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ABSTRACT: Biosensors play increasingly important roles
in many fields, from clinical diagnosis to environmental
monitoring, and there is a growing need for cheap and
simple analytical devices. DNA nanotechnology provides
methods for the creation of sophisticated biosensors,
however many of the developed DNA-based sensors are
limited by cumbersome and time-consuming readouts
involving advanced experimental techniques. Here we
describe design, construction, and characterization of an
optical DNA origami nanobiosensor device exploiting
arrays of precisely positioned organic fluorophores. Two
arrays of donor and acceptor fluorophores make up a multifluorophore Förster resonance energy-transfer pair that results
in a high-output signal for microscopic detection of single devices. Arrangement of fluorophores into arrays increases the
signal-to-noise ratio, allowing detection of signal output from singular biosensors using a conventional fluorescence
microscopy setup. Single device analysis enables detection of target DNA sequences in concentrations down to 100 pM in
<45 min. We expect that the presented nanobiosensor can function as a general platform for incorporating sensor modules
for a variety of targets and that the strong signal amplification properties may allow detection in portable microscope
systems to be used for biosensor applications in the field.
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Biosensors are analytical tools that convert a biochemical
reaction or process into a more easily readable output
signal. It consists of two components: a biorecognition

element that is responsible for detection of the biochemical
reaction upon recognition of an analyte of interest and a
transducer that converts the biorecognition event into a readily
detectable signal: optical, electrical, calorimetric, etc. Biosensors
have been developed for detection of many different molecules
and reactions, for example, small molecules,1−3 enzymes and
enzymatic activity,4,5 proteins,6,7 and protein conformational
change.8 Many biosensor transducers are based on spectro-
scopic techniques, but due to a low signal-to-noise ratio of
individual biosensors, the output signal is generated as an
ensemble measurement, which represents an average state of all
biosensor devices in the sample. Increasing the intensity of the
spectroscopic output signal of the individual biosensors will
allow the detection of these on a single device level and
possibly be used with cheap and portable bright-field and
fluorescence microscopes that have been developed to assist
on-site analysis.9,10 The recent point-of-care devices take
advantage of mobile phone processors and optics as read out
platforms and can thus provide a cost-effective alternative to
expensive diagnostic technology.11−13 However, the lack of

sensitivity compared to dedicated stand-alone microscopes can
limit the use of these systems. One of the solutions has been to
use high-intensity fluorescence emitters such as quantum dots
to develop single molecule biosensors.14,15 Alternatively, gold
and silver nanoparticles can be used to create a plasmonic
hotspot for fluorescence enhancement,16 which has been used
to create a single-molecule biosensor allowing for label-free
detection of Zika virus nucleic acids by single-molecule custom-
built confocal microscope.17 Another approach to increase the
fluorescence intensity of a single biosensor device is to organize
fluorophores into precisely positioned fluorophore networks
and implement such networks into a transducer element of a
biosensor device. Such precise organization of fluorophores and
other small molecules is possible using DNA nanotechnology.18

DNA nanotechnology and especially the DNA origami
method allow construction of nanoscale structures of almost
arbitrary shapes in 2D18,19 and 3D20,21 that can be further
developed into dynamic nanodevices.22−26 The ability of DNA
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nanotechnology to create nanostructures that can arrange
fluorophores with high spatial accuracy was used to create
simple fluorophore networks27 and mimic biological light-
harvesting complexes28,29 to study dipolar interactions between
multiple fluorophores. Precise positioning of multiple fluo-
rophores has been used to create Förster resonance energy-
transfer (FRET)-based photonic networks and wires to study
multidye FRET cascades and homoFRET.29,30 Linear FRET
arrays have been used to create a multitarget detection system
with an ensemble FRET readout.31 One of the earliest examples
of using DNA to build a biosensor is the molecular beacon
from Tyagi and Kramer.32 With the advancement of DNA
nanotechnology, more complex DNA structures have been
fabricated for biosensing purposes. One of the first was a
microRNA (miRNA) sensing platform consisting of a flat DNA
origami where miRNAs hybridized and could be imaged by
atomic force microscopy (AFM).33 A flat DNA origami was
also used to detect the enzymatic activity of human O6-
alkylguanine-DNA alkyltransferase (hAGT), where the result of
the enzymatic activity was imaged by AFM.34 Kuzuya and
colleagues presented another example of a single-molecule
detection platform with a DNA origami forceps structure that
changed its conformation upon binding of different analytes,
where the conformational change could be visualized by
AFM.35 A seesaw-like DNA origami nanostructure was used to
analyze hybridization of oligonucleotides by imaging the
conformation of the structure by TEM.36 A DNA walker
assay was shown to act as a linear fluorescence amplifier for the
detection of a specific oligonucleotide, where the walker path
could be sandwiched in a hotspot of two gold nanoparticles
allowing further fluorescent enhancement.37 A DNA origami
force clamp was used to study the holiday junction conforma-
tional transition and bending of a DNA helix by a TATA-box

binding that was followed by an output signal of a single FRET
pair.38 All the devices demonstrated detection at the single-
device level by means of AFM, TEM, or single-molecule
microscopy techniques. Although these are powerful tools for
direct visualization of nanodevices, the data acquisition process
is cumbersome and slow. Furthermore, the detection systems
are bulky, and it is currently not possible to turn them into
point-of-care devices.
Here, we present a dynamical DNA origami device,

consisting of two multifluorophore donor and acceptor arrays
each consisting of up to 60 fluorophores. We use DNA origami
to self-organize organic fluorophores into ordered multi-
fluorophore arrays and use these arrays as a multifluorophore
FRET pair. The multifluorophore FRET beacon resembles an
enhanced molecular beacon with a high intensity output signal,
which allows single-device analysis using a mainstream
fluorescence microscope. We demonstrate the ability of the
device to detect small oligonucleotides in concentrations down
to 100 pM with a detection time of 2 min. The benefit of the
developed DNA origami beacon is that the sensor modules can
be easily exchanged for detection of different nucleotide
sequences or by aptamer-based sensor modules, allowing
detection of small molecules and proteins.

RESULTS AND DISCUSSION

Design of DNA Origami Beacon Devices. Inspired by
the original molecular beacon,32 we wanted to use the DNA
origami method to construct a beacon that would provide a
high-intensity output signal enabling detection of single devices
in a simple fluorescence microscopy setup. The main idea was
to employ arrays of donor and acceptor fluorophores in a DNA
origami device to create a multifluorophore FRET pair that will
result in a multiplied fluorescence output. The DNA origami

Figure 1. Design of the DNA origami multifluorophore beacon. (a) 3D model of the beacon with a multifluorophore FRET pair consisting of
60 donors (green spheres) and 60 acceptors (orange spheres). (b) Side-view of the beacon in the closed and open state. Dimensions of the
foot and panels are shown. (c) Scaffold strand path. The foot is colored gray, and the blue line indicates the long single-stranded loop. Green
and orange circles represent the arrangement of fluorophores in the donor and acceptor arrays, respectively. Distances between fluorophores
in the row and between the rows are indicated. (d) AFM image of the self-assembled beacon at 12 mM Mg2+, scale bar 200 nm. (e) AFM
images of individual beacons in the closed and open states with their average size (n = 20), scale bars 20 nm.
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beacon was designed using caDNAno39 and consists of two
rectangular panels connected at the bottom by a foot and by a
set of sensor modules at the top (Figure 1a). Each panel has an
array of precisely positioned fluorophores: one array with
donor fluorophores and the other array with corresponding
acceptor fluorophores creating a multifluorophore FRET pair.
Each fluorophore array consists of 5 rows with 12 fluorophores
per row, resulting in up to 60 FRET pairs per device. The
distance between two fluorophores in a row is 4.3 nm, while the
distance between each row is 6.8 nm (Figure 1b,c). The sensor
modules, also called locks, keep the device in a closed state and
the two arrays of FRET pairs in close proximity. Each of the
four locks consists of two partly complementary DNA strands
that form a 15 bp long duplex where one of the strands has a
single-stranded toehold of 8 bases for binding of an
oligonucleotide key of 23 bases. The key oligo first binds to
the toehold and then displaces the shorter lock strand from the
lock duplex via branch migration.40,41 Upon addition of keys,
the locks open, and the two panels move apart due to
electrostatic repulsion of the DNA panels and the entropy of
the system. The transition from a closed state to an open state
increases the distance between donor and acceptor arrays
resulting in a different fluorescence profile. The rectangular
panels are designed as single-layered sheets with helices
running vertically with respect to the foot, which is a rigid
double-layered part of the structure (Figure 1a−c). This
structure had the best performance out of the three designs that
were tested. Two other prototypes of a multifluorophore FRET
beacon were designed and assessed in order to test the stiffness
of the panels, which could affect the position of the fluorophore
arrays in relation to each other. A comparison of the three
prototypes (Figure S1), blueprints (Figures S2−S4), structural
characterization (Figures S5−S8), and sequences (Table S1−
S3) are provided in the Supporting Information.
The DNA Origami Beacon Can Be Self-Assembled in

Open and Closed States. The DNA origami beacon is a
dynamic structure that can be assembled in either an open or
closed state by excluding or including the lock staples in the
self-assembly reaction, respectively. Electrophoretic gel analysis
of structures assembled at 12 and 24 mM Mg2+ showed a
significant electrophoretic shift between the structures
assembled in open and closed states (Figure S5c). Furthermore,
the structure assembled in the closed state at 24 mM Mg2+ has
a slightly higher electrophoretic mobility compared to the same
structure assembled at 12 mM Mg2+, suggesting that structures
are more compact. An AFM micrograph of the structure
assembled in the open state at 12 mM Mg2+ shows two types of
structures: a 6 nm tall square structure and a 2 nm tall
rectangular structure with a 4 nm taller feature in the middle
(Figure 1d). The square structure corresponds to a device in a
closed state (Figure 1e, closed), while the rectangular structure
corresponds to a device in open state with the protruding foot
in the middle (Figure 1e, open). The dimensions of the DNA
origami beacon correspond to theoretical values from the 3D
model made in caDNAno.39 The device measured 51.6 ± 3.3
nm × 44.4 ± 2.7 nm in the closed state and 54.6 ± 1.5 nm ×
93.8 ± 4.1 nm in the open state (n = 20) compared with the
theoretical values of 52 × 46 nm and 52 × 90 nm for the closed
and open states, respectively. AFM imaging of devices
assembled at 12 mM Mg2+ in the closed state showed that
devices adsorb to the surface preferably in an open state and
only few structures are observed in a closed state (Figure S6a).
This could be due to electrostatic repulsion between the sheets

or opening upon deposition on the mica surface. Increase of
Mg2+ concentration during self-assembly reaction results in a
higher yield of closed structures as determined by AFM (Figure
S6b). Open structures adsorb to the surface in an open state
when assembled at low Mg2+ concentration (Figure S6c);
assembled at higher Mg2+ concentration, they are also observed
in the closed conformation (Figure S6d). Both gel electro-
phoresis analysis and AFM analysis have shown that devices can
be assembled in open and closed states and suggest that Mg2+

concentration plays an important role during the self-assembly
of the structure in a closed state.

Determining the Optimal Mg2+ Concentration during
Self-Assembly and Purification Steps. Mg2+ plays an
important role during self-assembly of DNA nanostructures
shielding the negative charge of phosphates, allowing duplex
formation and tight packaging of the helices. We used FRET to
assess the device in closed and open states to find the optimal
Mg2+ concentration during the self-assembly and purification
steps to achieve maximum signal difference between open and
closed states (Figure S9). Oligos on corresponding rows of
each panel were labeled in a one-pot reaction with either Cy3
or Cy5 conjugated ddUTP (Figure S10).42 First, we assembled
structures with one fluorophore row closest to the sensor
modules in closed and open states at different Mg2+

concentrations in the range of 10−40 mM and found an
optimal signal at 20 mM. Next, using 20 mM for self-assembly,
we purified structures at different Mg2+ concentration in the
range of 10−20 mM and found the optimal concentration for
purification of the structures to be approximately 12 mM. The
higher Mg2+ concentration during self-assembly serves to
decrease the repulsion of the two panels and thus promotes
self-assembly of the device in a closed state. However, higher
concentration is not needed to keep the device closed after self-
assembly. Reducing Mg2+ concentration during purification
increases the repulsion between the panels, which is one of the
driving forces in the opening mechanism resulting in a form of
spring loading of the system. Interestingly, addition of more
rows of fluorophores required higher Mg2+ concentrations, for
example, optimal Mg2+ concentration for a device with four
rows of FRET pairs was 30 mM (Figure S11) compared with
20 mM for a device with only one fluorophore row (Figure S9),
while the optimal Mg2+ concentration during purification was
approximately 12 mM (Figure S9). In conclusion, we identified
the Mg2+ concentration requirements during self-assembly and
purification steps in order to obtain optimal signal output from
our sensor devices.

Optimization of DNA Origami Beacon Output Signal.
The output signal of the device is a FRET difference between
the closed and open states. The difference is generated during
the opening of the device by increasing the distance between
donor and acceptor fluorophore arrays. The foot of the device
is a pivot point for the panels that are decorated with
fluorophore arrays, and during the opening of the structure the
two panels will pivot in opposite directions. The increased
distance between the panels will be larger closer to the locks
compared to the distance next to the foot and result in different
FRET output for each rows of the device. The devices were
assembled with one row of fluorophores per device to
investigate how the fluorophore position on the structure
affects signal output. The output signal of each row of
fluorophores in the DNA origami beacon was examined by
comparing the energy transfer difference between closed and
open states of the device (Figure 2a). The three top rows have
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similar energy transfer of around 0.6 in the closed state, the
fourth row 0.65, while the bottom row closest to the foot has an
energy-transfer output of 0.7. The open state energy transfer
has a gradual increase from the row closest to the locks to the
row next to the foot: from 0.3 to 0.6, respectively. This gives
rise to varying FRET differences between closed and open state
for different rows with a largest difference for the row closest to
the locks of 0.3 to <0.1 for the row next to the pivot point. The
smaller change in FRET difference at the bottom rows is a
result of a smaller change in distance between the two panels
closer to the foot (Figure 2b). The base stacking between the
foot and panels probably prevents further opening of the
device. Breaking up the base stacking by introducing a 7 bases
single-stranded hinge resulted in a better opening of the
structure, but at the expense of decreased FRET efficiency in
the closed state as well as decreased FRET difference between
the closed and open states (Figure S12). Although, the base
stacking between the foot and the panels prevents complete
opening of the device, it does play an important role in
assembling the beacon in the closed state. The device without
the single-stranded hinge provides a larger change in output
signal and was used for the remaining experiments.
Larger Fluorophore Arrays Result in Increased

Intensity Output Signal. We analyzed the DNA origami
beacon with an increasing number of fluorophores to determine
a maximum number of fluorophores while also achieving a

maximum FRET difference (Figure 2c). The device was
assembled with 1, 2, 3, 4, and 5 rows. The FRET difference
for the beacons with 1, 2, and 3 rows was found to be about 0.3.
Addition of the fourth and fifth rows decreased ΔFRET to
around 0.23 and 0.12, respectively. Addition of the fifth row
results in larger decrease of ΔFRET. A device with 4 rows
decorated with a total of 48 FRET pairs has an optimal
combination of the number of fluorophores while retaining a
significant ΔFRET between the closed and open states. To
determine the relationship between number of fluorophores
and signal intensity, we assembled the DNA origami beacon
with 48 acceptor fluorophores and various amount of donor
fluorophores: 12, 24, 36, or 48 (Figure 2d). Increasing the
amount of fluorophores resulted in a nearly linear increase in
energy transfer output intensity with no self-quenching
observed. This correlates with an earlier study where it was
shown that the fluorescence intensity increases in a linear
fashion with increasing number of fluorophores.43 Combined
these results demonstrate that signal change depends on which
rows are decorated with FRET pairs and the signal intensity
depends on how many fluorophores are employed. These data
allowed us to choose optimal position and number of
fluorophores to maximize the output: 4 rows with a total of
48 FRET pairs positioned closest to the sensor modules.

Effect of Sequential Opening and Determination of
Detection Limit. The approach of using the DNA origami

Figure 2. Ensemble fluorescence analysis of the DNA origami multifluorophore beacon. (a) Ensemble FRET characterization of performance
of the individual fluorophore rows (n = 3). (b) Model of the closed and opened states based on the results in (a). (c) Ensemble FRET of
beacons assembled with 1, 2, 3, 4, or 5 fluorophore rows (n = 3). (d) Normalized total fluorescence output signal intensity of 12, 24, 36, or 48
FRET pairs. All the beacons were assembled with 48 acceptors and either 12, 24, 36, or 48 donors. Fluorescence intensity at donor excitation
was normalized to a directly excited acceptor intensity signal at 670 nm. (e) Time-resolved opening of the beacon with 48 FRET pairs. (f)
Donor excited fluorescence spectra of a closed and open beacon with 48 FRET pairs. (g) Schematic representation of the locks position and
opening of the beacon with 24 FRET pairs by sequential addition of the keys in different order: blue, 1, 2, 3, 4; gray, 1, 4, 2, 3; black, 2, 3, 4, 1.
(h) Detection limit of the beacon with 48 FRET pairs in an ensemble fluorescence setup. FRET difference measured before and 6 min after
addition of target DNA (n = 3).
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beacon as a biosensor requires an opening of the device as a
response to the input stimuli in a relatively short period of time.
To determine the reaction time of the device with 48 FRET
pairs, we performed an ensemble FRET time-resolved
measurement of the DNA origami beacon in response to 100
pmol of DNA keys (Figure 2e). The time-resolved measure-
ment shows an abrupt decrease in FRET efficiency with T1/2 =
100s, where T1/2 is time that takes to reach 50% of maximum
FRET difference. Fluorescent profiles of the donor-excited

emission of the beacon before and after addition of keys are
shown in Figure 2f. We also analyzed the response of the device
to each of the four keys by a sequential opening of the DNA
origami beacon, where the keys were added one at a time in
different sequential order (Figure 2g). The sequential opening
revealed close to linear decrease in FRET during the opening of
the structure by sequential addition of the keys. One of our
other prototypes based on a more rigid 3D design showed
more cooperativity between sensor modules and required

Figure 3. Single-device analysis of the DNA origami multifluorophore beacon. (a) Schematics of the attachment of the DNA origami beacon
to a glass coverslip for single-device analysis showing the biotin−avidin linker. (b) Fluorescence images recorded before and 2 min after
addition of nontarget or target DNA. Images show emission after donor excitation at 555 nm; green and red represent Cy3 and Cy5,
respectively. Overlay of red and green is seen as yellow. Each image is 10.6 × 10.6 μm. (c) Time-resolved single-device analysis showing the
average energy-transfer efficiency (E) of 1260 and 1254 particles in the scrambled and target DNA series, respectively. Error bars show SD.
Raw images can be seen in Figure S14. (d) Rectangle origami labeled with 16, 32, 48, and 64 Cy5 fluorophores was used as a control for
particle emission profiles. The beacon’s Cy5 emission profile with 48 FRET pairs is shown in blue. Each image is 10.6 × 10.6 μm. (e)
Detection limit of the beacon with 48 FRET pairs at a single-device level. The red and green histograms represent FRET efficiency
distribution before and after addition of scrambled DNA (top) or target DNA at different concentrations. P-value for nontarget DNA and 10
pM > 0.5; p-values for the rest are <0.001.
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addition of two keys for some of the combinations to achieve
significant FRET change (Figure S13). These results
demonstrate that addition of one of the keys to the structure
leads to its partial opening, enabling the device to detect four
different targets simultaneously. The DNA origami beacon with
4 rows and a total of 48 FRET pairs was used to test the
detection limit of the device using an ensemble fluorescence
setup. The lowest significant FRET change compared with a
nontarget DNA control was achieved at a target concentration
of 2 nM after only 6 min (Figure 2h). Longer analysis time had
no effect on the detection limit (Figure S14).
Single Beacon Analysis by Laser Scanning Micro-

scope. The main idea of making a device where 48 FRET pairs
work in concert was to make a biosensor platform that would
allow detection of singular devices using a mainstream
fluorescence microscope. The foot of the DNA origami beacon
was functionalized with biotin molecules that allowed
immobilization of the device on a coverslip covered by
biotinylated bovine serum albumin (BSA) through an avidin
molecule (Figure 3a). Immobilized devices were imaged every 2
min for a total of 10 min, and mismatch or target DNA was
added after 2 min (Figure 3b). Data analysis shows the average
FRET efficiency of 1260 and 1254 particles for mismatch and
target DNA, respectively (Figure 3c). There is no change in the
average FRET when adding nontarget DNA. Addition of the
target DNA results in a significant change of the average FRET
efficiency, which is also observable in the recorded images
(Figure S15). The intensities of the fluorescence spots in the
sample are not uniform, and the question is whether single
devices or only aggregates of multiple devices are observed. A
control experiment was conducted to address this question
where Rothemund’s original tall rectangle18 was used as a
control structure. Rothemund showed that omitting the staples
on both long edges of the rectangle (Figure S16) abolishes the
aggregation and singular structures can be observed.18 Four tall
rectangle structures were assembled with 16, 32, 48, and 64
Cy5 fluorophores, respectively. All structures were biotinylated
to enable positioning onto the surface in the same manner as
the DNA beacon. Structures were visualized and analyzed in the
same way as the multi-FRET DNA beacon structures. Analysis
of the structures containing 16, 32, and 48 fluorophores
revealed only one intensity peak as a result of dispersion of
singular rectangles on the surface (Figure 3d). The width of
distribution of the peaks is a result of incomplete TdT enzyme
labeling of the oligos (Figure S10). The sample with 64 Cy5
resulted in one main peak; though, some degree of
oligomerization was observed probably due to hydrophobic
contact between Cy5 molecules.44 Increasing fluorescence
intensity with increasing number of fluorophores recorded by
fluorescence microscopy correlates with a previous study.43

Importantly, the peak position of the tall rectangle sample
labeled with 48 fluorophores coincides with the main peak of
the DNA beacon labeled with 48 FRET pairs, proving that
singular devices are observed. Based on the identification of
singular devices the signals were sorted into signals coming
from single, double, and multiple devices (Figure S17). The
most intense signals showed very small changes between closed
and open conformations. These spots probably present large
aggregates of poorly assembled structures, as their initial FRET
value is much lower compared to other groups. The self-
assembly yield is very high, resulting in more than 93% of
functional structures (see Figure S17). The results demonstrate
that the DNA beacon can be used as a biosensor platform in a

conventional fluorescence microscope setup allowing analysis
of hundreds of devices simultaneously on a single-device level.

Lower Limit of Detection from Singular DNA Beacon
Analysis. Adsorption of the devices to the surface in a single-
beacon experiment results in much lower device concentration
as non-adsorbed structures are washed away. This leads to a
higher effective concentration of the keys per device compared
to the ensemble FRET experiments. Furthermore, the ability to
detect an analyte on single device level results in a high
statistical significance, as each device can now be considered an
independent experiment. To test this, we assessed the detection
limit of the DNA beacon in a single device setup. Addition of
target DNA in concentrations down to 100 pM resulted in a
significant FRET change with p-value <0.001 (Figure 3e). This
is compared with the ensemble FRET measurements where we
could detect down to 2 nM concentration of the keys (Figure
S18). The combined analysis of the sample takes 40−60 min,
including microscopy and statistical analysis of the data, which
is comparable to current state-of-the-art mechanical biosen-
sors.45 These results demonstrate the power of single device
analysis using a conventional fluorescence microscope setup
detecting concentration of nucleic acids down to 100 pM.

CONCLUSION
Here, we have presented the design and construction of a DNA
origami nanostructure functioning as a multiple FRET pair
beacon with a strong fluorescence output that can be used to
analyze singular devices using a mainstream fluorescence
microscope setup without the need for a specialized single-
molecule setup. Our idea exploits ordered organic fluorophore
arrays, where two of these arrays, one with donor fluorophores
and one with acceptor fluorophores, create a multi-FRET pair.
The multi-FRET pair is used in the device to detect molecular
events without the need for external labeling procedures.
Furthermore, the acceptor array could be exchanged for a
quencher array allowing the “off−on” detection of the signal.
Self-assembly of the device was optimized using FRET as

output signal. Device conformation in situ and optimal number
of fluorophores in the arrays were determined by ensemble
FRET. We have shown the power of single-molecule analysis
by analyzing thousands of particles simultaneously that provides
large data sets making the statistical comparison of the two
states of the device more accurate, which resulted in a detection
of target nucleic acid sequences in concentrations down to 100
pM. Rothemund’s tall rectangle with various amounts of
fluorophores was used as a fluorescence microscopy calibration
control to determine that singular devices were detected on the
surface.
In conclusion, we have demonstrated a general-purpose

sensor platform for linear label-free signal amplification that
delivers an output signal detectable with a mainstream
fluorescence confocal microscope setup. In the future, the
sensor platform may be further developed to improve
sensitivity, acquisition time, and range of targets detected.
Recently, it has been reported that localized cascade DNA
hybridization chain reactions46 on DNA origami platforms
improves biosensing properties and such cascades could be
easily integrated into the sensor modules of the DNA origami
beacon. Another way to improve sensitivity and response time
is to automate the data acquisition and analysis to remove
nonfunctional sensor signals and analyze large amounts of
sensor devices. To expand the range of targets for detection,
DNA locks could be exchanged for aptamer locks and
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programmed to recognize different targets such as proteins and
small molecules.24,47 The biosensor platform could be
developed for multiplex analysis by constructing barcodes of
unique donor−acceptor dye combinations to obtain specifically
tuned emission profiles, which would allow the detection of
hundreds of different targets in the same sample.

METHODS
Design Tools. CadNano software (http://cadnano.org/) was a

primary design tool used for generation of staple strand sequences.
CadNano plugin in AutoCAD Maya (http://www.autodesk.com/)
was used for evaluation of the 3D shape and dynamics. Designed
structures were evaluated for local flexibility and strain using online
based software tool CanDo (http://cando-dna-origami.org/).
Self-Assembly of DNA Structures. The self-assembly of DNA

origami structures was performed by mixing M13 ssDNA (M13mp18,
Bayou Biolabs) with 5× excess of staple strands in 100 μL TAE/Mg2+

buffer (40 mM Trisacetate, 1 mM EDTA, pH = 8.3, 8−50 mM Mg2+).
Annealing of staple strands was done using a temperature ramp: 65 °C
for 20 min, followed by a temperature decrease of 0.1 °C/6 min until
40 °C.
Nucleotide Conjugation to Cy3 and Cy5 Fluorophores.

Phosphate-buffered saline (135 mM NaCl, 2.7 mM KCl, 8 mM
Na2HPO4·2 H2O, and 2 mM KH2PO4, pH 7.4) was mixed with 0.2 M
sodium bicarbonate solution (pH 9.0) in a 20:1 ratio with a final pH of
8.3. 5-Propargylamino-ddUTP (Jena Bioscience, Germany) was added
to the mix to final concentration of 0.5 mM. Cy3-NHS or Cy5-NHS
(Lumiprobe, Germany) was added in 10× excess to nucleotide.
Reaction was incubated for 1 h at room temperature, protected from
light by tinfoil. The conjugate was purified by HPLC (Agilent
technologies, USA) using XB-C18 reverse phase column (Phenom-
enex), lyophilized, and dissolved in water. The integrity of the
conjugate was confirmed by terminal transferase assay.
HPLC Purification. Labeled oligonucleotides and nucleotides were

HPLC purified using Agilent 1200 HPLC system (Agilent
technologies, USA) and Kinetex 2.6 μm XB C18 150 × 4.6 mm
reverse phase column (Phenomenex). Collected peaks were freeze-
dried to concentrate the sample. Lastly, the oligo was dissolved in
water, and sample concentration was measured.
Terminal Transferase (TdT) Labeling of Oligonucleotides.

Unmodified staple strands were purchased from DNA Technology A/
S (Risskov, Denmark) at a concentration 100 μM. The selected
oligonucleotides at donor and acceptor FRET pair positions were
labeled either with ddUTP-Cy3 or ddUTP-Cy5 conjugates. Standard
TdT reaction includes 100 pmol oligonucleotide in total and 500 pmol
of modified ddUTP mixed in 20 μL with reaction buffer (1×) and
CoCl2 (5 mM) and incubated with terminal transferase (20 U/μL) for
half of 45 min at 37 °C. The reaction was stopped by incubating the
sample mix at 70 °C for 10 min. Strands were either used directly for
origami structure self-assembly or added EDTA (20 mM final
concentration) and precipitated with NaOAc (0.3 M, pH = 5.2) and
2.5 volumes of 96% EtOH for 30 min on dry ice, followed by
centrifugation for 30 min at 15,000 g. The pellet was washed twice
with 70% EtOH dried and dissolved in water. These were then used
for self-assembly or HPLC purified using XB-C18 reverse phase
column.
Biotinylated oligonucleotides for the foot of the beacons were

prepared the same way using biotin-16- dUTP (Jena Bioscience,
Germany).
Polyacrylamide Gel Mobility Shift Assays. Labeled oligonu-

cleotides were analyzed using polyacrylamide gel by comparing gel
shift to unlabeled product. Standard 14% polyacrylamide gels were
prepared using SequaGel system (National Diagnostics, USA). Gels
were prerun for 20 min prior to loading the samples containing 10%
formamide. Samples were run for 1 h at 25 W at room temperature.
Gels were visualized directly with Typhoon Trio+ scanner (GE
Healthcare Life Sciences) or stained with 1× SYBR Gold prior
visualization.

Agarose Gel Mobility Shift Assays. Self-assembled DNA
structures were used directly or purified prior to loading onto the
gel. The DNA structure samples were loaded onto the 1% agarose gel
containing 5 mM Mg2+ and allowed to migrate for 4 h in a cold room
at 70 V. The gel was stained with 1× SYBR Safe for 30 min, and
migrated bands were visualized with BioRad Gel Doc EZ scanner.

Structure Purification. DNA structures were assembled with 5×
excess of staple strands. Unincorporated staple strands were removed
prior to further analysis and experiments. Two purification methods
were employed either with MicroSpin S-400 HR (GE Healthcare Life
Sciences, USA) or with 100k Amicon Ultra-0.5 mL centrifugal filters
(Millipore, Germany).

MicroSpin protocol was followed using annealing buffer (TAE/
Mg2+ buffer) for column wash. At least two rounds of purifications
were needed to remove excess of staple strands.

Amicon filters were prewet with annealing buffer by loading 500 μL
of buffer onto the filter and centrifuging at 1800 RCF for 9 min.
Sample was loaded on the filter and filled with the annealing buffer up
to total volume of 500 μL and spun at the 1800 RCF for 9 min,
washed twice with 500 μL of annealing buffer 9 min each time, and
eluted during 2 min.

AFM Imaging. Freshly cleaved mica was incubated with annealing
buffer TAE/12 mM Mg2+ for a few minutes prior to deposition of the
purified sample (3−8 μL of 2−10 nM). Two AFMs were used for
imaging: an Agilent AFM series 5500 (Agilent Technologies, USA)
and Multimode VIII AFM (Veeco Instruments, Santa Barbara, USA)
with 0.08 N/m force constant silicon nitride cantilevers with
sharpened pyramidal tip (Veeco Probes, Camarillo, USA). All images
were analyzed using NanoScope analysis software.

TEM Imaging. Carbon grids (Formvar/Carbon coated grids (SPI #
3440C)) were glow discharged at 25 mA for 30 s, 0.25 mbar. A sample
(5 μL, 10 nM) was incubated on the grid for 1 min and excess of
sample mix removed. The grid was incubated with a 2% aqueous
uranyl formate with 25 mM NaOH stain solution for 1 min, and excess
of stain solution was removed. Imaging was done on TEM CM120
(Philips) machines.

Ensemble Fluorescence Measurement. Self-assembled, purified
structures (50 μL, 0.1 nM) were loaded in a quartz cuvette with a
volume of 60 μL (Hellma). Fluorescence spectra of the different
beacons were recorded with a spectrofluorometer (FluoroMax-3 from
HORIBA Jobin Yvon) after excitation of donor fluorophores at 530
nm and of acceptor fluorophores at 630 nm.

Zeiss Laser Scanning Microscope 700 Imaging. A flow cell
was made consisting of a glass slide, coverslip, and parafilm. The glass
slide was covered with parafilm where a 20 mm-wide channel was cut
with a razor. The glass coverslip was placed onto the parafilm, and the
whole flow cell was heated on a heat block until the parafilm became
soft and the coverslip stuck to it. Below is a schematic representation
of the homemade flow cell:

The flow cell channel was incubated with 40 μL of 75 μM
biotinylated bovine serum albumin (Sigma-Aldrich, USA) solution in
water for 5 min at room temperature, washed with TAE/11 mM Mg2+

buffer, incubated with 40 μL of 1.5 μM avidin (Sigma-Aldrich, USA)
solution in water for 5 min at room temperature, and washed with
TAE/11 mM Mg2+ buffer. Biotinylated DNA origami samples 20 μL of
0.5−1 nM in TAE/11 mM Mg2+ were then added to the flow cell for 5
min at room temperature, washed with TAE/30 mM Mg2+ buffer,
washed again with antibleaching buffer (1 × TAE, 30 mM Mg2+, 150
mM Na+, 2 mM 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox), 2600 units/mL of catalase, and 166 units/ml of glucose
oxidase and 25 mM glucose).
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Samples were imaged using 555 and 639 nm lasers at 1 mW for Cy3
and Cy5 direct excitations, respectively. Images were taken in sequence
of 6 images recorded every 1−2 min. After direct excitation of Cy3,
two data sets were collected using two channels: one for Cy3 emission
and one for Cy5 emission. Direct excitation of Cy5 resulted in one
data set of Cy5 emission.
Data Analysis for Microscopy Experiments. Data analysis was

performed using custom built software ImageA in MatLab (Math-
Works). The software allowed finding fluorescence particles peaks in
the microscope image and extracting their intensity in each image of
the sequence. Furtheremore, position drifts as a function of time were
corrected. It is possible to divide particles in different groups
depending on their intensity and particle size and set limits of the
size of the particle and threshold intensity of the pixel to differ the
background from the signal. Many of these features are also
implemented in the single molecule FRET iSMS software.48

Correction Factors for FRET Calculations. Structures labeled
with either 48 Cy5 molecules or with 48 Cy3 molecules were
assembled and purified. Emission spectra recorded as described in
“Zeiss Laser Scanning Microscope 700 imaging”. Data are shown in
Table S4. Donor bleedthrough is calculated using data recorded for
structures labeled only with Cy3 molecules:
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Energy-Transfer Calculations. Energy-transfer efficiency calcu-

lations for ensemble fluorescence measurements where the donor is
excited and both the donor and acceptor intensities are measured:
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where E is energy-transfer efficiency, IA is acceptor intensity, and ID is
donor intensity.
Energy-transfer efficiency for single-molecule analysis was calculated
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where FD(λA
Em) is the intensity at acceptor wavelength when excited at

donor wavelength, FD(λD
Em) is the intensity at donor wavelength when

excited at donor wavelength, FA(λA
Em) is the intensity at donor

wavelength when excited at donor wavelength, and Ade and Dbt are
measured correction factors as given in Table S1.
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