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ABSTRACT: The recent surge of effort in nucleic acid-based electrochemical (EC) sensors has been fruitful, and some have
even shown real-time quantification of drugs in the blood of living animals. Yet there remains a need for more generalizable
EC platforms for the detection of multiple classes of clinically relevant targets. Our group has recently reported a nucleic acid
nanostructure that permits simple, economical, and generalizable EC readout of a wide range of analytes (small molecules,
peptides, large proteins, or antibodies). The DNA nanostructure is built through on-electrode enzymatic ligation of three oli-
gonucleotides for attachment, binding, and signaling. However, the signaling mechanism predominantly relies on tethered
diffusion of methylene blue at the electrode surface, limiting the detection of larger proteins that have no readily available
small molecule binding partners. In this study, we adapted the nanostructure sensor to quantify larger proteins in a more
generic manner, through conjugating the protein’s minimized antibody-binding epitope to the central DNA strand of the
nanostructure (DNA-peptide conjugate). This concept was verified using creatine kinase (CK-MM), an important biomarker
of muscle damage, myocardial infarction, overexertion/rhabdomyolysis, or neuromuscular disorders where clinical out-
comes could be improved with rapid sensing. DNA-epitope conjugates permitted a competitive immunoassay protocol at the
electrode surface for quantifying CK protein. Square-wave voltammetry (SWV) signal suppression was proportional to the
amount of surface-bound antibody with a limit of detection (LOD) of 5 nM and a response time as low as 3 minutes, and
displacement of antibody by native CK-MM protein analyte could also be assayed. CK was quantified from the LOD of 14 nM
up to 100 nM, overlapping well with the normal (non-elevated) human clinical range of 3 - 37 nM, and the sensor response
was validated in 98% human serum. While a need for improved DNA-epitope conjugate purification was identified, overall
this approach not only allows the detection of a generic protein- or peptide-binding antibody, but it also should facilitate
future quantitative EC readout of various clinically relevant protein analytes that were previously inaccessible to EC tech-
niques.

INTRODUCTION

Generalizable, point-of-care (POC) detection methods
for clinically relevant proteins would greatly enhance
healthcare management and disease diagnosis. Since POC
methods tend to be cost-effective and user-friendly, they
support at-home testing by patients! 2. As the current
benchmark technique, enzyme-linked immunosorbent as-
say (ELISA) has been used for detecting numerous clinically
relevant analytes, and in some cases even single-molecule
detection is achieved with high precision3. However, the
needs for multiple washing steps, highly trained personnel,
and expensive instruments has prompted the development
of alternative, cost-effective, simpler methods? . One more
streamlined assay, AlphaLISA, is a bead-based luminescent
amplification approach to quantify analytes in complex bio-
fluids® ¢. Although it provides a better dynamic range, lower
limit of detection, and easier workflow, the requirement of
having expensive instrumentation limits its widespread us-
age. As such, researchers continue to seek strategies such as
minimization of workflow and device miniaturization’.

Microfluidics, electrochemistry, colorimetry, and tempera-
ture probes have all been proposed to achieve this goal8-11.
Covid-19 test kits and pregnancy test kits are well-known
POC devices based on lateral flow immunoassays. These kits
can be obtained over-the-counter, which reduces laborious
laboratory testing and assay time, but they provide qualita-
tive rather than quantitative results2. Although POC meth-
ods are meant to operate in a limited resource setting, a key
feature is that the assay should be sensitive and should pro-
vide accurate results regardless of the environment.

Electrochemical (EC) biosensors aid in overcoming
these issues by providing assays which are quantitative,
high sensitivity, and low cost while also being functional in
human body fluids directly and capable of miniaturization
for POC detection!!. For example, continuous or near-con-
tinuous EC measurements for glucose, lactate, and neuro-
transmitters (dopamine, serotonin, glutamate, etc.) are
available with customized enzymatic biosensors. However,
this approach cannot easily be extended to detect other tar-
gets due to target-specific redox chemistry or its ability to



be oxidized by a specific enzyme 121315, Aptamer-based (E-
AB) or nucleic acid/peptide-based EC biosensors have been
investigated more recently to quantify clinically relevant
analytes in biofluids in a fast, reagentless manner, some-
times even in whole blood or living animals 11.16-18_ Although
E-AB sensors provide promising results, finding a suitable
aptamer for a wide range of targets is challenging, due to its
requirement of being structure switching and complex se-
lection process, making it harder to generalize!®. Other elec-
trochemical assay techniques such as DNA-based steric hin-
drance and nanoscale DNA molecular pendulum assays are
capable of monitoring targets within several minutes in
complex fluids and do not require structure switching mol-
ecules to recognize targets, showing their potential applica-
bility as more generalizable POC method.217.18.20

Shortened, antibody-binding epitopes have long been
utilized for diagnosis with sensors, treatment, vaccine de-
sign, and disease prevention 2. Improvements in biotech-
nology and bioinformatic tools have made it easier to map
and synthesize such epitopes. Instead of employing the full
antigen, a synthetic portion (epitope) can be used to trigger
specific reactions, detect biomolecules, and produce vac-
cines. For biosensing of proteins, specifically, antibody-
binding epitopes can be used in sensors to avoid using the
large, native protein molecule, which can be conformation-
ally sensitive or even unstable.22 In one example, to quantify
antibodies with a simple smartphone-based workflow,
Merkx and coworkers developed a chemiluminescent prox-
imity-based sensor through clever placement of two pep-
tide epitopes.” Both the Kelley?3 and Lai 2 groups have used
bioconjugates of peptide epitopes to detect HIV antibodies
using EC. The Rant?5 26 and Plaxco?” groups have also made
EC sensors of proteins by leveraging epitopes or protein do-
mains attached to DNA-based sensors with copper-depend-
ent nitrilotriacetic acid (NTA) binding to histidine tags on
the peptides or proteins. These strategies have the potential
to greatly expand the list of analytes accessible to EC sen-
sors.

Recently our group introduced a novel architecture,
the DNA nanostructure sensor, for more versatile detection
of analytes.28 29 Similar to other methods, this approach lev-
erages DNA-analyte conjugates? 1718 within the sensor ar-
chitecture. Distinguishing features of our approach include
being highly modular and providing consistent signal re-
sponse with a variety of targets.28 22 Using the same core
DNA nanostructure architecture, our sensors have been val-
idated in 98% human serum for a variety of targets: small
molecule drugs (tacrolimus) and biotechnology controls
(biotin, digoxigenin), a peptide drug (exendin-4), and larger
antibodies (anti-digoxigenin, anti-tacrolimus, anti-exen-
din). Thus, the sensor has been validated for generalizabil-
ity for multiple analyte classes, all detectable in the nano-
molar range. However, more generalized protein sensing
has not yet been accomplished with this architecture. Be-
cause our signaling mechanism depends on the rate of teth-
ered diffusion3? of the labeled nanostructure, attaching a
larger protein to the DNA structure will reduce the current
significantly, and antibody addition will have little to no ef-
fect on the current—regardless of whether the protein ana-
lyte binds or not.

In this work, we show that by using a smaller DNA-pep-
tide (i.e. DNA-epitope) conjugate as the recognition oligonu-
cleotide in our nanostructure, a larger protein can be quan-
tified through antibody displacement from the surface. We
show that by conjugating the nanostructure with the mini-
mized antibody-binding epitope of a protein, a significant
level of tethered diffusion of our sensor is maintained, al-
lowing quantification of subsequent antibody binding. In
turn, this antibody binding can be used to sense the pres-
ence of the larger protein analyte. This novel protein sensor
was verified using creatine kinase (CK), a biomarker of mus-
cle damage, myocardial infarction, overexertion/rhabdo-
myolysis, and neuromuscular disorders. Similar to our re-
cent work?8 29, we then used antibody displacement for a
fast, indirect, EC immunoassay of CK protein which was
functional in 98% human serum within the clinical range of
concentrations. This approach not only extended the gener-
alizability of the DNA nanostructure sensor—Ilikely to any
generic protein with a known antibody—but it also pro-
vided a method to quantify a protein in the nanomolar range
which was thus far not measured with direct EC methods.

EXPERIMENTAL
Reagents and Materials

All solutions were prepared with deionized, ultra-filtered
water (Fisher Scientific). The following reagents were used
as received. Magnesium chloride hexahydrate, tris-(2-car-
boxyethyl) phosphine hydrochloride (TCEP), 6-mercapto-
hexanol (MCH), gold etchant, and chromium etchant, crea-
tine kinase MM (CK-MM) fraction from human heart were
from Sigma-Aldrich. CK peptide epitope was synthesized by
Life Tein. The anti-CK-MM antibody (ab174635) was pur-
chased from from Abcam. Sodium chloride (NaCl), dimethyl
sulfoxide (DMSO) was from BDH. Gold-sputtered on glass
(GoG) (5 nm Cr adhesion layer, 100 nm Au layer) was pur-
chased from Deposition Research Lab, Inc (St. Charles, MO)
with dimensions of 25.4 mm x 76.2 mm x 1.1 mm. AZ 40XT
(positive photoresist) and AZ 300 MIF developer were ob-
tained from Microchemicals. Polydimethylsiloxane (PDMS)
was purchased from Dow Corning. Protein-oligo conjuga-
tion kit was obtained from Solulink, and 2kD molecular
weight cut off (MWCO) Vivacon® 500 centrifugal concen-
trators from VWR. Custom, methylene blue-conjugated DNA
(MB-DNA) was purchased from Biosearch Technologies
(Novato, CA) and purified by RP-HPLC. Thiolated DNA was
obtained from Integrated DNA Technologies (IDT; Coral-
ville, lowa), with purity confirmed by mass spectroscopy.
T4 DNA ligase (400,000 units) and adenosine triphosphate
(ATP, 10 mM) were from New England Biolabs. Prescreened
human serum samples were acquired from BiolVT. Se-
quences of DNAs used in this work are listed in Table 1.0.

Experimental Methods

Preparation of Gold Electrodes. First, a photomask for
the 2 mm diameter electrodes (18 identical electrodes on
one mask) was designed in Adobe Illustrator, and the file
was sent to Fineline Imaging (Colorado Springs, Colorado)
for printing a positive photomask (see Figure S-1c). To
achieve a photoresist pattern on GoG slides, a standard pho-
tolithographic procedure was used, followed by AZ photo-
resist and AZ developer. Then to remove excess gold and



chromium, GoG slides were introduced to gold etchant fol-
lowed by chromium etchant for 30 s and 15 s, respectively.
To remove remaining positive photoresist from the GoG
slides, each slide was heated with DMSO at 150 °C for 30
min. Finally, electrodes were rinsed for 30 s with deionized
water followed by ethanol and dried with nitrogen.

DNA monolayer assembly. Electrodes were cleaned
with freshly prepared piranha solution prior to plasma oxi-
dation. The piranha solution (H2S04:H202, 3:1) was dropped
on to the electrode surface and was washed away with de-
ionized water after 1 min. Then, PDMS wells and gold elec-
trodes were sonicated for 2 min in methanol and placed at
100 °C for 5 min. Next, both the electrodes and PDMS wells
were plasma oxidized in an air plasma for 45 s (Harrick
Plasma Cleaner). After permanently attaching the GoG
slides and PDMS wells together, TCEP was used to reduce
thio-DNA (5 pL of 10 uM thio-DNA with 5 pL of 3 mM TCEP)
atroom temperature for 1 hour. This mixture was diluted to
a final concentration of 30 nM of thio-DNA using buffer (10
mM HEPES with 10 mM MgCl: at pH 7.0), then the diluted
solution was added to the electrodes and incubated for 2
more hours. Next, 3 mM 6-mercaptohexanol (MCH) in
buffer was dropped and incubated further for 1 hour. Lastly,
to minimize protein adsorption onto PDMS or glass (surface
passivation), the whole electrochemical cell was filled with
0.1 % BSA in buffer and was left for 30 min. After these
steps, electrodes were ready to construct the nanostructure
or could be stored up to a week at 4 °C.

Bioconjugation of creatine kinase peptide epitope
and anchor-DNA. To conjugate creatine kinase peptide (CK
peptide) with anchor DNA, both were separately activated
with S-HyNic and S-4FB, respectively using the Protein-Ol-
igo Conjugation Kits (Solulink), then aliquoted and stored at
-20 °C (further details in Supporting Information). Next,
when it was time to construct the nanostructure, both were
mixed with recommended buffers and incubated at room
temperature for 3 hours (Figure 2) to create DNA-epitope
conjugates. These conjugates were subsequently used to
construct the nanostructure, as described below.

DNA nanostructure construction by on-electrode en-
zymatic ligation. Once the electrodes included both thio-
DNA and MCH self-assembled monolayers, they were ready
for nanostructure assembly. A mixture containing 100 nM
activated anchor DNA or amine-anchor DNA, 100 nM MB-
DNA, 1.0 mM ATP, and 1.0 pL. 0of 400,000 U T4 DNA ligase in
buffer (0.5 MgCl, 0.1 % BSA, 10 mM HEPES, pH 7.0) was
dropped onto the electrode surface, and this system was in-
cubated at room temperature for 6 hours. Electrodes were
then washed with deionized water for 30 s to remove excess
reactants and unligated nanostructures. Finally, measuring
buffer (0.5 NaCl, 0.1 % BSA, 10 mM HEPES) was introduced,
and the measurement-ready nanostructure sensors were
stored at 4 °C.

Electrochemical measurements. A Gamry reference
600 potentiostat was used for all EC measurements. To
maintain precise temperatures during EC measurements,
an in-house built Peltier system was used (Figure S-3).
Temperature stability was also assisted by a mini-block
heater (VWR) when measurement were not being made.
When a sensor was ready for measurements, a silver/silver
chloride (3 KCI) standard reference electrode (BASi) and

platinum counter electrode (CH instruments) were intro-
duced to a PDMS-defined well with a GoG electrode (custom
electrochemical cell). Square-wave voltammograms (SVW)
were measured from -0.450 to 0 V (versus reference) with
a step size of 1 mV, a pulse height of 25 mV, and SWV fre-
quencies from 100 to 900 Hz.

Anti-creatine kinase antibody detection. To obtain the
calibration curve for anti-CK-MM antibody, solutions were
added directly to the measurement-ready sensors. For
steady-state measurements, first the SWV program was run
in the measuring buffer (100 pL) to get a baseline, then this
solution was removed and replaced with 100 pL of anti-CK-
MM antibody solution (1 nM to 100 nM) and incubated at
37 °C for 30 min. The solution was removed again, and
measuring buffer (100 uL) was introduced for the final SWV
measurement. For kinetic measurements without CK-MM
protein, after obtaining baseline measurement, 100 pL anti-
body in measuring buffer was added, and measurements
were taken every 3 minutes for 1 hour.

Creatine kinase protein quantification. A competitive
immunoassay protocol was followed to detect CK-MM pro-
tein. Once the nanostructure was ready, 50 nM of anti-CK-
MM antibody was pre-incubated with various concentra-
tions of CK-protein for 30 min at 37 °C. After obtaining the
baseline measurement of each electrode in measuring
buffer, the protein/antibody mixture was added onto the
electrodes and incubated for another 30 min, followed by
the addition of measuring buffer for final SWV measure-
ments from 100 to 900 Hz. SWV data was processed with a
linear baseline fit, and currents were reported as peak
heights. The calibration curve was generated by averaging
the peak responses at 500, 650, and 900 Hz with three dif-
ferent electrodes for each concentration.

Measurements in human serum. Small volumes of CK-
MM protein and anti-CK-MM antibody were spiked into the
serum samples to achieve 98% serum with the analyte pre-
sent. For the buffer control sample, a small volume of anti-
body was spiked to achieve 99% of serum. Then the samples
were incubated at 37 °C for 30 minutes. After the baseline
measurement in measuring buffer, 40 uL of each mixture
was incubated on the electrode for 1 hour. Finally, elec-
trodes were washed with measuring buffer, and SWV meas-
urements were done at 400 Hz in measuring buffer.

RESULTS AND DISCUSSION
Benefits of the DNA Nanostructure Sensor

In our recent work, we introduced the electrochemical
DNA nanostructure for versatile detection of clinically rele-
vant analytes?8 29, As it follows enzymatic ligation of three
different short single stranded DNA on the electrode surface
for immobilization, recognition and signaling, the
nanostructure becomes a stable, single molecular unit on
the electrode surface (Figure 1). The nanostructure is
somewhat flexible and subjected to tethered diffusion and
Brownian motion at the surface.3%, with a short oligonucle-
otide spacer to avoid detrimental double-layer effects on
the double stranded DNA formation.3! When a large enough
target molecule is bound to the nanostructure, this move-
ment slows, likely due to a combination of increased molec-
ular weight and steric hindrance effects. Hence, diffusional



motion of methylene blue near the surface slows and pro-
vides an EC-based quantification method to analyze the tar-
get molecule’s presence.

A key benefit of our DNA nanostructure architecture is
that the central DNA strand (red strand in Figure 1), con-
taining the binding unit, can be easily substituted without
largely modifying the EC signaling mechanism. This is in
contrast with aptasensors or E-AB sensors, which rely heav-
ily on the binding-induced conformational changes of the
aptamers and can exhibit much more variable EC responses
with different targeted analytes. As shown in Figure 1, with
our sensors, we first attach the thiol-DNA strand (blue) to
the electrode surface, then we enzymatically ligate the bind-
ing strand (red) and signaling strand (brown) using T4 DNA
ligase. Since the binding strand (red) can be easily substi-
tuted, the DNA nanostructure can be readily adapted to
sense a wide variety of targets (Figure 1, lower left). We
have thus far validated this concept with small molecule
drugs (tacrolimus) and biotechnology controls (biotin, di-
goxigenin), a peptide drug (exendin-4), and larger antibod-
ies (anti-digoxigenin, anti-tacrolimus, anti-exendin).28 29
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Figure 1. On-electrode assembly and ligation of the nanostructure.
Peptide-epitope conjugation to the anchor DNA strand provides
adaptability for sensing of a generic protein analyte, and on-elec-
trode assembly permits simple washing of unlighted nanostructures,
excess reagents, and other impurities. The final nanostructure is a
single molecular unit with three covalent modifications (thiol-to-gold,
peptide conjugate, and MB-DNA). Bottom left panel: Sensing via
peptide epitopes (this work) expands the nanostructure sensors to
detect generic proteins, a unique feature compared to prior work
(refs 4 and 5).

Another benefit of this approach is cost savings. We have
shown previously that the modular synthesis approach
(three separate strands) for the surface-bound DNA
nanostructure can provide very significant cost savings
compared to commercial solid-phase synthesis of each cus-
tomized structure (all three strands in one).28 Lastly, be-
cause the final sensor consists of one single molecule of DNA
with three synthetic modifications which is chemically at-
tached to the gold electrode, the sensor can withstand vari-
ous washing steps without significant loss of nanostruc-
tures. This issue permits simple washing of the DNA ligase

and excess reagents from the surface after ligation, as
shown in Figure 1 (right).

Improving the sensor for generalized protein detection

However, as mentioned above, generalized protein sens-
ing has not yet been accomplished with this architecture.
While large antibodies can be easily detected, since they
slow the tethered diffusion of the sensor significantly, and
small molecules or peptides can be detected using indirect
antibody displacement methods,?8 22 most proteins of inter-
est are too large to adapt to either of these methods. This
issue was addressed in the current work by making DNA
conjugates with the minimized antibody-binding epitope of
the protein of interest. To validate the concept, we selected
a larger protein as the analyte, creatine kinase (CK-MM;
86.2 kDa), an enzyme expressed in various cells and tissues
that catalyzes the transformation of creatine to phosphocre-
atine with the help of ATP to provide energy to cells in
need.32 Levels of CK-MM in blood can elevate upon muscle
damage, myocardial infarction, overexertion/rhabdomyol-
ysis, or neuromuscular disorders,33 34 thus a rapid and di-
rect EC sensor would be clinically advantageous. As shown
in Figure 2, the antibody-binding peptide epitope (purple)
of the CK-MM protein (cyan) was attached to the DNA
nanostructure, which permitted quantitative biosensing of
either the anti-CK antibody or the protein CK-MM.
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Figure 2. A more generalizable protein sensing approach was de-
veloped for the DNA nanostructure and applied to CK-MM sensing
through a competitive immunoassay workflow.

Choice of peptide epitope and bioconjugation to DNA

Based on the commercial source of the antibody, the syn-
thetic peptide sequence used as the immunogen to select
the antibody is a 14 amino acid (14-aa; 1.7 kDa) segment of
CK-MM (aa 5-18). We reasoned that this peptide was the
ideal choice for antibody binding in our assay system, thus
we used the sequence as part of the peptide epitope at-
tached to the DNA nanostructure (purple segment in Figure
2). As in our recent work for exendin-4 sensing,?® here we
used a 2 kDa molecular weight cutoff column to purify the
S-HyNic activated peptide (Figure 3, top left) during DNA-
peptide conjugate synthesis. Since the 14-aa immunogen
segment (1.7 kDa) was very close in size to the column’s cut-
off value, the peptide length was necessarily increased to



40-aa (Table S-2), giving a 4.4 kDa peptide that would be
easily retained by the column. Originally, the intention was
to use this larger 40-aa peptide (4.4 kDa) to simplify peptide
activation with S-HyNic, then to cleave the peptide down to
an 18-aa segment after bioconjugation was complete. For
this reason, we incorporated a cleavage site of Factor Xa
protease enzyme and an additional segment for solubility
enhancement (QNG repeats).

The final conjugate, i.e. DNA coupled to the CK peptide
epitope, is referred to herein as the “DNA-epitope conju-
gate.” One way to confirm successful synthesis of the DNA-
epitope conjugate via solution-phase conjugation is to com-
pare the SWV current of the conjugates and the amine-
tagged nanostructure (blank). Compared to the blank, there
was a 40% decrease in SWV signal observed at 40 Hz, sug-
gesting that the CK peptide epitope attachment to DNA
caused a decreased tethered diffusion rate (Figure 3, right).
To remove the excess amino acid linkage from the DNA-
epitope conjugate, the system was incubated with factor Xa
protease enzyme (in 100 mM NaCl, 10mM HEPES, and 0.1
% BSA) at room temperature for 3 hours, with the anticipa-
tion of an increase in signal during cleavage to a smaller, 18-
aa segment of attached peptide. However, the current did
not change during protease treatment. Without a significant
difference in signals between enzyme-treated and un-
treated nanostructures, we decided to omit the factor Xa
protease treatment and use the complete, DNA-epitope con-
jugate (with 40-aa peptide segment) for all remaining ex-
periments in this study.
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Figure 3. DNA-epitope conjugate synthesis through chemical acti-
vation of both the CK peptide epitope and anchor DNA. SWV current
from nanostructures with unmodified anchor DNA (amine-tagged)
(blue data) was compared to that of DNA-epitope modified
nanostructures (purple), confirming bioconjugation. Error bars report
standard deviations of triplicate electrode preparations.

EC Sensing of CK-MM antibody

Although this work was primarily designed for sensing
CK-MM protein using an indirect approach (Figure 2), the
first step was to confirm that anti-CK antibodies could be
quantified with these electrodes. Thus, an additional appli-
cation of these DNA nanostructures would be in generaliza-
ble, direct EC sensing of immune responses by detecting an-
tibodies that bind various peptide segments. For example,

virus or bacteria exposure, allergic reactions, or autoim-
mune reactions could be monitored rapidly and potentially
at the POC with such sensors. To evaluate the system at this
stage, varying antibody concentrations were added to the
prepared nanostructures containing DNA-epitope conju-
gates. Antibodies caused a significant decrease in faradaic
current using SWV readout. Figure 4 shows the dynamic
range of the antibody-responsive version of the nanostruc-
ture sensor to be from 0 - 50 nM, with a 3o limit of detection
(LOD) of 5 nM anti-CK-MM. Based on kinetic data (Figure 5,
left) collected for 60 min after adding 70 nM of antibody
(blue data), the sensor is capable of quantifying antibody in
as little as 3 minutes, which bodes well for future POC appli-
cations in infectious disease or immune system monitoring.
In fact, a similar concept could be used to detect any other
antibody by conjugating its minimized peptide epitope se-
quence to the DNA nanostructure Sensor.
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Figure 4. Antibody sensing mode. Direct detection of anti-CK-MM
antibodies was first achieved with the nanostructure sensor. Cali-
bration showed a dynamic range up to 100 nM and a 30 LOD of 5
nM.

Potential Causes of Reduced Binding

Interestingly, this sensor’s response to antibody addition
was smaller than other antibody sensing responses in our
previous reports,?8 22 such that the 10-15% signal drifting
effect in buffer became more prominent (Figure 4, shaded
area). The signal drift in these and similar sensors is well
known and can be accounted for in calibrations, and recent
work has proven that electrochemical desorption of the
monolayers on the electrode surface can be a major driving
force for signal drift.35 Since we carried out SWV at multiple
frequencies and scanned from -0.450 to 0 V in all measure-
ments, it is likely that EC desorption was a significant factor
in our work as well.

With respect to the minimized response to antibody bind-
ing, it is possible that the peptide-oligo conjugate purity or
stability are contributing factors. In our original work with
these sensors,?8 streptavidin and anti-digoxigenin antibod-
ies exhibited 70-80% signal suppression, and an antibody
response from binding to a commercially synthesized DNA-



small molecule conjugate (DNA-tacrolimus) gave about
65% signal suppression. In follow-up work in sensing the
peptide drug, exendin-4, we synthesized the DNA-peptide
conjugates in house, and these sensors showed a lower re-
sponse at 45% signal suppression.2? Similarly, in this work,
DNA-epitope conjugates were synthesized and purified in-
house, and the antibody binding resulted in a maximum of
about 32% signal suppression. Considering all this work, it
is clear that peptide-oligo conjugates are more challenging
to synthesize and purify compared to small-molecule conju-
gates. It is likely that improved responses could be achieved
with more rigorous purification procedures such as liquid
chromatography instead of using simpler MW cutoff col-
umns. However, to minimize reaction scales with precious
reagents in this proof-of-concept work for sensing generic
proteins, use of chromatographic separation was consid-
ered out of the scope of the current work.

EC Sensing of CK-MM Protein

Although the antibody binding response was smaller than
initially predicted, the sensor could still quickly quantify an-
tibody binding in the nanomolar range. Thus, the next step
was to evaluate the competitive immunoassay workflow
(Figure 2) to permit sensing of the protein itself, CK-MM.
For all these experiments, a known amount of anti-CK anti-
body (50 nM) was incubated with various concentrations of
CK-MM at 37 °C for 30 minutes before adding to the sensor
surface. To determine the fixed antibody concentration, the
calibration curve in Figure 4 and a real-time titration (Fig-
ure S-2) were used; the calibration saturated at about 50 nM
antibody, and the titration showed a maximal response
from 50 nM with diminished responses from higher concen-
trations (70 and 100 nM). Initial characterization of the sen-
sor response kinetics (Figure 5, left) using 0 and 70 nM CK-
MM showed that the protein could be distinguished from
the blank within only 3 minutes, although waiting for 20-30
minutes provided larger signal differences. As in previous
studies,?8 29 this nanostructure sensor is thus capable of
rapid sensing of the analyte, in this case being more gener-
alizable to other proteins that were previously inaccessible
to rapid EC sensing.

Calibration of the sensor against CK-MM protein was car-
ried out using the competitive workflow and with 50 nM an-
tibody. As shown in Figure 5 (right), the sensor was evalu-
ated in triplicate (3 electrodes each) by adding as much as
100 nM of CK-MM. The sensitivity was determined to be ap-
proximately 0.08 % nM, and the 30 LOD was determined
to be 14 nM. The clinical range of CK-MM lies between 3 to
37 nM (shaded region in Figure 5), including male and fe-
male data,3¢ overlapping with the sensor’s dynamic range.
While the sensor range should be extended to lower con-
centrations in the future to provide true clinical utility for
healthy patients, conditions such as acute rhabdomyolysis
due to crush injury often give CK-MM levels that exceed 200
times the upper reference limit.3” Therefore, this sensor
could be immediately useful for rhabdomyolysis monitor-
ing, an application that would benefit from its rapid sensing
capabilities.

Finally, the sensor was challenged in the presence of a
complex sample matrix, 98% human serum. Because the

measurement mechanism relies on antibody binding to a
minimized peptide epitope that is covalently attached to
DNA, it is important to confirm the binding will occur in the
presence of clinically-relevant interfering components.
Test serum samples were spiked with a mixture of 50 nM
antibody and 70 nM CK-MM, while control serum samples
were spiked with 50 nM antibody only. After electrode in-
cubation for 1 hour to ensure signal stability, triplicate SWV
measurements of these samples were compared to those in
a background of only measurement buffer, and the data is
shown in Figure 6. Comparing the differences in signal sup-
pression between buffer and 98% serum matrices, the sen-
sor in serum was able to recover 90% of the signal in buffer,
boding well for future applications for fast, clinical CK-MM
detection.
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Figure 5. Protein sensing in the nM range with the DNA nanostruc-
ture. The kinetic study (SWV at 900 Hz) showed the ability to differ-
entiate CK-MM protein within 3 minutes (left). The calibration (right)
showed a linear dynamic range up to 100 nM CK-MM and an LOD
of 14 nM, and this range overlapped with the normal human clinical
range (healthy males and females) shown shaded in pink.
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Figure 6. The sensor was functional in 98% human serum, with sig-
nals comparable to those in buffer (90% recovery).

Conclusion

In this work we have presented a new way to detect clin-
ically relevant proteins by conjugating minimized antibody-
binding peptide epitopes to our DNA nanostructure. Here,
as a proof-of-concept of generalizable protein sensing, DNA-
epitope conjugates were made for a sensor targeting CK-
MM protein, which is a biomarker for clinical conditions—
muscle damage, myocardial infarction, overexertion/rhab-
domyolysis—that necessitate rapid measurement capabili-
ties. The sensor was proven functional and capable of CK-
MM measurements in only 3 minutes, and the dynamic



range overlapped with the human clinical range. While im-
provements in DNA-epitope conjugate purification is
needed in the future, this work notably provides the first
clear evidence that our nanostructure sensors can be
adapted toward more generalizable protein sensing.
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