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Abstract

We report on a competitive electrochemical detection system that is free of wash-steps and
enables the real-time monitoring of adenosine triphosphate (ATP) in a quantitative manner over a
five-log concentration range. The system utilizes a recognition surface based on ATP aptamer
(ATPA) capture probes pre-bound to electro-active Flavin adenine dinucleotide (FAD) molecules,
and a signaling surface utilizing graphene (Gr) and gold nanoparticle (AuNP) modified carbon
paste electrode (Gr-AuNP-CPE) that is optimized to enhance electron transfer kinetics and signal
sensitivity. Binding of ATP to ATPA at the recognition surface causes the release of an equivalent
concentration of FAD that can be quantitatively monitored in real-time at the signaling surface,
thereby enabling a wide linear working range (1.14 x10710-3.0x107°M), a low detection limit
(2.01x10711M using graphene and AuNP modified glassy carbon), and fast target binding kinetics
(steady-state signal within 12 minutes at detection limit). Unlike assays based on capture probe-
immobilized electrodes, this double-surface competitive assay offers the ability to speed-up target
binding kinetics by increasing the capture probe concentration, with no limitations due to
intermolecular coulombic interactions and non-specific binding. We utilize the real-time
monitoring capability to compute Kinetic parameters for target binding and to make quantitative
distinctions on degree of base-pair mismatch through monitoring target binding kinetics over a
wide concentration range. Based on simplicity of the assay chemistry and the quantitative
detection of ATP within fruit and serum media, as demonstrated by comparison of ATP levels
against those determined using a standard HPLC-UV absorbance method, we envision a versatile
detection platform for applications requiring real-time monitoring over a wide target concentration
range.
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INTRODUCTION

Clinical diagnostic systems seek highly sensitive, quantitative and selective detection
platforms for the real-time multiplexed monitoring of target analytes.! To realize this vision,
it is preferable for the assays to have minimal chemical complexity, contain no wash steps
and enable a wide detection range for multiple targets.? Electrochemical detection can be
seamlessly integrated towards this need for real-time monitoring of analytes without
requiring wash-steps, since the electron transfer event is triggered only when the electro-
active species is proximal to the signaling electrode.® Usually, this occurs through the
capture of diffusing target analytes onto capture probes immobilized on the electrode for
localization of the electro-active reporter species to within a nanometer of the same
electrode.* While this scheme can result in highly sensitive detection of the captured target
analytes,® it is limited by the slow assay time,% especially for target levels close to the sensor
detection limit.” This is attributed to: (a) the slow settling time for target species onto the
sensor surface due to mass transport limitations arising from the lack of 3D diffusion
conditions at the proximity of the sensor surface;8 and (b) the poor target binding kinetics
due to steric hindrance from neighboring capture probe/target complexes on the sensor
surface.® Miniaturization of the sensor, which can enhance detection sensitivity due to the
reduced background, acts only to accentuate these mass transport limitations due to inability
of hydrodynamic means for stirring in proximity of the diffusion layer where the mass
transport limitations are most adverse.1? While electrokinetic methods on microfluidic
device platforms for target enrichment in proximity of the capture probes using
dielectrophoresis!! or isotachophoresis2 are capable of addressing this bottleneck, the
ensuing device complexity hampers their consideration towards point-of-care clinical
diagnostics.

De-coupling of the target recognition function from the signal transduction function is one
method to address this limitation. In this so-called double surface technique,13.14, the target
recognition is performed at a different surface from that enabling signal transduction;
thereby allowing for their independent optimization. The recognition surface is usually a
micro or nano-sized bead of high surface area that is capable of immobilizing single capture
probe molecules up to an extremely high concentration.1® The ensuing free 3D diffusion
conditions and high capture probe concentration at the recognition surface ensure fast target
binding kinetics. On the other hand, the signaling electrode and transduction technique can
be separately optimized, perhaps through surface modification or nanostructuring to enhance
sensitivity.34:16 However, prior applications of this double-surface technique have involved
a wash step to release the target or signal reporter species. Herein, we are able to eliminate
the wash step through the application of a DNA aptamer-based competitive assay that can
enable the real-time electrochemical monitoring of the target species, without the need for
target labeling.1” Additionally, through graphene (Gr) modification of the signaling
electrode, we are able to reduce detection limits and obtain signal linearity over an
unprecedentedly wide concentration range. We illustrate this detection system by using a
relatively weak affinity assay for Adenosine triphosphate (ATP) as the target and its aptamer
(ATPA) as the capture probe [Kq = (6 + 3) x10-5M].18 The recognition surface is composed
of the ATPA capture probe immobilized on ca. 1um sized beads prebound with a weaker
affinity to electro-active flavin adenine dinucleotide (FAD).1” The displacement assay is
based on the release of FAD, due to preferential binding of ATP to the immobilized ATPA,
since the aptamer was pre-selected to bind this target. Due to 3D diffusion conditions at the
recognition surface and the ability to inordinately raise concentration of beads with the
capture probe to enhance collision frequency with the target species, the binding kinetics can
be sped-up without raising nonspecific binding. This is because, unlike ELISA-type
sandwich assays,19 the current assay does not require a secondary label and the
electrochemical signal is triggered only when the diffusing FAD species are within a
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nanometer of the detection electrode. Additionally, steric limitations from intermolecular
interactions between neighboring target complexes do not affect target binding kinetics,
because of the smaller size of DNA aptamer bound target complexes versus immuno-assay
schemes, and due to the prevalence of Poisson statistics for excess beads under low target
levels,20 so that a majority of beads are bound to either single or zero target molecules. The
released FAD can be electrochemically monitored in real-time at the signaling surface, using
Gr and gold nanoparticle (AuNP) modified carbon paste (Gr-AuNP-CPE) or glassy carbon
electrodes (Gr-AuNP-GCE) that are optimized for fast electron transfer and adsorption
kinetics. Using adsorptive stripping square wave voltammetry (AdS-SWV), highly sensitive
(detection limit of 2.01x10711M ATP using Gr-AuNP-GCE) and quantitative target
detection can be achieved, with a wide range for signal linearity (3x107° - 1.14 x10710 M),
which would be especially useful for the detection of targets such as microRNA's that are
either down regulated or overexpressed in different cancer types.2! Finally, we illustrate the
utility of the capability for real-time monitoring of the target binding kinetics by applying
the detection system to compute the kinetic (k,,and &,z) and affinity (K) parameters for
the binding of ATP to ATPA, as well as by applying it towards the quantitative distinction
of various degrees of DNA base pair mismatch by monitoring target binding kinetics and
signal saturation level over a wide concentration range.

MATERIALS AND METHODS

Chemicals

All chemicals were of A. R. grade and used as received without any further purification, as
per the list provided in the Supporting Information (Section S-1.1). The capture probe was
prepared based on prior methods.1” A typical experiment used for the recognition technique
is detailed in the Supporting Information (Section S-1.2). The information about the nucleic
acid sequences used in the present work is given in Table S-1.

Instrumentation and preparation of modified electrodes

Detailed information about the instruments and electrodes used in the present work are
described in Supporting Information (Sections S-1.3 and S-1.4). The working electrodes
used herein were fabricated based on procedures in prior work.22

Determination of FAD and characterization of electrode surface

The AdS-SWYV of FAD was carried out by taking an appropriate quantity of the analyte into
a 25 mL standard volumetric flask and then making up to the mark with pH 7.0 citrate-
phosphate buffer (0.1 M). The solution was then transferred into a micro-electrochemical
cell where the measurements were performed. A magnetic stirrer (SCILOGEX MS-H-Pro)
with a stirring bar was used to enhance the convective transport of the analyte during its
accumulation onto the carbon paste electrode surface. During the pre-concentration step, an
accumulation potential (E,cc) of: —0.7 V was applied for an accumulation time (t;cc) ranging
from 30 s for kinetics measurements to 240 s for steady-state signal measurements, within
the solution stirred at 400 rpm using the magnetic stirrer. Following a 10 s rest period for the
solution to become quiescent, the SWV signal was recorded by scanning the electrode
potential toward the positive direction from -0.7 V to +0.2 V, using a frequency (f) of 100
Hz. The Cyclic voltammetric experiments were carried out by scanning the potential
between —0.75 and —0.15 V. Electrochemical impedance spectroscopy was carried out under
10 to 106 Hz frequency range and 5mV amplitude. Chronocoulometry was carried out using
an interval time of 5 s from —0.20 to —0.7 V for FAD vs. Ag / AgCl, 3M KCI. TEM images
and Raman spectra of the Gr and AuNP modified surface are provided in Supporting
Information (Figures S8-S10).
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ATP and complementary DNA target binding studies

To determine the dissociation constant of target ATP binding with ATPA capture probe, the
target at different concentration levels [(5-25)x105M] was mixed at time t=0 with
4.5x107°M of capture probe (ATPA). The AdS-SWV electrochemical signal due to release
of pre-bound FAD was studied every 30 seconds until 3 minutes, beyond which the
measurements were carried out once every minute. Similar kinetic studies for release of
FAD were conducted using ATPA complementary target DNA strands with differing levels
of base-pair mismatch, to study variations in time to obtain signal saturation and the
saturation signal level.

Determination of target within biological media

Analysis of ATP was carried out in blood serum samples. Analysis of ATP was also carried
out in pericarp tissue of litchi, banana and tomato seed samples according to the reported
literature procedure.23 The detailed experimental procedure has been given in the
Supporting Information (Section S-1.5).

RESULTS AND DISCUSSION

Displacement Assay for detection of target ATP

The competitive assay for ATP is shown schematically in Figure 1. Herein, ATP aptamer
(ATPA) is non-covalently bound to FAD and is biotinylated at the 5' end for linking to
avidin coated beads to serve as the capture probe. Since ATPA binds to adenosine and
adenosine monophosphate groups of ATP, it binds specifically to FAD, which also consists
of an identical sugar and nucleobase region. The presence of target species, such as ATP (or
complementary DNA) within an appropriately buffered supporting electrolyte, causes the
preferential binding of the aptamer to the higher affinity target, thereby releasing an
equivalent quantity of FAD as per Figure 1.17 The redox reaction of FAD (Figure 1) is
quantified electrochemically by AdSSWYV at Gr-AuNP-CPE surfaces. Since the
electrochemical signal is only caused by displaced FAD, with no contribution from FAD
species originally bound to the DNA aptamer, the signal correlates linearly to the
concentration of ATP. Furthermore, since there is no intervening wash-step, the
electrochemical signal can be monitored in real-time every 30 seconds (time for the AdS-
SWYV measurement) to quantify the target binding kinetics. The same assay was applied on
target DNA containing a perfect match (CS-DNA), single-base mismatch (SBM-DNA) and
double-base mismatch (DBM-DNA) to ATPA, respectively, in order to measure the
differences in binding kinetics and saturation signal levels. A buffered citrate-phosphate
supporting electrolyte is utilized for simultaneously carrying out the competitive assay and
electrochemical detection steps. The optimization of its pH and composition is described in
the Supporting Information (Section S-2).

Characterization of the Gr and AuNP modified electrochemical detection system

Plain and glassy carbon electrodes are well-suited for the electrochemical detection of
organic molecules,24 due to their ease of synthesis, wide potential window and low
background currents. Additionally, they can be combined with modifiers, such as

graphene, 2526 nanomaterials, 2”28 macrocycles,?® and metal complexes,3%:31 to enhance the
sensitivity and selectivity for determination of various analytes of interest. By utilizing SWV
signals for standard FAD in the supporting electrolyte, we optimized the percentage of Gr
and AuNP madifiers within the Gr-AuNP-CPE at 3% and 4%, respectively, as shown in
Figures S-2 and S-3. Next, the accumulation potential and accumulation time for stripping
voltammetry and frequency for SWV were optimized (Figure S-4). The cyclic
voltammograms of FAD (4.5x1076 M) at the four investigated electrode surfaces are shown
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in Figure 2 (a). In comparison to plain carbon paste electrodes [PCPE (i)], it is apparent that
the anodic and cathodic peak currents rise continuously upon electrode modification with
AUNPs (ii), Gr (iii) and Gr-AuNPs (iv); suggesting that the redox reaction of FAD becomes
facile on Gr-AuNP-CPE. The reversible redox reaction (Figure 1) takes place at its
isoalloxazine moiety, wherein FAD is reduced to FADHZ. In order to better understand the
underlying mechanism for signal enhancement at the Gr-AuNP-CPE surface, the CV for
FAD was acquired at scan rates varying from 20 to 3000 mV/s, for all the respective
electrode surfaces. Based on the CVs [for Gr-AuNP-CPE in Figure 2 (b)] and the linear rise
in peak current with scan rate in Figure 2 (c), we infer that the process is adsorption
controlled. Furthermore, based on the higher slope of the linear region for Gr-AuNP-CPE in
comparison to that for PCPE, AuNP-CPE and Gr-CPE, we infer the likely role of improved
adsorption kinetics on the observed signal enhancement with Gr-AuNP-CPE, under
conditions of AdS-SWV. Based on the successively higher surface coverage (I") values for
FAD (determined from the CV data) of 1.405 x 10710 moles/cm? for PCPE, 2.568 x 10710
moles/cm? for AuNP-CPE, 3.115x10719 moles/cm? for Gr-CPE, and 4.213 x 10710 moles/
cm? for Gr-AuNP-CPE, we infer an increase in the active surface area upon surface
modification. This is also apparent within the CV data (Figure S-5) comparing PCPE to that
after Gr and AuNP modification (PCPE vs. Gr-AuNPCPE). While the background
capacitance due to increased surface area rises 20-fold upon modification, the faradaic signal
rises 60-fold. Hence, the net gain in signal to background after modification is ca. 3-fold for
CV signals (Figure S-5) and ca.10-fold for AdS-SWYV signals (Figure S-6). The scan rate
dependent CV data was utilized with Laviron’s equation32 to confirm that while the charge
transfer coefficient (a) was unchanged upon Gr and AuNP modification of PCPE, the
electrode reaction rate constant (k) successively increases from 0.17 s™1 for PCPE; to 0.46
s™1 for AUNP-CPE, 0.55 s~ for Gr- CPE and 1.2 s™1 for Gr-AuNP-CPE. The data from
chronocoulometric characterization of the Gr and AuNP modified CPEs (Table S-2) shows
that PCPE modification enhances the values of slope, charge (Qags) and surface coverage
(%) of Gr-AuNP-CPE as compared to PCPE, as computed from Anson equation33. This
indicates that modification of PCPE with Gr and AuNPs enables more effective
accumulation of FAD onto the surface. Furthermore, based on the successive reduction in
impedance at the electrode surface upon Gr and AuNP modification of CPEs, as apparent
from the decreasing charge transfer resistance (R¢) in Figure 2(d) (PCPE=1.623 kQ, AuNP
—CPE=1.073 kQ; Gr—-CPE=0.923 kQ and Gr—AuNP-CPE=0.453 kQ), we infer the
successive enhancement of electron transfer kinetics at the Gr-AuNP-CPE surface. In
summary, the electrochemical characterization data confirm that the modification of the
CPE with Gr and AuNPs causes a net enhancement in signal sensitivity due to the enhanced
adsorption and electron transfer kinetics of FAD at the modified electrode surface.

ATP detection sensitivity, selectivity and real-time monitoring capability

The displacement assay, as per Figure 1, was applied towards the detection of ATP by real-
time monitoring of the released FAD at the Gr-AuNP-CPE electrode by utilizing AdS-SWV.
The linearity range of the signal for ATP detection in the pico-molar to micro-molar
concentration range is shown in Figure 3, utilizing a capture probe concentration of
4.5x107> M ATPA in pH 7 citrate-phosphate buffer. The raw data of Figure 3(a) are
summarized as peak current versus the ATP concentration in Figure 3(b). As can be seen
from the Figure 3(b), a wide linear working range of 3.0x107° to 1.14 x10710 M ATP is
obtained, with a detection limit of: 4.02x1071* M with Gr-AuNP-CPE and 2.01x10711 M
with Gr-AuNP-GCE detection surfaces. The raw AdS-SWV scan at the ATP detection limit
in Figure 3(c), shows an easily distinguishable signal in comparison to the near-zero non-
specific signals from common ATP analogs such as GTP, UTP and CTP. It is apparent from
Figure 3(c) that the slower rise in capacitive background beyond the signal for the Gr-
AUNP-GCE versus the Gr-AuNP-CPE detection surface enables higher signal sensitivity
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and a two-fold lower detection limit for the former. A key strength of this detection platform
is the capability for real-time monitoring of the ATP target and the ability to speed-up target
binding kinetics by modulating the capture probe concentration over a wide range. Assays
based on capture probes immaobilized at the signaling surface exhibit poor kinetics due to
limitations imposed by diffusion and steric hindrance at the electrode surface.”> 2 Within the
double-surface scheme, as per Figure 1, the unhindered 3D diffusion conditions at the
recognition surface cause fast binding of the target molecules to the immobilized capture
probes. Subsequently, free diffusion of the FAD released due to the displacement assay can
be sensitively monitored at the nanostructured signaling surface. Furthermore, since the
ATPA capture probe concentration can be inordinately increased over a wide range to
enhance its collision frequency with the ATP target molecules, without any steric hindrance
from neighboring bound molecules, the binding kinetics for ATPA with ATP can be sped-up
within this particular assay. As apparent from Figure 3(d), the binding kinetics for ATP
target with ATPA capture probes can be sped-up at the target detection limit by increasing
the ATPA concentration in the range of 4.5x1078M to 4.5x107° M. In fact, in this manner,
4.02x1071M of ATP can be detected within 30 seconds and a saturation signal for the
binding kinetics can be obtained within 12 minutes by utilizing an ATPA capture probe
concentration of 4.5x107> M.

Effect of base-pair mismatch on binding kinetics

The binding of target DNA composed of bases with varying degrees of mismatch to the
ATPA capture probe sequence was studied using real-time detection to probe variations in
hybridization kinetics and steady-state signal level. Three types of target DNA strands were
used; viz., complementary strand with perfect-match (CS-DNA), single-base mismatch
(SBM-DNA), and double-base mismatch (DBM-DNA). Prior investigations have studied the
influence of the disrupted mt stacking, due to base-pair mismatch, on the signal level at
steady-state.3# Given the capability of the displacement assay towards real-time
electrochemical monitoring, we have focused instead on studying the influence of base-pair
mismatch on DNA hybridization kinetics. As per Figure 4, base-pair mismatches cause
differences, not only in signal level at steady-state [Figure 4(a) and Table S-3] but also in
binding kinetics of the target, as quantified by the time needed to reach signal saturation
[Figure 4(b—d)]. One prior study has utilized surface plasmon fluorescence spectroscopy to
demonstrate differences in target binding kinetics arising from varying degrees of base-pair
mismatches.? However, these differences were only apparent within a small target
concentration range. This was due to the limits imposed on capture probe concentration
within the surface immobilized assay towards avoiding intermolecular columbic
interactions. Within the current work, since capture probe concentration can be increased
without limitations from steric hindrance and due to the inherently faster DNA hybridization
in solution versus on the signaling surface,® we are able to quantitatively monitor distinct
differences in target binding kinetics with varying degrees of base-pair mismatch, over a
wide target concentration range 1.14x10710 M to 1x107® M. By utilizing a high ATPA
concentration (4.5x107° M), the time required by 1x107> M target at signal saturation is 4,
8, and 14 minutes for CS-DNA, SBM-DNA and DBMDNA, respectively; whereas at
1.14x10710 M target it is 12, 20, and 28 minutes for CS-DNA, SBM-DNA and DBM-DNA,
respectively. Furthermore the signal level at saturation follows a distinct selectivity ratio of
~0.55 for SBM-DNA to CS-DNA and ~0.3 for DBM-DNA to CS-DNA, irrespective of the
target concentration. All of these characteristics demonstrate the quantitative nature of this
electrochemical detection system for kinetic and steady-state measurements.

Determination of kinetic and affinity parameters (Kgps, Kon, Koff and Kg)

To further illustrate the utility of this highly quantitative assay for kinetic measurements, we
used the ATP binding kinetics plot to compute a few important parameters viz., Kgps
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(apparent rate constant), ko, (rate constant for the association reaction), ko (rate constant
for the dissociation reaction) and Ky (dissociation constant) for interaction with ATPA
capture probes. Using a fixed capture probe concentration of 4.5x107> M, the target ATP
concentration was varied in the range of 5x1076 —25x107% M. As apparent from the plot of
I, vstime [Figure 5 (a)], by increasing the target concentration, the peak current reaches
steady state at earlier time points due to the higher slope for rise towards steady state. This is
due to the higher collision frequency between the target and capture probe species, thereby
reaching steady-state more quickly. Based on the time required to reach signal saturation,
kops can be determined for each target concentration of interest and this is plotted for
varying ATP concentrations (Figure 5(b)). The straight line can be fit by the equation (1):3°

kobs=Kon[target]+kost (1)

Based on this, kon, can be determined from the slope (M~1s™1), and kot can be determined
from the intercept (s71) of the line. The dissociation constant, Kg, can be determined as the
ratio of Kff to kon.38 These kinetic and affinity parameters for ATP were computed as:
kon=168 M~1s71 k.#=0.0009 s~1 and K4=5.36x10"5M. The K value for the ATP binding
with ATPA (5.36x1076 M) is in accordance with the literature value of 6x1076 M.18
Moreover, there are no prior reports on determination of the kg, and Ky values of ATP with
the ATPA.

Quantitative detection within various media

Further validation of the detection platform was performed by measuring repeatability,
reproducibility, precision and accuracy of analysis using five replicate measurements for the
detection of 7.12 x 1079 M ATP over a single day (intra assay) (n=5) and for five days over
a period of one week (inter-assay). Satisfactory mean percentage recoveries (% R) and
relative standard deviations (% RSD) were obtained [Table S-4 (a)]. The robustness of the
detection system was examined by studying the effect of small variations in pH,
accumulation potential (Ezcc) accumulation time(tyc), and SWV frequency(f), on the
recovery of ATP. As apparent from Table S-4 (b), the high % R for ATP (within a range of
98-101 %) with limited change in signal upon variations in important detection conditions
(viz., pH, Eacc, tacc @and f) suggest a robust and quantitative detection system. Recovery tests
for ATP were carried out in samples of litchi, banana, tomato seeds and blood serum. The
results (Table 1) show % R in the range of 98.0-102 % for ATP, demonstrating the
reliability of the detection system within various matrices. As required for analytical
applications, the amount of ATP within a sample has been determined by the standard
addition method. The amount of ATP obtained in litchi, banana and tomato seed samples by
our detection system agrees well with that determined using the HPLC-UV absorbance
method (Table S-5). Paired F- and t-tests showed an agreement at the 95% confidence level,
demonstrating that the electrochemical method reported herein corresponded quantitatively
with samples measured by the HPLC method. Thus determination of ATP can be carried out
quantitatively in various matrices by the method reported herein. The stability and
reproducibility of Gr-AuNP-CPE is described in the Supporting Information (Section S-8).

Comparison of the current ATP detection system against prior methods

Finally, we compare the current ATP detection system versus prior methods,3” to identify
the possible analytical applications that are best suited to the current method. Based on
sensitivity levels, the current method is at the state-of-the-art, with only one other recent
study reporting better sensitivities.3”2 In this report, the target binding reaction sets-off a
cascade generating multiple signaling moieties per target binding event, whereas our
detection method only generates a single FAD molecule per two ATP molecules bound to
the aptamer, which we will seek to address in future work. On the other hand, a unique
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strength of the current detection methodology is the relatively fast target binding kinetics
and the ability for real-time target monitoring without an intervening wash step.
Additionally, the ability to carry out the assay within fruit and serum media, as well as its
ability for quantitative detection of ATP, as demonstrated by its correlation to the levels
obtained by other methods, demonstrate a versatile detection system.

CONCLUSIONS

We have reported here on a detection system for ATP that is based on a competitive assay
utilizing an ATP-aptamer (ATPA) that is pre-bound to electro-active FAD molecules.
Binding of ATP to ATPA caused the release of an equivalent concentration of FAD that can
be quantitatively detected by electrochemical adsorption stripping square-wave voltammetry
(AdS-SWV) at graphene (Gr) and gold nanoparticle (AuNP) modified carbon paste
electrode (Gr-AuNP-CPE). The Gr and AuNP modified CPE surface enhanced adsorption
and electron transfer kinetics versus the plain CPE, thereby enhancing the net signal
sensitivity. As a result, the ATP detection system exhibited a wide linear working range
(1.14x10710 to 3.0x107°M), low detection limit (4.02x10~11M with Gr-AuNP-CPE and
2.01x10711M with Gr-AuNP modified glassy carbon), and extremely fast target binding
kinetics at the detection limit, as apparent from signal detection within 30 seconds and signal
saturation within 12 minutes. A unique strength of the reported competitive assay that
utilizes a different surface for target recognition versus signaling was the ability to increase
the capture probe concentration, with no limitation arising from intermolecular columbic
interactions, to enable relatively fast kinetics due to target binding in solution rather than on
an immobilized electrode surface. Furthermore, the lack of an intervening wash-step permits
real-time monitoring of the target. This capability was applied to compute kinetic parameters
of the assay viz., ko, (association rate), ko (dissociation rate), and Ky (dissociation
constant). The calculated K values agree with prior reports, while determinations of the kg,
and kqff values for the binding of ATP and ATPA have not been previously reported.
Additionally, the degree of base-pair mismatch of complementary target DNA with the
ATPA capture probe was demonstrated to quantitatively alter both, the target binding
kinetics, as apparent from time to achieve a steady-state signal, and the number of bound
target molecules, as apparent from the steady-state signal level. Well-modulated differences
in binding kinetics were apparent for single and double-base mismatch versus perfect-match
over a wide target concentration range (UM-pM). Finally, the simplicity of the assay
chemistry enables its straightforward modification towards various target species, and the
electrochemical detection platform enables reliable quantification of ATP within litchi,
banana, tomato seeds and serum media, as demonstrated by its comparison to that obtained
using HPLC methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Design of an ATP detection system with FAD displaced signaling via AdS-SWV. (i) FAD

as a suboptimal target is bound to t
coated magnetic beads (sphere). (ii

he ATP aptamer (ATPA) pre-conjugated to streptavidin
) The presence of ATP, which is the native target for

ATPA, displaces the pre-bound FAD (iii). The displaced electroactive FAD (iv) is measured
via AdS-SWV [employing Gr-AuNP-CPE (v)] to generate a measurable signal.
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Figure 2.

(a) Cyclic voltammograms for 4.5 x 1076 M FAD at (i) PCPE (- - -), (ii) AUNP-CPE
(P ), (iii) Gr-CPE (-.~.-.) and (iv) Gr-AuNP-CPE (—) in citrate-phosphate buffer
solution (pH 7.0) and at scan rate of 100 mV s~2. (b) Cyclic voltammograms of FAD (4.5 x
1076 M) obtained in citrate-phosphate buffer solution (pH 7.0) employing varying scan rates
(mV s71): 20, 200, 400, 600, 800, 1000, 1500, 2000, 2500 and 3000 mV s~1 by scanning
electrode potential between —0.75 and -0.15V. (c) Comparative plots of I vs scan rate for
FAD at PCPE, AuNP-CPE, Gr-CPE and Gr-AuNP-CPE. (d) Nyquist plots for EIS
measurements (1 x 1073 M K3[Fe(CN)g]) at (i) PCPE (CI1), (ii) AuNP-CPE (AAA), (iii)
Gr-CPE (000) and (iv) Gr-AuNP-CPE (000). Inset: Box on the right upper side shows the
equivalent circuit used for data fitting.
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Figure 3.

(a) AdSSW voltammograms of ATP (indirect determination by release of FAD) in a
concentration range of 1.14 x10710 to 3.0x107° M at Gr-AuNP-CPE after hybridization with
45x1076 M ATPA in pH 7.0 citrate-phosphate buffer. (b) Linear calibration curve for the |
vsE data. Inset : Magnification of signal near the detection limit: 4.02x10~1M for Gr-
AuNP-CPE and 2.01x10711M for Gr-AuNP-GCPE. (c) Comparative AdSSWYV at
4.02x10711 M for various targets: (i) GTP; (ii) UTP; (iii) CTP and (iv) ATP (at Gr-AuNP-
CPE) and (v) ATP (at Gr-AuNP-GCPE). (d) Effect of binding between 4x10711 M ATP and
various concentrations of the capture probe.
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Figure4.

(a) AdS-SWV voltammograms of 2x1076M of different targets (CS-DNA, SBM-DNA,

DBMDNA and NC-DNA) when hybridized with 45x10~6 M ATPA in pH 7.0 citrate-

phosphate buffer. (b) A comparative I, vstime plot to study the effect of hybridization
process between 1x10719 M of target (CSDNA, SBM-DNA and DBM-DNA) and 45x1076
M of ATPA. (c) A comparative I, vstime plot to study the effect of hybridization process
between 1x1078 M of target (CS-DNA, SBM-DNA and DBM-DNA) and 45x107% M of
ATPA. (d) A comparative I vstime plot to study the effect of hybridization process
between 1x107> M of target (CS-DNA, SBM-DNA and DBM-DNA) and 45x107% M of

ATPA.
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Figureb5.

(a) A comparative I, vs time plot to study the effect of variation in hybridization kinetics
between ATPA (45x10~8 M) and ATP on varying the concentration of ATP in a range of
5x1078 M to 25%1078 M. (b) Plot of kyps Vs concentration of ATP from the data obtained in
(a) to calculate kinetic parameters. Calculated values of kinetic binding parameters: Ko,
(M~1.571) =168; kofr (s71) = 0.0009; Ky (GM) = 5.36. Arrows in Figure 5 (a) above indicate
the value for 1/Kqps.
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Table 1

Recovery test for ATP in blood serum, litchi, banana and tomato seed samples.

145 143
Human serum type AB (male)
290 285
435 432
- ND
290 2.86
Human serum (from platelet poor human plasma)
580 b5.75
8.70 8.65
- 073
1.18 1.88
236 3.05

354 422

Litchi

—-- 128
205 3.28
410 532

Banana

6.15 7.38
-- 313
142 450
Tomato seeds
2.84 5.93

426 7.37

98.7 +0.51

99.0+0.41

98.6 £0.21

98.9£0.40

99.3+0.39

ND : Not detected

4 ATP spiked (10710 M)

b: ATP recovered (10‘10 M)
c: Recovery (%) (n=5)

d: % Average recovery * %RSD (n = 5)
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