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ABSTRACT: The development of a universal sensing mechanism for 4

the rapid and quantitative detection of small molecules directly in whole i e )fg;fn =

blood would drastically impact global health by enabling disease i nlogo

diagnostics, monitoring, and treatment at home. We have previously ”"‘"r%;fiii ggg%g -
shown that hybridization between a free DNA strand and its e B 7 _'.m:&;

complementary surface-bound strand can be sterically hindered when ‘% O

the former is bound to large antibodies. Here, we exploit this effect to e m;, 5

design a competitive antibody-based electrochemical assay, called 222222 hindrance & } . E

CeSHHA, that enables the quantitative detection of small molecules / No \
directly in complex matrices, such as whole blood or soil. We discuss the .

Voltage

importance of this inexpensive assay for point-of-care diagnosis and for

treatment monitoring applications.
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he development of rapid, inexpensive, one-step assays for

the quantitative detection of biomarkers in whole blood
would drastically impact global health by enabling disease
diagnosis, monitoring, and treatment at home.! ¢ Enzyme-
based home glucometers best exemplify such technological
advancements by helping millions of diabetic patients to
monitor their glucose level and treat diabetes in the comfort of
their home.””” The ability to readily detect other small
molecules at home, such as amino acids, lipids, sugars, or
various therapeutic drugs, would open key avenues in
diagnostics and treatment for various diseases and disor-
ders,' " including heart disease,"> cancers,">'* and neuro-
degenerative diseases,'” such as multiple sclerosis,'® amyo-
trophic lateral sclerosis,'”'® Alzheimer’s, and Parkinson’s."’
However, the main challenges that have slowed down the
commercialization of new quantitative home meters are that
enzyme-based sensing mechanisms are hardly adaptable for the
detection of most small molecules'® while other assays based
on electrocatalysis~** or biorecognition” ™" typically fail
when performed directly in whole blood (e.g, sensor drift due
to biofouling””**), or remain too cumbersome to be employed
at home.

We have recently reported a highly selective electrochemical
DNA-based assay, called eSHHA (for electrochemical steric
hindrance hybridization assay), that enables detection of large
proteins and macromolecules (>30 kDa) through a variation of
hybridization efliciencies between a signaling DNA and a
surface-bound complementary capturing DNA through steric

-4 ACS Publications  © 2017 American Chemical Society

718

hindrance.”” The main advantage of this novel signaling
mechanism is that it remains selective enough to be employed
directly in complex samples such as whole blood and remains
insensitive to nonspecific adsorption of proteins on the sensor
surface. In a manner analogous to the popular but cumbersome
ELISA (enzyme-linked immunosorbent assay’”*"), this electro-
chemical assay could, in principle, be adapted into a
competitive format for the detection of a wide range of
molecules directly in whole blood. In addition of enabling
detection of a wide variety of molecules with a mass under 30
kDa, this competitive assay also provides a signal-on
mechanism (in contrast to the signal-of mechanism of
eSHHA™). Here, we report CeSHHA, a competitive eSHHA,
and show that this assay enables the rapid (less than 20 min),
inexpensive, quantitative detection of small molecules directly
in complex sample matrix such as whole blood.

CeSHHA relies on the ability of DNA strands to hybridize in
a very specific and selective manner to a surface-bound
complementary DNA strand directly in complex matrices,
with a hybridization efficiency that can be modulated by steric
hindrance. More specifically, we have recently demonstrated
that when a large macromolecule such as an antibody (i.e., large
relative to the “small” 2.4 nm diameter of the DNA double
helix) binds to a DNA strand, this reduces the number of DNA
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strands that can reach and hybridize to the complementary
strand attached to a surface at high density (Figure 1, bottom).
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Figure 1. Schematic representation of CeSHHA, a competitive
electrochemical steric hindrance hybridization immunoassay to detect
small molecules. The proposed sensor is composed of densely packed
electrode-bound “capturing” DNA strands (purple), free complemen-
tary signaling DNA strands (green) dual-labeled with the target small
analyte ((J) and a signaling redox label (black circle: methylene blue),
and an antibody specific for the target molecule. In the absence of a
specific analyte in the sample (bottom), the signaling strands remain
bound to the antibody, which significantly reduces the ability of this
large DNA complex to hybridize on the electrode surface due to steric
hindrance. This ultimately generates a low electrochemical signal (blue
curve). In the presence of target analytes, these later bind to the
antibody and the small signaling DNA is able to reach the electrode
surface and hybridize efficiently to most complementary capturing
strands, thus generating a large electrochemical current (black curve)
by bringing redox labels near the electrode’s surface.

Such steric hindrance effects can be readily detected using
electrochemical readout strategies through attachment of a
redox-label molecule at one end of a “signaling” DNA strand
and a small antibody-binding molecule at the other end (e.g, a
hapten or epitope), and by attaching the complementary
“capturing” DNA strand on a gold electrode at high surface
density (Figure 1). We propose here to utilize this system to
detect and quantify the concentration of small target molecules
directly in complex matrices using antibodies. An antibody that
specifically recognizes a small molecule is added to the sample.
In the absence of a small molecule, the antibody will remain
available to bind an electro-active signaling DNA strand that is
conjugated with a copy of the target molecule. This will reduce
the hybridization efficiency of this DNA to the electrode due to
steric hindrance, thus generating a low electrochemical signal.
In the presence of target molecules in the sample, the specific
antibody will bind these target molecules, thus leaving the
electro-active signaling DNA strands unbound and free to
efficiently hybridize to the complementary capturing strands on
the gold surface, generating a large electrochemical current
(Figure 1). The resultant electrochemical current should be
proportional to the concentration of the target molecule in
solution.

To validate this novel sensing mechanism, we engineered a
CeSHHA for monitoring the concentration of digoxin, a widely
used drug for the treatment of heart failure and arrhythmia that
displays a narrow therapeutic range (0.5—2.0 ng/mL or 0.65—
2.5 nM).>>"** Due to its toxicity, digoxin uptake must be
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carefully monitored during patient treatment to ensure high
efficiency and low toxicity.””** We first designed a 16-base
signaling DNA strand labeled at the 3’ extremity with the
redox-label methylene blue and at the 5" end with digoxigenin,
an analogue of digoxin, which is also known to bind the
antibody with a poorer affinity than digoxin (see Materials and
Methods in Supporting Information). This digoxin analogue
allows capture of the anti-digoxin antibody without competing
too strongly with the free digoxin for the binding to the
antibody, which would reduce the sensitivity of the assay. We
then immobilized, at high surface coverage, a 5'-thiol-modified
complementary 16-base capturing DNA strand onto the gold
surface of disposable inexpensive screen printed electrodes,
SPEs, via the formation of sulfur—gold bond, and backfilled
with mercaptohexanol to avoid any bare portion on the gold
surface.

A series of experiments were first conducted in order to
determine the optimal density of the capturing strand and the
optimal concentration of the signaling strand, which can be
used in the smallest convenient sample volume (Figures S1, S2,
S3). In brief, we found that the optimal “steric hindrance” effect
is obtained at maximal surface density (surface coverage near
1.4 X 10'2 DNA strands/cm?).>’ This surface coverage can be
achieved on our SPE when functionalizing the electrode with
100 nM of capturing strands overnight at room temperature
(Figure S1). We then determined the optimal concentration of
signaling strand to be used by performing dose—response
curves of these DNA-functionalized electrodes by adding
increasing concentrations of signaling strands. These experi-
ments were performed in a 100 uL sample volume that
represents the minimum volume needed to cover the surface of
working/counter/reference screen printed electrodes (SPE)
(Figure S2). We found that 100 nM of signaling strands is
enough to saturate all capturing strands on the surface of the
electrode, which generates electrochemical currents in the low
mlcroampers at the voltage expected for methylene blue (—0.25
V vs SCE).*® Finally, we also determined the minimal antibody
concentration required to saturate the signaling DNA and
achieve the lowest background electrochemical current. We
found that an antiserum dilution of 1/6.6 (using a polyclonal
anti-digoxin antibody) was sufficient to saturate the signaling
strands and thus minimize the sensor background in the
absence of free digoxin (Figure S4). These conditions should,
in principle, ensure that our sensor displays high signal gains
with detection limits in the low nanomolar range.

We then tested the response of CeSHHA for the detection of
digoxin (Figure 2A). This test was performed by first adding
the antiserum to the sample (1/6.6 dilution; S min incubation)
followed by the addition of the signaling strands (100 nM; 10
min incubation). The sample is then added on the electrode
and the electrochemical signal is measured using squarewave
voltammetry (see Materials and Methods in Supporting
Information). We first compared the hybridization efficiency
(Figure 2B), and the hybridization rates (Figure 2C) of our
signaling DNA strands in samples containing either no digoxin,
300 nM digoxin, or using a signaling strand lacking the digoxi-
genin moiety (Ctrl). In the absence of target digoxin (Figures
2B, blue line), the sensor produces a small Faradaic current,
consistent with the fact that the signaling strand can freely bind
the antibody. The so-formed DNA—antibody complex thus
creates strong steric hindrance near the electrode surface which
results in a slower and less efficient hybridization (Figures 2C,
blue line -t;, "% = 33 min). In the presence of target
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Figure 2. (A) Electrochemical detection of digoxin (B,C) and TNT (E,F), using CeSHHA. In the presence of the target molecule (300 nM digoxin
and 700 nM TNT, green line) and their respective antibodies, the small signaling strands (i.e,, not bound to the antibody) are free to efficiently
hybridize to the electrode-bound capturing strand, thus generating a high electrochemical current signal similar to that of the control experiment
performed using a signaling strand unlabeled with digoxigenin (black line). (C,F) Hybridization is also faster in the presence of free digoxin

(t /2“0—&3"“" = 33 min and #; /2+dig°’d" = 19 min) and TNT (t; /27“°7TNT =33 min and t,,

*INT = 18 min) and the maximum signal gain (~100%) is

achieved after only S min (insets). (D,G) Dose—response curve of digoxin (D) and TNT (G). The error bars represent the typical standard
deviation obtained with three electrodes, and are dominated by interelectrode variability. SWV measurements were realized in S0 mM NaH,PO,,
150 mM NaCl, pH 7.0. Panels B and E were obtained after 30 min acquisition.

digoxin at 300 nM (Figure 2B, green line), the sensor produces
almost twice the electrochemical signal in the same time-lapse
(30 min), which is consistent with the fact that free digoxin
molecules sequester the antibody and thus prevent its
association to the signaling strands. The hybridization rate in
the presence of digoxin also nearly doubles (Figure 2C, green
line -t;,™% = 19 min) and reaches a level near the
hybridization rate of the Ctrl signaling strand, which lacks the
digoxigenin moeity and therefore cannot bind the antibody
(black line -t,,°™! = 12 min). Of note, the signal gain ($¥&"/
Sro-digexin) g already optimal (~100%) only S min after adding
the sample to the electrode (inset of Figure 2C). We also
demonstrated the quantitative aspect of CeSHHA by inter-
rogating samples with digoxin concentration ranging from pM
to uM. As expected we found that the sensor displays a typical
100-fold dynamic range37 from 10 nM to 1 uM (Figure 2D).

In order to highlight the universality of this sensor design, we
also adapted CeSHHA for the quantitative detection of TNT
(2,4,6-trinitrotoluene), a small nitroaromatic explosive that
represents an important class of soil pollutants.38 To do so, we
employed an anti-TNT antibody, which is also known to bind
the analogue DNP (2,4-dinitrophenol) although with poorer
affinity.”” Again, DNP was attached to our redox-label signaling
DNA strand in order to promote optimal assay sensitivity
toward TNT, the molecule of interest in our assay (see
Materials and Methods in Supporting Information). We first
determined the concentration of anti-TNT antibody that is
required to saturate the signaling DNA strand (100 nM) in a
100 uL sample volume (350 nM, see Figure SS). Using this

720

concentration we find that the TNT sensor displays similar gain
(~100% see Figure 2E) and kinetics (Figure 2F; t,,, N ™ =
33 min, t;,, "' = 18 min) to those observed with the digoxin
sensor. The TNT sensor also displays a typical 100-fold
dynamic range,37 albeit at a slightly higher TNT concentration
(100 nM to 10 uM) (Figure 2G; Csoq, = 650 nM), which is
likely due to the higher concentration of TNT-antibody that
was used in this assay in order to ensure that most DNP-labeled
signaling strands are bound by the antibody. This Csy, is
consistent with the fact that 650 nM of TNT should leave
around 100 nM of antibody binding sites available, which in
return likely bind half of our DNP-labeled signaling strands
(not 1:1 due to the poorer DNP—antibody affinity).

We can also program CeSHHA to detect different ranges of
target concentration by simply increasing and decreasing the
concentration of antibody employed in the assay (Figure 3). A
smaller concentration of digoxin antibody (thus a higher
antiserum dilution of 1/66), for example, requires a lower
concentration of free digoxin in order to have half of its binding
sites sequestered (Figure 3B, blue line; Cgp = S nM). When
increasing the antibody concentration in the assay to 1/20 or to
1/6.6 antiserum dilutions, the dose—response curves obtained
are right-shifted to higher digoxin concentrations since more
digoxin is required to saturate the antibody binding sites
(Figure 3B, Csp% = 35 nM and 170 nM, respectively). Also, as
expected with regard to the assay background, the higher the
antibody concentration in the assay, the lower the measured
current is in the absence of target (Figure 3A) or at low target
concentration (Figure 3B). A trade-off is therefore required in
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Figure 3. Tuning the dynamic range of CeSHHA. (A) Background
signal of the sensor in the absence of digoxin when using different
dilutions of anti-digoxin antiserum® shows a Cyy, at a 1/66 dilution.
(B) Dose—response curve of the digoxin sensor using 1/66, 1/20, and
1/6.6 dilutions of anti-digoxin antibody. Employing larger antibody
concentration proportionally shifts the dynamic range to higher
concentration of digoxin (1-30 nM, 2—300 nM, and 20—2000 nM,
respectively) while reducing the background signal of the sensor.
Sample volume = 100 uL.

order to optimize the detection limit of the sensor (optimal
here using a 66-fold dilution: LOD = 1 nM). While a low
concentration of antibody renders the sensor more sensitive to
lower target concentrations, it also increases the sensor
background in the absence of the analyte thus reducing the
overall gain of the sensor (Figure S6).

One of the most significant advantages of CeSHHA is that it
is one of the few universal sensor mechanisms that enable the
selective detection of small molecules directly in complex
samples, such as whole blood (see refs 28 and 40 for other
examples). To demonstrate this, we compared the performance
of the digoxin sensor in buffer and whole blood samples and
found that the gains and kinetics of the assay are relatively
similar in either matrix (Figure S7 and Figure 4). Using a low
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Figure 4. Quantitative measurement of digoxin in whole blood using
CeSHHA. A dose—response curve of digoxin (A) in buffer displays a
Cs% of S nM and a 100-fold linear dynamic range and (B) in whole
blood displays a Csy, of 10 nM and a 100-fold linear range. The 100
4L whole blood samples were first spiked with a specific concentration
of digoxin. A 1/66 dilution of antiserum was then added to the sample
followed by a S min incubation. The 100 nM signaling strand was then
added to the sample 10 min before sample-loading and initiating the
acquisition. The signal was acquired after 30 min of acquisition. The
error bars represent the typical standard error obtained when working
with three electrodes, and are dominated by interelectrode variability.

antibody concentration (1/66), we found that the dynamic
range of this sensor ranges from 1 nM to 30 nM of digoxin
concentration in both buffer and whole blood (Figure 4A and
B, respectively). These results confirm that CeSHHA can
detect clinically relevant concentrations of digoxin directly in
whole blood in less than 20 min (15 min incubation and 5 min
hybridization/acquiring time) through a simple “one-pot”
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reaction. CeSHHA compares advantageously well with other
recently reported sensors for the detection of digoxin. For
example, Bagheri et al. have recently reported an aptamer-based
electrochemical digoxin sensor that works in urine or blood
plasma but with a dynamic range (26—260 pM) that is outside
of the clinically relevant dixogin concentrations.”’ We also
challenged the TNT sensor directly in soil samples using 1/2
dilution of soil in buffer. We find that the TNT sensor displays
a similar quantitative performance (Csgy, of 650 nM) even when
employed directly in the soil sample (Figure S8), which is
sensitive enough to detect the maximal accepted levels of TNT
in soils (172 mg kg™')."” Taken together, these results
(detection of small molecules directly in whole blood or soil)
demonstrate that CeSHHA is robust and selective enough to
achieve small analyte detection directly in blood or soil samples
without requiring cumbersome (and expensive) centrifugation
(e.g, to obtain serum and plasma), separation, purification, or
washing steps as most assays or biosensors typically do.

Here, we have described a potentially universal DNA-based
immunoassay for the detection of small molecules that enables
signal-on, quantitative detection directly in complex sample,
such as whole blood, in less than 20 min. This antibody/DNA
based immunoassay, called CeSHHA, employs the high
specificity both of DNA hybridization and of antibody
recognition to do so. We have demonstrated the adaptation
of this assay for the rapid detection (<20 min) of (1) digoxin
directly in whole blood within low nanomolar concentrations,
and (2) TNT directly in soil media. CeSHHA could, in
principle, be adapted for the detection of any small molecule for
which a specific large recognition element (e.g, antibody or
protein) is available. Another important advantage of CeSHHA
is that it also enables optimization of the sensor dynamic range
over a wide range of concentrations (>100-fold) by increasing
or decreasing the concentration of antibody. In principle,
CeSHHA is also capable of enabling multiplexed detection of
numerous small target molecules, by taking advantage of the
unique ability of DNA to create numerous specific capturing-
signaling pairs.”” CeSHHA also displays significant advantages
compared to other universal DNA-based sensors such as the E-
DNA scaffold platform.””**** In addition to being robust
enough to enable detection directly in whole blood, CeSHHA
also provides a 20-fold enhancement in the electrochemical
current due to its ability to work at high surface density.

Given all these advantages, CeSHHA represents a potentially
generalizable sensing platform to enable the rapid, inexpensive,
and quantitative detection of potentially multiple molecules
directly in whole blood. CeSHHA therefore represents one of
the few sensing mechanisms insensitive to nonspecific
adsorption of proteins on the sensor surface. With its simplicity
of use (two steps all performed directly in a drop of blood), we
believe that this assay possesses all the characteristics to be
readily applied for applications ranging from POC diagnosis of
numerous diseases to real-time monitoring of disease treat-
ment.
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