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ABSTRACT: Lipid bilayers and lipid-associated proteins play a crucial role in biology. As in vivo 

studies and manipulation are inherently difficult, several membrane-mimetic systems have been 

developed to enable investigation of lipidic phases, lipid-protein interactions, membrane protein 

function and membrane structure in vitro. Controlling the size and shape, or site-specific 

functionalization is, however, difficult to achieve with established membrane mimetics based on 

membrane scaffolding proteins, polymers or peptides. In this work, we describe a route to leverage 

the unique programmability of DNA nanotechnology and create DNA-encircled bilayers (DEBs), 

which are made of multiple copies of an alkylated oligonucleotide hybridized to a single-stranded 

minicircle. To stabilize the hydrophobic rim of the lipid bilayer, and to prevent formation of lipid 

vesicles, we introduced up to 2 alkyl chains per helical that point to the inside of the toroidal DNA 

ring and interact with the hydrophobic side chains of the encapsulated lipid bilayer. The DEB 

approach described herein provides unprecedented control of size, and allows the orthogonal 

functionalizations and arrangement of engineered membrane nanoparticles and will become a 

valuable tool for biophysical investigation of lipid phases and lipid-associated proteins and 

complexes including structure determination of membrane proteins and pharmacological 

screenings of membrane proteins. 
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Cell compartmentalization by membranes is crucial in biology and membrane-associated 

proteins contribute to fundamental cellular processes in energy conversion, cell communication 

and signal transduction. Membrane protein function is often linked to conformational transitions 

which may be critically affected by lipid protein interactions.1–5 As in vivo investigations are often 

very challenging, such functional implications of lipid protein interactions6 can be more easily 

studied in vitro with artificial membrane-mimetic systems which provide a native-like lipid 

environment. For example, planar discoidal nanoscale lipid bilayers surrounded by amphipathic 

polymers7 or surfactant-like helical peptides8 have been described. Discoidal planar bilayers are 

mostly assembled from dimeric apolipoprotein AI-derived proteins, which encircle a lipid bilayer, 

thereby sealing its hydrophobic rim. These membrane scaffolding proteins (MSPs) have been 

produced from different sources and typically support lipid bilayers of 10-16 nm in diameter.9–11 

The resulting lipid-protein nanodiscs (NDs) may contain a single membrane protein or two 

proteins.12 However, apolipoprotein-based systems exhibit high structural flexibility13, which has 

restricted their use for high resolution structure determination of reconstituted membrane proteins. 

Recent efforts employ circularization of MSPs to overcome some of these limitations.14 

Nonetheless, controlling the diameter, stability or site-specifically introducing functional elements 

or orthogonal interaction elements remains very challenging or laborious for all of the established 

membrane mimetic systems. 

In contrast, DNA nanotechnology allows generation of arbitrarily shaped structures with Å 

precision by a bottom-up self-assembly process.15 For large, megadalton-sized structures typically 

measuring tens to hundreds of nanometers, the DNA origami approach became particularly 

popular due to its robustness and versatility.16–18 For some applications, smaller structures such as 

tetrahedra,19 icosahedra,20 or structures from DNA minicircles (MCs).21–25consisting of fewer 
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synthetic oligonucleotides can be better suited and are more economical.  Furthermore, DNA 

structures can be functionalized with a large variety of artificial elements including small 

molecules, fluorophores, functional groups, biomolecules or inorganic nanoparticles26 in a 

modular and programmable fashion.18 To enable interactions between negatively charged 

hydrophilic DNA and lipids, several oligonucleotide modifications have been previously 

employed including cholesterol, porphyrin or phospholipid modifications.27 In this way, DNA 

based membrane penetrating pores were created,28 DNA Origami structures were anchored to the 

surface of liposomes.29 Furthermore, liposomes can be wrapped around DNA origami structures 

creating an envelope virus mimic,30 or liposomes can be grown inside of DNA structures,31 even 

with controllable shapes.32 Due to the tendency of lipids to form liposomes, it is, however, 

challenging to create finite, planar lipid bilayers and no nanoscale lipid bilayers stabilized by DNA 

were shown to date where both sides of the membrane are accessible and can be essential when 

studying transmembrane complexes. 

With the aim of enabling a level of programmability not achievable with the present membrane-

mimetics, we report the protein-independent oligonucleotide-based formation of planar, nanoscale, 

discoidal lipid bilayers. In our design, we conceptually replace the MSP of “nanodiscs” by a site-

specifically alkylated circular dsDNA scaffold with similar design and synthesis approaches as 

demonstrated earlier.21–25 For this, a double-stranded MC (dsMC) with 147 base pairs (bp) is 

composed of a circularized 147 nucleotide (nt) long oligonucleotide hybridized to seven identical 

copies of a short oligonucleotide (21 nt each). With a thickness of 2 nm and a rise of 0.335 nm/bp 

for dsDNA, their outer diameter is expected to be 16.7 nm and the inner diameter 14.7 nm. 
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Figure 1. Synthesis of DEBs. a) Short oligonucleotides with two or four phosphorothioates are 

alkylated with alkyl-iodides (red). b) A circular single-stranded template is synthesized by 

enzymatic splint ligation from a long, linear oligonucleotide (grey). Residual splints (green) and 

linear templates are digested by exonuclease treatment. c) A denaturing PAGE gel confirms the 

synthesis of the single-stranded minicircle (ssMC). M, molecular size marker (nt); lane 1, linear 

long oligonucleotide; lane 2, ligation reaction before exonuclease treatment; lane 3, exonuclease 
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digest. d) The ssMC is hybridized with seven alkylated oligonucleotides into double-stranded MCs 

(dsMC). The position of alkylations, and the intrinsic curvature of the A-tracts (grey line in the 

center of the helix, exaggerated) in a model of an A-tract33,34 (adapted from PDB structure 1FZX). 

Adenosines are coloured red, thymidines blue. e) native PAGE gel. M, marker (base pairs); 1, 

linear long oligonucleotide; 2, the assembled dsMC complex. f) The dsMC is incubated with 

phospholipids (blue) to form a mature DEB (g). 

 

To achieve highest cost-effectiveness and scalability of a linker-free chemical modification even 

in the middle of an oligonucleotide, we alkylated phosphorothioates with alkanyl (alkyl) iodides 

(Figure 1 a).35 Commercially prepared oligonucleotides containing two or four internal 

phosphorothioates were reacted with an excess of ethyl iodide, butyl iodide or decyl iodide. The 

respective products were HPLC purified and alkylation confirmed by ESI mass spectrometry 

(experimental details and procedures in Supporting Information). 

To define the inside and outside of the desired toroidal dsMC, the sequence was designed with 

14 intrinsically curved A-tracts,33,36 as depicted in Figure 1 d.34 First, a single-stranded minicircle 

(ssMC) was prepared from one long oligonucleotide (147 nt) by enzymatic splint ligation (Figure 

1 b). Residual linear long oligonucleotides, splints and linear side products were enzymatically 

removed by a treatment with exonuclease I/III (Figure 1 b-c). Next, the ssMCs were hybridized 

with the alkylated oligonucleotides by slow cooling.  Excess oligonucleotides were removed by 

ultrafiltration and the double-stranded minicircles (dsMCs) analyzed by native agarose gel 

electrophoresis (Figure 1 e), atomic force microscopy (AFM) and transmission scanning electron 

microscopy (tSEM). 
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Finally, the alkylated dsMCs were filled with a lipid bilayer (Figure 1 f-g). Similar to ND 

formation with MSPs, removal of detergent from a detergent-solubilized mix of the alkylated 

dsMCs and stoichiometric amounts of phospholipids (MC:lipid was 1:450) led to the self-assembly 

of the components into nanoscale discoidal particles (Figure 2).  

AFM imaging of the dsMCs and DEBs revealed a doubling of the height due to the addition of 

the lipid bilayer (Figure 2 a-c). The tSEM images (Figure 2 d, f) also confirm the presence of a 

lipid bilayer in the DEBs. Short (14 ethyl) and longer alkyl chains (28 decyl), produced DEBs 

(Figure 2 e,f), but DEBs with longer alkyl chains formed with higher yields (Figure 3 a-c). 

 

   

Figure 2. Analysis of dsMCs and DEBs. a) an AFM image of empty dsMCs (R = 4 butyl) and 

corresponding DEBs (b). c) height profiles. d) tSEM images of empty dsMCs. e) tSEM image of 

a DEB with 14 ethyl modifications (positively stained). f) tSEM image of a DEB with 28 decyl 

modifications. g) elution profile of a size exclusion chromatography (SEC) run of a DEB 

preparation. Fraction 1 contains dimeric DEBs (h), fraction 2 monomers (f). Scale bars, 50 nm. 
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DEBs were purified either by size exclusion chromatography (Figure 2 g) or ultracentrifugation, 

where DEBs formed one sharp band which contained both lipids and DNA. In syntheses of ssMCs 

at high concentrations, dimeric ligation products occurred as a side product (Figure S1). They were 

separated by SEC from the monomers and exhibited twice the circumference of monomers (Figure 

2 g,h). This result shows that DEBs can be prepared with a wide range of controllable sizes. 

Next, we compared the thermotropic phase transition of DMPC in conventional MSP-based NDs 

with that of DEBs by using the emission of the lipophilic dye LAURDAN as a sensor of lipid 

order.37 The midpoint temperature Tm for the gel to liquid transition of DMPC in DEBs was 25 °C 

and agrees with literature data on DMPC vesicles,38 whereas DMPC in NDs  showed a slightly 

higher Tm (31 °C) as reported.39 However, the change of the generalized polarization (GP) value 

in DEBs was only ~50 % of that in NDs transition, which may indicate restricted lipid mobility at 

the alkylated DNA-lipid interface. Upon doping of the DMPC bilayer with the cationic lipid 

DMTAP, no phase transition was observed (Figure S2), which we attribute to the additional 

electrostatic interactions of the positively charged head groups with the dsMC, and to a preferential 

binding of LAURDAN at the DNA lipid interface (Supporting Information). 
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Figure 3: Analysis of DEBs. Gradient ultracentrifugation results of Rhodamine-PE- containing 

DEBs with 28 butyl groups (a), and 28 decyl groups (b) that were analyzed by native SDS PAGE 

(c). LM = control lipid mix. d-e) Lipid phase transition of DEBs. Emission spectra of LAURDAN 

( exc = 340 nm) in DMPC-filled DEBs carrying two ethyl groups per hybridized 21-mer (d) and 

in MSP-based NDs (e) recorded at 10 °C, 20 °C, 25 °C, 30 °C, 40 °C and 50 °C. Inserts show the 

temperature dependence of the generalized polarization, GP = (I440 - I490) / (I440 + I490) which 

reveals the gel to liquid phase transition41 (Tm: transition midpoint temperature). 

 

We next prepared a coarse grain molecular dynamics (CGMD) simulation of a DEB using the 

MARTINI force field (Figure 4).40,41 In agreement with experimental results, a DEB was stable 

over a 5 microsecond duration with the 4 nm thick DMPC bilayer encircled by the 2 nm thick  

dsDNA rim. The interaction of the alkyl chains (Figure 4a-b, red) with the lipid bilayer could also 

be clearly observed. 
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Figure 4. Coarse grain molecular dynamics model of a DEB composed of a 147 bp dsMC with 28 

dodecyl groups and 434 DMPC lipids. DNA is white, alkyl chains red, DMPC head groups blue. 

a) View down the membrane normal of a structure at the end of the 5 microseconds long trajectory. 

b) rotated 90 degrees. c) Snapshots after 1-microsecond intervals. 

 

In summary, we report DEBs as a novel strategy to prepare nanoscale discoidal bilayer structures 

encapsulated by an alkylated dsMC DNA. With the DEB technology we realize for the first time 

the use of DNA in order to shape planar, non-spherical, lipid bilayers while providing access to 
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both sides of the bilayer. In contrast to the DNA origami approach, requiring hundreds of 

oligonucleotides and expensive single-stranded scaffold strands, the minimalistic DEB design 

requires only two synthetic oligonucleotides, which facilitates upscaling. Moreover, only one 

oligonucleotide has to be chemically modified, and the chosen alkylation of phosphorothioate is 

among the most economical and scalable modification approaches. With our design, we achieved 

a high alkylation density of up to two alkylations per helical turn without an additional linker 

directly on the backbone of the DNA minicircle, to stabilize the rim of the lipid bilayer in an 

aqueous environment in a highly defined fashion. We anticipate that the extensive repertoire 

available in DNA nanotechnology will allow to further control the size and shape of DEBs and 

facilitate their site-specific modification. This way, higher order supramolecular assemblies and 

surface attachment of the DEBs can be readily achieved by DNA hybridization approaches rather 

than using chemical modification required with MSPs. Furthermore, DEBs hold great promise for 

the incorporation of membrane proteins, opening new routes for biophysical and structural studies 

of membrane proteins in their native lipid environment including structure determination by XFEL 

(X-ray free electron laser) or cryo EM as well as for pharmacological screenings.  
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