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SUMMARY

DNA nanotechnology offers new biosensing approaches by templating different
sensor and transducer components. Here, we combine DNA origami nanoanten-
nas with label-free antibody detection by incorporating a nanoswitch in the plas-
monic hotspot of the nanoantenna. The nanoswitch contains two antigens that
are displaced by antibody binding, thereby eliciting a fluorescent signal. Single-
antibody detection is demonstrated with a DNA origami integrated anti-digoxi-
genin antibody nanoswitch. In combination with the nanoantenna, the signal
generated by the antibody is additionally amplified. This allows the detection
of single antibodies on a portable smartphone microscope. Overall, fluores-
cence-enhanced antibody detection in DNA origami nanoantennas shows that
fluorescence-enhanced biosensing can be expanded beyond the scope of the nu-
cleic acids realm.

INTRODUCTION

Over the last decades, DNA nanotechnology (Seeman and Sleiman, 2017) and in particular the DNA
origami technique (Rothemund, 2006; Dey et al., 2021) have emerged as an indispensable tool for
designing new biosensors on the nanoscale. As introduced by Rothemund (Rothemund, 2006), DNA
origami can be used to fabricate various two- or three-dimensional shapes using a long single-stranded
(ss) scaffold (about 7000-8000 nucleotides (nt)) and hundreds of short staple strands (about 40 nt). Utilizing
the programmable nature of DNA base pairing and functionalized staple strands, a large number of
different functionalities can be introduced on the nanoscale. This unprecedented addressability of the
DNA origami approach allows arranging different biosensing components, introducing new bio-
recognition elements and multiplexing strategies, as well as the implementation of signal transduction
and amplification mechanisms. Using DNA origami, a number of biosensors have been developed capable
of single-molecule detection of DNA and RNA (Ke et al., 2008; Zhang et al., 2010a; Kuzuya et al., 2011; Och-
mann et al., 2017; Selnihhin et al., 2018; Funck et al., 2018; Trofymchuk et al., 2021), single nucleotide poly-
morphisms (Zhang et al., 2010b; Subramanian et al., 2011), specific metal ions (Ke et al., 2008; Marras et al.,
2018), as well as various protein biomarkers (Rinker et al., 2008; Koirala et al., 2014; Godonoga et al., 2016;
Raveendran et al., 2020) among many others (Wang et al., 2017a, 2017b, 2020; Chandrasekaran, 2017; Ke
et al., 2018; Loretan et al., 2020; Dass et al., 2021).

Nevertheless, the use of these biosensors is often limited to the detection of targets that directly interact
with DNA (e.g. nucleic acids or proteins with aptameric probes). The methods that are used to detect the
analyte-sensor interactions also often require low-throughput, complex analytical techniques, such as
atomic force microscopy, limiting the widespread application of DNA origami biosensors in clinical
diagnostics. Recent advances in the development of high-throughput DNA origami-enabled optical
(Domljanovic et al., 2017; Funck et al., 2018) or nanopore-based (Keyser, 2016; Raveendran et al., 2020)
sensing strategies provide excellent examples of how to bridge this gap. However, general strategies
on how to incorporate recognition elements for targets that go beyond nucleic acids (such as antibodies)
are still highly sought after (Wang et al., 2020).

Due to its quick response, high contrast, and good sensitivity, fluorescence provides a powerful readout
strategy for developing such sensing devices. Using the DNA origami approach, one can also incorporate
methods to further amplify the fluorescence response (Wang et al., 2017a). This enables the detection of
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fluorescence intensity of a molecule is to put it in a higher electric field environment, which for example is
created close to the surface of a plasmonic silver (Ag) or gold (Au) nanoparticle (NP) upon their illumination
(plasmonic hotspot) (Novotny and van Hulst, 2011; Purcell, 1946). Even higher electric field enhancement
can be achieved in a gap between two plasmonic NPs (Li et al., 2003). Our group has explored this signal
amplification strategy to design light antennas on the nanoscale (Acuna et al., 2012; Puchkova et al., 2015;
Vietz et al., 20172a) that can be used to amplify the signal of molecular assays (Ochmann et al., 2017; Tro-
fymchuk et al., 2021). In this context, the strength of DNA nanotechnology compared to other approaches
of creating plasmonic fluorescence enhancement is the possibility of targeted placement of NPs and fluo-
rescence enhancement with respect to each other. First, we showed that the detection of DNA and RNA
specific to Zika virus can be achieved with a fluorescence-quenched hairpin-based assay when positioned
next to a plasmonic AgNP, allowing for around 7-fold average fluorescence enhancement (Ochmann et al.,
2017). More recently, we also reported a DNA origami NanoAntenna design with a Cleared plasmonic HOt-
Spot (NACHOS), which allowed positioning a DNA detection assay in the hotspot of two AgNPs enabling
an average fluorescence enhancement of 90-fold and the detection of single target molecules on a low-
cost, portable, and battery-driven smartphone device (Trofymchuk et al., 2021).

Here, we address the question of whether DNA origami nanoantennas could be applied to larger targets
beyond the realm of nucleic acids, such as antibodies. The use of specific recognition elements capable of
eliciting a signal response upon binding of other non-labeled biomolecular targets, including antibodies,
could provide means to expand the utility of the DNA nanoantenna, as well as other DNA-origami-based
sensors for a wider range of targets and diagnostic applications. A promising strategy to combine the spe-
cific recognition of antibody targets with DNA-based biosensors that relies on a DNA nanoswitch has been
developed recently (Ranallo et al., 2015, 2019). DNA containing a fluorophore-quencher pair is used as a
scaffold to attach specific recognition elements and transduce target detection through fluorescence
output. In absence of an antibody target, the nanoswitch adopts a stem-loop conformation that opens
upon binding to the antibody target, separating the fluorophore-quencher pair and resulting in a fluores-
cence signal. With this class of nanoswitch, different antibody targets can be simultaneously detected
(Porchetta et al., 2018). A detection limit in the nanomolar range can be achieved (Porchetta et al., 2018)
and the dynamic range of the response possibly can also be tuned by varying the sequence of the stem
similarly as shown for other nanoswitches (Ricci et al., 2016).

In this work, we report a single-molecule DNA origami-based sensor for antibodies by incorporating nanoswitch
recognition elements into DNA origami nanostructures. First, we demonstrate the feasibility of this sensing strat-
egy on asimple new rectangular DNA origami (NRO) structure (Rothemund, 2006; Woo and Rothemund, 2011; Li
etal., 2012), showing the specific detection of anti-digoxigenin (Dig) antibodies at sub-nanomolar concentrations
within few minutes. We then incorporate the nanoswitch elements in the hotspot of DNA nanoantennas showing
that the signal of the nanosensor can be enhanced up to ~60-folds. The single-molecule sensing platform re-
ported here allows us to increase the limit of detection of the nanoswitch and combine it with signal amplification
strategies. This allowed us to carry out an exemplary single antibody detection assay on a portable smartphone
microscope. Additionally, the modular nature of the DNA origami approach opens exciting possibilities for even
further multiplexing in rapid antibody detection.

RESULTS

Detection of anti-dig antibodies with a nanoswitch on the NRO at the single-molecule level
To demonstrate direct detection of antibodies on DNA origami at the single-molecule level, the NRO DNA
origami was chosen as a model structure. The simple two-dimensional shape of the NRO provides an ideal
platform to incorporate antibody sensing units with high accessibility (Figure 1A, Tables S1 and S2). A
sensing unit, which was inspired by the nanoswitch sensor for antibodies developed by the Ricci group (Ra-
nallo et al., 2015), was incorporated into the NRO structure during the DNA origami folding process. The
nanoswitch consists of two ssDNA strands protruding from the NRO nanostructure with their 3'- and
5'-ends. Both strands contain a 7-nt long, non-complementary linker sequence followed by a 5-nt long
complementary sequence which forms a stem (Figure 1A, Table S2). One of the ssDNA strands is modified
with ATTO 647N and the other ssDNA strand is modified with BlackBerry Quencher 650 (BBQ-650), which
forms a dye-quencher pair. The stem is followed by DNA anchors on both strands. The DNA anchors allow
the hybridization of two Dig-conjugated ssDNA strands which provide binding sites for anti-Dig antibodies
(McCreery, 1997). Each NRO nanostructure is equipped with six biotinylated DNA strands for surface
immobilization on BSA-biotin-neutravidin coated glass coverslips. Additionally, to aid in identifying each
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Figure 1. Detection of anti-Dig antibodies with a nanoswitch on the NRO at the single-molecule level
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(A) Schematic representation of the NRO nanostructure with an incorporated nanoswitch (dimensions are not to scale). The nanoswitch consists of two DNA
strands protruding from the NRO with their 3’ and 5" ends. Both strands contain a 7-nt long, non-complementary linker sequence followed by a 5-nt long
stem. The stem is modified with a dye (ATTO 647N)-quencher (BlackBerry Quencher 650) pair and followed by an ssDNA anchor on both strands. The DNA
anchors allow hybridizing two Dig-modified ssDNA strands which form binding sites for Dig binding antibodies to the nanoswitch. In absence of target
molecules, the stem is closed and an efficient energy transfer from the fluorophore to the quencher occurs due to their close proximity. Upon bivalent
binding of an antibody to the Dig recognition elements, fluorophore and quencher are spatially separated and the fluorescence signal of ATTO 647N is
increased. To localize the DNA origami structure, a green-absorbing ATTO 532 dye is incorporated. To test the specificity of the nanoswitch opening and the
opening mechanism of the nanoswitch, three different nanoswitch constructs bearing one, two or no Dig recognition elements were investigated.

(B-D) Two-color fluorescence confocal images of surface immobilized NRO-nanoswitch constructs bearing no Dig recognition elements (B), one Dig
recognition element (C), and two Dig recognition elements (D) before and after 20 min incubation with 100 nM anti-Dig antibodies.

(E) Two-color fluorescence images of surface immobilized NRO-nanoswitch constructs bearing two Dig recognition elements after incubation with 100 nM
anti-Dig Fab fragment (upper) and anti-h-Dectin antibodies (lower), respectively. The images show a field of view of 20 um X 10 pm. Co-localized green and
red spots are attributed to functional NRO structures with an open nanoswitch.

(F) The fraction of open nanoswitches was quantified for every sample by dividing the number of green and red co-localized spots by the total number of
green spots from fluorescence confocal scans. Over 300 structures from 5 different areas per sample were analyzed. Error bars represent the standard
deviation of the 5 areas.

DNA origami nanosensor position in the single-molecule fluorescence experiments, a green ATTO 532 dye
is incorporated in the NRO nanostructure (Figures 1A and S1).

The principle of the nanoswitch is illustrated in Figure 1A. In absence of target molecules, the stem is closed
and the dye-quencher pair is in close proximity so that the fluorescence of the ATTO 647N dye is quenched.
Bivalent binding of anti-Dig antibodies to the Dig-recognition elements opens the stem and spatially sep-
arates fluorophore and quencher. This results in an increase of the fluorescence of ATTO 647N. The binding
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of the antibody can be detected in single-molecule confocal fluorescence images (Figures 1B-1E) where
red-green colocalized spots are attributed to DNA origami structures with open nanoswitches, whereas
only green spots indicate the presence of structures with closed nanoswitches.

Upon antibody binding, the chosen 7-nt long linker and the 5-nt long stem together with the nucleotide
where the dye or the quencher are attached to, provide a 26-nt (2 x (7-nt + 5-nt + 1-nt)) long ssDNA spacer
between the two Dig-moieties. This spacer length and design is comparable to the 27-nt long ssDNA
spacer in the original nanoswitch design (Ranallo et al., 2015) and, based on the approximation of
0.67 nm length per ssDNA base (Chi et al., 2013), is designed to mimic the optimal ~16 nm distance (dis-
tance with highest binding affinity) between two Dig binding moieties on DNA origami reported recently
(Shaw et al., 2019).

To test the specificity of the nanoswitch opening on the NRO and to investigate the opening mechanism, we
studied nanoswitch constructs bearing one, two or no Dig recognition elements. After surface immobilization,
fluorescence scans of the three constructs were taken before and after 20 min incubation with 100 nM anti-Dig
antibody on a confocal fluorescence microscope (Figures 1B-1D). For all three constructs, surface scans before
incubation with the target antibody showed very few co-localized spots indicating only a low fraction of open
nanoswitches (Figures 1B-1D). This small number of false positive signals might originate from unspecifically
opened nanoswitches, mislabeled nanoswitches (structures in which the quencher was not incorporated), or
nanoswitches containing a photobleached BBQ-650 quencher (Holzmeister et al., 2014; Grabenhorst et al.,
2020). After incubating the different nanoswitch constructs with anti-Dig antibodies, we noted a significant in-
crease of co-localized spots only for the nanoswitch construct bearing two Dig recognition elements (Figures
1B-1D). This confirms the specific nature of antibody binding to the Dig recognition elements and excludes an
opening of the nanoswitch by monovalent binding of one anti-Dig antibody.

We quantified the efficiency of the nanoswitch opening by calculating the fraction of NRO nanostructures with
an open nanoswitch (fraction of co-localized green and red spots, Figure 1F). An unpaired T test was used to
compare the magnitude of changes in nanoswitch opening (see STAR Methods). For the construct bearing two
Dig-recognition elements, the percentage of constructs with open nanoswitches increased from ~5% to ~54%
upon addition of anti-Dig antibody while no significant increase was observed for both other constructs,
demonstrating specific binding of the anti-Dig antibody to the Dig recognition elements.

To further investigate the opening mechanism and exclude possible cross-reactivity with other bivalent binding
antibodies, we incubated the nanoswitch construct with 100 nM anti-Dig Fab fragment and 100 nM anti-hDectin-1
antibody (see Figure 1E). The anti-Dig Fab fragment is a monovalent Dig-binding protein and thus can be used to
exclude an opening of the nanoswitch by monovalent binding of two antibodies. We observed only a slight in-
crease (~4%) in the fraction of open nanoswitches upon addition of the anti-Dig Fab fragment compared
to the values obtained in presence of anti-Dig antibodies (~49%, see Figure 1F), supporting the assumption
that the nanoswitch is primarily open due to the bivalent binding of an anti-Dig antibody which is consistent
with the mechanism proposed by Ranallo et al. (Ranallo et al., 2015). Anti-hDectin1 is a bivalent antibody specific
for human Dectin-1. The nanoswitch opening measured in presence of anti-hDectin-1 antibodies (~5%) (Fig-
ure 1F) was comparable to the unspecific signal gain, further demonstrating that no cross-reactivity occurs. These
control experiments confirmed that the nanoswitch is specific for the target anti-Dig antibody and works accord-
ing to the mechanism depicted in Figure 1A.

Enhancing the output signal of the nanoswitch in the plasmonic hotspot of nanoantennas

To provide physical amplification of the signal upon detection of a single antibody for possible point-of-
care diagnostic applications on low-cost setups, we utilized recently developed NACHOS. NACHOS is a
three-dimensional DNA origami structure consisting of two pillars each bearing six protruding staple
strands (Ayo) which provide anchor points for 100-nm AgNPs functionalized with ssDNA strands (Tyo) (Fig-
ure 2A, Tables S3-S6é). A plasmonic hotspot is created at the bifurcation in the gap between the two pillars
and the nanoparticle (see DNA origami sketch and TEM image in Figure 2A (left) and full NACHOS struc-
ture in Figure 2A (right)). For immobilization on BSA-biotin-neutravidin coated glass coverslips, the DNA
origami structure is equipped with a rigid cross-like shaped base (Figures S2 and S3) that contains six
biotin-modified staple strands (Trofymchuk et al., 2021). For identifying NACHOS in single-molecule fluo-
rescence images, a reference green dye ATTO 542 is incorporated at the base of the DNA origami
structure.
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Figure 2. Detection of anti-Dig antibodies with a nanoswitch in the plasmonic hotspot of NACHOS nanostructures with AgNPs

(A) Sketch of the DNA origami structure used for the nanoantenna assembly. A representative class average TEM image of the DNA origami used is shown on
the lower left. Schematics of nanoantennas assembly on the right: thiolated DNA-functionalized 100-nm AgNPs are attached to DNA origami nanoantennas
via polyadenine (Ao) binding strands in zipper-like geometry (Vietz et al., 2016).

(B) Two-color fluorescence confocal images of a reference DNA origami structure without nanoparticles (upper) and with one 100-nm AgNP (lower) before
and after 20 min incubation with 100 nM anti-Dig antibodies. The scans show a field of view of 20 pm X 10 pm.

(C) Fraction of open nanoswitches quantified by dividing the number of red-green colocalized spots by the total number of all green spots. Over 400
structures from at least 4 different areas per sample were analyzed. Error bars represent the standard deviation of the 5 areas.

(D) Single-molecule fluorescence intensity transients, measured on a confocal microscope, normalized to the same excitation power of a single ATTO 647N
dye incorporated in a DNA origami (black) and in a monomer NACHOS structure containing 100-nm AgNP (olive) excited at 639 nm.

(E) Fluorescence enhancement distribution of the open nanoswitch (ATTO 647N dye) measured in the NACHOS structure. The fluorescence enhancement
values were calculated by comparing the intensity of the open nanoswitch (intensity of a single ATTO 647N) in the NACHOS structure to the mean intensity of
the open nanoswitch in the reference structure averaged over 113 molecules. A total number of 147 NACHOS structures were analyzed.

In order to study the possible detection of antibodies in the plasmonic hotspot of NACHOS, we incorpo-
rated the nanoswitch sensing unit in NACHOS containing a 100-nm AgNP as well as in the same DNA
origami nanostructure without NPs serving as a reference. The efficiency of the nanoswitch opening upon
the addition of anti-Dig antibodies was then determined analogously to the measurements on the NRO
nanosensors (Figure 2B and STAR Methods). In absence of anti-Dig antibodies, nanoswitch openings of
~10% and ~25% were recorded for the reference structure and NACHOS containing 100-nm AgNP, respec-
tively (Figure 2C). The higher level of false-positive signals in the NACHOS structure compared with the
reference structure can be related to accelerated photobleaching of BBQ-650 in the hotspot of plasmonic
nanoantennas (Grabenhorst et al., 2020). After 20 min incubation with 100 nM anti-Dig antibodies, nano-
switch openings of ~52% and ~57% were measured for the reference structure and NACHOS, respectively.
This demonstrates similar accessibility of the nanoswitch for the antibody in the NACHOS structure as in the
reference structure and even is comparable to the sterically less complex two-dimensional NRO structure.

Next, we investigated the fluorescence enhancement achievable in this single-molecule antibody diag-
nostic assay. Single-molecule fluorescence transients of the nanoswitch (Figures 2D and S4) were recorded
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Figure 3. Single antibody detection on a portable smartphone microscope

(A). Photograph of the portable smartphone microscope.

(B) Background corrected fluorescence image of the open nanoswitch (intensity of a single ATTO 647N dye) in NACHOS containing a 100-nm AgNP.

(C) Exemplary fluorescence transients of the nanoswitch (single ATTO 647N dye) in NACHOS containing a 100-nm AgNP measured on a portable
microscope setup. Analogous to the single-molecule confocal microscopy, most of the transients demonstrated intensity fluctuations ending with a single
bleaching step. The fluorescence transients shown in panel ¢ were extracted from a single movie.

on a confocal microscope for the reference structure and for NACHOS containing AgNPs upon incubation
with anti-Dig antibody. Fluorescence enhancement values were calculated by comparing the intensity of
the open nanoswitch (intensity of a single ATTO 647N dye) in the NACHOS structure to the mean intensity
of the open nanoswitch in the reference structure averaged over 113 molecules. Only transients showing
single-step photobleaching (69% and 52% of all recorded transients of the open nanoswitch in the refer-
ence structures and the NACHOS structure, respectively, see STAR Methods) were included in the analysis.
As shown in Figure 2E, fluorescence enhancement values up to 63-fold were achieved with the NACHOS
structure (average fluorescence enhancement 17-fold).

To investigate the possible detection of single antibodies on a simple setup with low-NA optics (Figure 3A)
(Vietz et al., 2019; Trofymchuk et al., 2021), we recorded movies of the nanoswitch in the NACHOS nano-
structure containing a 100-nm AgNP upon incubation with anti-Dig antibodies. Upon illumination, we were
able to observe multiple spots on a smartphone camera (Figure 3B) which bleached upon continuous
illumination with a 639-nm laser (Videos S1 and S2). Analogous to the transients recorded on a confocal
microscope, most of the transients demonstrated intensity fluctuations ending with single bleaching steps
(Figures 3C and S9, STAR Methods), demonstrating the detection of antibodies at the single-molecule
level. To the best of our knowledge, these transients represent the first examples of the fluorescence-based
detection of single antibodies on a portable smartphone microscope.

Opening kinetics and sensitive concentration range of the nanoswitch on different DNA
origami nanostructures

We evaluated the time required to perform the antibody detection assay and the sensitive concentration
range of the nanoswitch on the NRO, the reference DNA origami structure without NPs and NACHOS con-
taining a 100-nm AgNP. The kinetics of the nanoswitch opening was quantified under non-diffusion limited
conditions by recording confocal fluorescence scans of surface-immobilized DNA origami nanoswitches
before and after different incubation times with 100 nM anti-Dig antibodies (Figure S5). To evaluate the
sensitive concentration range under clinically relevant conditions, we chose an incubation time of
20 min. We measured the nanoswitch opening before and after 20 min incubation with different anti-Dig
antibody concentrations (Figures S6-58). The efficiency of nanoswitch opening was determined for each
incubation time (Figure 4A) and each antibody concentration (Figure 4B), respectively. We found that under
non-diffusion limited conditions the detection was equally rapid on the different DNA origami structures
(for 100 nM anti-Dig antibodies), achieving the highest signal gain after just 5 min. This is in accordance
with the fast nanoswitch opening kinetics in solution reported previously (Ranallo et al., 2015).

The target concentration at which the observed signal change is half the maximum signal change (Chaifvax)
had values of 129 pM, 800 pM and 1.4 nM for the NRO, the reference DNA origami structure without NPs
and the NACHOS structure with one 100-nm AgNP, respectively. We attribute the different Ciy,imax values
to the different accessibilities of the nanoswitch on the different DNA origami structures. One of the main
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Figure 4. Opening kinetics and sensitive concentration range of the nanoswitch on different DNA origami nanostructures

(A) Nanoswitch opening on the NRO (left), the reference DNA origami structure without NPs (middle) and NACHOS with 100-nm AgNP (right) before and
after the incubation with 100 nM anti-Dig antibodies.

(B) Nanoswitch opening versus anti-Dig antibody concentration on the NRO (left), the reference DNA origami structure without NPs (middle) and NACHOS
with 100-nm AgNP (right). The fraction of open nanoswitches was quantified from confocal fluorescence scans by dividing the number of red-green
colocalized spots by the total number of green spots. Over 300 structures from at least 3 different areas per sample were analyzed. Error bars represent

the standard deviation of the areas. For the binding curves the observed nanoswitch opening was fitted using a four-parameter logistic equation
(see STAR Methods).

challenges in designing ultrasensitive biosensors are slow binding kinetics at low target concentrations
(Simon et al., 2014; Wu et al., 2019). Given that our nanoswitch opening titrations were performed starting
at low pM concentrations, very long incubation times would have been required to achieve the equilibrium
opening values, and we deemed it more important to report the nanosensor response (Cuaifmax) Under
diagnostically relevant conditions (the chosen 20 min incubation time). The diffusion limited binding of
the antibody at low concentrations makes the accessibility of the nanoswitch the critical criterion when
studying the Cpaifvax values (see STAR Methods). In the two-dimensional NRO nanostructure, the nano-
switch is expected to be easily accessible for the anti-Dig antibody binding, while the accessibility for
the target antibody is expected to be lower in the three-dimensional NACHOS reference structure.
Upon the attachment of 100-nm AgNP, the accessibility of NACHOS structure is even further hindered.
These results emphasize that the accessibility of the nanostructure is a crucial factor to be considered
when designing biosensors with low sensitive concentration ranges under diagnostically relevant incuba-
tion times.

DISCUSSION

Rapidly increasing versatility and complexity of DNA nanostructures together with decrease in production
cost of DNA that follows Moore's law (halved every 30 months) (Schmidt et al., 2015) makes them ideal plat-
forms for the development of rapid and low-cost biosensors. While the modular and programmable DNA
origami approach has been extensively used for the development of various biosensors, its scope of
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different targets is often limited to nucleic acids. In this work, we report a general strategy to incorporate
fluorescence-based sensors for antibodies into DNA origami platforms. Building on previous work of nano-
switch sensors for antibodies in solution (Ranallo et al., 2015, 2019; Porchetta et al., 2018), we showed that
these nanoswitch sensors can be successfully incorporated in different DNA origami nanostructures to pro-
vide rapid and specific detection of antibodies at the single-molecule level.

The clinically relevant concentration for detecting antibodies varies depending on the application. For the
detection of antibodies used for the diagnosis of infectious diseases (Fiorentini et al., 2008; Rostenberg and
Pefaloza, 1978; Barletta et al., 2004; Raulf et al., 2019), the concentration level expected to have in clinical
samples (i.e. blood, serum) is — depending on the stage of infection — in the pM to low nM range.
Conversely, for the detection of antibodies for other purposes (e.g. to monitor immunotherapy), the con-
centration level of the target antibody can be much higher (high nM low uM range) (Robert et al., 2001; Ji
and Lee, 20271; Chames et al., 2009). Thus, the Chaimvax values we achieved here (Figure 4B) show sensitive
concentration ranges relevant for diagnostic applications.

The biorecognition elements of the nanoswitch (antigen or small molecule) were not directly incorporated into
the DNA origami design but each anchor was designed to carry a cDNA sequence to which different bio-
recognition elements can be bound post synthetically. This flexible and modular nature of the sensing plat-
form allows one to easily extend it to the detection of other antibodies or biomolecular targets. This sensing
approach is also not limited to the detection of bivalent antibodies as it was already demonstrated that mono-
valent binding of two different antibodies or proteins could also lead to the nanoswitch opening (Ranallo et al.,
2015). However, as has been shown before due to the lower affinity of monovalent binding such nanoswitches
would require higher antibody (substrate) concentrations to achieve similar signal responses.

On the other hand, the addressability of the DNA origami approach itself opens numbers of exciting direc-
tions as well. In this work, we demonstrated how the modular nature of DNA origami can be used to imple-
ment a strategy for signal amplification upon antibody detection, leading to an average fluorescence
enhancement of 17-fold. This allows the detection on low-cost optical devices which to the best of our
knowledge was so far not possible in other single-molecule approaches (Table S7) and thus is a crucial
step toward the implementation of point-of-care diagnostics on the single-molecule level. An exciting
future direction would be to utilize the unprecedented multiplexing capabilities of DNA origami to extend
this platform or apply it for highly multiplexed detection of a large number of clinically relevant targets. It
has, for example, been shown that up to 216 distinct fluorescence barcodes can be implemented on a sin-
gle DNA origami nanostructure opening exciting opportunities in the development of highly multiplexed
biosensing strategies (Lin et al., 2012). The nanoswitch sensor platform shown here would allow combining
this multiplexing advantage with specific and sensitive (single-molecule level) detection of antibodies on
one DNA origami nanostructure.

Limitations of the study

The single-molecule antibody sensing platform, however, also has some limitations, especially in combina-
tion with plasmonic signal enhancement by the nanoantenna. One obvious limitation stems from the fact
that the relatively small hotspot size of the DNA nanoantennas (such as the NACHOS structure used here),
required for high signal enhancement, limits the size of the antibody or the biomolecular target that can be
detected. Another challenge is related to the photophysics of fluorophore-quencher pair — we have
recently shown that the photobleaching of the quencher molecule (BBQ 650) is accelerated in the hotspot
of dimer DNA nanoantennas, leading to an increase of acceptor (ATTO 647N) fluorescence even in absence
of target molecules and giving rise to a false-positive signal (Grabenhorst et al., 2020). We also incorpo-
rated the nanoswitch in dimer nanoantennas with two NPs to achieve higher fluorescence enhancement.
For NACHOS with two 100-nm AgNPs we however observed a large number of red-green colocalized spots
even before the addition of target antibodies (Figure S10), which prevented us from using this structure for
the detection of antibodies. The higher fraction of active red dyes in the absence the target molecules and
giving the rise of false positive signals on the supposedly closed nanoswitch can have different origins. As
previously shown (Grabenhorst et al., 2020), higher excitation powers in the dimer hotspot can lead to pre-
mature photobleaching of the quencher molecule (BBQ650). Another effect is that quenched dyes are
enhanced more than non-quenched dyes as radiative rates are enhanced by nanoantennas so that the ef-
ficiency of BBQ650 quenching might not be strong enough (Vietz et al., 2017b). We can therefore not
conclusively answer the question whether NACHOS would sterically enable antibody binding in the
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hotspot between two NPs. To this end, multiple and more efficient and photostable quencher molecules or
replacing the molecular quencher with a small metallic NP (Swierczewska et al., 2011) might improve the
assay. Nevertheless, we believe that the single-molecule DNA origami antibody sensor platform intro-
duced here presents a useful starting point to further extending DNA origami sensors beyond the detec-
tion of nucleic acids and expanding their scope to antibodies and other sensing applications.
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IDENTIFIER

Antibodies

anti-Dig antibodies
anti-Dig Fab fragment

Thermo Fisher Scientific, USA

Merck, Germany

cat#: 700772, PRID: AB_2532342
cat#: 11214667001

Chemicals, peptides, and recombinant proteins

Magnesium chloride
Tris(hydroxymethyl)laminomethane (Tris)
Sodium chloride
Ethylendiaminetetraacetic acid (EDTA)
100-nm BioPure Silver Nanospheres
Tween®20

Monobasic potassium buffer

Dibasic potassium buffer

Phosphate buffered saline (PBS)
Bovine serum albumin (BSA)-Biotin
Neutravidin

PEG-8000

Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
nanoComposix, USA

Thermo Fisher Scientific, USA
Merck, Germany

Merck, Germany
Sigma-Aldrich

Sigma-Aldrich, Germany
Thermo Fisher Scientific, USA
Sigma-Aldrich, Germany

Cat#: M8266

Cati#: 648314
Cat#: 59888

Cat#: 03620

Cat#: HS3822
Cat#: 85113

Cat#: 8709

Catt#: 8584

Cat#: P4417-50TAB
Cat#: A8549-10MG
Cat#: 31050

87006

Oligonucleotides

Unmodified ssDNA strands

Modified ssDNA strands (despite BBQ-lalled
DNA strands and SH-labeled DNA strands)

BBQ-lalled DNA strands
T20-SH DNA strands

Eurofins Genomics GmbH, Germany

Biomers.net GmbH, Germany

Eurofins Genomics GmbH, Germany

EllaBiotech, Germany

https://eurofinsgenomics.eu

https://www.biomers.net

https://eurofinsgenomics.eu

https://www.ellabiotech.com/

Software and algorithms

LabView
OriginPro2020
ImageJ: Fiji

National Instruments, USA
OriginLab, USA
Schindelin et al. 2012

https://www.ni.com
https://www.originlab.com/2020
https://imagej.net/software/fiji/

Other

100 kDa Amicon Ultra filters
TEM grids (Formvar/carbon, 400 mesh, Cu)
Grace Bio-Labs hybridization chambers

Microscope coverslips (24 mm X 60mm size
and 170 um thickness)

Transmission electron microscope
UV-Vis spectrometer NanoDrop 2000
Inverted microscope

78 MHz-pulsed white light laser
acousto-optically tunable filter (AOTF)
Digital controller

AOTF

Dichroic beam splitter

Immersion oil objective
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Merck
TedPella, Inc., USA
Merck
Carl Roth, Germany

JOEL GmbH, Japan

Thermo Fisher Scientific, USA
Olympus Corporation, Japan
NKT Photonics A/S, Denmark
NKT Photonics A/S, Denmark
Crystal Technology, USA

AA Opto-Electronic, France
Chroma Technology, USA

Olympus Corporation, Japan

Cat#: MPUFC510024
Cat#: 01702-F

Cat#: GBL623504-50EA
Cat#: H878.2

JOEL JEM-1100 microscope

Cat#: ND-2000

IX83 inverted microscope

SuperK Extreme EXW-12

Super Dual AOTF

AODS 20160 8 R

AA.AOTF.ns: TN

ZT532/640rpc

UPlanSApo 100 x, NA = 1.4, WD = 0.12 mm
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Pinhole

Piezo-Stage

Avalanche Photodiodes
TCSPC

Spectral filter (red channel)
Spectral filter (green channel)

Laser diode

Linos AG, Germany

Physik Instrumente GmbH&Co. KG, Germany
Perkin Elmer Inc., USA

PicoQuant GmbH, Germany

Semrock Inc., USA

Semrock Inc., USA

UAB, Lithuania

P-517.3CL, E-501.00

SPCM, ACR 14

HydraHarp 400

RazorEdge 647

BrightLine HC 582/75
0638L-11A, Integrated Optics

Objective lens UCTRONICS, USA NA = 0.25, LS-40166,

Monochrome camera of the smartphone P20 Huawei, China
Filter BrightLine HC 731/137 Semrock Inc., USA
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the corresponding author, Philip Tinnefeld (Department of Chemistry and Center for NanoScience, Lud-
wig-Maximilians-Universitdt Minchen, Butenandtstr. 5-13, 81,377 Miinchen, Germany. Philip.tinnefeld@
cup.uni-muenchen.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® All raw data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

Synthesis of DNA origami

DNA origami structures were designed using the open-source software caDNAno2 (Douglas et al., 2009)
and assembled and purified using published protocols (Wagenbauer et al., 2017). For the exact sequences
of all unmodified and modified DNA staple strands used to fold the DNA origami structures see Tables S1
and S2 (NRO) and Tables S3 and S4 (DNA origami used to build NACHOS). The BBQ450-labeled staple
strands were purchased from Biomers.net GmbH (Germany). All other staples were purchased from Euro-
fins Genomics GmbH (Germany).

For the DNA origami structure used to build NACHOS, 25 uL of p8064 scaffold (produced in-house) at
100 nM were mixed with 18 uL of unmodified staples pooled from 100 uM original concentration and
2 L of modified staples pooled from 100 puM original concentration. For DNA origami folding, 5 pL of
10x FoB20 folding buffer (200 mM MgCl,, 50 mM Tris, 50 mM NaCl, 10 mM EDTA) were added and the
mixture was subjected to a thermal annealing ramp (Table S5). Folded DNA origamis were purified from
excessive staple strands using 100 kDa Amicon Ultra filters (Merk, Germany) with é washing steps with a
lower ionic strength buffer (5 mM MgCl,, 5 mM Tris, 5 mM NaCl, 1 mM EDTA) at 10 krcf for 5 min and
20°C. To extract the purified DNA origamis, the filter was inverted in a new Eppendorf tube and the sample
was recovered by spinning for 2 min at 1 krcf and 20°C.

For the NRO, 10 plL of p7249 scaffold (produced in-house) at 100 nM were mixed with 18 uL of unmodified
staples pooled from 100 pM original concentration and 4 L of modified staples pooled from 100 uM orig-
inal concentration. Briefly, 10 uL of 10x folding buffer (125 mM MgCl,, 400 mM Tris, 200 mM acetic acid,
10 mM EDTA) were added and the mixture was heated to 65°C in a thermocycler. The solution was kept
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at this temperature for 15 min before being cooled down to 25°C with a temperature gradient of — 1°C
min~". Samples were purified from excess staple strands by PEG-precipitation. The reaction mixture was
mixed 1:1 (viv) with precipitation buffer (15% PEG-8000, 10 mM MgCl,, 250 mM NaCl) and spinned at
16,000 g for 45 min at 4°C. The supernatant was discarded and the pellet was re-dissolved in 100 pL storage
buffer (12.5 mM MgCl,, 40 mM Tris, 20 mM acetic acid, 10 mM EDTA). The precipitation procedure was car-
ried out 3 times. Finally, the pellet was dissolved in 20 uL storage buffer.

Functionalization of AgNPs

100 nm AgNP (100-nm BioPure Silver Nanospheres (Citrate), nanoComposix, USA) were functionalized with
polythymidine (T,0) ssDNA strands with a thiol modification at the 3'-end (Ella Biotech GmbH, Germany)
based on previously described procedures (Trofymchuk et al., 2021). For the fabrication of Too-functional-
ized AgNPs, 2 mL of 0.025 mg/mL nanoparticle solution in ultra-pure water (Sigma Aldrich, Germany) was
heated to 40°C under permanent stirring at 550 rpm. Briefly, 20 uL of 10% Tween20 (Thermo Fisher Scien-
tific, USA), 20 pL of a 4:5 (v:v) mixture of 1 M monobasic and dibasic potassium phosphate buffers (P8709
and P8584 Sigma Aldrich, Germany) and 20 uL of a 2 nM polythymidine ssDNA strands (To-SH-3’) were
added to the nanoparticle solution and stirred at 40°C for 1 h. Then, different amounts of 1x PBS buffer
(137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPOy, 1.8 mM KH,POy) containing 3.3 M NaCl were added stepwise
every three minutes to the mixture, until a final concentration of 750 mM NaCl was reached — for the exact
salting procedure see Table S6. Afterward, the solution was centrifuged for 12 min at 2800 g and 20°C. The
supernatant was discarded and the pellet, in which the particles were concentrated, was re-suspended in
PBS10buffer (147 mM NaCl, 2.7 mM KCl, 10mM NayHPQOy4, 3.9 mM KH,POy, 2.9 MM K;HPO,, 2.5 mM EDTA,
0.01% Tween20). The washing step was carried out six times. Finally, the NPs were diluted in 1x TE buffer
(10 mM Tris, 1 mM EDTA) containing 750 mM NaCl to an absorption of 0.1 (0.1 mm path length) at the exci-
tation maxima on a UV-Vis spectrometer (NanoDrop, 2000; Thermo Fisher Scientific, USA).

Transmission electron microscopy (TEM) measurements

TEM grids (Formvar/carbon, 400 mesh, Cu, TedPella, Inc., USA) were Ar-plasma cleaned and incubated
with 5 uL of ~2-10 nM DNA origami sample for 60 s. Grids were washed with 5 uL 2% uranyl formate solu-
tion and incubated afterward again with 5 uL 2% uranyl formate solution for staining. TEM imaging was per-
formed on a JOEL JEM-1100 microscope (JEOL GmbH, Japan) with an acceleration voltage of 80 kV.

Sample preparation on the coverslip for single-molecule confocal measurements

Adhesive SecureSeal™ Hybridization Chambers (2.6 mm depth, Grace Bio-Labs, USA) were glued on micro-
scope coverslips of 24 mm x 60 mm size and 170 um thickness (Carl Roth GmbH, Germany). The created
wells were incubated with 1 M KOH for 1 h and washed three times with 1XPBS buffer. After surface passiv-
ation by incubation with BSA-Biotin (0.5 mg/mL, Sigma Aldrich, USA) for 15 min, the surface was again
washed three times with 1x PBS buffer. 100 plL neutravidin (0.25 mg/mL, Thermo Fisher, USA) was incu-
bated for 10 min and then washed three times with 1x PBS buffer. The DNA origami solution was diluted
with 1x TE buffer containing 750 mM NaCl to a concentration of ~10-100 pM and then immobilized on the
biotin-neutravidin surface via biotin-neutravidin interactions. For this, 100 pL of the DNA origami sample
solution was added and incubated for 3 min. Residual unbound DNA origami was removed by washing
the wells three times with 1x TE buffer containing 750 mM NaCl. The density of DNA origami on the surface
suitable for single-molecule measurements was checked on a confocal microscope. Nanoantenna samples
were then incubated with 150 pL of the Too-functionalized AgNPs in 1x TE buffer containing 750 mM NaCl
overnight at room temperature. Unbound NPs were removed by washing the samples three times with 1x
TE buffer containing 750 mM NaCl. To prevent the evaporation of the samples, wells were glued with tapes.
The samples were then imaged either directly or after performing a sensing procedure in antibody binding
buffer (150 mM NaCl, 50 mM Na;HPOy, pH 7).

Antibody detection assay

For the detection of anti-Dig antibodies, DNA origami bearing a nanoswitch were immobilized on a surface
via biotin-neutravidin interactions and NPs were attached to DNA origami samples in analogous way to the
previous section. anti-Dig antibodies (Rb Monoclonal, Thermo Fisher Scientific, USA, cat#: 700,772, PRID:
AB_2532342) were diluted to 0.01-500 nM in antibody binding buffer. DNA origami samples were incu-
bated 20 min (unless stated otherwise in the text) with 150 pL of the anti-Dig antibody solution at room tem-
perature before imaging.
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Confocal measurements and data analysis

For detection of single-molecule fluorescence, a home-build confocal microscope was used. The setup was
based on an inverted microscope (IX-83, Olympus Corportation, Japan) and a 78 MHz-pulsed white light
laser (SuperK Extreme EXW-12, NKT Photonics A/S, Denmark) with selected wavelengths of 532 nm and
639 nm. The wavelengths were selected via an acousto-optically tunable filter (AOTF, SuperK Dual
AOTF, NKT Photonics A/S, Denmark). This was controlled by a digital controller (AODS, 20160 8 R, Crystal
Technology, USA) via a computer software (AODS, 20160 Control Panel, Crystal Technology, Inc., USA). A
second AOTF (AA.AOTF.ns: TN, AA Opto-Electronic, France) was used to alternate 532 nm and 639 nm
wavelengths if required, as well as to further spectrally clean the laser beam. It was controlled via home-
made LabVIEW software (National Instruments, USA). A neutral density filter was used to regulate the laser
intensity, followed by a linear polarizer and a 3/4 plate to obtain circularly polarized excitation. A dichroic
beam splitter (ZT532/640rpc, Chroma Technology, USA) and an immersion oil objective (UPlanSApo 100X,
NA = 1.4, WD = 0.12 mm, Olympus Corporation, Japan) were used to focus the excitation laser onto the
sample. Micropositioning was performed using a Piezo-Stage (P-517.3CL, E-501.00, Physik Instrumente
GmbH&Co. KG, Germany). The excitation powers at 639 nm were set to 500 nW for the reference samples
and to 100 nW for the nanoantennas for the recording of fluorescence transients. For the confocal scans,
1 uW at 532 nm and 1 pW at 639 nm were used for all samples. Emitted light was collected by the same
objective and filtered from the excitation light by a dichroic beam splitter. The light was later focused
on a 50 um pinhole (Linos AG, Germany) and detected using avalanche photodiodes (SPCM, AQR 14,
PerkinElmer, Inc., USA) registered by an TCSPC system (HydraHarp 400, PicoQuant GmbH, Germany) after
additional spectral filtering (RazorEdge 647, Semrock Inc., USA for the red channel and BrightLine HC 582/
75, Semrock Inc., USA for the green channel). Custom-made LabVIEW software (National Instruments, USA)
was used to process the acquired raw data. Background correction was carried out individually for each
transient. The extracted data was analyzed in OriginPro2020.

Sample preparation for single-molecule measurements on the smartphone microscope
Microscope cover slides of 22 mm X 22 mm size and 170 um thickness (Carl Roth GmbH, Germany) were
cleaned with UV-Ozone cleaner (PSD-UV4, Novascan Technologies, USA) for 30 min at 100°C. After this a
silicon mask was glued on a coverslip to create a chamber for surface functionalization, DNA origami immo-
bilization (20 pM) and NACHOS assembly. Then the antibody detection assay was performed analogously
as described above. The silicon mask was removed, and a double-sided tape was glued on both sides of
the cover slide. The cover slides were covered with 76 mm X 26 mm microscope slides (1 mm thickness,
Carl Roth GmbH, Germany) which were priory cleaned with UV-Ozone cleaner for 30 min at 100°C. Cham-
bers were sealed before imaging.

Single-molecule measurements and analysis on the smartphone

Single antibody detection measurements on the smartphone were performed using a home-built portable
setup (Trofymchuk et al., 2021). The 638 nm laser diode (0638L-11A, Integrated Optics, UAB, Lithuania) with
an output power 180 mW that can be driven by various (portable) voltage sources was focused (f= 50 mm)
in 45° angle onto the sample. The fluorescence of the molecules was collected using an objective lens
(NA = 0.25, LS-40166, UCTRONICS, USA) and detected using a monochrome camera of the smartphone
(P20, Huawei, China) after filtering out the excitation light (BrightLine HC 731/137, Semrock Inc., USA).
Movies were recorded via FreeDCam application and analyzed with ImageJ (FIJI) equipped with FFMPEG
plugin using a home written macro to convert MP4 format of the acquired movies to a TIFF format and find
the single-molecule signals and extract the fluorescence intensity as a function of illumination time. The
extracted data were analyzed in OriginPro2020.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis on nanoswitch opening

An unpaired t test was used to compare the magnitude of changes in nanoswitch opening on the NRO
before and after the addition of 100 nM antibodies. The changes in nanoswitch opening before and after
incubation with 100 nM anti-Dig antibodies were significant only for the nanoswitch construct bearing two
Dig recognition elements (p < 0.05). While the changes in nanoswitch opening before and after incubation
with anti-hDectin-1 antibody is not significant (p > 0.05), we observed a significant increase in nanoswitch
opening before and after incubation with anti-Dig Fab fragment (p < 0.05). However, the difference before
and after incubation with anti-Dig Fab fragment was very small (~4%) even at 100 nM anti-Dig Fab fragment
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concentration. Given that the sensitive concentration range of the nanoswitch is way below this (Figure 3B),
monovalent binding of two antibodies should not contribute much to the nanoswitch opening in the per-
formed experiments.

Additionally, an unpaired t test was used to compare the changes in nanoswitch opening in NACHOS con-
taining a 100-nm AgNP as well as in the same DNA origami nanostructure without NPs. The changes in
nanoswitch opening before and after incubation with 100 nM anti-Dig antibodies was significant for the
NACHOS containing a 100-nm AgNP and the DNA origami nanostructure without NPs (p < 0.05).

Impact of photophysics on the antibody assay

The single-molecule fluorescence transients of the nanoswitch in both the reference structure and the
NACHOS structure upon incubation with anti-Dig antibody show short time blinking and also fluctuations
between multiple intensity states. The intensity fluctuations could report on unbinding/rebinding of one of
the two binding sites, distance fluctuations between dye and quencher due to the flexibility of ssDNA
strands or could also be caused by photophysical processes unrelated to both (e.g. dim and dark states
of the ATTO 647N dye, quencher blinking, fluctuations in the interaction between the dye and the Ag nano-
particle (e.g. orientation change of the transition dipole moment).

The photophysics of the ATTO 647N dye also were used to confirm the presence of single molecules in the
assay. Only transients showing single-step photobleaching —transients with short time blinking and revers-
ible intensity fluctuations between a bright and a dark or dim state — were included in the fluorescence
enhancement analysis (69% and 52% of all recorded transients of the open nanoswitch in the reference
structures and the NACHOS structure, respectively, Figure 2E). Multi-step photobleaching as observed
for some nanostructures can be caused by a spectral shift of the ATTO 647N dye(Vogelsang et al., 2008;
Glembockyte et al., 2016) - visible in the transients as an irreversible intensity fluctuation between a bright
state and a dim state before photobleaching — or aggregated DNA origami structures. Furthermore,
NACHOS transients without any photobleaching step can be related to nanoparticle aggregates on the
surface.

Sensitive concentration ranges

For the binding curves in Figure 3B the observed nanoswitch opening (NO) was fitted using the following
four parameter logistic equation: NO = NOyin + (NOpax = NOpin) [ABI"/(ABI™ + Chaitvax™)]. Here,
NOmin and NO,.x are the minimum and maximum nanoswitch opening values, Ciaimvax is the antibody con-
centration at half-maximum signal after 20 min incubation, nH is the apparent Hill coefficient, and [Ab] is the
concentration of the anti-Dig antibody added. This function usually is used for fitting dose-response func-
tions and allows to study cooperativity if all data is collected in equilibrium limit. As we aimed to validate
the assay under conditions used for diagnostic applications, we did not perform it in the equilibrium limit
but with an incubation time of only 20 min for each target concentration. For this incubation time, binding
of the antibody is most probably diffusion limited at low concentrations (Simon et al., 2014; Wu et al., 2019).
This becomes apparent when fitting the binding curves as apparent Hill coefficients larger than one are
found for all three DNA origami nanostructures. Thus, the performed measurements do not allow deter-
mining the Kp value (antibody concentration at half maximum signal gain und equilibrium conditions)
but show the sensitive concentration range achievable under clinically relevant conditions, e.g. short incu-
bation times. The diffusion limitation shifts the Cyaifvax to higher values than the Kp value. They thus repre-
sent the upper Kp limit.

Comparison with other single-antibody assays

The nanoswitch-based single-antibody detection assay was compared with three previously reported
single-molecule antibody detection assays (Table S7). Criteria with possible relevance for point-of-care
clinical applications were selected.
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