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I
nitially prepared in the 1960s, ferroflu-
ids represent perhaps the first commer-
cially viable example of a nanocompos-

ite material, combining the magnetic
properties of ferrimagnetic (or ferromag-
netic) nanoparticles with the fluid proper-
ties of the carrier liquid in which the par-
ticles are suspended.1 Owing to the high
magnetic susceptibility of such suspen-
sions, they can be held in place and ma-
nipulated by externally applied magnetic
fields. This unique feature has led to a vari-
ety of novel applications, such as using fer-
rofluids to create low-friction, vacuum-tight
seals around rotating shafts (in hard disk
drives, for example) or to transfer heat from
the voice coils of high-power loudspeakers.
In recent years, ferrofluids have received in-
creasing attention for their potential use in
biomedical applications, such as cell label-
ing, site-specific drug delivery, magnetic hy-
perthermia, or the magnetic filtration of
pathogens from liquid suspensions.2�4

Ultimately, the technological potential
of ferrofluids relies on the nature of the cou-
pling between the suspended magnetic
nanoparticles and the hydrodynamics of
the surrounding liquid. This coupling can
be so strong that even modest externally
applied magnetic fields suffice to increase
the viscosity of the ferrofluid by orders of
magnitude.5,6 This so-called magnetoviscous
effect is generally attributed to the
magnetic-field-induced formation of chain-
like agglomerates of nanoparticles, which
align themselves with the applied field and
hinder the flow of carrier fluid in the trans-
verse direction.7�12 Indeed, in magnetorheo-
logical (MR) fluidsOliquid suspensions of
magnetic particles 2�3 orders of magni-
tude larger than those of ferrofluidsOthe

formation of such chains has been demon-
strated experimentally.13 The magnetovis-
cosity of MR fluids is so strong that it has
found commercial use in electromagneti-
cally switchable shock absorbers in automo-
biles, vibration dampers for suspension
bridges, and (potentially) aircraft landing
gear.14�16 However, owing to the micro-
meter size of the suspended magnetic par-
ticles, MR fluids are prone to sedimentation,
which must be counteracted by actively
pumping the fluid. In contrast, Brownian
motion alone suffices to keep the much-
smaller particles of a ferrofluid suspended
indefinitely, thus obviating the need to
maintain steady flow. For the same reason,
ferrofluids are less susceptible to agglom-
eration than are MR fluids, suggesting that
the magnetoviscosity of a ferrofluid has the
potential for much better long-term
stability.

Despite these apparent advantages,
there has been virtually no commercial ex-
ploitation of ferrofluid magnetoviscosity to
date. This fact can be attributed to the sub-
stantial decrease in magnetoviscosity that
ferrofluids suffer when subjected to shear
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ABSTRACT Applying a magnetic field to many ferrofluids leads to a significant increase in viscosity, but the

phenomenon has yet to find technological exploitation because of the thinning caused by even weak shear flows.

We have discovered that the addition of plant-virus-derived nanotubes to a commercial ferrofluid can give rise

to a dramatic enhancement in magnetoviscosity and a suppression of shear thinning. The dependence of this effect

on nanotube aspect ratio and surface charge, both of which were varied biotechnologically, is consistent with a

“scaffolding” of magnetic particles into quasi-linear arrays. Direct support for this explanation is derived from

transmission electron micrographs, which reveal a marked tendency for the magnetic nanoparticles to decorate

the outside surface of the virus nanotubes.

KEYWORDS: ferrofluid · TMV-like particles · bioengineering ·
magnetoviscosity · nanocomposite · biotemplate

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 8 ▪ 4531–4538 ▪ 2010 4531



forces, as the latter are able to overcome the weak in-
teractions holding the chain-like nanoparticle clusters
together, thus breaking them apart and thwarting the
mechanism for viscosity enhancement. This explanation
for shear thinning is consistent with the predictions of
computer simulations,8�10 and it has gained experimen-
tal support from recent small-angle neutron scattering
investigations as well.11,12

Birringer et al.17 proposed a novel strategy for over-
coming this problem: if the loosely bound nanoparti-
cle chains of a conventional ferrofluid were replaced
with stiff magnetic nanorods or nanotubes, then the re-
sulting ferrofluid ought to retain its field-induced vis-
cosity enhancement even at high shear rates. Not only
would aspherical magnetic nanoparticles be expected
to impart a higher viscosity when held in place by an
applied magnetic field,18 but they would also not lose
their shape anisotropy in the event of shearing forces,17

as is the case with fragile agglomerates. A further prac-
tical advantage of permanent shape anisotropy might
be its contribution to overcoming the superparamag-
netic limit of individual nanoparticles,19 which holds the
promise of imparting a stronger magnetic field re-
sponse (but also may exacerbate the challenge of stabi-
lizing the suspended particles against agglomeration).

Here, we report our first efforts to implement the
strategy proposed in ref 17, albeit in an
approximateOyet surprisingly effectiveOmanner.
Since 1015�1017 nanoparticles are typically suspended
in a milliliter of a conventional ferrofluid, in order to pre-
pare a “nanorod ferrofluid” one must employ a fabrica-
tion route with the potential for large-scale production
of aspherical nanomagnets. Candidate techniques in-
clude aerosol condensation,17,20 liquid-phase chemical
reaction,21,22 deposition in nanoporous templates,23,24

and the hybridization of spherical nanoparticles with as-
pherical objects, such as carbon nanotubes (CNTs).25

The latter method is particularly promising as a rela-
tively low-cost approach; however, before magnetic
particles can be attached to the surface of a CNT, the hy-
drophobic nature of the CNT and its chemical inert-
ness must be overcome by careful functionalization. A
simpler alternative might be offered by mechanically
stiff nanotubes having exposed functional chemical
groups on their outer surfaces. This is the approach
adopted in this article, in which we report the first use
of an intrinsically functionalized, tube-shaped
nanoparticleOthe Tobacco mosaic virus (TMV)Oand of
TMV-derived biotechnologically tailored nanotubes of
altered length and modified surface charge as additives
for enhancing the rheological properties of a conven-
tional ferrofluid.

Tobacco mosaic virus (TMV) is a biomolecule com-
plex that forms naturally in the shape of a 300 nm-
long nanotube with outer and inner diameters of 18
and 4 nm, respectively. The virus is widespread in differ-
ent plant species (and in most types of cigarettes), ac-

cumulates to high amounts and does not infect ani-
mals. Each TMV particle consists of 2130 identical coat
protein (CP) subunits that self-assemble around a
strand of RNA either during plant cell infection or in
vitro under chemically controlled conditions.26,27 The
structure of TMV and its physicochemical properties are
well understood.28,29 By modifying the length of the en-
capsidated RNA strand, one can tailor the aspect ratio
of the resulting artificial noninfectious TMV-like par-
ticles to values larger or smaller than that of natural
TMV;30 likewise, genetic engineering techniques make
it possible to modify the CP subunits themselves, en-
abling TMV variants to be prepared with altered surface
chemistries.31�33 For a biological specimen, the virus is
unusually stable, withstanding temperatures up to
80 °C and pH values from below 3 to 9.34�36 Owing to
these properties, TMV has become a popular subject of
nanotechnological experimentation, serving as a tem-
plate for the directed deposition of metals,34,37�40 as a
vessel for controlled chemical reactions,41 and as a
building block for the assembly of three-dimensional
nanoarrays.32,42,43 In one study,44 TMV particles were
even deliberately introduced into a ferrofluid in a simi-
lar manner as reported below, but not with the aim of
enhancing any properties of the ferrofluid; rather, the
authors required a parallel alignment of a large num-
ber of TMV particlesOa goal that they achieved by ap-
plying a magnetic field to the TMV/ferrofluid sample.

RESULTS AND DISCUSSION
Small concentrations of aspherical TMVOor TMV-

derivedOparticles were synthesized in three different
size classes (lengths of approximately 90, 170, and 300
nm) and systematically analyzed for their capacity to
modify the rheological properties of a ferrofluid. To ob-
tain a deeper understanding of the observed effects,
the protein surface of the bioadditive nanotubes was
modified by genetic engineering into two further vari-
ants, TMVCys and TMVLys. All TMV samples were mixed
into a commercially available ferrofluid, LCE-25 (SusTech
GmbH, Germany), which consists of cobalt ferrite
(CoFe2O4) nanospheres (� 10�18 nm) suspended in a
solution of diethylene glycol and DI water. The magne-
toviscosity of the resulting TMV/ferrofluid mixtures was
measured as a function of additive concentration and
vibrational frequency.

Figures 1�3 illustrate the effect of TMV-based addi-
tives on the rheological properties of LCE-25 ferrofluid.
In Figure 1a,b, the imaginary part G== of the complex
modulus G* and the real part �= of the complex viscos-
ity �* of LCE-25/TMV ferrofluids are plotted against vi-
brational frequencyOboth with and without an applied
magnetic fieldOand compared to the viscosity of pure
LCE-25. At zero applied field, the addition of TMV had
no effect on G==, which is a measure for the dissipation
of energy in the fluid, or on the viscosity �=. But at 110
mT, G== increased by an order of magnitude in the
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sample containing virus particles, and, consequently,

the fluid was about 10 times more viscous than the pure

ferrofluid. This enhancement persisted over the entire

frequency range, which is indicative of an improved sta-

bility even at high shear rates (see Supporting Informa-

tion). The change in viscosity was fully reversible upon

switching the magnetic field on and off many times (see

Supporting Information), and the effect was stable

upon storing the sample under ambient conditions for

months.

Varying the concentration of TMV in the ferrofluid

had no discernible effect on the viscosity at zero ap-

plied magnetic fields, but both �= and the imaginary

part of the complex viscosity, �== increased strongly

with TMV concentration as the magnetic field strength

was raised (Figure 2).

To test whether the magnetoviscosity depends on

the aspect ratio of the TMV additive, ferrofluids contain-

ing virus-like particles �170 or �90 nm in length were

prepared and tested. Transmission electron microscopy

(TEM) was used to establish that the length distribu-

tion of the additive particles was narrow.30 The strength

of the magnetoviscous effect at a given magnetic field

B can be expressed by the ratio

in which �0� denotes the real part of the complex zero-

field viscosity. When we measured this ratio as a func-

tion of B (Figure 3), we discovered that, although LCE-25

ferrofluid by itself manifested only a small viscosity in-

crease with applied magnetic field (filled diamonds), the

addition of virus particles always led to significant vis-

cosity enhancement. Furthermore, the relative viscos-

ity scaled roughly linearly with magnetic field strength

for all virus lengths, and, at a given magnetic field, the

magnetoviscosity grew with TMV length, reaching

2800% at B � 110 mT and f � 10 Hz for the sample con-

taining 300 nm-long virus particles.

Direct imaging of dried LCE-25/TMV mixtures was

carried out by TEM. The images shown in Figure 4 pro-

vide graphic evidence for an attractive interaction be-

tween LCE-25 nanoparticles and plant viral tubes.

How is it possible for small concentrations of a non-

magnetic bioadditive to have such a strong impact on

a ferrofluid property like magnetoviscosity, which

seems like it should depend almost entirely on the size

and concentration of the suspended magnetic par-

ticles? Figure 4c offers a tantalizing explanation: Here,

the TMV particles appear to be acting as the “scaffolds”

of a roughly linear arrangement of magnetic particles

over the length of the virus, thereby generating rodlike

magnetic structures that might be expected to induce

significant viscosity enhancement. Such linear aggrega-

tion of magnetic nanoparticles is completely absent in

TEM images recorded from samples without TMV (e.g.,

Figure 4a). The most likely explanation for this finding is

the existence of an attractive interaction between mag-

netic nanoparticles and TMV, perhaps having its origin

in an electrostatic attraction between the negatively

charged ferrofluid constituents45 and the exterior sur-

Figure 1. (a) The modulus G== and (b) the viscosity �= plotted as a function of vibrational frequency for diluted LCE-25 fer-
rofluids with and without TMV additive (0.033 �g TMV/�L ferrofluid). Open symbols denote zero applied magnetic field, and
closed symbols correspond to B � 110 mT.

Figure 2. The viscosities �= and �== of LCE-25/TMV mixtures plot-
ted against TMV concentration for zero magnetic field and B � 110
mT. All measurements were carried out at a vibrational frequency
of 10 Hz. The smooth curves drawn through the data points are
guides to the eye.
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face of the virus, which contains positively charged

patches. As a nucleoprotein complex, TMV is composed

of amino acids arranged in such a manner that the

outer surface exposes side chains including polar

groups of various charges, which depend to a certain

extent on the pH of the surrounding solution.28 At the

pH employed in our experiments (about 5), there is evi-

dence that the net charge of the outer accessible TMV

surface is positive,38,39 despite the presence of

interspersedObut less-exposedOnegative patches. In

previous investigations of the electroless deposition of

metals like Co, Ni, Ag, or Au on TMV, the electrostatic in-

teraction between negatively charged ions and the

positively charged TMV surface was exploited in order

to initiate metal deposition.34,38 In our case, the mag-

netic particles of the conventional ferrofluid may attach

to TMV for a similar reason, with hydrogen bridging

making an additional contribution to the stability of

the TMV/nanoparticle complex.

Support for this hypothesis comes from a set of meas-

urements in which we compared the influence on mag-

netoviscosity of TMV variants having altered amino

acid compositions. The surface of TMVLys is significantly

more positively charged than that of TMVCys and natural

TMV (Figure 5), implying that TMVLys would interact

more strongly with negatively charged CoFe2O4 nano-

particles. The magnetoviscous effect induced by

TMVLys was indeed found to exceed that of TMVCys and

natural TMV at the same TMV concentration level. Addi-

tion of TMVCys to the LCE-25 ferrofluid had a compa-

rable effect on the magnetoviscosity as natural TMV,

which again is consistent with the supposition that elec-

trostatic interactions are primarily responsible for TMV/

nanoparticle complex formation.

Additional support for the scaffolding model comes

not only from the length dependence evident in Fig-

ure 3Olonger virus particles impart a greater viscosity

enhancement, as expected theoretically46Obut also

from measurements of the viscosity of LCE-25/TMV fer-

rofluids in which the TMV concentration was held con-

stant at 0.033 �g/�L while the concentration of

CoFe2O4 particles was varied from zero to 0.7 vol %. A

plot of magnetoviscosity as a function of the volume

fraction of magnetic particles (Figure 6) manifests two

distinct regions: at low volume fractions the magneto-

viscosity increases much faster with the number of

CoFe2O4 particles per unit volume than in control

samples containing no TMV; however, beyond a criti-

cal magnetic concentration of about cc � 0.063 vol %,

the slope of the magnetoviscosity versus concentration

curve is unaffected by the presence of TMV. Evidently,

above cc each “excess” magnetic particle makes the

same contribution to the overall magnetoviscosity as

in pure LCE-25 ferrofluid, whereas the viscosity en-

hancement per magnetic particle is many times larger

at concentrations below cc.

We attribute this observation to the scaffolding of

up to 0.063 vol % magnetic particles into quasi-linear

aggregates by TMV, an effect that must saturate once

the virus’ capacity for taking on additional magnetic

particles has been exhausted. At cc, there are about 720

CoFe2O4 nanoparticles present in the sample for each

TMV, but geometrical considerations indicate that

single monolayer coverage would correspond to the at-

tachment of only �140 magnetic particles. Hence, our

interpretation of Figure 6 requires an effective attrac-

tion of roughly five monolayers of magnetic particles to

each TMV nanotube, which seems plausible in light of

the multilayered aggregation evident at the viral sur-

faces shown in Figure 4. Below saturation, the growth

in size and number of TMV/nanoparticle complexes

Figure 3. Relative viscosity (referenced to the value at B �
0) plotted against applied magnetic field for LCE-25/TMV fer-
rofluids containing TMV particles of various lengths (virus
particle concentration, 0.033 �g/�L). All measurements
were carried out at a vibrational frequency of 10 Hz.

Figure 4. Bright-field TEM micrographs of (a) pure LCE-25 ferrofluid, showing the CoFe2O4 nanoparticles that remain after
drying the carrier fluid; (b) TMV particles prior to suspension in the ferrofluid; and (c) the LCE-25/TMV mixture. In image c,
the magnetic nanoparticles are seen to have clustered preferentially on the surface of the virus particles.
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with increasing magnetic volume fraction offers a ready
explanation for the steep slope of the magnetoviscos-
ity curve of Figure 6, as previous studies of ferrofluids
containing a broad distribution of magnetic particle
sizes have found that magnetoviscosity is determined
primarily by the larger particles in the sampleOeven
when smaller particles are present in far greater
number.47,48

If the magnetoviscosity scaled simply with the num-
ber of (saturated) TMV/nanoparticle complexes per unit
volume, however, then we would expect a strictly lin-
ear dependence of viscosity on TMV concentration. Fig-
ure 2 indicates that linear extrapolation of low-virus-
concentration magnetoviscosity levels strongly
underestimates the viscosity at higher TMV concentra-
tions. If this measurement had been performed on a
conventional ferrofluid, then the upward curvature of
an �= versus concentration plot would most likely be at-

tributed to interactions between magnetic particles,

which become more probable as the average particle

spacing decreases. Analogous argumentation applied

to LCE-25/TMV ferrofluids would entail that the upward

curvature in �= results from interactions among TMV/

nanoparticle complexes, the likelihood of which in-

creases as the volume fraction of TMV is raised. Exten-

sive interaction among complexes may be viewed as an

example of “network formation,” which typically mani-

fests itself during a viscosity measurement through a

significant increase in the magnitude of the imaginary

part of the complex viscosity, �==.18 For the sample of

Figure 2, �== is seen to grow rapidly with TMV concen-

tration, implying that the development of an internal

microstructure in the LCE-25/TMV suspension is respon-

sible for virus-induced viscosity enhancement.

This has important consequences for the proper in-

terpretation of the length dependence seen in Figure

3: on the one hand, the observed increase in magneto-

viscosity with TMV length could arise from longer quasi-

one-dimensional magnets being held more securely in

orientation by the applied magnetic field; on the other

hand, longer TMV/nanoparticle complexes might find it

easier to form networks, particularly if the stability of

the latter is promoted by entanglement of the rodlike

structures. (Note that the samples in Figure 3 each have

the same TMV mass concentration, meaning that about

three times as many �90 nm TMV particles were

present per unit volume as �300 nm TMV. If compari-

son is made between specimens of equal TMV particle

number concentrations, then the differences in magne-

toviscosity are even greater than those evident in the

figure.) However, it is clear from the reversibility of the

measured magnetoviscosity (see Supporting Informa-

tion) that the network is stable only in the presence of

an applied magnetic field, which rules out the irrevers-

ible formation of a gel-like microstructure.

Figure 5. (Left) Relative viscosity enhancement (referenced to samples with natural TMV additive) plotted as a function of
the applied magnetic field for ferrofluids containing identical concentrations of TMV, TMVCys, and TMVLys. All TMV variants
were �300 nm in length, and all viscosity measurements were carried out at 10 Hz. (Right) Atomic models indicating the elec-
trostatic potential calculated for the distinct TMV variants of this study. Positive charge is shown in blue and negative charge
in red. For natural TMV, despite the presence of interdispersed negative patches, a positive net charge of the accessible, pro-
truding surface domains is expected in the pH range employed in the experiments. In TMVLys, lysine residues were introduced
at the C-terminus of the coat protein, resulting in additional positively charged amino groups on the outer protein shell. In
contrast, replacement of a serine at the surface of the coat protein by a thiol group-containing cysteine (mutant TMVCys) does
not alter the charge to a significant extent.

Figure 6. Normalized magnetoviscosity of ferrofluids with
and without TMV plotted against CoFe2O4 particle concen-
tration. The TMV concentration was 0.033 �g/�L for all
samples containing virus nanotubes. All measurements were
carried out at a vibrational frequency of 10 Hz and an ap-
plied magnetic field of 110 mT.
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In conclusion, through the addition of small
amounts of Tobacco mosaic virus (TMV), the magneto-
viscous effect of a conventional cobalt ferrite-based fer-
rofluid was enhanced by more than one order of mag-
nitude. The TMV-induced viscosity enhancement scales
roughly linearly with the applied magnetic field, but
nonlinearly with virus concentration. A consistent corre-
lation between the length of the nanotubes compris-
ing the virus-derived additive and the magnitude of the
resulting magnetoviscosity was also observed. The sur-
face functional groups of TMV appear to be responsible
for an electrostatic interaction with the CoFe2O4 par-
ticles, leading to the formation of quasi-linear aggre-
gates of magnetic nanoparticles attached to the tube-
shaped virions. We postulate that alignment of these
rodlike magnetic structures in an applied magnetic field
leads to viscosity enhancement in much the same way
that dynamically formed chains of nanoparticles are
thought to account for the magnetoviscosity of conven-
tional ferrofluids. Since the TMV-based structures are
much longer in length and mechanically far more

stable, however, the resulting viscosity enhancement
is correspondingly greater and is less susceptible to
shear thinning.

With this new class of ferrofluids it may now be pos-
sible to impart precisely controlled, rapidly switchable
damping forces to moving parts, particularly in micro-
mechanical devices. Moreover, the nonlinear increase of
viscosity with TMV concentration could be exploited,
for instance, by using magnetic fields to induce enrich-
ment of the TMV/nanoparticle complex concentration,
thus localizing the viscosity increase within a given re-
gion, perhaps down to micrometer dimensions. The
consistent effects obtained from virus-like particles that
were engineered to change the aspect ratio or the sur-
face charge demonstrates the immense tailoring poten-
tial of biotechnology for technological applications.
One such approach that may be of direct benefit to
magnetic fluids would be the development and pro-
duction of biobased additive powders, which could be
used to regulate and improve fluid properties on a
larger scale.

EXPERIMENTAL METHODS
Ferrofluid. A commercially available ferrofluid LCE-25 (SusTech

GmbH, Germany) was adopted. LCE-25 consists of cobalt ferrite
(CoFe2O4) nanospheres (� 10�18 nm) suspended in diethylene
glycol. The surfaces of the nanoparticles are negatively
charged;45 consequently, agglomeration of nanoparticles is pre-
vented electrostatically without recourse to surfactant mol-
ecules. Commercial samples can be diluted by the addition of di-
ethylene glycol and deionized water (DI water) without
disturbing the colloidal stability. In our experiments, we diluted
LCE-25 to 10 times the original volume, obtaining a ferrofluid
with a solid volume fraction of 0.66%, corresponding to a weight
fraction of 3.1% of the magnetic phase. Even at such a low con-
centration, a considerable degree of particle�particle interaction
can be expected, which may promote the formation of micro-
structural features like particle chains in the presence of a mag-
netic field. To maintain the colloidal stability of the ferrofluid, the
pH value of the samples was kept at about 5 in all experiments.

TMV Preparation. TMV particles were purified from systemically
infected tobacco plants (Nicotiana tabacum cv Samsun nn) as de-
scribed in ref 49. The virion concentration was determined by
UV spectrophotometry50 and by SDS-polyacrylamide gel electro-
phoresis, according to standard procedures.51 Aliquots contain-
ing 10, 20, 30, 45, or 90 �g TMV in sodium potassium phosphate
buffer (10 mM, pH 7.2) were dialyzed against H2O using Slide-a-
Lyzer MINI dialysis units (Pierce) for 2 h at room temperature.
Subsequently, the solutions were frozen in liquid nitrogen and
freeze-dried for 4 days. The appropriate amount of diluted
LCE-25 ferrofluid was added to a vial containing TMV powder
to obtain the desired final TMV concentration. The resulting LCE-
25/TMV mixture was subjected to an ultrasonic bath for 5 min
to ensure a homogeneous dispersion of TMV particles in the car-
rier fluid. TMV-like tubes with different aspect ratios were synthe-
sized in vitro, using three different types of RNA governing the
length of the products obtained via self-assembly reactions. Ap-
plying a procedure described in detail elsewhere,30 TMV-like nano-
tubes were generated in distinct size ranges, with predominant
lengths of about 300 nm (with RNA of 6395 nucleotides [nt]), 170
nm (with RNA of 3651 nt) and 90 nm (with RNA of 1860 nt), re-
spectively. Additionally, ferrofluids containing two kinds of
genetically engineered TMV variants of altered protein
shellsOLCE-25/TMVLys and LCE-25/TMVCys (unpublished data, to
be described elsewhere), both about 300 nm in lengthOwere

prepared using RNA of 6395 nt. The particles of TMV variant TM-
VLys expose one additional lysine residue on the outer surface of
each CP subunit (i.e., �2300 lysine residues per particle). Lysine
harbors a protonated amino function under the conditions em-
ployed in this study; consequently, this TMV variant carries a
more positive surface charge than natural TMV. In contrast,
TMVCys exposes one cysteine residue per CP subunit, the thiol
function of which is not expected to modify the surface charge
in LCE-25 ferrofluid to a major extent.

Magnetoviscosity Measurements. The dynamic viscosity of the
LCE-25/TMV composites was measured in compression using a
piezo-membrane axial vibrator (PMAV, IdM Ulm, Germany),
which is designed for the characterization of sample volumes
as small as 50 �L.52,53 In this apparatus, the sample is confined
between two horizontal plates (� 20 mm), the lower of which is
forced to vibrate (amplitude �5 nm) by a piezoelectric actuator
at driving frequencies between 8 and 200 Hz. The response of
the overall system (sample 	 plates) is detected by a piezoelec-
tric sensor and converted into the complex modulus G*, from
which the complex viscosity of the sample �* is calculated (see
Supporting Information for details), after excluding the contribu-
tion of the plates by an empty measurement. By means of an
electromagnetic coil, the sample can be subjected to axial mag-
netic fields as strong as 110 mT. Despite the inhomogeneous
shearing inherent to the “squeeze-flow” geometry of this instru-
ment, the technique provides quantitatively reliable data for
polymer solutions and colloidal suspensions.53 The reproducibil-
ity of viscosity measurements was better than 0.3 mPa · s.

TEM Characterization. Samples were placed on Formvar-carbon-
coated copper grids (300 mesh), washed with DI water, and
negatively stained with uranyl acetate (2%) in order to improve
the contrast of the TMV particles. Images were recorded with a
FEI TECNAI G20 transmission electron microscope operated at
120 kV.

TMV Atomic Models. The structure of the TMV coat protein helix
was taken from the Protein Data Bank at Brookhaven (PDB en-
try code 2OM3 resolution, 4.4 Å as obtained by high-resolution
cryo-EM), and extended to the C-terminus of the TMV constructs
used. The protein structure was visualized using Swiss-
PdbViewer 4.0.1; energy minimization was performed with the
GROMOS96 implementation of PdbViewer.
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