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ARTICLE INFO ABSTRACT

Keywords: Microneedle sensors could enable minimally-invasive, continuous molecular monitoring — informing on disease
Microneedle status and treatment in real-time. Wearable sensors for pharmaceuticals, for example, would create opportunities
Electrochemical aptasensors for treatments personalized to individual pharmacokinetics. Here, we demonstrate a commercial-off-the-shelf
K/Ivieiztileism des (COTS) approach for microneedle sensing using an electrochemical aptamer-based sensor that detects the

high-toxicity antibiotic, vancomycin. Wearable monitoring of vancomycin could improve patient care by
allowing targeted drug dosing within its narrow clinical window of safety and efficacy. To produce sensors, we
miniaturize the electrochemical aptamer-based sensors to a microelectrode format, and embed them within
stainless steel microneedles (sourced from commercial insulin pen needles). The microneedle sensors achieve
quantitative measurements in body-temperature undiluted blood. Further, the sensors effectively maintain
electrochemical signal within porcine skin. This COTS approach requires no cleanroom fabrication or specialized
equipment, and produces individually-addressable, sterilizable microneedle sensors capable of easily penetrating
the skin. In the future, this approach could be adapted for multiplexed detection, enabling real-time monitoring

Continuous sensing

of a range of biomarkers.

1. Introduction

Both at the hospital and at home, sensors can improve detection and
management of disease. On-body monitors of blood oxygen and glucose,
for example, help us to better understand and treat a range of diseases
(Majumder et al., 2017; Rodbard, 2016; Vigersky, 2015). However, very
few bodily processes and diseases have a suitable commercial sensor.
Consequently, we still turn to lab testing for therapeutic monitoring,
paneling biomarkers, and tracking disease progress. Such medical
testing relies overwhelmingly on slow, invasive sampling methods, such
as blood draws. In most lab-based tests, that sample then requires
treatments, ranging from centrifugation and dilutions, to reagent addi-
tions and washing steps (KarenCox et al., 2019; Richard McPherson,
2021). These added steps impede direct integration of lab-based assays
into wearable devices for in situ measurements. Put simply, we require
more technologies that, analogous to the continuous glucose meter, can

quickly measure specific biomarkers directly in the living body.

When coupled with real-time sensors, microneedle-based wearables
present a promising route toward rapid, minimally painful (Miller et al.,
2018; Rajabi et al., 2016) sensing directly within the body. Microneedles
could enable such measurements by providing direct access to the skin’s
interstitial space, which holds valuable information ranging from drug
distribution (Kolluru et al., 2019; Samant et al., 2020) to immune status
(Tran et al., 2018). In previous reports, microneedles have been fabri-
cated using polymers (Baek et al., 2021; Donnelly et al., 2011; Miller
et al. 2011, 2014; Park et al., 2005), glass (Martanto et al., 2006; Wang
et al. 2005, 2006), silicon (Dervisevic et al., 2021; Kim et al., 2018;
McAllister et al., 2003; Mukerjee et al., 2004; Wilke et al., 2005; Yan
et al., 2010; Yoon et al., 2013), and metals (Gill and Prausnitz, 2007;
Matriano et al., 2002; Miller et al., 2018). However, stainless steel
needles fashioned from commercial off the shelf (COTS) materials are a
particularly promising route for producing dermal sensors. Such steel

Abbreviations: EAB sensor, electrochemical aptamer-based sensor; MN-EAB sensor, microneedle electrochemical aptamer-based sensor; KDM, kinetic differential
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needles can penetrate the skin without excessive application force or
breakage (Li et al., 2021; Rajabi et al., 2016), withstand routine steril-
ization, and be rapidly prototyped.

Electrochemical aptamer-based (EAB) sensors are an ideal platform
for sensing in the interstitial fluid, whose protein and cellular content
closely resembles whole blood (Miller et al., 2018). These sensors are
among the only platform technologies that function directly in bodily
fluids (Ferapontova et al., 2008; Idili et al., 2019b; Lai et al., 2007; Liu
et al., 2014; Swensen et al., 2009; Xiao et al., 2005) and in situ in the
living body (Arroyo-Curras et al., 2017b; Chamorro-Garcia et al., 2023;
Dauphin-Ducharme et al., 2019; Idili et al. 2019a, 2021; Li et al., 2017).
EAB sensors consist of an electrode-attached, redox reporter-labeled
aptamer that binds to its target species (Xiao et al., 2005). When the
aptamer binds to its target, a shift in electron transfer between the redox
reporter and electrode occurs (Fig. 1A) (White et al., 2008). This shift, in
turn, can be detected using a range of electrochemical techniques
(Arroyo-Curras et al., 2018; Downs et al., 2020; Pellitero et al., 2021;
Santos-Cancel et al., 2018; Xiao et al., 2005), enabling quantification
with a calibration curve. Unlike many affinity assays, EAB sensors
function directly in situ because they require no reagents or mixing
steps. And because aptamers exist for many targets, the platform is
widely generalizable to a range of biomarkers. For many aptamers,
signaling reversibility allows measurements of increasing and
decreasing target concentration(Dauphin-Ducharme et al., 2019; Idili
et al., 2019a; Sykes and White, 2021). This reversibility makes them
useful for both measurements at a single point of time, and over many
hours. Indeed, recently EAB sensors have demonstrated quantification in
whole blood even after 24 h (Leung et al., 2021). To date, EAB sensor
development has yielded sensors that, in a wearable format, could
greatly improve medical care. Specifically, real-time monitoring of high
toxicity antibiotics, chemotherapeutics, and indicators of infection
could improve treatment safety and efficacy for patients experiencing
cancer or life-threatening infections.

Here, we create individually-addressable microneedle sensors by
embedding EAB sensors within commercial-off-the-shelf (COTS) stain-
less steel microneedles (Fig. 2A). The device uses widely-accessible
materials, and doesn’t require time-consuming cleanroom fabrication
or additive manufacturing. As a model system, we utilize an EAB sensor
for the antibiotic, vancomycin (Dauphin-Ducharme et al., 2019). This
aptamer has sufficient affinity for clinically-relevant in vivo monitoring
of vancomycin (Dauphin-Ducharme et al., 2019; Downs et al., 2021),
and has not demonstrated notable cross-reactivity with structurally
similar compounds or interferants in the body (Dauphin-Ducharme
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et al., 2019). While vancomycin effectively treats serious infections, it
has a narrow clinical window of safety and efficacy (6 to 42 pM) (Rybak
et al., 2020; Suzuki et al., 2012). During dosing, vancomycin’s toxicity
often necessitates therapeutic monitoring via repeated blood draws and
lab analysis (Burns and Goldman, 2020; Rybak et al., 2020). To further
complicate, therapeutic drug monitoring is time-dependent and
mis-timing of blood draws in clinical scenarios often impedes effective
treatment (Melanson et al., 2013). Thus, microneedle-based continuous
monitoring of vancomycin could improve drug administration by
tracking real-time concentrations in the body and tailoring treatment to
individual pharmacokinetics.

2. Materials and methods
2.1. Working electrode fabrication

We fabricate microneedle sensor electrodes using 5 cm long, 50 pm
diameter, PFA-coated gold wires (A-M Systems, Sequim, WA). To form
the electrode face, we trim one end of the gold wire at an approximately
~45-60° angle using a #11 surgical blade (World Precision Instruments,
Sarasota, FL). Using a Keyence VHX 7000 Microscope (Keyence Corpo-
ration of America, Itasca, IL), we inspect the sensor face cut quality for
smoothness and minimal PFA overhang (which can promote air bubbles
following immersion). We strip the opposite side of the wire to isolate 3
mm of exposed gold for later electrical connections. We remove a 32G
BD Microfine stainless steel needle (BD, Franklin Lakes, NJ) from its
housing and thread the gold electrode through the blunt end of the
needle. We center the exposed, angled gold face within the needle bore,
and secure them by adding epoxy to the needle-wire interface at the
needle’s blunt end. We use urethane conformal coating (MG Chemicals,
Surrey CA) for individual wire electrode testing (Figs. 3-4). To reduce
breakage at the electrode-needle interface, we transition to using Dou-
ble/Bubble D-85 urethane epoxy (Ellsworth Adhesives, Germantown,
WI) for microneedle patch testing (Fig. 5). To form electrical connection
to the sensors, we solder the wire to a gold-plated pin connector (CH
Instruments, Inc., Austin, TX) with 60/40 lead-selenium solder (Digikey,
Tief River Falls, MN) at the 3 mm exposed gold end. We confirm that the
commercial perfluoroalkoxy (PFA) insulation on the gold wires insulates
them from the microneedles by performing electrical continuity testing
with a digital multimeter. We coat the solder-wire interface with either
urethane conformal coating or double bubble epoxy resin to reduce
breakage during handing of the delicate gold microwires.
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off”) in response to target binding. To assess target
binding, we titrate the sensors with known amounts
of target, and measure the response at different
square wave voltammetry frequencies. To increase
gain and correct for the appearance of drift, we
obtain Kinetic Differential Measurement (KDM)
values by taking the difference in normalized peak
currents collected at a signal-on and a signal-off fre-
quency, then dividing that value by the average of
the normalized signal-on and signal-off peak currents
(detailed in section 2.5) (Ferguson et al., 2013).
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2.2. Microneedle reference and counter electrode fabrication

To produce an electrochemical cell compatible with wearable mea-
surements, we miniaturize the reference and counter electrode into a
microneedle format (Fig. S1). To create a counter electrode, we insert a
PFA-insulated, 50 pm diameter platinum wire (A-M Systems, Sequim,
WA) into a microneedle with an exposed platinum face in the same
manner described in section 2.1 (Fig. 4A). The microneedle counter
functions when biased against multiple sensors, which we confirm by
performing vancomycin measurements in PBS for seven microneedle
sensors biased against the microneedle counter electrode (Fig. S2). For a
microneedle reference electrode, we achieve a stable pseudo-reference
electrode using the exposed face of a 75 pm diameter, parylene-
insulated silver wire modified to form AgCl (Fig. S1). To demonstrate
function, we form EAB sensors within microneedles, then collect
repeated square wave voltammetry measurements referenced to the
AgCl. Compared to other common pseudo-reference systems, such as
gold (Solchenbach et al., 2016; Thiruvottriyur Shanmugam et al., 2020)
and platinum (Bond and Lay, 1986; Torriero, 2019), the AgCl produces a
stable peak position (Fig. S1). Because 50 pm diameter PFA-coated silver
wire was not available, we insulate silver wires in house. To do so, we
cut 5 cm lengths of 75 pm diameter, PFA-coated silver wires (A-M Sys-
tems, Sequim, WA), and use a razor blade to strip the bottom 1 inch of
PFA from each wire. We coat these with a 5-6 pm layer of parylene C,
insert the electrode end with the thin parylene C coating into the
microneedle, and assemble the electrode in the same manner as the
other two substrates. To produce a layer of AgCl, we soak the micro-
needle/silver wire assemblies in Chlorox Disinfecting bleach for at least
1 h, then rinse them in deionized water.

Microneedle Patch
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Fig. 2. (A) We utilize a commercial-off-the-shelf
(COTS) approach to producing microneedle sensors.
We embed a gold microwire sensor (50 pm diameter)
into a 32G stainless steel insulin needle (270 pm
diameter). By trimming the end of the microwire, we
produce an exposed, angled gold face. On this
microwire face, we conjugate an EAB sensor. (B) To
enable wearable transdermal EAB sensing, we
arrange these microneedle sensors into an array
format with controlled needle length. (C) We secure
a 3x3 array of needles (containing sensors, and a
single reference and counter electrode) into a laser-
cut polymethylmethacrylate (PMMA) housing. This
allows penetration of the skin in a wearable format.
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2.3. Aptamer preparation

We first thaw a 2 pL aliquot of 50 pM aptamer (sequence below)
modified with a 6-carbon thiol linker on the 5’ end and methylene blue
on the 3’ end (Integrated DNA Technologies, Coralville, IA, dual HPLC
purification, stored at —20°C).

5'-SH-(CHy)s- CGAGG GTACC GCAAT AGTAC TTATT GTTCG CCTAT
TGTGG GTCGG-O-CH2- CHCH20H-(CHj3)4-NH-CO-(CH3)s-methylene
blue-3'.

This aptamer (originally described in (Dauphin-Ducharme et al.,
2019)) responds to the antibiotic, vancomycin, with affinity in the
aptamer’s clinical range (K;/2 = 45 pM in room temperature bovine
blood (Dauphin-Ducharme et al., 2019), Ki2 = 73 £ 4 pM in body
temperature rat blood (Downs et al., 2022)).

To reduce the disulfide bonds of the aptamer constructs, we combine
7 pL of 10 mM Tris (2-carboxyethyl) phosphine (TCEP, Sigma-Aldrich,
St. Louis, MO) with the aptamer sample for a 1 h thiol reduction in
the dark at room temperature. We then dilute the sample with 100 pL 1X
phosphate buffered saline (PBS, pH = 7.4). Here and elsewhere in our
protocol, the PBS is prepared by diluting 20X PBS (Alpha Teknova,
Hollister, CA) to 1X using deionized water and adding 2 mM MgCly
(Sigma-Aldrich, St. Louis, MO). We quantify the concentration of the
aptamer using the molar absorption coefficient at 260 nm provided by
the supplier with UV-VIS spectroscopy (DU800, Beckman Coulter, Brea,
CA). Using PBS, we then dilute the aptamer to 500 nM.

2.4. Sensor preparation

For Fig. 3, our electrochemical cell contains microneedle-embedded
gold sensor working electrodes, a platinum counter electrode (CH In-
struments, Inc, Austin, TX), and an Ag|AgCl reference electrode (CH
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Instruments, Inc., Austin TX). For Figs. 4-5, our electrochemical cell
contains a microneedle-embedded gold sensor working electrode, a
microneedle-embedded platinum counter electrode, and a microneedle-
embedded AgCl pseudoreference electrode. We secure our working,
counter, and reference electrodes in a cell vessel “shot glass” with a 3D-
printed lid fixture (3D printed using Miicraft Ultra, Miicraft USA, Ami-
tyville, NY). First, we electrochemically clean the electrodes in 0.5 M
NaOH (Sigma-Aldrich, St. Louis, MO) by performing repeated cyclic
voltammetry scans between —1 and —1.6 V (all potentials versus Ag|
AgCl) at 1 V s~! scan rate for 300 cycles using a CH Multipotentiostat
(CHI1040C, CH Instruments, Inc.). For these and all other electro-
chemical measurements, we bias all working electrodes against a single
reference and counter electrode, interrogating the working electrodes
simultaneously. We rinse the electrodes in deionized water, then elec-
trochemically cycle them using cyclic voltammetry (0 to 1.8 V, 0.1 V/s)
in 0.5 M H3SO4 (Sigma-Aldrich, St. Louis, MO). Immediately following
electrochemical cleaning, we rinse the electrodes thoroughly in deion-
ized water and place them in the prepared aptamer solution for 1 h at
room temperature in dark conditions. To passivate the electrode surface,
we then rinse the electrodes with deionized water and immerse them for
12 to 18 h at room temperature in 10 mM 6-mercapto-1-hexanol (Sigma-
Aldrich, St. Louis, MO) suspended in 1X PBS. Following a final rinse with
deionized water, the sensors are ready for use.

For Fig. 5, we perform the same electrochemical cleaning and sensor
conjugation steps, but instead of using a shot glass vessel, we use a laser
cut fixture to isolate a 200 pL, open face fluidic cell above the micro-
needle array.

2.5. Measurements and data analysis

We fill the electrochemical cell with 20 mL PBS, rinse the electrodes
in deionized water, and secure them in the electrochemical cell’s 3D-
printed cap. Before each experiment, we collect three baseline cyclic
voltammograms in PBS (—0.1 to —0.5 V versus Ag|AgCl, 0.1 V/s scan
rate) to confirm redox peaks indicative of successful aptamer deposition.

To collect a calibration curve, we move the electrode cap to a vessel
of the selected media held in a Lauda RE 4158S temperature bath at 37°C
(Lauda-Brinkmann, Delran, NJ). For bovine blood experiments, we
commercially source blood from Lampire Biological Laboratories with a
custom heparin formulation of 3 units/mL (Lampire Biological Labora-
tories, Pipersville, PA). We requested this custom formulation because
we observed rapid separation of the blood at this provider’s default 100
unit/mL heparin concentration. In the selected titration media, we
collected square wave voltammograms (approximately —0.2 to —0.4 V
versus Ag|AgCl, 25 mV amplitude) at 10 Hz and 60 Hz first in absence of
target. We select these square wave frequencies because they yield
signal-off and signal-on responses, respectively. After incrementally
adding each target concentration, we back-pipette the electrochemical
cell at least twenty times, and allow the solution to rest for approxi-
mately 2 min. In blood and other biological media, a downward drift in
square wave voltammogram peak current often occurs. To correct for
any peak signal loss, we apply a previously-described drift correction
technique termed “Kinetic Differential Measurements” (KDM) (Ferguson
et al., 2013). Here, KDM denotes when normalized signal-off peak cur-
rents are subtracted from the normalized signal-on peak currents, then
divided by the average of normalized signal-on and signal-off currents
(Equation 1).

KDM = (innrm.ON - inorm.OFF) / (05* (in(mn,ON + inm-m.OFF)) (€))

To generate a calibration curve, we collect KDM values as a function
of target concentration, then fit the average normalized values to a Hill-
Langmuir isotherm:
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KDM = KDM,,;,

+ ((KDM 0 ~ KDM,,;,)* [Targer]™ ) / <[T“’g”]w+<K%)nH) @

Where ny is the Hill coefficient (a measure of binding cooperativity), K1,
21is the midpoint of the binding curve, KDM is the KDM value observed at
the applied target concentration, KDMy,, is the KDM value seen in the
absence of target, and KDMyqy is the KDM value at saturating target
concentrations. To fit the data to a Equation (2), we input titration
concentrations and average, normalized KDM values into Matlab’s curve
fitting application. We fit the data with the constraints: (-infinity <
KDMpqx < infinity), (le-12<Kj,2<1), (-infinity < KDMp;, < infinity),
and (0<ny<10).

To perform a spiking experiment, we use a CH software macro to
repeatedly collect and store square wave voltammograms as.txt files. We
collect a baseline with no target, then sequentially added known
amounts of vancomycin. For each addition, we back-pipette rapidly at
least twenty times, while taking care not to create bubbles in the solu-
tion, then measure the resulting signal for 5 to 10 min. To analyze square
wave voltammetry peak currents in real time, we use a previously re-
ported, open-source python script (Curtis et al., 2019). When provided
with voltammogram bounds (typically, —0.2 to —0.4 V) and desired
Savitzky-Golay filtering (here, 10 mV), this script calculates square
wave voltammogram peak height. We export data from this program to
Matlab for data analysis and presentation.

We estimate the target concentrations in spiking experiments by
inputting normalized KDM values and the parameters extracted from
Equation (2) into:

[Target] = q/ (K12"*(KDM — KDM,3,)) / (KDM,. — KDM) 3)

3. Results and discussion

3.1. Microneedle sensors respond to vancomycin in body-temperature
phosphate buffered saline

When embedded within microneedles, EAB sensors (“MN-EAB sen-
sors”) respond quantitatively to their target molecule, vancomycin.
Here, we use the vancomycin sensor as a model system because its
application as a wearable monitor could greatly improve the standard of
care for dosing this highly toxic, narrow clinical window pharmaceu-
tical. Briefly, we form MN-EAB sensors by securing insulated 50 pm
diameter gold microwires into 32G stainless steel microneedles
(Fig. 2A), and depositing redox reporter-tagged aptamers and a passiv-
ating layer of 6-mercapto-1-hexanol on the exposed wire face (Fig. 1A).
Collecting a titration in body temperature phosphate buffered saline
(Fig. 3A), we observe MN-EAB sensor response in the pharmaceutical’s
clinical range (6-42 pM (Rybak et al., 2020; Suzuki et al., 2012))
(Fig. 3B). We then demonstrate continuous, quantitative measurements
by dosing a set of sensors with 10, 20, and 40 pM of vancomycin, and
calibrating the response to the titration curve (Fig. 3C). The sensors yield
a mean calculated concentration of 9, 17 and 35 pM, with mean accu-
racies of 12%, 13%, and 12%, respectively (Table S1). While the
sensor-to-sensor variation is greater than previous reports leveraging
larger sensing electrodes (Downs et al., 2022), the measurements satisfy
the required + 20% accuracy required for vancomycin’s clinical moni-
toring (Chavada et al., 2017; Downs et al., 2022). Thus, EAB sensors
function in microneedle format, even when the working electrode is
significantly miniaturized.

3.2. Microneedle sensors respond to vancomycin in undiluted, body-
temperature bovine blood

Using the microneedle electrochemical cell, we demonstrate quan-
titative measurements in undiluted blood. Here, we use blood to validate
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Vancomycin [uM]

centration (black) and standard error (grey) for four sensors.

the MN-EAB sensor performance due to its commercial availability,
compared to interstitial fluid, and its known biofouling properties. We
reason that given the similarity of the protein composition of interstitial
fluid to plasma and serum (Miller et al., 2018), if the sensors function in
whole blood (a more complex matrix), they will also work in interstitial
fluid. Immersing the microneedle sensors, reference, and counter elec-
trodes in body-temperature bovine blood (Fig. 4A), we produce a cali-
bration curve for the target, vancomycin (Fig. 4B). The sensors respond
in the clinical range for vancomycin (Fig. 4B). When spiked with 30 pM
target, the sensors yield a mean calculated response of 29 M and ac-
curacy of 3% (Fig. 4C, Table S2). Thus, the microneedle sensing system
can achieve quantitative measurements in body-temperature, whole
blood.

3.3. MN-EAB sensor array patches penetrate porcine skin and maintain
electrochemical signal during and after skin insertion

In a wearable patch format, the microneedles easily pierce the skin.
To form an array amenable to wearable sensing, we bond two disks of
PMMA with a 3x3 array of laser-cut holes together (Fig. 2C). We thread
microneedle-electrode assemblies through the laser-cut holes, and
secure them in place by passing UV-cure resin into the small square gap
in the array region (Fig. 2C). To assess microneedle patch skin

Pt Counter Electrode,
AgCl Pseudoreference

B Cc Fig. 3. Microneedle-embedded EAB sensors
. 50 rapidly detect vancomycin in phosphate buffered
2 1004 Clinical s saline (PBS). (A) To confirm sensor function
; Range o 40 P within the microneedles, we interrogate
g % c 30- r microneedle-embedded sensors in PBS against a
© 504 £ g macro-scale Ag/AgCl reference electrode and Pt
5 -3 g 20 ----------- wf\- """ wire counter electrode. (B) When we expose
= 1T} ’é 10 4 - - - - - wmdwinzes - - - - H--—-- - these sens.ors. (n = 4) to graduated amounts of
c t>\$ 3 i1 vancomycin in body-temperature PBS, they pro-
D 0 = - : - 01 T T T duce a calibration curve with electrochemical
»n 01 1.0 10 100 0 20 40 60 response in the clinical range for this antibiotic

Time (min) target (K2 = 64 = 6 pM). (C) We apply this
calibration curve to quantify sequential addition
of 10, 20 and 40 pM vancomycin to the micro-

needle sensors. Here, we present the mean con-

penetration, we gently press a microneedle patch into a section of
porcine skin (a widely-accepted proxy for human skin). We then remove
the patch array and stain the skin with methylene blue. Microneedles
protruding ~1.3 mm from the housing reliably penetrate the skin,
producing sickle shaped marks (Fig. 5A). Needles as short as ~0.52 mm
also successfully penetrate the skin (Fig. S3). Images captured before
and after skin insertion confirm that insertion does not visibly damage
the microelectrodes or change the electrode position within the needle
(Fig. S4).

The microneedle EAB sensors achieve electrochemical signal (square
wave voltammetry redox peaks) within the skin. To demonstrate this, we
insert a sensor array into a section of room-temperature porcine skin
(microneedles protruding ~1.3 mm from array). The sensors produce
electrochemical signal in the skin, as evidenced by redox peaks in the
square wave voltammograms (Fig. 5B, Fig. S5). These redox peaks
confirm that the sensors form electrical contact both with the skin, and
between the working, reference, and counter electrodes. Under
repeated, continuous square wave voltammetry scanning within the
skin, the sensors produce peak signals with consistent peak positions
(Fig. S6) and a stable drift-corrected baseline signal (Fig. 5C). Raw 10
and 25 Hz data collected in the skin demonstrates a peak signal loss
consistent with the biofouling phase of drift (Fig. 5C) (Leung et al.,
2021). This drift is easily correctable using kinetic differential

Fig. 4. We achieve real-time monitoring of vanco-
mycin in (A) body temperature, undiluted whole
blood, even when the electrochemical cell is minia-
turized to a microneedle format (platinum microwire
counter electrode, AgCl microwire pseudoreference)
(B) When we expose the MN-EAB sensors (n = 4,
interrogated simultaneously) to graduated amounts
of vancomycin in whole bovine blood, they produce
a calibration curve with electrochemical response in
the target’s clinical range (K;,» = 81 + 4 pM) (C) We
then apply this calibration curve to quantify the

Electrode addition of 30 M vancomycin to the MN-EAB sen-
sors (n = 4, interrogated simultaneously). Here, we
present the mean concentration (black) and standard
error (grey) for four sensors.
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Fig. 5. The MN-EAB sensors, when implemented in a
patch format, successfully penetrate porcine skin and
maintain electrochemical signal during and after skin
insertion. (A) Gently pressing a 3x3 array of ~1.3
mm long microneedles into porcine skin, we observe
successful skin insertion (here, highlighted with
methylene blue staining). (B) When we insert a MN-
EAB sensor array into the skin and measure 10 Hz
square wave voltammograms, we observe well-
defined redox peaks (representative electrode
shown here, see all five in Fig. S5). (C) We repeatedly
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measurements (KDM, see section 2.5), albeit with some noise present
from the 25 Hz signal (Fig. S7). This noise level can be substantially
reduced by smoothing the 25 Hz voltammograms using least square
smoothing instead of a Savitsky-Golay filter (Fig. S8).

Skin insertion does not notably impact sensor gain or damage the
sensors. To assess the impact of skin insertion on signal fidelity, we
compare the sensor response to 30 pM vancomycin before and after
three consecutive skin insertions (microneedles protruding ~2 mm from
array). We observe electrochemical response to target both before and
after insertion, even after multiple sensor insertions into the skin
(Fig. 5D). The sensor accuracy varied between insertions, with respec-
tive accuracies of 27%, 28%, 1%, and 1% for the pre-insertion, and 3
post insertion target challenges (Table S3). Skin insertion itself, then,
does not appear to degrade electrochemical signal or notably damage
the sensors. While the first two measurements fall slightly outside of the
clinical accuracy range, the latter two meet requirements for clinical
monitoring. Because the sensor variation does not appear to progres-
sively increase with insertion count, we hypothesize it does not result
from insertion-induced monolayer damage. Instead, we reason that the
variation observed results from sensor-to-sensor variation in the self
assembled monolayer (both within the set of microneedle sensors
fabricated, and between these sensors and those used in the calibration
curve). This variation may appear more pronounced with the unpolished
gold microelectrode surface, and may be reduced using surface area
enhancement (Arroyo-Curras et al., 2017a; Downs et al., 2021).

3.4. Advantages and drawbacks of COTS microneedle sensing approach

Here, we address the advantages and drawbacks of this approach,
and compare it to recently-reported microneedle electrochemical
aptamer-based sensors. In the past year, there have been two reports of
aptamer microneedle sensors: one that uses 3D-printed microneedles
(Wu et al., 2022) and one that uses acupuncture needles electro-
deposited with gold nanoparticles (Lin et al., 2022). Compared with
these reports, where an entire microneedle surface is conjugated with
aptamer monolayer, our sensors coat a targeted, micro-scale surface
positioned within a hollow microneedle. This approach decouples the

0.35
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interrogate an array of 5 sensors in porcine skin for
>1 h. Throughout the measurement, we maintain
electrochemical signal, albeit with some drift and
noise. As shown by KDM measurements (black), the
signal between 10 Hz (blue) and 25 Hz measure-
ments (red) are drift correctable — providing a stable
target-free baseline. (D) Before and after skin inser-
tion, we dose a sensor array (n = 5 sensors) with 30
uM vancomycin in body temperature PBS. We repeat
this measurement after three additional skin in-
sertions. Here, we present the gain for the sensors
before and after insertion (error bars representing
standard error for five sensors).
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skin puncture mechanism from the EAB sensor interface. Thus, slight
shifts in skin insertion depth are less likely to impact overall device
function because the exposed electrode surface (which can alter elec-
trochemical signal and impact quantification) remains constant. In
contrast to 3D printed approaches, our COTS needle approach easily
produces individually-addressable sensors. Each microneedle operates
as its own sensor, making multiplexing straightforward. Specifically, by
depositing DNA in a microwell format, we could produce microneedle
patches responding to a number of different target species. To aid
translation into in vivo studies commercially-available, ultra-sharp
stainless steel microneedles are sterilizable, biocompatible, and can
reliably penetrate the skin. Notably, needle deflection or breakage does
not occur during insertion. Likewise, the needle sharpness and tailorable
length allows insertion with only slight pressure.

One key drawback of our approach is a small working electrode
surface area, which results in small redox currents. Because the physical
area of the sensors are so small, they yield nA current, while the 3D
printed and acupuncture needle approaches produce currents in the pA
scale. Although this micro-scale targeted sensing surface area produces
lower current, fortunately there are many routes to increase the elec-
trodes’ surface area. For example, a number of previously-described
electrochemical approaches can increase the microscopic surface area
anywhere from three (Arroyo-Curras et al., 2017a) to one hundred fold
(Downs et al., 2021).

4. Conclusion

In this work, we present a COTS platform for microneedle mea-
surements using electrochemical aptamer-based sensors. To validate the
platform’s potential for in vivo measurements, we demonstrate its
function both in undiluted blood, and present a proof of concept of
electrochemical signaling in porcine skin as a human skin proxy. Our
microneedle sensor fabrication approach has the advantages of (1) tar-
geted sensor measurement area, (2) individual microneedle/sensor
addressability, (3) ease of needle insertion, and (4) use of widely-
available, commercial materials. To enable translation into future in
vivo studies, we anticipate examining the impact of sensor surface area
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enhancement on measurement accuracy and noise level, and explore
methods for facile multiplexing. Ultimately, this approach is an acces-
sible method for microneedle sensing applicable both to researchers
utilizing both electrochemical aptamer-based sensors and other elec-
trochemical sensing techniques. Recognizing that EAB sensors exist for a
range of targets, in the future, this COTS microneedle based approach
could be adapted to measurements indicating infection or stress, and
exposure to environmental hazards.
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