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ABSTRACT

Inter-subject pharmacokinetic variability limits the clinical effectiveness of many “biologics”, including monoclonal antibody
drugs. This issue can be addressed through therapeutic drug monitoring (TDM), in which clinicians tailor dosing to individual
patients based on measured plasma drug concentrations. In practice, TDM is inconvenient because current methods for quanti-
fying protein drugs in blood are labor-intensive and expensive. In response, here we present an electrochemical DNA-based
biosensor that addresses this issue by enabling rapid, reagentless measurement of plasma concentrations of the antibody drug

trastuzumab. The approach supports real-time, in vivo monitoring in living animals (rats). Specifically, we have systematically

compared two distinct sensing architectures, a DNA scaffold sensor and an electrochemical aptamer-based sensor, before devel-

oping an optimized sensor in the latter class that, when challenged in undiluted whole blood, can measure over the entire clinical
range of the drug. When implanted in animals, the sensor successfully tracks in vivo drug concentrations and clearly visualizes
differences in drug exposure between individual rats following intravenous infusion. Given the ability to generalize EAB sensors
to almost any target of interest, this work illustrates a powerful new tool to guide real-time dosing of biologic therapeutics,

enabling personalized treatments of this increasingly important class of drugs.

1 | Introduction

While therapeutic monoclonal antibodies as biologically derived
protein drugs have revolutionized the treatment of numerous dis-
eases [1-4], their clinical efficacy is often unpredictable [5, 6]. For
example, immune checkpoint inhibitors, a class of antibody drugs
used in immunotherapy, achieve meaningful prolonged survival in
only a limited subset of cancer types, with 5-year survival rates

reaching a maximum of 30%-40% [7]. This variability arises from
a combination of anthropometric and biological factors [8] but is
often driven by differences in drug exposure [9]. Specifically,
patients on standard dosing regimens frequently fail to reach opti-
mal in vivo drug concentrations [10]. Such discrepancies can lead to
under-dosing, reducing therapeutic benefit, or over-dosing, which
increases the risk of toxicity, promotes the formation of neutralizing,
anti-drug antibodies (ADA), and drives up treatment costs [8, 11].
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While poor control over the patient’s actual drug exposure
presents a significant challenge, this can be solved by performing
therapeutic drug monitoring (TDM), in which patient-specific
pharmacokinetics are measured, enabling the high-precision indi-
vidualization of dosing (Figure 1A) [16]. Current methods for
quantifying the plasma concentrations of specific antibodies, how-
ever, rely on centralized laboratory immunoassays (e.g., ELISAs,
ECLIAs [17-19], or cell-based mobility shift assays [20]) all of
which require blood draws, specialized equipment, and long turn-
around times [21]. The logistical burdens associated with this ren-
der TDM costly and inconvenient [22], consequently limiting how
frequently it is performed. In routine clinical practice, for example,
drug concentrations are typical measured only at sparse time
points, most often as trough samples collected immediately prior
to subsequent treatment cycles and occasionally 2-8 weeks post-
treatment, leading to temporal resolution that is insufficient to
ensure that drug concentrations stably remain within the thera-
peutic range [12]. In response, recent studies have explored local-
ized (e.g., lesion-specific) in vivo drug sensing aimed at monitoring
drug activity within defined tissue microenvironments [13]. While
such approaches provide valuable spatial insights, however, they
do not address the distinct challenge of continuously quantifying
circulating systemic drug concentrations, which remains central to
TDM [14]. Here, however, we have developed and compared two
distinct electrochemical DNA-based (eDNA) sensors for the detec-
tion of an antibody drug: a DNA scaffold sensor [15] (Figure 1B)

A

and an electrochemical aptamer-based (EAB) sensor (Figure 1C)
[23, 24], both directed against the antibody drug trastuzumab. This
antibody drug, which is a cornerstone treatment for HER2-positive
cancers, suffers from both cardiotoxic side effects and variable
clearance [25], emphasizing the value of adding TDM to its clinical
use. Our technology offers a transformative tool for personalizing
biologic therapies, improving patient outcomes, and advancing
our understanding of antibody drugs pharmacokinetics.

2 | Results and Discussion

2.1 | Design and Characterization of the
Trastuzumab-Binding Aptamer

As the recognition element in our sensors, we have employed an
existing DNA aptamer that binds trastuzumab with clinically-
relevant affinity and specificity [26]. Specifically, we used a 32-base
truncation of this aptamer (here called “Parent Truncl”) that binds
trastuzumab with the same affinity as the 76-base as-selected
aptamer sequence. This Parent Truncl is thought to fold into a
stem-loop conformation flanked by a 7-base-pair stem, within
which nucleotides in the loop region directly interact with the
antigen-binding fragment (Fab) of the target (Figure S1). To vali-
date the binding and specificity of this aptamer, we modified its
5’-end with the fluorophore cyanine 5 and used microscale
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FIGURE1 | (A) Current clinical approaches for surveilling the clinical outcome rely on tedious, costly processes typically requiring trained per-

sonnel and specialized facilities. Given these technical challenges, antibody drug-based therapies are not commonly monitored, reducing the impact or
efficiency of the therapy in the patient [12]. The implementation of a convenient, single-step test that relies on finger-prick blood samples or on small
noninvasive wearable patches would facilitate patient management by enabling personalized treatment strategies. To measure trastuzumab, we have
developed two distinct DNA-based sensing architectures. (B) The first is an electrochemical DNA scaffold platform [15]. This is a double-stranded DNA
structure appended with a trastuzumab-specific aptamer and a redox reporter (i.e., methylene blue) anchored to the electrode surface. The target binding
produces a steric hindrance affecting the redox reporter’s electron transfer efficiency and consequently decreases the electrochemical signal. This phe-
nomenon quantitatively correlates with the drug’s concentration. (C) The second platform is an electrochemical aptamer-based (EAB) sensor [23, 24].
This approach uses an aptamer tethered to a gold electrode through a thiol group on one end and labeled with a redox reporter (i.e., methylene blue) on
the other. Upon target binding, a conformational change shifts the reporter’s proximity to the electrode, inducing a measurable change in the electro-
chemical signal.
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thermophoresis (MST) and measured its affinity [27, 28]. Using
this approach, we found that Parent Truncl binds trastuzumab
with a dissociation constant (Kp) of 5.7 = 1.6 nM (Figure S2),
a value that agrees with prior studies [26]. (Unless otherwise
stated, errors for Kp values represent estimated standard errors
derived from a Langmuir binding model fit). The aptamer is also
specific for Trastuzumab, as it does not detectably bind to other
antibody drugs (i.e., bevacizumab and rituximab) or to a mixture
of human IgGs (Figure S3).

2.2 | DNA Scaffold Sensors

As our first approach toward converting the trastuzumab-binding
aptamer into a sensor, we explored a “DNA scaffold sensor” archi-
tecture [15, 29]. In this, the binding of the large molecular target to
a receptor sterically hinders the motion of a short, electrode-
bound, redox-reporter-modified double-stranded DNA structure
(the “scaffold”), reducing the rate of electron transfer, an effect that
can be easily detected using square wave voltammetry (SWV)
[29, 30] (Figure 1B). Given this signal transduction mechanism,
scaffold sensors eliminate the need to re-engineer the recognition

aptamer into a structure switching receptor (Figure 1C). Building
on this concept, here we designed a DNA scaffold sensor architec-
ture consisting of two DNA elements. The first, the anchor strand,
is a 21-base, single strand of DNA attached to the surface via a
5’-thiol group and containing a methylene blue redox reporter
at its 3’-end. The second, the recognition strand, incorporates
the target-recognizing aptamer attached to a linear sequence com-
plementary to the anchor strand that causes the two to form a
21-base-pair double helix adjacent to the surface attachment with
the aptamer on the distal end of the sensor. Because the flexibility
of the connection between the recognition element to the double-
stranded region is known to affect the signaling of such sensors
[29], here we designed and tested variants differing in this linker:
one with no linker, one with a flexible poly-thymine linker, and
one with a polyethylene glycol (PEG) linker comprised of 3 mol-
ecules of ethylene oxide units (Figure 2A).

The DNA-scaffold sensors respond to the presence of trastuzu-
mab, albeit with quite low signal gain (the relative change in
signal upon saturation with the target). To demonstrate this,
we immobilized the three sensor variants on gold electrodes
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FIGURE 2 | Schematic of the electrochemical DNA scaffold sensor. Three different linkers were compared to connect the recognition domain (the

aptamer sequence, shown in red) and the scaffold region (the redox and attachment group): no linker (A left), a poly T of six thymine bases (A center),
and a triethylene glycol linker (A right). (B) The frequency dependence of the gain for the three linker variants was studied by plotting the signal gain asa
function of the square wave voltammetry (SWV) frequency, both in the absence and in the presence of the target (300 nM trastuzumab). (C) Dose-
response curves for the three linker architectures were generated by challenging the sensors with increasing concentrations of trastuzumab and the
electrochemical signal collected at their optimal SWV frequency (defined as the frequency that produced the highest signal gain in panel B). The data
show that these DNA-scaffold sensors achieve only modest performance, with the best of these, the PEG linker variant, exhibiting only —7% gain. The
error bars reflect standard deviations derived from at least three sensors fabricated independently.
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and performed in vitro measurements in a simple buffer solution.
While initial tests confirmed all sensors responded to trastuzu-
mab across SWV frequencies ranging from 5 to 1000 Hz [29, 31]
(Figure 2B), their dose-response curves revealed only modest
performance (Figure 2C). Specifically, the no-linker and poly-thy-
mine-linker variants displayed poor signal gain (-2.5% * 0.3%
and —3.3% % 0.3%, respectively). (Unless otherwise stated, reported
errors for signal gain represent estimated standard error derived
from a Langmuir binding model fit). The PEG-linker variant, in
contrast, yielded somewhat better performance, but even this
reached a maximum signal gain of only -7.2% = 0.2%.
The three sensors exhibited dissociation constants (Kp) of 66 + 22,
77 £ 25, and 54 = 2nM, respectively, which, as expected (because
they use the same recognition element), are within error of
one another (Table S1). With this performance, none of these
sensors are suitable for monitoring clinically relevant trastuzumab
concentrations [32].

2.3 | Electrochemical Aptamer-Based (EAB) Sensors

With the aim of obtaining higher gain and thus a sensor architec-
ture better suited for clinical use [14], we next turned to the EAB
platform. EAB sensors are comprised of an aptamer immobilized
on a gold electrode and labeled with methylene blue (Figure 1C)
[23]. In this platform, the aptamer undergoes a binding-induced
conformational change, which alters the position of a tethered
redox reporter and, therefore, the efficiency with which it
exchanges electrons with the interrogating electrode [33, 34].
This mechanism generates an easily measurable electrochemical
signal and offers several key advantages, including intrinsic resis-
tance to non-specific adsorption, rapid interrogation times, and
compatibility with in vivo deployment [35]. Harnessing these
advantages, however, requires an aptamer specifically engineered
to produce a large structural change while maintaining appropri-
ate affinity for its target [36]. To adapt the parent trastuzumab
aptamer, which was selected for its high affinity rather than for
structure switching, to a solution-based fluorescence assay (rather
than electrochemical detection demonstrated here), the original
authors truncated it to create a structure-switching variant (“Parent
Truncl”) [26]. To adapt this truncation into an EAB platform, we
characterized this and 3 additional variants (Figures 3A and S1).
These included 2 variants predicted to be less stable (Figure S1)
(“Trunc2” and “Trunc2(TA)”) and one predicted to be more stable
(by extending the stem; “Truncl Stem”; Figure 3A). To incorporate
these variants into the electrochemical platform, we modified each
by adding a thiol group and a methylene blue redox reporter to the
5’ and 3’ ends, respectively (Figure 3A).

When deployed as EAB sensors, the parent truncation and
our three additional engineered variants all responded in a
“signal-on” manner to trastuzumab, but with significant differ-
ences in performance. Specifically, the destabilized Trunc2
and Trunc2(TA) variants exhibited notably higher signal gain
(47.4% * 1.6% and 18.7% =+ 1.0%, respectively) than the other
two variants (Figure 3B and Table S2). We hypothesize that the
superior signal gain of Trunc2 and Trunc2(TA) arises because
the destabilization of their stem-loop conformation shifts a larger
fraction of the target-free aptamers into the flexible, unfolded state
(Figure S4), thereby increasing the signal change seen at saturat-
ing target concentration. Despite their both being designed to be

destabilized, however, the gains of Trunc2 and Trunc2(TA) differ
significantly. We believe this disparity stems from the fact that each
modification has a specific structural impact on the binding pocket.
Consistent with this, molecular dynamics simulations and muta-
tional analyses have identified nucleotides T24 and G25 as key
contributors to trastuzumab binding [26]. Given this, we hypothe-
size that in Trunc2, destabilization occurs while preserving GC
pairing adjacent to this binding region, maintaining local struc-
tural pre-organization and enabling a more significant confor-
mational rearrangement upon target binding. In contrast,
substitution with TA pairs in Trunc2(TA) may increase local
flexibility near the binding interface, potentially weakening con-
formational coupling between target binding and reporter dis-
placement. Although further structural studies are required to
confirm this mechanism, these observations suggest that signal
gain depends not only on thermodynamic destabilization but also
on the structural context of the binding interface. Consistent with
this, the dissociation constants of the sensors are, at 23 = 9 nM for
Parent Truncl, 29.1 £ 0.7 nM for Truncl stem, 40 = 6 nM for
Trunc2, and 21 £ 5 nM for Trunc2(TA), consistent with the claim
that the Trunc2 variant is the most destabilized (Figure 3C and
Table S2). Given the gains and affinities of the various sensors,
the Trunc2 variant offers the best overall analytical performance.

The trastuzumab-detecting EAB sensor supports quantitative, spe-
cific measurement of its target directly in undiluted whole blood.
Under these conditions, the Trunc2 sensor produced a gain of
74% = 3% (Figures 4A and S5), which is notably higher than the
gain we observed in simple buffered solution. Conversely, the sen-
sor’s affinity is reduced ~2-fold in blood (Kp = 106 + 18 nM), sug-
gesting that both effects are due to reduced thermodynamic
stability of the aptamer in blood (i.e., more of the aptamers are
unfolded in the absence of target, leading to higher gain but poorer
affinity). Despite this shift, the sensor’s useful dynamic range still
overlaps with the >130 nM clinical range of the drug (Figure 4A)
[39]. The sensor is also specific. To assess this in a clinically rele-
vant matrix, we challenged the sensor with abundant blood pro-
teins and structurally related antibodies that could potentially
interfere with target recognition. The sensor exhibited negligible
signal change when exposed to bovine serum albumin (BSA) and
bovine IgG (Figure 4B, gray and brown curves), which serve as
representative high-abundance serum proteins. The sensor like-
wise exhibited no detectable response when challenged with
human IgGs at their ~10 pM physiological concentration in blood
[40] (Figure 4C, orange curve).

A unique feature of EAB sensors is their capacity to perform
high-frequency, real-time monitoring directly in biological fluids.
Key to this is the rapid equilibration of the sensor: time-resolved
measurements reveal that, in undiluted blood, the Trunc2 sensor
equilibrates with a time constant of 0.7 = 0.2 min~" at 1 uM target
(Figure 4D). This rapid binding enables dynamic tracking of tras-
tuzumab levels in whole blood. To demonstrate this, we contin-
uously monitored the sensor signal in whole blood at 25 and
37 °C (Figure S6), collecting data every 25 s (Figure 4E,F). After
a stable baseline was established, sequential additions of 100 nM
and 1 pM trastuzumab produced rapid increases in sensor output.
Consistent with the aptamer’s high affinity, however, the sensor
exhibits a slow dissociation rate (0.03 = 0.01 min™~') when returned
to a target-free sample (Figure S7), indicating that it is not fully
reversible on short timescales. Nevertheless, this behavior is
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FIGURE 3 | We tested four variants of the trastuzumab aptamer as electrochemical aptamer-based (EAB) sensors. (A) These variants were modified

at their 3’ end with a methylene blue redox reporter and at their 5" end with a thiol group to anchor the aptamer to the electrode surface. The first variant
consisted of the original binding region of the selected aptamer (Parent Trunc 1) [26]. Trunc 2 presented a two-base deletion from the parent Truncl;
Trunc2(TA) presented the two-base base deletion and one substitution in the stem portion, CG in favor of TA; and Truncl stem consisted of the parent
aptamer with a longer stem portion. (B) We first assessed the effect of square-wave frequency on the magnitude and sign (i.e., signal-on or signal-off ) of
each sensor’s gain [37, 38]; for the four aptamer variants in absence and presence of the target (300 nM trastuzumab), being Trunc2 variant the one
producing the highest signal changes. (C) The dose response of the four variants at increasing trastuzumab concentrations showed that Trunc 2 variant

responded best in terms of signal gain. The error bars reflect standard deviations derived from at least three sensors fabricated independently.

compatible with TDM, as monoclonal antibody concentrations in
patients change only gradually due to their slow physiological
clearance (from days to weeks) [32, 41]. Consequently, the sensor
could be effectively used to estimate drug concentrations at infre-
quent intervals (e.g., once per day), enabling practical point-of-care
implementation for TDM applications [7, 22].

2.4 | Real-Time Measurement of Therapeutic
Antibodies In Vivo

EAB sensors support high-frequency in vivo measurements
[42, 43], suggesting that the Trunc2 sensor will similarly support
such measurements. To explore this, we fabricated in vivo sensors
by pairing a 200 pm diameter, 4 mm long gold working- electrode
on which EAB was deposited with a 125 pm diameter, 5 mm long
platinum counter-electrodes and a 125 pm, 5mm long chloride-
anodized silver reference electrodes (Figures SA-C and S8A-D).
We then electrochemically roughened the gold working

electrode to increase its electroactive surface area. As previously
demonstrated by scanning electron microscopy (SEM), this rough-
ening protocol produces a nanostructured morphology character-
ized by needle-like features and the formation of a porous film on
the gold surface [44]. Electrochemical analysis further confirms
that this treatment increases the microscopic electroactive area.
Specifically, cyclic voltammetry performed in sulfuric acid solu-
tions reveals increased peak currents associated with the reduction
of chemisorbed oxygen on gold (Figure S9), and higher capacitive
current in working buffer (Figure S10a). Electrochemical imped-
ance spectroscopy (EIS) performed in the presence of a ferri/
ferrocyanide redox moiety also indicates that charge-transfer
resistance is lower after the roughening procedure (Figure S10),
which is consistent with an increase in the electroactive area of
the electrode. Subsequent aptamer immobilization and mercapto-
hexanol passivation produce the expected increase in interfacial
resistance, and cyclic voltammetry reveals the characteristic meth-
ylene blue redox peaks (Figures S10B and S11), confirming suc-
cessful assembly of the electrochemical aptamer-based sensing
interface. Together, these measurements validate each stage of
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FIGURE 4 | Electrochemical aptamer-based sensors (EAB sensors) for the different aptamer variants were tested in vitro in undiluted bovine whole

blood, and the responses at the best performing of square wave voltammetry (SWV) frequencies were compared. (A) Trunc2 was selected as the best
performing variant in whole blood. (B) Further characterizations included the specificity test against bovine IgGs and BSA at 25 °C in buffer solution. (C)
The specificity test at 25 °C demonstrated that human IgGs did not interfere with the EAB sensor, thus validating its working capabilities in undiluted
whole blood (D). Kinetic measurements of trastuzumab in the presence of a high concentration of human IgG (10 pM) demonstrate the sensor’s capa-
bility to operate even at naturally occurring levels of interferents. (E,F) To evaluate the possibility of performing real-time, continuous monitoring of
trastuzumab in blood, the response of an EAB sensor made with the Trunc 2 variant was studied over time, at both 25 °C (E) and 37 °C (F). The sensor
successfully measured trastuzumab spiked at two different time points (20 and 50 min) demonstrating an equilibration time of just a few minutes. Note
that the 1 pM addition was performed after the initial addition of 100 nM, thus, the second response reflects an incremental increase from an already
partially bound state, which, due to the Langmuir binding isotherm of the aptamer, is smaller than the change associated with the first addition (A). Note

that here the error bars reflect standard deviations derived from at least three independently fabricated sensors.

electrode fabrication while preserving efficient electron transfer at
the sensing surface.

Once the sensor is fabricated, we encased it in a 22-gauge cathe-
ter (Figure S8E-G) to create a bundle small enough to insert
into the jugular vein of an anesthetized Sprague-Dawley rat
(Figures 5D and S8H). As the calibration matrix for these in vivo
sensors we employed fresh, undiluted rat blood [45], finding that
performance in this matrix is comparable to our earlier results
obtained in bovine blood (Figure S8). A known challenge for
in vivo electrochemical sensors, however, is the baseline drift aris-
ing from the degradation of the sensing surface during continuous
electrochemical interrogation [46]. To overcome this, we imple-
mented “kinetic differential measurements” (KDM) [35]. This
method is based on the observation that signal-on and signal-
off signals are generated by interrogating the sensor at a pair of
SWV frequencies that drift together (Figure 5E). By subtracting
the normalized peak currents observed at the signal-on (here,
200 Hz) and signal-off (here, 20 Hz) frequencies and then divid-
ing the resulting difference by their average, we effectively
remove the drift, thereby enabling accurate, in vivo determina-
tion of target concentration [35, 47, 48] with temporal resolution
of 30 s (Figure 5F).

The Trunc2 sensor supports high-frequency, quantitative mea-
surement of therapeutic antibody concentrations directly in vivo,
establishing the first proof-of-concept for real-time monitoring

of a monoclonal antibody drug in a living animal. For example,
following an infusion of trastuzumab (2 mg/kg over 1 min), the
sensor successfully tracked the increase in plasma concentra-
tion, over the course of 15 min, to a peak (Cpay) of 84 = 6 nM.
This was followed by an initial slow decrease as the drug began
to be distributed in the body (Figure 5G). Given the antibody’s
long half-life relative to the duration of our in vivo measure-
ments (which were limited by animal welfare concerns), com-
bined with the sensor’s slow dissociation kinetics, our objective
here was not to perform a formal pharmacokinetic analysis.
Instead, this experiment provides a critical proof-of-concept
by demonstrating for the first time that an electrochemical
DNA-based sensor can directly track dynamic changes in ther-
apeutic antibody concentration in vivo, and ultimately our
Trunc2 EAB sensor can be used as a tool to study the pharma-
cokinetics of the antibody drug. We repeated the experiment
with two additional animals, administering the same mass-
adjusted dose (Figure 5H,I). The sensor revealed distinct
concentration-time profiles for each animal, with notable dif-
ferences in Cpax, Which ranged from 59 + 6 to 148 + 12nM
(Figure 5H,I). These C,.x values align well with values previ-
ously reported for rodent models, confirming that our sensor
is capturing expected concentrations [49, 50]. The ability to
directly visualize such clear differences between individuals,
even without deriving formal pharmacokinetic parameters,
powerfully illustrates the value of this sensing technology. This
highlights the potential for real-time monitoring to reveal the
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FIGURE 5 | (A) The electrochemical aptamer-based sensors (EAB) sensing architecture that relies on an aptamer modified with a redox reporter

tethered to a gold electrode. (B) This can be easily deployed on to a wire sensor platform, for in vivo applications. The sensor is constructed as
an implantable probe featuring a 200 pm diameter gold working electrode bundled with platinum counter and Ag/AgCl reference electrodes.
(C) Structural changes in the aptamer upon target binding alter the proximity of the redox reporter (here methylene blue) to the electrode surface,
modulating the electron-transfer rate, which can be simply measured by square-wave voltammetry (SWV). (D) The compact, fully assembled probe is
designed for intravenous placement into the jugular vein of a rat via a standard 22-gauge guide catheter. (E) Normalized signals collected in vivo at
different square-wave frequencies (20 Hz, red; and 200 Hz, black) exhibit significant, correlated baseline drift. To correct that we used the kinetic dif-
ferential measurement (KDM) approach, that relies on subtracting the normalized signals of two frequencies to produce a stable, drift-corrected output
(F). that tracks the real-time plasma concentration of trastuzumab in an anesthetized rat following intravenous infusion. The EAB sensor provides a
high-resolution view into the inter-subject variability of drug pharmacokinetics. Shown are the real-time plasma trastuzumab concentrations monitored
in three separate anesthetized rats (G-I), each receiving an identical mass-adjusted intravenous dose (2 mg/kg). Of note, despite the standardized dosing,
the drift-corrected sensor output reveals clear subject-to-subject differences in the resulting drug exposure profiles.

patient-specific drug responses that are obscured by the sparse
sampling used in current clinical practice, paving the way for
truly personalized dosing strategies.

3 | Conclusion

Here, we have developed a novel electrochemical aptamer-based
sensor that enables real-time, high-frequency monitoring of the
antibody drug trastuzumab, taking the sensing technology from
initial in vitro concept to an in vivo demonstration. We have
described a systematic bioengineering process, beginning with a
head-to-head comparison of multiple variants of two distinct

aptamer-based sensor architectures (a DNA scaffold sensor and
an EAB sensor) and culminating in a rationally optimized EAB
sensor that provides high gain, drift-free performance in whole
blood. Finally, we also demonstrated the sensor‘s ability to contin-
uously monitor drug concentration directly in living animals,
a result that represents the first real-time, in vivo monitoring of
a protein-based therapeutic target. This demonstrates the potential
for continuous quantification of antibody drug concentration pro-
files following administration, and, consequently, the ability to
capture inter-subject differences in drug exposure, which are fun-
damental challenges of personalized medicine that, until now, had
only been tackled using costly, time consuming, low-time resolu-
tion, laboratory-based measurements.
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Looking forward, the technology described here could produce a
significant advance in precision medicine as applied to antibody-
drug therapies. Specifically, the ability to monitor the plasma
concentrations of such a drug rapidly and conveniently opens
the door to personalized dosing regimens, where drug delivery
can be adjusted instantly to maximize efficacy and minimize tox-
icity. The modularity of the EAB platform suggests that this
approach could be readily adapted to a wide array of other ther-
apeutic antibodies, peptides, and small-molecule drugs by simply
exchanging the aptamer. This would herald a new era of person-
alized medicine.

While the present, in vivo study represents a proof-of-concept dem-
onstration, long-term deployment of EAB sensors remains an
important translational objective [42, 43, 51]. To this end, recent
advances, including dual-frequency drift correction, antifouling
surfaces, nanostructured electrodes, and improved aptamer chem-
istries (e.g., the use of non-natural nucleic acid backbones) have
significantly extended sensor longevity [42, 43, 51, 52]. This said,
a recent first-in-human study has already demonstrated the ability
of wearable EAB-based microneedle patches to track a small mol-
ecule drug in the dermal interstitial fluid of humans for up to 24 h,
highlighting the growing clinical feasibility of this platform [14].
Given this, we believe the antibody-sensing platform described
here offers a realistic route toward extended in vivo monitoring
of biologic therapeutics for clinical TDM.

4 | Materials and Methods
4.1 | Reagents and Materials

Sodium hydroxide, sulfuric acid, sodium chloride, potassium chlo-
ride, potassium dihydrogen phosphate, tristhydroxymethyl)
aminomethane (tris), and magnesium chloride solution (1 M)
were purchased from Fisher scientific (Pittsburgh, PA, US).
Ethylenediaminetetraacetic acid (EDTA), 6-Mercapto-1-hexanol,
tris(2-carboxyethyl)phosphine (TCEP), phosphate-buffered saline
tablets (working concentration of PBS 1x was 137 mM NaCl,
2.7mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO, pH 7.4), potas-
sium ferrocyanide, and sodium hydrogen phosphate were pur-
chased from Sigma Aldrich (St. Louis, MO, US). Potassium
ferricyanide was purchased from Carlo Erba (Milan, Italy).
Trastuzumab and human IgG were purchased from MCE
MedChemExpress (Monmouth Junction, NJ, US), aliquoted and
stored at +4 °C upon receipt until use. Ag/AgCl reference

electrodes, platinum counter electrodes, and gold-plated electrode
pin were purchased from CH Instruments (Austin, TX, US).
Needles of different Gauge, 18-22, were purchased from BD
(Franklin Lakes, NJ, US). Heparin was purchased from Sagent
Pharmaceuticals (Schaumbur, IL, US). Gold wire 0.2 mm (0.008”)
diameter, platinum wire 0.125 mm (0.005”) diameter and silver
wire 0.125mm (0.005”) diameter were purchased from A-M
Systems (Sequim, WA, US). Heat shrink tubing, Tw polyolefin,
for in vitro sensors was purchased from Raychem (Menlo Park,
CA, US). Heat shrink tubing, PTFE Sub-Lite-Wall black opaque,
0.5 mm (0.02”) diameter, for in vivo sensors was purchased from
Zeus (Branchburg Township, NJ, US). Steel cannula with a screw-
type connector was purchased from Plastics One (Roanoke, VA,
US). Silastic tubing (11 cm, i.d. 0.64 mm, o.d. 1.19 mm) was pur-
chased from Dow Corning (Midland, MI, US). Sterile 6-0 silk
suture was purchased from Fine Science Tools (Foster City,
CA, US). Bovine blood in heparin (3 IU/mL) was obtained from
HemoStat Laboratories (Dixon, CA, USA), and it was used as
received.

4.2 | Animals

In vivo measurements were performed in male Sprague-Dawley
rats (4—6 months old) purchased from Charles River Laboratories
(Santa Cruz, CA), weighing between 300 and 500 g. All animals
were pair housed in a standard light cycle room (08:00 on, 20:00
off) and allowed ad libitum access to food and water.

4.3 | Oligonucleotides

Oligos were purchased as dual-HPLC purification grade with a
corresponding modification on the 3’ terminus and 5’ terminus
from Biomers.net GmBH (Ulm, Germany) and Integrated DNA
Technologies (Coralville, IA, USA). For sensor fabrication the
aptamer variants were purchased modified with a thiol-C6-SS
group at their 3’ end, and a methylene blue (MB) attached by
a six-carbon linker to an amine at their 5’ end. The oligonucleo-
tides were dissolved in TE buffer (10 mM Tris buffer, 1 mM
EDTA, pH 7.8) at a concentration of 100 uM and then aliquoted
and stored at —20 °C. The final concentrations of the oligonu-
cleotides were confirmed using a Beckman Coulter DU 800
Spectrophotometer (Ménnedorf, Switzerland) using a 100 pL
quartz cuvette and measuring the relative absorbance at 260 nm.

DNA scaffold sensor

Oligo 5/ Sequence 3/

Anchoring sequence C6-SS GGTTACAGATTACAACTAACC MB
No linker None GTCCAGGGTTCCAAGGTGCTTCGTGGAC GGTTAGTTGTAATCTGTAACC None
Poly T linker None GTCCAGGGTTCCAAGGTGCTTCGTGGAC None

TTTTTTGGTTAGTTGTAATCTGTAACC

Triethylene glycol linker ~ None

GTCCAGGGTTCCAAGGTGCTTCGTGGAC-iSp9-GGTTAGTTGTAATCTGTAACC  None
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Electrochemical aptamer-based (EAB) sensor

Oligo 5' Sequence 3/
Parent Trunc 1 C6-SS GTGTCCAGGGTTCCAAGGTGCTTCGTGGACAC MB
Trunc 2 C6-SS GTCCAGGGTTCCAAGGTGCTTCGTGGAC MB
Trunc 2 (TA) C6-SS GTTCAGGGTTCCAAGGTGCTTCGTGAAC MB
Truncl stem C6-SS CTGAATCGAGAGTGTCCAGGGTTCCAAGGTGCTTCGTGGA C AC TCTCGATTCAG MB
Binding affinity assays in microscale thermophoresis (MST)
Oligo 5 Sequence 3/
Parent (Truncl) Cy5 GTGTCCAGGGTTCCAAGGTGCTTCGTGGACAC None

For all the sequences above the bases in bold represent the stem
portion and the underlined bases represent the TA base pair
introduced in aptamer variant.

4.4 | Equipment and Instruments

Electrochemical measurements in vitro and in vivo were per-
formed using a CH1000C multi-potentiostat from CH Instruments
(Austin, TX, US). EIS measurements were performed using a
PalmSens 4 potentiostat from PalmSens (Houten, Netherland).
Binding affinity assays were performed using a MST Monolith
NT.115p instrument from Nanotemper Technologies GmbH
(Munich, Germany). Sensor response characterization experi-
ments at 37°C were performed in a temperature-controlled
bath from Lauda-Brinkmann (Delran, NJ, US). Syringe pump
(model KDS 200) was purchased from KD Scientific Inc.
(Holliston, MA, US).

4.5 | NUPACK Simulations

We used NUPACK (http://www.nupack.org/) to predict the fold-
ing free energies of the re-engineered aptamer variants (Figure S1).
1 The aptamer sequences were analyzed by the software using
the following parameters: (a) temperature: 25 °C; (b) number
of strand species: 1; (c) maximum complex size: 4; (d) oligo con-
centration = 500 nM; in advanced options; (¢) [Na*]=0.137M,
[Mg**]=0.02M; (f) dangle treatment: some.

4.6 | In Vitro Sensor Fabrication

We hand fabricated gold wire working electrodes using 200 pm
diameter gold wire cut to a length of 4.5 cm, soldered into a gold-
plated electrode pin (CH Instruments, Inc.) with 60/40 lead-
selenium solder. We insulated 3.4 cm of each wire electrode with
polyolefin heat-shrink 0.356 mm expanded inside diameter to
0.178 mm recovered inside diameter, by applying a heat gun
at 180 °C. We cut the remaining exposed gold to a 6 mm working
length by using a digital caliper and surgical scalpel blade.
Finally, we further insulated the junction between the gold wire

and the electrode pin with a modified thermoplastic liquid
connector coating. To fabricate the sensors, we first electrochem-
ically clean the gold surface of the working electrodes using
external Ag/AgCl reference and Pt counter following the estab-
lished protocol [53, 54]. In brief, we removed any residual thiol/
organic contaminants on the electrode surface by (1) cycling the
potential 1000 times between —1 and —1.6V (all potentials
reported relative to Ag/AgCl) in a solution of 0.5M NaOH at
1 Vs™'; then we rinsed electrodes and performed (2) cyclic vol-
tammetry (CV) scans in 0.5 M H,SO, at a potential window from
0to 1.8 V and a scan rate of 1 Vs for 100 cycles. Then to increase
microscopic surface area in the electrodes (and thus the signaling
current) [44] we applied pulsing between 0 and 2V for 16,000
cycle with a pulse length of 0.02s in 0.5M H,SO,. To reduce
the disulfide bond on the aptamer before deposition we added
7 uL of 10 mM Tris (2-carboxyethyl) phosphine (TCEP) to 1 puL
of the DNA-aptamer at 100 pM and incubated for 1 h in the dark
at room temperature. We next adjusted the concentration of the
reduced DNA to 500nM (based on its absorbance at 260 nm)
using PBS. For the DNA scaffold sensor the two DNA strands
(1:1 ratio, 500 nM of Anchoring sequence and 500 nM of No
linker or Poly T linker or Triethylene glycol linker) were hybrid-
ized for 1 h and we then immersed freshly cleaned gold electro-
des in this aptamer solution for 1h at room temperature. For the
Aptamer-based (EAB) sensor the 500 nM aptamer solution was
directly immersed in freshly cleaned gold electrodes for 1h at
room temperature. Next, we rinsed the electrodes with deionized
water, and then incubated them in 10 mM 6-mercapto-1-hexanol
solution in PBS overnight at 4°C protected from the light.
We rinsed the sensors with deionized water before their use
in measurements.

4.7 | In Vitro Measurements

We performed the electrochemical measurements using a
CHI1000C potentiostat. We placed the sensors, secured through
a Teflon cap, into an electrochemical cell containing the working
buffer. For in vitro characterizations, we used external counter
and Ag/AgCl reference macro electrodes, common for all the sen-
sors measured in the cell. To characterize the SWV frequency
dependence of the scaffold and aptamer-based sensors’ signal
gain (relative signal change when challenged with the saturating
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http://www.nupack.org/

target; Figures 2B and 3B), at least three sensors in the absence
and presence of a saturating concentration of the trastuzumab
(300 nM) were interrogated. We performed measurements at dif-
ferent frequencies ranging between 5 and 1000 Hz. The estimated
peak currents in the absence of the target correspond to Signal,
values, while those estimated in the presence of the target corre-
spond to Signal;. These raw current values were converted to rel-
ative signal change using the approach described in Equation (1)
below, for each SWV frequency tested. Experimental binding
curves were obtained experimentally in 3 mL of PBS (Figures 2C,
3C, and 4B) or in 3 mL of bovine whole blood (Figures 4A,C, S5,
and S6) using at least three gold wire electrodes modified with the
scaffold or aptamer variants. Specifically, in the absence of the tar-
get or interferents, SWV scans were collected (—0.15 to —0.45V,
25mM amplitude) at 100 Hz until the sensor’s signal stabilized.
We performed the titrations by sequentially making additions
of trastuzumab or interferent to reach each target concentration.
After each addition, we performed mixing by pipetting up and
down the content of the electrochemical cell and waiting
10min for stabilization. Measurements in phosphate-buffered
saline were performed at room temperature (25 °C) or body tem-
perature (37 °C). For the DNA-scaffold sensors the SWV signals
were collected using a frequency of 300 Hz for the no linker vari-
ant, and 5 Hz for the poly T and triethylene glycol linker variants
(Figure 2C). For the aptamer sensors the SWV signals were col-
lected at frequencies of 10Hz for the parent Truncl variant,
15Hz for the Truncl stem variant, and 200 Hz for the Trunc2
and Trunc2(TA) variants (Figures 3C and 4B). For the binding
curves obtained in undiluted bovine whole blood the SWV signals
were collected at 60 Hz for the Truncl stem variant, and at 200 Hz
for the Trunc2 and Trunc2(TA) variants (Figures 4A,C and S5).
The peak current of the scaffold and aptamer sensors in the
absence of the target, and at each target concentration, was
extracted using a recently published script written in Python that
analyzes the voltametric data by subtracting the baseline current
from the peak maximum [55]. The raw peak current of each sensor
was converted into the relative signal change (% Signal change)
using the following equation:

Signal; — Signal,

1
Signal, @

% Signal change =

where Signal; is the peak signal of the square wave voltammo-
gram at the given target concentration and Signal, the peak
signal seen in absence of target. We fit our binding curves to
Langmuir isotherms:

[Trastuzumab - (SCpax — SCrin )]

2
(Trastuzumab + K4) @

Signal change =SC;, +

where Signal change is the relative signal change measured by
SWV (as described in Equation (1)), SCp;, the relative signal
change seen in the absence of target, SCp,.x the relative signal
change seen at saturating target, K4 the dissociation constant
of the aptamer, and Trastuzumab is the concentration of tras-
tuzumab. Continuous monitoring of Trunc2 sensor in vitro
(Figure 4E,F) was obtained using the above experimental
approach, with interrogation of the sensor at 400 Hz every
0.5s at 25 and 37 °C in in undiluted bovine whole blood.

4.8 | Rat Blood Collection

Blood was collected from a single 460 g adult Sprague-Dawley rat
(Charles River Laboratory, Santa Cruz, CA) to calibrate the sen-
sor for in vivo experiments (Figure S12). The rat was allowed to
acclimatize to the colony for at least 1 week. For collection, the
animal was placed under anesthesia using isoflurane gas and, fol-
lowing abolishment of toe pinch response, a horizontal incision
was made below the rib cage. The incision was extended on each
side to under the front legs, at which point vertical incisions were
made through the rib cage. The diaphragm was then cut to reveal
the heart and the septum was pinned back using homeostats.
A 20 mL syringe was prepared with 300 units of heparin in order
to achieve a final concentration range of 20 units/mL. An 18G
needle was attached to the top of the syringe and inserted into
the left ventricle for blood collection. Very light pressure was
applied to the syringe to facilitate blood removal. The blood draw
(~15mL) was stopped when the flow of blood into the syringe
finished, after which point the animal was euthanized via iso-
fluorane overdose and confirmed with decapitation.

4.9 | In Vivo Sensor Fabrication

We fabricated and modified the electrodes following previously
reported procedures [53, 54, 56]. A step-by-step photographic repre-
sentation of the fabrication workflow is provided (Figure S8).
Briefly, we cut the 7.75cm segments of gold (all of them
0.2 mm diameter). We insulated each wire with heat-shrinkable
PTFE tubing (HS Sub-Lite-Wall, 0.02 in, black opaque) leaving
approximately 6 mm exposed gold to form the working electrode,
and 6 mm of exposed silver and platinum to form the reference
and counter electrodes (Figure S8A,B). The opposite ends of the
wires were left exposed to allow electrical connections. We then
bundled these together in PTFE tubing, with the end of each wire
exposed (as shown in Figure 5B in the main text), leaving a gap of
1mm gap between each wire’s exposed area (Figure S8C).
Finally, we trimmed the exposed wires, so the working electrode
was 4 mm long and the reference and counter to 5 mm long, with
the latter two being longer than the working electrode to ensure
good electrochemical signaling. To convert the silver wires into a
suitable reference, we immersed them in sodium hypochlorite
(commercial bleach purchased in the local store) overnight to
form a silver chloride film. Following the assembly and silver
chloride layer formation, we converted the gold surface into
an EAB sensor using the established protocol [53, 54, 56]. In brief,
we performed an electrochemical cleaning using external refer-
ence and counter electrodes, immersing just the gold working
electrode into the cleaning solutions, and keeping the reference
and counter wires in the air to preserve the AgCl layer from the
solutions. To remove any residual thiol/organic contaminants on
the electrode surface, we started (1) cycling the potential 1000
times between —1 and —1.6 V (all potentials reported relative
to Ag/AgCl) in a solution of 0.5M NaOH at 1V-s™"; then we
rinsed electrodes and perform (2) pulsing between 0 and 2V
for 16 000 cycles with a pulse length of 0.02s in 0.5M H,SO,
to increase microscopic surface area in the electrodes (and thus
the signaling current) [44]. To confirm the increase in electroac-
tive surface area, cyclic voltammetry was performed before and
after the roughening step by scanning the wire electrodes at
0.1V-s™" in 0.05M H,SO, between 0 and 1.8V for eight cycles
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(Figure S9). The increase in the reduction peak corresponding to
chemisorbed oxygen on gold was used as an indicator of
enhanced microscopic surface area. To reduce the disulfide bond
on the aptamer before deposition, we added 7 pL of 10 mM Tris
(2-carboxyethyl) phosphine (TCEP) to 1 uL of the DNA-aptamer
at 100 pM and incubated for 1 h in the dark at room temperature.
We next adjusted the concentration of the reduced DNA to
500 nM (based on its absorbance at 260 nm) using PBS. We then
immersed freshly cleaned gold electrodes in this aptamer solu-
tion for 1h at room temperature. Next, we rinsed the electrodes
with deionized water, and then incubated them in 10 mM
6-mercapto-1-hexanol solution in PBS overnight at 4 °C, pro-
tected from the light. We rinsed the sensors with deionized water
before their use in measurements.

4.10 | In Vivo Sensor Characterization by Cyclic
Voltammetry and EIS

We performed an electrochemical characterization of the gold
wire electrode during the different steps of its modification using
external reference and counter electrodes. First, we immersed the
in vivo sensors in in PBS at pH 7.4 at room temperature before and
after electrochemical cleaning and roughening (Figure S10A).
Then, successful immobilization of the methylene blue-
labeled aptamer was verified by cyclic voltammetry immersing
the in vivo sensors in PBS at pH 7.4 at room temperature.
The potential was scanned between —0.10 and —0.45V (vs. Ag/
AgCl) at a scan rate of 100 mV s™". Four consecutive scans were
recorded for each electrode without prior equilibration. The
resulting voltammograms display the characteristic redox peaks
of methylene blue, confirming successful aptamer attachment
(Figure S10B). We further characterized the sensor’s surface
modification through electrochemical impedance spectroscopy
(EIS) measurements, carried out in 10 mM PBS (pH 7.4) contain-
ing 10 mM [Fe(CN)s]>~/4~ as the redox probe (Figure S11). The
impedance spectra were recorded at a biased potential (Epc) of
0.22V (vs. Ag/AgCl) with a superimposed sinusoidal perturba-
tion (Eac) of 10 mV. An equilibration time of 10s was applied
before acquisition. The measurements were performed within
a frequency range from 100 kHz to 0.1 Hz (10 points per decade).
The Nyquist plots illustrate the effectiveness of the cleaning pro-
cess (Figure S11A) and the sequential surface modifications
(Gold, Gold+Apta, and Gold+Apta+MCH) (Figure S11B).

411 | In Vivo Measurements and Surgery

For in vivo experiments, we prepared our sensors by inserting the
wire bundle into a 22-gauge catheter that has ~2 mm windows
cut into the catheter wall to expose the platinum and AgCl wires.
To prevent air bubbles in the catheter, a syringe with a 27-gauge
needle was used to fill the syringe with PBS: Once filled, we
inserted the syringe into a PBS-containing electrochemical cell
and collected a cyclic voltammogram (—0.1 to —0.5 V) to confirm
the presence of the aptamer and proper functioning of the wire
reference and counter in the sensor. We surgically inserted the
sensor-catheter assembly into the right jugular vein of a Sprague
Dawley rat as described previously [44, 47, 53]. Briefly, we shaved
the chest area above the right and left jugular veins and cleaned
the skin using betaine and 70% ethanol. We anesthetized the rat

using 4% isofluorane in a plexiglass anesthesia chamber and then
maintained 2-3% isofluorane/oxygen anesthesia through the
experiment using a nose cone.

To enable the delivery of trastuzumab, we installed a silastic
catheter and infusion line into the left jugular vein as previously
described [53] using a steel cannula with a screw-type connector
and silastic tubing (11cm, id. 0.64 mm, o.d. 1.19 mm). We
secured both EAB sensor and infusion lines tied into place with
sterile 6-0 silk suture. Prior to any measurement or drug infu-
sion, we manually infused into the rat 30 units of heparin.
We then connected the infusion line to a syringe of trastuzumab
(5mg/mL trastuzumab and 200 units heparin/mL in filtered
PBS) positioned on a syringe pump. Using alligator clips, we
connected the sensor to the potentiostat. To confirm sensor con-
nection and proper functioning, we first collected cyclic voltam-
mograms and baselines SWV at 20 and 200 Hz. Then, we plotted
and analyzed the square wave voltammograms in real time using
a previously reported Python script8. After collecting a 15-30 min
baseline, we used the syringe pump to inject the corresponding
dose of trastuzumab (either 2 or 4 mg kg-1) at an infusion rate of
0.170 mL min~*. The Python script [55] used to plot data in real
time also processes the voltammograms applying a Savitzky-
Golay smoothing filter and extracts the peak heights and calcu-
lates KDM values for the given frequencies, generating a text file
containing the data.

4.12 | In Vivo Drift Correction

For the in vivo measurements, we selected two measuring fre-
quencies, 20 and 200 Hz, to perform Kinetic differential measure-
ment (KDM) for correction of the signal drift [42, 53, 57], we
encounter when measuring in undiluted blood and in in vivo
measurements:

KDM (%) = signal on,g , — signal off 54y, 3)

where KDM (%) is the resulting value of sensor signal after drift
correction. Signal onygop, is the % signal change obtained at
200 Hz and signal off,, 11, is the % signal change obtained at 20 Hz.

4.13 | Animal Procedure Ethics

All animal procedures were consistent with the guidelines of the
NIH Guide for Care and Use of Laboratory Animals (eighth
edition, National Academy Press, 2011) and approved by the
Institutional Animal Care and Use Committee (IACUC) of the
University of California Santa Barbara (Ethics Approval Protocol
Number 824). Dawley rats weighed 460 — 680 g and were pair-
housed in a 12:12 standard light cycle room with ad libitum access
to food and water as well as standard cage enrichment.

414 | C.ax from Pharmacokinetics In Vivo Data

The peak concentration (Cp.x) Was directly obtained from the
experimental values of trastuzumab concentration-time curves,
by averaging the few points that conform the plateau after the
spike of the injection of the drug.
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4.15 | Binding Assays with MST

MST was used to quantify the binding affinity between the
trastuzumab-binding aptamer and its target. Measurements were
performed on a Monolith NT.115p instrument (NanoTemper
Technologies GmbH, Germany) at 25 °C. The Cy5-labeled aptamer
was maintained at a constant concentration of 1 nM, while tras-
tuzumab was titrated in a series of dilutions covering a concentra-
tion range from 0.03nM to 1 uM. All samples were prepared in
PBS buffer supplemented with 2mM Mg**. Individual reaction
mixtures (500 pL total volume) containing the labeled aptamer
and the varying concentrations of the target were incubated in
the dark at room temperature for 40 min to ensure binding equi-
librium. Following incubation, the samples were loaded into stan-
dard MST capillaries (NanoTemper). The instrumental parameters
were set to 40% excitation power and “medium” MST power. Data
analysis and curve fitting were performed using the MO.Affinity
Analysis software (NanoTemper), applying a 1: Langmuir binding
model to determine the dissociation constant (Kp). The error val-
ues reported for dissociation constant (Kp) represent the standard
error of the fit.
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