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Tobacco Mosaic Virus with Large Tunable Interparticle Distances**
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The fabrication of crystalline assemblies, or superlattices, of
1D nanoscale building blocks is of great interest because of
the collective properties that may result from the uniform
arrangement of the components. For these collective proper-
ties to be tuned, control over not only the symmetry of the
building blocks but also the distance between them is crucial.
Various assembly methods that utilize enthalpic or entropic
interactions, such as solvent evaporation,“] DNA base pair-
ing,”? or charge,”! have been developed for the fabrication of
superlattice structures, as well as strategies based on external
magnetic* and electric forces.”)

Recently, the depletion interaction has received consid-
erable attention because it is a simple but powerful means to
direct and control the self-assembly of anisotropic particles
with tunable interparticle distances.”” In brief, the depletion
interaction between nanoparticles in a solution is invoked
when additives, such as polymers or micelles, are present. The
additives push the particles closer together through osmotic
pressure and thus gain the free volume (Figure 1). The
attractive depletion interaction induced by the depletant is
often balanced by the repulsive electrostatic interaction due
to the surface charge of the particles.®*"7”)

Herein, we show that a wide range of interparticle
distances between rodlike particles are possible when rigid
polymers are used as depletants; the lattice parameter, d, of
the superlattice of rodlike particles can be tuned from
approximately 1 to 5times the diameter, D, of the rodlike
particles. We found that the depletion interaction alone
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Figure 1. Origin of the depletion interaction. a) Rodlike particles mixed
with depletants (dashed spheres). The mass center of the depletant is
excluded from a shell around the rodlike particles. The shell, whose
thickness is identical to the radius of the depletants, is called the
depletion layer (dashed lines around the rods). b) By pushing the rods
closer together through osmotic pressure (arrows), the depletants gain
the free volume by reducing the inaccessible volume (shaded region).
The strength of the effective attractive interaction, called the depletion
interaction, between rods is proportional to the osmotic pressure and
the overlapped volume of the depletion layers.

cannot explain these large interparticle distances and propose
a second mechanism by which the polymers are able to induce
self-assembly. Furthermore, we show that the interparticle
distance can be controlled reversibly in response to external
stimuli, such as temperature, if rigid gel-forming polymers are
used.®

Rodlike tobacco mosaic virus (TMV) was chosen as
a model 1D building block since it is well-known to assemble
through the depletion interaction. TMV is a naturally occur-
ring protein cage with a hollow cylindrical shape (ca. 18 nm in
diameter, ca. 300 nm in length, and with a cavity diameter of
ca. 4 nm; Figure 2a). Polysaccharides were chosen as deple-
tants because they are often temperature-responsive and
rigid; owing to their rigidity, polysaccharides can deplete
TMYV at a much lower concentration than that required for
other additives.

To better understand how polysaccharides behave as
depletants, we first investigated the assembly of TMV with
a representative rigid polysaccharide, sodium carboxymethyl
cellulose (CMC; see Scheme S1 in the Supporting Informa-
tion). We used small-angle X-ray scattering (SAXS)?*%* 5o
that we could study more than just the isotropic—nematic
(I-N) phase boundary.

We performed a number of experiments in which we
varied the polymer concentration. Because the osmotic
pressure varies with the polymer concentration, the distance
between TMYV particles, d, should also vary with the polymer
concentration (Figure 1).1 In polymer physics, three con-
centration regimes, which depend on the extent to which the
polymer chains overlap, should be considered: 1) In the dilute
regime, each polymer chain is isolated. The osmotic pressure
increases as the number of polymer molecules increases (as in
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Figure 2. a) TEM image of TMV (dried without depletants). Scale bar:
100 nm. b) Optical microscopy image of a solution of TMV

(15 mgmL™") containing CMC (4 wt%). Scale bar: 50 um. The inset
image shows the same sample. ¢) TEM image of the sample in (b).
d) 1D SAXS curve of the sample in (b) indexed to a 2D hexagonal
lattice. The distance between TMV particles, d, is calculated from the
equation d=4n/\/§q(100).

an ideal solution), and each single chain behaves as a deple-
tant. 2) In the semidilute regime, polymer chains overlap
slightly. This overlap causes repulsive interchain interactions
and consequently leads to higher osmotic pressure than that
predicted by the Raoult law. Polyelectrolytes, such as CMC,
will incur higher osmotic pressure than neutral polymers since
their chains repel each other not only sterically but also
electrostatically (see the Supporting Information). 3) Finally,
in the concentrated regime, in which polymer chains are
entangled, individual chains are not discernible, and the
osmotic pressure is drastically increased relative to that in the
semidilute regime.""! In both the semidilute and concentrated
regimes, the interchain distance is defined as the correlation
length (&). Under these conditions, a blob with the size of the
correlation length functions as a depletant, instead of the
entire polymer chain.'! The boundaries between concentra-
tion regimes (1) and (2) and between regimes (2) and (3) are
denoted as the overlap (c*) and entanglement concentration
(c**), respectively. Table 1 lists the c* and c** values of the
polymers used in this study, as determined from viscosity
measurements (see the Supporting Information). Details
about the osmotic pressure and correlation length can be
found in the Supporting Information and Ref.[10]. The
distribution of polymer chains in these three regimes is
depicted in Figure 4.

We found unique TMV self-assembly behavior in each of
these three regimes. Without CMC, the solution of TMV was
clear, and SAXS profiles showed only the form factor
scattering without any diffraction peaks. These observations
indicate that TMV exists as an isotropic phase (see Figure S1
in the Supporting Information). At high concentrations of
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Table 1: Physical parameters of the polymers used in this study.l!

Polymer M, [kDa] R,[nm] Ly [nm] L, [nm] c*[wt%] c** [wt%)]

MC 210 23.4 154219 0 0.42 4.5
CMC 250 48.61 174207 142,418 00209 1.0M)
PEO 200 22.6 < 1% 0 0.33 3.3

[a] M,, is the molecular weight of the polymer; R, is the radius of gyration
of the polymer; the persistence length of the polyelectrolyte is the sum of
L, the bare persistence length, and L., the electrostatic contribution; c*
is the semidilute overlap concentration; c** is the entanglement
concentration, which separates the concentrated regime from the
semidilute regime. The values c¢* and ¢** for MC and PEO were obtained
from viscosity measurements (see Figure S9).
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Figure 3. a,c,e) Relationship obtained from SAXS data between the
ratio d/D and the concentration of the depletant for CMC, SDS, and
MC. The corresponding TMV concentrations (unit: mgmL™") are given
in the legend in each case. The dashed curve in (a) and (c) shows the
theoretical d value calculated from pair potentials by balancing the
depletion, van der Waals, and electrostatic interactions. The dotted
curve in (a) and (e) represents the observed isotropic—nematic phase
boundary. b,d,f) Pair potentials for CMC, SDS, and MC (the depletion,
van der Waals, and electrostatic pair potentials are denoted Udp,
UvdW, and Uel, respectively). The concentrations of CMC, SDS, and
MC are c=c*, 3 wt%, and c=c*, respectively.

CMC (concentrated regime), the sample became opaque.
Optical microscopy (Figure 2b) and TEM (Figure 2c) of
a sample with 4 wt % (c/c* ~200) of CMC confirmed that the
turbidity is due to the formation of TMV bundles. SAXS
analysis of the same sample in solution (Figure 2d) showed
seven sharp diffraction peaks whose positions were in good
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agreement with the ideal diffraction pattern of a 2D hex-
agonal lattice.?*!?

Superlattice formation was observed not only in the
concentrated regime (or for dried samples; ¢ > ¢**) but also in
the semidilute regime (c* <c<c**; Figure3a; see also
Figures S2 and S3). The observed I-N phase boundary is
consistent with theory and other experimental observations:

Low Cqps High ¢sps

Figure 4. Schematic illustration of TMV particles in the a) dilute,

b) semidilute, and c) concentrated regimes of the polymer, as well as
at d) low and e) high concentrations of SDS. The dashed circles in
(a—c) represent the correlation length. The shaded volumes in (c) and
(e) are the volumes each depletant will gain by compressing the TMV
domain.

TMYV aggregates as the concentration of either the polymer or
TMV increases.""! Surprisingly, the nearest-neighbor dis-
tance, d, or the lattice parameter, close to the boundary was as
large as 85.4 nm, which is approximately 5 times the diameter,
D, of TMV (18 nm). The d/D value was much larger than
other values reported previously.*®7 As the concentration
decreased below c¢**, the d/D value started to deviate from
the theoretical value predicted by balancing the depletion,
van der Waals, and electrostatic pair potentials (Figure 3b;
see also the Supporting Information).l**’*14 In other words, in
the semidilute regime, d is dependent on the particle
concentration (Figure 3a). These results indicate that in the
semidilute concentration regime, CMC does not behave
solely as a depletant.

To better understand the role of CMC as a depletant, we
compared CMC with a standard depletant, sodium dodecyl
sulfate (SDS) micelles, which have been modeled as small
hard spheres.”! SDS micelles also caused TMV to aggregate
into a 2D hexagonal superlattice (see Figures S4 and S5). The
observed d values decreased with the SDS concentration
(Figure 3¢) and matched the values calculated by balancing
pair potentials very well (Figure 3d). In contrast to the CMC/
TMYV system, the SDS/TMYV system was not dependent on the
TMYV concentration for the entire range of SDS concentra-
tions studied. This observation further suggests that CMC
introduces an additional type of interaction other than just the
depletion interaction in the semidilute concentration regime
(Figure 3a; see also the Supporting Information).

www.angewandte.de
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We hypothesized that this new interaction results from the
rigidity of the polymer: CMC can be considered a collection
of large rigid rodlike segments, whereas SDS can be modeled
as a small hard sphere. The rigidity of a polymer is defined by
the persistence length, which corresponds to the length of its
straight segment. We investigated the role of the persistence
length on the assembly of TMV by using two additional
polymers, methyl cellulose (MC) and poly(ethylene oxide)
(PEO). MC and PEO have similar molecular weights and
radii of gyration (Table 1) and will therefore evoke depletion
interactions of similar strength. Additionally, they are both
neutral polymers. The two polymers differ mainly in their
persistence length. The persistence length of MC, a polysac-
charide, is much longer than that of PEO, although it is about
10 times shorter than that of CMC.

The depletion interaction caused by these two neutral
polymers is very low relative to that observed for CMC and
SDS micelles (Figure 3f) because neutral polymers exert
much lower osmotic pressure than polyelectrolytes.'”) No
diffraction peak was observed when PEO (200 kDa) was
added at concentrations up to 80 mgmL™' (c/c*~24: con-
centrated regime) to a solution of TMV; thus, no assembly of
TMYV was detected. Surprisingly, MC induced assembly even
though one would not expect its depletion attraction to
counteract the electrostatic repulsion (there is no minimum in
the pair-potential calculation in Figure 3 f). As in the CMC/
TMV system, the interparticle distance, d, in the MC/TMV
system is dependent on the TMV concentration within the
semidilute regime (c* < ¢ < ¢**), and it becomes independent
at ¢ > c¢** (Figure 3¢). This result indicates that the mecha-
nism through which MC induces assembly is similar to that for
CMC/TMV at low TMV (below ca. 30 mgmL™") and CMC
concentrations (c < c¢**; Figure 3a), and that the persistence
length plays a critical role in the induction of assembly by
polymers. Furthermore, the maximum d value for the MC/
TMYV system is significantly smaller than that for the CMC/
TMV system. In other words, MC (which has a shorter
persistence length) gives rise to significantly weaker inter-
actions than those promoted by CMC (which has a longer
persistence length).

The role of the persistence length in the assembly process
can be deduced from the results of studies by Onsager:"!
rodlike particles may align parallel to one another as in liquid
crystals at a concentration as low as 5vol% without any
depletants, since they occupy less volume when they are
aligned than when they are randomly arranged (in other
words, each particle gains more free volume). Although the
system may lose entropy as a result of the ordering, the gain in
free-volume entropy is enough to compensate the loss.

The concentration of TMV in this study was below
3vol%. However, the total concentration of rods is much
greater if one considers both TMV and CMC as rodlike
particles. When these rods (TMV particles and the rigid
sections of the polymers) are randomly arranged, there will be
volume that is sterically inaccessible to both TMV and the
polymer (such as the regions between the two rods packed at
a random angle in Figure 4b). When the rods are rearranged
and aligned parallel to each other, the system gains free-
volume entropy (Figure 4b). Conversely, these regions are
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accessible to small depletants; therefore, the free-volume gain
is not expected when SDS is used as a depletant (Figure 4d,e).
PEO cannot trigger the alignment of TMV particles either,
since it does not have a rodlike unit and the penalty associated
with the wrapping of its chain around TMYV is lower than for
its rigid counterparts. The observation that the onset of
assembly formation is at c~c*, a concentration at which
polymer chains occupy the entire volume of the solution,
suggests that TMV particles assemble because they are
confined in the small space left over by the polymer chains
(Figure 4b). Therefore, the role of rigid polymers in this free-
volume-entropy mechanism is twofold: they confine the TMV
particles (but do not press them together) and trigger the
assembly. The distance d decreases as the TMV concentration
increases in this regime because there are more TMV
particles in the same confined space.

As the concentration of the polymer increases, the
depletion mechanism plays a larger role in superlattice
formation, and the free-volume effect disappears (Figure 4c).
The cross-over concentration between the two mechanisms is
located near c¢**. We hypothesize that this finding is related to
the degree of entanglement of the polymer chains. As
polymer chains become entangled, the steric repulsion
between the chains increases drastically, and the confined
space (Figure 4b) is reduced to the point that the TMV
superlattice can no longer be compressed further. As a result,
TMV will be closed packed (d/D=1), regardless of its
concentration. At extremely high concentrations of the
polymer (¢ > c¢**), or for dried sam-
ples, the d/D value becomes less than
1, because each TMYV is itself dehy-
drated (data not shown).

The significantly larger d values
observed with CMC/TMYV than with
MC/TMV are a result of the combi-
nation of two mechanisms. First,
CMC is a polyelectrolyte and there-
fore invokes a much stronger
osmotic pressure than MC (see
dashed line in Figure 3a).!'"") Further-
more, its long persistence length
enables the free-volume gain, and
therefore TMV can align at concen-
trations (of the polymer or particles)
lower than that required for the
depletion interaction.  Through
these two mechanisms, the maxi-
mum d/D value of the CMC/TMV
system is as high as approximately 5.

One notable property of MC is
that it can form physical gels when
heated above a critical temperature.
This behavior suggests that MC
could act as a temperature-respon-
sive medium to trigger the assembly
or disassembly of colloidal particles.
When the polymer goes through the
sol-to-gel transition as the temper-
ature increases, the second virial

Angew. Chem. 2013, 125, 67706774

&~ Hydrophobic * Water = =
V%\ Hydrophilic I ™V

Figure 5. a) Schematic representation of the polysaccharide/TMV sol-gel transition. MC and KC
form a gel through a hydrophobic interaction. b,d) SAXS curves for the samples containing MC

(4 wt %) with TMV at a concentration of 15 mgmL™" (b) and KC (3 wt%) with TMV at

a concentration of 2 mgmL™' (d) at various temperatures shown in (c) and (e) during heating/
cooling cycles. The SAXS data in (b) and (d) are offset for clarity. At 25°C, MC and KC are a sol
and a gel, respectively, and at 55°C, they are in their opposite states. The inset image in (b) shows
the sample in a gel state at 45°C.
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coefficient, A,, of the polymer changes from positive to
negative, which means that the solubility of the polymer
becomes poor: A, is positive when the polymer is soluble and
is negative when the polymer is insoluble. In other words, MC
releases water to its surroundings (in the sol-to-gel transition)
or attracts water from its surroundings (in the gel-to-sol
transition).?!! The polymer chains expand or shrink as A,
becomes positive (sol) or negative (gel), respectively. The
released water hydrates the TMV superlattice and thus leads
to an increase in the interparticle distance d. Conversely, the
superlattice contracts as the polymer becomes a sol and
removes water from the TMV assembly. Both the reversible
variation of d and assembly/disassembly behavior were
observed experimentally (Figure 5a—c). It is also possible to
reverse the temperature dependency so that TMV disassem-
bles (or the lattice expands) at a lower temperature and
assembles (or the lattice contracts) at a higher temperature by
the use of other polysaccharides, such as k-carrageenan (KC;
see Scheme S1 in the Supporting Information), which forms
a gel at a lower temperature and a sol at a higher temper-
ature.” Figure 5d,e shows the reversible variation of the
d value of a TMV superlattice embedded in KC, whereby d
decreases with increasing temperature. Since KC has a longer
persistence length,” the observed d values span a wider
range in response to temperature than those found with MC.

In summary, we have demonstrated that TMV nanorods
mixed with polymers or micelles can form a superlattice
through a combination of the depletion interaction (d is not
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dependent on the TMV concentration) and a free-volume
gain (d varies with the TMV concentration). The latter
mechanism is significant when the polymer is rigid and the
polymer solution is in the semidilute regime. These mecha-
nisms yield a superlattice with a wide range of lattice
parameters up to 5 times the diameter of the particles; such
large lattice parameters cannot be attained with other types of
depletants. Furthermore, we showed that the lattice param-
eter of the superlattice can be controlled reversibly in
response to external stimuli; it can expand or contract upon
changes in temperature, depending on the type of gel-forming
polymer employed. This simple, yet powerful method enables
the production of stimulus-responsive materials with poten-
tial applications in many fields.?*"
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