Jingyue Xu 
  
Xue Qiu 
  
Niko Hildebrandt 
email: niko.hildebrandt@univ-rouen.fr@www.nanofret.com
  
When Nanoworlds Collide: Implementing DNA Amplification, Nanoparticles, Molecules, and FRET into a Single MicroRNA Biosensor

Keywords: quantum dots, terbium, miRNA, rolling circle amplification, diagnostics

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 (Förster 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.

This is the initially submitted version of the paper "J. Xu, X. Qiu, and N. Hildebrandt. When Nanoworlds Collide: Implementing DNA Amplification, Nanoparticles, Molecules, and FRET into a Single MicroRNA Biosensor. Nano Letters 2021, 21 (11), 4802-4808." https://doi.org/10.1021/acs.nanolett.1c01351.
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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), [START_REF] Norris | High-Quality Manganese-Doped ZnSe Nanocrystals[END_REF] which later significantly advanced the fields of fluorescence biosensing and imaging. [START_REF] Michalet | Quantum Dots for Live Cells[END_REF][START_REF] Zrazhevskiy | Designing Multifunctional Quantum Dots for Bioimaging, Detection, and Drug Delivery[END_REF][START_REF] Freeman | Optical Molecular Sensing with Semiconductor Quantum Dots (QDs)[END_REF][START_REF] Kovalenko | Prospects of Nanoscience with Nanocrystals[END_REF][START_REF] Zhou | Toward Biocompatible Semiconductor Quantum Dots: From Biosynthesis and Bioconjugation to Biomedical Application[END_REF][START_REF] Xu | New Generation Cadmium-Free Quantum Dots for Biophotonics and Nanomedicine[END_REF][START_REF] Wu | Ratiometric Fluorescence, Electrochemiluminescence, and Photoelectrochemical Chemo/Biosensing Based on Semiconductor Quantum Dots[END_REF][START_REF] Owens | Chemical Synthesis and Luminescence Applications of Colloidal Semiconductor Quantum Dots[END_REF][START_REF] Saeboe | Extending the Near-Infrared Emission Range of Indium Phosphide Quantum Dots for Multiplexed In Vivo Imaging[END_REF] 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. [START_REF] Lu | DNA Nanotechnology: From Sensing and DNA Machines to Drug-Delivery Systems[END_REF][START_REF] Jasinski | Advancement of the Emerging Field of RNA Nanotechnology[END_REF][START_REF] Chidchob | Recent Advances in DNA Nanotechnology[END_REF][START_REF] Hendrikse | Opportunities and Challenges in DNA-Hybrid Nanomaterials[END_REF][START_REF] Madsen | Chemistries for DNA Nanotechnology[END_REF][START_REF] Afonin | Opportunities, Barriers, and a Strategy for Overcoming Translational Challenges to Therapeutic Nucleic Acid Nanotechnology[END_REF][START_REF] Kim | RNA Nanotechnology in Synthetic Biology[END_REF][START_REF] Ebrahimi | DNA-Based Nanostructures for Live-Cell Analysis[END_REF][START_REF] Deluca | Dynamic DNA Nanotechnology: Toward Functional Nanoscale Devices[END_REF] The first sentence of that issue suggested that "the nanoscale is where disciplines merge and where they bifurcate" [START_REF] Weiss | Welcome to ACS Nano[END_REF] and the first article discussed photoinduced electron transfer. [START_REF] Kongkanand | Electron Storage in Single Wall Carbon Nanotubes. Fermi Level Equilibration in Semiconductor-SWCNT Suspensions[END_REF] Energy transfer, and in particular FRET (Förster resonance energy transfer), has allowed to scrutinize biomolecular interactions from single molecule pairs to the ensemble level using both spectroscopy and microscopy. [START_REF] Periasamy | Molecular Imaging -FRET Microscopy and Spectroscopy[END_REF][START_REF] Medintz | FRET -Förster Resonance Energy Transfer: From Theory to Applications[END_REF][START_REF] Okamoto | Recent Advances in FRET for the Study of Protein Interactions and Dynamics[END_REF][START_REF] Bunt | FRET from Single to Multiplexed Signaling Events[END_REF][START_REF] Teunissen | Investigating Supramolecular Systems Using Forster Resonance Energy Transfer[END_REF][START_REF] Hellenkamp | Precision and Accuracy of Single-Molecule FRET Measurements-a Multi-Laboratory Benchmark Study[END_REF][START_REF] Chen | Application of Forster Resonance Energy Transfer (FRET) Technique to Elucidate Intracellular and In Vivo Biofate of Nanomedicines[END_REF][START_REF] Algar | FRET as a Biomolecular Research Tool-Understanding Its Potential While Avoiding Pitfalls[END_REF] Moreover, the combination of FRET and QDs has added significant versatility and performance improvement to photoluminescence (PL) biosensing. [START_REF] Hildebrandt | Energy Transfer with Semiconductor Quantum Dot Bioconjugates: A Versatile Platform for Biosensing, Energy Harvesting, and Other Developing Applications[END_REF][START_REF] Cardoso Dos Santos | Quantum Dots for Förster Resonance Energy Transfer (FRET)[END_REF] 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 [START_REF] Zhao | Rolling Circle Amplification: Applications in Nanotechnology and Biodetection with Functional Nucleic Acids[END_REF][START_REF] Wu | Nanomaterials as Signal Amplification Elements in DNA-Based Electrochemical Sensing[END_REF][34][START_REF] Zhou | Optical Nano-Biosensing Interface via Nucleic Acid Amplification Strategy: Construction and Application[END_REF][START_REF] Chen | Recent Advances in Signal Amplification Strategy Based on Oligonucleotide and Nanomaterials for MicroRNA Detection-a Review[END_REF][START_REF] Xiao | Rationally Engineered Nucleic Acid Architectures for Biosensing Applications[END_REF] and our previous results concerning multiplexed detection of microRNAs (miRNAs) via Tb-to-QD FRET [START_REF] Qiu | Rapid and Multiplexed MicroRNA Diagnostic Assay Using Quantum Dot-Based Förster Resonance Energy Transfer[END_REF] and quantification of endogenous miRNAs from clinical samples via a combination of Tb-to-dye FRET and rolling circle amplification (RCA), [START_REF] Qiu | Advanced MicroRNA-Based Cancer Diagnostics Using Amplified Time-Gated FRET[END_REF] 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 This is the initially submitted version of the paper "J. Xu, X. Qiu, and N. Hildebrandt. When Nanoworlds Collide: Implementing DNA Amplification, Nanoparticles, Molecules, and FRET into a Single MicroRNA Biosensor. Nano Letters 2021, 21 (11), 4802-4808." https://doi.org/10.1021/acs.nanolett.1c01351.
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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. [START_REF] Han | Enzymatic Size Control of RNA Particles Using Complementary Rolling Circle Transcription (CRCT) Method for Efficient SiRNA Production[END_REF][START_REF] Lee | Biophysical and Chemical Handles to Control the Size of DNA Nanoparticles Produced by Rolling Circle Amplification[END_REF][START_REF] Yuan | High-Yield Method To Fabricate and Functionalize DNA Nanoparticles from the Products of Rolling Circle Amplification[END_REF] 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 biosensing. 
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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 Tbto-dye FRET, which resulted in efficient multiplexing, LODs down to 300 aM, and quantification of endogenous miRNAs from clinical plasma, cell, and tissue samples. [START_REF] Qiu | Advanced MicroRNA-Based Cancer Diagnostics Using Amplified Time-Gated FRET[END_REF][START_REF] Qiu | Three-Dimensional FRET Multiplexing for DNA Quantification with Attomolar Detection Limits[END_REF] Those studies showed that RCA is a very robust linear amplification approach, which can accomplish more than 1000fold 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. [START_REF] Zhao | Isothermal Amplification of Nucleic Acids[END_REF] 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 This is the initially submitted version of the paper "J. Xu 
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miRNA-induced RCA and subsequent cutting via Nb.BbvCI, [START_REF] Liu | High Specific and Ultrasensitive Isothermal Detection of MicroRNA by Padlock Probe-Based Exponential Rolling Circle Amplification[END_REF][START_REF] Jiang | G-Quadruplex Fluorescent Probe-Mediated Real-Time Rolling Circle Amplification Strategy for Highly Sensitive MicroRNA Detection[END_REF] 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 This is the initially submitted version of the paper "J. Xu 6 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 andS20). 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 andS23). 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 1e 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 This is the initially submitted version of the paper "J. Xu 

7

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, [START_REF] Hu | Integration of Isothermal Amplification with Quantum Dot-Based Fluorescence Resonance Energy Transfer for Simultaneous Detection of Multiple MicroRNAs[END_REF] 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 miRNAtarget-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 andc), 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). This is the initially submitted version of the paper "J. Xu, X. Qiu, and N. Hildebrandt. When Nanoworlds Collide: Implementing DNA Amplification, Nanoparticles, Molecules, and FRET into a Single MicroRNA Biosensor. Nano Letters 2021, 21 (11), 4802-4808." https://doi.org/10.1021/acs.nanolett.1c01351.

8 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. [START_REF] Qiu | Advanced MicroRNA-Based Cancer Diagnostics Using Amplified Time-Gated FRET[END_REF] 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 This is the initially submitted version of the paper "J. Xu 
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(Figures S41 andS42). 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. 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.BbvCI (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) [START_REF] Guo | Amplified, and Multiplexed Detection of MicroRNAs Using Time-Gated FRET and Hybridization Chain Reaction[END_REF] but higher than for Tb-to-dye RCA FRET assays (30 fM). [START_REF] Qiu | Advanced MicroRNA-Based Cancer Diagnostics Using Amplified Time-Gated FRET[END_REF] Considering that QD-to-dye HRCA assays without target primed RCA (circular DNA templates with limited target specificity) could result in sub-fM LODs, 47 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.

This is the initially submitted version of the paper "J. Xu, X. Qiu, and N. Hildebrandt. When Nanoworlds Collide: Implementing DNA Amplification, Nanoparticles, Molecules, and FRET into a Single MicroRNA Biosensor. Nano Letters 2021, 21 (11) 

Figure 1 :

 1 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.

Figure 2 :

 2 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: QDacceptor 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 S35). 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. FigureS1).

Figure 3 :

 3 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 DFRET-ratio value 3 standard deviations above the DFRET-ratio without target (c). DFRET-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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