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ABSTRACT: Dose-limiting toxicity and significant patient-to-patient pharmacokinetic variability often render it difficult to
achieve the safe and effective dosing of drugs. This is further compounded by the slow, cumbersome nature of the analytical
methods used to monitor patient-specific pharmacokinetics, which inevitably rely on blood draws followed by post-facto la-
boratory analysis. Motivated by the pressing need for improved “therapeutic drug monitoring,” we are developing electro-
chemical aptamer-based (EAB) sensors, a minimally invasive biosensor architecture that can provide real-time, seconds-re-
solved measurements of drug levels in situ in the living body. A key advantage of EAB sensors is that they are generalizable
to the detection of a wide range of therapeutic agents because they are independent of the chemical or enzymatic reactivity
of their targets. Three of the four therapeutic drug classes that have, to date, been shown measurable using in-vivo EAB sen-
sors, however, bind to nucleic acids as part of their mode of action, leaving open questions regarding the extent to which the
approach can be generalized to therapeutics that do not. Here we demonstrate real-time, in-vivo measurements of plasma
methotrexate, an antimetabolite (a mode of action not reliant on DNA binding) chemotherapeutic, following human-relevant
dosing in a live rat animal model. By providing hundreds of drug concentration values, the resulting seconds-resolved meas-
urements succeed in defining key pharmacokinetic parameters, including the drug’s elimination rate, peak plasma concen-
tration, and exposure (area under the curve), with unprecedented, 5 to 10% precision. With this level of precision, we easily
identify significant (>2-fold) differences in drug exposure occurring between even healthy rats given the same mass-adjusted
methotrexate dose. By providing a real-time, seconds-resolved window into methotrexate pharmacokinetics, such measure-
ments can be used to precisely “individualize” the dosing of this significantly toxic, yet vitally important chemotherapeutic.




Introduction

The minimum toxic dose of some drugs is close to their
required therapeutic dose, rendering their therapeutic win-
dows narrow. When patient-to-patient metabolic variabil-
ity is small, this does not represent a significant problem.
For example, although the ratio of an effective dose to a
toxic dose (the so-called therapeutic ratio) is less than 5 for
acetaminophen, the drug’s pharmacokinetic variability is
low enough that it is considered safe to provide “over the
counter.”! In contrast, however, the therapeutic ratios of
some drugs are quite small relative to inter-patient pharma-
cokinetic variability, and thus care is required to achieve in-
dividualized dosing that is both effective and safe.23 Indeed,
for some drugs the day-to-day variability within individuals
can be clinically significant,*7 with the greatest variability
often being seen in grievously ill patients, the very popula-
tion for whom the margin for clinical error is smallest.4>7
The “therapeutic drug monitoring” required to safely and
effectively deliver drugs with dangerously narrow thera-
peutic windows, however, currently requires blood draws
and laboratory analysis, rendering it cumbersome and slow,
and typically limiting it to a once-a-day “snapshot” view into
a patient’s drug levels.? With so few data points, the accu-
racy with which standard therapeutic drug monitoring de-
fines individualized pharmacokinetics is poor, and its ability
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to detect health-status-driven, hour-to-hour changes in an
individual patient’s pharmacokinetics is effectively non-ex-
istent.

In response to the need to improve therapeutic drug mon-
itoring we are developing electrochemical, aptamer-based
(EAB) sensors (Fig. 1A), a technology that, in contrast to es-
tablished monitoring approaches, provides real-time, sec-
onds-resolved information on in-vivo drug levels.?-12 By
analogy to the impact continuous glucose monitors have
had on the treatment of diabetes, EAB sensors could thus
revolutionize the delivery of therapeutic drugs by enabling
the achievement of accurate and consistent drug levels
across patients.’314 To achieve such performance, EAB sen-
sors are comprised of a redox-reporter-modified aptamer
attached to a gold electrode via a self-assembled mono-
layer.1>16 Upon target binding, the aptamer undergoes a
conformational change, producing an easily-measurable
shift in the electrochemical output of the reporter (Fig. 1B).
Because this signal transduction mechanism is reagentless,
wash- and incubation-free, and rapidly reversible, EAB sen-
sors support high frequency, real-time molecular monitor-
ing. And because it mimics the conformation-linked signal-
ing seen in naturally occurring chemoperception systems,
EAB sensors are selective enough to perform well in com-
plex environments, even when placed inside the living
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Figure 1. (A) Electrochemical aptamer-based (EAB) sensors are comprised of a target-binding aptamer attached via a thiol on one termi-
nus to an interrogating electrode and modified, typically at the terminus distal to the electrode, with a redox reporter (here methylene
blue: MB). Target binding induces a conformational change, altering in turn the rate of electron transfer from the attached redox reporter.
(B) This leads to an easily detectable change in peak current when the sensor is interrogated using square wave voltammetry. (C) We
fabricate EAB sensors using 75 pm diameter, 3 mm long gold working electrode, bundled with same-diameter, 5 mm long platinum counter
and silver/silver-chloride reference electrodes. (D) The completed sensor is emplaced in the external jugular vein of a rat via a 22-gauge
guide catheter and used to monitor in real time methotrexate levels.
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body.?-1217.18 [ndeed, using the real-time data provided by
in-vivo EAB sensors we have demonstrated closed-loop,
feedback-controlled drug delivery that achieves unprece-
dented precision and accuracy in the delivery of narrow-
therapeutic-window antibiotics.10.11

Prior to EAB sensors, all in-vivo molecular measurement
technologies had relied on the enzymatic degradation (e.g.,
glucose, lactate, glutamine, acetylcholine, and penicillin)?°-
21 or intrinsic chemical reactivity (e.g., the covalent binding
of oxygen to hemoglobin, the electrochemical oxidation of
neurotransmitters)?922 of their targets, greatly limiting the
extent to which in-vivo molecular monitoring could be ex-
panded to new targets. EAB sensors, in contrast, rely on
non-covalent binding, and not the specific chemical reactiv-
ity of the target. In theory, this renders the approach gener-
alizable to the detection of a wide range of therapeutic
drugs. In practice, however, the scope of the EAB platform
remains to be determined. For example, while we have pre-
viously demonstrated the in-vivo monitoring of clinically-
relevant concentrations of the aminoglycoside antibiot-
ics,?3  the chemotherapeutics doxorubicin and iri-
notecan,”'? and the glycopeptide antibiotic vancomycin,!!
three of these four targets bind to nucleic acids as their
mode of action. Specifically, the aminoglycosides kill bacte-
ria by binding their ribosomal RNA, doxorubicin inhibits
topoisomerase II by intercalating into double-stranded
DNA, and irinotecan inactivates topoisomerase 1 by stack-
ing against the base pairs flanking the topoisomerase-in-
duced cleavage site. Given their “naturally high” affinities
for nucleic acids, these drugs may be particularly amenable
to detection using aptamers, leaving the true breadth of the
EAB approach unresolved.

With the question of platform versatility in mind, here we
have characterized the in-vivo performance of an EAB sen-
sor against methotrexate, an antimetabolite chemothera-
peutic?* that does not bind to nucleic acids as part of its
mode of action. Initially known as amethopterin, metho-
trexate remains in widespread therapeutic use 70 years af-
ter it was discovered and is included in the World Health
organization’s list of essential medicines. A folic acid ana-
logue, methotrexate competitively inhibits the enzyme di-
hydrofolate reductase, preventing it from transforming di-
hydrofolate into tetrahydrofolate which inhibits de novo
DNA synthesis and, with that, the growth of cancer cells.25
When applied in cancer treatment, however, methotrexate
suffers from dose-limiting toxicity, rendering therapeutic
drug monitoring a key element of its associated standard of
care.26-30 Currently, mass spectrometry remains the gold
standard for methotrexate monitoring,3! time resolution of
which is severely limited due to its reliance on blood draws
(for sample collection). Likewise, its reliance on laboratory-
based analysis leads to long lag times (i.e., hours or days),
negating the ability to perform the matching of dose to pa-
tient drug levels within a treatment session. And while sev-
eral other authors have described potentially more conven-
ient sensors for the detection of methotrexate,32-35 none
have been shown to support real time in-vivo measure-
ments. Thus, in addition to speaking to the versatility of our
approach, the successful demonstration of a methotrexate-
detecting, in-vivo EAB sensor could also pave the way for

improved precision in the delivery of this important chemo-
therapeutic.

Results

For this work we adapted a previously described, in vitro
sensor against methotrexate3® for use in-vivo in our rat ani-
mal model. To do so we used thiol-on-gold self-assembled
monolayer chemistry to attach the 3’ end of a 40-base,
methotrexate-binding aptamer to a 75 pm diameter, 3 mm
long gold wire working electrode (Fig. 1A), as used in pre-
vious in-vivo studies®37.
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Figure 2. (A) Aptamer based electrochemical (EAB) sensors
can be tuned to be signal-on (signaling current increases upon
the addition of target) or signal-off by changing the square-
wave frequency employed in their interrogation. Taking the

difference between these two signals (kinetic differential
measurements, KDM) increases gain and reduces drift.?38 The
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data shown here were collected in vitro in undiluted whole
blood at 37°C. (B) The resulting binding curve of the EAB sen-
sor when titrated at 37 °C matches the methotrexate levels
seen in high-dose treatment, scenario in which therapeutic
drug monitoring is of the greatest value.26-2839. Not reaching
sensor’s saturation, the Ko we show is the estimated Kp value
that we obtained and used for calculating methotrexate con-
centration (C) The EAB sensor responds rapidly and reversibly
to its target. For example, when challenged with sequential ad-
ditions of methotrexate the sensor responds within the time
(here 30 s) it takes to perform the pair of square wave voltam-
metry scans needed to perform KDM. Note: the error bars
shown in this figure reflect the standard deviation of replicate
measurements made using independently fabricated sensors.

We then insulated this with polytetrafluoroethylene, bun-
dled it with similar-dimension chloride-anodized silver
wire reference and platinum wire counter electrodes, and
placed the three into a 22-gauge catheter for later intrave-
nous insertion.*® When interrogated a square wave fre-
quency of 80 Hz the signaling current of the resulting sensor
increases upon target binding (Fig. 24, red curve). In con-
trast, at a square wave frequency of 8 Hz the sensor’s output
falls in response to target (Fig. 2A, black curve). Taking the
difference between these two signals (Fig. 24, blue curve),
an approach termed Kinetic Differential Measurements
(KDM),3841 Jeads to improved gain (the relative change in
signal seen between zero and saturating target).

The methotrexate-detecting EAB sensor achieves clini-
cally relevant sensitivity and physiologically relevant time
resolution in the measurement of its target. When chal-
lenged in whole blood at 37°C, for example, the sensor’s dis-
sociation constantis 1.05+£0.09 mM, leading to good overlap
between the sensor’s useful dynamic range and the few-
hundred micromolar plasma concentrations seen in high
dose methotrexate therapies.264243 The sensor’s time reso-
lution is likewise sufficient to perform high-precision mon-
itoring of the drug’s pharmacokinetics, the most rapid
phase of which has a timescale of several minutes.** Specif-
ically, rapid mixing experiments indicate that, following
both clinically relevant increases and decreases in metho-
trexate concentrations, the sensor equilibrates within the
time required to collect the paired voltammetric scans
needed to perform KDM, rendering the latter time (22 s for
our in-vivo measurements) the time resolution of the sen-
sor (Fig. 2C).

The methotrexate-detecting EAB sensor provides a
highly-time resolved, real-time approach to monitoring
plasma methotrexate levels. To see this, we placed a sensor
in situ in the jugular of a live rat and then challenged the
animal with the drug at 300 mg/kg infused intravenously
over 3 min. Doing so we observed a rapid rise in plasma
levels to a peak concentration, Cmax, of 600£40 uM (Fig. 3),
a value falling well within the 500-1000 uM range seen in
both high-dose human therapies?94245 and rat models of
such therapy.*#¢ Following the end of infusion the drug
level subsequently falls with pharmacokinetics matching
the known elimination rate of this drug in rats.** When we
follow this first infusion with a second infusion of the same
dose, we observe good pharmacokinetic reproducibility be-
tween the two drug exposures.

Prior researchers have used two and three compartment
models*54748 to fit the pharmacokinetics of methotrexate.
The amplitudes of the second and third phase or phases,
however are quite small and their timescales are quite long.
Scheufler and co-workers*8, for example, reported a rapid
phase (11 min lifetime) of amplitude 330 uM, and two addi-
tional, slower phases (of lifetimes 37.5 min and 6 h) whose
combined amplitudes reach only 70 uM. That is, more than
80% of the total change in concentration is captured in the
most rapid of the three phases, which is the phase that dom-
inates our observation period. Given this, we fit our sequen-
tial injection data to a single-exponential model.#* Doing so
we find that the observed elimination time constants, which
are 32.5+2.4 and 34.1+2.1 min for the first and second infu-
sions, respectively, are within error between the two chal-
lenges (Fig. 3). Likewise, the two areas under the curve
(AUC) are, at 325£38 and 396+42 pM-h respectively, are
quite similar. In contrast, we see a small, but statistically sig-
nificant difference in Cmax between the two challenges, as
these reach 600+40 and 730440 uM, respectively. This dif-
ference presumably occurred because we began the second
challenge before the animal had completely eliminated the
drug delivered in the first challenge.
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Figure 3. In-vivo EAB sensors provide a ready means of moni-
toring plasma methotrexate levels in real time. Dotted lines
mark the point in time of beginning and end of infusion period.
As shown here, for example, a KDM-corrected sensor placed in
situ in the jugular of a live rat measures a rapid rise to plasma
concentrations matching those seen after the end of infusion in
high-dose human methotrexate treatment after a 300 mg/kg
intravenous dose of methotrexate (rat weight: 680 g). Follow-
ing the end of the infusion, plasma drug concentrations then re-
turn to baseline following first-order elimination kinetics.4! A
second, identical infusion illustrates the good pharmacokinetic
reproducibility we observe. The solid black lines are fits to a
one-compartment pharmacokinetic model. The peak plasma
concentrations (Cmax = 600£40 and 730+50 uM respectively),
elimination time constants (32.5+2.4 and 34.1+2.1 min), and
AUCs (325£38 and 396+42 pM-h) were derived from these fits,
with an R2 of 0.85 and 0.87 for the first and second injections
respectively. The reported confidence intervals reflect the 95%
confidence intervals calculated from the fits.
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Figure 4. Highlighting the potential value of therapeutic drug monitoring, the pharmacokinetics of methotrexate exhibit significant
inter-animal variability. Presented here, for example, are the responses of three individual rats (of weights 468, 488 and 460 grams)
to 300 mg/kg intravenous dose. The solid black line is the fit to a one-compartment pharmacokinetic model. Achieving peak plasma
concentrations of 595478, 675+65 and 736+96 uM respectively, elimination time constants of 28.8+3.2,19.7+1.0, and 50.5+3.4 min,
and areas under the curve (AUC) of 268+36, 217+20 and 510+52 uM-h. (See Fig. SI2 for the raw data prior to KDM drift correction).

The relative convenience of EAB sensor measurements
provides a ready opportunity to monitor pharmacokinetic
variability between subjects. To see this, we next chal-
lenged three Sprague Dawley rats with the same mass-ad-
justed (300 mg/kg) intravenous dose (Fig. 4) and fitted
the resulting pharmacokinetics to a one-compartment
model. Doing so we found that the Cmax observed for all
three animals fall within error of one another, as perhaps
expected for such mass-adjusted dosing, which easily ac-
counts for differences in the animals’ plasma volumes.*’ In
contrast, the elimination lifetimes of the three animals
varied significantly, ranging from 19.7+1.0 to 50.5+3.4
min. Because of this, the AUCs of the three animals also
varied significantly, ranging from 217+20 to 510+52
pumol-h-L-1. That we see such highly variable drug expo-
sure among healthy, similar size and age rats receiving the
same mass-adjusted doses highlights the need for thera-
peutic drug monitoring in guiding individualized thera-
pies.

The relative convenience of EAB sensor measurements
provides a ready opportunity to monitor pharmacokinetic
variability between subjects. To see this, we next chal-
lenged three Sprague Dawley rats with the same mass-ad-
justed (300 mg/kg) intravenous dose and fitted the result-
ing pharmacokinetics to a one-compartment model. Doing
so we found that the Cmax observed for all three animals
fall within error of one another, as perhaps expected for
such mass-adjusted dosing (Fig. 4), which easily accounts
for differences in the animals’ plasma volumes.*? In con-
trast, the elimination lifetimes of the three animals varied
significantly, ranging from 19.7+1.0 to 50.5+3.4 min. Be-
cause of this, the AUCs of the three animals also varied sig-
nificantly, ranging from 217+20 to 510+52 pmol-h-L1.
That we see such highly variable drug exposure among
healthy, similar size and age rats receiving the same mass-
adjusted doses highlights the need for therapeutic drug
monitoring in guiding individualized therapies.

Discussion

Here we have demonstrated the seconds-resolved, real-
time measurement of plasma methotrexate concentra-
tions in situ in the veins of live rats after dosing equivalent
to high-dose methotrexate treatment in humans. This suc-
cessful demonstration expands the in-vivo EAB molecular
monitoring platform to the measurement of the fifth ther-
apeutic drug or drug class over all (after the aminoglyco-
sides,1041 doxorubicin,®38 irinotecan,!? and vancomycin!!)
and to a second drug (after vancomycin) lacking signifi-
cant intrinsic affinity for nucleic acids. When coupled with
prior examples of the in-vivo monitoring of metabo-
lites'718 and drugs-of-abuse,>° which also lack intrinsic
affinity for nucleic acids, the generality of the EAB plat-
form, which arises due to the approach’s being independ-
ent of the chemical reactivity of its targets, is becoming in-
creasingly well established.

The methotrexate pharmacokinetics we observe are
consistent with the results of prior studies of similarly
high-dose methotrexate treatment in rats, providing a val-
uable “quality check” on our EAB-derived in-vivo data.
These prior studies, however, achieved far poorer time
resolution (typically fewer than 12 measurements per
hour) and were typically averaged over multiple animals.
For example, a study by Bremnes and co-workers*4, which
employed ex-vivo measurements of radiolabeled drug in
serum, collected 8 data points in the first hour. Similarly,
Ekstrgm and co-workers>!, who monitored methotrexate
in rats using microdialysis from venous blood, and Liu and
co-workers>2, who performed ex-vivo measurement (lig-
uid chromatography-mass spectrometry) of plasma meth-
otrexate, each collected only 5 points over the first 2 h of
their experiments. In all three cases, the experiments then
averaged their data over 6 to 12 animals to determine
population-averaged pharmacokinetics, raising questions
regarding the extent to which the observed multi-expo-
nential behavior is due to the multicompartmental



pharmacokinetics of the drug or arises due to inter-animal
variability. In contrast, using EAB sensors we have sam-
pled 150 points per hour, allowing for high-precision esti-
mation of the pharmacokinetics of individual animals.

The ability to monitor in-vivo methotrexate concentra-
tions conveniently and in real time could be of significant
medical value. Specifically, the treatment of many can-
cers,?6-28 including acute lymphoblastic leukemia, osteo-
sarcoma, and lymphomas,?453 entails such high metho-
trexate doses that clinically-significant nephrotoxicity is
seen in approximately one third of patients,>* with 12%
progressing on to acute kidney injury.>® To minimize this
risk, body surface area estimates are currently used in an
attempt to correct for patient-specific differences in the
drug’s clearance rate and distribution volume. The accu-
racy of this as a pharmacokinetic predictor, however, is
questionable,5¢ and appears to be particularly problematic
in some patient groups, such as the obese.>” Further com-
plicating methotrexate dosing, the drug is 80% renally
cleared,®®5° and thus reductions in kidney function arising
due to disease or to methotrexate toxicity can further in-
crease drug exposure. Given these mechanisms, using la-
boratory-based therapeutic monitoring to ensure that
methotrexate exposure remains within the acceptable
risk/benefit window and to identify when countermeas-
ures should be employed® has already proven of signifi-
cant clinical value,?627 despite its limited time resolution
(typically one measurement per day).2831.61 Although hu-
man clinical trials will be required, obviously, in order to
confirm this, we believe it a reasonable assumption that
the high-resolution, real-time information EAB sensor
could substantially improve on this current standard of
care.

Beyond the use of EAB measurements as a means of per-
forming more convenient, higher precision therapeutic
drug monitoring, it is important to also consider the po-
tential impact of the real-time nature of the information it
provides. Specifically, the real-time concentration moni-
toring provided by EAB sensors can easily support the
closed-loop, feedback-controlled delivery of methotrexate
(or, even, the antidotes to methotrexate toxicity, such as
leucovorin or glucarpidase)®® and other drugs with dan-
gerously narrow or otherwise complex optimal dosing
regimens. For example, using the real-time plasma con-
centration information provided by in-vivo EAB sensors
we have already demonstrated the ability to maintain the
plasma drug levels constant to a precision of better than
+20% over many hours in our rat animal model.'#! Like-
wise, using EAB sensors we have similarly demonstrated
the ability to track with high-precision pre-defined, time-
varying plasma drug time courses.*!62 In short, the adap-
tation of in-vivo EAB sensors could ensure that drugs
characterized by dangerously narrow therapeutic win-
dows or highly complex, time-varying optimal plasma
time courses can be delivered safely and effectively to
even the most grievously ill, most metabolically unstable
patients.
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