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Introduction

A major objective in nanosciences/nanotechnology is the con-
struction of ordered systems, such as spatially organized
arrays. The electrostatic layer-by-layer (LbL) technique has
been found to be a versatile tool for the design of highly tune-
able and ultrathin films made up of alternately deposited cat-
ionic and anionic polyelectrolytes.[1] Furthermore, it has been
demonstrated that functional molecules can be incorporated
into these ultrathin films. These include functional proteins,[2]

nucleic acids,[3] metallic and semiconducting nanoparticles,[4]

redox-active moieties[5] and virus particles.[6–8] This approach
thus has great potential for the design of functional devices
with applications in fields such as sensors, optoelectronics,
drug delivery, coatings for biomedical applications and other
coatings. Viral nanoparticles (VNPs) in particular have appeal-
ing features to be exploited for use in materials science. VNPs
are in general very robust, monodisperse nanoparticles that
can be modified either by genetic manipulation or by chemical
bioconjugation techniques. Viral capsids consist of multiple
copies of identical protein subunits, and thus offer multiple
and various sites for attachment and display of functional mol-
ecules.[9]

Although VNPs have been extensively studied, only a few
studies have focussed on the immobilization and incorporation
of VNPs in thin film assemblies. We have recently demonstrat-
ed that multilayered VNP arrays can be constructed with the
well characterized icosahedral plant virus cowpea mosaic virus
(CPMV). CPMV particles covalently modified with biotin and
fluorescent dyes were self-assembled into an alternating array
of CPMV and streptavidin by using an LbL approach; the biotin

moieties served as linker and allowed construction through
streptavidin interaction, and different fluorescent labels ena-
bled sequential detection.[10] In a subsequent study we ana-
lysed the assembly mechanism and the mechanical properties
of such arrays in more detail. It was found that inter- and intra-
molecular cross-linking, and hence the densities of the CPMV
arrays, can be tightly tuned by carefully adjusting linker length
and density.[11]

Douglas and Young studied VNP multilayer assembly with
the plant virus cowpea chlorotic mottle virus (CCMV).[8] Alter-
nating arrays of biotinylated CCMV particles and streptavidin
were constructed. Deposition of CCMV particles and polyelec-
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trolytes (here poly-l-lysine) by LbL assembly was also ach-
ieved; this led to the formation of an alternating thin film with
stable incorporation of the spherical VNPs.[8] LbL studies with
the carnation mottle virus (CarMV) and polyelectrolytes (here
poly(allylamine) and poly(styrene sulfonate)) were in good
agreement. The construction of an alternating multilayered
thin film with stable incorporation of the spherical CarMV par-
ticles has also been reported.[7]

Findings with rod-shaped VNPs contrasted with the results
obtained with spherical VNPs (CCMV and CarMV). The assembly
of the rod-shaped bacteriophage M13 and polyelectrolytes
(here poly(ethyleneimine) and poly(acrylic acid)) resulted in an
architecture in which the M13 particles were found to be float-
ing on top of the film; even after deposition of further poly-
ions on top of the bound VNPs the particles were not stably
incorporated into the films, but were instead found to be ex-
cluded from the structure and assembled in an ordered fashion
on top of the film.[6]

Here, we have investigated whether the particle shape
(sphere versus rod) influences binding to polyelectrolyte sub-
strates and the subsequent incorporation. To address this, we
compared the LbL assembly of sphere-like and rod-shaped
VNPs into polyelectrolyte multilayers. We chose the cationic
poly(ethyleneimine) (PEI, linear, MW 25 kDa) and the anionic
poly(acrylic acid) (PAA, MW 90 kDa) as polyions to build up the
multilayers. CPMV served as the sphere-like VNP, and tobacco
mosaic virus (TMV) particles—also a plant virus—were chosen
as rod-shaped VNPs. CPMV particles have diameters of approxi-
mately 30 nm, while TMV particles are rod-shaped with diame-
ters of 18 nm and lengths of 300 nm. Besides their differences
in shape, the two particles have similar surface properties,
such as surface charge: the isoelectric point (pI) of CPMV parti-
cles is between pH 3.4 and 4.5,[12] TMV particles have a pI of
~3.5.[12] The multilayer build-up was followed by quartz crystal
microbalance with dissipation monitoring (QCMD) and UV/Vis
spectroscopy. The surface topology was studied by scanning
electron microscopy (SEM).

Results and Discussion

Comparison of CPMV and TMV adsorption on initial films of
polyelectrolytes by QCMD

Firstly, the adsorption behaviour of CPMV and TMV particles
onto thin films of polyelectrolytes was studied. The pIs of
CPMV and TMV particles are comparable and lie at pH 3.4–4.5
and pH ~3.5, respectively.[12] Experiments were performed at
pH 5.0; at this pH both particle types have a net negative
charge. In addition, at pH 5.0 50% of the amines of PEI are
protonated;[13] this allows binding of negatively charged ob-
jects through electrostatic interactions. The VNPs were deposit-
ed onto 2.5 bilayers of (PEI-PAA)2-PEI (note: it is assumed that
after deposition of 2.5 bilayers of polyelectrolytes, 2.5 bilayers
were indeed formed). The initial film was chosen to be 2.5 bi-
layers (rather than a single PEI layer), in order to make sure
that full surface coverage was achieved. The terminating layer

was the polycation PEI; this allowed binding of the negatively
charged VNPs through electrostatic interactions.

Multilayer build-up and deposition of the VNPs was moni-
tored by QCMD. We have recently shown that QCMD is a feasi-
ble technique for characterization of VNP multilayer assem-
blies.[11] QCMD monitors changes in resonance frequency (Df)
and changes in dissipation (DD) in situ and in real time.
Changes in Df correlate with changes in mass (Dm) ; a decrease
in Df equates to an increase in Dm. Changes in DD give infor-
mation about the viscoelastic properties of the array: the more
viscoelastic the structure, the higher the energy losses and
hence DD. Theoretical models have been developed; the
QCMD response to rigid films and viscoelastic (Voigt) films
have been modelled by the approaches of Sauerbrey[14] and
Voinova et al. ,[15] respectively. A small mass (Dm) deposited on
the sensing surface of the quartz crystal will cause a decrease
in Df, which is proportional to Dm if the mass: 1) is small in
ACHTUNGTRENNUNGrelation to the mass of the crystal, 2) is evenly distributed,
3) does not slip on the surface and 4) is sufficiently rigid and/
or thin to have negligible internal friction. In this case the Sau-
erbrey equation applies:[14]

Dm ¼ �C Df=n ð1Þ

in which C is the sensitivity constant (C=17.7 ngcm�2 Hz�1 for
a 5 MHz crystal), and n is the overtone with n =1, 3, 5, etc.

If the energy losses (DD) are high, the data can be analysed
by being fitted to the viscoelastic Voigt model ; in this more
complex model the thickness, density and elastic shear modu-
lus of the adsorbed layers are taken into account.[15]

Figure 1 shows the changes in Df and DD monitored as a
function of time for CPMV and TMV deposition. The continuous
decrease in Df equates to an increase in Dm and therefore in-
dicates that polyelectrolyte multilayers were self-assembled on
the solid support and that VNPs were adsorbed on top of the
ultrathin films. On the basis of the Sauerbrey equation,[14] Dm
deposited for each VNP at each pH was calculated. Theoretical
values for the coverage (G) for CPMV and TMV were estimated
on the basis of the size and molecular weight of the particles;
calculations were based on the formation of a closely packed
monolayer. The expected theoretical coverages of CPMV and
TMV are 1.33 mgcm�2 and 1.30 mgcm�2, respectively. Experi-
mentally ascertained values were higher: the Dm values found
were 2.45 mgcm�2 for CPMV and 3.37 mgcm�2 for TMV. The ap-
parent higher mass uptake for both VNPs might indicate the
formation of multi- rather than monolayers. However, when
working with biomolecules one has to consider hydrodynami-
cally coupled water and water molecules that are entrapped in
cavities of the assembly,[16] which could also explain the appar-
ent higher mass uptake. For both CPMV and TMV stable irre-
versible binding was observed; the desorption rates after
being washed with buffer or water were negligible.

The binding modes of CPMV and TMV are different. Adsorp-
tion of sphere-like CPMV particles is accomplished within less
than 2 min. In stark contrast, it takes about 30 min to reach a
stable plateau (maximum binding) when the rod-shaped TMV
particles are deposited (Figure 1). These striking differences in
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adsorption kinetics are inherent with differences in the visco-
ACHTUNGTRENNUNGelastic properties of the assembly. Dissipative energy losses are
high when TMV is deposited (DD~29.9M10�6) and low in the
case of CPMV (DD~3.3M10�6). This indicates a more complex
binding behaviour of TMV. Because of their anisotropic shapes
it would be expected that the binding mode of the rods
should be more complex than that of isotropic spheres; rods
can bind in various conformations, such as flat or angled. The
high changes in DD could imply conformational rearrange-
ments of the particles until optimal binding and maximum
coverage is achieved. The large changes in dissipation could
also be attributable to a loosening of the layers due to interac-
tions between the VNPs and polyelectrolytes.

Multilayer LbL assembly of polyelectrolytes and a sphere-
like VNP

Next, we investigated whether an alternating multilayer array
of CPMV particles and polyelectrolytes could be assembled.
The multilayer assembly studied was (PEI-PAA)2.5 CPMV (PEI-
PAA)n CPMV (PEI-PAA)2, where n was 2 or 3. The intermediate
polyelectrolyte layers were chosen to be n =2 or 3, because it
was found that at least two intermediate bilayers of polyelec-
trolytes have to be added to allow binding of further CPMV
particles (not shown). The monitored changes in Df and DD as
the function of time monitored by QCMD, as well as the
changes of absorbance with the number of layers as followed
by UV/Vis spectroscopy, are summarized in Figure 2.

To determine the mass deposited, the Sauerbrey equation[14]

was applied; further, for an estimation of layer thickness, data
were modelled according to the Voigt model[15] by use of
QTools software. Experimentally measured Dm values and layer
thickness (h), as well as the theoretical coverage expected for a
closely packed CPMV monolayer, are given in Table 1.

The calculated Dm values for each layer deposited are in
good agreement; this indicates that similar amounts of VNPs
bind in each deposition step. The experimentally ascertained
values were higher than the theoretically expected mass cover-
age. Again, this is most probably due to water entrapped in
cavities of the structure and hydrodynamically coupled water
molecules. The particles were stably bound and desorption
was not observed when the solution was replaced with either
buffer or water; this is true for both VNP layers. The estimated
layer thicknesses are in good agreement with the dimensions
of the VNPs. CPMV has a spherically averaged diameter of
about 30 nm. The slightly lower observed thickness may be
due to the fact that the particles are, to some extent, embed-
ded into the polyelectrolyte structures.

A striking feature in the QCMD plot is the increase in Df,
which corresponds to a decrease in Dm, after addition of the
negatively charged PAA on top of the first VNP layer (Fig-
ure 2A). This phenomenon is observed after both VNP layers,
but is more marked after the first VNP layer. This could imply
displacement and solubilisation of the VNPs by the negatively
charged polyelectrolyte chains. However, the dissipational
changes were highest in this time regime. Relatively large posi-
tive DD shifts were recorded upon addition of PEI on top of
the VNPs, and comparable negative DD values were recorded
upon addition of PAA. This indicates that the multilayer under-
went a transition from being viscous (highly hydrated) to
being more rigid (fewer water molecules entrapped). The ob-
served changes in DD and the inherent energy losses imply
conformational changes; the increase in Df could therefore
also be attributed to loss of water inherent with rearrange-
ments within the array rather than solubilisation of biomole-
cules.

The QCMD data were overall in good agreement with the
spectra recorded by UV/Vis spectroscopy (Figures 2B and C).
Alternate deposition of the polyelectrolytes resulted in an in-
crease in absorbance with each deposition step, with a peak of
absorbance at about 240 nm (mainly attributable to PEI). Dep-

Figure 1. Quartz crystal microbalance frequency and dissipation shift during
the build-up of polyelectrolyte multilayers and viral nanoparticles (VNPs);
2.5 bilayers of the polyelectrolytes linear poly(ethyleneimine) (PEI) and poly-
ACHTUNGTRENNUNG(acrylic acid) (PAA) were built up as base film prior to addition of cowpea
mosaic virus (CPMV) or tobacco mosaic virus (TMV) particles. A) (PEI-PAA)2.5
CPMV, B) (PEI-PAA)2.5 TMV. In between each deposition step the crystal sur-
face was rinsed with MilliQ water (*), and before and after deposition of the
VNP sample the crystal was equilibrated and rinsed with the corresponding
buffer (**). The frequency changes and dissipation shift measured for the
third overtone of the resonance frequency are shown.
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osition of CPMV particles resulted in an increase in absorbance,
particularly at 260 nm and in the low-wavelength region. The
absorbance maximum of VNPs was at 260 nm (due to the pres-
ence of RNA), and high absorbance in the lower-wavelength
region (200–220 nm) was mainly derived from peptide bonds.

The apparent irregular changes in Df observed by QCMD
after addition of the PAA on top of the bound VNPs were also
reflected in the UV/Vis spectrum. It is noticeable that during
the first steps of addition of polyelectrolytes on top of the im-
mobilized VNPs, either no or only very little increase in absorb-
ance was observed. VNPs are complex macromolecules, and al-
though the overall charge on the particles is negative, the mol-
ecules are polyampholytes with regions of negative and posi-
tive charge produced by differently charged amino acids pres-
ent on the particle surface. We propose that the low increase
in absorbance in these initial steps is due to the low net
charge density of the molecules, with only a few polyelectro-
lyte chains binding; once complete charge overcompensation
is achieved then more regular build-up continues.

The topography of the (PEI-PAA)2.5 CPMV (PEI-PAA)3 thin
films was imaged by SEM; in order to follow the sequential
build-up a series of images were taken (Figure 3). The precur-
sor film consisting of (PEI-PAA)2.5 shows a smooth film with no
distinct features. The deposited CPMV particles are adsorbed
as a monolayer in a relatively dense conformation. The next
series of images was taken after deposition of one and three
bilayers of the polyions PEI and PAA, added on top of the im-
mobilized CPMV particles. The SEM images show the adsorbing
polyelectrolyte chains on top of the structure, covering the
VNPs. The more polyelectrolytes were added, the smoother
the film topology became and also gained in thickness. After
three deposition steps, the VNPs were completely covered,
except in the regions where the film was broken, which was
probably an artefact from sample preparation. Imaging dem-
onstrated that displacement of VNPs does not occur. This is
particularly clear in those regions where scratches in the film
reveal the VNP layer lying under the growing polyelectrolyte
films. A second VNP layer was adsorbed, and imaging showed
a topology similar to that observed for the first VNP layer.

Overall, the findings by QCMD, UV/Vis spectroscopy and
SEM imaging are in good agreement and consistent with the
multilayer build-up of polyions and the stable incorporation of

Figure 2. Build-up of polyelectrolyte multilayers with incorporated cowpea
mosaic virus (CPMV) particles at pH 5.0, followed by quartz crystal microba-
lance frequency and dissipation (QCMD) and UV/Vis spectroscopy. The (PEI-
PAA)2.5 CPMV (PEI-PAA)n CPMV (PEI-PAA)2 multilayer was studied, where n
was 2 or 3. A) Changes in frequency and dissipation monitored by QCMD,
n =2. The frequency and dissipation changes measured for the third over-
tone of the resonance frequency are shown. B) Changes in absorption, moni-
tored by UV/Vis studies; n =3. (Note: the values should be half for a single
layer as the multilayer build-up takes place on both sides of the quartz
slide.) Deposited CPMV is shown as solid lines, absorbance changes after
ACHTUNGTRENNUNGaddition of polyions as dotted lines. C) Comparison of QCMD (n=3) and UV/
Vis spectroscopy data (n =3). The absorbance at absorption maximum
(240 nm) versus the number of layers deposited is shown, together with the
deposited mass, based on the Sauerbrey equation, versus the number of
layers.

Table 1. Theoretical (G) and experimentally determined (Dm) coverage
and thickness (h) of adsorbed polyelectrolytes and cowpea mosaic virus
(CPMV) particles based on QCMD measurements.

G[a] [mgcm�2] Dm[b] [mgcm�2] h[c] [nm]

precursor (PEI-PAA)2.5 film N.A.[d] N.A.[d] 13.6
1st CPMV layer 1.33 2.44 23.8
intermediate (PEI-PAA)n film N.A.[d] N.A.[d] n =2: 9.5

n =3: 27.4
2nd CPMV layer 1.33 2.24 21.3

[a] Theoretical coverage for a closely packed CPMV monolayer. [b] Experi-
mentally measured coverage based on the Sauerbrey equation. [c] Layer
thickness based on the Voigt model. [d] N.A. : not applicable.
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the sphere-like CPMV particles into the polyelectrolyte net-
work.

Role of particle shape in incorporation

To compare the alternating multilayer assembly mechanism of
sphere-like CPMV with that of rod-shaped TMV particles with
the aid of LbL techniques and polyelectrolytes, we investigated
whether TMV particles could also be incorporated into poly-
electrolyte multilayer assemblies under similar conditions. As
with CPMV, TMV particles and the polyions PEI and PAA were
used at pH 5.0. Initially, the build-up of the architecture fol-
lowed the procedure outlined for CPMV with (PEI-PAA)2.5 VNP
(PEI-PAA)n VNP, with n =2 or 3. However, we found that bind-
ing of the second TMV layer could not be achieved under
these conditions (not shown).

Therefore, in a second series of experiments, the number of
intermediate polyelectrolyte layers was increased until binding
of further TMV particles could be observed. The following
ACHTUNGTRENNUNGarchitectures were self-assembled: (PEI-PAA)2.5 TMV (PEI-PAA)n
TMV, whereby n was 6 (not shown) and 12 (Figure 4). Build-up
was followed by QCMD and UV/Vis spectroscopy.

Binding of TMV and subsequent polyelectrolytes is different.
Overall, it was found that the first TMV layer was stably ad-
sorbed on the polyion thin precursor film (no desorption upon
rinsing with buffer and water), and additional polyions were

bound upon their addition on top of the immobilized VNP
layer. Multiple intermediate bilayers of polyelectrolytes (at least

Figure 3. Scanning electron micrographs showing the sequential build-up of
polyelectrolytes and cowpea mosaic virus (CPMV) particles. A) Precursor thin
film consisting of 2.5 bilayers of the polyions linear poly(ethyleneimine) (PEI)
and poly(acrylic acid) (PAA); B) (PEI-PAA)2.5 CPMV; C) (PEI-PAA)2.5 CPMV (PEI-
PAA); D) (PEI-PAA)2.5 CPMV (PEI-PAA)3; E) (PEI-PAA)2.5 CPMV (PEI-PAA)3 CPMV;
F) schematic representation of the architecture. All images were viewed at
an acceleration voltage of 5 kV with a Zeiss Supra 55 VP FEG SEM; scale bar:
1 mm.

Figure 4. Build-up of polyelectrolyte multilayers with incorporated tobacco
mosaic virus (TMV) particles at pH 5.0, followed by quartz crystal microba-
lance frequency and dissipation (QCMD) and UV/Vis spectroscopy. The fol-
lowing multilayer was studied: (PEI-PAA)2.5 TMV (PEI-PAA)12 TMV. A) Changes
in frequency and dissipation measured by QCMD by use of the third over-
tone of the resonance frequency. B) Changes in absorption, monitored by
UV/Vis spectroscopy. (Note: the values should be half for a single layer as
the layer build-up takes place on both sides of the quartz slide.) Deposited
TMV is shown as solid lines, absorbance changes after addition of polyions
as dotted lines. C) Comparison of QCMD and UV/Vis spectroscopy data. The
absorbance at absorption maximum (240 nm) versus the number of layers
deposited, and the deposited mass, based on Sauerbrey, versus the number
of layers are shown.
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six) were needed before application of the second TMV layer
in order to allow binding of the particles, although stable dep-
osition of the second TMV layer was not achieved for any
number of polyion bilayers studied. At low polyion bilayer
numbers (n<6) no binding was observed; at higher number—
for example, n =12—weak binding could be achieved (see dis-
cussion below). Binding of the first TMV layer was accompa-
nied by large dissipation shifts ; this indicates the transition
from a relative rigid assembly of the precursor film into a hy-
drated and viscoelastic system. The adsorption of polyions on
top of the first immobilized TMV layer was irregular in the ini-
tial steps; this is shown by the fluctuating changes in Df and
DD recorded by QCMD and is indicated by a low increase in
absorbance recorded by UV/Vis spectroscopy. The changes in
Df increased when the polycation PEI was added and de-
creased when the polyanionic PAA was added. However, after
four bilayers of (PEI-PAA) the system stabilized and a more
continuous decrease in both Df and DD was observed for both
types of polyions. The initial irregular changes in Df were ac-
companied by striking dissipative changes in DD ; this indicates
structural changes (fluctuating transitions from a more rigid
model to a viscoelastic system). Rearrangements of the VNPs
or the assembly around the VNPs might also have an impact
on the observed irregularities, and could explain why the dep-
osition of a second TMV layer is difficult (if it can be achieved
at all), especially when the number of intermediate polyelec-
trolyte bilayers is low.

The bindings of the first and second TMV layer were also dif-
ferent. The first TMV layer was stably bound onto the thin pre-
cursor film. This is indicated by the decrease in Df recorded by
QCMD and also by the increase in absorbance measured by
UV/Vis spectroscopy. However, the observations for the second
deposited TMV layer were not as clear: QCMD data indicate
that VNPs were only weakly bound and that most of the parti-
cles desorb upon rinsing with buffer and water. Also, the ob-
served decrease in absorbance measured by UV/Vis spectros-
copy implies that a second VNP layer was not deposited
(Figure 4). The deposited Dm for each VNP layer was calculated
by using the Sauerbrey equation,[14] as well as the theoretical
coverage (G) with the assumption of a closely packed TMV
layer with the particles lying flat on the surface. Further, the
average film thickness based on the Voigt model[15] was esti-
mated; the values are listed in Table 2.

The calculated mass (Dm) deposited with the first TMV layer
indicates the formation of a closely packed monolayer. The
ACHTUNGTRENNUNGobtained value for Dm was slightly higher than one would
expect (see theoretical coverage); this could indicate that
some particles are not flat on the surface or adsorb as bi- or
multilayers in parts (SEM studies confirmed that in some re-
gions particles indeed overlap with each other, Figure 5), or it
could originate from water entrapped in cavities in the archi-
tecture. The latter situation is indicated by relatively large
changes in DD. The thickness calculated for the first TMV layer
is in good agreement with the thickness of the particles, and
indicates that the rods bind in a flat conformation, as con-
firmed by SEM imaging (Figure 5). The Dm deposited for the
second TMV layer is low and reaches only 34% of the Dm de-

posited for the first TMV layer, thus showing that only a few
particles are binding. This is also reflected in the estimated
layer thicknesses and by UV/Vis spectroscopy, which did not in-
dicate the adsorption of TMV particles when the second layer
was added.

SEM imaging showed that TMV has a dramatically different
architecture compared to that of CPMV (Figure 5). SEM studies
showed that, as in the case of CPMV, a closely packed first
TMV layer was immobilized onto the initial precursor film of
polyelectrolytes; this is in good agreement with the findings
from the QCMD measurements. Strikingly, however, in subse-
quent layers the deposited TMV particles—even after deposi-
tion of 12 interbilayers—were still visible on top of the archi-
tecture. The layer thickness of the intermediate 12 bilayers of
(PEI-PAA) was estimated to be 180.1 nm (based on the Voigt
model[15]). If stably bound onto the precursor film, the TMV
particles should be completely covered by such a thick film of
polyelectrolytes. The location of the particles on top of the

Table 2. Theoretical (G) and experimentally determined (Dm) coverage
and thickness (h) of adsorbed polyelectrolytes and tobacco mosaic virus
(TMV) particles based on QCMD measurements.

G[a] [mgcm�2] Dm[b] [mgcm�2] h[c] [nm]

precursor (PEI-PAA)2.5 film N.A.[a] N.A.[a] 8.7
1st TMV layer 1.30 2.53 28.2
intermediate (PEI-PAA)n film N.A.[a] N.A.[a] 180.1
2nd TMV layer 1.30 0.87 6.0

[a] Theoretical coverage for a closely packed CPMV monolayer. [b] Experi-
mentally measured coverage based on the Sauerbrey equation. [c] Layer
thickness based on the Voigt model. [d] N.A. : not applicable.

Figure 5. Scanning electron micrographs showing the sequential build-up of
polyelectrolytes and tobacco mosaic virus (TMV) particles. A) (PEI-PAA)2.5
TMV, and B) (PEI-PAA)2.5 TMV (PEI-PAA)12. All images were viewed at an accel-
eration voltage of 5 kV with a Zeiss Supra 55 VP FEG SEM; scale bar : 1 mm.
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film suggests that the particles float through the multilayer
film: they are excluded from the bulk of the multilayer and
appear atop the architecture. These findings are consistent
with the floating behaviour of M13.[6] Although sharing similari-
ties, in being anisotropic rod-shaped particles, M13 and TMV
have very different properties. The longer and thinner M13
particles have dimensions of ~800 nm in length and 6.5 nm in
width. TMV, in contrast, has dimensions of 300 nm in length
and 18 nm in width. In addition, the TMV rod is a stiff particle,
whereas M13 is a flexible, filamentous rod. The net surface
charges of M13 and TMV were negative in both experiments.
The observation that the rod-shaped TMV particles—like M13,
but unlike the spherical VNPs (CPMV, CCMV and CarMV)—float
and are excluded from the architecture is very interesting. This
behaviour could be common to rod-shaped particles. It would
be interesting to incorporate mutations to further determine
the relative contributions of charge and shape toward this be-
haviour.

The floating mechanism can be explained by interdiffusion
of the polyelectrolytes.[6] It has been proposed that the PAA,
which makes stronger electrostatic interactions with the PEI
than the VNP, induces the separation process by competing
with the VNP, and thus forces the VNP to the surface. Then, ex-
cluded volume and repulsive electrostatic interactions induce
the spontaneous higher ordering on the surface. In addition to
the floating, the particles appeared to be more ordered than
those bound initially. The particles are aligned in patches (remi-
niscent of a smectic crystal). These observations are intriguing
and may offer a starting point for the construction of highly
organized VNP assemblies bound on polyelectrolyte films.

Conclusions

In summary, we have demonstrated that negatively charged
sphere-like and rod-shaped VNPs can be immobilized on poly-
electrolyte assemblies. The assembly mechanisms of multilay-
ered arrays of alternating VNPs and polyelectrolytes were
markedly influenced by the shape of the VNP. Sphere-like
CPMV particles showed rapid adsorption kinetics. Further,
sphere-like VNPs can be incorporated into the architecture;
that is, an alternate structure of polyelectrolytes and VNPs can
be self-assembled. In stark contrast, rod-shaped particles
showed slow adsorption kinetics with inherent dissipative
energy losses; this indicates structural rearrangements in the
array. Most interestingly, TMV particles were found to be float-
ing atop the architecture when further polyions were deposit-
ed on top of immobilized VNPs, and spontaneous ordering on
the surface was observed.

In this paper we have used three independent physical
methods—QCMD, UV/Vis spectroscopy and SEM—in order to
follow LbL assembly. Further characterization methods includ-
ing atomic force microscopy, small angle X-ray scattering,
cross-sectional transmission electron microscopy, Fourier-trans-
form infrared spectroscopy and ellipsometry should in the
future help in providing further insights into the properties of
the assembled arrays. In addition, systematic studies at varying
pH values, as well as the use of VNP mutants with different

surface properties, would be expected to give further clues
about the mechanisms involved. Last, but not least, a study
that uses spheres and rods formed by the same viral coat pro-
tein would be helpful for explaining whether the “floating”
mechanism is based on the shape of the virion. Even in this
case, however, one would have to keep in mind that although
formed by the same coat protein, subtle differences in surface
charge between sphere and rod might still occur due to differ-
ences in the conformations and orientations of the proteins.

The observed phenomenon that rod-shaped TMV particles
floated on top of the architecture whereas sphere-like CPMV
particles were incorporated into the assembly is interesting
and in good agreement with previous studies with CCMV,
CarMV and M13. This paper, along with previous data, indicates
that the floating behaviour of rod-shaped particles might be
a common feature of such particles. A potential molecular
ACHTUNGTRENNUNGexplanation is that the floating is initiated by interdiffusion of
the polyelectrolytes. The polyelectrolytes rearrange and thus
induce a separation process that forces TMV particles to float
on top of the structure. The question still remains as to why
TMV particles float whereas CPMV particles do not. The most
obvious difference between the two VNPs is their size and
shape. However, although their pIs are similar, subtle differen-
ces in surface charge, especially in the local charge distribution
on the capsid surface, will also have an impact on the molecu-
lar mechanisms involved in the binding mode.

In physics, buoyancy, the upward force of an object in a
fluid, is dependent on the density of the fluid and on the den-
sity and the surface area of the object itself. The densities of
CPMV and TMV particles are comparable (~400 gmol�1nm�3),
in stark contrast to the surface area—the TMV rod has a sur-
face area of 22200 nm2 while that of the CPMV sphere is only
2800 nm2. This large difference of almost an order of magni-
tude would be expected to have a significant impact on the
physical properties of the particles both in solution and when
embedded in flexible and tunable polyelectrolyte multilayers.
Since their structural properties are strikingly different, we hy-
pothesize that the different behaviour of TMV and CPMV parti-
cles in the assembly can be attributed to their structural prop-
erties rather than to their different surface chemistries. This hy-
pothesis is supported by the floating behaviour of M13, which
has a surface area comparable to that of TMV, at 18000 nm2.

VNPs are popular tools for materials science, and we[10,11, 17]

and others[18] have previously demonstrated the feasibility of
VNPs as a platform for chemical modification with a broad
range of molecules, with potential applications that range
from biomedicine to electronics. The incorporation of function-
alized VNPs and polyelectrolytes would be expected to offer
new exciting routes for the design and construction of nano-
structured tuneable films. Therefore, it is important to under-
stand fundamental principles of VNP self-assembly mecha-
nisms in thin films. In the field of nanotechnology it is com-
monly known that materials’ properties are strongly depen-
dent on the size of matter. Now, our data suggest that shape
matters, too.
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Experimental Section

Polyelectrolytes : Poly(ethyleneimine) (PEI, linear, MW 25.0 kDa; Pol-
ysciences) and poly(acrylic acid) (PAA, MW 90.0 kDa, Acros Scientific)
were used as aqueous solutions (2 mm). NaCl (30 mm) was added,
and the pH was adjusted to pH 5.0.

Virus growth and purification : The propagation and purification
of CPMV virions was performed by standard procedures.[19] TMV
particles were provided by Prof. Rainer Fischer (RWTH–Aachen Uni-
versity, Germany). Purified CPMV and TMV particles were stored at
4 8C in sodium phosphate buffer (pH 7.0, 10 mm). The concentra-
tion of purified virions was determined by Bradford assay or photo-
metrically. In all experiments the particles were used at a concen-
tration of 1 mgmL�1 in sodium phosphate buffer (pH 5.0, 10 mm).

QCMD studies : The build-up of the hydrated multilayer structures
was characterized with a quartz crystal microbalance with dissipa-
tion monitoring (QCMD, model D300, Q-Sense AB, VSstra Frçlunda,
Sweden) with a QAFC 302 axial flow measurement chamber. An
AT-cut piezoelectric quartz crystal (cut at 358 to the y-axis) sand-
wiched between two gold electrodes was used as sensing element.
For all measurements silica-coated QCMD chips were used. The
crystal is excited to its fundamental resonant frequency at ~5 MHz.
The QCMD chips were first immersed and washed several times
with MilliQ water. After stabilization of the fundamental resonance
frequency of the quartz crystal the thin film was prepared by alter-
nate addition of PEI and either PAA or the VNP solution. In be-
tween each deposition step the crystal was washed with MilliQ
water in order to remove any loosely adsorbed polymers or VNPs.
Before and after introduction of VNPs into the system the film was
exposed to the sodium phosphate buffer (pH 5.0, 10 mm). Data
were analysed both approximately by use of the Sauerbrey equa-
tion[14] and more precisely by use of a Voigt continuum model[15]

fitted with the QTools program (Q-Sense AB, VSstra Frçlunda,
Sweden).

UV/Vis spectroscopy : For UV/Vis spectroscopy the polyelectrolyte
films were constructed on quartz slides (light path 1 mm). The
slides were immersed in a H2O2/concentrated H2SO4 mixture 30:70
(30% w/v) for 1 h at 80 8C. This treatment—also known as piranha
etch treatment—leads to the exposure of free silanol groups on
the substrate surface, which was subsequently deprotonated at
pH>3, and resulted in an overall negatively charged surface.[20]

CAUTION! Piranha is highly corrosive and reacts violently with or-
ganic materials ; solutions should be handled with extreme care and
only small volumes should be prepared at any one time. After this
treatment the slides were rinsed several times with MilliQ water in
order to remove the piranha etch solution. The polyelectrolyte
multilayers were constructed as follows: the prepared slides were
immersed in an aqueous PEI solution (2 mm, 30 mm NaCl, pH 5.0)
for 5 min at room temperature, and were then rinsed with MilliQ
water for 2 min. The slides were then immersed in an aqueous PAA
solution (MW 90000, 2 mm, 30 mm NaCl pH 5.0) for 5 min at room
temperature, and were again rinsed with MilliQ water. This resulted
in the formation of a bilayer. These steps were then repeated until
the desired number of layers was achieved. Absorption measure-
ments were obtained for each layer between wavelengths of 200
and 300 nm on a Perkin–Elmer Lambda 25 spectrophotometer. UV/
Vis measurements were taken after each step in the layer build-up,
after the slides were rinsed in MilliQ water and dried with a stream
of nitrogen.

Scanning electron microscopy (SEM): Either the same slides from
the UV/Vis measurements were imaged, or thin films were pre-
pared by the procedure described above. Films were constructed

on quartz slides or on glass surfaces after piranha etch treatment.
These samples were then mounted on the surface of an aluminium
pin stub with use of double-sided adhesive carbon discs (Agar Sci-
entific, Ltd. , Stansted, UK). The stubs were then sputter-coated
with gold (approximately 15 nm) in a high-resolution sputter
coater (Agar Scientific, Ltd.) and transferred to a Zeiss Supra 55 VP
FEG scanning electron microscope (Zeiss, SMT, Germany). The sam-
ples were viewed at 5 kV and digital TIFF files were stored.
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