of interfering compounds is
the broad range of adjunct medications commonly prescribed
to PD patients with levodopa (Figure 2B). Levodopa alone has
relatively poor accessibility from blood to brain due to the high
rate of peripheral tissue metabolism, as evidenced by studies
showing that without adjuncts like carbidopa, only about 30%
of an oral levodopa dose reaches the systemic circulation
intact.”* Carbidopa, structurally similar to levodopa except for
an additional carbon and amine group, is almost always
coadministered with levodopa to inhibit AADC, thereby
increasing the available concentration of levodopa to cross
the blood-brain barrier.”® The inclusion of carbidopa led to a
50% reduction in the infusion rate necessary for levodopa to
elicit a therapeutic response, effectively doubling the
bioavailability of orally administered levodopa.”® However,
tyrosinase, being nonspecific, will interact with both levodopa
and carbidopa, potentially resulting in artificially high signal
readings. Furthermore, since carbidopa does not cross the
blood-brain barrier, its presence could skew the perceived
correlation between interstitial fluid (ISF)/plasma levodopa
concentration and that in the cerebral spinal fluid. It should be
noted, though, that carbidopa is typically dosed at much lower
concentrations than levodopa, generally in ratios ranging from
4:1 to 10:1 (levodopa: carbidopa), which suggests that the
expected signal artifact might be minimal.”” Following oral
medication, carbidopa levels in plasma vary from 0 to 80 ng/
mL*® and levodopa from 400 to 1500 ng/mL;4 these levels can
be higher following intestinal gel infusion, with carbidopa
ranging from 0.1-0.4 pg/mL and levodopa from 1-5 ug/
mL.”> This scenario differs with other inhibitors like
entacapone, which may be dosed at higher concentrations
than levodopa, reaching plasma levels of 4—30 ug/mL.”’
Entacapone also shares structural similarities with levodopa,
having a 3,4-dihydroxy phenalenamide structure, has been
shown to increase levodopa bioavailability by 30—40% when
administered alongside carbidopa across varying doses.™

PD often accompanies various comorbid states that require
additional therapies. Depression and anxiety are prevalent in
PD patients and are typically treated with selective serotonin
reuptake inhibitors or serotonin-norepinephrine reuptake
inhibitors such as fluoxetine, sertraline, and duloxetine.>">>
Although these medications do not share a structural similarity
with levodopa, they alter the concentrations of endogenous
molecules like norepinephrine. Norepinephrine, bearing a
structure like levodopa, may undergo oxidation by tyrosinase
or direct oxidation, potentially impacting sensor readings.
Dysautonomia is another common comorbidity in PD, often
manifesting as autonomic nervous system degeneration and
leading to symptoms like orthostatic hypotension, anhidrosis,
and constipation.”*> Common treatments for dysautonomia
include midodrine, an alpha-1-agonist, and droxidopa, a
norepinephrine prodrug, both acting as sympathomimet-
ics.”>”” Droxidopa closely resembles levodopa in structure,
with plasma concentrations reaching up to 4 ug/mlL, like

https://doi.org/10.1021/acssensors.4c00602
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levodopa. Given this structural similarity, particularly the 3,4-
dihydroxyphenyl group, we anticipate signal artifacts in both
tyrosinase-based and direct oxidation levodopa sensing
methods.”” These adjunct medications are summarized in
Supplemental Table 2, including the physiological ranges in
which they are commonly found.

B CURRENT STATE AND LIMITATIONS OF
CONTINUOUS MONITORING OF LEVODOPA

Currently, no clinically translatable levodopa sensors have been
proposed that adequately meet the needs for PD patients and
therapy. This shortfall primarily stems from three key
challenges. First, there is a lack of specific molecular
recognition elements specific to levodopa. Second, our
understanding of levodopa’s pharmacokinetics across various
bodily compartments, such as ISF, plasma, and cerebrospinal
fluid, remains limited. Finally, even with potential advance-
ments in understanding this pharmacokinetics, there is an
uncertainty regarding the clinical value of this data to enhance
therapeutic outcomes for patients. To address these questions,
and uncertainties, there must first be a reliable, continuous
levodopa sensor available for clinician and patient use. To date,
there currently are two pathways for the detection of levodopa
using electrochemistry.

Detection Methods for Levodopa Sensing. Electro-
chemistry has been the primary approach by many groups for
detecting levodopa, due to its straightforward design, potential
for electronic miniaturization, and capability to enable various
detection modalities. Common electrochemical techniques
include chronoamperometry, cyclic voltammetry (CV), differ-
ential pulse voltammetry (DPV), square wave voltammetry
(SWV), and electrochemical impedance spectroscopy (EIS).
Chronoamperometry involves applying a constant voltage to
the working electrode relative to a standard reference
electrode, commonly silver/silver chloride (Ag/AgCl), where
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the resultant current measurement is directlgr dependent on the
substrate, or some secondary byproduct.’® This approach is
commonly used for detection of levodopa by either direct
oxidation, resulting in an anodic current, or by reducing
dopaquinone, resulting in a cathodic current. Voltametric
methods, such as in CV, involve sweeping a voltage between
two potentials at a specific scan rate, measuring the resulting
current over each sweep.” CV adds greater specificity by being
able to measure multiple voltages in a single sweep. Other
voltametric methods include DPV and SWV where the voltage
is swept over a defined range, but each step alternates between
anodic versus cathodic driven current. Generally, the A
(difference) between anodic and cathodic current is taken,
helping mitigate nonfaradaic or capacitive current from the
signal, leading to greater sensitivity than CV or chronoamper-
ometry.*’ During EIS, an alternating voltage is applied to the
working electrode at a specific potential with an overlaid
sinusoidal voltage. This sinusoidal potential will be swept over
a broad range of frequencies, measuring the impedance and
capacitance of the system. Commonly analyzed using a
Randles circuit, which models the electrode as a resistor, in
series with a parallel capacitive element and a resistor.*"**
While EIS is incredibly sensitive, and produces large swaths of
data, there are challenges in deciphering the signal from the
noise, leading many groups to focus on techniques such as CV,
SWYV, or chronoamperometry when trying to translate a sensor
from benchtop to practice. These approaches are dependent
on the molecular recognition element used, with enzymes for
example tending to fit well with chronoamperometry, whereas
aptamers are commonly used in conjunction with SWV.
Oxidation of Levodopa Using Tyrosinase. Tyrosinase
(EC 1.14.18.1), also known as polyphenoloxidase, a copper
containing enzyme, being a mushroom-derived tyrosinase from
Agaricus bisporus, is the most used enzyme for levodopa
detection due its cost effectiveness and high homology to
human variants.”*~*® This enzyme has two copper binding
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sites that facilitates two reactions, with the first reaction being
the hydroxylation of monophenols into o-diphenols (e.g., L-
tyrosine to levodopa) and the second reaction being the
oxidation of o-diphenols to o-quinones (e.g., levodopa to o-
dopaquinone).”” Both subsequent reactions involve oxygen as
an electron acceptor, which is then converted into water.
Figure 3 highlights the typical reaction associated with
levodopa sensors via tyrosinase. Numerous groups have
reported the development of levodopa sensors that measure
o-dopaquinone, the product of the reaction between levodopa
and tyrosinase, at potentials of 0.1 V vs Ag/AgCl or higher.**
For example, Goud et. al utilized a multimodal microneedle
platform to measure levodopa in an artificial ISF solution with
a detection limit of 0.25 uM; however, the sensor was not
tested with any molecules from the levodopa metabolic
pathway or with adjunct medications other than carbidopa
(see Supplemental Table 1).** Similarly, Moon et. al developed
a levodopa sensor capable of detecting sweat levodopa
concentrations with a detection limit of 300 nM, and although
it was tested against various interferents, only dopamine from
the levodopa metabolic pathway was included, which is present
in physiologically low picomolar concentration (refer to
Supplemental Table 1 and 2).**

Direct Oxidation of Levodopa. Levodopa can undergo a
quasi-reversible electrochemical reaction, being oxidized into
dopaquinone at a potential of 0.34 V and then reduced back to
levodopa at 0.19 V versus Ag/A}gCl using a graphite carbon
electrode as shown in Figure 3.% In neutral buffers, a slower
secondary reaction occurs, converting dopaquinone into
cyclodopa, which can then be further oxidized and reduced
at potentials of 0.09 V and —0.12 V versus Ag/AgCl,
respectively.** Many groups have developed levodopa sensors
based on direct oxidation, using a variety of electrode
surfaces.”” > Direct oxidation methods show a key advantage
in terms of sensor stability, as they are not limited by using
biological materials such as enzymes or antibodies, allowing for
long-term stability with repeatable measurements over time.
While this advantage is enticing, there is an inherent weakness:
the lack of specificity. Solid-state surfaces, such as graphite or
single-walled carbon nanotubes, lack features that control the
specificity of the signal. This limitation has prevented the
translation of these sensors from benchtop experiments to
practical in vivo use. For example, Mazloum-Ardakani et al.
utilized hydroquinone and carbon nanotubes to simultaneously
measure levodopa, carbidopa, and tryptophan with a detection
limit of 0.094 uM (see Supplemental Table 1).°° Despite
testing a broad panel of 39 interferents, only dopamine,
epinephrine, and norepinephrine from the levodopa metabolic
pathway were included, all of which have physiological
concentrations significantly lower than that of levodopa (see
Supplemental Table 2). Similarly, Leite et al. employed a
modified pyrolytic graphite electrode for levodopa detection
with a detection limit of 0.86 uM.>> Although this study tested
additional adjunct medications such as carbidopa and
benserazide, it did not account for other key levodopa
metabolites like 3-O-methyldopa which is present at higher
physiological concentrations (refer to Supplemental Tables 1
and 2).

Levodopa Detection Across Various Bodily Compart-
ments. There are various fluid compartments in the body
where continuous sensors are used. This includes sweat, saliva,
ISF, plasma, and tear fluid. Currently, most groups engaged in
levodopa sensing either use sweat, plasma, or ISF as the
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sampling matrix. The major challenges with continuous
monitoring through sweat include the confounding interaction
between current and past samples and understanding the
compartmental relationships between sweat and plasma. Sweat
sensing is advantageous in being inherently noninvasive and
painless for patients.”” ISF is the most common compartment
used to interrogate analytes as demonstrated by CGM’s on the
market today. ISF has a key advantage in that the relationship
between ISF and blood plasma is simple and direct.’® In
addition, changes in systemic blood plasma tend to reflect
quickly in the ISF, usually within 10 min, as seen in CGMs.””
One challenge with ISF is the requirements of breaking skin,
which can lead to a low probability of infection. In addition,
the sensor must remain stable for 10—14-day use, which is the
current standard following CGM system, requiring large
amounts of optimization prior to being translatable. Levodopa
has undefined partitioning, time lags, and pharmacokinetics
between ISF, sweat, and blood plasma. This adds additional
work to be done in the development of a continuous levodopa
sensor in either ISF or sweat as a biofluid.

B DETECTION STRATEGIES OF LEVODOPA

An Ideal Molecular Recognition Element for the
Monitoring of Levodopa. The development of a continuous
or single use disposable type levodopa sensor has garnered
significant interest, leading many groups to recently publish
novel methods for levodopa quantification (Supplemental
Table 1). Despite substantial progress, most approaches rely
on either tyrosinase or direct oxidation, both of which have
inherent specificity limitations. To address this, the creation of
levodopa-specific recognition elements should be pursued. In
engineering an ’ideal’ recognition element for levodopa, certain
parameters, such as reversibility, specificity, and stability of the
element, must be considered. Crucial is achieving specificity to
levodopa while minimizing interactions with isostructural
chemicals. To date, no enzyme has demonstrated sufficient
specificity toward levodopa for in vivo use. Therefore, several
groups have developed innovative solutions to mitigate this
nonspecific signal. For example, Goud et al. employed both
chronoamperometric and square wave voltammetry in a dual
system to account for the nonspecific interaction between
tyrosinase and carbidopa. While this approach showed
promise, it is nonideal method for the detection of levodopa
due to the complexity of analysis, and the fact that both square
wave voltammetry for direct oxidation and tyrosinase have
limited specificity.*

In addition, for the sensor to function continuously, the
recognition element should be reversible, capable of
quantifying both increases and decreases in levodopa
concentration. Levodopa has a therapeutic half-life of 2—3 h
when dosed adjunctively with carbidopa.”” Achieving reversi-
bility is straightforward with enzymes, which are inherently
regenerated, either through direct oxidation via oxygen or by
applying an overpotential across a working electrode which
reoxidizes the enzyme.®"®> However, other molecular recog-
nition elements such as aptamers, antibodies, or molecularly
imprinted polymers have limited reversibility. This limitation
may impact their ability to measure rapid changes, as their
binding to the substrate is based on the equilibrium between
levodopa concentration and the number of available binding
sites. Several groups have developed continuous sensors for
small molecules such as vancomycin and glucose using both
aptamers and molecularly imprinted polymers.”*"*® Despite
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Figure 4. Representative pathways for levodopa detection via (1) antibody, (2) molecularly imprinted polymer (MIP), (3) enzymatic, and (4)
aptamer-based mechanisms. The first section demonstrates how levodopa interacts with the variable region of a levodopa antibody through
noncovalent bonds, allowing for detection. The second section depicts the MIP approach where linkers polymerize around a levodopa template;
following template removal, the imprint can be used for subsequent detection. The third section outlines the enzymatic detection strategy where
the enzyme produces o-dopaquinone, which can be sensed through three distinct mechanisms. The fourth section highlights how an aptamer would
bind with levodopa, with the conformational change allowing for an increase in relative signal compared to the prebinding signal. Figure 4 was

created with BioRender.com.

these few successful examples, a continuous sensor employing
a nonenzymatic, affinity-based biosensing molecule has yet to
be achieved. To the best of the authors’ knowledge, there have
been no reported instances of levodopa sensing using aptamers
or antibodies. While levodopa-specific antibodies or ELISA are
commercially available, their direct application for continuous
levodopa sensors has not yet been achieved. Considering the
superb features of aptamers, particularly their structural change
upon target recognition, the development of aptamers
specifically recognizing levodopa presents an exciting direction
for future research. Although a commercial antibody for
levodopa is available, the authors are not aware of any use for
biosensing applications. Therefore, an enzyme-based approach
would be more ideal for the proposed sensor when compared
to other conventional recognition elements as described in
Figure 4. There are three general enzymatic mechanisms
described for electrochemical sensors, termed first, second, and
third generation. These categories are based on the need and
type of electron transfer pathway between the enzyme and
electrode surface. First-generation enzymes require oxygen to
facilitate electron transport to the electrode. Second-generation
enzymes use synthetic electron acceptors (or mediators) for
electron transport to the electrode. Third-generation enzymes
are inherently capable of communicating with the electrode
surface, eliminating the need for either oxygen or any mediator.
Each of these different generation type enzymes has trade-offs,
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such as first-generation enzymes being influenced by oxygen
concentrations, which may fluctuate during in vivo settings.
Due to these various limitations, either second-generation or
third-generation type enzymes are more ideal for stable,
reversible, and specific in vivo monitoring of levodopa.””~""
Currently, there is no enzyme that exhibits high specificity to
levodopa, which is a significant limitation in the progress of
developing a real-time monitor.

What Interference Should Be Considered When
Evaluating a Levodopa Sensor? One of the most critical
metrics for the successful translation of a biosensor from
benchtop to in vivo application is the various ways in which the
signal of interest can be skewed by artifacts found in the testing
environment. These signal artifacts can be categorized in
several ways and may vary depending on the sensor type, its
application, and the environment where the sensor is
employed. To define and categorize the types of artifacts
that may impact a molecular recognition element for real-time,
in vivo levodopa monitoring, it is advised to use the Clinical
Laboratory Standards Institute (CLSI) EPO7 ’Interference
Testing in Clinical Chemistry’. CLSI EP07 outlines various
possible types of artifacts, including 1) Chemical artifacts, 2)
Detection artifacts, 3) Physical artifacts, 4) Enzyme inhibition
artifacts, 5S) Nonselectivity or Cross-reactivity, 6) Water
displacement, and 7) Additive artifacts. Each of these
categories can introduce noise or reduce signal fidelity, posing
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Table 1. EP07 Guidelines Defining the Various Type of Interfering Mechanisms Which May Convolute Bias in the Measured

Signal

Interference

Chemical

artifacts complexation or precipitation.

Detection

artifacts elution potion or electrode response.

Physical artifacts

Enzyme
inhibition
artifacts

Nonselectivity
or Cross-
reactivity

Water
displacement

Additive artifacts

Definition

The interferent may suppress the reaction by competing for reagents, inhibiting indicator reactions, or altering the form of the measurand through
The interferent might have properties similar to the measurand that are detected and measured, such as fluorescence, color, light scattering,

The interferent might alter a physical property of the specimen matrix, such as viscosity, surface tension, turbidity, or ionic strength, causing an
apparent change in the concentration of the measurand.

The interferent might alter the activity of an enzyme (measurand or reagent) by sequestering metal activators, binding to the catalytic site, or
oxidizing essential sulfhydryl groups. The interferent may also compete for a key substrate in an enzyme-based measurement procedure.

The interferent might react in the same manner as the measurand. Although some experts differentiate nonselective from interference, although
the practical effects are the same to the laboratory. An interferent structurally similar to an antigen may “cross-react” with the antibody in an
immunochemical measurement procedure, which is a form of nonselectivity.

Nonaqueous substances affect activity-based measurements by displacing aqueous plasma volume.

An interferent or additional measurand might come from cells or from intravenous fluids.

challenges for accurate sensor readings.”” Table 1 describes
each of the interfering methods as described by the EP07
guidelines:

The development of an in vivo, real-time levodopa
monitoring system requires an understanding of how various
artifacts affect signal fidelity. Among the seven artifact types
defined by the CLSI EPO7 guidelines (Table 1), non-
selectivity/cross-reactivity, detection artifacts, and physical
artifacts are particularly relevant for in vivo electrochemical
sensors. Given their potential to influence sensor readings, a
clear understanding of endogenous and exogenous interfering
compounds is essential to ensure signal reliability. This
interference can be categorized into two general types: 1)
substrates that nonspecifically or cross-react with a molecular
recognition element, like tyrosinase or glucose oxidase, thereby
biasing the signal, and 2) electroactive substrates that bypass
the recognition element and directly interact with the working
electrode, being either oxidized or reduced. Additionally,
physical artifacts such as fibrous encapsulation can affect the
diffusion of key molecules such as oxygen which can alter the
measured electrode signal. If using chronoamperometric
sensors, which relies on the diffusion limited current to
quantify a substrate, this encapsulation process can impact
both the absolute signal, as well as the time lag between the
sensor and physiological changes.®”

Detection artifacts are those which may cause signal artifact
by sharing similar properties to the substrate which is
transduced at the electrode surface. A common example is
acetaminophen, which may be oxidized by gold at potentials
greater than 0.4 V, leading to signal artifacts in many
chronoamperometric sensors. These interactions can either
amplify or diminish the apparent signal, depending on their
reaction direction (oxidation vs reduction). For certain
sensors, such as continuous glucose monitors and blood
glucose monitors, the FDA mandates testing against a defined
set of interfering compounds present in the clinically relevant
samples found during regular use of the device.”” However,
there is no equivalent standard for levodopa. As indicated in
Supplemental Table 1, a broad range of interfering compounds
have been evaluated for levodopa sensors. These tested
compounds fit several categories of interest described in the
CLSI EP07 guidelines, including carbidopa (structurally similar
to levodopa and commonly coadministered), which may be
categorized in the nonselective and/or cross-reactivity
category, and ascorbic acid, which is a detection artifact.
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Although a relatively large array of interfering compounds has
been investigated, several practical interfering substrates have
not been tested. Additionally, some compounds that are not
expected to interfere, or are not present in vivo in appreciable
concentrations, have been tested (Supplemental Table 1).
There are many common electroactive substrates either found
endogenously in the body or taken exogenously, which will
affect electrochemical sensors. Probably the most frequently
found and tested for is the impact of acetaminophen (the
primary drug found in Tylenol), which can be oxidized at
potentials ranging from 0.15—0.65 V vs Ag/AgCl depending
on the pH of the buffer used.”* Supplemental Table 2 gives an
initial list of interfering substrates and their physiological
concentrations that should be tested when developing a
levodopa sensor based on a novel biomolecular recognition
element while using an electrochemical transduction method.
This table includes common endogenous and exogenous
substrates found in the levodopa metabolic pathway, adjunct
medication, and several general electroactive interferences that
may cause detection artifacts in continuous sensors.

Additionally, large gaps exist in understanding the dynamics
between various adjunct medications and their impact on
levodopa pharmacokinetics in real-time. Real-time measure-
ment of these pharmaceuticals face similar challenges to those
of levodopa, including the lack of a molecular recognition
element that displays adequate sensitivity and specificity, yet is
still capable of producing signals within a temporally significant
time frame. However, adjunct medications do not provide
direct antiparkinsonian effects but rather modify the
metabolism, absorption, and or enhance the tolerability of
levodopa. Therefore, while the potential benefits and of
measuring both levodopa and its respective adjunct medi-
cations using multiparametric sensors remain uncertain, the
ability to concurrently measure levodopa alongside key adjunct
medications could significantly enhance patient-centric therapy
or precision medication that is tailored to individual patient
requirements.

Device Form Factor. There are many suitable form factors
that a sensor can take, ranging from wearable microneedle
arrays to full implants, each having unique challenges and
limitations. In PD, the most important information regarding
levodopa concentrations resides in the brain. While it would be
ideal to measure the real-time levodopa within the basal
ganglia of the brain, there are several practical hindrances.
First, intracranial brain surgery is significantly more invasive
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than measuring in ISF or sweat, and while these procedures are
already performed for treatments such as deep brain
stimulation, these devices are designed to last for 15 years or
more, minimizing the risk of repeated surgeries.75 Ideally, an
equivalent biosensor could be inserted with the system, but no
recognition element has yet demonstrated such stability. Due
to this, we have focused on form factors that are being
demonstrated in today’s market, including microneedle arrays,
subcutaneous sensors, and implants within the ISF region.
Microneedles pierce the upper layer of the dermis, allowing
for sampling of ISF with minimal pain and supporting
multimodal detection capabilities through the integration of
several electrodes.*> While there may be challenges in scaling
up manufacturing for widespread clinical use, microneedles are
well-poised for future biosensing ag)lications due to their
versatility and minimal invasiveness.’”’® Current limitations in
the practical translation of microneedles include ensuring
consistent adhesion and pressure over the entire wear and
mitigating the influence from motion artifacts. Most
commercially available CGM systems use a subcutaneous
formfactor to sample ISF by penetrating beyond the upper
dermis.”> This design allows for extended usage over several
days with minimal discomfort, making it an extremely viable
model to adapt for levodopa detection if levodopa ISF is a
clinically significant biofluid for monitoring levodopa levels.
The final form factor is implantable sensors, which are placed
deeper into the dermis and are suited for long-term
monitoring. Currently there is a CGM (Eversense, Senseonics)
that is implanted for up to 6 months in the upper arm of
patients.”” The implantation process is generally associated
with minimal side effects and requires less maintenance over
extended periods, making this approach particularly suitable
for patients who prefer reduced treatment maintenance and
monitoring. Therefore, each of these proposed form factors
can be effectively utilized for continuous detection, with the
choice largely depending on the biofluid being sampled and
the specific needs and circumstances of the patient.
Challenges in Practical Application of Levodopa
Sensing. Real-time, continuous monitoring of levodopa has
been hypothesized to lead to better patient outcomes and
improved quality of life by enabling tighter control of dosing,
thereby mitigating symptoms.” While this hypothesis is
exciting, it has not yet been tested or validated due to the
absence of any real-time levodopa sensor available for patient
use, and several unknowns must be evaluated to validate this
hypothesis. The relationship between ISF levodopa and plasma
levodopa remains unknown, as does the correlation between
ISF levodopa levels and the concentration of levodopa in the
substantia nigra and putamen, which are critical areas for
dopaminergic activity in PD. In a similar vein, CGMs measure
ISF glucose levels, which correlate well with the physiologically
relevant plasma glucose concentrations, benefiting from
noninvasive monitoring. In contrast, for PD, the physiologi-
cally relevant concentration is CSF levodopa. Yet, the
relationship between CSF, plasma, and ISF levodopa levels
remains unknown due to the absence of a continuous levodopa
sensor, complicating our understanding of levodopa’s real-time
pharmacokinetics. If future findings reveal significant time lags
between CSF and plasma or ISF levodopa levels, such delays
could significantly alter the utility and interpretative value of
continuous levodopa monitoring data. However, this potential
issue will remain speculative until a continuous levodopa
sensor is developed. Understanding these pharmacokinetics

and compartmental distribution is critical for the successful
development of a clinically relevant levodopa sensor. Factors
such as time lags or partition coefficients between bodily
compartments will significantly influence the calibration and
application of these proposed sensors. An additional challenge
in applying a levodopa monitor is the neurodegenerative
nature of PD. Over time, the efficacy of levodopa diminishes
due to the reduced capacity to store and buffer converted
dopamine, necessitating more frequent dosing. This change
will affect the relationship between ISF levodopa and
bioavailable levodopa in the substantia nigra for conversion
into dopamine, potentially altering calibration requirements or
the time lag of the sensor.

B CONCLUSION

Real-time, continuous monitoring of levodopa is anticipated to
enhance patient therapy by enabling precision medicine
through dosing based on quantitative feedback. This, coupled
with advancements in levodopa therapy, such as infusion
pumps and water-soluble levodopa formulations, is progres-
sively improving the treatment landscape for Parkinson’s
disease. These challenges, however, open the door to
numerous opportunities in the innovative and creative
development of molecular recognition elements that can be
utilized for continuous levodopa sensing.
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