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Fig. 4. Quantitative nucleic acid detection. (A and B) Schematic of the hybridization reaction. A metafluorophore is programmed to hybridize to part (green) of a
specific nucleic acid target. A biotinylated capture strand binds to a second region (red) and thus immobilizes the complex on a streptavidin-coated surface, yielding
fluorescence images comparable to Fig. 3B. Each positively identified metafluorophore indicates a single copy of a nucleic acid target. (C) The number of detected
targets is directly proportional to their concentration in the sample of interest. Targets were added with defined concentrations (blue bars) and subsequently identified
in the expected ratios (green bars). Five different field of views have been recorded, enabling the calculation of error bars. The lowest target concentration [target 3 (t3)
and target 4 (t4)] was 1.5 pM. Target 1 (t1) and target 2 (t2) were not added, and corresponding identifications are due to nonspecific binding of metafluorophores to
the surface and potential false-positive identifications.
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Another strategy is to reduce the number of intensity levels, thereby
reducing overlapping intensity distributions. As a demonstration, we
constructed barcodes with three intensity levels (0, 14, and 44 dyes).
Additionally, barcodes were required to consist of at least two colors,
allowing a maximum of 33 � 6 � 1 = 20 distinguishable barcodes. We
measured a subset of 5 barcodes (N = 664) with a qualification ratio of
100%; that is, all detected spots were positively identified as valid bar-
codes (Fig. 3G and table S6). Here, only three false positives were
counted, yielding 99.6% expected barcodes.

We note that the number of barcodes in a subset is a crucial factor
when evaluating the barcoding performance of a system. When using
large subsets, one may make a false identification of a spot without no-
ticing because the identified barcodemay also be part of the used subset.
On the opposite side, when using a small subset, identification accuracy
may be biased because only a small fraction of the barcodes is tested.

Ultrasensitive, quantitative, and multiplexed nucleic
acid detection
Multiplexed detection applications are readily realized by combining
the metafluorophore’s reliable identification capabilities with barcode-
specific target recognition. Inspired by the NanoString nCounter digital
nucleic acid quantification system, where structurally flexible, surface-
immobilized, and geometrically encoded fluorescent barcodes are used
in highly multiplexed digital counting of molecular targets (22), we im-
plemented a multiplexed in vitro nucleic acid detection assay using
metafluorophores. Similarly, our method allows for highly multiplexed
molecular quantificationwith in-principle similarmultiplexing capabil-
ity. Compared to the nCounter system, our metafluorophore-based as-
say has four unique advantages. First, our method has a much simpler
operational workflow: Our system does not require electrophoretic
stretching of the structurally flexible barcodes or sophisticated software
to decode these geometrical patterns; additionally, no target-barcode
purification is required. Second, because the metafluorophore can pack
manymore dyes per area [132 dyes on one origami (90 nm× 60 nm) in
contrast to 1 dye per 50 base pairs (17 nm) for nCounter], it enables
faster image acquisition speed and thus higher throughput (because
we have brighter spots). Third, the higher dye density also allows the
use of potentially simpler, lower-cost, and standard imaging platforms
(we used commercially available confocal and widefield microscopes).
Finally, the metafluorophore is manufactured using a simple one-pot
self-assembly reaction that, in principle, can be fully automated rather
than labor-intensive manual in vitro transcription methods.

In our detection assay, each nucleic acid target (here, eight synthetic
DNA strands) was associated with a metafluorophore. The chosen
metafluorophores were programmed to specifically bind the target by
replacing the eight biotinylated staples (previously used to attach the
metafluorophore to the surface) with staples that are extended with a
target-complementary 21-nt-long sequence at the 5′ end. To increase
the chance of hybridization (and thus the speed of the detection), we
used eight target-specific strands per metafluorophore. Because of their
high excess over targets, we expect each metafluorophore to bind either
one or no target. To detect the target-metafluorophore duplexes on a
microscopy slide (comparable to the experiments in Fig. 3), we intro-
duced a biotinylated DNA strand (“capture strand”) complementary to
a second 21-nt region on the target (see Fig. 4, A and B).

The three components were combined in a hybridization buffer and
incubated for 24 hours (seeMaterials andMethods).We chose concen-
trations of 1 nMbiotinylated capture strands and approximately 250pM
metafluorophores per target.With this high excess ofmetafluorophores
over targets, we assumed that every targetmoleculewas labeledwith one
barcode. Targets were added in different amounts to assay quantification
and sensitivity (see Fig. 4C and table S7). After incubation, the mixture
was added into streptavidin-coated flow chambers as before and incu-
bated for 10 min. The chamber was subsequently washed and sealed.

Data acquisition can be performed on a large variety of fluorescence
microscopes. Widefield microscopes, as used in the characterization of
the fluorescently labeled DNA origami described above, can efficiently
record large areas and are readily available in many laboratories and so
are laser scanning confocalmicroscopes. To demonstrate that themeta-
fluorophores canbeplatform-independently identified in a robust fashion
and thus easily used inmost laboratories, we used confocal microscopes
for data acquisition in the nucleic acid detection experiments.

To assess the precision of this nucleic acid detection platform, we
designed eight capture-target-metafluorophore triplets and added
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different amounts of six targets to the reaction. The remaining two
targets were not added and, thus, indicated barcodes nonspecifically
bound to the surface (that is, without cognate target) and false posi-
tives as before (see fig. S13 for exemplary fluorescent image). The
number of detected triplets is directly proportional to the initial tar-
get concentration, and the targets can thus be quantified relative to
each other. Figure 4C shows the successful detection and precise
quantification of targets with initial concentrations of 13.5, 4.5, and
1.5 pM, the latter corresponding to a target amount of only ~100 fg.
The number of counted metafluorophores has been adjusted by using
a calibration sample with equally concentrated targets, to minimize
effects of unequal initial concentrations (fig. S14).

Additional metafluorophore properties
Beyond brightness and color, we can use additional dye properties to
expand the tunability of ourmetafluorophores. This is done by the con-
trolled modification of the structures with groups of fluorescent mol-
ecules displaying the desired property. Suitable dye properties include
fluorescence lifetime, the ability to photoactivate and switch, and pho-
tostability. These parameters can be tuned independently, similar to
brightness and color, thus presenting additional orthogonal axes of
adjustability. This is especially valuable for multiplexed tagging be-
cause the number of unambiguous labels scales with the power of in-
dependent parameters.

Here, we demonstrate the differentiation and identification based
on the photostability of dyes. As a proof of concept, we designedmeta-
fluorophores that contained two dyes with similar emission spectra but
different photostability under our imaging conditions. We chose Atto
647Nas a dyewith slower bleaching constant (that is,more photostable)
andAlexa 647 as a dyewith faster bleaching constant (that is, less photo-
stable). In a time-lapsed image acquisition experiment, the structures
containing Alexa 647 dyes bleach faster than the ones with Atto
647N dyes. As the fluorescence intensity decreases exponentially, we
can measure the decay constant, which is then used as a parameter for
photostability.

Figure 5A shows a time-lapsed series of images of the two types of
structures in one sample, where one species bleaches faster than the oth-
er. Metafluorophores that contain multiple orthogonal properties can
be identified in a multidimensional graph (Fig. 5B). For example, we
can plot the bleaching (or decay) constant versus the fluorescence inten-
sity. Distinct populations corresponding to different metafluorophore
configurations can be easily separated and identified (Fig. 5B). A 1D
histogram of the decay constants (Fig. 5C) demonstrates that the pho-
tostability can be used as an orthogonal tunable metafluorophore prop-
erty, similar to intensity discussed above.

Triggered assembly of metafluorophores
DNA nanotechnology allows us to program the formation of meta-
fluorophores in an environmentally responsive fashion: Structures can
be programmed to form only upon detection of a user-specified trigger.
By building on previous triggered assembly schemes (34, 36), we use
here short fluorescently labeled, metastable hairpins that assemble into
a finite triangular structure if, and only if, a target molecule acting as
trigger is present (Fig. 6A and table S8). As a proof-of-concept study,
we showed the in vitro triggered assembly of a prescribed-size (10 dyes)
triangular metafluorophore using a trigger strand, immobilized by a
dye-labeled capture strand on a glass surface.

First, an Alexa 647–labeled and biotinylated capture strand and a
trigger strand were annealed and immobilized on a glass surface coated
Woehrstein et al., Sci. Adv. 2017;3 : e1602128 21 June 2017
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Fig. 5. Metafluorophores with different photostability. (A) Time-lapsed fluores-
cencemicrographs of a sample composedof two spectrally indistinctmetafluorophore
species: one containing 44 Atto 647N dyes (more photostable) and one containing
44 Alexa 647 dyes (less photostable). Images were acquired at t1 = 0 s, t2 = 20 s, and
t3 = 40 s, with an integration time of 10 s, whereas the sample was constantly illu-
minatedduring acquisition. The time-lapsedmicrographs show two specieswhereone
bleaches faster than the other. The two species can be visually identified by super-
imposing the images taken at t1 (false color blue) and t3 (false color yellow). The meta-
fluorophore containingmorephotostabledyes (that is, Atto 647N) appears green (blue+
yellow), whereas the one with the less photostable dyes (that is, Alexa 647) appears
blue. The fluorescence decay constant can be used as a parameter to quantitatively
describe the photostability. The decay constant is obtained by fitting a single exponen-
tial decay to the intensity versus time trace. Scale bars, 5 mm. (B) Intensity versus decay
constant histograms for three different metafluorophore samples containing Atto
647N dyes (green), Alexa 647 dyes (blue), and both dyes (red), respectively (note that
only one species was present in each sample). (C) 1D histogram of the decay constants
shows three distinguishable decay constant distributions (schematics in the legend
show the dye arrangement on the metafluorophores).
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with bovine serum albumin (BSA)–biotin–streptavidin. Second, Cy3-
labeled metastable hairpins were flown in and incubated for 60 min
(protocol S3). Last, DNA origami–based metafluorophores carrying
44 Atto 488–labeled and 10 Cy3-labeled strands were bound to the sur-
face, as intensity reference.

Image acquisition was carried out by sequentially recording the
Alexa 647, Cy3, and Atto 488 channels (Fig. 6B). Colocalization in
the Alexa 647 and Cy3 channels represents the triangles, whereas Atto
488 and Cy3 colocalization identifies the origami references.

To benchmark the formation performance of the triangles, we com-
pared the intensities of the origami reference structures with the inten-
sities of the triangles in the Cy3 channel (Fig. 6C). Gaussian fits to both
intensity distributions reveal an almost perfect overlap with a mean-
to-mean variation of less than 2%, suggesting successful triangle forma-
tion. Both the formation of the triangle in the presence of the trigger and
the metastability of the hairpins in the absence of the trigger were fur-
ther confirmed by a formation gel assay (fig. S15 and protocol S4).

We note that the triggered assembly scheme used here demonstrates
a number of novel features compared to previous triggered assembly
schemes. Unlike hybridization chain reaction (HCR) (34), which
produces a linear polymer structure of unspecified length, a structure
Woehrstein et al., Sci. Adv. 2017;3 : e1602128 21 June 2017
of precisely defined size and shape is formed here. Additionally, unlike
previous triggered assembly of defined-size structures [for example,
dendrimers (36) and tetrahedron (35)] that uses a large number of
uniquemonomer species, the scheme here uses only onemonomer spe-
cies, and its final size and shape are controlled by the length of the
trigger strand.

We expect the triggered formation of themetafluorophore to be par-
ticularly useful for future in situ imaging applications: The fluorescent
hairpin monomers, upon detecting a trigger attached to the target (for
example, anmRNAor a protein), will form themetafluorophore in situ.
Compared to structures preformed ex situ, the in situ ones have two
critical conceptual advantages. First, the monomer has a smaller size
than the metafluorophore and thus can more easily penetrate deep
tissues with faster diffusion kinetics. Second, because the bright meta-
fluorophore only forms at the target site, possible false positives caused
by nonspecific interactions of preassembled barcodes with cellular
components can be avoided, and the signal amplification at the target
site that resulted from the triggered aggregation of fluorescent mono-
mers will help to increase signal-to-background ratios.

Related in situ fluorescence imaging approaches have been demon-
strated with great success, such as single-molecule fluorescence in situ
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Fig. 6. Triggered assembly of metafluorophores. (A) Schematic of triggered assembly of triangular metafluorophores constructed from 10 metastable Cy3-labeled
DNA hairpin strands. A so-called capture strand (labeled with Alexa 647) is attached to a glass surface via biotin-streptavidin coupling. A long “trigger strand” can
hybridize to the capture strand. The trigger strand consists of four concatenated domains, “1-A,” where the subdomain “1” is 20 nt long and the subdomain “A” is 12 nt
long. Hairpin strands coexist metastably in the absence of the trigger and only assemble into the desired structure upon exposure to the trigger. More specifically, the
introduction of a repetitive single-stranded trigger initiates the assembly of kinetically trapped fluorescent hairpin monomers, which produce a second row of binding
sites. These binding sites further enable the assembly of successive rows of monomers, with each row containing one fewer monomer than the previous. After
assembly of 10 hairpins (labeled with Cy3) to a single trigger strand, no further trigger sequences are displayed, and assembly is terminated, yielding a triangular-
shaped metafluorophore of fixed dimensions. (B) Fluorescence images of triangles assembled in situ on a glass surface. The capture strands are labeled with Alexa 647
(red), whereas the hairpins are labeled with Cy3 (green). DNA origami with 10 Cy3 and 44 Atto 488 (blue) dyes were added to the sample as intensity references. DNA
origami can be identified at the positions where Atto 488 and Cy3 signals colocalize. In the schematic below the overlay fluorescence image, the blue spot indicates the
Atto 488–labeled origami marker; green spots indicate the expected overlay of Alexa 647–labeled capture strand and the triangle composed of Cy3-labeled hairpin
monomers. Gray crosses indicate nonspecific binding of hairpins to the surface. Scale bars, 1 mm. (C) Triangular metafluorophores (green) and reference DNA origami
(blue) intensity distributions are overlapping, thus indicating the formation of the triangles as expected.
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vious approaches, metafluorophores have several conceptual advan-
tages. Compared to smFISH, the tunability of our metafluorophores
allows us to assemble more complex structures at the target site by, for
example, using a transducer (initiator)molecule that is used to program
complex structure assembly on-site. Compared to HCR, where the
length of the polymerization and, thus, the number of fluorophores per
target are not well defined, the metafluorophore has a precisely defined
size and, thus, controlled intensity, whichmay eventually lead to higher
multiplexing capability.
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DISCUSSION
Here, we introduced the concept of a metafluorophore, which can be
viewed as a new kind of dye with digitally tunable optical properties,
can be hundreds of times brighter with arbitrarily prescribed intensity
levels, and has digitally tunable “color.”We implemented this concept
using DNA origami–based self-assembled nanostructures and were
thus able to design metafluorophores with high labeling density (~5-nm
dye-to-dye distance) while preventing self-quenching. Furthermore, the
precise spatial control over dye positions on the nanostructures allowed
us to successfully construct nanoscale multicolor metafluorophores,
where FRET between spectrally distinct dyes is prevented.

Combining these features, we were able to construct 124 unique
intensity barcodes for high-content imaging. We demonstrated the
feasibility of this approach, benchmarked the in vitro performance,
and showed the high specificity, identification accuracy, and low
false-positive rate.

We also demonstrated the ultrasensitive detection and precise quan-
tification of nucleic acids in an easy,multiplexed, and fast assay. Beyond
surface-basedmicroscopy applications, the combination of high bright-
ness, small size, and high multiplexing capacity of metafluorophores
suggests potential future applications, such as flow cytometry and
fluorescence-activated cell sorting (a subtype of flow cytometry) for high-
throughput identification. We also envision our DNA nanostructure–
based metafluorophores to be extended to even smaller sizes by using
the recently developed single-stranded tile assembly approach (15,16,56).
Finally, we envision our metafluorophores based on triggered assembly
to be a particularly useful tool for improving SNRand labeling efficiency
in quantitative smFISH applications.
9

MATERIALS AND METHODS
DNA origami self-assembly
Self-assembly was performed in a one-pot reaction with a total volume
of 20 ml containing 10 nM scaffold strands (M13mp18), 100 nM folding
staples, 150 nM biotinylated strands, 100 nM strands with dye-handle
extension, and 225 nM fluorescently labeled antihandles in folding
buffer (1× TAE buffer with 12.5 mMMgCl2). The solution was heated
up to 65°C for 5 min and subsequently cooled down to 4°C over the
course of 1 hour. DNA origamis were purified by agarose gel electro-
phoresis (1.5% agarose and 1× TAE buffer with 12.5 mM MgCl2) at
4.5 V/cm for 1.5 hours on ice. Gel bands were cut, crushed and filled
into a Freeze ‘N Squeeze column, and spun for 5 min at 1000g at 4°C.

Microscopy sample preparation
Coverslips (No. 1.5, 18 × 18 mm2, ~0.17 mm thick) and microscopy
slides (3 × 1 inch2, 1 mm thick) were cleaned with isopropanol. Flow
chambers were built by sandwiching two strips of double-sided sticky
Woehrstein et al., Sci. Adv. 2017;3 : e1602128 21 June 2017
tape between the coverslip and the glass slide, resulting in a channelwith
a volume of ~20 ml. The channel was incubatedwith 20 ml of BSA-biotin
solution (1 mg/ml) in buffer A [10 mM tris-HCl, 100 mM NaCl, and
0.05%Tween20 (pH8)] for 2min.The chamberwas subsequentlywashed
with 40 ml of buffer A, then incubated with 20 ml of streptavidin solution
(0.5 mg/ml) in buffer A for 2 min. Next, a buffer exchange was per-
formed by washing the chamber with 40 ml of buffer A, followed by ad-
dition of 40 ml of buffer B [5mM tris-HCl, 10mMMgCl2, 1mMEDTA,
and 0.05% Tween 20 (pH 8)]. Then, 20 ml of buffer B with ~300 pM
DNA origami metafluorophores was added and incubated for 2 min
and subsequently washed with 40 ml of buffer B. Finally, the chamber
was sealed with epoxy before imaging.

Image acquisition parameters
Image acquisition parameters for Figs. 1, 2, 3, and 5A were integration
time of 10 s and LED power of 60%, whereas parameters for Figure 5B
were integration time of 5 s and LEDpower of 60%. The decay constant
was determined by acquiring a series of 10 consecutive frames and
fitting the intensity versus time trace with a single exponential decay
function. Data acquisition was performed on a Zeiss Axio Observermi-
croscope with Colibri LED light source.

Multiplexed nucleic acid detection
Incubation was performed at room temperature in saline-sodium cit-
rate (SSC)–based hybridization buffer [4× SSC, 5× Denhardt’s solution,
5%dextran sulfate, 0.1%Tween20, and salmonspermDNA(0.1mg/ml)].
Flow chamber volume was designed to be ~5 ml. Data acquisition was
performed on a Zeiss LSM 780 confocal microscope.

Triggered assembly on a surface
Capture and trigger strands were annealed in a thermocycler directly be-
fore adding to the sample at 1 mM in 1× TAEwith 12.5 mMMgCl2 and
0.05% Tween 20 (85°C for 5 min, gradient from 85° to 10°C in 15min).
Hairpin strands were annealed in a thermocycler directly before adding
to the sample at 1 mM in 1× TAEwith 12.5mMMgCl2 (85°C for 5min,
gradient from 85° to 10°C in 15 min). A flow chamber (see above) was
prepared with three layers of sticky tape, resulting in a volume of ~60 ml.
The chamber was then incubated with 60 ml of BSA-biotin solution
(1 mg/ml) in buffer A for 2 min and then washed with 120 ml of buffer
A. Next, the chamber was incubated with 60 ml of streptavidin solution
(0.5mg/ml) in bufferA for 2min, followed by awashing stepwith 120ml
of buffer A. Subsequently, a buffer exchange was performed by adding
120 ml of buffer C (1× TAEwith 12.5mMMgCl2 and 0.05%Tween 20).
Then, 60 ml of buffer C with 25 pM annealed capture-trigger duplexes
were added and incubated for 1 min. The chamber was washed with
120 ml of buffer C and incubated with 60 ml of 100 pM DNA origami
standards for 2 min. After washing with 120 ml of buffer C, 60 ml of
buffer C with 30 nM annealed hairpin was added. After 20-min incu-
bation, the chamber was washed with 120 ml of buffer C. Hairpin incu-
bation was repeated three times. Finally, the chamber was washed with
120 ml of buffer C and sealed with epoxy before imaging.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/6/e1602128/DC1
fig. S1. caDNAno DNA origami design.
fig. S2. Schematic DNA origami staple layouts of single-color metafluorophores (6 to 132).
fig. S3. Linear dependence of intensity on the number of dyes per DNA origami (calibrated).
fig. S4. Intensity distributions for 6 to 132 dyes.
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fig. S5. Excitation power variation.
fig. S6. Integration time variation.
fig. S7. Refocusing performance.
fig. S8. Photostability.
fig. S9. Schematic DNA origami staple layouts of self-quenching study.
fig. S10. FRET investigation dye patterning (random and column-wise).
fig. S11. Intensity barcode dye patterns.
fig. S12. Intensity distributions for 124 barcodes in one sample.
fig. S13. Exemplary fluorescent image of nucleic acid detection.
fig. S14. DNA detection calibration.
fig. S15. Triggered assembly formation gel assay.
table S1. DNA origami staple sequences.
table S2. M13mp18 scaffold sequence.
table S3. Fluorescently labeled DNA sequences.
table S4. Intensity barcode subset (25 of 124).
table S5. Intensity barcode subset (12 of 64).
table S6. Intensity barcode subset (5 of 20).
table S7. DNA detection sequences and corresponding barcodes.
table S8. Triggered assembly sequences.
protocol S1. DNA origami self-assembly.
protocol S2. Microscopy sample preparation.
protocol S3. Triggered assembly on surface.
protocol S4. Triggered assembly in solution and gel assay.
Materials
Optical setup
Software section
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