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ABSTRACT: Biomolecules can act as functional tem-
plates for the organization of inorganic particles. Here we
use two protein containers, engineered with opposite
surface charge, as building blocks for the construction of a
new type of biohybrid material. Binary structures with
crystalline order were obtained, adopting a tetragonal
lattice. Moreover, the cavity of the engineered protein
containers can be filled with inorganic nanoparticles. The
controlled assembly of these protein—nanoparticle com-
posites yields highly ordered binary nanoparticle super-
lattices as free-standing crystals, with up to a few hundred
micrometers in size. Because the structure and lattice
parameters of the protein—nanoparticle crystals are
independent of their nanoparticle cargo, the binary protein
material may serve as a generally applicable matrix for the
assembly of a variety of nanoparticles types.

S tructural and functional diversity of biomolecules, such as
proteins or DNA, can be combined with the unique
properties of nanoparticles, to realize new biohybrid materials
with tunable physical and chemical properties.' > Typically, most
work has focused on the assembly of oligonucleotide-function-
alized nanoparticles into crystalline superlattices.”® These highly
sophisticated approaches can organize various nanoparticle types
and produce binary and ternary systems with tailorable crystal
lattices and lattice parameters.é’7 In contrast, proteins have been
underexploited as molecular linkers and templates for nano-
particle assembly despite their interesting chemical properties and
inherent functionalities. Although there are reports on the
directed assembly of proteins,” " the formation of biohybrid
structures composed of proteins and nanoparticles still represents
a major challenge.'”~"* In general, despite important advances in
fabricating a variety of different crystal structures with the help of
biomolecules, the overall domain sizes remain rather small.
Inhomogeneity in size and morphology of the buildings blocks
hampers crystal growth and renders mesoscale or even larger
structures currently elusive. Therefore, alternative approaches are
required that assemble individual nanoscale building blocks into
crystalline materials with high long-range order.

Here we introduce an atomically precise ligand shell based on
protein containers that can overwrite any nanoparticle
inhomogeneity and drastically increase the crystal assembly size
in three dimensions. Moreover, by using a design approach with
two complementary building blocks, we generated binary
nanoparticle superlattices with two different types of nano-
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particles positioned precisely within the superlattice, important
for synergistic interactions within a multifunctional material.'**

Protein containers present a viable building block for the
construction of structured materials because they have an
atomically precise shape defined by their molecular composition.
A wide variety of naturally occurring protein containers are
available, and recently novel artificial containers have been
designed.””*” Protein containers offer an enormous plasticity.
The protein shell can be mutated or functionalized without
. . . . 2325 .
impeding container formation. Moreover, the container
cavity presents an attractive compartment for storage of

26 : 27
molecules,”” and as a reaction chamber.

After introduction of charged residues on the surface of protein
containers, we utilized electrostatic interactions between
complementarily charged protein containers for the assembly
into binary three-dimensional structures, in analogy to the
formation of inorganic salts from oppositely charged ions. The
container cavities can be filled with two types of nanoparticles
(Figure 1).

As building block, we selected human heavy chain ferritin, a
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protein essential for iron mineralization and storage.” The
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Figure 1. General scheme for the assembly of binary nanoparticle
superlattices based on charged protein containers. (A) The surface of a
native protein container is engineered to produce containers with a
positively charged (left) and negatively charged surface (right). (B)
Nanoparticle synthesis is carried out separately in each protein container
type. (C) Self-assembly of the protein container nanoparticle composites
yields highly ordered three-dimensional superlattices.
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container is composed of 24 subunits with octahedral symmetry
and has an outer diameter of ~12 nm. Ferritin has been
extensively used as reaction vessel for the size-restrained synthesis
of nanoparticles,” ' and for the encapsulation of small
molecules,”” dyes,* or presynthesized nanoparticles.”*

For the negatively charged building block, we re-engineered the
exterior surface of wild-type ferritin to yield the variant Ftn(™®),
analogous to the positively charged variant Ftn®*9.** By
introducing four additional glutamic acid residues per container
subunit (Figure S1), a large negative net charge on the outer
ferritin surface was established for strong electrostatic interaction
with its cationic counterpart Ftn(P®), The positively charged
building block Ftn®) carries nine cationic mutations per
container subunit, rendering the outer container surface strongly
positive (Figure 2A).
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Figure 2. (A) Electrostatic potential (red, —S kT /e; blue, +5 kT/e) of
Ftn®* and Ftn"*®), viewed alon% the 4-fold axis. (B) Optical micrograph
of crystals composed of Ftn** and Ftn®, scale bar 200 um. (C)
Molecular structure of binary crystals. One unit cell of the tetragonal
lattice is shown, protein backbone depicted in cartoon representation.
(D) Transformation from the binary cubic CsCl-type structure (left) to
the present tetragonal binary protein container structure (right), spheres
not drawn to scale, CN: coordination number.

No mutations were introduced near channels or monomer
interfaces to ensure that assembly and functionality of the protein
containers were not impaired. The variants Ftn®**) and Ftn("8)
could be readily produced in E. coli and were purified to yield
highly pure samples (Figure S2).

Ordered assembly of nanoscale building blocks requires
control over the assembly conditions, e.g., chemical composition,
temperature, interaction strength between building blocks and
development over time. We rationalized that the crystallization
setup used in protein crystallography should be applicable to the
assembly of complementarily charged protein containers, because
it enables control over the aforementioned parameters. To this
end, we first screened for suitable crystallization conditions using
commercially available protein crystallization screens in a robotic
setup with sitting-drop vapor diffusion. Two conditions
containing Mg>" salts were further optimized in a manual plate
setup with hanging-drop vapor diffusion to increase crystal size
and quality. Note that in addition to the two protein containers,
crystallization conditions contained a fixed amount of sodium
chloride from the protein buffer whereas crystal growth was fine-
tuned with varied amounts of magnesium salt. In this specific

vapor diffusion setup, the total salt concentration in the
crystallization drop and therefore the electrostatic screening
between the two protein variants gently decreases over time until
crystallization occurs. High-quality crystals with up to 200 ym
edge length could be readily obtained within 1 day (Figure 2B).

The structure of the binary crystals was determined by X-ray
crystallography to a resolution of 1.80 A, using synchrotron
radiation (Table S1). The refined structure shows that the crystals
are composed of both variants, with a 1:1 stoichiometry (see
Figure S4 for omit maps). To the best of our knowledge, this
represents the first structure of two complementarily charged
proteins derived from the same parent protein. The containers
form a tetragonal lattice with unit cell parameters of a = 126.6 A
and ¢ = 174.9 A in space group P4 (Figure 2C and Table S1). In
addition to contacts between oppositely charged containers,
interactions between like-charged containers (Ftn™®) with
Ftn™8) and Ftn®*) with Ftn(®) are present. In total, each
container is coordinated by eight containers of opposite charge
(cuboid coordination polyhedra), whereas it is also coordinated
by four containers of the same charge (square-planar coordina-
tion), giving a coordination number of 12 for each container
(Figure 2D). The contacts between containers take place close to
the twelve 2-fold symmetry axes of each ferritin container. For
each type of contact, a different set of residues is recruited to form
hydrogen bonds and salt bridges with the contact partner. This
plasticity allows the maximization of the more favorable contacts
between oppositely charged containers (larger number of side
chain interactions, Figure SSA) while simultaneously permitting
coordination between like-charged containers (Figure SSB,C). As
a result, the distance between the centers of oppositely charged
containers (12.52 nm) is shorter than the distance between like-
charged containers (12.66 nm). According to Pauling’s rules,* for
oppositely charged ions with cation—anion radius ratio close to
1.0, a cubic CsCl-type structure would be expected, where
attractive forces are maximized and repulsive forces minimized.
However, in the present structure additional attractive
interactions between like-charged containers complement the
interactions between oppositely charged containers, surpassing
the simple ionic interactions in inorganic salts. This results in
shortening of two unit cell edges and elongation of the third one
compared to the cubic CsCl structure type, giving rise to a
tetragonal unit cell with a more tightly packed arrangement
(Figure 2D).

The binary ferritin crystals shown here present a porous
scaffold with well-ordered cavities and channels (crystal solvent
content 55.3%). Prior to crystal formation, the protein container
cavities can be used for the encapsulation of nanoparticles (Figure
1B). Subsequently, the protein—nanoparticles composites are
assembled into a superlattice by applying the same crystallization
conditions as for empty containers (Figure 1C). The binary
nature of the crystals enables organization of two different types of
nanoparticles: one type encapsulated into Ftn®* and the other
one into Ftn™®). Because the crystal contacts are solely formed
between the protein containers, we expect the nanoparticle lattice
to have the same tetragonal structure as the parent crystal.

As an application for the binary protein material, we chose to
assemble inorganic nanoparticles into binary superlattices. To this
end, we prepared composites of protein containers loaded with
metal oxide nanoparticles. As cargo, we selected cerium oxide and
cobalt oxide nanoparticles because of their potential application in
catalysis and as components of magnetic materials.”’ >’

Cerium oxide nanoparticles were synthesized within the cavity
of Ftn® and cobalt oxide nanoparticles within Ftn™® in
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Figure 3. Optical microscopy images of binary protein—NP crystals in the crystallization condition. Inset shows the SEM image of a representative crystal
(top) and the EDX mapping (bottom). Binary crystals composed of (A) Ftn(P* CeO, and Ftn™®) empty. (B) Ftn(P>) empty and Ftn(e®) Co;0,.(C)
Ftn®) CeO, and Ftn™® Co,0,. Scale bar for optical microscopy images 200 ym, for SEM images 20 ym.

solution, following an adapted procedure.’® In gel filtration
chromatography, the protein container fractions have a strong
absorbance above 350 nm indicative of the metal oxide
nanoparticles coeluting with the protein container (Figure S6).
Empty or weakly loaded protein containers were removed by
density gradient centrifugation with a sucrose gradient to ensure
high occupancy of nanoparticles in binary crystals. In negative
stain TEM analysis, all variants show intact protein shells with a
diameter of 12 nm similar to empty ferritin containers (Figures S7
and S8). Direct observation without stain confirmed that the
nanoparticles are not exceeding the boundaries of the inner cavity
size (~6—8 nm; Figures S7 and S8 and Table S2). The
composition of the nanoparticle cores was further analyzed with
electron diffraction: cobalt oxide nanoparticles were determined
as Co;0, (Figure S9 and Table S3) and cerium oxide
nanoparticles as CeO, (Figure S10 and Table S4).

Nanoparticle-loaded protein containers were subjected to
crystallization, applying the same conditions as for empty
containers. We first tested crystals with only one variant loaded
with nanoparticles (Figure 3A,B) before producing mixed crystals
with both cerium and cobalt oxide nanoparticles (Figure 3C). For
other combinations, including both variants loaded with the same
nanoparticle type and variants loaded with iron oxide nano-
particles, refer to the SI. Figure 3 shows optical microscopy images
of binary crystals of NP-loaded Ftn**) and Ftn*® with up to
150 pm edge length. To enhance the stability of the crystals, the
protein shells were cross-linked with glutaraldehyde after crystal
formation by simply adding the cross-linking agent to the
reservoir solution. Cross-linked crystals could be readily
manipulated, and washed in pure water and dried to yield free-
standing crystals. Crystals were stable in SEM analysis in the
electron beam under vacuum (Figure 3 inset). Applying energy
dispersive X-ray spectroscopy (EDX mapping) clearly shows that
the crystals contain the elements (Ce and Co) corresponding to
the respective nanoparticle types (Figure 3 inset).

The crystalline samples were further analyzed by small-angle
X-ray scattering (SAXS) to determine the superstructure of the
nanoparticles. The samples give rise to centric diffraction rings,
with strong Bragg peaks visible in the 2D SAXS (Figure 4),
indicating a high long-range order and large domain size of the
crystals. To ensure data collection of ensemble diffraction rather
than from a few single crystals, the samples were rotated during
data collection, similarly to X-ray powder diffraction analysis. The
1D SAXS data (black line in Figure 4) confirmed that all crystals
are composed of one single phase, with the nanoparticles
assembled in a primitive tetragonal lattice. On the basis of the peak
positions of the first two reflections (001) and (100), unit cell
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Figure 4. 2D and radially averaged 1D SAXS data for binary nanoparticle
crystals (same samples as in Figure 3). Experimental data are shown in
black, and simulated diffraction patterns in red. A unit cell of the
corresponding crystal composition is shown.

parameters were derived and used to simulate the respective full
diffraction patterns (red line in Figure 4), which coincide well with
the experimental data. Notably, unit cell parameters were similar
to crystals with empty containers (Figure S14) and independent
from the nanoparticle cargo (mean values: a = 130.4 + 0.5 Ac=
178.1 + 0.5 A; Table S6).

This has important implications for the generation of
superlattices based on protein containers: Because the protein
container is the primary building block with a defined molecular
envelope, the crystal lattice is solely defined by the protein shell
and not the cargo particle. As a consequence, unrivaled long-range
order and very large domain sizes of the nanoparticle superlattice
could be achieved.
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In summary, we produced binary superlattices of inorganic
nanoparticles by exploiting electrostatic interactions between
engineered protein containers. The assemblies consist of four
different components: two oppositely charged protein containers
with internal cavities, and two types of metal oxide nanoparticles
within the cavities. These quaternary crystals demonstrate that
protein containers with their atomically precise shell are well
suited for the construction of nanoparticle superlattices with large
assembly size. Free-standing crystals, substantial for future
applications, could be obtained by facile in situ cross-linking.
Importantly, the protein shell determines the structure of the
assembly whereas functionality can be readily imparted by the
choice of cargo, e.g, isotropic and anisotropic nanoparticles,
enzymes, small molecules, or a combination of these. In
combination with using differently sized protein shells for cargo
assembly, multifunctional biohybdrid materials with tunable
structures could be accessible.
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