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ABSTRACT: Frequently calibrating electrochemical biosensors
(ECBs) to obtain acceptable accuracy can be cumbersome for the
users. Thus, the achievement of calibration-free operation would
effectively lead to commercial applications for ECBs in the real
world. Herein, we fabricated a temperature-alternated electro-
chemical aptamer-based (TAEAB) sensor, producing a cycle of
“enhanced-responsive and ~nonresponsive” state at rapidly
alternated interface temperatures (S and 30 °C, respectively).
The ratio of peak currents collected at two temperatures
overcomes sensor-to-sensor fabrication variations, obviating sensor
calibration prior to use due to its good reproducibility. We then demonstrated the capability of TAEAB sensors for improved,
sensitive, and calibration-free measurement of different targets within 7 min, which respectively achieved a detection limit of 0.5 uM
procaine in undiluted urine and 1.0 #M adenosine triphosphate in undiluted serum. This generalizable approach ameliorates
sensitivity without the complicated amplification step, thus simplifying the operation procedure and reducing the detection time,

which will effectively improve the clinical utility of biosensors.

T o preserve the accuracy of the commercial continuous
glucose monitor (<20% error'), the instruction of
manufacturers recommends a calibration at least every 12 h.”
Although this method has a clear clinical value,” it will reduce
convenience and introduce opportunities for user errors.”
The need to perform calibration operation will discourage
many potential users, and it has proven to be one of several
hurdles impeding electrochemical biosensor (ECB)® applica-
tions in clinical diagnostics or field-portable devices.”® Thus,
the development of calibration-free sensing approaches will
greatly improve the usability of ECBs and enhance market
adaptation and acceptance. Of note, our concept of
“calibration-free” here refers to the fact that the sensor can
be pre-calibrated in the factory and used as is, allowing for a
“determined-once-for-all” model.”"’

A substantial amount of work has been devoted to pushing
the detection limits and sensitivities of biosensors, but little
attention has been paid to sensor calibration and validation in
real samples.'”'> Only a few calibration-free biosensing
approaches”'”"® have been developed to increase the
adaptation and clinical utility of ECBs. For example, Tarasov
and co-workers realized an on-site calibration-free biosensor by
using “differential” readout of pairs of differently function-
alized, antibody-modified electrolyte-gated field-effect transis-
tors.'* However, the signal transduction mechanism of this
sensor depends on the specific chemical reactivity of their
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target; thus, this strategy is not generalizable to the
measurement of other molecules.

Electrochemical aptamer-based (E-AB) sensors'® are a
widely used sensing platform for reagentless, rapid, and specific
analyte detection in complex matrices'®™'? and even the living
animals.”” E-AB sensors employ a redox-reporter-modified,
structure-switching aptamer as their recognition element, and a
target binding-induced conformational change alters the
electron transfer (ET) between the reporter and interrogated
electrode surface.”’ Due to this reversible signal transduction
mechanism,”>** the sensor is cost-effective and supports real-
time measurement, which is suitable for the development of
point-of-care testing (POCT)24 or continuous sensing
applications.”” However, traditional E-AB sensors need to
circumvent sensor-to-sensor signal variations by calibrating
each individual sensor by a zero-target standard solution prior
to use.* Such calibration is inconvenient, and more
importantly, it is hard to perform this operation when sensors
are deployed directly in actual samples with target molecules
such as undiluted serum, urine, and even whole blood.

Received: January 21, 2021
Accepted: May 11, 2021
Published: May 24, 2021

https://doi.org/10.1021/acs.analchem.1c00289
Anal. Chem. 2021, 93, 7843—7850


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhi-min+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xing-yuan+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian-Jun+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sen+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.1c00289&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00289?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00289?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00289?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00289?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00289?fig=abs1&ref=pdf
https://pubs.acs.org/toc/ancham/93/22?ref=pdf
https://pubs.acs.org/toc/ancham/93/22?ref=pdf
https://pubs.acs.org/toc/ancham/93/22?ref=pdf
https://pubs.acs.org/toc/ancham/93/22?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.1c00289?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf

Analytical Chemistry

pubs.acs.org/ac

‘lemperature controller

B

@
uﬂ\
S N
“:v
28
v B
-
T <
S =
£2
|3}

S E
o @
=S

Connecting to
a pententiostat

N A H
72 7
SIowET ———— H
- FastET:
OH OH - H

oH $ oH $ %"

¢ H § i
i i i

Next run...

[

7
6 min

Figure 1. Schematic diagram of TAEAB sensors and the detection process. (A) TAEAB sensors consist of an electroactive reporter-modified,
thiolated aptamer (here, a three-way-junction-structured aptamer is shown) and a temperature-controllable gold disk electrode (Au-TCDE). The
binding of the aptamer and target molecules (purple ball) will induce a conformational change, which alters the ET kinetics between the reporter
[blue ball: methylene blue (MB)] and the electrode. This produces a target concentration-dependent change in current when the sensor is
interrogated via the square wave voltammetry.* We modified a Au-TCDE with structure-switching aptamers, whose surface temperature (T) can
be rapidly alternated in an ice-water bath (0 °C). (B) Sensitive, rapid, and accurate analyte concentration determination via TAEAB sensors. T}, and
T, represent the temperature of bulk sample solution and electrode surface, respectively. The samples and the sensors are immersed in an ice-water
bath for a few minutes until T, = T, = 0 °C (3 mL solution cooling for ~6 min). We first use one set of sensors to determine the calibrated
parameters (K, 1, 1y, and r,,, from Hill equation, eq 1) for this class of sensor, and these parameters remain the same from sensor to sensor,
allowing for a “determined-once-for-all” model. Thus, without the need for calibration operation, sample pretreatment process, and redundant
operation steps, we only need to measure the ratio (@) of two peak currents at S and 30 °C for estimating the target concentration accurately.

Therefore, Plaxco and co-workers reported calibration-free
operating E-AB biosensors using two different ratiometric
strategies. First of all, the E-AB signal is a strong function of
square-wave frequency (when using square-wave voltammetry
to monitor target-dependent current change), producing
“signal-off,” “signal-on,” or “nonresponsive” behaviors.”® The
ratio of two currents at responsive and nonresponsive
frequencies is largely insensitive to drift and sensor-to-sensor
fabrication variations; thus calibration-free operation of sensors
can be achievied.””**” Another one is the “dual reporter”
approach,” achieving calibration-free measurements of adeno-
sine triphosphate (ATP) or kanamycin in vivo. A “reference”
reporter served as an internal reference that does not respond
to the presence of the target, allowing us to correct for sensor-
to-sensor variability. Recently, Li et al. employed one probe-
attached redox reporter and a second intercalated redox
reporter to generate two signals, obviating the need for
calibration as their ratio remains reproducible.”® These
strategies obviate the need for calibrating each individual
sensor without damaging sensitivity or selectivity.

Here, we fabricated a “temperature-alternated electro-
chemical aptamer-based (TAEAB) sensor” (Figure 1A) for
improved, sensitive, calibration-free molecular measurements
in unprocessed actual samples. We modified temperature-
controllable gold disk electrodes (Au-TCDEs)* with
structure-switching aptamers. The Au-TCDE immersed in
ice-water bath can rapidly change electrode surface temper-
ature (T), which will generate temperature-difference (AT,)
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between T, and the bulk solution (T,).”**' We then
demonstrated that the E-AB signal is also a strong function
of interface temperature, producing “enhanced-responsive” and
“~nonresponsive” signal outputs at the given T, (5 and 30 °C).
The ratio of two peak currents collected at different T,
overcomes sensor-to-sensor fabrication variations and sensor
degradation. Then, the Hill equation is used to determine the
“factory” parameters that remain the same for this class sensor.
Thus, it obviates the calibration of each individual sensor prior
to their use. TAEAB sensors could rapidly and easily determine
target concentration via the ratio output without the calibrated
operation and sample pretreatment and greatly shorten the
turnaround time of sample to sample (Figure 1B). Due to the
easy-to-deploy cooling device (ice-water bath is a readily
available setup) and user-friendly two-step detection operation,
our strategy significantly promotes the practical utility of
biosensors. Therefore, TAEAB sensors are promising for
enabling more widespread small-molecule analysis in clinical
practice, which lays a foundation for future real-world
applications.

B EXPERIMENTAL SECTION

Materials. Procaine hydrochloride, tris(2-carboxyethyl)
phosphine, and 6-mercapto-1-hexanol were purchased from
Aladdin Co., Ltd. (Shanghai, China). Trizma preset crystals, at
pH 7.4, were purchased from Sigma-Aldrich, St. Louis, MO,
USA. Fetal calf serum was purchased from Tianhang
Biotechnology Co., Ltd (Zhejiang, China). Fresh urine was
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taken from a healthy human and filtered (0.22 uM) before use.
Of note, 1 ml of 1 ppm cocaine was obtained from Xiamen
Pushi nanotechnology Co., Ltd (Fujian, China). All reagents
were used as received. Thiol-modified DNA aptamer
sequences were synthesized by Sangon Biotechnology Co.,
Ltd. (Shanghai, China), purified by high-performance liquid
chromatography (HPLC), and confirmed by the HPLC profile
and mass spectrometry. These were dissolved in 10 mM Tris-
HCI bufer to a final concentration of 100 M, aliquoted, and
stored at —20 °C prior to use. Aptamer sequences used in this
work are listed below as previously reported®>** (SH-C6 = 6-
carbon thiol linker, MB = methylene blue):

Procaine and cocaine aptamer: 5'-SH-C6-AGA CAA GGA
AAA TCC TTC AAT GAA GTG GGT CT-MB-3’

ATP aptamer: 5'-SH-C6-CTT ACG ACT GAG AAG TGT
GAT TCA GTA TGT TTT C-MB-3’

All aqueous solutions were prepared using 18.25 MQ cm™
ultrapure water (Research Scientific Instruments Co., Ltd.,
Shanghai, China).

Temperature-Dependent Electrochemical Measure-
ments. Square wave voltammetry (SWV) was performed
using a potential window of 0.0 to —0.5 V, using an amplitude
of 25 mV and a potential step of 1 mV for 200 Hz. T, and T},
represent the electrode surface temperature and the bulk
solution temperature in this article, respectively.

In the overall temperature-changing (T,ye1) approach
(Figure 2A), the overall detecting system (sample solution

1
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Figure 2. Device diagram of two different temperature-changing
approaches. WE: working electrode (temperature-controllable disk
electrode, TCDE), RE: saturated Ag/AgCl electrode, CE: platinum
wire. (A) Overall temperature-changing (T y,en) 2pproach. Blue line
represents a cryogenic incubator. (B) Heated electrode temperature-
changing (Tjeueq) approach.

and three-electrode setup), where T, is equal to T, can be
cooled to S, 10, 15, 20, and 25 °C using a cryogenic incubator
(Xinxing Instruments Co., Ltd, Cangzhou, Hebei, China). In
addition, a thermostat water bath (DK-8D, Boxun Co., Ltd,
Shanghai, China) is used to heat the sample solution to 25 (if
room temperature is lower than 25 °C), 30, and 35 °C. The

solution temperature is monitored by a thermometer.
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In the heated electrode temperature-changing (Theatea)
approach (Figure 2B), the cell was placed in an ice-water
bath, in which Ty = 0 + 0.3 °C (measured by a thermometer).
T, can be heated from 0 to §, 10, 15, 20, 25, 30, and 35 °C by a
temperature controller. The display temperature of the
thermostat control panel (PV) is the temperature of the
heating module inner electrode. T can be obtained by the
temperature transfer coeflicient and the structural model
conversion, as mentioned in the literature.” For example, T, is
5/30 °C, corresponding to heating temperature 5.6/33.6 °C
when Ty, = 0 °C. The heating electrode surface hardly affects
Ty. For example, T}, will increase to 1.6 + 0.6 °C when T, = 30
°C. For the convenience of description, Ty, is taken as 0 °C in
this article. The signal gain at 0 °C is tested through emplacing
the sensor and the cell in an ice-water bath. We then converted
the raw current of each sensor into signal gain (%) using the
following equation

signal gain = (I, .oe — Lpani) /Tptan ¥ 100%

arget

B RESULTS AND DISCUSSION

Temperature-Dependent E-AB Response. Aptamer—
target interactions are significantly influenced by environ-
mental conditions; in particular, the binding affinity between
aptamers and target molecules is strongly related to temper-
ature. However, we still lack a systematic understanding of the
signal response of E-AB sensors directly affected by temper-
ature. To illustrate this, we employed two temperature-
changing approaches to explore the effect of temperature on
E-AB sensors (Figure 2). The aptamer-modified Au-TCDEs
immersed in an ice-water bath can rapidly change the electrode
surface temperature (Tueq approach). The overall temper-
ature change (T,yer) approach is used as a control group
(Figure 2A). We observed a large variation in the signal gain of
procaine sensors for each testing temperature controlled by
Tyverall OF Theatea approach (Figures S1 and S2). The signal gain
greatly increases at low temperatures (<25 °C) and decreases
at elevated temperatures (>25 °C). We believe that this is as a
result of the temperature-dependent binding affinity.**>°
Interestingly, comparing with the Ty approach (with same
T,), the Tyueq approach produces a larger signal output at $
°C and gets a worse signal at 30 °C (Figure S1: red and gray
shade). This result is possibly related to the thermal
convection caused by temperature difference (AT,) between
the electrode surface and the bulk sample solution.”"

To further illustrate it, the calibration curve is performed in
different temperature conditions (Figures S3 and S4). We then
fit the obtained target dose response profiles with the Hill
equation (eq 1)*® to determine the related dissociation
constant K/, (Table 1). The Hill equation is as follows

[target]”
(K, ;" + [target]")

signal gain = 7., + (00 — Tiin)

(1)

where n is the Hill coefficient, r,;, and r,,,, are the minimum
and maximum values of the response signal (i, when the
sensors are challenged in the absence or presence of a
saturating target, respectively), and dissociation constant K,
is the midpoint of the target dose—response curve. We
observed that the T ,.q approach at 5 °C produces the highest
signal gain with a K, of 12.8 + 1.5 uM, which indicates that
the thermal convection promotes aptamer binding to procaine
at the temperature difference of 5 °C (Figure S4). Instead, the
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Table 1. Dissociation Constant K, of Procaine-Binding E-
AB Sensors at Different Temperatures

Kyjo/pM
T/°C T o vecall Theated
30 147.3 + 142 259.5 + 158.1
25 982 + 5.6 1343 £ 25.3
S 215 £ 24 12.8 £ 1.5
13.8 £ 1.5

sensor becomes almost nonresponsive to procaine with the
largest K/, of 295.5 + 158.1 uM at T}eyeq = 30 °C, showing
that the thermal convection of 30 °C destabilizes the binding
of the aptamer and target.

We demonstrated that the response of procaine sensors is a
strong T,-dependent function, producing “enhanced-respon-
sive” and “~nonresponsive” signal outputs at given T = S and
30 °C, respectively (Figure 3A). The Au-TCDEs that are
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Figure 3. TAEAB sensors for the alternating cycle of “enhanced-
responsive” or “~nonresponsive” state. (A) Compared with the
performance at 25 °C, the signal of E-AB sensors can be greatly
improved at Theyeq = S °C (T, = 5 °C, Ty, = 0 °C), while it becomes
almost nonresponsive to target molecules at Tjeq = 30 °C (T = 30
°C, Ty, = 0 °C). Here, the signal of 30 °C only changes a little at high
target concentrations, so we described it as “~nonresponsive”. (B)
Response of procaine sensors changes alternately with the oscillation
of T, The green line represents the T, time curve. Here, T; is
converted by the open circuit potential method in 5 mM
K;[Fe(CN)4]/K,[Fe(CN)4] + 0.5 M KCl aqueous solution.”” Au-
TCDE:s can rapidly, stably achieve the alternating temperature change
of cold to hot on the electrode surface in an ice-water bath. The left
axis represents the response of sensor changes at 5 or 30 °C with 500
HM procaine.

immersed in an ice-water bath can rapidly achieve the
alternating temperature change of cold to hot on an electrode
surface. For example, Au-TCDEs approximately need only 7
min to complete a 5—30—5 °C alternating temperature cycle
(Figure 3B). Thus, we could control E-AB sensors from the
state of the high sensitivity for target binding to the state of
~nonresponsive by adjusting T, within a temporal resolution
of a few minutes. To demonstrate this, the surface temperature
of the aptamer-modified Au-TCDEs is oscillated between S
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and 30 °C, keeping 2 min for each temperature; then, the
sensors record square wave signals in the presence of 500 yM
procaine. As we predicted, the signal of E-AB sensors changes
alternately with the oscillation of surface temperature (Figure
3B). Inspired by the dual frequency®/dual reporter™”®
calibration-free sensing approach reported before, we described
here a dual temperature alternating (DTA) strategy that
exploits the voltammetric signal from a “~nonresponsive for
target binding” temperature as a “reference” output, thus
supporting calibration-free molecular measurements.

TA-EAB Sensor for Calibration-Free Molecular Meas-
urements. To validate the DTA strategy here, we first applied
it to a procaine-detecting TAEAB sensor in working buffer. We
respectively collected SWV currents at S and 30 °C in the
presence of different concentration targets, unsurprisingly
observing a large variation in the peak currents for both i
and iy, (Figure SSA) with a reproducible ratio of these two
(Figure SSB). Then, we fit the obtained response profiles with
the Hill equation above to determine the “factory” parameters
for a specific type of sensor™® (i, Ky #, Ty and fog)-
Because of their good reproducibility, these parameters (K, ,,
1, iy a0d 7. ) will be determined only one time and used for
all these classes of sensors. The target concentration can be
estimated from the measurements of a via a recast format of eq
1 below.

[target] = K| ," 2~ Tmin

max_a

2)
where @ is the ratio of is and i;, (these two are the peak
currents detected at S and 30 °C, respectively), r,;, is the
minimum value of &, and r,,,, is the maximum of & (i.e,, when
the sensors are challenged in the absence or presence of a
saturating target, respectively). We then applied these four
parameters (Table S1) to a new set of procaine sensors,
achieving procaine concentration estimates within 20% error
over the range of 0.1 uM to 0.1 mM in buffer (Figure SSD).
This is quite similar to the accuracy we achieve by calibrating
the same sensors in a sample of known (here zero) target
concentrations via the signal gain-corrected method (Figure
SSD). We further challenged the other standard set of procaine
sensors in undiluted urine. The peak currents or normalized
signals (Figure S12A) observed for S and 30 °C vary
dramatically across sensors, but their current ratio remains
reproducible (Figures 4B, S12C). After defining K5, 1, i
and r,,, for the sensors (Table S1), we recover procaine
concentration estimates within 20% error over the range of 0.5
to 50 uM, achieving the accuracy of the traditional calibration
approach (Figure 4C).

Cocaine’” is one of the most abused drugs, and its
concentration is approximately ~0.3 yM in urine when
cocaine was administered after 60 h.*® Procaine is used as a
testing model to perform the calibration-free strategy due to
the shortage of the high concentration cocaine samples (the
related laws in China). To illustrate that our method is also
applicable to cocaine detection, we compared the signal gain of
these two target molecules under the best detection condition
(Figure S6). Cocaine-detecting sensors have a better signal
response at low concentrations. Our method could also
support improved, sensitive, calibration-free cocaine measure-
ments, at least achieving a detection limit of 0.5 M in
undiluted urine. Thus, we believe that our strategy can prolong

https://doi.org/10.1021/acs.analchem.1c00289
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Figure 4. Temperature-alternated, small-molecule-detecting E-AB sensor for sensitive and calibration-free measurement in undiluted urine and
serum. (A) We deployed a set of procaine-detecting sensors with their target in undiluted urine, observing significant variation in both is and i
(solid: is hollow: iy;). (B) In contrast, the ratio a of the is and iy, is quite reproducible from sensor to sensor. Using these data as our training set,
we derived the parameters ., 7nap 1, and K/, for this class of sensors. (C) We then applied these parameters to a new set of sensors with a good
recovery rate over 2 orders of magnitude concentration range (red symbols), a level of accuracy we achieved by calibrating the same sensors in a
sample of zero target concentration (black symbols). (D) Challenging a training set of ATP-detecting, TAEAB sensors with their target in
undiluted serum, we again observed significant variation in the absolute currents produced at S and 30 °C. (E) Ratio of their currents, however, is
again quite reproducible from one sensor to the next. We then derived the parameters r,;, 7o 1, and K, from this set of titration data. (F)
Applying these parameters to perform calibration-free measurements to a new, out-of-training-set group of sensors, we reproducibly achieved ATP
concentration estimates within 16% error of the actual concentration across an approximate range from 1 to 100 xM, a level of accuracy similar to

that achieved using the traditional calibration approach.

the effective detection time by improving the sensitivity of
cocaine-detecting E-AB sensors.

As a validation of the generality of the DTA strategy
reported here, we used it in E-AB sensors that recognize the
ATP. Here, we have demonstrated that our strategy is also
suitable to the ATP-detecting sensor (Figures S7—S11, Table
S1). Similarly, because of the dependence of target-binding
response on temperature (Figure S8), the relative response of
the sensor is also a strong function of T, producing “enhanced-
responsive” or “~nonresponsive” behaviors (Figure S10). First,
we performed the calibration-free measurement in ATP
working buffer (Figure S11). The ratio output estimated is
accurate across an approximate 500-fold concentration range
in working buffer (Figure S11C), a level of accuracy we
achieved by calibrating the same sensors in a sample of zero
target concentration. Similarly, we further challenged the other
standard set of ATP sensors in undiluted serum (Figure
S12B,D), with the estimated target concentrations across an
approximately 100-fold concentration range of 1 to 100 uM
(Figure 4D,F). The results mentioned above illustrate that
TAEAB sensors can reproducibly estimate analyte concen-
tration and significantly improve sensitivity without the need
to calibrate each individual sensor.

Stability and Robustness of TAEAB Sensors. In
addition to eliminating the need for end users to perform
sensor calibration, the robustness and stability of ECBs are also
essential for their practical application. We further challenged
the stability and reusability of procaine and ATP TAEAB
sensors for target measurement in vitro. We alternately
detected two different procaine or ATP concentrations with
every concentration for 60 min (measurement frequency of 6
min) over 10 h in undiluted urine or serum (Figure 5). A new
set of TAEAB sensors accurately estimated the applied
procaine or ATP concentration directly in the undiluted
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Figure S. Stability of TAEAB sensors for the continuous multi-hour
(A) procaine or (B) ATP molecule measurements in vitro. We
interrogated the sensor for every 6 min over 10 h, with alternatively
challenging it every 1 h with two different concentrations (gray trace:
applicated concentration). The applicated target concentration can be
directly estimated by eq 2 without the calibration operation (blue and
red points: estimated concentration).

matrix without the calibrated operation, which shows the
potential of our sensors in accurate, continuous target
measurement.

Second, to test the long-term robustness of TAEAB sensors,
the signal of ATP-detecting sensors was real-time monitored
every 12 h over 2 weeks (Figure S13). We observed that ATP-
detecting TAEAB sensors showed accurate and reproducible
sensing behavior within 8 days after challenging with repeated
measurement. Similarly, the target concentration estimations
are in close agreement with the actual concentrations of the
ATP spiked into the sample (Figure S13: black trace).

https://doi.org/10.1021/acs.analchem.1c00289
Anal. Chem. 2021, 93, 7843-7850


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00289/suppl_file/ac1c00289_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00289/suppl_file/ac1c00289_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00289/suppl_file/ac1c00289_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00289/suppl_file/ac1c00289_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00289/suppl_file/ac1c00289_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00289/suppl_file/ac1c00289_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00289/suppl_file/ac1c00289_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00289/suppl_file/ac1c00289_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00289/suppl_file/ac1c00289_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00289/suppl_file/ac1c00289_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00289?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00289?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00289?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00289?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00289?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00289?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00289?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00289?fig=fig5&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c00289?rel=cite-as&ref=PDF&jav=VoR

Analytical Chemistry

pubs.acs.org/ac

A —T —=9Fo
(a) Ts‘ 7-b‘25 c b & (c) 200
%‘_ 9 > With Target °:° e
R [ . ‘ ¢
Q. ~Q — Yl (s Lo6| -§,1oo /
¢ e % & £ <, 2 s
sower js ] No Target . e V4
| v < ::un s %) 0 L
TR R I - R R i S o =
PR TS ——— T 5
— — o 10 100 1000 10 100 1000
Frequency / Hz Frequency / Hz
B -0 e A 12
(a) Ts—5 C, Tb_0 C b g 15 — (c) 450
o . N o .
] « With Target S o
g 10 - = &
" ~ £~ £ 300 4
| z9o / > 4
' 6 X5 Tl g 150
= M e, (=)
=1 > A 4
2 0 No Target i (ZEN
§ 10 100 1000 10 100 1000
Frequency / Hz Frequency / Hz
C = o —N°
(a) Ts 30°C, Tb 0°C (b)g 15 (c) 100
] + No Target ES
g 101 " =
o~ |/ ‘© 50
£2 " With Target =
§ Ls < LALLM ¢ e
= o
3 —| @0
4
8 10 100 1000 10 100 1000
Frequency / Hz Frequency / Hz

Figure 6. Mechanism of the DTA strategy. (A) Toyern = 25 °C. (a) With S00 uM procaine (purple ball here), the target binding-induced
conformational change alters the rate of ET from an attached redox reporter (MB, blue ball here). Obviously, compared with the variation of ET at
25 °C, the aptamer undergoes a greater change at (B) Theyeq = S °C. Thermal convection in the condition of “S °C” promotes the binding of the
target and aptamer, resulting in the improving signal gain and sensitivity. However, at (C) Theyeq = 30 °C, the convection will inhibit the binding of
the target and aptamer. Here, the signal of 30 °C changes only a little at high target concentrations. The right panels (A—C, c) show the frequency-
dependent signal gain upon the addition of 500 M procaine. We use frequency 200 Hz to interrogate electrode and signal gain at different
temperature conditions: (A) 151, (B) 465, and (C) 36%. The shaded areas indicate the error from at least three independently fabricated sensors.

Therefore, we demonstrated that TAEAB sensors have
economic benefit due to the reusability and would be a
promising testing platform for on-site biosensing and other
applications.

Mechanism of the DTA Strategy. We discuss the
mechanism of the DTA strategy in this section. As we
described above, we believe that the primary reason for the T
dependent signal response is that the affinity of the aptamer is
sensitive to temperature, especially for the structure-switching
aptamer (it means the destabilization). Zou and Lou et al.
reported that the cocaine aptamer at 25 °C has the higher
affinity than that at 37 °C, and the triple-fragment cocaine
aptamer will be binding to the target at 4 °C, but not binding
at 25 °C.** Zhao et al. have demonstrated that the affinity of
the different stem loop aflatoxin Bl-binding aptamers can
greatly improve at 4 °C.* Liu et al. also found that the binding
of the dopamine aptamer became very tight at 5 °C.”
Promoting the free aptamer of aqueous solution binding to the
target can also translate to electrode surface behaviors at low
temperatures. We then studied the relationship between the
ET rate of MB and temperature for procaine-detecting sensors
in working buffer. We estimated ET kinetics from the analysis
of normalized peak currents extracted from voltammograms
measured at different frequencies using the Lovric ap-
proach*®*" (Figure 6). The experimental results show the
obvious change between the bound and unbound state of the
ET (with or without S00 uM procaine) at both 25 and § °C,
but a little change at 30 °C. If the ratio of the SWV peak
current (I,) and the frequency (f) depend parabolically on the
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log(f) with a maximum at a frequency, the ET rate can be
calculated by the equation k; = K fma (Here, Ky is a critical
kinetic parameter that depends on the critical transfer
coefficient and the square-wave amplitude).””*> Then, the
ET of the bound state at 25 °C is estimated as 68.9 + 6.7 s/,
and the value of that at 5 °C is 44.2 + 8.8 s (nEqy = 50 mV,
Kpa = 0.88, Figure S14). Although the ET rate of MB is
reduced at low temperature, the response current dramatically
increases with procaine at 5 °C (Figure SIA—C), suggesting
that more aptamers undergo a conformational change.

This point was also proven by electrochemical impedance
spectroscopy (EIS). EIS generally uses a free-solution redox
reporter (typically Fe(CN)g&~/*+7) that changes its charge
transfer ability because of steric or electrostatic blocking of a
functionalized electrode.* The related position change of the
reporter will alter the charge transfer resistance (R,) of the free
redox couple owing to the electrostatic attraction between the
positively charged MB molecule and the negatively charged
Fe(CN)g>/*probe.”> We further characterized the effect of
temperature on the self-assembly molecular layer by assessing
R, of Fe(CN),*~/*" ions (Figure S15). We observed that R, of
the redox couple greatly reduces when the target binds to the
aptamer at S °C (Figure S15B). It indirectly indicates that the
aptamer undergoes a more drastic conformational change or
more aptamers bind to the target. However, the changes in R,
were significantly weak with 500 #M procaine at 30 °C (Figure
S15C).

Additionally, the interface temperature difference occurred
between the electrode surface and bulk solution produces
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completely different contributions for the signal of E-AB
sensors at 5 or 30 °C (Figures S1 and S4). To illustrate it,
COMSOL is used to simulate the heat and mass transfer
around the electrode (Figure S16). According to the result of
simulation, the aqueous solution flows upward from the
bottom of the electrochemical cell to the electrode surface,
resulting in an enhanced mass transport (thermal convection).
The larger temperature difference will produce a faster flow
rate of the convection. However, the thermal convection does
reduce the response of the sensor at 30 °C. We believe that it is
related to the binding affinity, namely, the interaction force of
the aptamer and target at different temperatures. The binding
force of the aptamer—target complex is tight due to the high
affinity at S °C; thus, thermal convection promotes the binding
of the target and aptamer and improves the signal response.
The lower affinity will destabilize the bound state of the
complex at 30 °C. Thus, the faster flow rate destabilizes the
binding state of the aptamer and target, resulting in a
nonresponse sensing behavior of E-AB sensors. To illustrate
it, we explored the influence of rotating speed on the E-AB
signal under the stirring state (the forced convection) at
different temperatures in working buffer (Figure S17). The
equilibrium state of the binding between the aptamer and
target on the electrode surface is affected by the forced
convection, resulting in the response variation of E-AB sensors.
The same rotating speed (100 rpm) plays two roles for the
response of sensors at 5 or 30 °C, which further demonstrated
the abovementioned opinion.

B CONCLUSIONS

To support POCT or on-site sensing, a sensor must achieve
clinically acceptable accuracy and detection limit and yet
simultaneously be convenient, rapid, and inexpensive.***’
Here, we demonstrate that temperature-alternated, E-AB
sensors for the detection of small molecules can meet these
demanding requirements. An inherent limitation to using the
aptamer as a recognition element is that structure and function
depend on environmental factors such as pH, temperature, and
ionic strength.*® Generally, it requires pretreatment samples
(e.g., using buffer to dilute) for maintaining the performance of
the sensor.”””” Our strategy has achieved both signal
enhancement and calibration-free measurement directly in
unprocessed actual samples without needing reagent additions
or other treatment steps. We only need to get the signal of the
sensor at two different temperatures to directly estimate the
target concentration. This method may be user-friendly and
increase the convenience. With no sophisticated instrumenta-
tion, the temperature-alternating process utilizes the equip-
ment readily available: inexpensive and easy-to-get ice-water
bath, and commercially, the Au-TCDEs. Of note, the overall
time of the detection process mainly comes from cooling of the
sample solution (nearly 6 min). The measurement speed could
be further increased by improving ice-water bath devices or
using minijaturized electrodes. Given these arguments, we
postulate that TAEAB sensors may significantly improve the
clinical utility of many biosensors to extend their analytical
applications in the areas of medical diagnostics, environmental
monitoring, and food safety.
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