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ABSTRACT: The capability of some natural molecular
building blocks to self-organize into deﬁned supramolecular
architectures is a versatile tool for nanotechnological
applications. Their site-selective integration into a technical
context, however, still poses a major challenge. RNA-directed
self-assembly of tobacco mosaic virus-derived coat protein on
immobilized RNA scaﬀolds presents a possibility to grow
nucleoprotein nanotubes in place. Two new methods for their
site-selective, bottom-up assembly are introduced. For this
purpose, isothiocyanate alkoxysilane was used to activate oxidic
surfaces for the covalent immobilization of DNA oligomers,
which served as linkers for assembly-directing RNA. Patterned
silanization of surfaces was achieved (1) on oxidic surfaces via
dip-pen nanolithography and (2) on polymer surfaces (poly(dimethylsiloxane)) via selective oxidization by UV-light irradiation
in air. Atomic force microscopy and X-ray photoelectron spectroscopy were used to characterize the surfaces. It is shown for the
ﬁrst time that the combination of the mentioned structuring methods and the isothiocyanate-based chemistry is appropriate (1)
for the site-selective immobilization of nucleic acids and, thus, (2) for the formation of viral nanoparticles by bottom-up selfassembly after adding the corresponding coat proteins.

1. INTRODUCTION
The high-throughput preparation of nanosized objects with
precisely oriented functional groups in high densities is a large
challenge, particularly when the resulting products need to be
identical in shape, dimensions, and functionality. Self-assembly
is the usual method of nature in creating nanostructured
biological devices with high precision. Tobacco mosaic virus
(TMV) particles, for example, consist of a well-deﬁned number
of coat protein units arranged around a viral RNA in an exactly
predetermined geometry. Such directed organization of biological building blocks is one example of how various
nanoarchitectures are created in nature with high precision. A
scaﬀold molecule directs the assembly of biopolymers in a welldeﬁned orientation, just driven by the speciﬁc interactions
between the diﬀerent components. Coat protein (CP) subunits
of TMV arrange precisely on a single viral genomic
(scaﬀolding) RNA to form biological nanotubes both inside
plant cells and in vitro.1−4 An RNA motif located internally but
close to the 3′ end in the TMV’s genome was shown to present
a high aﬃnity toward a preassembled aggregate (disk) made of
© 2012 American Chemical Society

34 subunits of the CP of TMV. Diﬀerent in vitro studies
revealed the generally accepted model that at this origin of
assembly (OA) site assembly is initiated and then proceeds
bidirectionally. For a comprehensive review of this process, see
Buttler et al.5
The length of the resulting tube-shaped plant virus amounts
to 300 nm, which is determined by the length of the underlying
RNA (6395 nucleotides).6 The nucleoprotein nanotube
furthermore has an outer diameter of 18 nm and a hollow
channel with a diameter of 4 nm. These properties, together
with the lack of infectivity for animals and humans and its
robustness, oﬀer a high potential for the application of the
particles as biotemplates for the production of metallic
nanorods 7−9 or virus-based light harvesting systems.10
Furthermore, the protein coat of the nanotube can be modiﬁed
by means of genetic engineering and chemical coupling to
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2. MATERIALS AND METHODS
2.1. Sample Preparation. Aminopropyltrimethoxysilane (96%)
was purchased from ABCR (Germany) and used without any further
puriﬁcation. Synthesis-quality methanol (dry) and toluene (dry) were
purchased from VWR, Germany.
Silicon wafers ((100) orientation, polished, diameter 100 ± 5 mm,
dotted with borum, speciﬁc resistivity 8−12 Ω/cm, thickness 525 ± 20
μm, purchased from Silchem Handelsgesellschaft GmbH, Germany)
were cut into 1 × 1 cm2 pieces, cleaned in a solution of deionized
water (Milli-Q, 18.2 MΩ cm, Millipore GmbH, Germany), NH3, and
H2O2 (both from Merck, Germany) in a volume ratio of 5:1:1 for 30
min at 70 °C, and then rinsed with Milli-Q water. Afterward, they were
subjected to a second acid cleaning with piranha solution prepared in a
volume ratio 5:1:1 H2O/H2O2/H2SO4 (Sigma-Aldrich, Germany)
at 70 °C for 30 min. After the cleaning, they were again rinsed with
Milli-Q water and left inside the container under water to avoid any
contact with air. These wafers were used as substrates for all following
experiments. The silanization of the silicon wafers was carried out
according to the method of Zeira et al.24 Silicon wafers previously
cleaned and stored in water were silanized using a volume fraction of
3% 3-isothiocyanate-propyl-trimethoxysilane (ITCPTMS) solution in
dried methanol. Either commercially available ITCPTES from ABCR
or in-house-synthesized ITCPTMS (according to Kaluza25) was used
indistinctively. The latter was prepared on the basis of the
experimental methods of Kaluza and, more recently, Hodgkins,26,27
who showed that carbethoxydithiocarbamates, which are intermediates
in the process of converting an amino group to isothiocyanate, are
decomposed into isothiocyanates readily at room temperature by
aqueous alkali or by triethylamine in chloroform solution.26,27 The
conversion of a 3-aminopropyl trimethoxy silane into a 3isothiocyanate-propyl-trimethoxysilane (ITCPTMS) following the
Kaluza reaction was performed.
Silanization was carried out by dipping the sample into the
ITCPTMS solution for 15 min. Subsequent washing with pure
methanol for 2 min was followed by an 8 h cure at 40 °C. Both steps
were supported by ultrasoniﬁcation in order to avoid any
physisorption eﬀects of the silane on the surface. This procedure
was repeated three times.24 For functionalization of the DPNsubstrates and PDMS substrates, commercially synthesized 3isothiocyanate propyl triethoxy silane (from ABCR, Germany) was
used.
Poly(dimethylsiloxane) (PDMS, Sylgard 184 elastomer from SuterKunststoﬀe AG, Switzerland)-based patterned substrates were
prepared according to the following procedure: a drop consisting of
PDMS and a cross-linker, prepared in a volume ratio of 10:1, was
placed onto a previously cleaned silicon wafer. The sample was
hardened over a curing time of 2 h at 70 °C and was used afterward to
carry out oxidative patterning by UV irradiation. Patterning was
achieved by placing transmission electron microscope (TEM) grids
(nickel grids with 400 square mesh and copper grids with 200 square
mesh from Plano, Germany) on top of the PDMS substrates and
placing them in a UV/ozone chamber (ProCleaner from Bioforce,
USA) for 10 h in air. Afterward, the substrates were immediately
silanized by dipping them in a solution with a volume fraction of 3% 3isothiocyanate-propyl-triethoxysilane in dried methanol for 2 h. By this
treatment, site-selective silanization of the oxidized areas of the PDMS
sample was achieved.
DPN with ITCPTES was performed on glass square coverslips (18
× 18 mm2, VWR, Germany) that were cleaned by serial ultrasonication
in chloroform, isopropanol, and Milli-Q water for 10 min each. After
that, the coverslips were blow-dried with nitrogen and DPN was
performed using a NLP 2000 (NanoInk Inc., USA). One-dimensional
cantilever arrays (F-Type, NanoInk Inc., USA) with 26 cantilevers in a
pitch of 35 μm were dipped into pure ITCPTMS, and the excess was
blown away with a nitrogen gun. Patterns of 5 dots × 5 dots separated
by 5 μm were written with a dwell time of 0.5 s and at a controlled
relative humidity of 30 ± 1% rH at a temperature of 25.0 ± 0.5 °C.
After silanization, the silicon wafers, the patterned glass slips, and the
structured PDMS samples were ready for biofunctionalization.

Figure 1. Self-assembly process of TMV as it takes place in a solution
containing the RNA template as a scaﬀold. The virus is formed using
the RNA as a guide for preassembled coat protein aggregates.

create structures with diﬀerent scaﬀolding characteristics.11,12
To integrate biological architectures into nano- and microdevices, their deposition is an important construction step.
TMV particles can be either randomly attached via the full
length of their protein coat13,14 or ﬁxed via one pole15−17 to the
substrate. Immobilization in a directed way might be useful for
the generation of nanocircuits, for example, if the position of
the structure can be predetermined. Thus, TMV-derived
nanotubes have been deposited site-selectively on DNA
arrays18 and DNA-modiﬁed electrodes19 via the hybridization
of a DNA adaptor to a partially exposed stretch of viral RNA. A
common characteristic of those strategies is the deposition of
previously assembled tubes (“growth in place”). By contrast, in
the case of carbon nanotubes, their formation directly at the
desired site was shown to bring about superior site-selectivity.20
Similarly, a recently published versatile spatially selective
growth-in-place strategy for TMV-like particles (TLPs) has
been realized by a two-step in situ assembly of nucleoprotein
nanotubes on DNA arrays.21 Artiﬁcially produced RNA
containing the OAs was immobilized on DNA-modiﬁed
substrates via enzymatic ligation before the surface-associated
self-assembly of nucleoprotein nanotubes was induced. In this
proof-of-principle experiment, it was shown for the ﬁrst time
that an immobilization of the viral RNA before the viral
assembly can be carried out on structured substrates and that
the assembly of the CP subunits around the RNA is possible
afterward. The structuring technique used was polymer blend
lithography22 combined with an aldehyde-based coupling
strategy; however, the created patterns were arbitrarily ordered
and the surface density of assembled TLPs was relatively low
(quantiﬁcation).21
To create dense arrays of TMV-like particles in deﬁned
patches with high reproducibility, we therefore describe new
routes for their site-selective bottom-up assembly.
The novel aspects are (1) the application of isothiocyanate
(ITC)-based chemistry to immobilize the viral RNA, which
allows the preparation of a high surface density of selfassembled TLPs, (2) the combination of ITC chemistry with
UV lithography and dip-pen nanolithography (DPN),23 which
allows exact control of the shape and size of the assembly
nucleation sites on the substrates, (3) the transfer of ITC-based
chemistry to PDMS, which is a polymeric standard material of
microﬂuidic devices for applications in the ﬁelds of lab-on-achip technology, and (4) the use of DNA/RNA hybridization
for the immobilization of assembly-directing RNA to DNA on
modiﬁed substrates. For surface characterization, X-ray photoelectron spectroscopy (XPS) and atomic force microscopy
(AFM) were performed.
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2.2. DNA Linker Immobilization on ITC-Functionalized
Wafers. Generally, from this step on, Milli-Q water that had been
treated with dimethyldicarbonate (DMDC, Merck, Germany)28 was
used for the preparation of aqueous solutions. A single-stranded DNA
oligomer (ssDNA, purchased from Metabion, Germany, nucleotide
sequence ″5′-T15-GCACCACGTGTGATTACGGACACAATCCG3″) with 5′-terminal amino modiﬁcation (5′ C6 aminolink) was
covalently bound to the isothiocyanate-functionalized areas of the
wafers and the PDMS. The linker DNA oligomers were diluted in 1 M
Tris-HCl buﬀer at pH 7.0, 1% N,N-diisopropylethylamine (DIPEA)29
to a concentration of 10 pmol/μL. Two microliters of this spotting
solution was applied to the functionalized surfaces. After incubation in
a humid chamber for 16 h, the surfaces were washed and blocked as
reported.29 Brieﬂy, immobilization was followed by immersion in
DMDC-treated Milli-Q water two times for 2 and 5 min in methanol
under gentle agitation. Subsequently, the specimens were dried under
a stream of nitrogen, and residual isothiocyanate functionalities were
blocked by treating them with a solution of 50 mM 6-amino-1-hexanol
in DMF containing 150 mM DIPEA for 2 h. After the ﬁnal washing
steps in DMF (2 min), in acetone (2 min), and in DMDC-treated
Milli-Q water (two times for 5 min), the specimens were dried under a
stream of nitrogen.
2.3. Hybridization of Assembly-Directing RNA and SurfaceAssociated Assembly of TMV CP. All aqueous buﬀers were ﬁltered
sterile through a 0.2 μm membrane immediately before use. RNA was
transcribed in vitro with a MEGAscript Kit (Ambion, Austin, TX)
following the manufacturer’s protocol. As a template, a shortened
derivative of plasmid p843pe35TMVr.1′12 was created by enzymatic
restriction hydrolysis. The formation of an additional SnaBI restriction
site, which resulted from mutation T3391C in one of the clones, was
used to create a deletion by enzymatic restriction hydrolysis with
SnaBI (New England Biolabs (NEB), USA) and religation (T4 DNA
ligase, NEB). The resulting plasmid p843peTMVΔ9353-3391 was
used as a template for transcription after linearization with BsiWI
(NEB). This resulted in a 2884-nts-long RNA molecule containing the
OAs of TMV and a 3′ end sequence complementary to the linker
DNA oligomer. For hybridization to the surface-bound DNA
oligomers, a solution of 50 ng/μL RNA ﬁnal concentration (fc) was
ﬁrst partially denatured in 3× saline-sodium citrate (3xSSC) buﬀer30 at
65 °C for 5 min. After the addition of murine RNase inhibitor (NEB)
to 1 U/μL fc, 20 μL of this hybridization solution was applied per cm2
surface area and covered with a baked glass coverslip. Hybridization
was performed for about 20 h at 37 °C in a humid chamber. After
three washing steps in 2× SSC containing a mass fraction of 0.2% of
SDS, 2× SSC, and 0.2× SSC each for 10 min, the RNA-equipped
substrates were equilibrated in 75 mM sodium−potassium phosphate
(SPP) buﬀer. TMV CP was prepared from virus particles2,31 isolated
from infected plants32 and incubated for at least 48 h in 75 mM SPP
buﬀer at pH 7.2 and room temperature at a concentration of 10 mg/
mL. To induce assembly, 40 μL of 1.3 mg/mL TMV CP in 75 mM
SPP buﬀer at pH 7.2 was applied to a coverslip per cm2 of RNAequipped surfaces. The wafer was placed upside down on a drop of
TMV CP solution on a glass coverslip and incubated in a humid
chamber for about 20 h. After assembly, the surfaces were washed
twice for 3 min in a solution containing a mass fraction of 0.1% SDS
and rinsed again twice for 10 min in water before they were dried
under a stream of nitrogen and analyzed by AFM.
2.4. Control Experiments. For all experiments, a 2.0 μL drop of
the DNA-linker solution was added to the center of the wafer and
incubated for 18 h in a humid chamber to avoid any drying eﬀects.
After the incubation period, the sample was ﬁrst washed according to
the procedure explained above. Then the RNA was hybridized. Finally,
the sample was washed again and a solution containing the CP was
applied. Therefore, two diﬀerent areas can be distinguished: (i) the
area that was wetted by the DNA-containing drop and (ii) the area
around the DNA-containing drop, which underwent every procedure
except DNA addition.
2.5. Sample Characterization. Images were obtained using an
Asylum Research atomic force microscope, MFP-3D BIO. The AFM
was operated at 25 °C in an isolated chamber in intermittent contact

mode. Three types of AFM cantilevers from Ultrasharp MikroMasch
were used: an NSC-35 (resonance frequency 315 kHz, spring constant
14 N/m), an NSC-36 (resonance frequency 105 kHz, spring constant
0.95 N/m), and an NSC-18 (resonance frequency 75 kHz, spring
constant 3.5 N/m).
X-ray photoelectron spectroscopy (XPS) measurements were
performed using a K-Alpha XPS spectrometer (ThermoFisher
Scientiﬁc, East Grinstead, U.K.). Data acquisition and processing
using the Thermo Avantage software are described elsewhere.33 All
thin ﬁlms were analyzed using a microfocused, monochromated Al Kα
X-ray source (400 μm spot size). The kinetic energy of the electrons
was measured with a 180° hemispherical energy analyzer operated in
the constant analyzer energy mode (CAE) at a 50 eV pass energy for
elemental spectra. The K-Alpha charge compensation system was
employed during analysis using electrons of 8 eV energy and lowenergy argon ions to prevent any localized charge buildup. The spectra
were ﬁtted with one or more Voigt proﬁles (BE uncertainty ± 0.2 eV),
and Scoﬁeld sensitivity factors were applied for quantiﬁcation.34 All
spectra were referenced to the C 1s peak of hydrocarbon at a 285.0 eV
binding energy controlled by means of the well-known photoelectron
peaks of metallic Cu, Ag, and Au.
Fourier-transform infrared spectroscopy (FT-IR) was also performed on some samples to determine if the silane was properly
synthesized and compared with isothiocyanate groups in other IR
spectra. A Vertex 80 FT-IR spectrometer (Bruker Optik, Ettlingen,
Germany) was used with an Hg−Cd−Te narrow-band detector and
liquid nitrogen cooling.

3. RESULTS AND DISCUSSION
In the ﬁrst step, the hydroxyl-terminated silica surface was
functionalized with 3-isothiocyanate-propyl-trimethoxysilane

Figure 2. Scheme of the site-selective bottom-up assembly of TMVlike nanoparticles on oxide substrates. After ITC-silane was coupled to
the OH-terminated surface patterns, an amino-terminated DNA was
coupled, forming a thiourea bond. A complementary-ending RNA
strand was immobilized via hybridization, and ﬁnally the coat proteins
were added for TLP assembly.

(ITCPTMS). Isothiocyanate compounds form stable thiourea
bonds with amines. This reaction is almost entirely selective for
primary amino groups from lysine side chains and N-terminal
α-amines in proteins.35,36 In the second step, amino-terminated
single-stranded DNA oligomers were immobilized covalently to
the isothiocyanate groups of the substrate by the formation of
14869

dx.doi.org/10.1021/la302774h | Langmuir 2012, 28, 14867−14877

Langmuir

Article

Figure 3. XPS spectra of a silica wafer showing C 1s, N 1s, and S 2p (a−c) after and (d−f) before silanization with ITC silane.

drying when the protein coat comes into contact with the
surface and, to a minor extent, (2) by a deformation of the
particle due to the vertical force that is applied to the particles
by the AFM tip during measurement. For statistical evaluation,
only those TLPs with a height proﬁle of approximately 12 nm
were taken into account. The predicted maximal length of 135
nm, as determined from the length of the RNA used in this
investigation, was rarely achieved. Approximately 40 % of the
evaluated TLPs had lengths of between 70 and 90 nm, 20% had
lengths of between 100 and 120 nm, and 12% had lengths of
between 130 and 150 nm. Very few were found to be longer
than 160 nm (3%) (Figure 4b). The discrepancy between the
expected and the observed particle lengths may be explained by
an interaction between the nascent particles and the substrate
or by blocked, nonaccessible sites along the RNA.21 The
particles with lengths of between 40 and 60 nm can be
considered to be incompletely assembled.
To prove that the bottom-up assembly of the nucleoprotein
rods on the substrate was due to neither unspeciﬁc adsorbed
DNA linkers nor RNA scaﬀolds, respectively, nor due to the
adsorption of TMV-like particles potentially preassembled in
solution, a set of control experiments were carried out. As
described in the Materials and Methods section (control
experiments), in all experiments a drop of the DNA-linker
solution was added to the center of the wafer and processed
later. As a consequence, generally two diﬀerent areas could be
distinguished: (i) the area wetted by the DNA-containing drop
(corresponding to Figure 4a) and (ii) the area around it, which
followed every step except the DNA addition. On areas lacking
the DNA layer, no TMV-like particles could be recognized on
the substrate (Figure 4c). In a further control experiment, the
step of RNA coupling via hybridization was skipped during
sample preparation, whereas the samples were otherwise
treated with both the DNA and CP solutions as above. The
AFM topography image of Figure 4d represents the
corresponding sample surface: no TMV-like rods were found,
which proves that without RNA the self-assembly process of
TMV CP did not occur. Furthermore, viruslike particles grown

thiourea bonds. After the viral RNA molecules had been
hybridized to the DNA anchors, the coat protein was added to
form TMV-like particles by self-assembly. Figure 2 schematically shows the process of the (site-selective) bottom-up
growth of TMV-like particles used for this work. Because the
whole process is based on the functionalization of the
supporting substrates with ITC-silane, XPS on silicon wafers
and on the oxidized PDMS substrates was used to prove the
successful coupling of ITC-silane to the oxide surfaces.
3.1. Nonstructured Silicon Wafers for TLP Assembly.
To prove the successful coupling of the ITC silane to the
nonstructured silicon substrate, XPS investigations were carried
out to compare the C 1s, N 1s, and S 2p signals after (Figure
3a−c) and before (Figure 3d−f) silanization. A pronounced
increase in signal intensity for all three atoms is observed after
silanization. The C 1s spectrum shows three components: one
at 285.0 eV that is assigned to C−C and C−H bonds, one at
286.5 eV that corresponds to −C−N bonds,37 and one at 288.6
eV that is attributed to OC−O bonds. After the silanization,
the intensity of the nitrogen signal at 400.4 eV increases
signiﬁcantly and can be correlated to −NCS bonds.37 The
S 2p doublet with S 2p3/2 at 162.1 eV can be attributed to the
ITC group.
Figure 4a shows the AFM topography image of the structures
formed after ITC functionalization of the silicon substrate,
coupling of the DNA linker, RNA hybridization, and addition
of a coat protein. Bottom-up assembly of the viruslike tubes,
shown as elevated, elongated nanoparticles on the silicon wafer
substrates, was successful (Figure 4a). A high density of rodshaped nanostructures was formed in a reproducible way. The
optimized preparation method was thus suitable for further
investigations.
The length distribution of the TMV-like particles is shown in
Figure 4b. The average length was 85 nm with a standard
deviation of ±30 nm. Upon AFM investigation, the TMV-like
particles consistently had the same height of 12 nm, which is
not in agreement with the theoretical diameter of 18 nm. This
can be explained (1) by the ﬂattening of the particles after
14870
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Figure 4. Self-assembly of TMV-like nanorod structures on ITC-terminated silicon substrates. Representative AFM topography images (brightness
scale is the same for all the images) of a substrate (a, b) coated with self-assembled TMV-like particles after all preparation steps, (c) which was
prepared by skipping the treatment with DNA, (d) after adding DNA and CP but avoiding RNA treatment, and (e) after a solution of preassembled
particles was dropped and dried. (f) TEM image of the preassembled TMV-like particles. (b) Statistical analysis of the particle length based on part a.

in solution were incubated with as-prepared surfaces. The
protein coat of these preassembled particles did not interact
with the functionalized surface. As a result, no TMV-like
particles were detected (Figure 4e), although a TEM
investigation of the solution that contained the preassembled
viral nanorods prove their successful assembly (Figure 4f).
Thus, several conclusions can be drawn: (i) no unspeciﬁc
physisorption of assembly-directing RNA takes place on
accordingly prepared surfaces, (ii) no unspeciﬁc induction of
assembly triggered by the interaction of TMV CP with the
surface occurs, and (iii) assembly takes place in a surfaceassociated fashion and not in solution, followed by the
physisorption of newly formed particles.
3.2. Site-Selective Assembly of TMV CP on Silicon
Wafers Structured by Dip-Pen Nanolithography. The
chemical one-step coupling of ITC-silane to the oxide surface

of the substrate oﬀers the opportunity to apply DPN to create
arrays of ITC-terminated spots on glass coverslips. With this
method, not only can the size and the distance between the
functionalized spots be reduced to submicrometer dimensions
but also the density and the shape of the structures can be
varied arbitrarily. (For further reading, see refs 23 and 38−40.)
The pattern created by DPN makes it easy to re-ﬁnd exactly the
same spots after each preparation step. Figure 5 shows AFM
topography images of a 5 spot × 5 spot array after the
deposition of ITCPTMS droplets by DPN (Figure 5a), after
the coupling of the DNA linkers to the silanized areas (Figure
5c) and after the self-assembling process of the TMV-like
particles (Figure 5e). A preliminary assessment of the substrates
was performed by optical inspection using amino ﬂuorescein
coupling to verify the distribution, order, and reactivity of silane
toward amino groups (not shown). The experiment indeed
14871
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Figure 5. AFM topography images of (a) a 5 × 5 array of ITC-terminated spots after the deposition of ITCPTES by DPN on a glass slide, (c) after
coupling with linker DNA, and (e) after TLP self-assembly. (b, d, f) Magniﬁcation of individual spots in parts a, c, and e, respectively. A higher
magniﬁcation of image f and a statistical evaluation of the length distribution of TMV-like particles are shown in parts g and h.

Figure 6. XPS spectra of (a−c) ITC-functionalized PDMS substrates and (d−f) nontreated PDMS.

showed speciﬁcity with a clear preference for the silanized areas.
The spots shown in Figure 5a,b have an average height of 25
nm. This is signiﬁcantly higher than would be expected for a

monolayer of ITC-silane on the surface. However, in contrast
to the preparation of the ITC-terminated Si wafers as described
before, the deposition of small ITC-silane droplets on the glass
14872
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immobilized by those ITC-terminated silane molecules that
were covalently bound to the glass substrate and were not
removed during the washing procedures. In Figure 5h, the
statistical analysis of the length distribution of the TMV-like
particles is shown. Approximately 35% of the evaluated particles
had lengths of between 70 and 90 nm, 36% had lengths of
between 100 and 120 nm, and 19% had lengths of between 130
and 150 nm. Very few were found to be longer than 160 nm
(5%).
3.3. Site-Selective Assembly on PDMS Structured by
UV-Light Lithography. Motivated by the functionalization of
silica surfaces with isothiocyanate-terminated silanes as base
substrate for the bottom-up assembly of TMV-like particles, we
transferred this chemistry to polymeric substrates based on
poly(dimethylsiloxane) (PDMS), a polymer that is often used
as a material for microﬂuidic or lab-on-a-chip devices. In the
following text, the coupling of the ITCPTES and the bottomup assembly of TMV-like particles to oxidized PDMS is
introduced.
The irradiation of PDMS with UV light in an oxygencontaining atmosphere allows the oxidation of the −CH3
groups in the upper layers of the polymeric bulk. UV light
with a maximum emission at 254 nm can be used to cleave the
bonds of organic molecules on surfaces.42−44 Strong emission
at 185 nm converts atmospheric oxygen into reactive ozone,
which in turn attacks the methyl groups and creates volatile
organics. In this case, the −CH3 group of the silicon polymer is
oxidized to −COOH, −COH, or −OH, resulting in a
chemically modiﬁed, hydrophilic, silicalike layer on the top of
the polymer substrate.45−48 This fact has already been studied
by Genzer,49 Chaudhury,50,51 Ferguson,52 and others,53 and
they already used silanes for coupling to polymeric substrates,
whereupon the hydroxyl groups are used for the coupling to the
ITC-terminated silane.
It is known that hydrophobicity recovery can be observed for
PDMS substrates that have been modiﬁed under irradiation
with UV/O3 in a time interval of 2 h. The recovery was
explained as being due to the diﬀusion of nonoxidized lowmolar-mass PDMS through cracks in the silica-like surface
layer.53−56 Toth et al.57 studied silicone rubber surfaces exposed
to radio-frequency (rf) plasma or corona discharges in air. They
found that silica-like layers formed on the surface, with a
thickness of less than 3 nm, using angle-resolved XPS. They
concluded that the diﬀusion of low-molar-mass PDMS played a
more important role in the hydrophobicity recovery than the
reorientation of polar groups in the bulk of the rubber. The
importance of these phenomena lies in the stability of the
brittle layer of silica on top. Therefore, for the experiments
described here an irradiation time of 10 h was chosen to make
sure (i) that SiO2 is formed on top of the PDMS (Waddell et
al.)42,43,58−62 and (ii) that the formed SiO2 layer is thick enough
to avoid the recovery of the inorganic material. To prove that
the SiO2 established on top of the PDMS behaves in a
chemically identical manner to the SiO2 wafer,48,63,64 XPS
experiments were carried out before and after the treatment of
irradiated PDMS with ITCPTES. In Figure 6, the C 1s, N 1s,
and S 2p signals before (Figure 6d−f) and after silanization
(Figure 6a−c) are shown. The presence of nitrogen and sulfur
in the spectra of the silanized PDMS (Figure 6b,c) relative to
the nontreated PDMS (Figure 6e,f), respectively, conﬁrms the
functionalization of the surface with the isothiocyanate group.
Also, the C 1s peak (Figure 6a) can be deconvoluted into
several components {285.0 eV (C−C, C−H), 286.7 eV (C−O,

Figure 7. Schematic process of the site-selective bottom-up assembly
of TMV-like nanotube particles on oxidized PDMS patterns, which
were prepared by UV-light irradiation of the polymer surface through a
mask. After irradiation, the ITC-silane is attached to the OHterminated surface patterns and an amino-terminated DNA is coupled,
forming a thiourea bond. A complementary-ending RNA strand is
immobilized, and ﬁnally the coat proteins are added for TLP assembly.

by the DPN method occurred in air with a relative humidity of
30%. Under these conditions and without any washing or
rinsing step, all deposited molecules can polymerize and thus
form an ITC-silane multilayer, which explains the observed
height. The polymerization of silanes under high humidity is
well-known in the literature.41
After the coupling of the DNA linker (Figure 5c,d), the
hybridization of RNA strands and the induction of assembly by
the addition of TMV CP were performed, and a signiﬁcant
decrease in the height of the spotted areas from 25- to 10-nmhigh plateaus could be observed. This is probably due to the
removal of parts of the polymerized noncovalently bound
material by several washing steps during RNA immobilization
and the assembly of the nucleoprotein tubes. TMV-like
particles were formed speciﬁcally on the areas of the plateaus
(Figure 5f). As there was no unspeciﬁc adsorption of the
assembly-directing RNA to the silanized surface without DNA
detected (Figure 4c), the appearance of TMV-like particles,
which have the same dimensions as the particles obtained from
the other experiments, on the spotted areas proves that a siteselective permanent immobilization of DNA oligomers took
place on the silanized spots. The surface density of particles
decreased from the rim of the spot to its center, which can be
seen in the close-up image in Figure 5g. This density gradient
of the particles can be explained by the diﬀusion of the DNAcontaining solution underneath the polymerized silane, which
was just loosely bound to the substrate and was washed away
during the subsequent preparation steps. The DNA thus was
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Figure 8. (a) AFM topography images of a PDMS substrate after irradiation through a mask and the complete process of TLP assembly. The AFM
topography images (c and d) show details of the irradiated areas at diﬀerent magniﬁcations after TLP growth. The inset in part d shows a
magniﬁcation of single TLPs from another area of the same sample. (e) No TLPs can be detected in the non-irradiated area. (b) Statistical analysis of
TLP lengths.

the TMV-like particles. The whole preparation process is
described in the scheme in Figure 7.
The procedure of TLP bottom-up assembly (silanization,
DNA coupling, RNA coupling, and assembly of coat proteins)
was carried out on the selectively oxidized substrates. Two
regions were visible in the AFM topography image shown in
Figure 8a: (1) squares in which the conversion from PDMS to
the silica-like surface took place and (2) the bars between the
squares where the mask hindered the process of oxidation,
leaving the polymer unchanged. Several rods were found in the
square parts of the irradiated and chemically modiﬁed PDMS
patterns (Figure 8c,d) whereas on the nonirradiated areas no
particles could be detected (Figure 8e). The average lengths of
the rods are in agreement with those that were assembled on
pure silica wafers. The histogram in Figure 8b shows the results
of the particle lengths determined over the 25 μm2 area of
Figure 8c. The average length was around 87 nm with a
standard deviation of 34 nm. Although the mean and standard
deviation are in agreement with the results from the silica wafer
experiments (Figure 4b), a distribution with a more
pronounced skewedness toward longer particles was found.

C−N), 287.8 eV (NCS), and 289.4 eV (O−CO)} that
are in agreement with the experiments of Graf.37 These
components indicate the presence of ITCPTES but also show
the oxidation of the molecule. The S 2p doublet at 163.2 eV
shows the presence of isothiocyanate whereas the doublet at
169.0 eV (Figure 6c) also hints at oxidation.65 In our case, the
N 1s peak (Figure 6b) can be deconvoluted into two
components: one near 402.8 eV that is characteristic of
protonated66 primary amino groups and another at 400.6 eV
that can be attributed to the −NCS bond.37,67
The XPS results prove that the oxide layer, prepared by the
irradiation of PDMS with UV light, shows the same chemical
behavior as the SiO2 wafer and in both cases the ITCterminated silane can be covalently coupled. To achieve siteselective TLP assembly on a polymeric substrate, a PDMS
substrate was irradiated with UV light through a mask to
produce a selectively oxidized polymer substrate. An irradiation
time of 10 h was chosen to avoid the recovery of the formed
SiO2 with low-molar-mass PDMS, which might inﬂuence the
TLP assembly. The irradiated polymer substrate was
subsequently silanized and used for the bottom-up growth of
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We found that the TMV-like particles self-assembled
exclusively on those surface areas that were irradiated and
silanized. This indicates a highly selective coupling of the virus
RNA on the respective areas. The increased roughness (rms =
1.5 nm) of these PDMS areas as shown in Figure 8c−e
compared to those of the silanized Si wafers depicted in Figure
4c (rms = 0.75 nm) might be due to the described
hydrophobicity recovery of the polymer during the initial
time period of the irradiation process. In Figure 8b, the
statistical analysis of the length distribution of the TMV-like
particles is shown. About 27% of the evaluated particles had
lengths of between 40 and 60 nm, 34% has length of between
70 and 90 nm, 18% has length of between 100 and 120 nm, and
17% has length of between 130 and 150 nm. Very few were
found to be longer than 160 nm (4%). It can be concluded that
only in the case of the nonstructured Si wafer (Figure 4) can a
pronounced maximum in the length distribution of the TMVlike particles of between 70 and 80 nm be detected. In all cases,
the determined average lengths of the TMV-like particles are
smaller than 135 nm, which would be the expected length of a
completely assembled virus particle with a 2884-nts-long RNA
molecule, which was used for the investigations. This
discrepancy can be due to diﬀerent reasons, such as the
unspeciﬁc interaction between “blank” parts of the RNA strand
with the surface or steric hindrance during the formation of the
protein coat.
The high density of TMV-like particles obtained with silicon
surfaces could not be reproduced on PDMS.
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(35) Jorbágy, A.; Király, K. Chemical characterization of fluorescein
isothiocyanate-protein conjugates. Biochim. Biophys. Acta. 1966, 124,
166−175.
(36) Rana, T. M.; Meares, C. F. N-terminal modification of
immunoglobulin polypeptide chains tagged with isothiocyanato
chelates. Bioconjugate Chem. 1990, 1, 357−362.
(37) Graf, N.; Lippitz, A.; Gross, T.; Pippig, F.; Holländer, A.; Unger,
W. Determination of accessible amino groups on surfaces by chemical
derivatization with 3,5-bis(trifluoromethyl)phenyl isothiocyanate and
XPS/NEXAFS analysis. Anal. Bioanal. Chem. 2010, 396, 725−738.
(38) Ginger, D. S.; Zhang, H.; Mirkin, C. A. The evolution of dip-pen
nanolithography. Angew. Chem., Int. Ed. 2004, 43, 30−45.
(39) Salaita, K.; Wang, Y.; Mirkin, C. A. Applications of dip-pen
nanolithography. Nat Nano 2007, 2, 145−155.
(40) Wu, C.-C.; Reinhoudt, D. N.; Otto, C.; Subramaniam, V.;
Velders, A. H. Strategies for patterning biomolecules with dip-pen
nanolithography. Small 2011, 7, 989−1002.
(41) Yang, L.; Feng, J.; Zhang, W.; Qu, J.-e. Film forming kinetics and
reaction mechanism of γ-glycidoxypropyltrimethoxysilane on low
carbon steel surfaces. Appl. Surf. Sci. 2010, 256, 6787−6794.
(42) Zimmermann, C. G. On the kinetics of photodegradation in
transparent silicones. J. Appl. Phys. 2008, 103, 083547−083549.
(43) Waddell, E. A.; Shreeves, S.; Carrell, H.; Perry, C.; Reid, B. A.;
McKee, J. Surface modification of Sylgard 184 polydimethylsiloxane by
254 nm excimer radiation and characterization by contact angle
goniometry, infrared spectroscopy, atomic force and scanning electron
microscopy. Appl. Surf. Sci. 2008, 254, 5314−5318.
(44) Morvan, J.; Camelot, M.; Zecchini, P.; Roques-Carmes, C.
Infrared investigation of the role of ozone oxidation in the adhesion of
polydimethylsiloxane films. J. Colloid Interface Sci. 1984, 97, 149−156.
(45) Ouyang, M.; Yuan, C.; Muisener, R. J.; Boulares, A.; Koberstein,
J. T. Conversion of some siloxane polymers to silicon oxide by UV/
ozone photochemical processes. Chem. Mater. 2000, 12, 1591−1596.
(46) Matienzo, L.; Egitto, F. Transformation of poly(dimethylsiloxane) into thin surface films of SiO2; by UV/ozone
treatment. Part II: segregation and modification of doped polymer
blends. J. Mater. Sci. 2006, 41, 6374−6384.
(47) Egitto, F.; Matienzo, L. Transformation of poly(dimethylsiloxane) into thin surface films of SiO2; by UV/ozone
treatment. Part I: factors affecting modification. J. Mater. Sci. 2006, 41,
6362−6373.
(48) Efimenko, K.; Wallace, W. E.; Genzer, J. Surface modification of
Sylgard-184 poly(dimethyl siloxane) networks by ultraviolet and
ultraviolet/ozone treatment. J. Colloid Interface Sci. 2002, 254, 306−
315.
(49) Genzer, J.; Efimenko, K. Creating long-lived superhydrophobic
polymer surfaces through mechanically assembled monolayers. Science
2000, 290, 2130−2133.
(50) Chaudhury, M. K. Surface free energies of alkylsiloxane
monolayers supported on elastomeric polydimethylsiloxanes. J.
Adhes. Sci. Technol. 1993, 7, 669−675.
(51) Manoj K, C. Self-assembled monolayers on polymer surfaces.
Biosens. Bioelectron. 1995, 10, 785−788.
(52) Ferguson, G. S.; Chaudhury, M. K.; Biebuyck, H. A.; Whitesides,
G. M. Monolayers on disordered substrates: self-assembly of
alkyltrichlorosilanes on surface-modified polyethylene and poly(dimethylsiloxane). Macromolecules 1993, 26, 5870−5875.
(53) Kim, J.; Chaudhury, M. K.; Owen, M. J. Modeling hydrophobic
recovery of electrically discharged polydimethylsiloxane elastomers. J.
Colloid Interface Sci. 2006, 293, 364−375.
(54) Blackmore, P.; Birtwhistle, D. Surface discharges on polymeric
insulator shed surfaces. IEEE Trans. Dielectr. Electr. Insul. 1997, 4,
210−217.
(55) Kim, H.; Urban, M. W. Effect of discharge gases on microwave
plasma reactions of imidazole on poly(dimethylsiloxane) surfaces:
quantitative ATR FT-IR spectroscopic analysis. Langmuir 1999, 15,
3499−3505.
14876

dx.doi.org/10.1021/la302774h | Langmuir 2012, 28, 14867−14877

Langmuir

Article

(56) Kim, J.; Chaudhury, M. K.; Owen, M. J. Hydrophobicity loss
and recovery of silicone HV insulation. IEEE Trans. Dielectr. Electr.
Insul. 1999, 6, 695−702.
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