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C
entral aims of current research ef-
forts in the field of nanotechnology
are the assembly of selectively ad-

dressable three-dimensional structures on
the nanometer scale and their precise, spa-
tially selective integration into microde-
vices.1,2 Their directed arrangement and
functionalization at predefined sites inside,
however, still remains a challenge.3,4 Tobac-
co mosaic virus5 (TMV) and TMV derivatives
are among the biomolecule complexes of-
fering the most promising perspectives for
applications as nanosized multivalent car-
rier templates for the presentation of func-
tional molecules6�10 and have proven sub-
stantial long-time stability in technical envi-
ronments.11,12 The tube-shaped, exception-
ally robust plant virus has a natural length of
300 nm, a diameter of 18 nm, and an inner
4 nmwide channel. Its protein shell consists
of ∼2100 identical CP subunits helically ar-
ranged on an RNA strand. The particle forms
via self-assembly nucleated by the interac-
tion of an RNA motif folding into character-
istic secondary structures (origin of assem-
bly, OAs) and assembly competent protein
aggregates.13 The entropy-driven process14

has been analyzed extensively by in vitro

studies, resulting in a widely accepted
mechanistic model (as reviewed in detail13).
Accordingly, 34 TMV CP subunits associate
with a double-layered disk, which strongly
interacts with the OAs. Upon a transition of
thedouble-disk into ahelical “lockwasher”, the
50 portion of the RNA is pulled “up” through
the hole, allowing further CP disks to be
concomitantly added to one end of the grow-
ing nanotube, intruding and coiling the RNA
strand into the proteinaceous shell. Different
from this mechanism of the RNA's 50 end
encapsidation, its 30 end is thought to be

packaged slowly by CP of lower oligomeriza-
tion state and thus to remain accessible until
the process is complete (compare to Figure 1).
Our strategy is based on this assumption.
We have, for the first time, proven the

hence expected capacity of TMV particles to
grow autonomously on RNA immobilized
via one end. The approach constitutes an
attractive alternative route for the produc-
tion of substrate-linked nanotubes, which
might be combined with the manifold stra-
tegies already developed for their employ-
ment as carrier architectures presenting
different functional molecules in technical
contexts.8,10,15�23 So far, a number of meth-
ods have allowed patterning of preassem-
bled viral particles on surfaces.8,24�32 The
applicability of such arrays as templates for
the production of battery electrodes has
been described.25,33 In some studies, TMV
rods were immobilized following partial
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ABSTRACT Tobacco mosaic virus (TMV) is a tube-shaped, exceptionally stable plant virus, which

is among the biomolecule complexes offering most promising perspectives for nanotechnology

applications. Every viral nanotube self-assembles from a single RNA strand and numerous identical

coat protein (CP) subunits. Here we demonstrate that biotechnologically engineered RNA species

containing the TMV origin of assembly can be selectively attached to solid surfaces via one end and

govern the bottom-up growth of surface-linked TMV-like nanotubes in situ on demand. SiO2 wafers

patterned by polymer blend lithography were modified in a chemically selective manner, which

allowed positioning of in vitro produced RNA scaffolds into predefined patches on the 100�500 nm

scale. The RNA operated as guiding strands for the self-assembly of spatially ordered nanotube 3D

arrays on the micrometer scale. This novel approach may promote technically applicable production

routes toward a controlled integration of multivalent biotemplates into miniaturized devices to

functionalize poorly accessible components prior to use. Furthermore, the results mark a milestone

in the experimental verification of viral nucleoprotein complex self-assembly mechanisms.

KEYWORDS: TMV-like particles .bottom-up assembly .nanotube array .biotemplate .
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A
RTIC

LE



MUELLER ET AL. VOL. 5 ’ NO. 6 ’ 4512–4520 ’ 2011

www.acsnano.org

4513

disassembly, thus uncovering a portion of their RNA
which was then hybridized to DNA bound to a solid
support.28,32,34

Our work, in contrast, is a real bottom-up self-
assembly approach for the site-selective RNA-guided
fabrication of TMV-derived nanotube arrays on techni-
cally useful substrates. The procedure is based on the
aforementioned assumption that the 30 end of an OAs-
containing RNA does not need any degree of freedom
upon scaffolding the growth of TMV-like nucleoprotein
tubes and might thus be immobilized without abolish-
ing the process. Hence, appropriately engineered, non-
infectious RNA constructs were bound to chemically
modified SiO2 substrates via immobilized DNA linkers,
and purified TMV CP was added under conditions
driving bottom-up self-assembly of virus-like nano-
tubes. Homogeneously functionalized wafers as well
as specimens patterned on the sub-500 nm scale by

polymer blend lithography were included in the study,
as detailed in the following, and analyzed by atomic
force microscopy (AFM) after CP multimerization
reactions.

RESULTS AND DISCUSSION

Suitable surfaces were generated by coating Si
wafers with aminopropyltriethoxysilane, the amino
functions of which were reacted with glutardialde-
hyde.35 In order to achieve spatially selective biotem-
plate growth, prestructured surfaces allowing site-
specific binding of the DNA linkers were prepared. To
this goal, Si wafers were patterned by polymer blend
lithography36�38 prior to the chemical functionalization.

Figure 1. Experimental principles of inducible, RNA-guided
bottom-up assembly of surface-linked TMV-derived nano-
tubes, spatially directed to surface patches predefined by
polymer blend lithography. (a) AFM topography image
after spin coating a SiO2 substratewith a solution of the two
immiscible polymers polystyrene (PS) and polymethyl-
methacrylate (PMMA) and demixing of the polymers. (b)
Same area after selective PS removal by cyclohexane. Un-
covered substrate areas are accessible and suitable for
bottom-up self-assembly of virus-like nanotubes, as in-
ferred from current models of TMV nucleoprotein assem-
bly13 (schematic drawing in panel c). Uncovered SiO2

patches were functionalized and covalently equipped with
DNA linker molecules, the ends of which were then ligated
to RNA containing the TMV OAs. Finally, TMC CP was added
under conditions initiating and sustaining their assembly
with RNA.

Figure 2. (a,c,e) AFM topography images of different SiO2

substrates which were prepared identically. All substrates
were structured by polymer blend lithography and utilized
for bottom-up self-assembly of TMV-like nanotubes. The
corresponding magnifications of the areas marked with a
white frame are shown in panels b, d, and f, respectively.
The substrate shown in panel gwas prepared in the absence
of DNA linkers, (h) zoom-in of panel g. Scale bars = 500 nm
(a,c,e,g) or 250 nm (b,d,f,h).
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The technique is suitable to create chemical surface
textures of highly different dimensions and shapes.
Parameters influencing the morphology of the result-
ing patterns have been discussed elaborately39,40 and
include the choice of solvents, polymer concentration,
substrate coating speed, and humidity of the atmo-
sphere. Polymer blend lithography can be used with
almost any substrate sizes ranging from millimeters to
meters and thus makes up a method of choice also for
the high-throughput production of large-area array
devices to be equipped with nanoscaled functions.
Si wafers were spin-coated by a blend of the two

immiscible polymers polystyrene (PS) and polymethyl-
methacrylate (PMMA) dissolved in methyl�ethyl�
ketone (MEK). Demixing of the polymers occurred upon
fast evaporation of the solvent and resulted in patterns
characteristic of the respective mixtures applied (Figure 1a).
Cyclohexane treatment selectively removed PS, par-
tially uncovering the Si wafer. Figures 1a,b represent
the same area of a wafer exhibiting a characteristic
circular and meander structure, before and after PS re-
moval, respectively, leaving a PMMA mask 8�13 nm
in height. The uncovered areas were aldehyde-func-
tionalized. as described above.
Both homogeneous and patterned substrates were

then set up for the initiation of RNA-guided viral nano-
tube self-assembly (process depicted in Figure 1c).
ssDNA linker molecules (“RNA-anchor”) with 30-term-
inal amino modification were covalently bound to the
aldehyde-functionalized areas of the wafers by con-
densation to Schiff bases (imines), the reaction condi-
tions of which were optimized in our system (see Expe-
rimental Methods, and Supporting Information Figure
S1). 50-Phosphate residues of the DNA linkers per-
mitted subsequent enzymatic ligation of assembly-
triggering ssRNA strands via their 30-terminal hydroxyl
groups by T4 RNA ligase directly on the Si wafers
(Figure 1c). The ssRNA utilized contained the TMV
OAs sequence and was derived from in vitro transcrip-
tion reactions with accordingly cloned and digested
plasmid constructs (Experimental Methods41). Its size
of 2884 nts was expected to direct the self-assembly of
TMV-like nanotubes with a predicted maximum final
length of 135 nm.41

Preparations of assembly competent TMV CP
monomers41 were then added to the RNA-equipped
Si wafers under conditions favoring the growth of TMV
particles in order to initiate and promote packaging of
the immobilized RNA strands into nanotubes on the
array surface (Figure 1c). The self-assembly of TMV-like
nucleoprotein complexes generates free energy which
intrudes and coils suitable RNA strands into the nas-
cent nanotubes in solution. It was unknown, however,
if in the surface-linked situation the respective forces
were sufficient to overcome lateral unspecific physi-
sorption of the RNA scaffold to the substrate � a well-
known obstacle for many applications of nucleic acid

arrays.42 AFM images of wafers subjected to the CP
multimerization step revealed that, indeed, rod-like
structures of homogeneous diameter had been as-
sembled in the aldehyde-functionalized areas of the
homogeneous (Supporting Information Figure S2) as
well as of the prepatterned wafers (Figure 2a�f).
According to the AFM data, the rod-shaped nano-

scopic elements had the expected width, after tip
deconvolution, of ca. 20 nm.
Importantly, no rod-like structures were observed in

control experiments, during which ssDNA linker mol-
ecules had been omitted (Figure 2g,h; Supporting
Information Figure S2c) and in upstream steps prior
to CP addition (data not shown), verifying that the
novel structures represented TMV-CP-containing
nanotubes grown bottom-up on an immobilized RNA
scaffold. To ensure assembly competence of the virus-
derived building blocks applied to the solid substrates,
also non-immobilized RNA was incubated with coat
protein in solution under conditions favoring nano-
tube growth in all experiments. The presence of tub-
ular reaction products was verified by TEM (not shown,
and see below in Figure 5). This demonstrates for the
first time that a two-phase assembly of virus-like
particles (VLP) from TMV-derived building blocks is
mechanistically and energetically possible, with guiding

Figure 3. AFM topography imageof TMV-like nanotubes on
structured Si wafers. (a) PMMA mask was removed prior to
nucleic acid linkage and TMV rod assembly induction,
resulting in an increased density of site-selectively immo-
bilized TMV-like nanorods on those areas which were
functionalized with the aldehyde and equipped with DNA
linkers plus RNA. (b) Zoom-in of the marked area in panel a,
with dashed lines representing borders between initially
aldehyde-terminated areas (þCHO; with DNA linker and
RNA), and nonfunctionalized areas (�CHO), as indicated. (c)
Substrate was prepared as in panel a; however, no RNA was
immobilized on the DNA-functionalized areas, but preas-
sembled VLPs were adsorbed, resulting in a nonspecific
adhesion all over the substrate without spatial selectivity.
(d) Zoom-in of the area marked with a white box in panel c.
Height scale is 20 nm in all AFM images.
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RNAs' ends linked to the solid substrate at predeter-
mined sites of a solid�liquid interface.
The polymer-patterned substrates allowed a com-

plete control of spatial selectivity down to areas in the
100 nm range: TMV-like nanosticks were observed
exclusively in thenonpassivated “holes” (seeFigure2a�f).
Interestingly, a further improvement was achieved
with samples where the PMMA mask was removed
after chemical functionalization of the Si wafers. Here,
subsequent self-assembly of TMV-like nanorods also
occurred perfectly site-selectively, but with a much
higher efficiency as in the experiments described
above (Figure 3a,b). The molecular reasons underlying
this amendment are not clear; however, these data
prove that it is possible to grow arrays of TMV-based
nanorods with increased densities.
The final lengths of the rods assembled on solid

substrates were determined from AFM images pro-
cessed to verify flat positioning of analyzed particles
(Figure 4) by help of the software ImageJ. In all cases,
tip convolution was taken into account. To allow for
direct comparisons, VLPs grown in solution with the
same RNA template (scaffolding 135 nm length upon
complete encapsidation) were deposited on equally
prepared substrates and measured in parallel. The
average median apparent length of particles as-
sembled bottom-up on surfaces was 96((4) nm, with
17% between 115 and 135 nm, which significantly
differed from110((4) nmdetermined for rodsconstituted
in solution (Perror <0.0001 delimited by Mann�Whitney

rank sum test), with 32% between 115 and 135 nm,
respectively. These deviating length distributions are
detailed for one experiment in Figure 4. Here it should
be mentioned that the apparent lengths of preas-
sembled TMVs in the same batch were different,
depending on the method of characterization. With
AFM, a slightly decreased average median apparent
length of particles was determined, compared to the
transmission electron microscopy (TEM) method (see
Supporting Information Figure S3). This observation
can be explained by differences in the interaction
between VLPs and the corresponding substrate mate-
rials that were used for sample preparation and anal-
ysis and is in accordance with literature, where the
influence of different substrate materials on the long-
itudinal dimensions of TMV particles was investigated.43,44

To find out whether RNase contaminations of the
wafers, or nucleic acid attached enzyme molecules
degrading or shielding portions of the RNA strands
contributed to the discrepancy in the length between
VLPs assembled bottom-up and those grown in solu-
tion (see Figure 4), intermediate products formed in
the course of a bottom-up assembly experiment were
analyzed for integrity and functionality of the RNA
scaffolds (Figure 5). After both enzymatic treatments,
that is, with Antarctic Phosphatase in vitro, and subse-
quently with T4 RNA ligase 1 in situ on linker-equipped
wafers (as specified in the Experimental Methods
section), excess RNA-containing solution was collected
and subjected to electrophoretic analysis before and

Figure 4. Comparison of the length distribution of bottom-up assembled TMV-like particles (AFM topography image a1
and histogram a2) with particles preassembled in solution (AFM topography image b1 and histogram b2). In both cases, the
VLPs were deposited on structured Si wafers. The box plot (top middle) shows the different length distributions obtained
by the distinct assembly strategies, withmedian values (black dot), 50% particle populations between second/third quartiles
(gray boxes), and lowest/largest values (lines) indicated. The expected maximum particle length of 135 nm, corresponding
to the RNA template used, is labeled by the dotted line in the plot. For particle length determination, AFM tip convolution
was taken into account.
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after phenol extraction of proteins adsorbed to the
nucleic acid template. Whereas the combination of both
phosphatase and ligase strongly affected RNAmobility in
the gel system applied, intact RNAwas recovered to high
amounts from this samplebyprotein removal (Figure 5a).
A portion of the sample was incubated with assembly
competent protein in vitro directly after its collection
from the wafer and no further purification. TEM of
negatively stained products and their length analysis
revealed that rods were grown indistinguishable from
those assembledwith fresh RNA in solution (Figure 5b).
These tests indicated that residual RNase contamina-
tions as well as enzyme-caused hindrance of complete

RNA encapsidation could be ruled out; hence interac-
tions of the nascent rods with the surface might
explain their decreased final average length in com-
parison to that of particles assembled freely floating.
Further evidence for this assumption comes from

controls which shed additional light on individual
stages of the in situ assembly procedure. In parallel
tests, aliquots of assembly competent TMV CP were
incubated on aldehyde-functionalized homogeneous
Si wafers equippedwith ssDNA linkers and treatedwith
RNA scaffolds, as well, but without addition of RNA
ligase. After the washing steps were applied, as de-
scribed below, no TMV-like rods were found on the
respective substrates, but lumps and fibers (Support-
ing Information Figure S2d), similar to the structures
obtained in the absence of DNA linkers (Figure S2c).
They probably represent surface-attached CP and nu-
cleic acid aggregates not amenable for reorganization
into VLPs, which also occurred as background struc-
tures on substrates supporting RNA-guided nanorod
growth (Figure S2a,b). This is indicative of attractive
interactions between substrates and protein and RNA
building blocks, even after NaBH4-mediated reduction
of surface aldehydes into alcohols. Incubation of pre-
formed virus-like rods on patterned Si wafers after
removal of the PMMA mask and DNA linker immobili-
zation resulted in an almost homogeneous coverage of
these substrates, on both the areas functionalized with
amine-coupled linkers and the amino-silanized areas
initially protected by the polymer mask (Figure 3c,d).
This finding evidenced that also the reconstituted
helical viral protein coat can adsorb to the functiona-
lized surfaces applied in this study, whichmay not only
impede complete encapsidation of surface-bound RNA
scaffolds but also compromise free accessibility of the
bottom-up assembled architectures in intended sub-
sequent applications.
Taken together, these tests also revealed that the

stepwise construction approach combining a series of
covalent linking and intermittent washing steps to
build up RNA scaffolds only on predetermined patches
is essential to achieve spatial selectivity of protein rod
growth. End-immobilized, but otherwise floating, RNA
strands harboring the TMV OAs then obviously com-
pete for assembly competent CP with nonspecific
substrate adhesion, with the cooperative nanotube
growth being favored especially in the case of pat-
terned substrates. The improved protein multimeriza-
tion efficiency on these surfaces, containing remain-
ders of the PMMAmasks (to which TMV did not adhere
significantly; data not shown) on silanized areas, might
involve excluded volume effects mediated by polymer
molecules at the solid�liquid interface. Such crowding
is known to affect the free energy landscape of protein
conformations, accelerating, for example, actin fiber
and microtubule formation under suitable condi-
tions.45

Figure 5. Influence of Antarctic Phosphatase, T4 RNA ligase
1 treatment and incubation on wafers on the capability of
scaffold RNA to direct the assembly of TMV-like particles
with CP. (a) RNA gel electrophoresis after enzymatic treat-
ments (dephosphorylation, DeP; ligation, Lig) without and
with subsequent phenol-based purification (Ph �/þ); (b)
particles after in vitro assembly with RNA treated with both
enzymes but not phenol (corresponding to sample labeled
with arrow). (b1) Transmission electron micrograph after
negative staining, bar: 200 nm; (b2,b3) box plot and histo-
gram of length distribution for n = 111 particles, as deter-
mined by AFM on wafer substrates. The apparent median
particle length was 114 nm (for details, see Figure 4, Ex-
perimental Methods, and Supporting Information Figure
S3). Nucleotides (nts) of RNA marker bands.
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On the other hand, surface coverage with TMV-like
particles in no case reached saturation, irrespective of
whether grown in situ, or deposited in assembled state
(in amounts sufficient to form 16 closed layers) from
the same buffer as a control. Putative molecular rea-
sons encompass limited availability of DNA linker or
RNA strands, respectively, as well as physical con-
straints during the in situ assembly process. DNA linker
binding efficiency was comparable between commer-
cially produced aldehyde-terminated glass slides and
glass substrates functionalized in parallel to the Si
wafers in this study (data not shown), but significantly
superior on the latter (Figure S1). This indicates that a
limiting coverage with linkers can be largely excluded
because their average density on routinely applied
array substrates is 1012 oligonucleotides/cm2,46,47

which corresponds to a mean intermolecular distance
of 10 nm. By contrast, no safe assumption is possible for
the yield of T4 RNA ligase-accomplished ligation of
long RNA to the DNA: since even under optimum
conditions of quasi-monomolecular reactions only
30�50% efficiency are achieved,48 4500-fold excess
of enzyme was used, though without subsequent
quantification of reaction products.
The incomplete coverage of wafers even after treat-

ment with preformed TMV-like nanotubes, however,
yielded strong evidence for a major contribution of
physical limitations on TMV CP enrichment at target
sites. Helically assembled as well as mono- or oligo-
meric protein subunits exhibit a negative net charge
under conditions of multimerization49,50 and therefore
are subject to repulsive electrostatic interactions with
surfaces equipped with nucleic acids as well as with
adjacent coat protein aggregates. Suci et al.51 have
investigated comparable inter-relationships between
differently charged Si and polymer substrates, and
Cowpea chlorotic mottle virus (CCMV) icosahedral
particles with a pI of 3.8 similar to that of TMV. Their
experiments have underscored the pivotal influence of
electrostatic interactions on the resulting spatial dis-
tribution of viruses, the kinetic adsorption behavior of
which could be described well by use of the Langmuir
model with limitations found for conditions close to
equilibrium.51

TMV particle densities obtained in other studies on
different surfaces are mostly in agreement with this
suggestion: hybridization of partially disassembled
virus rods via an exposed 50 portion of their RNA to
oligodesoxynucleotides on solid substrates resulted in
arrays quite comparable to those observed on pat-
terned wafers (after PMMA removal) in our study,28,32

whereas high-density deposition of TMV orM13 phage
arrays was achieved by different technologies: planar
self-organization into closed films occurred upon diffu-
sion through polyelectrolyte multilayers;26,31 densely
packed arrays with rod orientation predominantly
normal to the surface were generated by metal-to-

thiol-linkage of the viral protein coat,8,25 a method also
applied, for example, to the icosahedral Cowpea mo-
saic virus CPMV;30 and by photolithographic lift-off
technology.29 Close to complete coverage with random
rod orientation was also possible by microcontact
printing27 and, interestingly, by hybridization of par-
tially “stripped” TMV with their RNA ends to ssDNA
probes on chitosan-modified surfaces.34

In conclusion, it is demonstrated for the first time
that on wafers which are site-selectively functionalized
with RNA the bottom-up assembly of TMV-like particles
is possible. However, the surfaces and strategies com-
bined in this study to achieve spatially selective wafer
functionalization with RNA scaffolds governing the
growth of TMV-like rods suffered from oppositional
restrictions: Whereas nonspecific adhesive interactions
were observed between linker-exposing patches and
fully assembled virus-like rods, whichmay confine their
subsequent accessibility, repulsive electrostatic forces
are likely to limit the maximum coverage of the solid
supports. This may be further affected by the efficiency
of T4 RNA ligase upon intermolecular joining of long
RNA strands with immobilized DNA and by steric
hindrance due to the degrees of spatial freedom
needed for realizing the bidirectional TMV assembly
process using different types of protein aggregates on
surface-attached RNA.
Although the whole process will therefore need

further optimization, our findings demonstrate that
micropatterned, nucleic acid equipped technical sub-
strates offer a so far unique opportunity for an induci-
ble, kinetically controlled, and site-selective bottom-up
growth of true nanostructures, thus bridging the nano-
and the microworld.
The DNA-mediated linkage of the assemblies to

sites of interest prove to withstand extended wash-
ing of the freshly grown nanorods with 60 mL/min
flow, corresponding to 2.4 cm/s buffer stream invert-
ing direction three times per second, in all experi-
ments. This harsh treatment exceeded flow rates
routinely applied in many lab-on-a-chip microfluidic
devices.52�54 Dried arrays even remained unaffected
by flowing water of 25 mL/s for 2 min or streaming
0.1% SDS for 30 s, being removed from the wafers
only after two min ultrasound exposure at 40 kHz
(data not shown), which completed test series on the
robustness of the ensembles. Various engineered
and natural variants of TMV CP are suitable for self-
assembly,17,22,23,25,41,49,55 leading to nanotubes ex-
posing distinctive reactive groups, which may be
addressed with high specificity. This allows coupling
of multiple bioactive or sensor functions to the poly-
valent viral backbone,10 which gains high stability
against enzymes and chemical or physical damage
after the RNA has been completely packaged.56 So
far, as detailed above, predominantly suspended or
surface-deposited fully assembled virus particles
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have been exploited as biotemplates to create me-
tallic or catalytically active nanorods.16,20,21,33,57,58

A combination of those functionalization techno-
logies with the array production strategy based on

monomeric building blocks, as established in this
study, might lead to novel integration procedures
of applicable hybrid nanorod arrays2 into predefined,
but difficult to access sites of advancedmicrodevices.

EXPERIMENTAL METHODS
Aldehyde Functionalization of Si Wafers and Control Glass Slides. Si

wafers (100, Wacker, Germany) were heated in an oven for 1 h at
1100 �C and cut into suitable pieces. These were treated with a
dry ice stream (snow-jet) directly after cutting, boiled in ethanol
for 15 min, dried intermittently, boiled in an aqueous solution
consisting of 1 part of 25 wt % NH3 (aq), 1 part of 30 wt % H2O2

(aq), and 5 parts of H2O for 10 min, washed with H2O, boiled 10
min in an aqueous solution consisting of 1 part 32 wt%HCl (aq),
30 wt % H2O2 (aq), and 5 parts of H2O, and washed with H2O
again. The surfaces were dried in a stream of nitrogen and used
for functionalization immediately.

Amino silanization of the cleaned or prestructured (see
below) Si wafers was done by gas phase silanization with
aminopropyltriethoxysilane under nitrogen atmosphere. Si wa-
fer pieces were placed over a beaker containing pure amino-
propyltriethoxysilane at room temperature (RT) in dry nitrogen
for 40min. Afterward, the silanized samples were incubated in a
1% glutardialdehyde solution in ambient atmosphere for 30
min, washed with H2O, and dried in a stream of nitrogen
(procedure modified from Feng et al.35). For optimization of
DNA linker and RNA binding, glass slides were prepared by
using the same protocol.

In order to prestructure Si wafers, they were coated with a
polymer blend after cleaning,37,40,59 which consisted of a molar
1:1 mixture of polystyrene (PS) and polymethylmethacrylate
(PMMA) in methyl�ethyl�ketone with a total polymer concen-
tration of 2 mg/mL. Twenty microliters of this solution was
coated with a spin coater at 50 rps for 30 s onto the Si wafers.
The resulting polymer pattern was treated with cyclohexane in
an ultrasonic bath for 10 min to selectively remove the PS from
the surface, which uncovers the Si wafer in these areas. Si wafers
structured that way were then amino-silanized and aldehyde-
functionalized as described above.

An alternative strategy toward patterned substrates selec-
tively functionalized with aldehyde, but devoid of a polymer
mask upon nucleic acid equipment and nanotube assembly,
started with homogeneous gas phase amino silanization of
cleaned Si wafer pieces as above. The silanized surfaces were
then patterned by coating a 1:1 (PS/PMMA) polymer blend onto
the aminopropyltriethoxysilane film (experimental conditions
as before). Treatment with cyclohexane for 10 min in an
ultrasonic bath developed the desired PMMA masks. The Si
wafer pieces structured in such a manner were then immersed
in a 1% glutardialdehyde solution in water for 30 min, followed
by a treatment with glacial acetic acid in an ultrasonic bath to
finally remove the PMMA mask. The resulting locally aldehyde-
exposing Si wafers lacking a permanent polymer pattern were
used for ssDNA linker coupling, ligation of RNA scaffolds, and
bottom-up self-assembly experiments, the results of which are
shown in Figure 3.

DNA Linker Immobilization on Functionalized Si Wafers: Optimization
Procedure. Immobilization of DNA linker molecules was opti-
mized on aldehyde-functionalized wafers. Initial experiments
included glass slides prepared via the same procedure and
commercially available aldehydesilane-coated slides (Nexterion
Slide AL, Schott, Jena, Germany). 50-Terminally amino-modified
single-stranded DNA (ssDNA) linker molecules (purchased from
Metabion; Martinsried, Germany) with the following nucleotide
sequences were utilized: 50-NH2-GCACCACGTGTGATTACGGACA-
CAATCCG-3 (TestLinker(þ)_NH2) and 50-NH2-TGGGCCCCTACCG-
GGGGTAACGGGGGG-3 (TestLinker(�)_NH2).

The linker molecules were diluted in 3� SSC (sodium salt
citrate buffer from a 20� SSC stock solution60) to the desired con-
centration (0.01�10 pmol/μL) and applied to the functionalized

surfaces in a final volume of 3�5 μL. After incubation in a
humid chamber for 15�30 min and a series of washing steps
(2 � 2 min 0.2% SDS, 2 � 2 min ddH2O, 1 � 1 min ddH2O), the
substrates were incubated in a solution of 0.25% NaBH4 in
[PBS60 buffer/ethanol (3:1)] under slight shaking in order to
react superfluous aldehyde groups to nonreactive alcohol
functions and convert Schiff bases into stable amines. For the
evaluation of linker binding efficiencies, ssDNA probe mol-
ecules (Metabion) complementary in their nucleotide sequence
to TestLinker(þ)_NH2 and with a 50-terminal biotin hapten
(50-biotin-CGGATTGTGTCCGTAATCACACGTGGTGC-30) were hy-
bridized to the immobilized linkers. Hybridization was carried
out for 16�18 h at 37 �C with 5�6 ng/mL probe in 3� SSC
buffer. After several washing steps (2 � 2 min 0.2% SDS, 2 � 2
min ddH2O, 1 � 1 min ddH2O), specifically hybridized biotiny-
lated probes were detected by a chemiluminescence reaction.
To this aim, the substrates were washed with DIG washing
buffer for 5 min (DIG buffers according to the DIG Application
Manual for Filter Hybridization; Roche Cat #11438425001; ex-
cept that DIGbuffer 3was preparedwithoutMgCl2) andblocked
for 30�40 min in DIG blocking solution. A 1/10 000 dilution of
streptavidin�alkaline phosphatase (streptavidin�AP) conju-
gate (Roche; Cat #11093266910) in DIG blocking buffer was
applied and incubated for 30 min under gentle shaking. After-
ward, substrates were washed for 2� 10 min with DIG washing
buffer and rinsed for 1 min with DIG buffer 3. For detection of
the biotin�streptavidin coupling, a chemoluminescence-gen-
erating substrate of alkaline phosphatase (CDP-Star; ROCHE; Cat
#12041677001) was diluted 1/500 in DIG buffer 3 and applied to
the surfaces. Substrates were then sealed into transparent
plastic bags, placed in an exposition cassette, and incubated
for 15 min at 37 �C prior to the exposition of an X-ray film
(SuperRX, Fujifilm) for 3�4 h.

RNA Ligation and Induced Assembly of TMV-like Nanotubes on
Unstructured and Patterned Surfaces. Under the conditions de-
scribed above, both homogeneously functionalized and pat-
terned DNA-linker-exposing surfaces were prepared and
equipped with genetically engineered RNA strands. The ami-
no-functionalized ssDNA linker molecule “RNA_anchor” (50-
phosphate-TTAAAAAAAAAAAAAAAAAA-30NH2) was synthesized
by Metabion (Martinsried, Germany); RNA in vitro transcripts
(2884 nts in length) containing the TMV OAs were prepared as
described.41 The RNA transcripts were enzymatically ligated to
one end of the linkers as follows: a mixture containing 2�5 ng/
μL dephosphorylated RNA, 1 U/μL RNase inhibitor mix (NEB),
and 1 U/μL T4 RNA ligase 1 (NEB) was prepared in 1� T4 RNA
ligase buffer (corresponding to ∼4500-fold enzyme excess).
Prior to the addition of enzyme and inhibitor mix, the solution
was heated to 95 �C for 3 min and cooled on ice. Depending on
the substrate size, 50�100 μL of complete ligation mixture was
applied and incubated in a humid chamber at 37 �C for 3 h. After
ligation, preparations were washed in 2� SSC/0.2% SDS (2� 10
min), 2� SSC (1� 10min), 0.2 SSC (1� 10min) and ddH2O (2�
5 min) under vigorous shaking at RT.

Specimens were then supplemented with assembly com-
petent TMV coat protein preparations under conditions induc-
ing and promoting growth of TMV-like nanotubes in situ,41 as
optimized for the two-phase system. Before starting assembly
reactions, RNA-exposing silica wafers were rinsed with 50 mM
SPP (sodium potassium phosphate buffer, pH 7.2) for 5�10min.
The bottoms of sterile plastic Petri dishes were covered with
Parafilm, onto which Parafilm posts (about 1 mm height) were
adhered to serve as support for the wafers; 50�200 μL of TMV
CP (1.3 μg/μL in 50 mM SPP), depending on the wafer size, was
applied between the spacers and the respective substrate
placed on top, with its RNA-equipped surface pointing toward
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the bottom. This arrangement was incubated overnight in a
humid chamber at 30 �C. The substrates were washed under
shaking for 2 � 10 min in 0.2% SDS and 2 � 10 min in ddH2O
before they were dried in a nitrogen stream and analyzed by
atomic force microscopy (AFM).

Analysis by AFM. Images were taken with a Multimode AFM
connected to a Nanoscope IIIa controller (Digital Instruments,
USA) and show raw data. The AFM was operated in air at
ambient temperature in intermittent contact mode. NSC 36
silicon cantilevers (MicroMash, USA) were used with typical
force constants between 0.6 and 1.8 N/m. Figure S2 shows
successful self-assembly events on a homogeneously func-
tionalized Si wafer and control reactions lacking DNA linkers or
ligase. For statistical investigation of the particle length distri-
bution, the AFM images were modified in that way that only
those particles were evaluated which were lying parallel to the
substrate. Length determination was carried out with the soft-
ware ImageJ, v1.43.61 Tip convolution was taken into account in
all cases by using a geometrical model to calculate the error. For
this purpose, the tip-specific geometrical properties (tip angle
40�, tip radius 9 nm) were used, while the TMV particles were
assumed as structures with rectangular cross section. To calcu-
late the effect of tip convolution, we used allophone particles
(natural spherical nanoparticles with narrow size distribution
between 5 and 6 nm in diameter). These diameters of the
particles were determined to 6 nmby SEM and to 12 nmby AFM
for the AFM tip type used in this work. Tip deconvolution was
carried out by the software Scanning Probe Image Processor
(SPIP, version 4.2.6.0, Image Metrology, Denmark).

Analysis of Intermediate RNA States in the Course of Bottom-Up
Assembly. After enzymatic treatment with Antarctic Phospha-
tase in vitro and again after subsequent incubation with T4 RNA
ligase 1 in situ on linker-equipped wafers (see above), excess
RNA-containing solution was collected and divided into
aliquots, which were subjected to different procedures and
analyzed in agarose gels or used as scaffolds for in vitro
encapsidation of scaffold RNA in solution. Prior to electrophor-
esis, one of each portions was treated only with denaturating
RNA sample buffers,62 whereas a second portion was treated
with phenol/chloroform to extract proteins adsorbed to the
RNA.60 The samples were diluted to a volume of 200 μL and,
after phenol extraction, concentrated to the original volume
using n-butanol.60 Then, 50�500 ng of RNA was applied for
sample preparation, separated on 1% agarose gels in 1� TBE
buffer for 2 h at 5 V/cm, and stained with ethidium bromide. An
aliquot of the RNA ligation mixture incubated with both en-
zymeswas combinedwith assembly competent protein directly
after its collection from the wafer and analyzed by transmission
electron microscopy after negative staining with UAc,41 as well
as on wafers by AFM (as described above) to determine the
length distribution of assembly products.
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