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ure of gold film greatly improves
the signaling of electrochemical aptamer-based
biosensors†

Shaoguang Li, a Lancy Lin,b Xueman Chang,a Zhixiao Si,a Kevin W. Plaxco, cd

Michelle Khine,b Hui Li *a and Fan Xia a

Electrochemical aptamer-based (E-AB) sensors provide a great opportunity towards the goal of point-of-

care and wearable sensing technologies due to their good sensitivity and selectivity. Nevertheless, the

output signals from this sensor class remain low when sensors are interrogated via square-wave

voltammetry. This low signaling limits the sensor's precision for its capability to detect small changes in

target concentrations. To circumvent this, we proposed here the use of a readily shrink-induced,

wrinkled Au-coating polyolefin film to immobilize a greater number of DNA probes and thus improve the

signaling. Specifically, wrinkled gold film exhibits a 5.5-fold increase of surface area in comparison to the

unwrinkled ones. Using these substrates we fabricated a set of E-AB sensors of three biological

molecules, including kanamycin, doxorubicin and ATP. We achieved up to 10-fold increase in its current

and also good accuracies within �20% error in the target concentration range across 2 orders of

magnitude.
Introduction

Electrochemical biosensors have received considerable atten-
tion towards the goal of point-of-care (POC) applications,1–4

due to their high sensitivity, selectivity and capability of
miniaturization.5,6 Electrochemical aptamer-based (E-AB)
sensors, for example, are a versatile platform supporting
the detection of a broad range of targets irrespective of their
chemical or enzymatic reactivity and thus including inor-
ganic ions, proteins, small molecules and cells.7–14 E-AB
sensors are composed of a DNA/RNA or peptide aptamer
“probe” that serves as a recognition element, and a covalently
attached redox reporter which provides the readout signal.
Upon undergoing a binding-induced conformational change,
the electron transfer rate of the redox reporter is altered, thus
providing an easily measurable electrochemical signal that is
monotonically related to target concentration. Given this
signaling mechanism, E-AB sensors are selective enough to
aterials of Ministry of Education, Faculty

niversity of Geosciences, Wuhan 430074,

iversity of California, Irvine, Irvine, CA

, University of California Santa Barbara,

alifornia Santa Barbara, Santa Barbara,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
be deployed in complex clinical samples and, even, in situ in
the living body.15,16

The success of E-AB sensors notwithstanding, a limitation of
this platform exists, i.e., its low signaling output. This reects as
two aspects (Fig. 1). The rst is low absolute current due to
the fact that this is a voltametric approach, in which each
redox reporter can provide very limited electrons (the meth-
ylene blue reporter most commonly employed is a two-
electron redox process). This is in sharp contrast to enzy-
matic sensors, such as the continuous glucose sensor, in
which each receptor catalytically turns over multiple copies
of the target, producing many electrons/unite enzyme.
Another reason for this low current is electrode surface with
the limited macroscopic area, to which probes are allowed for
attachment. Therefore, typical signaling currents from E-AB
sensors that are small enough to insert in vivo are on the
scale of microamperes or even nanoamperes.17–20 This, in
retrospect, limits the resolutions of sensors to determine
small changes in target concentration. In order to enhance
the signaling current of E-AB sensors, we and others have
previously developed a set of electrochemical protocols that
produce nely-controllable nanostructures on gold rod elec-
trodes,21–24 thus signicantly enhancing their microscopic
surface areas.25–27 Building on this, here we explore the use of
shrink-induced, wrinkled gold lm substrates (Fig. S1†)28,29

to greatly enhance the microscopic surface area of the
sensing electrodes in E-AB sensors.
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Fig. 1 The wrinkled structures of Au film greatly improve the surface area and thus E-AB sensor signaling. Typically, E-AB sensors are comprised
of an immobilizing electrode (here, smooth or wrinkled gold electrode, Fig. S1†), DNA aptamers modified with redox reporter (labeled as “R”) that
covalently attached on the electrode. Target recognition alters the electron transfer kinetics of this reporter, and thus producing a measurable
electrochemical signal output via square wave voltammetry. (A) Due to their limited microscopic surface area, fewer probes attach to a smooth
gold electrode, thus limiting the signaling current. (B) The enhanced microscopic surface area of a wrinkled electrode, in contrast, increases the
number of probes immobilize on a given macroscopic surface area, thus increasing the E-AB signaling current.
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Experimental section
Materials

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 6-
mercapto-1-hexanol (MCH), and cocaine hydrochloride from
Sigma-Aldrich (MO, USA); all were used as received. Polyolen
lm was purchased from 0.5 mil seven-layer polyethylene/
polypropylene blend, Sealed Air Corp. The methylene blue-
and thiol-modied DNA aptamers were obtained from Sangon
Biotech (Shanghai) Co., Ltd with HPLC purications. These
DNA sequences were dissolved in PBS buffer (1�) (10.00 mM
Na2HPO4; 1.75 mMKH2PO4; 137.00 mMNaCl; 2.65 mMKCl; pH
¼ 7.4) to a nal concentration of 100 mM, aliquoted and stored
at �20 �C prior to use.

The DNA sequences used in this study are:
Kanamycin aptamer:
50-HO-(CH2)6-S-S-(CH2)6-GGGACTTGGTTTAGGTAAT-

GAGTCCC-(CH2)7-methylene blue (MB)-30

Doxorubicin aptamer:
50-HO-(CH2)6-S-S-(CH2)6-ACCATCTGTGTAAGGGG-

TAAGGGGTGGT-(CH2)7-MB-30

ATP aptamer (50 to 30):
50-HO-(CH2)6-S-S-(CH2)6-ACC TGG GGG AGT ATT GCG GAG

GAA GGT-(CH2)7-MB-30

Gold lm electrode fabrication

The unshrunk and shrunk Au-coating polyolen lms were
fabricated following our previous study.28,29 First, polyolen
lms were cut into 70 mm � 70 mm squares and then adhered
to silicon wafer substrates using 70% ethanol and Kapton tape.
Next, a 40 nm of gold (Q150R S, Quorum Technologies) was
deposited onto the above substrate, followed by subsequently
photopatterned using Shipley 1827 (Microchem) positive resist
672 | RSC Adv., 2021, 11, 671–677
and UV exposure (MA6, Suss Microtec) via a photomask.
Following this step, the wafers in I2 : KI : H2O (1 : 4 : 40) gold
etchant was wet etched in order to remove the areas of gold that
were exposed through the photolithographic patterning.
Finally, acetone was applied to such surface to remove the
remaining photoresist.

In order to obtain a well-dened gold geometric area, a pol-
ytetrauoroethylene (PTFE) solution was applied to provide an
insulation coating on the long gold electrodes, leaving only the
hexagonal gold area for sensor immobilization. Aer drop-
casting the Teon solution on this substrate, it was le at
ambient conditions for 30 minutes to dry out. With these, an
unshrunk, planar gold lm was obtained. To fabricate the
shrunk, wrinkled electrode, the former lm was baked in the
oven at 150 �C for 5 min.

Sensor fabrication

To fabricate the E-AB sensors, an electrochemical cleaning
process was applied for both planar and wrinkled substrates,
with a slight difference between these two. For the unshrunk,
planar lm, we performed the surface area cleaning step to
maintain the utility of lm on such exible substrate. Speci-
cally, electrodes were immersed in 0.05 M sulfuric acid and
scanned between 0 V and 1.65 V (all reported potentials are
versus Ag/AgCl) for 16 segments using cyclic voltammetry. In
contrast, the shrunk, wrinkled sensors required electrochemi-
cally roughening step in order to clean thoroughly. Briey, these
substrates were immersed in 0.5 M sulfuric acid and rapidly
pulsed between Einitial ¼ 0.0 V to Ehigh ¼ 2.0 V for 400 000 times
with each pulse being of 2 ms duration. Immediately prior to
sensor fabrication a DNA solution in phosphate buffered saline
buffer (1� PBS) (10.00 mM Na2HPO4; 1.75 mM KH2PO4

137.00 mM NaCl; 2.65 mM KCl; pH ¼ 7.4) was prepared by
© 2021 The Author(s). Published by the Royal Society of Chemistry
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incubating a solution of 100 mM DNA and 20 mM tris-(2-car-
boxyethyl)phosphine hydrochloride (1 : 200) for 1 h at room
temperature followed by dilution with PBS to 200 nM. DNA
concentrations were conrmed by UV-Vis spectroscopy. Finally,
freshly cleaned electrodes were immersed in this freshly-
prepared DNA solution for 1 h at room temperature (for
unshrunk, planar electrodes, the DNA solution was directly
dropped on the surface to minimize the volume used). Finally,
the sensors were rinsed with ultrapure water and then
Fig. 2 We characterized both planar andwrinkled electrode using scanni
gold film is smooth and uniform; (B) in contrast, after shrinking, the film
greater magnificent SEM for wrinkled electrode); (C) as expected, wrinkle
smooth gold film (black), which is in good accordance to our previous r

Fig. 3 A kanamycin-detecting electrochemical aptamer based (E-AB)
output. (A) As expected, we observed a monotonically increase of curr
concentrations. The dotted line represents the voltammogram obtained
with increased current are collected from sensors spikedwith amonoton
Prior to the addition of target, sensors fabricated on wrinkled electrode ex
dimensions (the size before shrunk: 70 mm � 70 mm, after shrunk: 14 m
and saturation (5 mM target),DI, is significantly enhanced by the use of wr
or wrinkled electrodes respond rapidly to their target, reaching 90% of th
wrinkled showing a slightly slower response probably due to slower diffus
following figures represent the standard deviation of at least three indep

© 2021 The Author(s). Published by the Royal Society of Chemistry
incubated in 20 mM 6-mercapto-1-hexanol solution at room
temperature for 3 h prior to use.
General protocol for electrochemical measurements

Electrochemical measurements were performed at room
temperature using a multichannel CHI1040C potentiostat (CH
Instruments, Austin, TX) and a standard three-electrode cell
containing a platinum counter electrode and a Ag/AgCl (3 M
KCl) reference electrode (Fig. S2, see the experimental setup in
ng electronmicroscopy and electrochemical techniques. (A) The planar
exhibits a complex, hierarchically wrinkled structure (see Fig. S2† the
d gold film exhibits a 5.5-fold in surface area (red) of that observed for
eport.20

sensor fabricated from wrinkled electrodes achieved a high signaling
ent (peak at �0.32 V) when spiking our sensors with increased target
from sensors in the absence of target. The subsequent voltammogram
ical increase of target concentration (50 mM, 100 mM, 500 mM, 1mM). (B)
hibit a 5-fold greater in absolute current for a given set of macroscopic
m � 14 mm). (C) The current difference between baseline (0 M target)
inkled electrodes by 10-fold. (D) Sensors fabricated from either smooth
e total response within minutes (at, as shown here, 1 mM target), with
ion onto the finely hierarchical structure. The error bars here and in the
endently fabricated sensors.

RSC Adv., 2021, 11, 671–677 | 673
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Fig. 4 A doxorubicin-detecting electrochemical aptamer based (E-AB) sensor fabricated from wrinkled electrodes achieved a high signaling
output. (A) As expected, we observed a monotonically increase of current (peak at �0.30 V) when spiking our sensors with increased target
concentrations. The dotted line represents the voltammogram obtained from sensors in the absence of target. The subsequent voltammogram
with increased current are collected from sensors spiked with a monotonical increase of target concentration (5 mM, 10 mM, 25 mM, 40 mM). (B)
Prior to the addition of target, sensors fabricated on wrinkled electrode exhibit a much greater absolute current for a given set of macroscopic
dimensions (the size before shrunk: 70 mm � 70 mm, after shrunk: 14 mm � 14 mm). (C) The current difference between baseline (0 M target)
and saturation (300 mM target), DI, is significantly enhanced by the use of wrinkled electrodes. (D) Sensors fabricated from either smooth or
wrinkled electrodes respond rapidly to their target, reaching 90% of the total response within minutes (at, as shown here, 100 mM target), with
wrinkled showing a slightly slower response probably due to slower diffusion onto the finely hierarchical structure.
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View Article Online
ESI†). Square wave voltammetry (SWV) was performed using
a potential window of�0.1 to�0.5 V, a potential step of 0.001 V,
a frequency of 500 Hz and an amplitude of 0.05 V. All
measurements in the kinetic and titration study was conducted
aer 30 scans in PBS buffer to desorption the DNA sequences
that is non-specically attached on the electrode surface.
Target kinetics and titration measurements

Kinetics measurements were conducted using the protocol as
following: a set of freshly-prepared sensors were interrogated at
a non-target solution to obtain the baseline current. Next, the
sensors were spiked with a known target concentration followed
by immediate and high-frequency electrochemical measure-
ments at a time interval of 10–20 seconds. Comparing these
current signals aer target spiking with the baseline current, we
obtained the kinetics curves for each type of sensor. Titration
measurements were performed by spiking the sensors with
a monotonically increased target concentrations at a time
interval of 2 minutes to promise the probes reaching their
equilibrium before interrogating.
Results

As our proof-of-principle study, we employed here two sets of
gold-coating polyolen exible substrates (before and aer heat-
674 | RSC Adv., 2021, 11, 671–677
shrink) to demonstrate their use in E-AB sensor application, with
the detailed fabrication process and characterization reported in
our previous studies.28,29 As expected, before shrinking the gold
lm (70 mm � 70 mm in size) exhibited a smooth, uniform
surface (Fig. 2A). Aer shrinking, in contrast, the electrode
(14 mm � 14 mm in size) observed a hierarchical wrinkled
structure (Fig. 2B), with plentiful, small winkle features of 20–30
mm, in good accordance with previous observations.20 As deter-
mined by cyclic voltammetry measurements (Fig. 2C), the
microscopic surface area of the wrinkled electrodes is enhanced
5.5-fold relative to that of the smooth electrodes.

Following on this, we then investigated the sensor perfor-
mance of E-AB sensors fabricated using these wrinkled gold
lms, with the hypothesis that such structure will improve
signaling. To see this, we rst fabricated sensors against kana-
mycin, an antibiotic characterized by a narrow therapeutical
window and signicant potential for toxicity (leading to kidney
failure and hearing loss).30–32 As expected, we observed a mono-
tonically increase in current when we challenged the sensor with
increasing concentrations of kanamycin (Fig. 3A). The same data
presented as a target titration curve produces the monotonic
Langmuir isotherm behavior expected for this type of binding
event (red curve, Fig. 3B). In comparison to the sensors fabricated
using smooth gold lm, we observed a greatly improved current
change for sensors fabricated from shrunk, wrinkled electrode
© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 3B). While the former produce current changes in the order
of 0.1 mA upon the spike of saturated target. The wrinkled
sensors, in contrast, exhibit a 10-fold enhancement in current
change (Fig. 3C and S4†). Such enhancement is achieved only
with slightly loss in its target binding kinetics (Fig. 3D), with both
planar and wrinkled sensors reaching their 90% equilibrium at
time scale of minutes.

To ascertain the generality of this approach to improving E-AB
signaling current we next applied it to a doxorubicin-detecting
sensor. As expected, we observed a monotonically increase in
current when we challenge sensors built using either smooth or
wrinkled electrode with increasing doxorubicin (Dox) concen-
trations (Fig. 4A and B). Once again, in comparison to the sensors
fabricated from smooth electrodes, we observed improved
current change for sensors fabricated from wrinkled electrodes
(Fig. 4B). While sensors fabricated from planar electrodes
exhibited current change in the order of 1.0 mA upon spiking
saturated target, the wrinkled sensors in contrast exhibit a 3.5-
fold enhancement in current change (Fig. 4C and S4†). Such
enhancement is achieved only with slightly loss in its target
binding kinetics, with both planar andwrinkled sensors reaching
their 90% equilibrium at time scale of minutes (Fig. 4D).

As a third example we fabricated an ATP-detecting sensor
using wrinkled gold electrodes. As expected, we observed
Fig. 5 An ATP-detecting electrochemical aptamer based (E-AB) sensor fa
As expected, we observed a monotonically increase of current (peak at �
The dotted line represents the voltammogram obtained from sensors in
current are collected from sensors spiked with a monotonical increase o
addition of target, sensors fabricated on wrinkled electrode exhibit a mu
(the size before shrunk: 70mm� 70 mm, after shrunk: 14 mm� 14 mm).
(10 mM target), DI, is significantly enhanced by the use of wrinkled electro
respond rapidly to their target, reaching 90% of the total response with
a slightly slower response probably due to slower diffusion onto the fine

© 2021 The Author(s). Published by the Royal Society of Chemistry
a monotonically increase in current when spiked with a set of
ATP doses (Fig. 5A), producing the monotonic Langmuir
isotherm behavior expected for this type of binding event
(denoted as wrinkled, Fig. 5B). Once again, in comparison to the
sensors on smooth electrode, we observed a greatly improved
current change for sensors fabricated from wrinkled electrode
(Fig. 5B and C). Specically, while sensors on planar electrodes
exhibit the absolute current change in the order of 1.0 mA upon
spiking with saturated target, sensors fabricated from wrinkled
substrate in contrast exhibit a 4.5 mA current change, a 4.5-fold of
that observed for the former (Fig. 5C and S4†). Such enhancement
is achieved only with slightly loss in its target binding kinetics
(Fig. 5D), with both unshrunk and shrunk sensors reaching their
90% equilibrium at time scale of minutes.

The signicantly improved signaling of E-AB sensors fabri-
cated from wrinkled electrodes renders themselves to achieve
good signal-to-noise ratio and thus high-precision measure-
ments. To see this, we used titration ts from these three classes
of sensors (Fig. 3B to 5B) to estimate the recovered concentra-
tions from another sets of sensors out from the titration set.
Specically, we rst used the Hill equation (eqn (1)) to t the
titration curves to derive the correlation between target
concentration and electrochemical signal, here, the current
obtained via a SWV techinque.
bricated fromwrinkled electrodes achieved a high signaling output. (A)
0.30 V) when spiking our sensors with increased target concentrations.
the absence of target. The subsequent voltammogram with increased
f target concentration (50 mM, 1.5 mM, 2.5 mM, 4 mM). (B) Prior to the
ch greater absolute current for a given set of macroscopic dimensions
(C) The current difference between baseline (0 M target) and saturation
des. (D) Sensors fabricated from either smooth or wrinkled electrodes
in minutes (at, as shown here, 10 mM target), with wrinkled showing
ly hierarchical structure.

RSC Adv., 2021, 11, 671–677 | 675
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Fig. 6 The greatly improved signaling of wrinkled sensors achieved molecular measurements with high-precision. (A) Kanamycin-detecting
sensors fabricated from wrinkled substrate are accurate to within �20% (i.e., the estimated concentration is within 20% of the spiked
concentration) over the concentration range 10 mM to 6 mM (light pink). The planar sensors, in contrast, exhibited a much worse signal-to-noise
ratio and failed in its accuracy. The dashed lines in all three panels represent �20% error bands. (B) Doxorubicin-detecting sensors fabricated
from wrinkled substrate are accurate to within �20% (i.e., the estimated concentration is within 20% of the spiked concentration) over the
concentration range 6 mM to 300 mM (light pink). The planar sensors, in contrast, fallout from the accurate window due to their unsatisfied
signaling. (C) Last, as a third example, ATP-detecting sensors fabricated from wrinkled substrate are accurate to within �20% (i.e., the estimated
concentration is within 20% of the spiked concentration) over the concentration range 20 mM to 8mM (light pink). The planar sensors, in contrast,
fallout from the accurate window due to their unsatisfied signaling.
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i ¼ imin þ ðimax � iminÞ ½target�nH�
K1=2

nH þ ½target�nH
� (1)

where i is the current for sample measurement; imin, imax are
currents of sensors in the absence of target and in the presence
of saturated target, respectively; nH is the Hill coefficient; and
K1/2 is the midpoint of the binding curve for the sensor class.
Once we have obtained these parameters target concentration
can be dened from measurements of i alone using eqn (2),
a recast form of eqn (1):

½Target� ¼ K1=2
nH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i � imin

imax � i

r
(2)

With this, we found that sensors fabricated from wrinkled
electrode exhibited a greatly improved recovery rate in
comparison to those fabricated from smooth ones. Kanamycin-
detecting sensors fabricated from wrinkled electrode, for
example, exhibited excellent precision to within �20% (i.e., the
estimated concentration is within 20% of the spiked concen-
tration) over the concentration range 10 mM to 6mM (light pink)
(Fig. 6A). In contrast, sensors fabricated from unshrunk,
smooth gold lm exhibited a 5-fold decrease in sensor preci-
sions, i.e., the standard deviations. Likewise, doxorubicin-
detecting sensors fabricated from wrinkled electrodes are
accurate to within �20% over the concentration range 6 mM to
300 mM (light pink, Fig. 6B), in comparison to sensors on
smooth substrate exhibiting a 4-fold decrease in precisions. The
third example, ATP-recognizing sensors fabricated from wrin-
kled gold lm are likewise accurate to within �20% across 400-
fold concentration range from 20 mM to 8mM, in comparison to
those on smooth substrate exhibiting a 2-fold decrease in
precision in the same concentration range due to their unsat-
ised signal-to-noise ratio.
Conclusions

Here in this study we have demonstrated the use of a readily-
prepared, heating-induced wrinkled gold lm as immobilizing
676 | RSC Adv., 2021, 11, 671–677
substrates for E-AB sensors to achieve precise molecular
measurements. Specically, due to the increased surface area,
such wrinkled structural gold lm greatly improved the sensor
signaling when spiking our E-AB sensors with their relevant
targets, with a signicant improvement range up to 10-fold. This
achievement allows the sensors fabricated from wrinkled gold
lm to achieve a precise, accurate molecular measurements
across a wide range of target spans. In contrast, the sensors
fabricated from the pristine, smooth lm exhibit a lower signal-
to-noise ratio, rendering them incapable to determine their
relevant target analytes with satised precisions.

Polyolen, the polymer lm we employed in our study as
substrate, offers its excellent ability of thermal shrinkable, and
thus they are commonly used to fabricate micro- and nano-
structured materials. This provides an inspiring guideline to
a broad range of other exible polymers that have been recently
employed in POC diagnostics. Heating-induced hierarchical
structures, for example, can be applicable to improve signaling for
sensors beyond electrochemical platform33,34 such as photonic
crystal-based sensing,35 surface plasmon resonance (SPR),36 or
photonic nanosensing.37 More signicantly, this platform we
proposed here is readily modular, so much that we could achieve
molecular measurement against any analyte of interest simply by
the replacement of its recognition element “aptamer” via a “plug
and play” fashion. Given these, we believe our platform would
provide new opportunity towards next-generation of point-of-care
testing and wearable sensors.
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