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ABSTRACT: Isothermal nucleic acid amplification strategies have been combined with
nanotechnology for advanced biosensing, material design, and biomedical applications. However,
merging phenomena and materials of different nanoscales with the aim of exploiting all their
benefits at once has remained a challenging endeavor. Here, we exemplify the various problems
one can encounter when combining the nanodimensions of lanthanide complexes (~2 nm), FRET
(Forster resonance energy transfer, ~5 nm), QDs (quantum dots, ~20 nm), and RCA (rolling circle
amplification, ~250 nm) into a single microRNA biosensor and how these challenges can be
overcome. Six different approaches, including simple FRET-RCA, enzyme-digesting FRET-RCA,
and FRET-hyperbranched-RCA were investigated. We demonstrated specific miR-21 detection
with 80 fM limit of detection and multiplexing capability with FRET from a Tb complex to
different QDs. The detailed view on the various complex multi-nanodimensional assay systems

elucidated the limited clinical translation of such sophisticated multicomponent nanobiosensors.
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Over the last twenty years, nanotechnology has strongly influenced chemical and biological
sensing. For example, the first Letter in the first issue of Nano Letters (2001) reported about
colloidal quantum dots (QDs),! which later significantly advanced the fields of fluorescence
biosensing and imaging.> ' The cover image of the first issue of ACS Nano (2007) showed DNA
molecules packed into nanoengineered polymer microcapsules and nucleic acid nanotechnology,
including the design and application of nucleic acid hybrid nanomaterials, has strongly contributed
to many research fields, including sensing, imaging, drug delivery, biomedicine, photonics,
electronics, biotechnology, and synthetic biology.''"!* The first sentence of that issue suggested
that “the nanoscale is where disciplines merge and where they bifurcate™?” and the first article
discussed photoinduced electron transfer.?! Energy transfer, and in particular FRET (Forster
resonance energy transfer), has allowed to scrutinize biomolecular interactions from single
molecule pairs to the ensemble level using both spectroscopy and microscopy.??** Moreover, the
combination of FRET and QDs has added significant versatility and performance improvement to
photoluminescence (PL) biosensing.’®*! These examples illustrate that nucleic acids, energy
transfer, QDs, and the merge of their respective research disciplines have been important
contributors to science and technology, and their association within a single biosensor appears to

be an interesting idea.

Motivated by the many possibilities of combining nucleic acid amplification and
nanoparticles for biosensing®*—7 and our previous results concerning multiplexed detection of
microRNAs (miRNAs) via Tb-to-QD FRET? and quantification of endogenous miRNAs from
clinical samples via a combination of Tb-to-dye FRET and rolling circle amplification (RCA),*
we set forth to develop Tb-to-QD-FRET-RCA for multiplexed miRNA diagnostics. While we
could perform a washing-free assay to quantify miR-21 with sub-picomolar limits of detection
(LODs), the most important result of our study was the long and rocky road to success, which very
well exemplified the reasons that have so far limited the translation of photoluminescent
nanoparticles into clinical diagnostics and widely-used sensing and imaging applications. Many
studies claim superior performances that outcompete conventional assays and biosensors. However,
these new developments cannot be found in many applications afterwards, most probably because
the various complications of the experimental design were not sufficiently discussed. Considering
the often very complex interactions of nanomaterials and biological molecules and interactions in

physiological environments on the nanoscale, it is almost unfair to let potential users discover all
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problems and pitfalls in follow-up studies. In our case, i) FRET occurs over donor-acceptor
distances of circa 1 to 10 nm, ii) molecular donors or acceptors display sizes of a few nm,
iii) biocompatible QDs have diameters in the range of approximately 5 to 30 nm, and iv) RCA
results in coiled DNA structures of several hundreds of nm.***? Thus, it is arguable if and how
those different nanointeractions, nanomaterials, and nanoprocesses can be efficiently merged to
simultaneously benefit from all their properties (as represented by the “QD-FRET-DNA
flycatliphant” in the abstract image). Here, we will discuss the different approaches (Figure 1),
problems, and main results of our study and detail all experimental information and outcomes for
each individual step in the comprehensive Supporting Information, such that the results can be fully

appreciated and reproduced for further developments in amplified QD-based FRET for advanced
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Figure 1: Schematic presentations of different RCA-based approaches toward sensitive and specific miRNA
quantification using Tb-to-QD FRET. While all approaches rely on initial RCA (RCA products are shown for
only one or two rounds of RCA with each repetitive amplicon separated by thin dashed lines), the strategies
toward the final DNA products that combine Tb and QD for FRET were modified for each approach.
a: Simple hybridization of Tb and QD FRET probes in the long concatemer RCA product was functional but
not very sensitive. b to e: Different strategies of cutting the RCA product by enzymatic digestion and
assembling the Tb-QD FRET pairs by those shorter strands did not improve the assay performance.
f: Hyperbranched RCA (HRCA) finally resulted in specific quantification of miR-21 at low pM concentrations
and LOD of ~80 fM.
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The first attempt of Tb-QD-FRET-RCA (Figure 1a and Figure S2) was inspired by our
previous work concerning miRNA and single-stranded (ss)DNA quantification with RCA and Tb-
to-dye FRET, which resulted in efficient multiplexing, LODs down to 300 aM, and quantification
of endogenous miRNAs from clinical plasma, cell, and tissue samples.’*** Those studies showed
that RCA is a very robust linear amplification approach, which can accomplish more than 1000-
fold amplification within approximately two hours. We preferred RCA over exponential
amplification techniques, which can provide better amplification and lower LODs but are also more
complicated and less accurate for sensing.** Tb-based FRET assays can take advantage of the long
PL lifetimes of the Tb donors for time-gated ratiometric FRET detection (ratio of donor and
acceptor PL intensities) in a specific time window after pulsed excitation of the donor, which allows
for efficient background reduction and washing-free assay formats. On the other hand, Tb-to-dye
FRET is significantly different from Tb-to-QD FRET because molecular dye acceptors are much
smaller than QD acceptors. Thus, the Tb-to-dye distance is shorter (i.e., higher FRET efficiency)
and the hybridization of dye-DNA probes to RCA products (RCPs) is simpler, which means that
replacement of dyes by QDs may not be a simple task. Initial results demonstrated hybridization
of QD-DNA probes to RCPs that were formed on microscope slides upon DNA target recognition
(Figure S3), and a FRET assay with both Tb and QD DNA probes could quantify sub-pM
concentrations of miRNA (Figure S4) when Tb-DNA and biotin-DNA (both of them small) were
pre-hybridized to the RCPs and QD-streptavidin was added afterwards. However, the next step to
accomplish multiplexing (one major advantage of QDs), in which QD-DNA conjugates were
preassembled (DNA-biotin + streptavidin-QDs) did not result in measurable FRET at sub-pM
miRNA concentrations (Figure S5). Thus, in contrast to smaller DNA conjugates, the QD-DNA
probes could not efficiently hybridize to the RCPs, indicating that an approximately 1000-fold
amplified RCA concatemer is too densely coiled within its overall size of a few hundred nm and

provides limited accessibility for relatively large nanoparticle-DNA conjugates.

The logical consequence of a too large and too dense RCP would be to reduce it to smaller
pieces, e.g., by using endonucleases. Thus, we designed a padlock probe with a specific sequence
that produced a restriction site in the newly synthesized padlock-complementary DNA strand
(Figure 1b and Figure S6). A nicking endonuclease (Nb.BbvCI) would then hydrolyze only the
restriction site (GGAGTCG between T and C) of the amplified ssDNA strand on the padlock-DNA
and leave the padlock itself intact. This theoretically ideal approach, inspired by studies that used
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miRNA-induced RCA and subsequent cutting via Nb.BbvCL,*>*¢ did unfortunately not translate
into practice because there was no difference in performance compared to the first assay both with
and without addition of the enzyme (Figure S7). Addition of a second restriction site to improve
the cutting performance and to recycle the target sequence for additional amplification (Figure 1c
and Figure S8) looked like an intriguing idea but only further reduced the assay performance
(Figure S9). Because one restriction site in the amplified DNA did not influence the assay
performance and a second one even reduced it, we concluded that simultaneous RCA and RCP
digestion into smaller ssDNA strands is not efficient. There is probably a competition between the
phi29 polymerase amplification reaction (synthesizing new DNA around the circularized padlock)
and the endonuclease cutting reaction (cutting of the RCP on the padlock), such that the combined
reactions do not function as efficiently as if they were separated. Thus, we would need to sacrifice
assay simplicity (single-step amplification and cutting) by separating RCA and enzymatic digestion

in two separate steps.

To realize such a separated amplification/digestion approach, we designed a new concept
(Figure 1d and Figure S10), in which the padlock probe induced a restriction site for EcoRI
endonuclease that specifically cuts double-stranded (ds)DNA between G and A in the G/AATTC
and complementary CTTAA/G sequences. After completed RCA, EcoRI (with the help of a
GAATTC “helper” DNA that hybridizes to the RCP) cut the RCP in specific short ssDNA
sequences that could be used for initiating Tb-to-QD FRET. We first confirmed that the short
ssDNA sequences (cut RCP) can be applied for multiplexed Tb-to-QD FRET sensing using three
different streptavidin-coated QDs (emitting at 605, 655, and 705 nm, respectively), biotin-DNA,
and Tb-DNA (Figure S11). Then, we confirmed the functionality of the padlock for target-primed
RCA FRET detection (Figure S12) and the EcoRI cutting efficiency at different reaction times and
concentrations (Figure S13). Despite those verifications of efficient Tb-to-QD FRET, RCA, and
EcoRI-dependent dsDNA digestion, the final assay was not functional (Figure S14). Thus, we
decided to run various control and optimization experiments to better understand the reasons for
failure. Further variation of the EcoRI concentration did not improve the assay and even Tb-to-dye
FRET (without QDs) using the same RCP-cutting principle (to rule out that the QD size was the
problem) did not result in significant FRET signals (Figure S15). Hybridizing biotin-DNA first
and binding streptavidin-QD afterwards, which was functional in the simple RCA FRET assay,
failed (Figure S16). Using miRNA instead of ssDNA targets (to be sure that the target was not the
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issue) and increasing the target concentrations resulted in weak signals only for Tb-to-dye but not
for Tb-to-QD FRET (Figure S17). A strictly controlled temperature program (to expand the coiled
RCP and improve the accessibility of the QD-DNA for RCP hybridization) yielded only minor
assay improvements, still far below the standard (Tb-to-dye) RCA FRET performance (Figure
S18). Complete miR-21 assays under different EcoRI reaction times and concentrations did not
lead to significant performance enhancement (Figures S19 and S20). Changing the buffer
conditions (to improve enzymatic digestion) and deactivating EcoRI after the cutting reaction (to
avoid interference with RCP-probe hybridization) did not change the assay functionality (Figure
S21). Increasing the helper DNA concentration (to make sure that the restriction site is dSDNA)
and the biotin-DNA per streptavidin-QD ratio (to provide sufficient amount of probe DNA for RCP
hybridization) failed (Figures S22 and S23). Because all possible optimizations did not improve
the FRET signals and the assay sensitivity was independent of EcoRI (Figure S24), we concluded
that the enzymatic digestion of the RCP within the complete assay was not efficient enough to
provide the necessary nM concentrations of short ssDNA strands for hybridization with the Tb and
QD DNA probes and efficient FRET (as demonstrated in Figure S11). Exchanging QD605 with
QD705 (to obtain better Tb-to-QD FRET performance) resulted in significant FRET but only for
miRNAs at pM concentrations (Figure S25) and was much less efficient compared to the initial
hybridization experiments (Figure S11c¢) or the Tb-to-dye RCA FRET “gold standard”. Even
assays at concentrations that were similar to polyacrylamide gel electrophoresis (PAGE) conditions
(10-fold higher padlock concentration and 1000-fold higher miR-21 concentrations), for which a
cutting of the RCP in smaller sequences was clearly demonstrated (Figure S26), did only result in
significant FRET (but still low for the very high target and padlock concentrations) when no EcoRI
was present (Figure S27a), which showed that RCA was functional but enzymatic digestion of the
RCP did not yield the adequate short ssDNA strands for Tb and QD DNA probe hybridization.
Thus, we decided to improve the cutting efficiency by adding a second EcoRI-specific restriction
site (Figure le and Figure S28). This approach slightly improved the assay sensitivity even for
Tb-to-QD605 FRET (Figure S29) but still with only very weak FRET signals that were
approximately 30-fold lower compared to conventional Tb-to-dye RCA FRET with the same
padlock probe but without RCP digestion (Figure S30). Despite the demonstrated principle of
cutting the RCP in smaller pieces, such that they would fit into our previous Tb-to-QD FRET

detection scheme, the results of the many control experiments led to the conclusion that the overall
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assay environment (with multiple enzymes, multiple assay components, and multiple steps) was
too complex to result in efficient hybridization of the Tb and QD DNA probes with the final
reaction product (amplified and cut DNA) and that many more optimization steps will be necessary

to actually translate the concept into a sensitive and reproducible miRNA assay.

Inspired by another approach that used QD-based hyperbranched RCA (HRCA) FRET
multiplexing,*’” we wanted to test its applicability to target-primed RCA and Tb-to-QD FRET
(Figure 1f and Figure S31). We first verified the capability of the padlock to produce miRNA-
target-specific RCPs and shorter hyperbranched RCPs in the presence of a reverse primer (Figure
S32). We also directly used the best-performing Tb-QD705 FRET pair and optimized padlock and
reverse primer concentration, DNA-biotin per streptavidin-QD ratio, and HRCA reaction time
(Figure S33). The assays showed significant miR-21-specific FRET over a broad dynamic
concentration range (between 3 pM and 500 pM — Figure S34) and assay functionality for both
Tb-QD705 and Tb-QD650 FRET pairs to demonstrate its multiplexing capability (Figure 2 and
Figure S35). Although the FRET-sensitized PL decay curves of both QD650 (Figure 2a) and
QD705 (Figure 2c¢) showed significant miR-21 concentration-dependent intensity increase of the
FRET-related PL decays (shorter decay component that is mainly present in the detection window
time-range shown in gray in Figure 2 a and c), those FRET-sensitized PL decays are still relatively
long, thus, excluding a shorter Tb-QD distance compared to the other approaches. We therefore
concluded that both the exponential amplification of HRCA and the higher hybridization
efficiencies of hyperbranched RCPs with Tb and QD DNA probes were the main reasons for the
significantly better assay performance. Although the spectral overlap of Tb PL and QD absorption
is very similar for both Tb-QD FRET pairs (Figure S1a), the better FRET performance of QD705
(~5-fold relative FRET increase in Figure 2d) compared to QD650 (~1.3-fold increase in Figure
2b) was mainly related to the lower Tb PL background in the QD705 detection channel, which
measured PL beyond 700 nm (Figure S1b).
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Figure 2: The Tb-QD-FRET-HRCA assay for quantifying low pM concentrations of miR-21 can be applied
to different QDs (a,b for QD650 and c,d for QD705), demonstrating its multiplexing capability. a,c: QD-
acceptor PL decay curves, whose intensities increase with increasing miR-21 target concentration due to
FRET sensitization from Tb donors. The absolute intensity increase (not well visible due to the logarithmic
intensity scale) is similar for QD650 and QD705 (cf. Figure $35). b,d: The FRET ratios (ratio of time-gated
QD and Tb PL intensities between 0.1 and 0.9 ms after the excitation pulse, i.e., time range shown in gray
in a and c) show that the relative FRET increase is much higher for QD705 because of the significantly
lower Tb background PL (black curves in a and c) in the QD705 detection channel (cf. Figure S1).

The miR-21 assay was very specific (measured against miR-20b — Figure 3a and Figure
S36), as expected from previously demonstrated single-nucleotide variant specificity for the same
miR-21 target-primed RCA approach.®® The estimated LOD was 80 fM (Figure 3b,c and Figure
S37). First attempts to perform actual multiplexing of two different miRNA targets showed that
also this functional Tb-QD-FRET-HRCA system is highly complex, and translation to other targets
is not as straightforward as for RCA without hyperbranching. Two different padlock and sensor
designs for miR-20a resulted in relatively low assay performance and the production of only few
hyperbranched RCPs (Figures S38 to S40), whereas the miR-20b (only two mismatched
nucleotides compared to miR-20a) resulted in more hyperbranched RCP production and better

assay performance, which was still significantly lower compared to the miR-21 HRCA sensor
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(Figures S41 and S42). Considering that the padlock design influences both RCA and
hyperbranching amplification, it is reasonable that a combined padlock and reverse primer
optimization for each specific miRNA target is more complicated than for simple RCA. However,
the fully functional proof of concept demonstrated that there is no fundamental limitation and that

multiplexed miRNA detection from a single sample will become possible upon further systematic

optimization.
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Figure 3: The Tb-QD705-FRET-HRCA assay showed excellent specificity tested against miR-20b (a) and
strong miR-21 concentration-dependent FRET-ratio increase at low pM concentrations (b). A LOD of 80 fM
was estimated as the concentration corresponding to the AFRET-ratio value 3 standard deviations above
the AFRET-ratio without target (c). AFRET-ratio signifies the FRET-ratio at a given concentration minus the
FRET-ratio without target (zero concentration). Error bars correspond to the standard deviations from 3
independent measurements (n=3) for all target concentrations except for no target (zero concentration),

which used 15 measurements (n=15).
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In summary, our results demonstrate that the design and application of mutli-nano-hybrid
biosensors is significantly more complex than most often shown and discussed in the literature,
which is a major reasons for limited reproducibility and clinical translation of such assay systems.
While we could demonstrate a washing-free and specific miR-21 assay with sub-picomolar LOD
and multiplexing capability, the development from initial attempts to the final result required
significantly more modification and optimization steps compared to purely molecular systems
(without nanoparticles and/or nucleic acid amplification). Our detailed experimental investigation
suggested that simple RCA resulted in large (>100 nm) but too dense (coiled structure) concatemers
with limited hybridization efficiency for the relatively large (>10 nm) QD-DNA probes in parallel
to the relatively small (<5nm) Tb-DNA probes. Various approaches of cutting the RCA products
into smaller DNA strands using specific Nb.BbvClI (for simultaneous RCA and RCP digestion) or
ECoRI (for separated RCA and RCP digestion) endonucleases resulted in too complex
amplification systems. The competing enzymatic reactions interfered with an efficient reduction of
the RCPs into short ssDNA strands for efficient Tb and QD DNA-probe hybridization and could
therefore not improve the assay performance. Using the exponential HRCA approach yielded short
enough hyperbranched RCPs that were able to trigger hybridization with both Tb FRET donor and
QD FRET acceptor DNA probes and allowed for quantifying miR-21 with an LOD of ~80 fM,
which is lower than for enzyme-free and washing-free amplified Tb-to-dye FRET assays (1.7 pM)*
but higher than for Tb-to-dye RCA FRET assays (30 fM).>* Considering that QD-to-dye HRCA
assays without target primed RCA (circular DNA templates with limited target specificity) could
result in sub-fM LODs,*” our proof-of-concept multi-nano-dimensional Tb-to-QD FRET sensor
demonstrated that further optimization can potentially result in sensitive, specific, and multiplexed
miRNA quantification. We believe that our results present an important guideline to the
nanobiosensing community for the challenging endeavor of translating the photophysical and
dimensional advantages of nanotechnology into advanced nucleic acid clinical diagnostics and

research.
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