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ABSTRACT: Cells use membrane proteins as gatekeepers to transport ions and molecules, catalyze reactions, relay signals, 
and interact with other cells. DNA nanostructures with lipidic anchors are promising as membrane protein mimics because 
of their high tuneability. However, the design features specifying DNA nanostructure’s functions in lipid membranes are 
yet to be fully understood. Here, we show that altering patterns of cholesterol units on a cubic DNA scaffold dramatically 
changes its interaction mode with lipid membranes. This results in simple design rules that allow a single DNA nanostruc-
ture to reproduce multiple membrane protein functions: peripheral anchoring, nanopore behavior and conformational 
switching to reveal membrane-binding units. Strikingly, the DNA-cholesterol cubes constitute the first open-walled DNA 
nanopores, as only a quarter of their wall is made of DNA. This functional diversity can increase our fundamental under-
standing of membrane phenomena, and results in sensing, drug delivery and cell manipulation tools.

Introduction 
DNA nanotechnology can achieve the structural organiza-
tion of functional components into highly tunable patterns 
with exquisite precision.1-2 This field constitutes one of the 
most promising approaches for biomimicry, because of the 
selective and highly predictable nature of DNA hybridiza-
tion, the sequence uniqueness of each component, and our 
excellent knowledge of DNA double helix structural pa-
rameters. Work in this field has greatly contributed to the 
development of artificial molecular systems that can carry 
out complex functions, and has significantly advanced fun-
damental understanding of biomolecular processes.3-4  

Membrane proteins are particularly relevant targets for 
biomimicry with DNA nanotechnology.5-7 Notably, much 
effort has involved the creation of membrane nanopores by 
learning from transmembrane protein designs. Several ex-
amples of membrane-spanning DNA nanostructures con-
taining a protected internal channel were shown to regu-
late ion flux and small-molecule diffusion across the mem-
brane.8-15 These structures feature a dense parallel align-
ment of DNA double helices into a barrel-like architecture. 
A second research focus has revolved around membrane 
shaping, remodeling and fusion.16-25 For instance, mem-
brane deformation of lipid vesicles was demonstrated by 
oligomerizing rigid DNA monomers anchored on the 
membranes,20-23 and DNA templates were employed to 
shape and remodel liposomes with designer geometries.24-

25 Another exciting focus is membrane functionalization to 
control membrane’s properties and interactions as well as 

to use membranes as platform for DNA self-assembly.26-36 
As a recent example, cell clustering was programmed by 
higher-order assembly of DNA origami, imitating cell-ad-
hesion molecules.37 These studies raise an important fun-
damental question: What are the general design rules that 
specify the behavior of DNA nanostructures with lipid bi-
layers, and can a combination of these structural variations 
be used to change functions of membrane protein mimics? 
This understanding, to our knowledge, is still at its very 
early stages. However, it will be necessary for the system-
atic development of DNA nanostructures as synthetic 
membrane protein mimics that overcome proteins’ diffi-
cult bottom-up design. 

Here, we set out to develop a modular DNA platform on 
which to organize cholesterol lipid anchors into different 
3D positions. The objective of this approach is to under-
stand how structural factors govern the membrane func-
tion of DNA nanostructures. We find that factors such as 
number, orientation and rigidity of tethered cholesterol 
units on a wireframe DNA cube, are strong and predictable 
determinants of how a DNA structure interacts with a lipid 
bilayer. Cholesterol decoration on a single cube face leads 
to peripheral anchoring (Figure 1a), whereas cholesterol 
decoration at two cube faces causes membrane integration 
(Figure 1b), and nanopore function.8, 38 Importantly, the 
latter nanostructure is the first example of a DNA na-
nopore with open walls, in contrast to DNA-dense previ-
ous examples (Figure 1c). This striking finding raises fun-
damental questions on the mechanism of pore formation,
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Figure 1. Design, assembly and membrane interactions of DNA/cholesterol nanostructures. DNA cubes serve as wireframe na-
noscaffolds to provide 3D cholesterol presentations. The cholesterol units were organized on the cubes by selective hybridization 
between single-stranded DNA segments on the cubes (colored in blue and grey lines) and cholesterol-DNA conjugates of comple-
mentary sequences (colored in yellow and purple lines). Note that each solid line in the illustrations represents a single-stranded 
segment of the cubes and cholesterol-DNA conjugates. Both cube monomers (intramolecular assembly of cholesterol units) and 
oligomers (intermolecular assembly of cholesterol units) were assembly outcomes of the cubes decorated with multiple Chol-A14, 
while Chol-A20 functionalization generated cube monomers. Upon membrane binding, the nanostructures could either (a) anchor 
peripherally or (b) puncture the membrane, depending on their cholesterol orientation. (c) The poration activity was examined 
only in the cubes functionalized with Chol-A20. The clustering and lateral mobility of our nanostructures can be further modulated 
by changing number, orientation and flexibility of cholesterol units.  

which we preliminarily address using a molecular dynam-
ics simulation. In addition, we tune the cubes’ clustering 
and lateral mobility on lipid membranes by changing the 
configuration and flexibility of cholesterol units.39 Finally, 
one of the geometries allows the cholesterol units to ‘hide’ 
inside the cube and to then be exposed through a confor-
mational switch upon membrane binding28, akin to the 
structural transition of Bax proteins and pathogenic pore-
forming toxins.40-42 Our design goes beyond previous stud-
ies by demonstrating that changing cholesterol positions 
can achieve membrane tethering and insertion within one 
platform structure. Thus we describe the first example of a 
single DNA nanostructure that predictably replicates a 

wide range of membrane protein interactions by simple 
chemical alteration. 

Results and Discussion 

Membrane interacting structures are built with DNA cu-
bes and cholesterol-DNA strands. We selected a wireframe 
DNA cube as an addressable nanoscaffold (Figure 1, first col-
umn) to spatially organize lipid anchors and achieve predict-
able membrane-interacting modes. The cube is of 7 nm side 
length which is slightly larger than the lipid bilayer’s thickness 
of ~4-5 nm. The DNA scaffold is composed of four 80 nucleo-
tide (nt) DNA strands which hybridize with one another to 
yield a cube with four vertical duplexes and eight single-
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Figure 2. Assembly and characterization of DNA/cholesterol nanostructures. Non-denaturing polyacrylamide gel electrophoresis: 
lane 1 is DNA cube; lanes 2, 3, 4 and 5 are DNA cubes functionalized with A14, Chol-A14, A20 and Chol-A20. (a) Intermolecular 
hydrophobic assembly between cholesterol units led to the aggregation of C4/Chol-A14, whereas the main products of C4/Chol-
A20 were cube monomers. (b) Cube monomers were the main products for both C2,2/Chol-A14 and C2,2/Chol-A20. Only C2,2/Chol-
A14 showed the intramolecular assembly of cholesterol units inside the cube. (c) Cholesterol distribution on both faces of cube C8 
yielded cube monomers and a minor population of cube dimers for C8/Chol-A14, but only cube monomers for C8/Chol-A20. Sub-
stoichiometric addition of Chol-A14 to cube C8 showed ‘all-or-none’ cooperative binding behavior, which did not occur in the case 
of Chol-A20. Concentrations of cholesterol-DNA conjugates are 4, 6, 8, 10, 12 and 16 equivalents with respect to cube C8. 

stranded segments at the top and bottom faces.43-44 These 20-
nt-long sites (Figure 1, first column) are of unique sequences, 
thereby allowing predictable hybridization of additional 
strands. 

Cholesterol-modified DNA strand (Figure 1, second col-
umn) of matching complementary sequence were chosen 
to place the hydrophobic membrane anchors at up to eight 
sites of the DNA cube (Figure 1, third column). This ra-
tional design strategy is able to control the number, orien-
tation, and flexibility of tethered cholesterol units. 

To vary the number, cubes with one cholesterol (C1), four 
cholesterols (C4 and C2,2), and eight cholesterols (C8) were 
selected (Figure 1, third column). To vary the orientation, 
four-cholesterol cubes C4 and C2,2 carry the tags either on 
one cube face (C4), or each two cholesterol units on the two 
faces, arranged in a diagonal manner (C2,2). Based on their 
design, the C1 and C4 nanoscaffolds with cholesterol units 
on one cube face are expected to undergo peripheral bind-
ing to a lipid membrane, while cubes C2,2 and C8 can only 
anchor cholesterol units on both faces by integrating into 
the membrane. 

As final design feature, the flexibility of tethered choles-
terol units at the cube can be modulated. This is achieved 
by tuning the length of the cholesterol-DNA conjugate, 
and the length of the spacer between the strand’s cube-
binding segment and the cholesterol unit. The first strand, 
named ‘A14’ (or ‘B14’), is complementary to only 14 bases of 
the cube’s binding site. In addition, it carries a 5-thymidine 
(T) spacer between the binding region and the hydropho-
bic cholesterol unit (Figure 1, second panel). We previously 
showed that this partially complementary design gives 
flexibility to the cube, and allows for the interaction of al-
kyl chains inside the same cube (Figure 1, third panel).44-45 
The other strand, termed ‘A20’, is fully complementary to 

the 20-nt-long binding site. It features no thymidine spacer 
(Figure 1, second panel) and thus orients the cholesterol 
towards the cube’s corners (Figure 1, third panel). We rea-
soned that the resulting longer distance between choles-
terol units as well as the increased nanostructure rigidity 
may reduce cholesterol-cholesterol interactions within 
these cubes. 

Cholesterol tunes the assembly modes of DNA cubes 
by hydrophobic effect. We first investigated how the 
number, orientation, and flexibility of tethered cholesterol 
units controls the assembly behavior of our nanostructures 
in solution. The assembly outcome of different cube/cho-
lesterol combinations was characterized by using non-de-
naturing polyacrylamide gel electrophoresis (Figure 2 and 
Supplementary Information, Figures 3-5) atomic force mi-
croscopy (Supplementary Information, Figure 7) and dy-
namic light scattering (Supplementary Information, Table 
6). The analysis was first conducted for DNA cubes with 
flexible cholesterol units (Chol-A14). 

The role of cholesterol number was examined by com-
paring cubes C1 and C4. The gel electrophoretic results con-
firmed successful formation of cholesterol-modified cube 
C1 as a single product (Supplementary Information, Figure 
3).26 However, cube C4 with four cholesterol units on one 
cube face yielded dimers, trimers and other oligomers, as 
evident by a smeary band in gel electrophoresis and oligo-
meric structures in AFM (Figure 2a, lane 3; Supplementary 
Information, Figure 4). Cholesterol number hence controls 
assembly into cube oligomers, most likely by hydrophobic 
interactions between the cholesterol units on the cube 
faces (Figure 1, top panel).  

To probe the role of cholesterol orientation, we com-
pared the assembly modes of cubes C4 and C2,2 that contain 
four cholesterol units at different positions. While cube C4 
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formed inter-particle oligomers, the alternative cube C2,2 

migrated as a single band of increased mobility (Figure 2b, 
lane 3), compared to a non-cholesterol control (Figure 2b, 
lane 2). We previously showed that the folding of alkyl 
chains within the cube results in structure compaction and 
faster gel mobility.44-45 Thus, the fast migration for cube C2,2 

most likely represents a compact cube structure formed by 
the intramolecular attraction of cholesterol units inside 
the cube cavity.  

The effect of number and orientation on intra- and in-
termolecular interaction was also observed for fully choles-
terol-modified cube C8. The cube assembly resulted in C8 

monomers that migrated faster than the equivalent struc-
ture with no cholesterol (Figure 2c, lane 2), consistent with 
intramolecular folding of the cholesterols into the cube in-
terior. In addition, a minor population of cube dimers 
formed (Figure 2c, lane 3) which are most likely associated 
by hydrophobic effect. Strikingly, substoichiometric con-
centrations of cholesterol-DNA conjugate vs DNA cube re-
vealed a ‘all-or-none’ binding behavior. As such, cubes 
formed with all eight or no cholesterol tags but not with 
intermediate cholesterol numbers (Figure 2c, lane 3). The 
data strongly suggests a cooperative mechanism for cube 
assembly mediated by the intramolecular hydrophobic ef-
fect,45 which was also found for cube C2,2 (Supplementary 
Information, Figure 5). Interestingly, when cube C2,2’s ri-
gidity was increased by hybridizing its non-cholesterol 
binding sites with fully-complementary DNA strands 
(‘B20’), Chol-A14 binding to this cube became non-cooper-
ative (Supporting Information, Figure 8). This demon-
strates that a degree of cube flexibility is required for intra-
molecular folding of cholesterol units. 

Finally, we probed the influence of flexibility of the cho-
lesterol-tether as well as the scaffold, by replacing the 
above used Chol-A14 conjugate with Chol-A20. In line with 
the less flexible Chol-A20, no inter- or intramolecular as-
sociation by cholesterol units was found for cubes C8, C4, 
and C2,2 (Figure 2, lanes 5); normally migrating monomers 
were the major product (Figure 2c, lane 5 for C8/Chol-A20; 
see Supplementary Information, Figures 4-5 for other cu-
bes). In contrast to its flexible counterpart, cube C8 showed 
no cooperative behavior at substoichiometric concentra-
tions of Chol-A20, consistent with the lack of intramolec-
ular interactions between the cholesterol units. It is re-
markable that Chol-A20 cube’s increased rigidity and 
longer inter-cholesterol distance can together overcome 
the inherent clustering tendency of cholesterols observed 
for flexible Chol-A14 cubes.46 Additional experiments 
where a 5T spacer was added to Chol-A20 showed non-co-
operative binding to all cubes, generating cube monomers 
for C4 and C2,2 but big aggregates as major products for C8. 
This further supports that inter-cholesterol distance is im-
portant for altering intramolecular cholesterol interactions 
(Supplementary Information, Figure 6). 

Thus, we have generated a library of DNA nanostruc-
tures with different cholesterol configurations of predicta-
ble behavior. Increasing the number of cholesterol units on 
a DNA cube leads to intermolecular clustering via hydro-
phobic cholesterol interactions. Changing cholesterol ori-
entation by placing them on two rather than one cube face 

causes intramolecular cholesterol association within the 
cube. However, this requires flexibility in the cube and 
longer spacers. Conversely, increasing the rigidity of the 
scaffold greatly attenuates cholesterol interactions within 
and between DNA cubes. 

Cholesterol configuration	defines lateral membrane 
mobility and bilayer clustering of DNA nanostruc-
tures. To elucidate how cholesterol determines the cube’s 
interactions with the membrane, we monitored their bind-
ing onto lipid vesicles with confocal laser scanning micros-
copy to determine the distribution of cubes on the mem-
brane (Figure 3), and fluorescence recovery after photo-
bleaching (FRAP) to quantify how fast cubes diffuse on the 
membrane surface. The nanostructures were labelled by 
attaching a Cy3 fluorophore at the 5’ terminus of one of 
their DNA component strands. In these experiments, giant 
unilamellar vesicles (GUVs) composed of DOPC lipids 
were used as the lipid model system. 

Microscopic characterization of individual GUVs first es-
tablished that cholesterol tagging of DNA cubes was re-
quired for membrane binding. Cube with cholesterol units 
(via Chol-A20) caused homogeneously bright, fluorescent 
rings of the vesicles while cubes without cholesterol 
yielded little fluorescence (Supplementary Information, 
Figure 9). As additional reference, the FRAP recovery half-
time of cube C1 on membranes was similar to a control 
strand with a cholesterol tether and the Cy3 fluorophore 
(Figure 3e).  

We next examined how the number of cholesterol units 
influences membrane interaction by comparing cube C1 
with C4 and C8. Previous gel analysis had established that 
multiple cholesterols led to a solution-based intermolecu-
lar clustering for cube C4. Hence, the key question was 
whether cholesterol-modified cubes would retain this be-
havior once exposed to membranes, or respond to the new 
hydrophobic bilayer environment by dynamically rear-
ranging their cholesterol units. The microscopy analysis 
suggests that cholesterol units rearranged, because cube C4 
was homogeneously distributed on the membrane similar 
to non-clustering cube C1 (Figure 3a; Supplementary Infor-
mation, Figure 10). The homogenous distribution implies 
that the solution clusters of C4 dissociate into monomers 
on the vesicle surface and thereby expose their cholesterol-
face for membrane tethering (Figure 3a). In comparison, 
cube C8 led to a heterogeneous distribution with multiple 
high fluorescence patches on the vesicles, implying signif-
icant clustering of this nanostructure within the lipid 
membrane (Figure 3c). This clustering process could occur 
before or after binding to the membrane, and the mono-
meric cubes and lower-order oligomers of cube C8 are the 
most likely structures to efficiently span the membrane. 
On the other hand, we observed extremely low binding ef-
ficiency when there is a significant aggregation degree of 
the nanostructure (Supplementary Information, Figure 11). 

To further elucidate how the number of cholesterol units 
influences membrane interaction, FRAP was applied to de-
termine the extent of mobile cubes and their FRAP recov-
ery half-time. In line with the observed homogeneous dis-
tribution, cube C4 had a very high mobile fraction of >90% 
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Figure 3. Binding of DNA/cholesterol nanostructures on DOPC giant lipid vesicles. Reconstructions of z-stacked confocal images 
show different degrees of surface homogeneity from vesicle binding of (a) C4/Chol-A14, (b) C2,2/Chol-A14 and (c) C8/Chol-A14. 
Additional confocal images can be found in Supplementary Information, Figure 10. FRAP assays were then performed for quanti-
tative measurements. Color scale bar indicates Cy3 fluorescence intensity of DNA/cholesterol nanostructures. Length scale bar is 
5 µm. (d) There was an inverse correlation between lateral membrane mobility and cholesterol number, consistent with stronger 
binding from multiple cholesterol units. Substitution of Chol-A14 with Chol-A20 can lower the mobility of cubes C2,2 and C8 by 
reducing the extent of intramolecular assembly of cholesterol units inside the cubes. (e) Eight cholesterol units caused a significant 
decrease in mobile fraction, indicative of clustering degree. Cholesterol sequestering inside DNA cubes by intramolecular assembly 
could attenuate the clustering, especially in cube C2,2. 

similar to single-cholesterol tethered C1 (Figure 3e). How-
ever, FRAP recovery half-time for cube C4 was significantly 
higher than for cube C1, (Figure 3e) mostly likely as the 
tethering of the cubes via multiple as opposed to one cho-
lesterol anchor slowed down lateral movement at the 
membrane surface.47 In comparison, cube C8 showed a sig-
nificantly reduced mobile fraction (Figure 3e) consistent 
with clustering at the membrane caused by the hydropho-
bic effect. Furthermore, cube C8 diffused significantly 
slower than cube C4, which may also likely reflect a mem-
brane-spanning rather than the C4 cube’s membrane-teth-
ered status, as diffusion coefficients of integral membrane 
proteins are about half as fast as peripheral proteins48-49 
(see below for additional evidence of membrane span-
ning). Therefore, increasing the number of cholesterol 
units decreases the surface mobility and increases mem-
brane clustering of DNA nanostructures.47 However, these 
effects could be weakened by reducing the nanostructure’s 
concentration in comparison to GUVs (Supplementary In-
formation, Figures 14-15). We noted that this reduction will 
be highly beneficial in applications where the consistency 

in our nanostructure’s behavior throughout the vesicle sur-
face is required.  

The effect of cholesterol orientation on lipid membrane 
interactions was examined by comparing cubes C4 and C2,2. 
The previously suggested membrane-spanning state for 
cube C2,2 was supported by the less homogeneous fluores-
cence distribution (Figure 3b), the lower mobile fraction, 
and the slower mobility when compared to cube C4 (Figure 
3d,e). We note that the clustering behavior as indicated by 
low mobile fraction could be strongly driven by the lateral 
interactions between the nanostructures. Due to the pres-
ence of cholesterol units on both faces of cubes C2,2 and C8, 
these nanostructures could have a better interfacial con-
tact with one another, leading to enhanced cube/cube in-
teractions and thus clustering.  

Finally, the effect of scaffold rigidity on lipid membrane 
interactions was examined. We showed earlier that flexible 
DNA cubes with cholesterol units on both faces (C2,2/Chol-
A14 and C8/Chol-A14) undergo intramolecular folding of 
their cholesterol units into the inside of the cube, with cor-
responding assembly cooperativity (Figure 1 top).  
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Figure 4. The dye influx assay with C8/Chol-A20, C2,2/Chol-A20/B20 and C4/Chol-A20/B20 using POPC GUVs exposed to fluoro-
phore ATTO 633. The cubes with cholesterol units on two opposing faces (cubes C8 and C2,2) cause fluorophore influx and likely 
span the membrane. The cubes with cholesterol units on only one face (cube C4) do not show significant influx and are assumed 
to float on the membrane. 

Thus, membrane binding would require conformational 
switching of the cholesterol units from the internal cube 
space to the exterior. The bright fluorescent rings observed 
upon binding flexible cubes C2,2 and C8 indeed suggest that 
they undergo conformational switching via an ‘in-then-
out’ display of hidden cholesterol units upon membrane 
exposure. This ‘in-then-out’ mechanism  was previously in-
corporated into DNA origami by List el al.28 These struc-
tural dynamics share a similarity to the membrane-trig-
gered exposure of hydrophobic domains in several mono-
mers of bacterial pore-forming toxins.40 On the other 
hand, the more rigid cubes C2,2/Chol-A20 and C8/Chol-A20 
do not display cholesterol self-interactions, thus their cho-
lesterol units may be more exposed and available (Figure 1 
bottom). This was manifested both in their reduced mem-
brane mobility and increased clustering properties (Fig-
ures 3d-e), as compared to flexible cubes. Additional ex-
periments to prevent the conformational switching of 
C2,2/Chol-A14 by improving its rigidity also led to increased 
membrane interactions (Supplementary Information, Fig-
ure 17)  

In contrast to the membrane spanning cubes C2,2 and C8, 
cube C4 is not expected to display drastically different 
membrane behavior between its flexible (A14) and rigid 
(A20) forms. This is because the flexible C4/Chol-A14 does 
not show significant cholesterol intramolecular interac-
tions (Supplementary Information, Figure 4), thus these 
units are exposed and available in both flexible and rigid 
forms. Indeed, the extent of mobile fraction and the recov-
ery half-time were the same for C4/Chol-A20 and C4/Chol-
A14 (Figure 3d, e).  

We can conclude that our nanostructures efficiently 
bind to lipid vesicles through cholesterol-lipid interac-
tions. Their membrane-binding characteristics can be 
tuned by changing the number, orientation and flexibility 
of their cholesterol units. Increasing the number of choles-
terol units, or distributing these units on both faces of the 

cube lead to slower membrane mobility and higher clus-
tering degree. It is of note that the membrane-binding den-
sity could potentially affect the membrane diffusion of 
DNA nanostructures.20, 47 Although this is not a focus of 
our study, additional experiments will be beneficial to 
probe and further understand this effect. Finally, unique to 
our design, placing cholesterol units on both faces of a flex-
ible cube results in intramolecular interactions between 
these units, leading to faster membrane mobility than rigid 
cubes.  

Decorating cholesterol units on both faces of DNA cu-
bes is key for membrane spanning.  To confirm that 
hollow cubes C4 and C2,2 can span a membrane bilayer, a 
dye influx assay was carried out (Figure 4). In the assay, 
DNA cubes functionalized with Chol-A20 were added to 
lipid vesicles that were immersed in fluorophore-contain-
ing solution. The cubes able to puncture the membrane 
were expected to facilitate dye influx into vesicles. By com-
parison, cube C4 assumed to float on the membrane with-
out puncturing should not lead to influx. The cubes also 
featured non-functionalized B20 to fill the remaining sin-
gle-stranded segments on C4/Chol-A20 and C2,2/Chol-A20 
to further increase their rigidity. 

The results of an influx assay with POPC GUVs and a 
small fluorophore dye ATTO 633 of around 1 nm size are 
summarized in Figure 4. The fluorescence intensity within 
the vesicles was tracked using confocal microscopy and 
plotted as a function of time. As shown in Figures 4a and 
4b, the suggested membrane-spanning C8/Chol-A20 and 
C2,2/Chol-A20/B20 caused an increase in fluorescence in-
side the vesicle. In further agreement, C4/Chol-A20/B20 
thought to float on the membrane did not lead to influx 
(Figure 4c). To further confirm that C8/Chol-A20 and 
C2,2/Chol-A20/B20 puncture the membrane, the size-de-
pendent permeation was examined with FITC-Dextran dye 
with a higher molecular weight of 500 kD and a diameter 
of >15 nm. The probe is too large to fit through the lumen 
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Figure 5. Snapshots of C8/Chol-A20 (orange ribbons) in MD simulations. (a) Top down view of the cube with cholesterol units 
pre-inserted in the POPC bilayer (snapshot at 50 ns). (b) Sideview of the cube without pre-inserted cholesterol units (snapshot at 
50 ns). The P and N atoms (blue spheres) are shown to highlight the membrane curvature with direct lipid-DNA contacts. (c) The 
DNA/POPC/Mg2+ interface. (d) Illustrations of the nanopore from the side (left) and the top (right). DNA cube shown as trans-
parent orange ribbons. 

of DNA/cholesterol nanostructures but can pass across in-
duced lesions within the GUV membranes.11 Fluorescence 
analysis revealed that neither C8/Chol-A20 nor C2,2/Chol-
A20/B20 facilitated influx of the large dye (Supplementary 
Information, Figure 19), thereby corroborating the cubes’ 
bilayer-spanning nature rather than any non-specific 
membrane destabilization.50 As another control, the flexi-
ble C8/Chol-A14 also allowed the ATTO 633 influx into the 
vesicle, further confirming that this nanostructure can 
span the membrane (Supplementary Information, Figure 
19). Additionally, the membrane-spanning behavior of our 
DNA nanostructures were also supported by their in-
creased resistance towards enzymatic digestion26, 50 (Sup-
plementary Information, Figure 22) and lower height on 
supported lipid bilayers measured by AFM (Supplemen-
tary Information, Figure 25).  

Molecular dynamics simulations reveal the formation 
of a stable DNA nanopore. As molecular dynamics sim-
ulations have been applied to DNA nanotechnology,8, 15, 51 
we used the simulation to understand how the membrane 
remodels to accommodate the DNA cube and to visualize 
the channel formation as well as its dimensions. As such, 
all-atom molecular dynamics (MD) simulations on cube C8 
with rigid cholesterol units (Chol-A20) were performed to 
study the detailed interactions between the DNA cube, the 
cholesterol decorations, and the POPC bilayer. To assess 

the pore stability, two models of up to one million atoms 
were setup and simulated for ~50 ns. The first starting 
model was constructed with the cholesterol decorations 
inserted into the bilayer. This simulation suggests that 
while the structure of the cube in the bilayer is highly dy-
namic, its membrane-spanning behavior is nevertheless 
stable for at least 50 ns, resulting in the formation of a 
channel with a pore radius of ~24 Å (Figure 5a and 5d). 
Also, we observe rapid remodeling of the POPC bilayer as 
the charged headgroups fold over to maximize their con-
tact with the DNA backbone, which eventually leads to the 
formation of a charged POPC surface which surrounds the 
cube (Figure 5b). A closer examination of the DNA/POPC 
interface reveals the presence of magnesium ions sur-
rounding the DNA backbone, especially midway between 
the POPC headgroups and DNA backbone (Figure 5c). 
Magnesium ions hence play a role in increasing the overall 
nanopore stability. 

Moreover, all cholesterol decorations remain embedded 
within the POPC bilayer for the duration of the simulation. 
This observation is consistent with our hypothesis that the 
hydrophobic nature of cholesterol is a driving force for 
pore formation. To further test this hypothesis, a second 
construct without initial cholesterol insertion was simu-
lated for ~67 ns. Fast embedding of the cholesterol in 
membranes within ~20 ns was observed in addition to 
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rapid membrane remodeling (Supplementary Information 
Video). C8/Chol-A20, while relatively rigid, has hexa-
ethylene glycol (HEG) linkers on its 8 corners, which likely 
provide some flexibility for its deformation inside the 
membrane. While both simulations show direct evidence 
of a stable nanopore, the simulation of the second con-
struct ultimately yielded a more deformed DNA cube. This 
simulation indicates that cholesterol might also be im-
portant for pore stability, in conjunction with the interac-
tions between the cube, the POPC bilayer, and the magne-
sium ions.  

Conclusion 
The ability to use a single structural platform to dial into a 
range of multiple membrane functions is the conceptual 
advance in our study. Cholesterol orientation and scaffold 
flexibility are able to direct assembly modes of cholesterol 
units tethered on the cubes, thereby controlling their 
membrane-interacting behavior. Single-face cube decora-
tion with cholesterol units leads to peripheral membrane 
anchoring, in which the surface mobility can be modulated 
by cholesterol number. On the other hand, decorating 
both cube faces with cholesterol units leads to membrane 
insertion.8, 38 The DNA nanostructures are then able to 
puncture the membrane, allowing the passage of small 
molecules. Increasing the number of cholesterol units de-
creases their surface mobility and increases their clustering 
degree. Finally, nanostructures that have a flexible choles-
terol configuration can undergo structural ‘in-then-out’ 
switching to expose their hidden cholesterol units upon 
membrane binding.28 We thus present a modular DNA 
nanostructure of cube shape that can be predictably de-
signed to exhibit various modes of membrane interactions. 

It is important to note that typical DNA-based channels 
are ‘barrel-like’ architectures enclosed by DNA-dense 
walls,52 whereas our wireframe nanostructures have large 
gaps on their walls. Thus, our design is the most DNA-
minimal channel reported to date. As such, it is possible 
that that lipid molecules reside in the pore created by our 
nanostructure. If this were the case, then these lipids might 
have a different packing behavior compared to those sur-
rounding the pore, and this membrane disruption could 
influence membrane transport. Furthermore, a top and a 
bottom layer of cholesterol units on both faces of the struc-
ture are important for membrane puncturing. This leads to 
an interesting question regarding the mechanism of mem-
brane insertion: when the first cholesterol layer inserts into 
the lipid bilayer, how is the second cholesterol layer 
‘sensed’ by the membrane to allow full integration?  These 
cholesterol layers are separated by approximately two full 
turns of polyanionic DNA helices. In addition, our DNA 
cube contains flexible hexaethylene glycol linkers at each 
corner. This flexibility might be important to increase 
nanostructure’s flexibility, and it may help molecular 
recognition and membrane insertion. Further molecular 
modeling analysis is necessary to better understand the po-
ration mechanism of our nanostructures. 

A direct application of the approach presented in this 
work is on membrane interfaces. The advantage of our de-
sign is that the open spaces created by the DNA scaffold 

can be easily decorated with different structural parts to 
add new functions depending on the desired use. For ex-
ample, one could add peptide or proteins to chemically de-
fine the pore wall structure and thus its function such as 
the interaction with transported cargo. It is also conceiva-
ble to add receptors or enzymes into the pore wall for sens-
ing or biocatalytic applications. A recent study by Bayley et 
al. has added to a non-membrane spanning DNA ring pep-
tide that span the lipid bilayer.53 Our design adds more 
tunability as different parts of the pore can be decorated 
with different functional units. This modification will be 
useful for membrane engineering. Moreover, several bio-
logical functions rely on the hierarchical organization 
through surface clustering of membrane proteins.54 The 
clustering of our nanostructures can be used to probe and 
influence this effect on lipid membranes. Excitingly, mem-
brane-spanning behavior of our nanostructures can be 
harnessed as synthetic channels for membrane transport. 
Reconfigurable DNA channels are highly possible as differ-
ent cage geometries can be easily generated such that the 
width of the lumen can be tuned, thus increasing the po-
tential applications of the structures. It is also viable to in-
corporate stimuli-responsive pore opening/closing mech-
anisms as the gatekeeper, which is useful for biophysical 
tools, cellular imaging and drug delivery.9 Apart from the 
cholesterol modification, different lipid anchors could be 
attached on different positions of the cubes, opening an 
exciting avenue to further tune membrane-binding affinity 
and lipid-phase selectivity of DNA nanostructures.5-6 

Therefore, we anticipate that our design approach will be 
highly useful to a wide range of applications in biomedical 
nanotechnology and material sciences.  
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