LETTERS

PUBLISHED ONLINE: 16 DECEMBER 2012 | DOI: 10.1038/NNANO.2012.220

nature
nanotechnology

Electrostatic assembly of binary nanoparticle
superlattices using protein cages

Mauri A. Kostiainen', Panu Hiekkataipale', Ari Laiho?, Vincent Lemieux3, Jani Seitsonen’,

Janne Ruokolainen' and Pierpaolo Ceci*

Binary nanoparticle superlattices are periodic nanostructures
with lattice constants much shorter than the wavelength of
light'? and could be used to prepare multifunctional meta-
materials3*. Such superlattices are typically made from syn-
thetic nanoparticles®®, and although biohybrid structures
have been developed®'5, incorporating biological building
blocks into binary nanoparticle superlattices remains challen-
ging-18, Protein-based nanocages provide a complex yet
monodisperse and geometrically well-defined hollow cage
that can be used to encapsulate different materials'®2°, Such
protein cages have been used to program the self-assembly
of encapsulated materials to form free-standing crystals?22
and superlattices at interfaces?"?? or in solution?*25, Here, we
show that electrostatically patchy protein cages—cowpea
chlorotic mottle virus and ferritin cages—can be used to
direct the self-assembly of three-dimensional binary superlat-
tices. The negatively charged cages can encapsulate RNA or
superparamagnetic iron oxide nanoparticles, and the superlat-
tices are formed through tunable electrostatic interactions with
positively charged gold nanoparticles. Gold nanoparticles and
viruses form an AB. crystal structure that is not isostructural
with any known atomic or molecular crystal structure and has
previously been observed only with large colloidal polymer par-
ticles?5. Gold nanoparticles and empty or nanoparticle-loaded
ferritin cages form an interpenetrating simple cubic AB struc-
ture (isostructural with CsCl). We also show that these
magnetic assemblies provide contrast enhancement in
magnetic resonance imaging.

Native cowpea chlorotic mottle virus (CCMV) is a small icosahe-
dral virus (diameter D= 28 nm) consisting of 180 identical coat
protein subunits that form a Caspar-Klug triangulation number
T = 3 capsid around three (+)ssRNA strands (Fig. 1a,d). The ferri-
tin (FT) used in this work is a recombinant protein cage from
hyperthermophile Pyrococcus furiosus and has a hollow cavity
(apoFT) for hosting superparamagnetic Fe;O,—y-Fe,O; iron oxide
(MF)?. The FT cage comprises an assembly of 24 protein subunits
that form a hollow globular shell (Dg ~ 12 nm) with 432-pointgroup
symmetry (Fig. 1b,d). Both CCMV and FT cages carry a negative
net charge on their outer surfaces at neutral pH (isoelectric point,
pI~3.8 and 4.5, respectively). The negative charge density on
CCMYV and FT is not homogeneously distributed, but is located
in patches on the cage surface. The presence of directional ‘sticky
patches’ can direct nanostructure formation, which is controlled
by interactions between the patches?®-!. 1-Pentanethiol-stabilized
gold nanoparticles (AuNPs) were prepared according to the
biphasic Brust method (Supplementary Section S1). Subsequent

ligand exchange yielded final AuNPs carrying multiple quaternary
amine groups, which remain cationic over a wide pH range
(Fig. 1c,d). Based on transmission electron microscopy (TEM) and
dynamic light scattering (DLS) experiments, the metallic cores of
the AuNPs were found to have an average diameter of 2.6 nm,
whereas the average diameter of the ligand-stabilized AuNPs was
~8.5 nm. All the building blocks were radially symmetric and the
size ratios of the AuNPs and protein cages (Y= Dy np/Djc) Were
~0.30 and ~0.71 for CCMV and FT, respectively.

The self-assembly of three-dimensional binary nanoparticle
superlattices requires careful tailoring of the particle-particle inter-
actions to a regime that is on the order of kzT (kz = Boltzmann
constant, T'= absolute temperature). Strong attraction between the
particles leads to gel-like aggregates without periodic order. On
the other hand, weak interparticle interactions fail to produce any
assemblies™*2. The length over which the electrostatic interactions
between the particles are effective in solution is given by the

Debye screening length
= &o8:ky T
e3¢zt

where g, is vacuum permittivity, ¢, is the dielectric constant of the
solvent (here H,0), e is the elementary charge, and ¢, and z; are the
number densities and valencies of the electrolyte ions (here NaCl,
KCl or MgCl,). Because the ionic strength of the solvent media
strongly affects the extent of Coulombic interactions, k™' was
tuned by controlling the concentration of the electrolyte. On the
other hand, the magnitude and sign of the charge of the protein
cage could be controlled by adjusting the pH. By controlling the
electrolyte concentration and pH we were therefore able to adjust
the attraction between CCMV and AuNPs to a regime where super-
lattice formation was possible.

Small angle X-ray scattering (SAXS) measurements were carried
out on aqueous samples containing different AuNP/CCMYV ratios,
NaCl concentrations and pH values. Figure 2a shows how the
sample crystallinity depends on ' and pH, as measured by
SAXS. Three distinct regions can be defined: amorphous gel-like
(region 1), crystalline (region 2) and free particles (region 3). At con-
stant pH 5 (Fig. 2a, top), superlattices are obtained with various
AuNP/CCMYV ratios, but only when k' & 1.2-0.8 nm (region 2).
When pH < pI, CCMV gains a positive net surface charge, and elec-
trostatic superlattice formation with cationic AuNPs at a mass ratio of
0.75 is not possible (Fig. 2a, bottom). For pH > pI, CCMV particles
are negatively charged and superlattices can be observed. The
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Figure 1 | Materials used for the assembly of binary protein cage-nanoparticle superlattices. a, Native CCMV with RNA genome inside. b, Apoferritin and
magnetoferritin (recombinant ferritin cage from Pyrococcus furiosus encapsulating Fe;0,-y-Fe,03). ¢, Gold nanoparticle stabilized with an amphiphilic ligand
featuring a cationic quaternary amine end-group. d, Size of the building blocks drawn to scale.
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Figure 2 | Self-assembly of three-dimensional binary CCMV-AuNP superlattices. a, Superlattice formation at different Debye screening lengths k™~
(adjusted by NaCl concentration), AuNP/CCMV mass ratios (top) and pH values (bottom) studied by SAXS. At low NaCl concentration only amorphous gel-
like aggregates are observed (region 1). At a given pH the superlattice formation is efficient only in a narrow NaCl concentration window (region 2), which is
shifted to smaller k' when pH is increased. Superlattice formation is possible only when pH > pl of CCMV. High NaCl concentration screens the
electrostatic interaction, yielding only individual free particles (region 3). b, Two- (insets) and one-dimensional SAXS patterns for samples (1) and (3) show
scattering from amorphous aggregates and free particles, respectively. Cryo-TEM images of the respective samples are shown below. ¢, Two-dimensional
(inset) and integrated one-dimensional SAXS data for crystalline protein cage-nanoparticle superlattices (sample 2) indexed with ABsfcc-type lattice (top).
The experimental scattering pattern (black trace) matches well with the respective theoretical scattering pattern (red and green traces). Crystalline
superlattices are also observed with cryo-TEM. The particles arrange into an ABSfCC-type lattice (bottom), where CCMV adopts an fcc structure and the voids
between the CCMVs are filled with eight AuNPs. A model unit cell is shown in the inset (CCMYV, blue spheres; AuNP, yellow spheres; the radii of the

particles have been reduced by 50% for clarity).

magnitude of the negative charge on the CCMV and the electrostatic ~ patterns (Fig. 2b, top). Cryogenic transmission electron microscopy
interaction with the AuNPs increases with increasing pH, so shorter ~ (cryo-TEM) images of these samples also show amorphous gel-like
screening lengths are needed to suppress the aggregation and bring and free particles respectively, both in good agreement with the
the system to a weakly attracting regime. This is observed as a shift SAXS data (Fig. 2b, bottom). The fact that the particles can be
in the k' window for superlattice region 2 to shorter screening fully dissolved at high salt concentrations indicates that the van
lengths (Fig. 2a, bottom). der Waals interactions between the particles are weak.
Two-dimensional SAXS data and integrated one-dimensional In the samples containing crystalline assemblies (region 2), the
curves selected from regions 1 and 3 do not show distinct scattering  two-dimensional scattering pattern shows the most prominent
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Figure 3 | TEM characterization of the ABg““-type (CCMV-AuNP,)" superlattice. a, Three-dimensional electron density maps obtained by cryo-ET.

Left: (CC!\/\V—AuNPg)fCC superlattice viewed along the [110] zone axis. Unit cell is outlined in cyan. Right: position of the AuNPs mapped with the help of the
electron density map. b, The respective electron density maps as shown in a mapped with the CCMV (blue) and gold (yellow) nanoparticles. ¢, Left: crude
electrostatic potential of the CCMV capsid viewed along the two-fold symmetry axis shows 60 negative patches located around the pore at the quasi-
three-fold axis. Right: magnified view of one of the negative patches. Values range from O (blue) to —9kgT/e (red). d-f, Cryo-TEM images of vitrified
aqueous solution containing superlattices viewed along [100] (d), [110] (e) and [111] (f) projection axes show a high degree of ordering. Each panel contains
a cryo-TEM image (scale bar, 50 nm), image Fourier transform (inset), inverse Fourier transform calculated with selected Fourier components (top right) and
a unit cell viewed along the given projection axes (bottom right). The size of the particles has been reduced for clarity. g-i, Binding of 24 AuNPs on the
negative patches viewed from the same directions as the TEM images above. Schematic frame (left) and surface presentation (middle) correspond to the

experimental particle positions obtained by cryo-TEM tomography (right).

SAXS reflection from the (hkl) = (331) plane at a magnitude of the
scattering vector ¢**" =0.6777 nm ™!, giving ¢* =0.1555 nm ™.
Multiple less intense reflections, for example at 0.3073, 0.5148,
0.6278 and 0.8011 nm ™" are also observed, which correspond to
Bragg reflections from the (111)+ (200), (311), (400) and (511)
planes, respectively (Fig. 2¢, top). The peak position ratios are
q"/q* ~ f3:/4:4/11:4:\/19:,/27, corresponding to a face-centred
cubic (fcc) structure with Fm3m space group and a lattice parameter
a=2m/q* of 40.4 nm. The calculated (a/./2) centre-to-centre dis-
tance between the (111) plane CCMVs is 28.6 nm, which corre-
sponds closely to the diameter of the virus particle. The relative
heights and peak positions of the calculated theoretical SAXS
curves are consistent with the experimental data. The superlattices
are also clearly visible by cryo-TEM (Fig. 2¢, bottom).

To confirm the SAXS measurements, cryogenic electron tom-
ography (cryo-ET) was used to create electron density maps of
the binary superlattices, and cryo-TEM was used to visualize the
superlattices from different directions. The electron density map
in Fig. 3a shows the position of electron-dense AuNPs along the
[110] zone axis, indicating ordering in three dimensions. By
mapping the voids between AuNPs with CCMV particles we
obtained the same structure as observed by SAXS (Fig. 3b). The
cryo-TEM images presented in Fig. 3d-f show the expected super-
lattice projections viewed along the [100], [110] and [111] zone
axes, respectively. The lattice constant a determined from these
images is 41.1 nm, in good agreement with the SAXS results.

Interestingly, in this assembly CCMV adopts an fcc structure
where each octahedral void between the CCMVs is filled with a
simple cubic (sc) arrangement of eight AuNPs (unit cell depicted
in Fig. 2c inset). This superlattice is therefore comparable with a

NaCl lattice, where the Na or Cl atoms are replaced by eight
AuNPs in an sc arrangement. In total, the unit cell contains four
CCMYV particles and 32 AuNPs. We denote this structure as the
(CCMV-AuNP,)* superlattice, which is not isostructural with
any known atomic or molecular crystal structure and has not pre-
viously been observed with nanosized particles. Such structures
have been observed only in coexistence with the respective hexago-
nal close-packed (hcp) structure in organic solvents with much
larger colloidal polymer particles (D > 0.5 wm) and similar diam-
eter ratios (y=0.31)2%3. Such observations were also supported
by Monte Carlo simulations, suggesting that AB,““-type assemblies
are indeed to be expected with high charge ratios?. The formation
of (CCMV-AuNP,)* superlattices is striking, because previous
experimental and simulation works suggest that three-dimensional
crystals are difficult to achieve from oppositely charged nanoparti-
cles with different average sizes**. Here, the AuNPs and CCMYV in
particular have extremely low polydispersities, which helps to mini-
mize entropic limitations related to the assembly process, and
always results in the same (CCMV-AuNPy)* superlattice with
the studied AuNP/CCMV ratios, screening lengths and pH values.

The presence of negative surface patches can further guide super-
lattice formation. Large negatively charged patches, which can bind
multivalent cations, are located around the 60 pores present in the
centre of the three-fold quasi-icosahedral rotation axes (Fig. 3c).
The distance between adjacent negative patches is ~6 nm, which
indicates that two AuNPs with D =2 8 nm are unable to bind to adja-
cent patches due to steric hindrance and electrostatic repulsion
between the AuNPs. However, when AuNPs are mapped to the
negative patches so that one empty patch is placed between the
AuNPs, a total of 24 AuNPs can be placed in contact with one
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Figure 4 | Characterization of AB**-type (aFT-AuNP)** and (MF-AuNP)* superlattices. a,b, Top: one- and two-dimensional (insets) SAXS data for the
formation of binary nanoparticle superlattices at different k' (NaCl concentrations). Superlattice formation is efficient between 30 and 90 mM NaCl

(a, corresponding to k' =1.8—1nm) and at 90 mM NaCl (b, corresponding to k' =1 nm). Bottom: SAXS data for crystalline protein cage-nanoparticle
superlattices indexed with AB**-type lattice. apoFT and gold nanoparticles (a) each form a separate simple cubic lattice that creates an interpenetrating
structure with an apoFT particle at the centre of each AuNP cube ((aFT-AuNP)*“ superlattice). MF (b) creates a similar superlattice (MF-AuNP)* that is
isostructural with CsCl. A model unit cell is shown in the inset (AuNP, yellow sphere; apoFT, transparent light red spheres; MF, solid red spheres). ¢, Top:
three-dimensional electron density map obtained by cryo-ET of the (MF-AuNP)*“ superlattice mapped with MF and AuNPs and viewed along the [100]
zone axis. Bottom: cryo-TEM image of the superlattices viewed along the [110] projection axis (scale bar, 25 nm). The panel also contains an image Fourier
transform (top), inverse Fourier transform calculated with selected Fourier components (middle) and a unit cell viewed along the [110] projection

axis (bottom).

capsid. The frame (left image) and surface (middle image) presenta-
tions in Fig. 3g-i show schematically the binding location of AuNPs
viewed from different orientations. Comparison with experimental
cryo-TEM tomography data shows that the positions of AuNPs
that are in contact with the capsid match the model, indicating
that the patchiness of the capsid can direct the formation of the
AB.° superlattice (Supplementary Section $4).

The samples consisting of apoferritin (apoFT) and AuNPs were
also found to self-assemble into binary nanoparticle superlattices
(Fig. 4a). Similar to the CCMV assemblies, the formation of
apoFT superlattices was critically dependent on x~'. SAXS curves
in Fig. 4a (top) were measured at different x ' and show that super-
lattices are formed only when k' &2 1.8—1 nm. The one- and two-
dimensional SAXS patterns clearly show the characteristics of an sc
structure with q*=0.508 nm~ ' and relative peak positions of
q"/q* = 1:4/2:4/3:2:4/5 corresponding to (100), (110), (111), (200)
and (210) planes (Fig. 4a, bottom). Scattering is dominated by the
AuNPs, which have a much higher electron density compared to
the hollow cavity of apoFT. Here, the apoFT and AuNPs form
two interpenetrating simple cubic structures (denoted as the
(aFT-AuNP)* superlattice) with a Pm3m space group 221 and a
lattice parameter a of 12.4 nm, which also equals the centre-to-
centre distance between the apoFTs.

Superlattice structures almost identical to those formed with apoFT
could be prepared from magnetoferritin (MF) at Kk '~1nm (Fig. 4b,
top). The difference with the MF superlattices is a slightly longer lattice
parameter a (12.9 nm, corresponding to g* = 0.486 nm ™). Otherwise
the same (MF-AuNP)* particle configuration is observed (Fig. 4b,
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bottom). Here, scattering from the electron-dense iron oxide core of
MEF is also observed, corresponding to a structure that is isostructural
with CsCl. The structure obtained by SAXS was verified by three-
dimensional electron density maps from cryo-ET, which could be
mapped with MF and AuNPs to yield a CsCl-type structure (Fig. 4c,
top). Also, cryo-TEM images show the expected superlattice projec-
tions viewed along the [100], [110] and [111] zone axes (Fig. 4c,
bottom and Supplementary Section S3). The observation of similar
structures with apoFT and MF indicates that the protein cage is
capable of directing the formation of the nanoparticle superlattices.
In other words, different materials encapsulated into the FT cage
can be assembled into analogous superlattices using this approach.

Under the experimental conditions where the FT superlattices
form, the screening length is relatively short and the FT cage
carries a negative net charge. The surface-to-surface distance
between highly like-charged AuNPs is >4k ", allowing the prefer-
ential formation of a relatively close-packed CsCl-type structure
over NaCl and tetrahedral diamond lattices®. For FT and AuNPs,
the size ratio is ~0.71, which is close to the optimum ratio of 0.73
at which the highest packing density for a CsCl-type lattice can be
achieved. Furthermore, the locations of eight negative patches
around the pores along the three-fold symmetry axes are, approxi-
mately, in a cubic arrangement, which may promote the formation
of a CsCl lattice. As with CCMYV, the FT-based superlattices do not
form at pH values below the pI of FT or when the cage is covalently
cationized (Supplementary Section S2).

The (MF-AuNP)*® superlattices can withstand drying and are
therefore not limited to a solution environment. Free-standing
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superlattices can be prepared by magnetic separation and drying.
The free-standing superlattices have the same structure and similar
lattice constant as the hydrated assemblies. Finally, MF can function
as a positive T} and negative T, magnetic resonance imaging (MRI)
contrast agent. The MF superlattice structures are large and dense
enough to provide an increase in the relaxivity rate compared to
free MF particles (Supplementary Section S6).

In summary, we have shown that protein cages can guide the
assembly of different materials into complex hierarchical structures.
Three-dimensional binary superlattice structures were obtained by
means of an optimized electrostatic assembly process where the
interparticle interactions were controlled by tuning both the
Debye screening length and pH. Specifically, the structure of
the (CCMV-AuNP,)“ binary superlattice is unique in the sense
that it has no atomic or molecular counterparts and has not been
observed previously with nanoscale objects. AB**-type superlattices
obtained with a FT cage show that the crystal structure is defined by
the protein cage and not affected by the encapsulation of nanopar-
ticles. Magnetic (MF-AuNP)* superlattices obtained with iron
oxide-loaded ferritin can be utilized as MRI contrast agents or
free-standing superlattices. Protein cage-guided formation of nano-
particle superlattices provides a biocompatible platform that will
facilitate the development of delivery and sensing applications in
biological systems.
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