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EXPERIMENTAL PROCEDURES 

Chemicals   

Reagent-grade chemicals (NaCl, TCEP, MgCl2, Na2HPO4, Trizma hydrochloride, Acetic 

acid, EDTA) were purchased from Sigma-Aldrich (St Louis, Missouri) and used without 

further purifications.   

 

Oligonucleotides  

HPLC purified oligonucleotides were purchased from IBA, (Gottingen, Germany) or 

Biosearch Technologies (Risskov, Denmark). The sequences and modification schemes 

are reported below. 

 

Redox controlled nanotubes  

To design redox controlled nanotubes, we employed the DAE-E tile1,2 type which consists 

of five distinct strands of DNA. The formation of individual tiles requires thermal annealing 

(see Methods section); however, nanotube self-assembly proceeds at room temperature.  

More specifically, we employed a version of nanotubes reported by Franco and co-

workers3,4 where the tiles are re-designed to include an actuation domain that allows to 

activate or deactivate their capacity to self-assemble using activator or inhibitor strands. 

These actuation domains are single stranded toeholds exposed by design on the external 

nanotube surface. The sequences of the tile strands and of the activators and inhibitors 

are reported below. Schemes of all the tiles and reactions are also shown in this 

document. 

 

Tile strands for nanotube assembly: 

Name Sequence 
S1 5’-CTC AGT GGA CAG CCG TTC TGG AGC GTT GGA CGA AAC T-3’ 
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The above sequences are the DNA strands forming the active tiles (S1-S5) and the 

inhibitor strand (S6). Nucleotides in bold for strands S2 and S4 denotes the sticky end 

portions. Strand S3 has been used conjugated to a fluorophore (Quasar570, Q570) at the 

5’ end. Strand S2 contains the actuation domain that acts as the toehold domain for the 

binding of the inhibitor strand (S6) causing the inactivation (disassembly) of the tiles. The 

inhibitor can then be displaced from S2 using an activator strand (see below). The 

sequences of the activators and inhibitors used during this work are reported below.  

 

Activator and inhibitor sequences: 

Name Sequence 
Disulfide activator_8 5’-GGA T-S-S-TGG T-3’ 

Disulfide activator_12 5’-GGA TTG-S-S-GTA TTG-3’ 

Disulfide activator_16 5’-GCG GAT TG-S-S-GTA TTG TC-3’ 

Disulfide activator_20 5’-GCG GAT TGG T-S-S-ATT GTC TGG T-3’ 

Disulfide activator_24 5’-ACA TGC GGA TTG-S-S-GTA TTG TCT GGT-3’ 

Control activator_8 5’-GGA TTG GT-3’ 

Control activator_12 5’-GGA TTG GTA TTG-3’ 

Control activator_16 5’-GCG GAT TGG TAT TGT C-3’ 

Control activator_20 5’- GCG GAT TGG TAT TGT CTG GT-3’ 

Control activator_24 5’-ACA TGC GGA TTG GTA TTG TCT GGT-3’ 

Disulfide inhibitor_6 5’- GAC-S-S-AAT-3’ 

Disulfide inhibitor_10 5’-CAG AC-S-S-AAT AC-3’ 

Disulfide inhibitor_14 5’-ACC AGA C-S-S-AAT ACCA -3’ 

S2 5’-TAG ATT TGG TAT T GTC TG GTA GAG CAC CAC TGA G AGG 
TA-3’  

S3 5’-Q570-TCC AGA ACG GCT GTG GCT AAA CAG TAA CCG AAG CAC 

CAA CGC T-3’ 

S4 5’-CAG AC AGT TTC GTG GTC ATC G TACCT-3’   
S5 5’-CGA TGA CCT GCT TCG GTT ACT GTT TAG CCT GCT CTA C-3’  

Inhibitor (S6) 5’-ACC AGA CAA TAC CAA TCC GCA TGT-3’ 
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Disulfide inhibitor_18 5’-CTA CCA GAC-S-S-AAT ACC AAA-3’ 

Disulfide inhibitor_22 5’-CTC TAC CAG AC-S-S-AAT ACC AAA TC-3’ 

Disulfide inhibitor_26 5’-TGC TCT ACC AGA C-S-S-AAT ACC AAA TCT A-3’ 

Control inhibitor_6 5’-GAC AAT-3’ 

Control inhibitor_10 5’-CAG ACA ATA C-3’ 

Control inhibitor_14 5’-ACC AGA CAA TAC CA -3’ 

Control inhibitor_18 5’-CTA CCAGACAATACCAAA-3’ 

Control inhibitor_22 5’-CTC TAC CAG ACA ATA CCA AAT C-3’ 

Control inhibitor_26 5’-TGC TCT ACC AGA CAA TAC CAA ATC TA-3’ 

 

In the above sequences the disulfide activators and inhibitors are DNA strands split in two 

portions with equal number of nucleotides and separated by a disulfide bond (S-S).  

Disulfide DNA strands have been purchased from Biosearch Technologies and contain an 

internal disulfide separated from each strand’s half by a six-carbon spacer. The control 

activators and inhibitors have the same sequence of their disulfide counterparts but lack 

the internal disulfide bond. The number associated to each activator and inhibitor indicates 

the total number of nucleotides.  

 

Tile strands for control tiles experiments (Figure 2): 

Name Sequence 
S1_control 5’-CTC AGT GGA CAG CCG TTC TGG AGC GTT GGA CGA 

AAC T-3’ 

S2_ control 5’- TGG TAT TGT CTG GTT- Q670-AGA GCA CCA CTG AG-3’ 

S3_ control 5’-CCA GAA CGG CTG TGG CTA AAC AGT AAC CGA AGC 

ACC AAC GCT-3’ 

S4_ control 5’-AGT TTC GTG GTC ATC G-3’ 

S5_ control 5’-CGA TGA CCT GCT TCG GTT ACT GTT TAG CCT GCT CTA 

C-3’ 

S6_control_inhibitor 5’-Q570-TAC CAG ACA ATA CCA ATC CGC-3’  
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The above sequences are the DNA strands forming the control tiles (not able to assemble 

into nanotubes as they lack the sticky ends). Strand S2_control has been internally 

modified with a fluorophore (Quasar670, Q670) and contains the actuation domain (shown 

in italics) that acts as the toehold domain for the binding of the inhibitor strand 

(S6_control_inhibitor). To follow binding between the inhibitor and the control tile the 

inhibitor has been modified with a fluorophore (Q570).  

Tile strands and inhibitors for orthogonal experiments (nanostructure #2, Figure 8): 

Name Sequence 
S1_#2 5’-ATA GAT CCT GAT AGC GAG ACC TAG CAA CCT GAA ACC 

A-3’ 

S2_#2 5’-TCA TCT A GAA TTC TAC TCG TGG ATC TAT GGT AT-3’ 

S3_ #2 5’-Q670-AGA ATT GCG TCG TGG TTG CTA GGT CTC GCT 

ATC ACC GAT GTG-3’ 

S4 _ #2 5’- AAT TCT GGT TTC ACC TTA ACG ATA CC-3’   
S5_ #2 5’-CGT TAA GGA CGA CGC AAT TCT CAC ATC GGA CGA GTA 

G-3’  

Disulfide Inhibitor_#2 5’- AGA ATT C-S-S-TAG ATG A-3’ 

 

The above sequences are the DNA strands forming the tiles used in the orthogonal 

experiment (nanotube #2, Figure 8). Nucleotides in bold for strands S2_#2 and S4_#2 

denotes the sticky end portions. Strand S3_#2 has been used conjugated to a fluorophore 

different from that used in the other nanostructure (Q670) at the 5’ end.  

 

Nanotube assembly and disassembly 

The nanotubes were prepared as reported elsewhere.1,2 Briefly, we employed the DAE-E 

tile type which consists of five distinct strands of DNA. The tiles have been re-engineered 

following the design reported by Franco and co-workers to include an actuation domain 

that allows to activate or deactivate their capacity to self-assemble with an activator and an 
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inhibitor strand.5,6 The formation of individual tiles requires thermal annealing but nanotube 

self-assembly proceeds at room temperature.  

For transient redox-induced self-assembly (Figures 3-4), a stock solution of inactive tiles 

were initially formed by mixing 2.5 µL of a 100 µM solution of each tile strand and 5 µL of 

of a 100 µM solution of the inhibitor strand in 32.5 µL of Tris Acetate-EDTA (TAE)/Mg2+ 

(TAE buffer 1X, 12.4 mM MgCl2, pH 8) buffer to achieve a final concentration of 5 µM of 

tile strands and 10 µM of inhibitor strand. The solution (final volume 50 µL) was annealed 

with a Bio-Rad Mastercycler Gradient thermocycler by heating to 90°C, and cooling to 

20°C (by decreasing 1°C every 5 minutes) at a constant rate over a 6 hour period to form 

inactive tiles (5 µM).  

For transient self-assembly induced by disulfide activators with different lengths (Figure 3), 

the stock solution of the inactive tiles (5 µM) was diluted 1:10 with a buffer solution 

containing the reducing agent (TCEP 0.1 mM) to a final concentration of tiles of 500 nM 

and of inhibitor strand of 1 µM (final volume 20 µL). The sample was imaged with a 

confocal microscopy using a 1:10 diluted solution (final tile concentration = 50 nM) to 

obtain confocal images of the inactive tiles (Figure 3). The disulfide activator (or the control 

activator lacking the disulfide bond) was added to the diluted inactive tile solution (500 nM 

tile + 1 µM inhibitor + 0.1 mM TCEP) at a final concentration of 3 µM and the transient 

assembly was followed during time (1h and 24h) with a confocal microscopy using a 1:10 

diluted solution (final tile concentration = 50 nM).  

For the modulation of the transient self-assembly of DNA-based nanostructures (Figure 4), 

the inactive tile solution (500 nM tile + 1 µM inhibitor strand, total volume 20 µL) was 

prepared as described above using buffer solutions containing different concentrations of 

reducing agent (TCEP 0, 0.03, 0.3 and 3 mM). Each sample was imaged with a confocal 

microscopy using a 1:10 diluted solution (final tile concentration = 50 nM) to obtain the 

confocal images of the inactive tiles. The disulfide activator_16 was added to the tile 
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solution (500 nM tile + 1 µM inhibitor strand + TCEP at different concentrations) at a final 

concentration of 3 µM and the transient assembly was followed during time (30 minutes, 

1h, 4h and 16h) with a confocal microscopy using a 1:10 diluted solution (final tile 

concentration = 50 nM).  

 

For transient redox-induced disassembly, a stock solution of active tiles were initially 

formed by mixing 2.5 µL of a of 100 µM solution of each tile strand in 37.5 µL of Tris 

Acetate-EDTA (TAE)/Mg2+ (TAE buffer 1X, 12.4 mM MgCl2, pH 8) buffer (to achieve a 5 

µM final concentration of tile strands). The solution (50 µL) was annealed with a Bio-Rad 

Mastercycler Gradient thermocycler by heating to 90°C, and cooling to 20°C (by 

decreasing 1°C every 5 minutes) at a constant rate over a 6 hour period. The tiles were 

assembled as active thus leading to the formation of nanotube structures after thermal 

annealing (5 µM concentration). 

 

For the transient disassembly induced by disulfide inhibitors with different lengths (Figure 

6), several samples were prepared, where the stock solution of the formed nanotubes (5 

µM) was diluted to a final concentration of nanotubes of 500 nM (total volume 20 µL) in a 

buffer solution containing the reducing agent (TCEP 0.1 mM). Each sample was imaged 

with a confocal microscopy using a 1:10 diluted solution (final nanotube concentration = 50 

nM) to obtain the confocal images of the assembled nanotubes. The disulfide inhibitor (or 

the control inhibitor lacking the disulfide bond) was added to the nanotube solution (500 

nM) at a final concentration of 1 µM and the transient disassembly was followed during 

time (1h and 24h) with a confocal microscopy using a 1:10 diluted solution (final tile 

concentration = 50 nM).  
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For the modulation of the transient disassembly of DNA-based nanostructures (Figure 7), 

the nanotube solution (500 nM, total volume 20 µL) was prepared with a buffer solution 

containing different concentrations of reducing agent (TCEP 0, 0.03, 0.3 and 3 mM).  Each 

sample was imaged with a confocal microscopy using a 1:10 diluted solution (final 

nanotube concentration = 50 nM) to obtain the confocal images of the nanotubes. The 

disulfide inhibitor_14 was added to the nanotube solution (500 nM tile + TCEP at different 

concentrations) at a final concentration of 1 µM and the transient disassembly was 

followed during time (2h, 6h, 16h and 24h) with a confocal microscopy using a 1:10 diluted 

solution (final tile concentration = 50 nM).  

All control experiments (Figures S4 and S6) were conducted following the same 

procedures but with control activators or inhibitors lacking the disulfide bond.  

 

For the orthogonal transient disassembly driven by redox fuels (Figure 8) a sample was 

prepared, where the stock solutions of the two different nanotube structures (each at a 5 

µM concentration and prepared as reported above) were diluted to a final concentration of 

each nanotube of 500 nM (total volume 20 µL) in a buffer solution containing the reducing 

agent (TCEP 0.15 mM). The sample was imaged with a confocal microscopy using a 1:10 

diluted solution (final nanotube concentration = 50 nM) to obtain the confocal images of 

the nanotubes. Then the disulfide inhibitor of the first structure was added at a final 

concentration of 2 µM and the transient disassembly of the first structure was followed 

during time (1h and 24h) with a confocal microscopy using a 1:10 diluted solution (final tile 

concentration = 50 nM). The disulfide inhibitor of the second structure was then added at a 

final concentration of 2 µM and the transient disassembly of the second structure was 

imaged during time (1h and 24h) with a confocal microscopy using a 1:10 diluted solution 

(final tile concentration = 50 nM).  
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For the reversible transient disassembly (Figure 9) a sample was prepared, where the 

stock solutions of the two nanotube structures (each at a 5 µM concentration and prepared 

as reported above) were diluted to a final concentration of each nanotube of 500 nM (total 

volume 20 µL) in a buffer solution containing the reducing agent (TCEP 0.15 mM). The 

sample was imaged with a confocal microscopy using a 1:10 diluted solution (final 

nanotube concentration = 50 nM) after each addition of reducing or oxidizing agents.  

  

Fluorescence imaging of nanotubes 

For fluorescence microscopy imaging the central strand of each tile (S3, see sequence in 

Supplemental Information) was labeled at the 3’ or 5’ end with a fluorophore (Quasar570 

and Quasar670). A confocal laser scanning microscope Olympus FV-1000 was used. The 

emitted photons were collected by a 60x, oil objective. A 10 µL drop of the mixture reaction 

(50 nM) was deposited between a clean microscope slide and a coverslip. Nanotube 

length distributions and counts were quantified by image metrology using the SPIP 

software (www.imagemet.com).  

 

Fluorescent experiments 

Time-course fluorescent experiments (Figure 2) were conducted at pH 8.0 in 1 × TAE, 

12.5 mM MgCl2, 25ºC in a 50 µL cuvette (total volume of the solution 50 µL) using a Cary 

Eclipse Fluorimeter respectively with excitation at 547 (± 5) nm and acquisition at 670 (± 5) 

nm.  

For the binding curves, performed at increasing concentration of the control and disulfide 

activators, fluorescence (F) was fitted using the following four parameter logistic equation:7  

𝐹 𝐴𝑐𝑡 =  𝐹! +
𝐴𝑐𝑡 𝐹! − 𝐹!
𝐴𝑐𝑡 + 𝐾!
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Where F(Act) is the fluorescence in presence of different concentration of activators, F0 is 

the background fluorescence, [Act] is the activator concentration, FB is the fluorescence in 

presence of saturating concentration of activator.   
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Supplementary Figures 

 

 
 
 

 
 
 
 
 
Figure S1: Scheme showing the tile formed by hybridization of strands S1-S5. In bold are 

shown the sticky ends of the tile. The sequence in italics serves as the anchoring portion 

for the hybridization of the inhibitor that leads to nanotubes disassembly.  
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Figure S2: Scheme showing the inactive tile formed by hybridization of the inhibitor strand 

(S6, here lacking the disulfide bond) to strand S2. The 9 unpaired bases at the 3’ end of 

the Inhibitor strand (S6) are used as anchor point for the hybridization of the activator 

strand that leads to nanotubes re-assembly.  
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Figure S3: Scheme showing the tile activation by hybridization of the activator strand 

(here lacking the disulfide bond) to the inhibitor strand S6. The so formed active tile leads 

to nanotube re-assembly.  
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Figure S4: Scheme of the strand displacement reactions between the different disulfide 

activator strands used in the work and the inhibitor strand (S6).  
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Figure S5: Scheme of the self-assembly activation with the 24-nt disulfide activator. This 

activator doesn’t lead to a transient behaviour upon disulfide reduction as the reduced 

thiolated portions of the activator do not de-hybridize from the inhibitor. 
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Figure S6: Complete scheme of self-assembly activation with the 16-nt disulfide activator. 

This activator leads to a transient behaviour upon disulfide reduction as the reduced 

thiolated portions of the activator de-hybridize from the inhibitor. 
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Figure S7. Activation of the DNA control tile driven by disulfide and control activator. The 

presence of the disulfide bond partially reduces the efficiency of strand displacement for 

Act_16 but does not affect the overall affinity for the tile. Here the final fluorescent values 

obtained by kinetic traces of strand displacement reactions with Act_16 used are plotted 

versus the different concentrations tested. Experimental conditions were those described 

in Figure 2.  
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Figure S8. Fluorescent kinetic traces of strand displacement reactions observed by adding 

disulfide activator_16 into a solution containing the inactive non-functional tile and in the 

presence of different concentrations of reducing agent (here TCEP). A concentration-

dependent signal decrease was observed, due to the activator’s reduction. The 

experiments shown in this figure were performed in 1 × TAE, 12.5 mM MgCl2 at pH 8.0, 

25 °C, DNA control tile (500 nM), inhibitor strand (1 µM) in the presence of TCEP as 

reducing agent and the disulfide activator_16 was added at a 3 µM concentration. 
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Figure S9: Scheme of the de-hybridization process between the 16-nt activator (reduced 

form) and the inhibitor strand. The de-hybridization process might be pushed by the 

presence of a 2-nt unpaired portion of the inhibitor strand that can initiate a strand-

displacement reaction with the S2 strand of the tile.   



 19 

 

 

Figure S10. Fluorescent kinetic traces of strand displacement reactions observed by 

adding control activators (lacking the disulfide bond) of different lengths into a solution 

containing the inactive non-functional tile and in presence of a reducing agent (TCEP, 0.3 

mM). The experimental conditions were the same described in Figure 2. 
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Figure S11. Self-assembly of DNA-based nanostructures driven by control activators. (a) 

To further confirm that transient self-assembly is driven by the addition of the disulfide 

activator_16 in the presence of a reducing agent, we have performed nanotube self-

assembly with control activators of different lengths and lacking the internal disulfide bond. 

(b) Fluorescence microscopy images taken before and after (1 h and 24 h) the addition of 

the control activator. The shortest activator (Act Ctrl_8) did not lead to tile activation and 

no nanotube structures were observed, also after 24 h. The control activator with 12 

nucleotides (Act Ctrl_12) lead to tile activation only after 24 h. Longer activators (Act 

Ctrl_16, Act Ctrl_20 and Act Ctrl_24) allowed tile activation to form nanotubes that are 

stable in time, thus demonstrating that control activators are not able to give a transient 
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assembly. The experiments shown in this figure were performed with the same 

experimental conditions described in Figure 3. Scale bars for all microscope images, 

2.5 µm.  
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Figure S12. Statistical analysis of tube count vs mean lengths obtained from the 

fluorescence microscopy images of transient self-assembly shown in Figure 4. See legend 

of Figure 4 for experimental details. Each bar in the histogram plot shows the percentage 

number of tubes observed over a 1 µm range of tube length. 
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Figure S13: Scheme of the reactions between the different disulfide inhibitor strands and 

the active tile.   
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Figure S14: Complete scheme of transient disassembly with the 14-nt disulfide inhibitor. 

This inhibitor leads to a transient behaviour upon disulfide reduction as the reduced 

thiolated portions of the inhibitor de-hybridize from the tile. 
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Figure S15. Disassembly of DNA-based nanotubes driven by control inhibitors. (a) To 

further confirm that transient disassembly is driven by the reduction of the disulfide bond of 

the tested inhibitor, we have performed nanotube disassembly with control inhibitors of 

different lengths lacking the disulfide bond. Fluorescence microscopy images taken before 

and after (1 h and 24 h) the addition of the control inhibitor. The shortest inhibitor (Control 

Inhib_6) did not lead to tile inactivation and nanotube structures remained stable after its 

addition, also after 24 h. Instead longer inhibitors (from Inhib_10 to Inhib_26) allowed tile 

inactivation and nanotubes disassembly, thus demonstrating that the control inhibitors are 

not able to give a transient disassembly. The experiments shown in this figure were 

performed with the same experimental conditions described in Figure 3. Scale bars for all 

microscope images, 5 µm. 
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Figure S16. Gel electrophoresis experiments further confirmed that the disulfide inhibitor 

(Inhib_14) efficiently binds to the DNA tile (here we have employed the DNA strand 

containing the tail portion of the tile, strand S2) and is released upon reduction. Shorter 

inhibitor (Inhib_6) did not show any binding efficiency while longer inhibitor (Inhib_26) 

efficiently binds to the DNA tail but it is not released even after 24 hours. Experimental 

conditions were those described in Figure 6. S2 was used at 500 nM concentration while 

the disulfide inhibitors were added at 1 µM.  
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Figure S17. Statistical analysis of tube count vs mean lengths obtained from the 

fluorescence microscopy images of transient disassembly shown in Figure 7. See legend 

of Figure 7 for experimental details. Each bar in the histogram plot shows the percentage 

number of tubes observed over a 1 µm range of tube length. 
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Figure S18. Reversible transient assembly of DNA-based nanostructures driven by redox 

fuels. We have tested successive additions of the disulfide activator after the reduction 

reaction was completed. After the complete disassembly of nanotubes due to the 

completion of the reduction reaction, we added again the disulfide activator in the same 

solution and observed the same transient assembly. The experiments shown in this figure 

were performed in 1 × TAE, 12.5 mM MgCl2 at pH 8.0 + TCEP (1 mM), 25 °C. Transient 

nanotubes assembly was carried out in the presence of the DNA tile (500 nM). The 

inhibitor strand was added at a 1 µM concentration and the disulfide activator was added 

at a 3 µM concentration. The experimental values represent averages of three separate 

measurements and the error bars reflect the standard deviations. Scale bars for all 

microscope images, 2.5 µm.  
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