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1. Introduction

The self-assembly of nanoparticles into 3D structures creates
materials with emergent electronic, magnetic, plasmonic, and

photonic properties, by harnessing the
particles’ unique properties and the syner-
gistic interactions between them.[1,2] In this
manner, materials are synthesized with
properties that do not occur naturally,
also known as metamaterials.[3] Methods
for achieving controlled nanoparticle
assembly include DNA-functionalized nano-
particles, where sequence-specific hybridiza-
tion directs the arrangement of particles
into well-defined structures.[4–7] Similarly,
nanoparticles functionalized with charged
organic ligands can be self-assembled
through electrostatic interactions.[8–10]

Another approach uses depletion forces,
where an excluded volume effect induces
attractive interactions between colloidal
particles,[11] leading to their assembly into
ordered superlattices.[12] However, the inher-
ent polydispersity of inorganic nanoparticles
makes the precise positioning within 3D
structure challenging. Therefore, a precise
matrix is required for the accurate posi-
tioning of the cargo particles within the
materials. Here, protein nanocages offer an

atomically defined building block for the organization of nanopar-
ticles. Protein nanocages are hollow spheres with diameters in
the nanoscale regime, usually from about 5 nm up to 50 nm, con-
structed by the assembly of a defined number of protein
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Biohybrid supercrystals are highly ordered 3D assemblies of protein nanocages,
offering versatile structural designs through the selection of protein nanocages
and their ability to encapsulate various cargos within their cavities. By loading
nanoparticles into these nanocages, diverse and complex superstructures can
be engineered. In this study, individual biohybrid supercrystals are investigated
using small-angle X-ray diffraction. As the samples may consist from single
to several crystalline grains, angular X-ray cross-correlation analysis is used to
analyze the angular correlations within the intensity distribution in 3D reciprocal
space, enabling the determination of the unit cell parameters of the superlattice.
Encapsulated nanoparticles serve as effective X-ray scattering markers, facili-
tating precise identification of the nanocage positions within the superlattice.
The arrangement of nanoparticles in the unit cell is validated by comparing the
experimental and calculated radial intensity profiles. The findings confirm the
superlattice structures of unitary protein-nanoparticle composites, binary com-
posites (including homobinary and heterobinary designs), and supercrystals with
core-shell morphologies. Furthermore, single-grain and twin-domain structures
are identified, demonstrating the capability of this technique for defect charac-
terization and crystal engineering.
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subunits.[13] Protein cages are highly symmetric, usually displaying
tetrahedral, octahedral, or icosahedral symmetry,[14,15] and have a
cavity for loading with cargo. The cages can be filled with a range
of nanoparticles,[16–18] either by in situ synthesis of the particles or
by encapsulating pre-synthesized nanoparticles through a dis- and
reassembly approach.[19,20] By loading protein nanocages with
small molecules, biocompatible vehicles for drug delivery are
produced.[21–23] Importantly, natural protein nanocages can be engi-
neered ormodified for improved loading, labeling, and delivery.[24,25]

Moreover, with the recent advances in computational protein design,
novel protein cage-like assemblies have been created.[26,27]

Protein nanocages as well-defined building blocks for materi-
als can overcome the previously discussed polydispersity of nano-
particles during assembly. By using protein cages, we have
recently established a novel approach for the self-assembly of
nanoparticles.[28] Specifically, engineered protein nanocages with
opposite surface charges are used as atomically precise templates
for organizing inorganic nanoparticles. This methodology has
demonstrated exceptional capabilities in generating binary nano-
particle superlattices with unprecedented structural accuracy and
lateral dimensions. Because the nanocages and not the nanopar-
ticles are the primary building blocks, different types of cargo
loadings, for example, nanoparticles but also molecules such
as dyes, can be realized for the 3D materials. The protein cages
are assembled through electrostatic interactions between
proteins with oppositely charged surfaces[28,29] or via metal
coordination bridges between proteins with negatively charged
surfaces.[20] By combining different types of redesigned protein
nanocages, we created novel binary assemblies of differently
sized nanoparticles.[30] Seminal work from other groups have
co-assembled unmodified protein cages and charged gold nanopar-
ticles (AuNPs),[31] oppositely charged natural proteins,[32] and uti-
lized unitary protein cage lattices filled with two types of enzymes
as cargo for multistep catalysis.[33] Assemblies containing protein-
protein cage hybrid have been created as well.[34] Interestingly,
other groups have utilized the approach developed in our group
of using two oppositely charged protein nanocages, with one build-
ing block being the supercharged ferritin Ftn(pos),[28] to create other
types of binary nanoparticle assemblies and study the interaction of
nanoparticles within the lattices.[35] One current focus of assembly
is the creation of core-shell morphologies, where protein cages
have been utilized to synthesize a multi-layered ordered array[36]

and core-shell crystals.[37] Through DNA-mediated assembly,
core-shell superlattices were created as well.[38]

In recent studies, we have explored the optical properties of
biohybrid superlattices based on protein nanocages: encapsula-
tion of AuNPs and fluorophores has produced optical nano-
materials exhibiting strong exciton-plasmon interactions.[39]

Furthermore, we have constructed superlattices based on protein
nanocages and AuNPs to demonstrate novel optical phenomena
such as anomalous refraction of visible light.[40] The cavities
within the protein cages can be loaded in a modular fashion with
a range of inorganic nanoparticles such as metal oxide or noble
metal nanoparticles, enabling the development of diverse
biohybrid superlattice architectures.[28,29,39,40]

Compared to other methods for self-assembly discussed
above, the approach of using protein cages for assembly has
strengths and weaknesses. For example, there is a high long-
range order of the superlattices due to the protein cage providing

an atomically defined template. By fixating the final assemblies,
for example, with chemical crosslinkers, the crystals can be
removed from the crystallization solution and further manipu-
lated and investigated, even in vacuums. Due to the rather thin
protein shell, a large fraction of the final material contains nano-
particles. However, the distances between particles cannot be
tuned as readily as, for example, with DNA-based assembly,
where the lattice constants can be controlled through variation
in the DNA linker length. The control of lattice symmetry is
important for future applications. Here, the pH value and the
concentration of metal ions in the assembly condition can affect
the type of protein cage lattice structure.[20,41] Another challenge
is to incorporate differently sized nanoparticles. Ideally, various
types of nanoparticles with different sizes should be integrated
into these materials. However, adjusting the size of the protein
nanocage is not straightforward and requires the use of different
types of cages for the assembly. Because different types of cages
show different types of symmetry, it is crucial to determine the
arrangement of the cages in the condensed matter, for example
the crystal type and lattice parameters. Such insights will allow
for the controlled design of biohybrid superlattices with specific
structures and thus properties.

In this study, we investigate biohybrid superlattices with a
homogeneous distribution of nanoparticles and, for the first time
for our systems, supercrystals with a core-shell morphology (for
other studies, see for example refs. [36–38]). Because the crystal
lattice does not depend on the cargo but only on the cages, we
envisioned that the core-shell lattices form a similar crystal type
compared to the parent lattice. We study superlattices organized
by two types of protein nanocages, encapsulin (Enc) with a diam-
eter of 24 nm and ferritin (Ftn) with a diameter of 12 nm
(Figure 1). We utilize three protein cage variants: engineered
and negatively charged, obtained by supercharging the parent
protein cages encapsulin from T. maritima (Enc(neg)) and two fer-
ritin variants obtained by supercharging of human heavy chain
ferritin to yield positively charged ferritin (Ftn(pos)) and negatively
charged ferritin (Ftn(neg)). These cages encapsulate either AuNPs
with a diameter of 12 nm or cerium oxide nanoparticles (CeO2

NPs) with a diameter of 6 nm. The synthesis of CeO2 NPs inside
the ferritin cages was carried out according to an already reported
approach.[20] For the AuNPs, a previously established protocol
was used for encapsulation within Enc(neg) through a cargo-
loading peptide (CLP)-mediated approach.[30] The loaded cages
were characterized, for example, using transmission electron
microscopy, which shows one nanoparticle per cage.[30] The
cages function as a matrix and organize these cargo particles
into micron-sized highly ordered 3D biohybrid superlattices, also
referred to as biohybrid supercrystals (see for details in
Experimental Section and Supporting Information).

This study provides a detailed investigation into the structural
ordering and lattice parameters of protein-nanoparticle superlat-
tices using small-angle X-ray diffraction (SAXD). By utilizing the
X-ray scattering signals of encapsulated inorganic nanoparticles,
which serve as effective markers for their encapsulating protein
cages, the structural arrangement within the superlattices can be
precisely probed. We use the angular X-ray cross-correlation
analysis (AXCCA) to investigate the angular correlations in the
intensity distribution within the reciprocal space of individual
biohybrid supercrystals.[42–45] This approach proves useful for
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extracting the unit cell parameters across single to several
crystalline domains[46,47] and identifying structural defects, such
as grain boundaries,[48,49] stacking faults,[45,50,51] and twinned
domains.[45,52] Additionally, the unit cell parameters allow the
determination of diffraction positions, facilitating the identifica-
tion of the spatial arrangement of nanoparticles within the unit
cell by comparing the experimental and simulated peak intensi-
ties in the radially averaged scattering intensities.[53–55]

2. Results and Discussion

2.1. Overview of Biohybrid Supercrystals and Diffraction
Data Collection

Biohybrid supercrystals based on protein nanocages and nano-
particles are classified into two primary categories based on
the number of different protein cages used for assembly: unitary
and binary protein-nanoparticle composites. The first category,
unitary protein-nanoparticle composites, includes two configura-
tions. First, there are negatively charged ferritin cages loaded
with CeO2 NPs, referred to as the CeFtn(neg) crystal. Second,
there are negatively charged encapsulin cages containing
AuNPs, referred to as the AuEnc(neg) crystal.

The second category, binary protein-nanoparticle composites,
is more complex and includes both homobinary and heterobi-
nary designs. The homobinary design involves ferritin cages
with oppositely charged components (positive and negative).
These are known as homobinary crystals because they
utilize two protein cages derived from the same parent cage.
Here, as an example, the negatively charged ferritin cages loaded
with CeO2 NPs and assembled with empty, positively charged
ferritin cages, are referred to as the CeFtn(neg)/eFtn(pos) crystal.
In the heterobinary design, the scaffold consists of two distinct
protein cages, namely negatively charged encapsulin cages and
positively charged ferritin cages, Enc(neg) and Ftn(pos). There
are two subtypes: the first subtype consists of negatively charged
encapsulin cages loaded with AuNPs combined with positively
charged, empty ferritin cages, referred to as the AuEnc(neg)/
eFtn(pos) crystal. The second subtype contains empty encapsulin
cages paired with ferritin cages loaded with CeO2 NPs, referred
to as the eEnc(neg)/CeFtn(pos) crystal. Microscopy images of the
different types of biohybrid supercrystals investigated in the cur-
rent study are shown in Figure 2.

Additionally, biohybrid supercrystals with a core-shell mor-
phology were synthesized. Here, a seed crystal was first grown
as the core and was then transferred to a solution containing
the cage composites for the shell. Please note that the

Figure 1. Building blocks and assembly of the biohybrid superlattices. a) Three different protein cages are used for the assembly of nanoparticles:
negatively charged encapsulin (Enc(neg)) from T. maritima, positively charged ferritin (Ftn(pos)), and negatively charged ferritin (Ftn(neg)) based on human
heavy chain ferritin. The outer surface is either negatively charged (electrostatic potential depicted in red, �5 kT/e) or positively charged (blue, þ5 kT/e).
The cavity is used for nanoparticle encapsulation. b) Protein cages are either filled with nanoparticles such as AuNPs or CeO2 NPs or used as empty cages
for the assembly. c) Biohybrid superlattices are formed by the self-assembly of either two types of protein cages (shown here) or by the assembly of one
type of protein cage filled with nanoparticles. These assemblies are referred to as binary or unitary protein-nanoparticle composites, respectively.
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composition of the crystal growth solution for the core and the
shell contained the same type of cages, which were either filled
with nanoparticles or left as empty cages (see the Experimental
Section for more details). For crystals with the Enc(neg) architec-
ture, the outer shell consists of encapsulin cages loaded with
AuNPs, while the inner core contains only empty encapsulin
cages, referred to as eEnc(neg)@AuEnc(neg) crystal. For crystals
based on Enc(neg)/Ftn(pos) structure, the core is composed of
encapsulin cages loaded with AuNPs and empty ferritin cages,
whereas the outer shell is composed of layers of empty en
capsulin and ferritin cages, referred to as the AuEnc(neg)/
eFtn(pos)@eEnc(neg)/eFtn(pos) crystal. We envisioned that by uti-
lizing the cages as building blocks, the final core-shell assemblies
should be very similar to the parent crystals, which have a homo-
geneous distribution of nanoparticles throughout the crystal.

To reveal the structure of these protein cage supercrystals, the
SAXD experiment was performed at the in situ X-ray diffraction
and imaging beamline P23 at PETRA III. A schematic layout of

Figure 2. Optical microscopy images of supercrystals based on protein nanocages and nanoparticles. The insets show the building blocks for each
crystal type (see also Figure 1) as well as the crystal type. The abbreviations in bold below each panel are used throughout the text to identify the
crystal type.

Figure 3. Scheme of the experimental setup for measuring 2D diffraction
patterns from a biohybrid supercrystal. The sample was cooled using
a liquid nitrogen cryojet to 100 K. Scattering patterns were acquired using
a 2D detector placed downstream of the sample. The sample was rotated
around the vertical axis (φ) over an angular range of 180°. The vectors
ki and kf denote the incident and scattered wave vectors of X-rays. The
sample-to-detector distance was different in the course of the
experiment, where the detector was positioned at a distance of either
0.9 or 1.5 m.
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the experimental setup is shown in Figure 3. Individual biohy-
brid supercrystals were illuminated with X-rays at an energy
of 12.5 keV in transmission geometry and were rotated around
the vertical axis over an angular range to collect the full 3D inten-
sity distribution. The 3D intensity distribution was further ana-
lyzed using AXCCA and further processed by orientational
averaging to generate a 1D radial intensity profile for subsequent
scattering analysis (see the Experimental Section for more
details). In total, about five crystals were measured for each type
of sample.

2.2. Unitary Protein-Nanoparticle Composites

We begin our discussion with the simple unitary protein-
nanoparticle composites. The experimental radial intensity
profiles for these composites were generated, with the vertical axis
representing measured intensity and the horizontal axis corre-
sponding to the magnitude of the scattering vector, q. These pro-
files are shown in Figure 4a for the CeFtn(neg) crystal and in
Figure 4b for the AuEnc(neg) crystal, with the data presented as
black circles. The intensity profiles exhibit multiple diffraction
peaks attributed to the structure factor, along with intensity oscil-
lations arising from the form factor of the encapsulated nanopar-
ticles within the superlattice. The observed peaks are broad, with

some overlapping, and their intensities diminish with increasing
momentum transfer value q. The overlap between structure factor
and form factor contributions within the same q-regime results in
the modulation of the diffraction peak intensities by the particle
form factor, complicating the structure determination. These char-
acteristics are observed consistently throughout the radial intensity
profiles of all the supercrystals discussed in this study.

Separating the structure factor from the intensity profiles
requires determining the particle form factor, which has been
demonstrated by melting the thin film superlattice into a random
arrangement[6] or by using a dilute colloidal solution with iden-
tical constituents.[56] However, these approaches are not suitable
for the individual supercrystal samples. The former method is
destructive, preventing subsequent post-characterization of the
sample, while the latter does not ensure the nanoparticle form
factor in solution accurately resembles that in the solid state.
To overcome these limitations, we used AXCCA on the 3D inten-
sity distribution of supercrystals for unit cell determination.
AXCCA examines the angular correlations between pairs of
scattering intensities with scattering vectors q1 and q2, respec-
tively.[45] In this study, we consider pairs of intensities where
the magnitudes are equal, jq1j= jq2j = q. The angular cross-
correlation function (CCF) was calculated by averaging over all
intensity pairs with a specific relative angle at a fixed q-value

Figure 4. a,b) Radial intensity profiles for the CeFtn(neg) (a) and AuEnc(neg) (b) crystals. They are shown on a logarithmic scale as a function of the
scattering vector magnitude, q. Experimental data are represented by black circles, and the vertical dashed line marks the maximum extent of the full
q-circle (qfull= qx= qy) that can be captured by the detector. c,d) Correlation maps C(q, Δ) are displayed for the CeFtn(neg) crystal with a q-step size of
0.0037 nm�1 (c) and for the AuEnc(neg) crystal with a q-step size of 0.0023 nm�1 (d). The correlated positions (ghkl, Δg) are calculated from the primitive
rhombohedral lattice and marked as red circles in the correlation maps. Based on the determined unit cell parameters and the predicted nanoparticle
arrangement, the radial intensity profiles were calculated and shown as red lines in the left panels.
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(see details in the Experimental Section). This analysis not only
suppresses the random angular correlations but also extracts the
angular correlations of Bragg peaks within the 3D intensity
distribution.

The angular CCFs were calculated from the 3D intensity
distribution from a given q-regime and then stacked together
to generate a 2D correlation map. In this map, the vertical axis
represents the magnitude of the scattering vector q, the horizon-
tal axis represents the relative angle Δ between intensity pairs,
and the color map represents the calculated angular correlation
values. Local maxima of these correlation peaks, characterized by
coordinates (qobs, Δobs), were subsequently identified and com-
pared with the correlation positions (ghkl, Δg) derived from the
proposed model lattice with specific unit cell parameters (a, b,
c, α, β, and γ). Here, ghkl represents the magnitude of the recip-
rocal lattice vector, and Δg denotes the relative angle between a
pair of the reciprocal lattice vectors (see Supporting Information
for further details). This approach provides the unit cell param-
eters of the biohybrid superlattice, offering basic structural infor-
mation necessary for understanding the organization of the
protein-nanoparticle building blocks within the supercrystal.

To investigate the superlattice structure within unitary
protein-nanoparticle composites, we calculated the angular
CCFs from the 3D intensity distribution for the CeFtn(neg) crystal
(Figure 4c) and for the AuEnc(neg) crystal (Figure 4d). Unit cell
determination revealed that the nanoparticles in the supercrys-
tals exhibit a primitive rhombohedral superlattice structure
(aR= bR= cR, αR= βR= γR). The experimental correlation peaks
on the CCF maps align closely with those calculated for the
model lattice, as indicated by the red circles, suggesting that this
crystal is a well-formed, single-grain structure. The determined
unit cell parameters are listed in Table 1.

In detail, the CeFtn(neg) crystal consists of negatively charged
ferritin cages loaded with CeO2 NPs. They assemble into a
primitive rhombohedral lattice with unit cell parameters
aR= 12.61 nm and αR= 60.00° (as illustrated in Figure 5a). It
has been reported that the repulsive force between like-charged
ferritins is mitigated by magnesium ions absorbed at their inter-
face, facilitating the assembly of these like-charged ferritins into
the superlattice.[20] Correspondingly, the primitive rhombohe-
dral unit cell with αR= 60.00° can also be represented as a
face-centered cubic ( fcc) unit cell (Figure 5b), with the unit cell
parameters aC=

ffiffiffi
2

p
aR = 17.83 nm and αC= 90.00°. This config-

uration forms a close-packed structure, with the close-packed
direction aligned along <111> direction of the unit cell.

On the other hand, the AuEnc(neg) crystal consists of negatively
charged encapsulin loaded with Au nanoparticles,[19] arranged
into a primitive rhombohedral lattice with unit cell parameters
aR= 23.58 nm and αR= 57.21° (Figure 5c). In the correlation
map shown in Figure 4d, some correlation peaks are not
explained by the correlation positions calculated from the model
lattice. Since the αR of the AuEnc(neg) crystal is close to 60.00°,
which is a characteristic of a primitive rhombohedral unit cell
of an fcc structure, this prompted further examination of possible
defects associated with the fcc structure within this crystal.
This investigation began by comparing both the CeFtn(neg)

and AuEnc(neg) crystals in a rhombohedral-centered lattice with
hexagonal axes (aHR= bHR, cHR, αHR= βHR, γHR= 120°),
where aHR= aR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� 2cos αR

p
and cHR= aR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3þ 6cos αR

p
(see

Figure 5a,c). For the CeFtn(neg) sample, aHR= 12.61 nm
and cHR= 30.89 nm, while for the AuEnc(neg) sample,
aHR= 22.63 nm and cHR= 59.18 nm. The nearest neighbor
distance (dNN) between adjacent protein cages in CeFtn(neg)

and AuEnc(neg) crystals is located within the basal plane normal
to [0001] and corresponds to aHR.

In this configuration, each protein cage in the CeFtn(neg) crys-
tal is coordinated with twelve neighboring cages, all with the
same dNN. Similarly, in the AuEnc(neg) crystal, each protein cage
is coordinated with twelve neighboring cages. Six cages are
within the same basal plane, all at the same dNN, and an addi-
tional six cages, with three positioned above and three below
the basal plane, each at a neighboring distance aR, which is
�4.4% greater than the dNN. Assuming the size of each protein
cage as dNN, this results in a packing factor for the CeFtn(neg)

crystal of �0.74, characteristic of a close-packed structures.[57]

In contrast, the AuEnc(neg) crystal has a packing factor of
0.69, suggesting a looser packing density in the AuEnc(neg) crystal
relative to the CeFtn(neg) crystal.

In addition, both crystals consist of a regular stacking
sequence (ABCABC…) in the direction normal to the basal
planes. Any disruption of the stacking sequence typically leads
to the occurrence of twinning, a phenomenon frequently
observed in fcc lattices.[58,59] This results in mirror symmetry
of the twinned domains across the twin boundary parallel

Table 1. Structural parameters for the optimized model of the CeFtn(neg)

and AuEnc(neg) crystals obtained through the AXCCA. The mean values of
the unit cell parameters for the nanoparticle superlattices were determined
from the AXCCA, with the error bars representing the standard deviation
determined by the Williamson–Hall method.

Sample name CeFtn(neg) AuEnc(neg)

Unit cell length, aR [nm] 12.61� 0.27 23.58� 0.49

Unit cell angle, αR [°] 60.00� 0.59 57.21� 1.50

Nearest neighbor distance, dNN [nm] 12.61� 0.27 22.58� 0.47

Type of unit cell Rhombohedral Rhombohedral

Figure 5. Schematic view of the unitary protein-nanoparticle lattices and
their corresponding unit cells is shown for the CeFtn(neg) crystal: a) in a
rhombohedral unit cell with hexagonal axes and b) in an fcc unit cell.
Additionally, c) shows the AuEnc(neg) crystal in the rhombohedral unit cell
with hexagonal axes. The red dashed lines in (a) and (c) depict primitive
rhombohedral unit cells.
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to the basal planes. As shown in Figure S4a, Supporting
Information, the previous unexplained correlation peaks in the
map coincide with the correlation positions between two twinned
grains, providing evidence for the presence of twin domains in
the AuEnc(neg) crystal. The formation of these domains in the
superlattice is likely initiated during the crystal growth process
due to stacking faults or structural rearrangement.

After obtaining the unit cell parameters from the AXCCA, the
peak positions of the structure factor were calculated. Using a
scattering formalism derived from the periodic nanoparticle

lattices, the scattering intensities of the proposed structural
model can be computed,[53–55,60] with a detailed analysis available
in the Supporting Information. This approach enables the
examination of the predicted superlattice structure, including
the unit cell parameters and the arrangement of encapsulated
nanoparticles. The calculated intensity profile for CeFtn(neg)

and AuEnc(neg) crystals, shown as red lines in Figure 4a,b, dem-
onstrates a good agreement with the experimental data, particu-
larly for the diffraction peak intensities. This consistency further
supports the proposed superlattice structures of nanoparticles,

Figure 6. a–c) Radial intensity profiles for the CeFtn(neg)/eFtn(pos) (a), AuEnc(neg)/eFtn(pos) (b), and eEnc(neg)/CeFtn(pos) (c) crystals. They are shown on a
logarithmic scale as a function of the scattering vector magnitude, q. Experimental data are represented by black circles, and the vertical dashed line marks
the maximum extent of the full q-circle (qfull= qx= qy) measured by the detector. d–f ) Correlation maps C(q, Δ) are displayed for the CeFtn(neg)/eFtn(pos)

(d), AuEnc(neg)/eFtn(pos) (e), and eEnc(neg)/CeFtn(pos) (f ) crystals with a q-step size of 0.0037 nm�1. The correlated positions (ghkl,Δg) are calculated from
the model lattice and marked as red circles in the correlation maps. The CeFtn(neg)/eFtn(pos) crystal features a nanoparticle superlattice with a simple
tetragonal structure, while the AuEnc(neg)/eFtn(pos) and eEnc(neg)/CeFtn(pos) crystals exhibit simple cubic structures. Using the determined unit cell
parameters and the predicted nanoparticle arrangement, the radial intensity profiles were calculated and are shown as red lines in the left panels.
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which correspond to their encapsulating protein cages within the
biohybrid supercrystals.

2.3. Binary Protein-Nanoparticle Composites

We also studied three types of binary protein-nanoparticle com-
posites: (i) the homobinary CeFtn(neg)/eFtn(pos) crystal, (ii) the
heterobinary AuEnc(neg)/eFtn(pos) crystal, and (iii) the heterobi-
nary eEnc(neg)/CeFtn(pos) crystal. The collected intensity distribu-
tions were averaged into radial intensity profiles, as shown in
Figure 6a–c. Correlation maps were calculated from these inten-
sity distributions for the CeFtn(neg)/eFtn(pos) crystal (Figure 6d),
for the AuEnc(neg)/eFtn(pos) crystal (Figure 6e), and the eEnc(neg)/
CeFtn(pos) crystal (Figure 6f ). The analysis revealed distinct nano-
particle superlattice structures for each composite: the
CeFtn(neg)/eFtn(pos) crystal forms a simple tetragonal lattice
(aT= bT, cT, αT= βT= γT= 90°), while the AuEnc(neg)/eFtn(pos)

and eEnc(neg)/CeFtn(pos) crystals form simple cubic lattices
(aL= bL= cL, αL= βL= γL= 90°). The correlation peaks on the
map of the CeFtn(neg)/eFtn(pos) and AuEnc(neg)/eFtn(pos) crystals
coincide with those calculated for the model lattice, as indicated
by the red circles, suggesting that both crystals exist as a single-
grain crystal. However, this is not the case for the eEnc(neg)/
CeFtn(pos) crystal, which shows multiple unexplained peaks.
The unit cell parameters determined from this analysis are pro-
vided in Table 2.

For the CeFtn(neg)/eFtn(pos) crystal, negatively charged ferritin
cages loaded with CeO2 NPs assemble in a simple tetragonal lat-
tice with unit cell parameters aT= 12.73 nm and cT= 17.43 nm.
The aT represents the distance between two negatively charged
ferritin cages at the corners of the unit cell; the body diagonal
length was determined to be 25.06 nm, nearly twice the value
of aT. This suggests the presence of positively charged ferritin
cages at the body-centered site of the unit cell, consistent with
the previous finding.[20] It was reported that the like-charged

ferritin cages assemble into a superlattice described by a simple
tetragonal unit cell, with the body-centered site occupied by an
oppositely charged ferritin cage. Half of the body diagonal length
is 12.53 nm, which is slightly smaller than aT, indicating a
reduced distance between oppositely charged ferritins in the unit
cell. This difference is attributed to electrostatic interactions
between the charged ferritins. The reported structure is also anal-
ogous to an AB alloy with a tetragonal L10 ordered structure
(a fcc-derived ordered structure, exhibiting unit cell parameters
aL=

ffiffiffi
2

p
aT = 18.00 nm and cL= cT= 17.43 nm (Figure 7a).

This corresponds to a ratio cL/aL of 0.968, comparable to the
ordered CoPt intermetallic compound.[61] The calculated radial
intensity profile from the proposed structure matches the exper-
imental data, shown as a red line in Figure 6a.

For the heterobinary protein-nanoparticle composites, the
analysis of the AuEnc(neg)/eFtn(pos) crystal reveals that AuNPs
encapsulated in negatively charged encapsulin cages organize
into a simple cubic lattice with the unit cell parameter
aL= 24.49 nm, suggesting that the large encapsulin cages only
occupy the corners of the cubic unit cell. Its counterpart, the
eEnc(neg)/CeFtn(pos) crystal, composed of negatively charged
ferritin cages loaded with CeO2 NPs, also adopts a simple cubic
lattice with a smaller unit cell parameter aL= 23.73 nm. To esti-
mate the site occupancy of ferritins within the unit cell, ferritin
and encapsulin are modeled as rigid spheres, with sizes corre-
sponding to the dNN found in the CeFtn(neg) and AuEnc(neg) crys-
tals, representing the smallest sizes possible of the respective
cages. Subtracting the rigid AuEnc(neg) sphere from the face
and body diagonals of the unit cell estimates unoccupied distan-
ces of 10.98 nm along the face diagonal and 18.52 nm along the
body diagonal of the eEnc(neg)/CeFtn(pos) crystal, available for
potential ferritin cage occupancy. Similarly, the unoccupied dis-
tances along the face and body diagonals of the unit cell in the
AuEnc(neg)/eFtn(pos) crystal are 12.05 and 19.84 nm, respectively.

Subsequently, three possible configurations for the site occu-
pancy of ferritin cages in the unit cell were further evaluated.
First is an AB3 structure (cubic L12 ordered structure) with fer-
ritin cages positioned at the face-centered sites of the unit cell.
Second is a CsCl structure, where ferritin cages are positioned at
the body-centered sites of the unit cell. Last is an AB4 structure,
as examined in the previous findings,[30] with the ferritin cages
located at both the body-centered and face-centered sites of the
unit cell. By comparing the experimental and calculated radial
intensity profiles, the AB3-type structure showed the best match,
compared to the AB4-type structures (see Figure S5a, Supporting
Information) and CsCl structures (see Figure S5b, Supporting
Information). These results suggest that ferritin cages occupy
the face-centered sites and encapsulin cages occupy the corners
of the unit cell. Therefore, both AuEnc(neg)/eFtn(pos) and
eEnc(neg)/CeFtn(pos) crystals adopt a cubic L12 ordered structure
(as shown in Figure 7b,c). These findings are consistent with
recent studies using cryogenic transmission electron microscopy
and tomography,[30] which revealed that this composite assem-
bles into an AB3-type superlattice, similar to the ordered
Cu3Au intermetallic compound. Nonetheless, given that the fer-
ritin cages are slightly larger than the unoccupied space at the
face-centered sites, positioning them at these sites introduces
weak geometric frustration within the superlattice structure.

Table 2. Structural parameters for the CeFtn(neg)/eFtn(pos), AuEnc(neg)/
eFtn(pos), and eEnc(neg)/CeFtn(pos) crystals obtained through the AXCCA.
The mean values of the unit cell parameters for the nanoparticle
superlattices were determined from the AXCCA, with the error bars
representing the standard deviation determined by the Williamson–Hall
method.

Sample name CeFtn(neg)/
eFtn(pos)

AuEnc(neg)/
eFtn(pos)

eEnc(neg)/
CeFtn(pos)

Unit cell length, aL [nm] 18.00� 0.23 24.49� 0.38 23.73� 0.34

Unit cell length, cL [nm] 17.43� 0.22 – –

Unit cell angle, αL [°] 90.00� 0.78 90.00� 1.19 90.00� 0.76

Nearest neighbor
distance
between two ferritins,
dNN, Ftn [nm]

12.53� 0.14 17.31� 0.24 16.78� 0.24

Nearest neighbor
distance
between two
encapsulins,
dNN, Enc [nm]

– 24.49� 0.38 23.73� 0.34

Type of unit cell simple tetragonal simple cubic simple cubic
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Since the eEnc(neg)/CeFtn(pos) crystal features an fcc-derived
ordered structure, crystal twinning is expected, as observed in
some studies on the Cu3Au ordered structure.[62,63] By calculat-
ing the correlation positions between two twinned grains, the
previously unexplained correlation peaks in the CCF map are
now resolved (Figure S4b, Supporting Information), providing

evidence for the presence of twin domains in the eEnc(neg)/
CeFtn(pos) crystal. Twinning in an fcc structure typically occurs
when the stacking sequence of the close-packed (111) planes
is disturbed, resulting in the two twinned grains exhibiting a
relative rotation of 60° around one of the equivalent [111] twin
axes, indicating the Σ3 twinning.

Figure 7. a–c) Schematic view of the binary protein-nanoparticle lattices with the corresponding unit cell. The protein cages assembled into a tetragonal
L10 ordered structure and nanoparticle superlattice form a simple tetragonal structure for the CeFtn(neg)/eFtn(pos) crystal (a). The protein cages assembled
in a cubic L12 ordered structure, with the nanoparticle superlattice forming a simple cubic structure both for the AuEnc(neg)/eFtn(pos) (b) and the
eEnc(neg)/CeFtn(pos) (c) crystals.

Figure 8. a,b) Radial intensity profiles for the eEnc(neg)@AuEnc(neg) (a) and the AuEnc(neg)/eFtn(pos)@eEnc(neg)/eFtn(pos) (b) crystals. They are shown on
a logarithmic scale as a function of the scattering vector magnitude, q. Experimental data are shown as black circles, and the vertical dashed line marks the
maximum extent of the full q-circle (qfull= qx= qy) that can be captured by the detector. c,d) Correlation maps C(q, Δ) are displayed for the
eEnc(neg)@AuEnc(neg) crystal with a q-step size of 0.0023 nm�1 (c) and for the AuEnc(neg)/eFtn(pos)@eEnc(neg)/eFtn(pos) crystal with a q-step size of
0.0037 nm�1 (d). The correlated positions (ghkl, Δg) are calculated from the model lattice and marked as red circles in the correlation maps. The nano-
particle superlattice in the eEnc(neg)@AuEnc(neg) crystal exhibits a simple tetragonal structure, while the AuEnc(neg)/eFtn(pos)@eEnc(neg)/eFtn(pos) crystal
exhibits a simple cubic structure. Based on the determined unit cell parameters and the predicted nanoparticle arrangement, the radial intensity profiles
were calculated and shown as red lines in the left panels.
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Furthermore, consistent with the coordination numbers of
protein cages in the CeFtn(neg) and AuEnc(neg) crystals, each cage
in the binary protein-nanoparticle composite is coordinated by
twelve neighboring cages. In the CeFtn(neg)/eFtn(pos) crystal,
each cage coordinates with four like-charged cages and eight
oppositely charged cages, while in the AuEnc(neg)/eFtn(pos) and
eEnc(neg)/CeFtn(pos) crystals, each cage coordinates with four
cages of the same type and eight of a different type.

2.4. Protein-Nanoparticle Composites with Core-Shell
Morphology

Two additional biohybrid supercrystals with core-shell morphol-
ogy were investigated: (i) eEnc(neg)@AuEnc(neg) and (ii)
AuEnc(neg)/eFtn(pos)@eEnc(neg)/eFtn(pos) (core@shell) crystals.
These crystals share similar constituents with their parent crys-
tals, AuEnc(neg) and AuEnc(neg)/eFtn(pos), respectively. The core-
shell crystals were prepared by using the core crystal as a seed for
the subsequent growth of the shell. Microscopy images of these
supercrystals reveal distinct contrast, distinguishing regions left
empty from those loaded with nanoparticles. The superlattice
structure of both core-shell crystals was investigated in compari-
son to their parent crystals. Orientational-averaging the 3D inten-
sity distribution generates the radial intensity profiles of both
core-shell crystals, shown as black circles in Figure 8a,b.

To determine the unit cell parameters, the angular CCFs were
calculated and stacked into correlation maps for the eEnc(neg)@
AuEnc(neg) (Figure 8c) and the AuEnc(neg)/eFtn(pos)@eEnc(neg)/
eFtn(pos) crystals (Figure 8d). The determined parameters of
the core-shell crystals are summarized in Table 3, revealing struc-
tural similarities to their respective parent crystals. In the
eEnc(neg)@AuEnc(neg) crystal, AuNPs encapsulated in the encap-
sulin cages assemble into a primitive rhombohedral superlattice
with unit cell parameters aR= 23.44 nm and αR= 57.55°. This
structure transforms into a rhombohedral-centered lattice with
hexagonal axes, where aHR is 22.57 nm and cHR is 58.46 nm,
yielding a packing factor of 0.70 that closely matches that of
the parent homogeneous AuEnc(neg) crystal. Similarly, in the
AuEnc(neg)/eFtn(pos)@eEnc(neg)/eFtn(pos) crystal, the AuNPs
within the encapsulin cages organized into a simple cubic super-
lattice characterized by a unit cell parameter aL= 24.07 nm,
closely resembling the parent AuEnc(neg)/eFtn(pos) crystal.

The unit cell parameters were then used to calculate the radial
intensity profiles and compared with the experimental data,
as shown by the red lines for the eEnc(neg)@AuEnc(neg)

(Figure 8a) and AuEnc(neg)/eFtn(pos)@eEnc(neg)/eFtn(pos) crystals
(Figure 8b). Notably, the first two diffraction peaks appear
weak in the experimental radial intensity profile of the
eEnc(neg)@AuEnc(neg) crystal. In contrast, the angular correla-
tions between the Bragg peaks in these first two families are cap-
tured in the correlation map (Figure 8c), facilitating unit cell
determination. Overall, these results suggest that the develop-
ment of core-shell morphology does not alter the assembly pat-
tern of the nanocages into superlattices, regardless of whether
they are loaded or empty. This demonstrates the versatility of
morphological control in designing biohybrid supercrystals.

3. Conclusion

In summary, this study provides a comprehensive investigation
of the structural properties and assembly behavior of biohybrid
supercrystals composed of protein cages and nanoparticles. We
examined various composite systems, including homobinary and
heterobinary composites, as well as supercrystals with core-shell
morphology. In contrast to the approaches that rely on ensemble
diffraction from a collection of multiple crystals, in the current
work, we collected diffraction data from the individual biohybrid
crystals in the small-angle X-ray regime. This allows us to dem-
onstrate the feasibility of using AXCCA for structural determina-
tion of biohybrid supercrystals and to analyze superlattice
structure through radial intensity profiles. This enables the deter-
mination of nanoparticle arrangements within the unit cell.

This work presents an approach for determining the structure
of protein cage assemblies containing encapsulated nanopar-
ticles. The method shown in the current study is complementary
to the use of SAXD data for superlattice structure refinement in
reciprocal space and electron cryo-tomography for structure
determination in direct space.[30] Furthermore, we identified
the structure of a new type of unitary assembly of the encapsulin
nanocages filled with AuNPs. Moreover, we showed that the abil-
ity to control the morphology of the micron-sized biohybrid crys-
tals while preserving the protein cage assembly pattern is similar
to that of their parent homogenous crystals. This opens new pos-
sibilities for designing supercrystals with tailored properties for
advanced applications.

Using AXCCA, we also observed evidence of twin domains in
the biohybrid supercrystals. Overall, the matrix based on protein
nanocages offers a versatile scaffold for the precise assembly of
inorganic nanoparticles, providing greater flexibility in selecting
materials for nanoparticle cargo within protein cages. This study
enhances our understanding of the superlattice structures and
associated defects in the biohybrid supercrystals, offering new
opportunities for designing and engineering diverse biohybrid
superlattice architectures.

4. Experimental Section

Assembly of Biohybrid Supercrystals: Several types of biohybrid supercrys-
tals composed of protein nanocages and nanoparticles were prepared. In
general, crystals were grown using a hanging drop vapor diffusion setup,

Table 3. Structural parameters for the eEnc(neg)@AuEnc(neg) and
AuEnc(neg)/eFtn(pos)@eEnc(neg)/eFtn(pos) crystals obtained through the
AXCCA. The mean values of the unit cell parameters for the
nanoparticle superlattices were refined from the AXCCA, with the error
bars representing the standard deviation determined by the
Williamson–Hall method.

Sample name eEnc(neg)@AuEnc(neg) AuEnc(neg)/
eFtn(pos)@eEnc(neg)/

eFtn(pos)

Unit cell length, aR or aL [nm] 23.44� 0.27 24.07� 0.37

Unit cell angle, αR or αL [°] 57.55� 1.58 90.00� 0.80

Nearest neighbor distance between
two encapsulins, dNN, Enc [nm]

22.57� 0.26 24.07� 0.38

Type of unit cell rhombohedral simple cubic

www.advancedsciencenews.com www.small-structures.com

Small Struct. 2025, 6, 2400684 2400684 (10 of 13) © 2025 The Author(s). Small Structures published by Wiley-VCH GmbH

 26884062, 2025, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202400684, W

iley O
nline L

ibrary on [01/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-structures.com


similar to the crystallization of proteins.[64] The preparation of the protein
cages as well as the encapsulation of nanoparticles or synthesis of nano-
particles inside the cages was described in the Supporting Information.
The specific assembly procedures for each type of supercrystal were
detailed as follows.

CeFtn(neg): For the unitary protein-nanoparticle composite, crystals
composed of negatively charged ferritin cages loaded with CeO2 NPs were
prepared as described in previous work.[20] Here, 2 μL of the crystallization
solution, which consists of 0.1 M Tris pH 8.5 and 0.52M magnesium ace-
tate solution, was mixed with 1 μL 50mM Tris pH 7.5 1 M NaCl and 1 μL
negatively charged ferritin cages loaded with CeO2 NPs (at 4 mgmL�1) in
50mM Tris pH 7.5 0.3M NaCl.

AuEnc(neg): Another type of unitary protein-nanoparticle composite,
consisting of negatively charged encapsulin cages loaded with AuNPs,
was prepared. At 303 K, 1 μL of protein nanocages loaded with AuNPs
(6mgmL�1) in buffer (20mM Tris pH 7.5, 0.3 M NaCl) were mixed with
1 μL crystallization solution, which consists of 0.2 M calcium acetate,
0.1MMES pH 6.0%, and 4% (v/v) isopropanol. The elevated temperature
was necessary to ensure that the building blocks crystallize in a homoge-
neous crystal morphology.

For the preparation of a binary protein-nanoparticle composite, two
types of protein matrices were used. One type of matrix consisted of
two oppositely charged ferritin cages, whereas the other matrix was
composed of negatively charged encapsulin cages and positively charged
ferritin cages.

CeFtn(neg)/eFtn(pos): For the sample using the binary ferritin matrix,
the negatively charged ferritin cages were loaded with CeO2 NPs.
Crystallization of this sample with empty, positively charged ferritin cages
was carried out by mixing 1 μL of each protein cage solution with 2 μL of
crystallization solution, which consists of 0.19M magnesium formate
solution, similar to previous work.[28]

AuEnc(neg)/eFtn(pos) and eEnc(neg)/CeFtn(pos): For the crystals formed by
the binary encapsulin/ferritin matrix, either the encapsulin cages were
loaded with AuNPs or the ferritin cages were loaded with CeO2 NPs,
respectively. These two types of crystals were prepared as described pre-
viously.[30] The crystallization drops were prepared with a volume of 4 μL,
composed of 2:1:1 crystallization solution, Ftn(pos), and Enc(neg). Solutions
were added to the droplet in this specific order. The crystallization condi-
tion contained 0.16M ammonium sulfate, whereas the protein concentra-
tions were 4 mgmL�1 each, with proteins in buffer solution (encapsulin:
20mM Tris, pH 7.5, 0.3 MNaCl; ferritin: 50 mM Tris, pH 7.5, 1.0MNaCl).

To synthesize core-shell crystals (referred to as the eEnc(neg)@
AuEnc(neg) and AuEnc(neg)/eFtn(pos)@eEnc(neg)/eFtn(pos)), in the first step,
the core part of the crystal was grown as described above. In the second
step, these crystals were transferred to a fresh crystallization drop,
containing protein cages (loaded with nanoparticles, if required).

To stabilize the crystals, the samples were crosslinked. A fresh stock
solution of sulfosuccinimidyll-4-(N-maleimidomethyl)cyclohexan-
1-carboxylate (sulfo-SMCC, 4.8 mgmL�1) was prepared with ultrapure
water. The cover slide was briefly removed and 100 μL of the stock solution
was added to the crystallization condition and mixed. Depending on the
crystal drop size, half the volume of the drop was taken from the mixed
reservoir and added for crystal crosslinking. The well was sealed with the
cover slide, and crystals were crosslinked for 16 h at 293 K.

X-ray Scattering Experiment: The synchrotron X-ray scattering experi-
ment was conducted at in situ X-ray diffraction and imaging beamline
P23 at PETRA III (DESY, Hamburg), with its schematic layout shown in
Figure 3. Monochromatic X-rays with a photon energy of 12.5 keV (wave-
length= 0.992 Å) were used. The crystals were first transferred into a solu-
tion containing the crystallization condition, supplemented with 25%
glycerol for cryoprotection, mounted on a MiTegen polymer tip, flash-
frozen in liquid nitrogen, and placed on the sample rotation stage, which
continuously rotated around the vertical axis over an angular range of 180° at
an angular speed of 0.25°/s. The signal from the sample crystals was
recorded by a downstream X-Spectrum Lambda 750 K GaAs detector with
a pixel size of 55 � 55 μm2. The scattered X-rays were then collected by the
area detector at an acquisition frequency of 1 Hz (corresponding to a
frame exposure of 1 s per 0.25°). Measurements were performed at two

different sample-to-detector distances, 0.9 and 1.5m, to ensure sufficient
q-range coverage for the experiment (see Supporting Information).
The X-ray beam size was set using slits to dimensions of 100 μm
(V)� 100 μm (H) at SDD of 0.9m and 250 μm (V)� 250 μm (H) at SDD
of 1.5m. During the experiment, the sample crystal was cooled to 100 K
using a liquid nitrogen cryojet to mitigate radiation damage to the protein
nanocages, thereby maintaining the crystal structure throughout the contin-
uous measurement. The collected 2D scattering patterns over the whole
angular range were air-background subtracted and interpolated onto a
3D orthonormal grid with the cubic voxel length of 0.0037 nm�1 at SDD
of 0.9m and 0.0023 nm�1 at SDD of 1.5m. Notably, the rectangular array
shape of the detector restricted the collection of a complete set of diffraction
peaks to within the full q-sphere, restricted by the short axis of the detector
(see Supporting Information for more details).

Angular X-ray Cross-Correlation Analysis: AXCCA was utilized to investi-
gate the structure of the biohybrid crystals composed of protein-
nanoparticle building blocks. This analysis involved calculating the angular
cross-correlation functions between pairs of scattered intensities in 3D
reciprocal space[45]

Cðq,ΔÞ ¼ eIðq1ÞeIðq2Þδ q1 ⋅ q2
jq1jjq2j

� cosΔ
� �� �

(1)

whereeIðq1Þ and eIðq2Þ represents the normalized intensities corresponding
to the scattering vectors q1 and q2, respectively. The symbol Δ denots the
relative angle between these vectors, and δðxÞ represents the Kronecker
delta function. The averaging <…> was performed over all pairs of
intensities for which the corresponding scattering vectors satisfy jq1j=
jq2j= q. The intensity IðqÞ was normalized to its mean intensity as follows

eIðqÞ ¼ IðqÞ � IðqÞh i
IðqÞh i (2)

Detailed procedures for unit cell determination of the superlattice struc-
ture are provided in the Supporting Information. Additionally, the devia-
tion of the unit cell parameters was determined using the Williamson–Hall
method (see Supporting Information).[47,65]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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