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Abstract

Self-assembled DNA nanostructures have been used to create man-made transmem-

brane channels in lipid bilayers. Here, we present a DNA-tile structure with a nominal

sub-nanometer channel and cholesterol-tags for membrane anchoring. With an outer

diameter of 5 nm and a molecular weight of 45 kDa, the dimensions of our synthetic

nanostructure are comparable to biological ion channels. Due to its simple design, the

structure self-assembles within a minute, making its creation scalable for applications

in biology. Ionic current recordings demonstrate that the tile structures enable ion

conduction through lipid bilayers and show gating and voltage-switching behaviour.

By demonstrating the design of DNA-based membrane channels with openings much

smaller than that of the archetypical six-helix bundle, our work showcases their versa-

tility inspired by the rich diversity of natural membrane components.

KEYWORDS: DNA nanotechnology, artificial ion channels, DNA-tiles, single-molecule,

lipid bilayer, self-assembly
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The transport of ions across lipid membranes is essential for a wide range of vital biolog-

ical processes including signal transduction in electrically excitable tissue.1 There have been

ongoing efforts to create synthetic channels inspired by their biological counterparts.2–4 Such

artificial constructs can advance our fundamental understanding of the physical principles

dictating functions of ion channels in cells, serve as tailored biosensors,5 cytotoxic agents6

or drug carriers.7

Nanopores entirely constructed of DNA have been introduced as a versatile tool for single-

molecule sensing.8–10 Their incorporation into lipid membranes was another important step

towards synthetic DNA-based ion channels.11–14 In order to allow for the insertion of the

charged DNA structure into the lipid bilayer, hydrophobic tags like cholesterol,11 por-

phyrin12 and ethane-PPT groups13 were strategically positioned on the channels. While

the DNA origami technique15 was employed to construct pores with a molecular weight of

over 2000 kDa,11 DNA nanotechnology also enables the creation of pores with lower molec-

ular weights comparable to those of biological ion channels.

Here, we use DNA tiles16,17 as an alternative approach for the creation of DNA-based mem-

brane channels. Due to their simple design, our structures can readily be made within a

minute at micro molar concentrations and high yields avoiding complex heating protocols.

Additionally, our design prototypes a novel architecture. It consists of only four helices on

a square lattice, whereas all previously presented DNA membrane channels are based on

a bundle of six DNA duplexes arranged on a honeycomb lattice.11–14 We thus reduced the

nominal channel width from 2 nm to 0.8 nm, reaching typical diameters of ion channels.1 Our

simple design will inform the design pathway towards DNA-based membrane pores beyond

the current use for biosensing opening up broad perspectives for the development of their

biotechnological and biomedical applications.7,18

Our DNA-tile structure consists of four 11 nm long DNA duplexes arranged on a square

lattice as illustrated in Figure 1 A. In this arrangement, the naturally emerging gap be-

tween the helices gives rise to a central channel with a nominal diameter of 0.8 nm, assuming
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geometrical packing and an anhydrated helix diameter of 2 nm. The duplexes are formed

from eight interconnected single-stranded DNA tiles two of which carry terminal cholesterol

modifications to allow for membrane anchoring. The exact sequence of the tiles is shown in

the Supplementary Information (Table S1). Two additional tiles carry Cy3-tags for visual-

isation by fluorescence microscopy. The pathways of the tiles and their two crossovers per

neighbouring helix are shown in Figure 1 B. Terminal adenine repeats were introduced at

both ends of the structure to avoid stacking of multiple structures.17 While one end of the

structure was stabilised with terminal crossovers for optimal membrane insertion (Figure 1

B, right end), the other end was left open (left end). Fluctuations are enhanced further due

to the short length of the tiles and the symmetric crossover positions. Our design aims to

mimic the complex behaviour of biological ion channels by increasing the structural flexibility

and reducing the diameter to the molecular scale, as opposed to previous DNA membrane

structures with larger diameters that were primarily created for biosensing applications.11,14

Figure 1: Schematic side view (left) and top view (right) of the DNA-tile structure composed
of four interconnected duplexes represented as cylinders. The two cholesterol-anchors are
shown in green, the Cy3-tags in yellow. B) Pathways of the eight tiles forming the four
duplexes and positions of the Cy3 and cholesterol modifications. Squares represent the
5’ ends, triangles the 3’ ends, base pairs are indicated as vertical bars. C) AFM image
(tapping mode) of the DNA-tile structure. Scale bar: 100 nm. D) 10% Polyacrylamide gel
electrophoresis. Lane 1: 50 bp DNA ladder; Lane 2: Complete DNA-tile structure with
two cholesterol-tags; Lane 3: Individual ssDNA strand (28 bp); Lane 4: Complete DNA-tile
structure without cholesterol-tags; Lane 5: DNA-tile structure missing the two cholesterol-
tagged strands.
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The DNA-tile structure was assembled by annealing equimolar concentrations of the

six cholesterol-free tiles at a final concentration of 1µM in 10mM Tris-HCl, 1mM EDTA,

20mMMgCl2, pH 8.0. Subsequently, the two cholesterol-tagged tiles were added in 5× excess

at room temperature (RT). The structure was characterised to probe its correct assembly.

Atomic force microscopy (AFM) confirmed the monomeric nature and established that the

dimensions fell within the expected bounds for such a small design (Figure 1 C). Polyacry-

lamide gel electrophoresis without the cholesterol-tagged tiles yields a single band (Figure 1

D, Lane 5), whereas the migration in the gel of structures with the cholesterol tiles is most

likely hindered by hydrophobic interactions (Lane 2). This demonstrates that the cholesterol-

modified DNA strands are successfully incorporated. As expected, a fully assembled design

with all eight tiles but no cholesterol-tags migrates slower than the six-tile construct (Lane

4). Dynamic light scattering (DLS) gives further indication of the monomeric nature and

reasonable size of both the construct missing the cholesterol-modified tiles (hydrodynamic

radius: 5.1 nm) and the complete structure with cholesterol (hydrodynamic radius: 7.8 nm,

see SI, Figure S1).

A major advantage of our tile-based design is its simplicity resulting in minimal preparation

time and a significant cost reduction (for details see SI, Table S3). Additionally, the use of

long annealing protocols becomes redundant. We assembled the six-tile construct lacking

the two cholesterol-modified tiles in 10mM Tris-HCl, 1mM EDTA, 20mM MgCl2, pH 8.0

using four different assembly protocols:

1. An 18 hour long standard annealing protocol (heating to 80 ◦C for 5 min, cooling down

to 65 ◦C using a linear cooling ramp over 75 min, subsequently cooling to 25 ◦C within

16 hours) as a benchmark procedure;

2. A 10 min thermocycler protocol (heating to 80 ◦C for 5 min, holding at 65 ◦C for 5

min);

3. A 10 min water-bath treatment (80 ◦C);
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4. A 10 min incubation at room temperature (RT).

To assess the feasibility and assembly yield for each protocol, we performed polyacrylamide

gel electrophoresis as shown in Figure 2 A. We confirm that the structure has successfully

been formed under all assembly conditions. The intensity of the bands is indicative of the

obtained yield. Notably, the 10 min annealing (Protocol 2) still yields 85% compared to the

benchmark conditions (Protocol 1). The Protocols 3 and 4 without thermocycler result in

78% and 76% respectively. To estimate the required assembly time for our construct, we

performed UV-melting experiments. Figure 2 B shows a single sharp transition from the low

absorption of the double-stranded species to the high absorption of the single strands at a

melting temperature of 63 ◦C. This demonstrates the correct assembly. Subsequently, the

single-stranded sample was cooled at a rate of 5 ◦C/min to allow for re-hybridisation. The

shift in melting temperature is proportional to the required assembly time. At the given

cooling rate, the observed shift of 8 ◦C effectively corresponds to an upper limit of 2 min

for the folding time. The fact that the absorption returns to its original value after the

temperature cycle indicates that the number of correctly assembled structures remains at a

similar level even for such short duration of the programme. It should be noted that the

heating rate has to be reduced to obtain a more accurate estimation of the melting point.

At a rate of 0.25 ◦C/min, the melting transition lies at 53 ◦C (see SI, Figure S2). If the

UV-melting experiments are performed in the presence of giant unilamellar vesicles (GUVs,

lipid composition: DPhPC, 10% cholesterol), the melting temperature of the fully assembled

structure with cholesterol anchors increases by approximately 5 ◦C (see SI, Figure S2). This

thermal stabilisation can be explained through a considerable interaction between GUVs

and our DNA-tile structures, as it is not observed in the absence of cholesterol-tags. Similar

observations have been made by Burns et al. for different hydrophobic anchors.12

Finally, fluorescent confocal imaging was carried out to visualise the interaction of the

DNA-tile structure with GUVs. Using this technique, we could demonstrate that the com-
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plete structure with cholesterol-anchors assembles and attaches to GUVs within a minute. A

mixture of all eight tiles was kept at 80 ◦C to prevent hybridisation before adding the sample

to GUVs at RT. Figure 2 C shows a GUV imaged in bright field (left) and fluorescence mode

(middle) directly after addition of the sample containing the DNA-tile structures. After only

60 sec, a bright ring around the same GUV (right) indicates the presence of DNA-tile struc-

tures on the membrane of the vesicle. This proves that the DNA assembly was complete,

since only a fully formed structure connects both the Cy3-tag and the cholesterol-tag (see

Figure 1 B). Control experiments show that membrane attachment requires the presence

of at least one cholesterol-anchor (see SI, Figure S4). The uniform distribution of DNA-

tile structures around the GUV points towards minimal aggregation. Even though larger

aggregates are sometimes visible in the fluorescent images, especially after long storage of

the sample, we observed that aggregation is significantly reduced upon addition of GUVs

(see SI, Figure S6 and S7). Interestingly, high concentrations of DNA-tile structures led

to the formation of tubular lipid deformations as shown in Figure 2 D (left). Two lipid

compositions were tested, DOPC (see Figure 2 D) and DPhPC with 10% cholesterol (see

SI, Figure S5), which both exhibit these deformations. Similar observations were previously

made for high concentrations of certain membrane-binding proteins.19,20 Crowding of DNA

structures on the membrane could lead to increased pressure. This might help to over-

come the energy barrier for bending of the membrane as has been proposed for specialised

membrane proteins.19 Alternatively, our DNA-tile structures could behave like amphiphilic

membrane-inserted α-helices that are hypothesised to cause membrane bending.20 To test if

the tubular structures are indeed lipid deformations rather than aggregates of our DNA-tile

structures, we prepared a sample without Cy3-tags and added it to GUVs containing fluores-

cently labelled lipids (DOPC, 1% NBD-DPhPE). The confocal image in Figure 2 D (middle)

confirms the hypothesis of lipid deformation. Importantly, addition of high concentrations

of cholesterol-tagged ssDNA alone does not cause membrane bending (Figure 2 D, right).
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Figure 2: A) 10% polyacrylamide gel electrophoresis. Lane 1: 50 bp DNA ladder; Sub-
sequent lanes: DNA-tile structure lacking the two cholesterol-modified tiles annealed for
18 h in the thermocycler (Lane 2), for 10 min in the thermocycler (Lane 3), for 10 min in
a hot water bath (Lane 4) and for 10 min at RT (Lane 5). B) Absorption measured at
260 nm during a heating (red) and a subsequent cooling cycle (blue). At the cooling rate
of 5 ◦C/min the shift in melting temperature gives an upper limit for the folding time of 2
min. C) Giant unilamellar vesicle (GUV) imaged in bright field (left) and fluorescence mode
(excitation: 514 nm). 60 sec after addition of the ssDNA-tile mixture, a bright ring forms
around the vesicle, indicating rapid folding and membrane attachment of the structure. D)
Left: Addition of high concentrations of fluorescent DNA-tile structures leads to formation
of tubular structures on GUVs; Middle: GUVs formed from fluorescently labelled lipids with
high concentrations of non-fluorescent DNA-tile structures; Right: cholesterol-tagged ssDNA
only.
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This study was set out to investigate whether DNA-tiles can be used for the efficient

creation of ion channel-like structures. Since fluorescent imaging confirmed that the DNA-

tile structures strongly interact with lipid vesicles, we decided to form lipid bilayers for

electro-physiological characterisations directly from these vesicles. We use our lipid nano

bilayer system14,21,22 which allows us to screen large numbers of vesicles for the incorporation

of pores relatively quickly. We incubated GUVs (DPhPC, 10% cholesterol) with DNA-tile

structures in 1M KCl, 10mM MES, pH 6.0. As illustrated in Figure 3 A, these vesicles were

then suctioned onto the tip of a 200 nm diameter glass capillary (1), where they burst and

form a bilayer. This bilayer is then subjected to a standardised current-voltage (IV)-recording

protocol (2), before it is removed from the capillary by applying a positive pressure (3). We

repeated this process at least 100 times for each of the experimental conditions to obtain

reasonable statistics. All GUVs are tested without DNA-tile structures first to assess bilayer

quality. The GUVs are only used for recordings if they have a consistent conductance in the

range of tens of pS and no pore-like events are observed. Figure 3 B shows the conductances

of 170 independent IV-recordings for plain GUVs (top) and GUVs that have been incubated

with DNA-tile structures (bottom). None of the bilayers formed from plain GUVs show

a conductance above 0.3 nS. In contrast, 12% of bilayers formed from GUVs with DNA

structures exhibit conductances well above. It is also important to note that the percentage

of bilayers with conductances between 0.15 nS and 0.3 nS increases. Control experiments were

carried out with GUVs that were incubated with the cholesterol-modified ssDNA only, with

DNA-tile structures without cholesterol anchors, with a cholesterol-tagged DNA duplex, with

only one cholesterol-anchor and with four cholesterol-anchors. The percentage of bilayers

with conductances above 0.15 nS for each of these conditions is much higher in the presence

of DNA-tile structures with two or four cholesterol-anchors (see SI, Table S2). This clearly

demonstrates that only our fully assembled DNA-tile structures are capable of producing

ion conduction in lipid membranes.

However, an increase in ion conduction is not the only way in which bilayers holding
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Figure 3: A) Illustration of the ionic current measurement protocol on our lipid nano
bilayer setup. The same protocol was used for GUVs without DNA-tile structures. B)
Conductances obtained for 170 independent IV-recordings of GUVs without (top) and with
DNA-tile structures (bottom).

functional tile structures are distinct from plain bilayers. We observe characteristic events

that we can attribute to the presence of one or more DNA-tile assemblies, like a stepwise

increase or decrease in current at constant voltage. A typical event is shown in Figure 4 A.

It is likely to correspond to flipping of a DNA-tile structure that was previously bound to

the membrane into an ion conducting orientation.

Additionally, we often observe gating as shown in Figure 4 B. In Figure 4 C, we present

typical ionic current traces obtained from IV-recordings in the presence of DNA-tile struc-

tures with cholesterol-anchors. A rigid cylindrical channel with the nominal diameter of

0.8 nm has an estimated conductance of 0.47 nS in 1M KCl. However, the effective channel

diameter in solution is expected to deviate from the nominal value. The hydrodynamic helical

diameter has been estimated as 2.2 to 2.6 nm23 (compared to 2 nm anhydrated) and electro-

static repulsion between the helices can increase the effective channel diameter further.24–26

On the other hand, the diameter of a membrane-embedded structure may be reduced due to

10



lateral membrane pressure. In line with our data, rigid channels with a uniform conductance

are not expected at near-molecular length scales. Although we sometimes obtain ohmic

current traces (black), traces with reduced conductance at higher voltage (green) are very

characteristic. It is interesting to note here that comparable gating and voltage-switching

behaviour has also been reported for the archetypal six-helix bundle in both planar bilayers

and lipid nano bilayers.14 Despite its simple design, the complex conductance behaviour of

our structure is not surprising: Due to the short length of the tiles, they are likely to partially

unbind due to the electric field.11 At the same time, the four duplexes are not connected

at one end (see Figure 1 B), allowing for additional fluctuation. Potentially, the membrane

bending we observed in the confocal images (see Figure 2 D) could be an alternative and

highly interesting explanation for the wide spread of conductances. We believe that current

traces with voltage-switching behaviour are likely to originate from DNA-tile structures that

penetrate the membrane. For larger pores exhibiting similar behaviour, this orientation has

been confirmed by PEG-sizing experiments.14 However, a high membrane curvature could

also induce ion conduction due to flexoelectricity.27,28 On a related note, the DNA-tile struc-

tures could be catalysts for the formation of lipid pores as has been proposed for membrane

proteins.27 With this work, we shift the focus to smaller, highly flexible artificial ion chan-

nels constructed from DNA, whereas previous DNA membrane structures were preliminary

designed for biosensing.11,14

In this study we showcase the versatility of DNA nanotechnology by diversifying the

design of membrane-inserted DNA structures beyond the archetypal six-helix bundle. We

show that DNA-tile assembly can be used to create ion-conducting structures with diame-

ters comparable to biological ion channels within minutes. Ionic current recordings on lipid

nano bilayers demonstrate that our DNA-tile assemblies exhibit multiple conductance states

reminiscent of gating observed for biological ion channels. Due to the simple design with

defined geometry, we expect that our work on DNA pores with near molecular inner diame-

ters will help to understand gating and voltage-induced switching behaviour of DNA-based
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Figure 4: Characteristic events indicating the presence of a DNA-tile structure in the mem-
brane include (A) insertion steps and (B) gating. C) Typical current traces obtained from an
IV-recording in the presence of DNA-tile structures with cholesterol-anchors. Traces corre-
sponding to plain bilayers (grey), ohmic traces (black) and traces with reduced conductance
at higher voltage (green) are observed repeatedly.

membrane pores. Eventually this will guide the creation of man-made ion channels with

controlled ion-selectivity and stimuli response.

Materials and Methods

Design and assembly of the DNA-tile structure. The structure was designed and

visualised using the open source plug-in caDNAno.29 Eight single-stranded DNA tiles (Inte-

grated DNA Technologies, Inc.) were arranged on a square lattice to form a bundle of four

interconnected DNA duplexes. Random sequences with non-sticky ends17 were assigned to

four tiles and complementary sequences were generated for the remaining (see SI, Table

S1). One, two or four strands were selected for cholesterol modifications, two others carried

Cy3-tags. For assembly of the DNA-tile structure, an equimolar mixture (1µM in 10mM

Tris-HCl, 1mM EDTA, 20mM MgCl2, pH 8.0) of the unmodified strands were annealed

using a standard protocol (heating to 80 ◦C for 5 min, cooling down to 65 ◦C using a lin-

ear cooling ramp over 75 min, subsequently cooling to 25 ◦C within 16 h in a thermocycler

(BioRad)). Alternatively, rapid assembly protocols were used as described in the text. The

cholesterol-modified strands (Integrated DNA Technologies, Inc.) were added in 5× excess

before each experiment.
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Characterisation via AFM imaging, polyacrylamide gel electrophoresis and UV-

melting. 5µL of DNA-tile structures at a concentration of 100 nM in 10mM Tris-HCl,

1mM EDTA, 20mM MgCl2 was deposited on freshly cleaved mica and left for one minute

to adsorb. The sample was then rinsed several times with ddH2O to remove salts and dried

with gaseous nitrogen. Imaging was performed using a Nanosurf Mobile S AFM in tap-

ping mode. The DNA-tile structures were further characterised using 10% polyacrylamide

gel electrophoresis in a solution containing 11mM MgCl2 buffered to approximately pH 8.3

with 45mM Tris-borate, 1mM EDTA and running conditions of 100V and 90 min. Bands

were stained with GelRed and visualised using UV-transilluminaton. For UV-melting exper-

iments, 500 nM of the DNA-tile structure were added to a quartz cuvette (Sigma Aldrich)

either in presence or in absence of lipid vesicles. The mixture was subjected to heating

and cooling cycles (25 ◦C to 80 ◦C) at a rate of 5 ◦C/min in a Varian Cary 300 Bio UV/Vis

spectrophotometer while monitoring the absorption at 260 nm.

Lipid vesicle preparation. 1,2-Diphytanoyl-sn-glycero-3-phosphatidylcholine (DPhPC;

Avanti Polar Lipids), 10% cholesterol (Sigma Aldrich) giant unilamellar vesicles (GUVs)

were prepared via electroformation using the Vesicle Prep Pro unit (Nanion technologies)

and a protocol as previously described.12 For the confocal imaging, 1,2-Dioleoyl-sn-glycero-

3-phosphocholine (DOPC; Avanti Polar Lipids), or DOPC supplemented with 1% NBD-

DPhPE, was used following the same procedure.

Fluorescent imaging. Cy3-labelled DNA-tile structures were added to GUVs and diluted

to a final concentration of 100 nM (unless stated otherwise) in 10mM Tris-HCl, 1mM EDTA,

20mM MgCl2, pH 8.0 in an incubation chamber (Grace Biolabs). Imaging was performed

using a Confocal Leica TCS SP5 microscope. Pores were excited at 514 nm using an Argon

and a HeNe594 laser. Fluorescence emission was collected above 530 nm. Images were pro-

cessed using ImageJ.

Single-channel recordings on the lipid nano bilayer setup. DNA-tile structures were

incubated with GUVs at RT for 5 min and diluted to a final concentration of 50 nM in 1M
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KCl, 10mM MES, pH 6.0. Bilayers were formed by suctioning the GUVs onto nano capil-

laries as previously described.12 Each bilayer was subjected to a 33-second IV-recording at a

sampling rate of 10 kHz. Current data was acquired using an Axopatch 200B amplifier and

filtered at 2 kHz.
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Graphical TOC Entry

Illustration of the ion-channel like

DNA-tile structure embedded into a lipid membrane.
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