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This study focuses on the design and characterization of binary nanoparticle superlattices: Two
differently sized, supercharged protein nanocages are used to create a matrix for nanoparticle arrangement. We have
previously established the assembly of protein nanocages of the same size. Here, we present another approach for
multicomponent biohybrid material synthesis by successfully assembling two differently sized supercharged protein
nanocages with different symmetries. Typically, the ordered assembly of objects with nonmatching symmetry is
challenging, but our electrostatic-based approach overcomes the symmetry mismatch by exploiting electrostatic
interactions between oppositely charged cages. Moreover, our study showcases the use of nanoparticles as a contrast
enhancer in an elegant way to gain insights into the structural details of crystalline biohybrid materials. The
assembled materials were characterized with various methods, including transmission electron microscopy (TEM)
and single-crystal small-angle X-ray diffraction (SC-SAXD). We employed cryo-plasma-focused ion beam milling
(cryo-PFIB) to prepare lamellae for the investigation of nanoparticle sublattices via electron cryo-tomography.
Importantly, we refined superlattice structure data obtained from single-crystal SAXD experiments, providing
conclusive evidence of the final assembly type. Our findings highlight the versatility of protein nanocages for
creating distinctive types of binary superlattices. Because the nanoparticles do not influence the type of assembly,
protein cage matrices can combine various nanoparticles in the solid state. This study not only contributes to the
expanding repertoire of nanoparticle assembly methods but also demonstrates the power of advanced
characterization techniques in elucidating the structural intricacies of these biohybrid materials.

biohybrid nanomaterials, binary superlattices, protein cages, inorganic nanoparticles, SAXS,
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Along these lines, combining more than one type of building
block into binary materials can generate properties that go
beyond those of individual components, with interactions
between the building blocks giving rise to emerging proper-
ties.”” With atoms as building blocks, various binary structural
motifs are known for inorganic compounds, such as simple AB
or AB,,%” but also more so?histicated structural types such as
perovskite or spinel-type.””” Generally, the two building blocks
for these inorganic materials, usually two ions with opposin$
charges (anion and cation), can have different sizes as well.'%!

By assembling nanoparticles, researchers have on the one
hand tried to mimic the large structural variety of these inorganic
assembly types but also strived to go beyond these motifs.
Because nanoparticles have a completely different set of
properties, such as magnetic,'” catalytic,"> or optical proper-
ties,* they enable the construction of superlattices with
properties surpassing those of atomic or molecular lattices."> ™"
The assembly of nanoparticles into materials can be achieved,
for example, using the interaction of the nanoparticle ligand shell
that stabilizes the particles in colloidal suspensions.'”'” Other
sophisticated methods include DNA as mediating linkers, which
can specifically assemble particles.”” Some of these nanoparticle
assemblies are analogous to inorganic structures, now with
nanoparticles as the building blocks. Interestingly, several
nanoparticle superlattices synthesized in this way show
previously unknown assemblzr types, with no direct analogue
found in inorganic structures.”'~*> As these approaches use the
nanoparticles as the fundamental building block, the structural
homogeneity of the particles is crucial for lattice order and
domain size. Because improved synthetic procedures can now
yield uniform nanoparticles, superlattices with domain sizes
from micrometers to millimeters can be achieved.”*~*® Another
approach to highly ordered lattices is to use an atomically
defined nanocluster for material assembly.””

Protein nanocages offer an alternative route toward highly
ordered nanog)article superlattices using an atomically defined
template.28_3 For unitary lattices, one type of protein cage is
assembled into 3D structures.”’ For binary assemblies, two
oppositely charged protein nanocages can be combined to yield
two-component structures, enabling the formation of binary
nanoparticle lattices.”> The protein nanocage-based assembly
shows several advantages: Due to their precisely defined shape
and, thus, inherent high monodispersity, superlattices with a
high degree of order and large domain sizes can be obtained.”>*
Along these lines, because the protein nanocages retain their
defined sizes after cargo encapsulation, the cages overwrite any
size dispersity of cargo particles. Moreover, the type of assembly
and the high degree of order only depend on the protein cages
but not on the type of cargo inside the cages.’” Therefore, only a
part of the cages can be filled with nanoparticles and combined
with empty cages to finely tune the optical response. We have
recently demonstrated this placeholder feature to construct
nanomaterials based on protein cages and plasmonic gold
nanoparticles. These metacrystals show anomalous refraction of
visible light.”* Moreover, with the protein cages, two types of
cargoes can be assembled into 3D lattices. We have used binary
lattices based on the ferritin cage to combine plasmonic gold
nanoparticles and fluorescent dyes in the solid state and studied
the energy transfer between these cargoes using fluorescence
lifetime imaging.*®

However, the advantage of the protein cage’s uniform size also
poses a challenge, because modifying the cage size to control the
lattice parameters is not as straightforward as, for example,

extending the length of a DNA linker in DNA-based
nanoparticle assembly.*>*” Because it is not easily possible to
extend the size of one protein cage, smaller and larger protein
cages need to be selected, ie., different protein cage types.
Moreover, larger protein cages are particularly interesting as the
increased size of the cavity grants more space for cargo
molecules or nanoparticles.*”*” In the current study, we used
two differently sized protein cages, supercharged on the surface
to yield cages with opposing charges. Because these are two
different types of protein nanocages, these cages also have
different types of symmetry, i.e., the arrangement of the protein
subunits forming the protein cage.””"" Importantly, the
assembly of these differently sized protein cages presents a
challenge for the construction of biohybrid materials in the
crystalline state, because the differing symmetries complicate
repeating interactions between the cages. We envisioned that
assembly based on supercharged protein cages can overcome
these symmetry constraints because the charge-driven assembly
does not require defined interaction sites but is rather based on
the electrostatic interactions between the oppositely charged
cages.

RESULTS AND DISCUSSION

To realize the assembly of binary superlattices based on two
differently sized protein cages, we chose the two protein cages
encapsulin and ferritin. These differ in size (24 nm vs 12 nm
outer diameter, Figure 1) and symmetry (icosahedral vs
octahedral, Figure 1). For the assembly, we created a variant,
namely, the negatively charged encapsulin Enc®® based on the
wild-type Thermotoga maritima encapsulin (T. maritima
encapsulin, Figures S1—S3). This encapsulin variant contains
an additional mutation that removes a side chain responsible for
flavin binding (W90E) (Table S1).*>* The elimination of the
flavin binding site is important for the assembly process because
interactions should exclusively involve electrostatic or protein—
protein interactions while excluding any additional interactions
based on the flavin moiety. The second protein nanocage is
human ferritin. Here, we selected the variant Ftn(?°9) , which was
positively supercharged with the help of computational protein
design in earlier work.** Ferritin has a size of 12 nm, making it
half the size of the encapsulin nanocage. Therefore, these two
cages are ideally suited to construct binary lattices as the
encapsulin cage has a large cavity. Because these cages have
different sizes, assembly would likely yield a structure more
intricate than a simple AB assembly. We expected that the two
cages could be assembled based on the complementary charge of
the two cages, because zeta potential measurements show for
encapsulin variant Enc™® ¢ = —24.5 mV and for the ferritin
variant Ftn®® ¢ = +19.2 mV. Using a standard protein
crystallization setup (for details, please refer to the Supporting
Information), we identified an assembly condition that yielded
cubic crystals with a dimension of around 100 m. We aimed to
determine the structure of the protein matrix using single-crystal
protein crystallography. Yet, the resolution was insufficient to
determine the molecular structure. However, despite the low
resolution of the collected data, the crystal system and unit cell
parameters were determined. A cubic lattice with a = 242.6 A
was determined. To obtain more details on the lattice type,
small-angle X-ray scattering (SAXS) of an ensemble of protein
crystals was carried out to confirm the cubic lattice. The
theoretical g values fit very well to the experimentally
determined q values (Figure 1; for details on how theoretical g
values were obtained, see the Supporting Information).
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Figure 1. Structural and physical differences between encapsulin and ferritin protein cages and their crystalline assembly investigated via small-
angle X-ray scattering. Left panels: The T. maritima encapsulin container has an outer diameter of 24 nm, icosahedral symmetry, and a negative
surface charge, Enc(™®, On the other hand, human ferritin has an outer diameter of 12 nm and octahedral symmetry. Moreover, the ferritin
variant used here features a positive surface charge, Ftn(*"), The surface charge is coded from red to blue from —$ to S kT/e. The assembly of the
two cages forms the crystalline sample, composed of several crystals (optical microscopy image, scale bar equals 100 gm, unit cell given below
the image), and it was investigated via SAXS (right panel). The correlation between experimental and theoretical q values is shown in the inset.
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Figure 2. Overview of the nanoparticle-loading procedure and crystals based on nanoparticle-loaded protein cages. (A) The in situ synthesis of
CeO, nanoparticles inside the ferritin cavity is shown. Precursors diffuse inside the cavity through the pores of the nanocage. Particles are
synthesized at higher temperature. (B) For the second cage, gold nanoparticles are encapsulated into the encapsulin container by dis- and
reassembly. During reassembly, the ex situ-synthesized nanoparticles are added and encapsulated by a peptide-directed encapsulation process.
(C—E) Protein cages can be crystallized in different combinations: eFtn®® with AuEnc®™®, CeFtn**® with eEnc(™®), and CeFtn®*® with
AuEnc(™®), The scale bars equal 50 pm.

Due to the low resolution of the acquired crystallographic (FPLC, Figures S4—S7 and Tables S5—S7). Moreover, a

data, we could not determine the molecular structure of the solution of the dissolved crystals was characterized with sodium
protein matrix. However, first indications from the crystal- dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE,
lization setups showed that both protein cages are likely present Figures S8 and S9 and Tables S8 and S9). The outcome of both
in the obtained crystals because both cages are needed for crystal techniques gave information re%arding the protein composition,
formation: The same assembly conditions as for binary assembly namely, a higher ratio of Ftn®° relative to Enc(™®, Strikingly, a
but with only one of either cage in the crystallization drop did mean ratio of about 3 Ftn(P®) nanocages to 1 Enc™® nanocage
not yield any crystal formation. Next, we confirmed that both was determined (FPLC: 3.5 to 1; SDS-PAGE: 3.3 to 1, Table
cages are contained within the crystals using experiments based S$10). Although this information only gives an approximate ratio
on size-exclusion chromatography and gel electrophoresis. With of Ftn® to Enc(™® within the unit cell, it can also serve as a
both methods, it is possible to discriminate between the two starting point for further structural analysis despite lacking the
nanocages encapsulin and ferritin, exploiting the significant positions and orientation of the nanocages.

difference of 1.3 MDa in their molecular masses (Enc™® 1.8 To obtain more details on the structural composition, the idea
MDa and Ftn®* 0.5 MDa). First, both protein cages were emerged to utilize nanoparticle-loaded protein crystals for
cocrystallized in batch. The supernatant from this crystallization further analysis. Employing gold or cerium oxide nanoparticles

batch was analyzed with Fast Protein Liquid Chromatography (NPs), which have a high electron density compared to protein

25327 https://doi.org/10.1021/acsnano.4c09551
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Figure 3. Electron microscopy analysis of AuNP-loaded Enc™® and empty Ftn®* crystals. (A) Heterobinary crystals based on AuEnc(™®)/
eFtn(®) were transferred on Si-wafer and investigated via scanning electron microscopy. Scale bar: 15 gm. (B) Further zoom on the crystal
surface reveals a cubic arrangement of spheres (see the inset). Scale bars: 500 nm and 100 nm (inset). (C) Transmission electron microscopy
enabled the visualization of a well-ordered nanoparticle lattice. Measured distances fit to the (101) plane of a cubic crystal system (see the

inset). Scale bar: 10 nm.

nanocages (mainly carbon-based), enabled enhanced visual-
ization, especially in electron microscopy settings. Unlike
proteins, these nanoparticles provide a strong contrast without
necessary staining. Moreover, due to their high electron density,
nanoparticle-containing hybrids should also show increased X-
ray scattering and diffraction.

The loading of cerium oxide (CeO,) NPs into Ftn (P
(referred to as CeFtn®) was carried out according to an
already reported protocol.”” Notably, the synthesis of NPs
within the cavity does not require the need for dis- and
reassembly. The CeO, particles are synthesized in situ based on
the diffusion of precursor ions and molecules into the ferritin
cavity, where particle formation occurs (Figure 2A and Figure
S10). After NP synthesis, the NP-loaded CeFtn®* nanocage
was subjected to size-exclusion chromatography (SEC) for
purification (Figure S11) to yield pure samples suitable for
assembly. Next, Enc(™® was loaded with gold nanoparticles
(AuNPs). According to a previously established protocol with
slight modifications, encapsulation of 13 nm AuNPs (Figure
S12) within Enc®® was achieved through a cargo-loading
peptide (CLP)-mediated approach.’® This strategy makes use of
specific interactions between CLP-binding pockets on the
interior of the Enc™® cavity and the CLP-functionalized NPs,
causing highly efficient encapsulation. The encapsulation
process begins with the disassembly of the nanocage followed
by its reassembly in the presence of NPs (Figure 2B). After
encapsulation, the AuNP-loaded Enc™® (AuEnc™®) was
purified via ion-exchange chromatography (IEC) to remove
potential free NPs and SEC in preparation for crystallization
(Figures S13 and S14). With both protein nanocages loaded
with different types of NPs, the capability to generate
heterobinary crystals composed of two different types of
materials was tested. We tried different combinations, either
having only one cage filled and the other one empty or
AuEnc®™® and CeFtn(P*®) both filled with nanoparticles (Figure
2C—E). Crystals comprising AuEnc®™® and empty Ftn(P®*)
(eFtn®*) appeared as black crystals, exhibiting a pronounced
decrease in size to approximately 20 pm (Figure 2C). The
observed change in color can be attributed to the presence of
encapsulated AuNPs. In contrast, crystals containing empty
Enc®™® (eEnc™®) and CeFtn®® exhibited a transparency,
reaching dimensions of up to 40 um (Figure 2D). Furthermore,
the combination of both filled cages, AuEnc®® and CeFtn(P“),
also yielded dark crystals of similar dimensions of around 20 ym
(Figure 2E).

Interestingly, as noted above, the nanoparticle-loaded crystals
show a decrease in size compared to crystals of empty cages. We
attribute this to the fact that the dispersity of the loaded cages
increases slightly, as shown in dynamic light scattering
measurements (Figure S15). The loading procedure increases
the polydispersity index (PDI) for both building blocks.

With these nanoparticle-filled crystals, we used a range of
methods to further characterize the binary assembly. We first
turned to electron microscopy to utilize the enhanced contrast
of the nanoparticles. Importantly, by loading only one nanocage
with nanoparticles, but still having the other empty cage present
in the lattice, we envisioned that we could determine the details
of each sublattice first and later combine this information. In
detail, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were applied. With these measure-
ments, we expected to characterize the nanoparticle lattices.

We first looked into the encapsulin sublattice. SEM
measurements were carried out with a heterobinary
AuEnc(™® /eFtn(P®) crystal on a Si-wafer (Figure 3A). To
visually verify the cubic arrangement of the protein nanocages,
one crystal was examined more closely. In detail, spherical
objects of one size were observed (Figure 3B). The spherical
objects were 24 nm large, indicating that only AuEnc 28) was
visualized. Due to the AuNP loading, the Enc(™® nanocage gave
stronger contrast than eFtn®*), The cubic lattice of the crystal
could clearly be observed as bright objects were on the top layer
(no contamination of the surface). Nanocages of lower levels
appeared grayish due to having less intensity. The surface
featured darker spots, which are holes indicating a missing
nanocage in one layer. As the objects are closely packed, the
distances between the nanocages were around 24 nm and fit very
well to the previously determined unit cell parameter of 24.26
nm. In atomic force microscopy (AFM)* measurements, the
AuNP-loaded protein nanocages were visible in phase imaging
and roughly 24 nm apart from each other (Figure S16). After
milling the crystal with a focused ion beam (FIB), the cubic
arrangement could be observed in SEM as well scanning
transmission electron microscopy (STEM, Figures S17 and
S18)." We could not image the smaller eFtn® in any of the
three methods, indicating that throu§h the nanoparticle
encapsulation, the AuNP-loaded Enc(es nanocage seems to
get more rigid, causing a stronger contrast and being well
pronounced in both SEM and AFM imaging. Moreover, a
heterobinary AuEnc(™®/eFtn®* crystal was analyzed with
TEM. Due to the low electron density, the protein nanocage is
not visible in TEM without further staining and only AuNPs

https://doi.org/10.1021/acsnano.4c09551
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Figure 4. Electron cryo-tomogram of a lamella from an eEnc(™®)/CeFtn'

pos)

crystal. (A) One plane of the tomogram, with encapsulin eEnc(™e®

forming a cubic lattice (red spheres with a diameter of 24 nm) and ferritin cages CeFtn®* (dark blue spheres with a diameter of 12 nm). (B)
Plane parallel to the plane in panel (A) but at a different z level. Ferritin cages CeFtn(®® (light blue spheres with a diameter of 12 nm). (C)
Model of the sublattices shown in panel (B), with another plane eEnc(™® added (orange spheres with a diameter of 24 nm).

encapsulated in Enc™® are visible (Figure 3C). The cubic
crystal is a few micrometers thick, therefore too thick to be
imaged in TEM. Nevertheless, thinner parts of the crystal
seemed suitable for imaging the crystal in one direction. Well-
ordered AuNPs of a periodic lattice are observed. Distances
between AuNPs can be attributed to the (101) plane of a cubic
crystal system (Figure 3C, inset). The determined distances of
the AuNPs in TEM further strengthen and verify the presence of
a cubic crystal system.

We then turned to the ferritin sublattice. Interestingly, crystals
composed of eEnc(™®)/CeFtn®*®) could not be characterized by
AFM and SEM using the same parameters as shown above
(Figures S19—S21). Apparently, due to the smaller sizes, the
CeO, NPs do not yield such a high contrast as the AuNPs
(Figure 3 and Figure S17). Moreover, eEnc(™® /CeFtn®°?)
crystals are too thick for TEM imaging. Therefore, to image
the 3D lattice, thin lamellae were prepared at cryonic
temperatures to enable higher resolution.

Lamellae suitable for high-resolution cryo-tomography were
prepared from eEnc™®/CeFtn***) protein crystals by focused
ion beam milling and imaged by electron cryo-transmission
microscopy.’® The micrographs (Figure $22) showed a cubic
arrangement of the CeO, NPs, in agreement with the fast
Fourier transformation (FFT, Figure S22B). To corroborate the
observations, electron cryo-tomography data acquisition was
employed to image the superlattices at higher complexity and in
3D. For these experiments, crystals composed of eEnc(™®)/
CeFtn®®) were selected, which had a lower loading of CeO,
NPs. This allowed the investigation of differences between
loaded and empty ferritin cages within the crystal lattice. This
time, we employed cryo-plasma-focused ion beam milling—
scanning electron microscopy (cryo-PFIB-SEM)*” for lamella
preparation. Grids containing lamellae were then transferred in
high-resolution cryo-TEM to acquire electron cryo-tomography
data employing a dose-symmetric tilt scheme starting at 0° tilt
angle and capturing alternating negative and positive tilts in 2°
increments. Reconstruction of the data allowed investigation of
the structural details of the crystalline sample as depicted in
Figure 4. Within these thin lamellae, the protein nanocages and
CeO, NPs were visualized, and they indicate a cubic
arrangement. Figure S23 shows the raw data.

For the analysis, the tomogram was rotated (see details in
Experimental Methods) so that the z axis is g)arallel to one plane
of eEnc"® cages (Figure 4A). The eEnc(™ee cages form a highly
ordered cubic lattice (red spheres) with CeFtn®* (dark blue
spheres) located in between. A plane parallel to the plane in
Figure 4A, but at a different z level, shows the location of the
remaining ferritin cages (light blue), which are located between
two eEnct™® of the upper plane (Figure 4B). Another plane of

encapsulin cages (orange) is shown in Figure 4C. The ferritin
cages (dark blue) within the encapsulin plane are located
between eEnc®™® within one plane (coordination number 4),
whereas the ferritin cages (light blue) are located between two
planes of eEnc"® cages (red and orange spheres), also having a
coordination number of 4 by making contacts to four
neighboring cages. A figure showing the tomogram without
the model spheres is found in Figure S23.

In the tomogram, some important structural details of the
crystalline assembly could be observed. On the one hand, the
location of the ferritin cages clearly indicated a structure type
with a stoichiometry of AB; (Figure S24A), because only one
ferritin cage between four encapsulin cages was found. A
stoichiometry of AB, (Figure S24B) would require additional
ferritin cages to be present in the intermediate layer, between the
evenly spaced cages (Figure 4B). Moreover, there is no
difference between the positioning of ferritin cages filled with
CeO, NPs and empty cages in Figure 4A,B. This indicates that
the cargo particles did not have any effect on the cage crystal
structure. We note that the ordering of the ferritin cages is not as
high as the lattice of the encapsulin cages. This could either be an
intrinsic property of these crystals or could be due to the
preparation process of the crystalline lattice. We have seen that
some of the lamellae show deformation, for example, during
TEM data collection. Along these lines, we observe, especially at
the edges of the lamellae, a decreased high range order, possibly
as an artifact of sample preparation.

To confirm the assumed AB; structure type, we carried out
single-crystal X-ray diffraction experiments with the nano-
particle-loaded crystals. Structure determination via diffraction
methods might be considered to be indirect, because it does
not—in contrast to electron microscopy—visualize the
structural arrangement directly but infers the lattice from the
diffracted X-ray beam. However, it is a powerful technique
because X-ray diffraction characterizes the bulk sample and its
3D structure with high penetration depth, revealing atomic
details of not only small molecules but also proteins or the
arrangement of nanoparticles, as shown here. Our nanoparticle
lattices diffract X-rays in the small-angle regime. Therefore, we
refer to the method as single-crystal small-angle X-ray diffraction
(SC-SAXD). Data from single-crystal diffraction experiments
were integrated and merged (for details, see Experimental
Methods). In comparison to the protein lattice of the empty
protein crystal (Figure 1), the lattice of different NP-loaded
protein crystals showed similar lattice parameters (Table S11).
To further confirm the type of assembly as elucidated by
electron cryo-tomography, we compared averaged SAXD data
and simulated diffraction data. Please note that we did not
record a typical SAXS pattern but integrated the diffraction
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Figure 5. Single-crystal SAXS experiments with heterobinary AuEnc™®/eFtn®* (A), eEnc™®)/CeFtn** (B), and AuEnc(™®/CeFtn***) (C)
crystals. On the left, models of the unit cell with different NP loadings are shown, while on the right, the experimental data (black) are compared
with the simulated data (colored). Simulated data for an AB, structure are indicated by a brighter color, while an AB, structure features a darker
color. Reflections only present in structure type AB; are labeled with “AB; only”. (A) The observed reflections for the AuEnc(™®/eFtnP*)
crystal fit to the simulated data (red) of a primitive cubic lattice where only the gold nanoparticle is present within the unit cell. (B) The

observed diffraction for the eEnc™*®/CeFtn?* crystal fits to an AB; structure with three cerium oxide nanoparticles in one unit cell but does
not exclude the presence of unit cells of an AB, structure (blue). (C) For the AuEnc®®/CeFtn®* crystal, the observed reflections fit to the

simulated data (green).

dimensions are listed in Table S11). All observed reflections
for the AuEnc™®) /eFtn (P> crystal (Figure SA) fit well to cubic

peaks for the SAXD data (example for a diffraction image: Figure
cells with the space group P23 or P432. To differentiate between

S26). First, indexed reflections were averaged and compared
with simulated data for a primitive cubic cell (unit cell

25330 https://doi.org/10.1021/acsnano.4c09551
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AB; and a potential AB, structural type, we looked at systematic
absences for the eEnc%neg)/ CeFtn®®) crystal (Figure SB). In
detail, for an AB, structure, reflections such as (110), (211),
(310), and (321) should be missing due to systematic absences
of this assembly type. However, exactly these reflections are
present in the experimental data, indicating that the unit cell is
indeed at least an AB; structure. For the third sample (Figure
SC), in which both nanocages are loaded, the AuEnc(™®)/
CeFtn**) crystals do not feature characteristic absences for
reflections in either the simulation or experimental data.
Nevertheless, unit cells simulated with alternative centering do
not feature reflections that are observed in these experiments,
indicating that both nanocages set up a primitive unit cell.

Although the averaged data shown in Figure S already give
valuable insights into the structural composition, the simulated
data are based on a rather coarse model: The diffraction data
were generated with a software for powder diffraction of atomic
structures, not nanoparticles (for details, see the Supporting
Information). With such as simulation, the peak positions can be
accurately predicted, but not the peak intensities. Therefore, we
wondered if we could create a proper crystallographic model for
the electron density within the unit cell and use the integrated
data from the nanoparticle lattice diffraction (SC-SAXD)
directly to refine this model against these data. Toward this
end, a crystallographic model for the AuEnc(™® /eFtn(#°?)
sample was developed that contained both protein cages and
nanoparticles (see details of construction in the Supporting
Information and Figure S25). The obtained models were further
processed (Figure 6A), and four parameters were refined against
the experimental data. Interestingly, refinement R factors as low
as 31.9 and 33.9% for the AB; and AB, models to 30 A resolution
over 85 unique reflections in the space group P432 were
obtained, respectively.

Moreover, the difference density calculated for the AB; model
showed very little positive (green) density (Figure 6C) at the
position of the fourth ferritin cage (not present in the AB,
model). This finding is in line with the difference density
obtained for the AB, model, which showed negative (red)
features, indicating that the fourth ferritin is not occupied in this
structure. The refinement statistics (Tables S12 and S13)
further support the AB;-type structure, which yielded a lower R
factor. In conclusion, these findings support the arrangement of
the ferritin nanocages. Interestingly, with a ratio of 3:1, a cubic
AB; assembly type is known for inorganic compounds. This
assembly is also referred to as the CujAu structure, because
CuzAu (auricupride) is the prototype compound for such
structures.”® % The Cu,Au structure can be observed for several
AB; compounds, such as for Mn;Pt’" alloys. Furthermore,
nanoparticle superlattices with AB; lattices have been
synthesized.””"

CONCLUSIONS

In summary, we showed that two protein cages with distinct size,
symmetry, and charge are suitable building blocks for biohybrid
materials with a particular type of assembly. Several methods
were employed to gain a detailed understanding of the
arrangement of the two cages within the lattice. We encapsulated
two types of nanoparticles into the ferritin and the encapsulin
cage to enhance contrast in electron microscopy and scattering
power in diffraction experiments. These composites were
successfully assembled into binary 3D crystals. The separate
and independent loading of each cage type enabled the

determination of each sublattice type separately. Toward this

A
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Figure 6. Comparison of structure models and differences in density
maps of AB; and AB, structures. (A) Workflow of data processing
and refinement. (B) The electron density maps of the two models
are depicted. For each model, the AB; (left) or AB, (right) unit cell
is shown (inset). For comparison, the density is visualized at an
r.m.s.d. of —0.207 e~ /nm?° for the AB; model and —0.220 e/ nm? for
the AB, model. (C) Difference densities for the two structural types.
The difference electron density for the AB; data was overlaid with
the density map of the AB, model (left). Very little electron
difference density (green) is observed around the protein shell,
indicating that further density (= ferritin cage) is present. For the
right panel, refinement with the AB, model shows a lot of negative
electron density (red) for the position of the fourth ferritin,
indicating that too much electron density is present in the model.
Difference electron density visualized at an r.m.s.d. at 1.6 ¢/ nm®.

end, we used SEM to visualize a simple cubic arrangement of the
encapsulin cages within the binary lattice. To determine the
ferritin positions, we used cryo-plasma-FIB to mill thin lamellae
from a 3D crystal, suitable for electron cryo-tomography analysis
of the ferritin sublattice. The structural type was elucidated as
AB,. Single-crystal small-angle X-ray diffraction (SC-SAXD)
was performed on crystals loaded with nanoparticles. Here, we
used a unique approach of building a model containing both
nanoparticles and protein cages. This model was refined against
the single-crystal SAXD data and confirmed an assembly type of
an ABj; structure.

The assemblies created in this study further expand the
repertoire of available protein scaffolds for nanoparticle
assembly. Because the supercharged protein cage assembly is
driven by electrostatic interactions, the symmetry mismatch of
the two different cage types can be overcome. By incorporation
of the encapsulin cage, larger nanoparticles can be included,
surpassing the limitations of existing protein cage assemblies.
This potentially enables 3D lattices with enhanced plasmonic
interactions between larger particles. Thus, the assembly created
here provides opportunities for tailoring material properties and
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functionalities of hybrid materials based on nanoparticles and
proteins. Importantly, using nanoparticles as marker particles
enables the determination of structural details of crystalline
protein-based matrices. Here, a heterobinary protein cage
assembly has been formed based on two distinct building
blocks. Interestingly, for inorganic compounds, even more
complex structures involving three different building blocks are
well known. Further extending crystalline biohybrid materials
toward three distinct building blocks could be the next step
toward multifunctional materials.

EXPERIMENTAL METHODS

General Wet Lab Work. All chemicals were obtained from
commercial sources and used without further purification. All solutions
were prepared using ultrapure water prepared with a Purelab Flex 2
system (resistivity, 18.2 MQ cm) manufactured by ELGA LabWater.
Glassware and magnetic stir bars used for gold nanoparticle synthesis
were cleaned with aqua regia and rinsed with ultrapure water to remove
residual adsorbents.

Gold Nanoparticle Synthesis. AuNPs were synthesized following
the protocol of Schulz et al.>* Trisodium citrate dihydrate (121.0 mg)
and citric acid (29.0 mg) were dissolved in 150 mL of ultrapure water.
The citrate buffer was stirred using a 3 cm stir bar at 300 rpm and heated
until boiling. To prevent excessive evaporation, the flask was covered
with a small beaker. Separately, the gold precursor tetrachloroauric(III)
acid trihydrate (16.0 mg) was dissolved in SO mL of ultrapure water and
heated to 80 °C. After boiling the citrate buffer for 14 min, EDTA (1.5
mg) was dissolved in 0.1 mL of ultrapure water and added to the
solution. One additional minute later, the hot gold precursor solution
was rapidly added to the reaction mixture. Upon a color change from
colorless to wine-red, the mixture was continuously stirred and heated
for an additional 20 min. Finally, the reaction mixture was cooled to
room temperature and stored at 4 °C until further treatment.

Gold Nanoparticle Ligand Exchange. The ligand exchange of
citrate-stabilized AuNPs was conducted following a previously
described procedure.’® For the ligand exchange from citrate to 11-
(mercaptoundecyl)-N,N,N-trimethylammonium bromide (MUTAB),
the latter was dissolved in a 100-fold excess with respect to the
maximum number of ligands on the nanoparticle surface in a 2 M HCI
solution. The MUTAB-containing HCl solution was then added to the
NP solution, resulting in a HCI concentration of 0.1 M. The sample was
incubated at room temperature for 48 h. To remove excess MUTAB
and exchanged citrate, centrifugal concentration steps were performed.
Initially, the sample was washed five times with 0.1 M HC], followed by
five washing steps with ultrapure water. Finally, the sample was
concentrated to a volume of 1 mL.

Before the CLP functionalization, a stock solution of CLP (0.5 mg/
mL in DMF) was prepared. The MUTAB-stabilized AuNPs were
diluted 1:10 with DMF. Subsequently, an amount of CLP
corresponding to 20 peptides per NP was added to the NP solution.
After 16 h of incubation at room temperature, the NP solution was
diluted 1:10 with water. The resulting solution was then concentrated
and washed five times with water using a centrifugal filter and finally
concentrated to a volume of 1 mL.

Encapsulation of Gold Nanoparticles. The disassembly of
encapsulin was achieved by subjecting 1.0 mg of Enc®® (52.2 uL, from
a 19.2 mg/mL stock solution) in storage buffer (20 mM Tris, pH 7.5,
0.3 M NaCl) to a 10-fold dilution with 10 mM phosphate pH 1.0 for 1 h
at 4 °C. Reassembly was initiated by further diluting the sample 100-
fold with reassembly buffer (20 mM phosphate, pH 7.0), adjusting the
NaCl concentration toward 0.35 M with a 5 M NaCl solution and
incubating it at room temperature overnight.

During the initiation of protein cage reassembly, the NP solution was
added dropwise and gently swirled. After overnight incubation at room
temperature, the sample was concentrated using an Amicon Ultra-15
centrifugal filter unit (100 kDa MWCO). The protein sample was first
purified via ion-exchange (5 mL HiTrap Q HP anion exchange column,
Cytiva) to separate protein from free nanoparticles. Subsequently,

protein aggregates are removed from the monomeric protein cage
sample through SEC (elution volume between 12 and 13 mL, Superose
6 Increase 10/300 GL gel filtration column, Cytiva). Absorbance at 520
nm is monitored to track the plasmonic gold nanoparticle absorption.

Synthesis of Cerium Oxide Nanoparticles. The synthesis of
cerium oxide nanoparticles was carried out as previously described.”
Buffer solutions for Ftn®*®) (50 mM Tris, pH 7.5, 1 M NaCl) along with
ultrapure water and H,O, solutions were depleted of O, by bubbling N,
through the solutions for at least 15 min. The buffer was then preheated
ina 65 °C oil bath for 20 min in an oxygen-free atmosphere inside a two-
necked round-bottom flask (25 mL) with constant stirring.
Subsequently, 15 mg of Ftn® in buffer was added to a total volume
of 20 mL. After 10 min, H,0, (15 mM) and CeCl; (30 mM) dissolved
in deaerated ultrapure water were added in equal volumes using
Perfusor compact S syringe pumps (B. Braun). A total of 37 Ce(III)
ions were injected per ferritin cage, resulting in 2225 ions per cage.
Once the addition was complete, the solution was kept in the water bath
for another 15 min, and finally, 1.2 mL of EDTA (500 mM stock
solution) was added at the end of the reaction. After an additional 15
min at 65 °C, the solution was centrifuged for 10 min at 14,000 and 4
°C. The supernatant was then rebuffered five times with buffer using an
Amicon Ultra-15 centrifugal filter unit (30 kDa MWCO) to remove
excess reagents and subsequently injected onto a HiLoad 16/600
Superdex 200 PG gel filtration column (Cytiva).

Crystallization of the Two Protein Cages. Crystallization
screening of Enc™® and Ftn®*) was performed in a standard sitting
drop vapor diffusion setup and further optimized using a hanging drop
setup. A standard experiment utilized 24-well plates with a 500 uL
reservoir solution and droplets of 4 uL in size, placed on siliconized
glass cover slides, composed of 2:1:1 reservoir solution, Ftn®*) and
Enc™®. Solutions were added to the droplet in this specific order.
Crystallization condition contained 0.16 M ammonium sulfate in
filtered ultrapure water. Protein stock solutions were used at a
concentration of 4 mg/mL if not stated otherwise. Protein buffer was
the res})ective SEC buffer: Enc™®: 20 mM Tris, pH 7.5, 0.3 M NaCl;
Ftn®*; 50 mM Tris, pH 7.5, 1.0 M NaCl.

Plates were incubated in a temperature-controlled cabinet at 20 °C.
Crystal growth was checked daily and formed crystals photographed
under a Leica S9D microscope equipped with a FlexaCam C1 (Leica)
or CrysCam Digital Microscope (Dunn Labortechnik).

Stabilization of Protein Crystals. The cross-linker sulfosuccini-
midyll-4-(N-maleimidomethyl)cyclohexan-1-carboxylat (Sulfo-
SMCC) was used to stabilize protein crystals. A fresh stock solution
of Sulfo-SMCC (4.8 mg/mL) was prepared with ultrapure water. Then,
the cover slide with the drop containing crystals was briefly removed to
add 100 uL of the freshly prepared stock solution to the crystallization
condition and mix it. Depending on the crystal drop size, half the
volume of drop is taken from the mixed reservoir and added for crystal
cross-linking. The well was sealed with the cover slide, and crystals were
cross-linked for 16 h at 20 °C.

Single-Crystal X-ray Experiments. Protein crystals (empty cages
and samples with cages loaded with nanoparticles) were soaked for 30 s
in a solution containing 2 uL of S0% (v/v) glycerol and 2 uL of the
ammonium sulfate reservoir solution, prior to vitrification in liquid
nitrogen.

Diffraction data were collected at 100 K either at the P11 (DESY) or
P14 (EMBL) beamline in Hamburg, Germany. Data were processed
and scaled with XDS.** Manual rebuilding of mutated residues, placing
of water molecules and metal ions, and subsequent iterations of
refinements were not possible due to low resolution for the data of the
empty cages (Figure 1).

For the crystals with cages loaded with nanoparticles, the data were
processed and scaled with XDS as for the empty cages. The indexed
reflections were averaged to yield a peak for each reflection, and they are
plotted in Figure S (black lines). For details on simulated diffraction
data, please refer to the Supporting Information.

Batch Crystallization. Crystals composed of Enc(™® and Ftn®*)
were prepared via batch crystallization. For each protein, 50 uL of 12
mg/mL stock solutions was mixed and gently vortexed in a 1.5 mL tube,
while 100 uL of a 0.08 M ammonium sulfate solution was added

https://doi.org/10.1021/acsnano.4c09551
ACS Nano 2024, 18, 25325-25336



ACS Nano

www.acsnano.org

dropwise under gentle vortex (final volume, 200 uL). The tube
containing the crystallization solution was incubated for 2 days at 20 °C
in an incubator.

Small-Angle X-ray Scattering. Protein crystals (empty Enc"®
and Ftn(P) cages) were stabilized by using Sulfo-SMCC. The crystal
batch was prepared as described above and centrifuged for 2 minat 0.1 g
to pellet the crystals. One hundred microliters of the supernatant was
mixed with 1.4 mg of Sulfo-SMCC and supplemented with 300 yL of
ultrapure water. Two hundred microliters of this Sulfo-SMCC stock
solution was added into the batch. The crystals and solution were gently
shaken and incubated for 16 h at 20 °C. Afterward, the cross-linked
crystals were washed. First, the tube was centrifuged for 2 min at 1000g
to remove the supernatant. To wash the crystals and remove the
residual cross-linker, 300 uL of ultrapure water was added. After
resuspension of the crystals, the process was repeated four times. Then,
the crystals were stored at 20 °C until further usage.

For SAXS experiments, crystals were transferred into a Kapton
capillary (Goodfellow Cambridge Ltd., England). The capillary was
mounted onto a capillary holder. No rotation was performed due to the
high amount of the sample. SAXS data were collected with a Dectris
Eiger2 X 9M at beamline P62 (DESY, Germany) at 12 keV (1.0332 A).
The measurement was carried out at room temperature. The sample-to-
detector distance was 6.24 m. A silver behenate standard sample was
used for the calibration of the length of the scattering vector g.
Azimuthal averaging of the 2D scattering data results in 1D SAXS data
(Figure 1). More details on data processing are available in the
Supporting Information.

Transmission Electron Microscopy. In general, carbon-coated
copper grids with a mesh size of 400 (Ted Pella, 01814-F-X) were
utilized for transmission electron microscopy (TEM) measurements.
Protein or nanoparticle-containing samples were analyzed by Stefan
Werner (University of Hamburg, Germany) using a JEOL JEM 1011
operating at 100 kV. Unstained samples were prepared by drying 2 uL
of the sample on the TEM grid. For uranyl acetate-stained samples, a
2% solution was used. Initially, the grid was incubated for 1 min on a
droplet of 10 uL sample. Subsequently, the grid was washed three times
in ultrapure water, followed by one wash and one incubation step (60 s)
on a 2% uranyl acetate droplet. Any excess solution was blotted, and the
grid was dried. Protein crystals were investigated using a FEI Tecnai G2
Spirit TWIN at 120 kV. Ten microliters of ultrapure water was placed
on a TEM grid, and the crystal was transferred into the droplet before
removing the droplet.

Image analysis was performed using ImageJ software. The size of
AuNPs was determined by converting the images into binary images
(black/white) using the threshold function to facilitate automatic
counting and area determination. At least 200 NPs were considered for
size determination. Protein cages were measured manually by analyzing
100 particles per sample. A circle was drawn around each protein cage
to determine its size.

Scanning Electron Microscopy. Protein crystals were washed
with ultrapure water, transferred into a drop of ultrapure water on a
silicon wafer, and dried under air. The dried protein crystals on the
silicon wafer were imaged with a SCIOS FIB-SEM in SEM mode at
varying acceleration voltages between 1 and 20 kV using either the
Everhart-Thornley (ETD) detector for secondary electrons (SE) or the
high-resolution through-lens detector in the SE mode.** Cross sections
were prepared on crystals with a tilt of 52° such that the Ga ion source is
directed normal to the sample surface. In consecutive steps, the material
was removed and the cross-section surface prepared using a final low
current polishing. Cross-sectional SEM images were obtained with the
ETD SE detector and the through-lens detector operated in SE mode.

Preparation of Crystalline Lamellae by Xenon-Milling in
Arctis Cryo-pFIB-SEM. Protein crystals were grown as described
above (see Crystallization of the Two Protein Cages). We tooka 7.5 uL
solution containing washed cross-linked crystals and transferred it onto
a freshly glow-discharged holey carbon grid (R 1.2/1.3 Cu200). Grids
were left to sediment for 2—3 min and checked for the crystal presence
on the carbon film by optical microscopy. Blotting was performed
manually from both sides of each grid. Crystals were vitrified by
plunging into liquid ethane-propane using a Leica GP2 plunger and

transferred to an Arctis PlasmaFIB/SEM for milling under cryo-
conditions as reported previously."” A crystal for milling, ideally free of
small ice contamination and in the center of the grid mesh, was
identified in low-magnification SEM and FIB imaging. Crystals like
these were easily found on every TEM grid tested, allowing the milling
of several lamellae on each grid.

For lamella preparation, a focused beam of xenon ions accelerated at
30 kV was used. All milling steps were performed fully automated with
the TFS WebUI milling application using a modified template for
conventional lamella preparation. This protocol also includes
application of a sandwich of a metallic platinum layer (12 kV, 0.15
UA beam current, 2 min), organoplatinum layer applied by the gas
injection system (50 s), and another metallic platinum layer. After
finding electron-to-ion beam crossover z-height and the milling angle
with a target of 12°, stress relief cuts were milled on each side of the
crystal with a beam current of 1 nA. The crystal was initially rough-
milled using a beam current of 1 nA to ablate unwanted material and
prepare an initial lamella with a thickness of approximately 1 pm.
Subsequent reductions in the size of the crystal lamella came by further
ablating crystalline material with reduced currents (medium milling at
0.3 nA, fine milling at 0.1 nA) above and below the initially milled
volume with reduced current in a step-by-step fashion. The lamella
thickness in each milling step was defined by a height overlap of 5 in
each step. After fine milling of all lamellae, the final polishing step was
performed with a target thickness of 230 nm. The final thickness and
smoothness of the lamella were monitored with SEM operated at 2 kV
and 25 pA. To prevent charging artifacts during TEM imaging, girds
were platinum-coated once again as a final step (12 kV, 0.15 yA beam
current, S s).

Following milling, the grids were directly transferred in the same grid
cassette to the transmission electron microscope for tomographic data
collection. The transfer from the autoloader to the autoloader system
allows perfect orientation of the grid on the microscope stage with the
milling direction of the grid perpendicular to the tilt axis. Crystalline
lamellae were located in low-magnification images montaged to a grid
map. Each milled lamella was clearly visible compared to an unmilled
crystal, which appeared dark.

Tomograms were collected on a Titan Krios G3 (ThermoFisher
Scientific) transmission electron microscope, operated at 300 kV and
equipped with a Gatan Bioquantum energy filter operated in zero-loss
mode (20 eV energy slit width). Images were acquired on a Gatan K3
electron counting direct detection camera (Gatan Inc.) in dose
fractionation mode using SerialEM software’® at a nominal
magnification of 42,000x (physical pixel size, 0.21 nm * 0.21 nm/px)
and on-the-fly frame alignment using the SerialEM plugin. Tilt series
acquisition was performed in the dose-symmetric tilt scheme®” with a
total dose of 100 e/A? evenly distributed over 41 tilt images acquired in
dose fractionation mode with an increment of 2°.

Tilt stacks were reconstructed into tomogram volumes at a binning
factor of 4 using patch tracking alignment and weighted back projection
in imod software package version 4.11.1.°° The tomogram was
visualized with ChimeraX.”” The tomogram was oriented parallel to
one lattice plane of encapsulin cages (rotate slab). For analyzing the
sublattices, spheres with the same diameter as the protein cages (12 nm
vs 24 nm) were placed into the tomogram. First, marker spheres were
placed. With these markers and the spacing observed in the tomogram,
the sublattices for the protein cages were created using the lattice
command, a Python script developed by Tom Goddard for this
purpose.

Structure Modeling and Refinement for Single-Crystal
Small-Angle X-ray Diffraction (SC-SAXD) Data. In order to
generate a crystallographic model of the electron density, a low-
resolution unit cell was constructed according to the following steps. A
cubic grid was constructed with a unit cell dimension of 244.5 A and a
grid of 128 X 128 X 128 voxels. Smooth spheres of density were
generated by specifying a maximum radius M beyond which density was
set to zero and a minimum radius m where the density was set to one.
The density in each intervening voxel was calculated according to the
following equation, where p,,, is the density at voxel (x, y, z) in the map
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and r,,, is the magnitude of the real space vector from the origin to voxel Ulrike Laugks — Centre for Structureal Systems Biology
(x5, 2): (CSSB), Hamburg 22607, Germany; Department of
1, ifr,, < m Structural Cell Biology of Viruses, Leibniz Institute of Virology,

2
Pz = e74[("‘717m)/(M7m)] , ifm<r, <M

xyz —

0, ifrxyz > M

This is used to generate starting maps, which are operated on in order
to build a model of the encapsulin, gold nanoparticle, and ferritin
components. The operation workflow for generating this map is shown
in Figure S25, and spheres were calculated from the known geometry of
encapsulin and ferritin molecules and not refined against experimental
data (see below). Several minimum and maximum radii of the gold
nanoparticle were tested, 55 to 75 A, 50 to 80 A, 40 to 90 A, and 30 to
100 A, and from those, 40 to 90 A was manually determined to be the
best fit against experimental data. This workflow generates either the
AB; or AB, model for further analysis. The Fourier transform of these
models were stored in MTZ format.

Integrated and merged reflections with XDS were converted to MTZ
format and expanded to P1 using sftools.”” An absolute scale and B
factor were manually refined using sftools to optimize the R factor
against the experimental data. Electron density F, — F. difference maps
were calculated for each of the AB; and AB, models.
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