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The assembly of nucleic acid nanostructures with controlled size and shape has large impact in the fields 

of nanotechnology, nanomedicine and synthetic biology.  The directed arrangement of nano-structures 

at interfaces is important for many applications. In spite of this, the use of laterally mobile lipid bilayers 

to control RNA three-dimensional nanostructure formation on surfaces remains largely unexplored. 

Here, we direct the self-assembly of RNA building blocks into three-dimensional structures of RNA on 

fluid lipid bilayers composed of cationic 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) or 

mixtures of zwitterionic 1,2-dioleoyl-sn-glycero-3- phosphatidylcholine (DOPC) and cationic 

sphingosine. We demonstrate the stepwise supramolecular assembly of discrete building blocks through 

specific and selective RNA-RNA interactions, based on results from quartz crystal microbalance with 

dissipation (QCM-D), ellipsometry, fluorescence recovery after photobleaching (FRAP) and total 

internal reflection fluorescence microscopy (TIRF) experiments. The assembly can be controlled to give 

a densely packed single layer of RNA polyhedrons at the fluid lipid bilayer surface. We show that 

assembly of the 3D structure can be modulated by sequence specific interactions, surface charge and 

changes in the salt composition and concentration. In addition, the tertiary structure of the RNA 

polyhedron can be controllably switched from an extended structure to one that is dense and compact. 

The versatile approach to building up three-dimensional structures of RNA does not require 

modification of the surface or the RNA molecules, and can be used as a bottom-up means of 

nanofabrication of functionalized bio-mimicking surfaces. 

Introduction 

Nucleic acid architectures can be used to construct self-

assembling, programmable objects with well-defined properties 

for applications such as therapeutics, diagnostic tools, and 

biomimetic systems in biophysical and biochemical studies.1-6 

In RNA and DNA self-assembly strategies, the specificity of 

the interactions between complementary bases enables directed, 

selective self-assembly of nanoscale objects.7-16
 So-called RNA 

architectonics offers the possibility to design and assemble 

RNA into specific shapes, such as RNA polyhedrons,14,17 RNA 

fibers,18,19 squares and nanorings,20,21 as well as programmable 

arrays and nanogrids.9,21 Three-dimensional (3D) RNA 

nanostructures can also be used as scaffolding to direct high 

precision assembly of nano-sized materials, such as colloidal 

particles and membrane proteins, into objects with the desired 

spacing, shape and organisation.1,22,23 

 So far, most self-assembly strategies of RNA or DNA 3D 

nanostructures are performed in bulk solution after which the 

pre-assembled structures are deposited at a solid support when 

so desired.9,14,19,24 The potential of mediating the assembly of 

nucleic acid objects on a surface has recently been exploited by 

using chemically modified nucleic acids that are bound or 

grafted to a solid surface or a bilayer.25-34 This opens up new 

possibilities to use biomolecules to construct functional 

nanostructured surfaces with applications in, for example, bio 

analytical and diagnostic devices. However, previous studies 

mainly involve hybridization of short modified DNA or RNA 

oligomers, e.g. by coupling a DNA strand to a biotin-modified 

bilayer using streptavidin as a molecular link. One drawback of 

these methods is the need for chemical modification of the 

RNA or /DNA molecules. 

 In the present study, we propose a bottom-up approach to 

guide 3D RNA self-assembly at a model lipid membrane 
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without chemical modification of the RNA building blocks. By 

exploiting the attractive electrostatic interactions between RNA 

polyanions and cationic bilayers, we first direct the adsorption 

of RNA nanostructures on a lipid bilayer scaffold before 

promoting further RNA self-assembly through selective RNA-

RNA interactions (Figure 1). Taking advantage of an 

experimental flow-system set-up, RNA self-assembly can be 

controlled in-situ by sequential changes of the solution 

composition. More specifically, we use RNA polyhedrons that 

we previously built by stepwise assembly in solution from eight 

tRNA building blocks (Figures 1 and S1).14 First, two different 

sets of four tRNA units assemble into two distinct square-

shaped RNA nanostructures, named tectosquares TS3 and TS4 

(Table S1). AFM experiments confirm the formation of RNA 

tectosquares (Figure S2). These tectosquares can then assemble 

further into RNA polyhedrons (TO3-4) by means of 

complementary base pairings formed between single stranded 

tails appended to the corners of each square (Figure 1a and 

S1).14 The non-uniform square antiprism shape adopted by 

these polyhedrons was characterized by cryo-EM imaging with 

single particle reconstruction (Figure S1).14 To provide 

fundamental insight on the balance of forces that control the 

process of adsorption and self-assembly of these RNA 

nanostructures at deposited lipid bilayers, we have investigated 

their stepwise assembly directly on the bilayers (Figure 1b) and 

explored the effects of various solution conditions (e.g. 

counterion concentration) and surface properties (e.g. changing 

the bilayer composition) on this process. 

 

Figure 1: RNA self-assembly though loop-loop interactions at 0.2 mM Mg
2+

. The TO3-4 polyhedron is formed by assembly of TS3 with TS4 through selective tail-tail 

interactions: this is favoured at higher magnesium concentrations. The shape of the polyhedron is the one of an RNA square antiprism according to Severcan et al.
14

 

(b) Multistep assembly processes studied in this paper. 

Results and Discussion 

The main goal of this work is to demonstrate that fluid 

supported bilayers can be used as a scaffold for the sequential 

building of complex 3D RNA polyhedron nanostructures, and 

to explore how RNA self-assembly can be controlled by 

regulating the properties of the aqueous solution and deposited 

bilayers. We monitored the assembly of 3D RNA polyhedrons 

on lipid bilayers using four main complementary surface 

techniques: quartz crystal microbalance with dissipation (QCM-

D), null ellipsometry, fluorescence recovery after 

photobleaching (FRAP), and total internal reflection 

fluorescence microscopy (TIRF). The reason for choosing 

QCM-D and ellipsometry as the main techniques was that they 

do not rely on labelling for quantifying the interaction and they 

also complement each other; the QCM-D method is very 

sensitive to the extent by which assemblies protrude from the 

surface into the bulk solution, while ellipsometry allows the 

direct quantification of the mass adsorbed without the coupled 

water.  

RNA 3D assemblies readily adsorb to bilayers  

We first investigated the adsorption of fully assembled RNA 

TO3-4 polyhedrons, pre-formed in solution in the presence of 

magnesium as previously described14 (Figure S1,S2), onto 

bilayer surfaces. Under the same solution conditions as those in 

this study, TO3-4 assemblies were previously demonstrated to 

form 3D antiprisms by cryo-EM (Figures 1 and S1).14 A bilayer 

comprised of the cationic lipid, 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP), was formed on a silica 
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surface via the vesicle fusion technique, and monitored by 

simultaneous QCM-D and ellipsometry measurements (Figure 

2). Ellipsometry data showed an increase in the amount of lipid 

on the surface after fusion of vesicles.  To probe the structure of 

the bilayer at the surface, we simultaneously measured the 

adsorption with QCM-D, which provides information on the 

total amount of material (including the coupled solvent) 

attached to the surface from the change in frequency (∆F) as 

well as the viscoelastic properties of the attached layer from the 

dissipation (∆D).  The temporal changes in ∆F and ∆D 

observed upon vesicle fusion are consistent with a DOTAP 

bilayer of high coverage, as described in detail in the Methods 

section. 

 After ensuring the quality of the bilayer, a dispersion of 

negatively charged TO3-4 polyhedrons, quality-checked by 

native PAGE (Figure S2) was flowed over the DOTAP bilayer 

and shown to readily adsorb to the cationic bilayer surface. This 

is demonstrated by the large increase in adsorbed mass 

observed with ellipsometry, which coincided with a decrease in 

frequency in the QCM-D measurements (Figure 2a). Measured 

∆D for adsorbed TO3-4 polyhedrons compared to those from 

tectosquare TS3 and RNA9-10  (Figures 2b, S3 and S4), indicates 

that the adsorbed 3D TO3-4 protrudes further into solution than 

the flat and less structured RNA9-10 and the smaller TS3 

tectosquare, and therefore contains a substantial mass of 

coupled solvent (see below). 

 RNA adsorption on DOTAP bilayers was further confirmed 

by TIRF after addition of the fluorescent nucleic acid stain, 

GelStarTM to the RNA solution (Figure S5a). Pre-formed RNA 

TO3-4 polyhedrons adsorb to the bilayer as indicated by an 

increase of fluorescence at the bilayer over the time course of 

the experiment. By contrast, no fluorescence signal is observed 

at the bilayer when GelStarTM is added alone. Taken together, 

the QCM-D, ellipsometry and TIRF results indicate that pre-

formed RNA TO3-4 polyhedrons are readily adsorbed at the 

cationic bilayer surface to form a single layer of RNA 

polyhedrons that protrudes as a 3D structure from the surface.   

QCM-D probes the protrusion of RNA nanostructures from the 

bilayer surface  

We first compared the adsorption of the TO3-4 polyhedrons to 

the adsorption of TS3 and TS4 (Figure 1): TS3 and TS4 are 

designed to assemble into the TO3-4 polyhedron when mixed 

together in association buffer (Figures 1 and S1).17 Figure 3 and 

S4 show the adsorption of the TS3 and TS4 (Figure 1b, step 

2)14 compared to the adsorption of TO3-4. Adsorption of a very 

different RNA complex, RNA9-10 formed of RNA9 and RNA10, 

and known to assemble into flat networks on lipid layers 

(Figure S3),35 was also investigated (Figures 3 and S4). 

 The correlation between the changes in the dissipation ∆D, 

and the frequency ∆F (Figure 3a), reveals valuable information 

about structural changes at the lipid bilayer during the 

adsorption process of these RNA structures. The small shift in 

both ∆F and ∆D observed for the RNA9-10, indicates that the 

oligomer complexes adsorb to form a flat and thin layer at the 

surface, consistent with previous observations of adsorbed 

layers of other linear RNA and DNA.27,36 In contrast, the large 

changes in both ∆F and ∆D observed during adsorption of the 

TO3-4 polyhedrons and the TS3 and TS4 RNA tectosquares 

onto the bilayer, imply that there is a significant amount of 

coupled water associated with the RNA structures, and that the 

adsorbed structures retain their 3D shapes. Thus, the RNA 

assemblies are not an integral part of the bilayer but rather form 

a protruding layer. The overall change in ∆F and ∆D was 

significantly larger for TO3-4 compared to TS3 (Figure 3a) 

indicating that the tectosquares form a layer that has lower mass 

and is less protruding into the bulk solution compared to the 

TO3-4 polyhedron.  

 
Figure 2: Adsorption of TO3-4 polyhedrons to a deposited bilayer, as 

simultaneously recorded by means of QCM-D (overtone 7) and ellipsometry. (a) 

A large decrease in frequency, as measured by QCM-D (black curve, left axis) is 

observed at the same time as the adsorbed amount (grey curve, right axis) 

increases. The adsorbed amount is calculated from the ellipsometry 

measurements. (b) The change in frequency (black curve, left axis) coincides with 

a large increase in dissipation (grey curve, right axis) as measured by QCM-D. 

 Interestingly, the ∆D versus ∆F data show that the initial 

adsorption regime (the low frequency region) was similar for 

all three RNA systems investigated (Figures 3a and S4). At low 

coverage of RNA, the decrease in ∆F led to a minor change in 

∆D, which implies formation of a compact RNA film with little 

coupled solvent (∆F <10Hz) on the surface. This regime 

corresponds to the overall response observed for the RNA9-10 

oligomers, and the adsorbed amount RNA9-10 was estimated to 

be 0.2 mg/m2 using Eq 2. For the RNA polyhedrons and 

tectosquares, a second adsorption regime can be distinguished 

(with ∆F> 10 Hz), where the continued decrease in ∆F 

Page 3 of 15 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

coincides with a large increase in ∆D. For TO3-4 and TS3, 

these QCM-D data directly demonstrate the formation of a 

protruding non-rigid film with a substantial amount of coupled 

solvent. The two-regime behaviour observed for the adsorption 

of TO3-4 and TS3 indicates that, at low surface coverage, these 

RNA structures adsorb as a thin layer comparable to those 

observed for linear RNA molecules (e.g. RNA9-10 and previous 

studies36). When the number of RNA structures at the surface 

increases, the surface layer starts to protrude into the bulk and 

there is room for more RNA assemblies at the surface. This 

interpretation is further supported by the dramatic reduction in 

shear viscosity versus time obtained from the viscoelastic 

modelling of the QCM-D data obtained for both TS3 and the 

TO3-4 polyhedrons (Figure S6).   

 
Figure 3: (a) A correlation plot of ∆D as a function of ∆F for RNA9-10 (black curve), 

RNA TS3 square (dark grey curve) and RNA polyhedron (light grey curve). (b) The 

change in thickness of the adsorbed layer after adsorption of RNA polyhedrons 

(light grey curve), tectosquares (dark grey curve) and RNA9-10 (dotted black 

curve) to a deposited DOTAP bilayer, as calculated from the fitted QCM data. 

(Overtone 7) 

 Next, the adsorption was quantified, in terms of amount and 

the thickness of the layer. As discussed above, the data implies 

that the viscoelastic properties of the layer depend on the 

species that is adsorbing. The modelling of the QCM data is 

therefore challenging, as different models have to be applied for 

different systems. The Sauerbrey equation (explained in the 

Methods section) can be used to calculate the thickness of the 

deposited lipid bilayer and the adsorbed layer of RNA9-10. 

However, this equation is not a valid model for the extended 

layers of adsorbed RNA tectosquares and polyhedrons. For 

these systems, we used an extended Voigt-based viscoelastic 

representation of the film to quantify the coupled mass, the 

thickness of adsorbed layer and its viscoelastic properties.37 In 

this modelling, the frequency dependence of the effective 

viscosity and shear modulus was included.38,39 

 As calculated from the modelling of QCM data using a 

Voigt-based viscoelastic representation of the film, the 

adsorbed layer thickness for TO3-4 polyhedrons and TS3 

tectosquares was estimated to be 16.5 nm and 8 nm, 

respectively (Figure 3b).  In contrast, the adsorbed layer of the 

RNA oligomer complex, RNA9-10, was much thinner and was 

determined to be 1 nm using the Sauerbrey expression with a 

layer density of 1.6 kg/m3. The thickness of the adsorbed layer 

of TO3-4 polyhedrons is in the size range, although a bit larger 

compared to the expected size for these nanostructures, which 

have been characterized as non-uniform square antiprisms with 

dimensions 14×14×8 nm.14 The differences in the measured 

thickness obtained from the QCM measurements and the 

dimensions obtained by cryo-EM characterization (Figure S114)  

can be explained by that the QCM measurements sense a layer 

that also includes water associated with the RNA polyhedron 

layer, which is coupled to the movement of the RNA 

polyhedrons (i.e. the coupled solvent). The modelled thickness 

of the adsorbed layer may thus be better described as a 

hydrodynamic thickness of the adsorbed layer rather than the 

atomic dimension of the individual polyhedron, and these 

values can therefore not be directly compared. We also 

conclude that the RNA polyhedrons are tightly packed at the 

bilayer surface. The adsorbed amount was determined by 

ellipsometry to be 2.2±0.1 mg/m2 (Figure 2), which implies 

that the effective area per RNA polyhedron is 240 nm2 

(Mw(TO3-4 polyhedron)=317 520 g/mol). This value should be 

compared to the estimated area of 110-200 nm2 for each 

polyhedron (depending on which side of the polyhedron faces 

the bilayer). Such high packing at the surface is only possible 

on a fluid substrate like the DOTAP bilayer. In this system, the 

bilayer fluidity together with the reduction of the charge 

repulsion between poly-anionic polyhedrons as a consequence 

of the interaction with the oppositely charged lipid bilayer and 

the relatively high ionic strength together allows efficient 

packing of the polyhedrons. This is analogous to previous 

observations that streptavidin coupled to biotinylated lipids in a 

fluid supported bilayer can form crystalline layers due to the 

fluidity of the bilayer.40-42 
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Figure 4: (a) QCM-D frequency data (overtone 7) for the stepwise assembly of the TO3-4 RNA polyhedron to a DOTAP bilayer. TS3 tectosquare is adsorbed first. TS4 

tectosquare is added second (black curve). The assembly at the surface is compared with adsorption of the pre-assembled RNA polyhedron (grey curve). (b) QCM-D 

frequency data for polyhedron assembly (TS3 + TS4, black curve) together with one negative control (TS3 + TS3, grey curve). The rinsing step is denoted with an 

arrow. (c) Combined QCM-D and ellipsometry measurements for the stepwise polyhedron assembly (TS3 + TS4), showing that the frequency shift measured with 

QCM (black curve, left axis) coincides with the increase in adsorbed amount (grey curve, right axis) as calculated from the ellipsometry data. (d) Modelled QCM-D 

data for the thickness of the adsorbed layer during the building of the RNA polyhedron at a DOTAP bilayer. 

Building RNA polyhedrons on a bilayer scaffold 

We next investigated whether it is possible to assemble the 

TO3-4 polyhedron on the surface of the lipid bilayer in a step-

wise manner from its constituent tectosquares, as shown in 

Figure 1. Tectosquares can readily adsorb on the cationic 

bilayer. Because of the 3D shape of these nanostructures 

(Figures 1 and S1), they are most likely adsorbing on their 

flatter side, with their single strand tail regions extending out 

into the bulk solution as suggested by QCM-D data. The tails of 

one adsorbed tectosquare are thus accessible to base pairings 

with the complementary single strands from another 

tectosquare present in the bulk solution. As shown Figures 1b, 

it is therefore possible to envision the stepwise assembly of 

TO3-4 polyhedrons from TS3 and TS4 tectosquares on a 

deposited DOTAP bilayer. 

 The two-step assembly of the RNA polyhedron was 

performed by the sequential addition of two complementary 

RNA squares (Figure 4a). It should be noted that the 

experiments were performed in the same medium as the 

previous step-wise assembly by Severcan et al.14, that is in a 

dilute (<100 nM) aqueous solution. TS3 was first adsorbed to 

the bilayer resulting in a smaller ∆F (Figure 4a, black line) than 

the one observed for adsorption of the pre-assembled TO3-4 

(Figure 4a, grey line). Next, the bulk solution was replaced with 

association buffer containing 15 mM Mg2+ and the 

complementary TS4 was added. Figure 4a shows that the final 

change in ∆F (Figure 4a, black line) is very similar to the one 

measured for adsorption of the pre-assembled TO3-4 (Figure 
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4a, grey line). The RNA layer formed on the bilayer surface by 

the two-step assembly has the same thickness (Figure 4d) as the 

adsorbed layer of pre-assembled TO3-4 (Figure 2), as obtained 

by fitting the Voigt model to the QCM-D data. Therefore, these 

results strongly support the interpretation that the layer of RNA 

polyhedrons that are assembled at the bilayer is very similar to 

the layer of adsorbed pre-assembled RNA polyhedrons.  The 

same results were obtained when the order of addition of the 

complementary squares was reversed, i.e. when TS3 was added 

to the pre-adsorbed TS4. By contrast, no further RNA assembly 

was detected in the negative control experiments, when the 

adsorption of the TS3 was followed by addition of a solution 

with the same non-complementary TS3 tectosquare (Figure 4b, 

grey line). This demonstrates that the increase in thickness of 

the RNA layer upon addition of TS4 to adsorbed TS3 is 

mediated by specific complementary tail-tail interactions.  

 Quantitative measurements of the amount of RNA adsorbed 

onto the bilayer during stepwise assembly were obtained by 

ellipsometry, simultaneously performed with QCM-D (Figure 

4c). The amount of pre-adsorbed TS3 (1.2 mg/m2) was nearly 

equal to that of the complementary TS4 adsorbed in the second 

step of the assembly (1.1 mg/m2) (Figure 4c). This equality is 

consistent with the expected 1:1 stoichiometry for the assembly 

of a polyhedron from TS3 and TS4 (Figure S7).  It is also 

noteworthy that the amount adsorbed for the two-step assembly 

of the polyhedron on the bilayer surface (2.3±0.1 mg/m2) as 

determined by ellipsometry was very close to the corresponding 

value after adsorption of the pre-assembled polyhedron (2.2±

0.1 mg/m2). This indicates that the pre-programmed RNA 

polyhedron is correctly assembled via the two-step assembly, 

and that the bilayer can be used as a scaffold for assembly. 

Previous self-assembly experiments with tectosquares in 

solution have clearly established that the correct assembly into 

polyhedrons is highly constrained by the geometry and 

orientation of the tail-tail interactions.14 As such, tetrameric 

TS3 and TS4 are pre-programmed to assemble into closed 

octameric polyhedrons with high yields.14 Considering the high 

density of the adsorbed layer and the close to 1:1 stoichiometry 

in the assembly reaction (Figure 4c), it is therefore highly 

unlikely that the adsorbed layer consists of a random network 

of coupled TS3 and TS4 units rather than discrete RNA 

polyhedrons (Figure S7).  

Reversibility of RNA nanostructure self-assembly on the bilayer 

scaffold 

We next explored different solution conditions to switch on and 

off the assembly of the RNA polyhedron on the bilayer 

scaffold. The assembly of the tectosquares into 3D 

nanostructures can be controlled by the concentration of 

divalent cations such as magnesium, which are needed for 

promoting the formation of the sequence specific tail-tail 

interactions between complementary tectosquares.14 Removal 

of the divalent cations may thus lead to desorption or 

dissociation of the adsorbed RNA assemblies.  

 Figures 5 and S8 show the QCM-D data from experiments 

with sequential changes in solution conditions that can be used 

to control the assembly of RNA structures of different sizes at 

the bilayer surfaces. After adsorption of TS3 tectosquares to the 

DOTAP bilayer, the solution was first replaced with association 

buffer containing 15mM Mg2+, and then followed by the 

addition of one complementary tRNA unit (At1') (Figure 1a). 

The At1’ tRNA is one of the building blocks comprising the 

TS4 tectosquare (Figure S1c), and it contains one single 

stranded tail that is complementary to all four tails of the TS3 

tectosquare. It is therefore possible for four At1’ tRNA to bind 

to each TS3 tectosquare when At1' is present in excess in buffer 

with 15mM Mg2+ (saturation binding is reached, see Figure S9). 

 
Figure 5 a) QCM frequency data (overtone 7) for a sequential experiment. (step 

1) TS3 is first adsorbed on a DOTAP bilayer. After rinsing in buffer (15 mM Mg
2+

); 

(step 2) the At1’ tRNA unit is added, leading to a decrease in ∆F, i.e. increase in 

mass; (step 3) Rinsing in buffer with 15 mM Mg
2+

 does not affect the adsorption, 

while (step 4) rinsing in buffer with 0.2 mM Mg
2+

 lead to an increase in ∆F, 

indicating desorption. Quantitative comparisons can only be done between 

situations where the buffer is the same, i.e., after the (step 5) subsequent 

change to the buffer with 15 mM Mg
2+

. The magnitude of the overall increase in 

∆F after the rinsing steps (steps 3-5) is almost equal to the increase in ∆F upon 

At1' adsorption (step 2); (step 6) The full TS4 RNA square is then added. This 

leads to significant decrease in ∆F, which implies that the tail regions of the pre-

adsorbed TS3 tectosquare are again available for base pairings with those from  

TS4. Finally, (step 7) rinsing in buffer with 15 mM Mg
2+

 does not lead to 

desorption, while (step 8) rinsing in buffer with 0.2 mM Mg
2+

 leads partial 

desorption of TS3. (b) A correlation plot of ΔΔΔΔD as a function of ΔΔΔΔF (on=7) for 

the surface assembly of  At1' tRNA units to the pre-adsorbed TS3 (solid line) and 

for the addition of TS4 to pre-adsorbed TS3  (dotted line). 

The QCM-D data show that the addition of At1’ tRNA leads to 

a decrease in ∆F that was smaller than the corresponding 

decrease in ∆F observed when the full TS4 tectosquare was 
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added. The decrease in ∆F was accompanied by a small 

increase in ∆D, which was much smaller than the 

corresponding increase upon addition of TS4 (Figure 5b). This 

implies a structure that is less protruding out into the solution. 

In the quantitative comparison of these data, it is important to 

point out that for soft layers that extend into the solution, the 

measured ∆F is not proportional to the change in mass, and it 

has to be analysed in relation to the change in dissipation, ∆D.37 

Based on these experiments we can confirm that the RNA 

assembly at the bilayer scaffold is specific and directed through 

tail-tail interactions to form the pre-programmed nanostructure. 

It is also shown that binding of At1' to the pre-adsorbed TS3 

RNA square leads to an assembled structure that is less 

protruding than the RNA polyhedron.  

 In the next step of the experiment in Figure 5a, the Mg2+ 

concentration was reduced from 15 mM to 0.2 mM in order to 

weaken the strength of the complementary tail-tail interactions. 

This led to an increase in ∆F, which is an indication of 

dissociation of the assembly. A minor complication in the 

interpretation of these QCM-D data results from the fact that 

both ∆F and ∆D are slightly affected by changing the buffer, 

and quantitative comparisons can therefore only be done 

between situations where the buffer is the same. In the present 

experiment, comparison is possible after changing back to the 

buffer with 15 mM Mg2+. It is here noteworthy that the change 

in ∆F after the addition of At1' almost equals the opposite 

change in ∆F when replacing the RNA solution for neat buffer 

in 2 steps. This suggests removal of the At1' during rinsing, and 

that in this case tail-tail interactions are reversible and 

controlled by the presence of Mg2+. From the results for the 

RNA 3D assembly in Figure 4, together with the control 

experiments with the smaller tRNA building blocks in Figure 

5a, we conclude that the RNA assembly occurs only based on 

complementary RNA tail-tail interactions. Moreover, our data 

imply that tectosquares are adsorbed at the surface through their 

flatter side with their single strand tail regions protruding out 

into the bulk solution so that their RNA tails are accessible for 

interactions with complementary strands. This further supports 

our hypothesis that the RNA 3D assemblies are formed at the 

bilayer surface, which acts as a scaffold. Note that removal of 

pre-adsorbed tectosquares from the bilayer has not been 

detected for our experimental conditions and DOTAP bilayers.  

 In order to check whether the pre-adsorbed TS3 is still 

accessible for base pairing after the removal of the At1' tRNA 

units, TS4 tectosquare was then added. The measured ∆F and 

∆D were almost identical to the corresponding changes 

measured when TS4 RNA square was added directly to the pre-

adsorbed TS3 RNA squares without intermediate steps 

(compare Figure 5a to Figure 4a). This confirms that TO3-4 

polyhedrons can be generated after dissociation of At1' tRNA 

units from the pre-adsorbed tectosquare at low concentrations 

of divalent cations. Finally, the layer composed of surface-

assembled RNA polyhedrons was rinsed in buffer solution with 

0.2 mM Mg2+, which led to partial release of TS4. However, the 

∆D was still high, which is consistent with protruding 3D 

structures at the bilayer surface. From these experiments we 

conclude that the assembly between the TS3 RNA square and 

four At1' tRNA units is significantly weaker than that of the 

assembly of two complementary squares. In conclusion, these 

experiments (Figures 4 and 5) show that full reversibility of the 

base pairing at the bilayer scaffold depends on the number of 

interactions and the size of the RNA nanostructures. Finally, 

when pre-assembled RNA polyhedrons are adsorbed to a  

bilayer and then rinsed in buffer with low Mg2+ concentration, 

there is no observed dissociation (not shown). This suggests 

that the RNA polyhedron assembled in bulk solution is slightly 

more stable than the one assembled at the bilayer scaffold, 

which might be due to remaining divalent ions strongly 

associated with the pre-assembled polyhedron, making it more 

stable against lowering the ionic strength.  

FRAP study of lipids and RNA polyhedrons  

The mobility within the lipid bilayer is important for the build-

up of the RNA layer. Therefore we investigated the lateral 

diffusion in the adsorbed layer by means of fluorescence 

recovery after photobleaching (FRAP). FRAP experiments on 

RNA polyhedrons labelled with GelstarTM at the DOTAP 

bilayer surface showed no recovery of fluorescence signal from 

GelstarTM during the course of the experiment (60 s) (Figure 

S5b), indicating that the adsorbed RNA polyhedrons are 

immobile on this time scale. The slow diffusion is consistent 

with the presence of tightly packed, large RNA polyhedron 

assemblies anchored to a bilayer by strong attractive 

electrostatic interactions with several lipid molecules. The 

number of DOTAP molecules that can associate with each 

polyhedron depends on the size of the polyhedron plane that 

faces the bilayer (either 14×8 nm or 14×14 nm), and is 

estimated to be in the order of 150 or 270 cationic DOTAP 

molecules, assuming that the area per DOTAP headgroup does 

not change upon association. In the high ionic strength buffer 

used here, long-range electrostatic attractions are screened and 

the positive charges from DOTAP are balanced with those 

negative charges from the RNA polyhedron that are sufficiently 

close to the bilayer. This mainly includes the parallel strands, 

ca. 110 or 200 negative charges, depending on the orientation 

of the polyhedron.  

Influence of RNA polyhedrons on the mobility in the fluid 

bilayer 

The influence of the adsorbed RNA polyhedron on the mobility 

of lipids and RNA in the plane of the fluid bilayer was 

investigated by means of FRAP using two different fluorescent 

lipid analogues, Rh-PE or NBD-DOTAP, as tracers in the 

DOTAP bilayer. The measurements were performed before and 

after incubation with RNA polyhedrons at different 

concentrations (Figure 6). Separate QCM-D measurements 

performed in similar conditions further confirm that there is no 

detectable desorption from the surface upon rinsing, implying 

very strong RNA association (Figure 4b).  There was no 

detectable change in the lateral diffusion coefficient for any of 

the lipid analogues at the lower RNA concentration (Figure 6d). 

However, for RNA polyhedron bulk concentrations above ca. 
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0.01 mg mL-1, a dramatic decrease in the diffusion coefficient 

was measured. When RNA polyhedron bulk concentrations 

were further increased, the diffusion coefficients became close 

to zero. 

 
Figure 6: (a) Representative FRAP data for bilayers of DOTAP labeled with 

Rhodamine-PE (0.5 mol%) performed before and after exposure to TO3-4 RNA 

polyhedron (0.1 mg mL
-1

).  The 0 s images show each bilayer immediately after 

bleaching the spot. Each image shown is 40 x 40 μm. (b) The normalized 

diffusion coefficients for fluorescent probes in DOTAP bilayers after exposure to 

increasing RNA polyhedron concentrations. The RNA concentration refers to the 

bulk polyhedron concentration used for incubation. FRAP measurements were 

performed after rinsing with buffer. The diffusion coefficient was obtained from 

FRAP experiments performed using a scanning confocal microscope on bilayers 

of DOTAP labeled with NBD-DOTAP (open circles) and Rhodamine-PE (open 

squares), or using a TIRF microscope on bilayers of DOTAP labeled with 

Rhodamine-PE (solid triangles). The diffusion coefficient was normalized for each 

series by the diffusion coefficient determined for the bilayer without RNA.  

 Our interpretation of the combined FRAP, QCM and 

ellipsometry data is that the bilayer scaffold is saturated with 

RNA polyhedrons that form a single and dense layer at bulk 

concentrations above 0.01 mg mL-1. At lower bulk RNA 

concentrations, the saturation adsorption is not reached, as also 

confirmed by QCM (Figure S9). Before discussing the mobility 

data in greater detail it is important to consider the lateral 

distribution of the two different fluorescent lipid analogues. 

First we note that there is a strong electrostatic attraction 

between the adsorbed RNA polyhedrons and the oppositely 

charged DOTAP bilayer. The Rh-PE is effectively negatively 

charged, and the NBD-DOTAP carries the bulky fluorescent 

probe in the acyl-chain, making them less likely to partition 

into the RNA-DOTAP complexes. One therefore expects that 

the fluorescent lipid analogues are present in the surrounding 

fluid bilayer and not in the more condensed RNA polyhedron-

DOTAP complexes. Similar specific association with certain 

lipid/surfactant species have previously also been shown in 

complexes containing DNA.43  The FRAP measurements in 

Figure 6 and Figure S5 provide a measure of the 2D diffusion 

of the fluorescent lipid analogues in a bilayer containing small 

and virtually immobile obstacles, that are the RNA polyhedrons 

and the associated DOTAP molecules. When the surface 

coverage of RNA polyhedrons is low, the presence of few 

obstacles does not significantly influence the diffusion of the 

excluded dye molecules in the plane. However, at higher 

coverage, the obstacle density is so high that the surrounding 

fluid bilayer regions are disconnected or the diffusion route is 

highly tortuous. The sharp decrease in diffusion coefficient 

therefore indicates the percolation threshold. The lateral 

diffusion can then not occur over large distances, and this is 

manifested as strongly reduced fluorescence recovery. The 

reduction in mobility can be quantified based on a first order 

approximation44 as  

���� � 	����	�
�
�
�
�
��	�����

�
�
�
��	�����
  (1) 

where p is the fraction of the bilayer surface in which the 

fluorescent lipid analogues cannot move, Dobs is the diffusivity 

observed after RNA addition and Dintial is observed diffusivity 

in the bilayer prior to RNA polyhedron binding. The present 

data show that p is close to zero at low RNA polyhedron 

coverage, and that p increases to close to unity at the 

percolation threshold (Figure S5d). Taken together, the 

diffusion behaviour, as determined by FRAP, and the 

adsorption data from the QCM-D and ellipsometry, imply a 

single and densely packed layer of RNA polyhedrons at the 

bilayer scaffold surface. Furthermore, the reduction in 

diffusivity close to zero above the percolation threshold implies 

coupling between the two monolayers in the deposited bilayer 

scaffold. This is also consistent with previous diffraction 

studies on deposited 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) lipid bilayers in the gel state, where it 

was found that the lipids in the two leaflet always become 

coupled even if they are deposited on the supporting surface 

independently.45 

Collapse of RNA polyhedrons with dendrimers as compacting 

agents 

An efficient way to control nucleic acid conformation is to add 

compacting agents, like cationic surfactant or dendrimers.46,47,48 

The ability to collapse the RNA nanostructure layer on the lipid 

surface can be seen as additional indirect evidence for the   

extended, “wire-framed” nano-architecture of the RNA 

polyhedrons layer. The collapse of the adsorbed layer of RNA 

polyhedrons on lipid bilayers was triggered by highly charged 

cationic dendrimers (PAMAM, generation 4). QCM-D data 

show that ∆D decreased to values close to zero upon the 

addition of the dendrimers, accompanied by an increase in ∆F 

(Figure 7a). These changes in ∆D and ∆F allow us to readily 
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distinguish between a 3D structure and compact layer. The 

modelling of the QCM data showed that thickness of the 

adsorbed layer decreased from 16.5 nm to 7 nm upon addition 

of dendrimers (Figure 7b). Beyond showing that RNA can be 

reduced in size on the bilayer surface, these data show that the 

RNA polyhedron can be switched from an extended 3D 

structure to a more compact and dense layer at the surface. This 

in turn can potentially be used to trigger release of active 

components enclosed in the polyhedron. Here we note that we 

recently showed that a highly charged polyelectrolyte, heparin, 

can be used to release nucleic acids from complexes with 

dendrimers.49 

 
Figure 7: : (a) QCM-D frequency (black, left axis) and dissipation data (grey, right 

axis) (overtone 7) for the adsorption of TO3-4 polyhedron to a DOTAP bilayer, 

followed by the collapse of the polyhedron after the addition of dendrimers (b) 

Modeled QCM data for the thickness of the adsorbed RNA-dendrimer layer. 

Adsorption of 3D RNA assemblies to bilayers with different lipid 

composition 

In the previous sections we have described the adsorption and 

assembly of RNA polyhedrons on supported bilayers composed 

of a cationic lipid analogue, DOTAP. We also explored the 

corresponding processes utilizing more biologically relevant 

lipid systems that are composed of two lipid species, a natural 

cationic lipid, sphingosine (Sph), and a zwitterionic 

phospholipid, DOPC. By varying the composition of these two 

lipids from 10 mole % Sph to 50 mole % Sph, we can reveal 

the effect of the bilayer charge density on RNA adsorption and 

directed self-assembly. Table 1 summarizes measured values of 

∆D and ∆F together with the calculated thickness of the 

adsorbed layer of pre-assembled RNA polyhedrons as well as 

TS3 and TS4 RNA squares at deposited bilayers with different 

compositions. It is clear that the charged RNA polyhedrons and 

RNA squares not only adsorb to the deposited bilayer 

composed of 100% cationic surfactant, but to all positively 

charged lipid and surfactant bilayers investigated. The observed 

changes were similar for all (completely or partly) cationic 

bilayer systems studied, and even at the lowest concentration of 

charged lipid (10 mol% charged lipids), we observed 

significant adsorption. From these experiments we conclude 

that a relatively low bilayer charge density is sufficient in order 

for the RNA polyhedrons and RNA squares to adsorb, and that 

the adsorbed RNA polyhedra retain similar 3D shape after 

adsorption onto bilayers with either high or low charge density. 

Furthermore, the adsorption did not differ much between the 

DOTAP and the DOPC/sphingosine bilayer systems. However, 

the bilayer charge density made a difference in how tightly the 

adsorbed RNA layer is associated with the bilayer, as implied 

from the extent of desorption when the bulk RNA solution was 

exchanged with neat buffer. In fact, desorption of the RNA 

nanostructures was observed for all mixed DOPC/sphingosine 

bilayers, and the only bilayer system where desorption was 

insignificant was for the completely cationic DOTAP bilayers. 

Adsorption of RNA polyhedrons and TS3 RNA squares was 

also detected to bilayers composed of only zwitterionic DOPC 

bilayers. However, the adsorbed amount was very small and no 

further experiments using pure DOPC bilayers were performed.  

 

Table 1: 3D RNA assemblies at bilayers with different lipid composition. 
∆F and ∆D (overtone 7) for the adsorption of RNA tectosquare and 
polyhedron to bilayers with different composition (Mixed 
DOPC/Sphingosine bilayers and pure DOTAP bilayers). Modelled data for 
the thickness of the adsorbed RNA layer are also shown. (*) indicates that 
only one replicate was done for this lipid composition.  

Lipid 
bilayer 

Charged 
lipids 

(mol%) 

RNA  ∆ D 
(*10-6) 

 

∆ F 
(Hz) 

∆ h 
(nm) 

DOPC 
Sph 

10 % TS3  4.5±0.4 -32.9±3 8.8±0.9 

DOPC 
Sph 

50 % TS3  3.9±0.4 -38.6±3 8.9±0.9 

DOTAP 100 % TS3 4.1±0.4 -53.3±4 10.3±0.9 

DOPC 
Sph 

10 % TO3-4 12.7* -73.2* 20.1* 

DOPC 
Sph 

30 % TO3-4 9.1±0.8 -67.4±6 15.2±1.3 

DOPC 
Sph 

50 % TO3-4 8.2±0.8 -61.8±6 13.4±1.3 

DOTAP 100 % TO3-4 8.9±0.8 -71.7±7 16.7±1.3 

Materials and Methods 

Chemicals 

DOPC (1,2-dioleoyl-sn-glycero-3- phosphatidylcholine), D-

erythro-Sphingosine (18:1), DOTAP (18:1 TAP, 1,2-dioleoyl-

Page 9 of 15 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

3-trimethylammonium-propane) and Liss Rhod PE (1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 

rhodamine B sulfonyl) (ammonium salt) ) with 99% purity 

were purchased from Avanti polar lipids Inc. (Alabaster, USA). 

Chloroform and methanol (both 99.8% purity) were purchased 

from Merck (Darmstadt, Germany). GelStar® nucleic acid gel 

stain (10 000x concentrate) was purchased from Lonza 

Bioscience. Tris(hydroxymethyl)aminomethane (Tris) of ultra 

pure grade was purchased from Fischer Scientific and used 

without further purification. The poly(amido amine) (PAMAM) 

dendrimers of generation 2 and generation 4 and with 

ethylenediamine cores were purchased from Sigma. The 

PAMAM dendrimers were dissolved in methanol and were 

dried over night in a vacuum oven and then left to hydrate at 4

°C for 1-2 days prior to use. Boric acid (approx. 99% purity), 

Mg(OAc)2 (99% purity) and 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES) (≥99.5% purity) were 

purchased from Sigma Aldrich. KCl (≥99.5% purity) was 

purchased from Fluka. 

RNA synthesis 

The eight RNA segments used for assembling the two squares 

and the polyhedron were designed and produced according to 

protocol from Severcan et al.14 The design characteristics and 

the tRNA sequences are shown in Figure S1 and Table S1. In 

brief, the preparation of the eight RNA building blocks that 

assemble into a polyhedron was done as follows: DNA 

templates of each of the eight segments were put in separate 

test tubes and amplified using PCR with 25 cycles (94°C for 75 

seconds cool to 54°C for 75 seconds and heat again to 72°C for 

another 75 seconds). The DNA produced in the PCR was 

purified and collected using the Quiagen PCR purification kit. 

After purification the DNA was then transcribed to RNA, and 

after the transcription the RNA was purified using a 10% 

bisacrylamide (19:1)/8M Urea gel. RNA was detected with UV 

light, and the RNA containing bands were cut out and the RNA 

was extracted from the gel using a “crush and soak” buffer (200 

mM NaCl, 10 mM Tris, pH 7.5, 0.5 mM EDTA). RNA was 

than precipitated using ethanol and finally dried. The TS3, TS4 

RNA squares and the TO3-4 polyhedron were characterized by 

native polyacrylamide gel electrophoresis in 15 mM Mg(OAc)2 

and at 10°C (Figure S2 a) as well as AFM imaging of the 

square  (Figure S2 b). RNA molecules were used without 

further purification. All RNA buffer solutions were prepared 

using ultrapure water from a Milli-Q Ultrapure water 

purification system from Millipore (Massachusetts, USA). All 

glassware was soaked in 10% hydrochloric acid for several 

hours and then washed 10 times with Milli-Q water. As RNA is 

sensitive to nuclease degradation, all glassware used was 

sterilized at 200°C for 8 hours and all solutions were autoclaved 

(121°C for 20 minutes).  

Self-assembly of RNA squares and polyhedron  

The RNA used in this study was self-assembled square shaped 

and polyhedron shaped RNA structures. Each RNA square 

(TS3 or TS4) was assembled in solution by mixing 4 RNA 

components constituting that square (as shown in Figure S1 c). 

TS3 and TS4 are designed to assemble into the RNA 

polyhedron when mixed.14  To assemble the squares, a solution 

containing the four RNA sequences was heated to 90°C for 

three minutes then cooled on ice for three minutes. After 

cooling, the solution was kept at 30°C for 3 minutes, and then 

mixed with the association buffer with 0.2 mM Mg2+ (10 mM 

Tris-borate, 50 mM KCl and 0.2 mM Mg(OAc)2). The solution 

containing the segments for assembly of TS3 and of TS4 was 

thereafter incubated for another 30 minutes. The RNA 

polyhedron was assembled in equimolar mixtures of TS3 and 

TS4 using association buffer with 15 mM Mg2+. The solution 

was heated to 60°C for 3 minutes and then slowly cooled down 

to 10°C.14 

AFM imaging 

RNA tectosquares were deposited on freshly cleaved mica 

surface (muscovite mica grade V-1)  that was pre-treated with 

the deposition buffer (10 mM Tris-borate, 50 mM KCl and 15 

mM Mg(OAc)2), incubated on the surface for 5 minutes, rinsed 

with Milli-Q water and dried under nitrogen. The topography 

was imaged in air by non-contact mode AFM (XE-100 Park 

system) using PPP-NCHR cantilevers (spring constant: k=42 

N/m, resonance frequency: f=330 kHz). Sample tilt was 

corrected during image deposition with Park system software. 

Lipid vesicle preparation  

Deposition of the supported bilayers was done by the vesicle 

fusion technique.50 Stock solutions of the lipid mixtures used 

were prepared by dissolving the lipids/surfactants in 

chloroform/methanol 2/1 (vol ratio). Smaller aliquots from the 

stock solutions were taken out and dried under a stream of air 

until the solvent was evaporated and a thin lipid film remained. 

The lipid film was suspended in buffer/aqueous solution and 

left above the melting point of the lipids for at least 30 min 

before sonication. The lipid dispersion was sonicated using 30 

second pulses at 30% amplitude (Vibracell tip sonicator, Sonics 

& materials Ltd, USA) until a clear dispersion of small 

unilamellar vesicles (SUVs) was obtained, a process that 

usually took less than 10 minutes. Care was taken not to 

overheat the sample.  

QCM-D measurements 

Quartz crystal microbalance with dissipation (QCM-D) 

measurements were performed using a Q Sense E4 system from 

Q Sense (Gothenburg, Sweden) with four temperature 

controlled flow modules. In each flow module one sensor 

crystal was placed. The crystals used for the present 

experiments were quartz crystals with a fundamental frequency 

of 4.95MHz covered by a thin gold surface layer connected to 

the two electrodes. The gold surface was coated with a 50 nm 

thick SiO2 layer (QSX 303, Q Sense). The flow of liquid 

through the modules was controlled by means of an external 

peristaltic pump (Ismatec IPC-N 4) to assure constant flow 

throughout the experiment. Prior to use the sensor crystals were 

cleaned and stored in 2% SDS solution for a minimum of 1 
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hour, washed with MQ water, rinsed with ethanol, dried under 

nitrogen and thereafter treated in a plasma cleaner from Harrick 

Scientific (New York, USA) for 5 minutes. Directly after 

plasma cleaning the crystals were inserted into the QCM-D 

cells. Before each measurement, the crystals were allowed to 

equilibrate in water until a stable baseline was reached. The 

QCM crystals were then equilibrated with 10 mM HEPES 

buffer at pH7 prior to deposition of the bilayer by pumping the 

lipid SUV solution through the cell at a flow rate of 100 µl/min. 

The formation of a stable bilayer was fast and already after 3-5 

minutes it was possible to start rinsing the surfaces with 10 mM 

HEPES buffer. The bilayers formed with a high surface 

coverage (close to 100%).51 After exchanging vesicular 

dispersion with neat buffer, i.e. thoroughly rinsing the bilayer, 

the buffer solution was changed either to association buffer 

with 0.2 mM Mg2+ or to association buffer with 15 mM Mg2+. 

Solutions of freshly prepared RNA polyhedrons or squares 

were added when a constant signal for bilayer was reached. A 

successful approach relies on robust and reproducible model 

system, e.g. the deposited bilayer has high surface coverage, 

and strong adsorption of the RNA building block, where the 

RNA remains attached the bilayer even if the RNA solution is 

replaced with pure buffer. Minimal RNA desorption (i.e., not 

significant within errors of the measurements) upon rinsing 

with buffer was observed for the bilayer systems composed of 

only cationic DOTAP. The bilayers were deposited on a SiO2 

surface, which is slightly negatively charged at neutral pH. In 

separate experiments, we show that the RNA molecules do not 

adsorb to the bare SiO2 surface. The RNA concentration was in 

all cases 10 µg/ml and the nucleic acids were added 

continuously with a flow of 10 µL/min.  In order for the nucleic 

acids to faster reach the cell and thus reduce the lag time, the 

pump speed during the first 1 min 15 sec was 100 µL/min. All 

experiments were performed at 25 °C.   
The wet mass of the lipid film adsorbed to the silica was 
calculated according to the Sauerbrey expression 
 

    Δ� �
�

��
Δ�						   (2) 

where C ≈ 17.7 ng Hz–1 cm–2 for a 5 MHz crystal and on is the 

overtone number.52 The validity of applying this equation to 

non-rigid biomolecular systems has been addressed by Höök et 

al.,37 concluding that the Sauerbrey expression is a good 

approximation for thin, acoustically rigid and evenly distributed 

adsorbed films. However, also an acoustically rigid film may 

trap solvent, which becomes sensed as an additional mass. 

Hence, only in cases when the amount of coupled water is low, 

the “Sauerbrey mass” correspond well to the adsorbed 

molecular (lipid) mass. Planar supported lipid bilayers 

constitute one such example, as verified with other methods 

such as ellipsometry.50 For the present experiments, the mass of 

the deposited bilayers were calculated to 410-440 ng/cm2 for 

the DOPC/sphingosine bilayers and 380-400 ng/cm2 for the 

DOTAP bilayers, using the Sauerbrey expression.  

When the change in dissipation becomes large, as observed for, 

e.g. the RNA polyhedrons, the Sauerbrey expression is not 

applicable to calculate the adsorbed mass for two reasons.37 

First, the adsorbed material may extend into the solution in 

such a way that the amount of hydrodynamically coupled water 

becomes significant. Secondly, if the induced dissipation is 

significant, the conversion of ∆F into wet mass fails. While the 

former condition leads to an overestimation of the adsorbed 

molecular mass using the Sauerbrey expression, the latter yields 

an underestimation. Hence, when a non-rigid extended layer is 

deposited at the surface, a viscoelastic representation of the 

adsorbed film needs to be used for the data analysis. The model 

used here for analysing the data obtained for adsorption of 

RNA polyhedron and squares was an extended viscoelastic 

model, where an explicit frequency dependence of the 

viscoelastic parameters has been taken into account. Data was 

modelled using a Voigt-based model for one adsorbed layer, 

representing the properties of the viscoelastic film, using 

experimental data from the 3, 5 and 7th overtone. The 

parameters that were kept fixed in the modelling were the fluid 

density (1000 kg/m3) and the fluid viscosity (0.001 kg/ms). The 

best fit was obtained using a fixed layer density of 1600 kg/m3. 

The layer thickness, viscosity and shear modulus were fitting 

parameters, but kept within the following boundaries; layer 

thickness (10-10-10-7m), viscosity (0.001-0.01 kg/ms) and shear 

modulus (1000-108 kg/(ms2)). Note that in QCM-D experiments 

the change of buffer also gives rise to a change in both 

measured frequency and dissipation, due to slight changes in 

density and viscosity. The most pronounced effect was 

observed when changing to the buffer containing 15 mM Mg2+, 

and this has to be taken into account in the analysis of the data. 

Each of experiments presented here were reproduced at least 

two times with good agreement between the different 

experiments. One example to demonstrate the high 

reproducibility is shown in Figure S10.  

Combined QCM-D and ellipsometry module 

Ellipsometry is based on measurements of changes in the 

polarization in terms of the amplitude difference, Ψ, and the 

phase shift, Δ when light is reflected on a surface.51 From 

these data we can obtained information about the thickness and 

refractive index of the film formed at the surface using an 

iterative process,51,52 provided accurate determination of the 

substrate can be obtained. Modeling of the optical properties of 

the QCM-D crystals for unambiguous determination of 

thickness of the adsorbed layer with ellipsometry is challenging 

as the surface consists of a 1000 Å thick layer of titanium, 

covered by about 5 Å thick layer titanium oxide that is covered 

by about 800 Å thick layer of silica.53  The main purpose of 

using ellipsometry here was however to determine the “dry” 

mass of adsorbed material. In order to do so, we can instead 

determine an effective refractive index of the substrate (in this 

study about N=1.7-2.5i, depending on the crystal used), which 

takes into account the oxide layers and the substrate. In this 

way the adsorbed amount can be calculated accurately, 

although thickness and refractive index cannot be resolved.52 

The validity of the mass calculation was confirmed by test 

experiments using C12E5, giving an adsorbed amount of 1.27±
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0.08 mg/m2,52 as well as the fact that the amount adsorbed lipid 

bilayer determined by QCM-D and ellipsometry is the same. 

For calculation of adsorbed amount (Γ) we used the approach 

of de Feijter et al:54  

 

    Γ � ��
���� 

!� !"⁄
   (3) 

where df is film thickness, nf is the film refractive index and n0 

is the refractive index of the solvent. Here we used a refractive 

index increment of dn/dc = 0.148 cm3/g, which is the value for 

the lipid55 and for the RNA adsorbed to the lipid bilayer dn/dc = 

0.168 cm3/g was used as previously determined for RNA.56 The 

lipid layer was assumed to have same refractive index and 

thickness as before adding RNA and the refractive index of the 

RNA layer was calculated assuming that the measured nf is the 

average of refractive index for the lipid and RNA layers scaled 

by the determined thickness of the layers. 

An Optrel Multiskop ellipsometer (Optrel, Berlin, Germany, 

www.optrel.de) with a Nd:YAG, λ =5320 Å laser, operating 

as a null-elipsometer was used in this study.57 The Q-sense 

ellipsometry module (QELM 401) was used for the combined 

QCM-D and ellipsometry measurements. The module has a 

fixed angle of incidence of 65°. The QCM-D ellipsometry 

module is connected to an external peristaltic pump (Ismatec 

IPC-N 4), the cell has one inlet for fluid and three outlets, to 

assure constant flow in the whole cell during the experiment. 

The substrate used for the experiments was a quartz crystal 

covered with a thin layer of titanium that is further coated with 

silicon dioxide (QSX335, Q-Sense). The outer surface layer is 

as for the standard QCM SiO2 coated quartz crystals gold 

(QSX303, Q-Sense), and the fundamental frequency is also 

here 4.95 MHz. DOTAP bilayers formed in the ellipsometry 

module were done in the same way as in the standard QCM-D 

module except that the bilayers were rinsed first with water 

before the solution was changed to the correct buffer. 

FRAP and TIRF measurements  

Fluorescence microscopy images were recorded using either a 

confocal laser scanning microscope (CLSM) or a total internal 

reflection fluorescence (TIRF) microscope. For the confocal 

microscopy, a Leica CLSM SP5 was operated in the inverted 

mode (D60001) with a 60x glycerol-immersion objective. 

HeNe (543 nm) and Ar ion (488 nm) lasers were used to excite 

the rhodamine-labeled (543 nm) and NBD-labeled (463 nm) 

lipids, respectively. Fluorescence recovery after photobleaching 

(FRAP) experiments were performed by bleaching a spot with a 

diameter of 10 µm with the argon ion laser set to a tube 

intensity of 80%. Subsequently, images were rcorded every 1 s 

to monitor the fluorescence recovery. The field of imaging was 

40 µm x 40 µm (512 x 512 pixels).  The TIRF microscopy was 

performed on an inverted Eclipse TE 2000 microscope (Nikon) 

equipped with a high-pressure mercury lamp, an Apo TIRF 60× 

oil objective (NA 1.49) and a CCD camera (1002 × 1004 pixel 

in binning mode). Filter sets and dichroic mirrors in the filter 

cubes were chosen to match the excitation and emission 

properties of the selected fluorophores. Images (190 µm × 190 

µm) were recorded using acquisition times of 200 ms. In the 

TIRF set-up, FRAP experiments were performed by directing a 

focused (diameter: 20 – 30 µm) beam of a blue (wavelength: 

473 nm) or green (wavelength 532 nm) solid state laser on the 

center of the microscopy image. The bleaching process was 

continued for a time span of 10 s - 20 s reducing the 

fluorescence emission intensity in this area by 30% – 50%. 

Right after the bleaching step, time lapse TIRF images were 

recorded in short time intervals of 10s to monitor the 

fluorescence recovery at an appropriate time resolution.  

For both types of microscopy, cover glasses were cleaned by 

soaking for 15 minutes in 5 parts H2O: 1 part 27% NH4OH: 1 

part 30% H2O2 at 70 °C followed by 5 minutes of treatment in 

reduced air plasma of 0.02 mbar  (Harrick Scientific, New 

York, USA) or 20 minutes of treatment in UV ozone. DOTAP 

vesicles were prepared as described in the previous section, 

except that 0.5 mol% Liss Rhod PE was included as the 

fluorescent probe. Bilayers were self-assembled on the glass 

surface by flowing vesicle dispersions over the cleaned cover 

glasses, sealed in disposable flow cells (sticky-Slide I0.6 Luer, 

ibidi GmbH, Martinsried, Germany). Bilayers were imaged and 

FRAP experiments were performed on the bilayers alone. 

Afterwards, the bilayer was incubated with a solution of RNA 

polyhedrons in association buffer for 30 minutes. The bilayer 

was subsequently rinsed by flowing copious amounts of buffer 

through the flow cell (at least 10 x the volume of the flow cell). 

FRAP measurements were performed on the bilayers which had 

been incubated with various concentrations of RNA 

polyhedrons and subsequently rinsed. The fraction of immobile 

molecules was negligible at low RNA polyhedron 

concentrations (Figure S5c). Diffusion constants of the 

bleached lipid bilayer were calculated according to Jönsson et 

al.44 At least three measurements were made on different 

locations of each sample.  

 

Conclusions 

We have demonstrated that it is possible to adsorb and 

assemble complex RNA polyhedron structures on a supported 

lipid fluid bilayer as a scaffold. The use of a bottom-up 

approach allowed us to direct RNA self-assembly at a model 

membrane by exploiting the strong attractive electrostatic 

interactions between RNA polyanions and cationic bilayer. 

Quantitative in-situ information on this directed RNA assembly 

reaction at the bilayer upon sequential changes of the solution 

composition was obtained using a flow-system set-up. The 

presence of a scaffold membrane surface was found to favour 

the nucleation of the assembly after adsorption of only a few 

molecules on the surface. Therefore, the surface induced 

process required less material compared to the corresponding 

bulk self-assembly reaction. 

 Our results imply that the adsorbed RNA polyhedrons retain 

their 3D structure when adsorbed. RNA polyhedron adsorption 

affected the mobility of the fluid lipid bilayer with loss of 
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mobility above a percolation threshold. The RNA polyhedrons 

as well as TS3 and TS4 tectosquares adsorb readily to different 

charged bilayer systems, largely independent on the surface 

charge density. We also show that the 3D structure of the RNA 

polyhedron can be collapsed by addition of highly charged 

cationic dendrimers. By changing the solution conditions, we 

show that assembly of the pre-programmed 3D structure can be 

modulated by sequence specific interactions, surface charge and 

changes in the salt environment. In addition, the tertiary 

structure of the RNA polyhedron can be controllably switched 

from an extended structure to one that is dense and compact.  

Previously, it was demonstrated that in vitro selected RNA 

molecules could interact with lipid membranes by forming 

RNA networks that could affect membrane permeation.35,58 

There are also recent studies showing synthetic membrane-

spanning nanochannels formed by synthetic DNA with 

cholesterol or porphyrin based bilayer anchors covalently 

attached to the DNA strands.33,34 Our results provide evidence 

that complex and programmable RNA and DNA self-assembly 

processes can be controlled on lipid membranes without 

impacting the structural integrity and stability of the 

immobilized three-dimensional RNA nanostructures or of the 

membranes themselves. Furthermore, the fact that our RNA 

polyhedron can assemble on model lipid membranes composed 

of phospholipids and sphingosine, which could be of biological 

relevance, is particularly encouraging for developing novel 

therapeutic all-RNA nano-particles that might directly interact 

with natural cellular membranes. Indeed, RNA-based 

nanoparticles such as the RNA polyhedron could readily be 

used as scaffolds for aptamers, ribozymes or therapeutics 

siRNAs.14,15,17,59 As such, a combination of rational design and 

in vitro selection approaches could lead to the development of 

novel classes of RNA-based nanoparticles that could facilitate 

the interaction and passage of therapeutics RNAs through a 

lipid membrane. Additionally, our data suggests the possibility 

of creating self-assembling RNA (or DNA) nanostructures 

acting as “rafts” on lipid membranes. For instance, by 

contrast to static mineral surfaces, lipid membranes offer the 

advantage of more fluid, dynamical surfaces on which RNA 

nanostructures could undergo structural rearrangements upon 

modulation of the membrane fluidity (e.g. in function of 

temperature, hydration or solution conditions). The molecular 

organization and dynamics in the single layer of RNA 

nanostructures can the thereby be controlled by external 

conditions in a rather easy and accessible way.  Recently, it has 

been shown that DNA (or RNA) could complex with surfactant 

(like DDAB) to form self-standing films able to undergo major 

structural rearrangement upon hydration and variation of 

temperature.9,60-62 Therefore, in conjunction with the data 

presented herein, responsive RNA/lipid based films could 

undergo complex rearrangement leading to the self-assembly of 

complex RNA nanostructures on the membranes upon 

hydration. While some of these ideas are still speculative, it is 

already apparent that our present results open up promising new 

routes to functionalize bio-mimicking surfaces with 

applications in nanotechnology, nanomedicine and synthetic 

biology.12,63,64 
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