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The transition to a personalized point-of-care model in medicine will fundamentally
change the way medicine is practiced, leading to better patient care. Electrochemical
biosensors based on structure-switching aptamers can contribute to this medical
revolution due to the feasibility and convenience of selecting aptamers for specific
targets. Recent studies have reported that nanostructured electrodes can enhance the
signals of aptamer-based biosensors. However, miniaturized systems and body fluid
environments pose challenges such as signal-to-noise ratio reduction and biofouling.
To address these issues, researchers have proposed various electrode coating materials,
including zwitterionic materials, biocompatible polymers and hybrid membranes.
Nafion, a commonly used ion exchange membrane, is known for its excellent
permselectivity and anti-biofouling properties, making it a suitable choice for biosensor
systems. However, the performance and mechanism of Nafion-coated aptamer-based
biosensor systems have not been thoroughly studied. In this work, we present a Nafion-
coated gold nanoporous electrode, which excludes Nafion from the nanoporous
structures and allows the aptamers immobilized inside the nanopores to freely detect
chosen targets. The nanopore electrode is formed by a sputtering and dealloying
process, resulting in a pore size in tens of nanometers. The biosensor is optimized by
adjusting the electrochemical measurement parameters, aptamer density, Nafion
thickness and nanopore size. Furthermore, we propose an explanation for the unusual
signaling behavior of the aptamers confined within the nanoporous structures. This
work provides a generalizable platform to investigate membrane-coated aptamer-based
biosensors.
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Introduction

A long-standing goal in the field of bioanalytical chemistry is determining if
a treatment is effective over time in a biological environment. Most treatments
can be confirmed using a standard endpoint measurement,' while treatments for
chronic diseases, such as cancer, where drug dosing and metabolism vary from
person to person, would ideally be constantly monitored to determine if a treat-
ment is effective.>® So continuous in vivo biosensors for long-term measurements
are needed to monitor the target concentration profile and kinetics.** Electro-
chemical aptamer based (EAB) biosensors have been developed over the past two
decades; these sensors offer multiple advantages over traditional electrochemical
biosensors that rely on direct redox reactions of analytes. Aptamers are short
segments of single-stranded RNA or DNA selected with high affinity for a specific
target and they undergo a conformation change in the presence of the target
which produces a measurable readout signal.®® Unlike other affinity-based
biosensors, such as electrochemical ELISA, EAB biosensors are tunable, allow-
ing researchers to optimize the sensitivity, selectivity and to detect the selected
target in a reversible manner for continuous and long-term biosensing.

To monitor treatments continuously it is important for in vivo electrochemical
biosensors to detect targets inside living organisms with high fidelity while
maintaining a small device footprint.®** Advances in nanoelectrochemistry over
the past decade have enabled electrochemical biosensors to achieve lower
detection limits and higher signal-to-noise ratios by scaling down the electrode
dimension to the nanometer scale.”” Early pioneering works used nano-
structured electrodes to enhance biosensors’ signals through increased surface
area and these biosensors have shown orders of magnitude improved detection
performance for DNA and RNA targets by controlling the electrode morphologies
and compositions.”” Recently, we designed nanoporous gold electrodes in
conjunction with aptamer-based biosensors, demonstrated superior detection
performance and enhanced stability of doxorubicin (DOX) measurement in the
tumor environment compared to planar gold electrodes.® In addition to signal
enhancement, using a combination of experimental and computational
approaches, we observed faster electron transfer, which contributes to a better
detection limit due to the extension of the Debye volume within the confined
nanoporous environment.**

Another hurdle to implementing in vivo biosensing using electrochemical
biosensors is the sensor's stability in a complex biological environment where
device implantation often triggers the foreign body reactions leading to chronic
biofouling issues.*** Biocompatible membrane coatings have been widely used
to passively protect implanted biomaterials and extend the lifetime of the mate-
rials.>*?° In addition, the membrane coated onto various biosensors must be
deliberately designed to maintain or even enhance the biosensing functionality
without compromising the antifouling performance.** Nafion, a commercially
available cation exchange membrane with a polyfluorinated carbon backbone and
negatively charged sulfonate group, exhibits chemical inertness, anti-biofouling
capabilities, cation permeability and has attracted particular interest for in vivo
biosensing over the years. Early works showed that a Nafion coated planar elec-
trode can enhance the electrochemical signal of ruthenium bipyridine
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(Ru(bpy)s).**** Also Nafion coated polyelectrolyte multilayers have been applied to
enhance the cation selectivity for electrodialysis application.** We furthered those
studies by using Nafion as an ionic gate on a nanopore electrode array, resulting
in the exclusive rejection of negatively charged ferricyanide while greatly
enhancing the transport of the positively charged ruthenium hexaamine.** Nafion
has also been utilized in blood glucose sensors to block interfering molecules that
could also interact with glucose oxidase, leading to stable glucose sensing over
time.***” Thus, it is natural to anticipate that membrane coatings will play an
essential role in protecting EAB biosensors and with further study to endow them
with additional transport selectivity and increased sensitivity.

In this work, we expand on our previous studies on membrane-coated nano-
porous electrodes and investigate the interaction of the Nafion membrane and
nanoporous electrode that ultimately affect the biosensing performance. Specif-
ically, we designed a Nafion-coated EAB biosensor for the detection of cationic
DOX, a chemotherapeutic drug. Initially, we investigated the Nafion coating on
both planar gold (pAu) electrodes and nanoporous gold (npAu) electrodes and
evaluated the Nafion's impact on DOX sensing performance. Nafion-coated
planar gold (n-pAu) electrodes were incapable of detecting the target due to
membrane blockage of aptamer active sites. On the contrary, Nafion-coated
nanoporous gold (n-npAu) electrodes exhibit void volumes that excluded Nafion
from the pore interior, enabling the biosensor to detect DOX, as shown in
Scheme 1. Furthermore, we fabricated a series of npAu EAB biosensors by varying
pore size and electrode thickness and compared their target responses, allowing
us to determine the degree of Nafion penetration into the pores under various
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Scheme 1 Schematic illustrations of Nafion-coated planar gold (n-pAu) electrode and
Nafion-coated nanoporous gold (n-npAu) electrode for electrochemical aptamer-based
biosensing. Nafion blocks the aptamer from changing conformation in the case of n-pAu,
while the aptamer retains its redox signal change upon target binding in the case of n-
npAuU.
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conditions. The npAu height and pore size were optimized to ensure a sufficient
active sensing area uncovered by Nafion while maintaining membrane protection
on the top side. We then carefully examined the impact of membrane thickness
and the method of membrane preparation on DOX transport across the
membrane to evaluate the Nafion exclusion outside the tiny nanoporous struc-
tures. We further studied the morphological effects on the npAu electrodes,
resulting in optimized coating conditions where the Nafion membrane has
minimal impact on preventing the sensor from functioning. Finally, the
confinement provided by the Nafion encapsulated nanopore electrode has shown
additional benefits to study mass-limited analytes in a biologically relevant
concentration. We evaluated the ionic strength, DOX diffusion time and aptamer
surface density on biosensing performance. In conclusion, these experiments
collectively support that Nafion-coated nanoporous electrodes can prevent
membrane from interfering with inner nanopores that could serve as a robust
biosensing platform to detect small molecules with good sensitivity, specificity
and stability, where it will lead to potential applications in in vivo biosensing over
a longer period.

Results and discussion
Nafion-coated planar electrode

We first investigated the EAB biosensors fabricated on a Nafion-coated planar
gold (n-pAu) electrode, as shown in Scheme 1. Doxorubicin (DOX) is a small
molecule chemotherapeutic drug with a positive charge under physiological
conditions (pK, of 8.1-8.3). DOX aptamer (DOX apt) has been extensively studied
in the literature, showing good sensitivity and high specificity for DOX detec-
tion.>*** Methylene blue (MB) was chosen as the redox reporter due to its high
reversibility in continuous redox readout and its suitability for attachment to the
aptamer via EDC-NHS coupling reaction. DOX apt is a 28-base single-stranded
oligonucleotide that has a hydrodynamic radius over a few nanometers. After
MB conjugation to the distal end of DOX apt, the DOX apt-MB was immobilized
on the pAu electrode. Subsequently, Nafion was coated onto the aforementioned
electrode surface by varying spin speeds, resulting in different membrane
thicknesses, as shown in Fig. 1A. The Nafion membrane used in this study was
formed in situ by spinning a 5 wt% Nafion in a mixture of lower aliphatic alcohols
onto the electrode surface. Upon solvent evaporation, Nafion assembles into
hydrophilic and narrow (<2 nm) porous structures that allow analyte diffusion
through the membrane.*®

Following previously reported protocols, square wave voltammetry (SWV) was
used as the electrochemical detection method to measure MB redox current
signals before and after DOX target binding to DOX apt-MB.**** Maximum peak
values are derived from SWV curves, where the MB redox reporter has a redox
potential near —0.25 volt (V) to —0.30 V versus the Ag/AgCl reference electrode.
The signal change (in percent) was then calculated by comparing the peak current
before and after the addition of the DOX target to the test solution. The aptamer is
referred to as a signal ON aptamer if the folding of the aptamer upon target
binding brings the redox reporter closer to the electrode surface, thereby
increasing the redox current signal.*® Since SWV measurements are voltage pulse
dependent, we optimized the pulse frequency (Fig. S1f) from low to high
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Fig.1 Electrochemical biosensing performance of Nafion-coated planar gold electrode.
(A) illustrates both the pAu and the n-pAu interacting with the DOX targets. (B) shows SWV
plots of n-pAu with different DOX concentrations. (C) displays the signal changes of pAu,
n-pAu (6000 rpm, 142 nm), n-pAu (4000 rpm, 157 nm) and n-pAu (1500 rpm, 262 nm)
after DOX addition (n = 3). (D) lists the current levels on the left y-axis and the maximum
signal changes on the right y-axis of pAu, n-pAu (6000 rpm, 142 nm), n-pAu (4000 rpm,
157 nm) and n-pAu (1500 rpm, 262 nm) upon the addition of DOX (n = 3).

frequency range, such that the well-balanced frequency was selected to achieve
the maximum signal change with minimum current variation and high signal-to-
noise ratio. For example, a signal OFF response was observed at 60 Hz because the
target binding pushed the aptamer closer to the electrode, resulting in electron
transfer occurring before the current measurement for the target-bound aptamer,
than the unbound aptamer at low frequency. While 300 Hz and 500 Hz both
produced signal ON and 300 Hz was selected as the frequency for subsequent
tests due to both strong signal ON behavior and lower standard deviation than
500 Hz.

The SWV plots shown in Fig. 1B represent three different concentrations
(0 uM, 1 pM and 100 puM) of DOX solutions placed onto the n-pAu electrode. No
discernible signal difference was observed between the three plots, indicating
that DOX apt-MB did not respond to the target even at high DOX concentration
(100 uM). We collected the electrochemical responses from the pAu electrode at
the same target concentrations as a comparison, which shows a reasonable signal
change (~18%) at the lowest concentration (1 pM) of DOX and a substantial signal
increase (~58%) at 100 uM of DOX (Fig. 1C). We hypothesized that a free-standing
aptamer on the electrode surface would be constrained by the surrounding Nafion
membrane, preventing the aptamer from folding and interacting with DOX. A
Nafion coated electrode reported in the literature for direct redox reaction was
less affected than our aptamer based biosensors, which needs to exclude Nafion
away from the electrode surface for aptamer structural switching upon target
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binding. To verify the interaction between Nafion and DOX apt-MB, n-pAu with
three different Nafion membrane thicknesses (262 nm, 157 nm and 142 nm) were
prepared by varying the spin speed (Fig. S21). As shown in Fig. 1C, the DOX apt-
MB on all n-pAu electrodes showed almost no response to a variety of DOX
concentrations. These results imply that the Nafion, regardless of its thickness,
restricts the mobility of the aptamer causing no change in current upon DOX
addition. More importantly, Fig. 1D shows that the target-free currents from
different n-pAu electrodes were significantly lower than that the current from the
PAu electrode. This evidence further suggests that the aptamer was more likely to
adopt a stretched conformation forcing the conjugated redox reporter further
away from the electrode surface.*

Nafion-coated nanoporous electrode

By designing nanoporous gold electrodes with pores in the range of 10-30
nanometers, we aimed to obtain a randomly distributed nanoporous structure
that excludes Nafion from entering the nanopores, allowing the target to pass
through the membrane and interact with the aptamers immobilized on the inner
pores, as shown in Fig. 2A. The nanoporous gold electrodes were fabricated
according to our previous protocol in which gold and silver were co-sputtered in
a1:2 ratio, resulting in a three-dimensional network interconnected by randomly
distributed nanopores.?® Both the npAu electrodes and the pAu electrodes used in
this study have the same device footprint, while the intrinsic nanoporous
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Fig. 2 Electrochemical biosensing performance of Nafion-coated nanoporous gold
electrode. (A) illustrates n-npAu before and after target binding. (B) shows SWV plots of n-
npAu with different DOX concentrations. (C) displays the current levels on the left y-axis
and the maximum signal changes on the right y-axis of n-npAu (100 nm), n-npAu (300 nm)
and n-npAu (500 nm), upon the addition of DOX (n = 3). (D) lists the current levels on the
left y-axis and the maximum signal changes on the right y-axis of n-pAu, n-npAu (400 °C),
n-npAu (300 °C) and n-npAu (r.t.) upon the addition of DOX (n = 3).
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structures of npAu electrodes enlarged the surface area, forming an area 41 times
larger than that of the pAu electrodes. As a result, the current from the DOX apt-
MB immobilized npAu electrode was two orders of magnitude greater than the
current from the same footprint aptamer-immobilized pAu electrode. As shown in
Fig. 1B, the n-pAu electrodes show similar peak currents at all DOX concentra-
tions. On the contrary, n-npAu electrodes show different current levels at different
DOX concentrations (Fig. 2B), suggesting that DOX diffused through the Nafion
membrane and interacted with the aptamer. It also implies that the aptamer is
capable of free movement because of the exclusion of the Nafion due to the
nanoporous structure and the aptamers within the nanopore undergo a confor-
mational change upon target binding.*’

Having validated that a n-npAu could serve as a viable EAB biosensor, we
proceeded to optimize the device by varying the npAu dimensions, including
electrode thickness and nanopore size to create an EAB sensor that can maximize
the Nafion exclusion outside the nanopores. Fig. 2C shows the current levels and
signal changes of n-npAu with three different electrode thicknesses (100 nm,
300 nm and 500 nm). As the electrode thickness changes from 100 nm to 500 nm,
the blank current level increases 4.5-fold, thus proving that DOX apt-MB can be
immobilized deeply into the nanoporous network rather than only at the surface
of the electrodes. Also, npAu electrodes that are less than 100 nm tall result in
small current due to the decreased surface area, as such we focus on the effect of
npAu electrode thickness on the signal change between 100 nm and 500 nm.
Interestingly, the signal change obtained from three different electrode thick-
nesses indicates that the interaction of DOX target and DOX apt-MB is less
affected by the upper Nafion membrane because n-npAu has a thicker nano-
porous layer. The signal change data (Fig. 2C) indicates that the 100 nm n-npAu
electrode thickness exhibits a signal change that is one third of the signal change
obtained using the 500 nm n-npAu electrode, potentially due to the blockage of
the aptamer near the nanopore opening by the Nafion membrane. The DOX apt-
MB located adjacent to the Nafion membrane would have a similar electro-
chemical signaling behavior to that of the n-pAu electrode. n-npAu with electrode
thicknesses of 300 and 500 nm produce a distinct signal change, with the latter
responding to the DOX when the thickest Nafion membrane in this study (262 nm
by 1500 rpm spin speed) is coated on the top of the npAu electrode. While the
influence of the Nafion at the top of the pores is still evident in the lower blank
current. Sufficient DOX targets pass through the membrane to produce a signal
change that is comparable to that of the npAu without any Nafion coating.

Another critical factor affecting the signaling behavior is the pore size of the n-
npAu electrode. To determine the threshold size of nanoporous structures to
exclude Nafion, we proceeded to a pore size dependency test using thermal
annealing at elevated temperatures to vary the pore diameter. For this study, we
chose thermal annealing because of its ease of use for a device with multiple
individually addressable electrodes. Thermal annealing enlarges the nanopores
by slightly melting partial gold materials causing them to bunch together and
form larger nanopores during the cooling process. The annealing time and
temperature window determine the degree to which the nanoporous network is
enlarged. We fixed the annealing time at ten minutes while varying the annealing
temperature from room temperature to 400 °C. We hypothesized the Nafion
would fill a larger porous volume as the pore radius increased, until the npAu
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electrode reached a point where the nanopores were large enough to be
completely filled and behaved similarly to the pAu electrode. As shown in Fig. 2D,
we compared n-pAu, n-npAu (r.t.) and n-npAu (400 °C) and n-npAu (300 °C). This
temperature gradient produced nanopore diameters of 15 nm for npAu (r.t.),
56 nm for npAu (300 °C) and 251 nm for npAu (400 °C), as shown in Fig. S3.1 The
thermally annealed devices were then immobilized with DOX apt-MB and coated
with Nafion in the same manner as the non-thermally annealed n-pAu and n-
npAu devices. At 400 °C, the signal and current of n-npAu (400 °C) were sup-
pressed to the point that the electrode behaved almost identically to the n-pAu
electrode, indicating that the Nafion filled most of the nanoporous structures.
At 300 °C, it was evident that both the current level and the signal change of n-
npAu (300 °C) had been suppressed by about two thirds of that of n-npAu (r.t.),
indicating that the Nafion could penetrate a greater extent of the nanoporous
structure when the pores were above 50 nm compared to the untreated nano-
porous structures. These experiments strongly support that a larger pore size does
not exclude Nafion outside the nanopores, ultimately resulting in a deterioration
of biosensing performance.

Fig. 3A shows the SEM top view and cross-sectional view of the npAu electrode.
Prior to measurement, the entire electrode surface was sputter coated with
iridium to enhance surface conductivity for imaging. Cross-sectional images were
obtained by focused ion beam (FIB) milling with a protective platinum layer
deposited on the top of the npAu electrode for surface protection. The nanopores
have an average diameter of 15 nm and formed an interconnected 3D nanoscale
network in the vertical direction, allowing small molecules to access while
rejecting large molecules. Fig. 3B shows the top view and cross-sectional view of
the n-npAu electrode. These images confirm that the Nafion only penetrates the
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Fig. 3 Nafion coating optimization and morphological characterization. (A) and (B) are the
top view and cross-sectional view of SEM images for npAu and n-npAu, respectively. The
Nafion membrane covers the top surface of npAu and the tiny nanoporous structures are
essential to exclude the Nafion outside the nanopores. (C) shows the current levels on the
left y-axis and the maximum signal changes on the right y-axis of npAu, n-npAu
(6000 rpm, 142 nm), n-npAu (4000 rpm, 157 nm) and n-npAu (1500 rpm, 262 nm) upon
the addition of DOX (n = 3). (D) shows the current levels on the left y-axis and the signal
changes on the right y-axis of n-npAu (dip coating) and n-npAu (spin coating) upon the
addition of DOX (n = 3).
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large cracks, but is unable to enter the tiny nanopores, which compose most of the
electrode area. This further confirms the current levels observed in Fig. 2D, where
the npAu electrode is larger than all of the n-npAu electrodes. As the pores became
larger, the Nafion is able to fill the pores more easily, resulting in a reduced
number of aptamers that are able to undergo conformational change upon target
binding, thereby suppressing the current level and associated signal change.*"**

Effect of Nafion membrane thickness and preparation methods

As the pore size and electrode thickness of n-npAu were well tuned for Nafion
exclusion, we then investigated the Nafion membrane, including its thickness
and formation methods, to gain a better understanding of the membrane-elec-
trode interaction on biosensing performance. Unlike commercially available
Nafion films with micron thicknesses, we formed the Nafion membrane in situ on
both pAu and npAu electrodes by spin coating and dip coating, respectively.
Specifically, 5 wt% Nafion solution was spun on the electrode surface at three
different speeds (1500 rpm, 4000 rpm and 6000 rpm), resulting in membrane
thicknesses of 262 nm, 157 nm and 142 nm, respectively (Fig. S27). A direct
comparison was then conducted to optimize the membrane thickness and
investigate the effect of Nafion thickness on current and signal change. As shown
in Fig. 3C, the n-npAu (1500 rpm, 262 nm) device has the largest signal change
while maintaining the lowest current level. And n-npAu (4000 rpm, 157 nm) and
n-npAu (6000 rpm, 142 nm) devices behave slightly different from each other in
both signal change and current level. Unlike the n-pAu, where Nafion blocks most
of the signal change caused by DOX interacting with the aptamer, the n-npAu
(1500 rpm) shows comparable signal change to the npAu.

Even though the npAu and the pAu electrodes were fabricated on a flat glass
substrate, we wondered about the signaling behavior of the Nafion-coated elec-
trode on an uneven surface. Compared with spin coating, dip coating is a simple
and low-cost approach for coating the membrane on a variety of substrate types
regardless of the smoothness of the electrode. Another advantage of dip coating
on the npAu electrode is determining whether Nafion would fill a greater volume
of the nanopore interior.** To verify this, we dropped Nafion solution onto the
npAu electrode surface and allowed the solution to sit for ten minutes before
spinning off the excess Nafion solution. As shown in the SEM image in Fig. 54,
Nafion did not penetrate into the nanoporous network, even though the
membrane is much thicker than the spin-coated membranes. The Nafion incu-
bation causes an increase in the current level compared to the spin-coated n-npAu
(Fig. 3D). However, the signal change diminishes, probably due to the increased
length of the Nafion, which prevents the DOX from passing through the
membrane within the measurement time frame.

Nanopore confinement effect on biosensing performance

After the optimization of the npAu electrode and Nafion, we investigated the bio-
sensing performance arising from volume confinement inside nanopores.***®
Previously, we demonstrated that ionic strength affects the signal change in a npAu
electrode.” Unlike the flat and thin Debye layer for pAu electrodes at physiological
ionic strength, npAu electrodes have a concave structure, the Debye screening is
curved in three dimensions as Debye volume, where the screening of the redox
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species inside is greatly reduced.*” Considering the 15 nm average diameter of the
nanopore, the aptamer immobilized on the inner wall of the nanopore will benefit
from the reduced screening and accelerate the electron transfer rate, leading to an
increased current when compared to the aptamer immobilized on the pAu elec-
trode. Therefore, we investigated the dependence of ionic strength, DOX diffusion
time and aptamer surface density on the biosensing performance.

First, we evaluated n-npAu at three different ionic strength conditions (0.1x
PBS, 1x PBS and 10x PBS). The data in Fig. 4A shows that the 0.1x PBS has the
lowest current level and negligible signal change. The low current is consistent
with previous findings, but the low signal change of n-npAu is unexpected.” In
our previous study, the npAu (0.1x PBS) produces the highest signal change using
the npAu electrode. One possible explanation is that the reduced ionic strength
impairs the ability of the DOX to diffuse across the Nafion membrane. At 10x PBS,
the higher ion concentration within the nanopores limits the extent of the electric
field, resulting in a relatively modest signal change at this high ionic strength. At
1x PBS, n-npAu provides a reasonably high enough ionic strength for DOX to
diffuse across the Nafion membrane without compromising the Debye screening
effect that ultimately resulted in the highest signal change reported.

The unusual signal behavior of 0.1 x PBS indirectly proves that the presence of
a membrane on the electrode surface results in a different mass transport

100 uM DOX
S { mmm 0 uM DOX t,
- S9.
v i
-~

: I
I By
nnpAu ) nnpAu Al

nnpAu nnpAu nnpAu
(0.1X PBS) (1X PBS) (10X PBS) (no waiting) (10 minutes waiting)

Current (pA)

npAu npAu npAu npAu
(0.2X Apt) (0.5X Apt) (1.0X Apt) (2.0X Apt)

Fig. 4 Effect of ionic strength, DOX diffusion time and aptamer surface density on
electrochemical biosensing. (A) shows the current levels on the left y-axis and the
maximum signal changes on the right y-axis of n-npAu (0.1x PBS), n-npAu (1x PBS) and n-
npAu (10x PBS) upon the addition of DOX (n = 3). (B) shows the current levels on the left y-
axis with the dark red as the currents of 0 uM DOX and the light red as the currents of 100
pM DOX. The right y-axis shows the signal changes with the addition of 100 uM DOX
without (n-npAu (no waiting)) and with ten minute waiting period (n-npAu (10 minutes
waiting)) (n = 3). (C) shows the current levels on the left y-axis and the signal changes on
the right y-axis of npAu (0.2x DOX apt—MB), npAu (0.5x DOX apt—MB), npAu (1x DOX
apt—MB) and npAu (2x DOX apt—MB) upon the addition of DOX (n = 3).
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behavior between npAu electrodes and n-npAu electrodes. To investigate this
effect, the diffusion time is tuned to reflect the changes in current levels and
signal changes for DOX detection, as illustrated in Fig. 4B and S5.f For the npAu
electrodes, the signal change is nearly instantaneous over time, indicating that
a steady state is reached almost immediately. While in the n-npAu, the signal
change shows a tiny signal change after DOX addition. After a waiting period of
ten minutes, the signal change increases to a level approaching the signal change
of npAu, indicating the complete diffusion of DOX across the membrane.

The final aspect of the local environment that significantly affects the bio-
sensing is the aptamer surface density within the nanopore.* In such a confined
nanopore volume, aptamers tend to interact with each other more than on the
pAu.** In this measurement, we tested four different aptamer surface densities by
immobilizing aptamer solution with a concentration of 0.2 uM, 0.5 pM, 1 uM and
2 pM, respectively. As shown in Fig. 4C, the current level increases with increasing
the aptamer surface density. This is expected as the addition of DOX apt-MB will
result in more redox reporters leading to higher redox currents. While the signal
change decreases, the 0.20 uM aptamer shows the largest signal change, indi-
cating the least steric hindrance of the aptamer conformational change upon
target binding. However, its redox current peak is more difficult to distinguish
from the baseline than other aptamer surface densities. Balancing the current
level and signal change, we adopted the 0.50 uM aptamer as the optimized
aptamer density as it exhibits a noticeable signal change with much less variation
while maintaining a large peak current from the baseline for target detection.

Conclusion

In this work, we demonstrated a facile and low-cost approach to fabricate Nafion-
coated nanopore electrodes and their ability as EABs to detect small biomolecules
with good sensitivity and high specificity. We designed a hierarchical nanostructure
that seamlessly coated a cation exchange membrane with nanochannels (<2 nm) on
the top of a nanoporous (>15 nm) gold electrode without compromising the bio-
sensing performance for cationic targets. Initially, we characterized the Nafion-
coated planar electrode (n-pAu), which showed no response to the DOX target
because the Nafion completely passivated the DOX apt-MB immobilized on the
planar electrode, preventing the aptamer from undergoing a conformational
change upon target binding. However, in the case of our n-npAu electrode, the
Nafion was unable to penetrate the 3D random and tiny nanoporous network,
resulting in a target response that is comparable to that of the uncovered npAu
electrode. To validate our hypothesis, we investigated the Nafion filling behavior in
the nanoporous regime by tuning the pore size by thermal annealing and the pore
depth by varying the metal co-sputtering protocols. We confirmed that the tiny
nanopores of npAu electrodes provided a unique biosensing environment to allow
the aptamer to respond freely to the target without the constraints of the Nafion
coating on top. On the other hand, sealing the entrance of the npAu electrode
altered the target transport and provided a nanoscale confinement for molecular
detection. We investigated the local ionic strength, target diffusion time and
aptamer surface density and optimized our electrochemical biosensor. The concept
of membrane-coated nanoporous electrode for EAB biosensors introduced in this
work can serve as a framework for future studies on membranes with different
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stimulus-response and a variety of biomolecular targets. More importantly, the
integration of chemical functionality and anti-biofouling properties illustrated here
will pave the way for future in vivo biosensor research for long-term study.

Experimental section
Chemicals and materials

Concentrated nitric acid (67-70%), concentrated sulfuric acid (95-98%),
concentrated hydrochloric acid (34-37%), hydrogen peroxide (30%), 10x phos-
phate buffered saline (PBS), sodium chloride, sodium bicarbonate, reagent grade
ethanol and nuclease free water were purchased from Avantor and used as
received. Polydimethylsiloxane was purchased in a kit from Avantor and prepared
according to package instructions. Ultrapure water was purified and collected
using the Alto Ultrapure Lab Water Polisher (18.2 MQ c¢m). Grafix Frisket film was
purchased from Amazon for use as electrode masking tape for laser cutting.
Doxorubicin hydrochloride (DOX), tris(hydroxymethyl)Jaminomethane hydro-
chloride (TCEP) were purchased from Sigma-Aldrich and used as received. The
doxorubicin aptamer, described in our previous study, with a sequence of
5"HS(CH,)sACCATCTGTGTAAGGGGTAAGGGGTGGT/3AMMC6T, was purchased
from Integrated DNA Technologies and diluted to 100 uM using nuclease free
water. The DOX aptamer was then modified using an EDC-NHS coupling reaction
to attach Atto MB2 NHS ester (a methylene blue (MB) derivative, >90% HPLC,
purchased from Sigma-Aldrich) to the distal end as DOX apt-MB. D521 Nafion
dispersion (alcohol-based 1100 EW at 5 wt%) was purchased from Ion Power.

Electrode fabrication

Planar gold (pAu) and nanoporous gold (npAu) electrodes were fabricated using
laser patterned masks and metal sputtering by modification of a previously re-
ported procedure.” Glass slides were cleaned in Piranha solution (a 3 : 1 mixture of
sulfuric acid (95-98%) and hydrogen peroxide (30%) - caution strong oxidizer,
handle and use with extreme care) for 5 minutes and then rinsed with ultrapure
water. Electrode mask patterns were prepared by laser cutting the Frisket Film and
then were placed on the pre-cleaned glass slides to define the electrode area. The
masked glass slides were sputtered with metals using the Oerlikon 450B sputtering
system to fabricate the pAu and npAu electrodes. For the pAu electrode, a 10 nm
titanium adhesion layer and then a 100 nm gold layer were sputtered onto the
unmasked electrode area of the slides. The prepared pAu electrodes were cleaned
with Piranha solution for five minutes and immersed in ultrapure water before use.
For the npAu electrode, a 10 nm titanium adhesion layer, a 50 nm gold layer and
a1:2 gold/silver bilayer with three different thicknesses (100 nm, 300 nm, 500 nm)
were co-sputtered onto the slides. The silver layer was dissolved in concentrated
nitric acid (70%) for ninety minutes and then the prepared npAu electrodes were
immersed in ultrapure water overnight before use.

MB conjugation and aptamer immobilization

The DOX aptamer was first diluted to 100 uM with nuclease-free water and stored in
a —20 °C freezer. The DOX aptamer was then modified by attaching a methylene
blue (MB) redox reporter to the 3’ end of the DNA through an EDC-NHS coupling
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reaction. Specifically, 15 pL of the MB NHS ester, 50 pL of the 100 uM aptamer and
6 pL of 75 g L™ sodium bicarbonate were mixed and allowed to react overnight at
4 °C. Then, 10 pL of 3 M NaCl and 200 pL of reagent grade ethanol were added to
the above solution and stored at —20 °C for 30 minutes. The solution was centri-
fuged at 4 °C and 20 000g for 30 minutes by an Eppendorf Centrifuge 5425 and the
supernatant was removed to obtain a crude DOX apt-MB pellet at the bottom. This
solid was resuspended with reagent grade ethanol and spun down until the
supernatant was colorless (MB free). Finally, the DOX apt-MB aptamer was dried in
a desiccator under vacuum and dissolved in nuclease-free water before use. The
yield of MB conjugation was monitored by measuring the UV-vis absorption ratio of
MB and DOX aptamer using a Thermo Fisher NanoDrop.

Aptamer immobilization on the electrode was achieved by incubating 100 pL
DOX apt-MB solution with the pAu electrode and npAu electrode, respectively. Prior
to incubation, the as-prepared DOX apt-MB stock solution (100 pM) was reduced
with excess TCEP to convert the disulfide bond at the 5’ end of the DNA into a thiol
group. The DOX apt-MB solution was then diluted to the desired final concentra-
tion (0.2, 0.5, 1, 2 uM) with PBS buffer (0.1x, 1x, 10x) for specific measurements.
After incubation of the DOX apt-MB solution for one hour, the electrodes were
washed and then immersed in a 6-mercapto-1-hexanol (6-MCH) thiol solution (73.1
mM) for three hours to form a self-assembled monolayer on gold and passivate the
remaining electrode area. Finally, the electrodes were washed with ultrapure water
to remove any excess 6-MCH and stored in 1x PBS buffer before use.

Nafion coating and morphological characterization

The n-pAu electrode and n-npAu electrode were prepared by spinning 5 wt%
Nafion solution at different speeds (from 1000 rpm to 8000 rpm) with a Suss
MicroTec LabSpin 8 and then dried overnight at room temperature with a cover
before use. Nafion thicknesses were measured using a Flimmetrics 40 system. The
morphological images of the n-npAu electrode were taken using a FIB SEM
(Helios G4 Ux Dual Beam).

Electrochemical measurements

All electrochemical measurements were carried out using a four-channel poten-
tiostat MultiEmStat4 (PalmSens). Pt counter electrode and Ag/AgCl reference
electrode were purchased from CH instruments. Square wave voltammetry (SWV)
measurements were performed at different amplitudes and different frequencies
to obtain the optimized electrochemical parameters. The voltage sweep ranged
was from —0.5 V to 0 V (vs. Ag/AgCl at 298 K) and SWV data were recorded for
analysis. During the measurement, a PDMS well (8 mm in diameter) was placed
on top of the electrode array as a solution holder to hold PBS buffer solution and
subsequent addition of DOX solution to a desired concentration. All SWV data
were collected and analyzed using MultiTrace (Palmsens) and plotted by Python
Matplotlib or Graphpad.

Data availability

The data supporting this article have been included as part of the ESI.1 Additional
data are available upon request from the authors.
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