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ABSTRACT 

Rigid DNA nanostructures that bind to floppy bilayer membranes are of fundamental interest as 

they replicate biological cytoskeletons for synthetic biology, biosensing, and biological research. 

Here, we establish principles underpinning the controlled interaction of DNA structures and lipid 

bilayers. As membrane anchors mediate interaction, more than 20 versions of a core DNA 

nanostructure are built each carrying up to five individual cholesterol anchors of different steric 

accessibility within the 3D geometry. The structures’ binding to membrane vesicles of tunable 

curvature is determined with ensemble methods and by single-molecule localization microscopy. 

This screen yields quantitative and unexpected insight on which steric anchor points cause efficient 

binding. Strikingly, defined nanostructures with a single molecular anchor discriminate effectively 

between vesicles of different nanoscale curvatures which may be exploited to discern 

diagnostically relevant membrane vesicles based on size. Furthermore, we reveal anchor-mediated 

bilayer interaction to be co-controlled by non-lipidated DNA regions and localized membrane 

curvatures stemming from heterogenous lipid composition, which modifies existing biophysical 

models. Our study extends DNA nanotechnology to control interactions with bilayer membranes 

and thereby facilitate the design of nanodevices for vesicle-based diagnostics, biosensing, and 

protocells. 

 

 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 14, 2023. ; https://doi.org/10.1101/2023.11.14.567022doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.14.567022
http://creativecommons.org/licenses/by-nc-nd/4.0/


 3 

Defined DNA nanostructures that bind to floppy semifluid bilayer membranes are scientifically 

intriguing and innovatively combine the best of DNA nanotechnology and membranes for 

applications in synthetic biology, biosensing, and research into cell biology, biophysics, and 

biomimetics. While DNA nanotechnology excels at precisely tuning the shape and dimensions of 

2D and 3D nanostructures spanning from the nanoscale1-13 to the macroscale,13–15 semifluid lipid 

bilayers stand out by compartmentalizing hydrophobic environments,16 setting up concentration 

gradients for energy conversion,17 and providing lateral diffusive platforms for enhanced 

molecular assembly.18 Combining DNA nanotechnology with lipid membranes can unlock 

considerable synergy as illustrated by a range of DNA nanostructures that can mimic cellular 

cytoskeletons and shape membranes into biologically unprecedented forms,19–23 define lipid 

domains,24 selectively label leaflets,25,26 measure membrane curvature,27 fuse membrane 

bilayers,28 spatially activate membrane proteins,29,30  tune endosomal uptake,31 facilitate 

macrostructure assembly,32,33 and even help produce synthetic protocells.34–37 In complementary 

approaches, DNA nanostructures can insert into lipid membranes to emulate the function of 

membrane proteins, including receptors,38 nanopores,39,40 gated channels,41 membrane force 

sensors,42 and lipid flippases.43 Designing bilayer-interacting DNA nanostructures hinges on 

attached hydrophobic anchors that insert into the lipid bilayer.44,45 Cholesterol is the most 

prominent anchor, yet tocopherol,46 porphyrins,47 alkyl chains,45 and polypropylene oxide have 

also been successfully used.48 

 

Understanding DNA-membrane interaction is of fundamental scientific relevance but also helps 

improve the engineering of DNA nanostructures. Several studies have investigated how 

cholesterol-mediated anchoring depends on temperature, lipid composition, the number of 
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cholesterol anchors, and buffer conditions.49–55 However, very few studies49,54 have explored the 

impact of steric and geometric effects even though they are a principal contributor to ligand-

binding specificity in both chemistry and biology56–58 and are likely key for controlling DNA 

nanostructure binding to bilayer. Unresolved questions are how the nanostructure-membrane 

interactions depend on the steric accessibility, position, and number of anchors in a DNA 

nanostructure of 3D geometry. A related question is on the role of the membrane geometry in terms 

of global vesicle curvature but also smaller localized curvatures which can result from non-

homogenous lipid composition.59 Ideally, these questions should be addressed with ensemble 

techniques for efficient throughput but also at the single-molecule level to obtain further insight 

into the binding mechanism. A comprehensive understanding of steric influence would be of 

scientific value and help identify design rules for efficient membrane binding and nanostructure 

engineering for size-specific vesicle discrimination to identify diagnostically relevant 

exosomes.60,61  

 

Here, we comprehensively examine how steric factors influence DNA nanostructure-membrane 

interactions. We devise a T-shaped DNA nanoprobe (DNP) structure with prominent geometry 

featuring a baseplate and a tip (Figure 1A). DNP is a highly addressable 3D breadboard to place 

cholesterols of variable steric accessibility. We use 20 different DNA variants (Figure 1B) which 

are clustered into groups 1-4, each comprising up to five cholesterol tags (Figure 1B, DNP-1 to 

DNP-4, top row; Figure S1). In groups DNP-1 and DNP-2, cholesterol moieties are positioned at 

one corner of the baseplate (Figure 1B, insets) and likely of intermediate to high steric accessibility 

for vesicles (Figure S1, S2). By contrast, lipidated DNP variants of group 3 have cholesterols very 

close to or on the DNP tip (Figure 1B, Figure S1), likely of lower accessibility (Figure S2), while 
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group DNP-4 structures feature cholesterols at the center of the bottom baseplate distant to corner 

and the tip (Figure 1B, Figure S2). Predicted accessibility also guides the positioning of 

cholesterols within the groups, such as in DNP-1 where the first cholesterol is close to the corner 

while the second and third cholesterols are closer to the tip in the middle of the baseplate (Figure 

1B, middle row). The lipidated nanostructure variants are termed DNP-1.1 to DNP-1.4 whereby 

the second digit refers to the number of cholesterols (Figure 1B, middle row, Figure S1). DNP 

variants in group 2-4 with one to up to five cholesterols are named accordingly.   

 

 

Figure 1. DNA nanoprobes (DNPs) and their interaction with bilayer vesicles as a function of 

membrane anchor number, anchor position, and vesicle curvature and composition. (A) Design 

and dimensions of the T-shaped DNP with baseplate (light blue) and tip (dark blue) made of 

bundled DNA duplexes (blue cylinders). (B) Lipidated DNP versions of group DNP-1 and DNP-

2 carry up to five cholesterols (pink to red) at the edge-corner of the baseplate, while those of 
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DNP-3 at the tip and DNP-4 at the baseplate underside, respectively (top row). Variants of the first 

group DNP-1.1 to DNP-1.4 carry one to four cholesterols (middle row). Additional cholesterols 

added within a DNP group are color-coded in red of increasing intensity (bottom row). (C) 

Schematic illustration of small unilamellar vesicles (SUVs) and large unilamellar vesicles (LUVs) 

of diameters of 30 nm and 200 nm, and membrane compositions of either POPC with 

homogeneously curved membrane, or DOPC/DOPE/Chol (2:1:2) with heterogeneous phases of 

varying localized curvature. (D) Scheme on lipid anchor-mediated binding of DNPs to vesicles. 

Successful binding is detected with agarose gel electrophoresis and high-resolution single-

molecule fluorescence microscopy. 

 

The binding of each of these DNA structures is tested with four lipid vesicle types of different 

global diameters and more fine-grained local curvature (Figure 1C). We use large unilamellar 

vesicles (LUV) and small unilamellar vesicles (SUV) of around 200 and 30 nm diameter each 

made with either 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)(Table S1) to achieve 

constant membrane curvature or lipid mixture 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and cholesterol (Chol, ratio of 

2:1:2)(Table S1) with heterogeneous phases of varying localized curvatures.59,62–64  To screen for 

binding, ensemble measurements and single molecule localization microscopy are used and report 

on which steric factors of DNP and membrane vesicles influence binding yield (Figure 1D).  

 

Our results are multifaceted and (i) quantify how binding correlates with higher cholesterol 

number on DNPs while revealing that binding strongly depends on the position of the cholesterols, 

often against previously assumed knowledge. As other striking result, (ii) a selected DNA 
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nanostructure with solely one cholesterol shows strong size selection for vesicles larger than 100 

nm while interacting poorly with small vesicles. Based on this and related findings we expand the 

current model that explains DNA-membrane interactions as mainly governed by lipid anchors to 

include interactions between non-modified DNA surfaces and other bilayer segments. The 

surprising finding may help size-separate diagnostically relevant exosome membrane vesicles and 

thereby fill a gap in the diagnostic toolset. Exosomes are extracellular 30-150 nm-sized vesicles 

present in most biological fluids which mediate intercellular communication and signaling65,66 and 

are hence important biomarkers for cancer as well as cardiovascular and neurodegenerative 

diseases.67,68 As last finding, (iii) homogenous vs heterogenous fine-grained vesicle curvatures 

strongly influence nanostructure binding, partly more than overall vesicle curvature. By improving 

understanding of DNA nanostructure binding to membranes, our study may facilitate rational 

design for synthetic biology, biophysical research, and the purification of diagnostically relevant 

vesicles. 

 

 RESULTS AND DISCUSSION 

Design, assembly, and characterization of the T-shaped DNA nanostructure. The DNP 

structure was rationally designed with the software CaDNAno.69 In the defined T-shaped DNP, 

the baseplate is composed of four stacked layers of 16 parallel duplexes arranged in a square lattice 

whereby each duplex is 79 base pair (bp) long (Figure 1A, Figure 2A, Figure S3). The 

corresponding dimensions for length, width, and height of the baseplate are predicted to be 26.9 

nm x 41.6 nm x 10.4 nm, assuming a duplex length of 0.34 nm per bp and a duplex-duplex distance 

in the square lattice of 2.6 nm.70 At two sides of the baseplate, small few-nucleotide short loops 

from the scaffold were allowed at each duplex end to prevent aggregation by blunt-end stacking 
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interactions.1,71 The cuboid tip of the nanostructure was designed to be 4 x 5 duplexes each with 

31 bp (Figure 2A, Figure S3), corresponding to length, width, and height dimensions of 10.5 nm, 

10.4 nm, and 13.0 nm, respectively.  

 

The DNA nanostructure version lacking cholesterol tags was self-assembled by the origami 

method via the programmable folding of a long single-stranded DNA scaffold and shorter 

oligonucleotide staple strands that sequence-specifically hybridize to the scaffold.72 The staple 

sequences are provided in Tables S2 and S3, and the 2D DNA map and CanDo structure 

simulations in Figures S4 and S5, while the annealing protocol is in Table S4. Successful assembly 

as the DNA nanostructure was confirmed by agarose gel electrophoresis where the defined gel 

band for the product migrated higher than the scaffold (Figure 2B, Figure S6). The self-assembly 

product was purified from excess staple strands by cutting out the gel band and eluting the DNA 

structure (Figure 2B) for further structural analysis.73 
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Figure 2. Structural design, assembly, and structural characterization of the DNA nanoprobe 

without lipid anchors. (A) Top and side view of the T-shaped DNP with nominal dimensions. (B) 

Gel electrophoretic analysis of non-purified DNP (NP), purified product (P), and excess staple 

strands (SS), using staining with ethidium bromide. (C) Transmission electron micrographs of 

negatively stained DNP displaying both its top (left) and side view (right). 

 

The dimensions of purified DNP were determined with transmission electron microscopy. 

Analysis of the negatively stained samples (Figure 2C, Figure S7) revealed that the baseplate was 

32.1 ± 0.5 nm in length, 41.2 ± 0.5 nm in width, and 14.5 ± 0.6 nm in height (n = 29). The width 

is in very good agreement with the expected value of 41.6 nm. The length is higher than the 
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nominal dimension of 26.9 nm likely due to the extra nucleotide scaffold loops which can increase 

the duplex length. The observed higher height is a perspective effect due to the slight torsion of 

the DNP baseplate relative to the tip (Figure S5). By comparison, the experimentally determined 

tip dimensions were 9.9 ± 0.5 nm in width, 10.8 ± 1.1 nm in length, and 13.0 ± 1.0 nm in height 

(n = 20) which are close to the nominal values. 

 

Fabrication of DNA nanostructures with cholesterol membrane anchors. We fabricated 

than 20 anchor-modified DNP variants to explore how the steric accessibility of cholesterols 

influences binding to vesicles. The lipidated DNA nanostructures were self-assembled via origami 

in the presence of the cholesterol-modified DNA oligonucleotides (see Methods, Table S3). These 

strands hybridized to complementary DNA handles at designed locations of the nanostructure 

(Table S2) to position the cholesterol tags close to the DNP surface (Figure S1). The folding yield 

of individual DNPs was determined by gel electrophoresis (Figure S8) and ranged in relative terms 

from 100% (no-cholesterol DNP) to 31 ± 1.8 % (Figure S9), as determined by quantifying the 

intensity of the gel bands. Group DNP-4 had the lower yields likely due to the formation of dimers 

known to occur when cholesterols are on planar non-recessed DNA surfaces.44,49  

 

Unilamellar vesicles. Small and large unilamellar vesicles composed of POPC and 

DOPC/DOPE/Chol (Figure 1C, Table S1) were generated via extrusion through filters with 200 

nm, or 30 nm pores followed by tip sonication (see Methods). The vesicle populations’ size 

distribution and particle concentration were determined with dynamic light scattering (DLS). The 

analysis confirmed distinct and largely non-overlapping distributions for LUVs and SUVs of both 

membrane compositions (Figure 3, Figure S10). LUVs and SUVs of POPC composition had mean 

diameters of 192 ± 2 nm and 34 ± 4 nm. Similarly, LUVs and SUVs of DOPC/DOPE/Chol had 
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mean diameters at 187 ± 2 nm and 58 ± 4 nm, respectively. The latter average value is higher than 

expected, likely due to the tendency of DOPC/DOPE/Chol membranes to fuse after vesicle 

extrusion.74,75   

 

Figure 3. Hydrodynamic diameter distribution of the vesicle populations as determined with 

dynamic light scattering. (A) SUVs and LUVs with POPC membrane have means of 22 nm and 

182 nm, respectively. (B) SUVs and LUVs composed of DOPC/DOPE/Chol (molar ratio of 2:1:2) 

have means of 51.2 nm and 183 nm, respectively. Additional DLS data are shown in Figure S10. 

 

Screening of DNP-vesicle binding using a gel-shift read-out. To understand how steric effects 

influence nanostructure-membrane interaction, we screened a total of 80 different combinations of 

parameters resulting from 20 lipidated DNA nanostructures, and four vesicle types of different 

curvature. For the assay, DNPs were incubated for 1 h with SUVs at a molar ratio of 1:1, and with 

LUVs at a ratio of 44:1 to maintain a ratio of one origami per approximately 2800 nm2 of outer 
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leaflet surface. A low-magnesium buffer minimized nonspecific ionic binding of the vesicles with 

zwitterionic lipid headgroups.52 The vesicle-incubated samples and buffer-incubated DNP controls 

were screened via electrophoretic gel shift to determine the extent of vesicle. The results for POPC 

vesicles and the four groups DNP-1 to DNP-4 are summarized in Figure 4A-D. The gel shift 

analysis discriminated free and fast migrating DNA nanostructures from larger, vesicle-bound 

DNA nanostructures migrating slower in an upshifted gel band. This is exemplarily illustrated for 

nanostructure DNP-1.4 where DNP bands for SUVs and LUVs are upshifted compared to non-

incubated DNP (Figure 4A, DNP-1.4, three lanes at right); the vesicle-induced gel shift depended 

on the vesicle size. Negative control DNP-0 without cholesterol did not show any gel upshift 

(Figure 4A, DNP-0, three leftmost lanes). To quantify the binding extent, scanned gel band 

intensities for each vesicle-bound DNP were normalized to the DNA nanostructure which had been 

incubated with vesicle-free buffer (see Methods). The binding extents are listed in Table S5 and 

summarized for POPC vesicles as line plots for groups DNP-1 to DNP-4 (Figure 4A-D).  
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Figure 4. Binding of lipidated DNPs to POPC bilayer vesicles in dependence of cholesterol 

number and position, and vesicle size. Agarose gel electrophoresis and quantitative analysis on 

vesicles binding for nanostructure groups of (A) DNP-1, (B) DNP-2, (C) DNP-3, and (D) DNP-4. 

The agarose gels show each three lanes for free DNP, DNP after SUV incubation, and DNPs after 

LUV incubation, as visually linked by a horizontal line. The number and position of cholesterols 

in DNPs is indicated by red-colored dots at the top of each three lanes. The color-coded 

cholesterols in DNP are schematically illustrated to the left of each gel in the panel. In C, the "T" 

on colored dots represents the location of cholesterol at the DNP's tip. The data points represent 

averages and the standard error from at least three independent experiments. 

Comparing the line plots for DNP binding to POPC vesicles (Figure 4) reveals several key 

insights. (i) Higher binding yields are quantified to correlate with higher cholesterol number, in 

line with expectations, while the binding degree for a given cholesterol number strongly depends 
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on their position, as illustrated for two cases. For DNP-1 nanostructures, two cholesterols yield 

over 79.1 ± 1.8 % binding to LUVs (Figure 4A) while the same cholesterol number in DNP-3 and 

DNP-4 results in low binding at 13.8 ± 6.5 and 17.1 ± 3.4 %, respectively (Figures 4C,D; Table 

S5, DNP-1.2, DNP-3.2, DNP-4.2). This difference can be partly explained by diverging steric 

accessibilities, such as for corner-positioned DNP-1 vs. tip-proximal DNP-3 (Figures 4A, C). 

However, in the case of DNP-4, the highly accessible planar underside of the DNP yields lower 

binding (Figure 4D) than equally or less accessible corner-to-tip proximal cholesterols of DNP-3 

and DNP-4 (Figure 4A,B, 2 cholesterols). Preferred binding to cholesterols at the corners as 

opposed to the center has been reported for flat DNA nanostructures.49,54 Our findings on preferred 

binding to the corner is surprising as the tip of the DNP structure was anticipated to sterically block 

access and binding of the vesicles. 

 

In a further remarkable finding (ii), DNA nanostructure DNP-1.1 size-discriminates vesicles by 

efficiently binding to large LUVs but poorly to SUVs (Figure 4A) with an 8.2 ± 0.2 -fold difference 

(Table S5) and an apparent Kd for LUV interaction of 5.4 ± 1.2 x 10-5 M (Figure S11). This 

discrimination results from the cholesterol’s edge-corner-location as well as proximity to the DNP 

tip, as indicated by two controls. In the first, a single cholesterol located at the edge-corner but at 

the underside of the tip-free baseplate (Figure S1, S2) does not yield LUV binding (Figure S12). 

In the second control, a single cholesterol at a corner opposite to the initial cholesterol site (Figure 

S1) restores high LUV binding and effective discrimination against SUVs (Figure S12). The 

binding specificity is not a kinetic effect, as shown by the same binding extents following 15 h 

incubation (Figure S13). In contrast to successful discrimination, no binding difference is observed 
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for group DNP-1 nanostructures with two or more cholesterols (Figure 4A) as well as group DNP-

2 and DNP-3 nanostructures (Figure 4B,C).  

 

Both findings of (i) poor vesicle binding to planar DNA structures, and (ii) efficient LUVs 

binding to DNA nanostructures with a nearby DNA tip can be reconciled by a unifying model. In 

the model, a single anchor is not sufficient for vesicle binding, likely as the entropic cost of forming 

the binary complex is not overcome. However, the presence of the DNP tip provides an additional 

interface bilayer binding (Figure S2) to stabilize the complex, as confirmed by the DNP control 

data (Figure S12). In other support, LUV vesicles with a larger and more deformable membrane 

bind the DNP-1.1 structure more than SUVs with a smaller and stiffer surface membrane area 

(Figure S2, Figure 4A). With two or more membrane anchors, binding is strong enough also for 

SUVs (Figure 4A). Our model reflects the complex interplay of factors also found for DNA 

structures that electrostatically bind to planar membranes,76 while it contrasts to poor protein 

binding to larger vesicles due to the different biomolecular geometries.77 

 

Analyzing binding of DNP to DOPC/DOPE/Chol vesicles (Figure S14) confirmed results found 

for POPC vesicles, such as (i) a higher binding efficiency for higher cholesterol numbers, and the 

major role of cholesterol positions in binding. However, the separation of SUV and LUV binding 

previously observed for (ii) DNP-1.1 was less pronounced for DOPC/DOPE/Chol bilayers 

(compare Figure 4A with Figure S14A). This may be due to the smaller size difference between 

SUVs and LUVs of DOPC/DOPE/Chol than POPC composition (Figure 3). Another reason is that 

the mixed composition DOPC/DOPE/Chol bilayers allow SUVs and LUVs to exhibit 

heterogeneous and localized curvatures, thereby leveling the effects of global curvature.64 This 
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latter argument is supported by the higher binding of DOPC/DOPE/Chol LUVs compared to POPC 

LUVs across all lipidated DNA nanostructure groups (Figure S15). The considerable role of 

localized membrane curvatures and lipid composition for 3D nanostructure binding constitutes 

finding (iii). 

 

DNP-vesicle interaction visualized with high-resolution fluorescence microscopy. As 

electrophoresis probes vesicle ensembles, we used a high-resolution single-molecule method to 

offer more detailed insight into how DNP binding extent depends on the actual vesicle diameter. 

As additional motivation, we sought to define the vesicle size threshold for selective binding of 

POPC LUVs to DNA nanoprobe DNP-1.1. As the method of choice, we selected fluorescence-

based direct stochastic optical reconstruction microscopy (dSTORM)78 given its capacity to 

produce high-quality high-resolution single-molecule data.79 

 

We first applied dSTORM to characterize SUV and LUV populations of POPC vesicles. 

Vesicles carrying Cy5-labeled lipids and biotinylated-lipid were immobilized via biotin-

neutravidin bonds onto glass slides carrying a thin film of biotinylated poly(ethylene glycol)(PEG) 

and non-tagged PEG which reduces non-specific binding. The dSTORM micrographs showcase 

the clear size differences between SUVs and LUVs (Figure 5A,B) whereby each image pixel 

represents a single active fluorophore (Figure 5, top-right insets). Quantifying the diameter of the 

pixel clusters yielded the distribution of SUVs and LUVs (Figure 5, bottom-left insets). The 

averages of 57.3 ± 0.3 nm for SUVs and 170.3 ± 1.1 nm for LUVs. This is smaller than the NTA-

derived averages of 75 ± 2 nm and 225 ± 12, respectively (Figure S10), as vesicle binding to 

surface is biased towards smaller vesicles due to the lower drag forces and faster diffusion.80,81 
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Indeed, LUVs for dSTORM analysis were extruded with 400 nm filters instead of 200 nm to 

achieve immobilization of larger vesicles. 

 

 

Figure 5. Single-molecule localization microscopy analysis of POPC vesicles. (A,B) dSTORM 

micrographs of Cy5-lipid and biotin-lipid-doped (A) SUVs and (B) LUVs immobilized via 

neutravidin-biotin bonds onto biotin-PEG/PEG-coated glass slides. Insets show single vesicles 

(top-right) and vesicle diameter distributions (bottom-left). LUVs and SUVs were prepared by 

extrusion with a filter of 400 nm or a filter of 30 nm followed by tip sonication, respectively. The 

diameters were obtained from the radius of gyration of the clustered localizations. 

 

After visualizing vesicles, we explored size-selective binding of POPC large vesicles to DNA 

nanoprobe DNP-1.1 with single-particle resolution. dSTORM micrographs confirmed the 

selective binding of ATTO488-labeled DNPs-1.1 to LUVs but not SUVs (Figure 6C, Figure S16). 

Furthermore, positive control DNP-1.3 bound both vesicle types (Figure 6B, Figure S16) while 

negative control DNP-0 only showed negligible colocalization with either vesicle (Figure 6A, 

Figure S16). To quantify size-selective interaction, micrograph results were plotted as scatter plots 

(Figure 6D,E) whereby each dot reports on the extent of DNP binding as a function of vesicle 

diameter (Figure 6D,E). According to this analysis, the binding of positive control DNP-1.3 was 
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similar across a wide range of vesicle diameters for SUVs and LUVs (Figure 6D). However, DNP-

1.1 binding was poor on SUVs while increasing with the diameter of the LUVs with a threshold 

for binding at around 40 nm (Figure 6E). The binding extent for the negative control at about 5% 

(Figure S17). These findings further support the specificity of the cholesterol-modified DNA 

nanostructures in their interactions with vesicles. 

 

 

Figure 6. dSTORM analysis confirms the size-selective binding of POPC membrane vesicles to 

DNA nanoprobe DNP-1.1. (A,B,C) dSTORM micrographs of isolated SUVs (top panels) and 

LUVs (bottom panels) incubated with (A) DNP-0 without lipid anchor, (B) DNP-1.3 carrying three 

cholesterol anchors at the corner of the baseplate, and (C) DNP-1.1 with one cholesterol at the 
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corner. DNPs and vesicles were labeled with fluorophores ATTO488 and Cy5, respectively. The 

fluorophore signals for SUVs are color-coded in magenta, LUVs in green, and DNPs in light blue. 

The scale bars are 50 nm for SUVs and 200 nm for LUVs. (D,E) Scatter plots for the dSTORM 

analysis of (D) DNP-1.3 and (E) DNP-1.1 binding which correspond to panels B and C, 

respectively. Each dot in a scatter plot represents the count of fluorescence-based DNP 

localizations within a vesicle (vertical axis) as a function of the corresponding vesicle diameter 

(horizontal axis). Signals from SUVs and LUVs are represented as magenta and green, 

respectively. (F) Bar plots of accumulated DNP signals for negative control DNP-0, DNP-3.1, and 

DNP-1.1 (left to right) for SUVs and LUVs within a radius of 300 nm around its center of gyration. 

The data for each condition represent the average and the standard error from at least three fields 

of view. 

 

CONCLUSIONS  

 

Reflecting the technologically powerful role of biomimetic DNA nanostructures in synthetic 

biology and research, our study has determined how steric interactions underpin the formation of 

these hybrid DNA-lipid nanostructures. By exploring a wide parameters space using read-out 

including super-resolution microscopy, our study has yielded three main insights. First, we 

elucidated how DNA nanostructure-membrane interactions are influenced by the number and the 

geometric position of the membrane anchors in 3D geometries as opposed to flat 

nanostructures.32,33,49,50,54 To maximize insight, the membrane anchors were placed close to the 

DNA nanostructure surface to force tight interaction to lipid bilayer vesicles.50 This contrasts with 

previous studies where membrane anchors have been attached via polymeric and DNA linkers of 
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up to 10 nanometers in length on flat32,33,49,50,54 and curved19,23,28 DNA nanostructures. While long 

linkers increase conformational flexibility and hence improve membrane interaction, they can blur 

the picture of how anchor position influences binding19,20,23,33,49,50 even though molecular 

accessibility of lipid anchors controls vesicles binding54 and the related phenomenon of DNA 

duplex aggregation.44 However, 3D geometries of DNA nanostructure are relevant parameters for 

biological applications such as shown by in vivo uptake of DNA origami into human cells via the 

pathway of small endosome vesicles for drug delivery applications.31 Our findings therefore 

provide key information which help rationalize nanostructure-bilayer interactions.  

 

Secondly, we have provided experimental evidence of how anchor-mediated DNA 

nanostructure-lipid bilayer interaction is governed not solely by membrane anchors. We propose 

that, an important, but usually disregarded interactions between non-modified nanostructure 

surfaces and other membrane segments. These non-anchored interactions likely act cooperatively 

with the membrane anchors stabilizing the entire interaction. The model is supported by several of 

our experimental findings, the most prominent being the size-selective binding of large unilamellar 

vesicles to a DNA nanostructure with a size cutoff above 40 nm vesicle diameter. This 

nanostructure-based size discrimination between vesicles may, with further development, be 

exploited to distinguish diagnostically relevant exosome membrane vesicles in the size range of 

30 to 150 nm67,68 and thereby fill a gap in the diagnostic tool set. As exosomes have distinct 

biological properties depending on their size, instrument-free separation is of considerable interest 

to complement currently used ultracentrifugation and size exclusion chromatography65 to allow 

tumor-specific exosomal biomarkers and exosome-based liquid biopsies.82,83 Our DNA 

nanostructure-based principle to size-selectively bind vesicles may be able to address this demand. 
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Indeed, other DNA nanostructures capable of measuring different vesicle curvatures have recently 

been developed for simple fluorescence read-out.27 

 

The third insight is the major role of lipid composition and membrane curvature in anchor-

mediated nanostructure binding. We reveal that vesicle size only matters for binding to 

homogeneous POPC membranes while for DOPC/DOPE/Chol the global curvature is dominated 

by fine-grained localized bilayer curvatures. The role of global and fine-grained  previous findings 

in dependence of lipid composition complements a previous finding on better DNA structure 

binding to membranes of higher cholesterol content54,84 to better predict and tailor DNA-bilayer 

interactions. In conclusion, our study extends programmable assembly interaction within DNA 

nanotechnology towards lipid membranes and lays the foundation for new nanostructures for 

applications in synthetic biology, biophysical research, and the diagnosis and purification of 

exosomes in complex mixtures. 

 

 

METHODS  

Materials. Unmodified, 3′-cholesterol-tetraethyleneglycol-modified, and 3′-ATTO488-

modified DNA oligonucleotides were purchased from Integrated DNA Technologies (Belgium). 

5′-cholesterol-tetraethyleneglycol-modified DNA oligonucleotides were purchased from 

Eurogentec (Belgium). The scaffold M13mp18 was procured from tilibit nanosystems (Germany). 

Lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-

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

(Chol), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(Cyanine5) (Cy5-DOPE), and 1,2-
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dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (biotin-DOPE) (structures in Table 

S5) were purchased from Sigma-Aldrich (UK). Agarose powder was purchased from Invitrogen 

(UK). Purple ‘no SDS’ loading dye was purchased from New England Biolabs (NEB). 

PEG:bioPEG microscopy chips were purchased from Oxford Nanoimaging (Oxford, UK). All 

other solvents and reagents were purchased from Sigma-Aldrich.  

 

Design and folding of the DNA nanoprobe. The DNA nanostructures were designed in 

Cadnano2 using the square lattice mode.69 To avoid twists resulting from the underwinding of the 

DNA helices in the square lattice arrangement, a base pair deleted every 56 nucleotides in all 

duplexes. This twist correction and the rigidity of the structure were verified with CanDo.81 The 

design furthermore included loops formed by sixteen unhybridized nucleotides of the scaffold 

strand at the duplex ends to prevent commonly occurring aggregation of DNA nanostructures. The 

design also ensured that cholesterol moieties of the modified strands were positioned close to the 

DNA baseplate or tip surface as illustrated in Figure S6. For dSTORM analysis, eight ATTO488 

fluorophores were incorporated into the DNP by hybridizing the fluorophore-modified 

oligonucleotides to the edges of the baseplate. 

 

DNPs were self-assembled by mixing M13mp18 scaffold (final concentration of 20 nM) with 

staple strands in 10-fold excess and optionally 5′-cholesterol modified DNA oligonucleotides in 

50-fold excess, or 3′-cholesterol-modified oligonucleotides in 100-fold excess over the scaffold 

concentration within TAE buffer containing 16 mM MgCl2. The sequences of the non-modified 

staple strands are provided in Table S2 and those of chemically modified strands in Table S3. For 

microscopy experiments, the assembly mix included ATTO488-labeled DNA oligonucleotides in 
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200-fold excess. To achieve self-assembly, the mixture was subjected to thermal annealing from 

95 ºC to 4 ºC in a thermocycler using an annealing program detailed in Table S4. Following 

folding, excess staple strands were removed via spin filtration with an Amicon® Ultra, MWCO 

50 KDa filter (Millipore) using 3 x centrifugation at 7000 g for 4 min each and exchanging the 

folding buffer for 1 × TAE supplemented with 3 mM MgCl2 and 300 mM NaCl. After purification, 

DNP concentrations were determined by measuring the absorbance at 260 nm with a DS-11 

spectrophotometer (DeNovix, USA) assuming a calculated extinction coefficient of 8.96 × 107 M–

1 cm–1. 

 

Transmission Electron Microscopy. The DNP structure was subjected to TEM analysis to 

confirm shape and dimensions. The TEM samples were prepared by adding cholesterol-free DNP 

solution (5 nM, 6 μL) for 10 sec onto glow discharged Cu300 mesh grids coated with carbon. The 

samples were then subjected to negative stain with a 2% uranyl acetate solution. TEM imaging 

was performed using a JEM-2100 electron microscope (JEOL, Japan) operating at 200 kV. Images 

were captured using an Orius SC200 camera.  

 

Vesicle preparation. Small and large unilamellar vesicles (SUVs and LUVs) were prepared to 

study the interaction between DNP and vesicles using an electrophoretic gel shift assay.  The 

preparation of SUVs and LUVs followed a sonication/extrusion protocol using POPC and 

DOPC/DOPE/Chol (2:1:2). Lipids (total of 9 mg) were dissolved in chloroform, followed by 

drying under nitrogen gas to form a thin lipid film which was then subjected to vacuum for at least 

3 h to remove any traces of chloroform. The lipid film was then resuspended in 1 mL of 1 × TAE 

supplemented with 300 mM NaCl. The solution was shaken on a thermomixer (Eppendorf Ltd, 
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UK) at 800 rpm for 30 min at 30°C. To obtain LUVs, the vesicle suspension was extruded 31 times 

through a Whatman Nucleopore™ track-etched polycarbonate membrane (Merck, Germany) with 

200 nm pore size using a Mini-Extruder (Avanti Polar Lipids, Inc., USA). To produce SUVs, 500 

μL of the LUVs solution was diluted with 500 μL of 1 × TAE supplemented with 300 mM NaCl 

and extruded 31 x through a 50 nm pore size membrane, and 15 x through a 30 nm membrane. 

The SUVs were left in ice and subjected to tip sonication with a Sonifier® 150D (Branson 

Ultrasonics, USA) at 60 w, 22 ± 1.3 kHz, with 10-seconds on-off pulses for a total duration of 10 

minutes. Following sonication, the SUVs were spin filtered through an MWCO 300 KDa filter 

(Vivaspin®, Sartorius AG, Germany) at 7000 g for 4 min to remove any contamination from the 

sonication tip, and the resulting filtrate was collected. Vesicles were kept at 4 °C for up to one 

week and were characterized by DLS and NTA before use. 

 

For dSTORM experiments, vesicles were prepared by suspending the lipid film in 1 x TAE with 

572 mM NaCl to match the osmolarity of the buffer used during dSTORM. To facilitate 

immobilization and fluorescence-based visualization, membrane lipids included a molar fraction 

of 0.5% biotin-DOPE, and 0.3% of Cy5-DOPE for SUVs and 0.03% for LUVs.  LUVs for 

microscopy experiments were prepared by extruding the lipid solution 31 times using a 400 nm 

pore-size membrane. After extrusion, the LUVs were subjected to three rounds of spin filtration 

using an MWCO 1000 kDa filter at 12,000 g for 2 min. This filtration step helped reduce the 

population of sub-200 nm vesicles produced during extrusion. 

 

Dynamic Light Scattering. DLS analysis was conducted to determine the size distribution and 

concentration of unlabeled vesicle samples. The measurements were performed on a Zetasizer 
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Ultra (Malvern Instrument, Malvern, UK) operating with a 4 mW HeNe laser at a wavelength of 

633 nm. The size distribution of the vesicles was measured using non-invasive Back Scatter 

(NIBS) with a scattering angle of 173 degrees. A total of 30 measurements were taken at a 

temperature of 25 °C, and the results were averaged. Particle concentrations were determined by 

multi-angle dynamic light scattering (MADLS)85 by measuring at detection angles of 173, 13, and 

90 degrees, 30 times each. The collected data were interpreted using the ZS XPLORER software 

provided by the manufacturer. The size distribution of the samples was determined using an L-

curve-based fitting algorithm, considering the buffer viscosity as that of water at 25 °C. 

 

Nanoparticle Tracking Analysis. To determine the size distribution of Cy5-labeled vesicles, 

NTA analysis as DLS is incompatible as the laser beam used for scattering also excites the Cy5 

fluorophores. NTA analysis was carried out using a NanoSight LM10 (NanoSight, Amesbury, 

United Kingdom) equipped with a 488 nm laser and operating in scattering mode. Before 

measurements, vesicle samples were diluted to approximately 108 particles mL-1 to ensure reliable 

determination of the size distributions between different samples. For each sample, a total of five 

videos of 60 sec duration and frame rate of 30 Hz were recorded. The videos were subsequently 

analyzed using the built-in NTA 3.2 software considering buffer viscosity as that of water at the 

recorded experiment’s temperature. 

 

Agarose Gel Electrophoresis. Binding of DNPs to vesicles was assessed using electrophoresis 

with 2% agarose gel in 0.5 x TBE buffer supplemented with 100 mM NaCl buffer and 0.5 µg mL-

1 ethidium bromide. Before loading onto the gel, DNPs were incubated at a concentration of 6.1 

nM a ratio of 1:1 with SUVs or a ratio of 44:1 with LUVs to maintain an accessible lipid surface 
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of 2827 nm2 of per DNP. The vesicle concentrations were adjusted based on their DLS-measured 

average diameter. After incubation, "no SDS" loading dye (New England Biolabs, UK; 4 µL) was 

added to each sample (15 µL, approximately 320 ng of DNA), and the mixture was loaded onto 

the gel. Scaffold M13mp18 strand (300 ng) was loaded onto each gel to compare DNP yields 

between different gels. The electrophoresis was conducted in an ice-water bath, at a voltage of 3 

V per cm for 210 min using 0.5 × TBE buffer supplemented with 100 mM NaCl and 50 ng mL-1 

of ethidium bromide to prevent gel destaining during electrophoresis. Following electrophoresis, 

gels were imaged under UV illumination (c Series Imaging Systems, Azure Biosystems, USA).  

Gel images were analyzed using ImageJ86 to quantify the DNP binding. Image background was 

subtracted using a rolling ball algorithm, and band intensities for each DNP-vesicle combination 

were quantified and normalized against the intensity of the DNP in the absence of vesicles. The 

folding yield was obtained by using the intensity of the scaffold band as reference. 

 

Preparation of microscopy slides. Microscopy chips with four microfluidic channels and glass 

surfaces coated with a PEG and biotin-PEG thin film (Oxford Nanoimaging, UK) were washed 

three times with TAE buffer and subsequently incubated with a solution of neutravidin (1 mg/mL, 

20 μL, PBS) for 15 min. After gently washing the microfluidic channels with TAE buffer, surfaces 

were passivated by incubation with a casein solution (1 mg mL-1, 20 μL, PBS) for 30 min. The 

channels were gently rinsed with TAE buffer, followed by a suspension of SUVs (vesicle 

concentration of 0.75 nM, 30 μL) or LUVs (0.2 nM, 30 μL). After 1 min of incubation, unbound 

vesicles were removed by washing with TAE buffer supplemented with 572 mM NaCl. To test 

binding of DNP to vesicles, SUVs, and LUVs were incubated for 1 h with ATTO488-labeled DNP 

variants at a concentration of 2 nM, followed by washing with TAE buffer containing 572 mM 
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NaCl. All buffers and components used for slide preparation and microscopy were filtered with a 

0.2 uM polyethersulfone syringe filter. 

 

Direct Stochastic Optical Reconstruction Microscopy. Lipid vesicles were imaged with 

dSTORM to determine their size distribution and to quantify the binding of DNPs to vesicles. 

dSTORM was conducted using a Nanoimager S Mark II microscope from ONI (Oxford 

Nanoimaging, Oxford, UK) equipped with a 100×, 1.4NA oil immersion objective, an XYZ 

closed-loop piezo 736 stage, and dual emission channels split at 640 nm. Samples were imaged in 

buffer MEA/GLOX (10 mM mercaptoethanolamine, 5.6 mg mL-1 glucose oxidase, 340 μg mL-1 

catalase, 10% (w/v) glucose).87 Images were acquired at 50 Hz, with an illumination angle of 53 

degrees to image in total internal reflection mode. Imaging was carried out through sequential 

acquisition, with the first 13,000 frames recorded under illumination with 640 nm laser and then 

10,000 frames under 473 nm laser illumination (2.5 kW cm−2). The power of the 640 nm laser was 

modulated between the imaged vesicles to adjust to the Cy5 fluorescence density of the different 

sizes of vesicles. Hence, the field of view for LUVs was initially bleached for 10 sec with a power 

of 4 kW and then imaged with a power of 2 kW cm−2 while for SUVs, the field of view was directly 

imaged with a power of 0.8 kW cm−2. The acquired images were processed using ONI's 

Collaborative Discovery online analysis platform. All images were filtered using consistent 

parameters. Images were first corrected for drift through a redundant-cross-correlation algorithm.88 

Then, localization was filtered based on parameters such as point spread function shape, photon 

count (>200 photons), and localization precision (< 30 nm) to minimize visual artifacts and remove 

low-precision localizations. The filtered Cy5 localizations were then clustered, and the radius of 
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gyration of each cluster was calculated. Additionally, the number of ATTO488 localizations was 

counted in a radius of 300 nm from the center of gyration of each cluster.	 
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