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Nanostructures

Optically Controlled Construction of Three-Dimensional Protein
Arrays

Qing Liu, Yu Zhou, Ahmed Shaukat, Zhuojun Meng, Daniella Kyllönen, Iris Seitz,
Daniel Langerreiter, Kim Kuntze, Arri Priimagi, Lifei Zheng,* and Mauri A. Kostiainen*

Abstract: Protein crystallization is an important tool for
structural biology and nanostructure preparation. Here,
we report on kinetic pathway-dependent protein crystals
that are controlled by light. Photo-responsive crystallites
are obtained by complexing the model proteins with
cationic azobenzene dyes. The crystalline state is readily
switched to a dispersed phase under ultraviolet light and
restored by subsequent visible-light illumination. The
switching can be reversibly repeated for multiple cycles
without noticeable structure deterioration. Importantly,
the photo-treatment not only significantly increases the
crystallinity, but creates crystallites at conditions where
no ordered lattices are observed upon directly mixing
the components. Further control over the azobenzene
isomerization kinetics produces protein single crystals of
up to �50 μm. This approach offers an intriguing
method to fabricate metamaterials and study optically
controlled crystallization.

Introduction

Bottom-up construction of hierarchically ordered structures
offers a robust tool for fabricating nanomaterials. Mimicking
natural structures and functions can provide an under-
standing of complex biological systems.[1] Proteins present
an attractive building block to fulfill this task owing to their

unparalleled properties. For example, the large composi-
tional library (20 amino acids) creates abundant polypeptide
sequences which can further fold into discrete protein
structures.[1d] Many proteins display intrinsic structural
symmetries, which favor structures with long-range
periodicity.[2] Moreover, selected proteins (e.g. virus capsids)
are compatible with noncognate payloads, such as
nanoparticles,[3] self-assembled systems[4] and polymers,[5]

leading to the formation of hybrid assemblies bearing
unprecedented e.g. optical[7] and catalytic[6] properties. By
using computational methods and recombinant techniques,
de novo designed proteins and their assemblies can be
engineered to further broaden this toolbox.[1d]

Diverse interactions are utilized as the driving force for
protein assemblies. For example, with careful design and
genetic engineering, amino acid residues at desired sites are
substituted with coordinating ligands, and the subsequent
addition of metal ions directs the formation of cage-like
structures,[7] two-dimensional (2D) arrays,[8] or three-dimen-
sional (3D) lattices.[9] With this approach, stimulus-respon-
siveness is realized, and other modules can also be incorpo-
rated, affording protein crystallization that is mediated by
hydrophobic interactions[10] or disulfide bonds.[11] Most
protein cages display a negatively charged exterior.[1b] There-
fore, protein assemblies can be feasibly obtained by
complexation with polycations via electrostatic interactions.
However, taking advantage of the strong attractive forces
mostly produces amorphous aggregates.[12] In order to avoid
kinetically trapped assemblies and afford crystalline struc-
tures, the interaction strength needs to be adjusted to a
weakly attractive regime by the addition of an electrolyte.[13]

Therefore, introducing other easy-to-handle triggers to tune
the assembly conditions would offer interesting approaches
to preparing well-ordered and responsive protein assem-
blies.

Light is a non-invasive stimulus that can be delivered to
closed systems with high temporal and spatial accuracy.[1a]

Moreover, light-controlled assemblies omit the supply of
molecular input and consequently the generation of molec-
ular waste, which is of particular interest for the preparation
of dissipative assemblies where the removal of waste is
essential.[14] Due to these features, (crystalline) assemblies
that can be controlled by light are gaining increasing
attention, and they can be prepared by functionalizing the
building block surface with light-sensitive ligands or intro-
ducing a photo-switchable medium.[1a] Recent advances
highlight the second approach because it circumvents
laborious preparation procedures and possible adverse
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effects on switching performance.[15] Particularly, controlling
the photo-isomerization kinetics of the light-responsive
modules can produce novel structures that are inaccessible
by directly complexing the building blocks, such as 2D
colloidal crystals[15j] and DNA fibres.[15g] However, the use of
this strategy in the context of assembling 3D arrays and
crystals remains elusive.[1a]

In this work, we report the pathway-dependent crystal-
line assembly of two model proteins (ferritin cages and
tobacco mosaic virus, TMV) by using cationic azobenzene.
One key feature of the system is the control over the
assembly process by taking advantage of the isomerization
kinetics of the photo-responsive molecules. Direct complex-
ation of proteins with the azobenzene in the trans-state leads
to the formation of crystallites with small ordered domains,
which can be disassembled under UV irradiation due to the
trans-to-cis isomerization. When the UV irradiation is
ceased, the thermodynamically unfavored cis form isomer-
izes into the stable trans form and consequently, the protein
crystallites are reassembled. Controlling the isomerization
kinetics leads to the production of crystals with different
dimensions: while visible light or heat treatment yields
crystalline domains with significantly augmented sizes
compared to those obtained by direct complexation, sponta-
neous cis-to-trans isomerization during the crystallization
process produces single crystals with sizes of up to �50 μm.
We therefore anticipate that this work can be of broad
interest in nanofabrication and fundamental studies of
optically controlled crystallization.

Results and Discussion

Considering the negatively charged exterior of TMV (pI=

3.9) and ferritin (Ft, pI=5.4) cages at specific conditions
(TMV at pH 5.5 and Ft at pH 7.5), we prepared a cationic
azobenzene (trans-azoTAB, Figure 1a and S1),[16] and com-
plexed it with the protein cages at corresponding conditions.

An initial study on the structural transition of the
azobenzene confirmed the UV-triggered trans-to-cis isomer-
ization. The system reached a photostationary state (PSS)
upon exposure to UV for 1 min, yielding more than 94%
cis-azoTAB (Figure S2a and Table S1).[15i, 17] The stable trans
form could be restored thermally or under visible-light
illumination (Figure S2c–e and Table S1). Under ambient
room light, a new PSS with �68% trans-azoTAB was
reached in 20 min (half-life: 2 min). Thermal relaxation
could yield >99.9% recovery of trans-azoTAB, and the
isomerization process was significantly accelerated at ele-
vated temperature: while the required time at 25 °C was
102 h (half-life: 15 h), it was reduced to 27 h at 40 °C (half-
life: 2.7 h) and 3 h at 60 °C (half-life: 0.3 h). Alternating
exposure to UV and visible light reversibly switched the
structural conformation of the azobenzene, and no fatigue
was observed for at least 5 cycles (Figure S2f). The trans-
azoTAB was complexed with the rod-like TMV or the
spherical Ft cage in the corresponding buffer (Figure 1a). In
the following studies, the protein concentration for both

cages was fixed (4 mgmL�1) while the azobenzene concen-
tration was varied.

The complexation was firstly monitored with dynamic
light scattering (DLS) by titrating the cage solutions with
trans-azoTAB (Figure 1b). No obvious size change in the
TMV solution was observed until 6 mM trans-azoTAB was
added, and the complex size kept increasing with the
azobenzene concentration. For Ft, a size increase was
observed starting from 3 mM of azobenzene. Selected
volume proportions of Ft/trans-azoTAB assemblies demon-
strated the azobenzene-dependent complex size. However,
the titration of Ft with an anionic azobenzene derivative,
methyl orange, showed no obvious change in size (Fig-
ure S3). TMV and Ft are known to display an anionic
exterior at the tested conditions, a property that has been
utilized to complex with cationic systems containing multiple
charges.[13c,d] In our system, trans-azoTAB is mono-charged
and has highly hydrophobic aromatic rings. Therefore, both
the electrostatic and hydrophobic interactions contribute
significantly to complexing the protein cages.[15f]

The pristine cages and the formed assemblies were
imaged with different microscopy techniques. In the absence
of the cationic azobenzene, TMV and Ft displayed charac-
teristic rod-like and spherical morphologies (Figure S4a and
S5a), respectively, and no pronounced aggregation was
observed. Needle-like complexes started to emerge in the
TMV solution in the presence of 7 mM trans-azoTAB that
were transformed into thick and long bundles with increas-
ing azobenzene concentration (Figure S4b–e).[13c] On the
other hand, irregular complexes were observed when 3 mM
trans-azoTAB was introduced to the Ft solution (Fig-
ure S5b–h), which supported the DLS results. The TMV
bundles and Ft complexes were distinguishable under high-
magnification electron microscopy (Figure S4f and S5i).

To gain detailed structural information, the cage com-
plexes were subjected to small-angle X-ray scattering
(SAXS) measurements. As shown in Figure 1c and d, 2D
hexagonally packed lattices were observed with TMV when
trans-azoTAB concentration reached 7 mM, as indicated by
the three main diffraction peaks (q=0.0349, 0.0659, and
0.0746 Å�1, Figure 1c) that correspond to reflections from
[10], [11], and [20] planes.[13c,18] A lattice constant of a=

19.4 nm was derived from a linear fit of the quadric Miller
indices against the measured q values (inset in the bottom
panel of Figure 1c), which agrees well with TMV (18.0 nm)
being wrapped by an azobenzene layer.[13c] When the trans-
azoTAB concentration was further increased, the hexagonal
arrangement was maintained, but the interparticle spacing
was increased, as evidenced by the [10] peak shift to a lower
q value (Figure 1c). Such behavior could be attributed to the
increased number of azobenzene molecules intercalated
between the TMV rods.[18a] In contrast to the previously
reported amorphous aggregates obtained with gold
nanoparticles,[15e,f] we observed clear diffraction peaks when
introducing 4 mM trans-azoTAB to the Ft solution (Fig-
ure 1d), indicating the formation of 3D-crystalline lattices.
The diffraction peak positions (q=0.0609, 0.0695 and
0.0955 Å�1) correspond to reflections from [111], [200], and
[220] planes of a face-centered cubic (fcc) lattice (bottom
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panel, Figure 1d).[6,13a] Plotting the quadric Miller indices
against the measured q values yielded a lattice constant of
a=18.3 nm, and the calculated distance between the two
nearest Ft cages was 12.9 nm, agreeing with the Ft diameter
(12 nm) separated by the azobenzene.[13a] Unlike the 2D

hexagonal structure, the characteristic diffraction peaks
from the fcc packing disappeared when the trans-azoTAB
concentration was above 4 mM (Figure 1d and Figure S5i),
indicating disruption of the crystalline lattice.

Figure 1. Illustration and characterization of the 2D and 3D crystalline lattices assembled from different protein cages (TMV and Ft) and trans-
azoTAB through direct mixing. a) Schematic illustration of the 2D hexagonal and 3D fcc-packed crystallites formed by directly complexing trans-
azoTAB with rod-like TMV or spherical Ft. b) Top panel: DLS measurements of the evolution in hydrodynamic diameters of protein cages
(4 mgmL�1) titrated with trans-azoTAB. Measurements were performed using triplicate samples, and the averaged results with standard deviation
are presented. Bottom panel: representative volume proportions of Ft/trans-azoTAB assemblies from the top panel as indicated by circles in
corresponding colors. c) Top panel: SAXS profiles of TMV/trans-azoTAB complexes with varying azobenzene concentrations. As indicated by the
schematic illustration, the 2D hexagonal lattice is observed when the azobenzene concentration reaches 7 mM. The q value of the first peak is
gradually shifted to the lower region as the azobenzene concentration is further increased, demonstrating the increased spacing between TMV
nanorods. Bottom panel: comparison between the obtained SAXS data of TMV/trans-azoTAB (7 mM) and a model of scattering from a 2D
hexagonal structure. Inset: linear fit of the quadric Miller indices as a function of the measured q-vector positions yields a lattice constant of
a=19.4 nm. d) Top panel: SAXS profiles of Ft/trans-azoTAB complexes with varying azobenzene concentrations. As indicated by the schematic
presentation, fcc-packed crystallites are obtained with 4 mM trans-azoTAB, and a further increase in the azobenzene concentration results in
amorphous complexes. Bottom panel: comparison between the SAXS data of Ft/trans-azoTAB (4 mM) and a model of scattering from an fcc-
packed lattice. Inset: Linear fit of the quadric Miller indices as a function of the measured q values yields a lattice constant of a=18.3 nm. e) TEM
image of TMV/trans-azoTAB (7 mM). Scale bar: 400 nm. f) Cryo-TEM image of an Ft/trans-azoTAB (4 mM) crystallite viewed along the [110]
projection axis. Inset indicates the Fast Fourier transform (FFT). Scale bar: 50 nm. g) Integrated profile along the orange line in panel (f), yielding
an Ft center-to-center distance of 18.5 nm.
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The crystallites were also directly visualized under trans-
mission electron microscopy (TEM) and cryogenic-TEM
(cryo-TEM) (Figure 1e,f). TEM image of TMV/trans-azo-
TAB (7 mM) revealed the typical parallel alignment of
viruses along the fiber axis (Figure 1e),[13c,18b] and the cryo-
TEM image of Ft/trans-azoTAB (4 mM) clearly showed a
crystallite viewed along the [110] projection axis (Fig-
ure 1f).[13a] Measuring the dimension of the Ft lattice yielded
a lattice constant of 18.5 nm (Figure 1g), which was in good
agreement with the data acquired from the SAXS measure-
ments (18.3 nm, Figure 1d).

To confirm the contribution of the electrostatic and
hydrophobic interactions, we evaluated the tolerance of the
crystallites to electrolytes (NaCl). As shown by DLS
measurements (Figure 2a and S6) and optical microscopy
images (Figure S7), the sizes of TMV/trans-azoTAB (7 mM)
and Ft/trans-azoTAB (4 mM) were gradually decreased with
increasing NaCl concentration, and a plateau was reached at
NaCl concentration higher than 240 mM and 400 mM for Ft
and TMV, respectively, displaying significant resistance to
electrolytes compared to other assemblies mediated by
polyelectrolytes.[13a,d, 19] The structural integrity of the com-
plexes at varying salt concentrations were monitored with
SAXS measurements (Figure 2b,c). It was found that the
hexagonal packing of TMV was stable up to 400 mM NaCl
(Figure 2b), and the characteristic peaks from the Ft
crystallite disappeared in 240 mM NaCl (Figure 2c). Pre-
vious work showed that electrostatically driven crystalline
structures were normally stable in NaCl up to
100 mM.[13a,d,19] A recent report revealed that the assembly
mediated by aromatic stacking interactions exhibited a
reverse trend: the reconstituted building blocks were in a
dispersed state in the absence of salt, but assembled into
arrays in 300 mM NaCl.[10a] The excellent stability of our
crystallites against electrolytes confirmed the hypothesis that
hydrophobic interactions contributed to the assembly. More-
over, the decrease in size and the disappearance of ordered
structures in high salt concentrations suggest that electro-
static interactions also have a major contribution.

Combining the DLS and SAXS results, we can conclude
that increasing salt concentration not only screens the
interaction between TMV nanorods within the packing, as
indicated by the decreasing q values of the [10] peak
(Figure 2b), but also gradually unravels TMV bundles into
small hexagonal complexes bearing a similar size to single
TMV. The hexagonal packing was completely disrupted into
free TMV cages when 500 mM NaCl was introduced. On the
other hand, the size of the Ft complex was also reduced by
NaCl, but the fcc-packed arrangement was maintained up to
200 mM NaCl (Figure 2c). At higher NaCl concentrations,
amorphous complexes were observed that were eventually
disassembled into free Ft particles upon increasing electro-
lyte concentration.

Upon UV illumination, azobenzene molecules can be
switched to the metastable cis form, and the solubility in the
aqueous phase is also enhanced.[15h,i] Therefore, we antici-
pate that the protein cage/trans-azoTAB complexes can be
disassembled by UV light (Figure 3a). As evidenced by DLS
measurements (Figure 3b and Figure S8), under UV irradi-
ation (365 nm) the size of the complexes was gradually
reduced and eventually reached a similar level as free
protein cages, irrespective of the azobenzene concentration.
The time required for a full disassembly increased with the
azobenzene concentration (Figure 3b and Figure S8f). Mi-
croscopy images confirmed the disassembly of the com-
plexes, and high magnification images as well as SAXS
measurements unveiled the dispersed state of the cage
particles (Figure 3c and Figure S9–S11).

When the UV-disassembled systems were subjected to
ambient room light, the cages were reassembled in 1 h and
grew into micron-sized assemblies (Figure 3d). Microscopy
images and SAXS profiles showed that TMV reassembled
into similar bundle structures with the 2D hexagonal
arrangement as those obtained upon direct mixing (Fig-
ure S12). As for Ft, a particle-like morphology was observed
under optical microscopy (Figure 3e and Figure S13), which
was in contrast with the irregular complexes obtained by
direct mixing Ft and trans-azoTAB (Figure S5). The fact

Figure 2. Evaluation of the stability of protein cage/trans-azoTAB crystallites in increasing electrolyte concentration. a) Evolution of the
hydrodynamic diameters of the crystallites (TMV/trans-azoTAB (7 mM) and Ft/trans-azoTAB (4 mM)) titrated with NaCl measured with DLS.
Measurements were performed using triplicate samples, and the averaged results with standard deviation are presented. b), c) SAXS profiles for
b) TMV/trans-azoTAB (7 mM) and c) Ft/trans-azoTAB (4 mM) in varying NaCl concentrations and the corresponding schematic illustrations on the
structural evolution. The hexagonal lattice of TMV/trans-azoTAB (7 mM) shows significant resistance to NaCl (up to 400 mM), and the spacing
between TMV is increased with increasing salt concentration until full disassembly. The fcc-packed crystallite of Ft/trans-azoTAB (4 mM) is stable in
200 mM NaCl. At higher concentrations, the lattice is interrupted and eventually disassembled into free particles.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202303880 (4 of 9) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202303880 by A

alto U
niversity, W

iley O
nline Library on [07/07/2023]. See the Term

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

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



that 32% of the molecules remain in the cis state does not
seem to hamper the crystallization. To verify this, we also
incubated the UV-disassembled complexes at 60 °C for 3 h
to obtain �100% trans-azoTAB. Optical microscopy images
revealed that Ft/azoTAB (3–7 mM) displayed a similar
particle-like structure (Figure S14). Importantly, after the
photo or thermal treatment, the SAXS profiles revealed that
the fcc-packed lattice of Ft/trans-azoTAB (4 mM) was
recovered (Figure 3f and S15a), and the cryo-TEM images
displayed a more ordered crystalline domain (Figure S13f
and S15b). The crystallites were also observed in complexes
bearing other azobenzene concentrations (Figure 3e,f and
S15a).

The reassembly of the cage complexes is attributed to
the structural relaxation of cis-azoTAB to the more hydro-
phobic trans isomer when subjected to visible light or
thermal treatment.[15h,i] The complexes reassembled rela-
tively slowly (hours) compared to those obtained by directly
mixing Ft and trans-azoTAB (seconds). Therefore, slow

isomerization allows releasing kinetically trapped azoben-
zene molecules and favors the formation of well-organized
structures with long-range order.[20]

We also demonstrated the photo-reversibility of the
protein cage crystallites through alternating light illumina-
tion. As shown in Figure 4 and Figure S16, DLS measure-
ments showed the reversible switching between micro-sized
complexes and nano-sized particles for 5 cycles of alternat-
ing photo illumination. The size transition was also visually
reflected by the transmittance change of the solutions.
Moreover, SAXS results revealed that the crystalline lattices
were reliably restored after each ambient room light treat-
ment.

We used all-atom molecular dynamics (AAMD) simu-
lation to investigate the interactions between Ft and trans-
azoTAB or cis-azoTAB.[20] We focused on simulating
ferritin-azobenzene and azobenzene-azobenzene interac-
tions. To this end, we simulated one Ft cage in the presence
of 1000 trans-azoTAB or cis-azoTAB molecules and 5000

Figure 3. Light-induced structural transition of protein cage/trans-azoTAB complexes. a) Schematic illustration of the structural transition of Ft/
trans-azoTAB complexes upon alternating UV and ambient room light illumination. Alternating UV and ambient room light illumination reversibly
switch Ft/trans-azoTAB (4 mM) between a dispersed phase and a crystalline state. Moreover, Ft/trans-azoTAB crystallites containing higher
azobenzene concentrations (5, 6, and 7 mM) are also obtained after a photo-treatment cycle. b) The size evolution of Ft/trans-azoTAB with varying
azobenzene concentrations under UV illumination measured with DLS. c) Optical microscopy (left) and cryo-TEM (right) images of Ft/trans-
azoTAB (4 mM) after UV illumination. Scale bar in the optical microscopy image: 10 μm. Scale bar in the cryo-TEM image: 50 nm. d) The
reassembly kinetics of UV-disassembled TMV/trans-azoTAB (7 mM) and Ft/trans-azoTAB (4 mM) under ambient room light or in dark measured
with DLS. e) Optical microscopy (left) and cryo-TEM (right) images of the reassembled Ft/trans-azoTAB (7 mM) under ambient room light. Inset
indicates the FFT. Scale bar in the optical microscopy image: 10 μm. Scale bar in the cryo-TEM image: 200 nm. f) SAXS profiles of Ft/trans-azoTAB
complexes with varying azobenzene concentrations after one light treatment cycle. DLS measurements were performed using triplicate samples,
and the averaged results with standard deviation are presented.
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Tris-HCl at pH 7.5 and ran in the isothermal-isobaric (NPT)
ensemble for 50 ns. We found that both isomers could bind
to the Ft surface and reach an absorption saturation (Fig-
ure 5 and S17). Within a distance of 3 Å to the Ft surface,
the number of both isomers was similar (�130). In the
longer distance range (between 3 Å and 13 Å), the cumu-
lative number of trans-azoTAB was �15% higher than that
of cis-azoTAB, indicating a stronger binding between trans-
azoTAB and Ft (Figure 5c). It was also found that both
isomers were located at the hydrophobic regions of Ft, and
the adjacent amino acid residues (<3 Å) included e.g.
alanine and leucine (bottom panels in Figure 5a,b). How-
ever, the orientation and arrangement of the isomers varied
significantly: while trans-azoTAB tended to form dimers
with �N(CH3)3

+ groups pointing outward from Ft (Fig-
ure 5a), cis-azoTAB aggregated into irregular structures,
and the orientation of �N(CH3)3

+ groups was ambiguous
(Figure 5b). Analysis of the electrostatic potential on the
exterior surface revealed that plain Ft displayed a highly net
negative charge (Figure S18). The absorption of the isomers
partially neutralized the negative charges, but the protein
cages as a whole were still negatively charged (Figure S18).

The free energy was also retrieved to assess the
interactions, and the results were summarized in Table S2.
The free energy extracted from the interaction between Ft
and trans-azoTAB (�9.1×103 kJmol�1) was slightly lower
than that between Ft and cis-azoTAB (�8.2×103 kJmol�1),
and the major contribution came from hydrophobic inter-
actions for both isomers (78% for trans-azoTAB and 72%
for cis-azoTAB). These results agreed with the AAMD
simulation results that both isomers resided in the hydro-
phobic regions (Figure 5). Importantly, the free energy
extracted from the interaction between trans-azoTAB
(�286.5×103 kJmol�1) was much lower than that between
cis-azoTAB (�162.8×103 kJmol�1), indicating a much stron-
ger interaction between trans-azoTAB molecules.

It has been reported that the critical micellar concen-
tration of trans-azoTAB is �10 mM,[17,21] which is more than
two times higher than the concentration that induced
complex formation in our work. Therefore, combining the
experimental and computational data, we propose the
following binding mechanism for the cage complex. At low
trans-azoTAB concentrations (<3 mM), a small portion of
the molecules are bound to the cage surface via hydrophobic
interaction while the majority are dispersed in the solution.
As the concentration is increased, an increasing number of
trans-azoTAB is attracted to Ft through electrostatic inter-
actions, which significantly reduces the polarity and hence
the solubility of trans-azoTAB to the aqueous phase. There-
fore, Ft particles are assembled by the trans-azoTAB

Figure 4. Reversible photo-controlled switching of Ft/trans-azoTAB
(4 mM) crystallite. a) The reversible switching in size measured with
DLS. In each cycle, the complex is subjected to UV illumination for
10 min, followed by ambient room light exposure for 1 h. The inset
image shows the transmittance change upon UV and ambient room
light exposure. Measurements were performed using triplicate sam-
ples, and the averaged results with standard deviation are presented.
b) SAXS profiles of Ft/trans-azoTAB (4 mM) show that the fcc-packed
lattice is reliably reassembled after each light exposure cycle.

Figure 5. AAMD simulation results of the interactions between Ft and
trans-azoTAB or cis-azoTAB. a), b) The orientation and arrangement of
a) trans-azoTAB (yellow) and b) cis-azoTAB (green) on Ft (purple). The
bottom panels in both Figures display the zoomed-in area from the top
panels, in which the other colors (red, blue, cyan, white, and magenta)
indicate the amino acid residues within a distance of 3 Å to the
azobenzene molecules. c) The number at a specific distance (column
graph) and the cumulative number (curve graph) of �NC3H9

+ from
trans-azoTAB and cis-azoTAB on Ft. In the range of 0.3–0.7 nm, the
cumulative number of �NC3H9

+ from trans-azoTAB and cis-azoTAB is
similar. Above 0.7 nm, the cumulative number of �NC3H9

+ from trans-
azoTAB is �15% higher than that from cis-azoTAB, indicating a strong
interaction between trans-azoTAB and protein.
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molecules through the combination of hydrophobic and
electrostatic interactions. In the presence of electrolytes
(NaCl), the hydrophobic interactions between azobenzene
are enhanced, generating a multivalency effect that prompts
the binding between Ft and azobenzene.[10a,22] Therefore, the
protein cage/trans-azoTAB complexes display significant
stability against electrolytes compared to other polyelectro-
lyte-mediated cage assemblies.[13a,d] Upon UV-illumination,
trans-azoTAB is isomerized to the cis form. Therefore, the
solubility in the aqueous phase is enhanced, which dimin-
ishes the azobenzene-azobenzene interactions, and eventu-
ally the cage assemblies.[15h] Following ambient room light
treatment, the trans isomers and consequently the assembled
state is restored.

The spontaneous relaxation kinetics of cis-azoTAB at
room temperature is significantly slower than the cis-to-trans
isomerization induced by ambient room lighting (Fig-
ure S2).[15i] Therefore, we hypothesized that spontaneous cis-
to-trans isomerization could be used to construct large single
crystals (Figure 6a). The size evolution was first monitored
by DLS measurements at room temperature in dark (Fig-
ure 3d). An obvious increase in size was observed with UV-
disassembled TMV and Ft complexes in 24 h, a time frame
that was much longer than those assembled under ambient
room light (1 h). We then used a hanging-drop setup to
slowly reassemble the Ft complexes containing varying
azobenzene concentrations,[13d] and the solutions were
collected and characterized after two weeks of incubation
(Figure 6b–d and S19). In the solutions containing more
than 2 mM azobenzene, Ft single crystals were observed
under an optical microscope with sizes reaching 50 μm. The
crystals were also produced with 3 mM azobenzene, a

concentration that did not yield ordered lattices by direct
mixing or photo-treatment. The polyhedral crystals were
visualized under a scanning electron microscope (SEM), and
distinguishable Ft layers were observed in the zoomed-in
areas on the crystal surface (Figure 6b–d). SAXS profiles
confirmed the fcc-packed lattice of the crystals (Fig-
ure S19h). In the absence of azoTAB, assembly could be
barely observed under the optical microscope. We collected
the hanging-drop product of Ft/azoTAB (4 mM). After
thoroughly washing with buffer, we used 1 M NaCl to
disassemble the product and compared the UV/Vis spectra
with that of plain Ft and trans-azoTAB (Figure S19i). A
clear trans-azoTAB peak was observed in the disassembled
complex solution. Therefore, it is believed that trans-
azoTAB plays a key role in mediating the assembly.

We also placed the heat-treated samples (60 °C for 3 h)
in the hanging-drop setup for 2 weeks, and optical micro-
scopy images revealed a similar morphology as those only
subjected to thermal treatment without the hanging-drop
process (Figure S20). Moreover, directly mixing and incubat-
ing Ft/trans-azoTAB (3–7 mM) for 2 weeks only produced
amorphous aggregates (Figure S21). Therefore, it is believed
that the large crystals mainly result from the slow cis-to-
trans isomerization and that the tendency for Ft/trans-
azoTAB to reconfigure into larger crystals is low when
trans-azoTAB molecules are kinetically trapped. Ft single
crystals were also obtained when the UV-disassembled
complexes were reassembled in sealed tubes (Figure S22).
Therefore, the successful production of Ft single crystals
(especially at 3 mM azoTAB) was attributed to the slowed
cis-to-trans isomerization kinetics rather than the increased
concentration. With the same setup, similar bundles as those

Figure 6. Illustration and characterization of Ft/trans-azoTAB crystals assembled via spontaneous structural isomerization of cis-azoTAB.
a) Schematic illustration of the crystals assembled via slow structural isomerization at room temperature in dark after the UV-induced disassembly.
The spontaneously reassembled crystals are stable under UV light. b)–d) Optical microscopy and SEM images of cage crystals containing b) 3 mM,
c) 5 mM and d) 7 mM azoTAB. Insets in optical microscopy images show the representative single crystals, and the bottom SEM images in each
panel show the zoomed-in area of the middle ones. Scale bar in optical microscopy images: 50 μm. Scale bar in SEM images: 2 μm.
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obtained via direct mixing or light treatment were observed
with TMV, as revealed by optical microscopy and TEM
(Figure S23). We attribute such a phenomenon to the large
aspect ratio and higher flexibility of TMV (Figure S4a).

Using spontaneous isomerization is similar to the
method that is generally employed to assemble oppositely
charged systems into large crystals by carefully adjusting the
ionic strength in solutions.[13d,20] Nevertheless, our approach
utilizes a non-invasive stimulus (light) and precludes the
supply of molecular input (salt), which can be beneficial for
the preparation of structures across multiple length scales.[1b]

We also synthesized another cationic azobenzene, trans-
azoFMA (Figure S24), which displayed slower cis-to-trans
isomerization rate (Figure S25) compared to cis-azoTAB
(Figure S2) in dark. Trans-azoFMA exhibited similar per-
formance in complexing Ft and in subsequently triggering
the disassembly-reassembly of the complex (Figure S26).
Reassembling the UV-disassembled complex (4 mM trans-
azoFMA) in dark also produced Ft single crystals (Fig-
ure S27), demonstrating the versatility of this approach.

The single crystals (Ft/trans-azoTAB (3 mM)) were next
subjected to UV illumination. Surprisingly, the morphology
displayed no apparent degradation even after 24 h UV
exposure (Figure S28a–c), showing significantly enhanced
stability that was observed with colloidal crystals crosslinked
by azobenzene dithiol ligands.[23] In the presence of 200 mM
NaCl, the crystals also showed no obvious change for at least
60 min (Figure S28d–f), confirming the excellent stability as
revealed by DLS (Figure 2a). However, when irradiated
with UV in the presence of 200 mM NaCl, the crystals
gradually disappeared in 10 minutes (Figure S28g–l). There-
fore, it is believed that at high NaCl concentrations the
stability of trans-azoTAB-mediated crystals is impaired and
additional UV exposure can disassemble the crystals.

Conclusion

In summary, we report a straightforward and robust method
for the preparation of protein cage crystals by using a
cationic photo-responsive azobenzene. Control over the
crystal domain size can be achieved by adjusting the kinetic
pathway of the azobenzene: (1) directly complexing Ft with
trans-azobenzene produces fcc-packed crystallites with do-
mains of several hundred nanometers; (2) photo-induced
cis-to-trans isomerization increases the crystal domain size
to more than 1 μm; (3) spontaneous cis-to-trans isomer-
ization, which occurs much more slowly than the respective
photoinduced isomerization, of the azobenzene allows
growing well-defined crystals with sizes reaching 50 μm. Our
method precludes cumbersome preparation procedures or
careful regulation of environmental parameters that are
common requisites in conventional crystallization ap-
proaches. For example, colloidal crystals mediated by DNA
hybridization not only require careful sequence design and
additional functionalization on the colloidal surface, but it is
also essential to fine-tune the environmental temperature to
produce large colloidal crystals.[24] Crystal preparation by
electrostatic interactions, on the other hand, commonly

involves careful tuning of the electrolyte concentration by
e.g. dialysis against water[13a] or electrolyte decomposition.[20]

In our method, the initial amorphous or ordered complexes
can be readily disintegrated by light, and no molecule or
energy input is needed for the construction of large crystals,
which simplifies the preparation. We also anticipate that this
approach can be extended to other nano-objects, such as
inorganic nanoparticles and DNA nanostructures. The non-
invasive reversibility and controllability over the periodicity
enable fundamental studies of nanostructures and collective
behavior. Therefore, this method may find broad application
in fabricating metamaterials and studying the associated
properties.
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