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Abstract

For an assay to be most effective in point-of-care clinical analysis, it needs to be economical,
simple, generalizable, and free from tedious workflows. While electrochemistry-based DNA
sensors reduce instrumental costs and eliminate complicated procedures, there remains a need to
address probe costs and generalizability, as numerous probes with multiple conjugations are
needed to quantify a wide range of biomarkers. In this work, we have opened a route to
circumvent complicated multi-conjugation schemes using enzyme-catalyzed probe construction
directly on the surface of the electrode. With this we have created a versatile DNA nanostructure
probe and validated its effectiveness by quantification of proteins (streptavidin, anti-digoxigenin,
anti-tacrolimus) and small molecules (biotin, digoxigenin, tacrolimus) using the same platform.
Tacrolimus, a widely prescribed immunosuppressant drug for organ transplant patients, was
directly quantified with electrochemistry for the first time, with the assay range matching the
therapeutic index range. Finally, the stability and sensitivity of the probe was confirmed in a
background of minimally diluted human serum.
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INTRODUCTION

The past decade has attracted renewed interest in developing electrochemical sensors for
quantification of biomarkers, owing to their low cost and adaptability to point-of-care (POC)
setups 1, which could significantly impact healthcare 2. Clinically relevant targets for such
quantification can be broadly classified into small molecules, nucleic acids, and proteins 3.
To quantify through this range of molecular classes, most method development has drifted
towards being target-focused and has lacked generalizability. Currently, the toolbox for
potential POC analysis is a conglomerate of methods or specially targeted probes. There is a
pressing need to develop methods amenable to quantitative readout of multiple classes of
clinically relevant targets.

Nucleic-acid based electrochemical methods predominantly exploit the structure switching
of a probe for target-dependent signal change 4. Impressively, these sensors are efficient for
real-time measurements in the blood of living animals > . However, with structure-
switching aptamers needed, many sensitive probes—antibodies or non-structure-switching
aptamers—are insufficient, limiting generalizability. To further generalize, steric hindrance
assays 811 and E-DNA scaffold sensors 2 12-13 have been developed and validated with
antibody probes without conformation switching. Still, non-covalent DNA hybridization
demands solution equilibrium for probe construction, hindering the desired drop-and-read
workflow. Most of these methods require DNA probes that are subjected to multiple
conjugation steps, making probe preparation laborious and expensive.

In electrochemical bioanalysis, enzymes have functioned as amplification agents 14, probes
15 DNA ligation tools 1617 DNA nicking reagents 18, and probe regenerators 19. In this
work, we introduce the concept of enzymatically constructing a DNA-based assembly
directly onto the electrode surface, creating a novel and versatile DNA nanostructure probe.
The same configuration can be used to signal binding of antibodies, generic proteins or
peptides, small molecules, aptamers, etc. Furthermore, it is independent of solution
equilibrium, since the finally constructed probe is a single molecule that includes an
electrochemical label and a binding moiety. The nanostructure undergoes a target-dependent
shift in tethered-diffusion, which the redox molecule reports as a signal change. For
validation, we have demonstrated the generalizability of this drop-and-read method by
quantification of wide ranging targets from small molecules to antibodies.

RESULTS AND DISCUSSION

In our previous work, we highlighted the importance of temperature in DNA based
electrochemical assays and its effect on tethered diffusion 20, With that understanding we
hypothesized that a customized, more generalizable DNA nanostructure could be attached at
a fixed distance from the surface and tailored to electrochemically report a variety of binding
interactions. Such a nanostructure would undergo a change in mass upon binding that shifts
the tethered diffusion 21, resulting in electrochemical signal change. Figure 1 depicts our
protein and small molecule sensor designs, both based on the same DNA nanostructure.
Tethered diffusion is altered by either attachment or displacement of an anchor molecule to
the anchor recognition unit. To optimize signal change, care was taken to: 1) position redox
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molecules into close proximity with the anchor recognizing units; and 2) ensure the probe
has a flexible tether between the electrode and redox label. In Figure 1A, for drop-and-read
protein quantification, initially the DNA nanostructure has faster tethered diffusion, which
on protein binding (anchor) slows, reducing electrochemical signal proportional to anchor
concentration. Conversely, in the small-molecule quantification design (Figure 1B) the probe
has an anchor molecule pre-bound to the nanostructure, starting with slow tethered diffusion.
Upon introduction of target molecules in a drop-and read manner, the anchor is displaced
into solution, increasing signal by enhanced diffusion. To test our hypothesis we initially
chose two pairs of small molecules and protein partners: 1) streptavidin (52.8 kDa) and
biotin (244.31 Da) due to the strong interaction; and 2) digoxigenin (390.51 Da) and anti-
digoxigenin (~150 kDa) for the clinical relevance of antibodies. Finally, we applied the
method to quantify the immunosuppressant small-molecule drug, tacrolimus (804 Da),
which has not previously been measured using electrochemistry.

Like typical DNA-based electrochemical sensor probes, this method should incorporate an
electrode immobilizing moiety (thiol or amine), a target recognizing region (aptamer, target
binding small molecule, protein), and a redox label. Traditionally this combination is
attained by either synthesizing probes as single units or constructing them on-demand
through DNA hybridization. However, appending DNA with two or three modifications can
result in very low yields, even from the best commercial sources. Instead, we employed the
DNA-selective enzyme, T4 DNA ligase, for probe construction. We purchased three singly-
conjugated DNA sequences (Figure 2A and Table-S1), one with dithiol (thio-DNA), the
second with an internal small-molecule label (anchor-DNA), and a third with methylene blue
redox tag (MB-DNA). One crucial benefit of this construction is the low cost; indeed, a
detailed cost analysis (Tables S-2 to S-6) revealed approximately two orders of magnitude
decreased cost using on-electrode ligation (45- to 223-fold), depending on the volumes used.
A second important benefit here is that the “anchor recognizing unit” (red strand in Figure
2A) can be simply substituted prior to on-electrode ligation to allow a variety of analytes to
be targeted or to promote assay multiplexing.

Figure 2A depicts the DNA nanostructure’s initial hybridization design and final product
after T4 DNA ligation. The anchor-DNA (red) binds with thio-DNA (blue), and the MB-
DNA (brown) binds with anchor-DNA (red), both with 15 base-pairs. This hybridization
positions the 5’-phosphorylation of thio-DNA and anchor-DNA in close proximity to 3’ of
anchor-DNA and MB-DNA, respectively, assisted by intrastrand hairpin loops (5-bp
hairpins). These locations are selectively ligated by the enzyme, forming a single stable
entity (black) with three components into one DNA nanostructure (two 20-bp intramolecular
hairpins) for electrochemical sensing. To confirm the ligation, we first conducted a free-
solution DNA melting study with a DNA-intercalating fluorescence dye, SYBR green.
Figure 2B shows the melting temperatures of non-ligated and ligated complexes were
around 55 °C (red) and 75 °C (blue) respectively, affirming ligation success.

For building the DNA nanostructure on electrode surfaces, thio-DNA was immobilized on
the gold electrode in a self-assembled monolayer. Later, the other two DNAs were
introduced into the electrochemical cell and enzymatically ligated. After construction, the
electrode was rinsed with water to remove unreacted strands and enzymes. Figure 2C shows
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the stability of the DNA nanostructure on the electrode surface. In the absence of ligase, the
nanostructure is bound by non-covalent hybridization, an equilibrium process (Figure S-1).
In buffer it exhibited ~20 nA of SWV current, but when exposed to water the non-ligated
components dissociated (red bars). Conversely, the ligated nanostructure was stable on the
surface even after four rinses (blue bars), with a surface yield of ~60%. These data confirm
successful construction and stability of the DNA nanostructure on the electrode surface.

A shift in electrochemical reaction rate by analyte-probe binding is widely used 22. This
shift is predominantly achieved by relocating redox molecules upon target-probe binding 23,
a requirement that complicates probe selection and usually implores tedious trial-and-error
development. To overcome this hurdle, our DNA nanostructure probe was designed for
consistent redox molecule positioning, with the focus instead on a target-dependent change
in tethered-diffusion of the nearby electrochemical label. For this purpose, the MB-DNA
label was positioned strategically near the anchor-DNA label. As an introductory test of our
hypothesis, we chose to set up the system for drop-and-read quantification of the protein,
streptavidin (52.8 kDa), and an antibody, anti-digoxigenin (~150 kDa). These initial DNA
nanostructures were made with either desthiobiotin on the anchor-DNA for streptavidin
target protein, or with digoxigenin on the anchor DNA for detecting anti-digoxigenin
antibody. First, the nanostructure’s current was measured as a blank, then 20 pL of target
solution was incubated on the electrode. The electrode was rinsed, and current was measured
again (Figure S-2), with each concentration measurement done in triplicate (3 electrodes).
We observed an obvious drop in the peak height, supporting our hypothesis that the tethered
diffusion of the redox molecule is slowed by target binding, akin to an anchor, in simple
drop-and-read fashion (Figure 3A and 3C). The calibration curves of streptavidin and anti-
digoxigenin are shown in Figure 3B and 3D, where concentration dependent signal
suppression was observed. For streptavidin, an LOD of 3.67 nM (73.4 fmol) and a dynamic
range of 5 to 500 nM were exhibited, while anti-digoxigenin was quantified with a 1.23 nM
(24.6 fmol) LOD and a dynamic range from 2 to 100 nM. This result also confirmed the
versatility of the method, since it was proven functional for two different tags (desthiobiotin
or digoxigenin) that targeted two different types of proteins (streptavidin or anti-
digoxigenin).

After confirming target-induced decreases in tethered diffusion of the nanostructure, we
hypothesized that tethered diffusion could be increased again by displacing bound proteins
(i.e. anchors), giving a small-molecule quantification mode (see Figure 1B). To test this
hypothesis, we deployed the same nanostructures used earlier, this time for indirect
quantification of biotin (244.31 Da) or digoxigenin (390.51 Da), respectively. In these cases,
the probe included pre-bound streptavidin or anti-digoxigenin (Figure 4A & C) as anchor
molecules. Streptavidin binds with biotin very strongly (K4 = ~10 =15 M), which should
effectively displace streptavidin bound to desthiobotin (weaker; K4 = ~10 ~12 M). This DNA
nanostructure was constructed as before using on-electrode ligation, except the electrode
was pre-incubated with streptavidin to slow the tethered diffusion. Using a similar protocol,
biotin caused a concentration-dependent increase in signal (Figure 4B) with an LOD of 3.57
UM (71.4 pmol) and dynamic range of 5 to 50 pM. The same strategy was applied for
digoxigenin quantification, with the anti-digoxigenin anchor. Figure 4D shows the
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calibration curve of digoxigenin, which exhibited an LOD of 177 nM (3.54 pmol) and a
dynamic range of 1 to 8 uM.

Further validation of the sensor architecture was done by quantifying tacrolimus, an
immunosuppressant drug 24 prescribed to about 80% of solid-organ transplant patients in the
United States 25, and a molecule that has yet to be quantified using direct electrochemistry.
Due to its narrow range of therapeutic index, monitoring the blood concentration in
transplant patients is essential for dosing. The currently accepted analytical approach is to
use LC-MS/MS 26, which is not appropriate for POC analysis. Specialized bead-based
immunoassay systems also exist?’, but these require complex and expensive instrumentation.
Development of an alternative method based on electrochemistry—highly amenable to POC
—could therefore make a significant impact in human health. To do so, we modified the
anchor-DNA (same sequence) with a tacrolimus tag, and the thio-DNA and MB-DNA were
enzymatically constructed as before, this time for tacrolimus quantification. Since the
therapeutic range of tacrolimus is in the nanomolar range (1 to 50 nM), a slightly modified
two-step process was needed to successfully quantify in this range; target was pre-incubated
with antibody followed by dropping the mixture onto the sensor surface (protocol in Sl), as
shown in Figure 5A. Once the mixture was dropped, a measurement was done every three
minutes to understand the binding kinetics. Figure 5C compares the signal suppression by 0
nM and 50 nM, where signal was suppressed faster in the absence of target and slower when
analyte competed with antibody binding to the DNA nanostructure. Figure 5B compares the
calibration curves measured at 15 and 60 min after the mixture was added. Interestingly,
these results demonstrate that the 15 min measurement time gave similar sensitivity, with 3o
LODs of 17.8 nM (1.78 pmol) and 15.0 nM (1.50 pmol) for the 15 min and 60 min
measurements, respectively. Including incubation time, our method allowed tacrolimus to be
quantified in its therapeutic index range with only a 45-min analysis time, which is suitable
for future POC analysis. It should be noted that additional optimizations (antibody
concentration, measurement time, probe density, etc.) are likely to improve the method even
further in the future.

The above results showed that our sensor was versatile, with capability to measure a wide
range of targets from small molecules to antibodies through a simple drop-and-read
workflow. However, for an assay to be successful at the POC, the sensors should be stable in
undiluted complex matrices to be helpful at sites lacking expertise. As such, our
nanostructure was used to quantify both anti-digoxigenin antibodies and tacrolimus spiked
into human serum. Figure 6 shows the signal suppression observed in spiked serum samples
(n = 2). With anti-digoxigenin, the percentages of suppression agreed with results in buffer
(both labeled as +). In unspiked serum and buffer, there was no observable change in the
SWV current (both labeled as -). For the competitive nanostructure assay of tacrolimus, the
trends in serum agreed with that of the buffer measurements, showing reduced suppression
with analyte present (as designed), although there were some observable matrix effects.
Nonetheless, both the large protein and small molecule methods were validated in serum,
confirming the nanostructure’s versatility and stability.
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CONCLUSIONS

In this work, we have presented two innovative concepts that result in a versatile
electrochemical biosensor system. One concept was the assembly of a stable DNA
nanostructure through on-electrode enzymatic ligation. Since DNA can be customized to
form a wide variety of different structures via highly selective, programmable hybridization,
our method using T4 DNA ligase at the electrode should set the stage for various other probe
structures to be devised in the future, with nanometer precision. This should be particularly
helpful where complex probe structures are needed, and the method should even open the
possibility of fabricating much larger DNA structures on the surface than are currently
possible with commercial solid-phase synthesis, i.e. hundreds of nucleotides in length.
Furthermore, the idea allowed more economical use of commercially-synthesized DNA to
circumvent complex purification procedures. The second innovation was a highly versatile
assay platform. We confirmed that the same core nanostructure could be used for
quantification of streptavidin, anti-digoxigenin, digoxigenin, and biotin. We also applied the
method to quantify a novel analyte for electrochemistry, tacrolimus, which is a widely used
immunosuppressant. In other words, the DNA nanostructure was capable of quantifying
analytes from small molecules through large antibodies. The modular construction provides
a simple route to target multiplexing by substituting the anchor-recognizing unit (red strand
in Figure 2A), and the stability of the sensor in serum bodes well for future POC
applications.
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Figure 1.

A) In protein quantification mode, the redox molecule’s tethered diffusion is initially fast but
slowed by anchor molecule binding; B) Small-molecule quantification mode starts with
slower diffusion, but anchor displacement by target promotes faster diffusion and higher
SWYV current.
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DNA nanostructure assembly. A) Three DNAs: thiolated-DNA (blue), anchor-DNA (red),
and MB-DNA (brown), are enzymatically ligated on-electrode into a single DNA
nanostructure (black). B) DNA melting analysis confirmed that ligated single DNA was
stable (T, = 75 °C; red curve) compared to non-ligated DNA (T, = 55 °C; blue curve). C)
Ligated nanostructure was stable on electrodes even after four rinses (blue bars) while non-
ligated structures were removed with a single water rinse (red bars).
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Protein quantification mode. A) Streptavidin analyte with desthiobiotin as anchor
recognition unit; B) streptavidin calibration curve. C) Antibody analyte with digoxigenin as
anchor recognition unit; D) anti-digoxigenin calibration curve.
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Small molecule quantification mode. A) Biotin quantification probe with desthiobiotin as

anchor recognition unit and streptavidin as anchor molecule; B) calibration curve of biotin.
C) Digoxigenin probe with digoxigenin as anchor recognition unit and anti-digoxigenin as
anchor; D) digoxigenin calibration curve.
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Figureb5.
Tacrolimus quantification. A) Two-step workflow was used to quantify in the lower

nanomolar range, where target was pre-incubated with antibody (15 nM) at 37 °C for 30
min, then added to the electrode for measurement at 37 °C. B) Calibration curves at 15 and
60 min. C) Comparison of binding kinetics between 50 nM and 0 nM tacrolimus, where the
signal suppression rate was slowed by target, as expected.
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Figure 6.
Serum stability of the nanostructure. A) 100 nM anti-Digoxigenin (+) spiked into undiluted

serum (resulting in 90 % serum) and in buffer showed similar signal suppression levels. In
the absence of anti-digoxigenin (=) the undiluted serum and buffer did not undergo
observable signal changes. B) 50 nM tacrolimus (+) mixed with 15 nM antibody was spiked
into undiluted serum and in buffer, then compared to controls with only antibody (-).
Expected trends for the competitive assay were observed, albeit with some matrix effects.

JAm Chem Soc. Author manuscript; available in PMC 2020 July 24.

Buffer

Buffer



	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

