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The diversity and heterogeneity of biomarkers has made the development of general
methods for single-step quantification of analytes difficult. For individual biomarkers,
electrochemical methods that detect a conformational change in an affinity binder upon
analyte binding have shown promise. However, because the conformational change
must operate within a nanometer-scale working distance, an entirely new sensor, with
a unique conformational change, must be developed for each analyte. Here, we demon-
strate a modular electrochemical biosensor, built from DNA origami, which is easily
adapted to diverse molecules by merely replacing its analyte binding domains. Instead
of relying on a unique nanometer-scale movement of a single redox reporter, all sensor
variants rely on the same 100-nm scale conformational change, which brings dozens
of reporters close enough to a gold electrode surface that a signal can be measured via
square-wave voltammetry, a standard electrochemical technique. To validate our sensor’s
mechanism, we used single-stranded DNA as an analyte, and optimized the number
of redox reporters and various linker lengths. Adaptation of the sensor to streptavidin
and Platelet-Derived Growth Factor-BB (PDGF-BB) analytes was achieved by simply
adding biotin or anti-PDGF aptamers to appropriate DNA linkers. Geometrically opti-
mized streptavidin sensors exhibited signal gain and limit of detection markedly better
than comparable reagentless electrochemical sensors. After use, the same sensors could
be regenerated under mild conditions: Performance was largely maintained over four
cycles of DNA strand displacement and rehybridization. By leveraging the modularity
of DNA nanostructures, our work provides a straightforward route to the single-step
quantification of arbitrary nucleic acids and proteins.

DNA origami | biosensor | square-wave voltammetry | modular sensor | electrochemistry

DNA nanotechnology (1, 2) enables the design and construction of artificial structures
with nanometer precision via sequence-specific assembly of DNA oligonucleotides. Such
structures (e.g., branched DNAs and tetrahedra, 3—6) are often used as scaffolds for bio-
sensors, wherein DNA-coupled binding components, such as aptamers, antibodies, or
small-molecule ligands produce a signal upon introduction of a cognate analyte molecule.
DNA origami (7, 8), provides an architecture for making 100-nanometer scale structures
of arbitrary geometry, with hundreds of attachment sites for active components such as
binders or reporters. Thus, DNA origami is of particular interest for biosensors (9—11)
because it allows the synthesis of reconfigurable structures that undergo large conforma-
tional changes (tens or hundreds of nanometers, 12-27), rearranging large numbers of
reporters (tens or hundreds, 23) that amplify molecular binding events to the point that
they can be reliably detected.

Reconfigurable origami sensor platforms can be divided into broad classes based on
their readout mechanism, with each mechanism having advantages and disadvantages.
Atomic force microscope (AFM)-based platforms, for example, such as “DNA forceps”
(12, 13) or “picture frames” (14) enable the direct visualization of single molecule
reconfiguration as a function of protein binding (12), pH (13), or ionic conditions (14)
but they require expensive AFMs and time-consuming measurements. Single-molecule
fluorescence, optical tweezers, and magnetic tweezers-based platforms (15-18) exhibit
extraordinary temporal resolution for the reconfigurations of single molecules, and
enable the dissection of sensor states that could otherwise not be resolved. But, as for
AFM, the required equipment is expensive and the measurements time-consuming. Gel
electrophoresis-based platforms (19) for protein or nucleic acid detection are relatively
inexpensive and can be multiplexed (20). However, these measurements are slow, at
best taking tens of minutes. Fluorescence resonance energy transfer (FRET) platforms
have provided simple bulk measurements of DNA (21) and protein (22) down to the
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100 nM range; achieving 100 pM has required expensive
single-molecule FRET microscopy (23). Chiral plasmonic plat-
forms have enabled simple bulk sensing of nucleic acids (24, 25)
and small molecules (26, 27) achieving 100 pM sensitivity for
RNA, but spectrometers capable of measuring circular dichroism
are relatively expensive. Layered on top of these concerns, few
of these approaches have been shown to work in complex bio-
logical sample matrices, and none of the above platforms appear
easily extendable to in vivo measurements.

In contrast to these techniques, an electrochemical platform
based on the conformation-switching of single-stranded DNAs (28)
enables real-time measurements of analytes using inexpensive poten-
tiostats (29). By using miniaturized electrode implants, analytes can
be quantified in challenging environments such as living animals
(30, 31). This platform uses a gold electrode, protected with an
alkanethiol monolayer— the electrode is further functionalized with
a target-binding oligonucleotide that displays a gold-binding thiol
on one end of the oligonucleotide, and a redox-reporter (most com-
monly methylene blue, “MB”) distal to the thiol. Upon interacting
with its target, for example during DNA hybridization (“E-DNA
sensors,” 32—34) or aptamer—molecule binding (“E-AB sensors,”
35-37), the oligonucleotide undergoes changes that affect the rate
of electron transfer between the reporter and the electrode surface.
When the electrode is brought to the reduction/oxidation potential
of the reporter, current is thus measured as a function of binding
state of the oligonucleotide.

In the most common model of E-AB sensor operation, analyte
binding-induced reconfiguration of the aptamer structure changes
the collision frequency of the redox reporter with the electrode
surface, changing the electron transfer rate and thus measured
current (38). Analyte binding in E-AB sensors is transduced into
a signal by a unique and idiosyncratic binding-induced
nanometer-scale movement; this conformational change differs
between different aptamers (e.g., see differences between thrombin
and IgE aptamers in ref. 38) and it is evident that binding and
signal transduction depend on each other in complex ways. Thus,
making sensors for new analytes with both good signal gain (rel-
ative change in signal upon target saturation) and appropriate
affinity and selectivity often requires optimization, with multiple
rounds of semiempirical redesign and resynthesis of expensive
modified oligonucleotides (39). Spectroscopy-guided approaches
to aptamer probe redesign (40) shorten but do not eliminate this
onerous process. Special “capture SELEX” techniques that select
for conformational change of the aptamer (41, 42) rather than
simple binding, can increase the likelihood of obtaining suitable
switching aptamers but cannot guarantee success.

The question arises: Might the advantages of reconfigurable
DNA origami and E-DNA/E-AB systems be combined? Several
recent publications explore DNA origami in the context of elec-
trochemical sensing. For example, the capacity of origami to dis-
play multiple binders has been used for an electrode-bound
miRNA sensor, wherein origami acts as a substrate that presents
multiple miRNA binding sites (43). Likewise, a pH sensor has
been reported that employs a reconfigurable DNA origami “zip-
per” bound to a gold electrode (44), and electrode-bound origami
were used to probe the spatial dependence of redox-active enzyme
activity (45). Free DNA origami rectangles have been used to
amplify signal from DNA analytes (46); the detection of free ori-
gami rectangles themselves represents an elegant demonstration
of nanoimpact electrochemistry (47). Unlike E-AB/E-DNA sys-
tems, however, these origami-based systems are not reagentless;
they all require the addition of redox mediators to the analyte
solution to generate electrochemical signals, which limits their use
in vivo or in other environments where these mediators are not
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available. And aside from the pH-responsive zipper (44), none of
the above systems use large-scale conformational reconfigurations
for signal transduction.

One reconfigurable origami-based electrochemical sensor that
uses MB reporters instead of added redox mediators, has been
reported (48). Intended to detect 100 nm scale analytes such as
viruses, this system requires significant modification for analytes
of different sizes. Furthermore, as configured, it is a “signal-off”
device, for which analyte binding results in a lower current; this
limits both the signal gain (at best, ~100%; see formula for gain
below) and confidence that signal change is not caused by sensor
degradation.

In this work, we introduce a reconfigurable DNA origami sen-
sor whose modular architecture overcomes the redesign and opti-
mization challenges posed by E-DNA and E-AB sensors. By
combining a flat, two-dimensional DNA origami with a
double-stranded DNA (dsDNA) linker, we create a “lily pad”
structure wherein origami, decorated with numerous MB redox
reporters are tethered to an ultraflat gold electrode via a long and
flexible dsDNA linker (Fig. 1). This open conformation is con-
verted to a closed conformation by the presence of analyte bio-
molecules when they bind and form a bridge between a pair of
probes on the origami and on the electrode surface. The resulting
conformational change is detected via square-wave voltammetry
(SWV, Fig. 1 B, Inset), in which the current, which is a function
of the rate of electron transfer between MB molecules and the
electrode surface, increases with proximity.

The lily pad architecture described above is reminiscent of a
classical sandwich assay, in which a pair of affinity binders is used
to localize a signaling system to a surface if and only if the target
analyte attaches to both binders: The first binder, or “capture”
reagent, is attached to a surface; addition of sample results in target
analytes being bound to capture reagents via a first epitope; further
addition of a labeled “detect” reagent that binds the analyte at a
second orthogonal epitope provides a mechanism to generate sig-
nal. Simple binders, rather than the structure-switching binders
of E-AB systems, are all that is required; industry has generated
many thousands of capture-detect antibody pairs for commercial
assays. Indeed, antibody pairs have been incorporated into a num-
ber of electrochemical assays—yet these systems are not reagent-
less, typically requiring both 1) a step involving physical addition
of the detect reagent and 2) incorporation of an amplification
system (typically attached to the detect reagent) such as an enzyme
(50), or hybridization chain reaction (51).

Given their success elsewhere in biosensing, it is interesting to
ask why pairs of sandwich antibodies have not proven amenable
to reagentless electrochemical sensing. Reagentless sensors require
1) that all of their components, from the binders to any detection
system to be built into a single, intramolecular device, which
reconfigures upon analyte binding and 2) that the reconfiguration
be able to work with the detection system to create a signal of
sufficient magnitude. The first requirement might in principle be
solved by a simple linker between the binders, but the second
requirement turns out to be a more fundamental problem. In
typical sandwich immunoassays, the stack formed by the capture
reagent, analyte, and detect reagent is at least several nanometers
in height, e.g., 10 nm in the case of bovine serum albumin with
two antibodies (52). To render the device reagentless, some com-
ponent has to be directly labeled with a redox reporter; labeling
cither antibody would result in a geometry for which electron
transfer to the surface is too slow for sensitive detection [for E-AB
sensors, electron transfer rates drop off significantly a few nm from
the electrode surface (53)]. Using smaller binders in sandwich
assays, e.g., nanobodies (54), could help increase the range of
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Fig. 1. Lily pad sensors can be used for the electrochemical detection of biological analytes, here a DNA single strand. (A) A flat, disk-shaped DNA origami
with a square hole (49) carrying a long dsDNA linker is assembled from a mixture of long ssDNA scaffolds, ssDNA staples, 70 staples with 5’ extensions for MB
reporters and for analyte binding, 20 nt MB-modified DNA oligos, and long dsDNA linkers with ssDNA overhangs at both ends. Inset shows AFM of a lily pad. (B)
Two types of thiol-modified ssDNA are immobilized on a template-stripped gold surface: one for tethering the lily pad origami via hybridization with one of the
linker overhang sequences, and the other for analyte binding to the gold surface. Closing events occur when a DNA analyte binds both to the binding site on the
origami and the binding site on the surface, enabling electron transfer between MB reporters and the gold electrode. /nset shows an exemplary square-wave
voltammogram of a sensor in the open state (Left), and a voltammogram in the closed state after DNA analyte addition (Right). The peak current is calculated as

the heights of the peaks relative to the underlying baseline.

accessible analytes, but the use of smaller binders in this context
merely shifts the limiting factor to analyte size. This length scale
problem has limited development of reagentless electrochemical
sandwich immunoassays. A cleverly designed system (55) utilizes
a combination of DNA linkers with an antibody pair, in a geom-
etry that positions a MB reporter at the very base of the sensor in
the analyte-bound state. This results in an antibody sandwich
acting as a highly sensitive, amplification-free, electrochemical
sensor whose performance does not depend strongly on the size
of the binders or analyte. However, that sensor still requires addi-
tion of DNA-labeled antibodies in solution and thus does not
operate in a reagentless mode.

Here, our lily pad design overcomes the problem of large
binder—analyte sandwiches through its use of numerous MB
reporters which project down from the origami in a flexible “cur-
tain” around the sandwich that extends at least 5 nm toward the
surface. Like E-DNA/E-AB systems, our lily pad incorporates all
components in a single, intramolecular construct rendering it
reagentless. Unlike the E-DNA/E-AB systems the lily pad is more
easily adapted to other analytes—by simply exchanging unmod-
ified strands for linkers and curtain length we demonstrate the
detection of DNA and two different proteins.

Results

Lily Pad DNA Origami Device. Fig. 1 shows the design of our
lily pad device. The device consists of a 100 nm diameter disk-
shaped DNA single-layer origami designed on a square lattice,
starting from a previously published model (49). During folding
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(Materials and Methods), the origami is attached to a long dsDNA
linker (Fig. 1A4) which, depending on experiment, ranges from
300 to 3,000 base pairs (bp) in length. The distal end of the
linker is attached to a gold electrode through DNA hybridization:
The distal end of the linker displays a single-stranded DNA
(ssDNA) overhang, and binds to a complementary ssDNA that
is immobilized on the gold electrode. E-DNA/E-AB sensors often
use roughened gold electrodes to maximize the surface area for
their small ssDNA sensing molecules (56, 57), despite the resultant
structural heterogeneity of such electrodes. Here, in contrast, we
use ultraflat, template-stripped gold chips (58) to minimize the
distance between the entire bottom face of the origami disk and
the electrode surface upon analyte binding. Our lily pad sensors
use 70 MB molecules as reporters to transfer electrons to the
electrode; they are attached to one side of each origami via 20
bp-long ssDNAs hybridized to overhangs on 70 modified staple
strands (Fig. 1B)—this forms a curtain of MB-modified DNA
strands hanging from the origami. Detection of a ssDNA analyte
sequence xy is achieved through binding to two DNA sequences,
x" and y', which are complementary to subsequences x and y of
xy, respectively. Sequence x” is positioned on the origami as an
extension to a central staple, and a thiol-modified version of 3’
is immobilized on the gold electrode surface via an Au-S bond.
When both x and y in a DNA analyte bind to x” and 5’ on the lily
pad and the underlying electrode, the conformation of the lily
pad changes from the “open” to the “closed” state. Each closing
event brings the 70 MB curtain into proximity with the gold
surface, facilitating electron transfer between MB and electrode
and increasing voltammetric peak currents (Fig. 1 B, Inset).
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The distance between MB molecules and the electrodes, which
determines the electron transfer rate, is set by the particular probe—
analyte binding geometry (59). We note that in the open, unbound
state, the relative average position of the MB redox reporters with
respect to the surface is a function of the flexibilities of the dSDNA
linker, origami (60, 61), and MB attachment; therefore, we would
expect background signal even in the absence of analyte (see
below). Background signal is observed with E-DNA and E-AB
sensors for similar reasons (33, 62), and it is observed here (Fig. 1
B, Left side of Inser).

For the closed, bound state, the same factors should affect electron
transfer rate, with the exception that the distance between the
lily-pad’s reporters and the surface should be independent of the
dsDNA linker length. We estimate the reporter—surface distance for
the closed state by noting that the length of the bound DNA analyte
is 28 bp (~9.8 nm); as the tail length is 20 bp (~6.8 nm) for the

reporter strands, this difference leaves the redox reporters nominally
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~3.0 nm away from the surface on average (Fig. 2 A, blue nsez).
Were the MB rigidly held at this position, thirty times the electron
transfer decay distance (63), electron transfer rates would be unmeas-
urably slow; thus we suspect that bending fluctuations of the origami
cause MB to visit distances less than 3 nm from the surface, enabling
electron transfer from the MB curtain to be observed.

In principle, more MB units per lily pad should generate a greater
signal upon analyte binding. However, saturation MB modification
(1 MB per staple) leads to aggregation of origami during annealing,
potentially due to the DNA intercalation of MB, electrostatic DNA
backbone-MB interactions, or concentration-dependent dimeri-
zation of MB (64, 65). Optimizing lily pad MB density while min-
imizing aggregation, we found that the use of 70 MB-modified
extensions results in lily pads that run as monomers in agarose gels,
while higher numbers of MB reporters lead to poorly formed struc-
tures that aggregate and remain stuck in gel wells (for optimization

see SI Appendix, Fig. S1 and Table S1).
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Fig. 2. Lily pad closing events can be monitored via voltammetry in real-time. (A4) 500 pM of each of three different ssDNA analytes, with 28-bp sequences xy
(blue), yx (orange), and dT (green) were added at time t = 0 at 34 °C. The difference in kinetics for xy and yx binding can be understood in terms of difference
in spacing between the origami and gold surface in their respective bound states (Bottom Left). For yx to bind (orange box), the origami must get much closer
to the surface than in the case of xy (blue box), incurring an increased entropy penalty. Binding of yx may also be sterically hindered by the 20 bp long MB
reporters that comprise a curtain projecting down from the origami (Top Left). The d728 analyte is a noncomplementary sequence and is not expected to trigger
any binding event. Experiments were performed on three different chips and are shown as a line for the average and error bars for the SD. (B) The length of
the linker tethering the lily pad to the surface has little effect on sensor response: linker lengths of 332, 1,037, and 2,983 bp all show comparable behavior.
Experiments were performed on three different chips and are shown as a line for the average and error bars for the SD. So that overlapping error bars from
different experiments can be compared, jitter was added to the x-axis. (C) The functional form of sensor response varies with the concentration of ssDNA analyte.
At analyte concentrations up to 500 picomolar (yellow diamonds), sensor response increases monotonically. At nanomolar concentrations (green circles), the
system shows saturation effects, and the current decreases after 1 h, potentially due to excess free analyte in solution reopening previously closed lily pads via
DNA strand displacement. ssDNA analyte xy added at t = 0.
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Chip Preparation and Electrochemical Measurement. Ultraflat
gold chips were fabricated via template-stripping (58, 66). This
approach had the added benefit of revealing an extremely clean
surface upon removal of the template. Two different thiol-modified
ssDNA were immobilized on gold surfaces, one that binds the
DNA origami linker and one that binds the analyte molecule. The
surface was then backfilled with a passivation layer of 6-mercapto-
1-hexanol in order to minimize a spurious current from oxygen
reduction (67). The chip was incubated with lily pad DNA
origami structures and then used as the working electrode in a
three-electrode cell.

DNA Detection. In the absence of analyte, SWV of the lily pad
functionalized chip resulted in a baseline voltammogram (an
example of which is shown in Fig. 1 B, Inset; “Open” state) with
a peak current at ~-0.27 V, which coincides with the reduction
potential of methylene blue (35, 68). We note that the baseline
was not observed before incubation of the electrode in the lily pad
solution. The stiffness of dsDNA, as measured by its persistence
length of ~150 bp (69, 70), is too short for the 1 kbp dsDNA
linker to rigidly hold the lily pads away from the surface. Thus,
baseline signal, which typically ranges from 0.05 to 0.3 nA, is likely
partially due to thermal fluctuations that bring the MB-modified
origami close to the surface. When MB-origami without dsDNA
linker are added and rinsed away, we have observed a baseline
as high as 0.06 nA. Thus, part of the baseline signal may also be
attributable to nonspecific binding of the MB-origami part of the
lily pad, or free MB labeled strands. Baselines in the 0.05 nA range
are at the limit of our methods to extract meaningful currents, and
thus other methods will be necessary to dissect the contributions
of tethered yet fluctuating lily pads versus nonspecifically bound
MB-origami or MB-labeled strands.

Similar baselines were observed for all the SWV presented in
this work, and were observed to be stable for over 6 h and up to
four sensor regenerations (i.e. in the penultimate figure of this
paper). In general, the baseline provides a reference state from
which the occurrence of binding events can be inferred.

Upon challenging the sensor with the fully complementary
ssDNA analyte xy, an increase in SWV signal from baseline was
observed (Fig. 1 B, Inset), resulting in sensorgrams (Fig. 24, blue
curve) similar to those resulting from other real-time surface-bound,
DNA hybridization biosensors that use surface plasmon resonance
(SPR), biolayer interferometry (BLI), and the E-DNA platform
(33, 48, 71-73). In addition, this sensorgram demonstrates that,
at 500 pM analyte DNA concentration, we observe an increase
in current from_0.124 nA to a plateau of 1.58 + 0.17 nA (i.e.,

Lyca forsasuration x 100 ~ 1, 270% 83in after 250 min of target

Locak for blank
incubation. For reference, benchmark optimized E-DNA ssDNA-
detecting sensors displayed gains of 260% (74); optimized E-AB
sensors have reached 430% (75). Encouraged by these unprece-
dented gains, we proceeded to test the effects on sensor response
of varying the lily pad and analyte structure.

For DNA analytes oriented perpendicularly to the surface, like
xy (Fig. 2 A, blue Inset), we expected that longer analytes (up to
duplex DNA’s persistence length) could decrease signal gain by
preventing close approach of the 20 bp MB curtain. By switching
the positions of the x and y to yield a sequence (yx), the orientation
of the analyte was changed to be parallel to the surface (Fig. 2 4,
orange Inset), without significantly affecting predicted thermody-
namics. We originally hypothesized that using this orientation
could make signal gain independent of length. However, we
observed (Fig. 2 A, Right) slower on-signal kinetics (the rate of

PNAS 2025 Vol.122 No.1 e2311279121

signal increase upon addition of analyte) and lower signal at the
end of the experiment compared to the xy analyte, presumably
due to the length of the MB curtain which appears to be a signif-
icant steric obstacle for the origami to successfully close. For
practical reasons, we did not pursue this approach further, but
note that shorter MB curtains might recover signal gain and
achieve the goal of DNA length-independent signal.

To explore the effect of the lily pad linker length on sensor
performance, we synthesized and tested double-stranded DNA
linkers of three different lengths: 332, 1,037, and 2,983 bp
(Fig. 2B). We challenged these lily pads with 500 pM of xy ssDNA
analyte; the average behavior of all three sensor types was similar
(Fig. 2B; blue, red, and yellow data) in terms of baseline signal
(0.17 £ 0.07 nA), initial on-signal kinetics (~0.09 nA/min up to
10 min), and endpoint signal (1.49 + 0.08 nA). Given these
results, we arbitrarily chose to use the 1,037 bp linker for all
subsequent experiments.

Fig. 2C shows the sensor response to increasing concentrations
of DNA analyte. For times less than an hour, both signal and
signal kinetics (the rate of signal growth) increase monotonically
with concentration. After an hour, two behaviors are observed: 1)
signal for analyte concentrations less than 5 nM continues to
increase, and 2) signal for an analyte concentration of 5 nM under-
goes a surprising decrease. This bifurcation in behavior is remi-
niscent of the “high dose hook effect” (76) which occurs when
excess analyte saturates both binders of a sandwich sensor, pre-
venting sandwich formation and decreasing signal. Because the
present hook effect emerges over the course of a time-based sen-
sorgram, we term it the “kinetic hook effect” (see S/ Appendix,
section 6 for discussion).

Optimizing a Multimeric Protein Detector. Because of the
lily pad’s modularity, it is trivial to modify into a detector for
multimeric proteins with multiple identical binding sites. As
a proof-of-principle (Fig. 3), we prepared lily pad sensors for
detection of a model multimeric protein, streptavidin. We achieved
this by simply adding two biotinylated adaptor strands to our basic
DNA-sensing chips (Fig. 34): The first adaptor, sequence x, was
complementary to the 14 nt ssDNA tail (x') on the origami; the
second, sequence y, was complementary to the 14 nt oligos (y)
on the surface. Thus, chips with the lily pads used for ssDNA
detection were incubated with the biotin-modified adaptors
to obtain streptavidin detectors. To optimize sensor design, we
measured sensor response as a function of both surface linker
length (L = 14, 24, 34 or 44 bp) and MB curtain length (/5 =
20, 40, or 60 bp).

Because it is measured before streptavidin addition when the
lily pad is nominally open, the baseline was expected to be inde-
pendent of curtain length. However, the baseline (Fig. 3C) was
almost always higher for /;; = 40 and 60 bp than for 20 bp (only
for L = 44 was the 40 bp baseline slightly smaller than the 20 bp
baseline). Part of the baseline is thus apparently due to transient
sticking of the curtain to the surface. To account for longer cur-
tain’s enhanced stickiness, we suggest that either 1) longer curtains
access MB configurations which are individually stickier, e.g., with
more MB contacting the surface or 2) longer curtains have an
increased total number of weakly sticky MB configurations.

When streptavidin was added to /,,; = 20 bp sensors, the SWV
signal quickly increased, reaching ~50% or more of the final signal
change within 5 min after streptavidin addition. For each L < 34,
comparatively slower on-signal kinetics were observed for /;; =
40 bp and 60 bp sensors. The slower kinetics observed for 40 and
60 bp MB curtains (most noticeably for L = 14) was similar to
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Fig. 3. Lily pad sensors for DNA can be readily converted into protein sensors and their response rationally optimized. (A) Two biotinylated ssDNA adaptors are
hybridized to the sequences x and y on the origami and on the surface to create a streptavidin sensor. (B) Different lengths for the MB-modified DNA curtain, /5,
and dsDNA linkers for the surface biotin, L, were created to study the effect of molecular design on sensor behavior. (C) SWV sensorgrams for streptavidin (500
pM) detection with various MB curtain lengths (20, 40, and 60 bp) on origami and dsDNA linker lengths (14, 24, 34, and 44 bp) on the surface. Different /,;; and L
give qualitatively different results for both on-signal kinetics and endpoint signal. Longer MB curtains increasingly disturb the closing of the lily pads, but at the
same time bring MB closer to the gold surface, increasing peak current; the origami shape itself may have a steric clash with the surface that changes with the
length of the analyte-binder complex. The maximum in peak current (40 bp for L = 14, 24, 34, and 60 bp for L = 44) as a function of curtain length is likely set by
the tensions between these three effects. Overall, a 40 bp MB curtain and 34 bp surface linker yields the largest signal change.

that observed for detection of the 28 nt DNA reversed sequence,
yx (Fig. 24), and we interpret it similarly, i.c., we believe that the
longer MB curtains sterically hinder sensor closing. However, at
L = 44, the analyte-binder complex has moved curtains of all
lengths sufficiently far from the surface that steric effects are min-
imal; /)= 60 bp curtains, extending closest to the surface, gave
the fastest kinetics.

We expected to see the largest effect of sensor design in peak
current endpoints; some experiments showed small decreases in
peak current after extended interrogation and so we compared
maximum peak currents (MPC) over the 250 min experimental
window. Our goal was to optimize signal change and our hypoth-
esis was that trends in sensor performance should be interpretable
in terms of the difference 6L between the total size of the binder—
analyte complex and the MB curtains. In an optimal sensor design,
the closed lily pad conformation should bring the redox reporters
as close as possible to the surface without a steric clash. Absent
any tilting of the curtain strands, one might expect to see steric
clashes for 6L < 0. In our DNA sensor above, a 28 bp analyte—
binder complex (9.5 nm) was used with a 20 bp MB curtain (6.8
nm) that was slightly shorter (by 6L = 2.7 nm); in this configura-
tion (Fig. 2) the DNA sensor achieved an MPC of 2.75 nA.
SI Appendix, Table S6 gives 6L and MPCs for all conditions in
Fig. 3C. For three of the four conditions (cyan and yellow;
SI Appendix, Table S6A) with L most similar to the DNA sensor
(<1.8 nm different), MPCs were >75% that of the DNA sensor.
But a fourth condition was only 45%. Further, four pairs of con-
ditions having the same §L (but different L and /) had markedly
different MPC. This analysis shows that 6L alone is not a good
predictor of MPC.

Instead, observe that for all three curtain lengths (and thus a
wide range of L), MPC has a maximum for L = 34 before steeply
dropping off for L = 44. At this boundary, the ranking of which
MB curtain length gives the highest MPC also abruptly changes.
Taken together, these observations suggest that there is some other
steric effect, which changes sharply between L = 34 and L = 44,
and which couples to the steric effect of the MB curtain length.

https://doi.org/10.1073/pnas.2311279121

Otherwise, we would expect a stronger correlation between MPC
and &L across the boundary. In particular, we would expect an
increase for the MPC of 60 bp curtains as L changes from 34 to
44, where 6L goes from 0.92 nm to 4.3 nm. Rather we see a drop
in MPC from 2.6 nA to 1.25 nA—for comparison, a large 5L of
14.5 nm still achieves an MPC of 1.9 nA for 20 bp MB curtains
at L = 34.

We propose that the origami shapes exhibit either large defor-
mations (either static or dynamic) from a flat disk, on the order
of ~21 nm in height (the size of the analyte-binder complex for
L = 34). One possible source of deformation is that the MB curtain
causes the origami to curl into a U-shaped cross-section that bends
up and away from the surface: Simulations of origami with MB
curtain-like extensions predict such deformations at the 20 nm
scale (77); similar-sized fluctuations of 2D origami have been
observed experimentally (78). Perhaps for L = 34 and below, these
deformations allow MB curtains of any length to contact the sur-
face, and so increasing L up to 34 decreases steric interference
between the MB curtain and the surface. By L = 44 (corresponding
to an analyte—binder complex of 25 nm), all curtain lengths are
held too far from the surface for deformations of the origami to
bring them into contact. The longest curtains (60 bp, ~20 nm)
give the highest MPC at L = 44, as they position MB closest to
the surface in this “noncontact” regime.

While the dependence of sensor performance on the size of the
analyte-binder complex and the MB curtain length is not as sim-
ple as we first envisioned, it is nevertheless intelligible. The library
of linker and curtain strands we have developed are analyte agnos-
tic. Thus, our experiments provide a procedure and map for how
sensors for other analytes can be optimized.

Having determined that the optimal (highest MPC) lily pad
design for streptavidin detection has a 40 bp MB curtain and
L = 34 bp linker, we sought to assess the linearity of this sensor
and measure its sensitivity (LoD). We thus challenged this design
with concentrations of streptavidin, ranging from 1 pM to 1 nM
(Fig. 4). Signal change was plotted as a function of the streptavidin
concentration in Fig. 4 on a semilog scale. The signal increased
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Fig. 4. Lily pad sensors can quantify picomolar protein concentrations. SWV
signal changes were measured for lily pads having 40 bp MB curtains and
L =34 bp linkers using six streptavidin concentrations from 1 to 1,000 pM and
a blank (zero analyte). Mean and SD for each concentration were calculated
from replication using five different chips (five biological replicates). On each
chip, the off-signal (before sample application) was measured five times and
averaged (five technical replicates). After sample application and incubation (1
h, 34 °C) the on-signal (endpoint signal) was measured five times and averaged
(five technical replicates). Signal changes in the interval yt 36, are shaded gray,
where g, is the mean of the blank and 4, its SD. LoD < 1 pM.

monotonically from 2 pM up to 1 nM, with log-linear behavior
observed between 5 pM and 1 nM. Using these data, we estimated
the limit of detection (LoD) by the conventional method (79,
80), wherein 1 + 30, is the signal at the LoD concentration, 6,
is the SD of the blank ([streptavidin] = 0) and gy, is the mean of
the blank. Here, 4, + 30, = 8.0%, where y, = -7.0% is sensor
baseline in the absence of streptavidin (Fig. 4, red dotted line).
Because [streptavidin] = 1 pM gives a signal change (17%) that is
significantly larger than 8.0%, we infer that LoD < 1 pM.

As observed with the sensor for the ssDNA analyte xy, the gains
reported for our optimized streptavidin sensor are unprecedented
for a reagentless, unamplified, single-step electrochemical sensor.
When challenged with 500 pM streptavidin in bulk solution
(Fig. 3C), at steady state measurements past 50 min, gains for the
40 bp MB curtain and L = 34 bp linker system were greater than
1,600%. For experiments where the linearity of the sensor and
LoD was determined (Fig. 4), gains at the same streptavidin con-
centration were calculated to be greater than 500%. We believe
this difference is a function of the experimental conditions. For
the steady state measurement, the electrochemical cell was left
undisturbed with a large volume of bulk analyte solution (1 mL)
and repeatedly interrogated over time. For the linearity/LoD meas-
urement we 1) sought to model a situation with smaller, more
practical sample volumes and thus used 10 pL rather than 1 mL,
2) sought to recycle chips and thus made multiple repeated meas-
urements on the same chip, 3) sought to model an assay in which
spuriously bound sample molecules are washed from the sensor
before measurement, and thus the chip was washed with buffer
before each baseline and each streptavidin measurement.

The remarkable size of our sensor’s gains becomes clear through
comparison with previously published systems. In comparison to
our system, interrogation of other electrochemical streptavidin
sensor platforms in buffered solutions gave maximal gains that
were at least an order of magnitude smaller than our maximal lily
pad gains. Furthermore, these other platforms’ maximal gains were
typically reached at significantly higher analyte concentrations.

PNAS 2025 Vol.122 No.1 e2311279121

For example, a duplex E-DNA-like sensor displaying biotin gave
maximal (in terms of magnitude) gains from -50% (signal-off) to
+50% (signal-on) at 3 nM streptavidin (81). A modified version
of this platform that relies on surface-based steric hindrance, gave
-60% at 100 nM streptavidin (82). A DNA junction-based sensor
gave -50% at 500 nM (83), and a modular, bivalent Y-shaped
structure gave -43% at 100 nM (84). In addition, our sensor’s
LoD, <1 pM, represents an improvement of at least two orders of
magnitude over the LoD of the streptavidin sensors described
above. Given these dramatic gain and LoD improvements over
existing sensor designs, we believe that the lily pad architecture
offers a generalizable platform for high-sensitivity, high-gain meas-
urements of analyte concentration.

Lily Pad Sensor Regeneration. The biotinylated DNA adapter
strands were redesigned to have an additional 5 nt ssDNA toehold
(Fig. 54 and ST Appendix, Table S3). This enables their removal via
toehold-mediated strand displacement (85): A solution containing
two 19 ntinvading strands (S Appendix, Table S3) whose sequences
are fully complementary to the extended adapter strands is applied
to the surface; subsequent strand displacement reexposes the 14
nt DNA-sensing tail (x) on the origami and the DNA sensing
thiolated ssDNA (y) on the surface. Using a 100 nM concentration
of applied invading strands, the analyte is displaced in 10 min;
addition of 500 pM biotinylated adapter strands regenerates the
sensor for further interrogation (Fig. 5B). We conducted four
rounds of sensing, displacement, and regeneration in this manner,
and the sensor responded to streptavidin with similar kinetics
after each cycle.

However, it was observed that this process does not completely
restore the sensor to its original state; up to ~5% loss in on-signal
was seen after each round of regeneration (Fig. 5C). To explain
this loss, we suggest that either 1) incomplete strand displacement
leaves some streptavidin—biotin complex bound either to the ori-
gami or on the surface, blocking analyte binding sites in subse-
quent sensing rounds or 2) thiolated y may desorb from the
surface. A third alternative is that 3) MB-strands or even entire
lily pads are released with each regeneration; however, this is
inconsistent with our observation that the raw baseline sensor
signal did not decrease through rounds of regeneration. To achieve
greater sensor durability, strategies to increase the efficiency of
toehold strand displacement (86) and improve the robustness (87)
of gold-bound thiolated sensors to desorption could be applied.

PDGF-BB Detection. To further demonstrate the modularity of
the lily pad sensor and to test its capability for detecting larger
analytes, DNA adapter strands were designed to display an aptamer
that binds platelet-derived growth factor homodimer of subunit
B (PDGE-BB) (Fig. 6). Since the design of the sensor requires
two binding events, one to the origami and one to the surface,
PDGF-BB was chosen as the analyte due to its homodimeric
nature, which allows for the same aptamer to be used on both the
origami and the surface. Surface preparation and origami folding
were performed as for previous designs, and adapter strands were
added after origami had been tethered to the surface, as with the
streptavidin sensor. The two adapters (Fig. 64) were designed to
have sequences x" and ¥/, followed by a previously reported 36 nt
aptamer with an apparent binding affinity to PDGF-BB of 36
fM (88). The resulting sensor achieved detection of PDGEF-BB at
concentrations as low as 500 pM (Fig. 6B), with a signal change
of 20%. Sensor signals were stable after PDGF-BB addition for
over 100 min of serial monitoring every 5 min, highlighting the
functional stability of lily pad sensors. The lowest concentration
measured is within one order of magnitude of the best sensitivity
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Fig. 5. Lily pad sensors with tightly bound analytes can be regenerated multiple times. (A) Schematic shows a lily pad being closed by streptavidin (i), reopened
by ssDNA invaders via strand displacement (ii), and regenerated by the addition of new biotin-modified adaptors (iii). (B) Sensorgram demonstrating two rounds
of streptavidin detection where notations are made for buffer washes (*) and the addition of 500 pM streptavidin (i), 100 nM invaders (ii), and 500 pM biotinylated
adaptor strands. (C) Changes to SWV signal through four rounds of lily pad regeneration. In each round, streptavidin solution (10 uL, 500 pM) was reacted for 1
h at 34 °C before a measurement was taken (high values). Lily pads with 40 bp MB reporters and L = 34 bp were used for (B) and (C).

achieved for previously reported aptamer-based PDGF-BB sensors
(89). However, we note that because the goal of these experiments
was simply to demonstrate platform modularity, no efforts were
made to co-optimize the aptamer and sensor (e.g., matching
aptamer size and MB curtain length); there is therefore, potential
to improve the sensitivity of the PDGF-BB version of the lily pad
sensor in future work.

Discussion and Conclusion

Using DNA origami, we designed and fabricated a nanodevice—
the lily pad—and developed it to create a single-step, reagentless
biosensor platform whose modularity enables it to detect arbitrary
DNA sequences and proteins through electrochemical measure-
ments. We showed that the modularity of our DNA origami sensor
allows the sensing of analytes of varied size and binding properties
via simple addition of a few unmodified oligo strands to the base
sensor system. The conformational change required for signal is
built into the architecture of our sensor, obviating the need to find
or engineer binders that undergo a conformational change. Thus,
the versatility of our sensing platform should only be limited by
the ability to functionalize the binding sites of the lily pad. The
lily pad can be trivially modified to use the large variety of available
aptamers (90, 91). Conjugating oligos to other binder classes such
as antibodies, antibody fragments (92), nanobodies (54), or
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peptides (93) will allow for their facile incorporation into the lily
pad. Whenever it is difficult or simply too expensive to get two
binders from the same class, hybrid sensors mixing binders from
two classes, e.g., antibodies and aptamers (94), could be used.
Larger binders and/or larger analytes may be accommodated by
longer MB curtains or redesign of the lily pad geometry to provide
a pocket for the analyte-binder stack.

In all versions presented here, the lily pad sensors use two bind-
ers. In this sensing modality, lily pads can be customized to detect
any analytes which are either multimers (for which both the ori-
gami and the electrode present the same binder), or have two
distinct epitopes (for which the origami and electrode present
distinct binders). To access the sensing of analytes with only one
available epitope (e.g., small molecules and some proteins), an
appropriate split aptamer (95) or aptamer switch (42, 96) could
be incorporated into the lily pad. In the case of a split aptamer
modality, one-half of the aptamer would be attached to the ori-
gami, and the other half would be attached to the electrode.
Analyte binding to both halves would create a bridge and close
the lily pad. In the case of an aptamer switch modality, an aptamer
re-engineered to have an “antisense” domain (39) partially com-
plementary to the analyte-binding region of the aptamer would
be attached to the origami. A sequence complementary to the
antisense domain would be attached to the electrode. Upon ana-
lyte binding of the aptamer, the antisense domain would be
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Fig. 6. Lily pad sensors can be adapted to detect a clinically relevant protein
biomarker. (A) We functionalized lily pad sensors with PDGF binding aptamers.
The length and sequence of x and y adapters were identical to those used in
Fig. 3C, as was the sensor preparation and interrogation protocol. (B) Here
we show the continuous interrogation of the lily pad PDGF sensor before and
after independent addition of three protein concentrations at t = 0 min. The
rms of the baseline (i.e., no PDGF) is +7%. Relative to this baseline, the signal
to noise ratio (SNR) for each protein challenge is SNR; 5, = 2.8, SNR;,, = 8.5,
and SNR,,, = 13. Lily pad sensors were interrogated every 4 min via SWV,
using parameters indicated in S/ Appendix.

displaced and bind to its surface complement, thus closing the
lily pad. Capture SELEX (41, 42) naturally generates switching
aptamers with an appropriate antisense domain, and would obvi-
ate the need for aptamer re-engineering. Overall, however, split
aptamer and aptamer switch modalities would add significant
complexity, and can have a poor success rate for some targets (42);
thus we expect that aside from the case of small molecules, a
sandwich modality will be the preferred format for lily pad sensors.
‘The modularity of the lily pad provides benefits beyond simply
altering the sensor’s target specificity: e.g., we used a library of swap-
pable linkers and curtain strands to optimize sensor performance.
Through this approach, we obtained ssDNA (Fig. 2) and streptavi-
din sensors (Figs. 3 and 4) that can translate picomolar-range
changes in analyte concentration to many-fold changes in signal,
achieving gains that significantly surpass existing E-DNA/E-AB
sensors. The same library could be used to optimize gain and LoD
of lily pad sensors that use any of the binders or sensing modalities
(sandwich, split aptamer, or aptamer switch) described above.
Beyond sensor optimization, modularity enables practical chip
and sensor reuse. When testing different lily pad designs, we reused
chips over ten times by simply treating them with hot water to
remove one sensor from the surface linkers, and then adding a new
sensor. In separate experiments, our streptavidin sensor regeneration
method showed that sensors themselves could be reset to unbound
state even with a tightly bound ligand such as streptavidin, simply
by using tochold-mediated strand displacement, and rebinding fresh
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biotin-displaying adaptor strands. Furthermore, this approach sug-
gests that sensor specificity could be completely changed “on the fly,”
by exchanging the analyte binding domain using different binder
displaying adaptor strands at every cycle of regeneration, using only
these mild, nondenaturing strand displacement reactions.

Similar to E-AB sensors, our platform is reagentless and sign-
aling relies on target-binding induced conformational change—it
thus has the potential to work in complex biological matrices,
in vivo and ultimately in awake behaving animals. Achieving this
potential will require strategies to increase the lifespan of the elec-
trode and monolayer in serum (97). Hardening origami to nucle-
ase degradation, low Mg2+ concentrations, and nonspecific
binding in vivo, while maintaining its structure and functionality,
would also be necessary. Such hardening has been achieved by a
variety of methods (98) including increasing helical packing den-
sity, chemical cross-linking, coating with block copolymers and
functionalization with unnatural nucleotides and end-groups;
these methods should translate readily to the lily pad.

Finally, the lily pad design is not limited to electrochemical
readout; any readout modality for which signal can be generated
by a conformational change should work. With potential modi-
fication to the reporter molecules, energy-transfer based fluores-
cence, surface plasmon resonance, biolayer interferometry, and
field effect techniques would all serve as effective readouts for the
molecular architecture we describe.

Materials and Methods

dsDNA Linker Preparation. For synthesis of double-stranded DNAlinkers with
defined length and single-stranded overhangs with specific sequences, we per-
formed two sequential PCRs, extension and autosticky PCRs (99), using Lambda
DNA purchased from Promega (WI) and Taq polymerase from New England
Biolabs (MA). In the extension PCR, each of the DNA primers (sequences in
Sl Appendix, Table S2), purchased from IDT(CA), consists of a 20 ntlong template-
binding region that determines the length of the linker and another 20 nt long
extension region that determines the terminal sequences of the amplicon added
to the sequence from the template DNA (S/ Appendix, Fig. S2, Top). The amplicons
from the first PCR, after purification by agarose gel extraction using Zymoclean Gel
DNA Recovery Kits purchased from Zymo Research (CA), were used in the second
autosticky PCR as template DNA. Each of the primers used in the autosticky PCR
(51 Appendix, Fig. S2, Bottom) contains two domains separated by an abasic ite,
a20ntlong template-binding region, identical to the extended sequence in the
first PCR, and an overhang sequence chosen for binding to either the flat DNA
origami or gold surface. The PCR products were purified using the DNA Clean
and Concentrator Kit from Zymo Research and stored in 10 mM Tris buffer (pH
7.4)at—20°C.

DNA Origami Design and Folding. The DNA origami we used to prepare the lily
pads is derived from a structure used in earlier work (49), which was designed
in caDNAno (100) to be a flat, circular shape with a square opening. In that work
the square opening gave the design a specific orientation on a microfabricated
surface; here the square opening is irrelevant. For the purposes of this work, the
design was modified so that extensions of staples on the 5” end would all appear
on the same side (S/ Appendix, Fig. S8). Most staple strands (see S/ Appendix,
Table S5 for sequences) were ordered from IDT unpurified at 100 uM in water
and stored at —20 °C.To introduce an analyte binding site near the center for DNA
sensing experiments, one staple strand was replaced by a new DNA oligo (IDT,
PAGE-purified) that hasa 14 ntlong 5’ extension (shown in cyan in S/ Appendix,
Fig. $8).To create 20 bp MB curtains: 1) 70 out of 234 total staples were extended
on their 5" ends with a common 20-nt-long single-stranded linker and 2) an MB-
modified DNA strand (IDT, dual-HPLC purified) with a sequence complementary
to the 20 nt linker was hybridized to all 70 extended staples.

When preparing the lily pads with longer MB curtain lengths (40 or 60 bp) for
streptavidin sensing experiments, slightly different schemes were used, as shown
at Rightin Fig. 3B. For 40 bp curtains: 1) a 40 nt MB-modified strand (IDT, Dual-
HPLC purified) was hybridized to the standard 20 nt extension, and 2) a single 20
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nt "cap” ssDNA strand was hybridized to the 3" end of the MB-modified strand to
create a fully duplexed curtain. For 60 bp curtains, origami were functionalized
with 40 ntextensions that hybridized the 40 nt MB-modified strand via the same
20 nt overlap used for 40 bp curtains. This meant that to create a fully duplexed
curtain, both the 20 nt cap described above, a second 20 nt cap were used (where
the second cap was hybridized to the section of the staple extension that was
proximal to the origami.)

To synthesize origami, we mixed 8,094 nt long scaffold strands (p8094 from
Tilibit, Germany), with the staple strand mixture, MB modified DNA oligos (IDT),
and the dsDNA linker from PCRs to the final concentrations given in S/ Appendix,
Table S4(1:1 scaffold:linker, 5 nM each). One staple on the left side of the origami
(yellow orange in S/ Appendix, Fig. S8) was omitted to leave a position on the
scaffold at which the dsDNA linker overhang could bind. Throughout this work,
we referto 1x TAE buffer (Biorad, pH 7.5) with 12.5 mM MgCl, as “TAE/Mg." 100
uL of scaffold/staple/linker mixture in TAE/Mg was heated to 90 °C for 5 min and
annealed from 90 °C to 20 °C at —1°C/min. The final concentration of origami,
based on the initial scaffold concentration was 5 nM and the solution was then
diluted for use to 2 nM in TAE/Mg buffer.

Lily Pads Assembly on Gold Surface. We use the template-stripping (TS)
method to prepare ultraflat (see AFM, S| Appendix, Fig. S4) gold surfaces as a
substrate for lily pad sensors (58). First,a 200 nm gold film was deposited on
a4 inchssilicon wafer (University Wafers, MA) using a Labline electron beam
evaporator (Kurt J. Lesker Company, PA) at the Kavli Nanoscience Institute
Lab at Caltech. The wafer was then cutto 5 x 8 mm? chips by Dynatex GST-
150 Scriber/Breaker. A 10 x 10 mm? glass coverslip (#2) was rinsed with
acetone, isopropyl alcohol, and water, blown dry with nitrogen, and cleaned
by oxygen plasma for 5 min in a PE-50 plasma system (Plasma Etch, NV).
About 1 L of UV-curable adhesive (Noland, No.61) was applied on a clean
glass and a gold chip was placed on top of the adhesive. The adhesive was
then cured via a long-wave UV irradiation for 1 h (66). Right before use,
the silicon wafer was pried off the gold/adhesive/glass layers using a razor
blade, exposing the ultraflat gold surface on a glass coverslip. To create a
well and isolate the reactive area, a silicone gasket (Grace Bio-Labs Press-To
Sealsilicone isolator, 2 mm diameter) was glued on top and copper tape was
used to form an electrical connection.

Two thiolated DNA oligos were purchased from IDT, one for analyte binding
(5’-HS-TTTTTAGCTTTGATATCTG3') and the other for origami-linker tethering on
gold (5'CGTAAACCCAGCGTCTTCACCACGATGAATACTCCCACCGTTTTT-SH-3"). In
separate tubes, we mixed 1 uL of 100 uM thiolated DNA oligos and 1 uL of 10
mM tris(2-carboxyethyl) phosphine hydrochloride (TCEP, Sigma Aldrich) and
incubated for 1 h at room temperature to reduce the disulfide bonds. Then the
solutions were mixed and diluted to 100 nM of each DNAin 1x PBS buffer (pH
7.4).20 uL of the solution was introduced into a silicone gasket well on a freshly
prepared TS-gold chip and aTeflon cell (CH instrument, TX) was assembled cre-
ating about 1.5 mLof reaction volume that allows three electrode connections.
After 1 hincubation at room temperature, the solution was exchanged with 50
ulLof 10 mM 6-mercapto-1-hexanol (6-MCH, Sigma Aldrich)in 1x PBS buffer
followed by overnightincubation at room temperature for formation of a passi-
vating layer on the gold surface. After this step, the surface presumably had a
random distribution of analyte binding and origami linker strands ina 1:1 ratio,
with the spaces between these oligos filled by 6-MCH.The density of oligos on
these chip surfaces was determined by binding a complementary methylene
blue functionalized strand to the chip, and determining total methylene blue
occupancy by cyclic voltammetry (S/ Appendix, Fig. S5).

When annealing the lily pad origami structure, we optimized the concentra-
tion of the dsDNA linker so that most of the linker was attached to the origami
(51 Appendix, Fig. S3). In downstream steps, this allowed us to treat the amount
of free linkers as negligible and use the annealed origami mixture without puri-
fication. After the passivation step, the 6-MCH solution was removed and 20 uL
of 2 nM MB-modified lily pad solution was added in the reaction well of the
silicone gasket and incubated for 30 min at room temperature for origami-linker
placement on gold via 40 bp DNA hybridization. Then the gold surface was thor-
oughly rinsed with TAE/Mg to remove the unbound DNA origami, staple strands,
and MB-modified DNA oligos.

Chips were reused (often more than 10 times) by detaching the lily pads and
analytes from the surface through rinsing with hot water (65° C), by pipetting
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it directly onto the cell in 100 uL steps for a total of 15 to 20 times. We con-
firmed zero MB signal via SWV and cyclic voltammetry measurements after
water rinsing.

Electrochemical Measurements. A Metrohm PGSTAT 128 N (Netherlands)
potentiostat was used for SWV (SI Appendix, Fig. S6). After equilibrating the
cell at =0.15 V, SWV measurements were performed at a frequency of 10 Hz
(see SI Appendix, Fig. S7 for optimization) with an amplitude of 25 mV between
—0.15Vand —0.4 V relative to Ag/AgCl reference electrode in T mLof TAE/Mg at
34 °C; temperature was controlled by using a Coy Labs glove box-without strict
temperature control sensor response was too variable. SWV voltammograms were
recorded every 5 min for 1 h before and 5 h after the addition of analyte DNA, if
not otherwise specified. The first hour of measurements before adding analyte is
used to set the baseline, off-signal, and measure the fold-increase. To determine
the peak currentvalue a linear baseline is subtracted from the measurement and
the MB peak is isolated. This peak is then fit to a Gaussian (101) and its maximum
value is recorded as the peak current (S/ Appendix, Fig. S6 and Text S8).

Streptavidin Detection. Two biotin-modified strands were ordered from IDT, one
to create a surface binding site, complementary to the DNA analyte binding thi-
olated strand (5’-BiotinCAGATATCAAAGCT-3'), and the other to create a binding site
on origami, complementary to the DNAanalyte binding tail (5’ CTGAATGGTACGGA-
Biotin-3’). The DNA sensing chip was incubated for 30 min with 500 pM of each
of these two strands in TAE/Mg at room temperature. This resulted in an L= 14
sensor. After rinsing with TAE/Mg, SWV measurements were performed for 500 pM
streptavidin (Thermo Fischer Scientific) at 34 °C in the same buffer.

To create streptavidin sensors with dsDNA surface linkers having a length
greater than 14 bp (Fig. 3C), we immobilized one of three different 3'-thiolated
ssDNAs (10, 20, or 30 nt long) instead of the standard 5’-thiolated sequence;
we then performed a 6-MCH passivation step. Next, a 30 min incubation was
performed to simultaneously hybridize the lily pads to the surface, and add
bridging strands where necessary. In particular, 5 uM of 24, 34, or 44 nt ssDNA
bridging strands were added. The 5" sequence of these strands was comple-
mentary to one of the 10, 20, or 30 nt ssDNA already on the surface (as appro-
priate), so they formed dsDNA complexes proximal to the surface; the 14 nt 3’
end of these strands projected ssDNA tails having the sequence y" into solution.
In the next step where the biotin adapter strands (500 pM) were added, one of
the adapters bound to the y’ tails extending from the surface, forming dsDNA
linkers with L = 24, 34, or 44 bp.

For LoD experiments in Fig. 4, after rinsing off excess biotin adaptor strands,
we measured SWV signal five times before and five times after incubation with
the relevant streptavidin solution on the chip; the pre- and postbinding signal
for each chip was calculated as the mean of these values. Between the measure-
ments, 10 pL of varying concentrations of streptavidin samples were introduced
into a gasket well on the chip, and sealed with a piece of Parafilm to prevent
sample evaporation. After 1 hincubation at 34 °C, chips were thoroughly washed
with TAE/Mg buffer before the endpoint measurements. This process was repeated
for 5 different chips per streptavidin concentration.

For regeneration experimentsin Fig. 5, two 19 nt biotinylated adapters (bind-
ing region + 5 nt toehold) were used, instead of our standard 14 nt ones. After
a streptavidin measurement was finished, the chip was regenerated by adding
100 nM of 19 nt DNA strands that are fully complementary to the adapters, which
displace them from the origami and surface sites, returning the chip to the DNA
sensing configuration. To finish regeneration of the streptavidin sensor, the chip
was incubated with new biotin-modified adapter strands (500 pM, room tem-
perature, 30 min).

PDGF-BB Detection. To create PDGF-BB detecting lily pad sensors, DNAaptam-
ers for PDGF-BB protein (5'CAGGCTACGGCACGTAGAGCATCACCATGATCCTG-3")
were ordered from IDT with two 14 nt extensions, one at 3’-end for binding to
the thiolated DNA strands immobilized on gold surface (5’-CAGATATCAAAGCT-3)
and the other at 5-end for the single-stranded DNA tail on origami
(5’-CTGAATGGTACGGA-3') that were used for the DNA analyte and streptavidin
detection studies (S/ Appendix, Table S3). PDGF-BB protein was ordered from
PeproTech, Inc. (NJ). After preparing a standard DNA analyte detecting lily pad
sensor, the chip was incubated with 1 nM each of the PDGF-BB aptamers with
extensions in TAE/Mg at room temperature. The chip, assembled in a Teflon cell,
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was rinsed in the same buffer and connected to potentiostat. SWV measurements
were performed as described above in 1 mL of TAE/Mg at 30 °C. After recording
SWV voltammograms every 5 minfor 1h, 0, 500 pM, 1 nM, or 2 nM of PDGF-BB
protein in the same buffer was added.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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