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Abstract 

Nanopores are powerful nanodevices that puncture semifluid membranes to enable transport of 

molecular matter across biological or synthetic thin layers. Building advanced nanopores 

featuring more complex functions such as ambient sensing and reversible channel opening are of 

considerable scientific and technological interest but challenging to achieve with classical 

building materials. Here we exploit the predictable assembly properties of DNA to form a 

multifunctional nanovalve that senses temperature for controlled channel opening and tunable 

transport. The barrel-shaped valve is formed from solely seven oligonucleotides and is closed at 

ambient temperatures. At > 40°C a programmable thermosensitive lid opens the barrel to allow 

transport of small molecules across the membrane. The multifunctional DNA nanodevice may be 

used to create logic ionic networks, or to achieve controlled drug delivery from vesicles. 
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Nanopores are of general scientific and technological interest. They puncture synthetic 

semifluid membranes as a usually barrel-shaped conduit to transport water-soluble cargo across 

the hydrophobic divide. By exploiting this basic conduit function, nanopores have been applied 

for the electrical detection of analytes,1-9 as highlighted by the step-changing portable DNA 

sequencing.10-14 The sensing principle relies on the passage of individual analytes through an 

electrolyte-filled pore that leads to transient detectable changes in electrical read-out. To achieve 

performance in the sensing applications, barrels are usually re-engineered or newly designed 

pores composed of multiple protein or peptide subunits but can also be assembled from synthetic 

components.15-20 

 

Expanding the function beyond stiff membrane-puncturing barrels can produce advanced 

nanopores of additional biotechnological interest. Following inspiration from biology,2-4,7,8,18,21-30 

exciting targets are channels that sense ambient stimuli such as temperature and 

nanomechanically translate the signal into reversible channel opening.29,31,32 Synthetically 

replicating the challenging triple function of temperature sensing, nanomechanics, and output 

would constitute highly advanced bottom-up design.33 In addition, temperature-gated nanovalves 

could be key parts in drug delivery vesicles34 or synthetic cells. Unfortunately, classical building 

materials such as polypeptides are not ideal building materials for this purpose due to the 

intricate and difficult-to-predict folding, despite considerable success.35-37  

 

Here we report on an artificial temperature-gated nanovalve composed of DNA. DNA is an 

excellent material for rationally designing nanoscale architectures38-48 due to the highly 

predictable hybridization between DNA strands, the detailed knowledge of DNA structure, 
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dedicated software to design of nanostructures,49 and modern chemical tools to synthesize DNA 

molecules. Our DNA-based nanovalve takes advantage of barrel-shaped DNA nanopores50-53 that 

carry tethered hydrophobic anchors for membrane insertion.22,54-59 There is also an understanding 

of how to strategically position a DNA strand to block the channel lumen and reopen it by 

hybridization of a ligand strand.60 However, an unmet challenge is to build a temperature-gated 

nanovalve that reversibly opens and closes to tuneably control transport of cargo across a bilayer. 

 

Results and Discussion  

The temperature-gated molecular valve was designed to feature two main parts: a membrane-

spanning barrel-shaped nanopore, and at its top a re-sealable lid (Figure 1A). The cylindrical 

nanopore is formed from six DNA strands that fold into six duplexes and are arranged in 

hexagonal fashion to enclose a channel of 2 nm internal width (Figure 1A,C; DNA strands in 

blue). The duplexes are interlinked with loops, and two of these are elongated (Figure 1A,B). 

The second part of the valve, the re-sealable DNA-based lid, is hybridized to the two elongated 

loops at room temperature to block the entrance to the channel (Figure 1A,C; lid in red). 

However, temperatures above 40 °C dissociate the lid strand selectively from loop segments 2-4 

but not segment 1 to allow reversible lid opening and closing (Figure 1A,C). Selective 

dissociation at segments 2-4 was attained via designed melting temperatures of around 40 °C 

which is lower than 62.8 °C for the duplex between segment 1 and the lid.  As final part of the 

rational design, the molecular valve is equipped with four cholesterol groups to insert the 

negatively charged pore into the hydrophobic lipid membrane (Figure 1A,D). 
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Figure 1. A temperature-gated DNA nanopore, termed tNP, reversibly opens and closes to 

control transport of molecular cargo across a bilayer membrane. (A) Side and top-view of tNP. A 

thermosensitive lid (red) blocks the pore’s opening but dissociates at temperature > 40 °C to 

open the channel entrance. A small segment of the lid remains hybridized to the pore at > 40 °C 

to allow for reversible channel opening and closing. The lid dissociates from the pore above 60 

°C. The pore is composed of six component DNA strands highlighted alternatingly in light blue 

and dark blue. The four cholesterol anchors (orange) insert tNP into the hydrophobic lipid 

bilayer membrane. (B) Pore NP does not feature the lid of tNP. The elongated loop regions at the 

left and right of the pore allow for the binding of the thermosensitive lid. (C) 2D map of tNP 

illustrating the composition from six pore-forming strands and the lid. The duplex segments 1-4 

between pore strands and the lid have designed melting temperature of 62.8 °C, 40 °C, 40 °C, 

and 39.8 °C, respectively. (D) Structure of the cholesterol anchor used to insert tNP inside the 

bilayer membrane.  

 

The rationally designed temperature-gated nanopore, tNP, (Figure 1A,C) was self-assembled 

from the seven constituent DNA strands (for sequences see Supporting Information, Tables S1 
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and S2, Figure S1). An equimolar mixture of the oligonucleotides was heated and cooled to yield 

a single assembly product, as shown by a single band in gel electrophoresis (Figure 2A). A low 

extent of gel smearing is attributed to the hydrophobic lipid anchors and the interaction with the 

gel matrix or the formation of possible oligomers for pores with 4 cholesterols (see second band 

in Figure 2A). 

 

Two variants of the molecular valve with fluorophores were formed to facilitate analysis of the 

valve’s membrane binding and dynamic opening activity. In the first tNP variant, a Cy3 dye was 

incorporated at the lid strand to help track membrane binding with fluorescence microscopy. In a 

second variant, a Cy5 dye was additionally included at the pore entrance (Figure S1, Tables S1 

and S2) to investigate lid opening, as discussed further below. The two tNP variants with 

fluorophores successfully formed as confirmed by single discrete bands in gel electrophoresis 

(Figure 2A, Figure S2). 

 

To monitor membrane binding, tNP Cy3 was added to giant unilamellar vesicles (GUVs) of 

phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). Subsequent 

fluorescence microscopic analysis of the GUVs confirmed binding as seen as a ring of Cy3 

emission around the vesicle (Figure 2B, Figure S3). Successful membrane interaction was 

additionally established with small unilamellar vesicles (SUVs) and an electrophoretic gel-shift 

assay. In the assay, free tNP migrates into the gel while tNP bound to larger SUVs do not move 

into the gel (Figure 2C). Hence, increasing lipid SUV concentrations led to more membrane 

binding as indicated by a more intense gel band for tNP-SUV and a weaker gel band for free 

tNP. There are no additional gel bands (Figure 2C) implying that the pore remains intact upon 
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membrane binding. We cannot rule out that the pore disintegrates within the membrane and not 

produce an additional band. This is, however, not likely because membrane binding and insertion 

of DNA nanopores usually leads to the thermal stabilization as shown in UV melting profiles.60 

 

Figure 2. The temperature-gated nanopore tNP is self-assembled from DNA and binds to lipid 

bilayer membranes. (A) Assembly of the pore is confirmed by 10% polyacrylamide gel 

electrophoresis (PAGE). Lane 1 and 2, NP with 2 and 4 cholesterols anchors, respectively. Lane 

3, tNP carrying a Cy3 dye. (B) Membrane binding of tNP-Cy3 with 4 cholesterols by 

fluorescence microscopic analysis of a POPC GUV’s using excitation at 550 nm and emission at 

570 nm. Scale bar, 10 μm. (C) Agarose gel electrophoretic analysis on the membrane binding of 

tNP carrying two cholesterols to DOPE/DOPC SUVs. The amount of vesicles increased from 0 – 

270 μM. Vesicle-bound tNP stays within the wells of the agarose gel. The assay was conducted 

at 4°C. 
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To demonstrate reversible temperature-controlled gating, the molecular valve variant equipped 

with a Cy3/Cy5 pair was used (Figure 3A, Figure S1). In tNP’s closed state at RT, Cy3 on the lid 

is proximal to Cy5 on the pore leading to Cy3 quenching. By contrast, at temperatures > 40 °C 

the lid strand is expected to dissociate at duplex segments 2-4 from the pore, while remaining 

hybridized at segment 1. Upon heating, the increased distance to the quencher dye Cy5 should 

increase the fluorescence signal of Cy3 (Figure 3A, Figure 1C).  

 

Tracking Cy3 emission upon heating and cooling confirmed the temperature-induced opening 

and closing of the molecular valve. The corresponding kinetic Cy3 trace shows at RT a weak 

signal indicating strong quenching by proximal Cy5 in closed tNP (Figure 3B). By contrast, 

heating to 55 °C increased the Cy3 signal (Figure 3B) in line with lid dissociation from segments 

2-4 (Figure 3A). Cooling of tNP again lowered the fluorescence signal (Figure 3B) due to the 

regained Cy3/Cy5 proximity upon lid reannealing (Figure 3A). Reversible opening and closing 

was repeated in six heating-and-cooling cycles (Figure 3C) yielding an average fluorescence 

recovery time of 12.6 ± 1.0 min. The minutes-long recovery time is predominantly a 

consequence of the experimental set-up and does not reflect the inherent rate for duplex 

association. The experimental set-up involved leaving the heated cuvette including sample in the 

fluorescence spectrophotometer and letting the sample/cuvette cool to room temperature, leading 

to similar decay in fluorescence and temperatures (Figure 3B). By contrast, the typical inherent 

duplex association time scales are in the range of seconds.61 
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Figure 3. Reversible opening and closing of the temperature-gated valve. (A) 2D map of tNP’s 

top which undergoes thermosensitive opening of the lid. The opening separates the Cy3 from the 

quencher fluorophore Cy5 to yield a stronger Cy3 fluorescence signal due to weakened 

quenching by proximal Cy5. (B) Kinetic trace of Cy3 fluorescence emission indicating lid 

opening of tNP upon heating to 55 °C and closing upon cooling to room temperature (RT). 

Fluorescence was measured at 570 nm using excitation at 550 nm. The trace of tNP kept at RT is 

shown in gray. 100% is defined as the fully unbound fluorophore strand. The temperature of the 

sample recorded in the process of cooling the sample from 55°C is shown in an orange dashed 
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line. (C) Kinetic Cy3 emission traces illustrating repeated and sequential opening and closing of 

a tNP. The experiments in B and C were performed in bulk solution and not in lipid membrane 

environment. 

 

A control experiment confirmed that the lid strand remains associated to segment 1 of the NP 

pore at 55 °C. A control oligonucleotide designed to bind solely to pore segment 1 was added in 

20-fold molar access. The oligonucleotide should not interfere if the lid strand remains bound to 

segment 1. Indeed, at up to 55 °C, the fluorescence decay traces were indistinguishable for the 

pore with and without control oligonucleotide (Figure S4). However, at temperatures where the 

lid dissociates (at 75 °C and higher), the control oligonucleotide competitively bound to segment 

1 and interfered with re-annealing of the lid as indicated by a higher remaining fluorescence 

upon cooling (Figures S4). The temperature-dependent opening of tNP was also confirmed by 

gel electrophoresis (Figure S5).  

 

Having established thermosensitive opening and closing, the molecular valve was used for 

temperature-controlled transport of molecular cargo. The corresponding transport assay is 

schematically shown in Figure 4A. Molecular valve tNP is inserted inside a lipid bilayer of a 

SUV of 106 nm diameter which encapsulates reporter dye sulfo rhodamine B (SRB) (Figure S6). 

In tNP’s closed state, the highly concentrated fluorophore remains inside the vesicle where it is 

self-quenched.60 By contrast, temperature-controlled opening of tNP is expected to release SRB 

to yield a stronger fluorescence signal of the diluted dye (Figure 4A). 
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Figure 4. tNP permits temperature-controlled transport of molecular cargo across a bilayer. (A) 

tNP inserted inside a lipid bilayer of a SUV. The vesicle is filled with fluorophore sulfo 

rhodamine B (SRB)(green dots). In its closed state tNP does not permit passage of the 

encapsulated dye which is contact-quenched at its high concentration inside the vesicle. 

Temperatures > 40 °C open the lid of tNP to release SRB which becomes fluorescent at the 

lower dye concentration. (B) Quantifying valve-mediated release of SRB via kinetic fluorescence 

traces. Vesicles with inserted tNP were left at room temperature (dotted line), or heated to 40 °C 

(dashed line) or 55 °C (solid line). SRB fluorescence was excited at 564 nm measured at 585 nm. 

The plots represent fits of raw data shown in Figure S7. (C) Histogram of net fluorescence 

increase upon heating of tNP-vesicles (from 25 °C to 60 °C) and NP-vesicles at 25 °C (box with 

lines). The net fluorescence increase is from the traces in C and Table S3. The net increase 

represents the fluorescence signal after heating minus the fluorescence signal at 0 min, and 

normalization to the total fluorescence signal upon rupturing of the vesicles with detergent. The 

data represent averages and standard deviations from at least 3 independent experiments. 
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For the release assay, we first demonstrated the ability of the closed-state tNP to retain the 

molecular cargo inside the vesicles without dye leakage. In agreement, adding tNP at RT to the 

vesicles caused only a small increase in fluorescence (0.02 ± 0.03 %) (Figure 4C, Figure S7, 

Table S3) suggesting that the closed nanodevice blocks transport. It is certain that the tNP pore 

spans the membrane because control pore NP without a lid (Figure 1B, Figure S1) caused efflux 

of molecular cargo to yield a fluorescence increase of 13.4 ± 3.4 % (Figure 4C, Figure S7, Table 

S3; 100 % release is total amount of fluorescence obtained upon rupturing vesicles with a 

detergent). In light of successful release by NP, data on closed tNP also suggest that the pore is 

inserting into the SUV without major rupturing of the membrane (Figure S7). tNP is inserted 

likely in upright orientation as shown in Fig. 1 due to the low position of the cholesterol in the 

structure and the energetically more favorable insertion into the bilayer membrane. The insertion 

orientation does not affect the function of tNP as temperature-controlled opening can be 

achieved with pores in both orientations. 

 

After confirming successful membrane insertion of tNP, we analyzed the molecular valve’s 

temperature-gated control of transport. SUVs with inserted tNP were exposed in parallel 

experiments to temperatures of 40 °C to 60 °C in 5 °C increments. The release of fluorophore 

was apparent in kinetic traces for SRB emission as shown for 40 °C and 55 °C (Figure 4B). 

When quantified as net fluorescence increase, 40 °C caused a release of 2.17 ± 1.50 % (Figure 

4C, Table S3) which is more than 100-times higher than at room temperature. By comparison, 55 

°C led to an even 1000-fold increase to 21.3 % ± 1.3 % (Figure 4C). The release data (Figure 4C) 

show a maximum change between 45 °C and 50 °C (Table S3). The inferred midpoint of 

approximately 47 °C is higher than the nominal melting temperature of 40 °C for the lid-pore 
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interactions but in line with the multivalency effects caused by the three duplex segments. The 

release at up to 55 °C is fully consistent with a thermosensitive lid that remains bound to the pore 

via duplex region 1 with a melting temperature of 62.8 °C (Figure 4A). The gradual increase of 

release with higher temperature (Figure 4C) reflects the molecular nature of the valve. As shown 

in Figure 1 and Figure 3, the lid is reversibly hybridized via three duplex segments to the pore. 

Complete opening of the pore requires dissociation at all three segments. Consequently, 

increasing the temperature just above the nominal melting temperature of 40 °C will likely unzip 

one or two DNA segments but not all three due to the noted multivalency effect. This translates 

into the observed intermediate release rate. Higher temperatures will lead to a more extensive 

opening and a higher release rate (Figure 4C). The notable increase in standard deviation of the 

measurements at 60 °C (Figure 4C, Table S3) may indicate that the thermal stability of the 

nanodevice is beginning to be compromised at this high temperature.  

 

Conclusions 

This study has described a synthetic temperature-gated nanovalve that controls molecular 

transport across biological membranes. The nanodevice advances the field of supramolecular 

chemistry and synthetic biology as chemical building blocks were assembled into a 

multifunctional biomimetic nanodevice that spans biological membranes, senses the ambient, 

undergoes a triggered nanomechanical change, and tuneably controls transport. The nanovalve 

also advances DNA nanotechnology. A previous synthetic DNA channel irreversibly opened in 

response to a DNA trigger60 and is hence represents a one-off mechanism. The present DNA 

pore is different as it responds to temperature and reversibly opens and closes. To attain the 

desired temperature-control, the valve features carefully designed lid duplex segments of which 
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three dissociated at above 40 °C but the forth only above 63 °C. This allows lid dissociation at 

three segments while maintaining lid association at the forth to keep the link to the DNA pore. 

The rational design with DNA also afford easier engineering and defined nanomechanical 

changes compared to a previous thermally triggered protein pore carrying a polypeptide that 

adopts different temperature-dependent conformational fluctuations.62 As a consequence of the 

high-degree of rational design with DNA, the temperature-gated nanovalve shows an 1000-fold 

increase in flux upon thermal triggering. This has not been achieved previously with any other 

organic and inorganic nanodevice. The temperature-gated pore complements light-gated pores 

that are based on covalently attaching a channel blocker via a photoresponsive linker to a 

biological channel.63-66 Finally, the DNA molecular valve extends the range of biomimetic 

devices from DNA which include molecular motors,40,67-69 antibody-like structures, cytoskeletal 

scaffolds,70 and synthetic enzymes.71 The temperature-gated device could be adapted for 

different temperatures and may be used in future for research, controlled drug delivery vesicles 

or to create synthetic versions of cells.  

 

 

 

Methods 

Materials: Unmodified and cholesterol-labeled DNA oligonucleotides were purchased from 

Integrated DNA Technologies on a 100 nmol scale with HPLC or PAGE purification. 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were procured from 

Avanti Polar Lipids. All other reagents and solvents were purchased from Sigma-Aldrich. 
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DNA assembly: DNA sequences and 2D DNA maps are provided in Table S1 and Figure S1, 

respectively. Equimolar mixtures of DNA oligonucleotides (1 μl each, stock concentration of 

100 μM) were dissolved in 20 mM MgCl2 to a final volume of 100 μl. Folding was achieved on a 

BioRad PCR thermocycler using heating to 95 °C for 10 min, cooling for 0.5 °C per min to 60 

°C, followed by cooling at 1 °C per min to 20 °C.  

SDS PAGE: The assembled DNA nanostructure and component DNA oligonucleotides were 

analyzed with commercial 10% polyacrylamide gels (BioRad) in 1 x TBE (89 mM Tris-borate 

and 2 mM EDTA, pH 8.3). For gel loading, a solution of DNA (5 μl, 1 μM) was mixed with gel 

loading dye (5 μl). The gel was run for 90 min at 70 V and at 4 °C. The bands were then 

visualized with staining by ethidium bromide and UV illumination. A 100 bp marker (New 

England Biolabs) was used as a reference standard.  

Preparation of SUVs: A solution of lipids DOPE (0.3 mmol, 50 μl) and DOPC (0.7 mmol, 

550 μl) in chloroform was added to a 5 ml round bottom flask. The solvent was removed using a 

rotary evaporator to yield a thin film, which was subsequently dried under ultrahigh vacuum for 

3 h. The lipid was re-suspended in buffer 0.3 M KCl, 15 mM Tris pH 8.0 or PBS (10 mM PO4
3−, 

154 mM NaCl, pH = 7.4) (ionic strength of 0.179 M)(1 ml), and the solution was sonicated for 

30 min at RT. SUVs were left to equilibrate for 5 h and used within 24 h. The suspension was 

gently resuspended 2 s before use. SUVs were subjected to dynamic light scattering (DLS) to 

confirm the vesicles’ diameter using a Zetasizer Nano S from Malvern. 

GUV preparation: POPC in chloroform (6 μl, 10 mg/ml) was added to an indium tin oxide 

coated glass plate and allowed to dry. To the POPC film sucrose (300 μl, 1 M) was added within 

a rubber ring (2 cm diameter). Plates were inserted into Nanion Vesicle Prep Pro and GUV 
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formation protocol with the following setting was used: 3 min rise time, frequency of 10 Hz, 

amplitude of 3 mV at 60 °C, time 120 min, and fall time of 5 min. 

SUV binding and agarose gel electrophoresis: The binding of NP to membrane vesicles was 

monitored by mixing DNA nanopore solutions (10 μl, 1 μM) to a suspension of DOPC/DOPE 

SUVs (1 mM lipid, 0 – 21.6 μl, final concentration of 0 - 270 μM). The NP SUV mixture was 

incubated for 20 min at RT. The mix was analyzed using 2 % agarose gels in TAE buffer (40 

mM Tris-acetate, 1 mM EDTA, pH 8.3). For gel analysis, the mixture of DNA and SUVs (40 µl) 

was combined with a solution (10 μl) of 60 % glycerol. The gel was run at 60 V for 90 min at 4 

°C. The gel bands were visualized by ultraviolet illumination after staining with ethidium 

bromide solution. A 100-base-pair marker (New England Biolabs) was used as the reference 

standard. 

Cy3 emission assay: The extent of opening of tNP Cy3/Cy5 was monitored by kinetic analysis 

of Cy3 emission with a fluorescence spectrophotometer. To a quartz cuvette DI water (120 μl) 

and DNA nanopore (30 μl, 1 μM) were added. Samples were then left at RT or heated to the 

indicated temperature for 4 min followed by cooling to RT. Cy3 fluorescence was monitored at 

570 nm using excitation at 550 nm.  

Preparation of fluorophore-filled SUVs and release assay: A solution of lipids DOPE (0.3 

mmol, 50 μl) and DOPC (0.7 mmol, 550 μl) in chloroform was added to a 5 ml round bottom 

flask. The solvent was removed using a rotary evaporator to yield a thin film, which was 

subsequently dried under ultrahigh vacuum for 3 h. The lipid was re-suspended in buffer 0.3 M 

KCl, 15 mM Tris pH 8.0 or PBS (1 ml), containing fluorophore sulfo rhodomaine B (SRB) at a 

concentration of 50 mM. The solution was sonicated for 30 min at RT. Subsequently, the 

solution was purified with a NAP-10 column (GE Healthcare). Purified SUVs were left to 
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equilibrate for 5 h and used within 24 h. SUVs were subjected to dynamic light scattering (DLS) 

with a Malvern Zetasizer Nano S to confirm the vesicles’ diameter. The suspension was gently 

resuspended 2 s prior to use.  

For assaying temperature-dependent fluorophore release, a 10 mm quartz cuvette was filled 

with a SUV suspension carrying encapsulated SRB (120 μl). Fluorescence was monitored at 585 

nm using excitation at 564 nm. To initiate release, DNA nanopore (30 μl, 1 μM) was added 

under mixing, and fluorescence was monitored. For temperature-induced release, samples were 

removed periodically (5 min), heated in a metal block to the set temperature, and re-inserted into 

the fluorescence spectrophotometer to measure fluorescence. At the end of the 60 min-long 

temperature runs, samples were mixed with Triton X-100 to rupture vesicle membrane and 

determine the maximum SRB release. All experiments on release at different temperatures were 

carried out with separate samples 
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