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ABSTRACT: Photoluminescence (PL)
multiplexing usually relies on spectral or
temporal separation. Their combination
into

higher-order

multiplexing

for

biosensing is extremely challenging
because the PL intensity is required for
target

quantification

at

very

low

concentrations and the interplay of
color, lifetime, and intensity must be
carefully adapted. Here, we demonstrate
time-gated Förster resonance energy transfer (TG-FRET) from a long-lifetime Tb-complex to
Cy3.5 and Cy5.5 dyes for spectrotemporal multiplexing of four different DNA targets in the same
sample by single-color excitation and two-color detection. We used rolling circle amplification
(RCA) for high specificity and sensitivity and for placing Tb donors and dye acceptors at controlled
distances within the amplified DNA concatemers. This precise distance tuning led to target-specific
PL decays of the FRET pairs and simple, separation-free, and higher-order multiplexed
quantification of DNA. The RCA-FRET DNA assay could distinguish very homologous target
sequences and provided limits of detection down to 40 zeptomoles (300 aM).
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Understanding the fundamental functions of complicated biochemical systems or diagnosing
specific diseases most often require the quantification of many molecules and interactions at
extremely low concentrations from a single sample. Photoluminescence detection is ideally suited
for multiplexed biosensing, because it is rapid and sensitive and there is an almost unlimited choice
of fluorophores that provide a large versatility of photochemical and photophysical properties.1,2
Arguably, the most frequently used technique to detect multiple parameters from the same sample
is spectral (or color) multiplexing with different fluorophores, such as organic dyes,3-7 fluorescent
proteins,8 quantum dots,9,10 or lanthanide nanoparticles and complexes.11,12 Each fluorophore
requires a distinct detection channel and excitation wavelength, unless quantum dots or FRET from
one donor to multiple acceptors are used. Spectral overlap, which needs to take into account the
entire spectrum of each fluorophore (not only the full-width-at-half-maximum, FWHM), imposes
fundamental limits to color multiplexing. Even the spectra of quantum dots (with FWHM of
~30 nm) extend over >100 nm, which limits the spectral range of 400 to 800 nm to approximately
four completely distinct signals. Another means of PL multiplexing is to exploit the lifetime of PL.
Despite impressive proofs of concept, specific and sensitive biological target quantification has not
been accomplished with these approaches.13-18 Replacing lifetime fitting by time-gated PL intensity
detection in different temporal windows can simplify temporal multiplexing for biosensing but the
low nanomolar target concentrations are still too high for many biochemical and biomolecular
studies.19 Although a combination of spectral and temporal multiplexing within a single biosensing
technique (higher-order multiplexing) may seem evident, an actual experimental realization is very
complicated and such a method is not available. One of the main reasons is the third dimension of
PL, namely intensity, which is required for quantifying the analyte. For each biological target or
interaction, a three-dimensional PL biosensor must provide a specific and stable spectrotemporal
signal combination that is independent of the other targets and the environment and changes its
2

This is the initially submitted version of the paper ”X. Qiu, J. Guo, J. Xu, and N. Hildebrandt. Three-Dimensional FRET Multiplexing for
DNA Quantification with Attomolar Detection Limits. The Journal of Physical Chemistry Letters 2018, 9, 4379−4384.”
DOI: 10.1021/acs.jpclett.8b01944; https://pubs.acs.org/doi/10.1021/acs.jpclett.8b01944.

intensity as a function of target concentration. This objective becomes even more challenging when
extremely low concentrations (fM – pM) of various similar targets need to be specifically
quantified.
Because sensitive detection of various nucleic acids is among the most important
requirements for investigating and understanding fundamental biological processes, a multiplexed
and specific quantification of DNA can significantly advance such research. Low abundance of
nucleic acids often necessitates their amplification and isothermal methods with specific
amplification are versatile alternatives to PCR-based technologies.20 A well-known and highly
specific isothermal amplification methods is target-primed rolling circle amplification (RCA), in
which a padlock-DNA circularization by ligation over DNA21 or RNA22 targets enables the
amplification process. In contrast to PCR, target-primed RCA can be applied both in situ, e.g., for
genotyping individual DNA or mRNA molecules,7,23 and in solution, e.g., for DNA24 or microRNA (miRNA)25 diagnostics. Two important limitations of photoluminescence (PL)-based RCA
are the necessary separation of free fluorescent DNA-probes from those that have hybridized to the
RCA product and the reduced capability of multiplexing from a single sample. Nucleic acid
staining dyes26 and dye-to-dye FRET probes27 were used to avoid the separation step but still
suffered from significant background fluorescence. Single-molecule digital counting techniques
were also shown to function without separation but require specific and rather sophisticated
experimental setups and procedures.28 Although the long DNA concatemers of RCA have been
widely applied for PL signal amplification, the possibility of placing FRET probes at specific and
well-controlled distances within the multiple copies of the same DNA sequence has been largely
overlooked. As FRET and the involved PL lifetimes are strongly distance dependent,29,30
isothermal amplification strategies could be ideally suited for controlled PL lifetime tuning.
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Here, we present a nucleic acid detection method that combines the sensitivity and
specificity of target-primed RCA with the ratiometric and single-step detection format of timegated FRET (TG-FRET).31 TG-RCA-FRET was used for spectral and temporal multiplexing by
precise adjustment of donor-acceptor distances within the amplified DNA sequence at subnanometer resolution. The separation-free and background-free assay format accomplished limits
of detection (LOD) between 40 and 570 zeptomoles (0.3 to 4.1 fM) for four different DNA targets.
We demonstrate the combination of the spectral and temporal dimensions of PL for higher-order
multiplexing with the intensity dimension of PL for quantification of the four different DNAs at
low femtomolar concentrations from the same sample, using a single excitation source and only
two distinct fluorescence colors.
The principle of multiplexed RCA-FRET is shown in Figure 1a. First, a DNA target is
specifically hybridized by the two ends of a linear probe DNA (padlock DNA) that circularizes
upon target recognition. Then, the padlock nick is ligated over the target splint, which makes the
target a primer for a polymerase to synthesize complementary DNA around the circular probe
DNA. After each round, the previously synthesized DNA strand is displaced, which leads to a long
ssDNA concatemer. As the repetitive sequence of this long RCA product is known (by the design
of the padlock), FRET-donor (Tb) and FRET-acceptor (Cy3.5 or Cy5.5) DNA probes (cf. Figure
S1 for absorption/emission spectra and FRET parameters) can be designed to hybridize at desired
positions within the concatemer and thereby at defined but distinct donor-acceptor distances (R).
Due to the strong distance-dependence of the FRET efficiency (~R-6), different values of R lead to
different PL decays of the FRET-quenched donors and FRET-sensitized acceptors (the closer the
distance the faster the decay).29,30,32 These different PL decays can then be used for straightforward
temporal multiplexing by time-gated PL intensity detection.19 The use of two different acceptors
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(Cy3.5 and Cy5.5) for the same Tb donor allows for spectral multiplexing with a single excitation
wavelength. In principle, x distinct spectral signals and y distinct temporal signals can be combined
to x·y distinct signals in solution or xy distinct signals if the different RCA products are spatially
separated (e.g., in-situ imaging). Such higher-order multiplexing has the potential to significantly
advance the detection of multiple targets from a single sample. Another advantage is the separationfree format of RCA-FRET because FRET is not possible for Tb and dye DNA probes that are free
in solution (not hybridized to the RCA product). Finally, the ratiometric detection of time-gated
PL intensities of dye and Tb (Figure 1b) leads to very precise (low coefficients of variation) signal
quantification.

Figure 1. (a) Combining the same Tb donor with two different dye acceptors (Cy3.5 and Cy5.5) and hybridizing the
DNA probes at different distances (bps: base pairs) inside the target-specific RCA products, provides four
distinguishable signals (two distinct time-gated detection windows TG1-TG4 for two different colors) in two detection
channels. (b) Ratiometric TG-FRET measures the FRET-ratio of FRET-sensitized dye PL intensity (left) and FRETquenched Tb PL intensity (right) within a specific time-window after pulsed excitation (to suppress autofluorescence).
Black/purple decay curves present signals without/with target. The FRET-sensitized dye-acceptor intensity strongly
increases with increasing target concentration, whereas the overall Tb-donor signal is not significantly quenched
(because also free Tb DNA-probes in solution emit PL).
5
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As a representative system for multiplexed nucleic acid detection, we selected four different
short ssDNAs (DNA-20a, DNA-20b, DNA-21, and DNA-191), which are the DNA-equivalents of
the micro-RNAs hsa-mir-20a/20b/21/191, all of which have been found to be related to breast
cancer.33-37 Because target-primed RCA via padlock probes was already applied for longer DNA
as well as RNA targets,7,21-23 our short ssDNA-based detection is in principle transferable to other
nucleic acids. To evaluate the sensitivity and versatility of RCA-FRET, we quantified the four
DNAs at concentrations between 1 and 250 fM and with two different TG-FRET donor/acceptor
pairs (Tb/Cy3.5 and Tb/Cy5.5). All eight RCA-FRET sensors showed a linear signal-overconcentration behavior within the tested concentration range, which allowed for the distinction of
even very similar concentrations, and LODs between 40 and 570 zeptomoles (0.3 to 4.1 fM) of
DNA (Figure 2). For specificity testing, DNA-20a and DNA-20b had only two nucleotide
variations, from which one was at the 5’-terminus. All four sensors provided specificity solely to
their respective targets without non-specific background signals from the other three DNAs and
with increasing FRET signals over a concentration range of more than three orders of magnitude
(Figure S4).
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Figure 2. RCA-FRET assay calibration curves for four different DNA targets (see Table S1 for sequences) with Cy3.5
or Cy5.5 as FRET acceptor (cf. Figure S2 for PL decay curves that were used to calculate the FRET-ratios in a TG
window from 0.1 to 0.9 ms). LODs were 4.1±0.6 fM (Cy3.5) and 1.3±0.2 fM (Cy5.5) for DNA-20a, 2.8±0.4 fM (Cy3.5)
and 1.1±0.2 fM (Cy5.5) for DNA-20b, 2.5±0.4 fM (Cy3.5) and 1.2±0.2 fM (Cy5.5) for DNA-21, and 0.8±0.1 fM (Cy3.5)
and 0.3±0.1 fM (Cy5.5) for DNA-191 (cf. Figure S3 for determination of LODs).

Multiplexing from a single sample is highly important to simultaneously measure various
targets, to reduce sample volume and reagents, and to increase the measurement throughput. We
have previously shown that Tb-to-dye TG-FRET can be used for efficient and sensitive color
multiplexing in immunoassays (five targets)3 and miRNA assays (three targets)38,39 and for
temporal multiplexing of three different nucleic acids.19 However, neither the combination of these
two concepts into higher-order spectrotemporal TG-FRET multiplexing from a single sample, nor
7
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the detection of extremely low concentrations (fM – pM) of biomolecules has been realized.
Following the RCA-FRET concept from Figure 1a, we designed four different padlocks and six
different FRET probes (four Tb probes and two dye probes), which allowed us to place the two
different FRET-pairs at distinct distances within the target-specific RCPs. This, in turn, led to
distinct PL decay curves (Figure S5) due to the different FRET efficiencies. All PL signals were
generated by using a single excitation source because the same Tb donor was used in all cases. The
DNA-target concentration-dependent FRET-ratios in four distinct time-gated detection windows
(Figure 3a) were used to calibrate the multiplexed RCA-FRET assay. To test the 4-plex assay, we
prepared 10 samples with varying concentrations of the four DNA targets. Figure 3b shows that
the measured concentrations were in excellent agreement with the actual target concentrations.
Notably, all DNA concentrations within the different samples were in a range from 40 to 500 fM
and therefore three to four orders of magnitude lower compared to previous temporal multiplexed
nucleic acid detection without amplification.19 This impressive sensitivity improvement clearly
shows the combined advantages of RCA and TG-FRET not only for multiplexing but also for the
precise quantification of extremely low target concentrations. Similar results were found for a 2plex assay of DNA-20a and DNA-21 using only the Tb/Cy5.5 FRET-pair (Figure S6).
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Figure 3. (a) Contributions of the different RCA-FRET signals (FRET-ratiozero) to the different time-gated detection
windows. The calibration curves (lines) were used to calculate the concentrations for the 4-fold TG-FRET multiplexed
assays (see Supporting Information for mathematical treatment). (b) Recovery of varying concentrations of DNA-20a,
20b, 21, and 191 from 10 different samples using spectrotemporal TG-FRET multiplexing. Dotted lines represent known
concentrations; data points represent RCA-FRET measurements.

In conclusion, RCA-FRET is the first method that can combine spectral and temporal
multiplexing into higher-order multiplexed and highly sensitive detection of nucleic acids. It can
be performed by straightforward procedures on commercially available time-resolved fluorescence
plate readers and is adaptable to other RCA approaches and probably to any other DNAamplification strategy that uses hybridization of fluorescent probes. Although our method was
applied to liquid samples, target-primed RCA with padlock probes has been frequently applied for
in situ imaging in cells,7,23 where high sensitivity and simultaneous multiplexing is also of utmost
importance.40 RCA-FRET provided LODs down to 40 zeptomoles (300 aM) of DNA, which
presents an improvement of more than four orders of magnitude compared to non-amplified TG9
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FRET detection of the same targets.38 Spectrotemporally multiplexed detection (from the same
sample) of four different DNA targets in the 40 to 500 fM concentration range was accomplished
by using only two different FRET-pairs and one excitation wavelength. These target concentrations
were three orders of magnitude lower compared to spectral multiplexing of three DNA targets with
three different FRET pairs.38 This first demonstration of spectrotemporal multiplexing quantified
only four DNAs by combining two spectral and two temporal components, but the use of TG-FRET
with five different acceptors3 and three different time-gated windows19 would allow for 15-fold
multiplexing from a single liquid sample or 125-fold multiplexing for imaging (Figure S7).
Although such extensions are beyond the current scope, our future research will investigate the
experimental limits of spectrotemporal multiplexing and the adaption of RCA-FRET to in-situ
imaging in cells. The versatility, specificity, and sensitivity of isothermal RCA-FRET for higherorder multiplexed quantification of nucleic acids at extremely low concentrations are ideally suited
to advance many fundamental and applied biological studies. Because no other technology can
combine such technological versatility with accuracy and simplicity of application, we believe that
RCA-FRET will be of high value both in research and diagnostics, and provide new insights about
the role of DNA or RNA in biological functions and diseases.
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