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A practical process to synthesize bio-colloidal composites was developed on the basis of the noncovalent
interactions of icosahedral plant virus turnip yellow mosaic virus (TYMV) and poly(4-vinylpyridine)
(P4VP). TYMV particles fully covered the surface of a PAVP ball with a hexagon-like packing. The
raspberry-like morphology of TYMV-P4VP colloids and the packing pattern of TYMV were revealed
by transmission electron microscopy (TEM), field-emission scanning electron microscopy (FESEM),
dynamic light scattering (DLS), and synchrotron small-angle X-ray scattering (SAXS). The size of TYMV-
P4VP colloids was controlled readily by varying the mass ratio of virus and polymer. A simplified model
was established to explain the experimental data.

Introduction

Highly ordered structures assembled from monodispersed
colloidal spheres, including organic and inorganic materials,
have attracted a great deal of attention because of their potential
applications such as opto-electronic devices,' sensors,> and
preparing porous® and photonic materials. Among various
ordered structures, well-patterned one-dimensional (1D) and
two-dimensional (2D) arrays have been extensively studied.>
In addition to assemblies on solid substrates, closed-packed
spherical colloids at the liquid—liquid interface, or the interface
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of oil emulsions in aqueous solutions, have been reported as
well.””® Bionanoparticles (BNPs), which include viruses and
virus-like biogenic assemblies, are promising building blocks
for material developments because of their monodisperse size
and shape and their ability to be functionalized in a robust, well-
defined manner.'"~"> Previously, through the Pickering emulsion
method, icosahedral plant virus could be assembled as a mono-
layer at the water—perfluorodecalin interface.'® To improve the
mechanical properties of these composite structures, researchers
used polymer phases instead of oil phases.!” In this paper, we
will report the fabrication of closed-packed, nanosized soft
colloids through a well-controlled assembly of icosahedral virus
and polymer.

Turnip yellow mosaic virus (TYMV) was used as the
prototypical particle in this study. It is a spherical particle
measuring ~28 nm in diameter and can be isolated from
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infected plants in gram quantities by a convenient procedure.'®
Compared with other plant viruses, TYMV has unique advan-
tages to be used in chemistry, biomedical applications, and
material developments. First, empty TYMYV capsids, which can
be isolated naturally or generated artificially,’” are good
templates to introduce useful materials such as quantum dots
or drugs. Second, TYMYV particles are more stable at various
conditions such as a wide temperature range from 4 °C to room
temperature for months, a wide pH range from 4 to 10, and a
variety of organic solvents. Meanwhile, TYMYV has shown to
be a robust platform for its conjugation with different molecules
and has been used as a scaffold for the sensor development
with a time-resolved fluoroimmuno assay.'?*? Recently, TYMV
has been used as an exemplary bionanoparticle to modulate the
osteogenesis of the bone marrow stromal cells.”! Here we
reported a practical process to synthesize biocolloidal compos-
ites based on the noncovalent interactions of TYMV and poly(4-
vinylpyridine) (P4VP).

Experimental Section

Materials. P4VP and dimethylformamide (DMF) were purchased
from Sigma-Aldrich and used as received. Water (18.2 MQ) was
obtained from a Milli-Q system (Millipore). TYMV was isolated
from the infected Chinese cabbage as reported.”

Typical Procedure to Synthesize TYMV-P4VP. A solution of
P4VP (M,, 60 000 Da) in DMF (2.0 mg mL™', 0.5 mL) was slowly
added to a TYMYV solution with different amounts of 0.1, 0.2, and 0.3
mg in pure water while stirring. The final concentration of P4VP was
0.006 mg mL "', and the volume percentage of DMF was ~3%. Then
the samples were dialyzed against water (2 x 1 L) with My 3500
cutoff dialysis tubing (Pierce) to remove the DMF at room temperature
for 48 h.
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Figure 1. Schematic illustration of the formation of TYMV-P4VP raspberry-
like colloids.

Analysis. Transmission electron microscopy (TEM) analysis was
carried out by depositing 20 uL aliquots of each sample onto 100-
mesh carbon coated copper grids for 2 min. The grids were then
stained with 20 uL of uranyl acetate and imaged with a Hitachi
H-8000 electron microscope. For field-emission scanning electron
microscopy (FESEM) analysis, the samples were dried overnight
and coated with Pt and then observed by a Hitachi S4800 electron
microscope. The dynamic light scattering (DLS) analysis was
performed by a submicrometer particle sizer AutodillutePAT model
370. The synchrotron small-angle X-ray scattering (SAXS) was
performed at Sector 12, Advanced Photon Source in Argonne
National Laboratory; a 12 keV X-ray beam and a flow cell equipped
with 2 mm thick quartz capillary were used.

Results and Discussion

Figure 1 shows a general pathway to generate the hybridized
composite colloids (TYMV-P4VP) by mixing TYMV with
P4VP at neutral pH. P4VP was selected because of its well-
established assembly properties with nanoparticles (or other
polymers) presumably through hydrogen bonding.?>?3 In the
first experiment, a solution of P4VP (M,, 60 000 Da, 1 mg in
0.5 mL DMF) was slowly added to a solution of TYMV (0.2
mg in 16.5 mL pure water) with vigorous stirring. The final
product was dialyzed against pure water. The final product was
characterized using TEM, FESEM and DLS (Figure 2). Stable
particles could be observed using TEM after the product was
negatively stained with uranyl acetate (images a and b in Figure
2). As shown by FESEM image (Figure 2d), the final product
consists of spherical colloids and TYMV particles cover the
entire exterior surface of P4VP balls homogeneously. The
TYMV appears to be closed-packed on the colloidal ball with
a raspberry-like morphology. The hydrodynamic diameter of
the TYMV-P4VP colloidal assemblies is in the range of 365
4 160 nm as measured by DLS (Figure 2c). When P4VP was
added into pure water without TYMV, P4VP was mostly
precipitated after the removal of DMF due to the low solubility
in water. Clearly, TYMYV served as a surfactant-like agent that
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Figure 2. (a, b) TEM, (c) DLS, and (d) FESEM analysis of TYMV-P4VP. The mass ratio of TYMV and P4VP was 0.2. All scale bars are 100 nm.
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Figure 3. (a—c) TEM images and (d) DLS analysis of TYMV-P4VP with different Mryyy/Mpgyp ratios: (a) 0.3, (b) 0.2, and (c) 0.1.

stabilized hydrophobic P4VP colloids. The size difference of from dry samples, whereas DLS was applied to the solution of
TYMV-P4VP composites observed from DLS and EM tech- final composites.

niques was more likely attributed to different states of the TEM images and DLS results of TYMV-P4VP colloids
investigated samples. FESEM and TEM images were taken prepared with varying the mass ratios of TYMV and P4VP
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Figure 4. (a) SAXS data of wt-TYMV and TYMV-P4VP b and c. (b) Structural factor S(Q) of TYMV-P4VP b and c.

Figure 5. (a—c) Representative FESEM images of TYMV-P4VP of samples a, b, and ¢ (the arrows point to the packing defect). All scale bars are 100 nm.
(d) Cross-sectional view of schematic model of TYMV-P4VP composite, where R and r are the radii of P4VP ball and TYMV, respectively. (e) A schematic

model of hexagonally packed TYMYV particles on the surface of the P4VP ball.

(Mrymv/Mpyyp) are presented in Figure 3. The average
hydrodynamic diameters of three samples designated as a,
b, and ¢, of which Myyymy/Mpayp ratios were 0.3, 0.2, and
0.1, respectively, were 275, 365, and 548 nm. Consistent to
the DLS result, TEM (Figure 3(a-c)) and FESEM (Figure
5) also suggested that the sizes of TYMV-P4VP colloids
increased as the mass ratios of TYMV to P4VP decreased.
Interestingly, colloids were fully covered with TYMV
particles in all three samples as shown by FESEM (Figure
5). This explains why the sizes of colloids were bigger as
larger ratio of PAVP was added into a TYMV solution (see
later the mathematical model).

To understand the interactions between TYMYV and P4VP,
we performed synchrotron SAXS to analyze the TYMV-
P4VP colloids. SAXS has been successfully used to visualize
polymers tethered on tobacco mosaic virus in our previous
work.* When TYMV particles are closed-packed, the
diffraction peak associated with the packing structure of
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Russell, T. P.; Yang, L.; Wang, Q. Chem. Commun. 2006, 3019. (b)
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TYMV will appear on SAXS curves, and the peak will be
sharper as the packing structure possesses a longer range
ordering. When TYMYV particles are closed-packed to form
a hexagonal structure on a flat surface, they will generate
an interparticle distance peak at Q = Q* = 47/+/3D, which
is around 0.02 A" in this case. Q* denotes the peak position
of the first order diffraction peak, and D is the nearest
neighbor distance, which equals to the diameter of TYMV
for a perfect close packing. In our study, the peak was not
observed on SAXS curves of wtTYMYV in aqueous solutions
(Figure 4a), indicating that TYMV did not form aggregates
without P4VP. However the peak was more distinctive or
sharper on sample ¢ (Figure 4a). For clarity, structure factors
S(Q) of TYMV-P4VP samples b (red square) and ¢ (green
circle) were calculated from the SAXS data in Figure 4a
and plotted in Figure 4b. Note that broad peaklike feature at
0 ~ 0.04, 0.065, 0.09 A~1 and other higher Q are not
diffraction peaks but are caused by dampening of the form
factor oscillation of TYMYV due to a loss of the scattering
contrast (density difference between P4VP and TYMYV is
smaller than that between water and TYMV).
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First-order diffraction peaks observed were denoted with solid
arrows in Figure 4b. It was not difficult to see different Q*
positions for TYMV-P4VP b and ¢, where O* of TYMV-P4VP
¢ appeared a higher Q. When nearest neighbor distance D was
calculated using Bragg relation D = 27/Q* assuming random
arrangement of TYMV on P4VP ball without any symmetry,
D would then be 31 and 26 nm for samples b and c,
respectively. The value for sample ¢, however, was not
acceptable because the diameter of TYMYV obtained by fitting
the form factor in Figure 4a turned out to be 30 nm, suggesting
that D must be equal to or larger than 30 nm. This result
indicated that the packing structure of TYMV had a higher
symmetry rather than a random arrangement. The higher
symmetric packing was most likely a hexagonal arrangement
as was observed from FESEM images in Figure 5. With
assuming hexagonal symmetry, D values for sample b and ¢
were calculated as 36 and 30 nm, respectively. Solid and broken
arrows in Figure 4b depicted positions of the first and second
order diffraction peaks in case of 2D hexagonal packing, which
located at Q/Q* = 1 and /3, respectively. Although S(Q) of
sample b does not present the second-order diffraction peak,
sample ¢ does. On the basis of this symmetry information, D
values for samples b and ¢ could be concluded as 31 and 30
nm, respectively. Thus, it was clear that TYMVs on both
samples were closed-packed and degree of packing was better
for sample c.

A perfect hexagonally closed-packed complex will yield a
planar structure instead of a spherical shell of a 3D ball.
Therefore, to obtain a quasi-spherical coverage, defects are
necessary. There should be more defects as the curvature of
the ball is smaller. Distribution of defect points probably
prevents a long-range ordering of TYMV and causes diffraction
peaks get broader. In fact, defects in TYMV arrangement on
P4VP, i.e., not-perfect hexagonal patterns, were easily observed
on FESEM images (see hexagonal lattices in Figure 5Sa—c and
e) especially predominantly at smaller size of TYMV-P4VP
colloids, which was also consistent with our SAXS results:
sample ¢ having the largest curvature among our samples
presented hexagonal arrangement, whereas sample b did not.

Sizes of TYMV-P4VP balls with different mass ratios of
TYMV and P4VP can be roughly estimated with a simple
model. Our model is a simplified geometric one similar to
the simulation of core—shell structure in literatures.® Fol-
lowings are assumed for simplicity: (a) P4VP ball is fully
covered with TYMYV; (b) there is no free TYMV particle in
solution; (c) both TYMV and TYMV-P4VP are monodis-
perse; (d) TYMVs are hexagonally packed on the surface.

The expressions for the number of TYMV (Ns) are
obtained from both mass (eq 1) and coverage (eq 2)

msNA

N, = ey

w

_Aymy  4gR?3lAm,  32m,
APV 2v3,2 erR3 rsz

@

where n is the number of TYMVs on a P4VP ball; N, and N,
are the numbers of TYMVs and P4VP balls, respectively; m
and my, are their total weights, respectively; r and R are the
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radii of TYMYV and P4VP ball, respectively; p is the density of
P4VP ball; A; is the area of the surface covered by TYMV
particles; Ay is the surface area that PAVP ball can provide; Na
is Avogadro’s number; M,, is the molecular weight of TYMV;
V is the volume of P4VP ball. From eq 1 and 2

V32mM,,
i r— 3)

rzpmsN N

According to eq 3, R is proportional to the ratio of my/m, as is
observed in our experiment. Taking into account p = 0.984
g/mL = 0984 x 1072! g/mm?, r = 15 nm, M,, = 5.5 x 10°
g/mol, and Ny = 6.022 x 10%/mol, R values were ap-
proximately 119, 179, and 357 nm for the ratio my/my, of 0.3,
0.2, and 0.1, respectively. The final TYMV-P4VP diameters
(d = 2R + 4r) were then 298, 418, and 774 nm for sample a,
b, and ¢, respectively. Considering the large polydispersity of
the colloids, the estimated values agree very well with the
experimental data 275 + 32, 365 £ 160, and 548 £+ 184 nm
for samples a, b, and c.

It should be noticed that the assembly process could be
performed either in pure water or in buffer solutions. The
final TYMV-P4VP colloids were very stable, which could
maintain the original morphology for weeks at room tem-
perature. Additionally, the assembly processes are reversible
and can be controlled by varying the solution pH values. At
pH 5 to 8, the pyridine groups of P4AVP maintain unproto-
nated form, and P4VP is fairly hydrophobic; therefore, the
TYMV-P4VP colloids could be readily produced. However,
at lower pH (3—4), the core—shell structures would dissociate
and TYMV could be recovered.

Conclusions

In summary, a facile strategy to fabricate bio-colloidal
composites has been developed thorough the self-assembly
of TYMV and P4VP. The final assembly forms raspberry-
like morphology. The closed-packed hexagonal arrangement
of TYMV particles on PAVP colloids was proved by FESEM
and SAXS analysis. During the assembly process, virus
behaves as a surfactant-like agent to stabilize the P4VP ball.
The size of the colloids can be readily tailored by varying
the mass ratios of TYMV and P4VP. Larger colloidal
particles can be obtained when smaller mass ratio of virus
to polymer is used. Such colloids may find applications as
carriers for drug release systems if other targeting proteins
(like monoclonal antibodies) are used in place of TYMYV,
which is undergoing in our laboratory. Furthermore, this
method may open a new way to assemble other spherical
particles on the surface of polymeric colloids.
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