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1. Oligonucleotides used in this study. 

Table S1. Sequence of MB-DNSs 

Oligonucleotide 
name Sequence 5’-3’ 

HPIV molecular beacon-based DNA nanosensor (HPIV MB-DNS) 

HPIV_an 
ATCAAACAAGAAGGTAGACTCTTTGCAAAAATGACATACAAAAT
GAGAGCTACACAGGTTTTATCAGAGACACTACTTGCAAACAATA
TAGGAAAATTCTTTCAAGAAAATGGGATGGT 

HPIV_m1 TATATTGTTTGC HEG TATGTTAACAAC 

HPIV_f1 GATCTATTG HEG AAGTAGTGTCTCTGATC 

RSV molecular beacon-based DNA nanosensor (RSV MB-DNS) 

RSV_an 
TAAAGAGTGTTGTTAGTGGAGATATACTATCATATTCTATAGCTG
GACGTAATGAAGTTTTCAGCAATAAACTTATAAATCATAAGCATA
TGAACATCTTAAAGTGGTTC 
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RSV_m1 CTGAAAACTTC HEG TATGTTAACTAC 

RSV_f1 GATCTATTG HEG ATTACGTCCAGCTATAGAAT 

Molecular beacon 

MB FAM*-CGCGTTAACATACAATAGATCGCG-BHQ 

*FAM - 5-Carboxyfluorescein; BHQ - Black Hole Quencher; BHQ1 - Black Hole Quencher 1; 
HEG - Hexaethylene glycol linker. Green and red colors correspond to the m- and f-binding arms 
of the MB-DNSs. The complementary to the molecular beacon parts of the sensors are 
highlighted in bold. 

Table S2. Sequence of DNMs 

Oligonucleotide 
name Sequence 5’-3’ 

HPIV 6-arm DNA nanomachine (HPIV 6DNM) and 4-arm DNA nanomachine (HPIV 4DNM) 

HPIV_an6 

GAAAAGGAGATCAAACAAGAAGGTAGACTC–
TTTGCAAAAATGACATACAAAATGAGAGCT–
ACACAGGTTTTATCAGAGACACTACTTGCA--
AACAATATAGGAAAATTCTTTCAAGAAAAT–
GGGATGGTGAAGGGAGAGATTGAATTACTT–
AAGAGATTAACAACTATATCAATATCAGGA 

HPIV_Tile 

CTCTACTGACGTGCCGtttCTTATGTATACGACGCTAACT–
CAACCACGGTGAAATTTGACTTTACTTTTCTCCTCTAGAAGTTGA
AAATGGGCGAATAATTCT–
CCTAAAACTAACTTGAACTACtttCTCTACTGACGTGCCG 

HPIV_a1t1 TCCTGATATTGATATAGTTGTTAATCTCTTttttttGTAGTTCAAGTTAG
TTTTAGG 

HPIV_a2t2a5 
AAGTAATTCAATCTCTCCCTTCACCATCCCttttttAGAATTATTCGCCC
ATTTTCAACTTCTAGAGGAGAAAAGTAAAGTCAAATTTCACCGTGGTTG
ttttttAGCTCTCATTTTGTATGTCATTTTTGCAAA 

HPIV_a3c ATTTTCTTGAAAGAATTTTCCTATATTGTTACAACGAGAGGAAA
CCTT 

HPIV_ca4t3a6 
TGCCCAGGGAGGCTAGCTTGCAAGTAGTGTCTCTGATAAAACC
TGTGTttttttAGTTAGCGTCGTATACATAAGttttttGAGTCTACCTTCTTGT
TTGATCTCCTTTTC 

HPIV_ 
4arm_ca4t 

TGCCCAGGGAGGCTAGCTTGCAAGTAGTGTCTCTGATAAAACC
TGTGTttttttCAACCACGGTGAAATTTGACTTTACTTTTCTCCTCTAGAAG
TTGAAAATGGGCGAATAATTCT 

RSV 6-arm DNA nanomachine (RSV 6DNM) and 4-arm DNA nanomachine (RSV 4DNM) 
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RSV_an6 

TTTCT–TTGTTACCCTATAACAAAAAAAGGAATTAA–
TACTGCATTGTCTAAATTAAAGAGTGTTGT–
TAGTGGAGATATACTATCATATTCTATAGC–
TGGACGTAATGAAGTTTTCAGCAATAAACT–
TATAAATCATAAGCATATGAACATCTTAAA–
GTGGTTCAATCATGTTTTAAATTTCAGATC–AACAG 

RSV_Tile 

CTCTACTGACGTGCCGtttCTTATGTATACGACGCTAACT––
CAAGCACGGTGAAATTTGACTTTACTTTAGTAGACTAGTTGATGA
AAATGGCGCTATAATTCT––
CCTTGATCTATGTCGATATACtttCTCTACTGACGTGCCG 

RSV_a1t1 GATCTGAAATTTAAAACATGATTGAACCACttttttGTATATCGACATA
GATCAAGG 

RSV_a2t2a5 
TTTAAGATGTTCATATGCTTATGATTTATAttttttAGAATTATAGCGCC
ATTTTCATCAACTAGTCTACTAAAGTAAAGTCAAATTTCACCGTGCTTGt
tttttACAACACTCTTTAATTTAGACAATGCAGTA 

RSV_a3c AGTTTATTGCTGAAAACTTCATTACGTCCAACAACGAGAGGAAA
CCTT 

RSV_ca4t3a6 
TGCCCAGGGAGGCTAGCTGCTATAGAATATGATAGTATATCTC
CACTAttttttAGTTAGCGTCGTATACATAAGttttttTTAATTCCTTTTTTTG
TTATAGGGTAACAA 

RSV_ 
4arm_ca4t 

TGCCCAGGGAGGCTAGCTGCTATAGAATATGATAGTATATCTC
CACTAttttttAAGCACGGTGAAATTTGACTTTACTTTAGTAGACTAGTTGA
TGAAAATGGCGCTATAATTC 

Hook AACTTCTACAATGTACCGtttttCGGCACGTCAGTAGAG 

Fluorescent substrate 

F-sub CGGTACATTGTAGAAGTTAAGGTTFAMTCCTCguCCCTGGGCABH
Q1 

*FAM – 5-Carboxyfluorescein; BHQ – Black Hole Quencher; BHQ1 – Black Hole Quencher 1. 
Green, yellow amd blue colors correspond to analyte-binding and tile-forming arms of the 
6DNMs. The core-forming fragments are highlighted in bold. Tile and linker fragments are in 
italics. 

Table S3. Sequence of primers 
Oligonucleotid
e name Sequence 5’-3’ 

PCR primers for HPIV 

HPIV_F AGGAGATCAAACAAGAAGGTAGAC 

HPIV_R CTTCATTATATCGTGGAACTCCTGA 

PCR primers for RSV 

RSV_F TTGATACCCTTTCTTTGTTACCCT 
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RSV_R GATGAGGATAAGTAGATTCCACCA 

2. Analysis of amplification products 
2.1. PCR-products detection. 

Extracted from the viral particles genome RNA was used as a template for the 
PCR. Amplification of the target was done according to the protocol (Table S4). The 
visualization performed in 2% agarose gel electrophoresis in TBE buffer. For the 
reverse transcription, 500 ng of RNA from each virus were taken. For the PCR step, 
RT products diluted two times were taken. The detection obtained after RT-PCR 
amplicons was done according to the same protocol that was used for detection with 
synthetic analyte. But before detection the purification of amplicons and denaturation 
at 95 °C for 5 min was done. 

Table S4. PCR modes for HPIV, RSV fragments amplification 

Stage T, ℃ Time Cycles 

Initial denaturation 95 5’ 1 

Denaturation 95 30’’ 35 
Annealing 57 20’’ 
Elongation 72 30’’ 
Elongation 72 5’ 1 

 

3. Assembly of the 4DNM in gel. 

 
Figure S1. 8% PAGE electrophoresis of 4DNMs assembly: 1 – HPIV_4arm_ca4t (117 
bp); 2 – HPIV_a2t2a5 strand (135 bp); 3 – RSV_4arm_ca4t (115 bp); 2 – RSV_a2t2a5 
strand (135 bp); 5 – assembled RSV 4DNM; 6 - assembled HPIV 4DNM  

The HPIV_4arm_ca4t formed the dimeric structure that caused the 
uncomplete folding of the DNM and may be a reason of lower LOD. 

4.  Titration assay. 

For the implementation of the detection experiments, we determined the free 
arm-to-machine concentration ratio when the detection signal is the highest but the 
background is low at the same time. All of the 6DNMs detection experiments were 
conducted based on these ratios.  

Different concentration ratios of the assembled DNA machine and free arm 
were tested. The fluorescence signal was detected after 1 h incubation at 55 °C by a 
fluorimetry Tecan Spark multimode reader (Figure S1). Also the background to the F-
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sub signal ratio was calculated (Figure S2). The obtained fluorescence data was 
normalized as well as background to the F-sub signal ratio and summarized to select 
the best machine to arm ratio. This procedure was done for all developed 
multicomponent DNA nanomachines. The data after normalization and calculation 
are presented in Table S5. 

 
Figure S2. The fluorescence signal detected with HPIV 6DNM (blue) and RSV 
6DNM (green) after 1 h incubation at 55 ℃. a – arm 3; m – assembled machine parts 
with tile 
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As a result of the experiment, several concentration ratios for both HPIV 
6DNM and RSV 6DNM show a high signal, but the ratio of the fluorescence signal of 
samples without analyte to the signal of F-sub must also be taken into account. 

 
Figure S3.  Results of the background to the f-sub signal ratio. HPIV 6DNM results 

are blue bars, RSV 6DNM results - green. a – arm 3; m – assembled machine with tile 
 

Lowest signal-to-background (S/B) ratio in the HPIV 6DNM experiment at 20 
nM arm per 10 nM machine. In the experiment with the RSV 6DNM, the best 
performance was in the case of the ratio of concentrations of 20 nM free arm to 20 nM 
machine and 20 nM free arm to 5 nM machine. To determine the best ratio, the stage 
of linear normalization of the experimental results was carried out. After summing 
the fluorescence intensity values and signal-to-background ratios, the optimal variant 
was selected for each DNA nanomachine (Table S5). 

Table S5. Titration assay data normalization and calculation 

Arms ratio Fluorescence 
(mean), RFU 

Normalized 
fluorescence 

S/B ratio Normalized 
S/B ratio 

Sum 

RSV 

a[5nM]/ 
m[20nM] 

1654 0,87 1,45 0,74 1,13 

a[10nM]/ 
m[20nM] 

1636 
 

0,86 
 

1,58 0,96  0,90 

a[15nM]/ 
m[20nM] 

1633 
 

0,86 1,61 1  0,86 
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a[20nM]/ 
m[20nM] 

1836 
 

1 
 

1,40 0,65 1,35 

a[20nM]/ 
m[15nM] 

1750 
 

0,94 
 

1,43 0,71  1,23 

a[20nM]/ 
m[10nM] 

1776 
 

0,96 
 

1,48 0,80 1,16 
 

a[20nM]/ 
m[5nM] 

1754 
 

0,94 
 

1,40 0,66 1,28 
 

HPIV 

a[5nM]/ 
m[20nM] 

1307,33 0,75  1,43 0,43  
 

1,32
  

a[10nM]/ 
m[20nM] 

1445,33 0,90  1,64 0,68 1,21 

a[15nM]/ 
m[20nM] 

1505,33 0,96 1,58 0,61  1,35 
 

a[20nM]/ 
m[20nM] 

1538,33 
  

1 1,46 0,46  1,54
  

a[20nM]/ 
m[15nM] 

1448  0,90  1,90 1  0,90 

a[20nM]/ 
m[10nM] 

770,67 0,16 1,1 0,02  1 

a[20nM]/ 
m[5nM] 

627,67 0 
 

1,08 0 1,13 

 

As a result, for HPIV and RSV 6-arm DNA nanomachines the best arms ratio 
is 20 nM free arm to 20 nM of machine. These arms ratios were used for detection 
experiments with synthetic analytes and viral RNA. 
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5. Limit-of-detection of 4DNMs 

A) 

 
B) 

 
Figure S4. Limit of detection estimated for the synthetic analyte by 4DNMs. 

A) HPIV and RSV 6DNMs after 1 h of incubation; B) HPIV and RSV 4DNMs after 3 h 
of incubation. The blue color corresponds to the HPIV 4DNM result; The green color 
corresponds to the RSV 4DNM result. Dotted lines are the linear trendlines. The black 



 9 of 12 
 

 

lines indicate the detection limits for each DNM. Data represent mean ± SD of 
triplicate experimental measurements. 

 

 

6. Raw data for LODs 

A) 

 

   B) 

 

Table S6. Limit of detection determination data estimated for the synthetic 
analyte by MB-based DNSs. A) HPIV-DNS; B) RSV-DNS.  

 

   A) 

 
   B) 
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   Table S7. Limit of detection determination data estimated for the 

synthetic analyte by HPIV 6DNM. A) LOD after 1 hour of incubation; B) LOD after 3 
hours of incubation. 

 

 

A) 

 

   B) 

 

Table S8. Limit of detection determination data estimated for the synthetic analyte by 
RSV 6DNM. A) LOD after 1 hour of incubation; B) LOD after 3 hours of incubation. 
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A) 

 

    B) 

 

Table S9. Limit of detection determination data estimated for the synthetic analyte by 
RSV 4DNM. A) LOD after 1 hour of incubation; B) LOD after 3 hours of incubation. 

    A) 

 

    B) 
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Table S10. Limit of detection determination data estimated for the synthetic analyte by 
HPIV 4DNM. A) LOD after 1 hour of incubation; B) LOD after 3 hours of incubation. 

 


