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A key challenge for achieving continuous
biosensing with existing technologies is the poor reusability of
the biorecognition interface due to the difficulty in the
dissociation of analytes from the bioreceptors upon surface
saturation. In this work, we introduce a regeneratable
biosensing scheme enabled by allosteric regulation of a re-
engineered pH sensitive anti-cocaine aptamer. The aptamer can
regain its affinity with target analytes due to proton-promoted
duplex-to-triplex transition in DNA configuration followed by
the release of adsorbed analytes. A Pd/PdH, electrode placed
next to the sensor can enable the pH regulation of the local
chemical environment via electrochemical reactions. Demon-
stration of a “flower-shaped”, stretchable, and inductively

Actuation —\Sensing
@SS NS

\
LR
NS

Allosteric Regulation of Aptamers for Sensor Regeneration

coupled electronic system with sensing and energy harvesting capabilities provides a promising route to designing wireless
devices in biointegrated forms. These advances have the potential for future development of electronic sensing platforms with

on-chip regeneration capability for continuous, quantitative, and

real-time monitoring of chemical and biological markers.

allosteric DNA, aptamers, regeneratable biosensors, flexible electronics, inductive coupling

ne common goal shared by research in biosensing,

analytical chemistry, and biointegrated electronics is

to develop designs and integration schemes for
sensors that support quantitative and real-time monitoring of
biomarker concentrations in multiple bodily fluids such as
saliva, blood, interstitial fluids, urine, and others."™* Conven-
tional biosensing techniques, such as enzyme-linked immuno-
sorbent assay (ELISA), capillary electrophoresis (CE), gas
chromatography (GC), and high-performance liquid chroma-
tography (HPLC),”™” require the use of centralized equipment
and trained personnel for operation, and thus are not
compatible with continuous monitoring in home, community,
and workplace settings. To this end, label-free biosensors with
functionalized biochemical interfaces provide a realistic route
for the rapid detection of biomarkers in complex environ-
ments.® Nevertheless, the bottleneck for continuous monitor-
ing using biosensor chips is in the reusability of the
immobilized biorecognition elements. Pioneering studies
report the regeneration of biochemical sensors through
regrafting biorecognition elements after usage. These methods,
however, rely on additional chemical reagents for surface
cleaning followed by refunctionalization of the devices and,
therefore, are not compatible with building in vivo biosensors
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for continuous monitoring.”'’ Removal of adsorbed bio-
markers through electrochemical reactions/electrical repulsion
serves a promising strategy for in situ regeneration but may
require delicate design of the sensing interfaces consisting of
multiple functional layers such as molecularly imprinted
polymers and redox-active nanoreporters."' In vitro selected
aptamers enabled by the systematic evolution of ligands by
exponential enrichment (SELEX),”'*~"> on the other hand,
provide attractive opportunities for developing reusable
sensors due to the reconfigurable nature of DNA sequences.
However, while their noncovalent interactions with the
corresponding targets (e.g., hydrogen bonds, electrostatic
bonds, van der Waals forces) are reversible in nature, most
methods that previous works report for dissociating targets
from aptamers exploit extreme conditions, such as with
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Figure 1. Regeneration mechanism of the pH sensitive anti-cocaine aptamer based on allosteric regulation. (A) DNA sequence of the re-
engineered anti-cocaine aptamer used in this study. The aptamer has a pH sensitive motif at the 5’ end enabling the reversible duplex-to-
triplex switch through the formation of intramolecular Hoogsteen interactions in acidic environment. (B) Schematic illustration of the
conformational change of the pH sensitive aptamer labeled with a fluorophore and a quencher. The fluorescence intensity resulting from the
interaction between the fluorophore and quencher serves as a measure for characterizing the conformation. (C) Fluorescence intensity of
the labeled anti-cocaine aptamer responding to test solutions with varying pH values (4.0 to 7.4) and cocaine concentrations (10" to 107
M). (D) Real-time fluorescence intensity of the aptamer to dynamic changes in pH values (cocaine concentration: 10~° M) showing the fast

response time.

heating,16 ultraviolet light exposure,”’18 and concentrated

chemicals.'” Consequently, most biosensors still have a limited
capability for repetitive use due to the surface saturation issue.
The knowledge gap highlights the crucial need for establishing
general sensing schemes that allow for the regeneration of
biosensor surfaces and continuous monitoring of biomolecules.
To this end, the allosteric regulation of triplex nucleic acid
helices has offered opportunities in controlling the affinity
between ligands and receptors and thus has received
considerable attention as a rich “toolbox” for multiple
purposes. Briefly, this strategy utilizes DNA sequence(s)
capable of assembling into an inter- or intramolecular triplex
structure through Hoogsteen interactions in acidic environ-
ments.”’ Interest in fundamental aspects of the design of
aptamers and their applications in different areas (e.g,
nanomachines, logic circuits, stimuli-responsive hydro-
gels)ZP23 has motivated continued research efforts in this
field. In particular, pioneering studies suggest that the pH-
induced, switchable duplex-to-triplex transition can result in
the disruption of the stem-loop structure of aptamers within a
short time (<100 s) followed by the release of binding
ligands.”*** Despite the great success in this field, the design
principles and integration schemes based on this concept for
creating biointegrated electronics are worth further study.
This study reports an engineering solution to the challenge
in continuous biosensing by using allosteric DNA-based
aptamers as the sensing interface for electronic biosensors.
As an example, cocaine is a highly addictive stimulant drug,
and the abuse of it may cause instantaneous adverse effects on
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the human body, including tachycardia, hypertension, anxiety,
organ damage, and immunodeficiency.””*’ Motivated by the
need for sensing platforms monitoring the concentration of
cocaine, this study exploits a re-engineered anti-cocaine
aptamer with a pH sensitive domain introduced to the original
ligand recognition sequence”®  to establish the proof-of-
concept of regeneratable biosensors.”* Results suggest that an
allosteric DNA-functionalized surface shows pH tunable
performance and can restore the sensing capability via the
proper treatment of the interface in a proton-rich environment.
Inspired by recent successes on electrical signal-mediated
release of drugs/chemicals’"*” to form communication loops,
placing a pH regulating Pd electrode close to the sensing
interface can reversibly and focally control the pH value of the
microenvironment, triggering the regeneration while ensuring a
minimal perturbation to surrounding areas. Inductively
coupling the biochemical interface to a custom-designed signal
transducer and energy harvesting system allows for wireless
sensing/pH regulation. Together, the design principles,
materials selections, circuit layout, and integration scheme
provide a realistic and promising route to building regenerat-
able biochemical sensors, which can potentially be adapted to
different aptamer-mediated sensing systems. The major
contribution of this work is the development of a method
that enables in situ sensor regeneration under mild and
biocompatible conditions together with the supporting wireless
sensing/actuation schemes. The system can find potential
applications for in vivo, continuous biosensing.
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Figure 2. Design, preparation, and characterization of potentiometric anti-cocaine sensing platforms based on the pH sensitive aptamer. (A)
Fabrication procedures for the aptamer-functionalized sensor for cocaine detection. (B) Open circuit potential of the resulting
potentiometric sensors in 1X PBS solutions with different concentrations of cocaine ranging from 107'' to 1075 M (after signal
stabilization). (C) EIS characterization (Nyquist plot) of a sensing electrode in 1X PBS solutions with different concentrations of cocaine.
(D) Extracted charge transfer resistance based on results in C. (E) Calibrated response plots of sensing electrodes with different ratios of
aptamer to MCH used for surface functionalization. (F) Extracted sensitivities of electrodes with different aptamer-to-MCH ratios based on
results in E. (G) Comparison of responses of the anti-cocaine sensors to cocaine and potential interferents including glucose, atropine,

serotonin, tropinone, BSA, and urea.

RESULTS AND DISCUSSION

Characterization of pH Sensitive, Allosteric Anti-
Cocaine Aptamer. The study uses a re-engineered DNA
containing a pH sensitive domain at the 5" end distal from the
classic cocaine recognition sequence (Figure 14, left).*”** The
motif consists of two self-complementary sequences separated
by a loop and is capable of self-assembling with the stem of the
recognition sequence into an intramolecular triplex structure
through parallel Watson—Crick and Hoogsteen interactions
between base pairs (i.e, CGC'/TAT). For a CG-rich
sequence, the formation of a stable triplex is energetically
more favorable in acidic environments due to the need for
protonated cytosine (at the N3 site) for the Hoogsteen
interaction. With a decreasing pH, the self-assembly of the
intramolecular triplex disrupts the stem of the cocaine—
aptamer complex with a three-way junction structure, leading
to the release of ligands. At higher pH values, on the other
hand, the unfolding of the triplex due to the lack of hydrogen
bonds restores the function of the aptamer for cocaine binding.
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Labeling the DNA strand with fluorescence resonance
energy transfer (FRET) pairs allows for the characterization
of the dynamic conformational change of the aptamer in
response to varying cocaine concentrations and pH values
(Figure 1B). Placing the fluorophore (ATTO488) and Black
Hole Quencher-1 (BHQ-1) at different locations in the
sequence can enable the visualization of the reversible duplex-
to-triplex transition by measuring the fluorescence emission
spectrum in the wavelength range from 530 to 550 nm with an
excitation wavelength of ~488 nm. Consistent with the
mechanism described in Figure 1B, a lower pH promotes the
formation of the triplex, resulting in a decreased fluorescence
intensity by bringing the fluorophore closer to the quencher,
and vice versa (Figure 1C). The cocaine concentration also
affects the conformation by competing with the pH sensitive
motif for interacting with the stem part in the cocaine
recognition sequence. As a result, increasing the concentration
of cocaine suppresses the transition to the triplex, leading to an
enhanced fluorescence intensity with the same pH value in
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Figure 3. Characterization of the regeneration behavior of the pH sensitive aptamer sequence through allosteric regulation. (A) Working
principle of the pH-induced sensing surface regeneration. At neutral pH, the anti-cocaine aptamer with pH sensitive motif (Aptamer 1) has
an affinity to its target and can fold into a three-way junction upon binding. As pH decreases, the triplex formation at the 5’ end disrupts the
stem structure, inhibits binding, and facilitates the release of cocaine molecules. In contrast, the DNA sequence without the pH sensitive
motif (Aptamer 2) lacks the capability of regeneration. (B) Calibrated response of the anti-cocaine sensors with Aptamer 1 (in mV) as a
function of cocaine concentration in 1X PBS with different pH values. The curve at pH = 7.4 uses the same data in Figure 2E (aptamer to
MCH ratio = 1:100) for comparison. (C) Calibrated response plots of saturated anti-cocaine sensors regenerated in solution with pH values
of 4.0, 5.0, and 6.0 for 60 min, respectively. (D) Calibrated response plots of saturated anti-cocaine sensors regenerated in 1X PBS solution
(pH = 5.0) for 30, 45, and 60 min, respectively. The curve for 60 min uses the same data in C (pH = 5.0, 60 min) for comparison. (E, F, G)
Sequential display of sensing performance of three anti-cocaine sensors before and after repetitive regeneration cycles (pH = 5.0, 60 min).
(H) Summary of average sensitivity extracted from E—G as a function of the number of regeneration cycle (0—7). (I) Sensing performance
of anti-cocaine sensors functionalized with Aptamer 2 during repetitive regeneration cycles. (J) EIS characterization (Nyquist plot) of a
sensing electrode with Aptamer 2 in 1X PBS solutions with different concentrations of cocaine.

cases examined here (pH from 4.0 to 7.4). The transition
between duplex and triplex is transient and reversible (Figure
1D): adjusting the pH values (between 4.0 and 7.0) induces an
instant change in the fluorescence signal, which goes back
upon the reverse of the pH to the original value. To further
demonstrate the reversible, dynamic duplex-to-triplex tran-
sition process in cocaine solution with a concentration of 107>
M, Video S1 shows the real-time fluorescence emission
intensity (excitation and emission wavelength range: 450—
490 and S00—540 nm, SX speed) captured by a microscope
(EVOS MS000, ThermoFisher). Results suggest that the
fluorescence intensity decreases immediately following a
lowering in the pH value (pH 5.0) of the environment and
increases when the pH goes back to neutral (pH 7.0).
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Repeating this process for multiple cycles confirms the
reversibility of the conformational alternation. The results are
consistent with previous studies,”” and thus, serve as the
foundation for the design of regeneratable electronic
biosensors in the following sections.

Design of Anti-Cocaine Aptamer Functionalized
Sensing Interfaces. Modifying electrode surfaces with
aptamers as the biorecognition elements enables the
generation of a quantifiable electric voltage signal that scales
with the concentration of target analytes. A schematic
illustration of the preparation and working principle of an
aptamer-functionalized cocaine sensor appears in Figure 2A.
The interaction between target molecules and the correspond-
ing aptamers can induce a conformational rearrangement of
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the single-stranded DNA with negatively charged phospho-
diester backbones.* Consequently, the perturbation in surface
charges within the Debye length produces a measurable
electrical signal readout scaling with the concentration of target
analytes that can be determined by either using a transducer
(e.g., field-effect transistor) or directly measuring the open
circuit potential (OCP) between the sensing electrode (SE)
and a reference electrode (RE).*™** A layer of 6-mercapto-1-
hexanol (MCH) occupies the rest of the Au surface, providing
passivation to block nonspecific interactions. Figure 2B shows
the values of OCP of an aptamer-functionalized commercial
gold disk electrode in 1X phosphate-buffered saline (PBS)
solutions with different concentrations of cocaine ranging from
107" to 107> M (aptamer to MCH ratio = 1:100, sensitivity =
—2.89 + 0.49 mV/dec). The monotonic decrease in OCP
values with an increasing concentration of cocaine suggests the
reorientation of DNA strands closer to the surface upon the
binding event, bringing more negative charges into the electric
double layer (EDL)."* The sensitivity under high ionic strength
conditions is particularly advantageous for directly measuring
target samples in point-of-care and/or in vivo applications. In
contrast, tests in 0.1X PBS (pH = 7.4) (Figure S1) suggest a
lower stability and a larger sample-to-sample variation, with an
extracted sensitivity of ~—1.13 + 0.16 mV/dec. This
observation may be due to the reduced stability of secondary
structures and binding conformation of aptamers with a
decreased number of ions in the environment.” Figure 2C and
D show results of the electrochemical impedance spectroscopy
(EIS) of the functionalized surface in different test solutions.
Fitting the Nyquist plots based on a Randles circuit model
shown in the inset estimates the charge transfer resistance (R,,)
between the redox probes ([Fe(CN),]*~/#7) and the sensing
interface (Table S1), which shows a decreasing trend upon the
binding of more cocaine. It is important to note that other
competing mechanisms, such as the charge of cocaine in
solution and the steric repulsion between aptamers, may also
affect the measured results. To this end, systematically varying
the ratio of aptamer to MCH provides insight into the
structure—property interrelationship. The calibrated re-
sponse—concentration plots and extracted sensitivities for
different sensors appear in Figure 2E and F: the value of
sensitivity of devices with a ratio of 1:10, 1:50, 1:100, and
1:150 corresponds to —0.79 + 0.14, —1.79 + 0.14, —2.89 =+
0.49, and 0.23 + 0.25 mV/dec, respectively. The results
indicate an optimized sensitivity with the ratio of 1:100, which
is consistent with the conclusion of a similar aptamer-based
sensing system reported in a previous study.’”*' The following
part of the study exploits this ratio for sensor development.
Measuring responses to nonspecific binding chemicals
evaluates the selectivity of this sensing platform. Biomolecules
having a considerable concentration in bodily fluids (e.g,
glucose, urea, lactate, bolvine serum albumin (BSA)) and a
similar chemical structure/molecular weight (e.g, atropine,
tropinone)*” are potential interferents of interest. Additionally,
a recent study shows that cocaine can increase endogenous
serotonin in the ventral pallidum, and therefore, this study also
investigates the cross-sensitivity for potential applications in
the future.”> The chemical structures of the analytes used here
and the corresponding response—concentration plots appear in
Figure S2, with extracted values of sensitivity shown in Figure
2G. A sensitivity of —2.89 + 0.49 mV/dec for cocaine in
contrast to —0.66 + 0.07 mV/dec for glucose, —1.51 + 0.11
mV/dec for atropine (due to the structural similarity), 0.04 +

0.15 mV/dec for serotonin, 0.37 + 0.24 mV/dec for tropinone,
—1.57 + 0.26 mV/dec for BSA (due to large molecular
weight), and —0.47 + 025 mV/dec for urea suggests a
specificity. The mechanism underlying the response for
glucose, urea, lactate, BSA, and serotonin might be nonspecific
interactions between analytes and the sensor surfaces, whereas
that for atropine and tropinone might originate from their
interactions with aptamers due to the structural similarity to
cocaine. Further optimizations are possible via the proper
passivation to minimize nonspecific interaction and adsorption
on both the SE and RE.

Regeneration of Anti-Cocaine Sensors Enabled by
pH-Induced Allostery. As discussed in the preceding section,
the addition of the pH sensitive motif at the 5’ end of the
aptamer (denoted as Aptamer 1) can enable the duplex-to-
triplex transition in the acidic environment, resulting in the
disruption of the stem-loop structure followed by the release of
binding ligands. Increasing the pH value of the environment
will reverse the conformation by forming a duplex again and
thereby recover the function of the aptamers for capturing
target ligands. Figure 3A shows the schematic illustration of the
regeneration process enabled by allostery upon pH regulation.
On the other hand, the DNA strand without the pH sensitive
motif (denoted as Aptamer 2) lacks the capability of forming a
triplex, and thereby is expected to be insensitive to pH-induced
regeneration. Figure 3B shows responses of Au electrodes
functionalized with Aptamer 1 to cocaine solutions (1x PBS)
with varying concentrations and different pH values (4.0, 5.0,
6.0, and 7.4). The results suggest a decreasing trend in
sensitivity as the environment becomes more acidic, which is
consistent with the mechanism stated above. Interestingly,
studies under the same test conditions but with 0.1X PBS
cannot provide stable, monotonic responses in any cases
(Figure S1). The observation further supports that the ionic
coordination may influence®”** the loop topology of the DNA
strand and play an important role in stabilizing the anti-cocaine
aptamers used in this work.

Treating cocaine-adsorbed devices (after completing meas-
urement in 107 M cocaine solution samples) with acidic
solutions allows for regeneration based on the duplex-to-triplex
transition. Systematic studies investigate effects of key
parameters of experimental conditions including pH value,
treatment time, and agitation. To ensure a similar starting
point, only devices showing an initial sensitivity of >2.5 mV/
dec (absolute value) are selected for the regeneration study
described in the following section. Figure 3C presents the
calibrated response—concentration curves of sensors after
regeneration in solutions with pH values of 4.0, 5.0, and 6.0
for 60 min. The results show that with a pH value of 5.0 or less,
the sensors can restore most of the function, regaining a
sensitivity of ~—3.2 mV/dec on average. When the pH value
increases to 6.0, however, used devices do not show observable
sensitivity after treatment, indicative of an insufficient level of
protonation of the N3 in cytosine for completely transitioning
the duplex stem into a triplex containing CGC" for efficient
ligand dissociation. Figure 3D presents responses of regen-
erated devices after immersion in solution with a pH of 5.0 for
30, 45, and 60 min. The results demonstrate a trend that
increasing the treatment time can promote the restoration of
sensitivity, which might correspond to the time needed for the
ligand to disrupt noncovalent interactions, dissociate from
aptamers, and diffuse away into the bulk solution. Systematic
studies with agitation (speed: 150 rpm (rpm)) show a similar
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(D, E) SEM images of the Au surface before (D) and after (E) deposition of PdNps (~300 nm). (F) SEM image of PdH,, after the loading of
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through the color change. (K) Schematic illustration of the experimental setup for regeneration of an anti-cocaine sensor using a Pd/PdH
electrode under cyclic actuation shown in (J). (L) Calibrated response plots of the original and regenerated anti-cocaine sensors placed near

the Pd electrode during the electrochemical actuation process.

trend and a shorter time (~15 min) for full function
restoration (Figure S3), suggesting the feasibility of achieving
rapid refreshment of sensing interfaces within dynamic
biosystems having continuous blood flow and tissue move-
ment. Tests during repetitively applied sensing and regener-
ation cycles on three individual devices appear in Figure 3E to
G, and Figure 3H summarizes the average value of sensitivity
as a function of the regeneration cycle. Generally, an
observable decrease in sensitivity starts to appear during the

fifth regeneration cycle, and the value drops to near 0 during
the seventh cycle, which could be attributed to the degradation
of surface functional groups over time in the liquid
environment. The results presented here suggest the potential
of using the regeneratable sensor system enabled by DNA
allostery for real-time monitoring, which can provide status
updates on an hourly basis.

Another set of experiments explores the regeneration
performance of the sensing interface after being saturated in
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a higher concentration cocaine solution (up to 107> M). As
shown in Figure S4, the results suggest that a higher
concentration can affect the quality of the regenerated sensors:
while the calibration plot after regeneration (pH = 5.0, 60 min)
does show a similar trend of decrease in OCP values with an
increasing cocaine concentration, the extracted sensitivity
(=1.79 + 039 mV/dec) is lower than the original one
(—2.66 + 0.78 mV/dec), and the variation among different
samples also increases. Two reasons might account for this
observation: (1) A highly saturated sensor surface requires a
longer regeneration time for the complete dissociation of
adsorbed analytes; and (2) the as-purchased cocaine solution
used for this study exploits acetonitrile as the solvent, and the
higher amount of the organic solvent in a less diluted test
solution (107> M) may cause the degradation of aptamers
during the test.

To demonstrate the importance of the pH sensitive motif,
control experiments with Aptamer 2 having the same anti-
cocaine DNA sequence but without the triplex-forming motif
serve as a comparison. The response—concentration curve
under the pH neutral condition shows the opposite trend to
that of Aptamer 1 with a positive value of sensitivity (2.3 mV/
dec). A possible reason for this observation is that Aptamer 2
may go through an opposite conformational change upon the
binding of cocaine by reorienting away from the surface, which
consequently decreases the number of negative surface charges
(as illustrated in Figure 3A). In the meantime, the positive
charges cocaine molecules carry**® may also contribute to the
increase in surface potential. Interestingly, fitting values (Table
S2, Figure SS) of Nyquist plots (Figure 3]) demonstrate the
same trend of monotonic decrease as observed for Aptamer 1,
consistent with a previous study on EIS sensors for cocaine.”’
The mechanism underlying the response is worth further
investigation, which could be due to a combined effect of
changes in surface potential, charges of adsorbed analytes, and
steric hindrance leading to a decreased electrostatic repulsion
of redox probes.”™ Due to the lack of pH sensitivity of
Aptamer 2, acid-treated sensors (pH = 5.0, treatment time =
60 min) show a very limited capability of regeneration, with an
almost negligible sensitivity after the first acid-treatment cycle.

In addition to the example of regeneratable cocaine sensors,
it is important to explore the versatility of this technology to
other biomolecules. Figure S6 shows the regeneration
performance of sensors functionalized with pH sensitive
antistreptavidin and antithrombin aptamers and the underlying
mechanism based on the allosteric regulation of the DNA
sequences: at a neutral pH condition, both aptamers are in a
folded conformation for the binding of streptavidin and
thrombin molecules with a high affinity.””*" Following a very
similar working principle to that of the anti-cocaine aptamers,
the addition of extra protons in an acidic environment results
in a mismatch between the base pair G and A, leading to a
disruption of the original conformations and, accordingly, the
release of adsorbed analytes for surface regeneration. In both
cases, the devices can fully restore the sensitivity after an acid
treatment (pH = 5.0) for 60 min (for streptavidin: —3.83 +
0.78 mV/dec (before) vs —4.44 + 0.43 mV/dec (after); for
thrombin: —3.34 + 0.91 mV/dec (before) vs —3.42 + 0.72
mV/dec (after)). The results on alternative biomolecules in
addition to cocaine suggest the versatility of this sensing
scheme based on allosteric DNAs.

Local pH Regulation with Pd/PdH, Electrodes via
Electrochemical Actuation. To circumvent the challenge of

integrating chemical reagents within the sensor chip for
regeneration, the study presents a solution by introducing a
palladium (Pd)-based bioprotonic pH regulating electrode that
can control the pH value of local environments through
electrochemical actuation.”>>* Unlike most metals, which are
good contacts for electrons but poor for protons, Pd has a
strong affinity to hydrogen and thereby can support the
loading/release of protons via the reversible electrochemical
reaction: H" + e~ <> H. The formation of palladium hydride
(PdH,) stores hydrogen, and oxidizing the resulting system
can convert hydrogens back to protons again upon the
application of a positive voltage, lowering the pH values of the
local chemical environment. Schematic illustrations of the
fabrication process and working principles for pH control
appear in Figure 4A to C. Electrochemical deposition using
cyclic voltammetry forms Pd nanoparticles (PdNps) on the
surface of a Au electrode (Figure S7). Scanning electron
microscope (SEM) images of Au surfaces before/after
deposition appear in Figure 4D and E, inset, top. The cross-
sectional SEM image (Figure 4E, inset, bottom) of the
electrochemically deposited PdNps layer (10 cycles) suggests a
thickness of ~300 nm. The surface becomes smoother after the
loading of protons as hydrogen atoms diffuse into the
interstitial lattice of Pd (Figure 4F). Figure 4G presents the
energy-dispersive X-ray spectroscopy (EDS) analysis of Au
surfaces before and after the electrodeposition, confirming the
successful deposition of PdNps on the electrode: the atomic
percentage of Au on the surface decreases from 23.79% to
0.71%, while Pd increases from 0.04% to 27.13%, respectively
(Tables S3 and S4).

Electrochemically loading the PdNp-decorated electrode
with protons in an acidic environment followed by release tests
in pH neutral solution examines the function of the pH
regulator: soaking the electrode in S00 mM NaCl solution
(with 0.1 mM H,SO,) at pH 4.0 with an applied voltage of
—1.0 V for 300 s allows for the adsorption and reduction of H*
to form PdH,. Figure S8 shows the current change for an as-
prepared electrode (diameter: 2 mm) over time during the
loading process and results of integrating current over time.
The calculated total amount of proton capacity of the electrode
is ~2.39 X 1077 mol (Supplementary Note S1). After that,
immersing the electrode loaded with hydrogen in a 500 mM
NaCl solution at pH 7.0 with an applied voltage of 0.8 V leads
to the oxidation and release of protons (Figure 4H). Collecting
solutions (~400 uL) in the surrounding environment near the
electrode during the process and adding a universal pH
indicator (Merck, a mixture of thymol blue, methyl red,
bromothymol blue, and phenolphthalein, pH transition range:
4.0—10.0) qualitatively visualize the change in pH values
(Figure S9 and 4I). Please note that the color difference in
Figure S9 is due to the use of different solution samples; that
is, the release test on the right does not start with the resulting
solution after loading. To better demonstrate the reusability of
the electrodes, Figure 41 shows the reversible color change of
solutions collected near the working electrode during the
repetitive loading/release process, which further supports that
the pH regulating electrode is reusable.

Taking sequential photographs during the loading/release
processes with the pH indicator evaluates the concentration
gradient of protons at the sensor—solution interface as a
function of time by capturing the color change (Figure 4J).
The actual amount of solution going through the pH change
depends on the dimension of the electrode (diameter: 3 cm for
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Figure 41 and 2 mm for Figure 4]). The purpose of using
Figure 4] is to show that the loading and release processes only
modify the local chemical environment near the electrode
surface (as indicated by the arrows), while the pH for the rest
of the bulk solution can remain unchanged.The loading
increases the pH value of the environment, and the system
reaches equilibrium within ~5 min. As discussed earlier, while
the conformational switch of aptamers usually takes place
rapidly in response to pH regulation, the time needed for the
dissociation of substrates from the aptamers represents the
bottleneck for sensor regeneration. Consequently, it is
important to maintain an acidic chemical environment over a
prolonged period (i.e., at least 10—20 min, according to results
in Figure S3). Since a sudden release of all protons in the
electrode may create an overconcentrated acid environment,
the study exploits a cyclic electrochemical actuation protocol
with an application of voltage for 1 min followed by a pause for
4 min to fully make use of the loaded protons and to provide a
relatively mild condition for potential applications in
biosystems. As shown in the sequential photographs, the
concentration gradient can remain at the sensor surface after 6
cycles (30 min). Placing a cocaine-adsorbed Au electrode close
to an as-prepared pH regulating electrode and conducting the
cyclic actuation validate the regeneration scheme (Figure 4K).
To ensure high efficiency of regeneration, the study separates
the working and counter electrodes using a salt bridge, as the

20929

reduction reaction occurs simultaneously at the counter
electrode, resulting in an increase in local pH values. Figure
4L shows the response plots of the original and regenerated
sensors with a sensitivity of —3.26 and —3.13 mV/dec,
respectively. The negligible difference suggests the feasibility of
using this scheme for restoring the sensing capability of
allosteric DNA-functionalized sensors.

Design and Characterization of Biointegrated, Wire-
less Electronic Systems. The platform combining the
allosteric aptamer functionalized interface and the pH
regulator offers a route to developing reusable biosensors. In
addition to the biochemical interfaces, for health monitoring
purposes, it is also important to design matching coupling
strategies for the transmission of sensing data and powering of
the pH regulating electrode, ideally, in a wireless manner. To
address this issue, the study presents a regeneratable “flower-
shaped” sensor prototype for wireless sensing and electro-
chemical actuation. Figure SA, left, shows the schematic
illustration of a stretchable “flower-shaped” device based on the
circuit model. The device consists of three key functional parts:
(1) “petals”: a biochemical interface with a pair of SE and RE
surrounded by a PdNps-decorated metal trace, (2) “leaf”: an
inductive coupling unit with one coil for data transmission and
another coil for RF energy harvesting and electrochemical
actuation, and (3) “stem”: stretchable wires connecting parts
(1) and (2). Patterning the wires into serpentine structures
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Figure 6. Characterization of the “flower-shaped” wireless electronic device. (A) Experimental setup for the cyclic stretch/release test using a
tensile tester, and photographs of a device with a tensile strain ranging from 0 to 20% applied to the stretchable “stem”. (B) Change in f; of
the sensor coil as a function of the applied tensile strain and stretch/release cycles. (C) Resonance curves of the coils for the sensor and pH
regulator showing distinct values of f; achieved via proper design of the coil structures. The value of f; of the sensor coil becomes larger with
an increasing input DC voltage serving as the reverse bias for diodes in the circuit. (D) Normalized values of measured S11 of an anti-
cocaine sensor functionalized with the pH sensitive aptamer. (E) Extracted value of f, in D as a function of cocaine concentration. (F)
Experimental setup of the wireless electrochemical actuation system. (G) An RF energy radiated from the transmitter by applying an
alternating current (sine wave) and the resultant output DC voltage signals wirelessly collected by the harvester (after rectification and
voltage regulation). (H) Schematic illustration of the relative position between the harvester and transmitter coils. (I) Mapping of measured
output voltages as a function of lateral displacement of the transmission coil from the origin (z = S mm). (J) Recorded output voltage as a
function of displacement of the transmission coil along the z-axis with and without the Zener voltage regulator and amplifier (x = y = 0 mm).

enables the distribution of mechanical strains and protections
of functional parts from deformation when integrated with
biotissues. This modularized device also allows for the
physically separated placement of parts (1) and (2) to provide
seamless integration with target biotissues/biofluids and
efficient, stable coupling with external electronics. Figure 5A,
right, shows envisioned applications based on the sensor
prototype, including using custom-designed devices as
wearable, implantable, and point-of-care systems. The benefit
of having a cocaine sensor wireless and stretchable is to enable
the transmission of sensing data and powering of the pH
regulating electrode in a biointegrated manner for continuous

monitoring of drug levels within the human body. For wearable
electronics, this sensing platform can be worn on different
locations such as the forehead, arm, back, and so on, whereas
the functional sensing/actuation part can extend to places of
interest with biofluids. Figure SB demonstrates photographs of
the “flower-shaped” device in flat and bent configurations
highlighting its flexibility.

The equivalent circuit diagrams for the sensor and actuator
are in Figure SC. For the biochemical sensing circuit, the
surface potential change caused by analyte—aptamer inter-
action serves as a reverse bias for a pair of varactor diodes,
which modifies the thickness of the depletion region in the p—
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n junction in the diodes. The modification leads to a change in
capacitance in an inductor—capacitor resonance circuit and
shifts the resonance frequency according to the following
equation:

fs=1

2z~ LC

where L and C are the inductance and capacitance of the
circuit, respectively. Aligning the coupling unit with a readout
coil connected with a vector network analyzer and sweeping
the frequency record the input return loss (S11), and fitting
the curve determines f; for the quantitative analysis of surface
potential change scaling with the change in concentration of
cocaine. The pH regulating circuit consists of a Pd-coated
metal trace surrounding the sensing site and an inductive
coupling unit which can wirelessly capture RF power in the
range of 13—14 MHz (transmitting frequency = 13.3 MHz,
which falls into this range to ensure maximized energy
harvesting efficiency) delivered through a vertically aligned
transmission antenna. A full-wave bridge rectifier (for AC to
DC conversion), a smoothing capacitor (for evening out
fluctuations), and a Zener diode regulator (490 ohm, for
voltage stabilization) then convert the harvested energy into a
DC voltage (~1.1 V) that can support the release of preloaded
protons for localized pH modulation. Placing the counter
electrode away from the sensing area minimizes the effect of
the reduction reaction, increasing the local pH around it, which
may suppress the efficient aptamer regeneration. Details about
the design, operation, and characterization appear in the
following section.

Preparing the metal traces for the three key parts using a
simple “cut-and-paste” method followed by soldering elec-
tronic components and connecting them with silver epoxy
yields the resulting flexible electronic system. The low modulus
and high elasticity of the device can significantly reduce the
probability of mechanical failure when serving as biointegrated
electronics. Cyclic stretching tests evaluate the mechanical
robustness of the system. Figure 6A shows photographs of a
test device subject to a strain of up to ~20%, which
encompasses the elastic stretchability of the epidermis
(NIS%).SS Here incorporating a damping resistor (10
Kohm) in series with the SE and RE isolates the DC circuitry
from the coupling unit and minimizes variations in f, due to
changes in parasitic inductance/capacitance resulting from
mechanical deformation. Figures 6B and S10 show f, with
varied tensile strains and before/after a different number (0—
1000) of stretch/release cycles. The value of f, remains largely
unchanged throughout the test with little dependence on the
tensile strain, highlighting the potential of the system serving as
biointegrated electronics on nonflat surfaces with external
strains.

A rational design of the wireless sensor and actuator
separates their operational frequencies for individual functions.
Additionally, increasing the number of coil turns of the
coupling unit for the actuator leads to a larger magnetic flux as
the power supply for pH modulation. This study uses a 5-turn
(diameter: 3 mm) and a 20-turn (diameter: S mm) coil for the
sensor and actuator, and the resonance curves appear in Figure
6C with an f, of ~115 and 14 MHz, respectively. Applying a
reverse bias voltage ranging from 0 to 30 mV across the SE and
RE and recording the resonance frequency with an external
antenna connected to a portable vector network analyzer
(NanoVNA) placed on the top examine the performance of

the circuit in transmitting static DC input simulating surface
potentials associated with the potentiometric sensor design. f;
of the coupling unit shifts to larger values with an increasing
bias based on the voltage frequency modulation working
principle described in the preceding section, yielding a voltage
sensitivity of 0.042 MHz/mV. Following this principle,
connecting the functionalized electrode pairs to the wireless
circuit (SE with cathode, and RE with anode) forms a sensing
system capable of detecting the concentration of cocaine.
Exposing the sensor part to cocaine solutions with varying
concentrations results in a shift in f; due to modification in
surface potential (Figures 6D and S11). Figure 6E shows the
extracted f; as a function of cocaine concentration, with a
sensitivity of —83.33 + 12.13 kHz/dec The above results
demonstrate that the platform possesses sufficient voltage
sensitivity for wireless chemical sensing.

Beyond the sensing capability, magnetic resonance coupling
serves as a simple, straightforward, and competing technique
for powering wireless bioelectronics due to the resistance to
environmental interference.’*°~*° Additionally, separating the
energy harvester from the PdNp-functionalized interface
matches the design of the modularized sensor system. The
“two-part” design provides opportunities for building bio-
integrated electronics with advanced functions and improved
stability in performance. To evaluate the performance in power
transfer, systematic studies investigate the effect of relative
position change between the transmitter (OD = 3 cm)
(connected to a function generator and a power amplifier) and
receiver (connected to an electrochemical workstation) in
three directions along a vector (starting and end points: the
center of the harvester and transmission coils, respectively)
(Figure 6H). The setup of the experiment appears in Figure
6F: a function generator (VAC’ in & 10V, transmitting
frequency = 13.3 MHz) supplies a continuous RF energy
followed by power amplification. The inductive coupling
between the transmitter and receiver delivers the RF electrical
power to the electrochemical actuation system followed by
waveform rectification and voltage regulation. Figure 6G
illustrates the amplified waveform wirelessly supplied to the
transmitter coil (measured across the output ports of the cable
after power amplification) and the harvested DC voltage
measured across a load resistor (10 Kohm, determined based
on the EIS spectrum of a PBS solution, Figure S12) connected
to the interface for pH modulation. The frequency separation
and the lateral displacement between the coupling units for the
sensor and actuator prevent unexpected activation of nontarget
components. Figure 61 shows a mapping of the output voltage
corresponding to relative position displacement in (x, y) from
(=S, =5) mm to (S, S) mm, with z = § mm (raw data in Figure
S$13). The output voltage remains highly stable throughout the
test ranging from 1.074 to 1.144 V, which meets the
requirement of Pd/PdH,, electrodes for the oxidation reaction.
Similarly, Figure 6] shows the results with (x, y) fixed at (0, 0)
and a varying distance along the z-axis. For the two control
groups without the voltage regulator (red and orange), the
difference in voltage output at the same position (>2 times)
suggests the importance of the power amplifier to ensure a
sufficient supply of energy for the electrochemical actuation.
The results without the voltage regulator also demonstrate a
considerable variation in output voltage signals throughout the
measurement range. On the contrary, adding the voltage
regulator minimizes displacement-associated variation in
voltage, providing an enhanced stability for controlled
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electrochemical actuation. Overall, the characterizations of
wireless sensing and RF energy harvesting suggest the potential
application of the inductively coupled electronic system in
facilitating closed-loop biomarker detection and in vivo
regeneration when combined with a properly designed sensing
interface and pH regulating materials.

Figure S14 shows the regeneration performance of a
packaged “flower-shaped” stretchable wireless device with on-
chip serpentine wires, aptamers, and PdNps. Details about the
connection between the inductive coupling unit and the SE/
RE pairs based on their polarity appear in Figure S14A. Figure
S14B and C present the resonance curves showing the shifts in
f; due to the changes in the cocaine concentration before and
after the regeneration process enabled by the pH regulator
(following the actuation protocols in Figure 4]). Figure S14D
and E summarize the extracted f; as a function of cocaine
concentration, and Figure S14F presents the calibrated OCP
response calculated based on data in Figure S14D and E
(before: —2.55 + 0.74 mV/dec, after: —2.86 + 0.31 mV/dec).
The results demonstrate the functionality and reusability of the
packaged system, further highlighting the mechanical stability
and energy harvesting capability of the stretchable device.

CONCLUSIONS

In summary, the results presented in this study describe an
interface design strategy with allosteric DNA as bioreceptors
and an associated integration scheme for building regenerat-
able biochemical sensors. The resulting system combines LC
resonance circuits, a stretchable design, a Pd-based bioprotonic
pH regulator, and an anti-cocaine aptamer-based biosensing
interface. As a case study, a re-engineered anti-cocaine aptamer
with a pH sensitive domain can regain its affinity with target
analytes due to proton-promoted duplex-to-triplex transition in
DNA configuration followed by the release of adsorbed
ligands. Sensitivity studies using aptamer-functionalized Au
surfaces suggest the capability of this platform in measuring
cocaine concentrations across a wide concentration range
(107" to 107> M) via a potentiometric sensing strategy.
Systematic studies verify the reusability of this anti-cocaine
aptamer upon proper treatment in acidic environments.
Additionally, placing a Pd/PdH, electrode and releasing
protons via electrochemical reactions allow for the pH
regulation of the local chemical environment. Demonstration
of a “flower-shaped”, stretchable, and inductively coupled
electronic systems with sensing and energy harvesting
capabilities provides a promising route to designing wireless
devices in biointegrated forms customizable for multiple
application scenarios. Although the current study focuses on
cocaine sensing as a proof-of-concept, when combined with
other types of SELEX-enabled allosteric DNAs, the resulting
system can readily extend to alternative biomarkers. Overall,
this study sets the stage for developing promising engineering
tools for continuous monitoring of biological markers through
seamless and stable integration with target biosystems.

METHODS

Materials and Reagents Used for This Study. PBS, Tris-EDTA
buffer solution (TE), cocaine solution (C,;H,;NO,, 1.0 mg/mL in
acetonitrile, >99%), glucose (p-glucose, >99%), atropine
(C;Hy3NO;, 1.0 mg/mL in acetonitrile), S-hydroxytryptamine, 3-
(2-aminoethyl)-5-hydroxyindole, S-HT (serotonin hydrochloride),
streptavidin, thrombin (citrate-free, human serum), tropinone
(99%), BSA, urea, MCH, pr-dithiothreitol (DTT, >99%), hydro-

chloric acid (HCI), palladium(II) nitrate (Pd(NO;),) solution
(99.999%, 10 WT), universal indicator solution (pH 4.0 to 10.0),
potassium hexacyanoferrate(IlI) (K;[Fe(CN)y]), and potassium
hexacyanoferrate(II) trihydrate (K,[Fe(CN)¢]-3H,0) were pur-
chased from Sigma-Aldrich. Single-stranded DNA aptamers were
synthesized by and purchased from Integrated DNA Technologies
and Biosearch Technologies Inc.

Fluorescence Intensity Characterization. The anti-cocaine
aptamer sequence with the pH sensitive motif, fluorophore
(ATTO488) and quencher (BHQ-1), was synthesized by Biosearch
Technologies Inc. (5’-(ATTO488)CCC TCT ATT TCT CTC CCT
TT(BHQ-1)GGG AGA CAA GGA AAA TCC TTC AAT GAA GTG
GGT CGA CA-3'). Dissolving the aptamers in PBS solution (100
uM) with different pH (4.0, 5.0, 6.0, and 7.4) and mixing the resulting
systems with 2 X 107! M cocaine solution in 1:1 ratio formed a series
of test solutions. Injecting the test solutions into a 96-well plate
finished the preparation of samples. The characterization of
fluorescence intensity took place with a SpectraMax MS plate reader
at 25 °C. The study used an excitation wavelength of ~488 nm and
measured the emission spectrum in the wavelength ranging from 530
to 550 nm. Gradually adding a cocaine solution (from 107" to 107
M) into the wells enabled the characterization of fluorescence
emission of the pH sensitive aptamer in the presence of the substrate
with varying concentrations.

Preparation of Aptamer-Modified Au Electrode Surfaces.
Thiolated anti-cocaine aptamers (with pH sensitive motif: 5’-CCC
TCT ATT TCT CTC CCT TTG GGA GAC AAG GAA AAT CCT
TCA ATG AAG TGG GTC GAC A/3Thio-MC3-D/-3’; without pH
sensitive motif: 5'-GGG AGA CAA GGA AAA TCC TTC AAT GAA
GTG GGT CGA CA/3Thio-MC3-D/-3'), thiolated antithrombin
aptamers (5'-GGT TGG TGT GGT TGG CTC TAA AAA AAA
AAA AAA A/3Thio-MC3-D/-3'), and thiolated antistreptavidin
aptamers (S’-ATA CCA GCT TAT TCA ATT ATT GAC CGC
TGT GTG ACG CAA CAC TCA ATT CTT GGA TCT CGC TGC
ACA CAG ATA GTA AGT GCA ATC T/3Thio-MC3-D/-3") were
synthesized by Integrated DNA Technologies based on sequences
reported in previous studies.””*”" Dissolving as-purchased aptamers
in 1X TE solution with 10 mM DTT reduced the disulfide bonds and
yielded a solution of aptamers with —SH groups at the 3’ end
(concentration: 100 uM). Centrifuging the resulting solution in a
MySpin12 (Thermo Fisher Scientific) at 2038 relative centrifugal
force (RCF) (2600 rpm) for 4 min removed additional DTT. Mixing
the purified aptamer solution with 10 mM MCH solution in TE buffer
(v/v ratio: 1:1) formed the coating solution for functionalizing Au
surfaces. Heating the mixture in a water bath at 95 °C for S min
converted the DNA strands in solution to a fully extended
conformation, and a subsequent rapid cooling step in an ice bath
for 15 min stabilized the resulting structure. Drop-casting the solution
on a Au electrode surface (commercial gold disk electrode or thin-film
Au deposited by electron-beam evaporation) and drying the system
overnight at room temperature completed the immobilization of
aptamers by forming Au—S bonds at the 3" end, with MCH serving as
the passivation layer blocking the rest of the Au surface. Storing
functionalized electrodes in 1X PBS solution at § °C retained the
activity of aptamers for use over an extended period.

Preparation of Cocaine Solutions. Diluting a cocaine
acetonitrile solution (1.0 mg/mL) with 1X PBS (pH 7.4) formed a
set of test solutions with varying concentrations ranging from 107" to
107* M. Similarly, dissolving atropine, glucose, serotonin, and other
interferents in 1X PBS yielded corresponding test solutions. For the
study on the effect of pH values, adding 1 M HCI to cocaine solutions
modulated pH values of the systems to 4.0, 5.0, and 6.0. For the study
on the effect of ionic strength, diluting the systems with deionized
(DI) water formed test solutions in 0.1X PBS.

Electrical Characterization of Aptamer-Functionalized Au
Electrode. Before each test, incubating the SE in the target solution
for 20 min allowed for the system to equilibrate. An electrochemical
workstation measured the open circuit potential of the SE vs a Ag/
AgCl RE with a sampling rate of 10 Hz. The characterization of
electrochemical impedance spectroscopy exploited a three-electrode
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setup with Ag/AgCl as the RE, a Pt wire as the counter electrode, and
K,Fe(CN)4/K;Fe(CN)4 (1:1) (1 mM for both) as the redox couples.
All measurements in this study took place at room temperature.

Deposition of Pd Nanoparticles for pH Regulation. Treating
a Au electrode using cyclic voltammetry (from —0.7 to 0.5 V vs Ag/
AgCl) in 1 wt % Pd(NOs,), for 10 cycles deposited a layer of Pd
nanoparticles on the surface.”** Loading PdNps in an acidic solution
(pH = 4.0) with an applied voltage of —1.0 V for 200 s converted the
surface to PdH,. Placing the Pd/PdH, electrode into a pH-neutral
solution and applying a positive voltage of 0.8 V enabled the release of
protons. A pH indicator (50 L per 1 mL solution) visualized the pH
gradient at the solution—electrode interface, and a camera recorded
the dynamic change of the gradient as a function of time.

Characterization of Deposited PdNps. A Thermo Scientific
Apreo FEG SEM characterized the surface morphology of bare gold
film and gold film deposited with PdNps before and after the load of
hydrogen (acceleration voltage: S kV). EDS analyzed the elemental
composition of the surface before and after deposition of PdNps.

Fabrication of Stretchable “Flower-Shaped” Sensing/Ac-
tuation System. The patterning of metal traces of the electronic
device followed a cut-and-paste method reported in previous
studies.”’ The process began with laminating a conductive copper
tape (Amazon, for the inductive coupling unit) or a polyimide (PI)
(HD MicroSystems) film (thickness: (~13 gm) with 300 nm Au onto
an ultraviolet (UV) light dicing tape (Shenzhen You-San Technology
Co.). Cutting through the conductive film with a vinyl cutter
(Silhouette Cameo 4), exposing the system to UV light, and peeling
off unneeded parts created patterned metal traces. Binding the top
side of the patterns to a Dragon Skin (Smooth-On) substrate and
peeling off the UV releasable tape completed the transfer of the
conductive traces. Laminating another layer of Dragon Skin
encapsulated the whole system after the soldering of all the electronic
components.

Silver epoxy paste electrically connected the copper tape and the
stretchable Au serpentine wires. Manually wrapping coils and
soldering electronic components to the patterned copper traces
according to the circuit diagram completed the fabrication of this
stretchable electronic system. This study used the following electronic
components assembled as shown in Figure S15: a pair of varactor
diodes (SMV1249) and a damping resistor (10 Kohm) for the sensor
(coil diameter: 3 mm, S turns); two capacitors (15 pF connected to
coil and 1 uF connected to bridge rectifier), a bridge rectifier
(BAS3007A-RPP), a Zener diode voltage regulator (CMOZ1L8), and
a resistor (490 ohm) for the electrochemical actuator (coil diameter:
S mm, 20 turns).

Preparation of Thin-Film Ag/AgCl RE. Drop-casting a mixture
of silver epoxy and hardener (Chemtronic CW2400), curing at room
temperature for 12 h, and transforming the surface into AgCl by
treating it with sodium hypochlorite solution (S wt %) for 30 min
formed the thin-film Ag/AgCl RE. Meanwhile, preparation of
recrystallized KCl(aq) in cold isopropyl alcohol (IPA) yielded
ultrafine microsize powders. Dissolving 438 mg of polyvinyl butyral
(PVB, 10 wt %) in S mL of anhydrous ethanol, mixing the solution
with 250 mg of KCl powder, and homogenizing the system in an
ultrasonic bath for 10 min yielded an electrolyte cocktail (stored at 7
°C). Drop-casting the cocktail on the Ag/AgCl electrode followed by
drying overnight completed the fabrication of the RE.

Characterization of Wireless Electronic System. The reader
electronics used for the characterization of resonance frequency
consisted of a NanoVNA with a single-turn primary coil (diameter: 3
mm) connected through a Sub-Miniature Version A (SMA)
connector. Vertically aligning the primary coil with the electro-
magnetic coupling unit and sweeping the frequency range obtained
the real and imaginary parts of the reflection coefficient (S11) with a
dip in the resonance curve around f.. Fitting the curve determined the
value f, for quantitative analysis.

To characterize the actuation system, an incident RF power was
provided by a function generator (Agilent) (Vic g & 10 V,,
transmitting frequency = 13.3 MHz) and enlarged by an amplifier
(Vbias = 0V, V3 = 30 V). The RF power is transmitted wirelessly

through a transmitter (10 turns, diameter = 3 cm) to the receiver with
a vertical distance of S mm. According to the EIS characterization of
the Pd electrode (Figure S12), a load resistor (10 Kohm) was
connected at the output port of the actuator, and the voltage between
the load resistor was recorded with an electrochemical workstation.

Mechanical Test. A tensile test system (Instron) was utilized to
evaluate the mechanical properties of the wireless system. Shorting
the cathode and anode stabilized the varactors in the magnetic
coupling unit and minimized environmental noises. f; of the sensing
system was monitored with an applied tensile strain ranging from 0 to
20%. For the cyclic stretching test, the f, was monitored before and
after 0—1000 stretching cycles with an applied tensile strain of 20%.

Statistical Analysis. For measurement of the OCP response of
the potentiometric sensors, data were calibrated by using the reading
of OCP vs RE in solutions with the lowest concentration of cocaine
(107" M) as the baseline (i, calibrated response = 0 mV) to
mitigate device-to-device variation. Data were expressed as mean +
standard deviation (SD). The sample size (n) for each statistical
analysis was 3 except for those in Figures 3E,F,G and S14.
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