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O
ver the past decade, the use of
viruses has increased greatly in
both biological and nonbiological

research due to their versatility and wide
ranging potential applications in materials
science.1 Efforts have been made to assess
the range of materials that can be packaged
inside a viral capsid and to determine if any
physical limits exist on packaging. Cylindrical
viruses such as tobacco mosaic virus (TMV)
and M13 bacteriophage appear to have
potential in the synthesis of nanowires,2�4

in binding tometal surfaces using alterations
in the capsid protein,5�7 and in forming
complex nanoscale architectures.8 Spheri-
cal viruses, by contrast, have been used for a
wide range of experiments mostly focusing
on encapsulation of non-native materials.
Previous studies have shown that spherical
viruses such as brome mosaic virus (BMV)
and cowpea chlorotic mottle virus (CCMV),
which are composed of a single protein sub-
unit, are able to form new bionanocompo-
sites withmany different nonbiological cores
such as gold nanoparticles,9�14 magnetic
nanoparticles,15 transition metal ions,16,17

emulsion droplets,18 and polymers.19�22 In
all of these examples, the virus cage remained
in the native spherical structure; while the
cargo was observed to modify the size of
the sphere, it did not change the basic
nanoscale architecture.
Unlike many other viruses, CCMV has the

ability to form both spherical and rod-like
structures. It is an icosahedral virus with 180
identical capsid proteins, which can easily
assemble into a 28 nm capsid with a 15 to
18 nm empty core space depending on the
ionic strength and pH of the solvent.23

However, CCMV has shown a possibility of
self-assembling into a non-native rod-like

structure by varying the buffer environment
or usingdouble-strandDNAas a template.23,24

The results suggest a new question, which is,
how does the structure of the cargo affect the
final structure of a viral nanocomposite in
cases where nonspherical structures are pos-
sible? To begin to address this question, here
we describe the coassembly of viral capsids
with a luminescent semiconducting polymer
as a route to both spherical and rod-like
optically active bionanocomposites. The viral
capsid is filled with the optically active semi-
conducting polymer, which in turn directs
the assembly process through ionic strength
mediated changes in polymer conformation.
Charged conjugated polymers have po-

tential applications as both biological and
chemical sensors,25�28cationic binders,29
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ABSTRACT Cowpea chlorotic mottle virus is a single-stranded RNA plant virus with a diameter of

28 nm. The proteins comprising the capsid of this virus can be purified and reassembled either by

themselves to form hollow structures or with polyanions such as double-stranded DNA or single-

stranded RNA. Depending on pH and ionic strength, a diverse range of structures and shapes can

form. The work presented here focuses on using these proteins to encapsulate a fluorescent

polyanionic semiconducting polymer, MPS-PPV (poly-2-methoxy-5-propyloxy sulfonate phenylene

vinlyene), in order to obtain optically active virus-like particles. After encapsulation, fluorescence

from MPS-PPV shows two distinct peaks, which suggests the polymer may be in two conformations.

A combination of TEM, fluorescence anisotropy, and sucrose gradient separation indicate that the

blue peak arises from polymer encapsulated into spherical particles, while the redder peak

corresponds to polymers contained in rod-like cages. Ionic strength during assembly can be used to

tune the propensity to form rods or spheres. The results illustrate the synergy of hybrid synthetic/

biological systems: polymer conformation drives the structure of this composite material, which in

turn modifies the polymer optical properties. This synergy could be useful for the future

development of synthetic/biological hybrid materials with designated functionality.

KEYWORDS: poly(2-methoxy-5-propyloxy sulfonate phenylene vinylene) .MPS-PPV .
cowpea chlorotic mottle virus . CCMV . fluorescence anisotropy . self-assembly .
virus-like particles
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and electroluminescentmaterial.30,31 Conjugatedpoly-
mers with neutral side chains are normally only soluble
in organic solvents such as toluene, chloroform, and
chlorobenzene because of their highly hydrophobic
π-conjugated backbones. However, conjugated poly-
mers can become water-soluble by attaching charged
or neutral hydrophilic side chains such as ammonium
salts,32 carboxylates,33 and ethylene glycol34 to the
hydrophobic backbones. Because the side chain solubi-
lity may be quite different from the backbone solubility,
polymer�solvent interactions can also play an important
role in determining the solution phase chain conforma-
tion of conjugated polymers such as poly(phenylene
vinylenes),35,36 polythiophenes,37 and polyfluorenes.38

Because bends or kinks in the polymer break the
π-conjugation, chain conformation also affects the
luminescent properties For example, when poly-
[2,5-bis(diethylaminetetraethylene glycol)phenylene
vinylene] (a polar but nonionic PPV) is dissolved in
chloroform, its hydrodynamics radius is 9.9 nm and it
shows a 34%photoluminescence quantum yield. How-
ever, when this PPV derivative is dissolved in water, the
strong hydrophobic interactions along the polymer
backbone cause the polymer chain to collapse. Thus,
its hydrodynamics radius andphotoluminescencequan-
tum yield in water decrease to 5.4 nm and 12%, res-
pectively.39 Since the polymer is π-conjugated, it can be
thought of as a series of linked chromophores in good
electronic contact.40 The decrease in quantum yield is
generally attributed to the formation of nonradiative
trap and kink sites that can harvest excitations form the
entire linked polymer. Quantum yield decreases are
usually accompanied by shifts in both absorption and
emission: highly coiled polymers have shorter conju-
gated segments compared tomore elongatedpolymers,
resulting in blue-shifts. When the solubility is low en-
ough, however, coiling is accompanied by aggregation,
which often results in red-shifted emission because of
the formation of interchain excited states and the
potential for rapid energy transfer between aggregated
segments to find low-energy emissive states. This type
of behavior is general to a broad range of conjugated
polymers, all of which aggregate in poor solvents. For
instance, a dioctyl-substituted polyfluorene (PFO) in the
very poor solvent cyclohexane shows a red-shifted
aggregate absorptionpeak.38 By contrast, poly(3-dodecyl-
thiophene) (P3DDT) chains have a more extended struc-
ture and redder emission in the good solvent chloroform
compared to the moderate solvent THF.37

For charged semiconducting polymers, one of the
easiest ways to tune this solubility is using ionic
strength. As the ionic strength of an aqueous solutions
increases, counterion condensation occurs, which de-
creases solubility and causes increased polymer coiling
and aggregation. For example, dynamic light scattering
(DLS) measurements of (poly-2-methoxy-5-propyloxy
sulfonate phenylene vinlyene) [MPS-PPV]25 indicate that

that the hydrodynamic diameter decreases from 93 to
44 nm when just 1 mM LiCl is added to neat water.41

For virus encapsulation studies, MPS-PPV and re-
lated polyanionic semiconducting polymers have a
number of advantages. Unlike previous studies on
encapsulation of nonfluorescent polymers such as
polystyrene sulfonate21 (PSS) and polyanetholesulpho-
nic acid22 by CCMV, MPS-PPV is a conjugated polymer
that absorbs and emits strongly in the visible light
region. As discussed above, the chain conformation
and thus the luminescent properties are highly sensi-
tive to solvent and ionic strength, creating a viral guest
molecule that can be manipulated using solution con-
ditions and can report back optically on it conformation.
For example, whenMPS-PPV is in a polar aprotic solvent
such as DMSO, the polymer chain is stretched out
because DMSO is a reasonable solvent for both the
polar side chains and the nonpolar backbone. In water,
only the ionic side chains of MPS-PPV confer solubility,
and so the polymer tends to coil in an effort to hide the
hydrophobic core. Consequently, the photolumines-
cence quantum yield of MPS-PPV in DMSO is nearly
100 times greater than that in water.41 Similar to the
negatively charged RNA, MPS-PPV is polyanionic, which
facilitates the encapsulation process with the capsid
proteins. Other advantages include its commercial avail-
ability and its water solubility. Finally the conjugated
nature of these polymers bothmakes them luminescent
and makes them sit on the rod�coil boundary. This
dynamic structural heterogeneity makes MPS-PPV an
interesting system to explore the effect of cargo solva-
tion on the geometry of the final viral composite.
In this work, we combine all of these ideas to explore

how dynamic solution phase structural variation can
affect viral packaging. The ionic strength of the solvent is
used to control polymer conformation, which, in turn,
controls virus cage structure. Fluorescence spectroscopy
and fluorescence anisotropy measurements are utilized
to explore changes in the local polymer conformation
and environment and the nature of its association with
viral capsids. Transmission electron microscopy (TEM) is
used for structural characterization of the capsids/poly-
mer composite. We find that viruses do not simply form
spherical structures, as they do when encapsulating
flexible polymers such as PSS. Instead, the polymer's
stretched or coiled state acts as a template to alter the
structure of the virus-like particles (VLPs) assembled.

RESULTS AND DISCUSSION

Our overall strategy was to coassemble purified
capsid proteins with MPS-PPV to produce an optically
active bionanocomposite. To control polymer confor-
mation in solution, this was performed at different
ionic strengths. Specifically, initial sodium chloride
concentrations of 0.0, 0.1, and 1.0 M were used,
followed by dialysis against a moderate ionic strength
solution termed RNA assembly buffer to bring all
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samples to the same final solution conditions. A ratio of
180 capsid proteins to 1 polymer was used to mimic
180 capsid proteins per RNA in wild-type CCMV.
After each sample was prepared, steady-state fluo-

rescence experiments were performed. Figure 1 com-
pares normalized emission spectra of MPS-PPV only
and VLPs in the RNA assembly buffer. The samples
differ only in the initial concentration of sodium chlor-
ide used during assembly. Each sample exhibits two
distinct peaks around 510 and 590 nm. While the peak
around 655 nm has been shown to be a vibronic sub-
band of the 590 nm peak, the other two peaks do not
share this relationship.42 The energydifferencebetween
the510nmpeakand thepeak at 590nm is 0.33 eV,which
is larger than the 0.21 eV vibrational spacing observed for
PPV-basedpolymers. Below,wewill also usefluorescence
anisotropy data to further support the idea that the
peaks at 510 and 590 nm are not vibronic sub-bands.
The presence of two distinct luminescence bands

suggests that the polymer is in two different conforma-
tions in our virus-like particles. As mentioned earlier,
the coil size and fluorescence quantum yield of MPS-
PPV decreases with increasing ionic strength. When
the sodium chloride concentration changes from 0.0 to
1.0 M in Figure 1, the fluorescence peak for both the
pure polymer and VLP samples exhibits a blue-shift,
which indicates that the polymer coils more tightly in
1.0 M NaCl than in 0.0 M NaCl solutions. When the
polymer coils, its conjugation length decreases and the
emissionmoves to shorterwavelength. Conversely, the
polymer emits at a longer wavelength when the chains

are more elongated and the polymer has a longer
conjugation length. Thus, the presence of two dis-
tinct luminescence peaks in our virus-like parti-
cles suggests that both coiled and more elongated
polymer chains can coassemble with the virus capsid
protein.
If the idea that virus-like particles can formwith either

stretched or coiled polymer chains is correct, then the
relative intensity of the two peaks should change
depending on its initial ionic strength. We find that
this is indeed the case (Figure 1). As the ionic strength
increases, the relative intensity of the coiled (510 nm)
peak increases. The ratio between the two peaks
provides some measure of the relative amount of the
two structures and how that ratio can be tuned by
varying ionic strength. We note that the normalized
spectra of pure MPS-PPV samples have their highest
peak at 510 nm, indicating an overall more coiled
conformation for polymer without a viral shell. This is
because this fairly hydrophobic polymer coils tightly in
the buffer, which leads to a shorter conjugation length
and also a lower quantum yield. Indeed, when the
luminescence data are not normalized, one finds that
the polymer-only samples fluorescemuch less than the
encapsulated polymer samples (data not shown).
Again, however, the relative intensity of the coiled
(510 nm) peak in the pure polymer increases with
increasing ionic strength, as it does in the VLPs. To-
gether, these results indicate that formation of the
polymer/protein nanostructure in general and the
formation of elongated polymer chains in particular
help reduce nonradiative relaxation processes that
lead to luminescence quenching.
We note that the correlation between polymer con-

formation and luminescence quantum efficiency
means that it is not possible to directly read the relative
population of coiled and elongated polymer from the
graph in Figure 1. It is well established that PPV-based
polymers showahigherquantumyield for straight chains
than coiled chains because kinks in the polymer chain
cause defects that can self-quench luminescence.43�47

The exact quantum yield varies with the details of the
structure, however. What we can say is that the relative
luminescence efficiency for straight chains is always
higher than for coiled chains, and so the fact that the
590 nm peak in Figure 1 is always greater than the
510 nm peak for the VLPs does not mean that all
samples contain predominantly elongated structures. It
doesmean that all VLP samples contain some elongated
structures, though the fraction could bequite small if the
quantum efficiency is high enough.
Thus, while luminescence measurements are an

excellent way to probe local polymer structure and
relative changes in population, they do not provide
information about absolute populations because of
quantum efficiency changes, and they only suggest the
shape of the VLP. Because of this, we turn to transmission

Figure 1. Comparison of normalized fluorescence spectra
of pure MPS-PPV and MPS-PPV-based virus-like particles
(VLPs) assembled using different initial ionic strengths. The
510 nm peak corresponds to the fluorescence from highly
coiled MPS-PPV, while the 590 nm peak corresponds to the
fluorescence from MPS-PPV with a more elongated con-
formation. For both the pureMPS-PPV and the VLP samples,
the relative intensity of the 510 nmpeak grows as a function
of initial ionic strength, indicating an increasing amount of
highly coiled chains at higher ionic strength. Note that to
prevent spectral overlap, the pure MPS-PPV samples are
normalized to the 510 nm peak, while the VLP samples are
normalized to the peak at 590 nm.
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electron microscopy to image the actual structure being
formed as a function of ionic strength (Figure 2). As seen
in panels E and F of Figure 2, for virus-like particles
assembled with 1.0 M NaCl, mostly spherical structures
between 22 and 26 nm were observed. At that high
ionic strength, the polymer apparently coils so tightly
that spherical structures are the dominant assembly
motif. By contrast, as we lower the ionic strength to
0.0 M NaCl, we found mostly rod-like structures ran-
ging from 100 to 1000 nm in length with very few
spherical structures (Figure 2A and B). At this low ionic
strength, the MPS-PPV apparently does not coil so
tightly and so the capsid protein can encapsulate the
stretched polymer and form a rod-like structure.
Although the polymer is not monodisperse, the

length variation in VLP is unlikely to come entirely
come from the polydispersity of the MPS-PPV. While
determining the size of conjugated polyelectrolytes is
notoriously difficult, for this sample the polymer was
dialyzed against a 50 kDa membrane during purifica-
tion to eliminate chains smaller than 50 kDa. Given the
nature of the synthetic methods used to produce the
polymer, it is likely thatmost of the polymer is less than
100 kDa.41 This 2� size range is much smaller than the
order of magnitude length variations observed in
Figure 2, and thus it is likely that the longest structures
contain many polymer chains and the variation is a

result of the dynamic fluctuations that occur during the
assembly process.
At intermediate ionic strength (0.1 M NaCl), we

observed a mixture of rod-like and spherical structures
(Figure 2C and D). The rod-like structures are generally
shorter than the ones formed at 0.0 M NaCl because
the polymer chains are less open at 0.1 M NaCl. The
spherical structures are around 24�28 nm, slightly
larger than the ones formed at 1.0 M NaCl. As men-
tioned earlier, the coil size of MPS-PPV in solution
decreases with increasing ionic strength. The observa-
tion of larger VLPs at lower ionic strength is completely
consistent with this established behavior.
Figure 3 displays the TEM images of both negative

and positive control samples. In the absence of MPS-
PPV, the capsid proteins lack of any specific structure or
shape under all three assembly conditions (Figure 3A)
because the proteins do not have a structure-directing
template and aggregate together through nonspecific
protein�protein interactions under the conditions used
in this work. On the basis of this control, we can con-
clude that all of the spherical and rod-like shapes in
Figure 2must containMPS-PPV. To ensure the quality of
the capsid proteins and the ability to form spherical
capsids under these conditions, poly(styrene sulfonate)
was chosen as a control template. This polyanionic poly-
mer has been demonstrated to form spherical virus-like

Figure 2. TEM images of MPS-PPV/CCMV virus-like particles assembled at various ionic strengths. (A, B) Materials assembled
at 0.0 M NaCl. These images showmostly rod-like structures of various lengths. (C, D) Materials generated with an initial NaCl
concentration of 0.1M. These images showamixture of rod-like and spherical structures; the rod-like structures are shorter in
length compared to structures assembled with 0.0 M NaCl. (E, F) Materials assembled with an initial NaCl concentration of
1.0 M display mostly spherical structures. These spherical virus-like particles are similar to the ones formed by encapsulation
of polystyrene sulfonate (PSS) (Figure 3B).
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particles in the past (Figure 3B).21 Indeed, as a thorough
control, wehave shown that PSS canbepackaged inside
a viral capsid to form exclusively spherical particles like
those shown in Figure 3B under all three assembly
conditions employed in this work (data not shown).
Unlike MPS-PPV, PSS does not have a conjugated back-
bone, and thus it is a more flexible polymer that tends to
form fairly tight coils at all ionic strengths. This leads to
spherical virus-like particles under all conditions. This
control thus allows us to conclude that it is not the effect
of ionic strength on the capsid protein that produces
the structural variation shown in Figure 2, but instead the
ionic strength induced changes in theMPS-PPV structure.
Comparison of Figures 2 and 3 indicates that a rigid

polymer like MPS-PPV can direct the capsid protein to
form a non-native structure (i.e., a rod rather than a
sphere). This result is in agreement with studies where
double-stranded DNA was used as a structure-directing
agent and rod-like structures were also formed.24 The
results from TEM are also consistent with the previously
discussed fluorescence data in Figure 1. From the TEM
images, the formation of spherical structures increased
as a function of increasing ionic strength, which corre-
sponded to the relative increase in peak height at
510 nm in the fluorescent experiment. The TEM data
supports the conclusions drawn from the fluorescence
study that the peaks at 510 and 590 nm correspond to
spherical and rod-like structures, respectively. The low
population of rods in images collected on samples
produced at 1.0 M NaCl also confirms our hypothesis
that the luminescence quantumyield ismuchhigher for
rod-like VLPs than for spherical VLPs.
To further confirm the relationship between the

conformation of the encapsulated MPS-PPV and the
physical structure of the protein/polymer assembly,
fluorescence anisotropy was measured for each of the
three samples discussed above. Fluorescence anisotropy
is a measurement of the difference in the emission
intensity with polarization parallel and perpendicular to
the polarization of the exciting light divided by the total

intensity. Because it is a ratio, the anisotropy value is
independent of the total intensity and the concentration
of the fluorophore.48 For an unaligned sample in the
absence of any dynamic processes, the anisotropy quan-
tifies the difference (in degrees) between the excitation
transition dipole and the emission dipole according to48

rο ¼ 2
5

3 cos2 β � 1
2

 !
(1)

where ro is the anisotropy observed in the absence of
other depolarizingprocesses andβ is the angle between
the two primary absorption and emission axes. Fast
dynamic processes, such as rapid molecular motion or
excited-state energy transfer, can scramble the polar-
ization, however, resulting in a reduced anisotropy
value.While physicalmotion is not likely to have amajor
effect, given the large size of the virus-like particles
studied here, Förester energy transfer between chro-
mophores in aggregated semiconducting polymers has
been shown to be quite fast and can completely
scramble polarization.49 According to eq 1, the anisot-
ropy value varies between 0.4 to �0.2 as the emission
polarization varies from 0� to 90� with respect to the
excitation polarization. For a randomly oriented sample
with parallel absorption and emission dipoles, the ani-
sotropy would be 0.4 in the absence of any dynamic
process, but would decrease toward zero if dynamic
processes change the physical orientation of the excited
chromophoreon the timescale of theemission lifetime.50

Fluorescence anisotropy can thus provide insight
about conformation in semiconducting polymers.
When the polymer is coiled up, a population of excited
molecules with the same polarization can undergo
many random hops between sites with different orien-
tations of the transition dipoles via intra- or interchain
Förster transfer. This scrambles the overall polarization
of the excited-state population, causing a low fluores-
cence anisotropy value for the coiled polymer.50 If the
chains are straight andparallel to eachotherwithin each
aggregate, Förster hoppingmight still occur, but it does
not result in a scrambling of the polarization memory
because all of the transition dipoles in the aggregate are
parallel. As a result, an anisotropy value near 0.4 is
expected for either isolated, uncoiled semiconducting
polymers or polymers that are aggregated, but where
the chains are straight and parallel to each other.49

Figure 4 shows the measured fluorescence anisot-
ropy for MPS-PPV in various configurations. We note
that these values are obtained by taking the difference
between two low-concentration and thus fairly noisy
luminescence spectra. By comparing results fromnom-
inally identical samples, we estimate a statistical error
of 18% in these anisotropy values. This error must be
considered when interpreting the data. The anisotropy
for all the virus-like particles shows basically the same
trend. In the blue region around 500 nm, the anisotropy

Figure 3. TEM images of various control samples. (A) Capsid
proteins only without any polymer. This image shows that
protein that is not associated with an anionic polymer
aggregates with no specific structure under the conditions
used in this work. Similar randomaggregates are formed at all
the ionic strengths used in this work. (B) The capsid protein
can encapsulate PSS to formVLPs under the full range of ionic
strengths used in this work. This control shows that the effect
of ionic strength on capsid assembly itself is not responsible
for the structural variation shown in Figure 2.
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is fairly low. The value then increases toward the red,
reaching a value very near 0.4 at 590 nm. The anisotropy
variation around 500 nm among three different VLP
samples is not statistically significant, but the variation
between the 500 and 590 nm is statistically significant.
By contrast, the unencapsulated MPS-PPV sample
shows a relative low anisotropy of 0.2, which is constant
across all wavelengths.
Since the unencapsulated MPS-PPV coils fairly

tightly in the buffer, its anisotropy value should be
the lowest among all samples because polarized ex-
citons can undergo many intra- and interchain trans-
fers that result in a loss of polarizationmemory. For the
encapsulatedMPS-PPV, the spherical structures should
also have a smaller anisotropy value because the coiled
MPS-PPV conformation allows for scrambling of excited-
state polarizationmemory through inter- and intrachain
Förster transfers. By contrast, the rod-like structures
should show a greater anisotropy value because poly-
mer chains are straight and parallel and Förster transfer
between segments can occur without scrambling the
polarization. For the encapsulated MPS-PPV samples,
the plateau around ∼0.27 between 480 and 540 nm
thus corresponds to a coiled structure. There is a transi-
tional region between 530 and 580 nm, and then the
anisotropy eventually plateaus again at 590 nm with a
value of 0.4, corresponding to extended chains.
While it is reassuring that the anisotropy data lead to

the same conclusions drawn from luminescence peak
shifts and from TEM imaging, the data also confirm our

supposition that the 510 and 590 nm luminescence
peaks correspond to different physical structures,
rather than to vibronic structure within a single lumi-
nescence band. If the peaks at 510 and 590 nm came
from vibronic structure, one would expect their anisot-
ropy values to be the same. Capsid protein can thus use
MPS-PPV as a template to form different structures
depending on the ionic strength and that these struc-
tures exhibit different fluorescence properties.
To further test our hypothesis that two physically

different structures with differed optical properties
could be produced, separation of the two structures
was attempted. If each structure contains only one
physical conformation of MPS-PPV, we should be able
to separate the two fluorescent species using contin-
uous linear sucrose gradient centrifugation. Here a
sucrose gradient is produced and separation occurs
based on both density matching and diffusion time
through the gradient. After separation, the tube is
divided into fractions, which are probed for the pre-
sence of virus-like particles using fluorescence inten-
sity. Figure 5 shows data for a sample made with 0.0 M
NaCl, which we expect to contain mostly rods and a
few spheres. Fractions 6�8 and 20 showed MPS-PPV
luminescence of reasonable intensity. The spectra
were not all the same, however. The upper three bands
of the gradient showed a much more intense peak at
590 nm than at 510 nm, suggesting that the rod-like
structure travels more slowly in the gradient as com-
pared to the spherical structure because of the larger
hydrodynamic radius (Strokes radius) and moment of
inertia. On the other hand, the bottom fraction (20)
contains a peak at 510 nm without a peak at 590 nm.

Figure 4. Comparison of fluorescence anisotropy for pure
MPS-PPV and for MPS-PPV/CCMV virus-like particles. The
low anisotropy value observed for the neat polymer solu-
tion over the range of wavelengths shown here indicates a
coiled polymer structure that loses polarization memory
through energy transfer. By contrast, the virus-like particles
show two distinct anisotropy values and a transition be-
tween them. The low anisotropy value around 510 nm
suggests that this luminescence arises from polymer in a
coiled configuration (spherical structures) similar to the
pure MPS-PPV in solution. The high anisotropy value
around 590 nm indicates that this luminescence arises from
polymer in a stretched conformation (rod-like structures)
because it can retain its excited-state polarization memory.
Comparisonofmultiple runs onnominally identical samples
gives an error of ∼18% for all anisotropy values.

Figure 5. Luminescence from MPS-PPV/CCMV virus-like
particles separated by centrifugation through a continuous
linear sucrose gradient; all fractions (F) showing significant
MPS-PPV luminescence are shown. Fractions 6 and 7 show a
dominance of the 590 nm peak, while in fraction 20, the
510 nm peak is more obvious. This suggests that the sphe-
rical structures move much faster through the gradient as
compared to the rod-like structures because the spherical
structures are located at lower fractions in the gradient.More
importantly, the data show that the different structures
shown in Figure 2 can be physically separated, creating
populations with more homogeneous optical properties.
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The ability to physically separate our samples helps
confirm the idea of two unique structures that can be
tuned using ionic strength.
A final experiment also shows that the virus-like

particles show luminescence that is more stable under
ambient conditions than that observed in the unenca-
pulated polymer. Figure 6 compares the normalized
fluorescence at 590 nm for polymer encapsulated at
1.0 M NaCl and unencapsulated polymer over a 12-day
period. The data are normalized to the intensity at
590 nmon the first day to compare the relative intensity
during each day for the two samples. The unencapsu-
lated polymer shows a gradual decrease in intensity,
while the encapsulated polymer retains its fluorescence
intensity until day 10, when the intensity drops signifi-
cantly. This data demonstrates that the virus-like parti-
cles, particularly those with an elongated structure,
which dominate the luminescence at 590 nm, are more
oxidatively stable than pure polymer. This is likely
because the kinks in the polymers that quench lumines-
cence also provide a site for oxidative damage. Thus
rod-like VLPs in specific impart both biological compat-
ibility and enhanced quantum yield and lifetime.

CONCLUSIONS

In this work, we explored the process of encapsulat-
ing a foreign substance into a protein cage using

MPS-PPV contained in CCMV capsids as a model
system. We have shown that we are able to create
two distinct, optically active structures by coassem-
bling MPS-PPV with purified CCMV capsid protein at
different ionic strengths. At high ionic strength, the
polymer tends to coil in solution, and so it templates
the formation of spherical virus-like particles with
dimensions that are very similar to the native structure.
At low ionic strength, however, this semirigid rod
polymer adopts a more extended conformation, and
so it drives the formation of rod-like structures. A
combination of TEM and fluorescence anisotropy con-
firms that the spheres contained coiled polymer while
the rod-like structure contains stretched polymer. Su-
crose gradient studies further show that two popula-
tions can be separated.
This work was enabled by the flexibility of both the

polymer and the capsid protein. MPS-PPV shows a
broad range of conformations in aqueous solutions,
depending on ionic strength. The CCMV capsid protein
is also unique in that it is able to conform to the shape
of its molecular cargo and is not limited to its native
spherical structure. The fact that MPS-PPV is an organic
semiconductor with optical properties that are highly
sensitive to polymer conformation further provides a
unique opportunity to probe both the overall geome-
try of these synthetic virus-like particles and the de-
tailed conformation of the cargo. While this work
focuses only on MPS-PPV, the key conclusions should
be general to the broad range of polycharged species
that can be used to nucleate capside formation.
In considering the impact of this work, it is interest-

ing to consider how this study complements what is
currently known about viral packaging of non-native
materials. It is now well established that CCMV and
other related viral proteins can package non-native
material, including species with both globular and
elongated structures. What this work adds is an
understanding that when a fluctuating population is
packaged, the final structures formed appear to con-
tain a static snapshot of the dynamically inhomoge-
neous population. That in turn indicates that a range
potentially interesting nonequilibrium structures may
be formed as synthetic/viral conjugates, and even if
those structures are not the dominant conformation,
they may be separable from the larger population. As
such, this work opens the door to creating more
diverse virus-based materials by taking advantage of
the inhomogeneity always present in self-assembling
systems.

METHODS

Inoculum, Infection, and Leaf Harvest. Modifying Jean-Philippe's
procedure,51 the infected cowpea plants (cowpea California
black eye no. 5) were infected with CCMV by blending 15 g of

previously infected cowpea leaves in homogenization buffer

(0.2M sodium acetate at pH 4.8 and 0.01Mdisodium EDTA)with

3% (w/v) carborundum powder, which helps break through the

plant cell walls when the inoculum is applied. This mixture was

Figure 6. Comparison of normalized fluorescence intensity
at 590 nm for the encapsulated MPS-PPV (9) assembled at
1.0 M NaCl and unencapsulated MPS-PPV (b) over a 12-day
period. The encapsulated MPS-PPV retains its fluorescence
intensity with little change until day 10. However, the
unencapsulated MPS-PPV shows a gradual decrease in
fluorescence intensity over a 10-day period. The compar-
ison indicates that encapsulated MPS-PPV is more stable
toward oxidation than unencapsulated MPS-PPV.
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rubbed on the cowpea plant's primary leaves. After a few days,
symptoms of infection including a dark red ring around the
stem and brownish yellow spots on the leaves appeared. The
leaves were harvested and stored at �80 �C.

Virus Purification. The virus purification was performed at 4 �C
using ultrafiltration,51 which was modified from Bancroft's early
work.23 Approximately 100 g of frozen infected leaves was
homogenized in an equal volume of homogenization buffer.
The homogenate was pressed through two layers of cheese-
cloth placed diagonally on top of each other to remove the leaf
tissue. The filtered homogenate was centrifuged for 15 min at
10 000 rpm using the RC-5 Superspeed Refrigerated Centrifuge,
and the supernatant was collected, discarding the pellet. Then,
10% (w/v) PEG-8000 (polyethylene glycol) was added and stirred
overnight. The solutionwas centrifuged for 10min at 10 000 rpm,
and the pellet was resuspended in virus buffer (0.1 M sodium
acetate at pH 4.8). Following centrifugation for 10 min at
10000 rpm to remove the impurities, 15% (w/v) PEG-8000 was
added to the supernatant and left to stir overnight. The solution
was centrifuged for 10 min at 10 000 rpm. The pellet was
resuspended in the virus buffer and was centrifuged again for
10 min at 10000 rpm to collect the supernatant. The purified
viruses were concentrated in a Biomax-100,000 centricon and
stored at �80 �C until use. UV�vis spectroscopy was used to
determine the purity of the viruses by dividing the absorbance at
260 nm by the absorbance at 280 nm; an Abs260/Abs280 ratio of
1.5 to 1.7 is normal for CCMV.51 The concentration (mg/mL) of the
viruseswas calculatedbyusing the conversionOD260 = 1 in a 1 cm
cuvette path length corresponds to 0.17 mg/mL protein.51 An
average yield of 20mg of CCMV per 100 g of leaves was obtained.

Capsid Protein Purification. The CCMV capsid protein purifica-
tion was developed by Choi and Rao.52 Purified viruses were
dialyzed overnight in disassembly buffer containing 500 mM
calcium chloride, 50 mM Tris-HCl at pH 7.5, 1 mM EDTA, 1 mM
DTT, and 0.5 mM PMSF. The dialysate was centrifuged at
14 000 rpm for 30 min, and the precipitated RNA was discarded.
The supernatant was dialyzed in RNA assembly buffer (50 mM
sodium chloride, 50 mM Tris-HCl at pH 7.2, 10 mM potassium
chloride, 5mMmagnesium chloride, and 1mMDTT). This buffer
gave the optimal conditions to allow any residual RNA in the
supernatant to assemble into viruses again. Following dialysis,
the sample was centrifuged for 100min at 100 000 rpm to pellet
any reassembled viruses. The supernatant contained pure
capsid proteins. UV�vis absoprtion was used to determine
the concentration of the proteins.

Encapsulation of MPS-PPV. The freshly prepared purified capsid
proteins were dialyzed overnight in storage buffer (20 mM Tris-
HCl pH 7.2, 1 mM EDTA, 1mMDTT, and 1mMPMSF) under three
different sodium chloride concentrations of 0.0, 0.1, and 1.0 M.
The salt concentrations and pH can change how the capsid
proteins form its structure.23,24 Finally, MPS-PPV with an esti-
matedmolecularweight between 50and100 kDawas addedat a
ratio of 180 capsid proteins to one polymer and dialyzed in RNA
assembly buffer overnight in the dark. The total volume for each
sample was adjusted to 0.7 mL by addition of storage buffer, and
the final polymer concentration was 100 nM in all samples.

TEM Preparation. Copper grids (Ted Pella, Redding, CA) of 400
meshes were coated with Parlodion and carbon. A drop of the
sample (10 μL) was placed onto the copper grid and incubated
for 1 min. The excess solution was then removed by lightly
blotting the grid on a Whatman 4 filter paper, following which
the sample was negatively stained with 1% uranyl acetate and
air-dried. The TEM samples were imaged with a JEM1200-EX
electron microscope at an accelerating voltage of 80 kV.

Fluorescence Spectroscopy and Anisotropy. Fluorescence spectra
of MPS-PPV-containing samples were collected using a JY-
Horiba Fluorolog-3. A 0.15 mL aliquot of each encapsulated
MPS-PPV sample was excited at 450 nm and scanned from 470
to 700 nm with an integration time of 15 s. The spectra were
obtained by dividing the emission intensity by the lamp
intensity and then were corrected by subtracting the fluores-
cence spectrum of the pure buffer under the same conditions.
Fluorescence anisotropy was collected on the same fluorimeter
with the addition of excitation and emission polarizers at either
a vertical or a horizontal orientation. To calculate anisotropy, we

first corrected the emission at each wavelength by dividing it
with the light intensity of the fluorimeter. Then, the corrected
intensity of the four orientations with eq 1 was used to solve for
the anisotropy at each wavelength.

Continuous Linear Sucrose Gradient Centrifugation. The sucrose
gradient was prepared by freezing a 25% (w/v) sucrose solution
for one hour in a �80 �C freezer, then letting it thaw overnight.
One milliliter of the sample was slowly loaded on top of the
gradient and centrifuged for 30 min at 40000 rpm using a SW-41
rotor. After centrifugation, the sucrose gradient was fractionated
into 20 tubes; fluorescence fromeach fractionwas thenmeasured.
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