
Construction of Ultralarge Two-Dimensional Fluorescent Protein
Arrays via a Reengineered Rhodamine B‑Based Molecular Tool
Xiumei Li, Ruizhen Tian, Yuancheng Ji, Shengda Liu, Xiaojia Jiang, Fei Li, Quan Luo, Chunxi Hou,
Jiayun Xu,* and Junqiu Liu*

Cite This: ACS Macro Lett. 2021, 10, 307−311 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The self-luminous property of enhanced green
fluorescent protein (EGFP) makes it an extremely attractive
building block for creating functional biomaterials. A practical
challenge in the design of EGFP-based materials, however, stems
from the structural and chemical heterogeneity of the EGFP
surface. In this study, a maleimide-functionalized rhodamine B
molecule (RhG2M) was designed as a versatile molecular tool to
overcome this obstacle. Site-specific modification of an EGFP
variant (EGFP-4C) with RhG2M allowed for the fabrication of a
series of well-defined two-dimensional (2D) arrays that span nano-
and micrometer scales. Furthermore, the resulting ultralarge 2D
EGFP-4C arrays feature both structural uniformity and flexibility,
together with the inherent optical properties, making them advanced materials with great potential for practical applications. In
addition, this strategy can be further extended into three dimensions and applied to the modular generation of periodic functional
materials with more complex structures.

Proteins, as one of the most attractive biomacromolecules,
are the main components of the cytoskeleton1 and govern

most cellular functions and dynamics.2 In vivo, protein self-
assembly is mainly mediated by protein−protein interactions
(PPIs) and stabilized by weak, non-covalent interaction
networks.3 However, this behavior is often difficult to be
manipulated accurately in vitro due to highly sophisticated and
heterogeneous protein surfaces. In most cases, the assembled
protein architectures are unpredictable.4 To address this
challenge, significant efforts have been devoted to the
development of new assembly technologies and strategies.
For example, various driving forces inspired by nature such as
electrostatic interactions,5 metal coordination,6 disulfide
bonds,7 and receptor−ligand interactions8 have been utilized
in the construction of novel protein self-assembly systems.
Besides natural interactions, the emergence of computational
simulation technology and chemical methods has also injected
new life into the field of protein self-assembly. Especially, non-
natural interactions based on a diverse array of synthetic
molecules open up a new approach for manipulating protein
assembly. Similar to the natural driving forces, they can also
provide sufficient energies to overcome the entropic cost of
ordered protein assembly and are being increasingly used in
creative ways to construct sophisticated architectures.9

The ultimate goal of protein self-assembly is to develop
advanced functional biomaterials that are comparable to those
from nature. An alternative approach is to utilize natural
functional proteins as modules and directly assemble them in a

controllable manner. Following this idea, various natural
functional proteins, including enzymes,10 fluorescent pro-
teins,11 and allosteric proteins,12 were assembled to mimic
the complex cellular processes and act as high-performance
functional materials for catalysis, imaging, and nanodevices.
EGFP, as a unique self-luminous protein, has been developed
into a powerful tool for studying signal networks of living cells
and exploring biological structures and functions.13 However,
precise self-assembly of EGFP remains a challenge due to the
structural and chemical heterogeneity of its surface, which
greatly limits its potential for material applications. To address
this issue, here we describe a rational design approach where a
combination of site-specific chemical modification and π−π
stacking of RhB was introduced to direct EGFP self-assembly
into highly ordered ultralarge 2D arrays.
In our previous work, we have validated that an EGFP

variant (EGFP-4C) with four cysteines (E32C-E124C-K166C-
Q204C) lying near the pseudo-C4 rotation axes can self-
assemble into highly ordered 2D nanosheets via covalent
interactions.14 We speculated that, if reversible supramolecular
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interactions were substituted for the covalent interactions, it
should be possible to prevent the formation of kinetically
trapped products and generate further extended super-
structures with well-defined periodicities. Chen and co-workers
have previously confirmed that RhB dimerization is a powerful
driving force for inducing protein assembly, especially for the
preparation of large-scale assemblies.15 With this in mind, we
first designed and synthesized a maleimide-functionalized
rhodamine B molecule (RhG2M) (Figure 1b). As illustrated

in Figure 1c, the maleimide “heads” allow the quick installation
of RhB motifs to the designed cysteine sites on the EGFP
surface through a thiol-maleimide “click” reaction. Subse-
quently, RhB dimerizes and induces EGFP self-assembly in
orthogonal directions to form highly ordered 2D arrays. This
cascade mode is crucial for the protein assembly process,
because (I) highly reactive covalent attachment ensures
cysteine functionalization proceeding as thoroughly as possible
and (II) the following reversible RhB dimerization acts as the
rate-limiting step to control protein assembly by a slow and
self-correcting mechanism, leading to thermodynamically
favored architectures.
The expression and purification of the EGFP-4C variant and

the synthesis process of the RhG2M molecule have been
described in detail in the Supporting Information. According to
the above cascade mode (Figure 1c), the covalent coupling

precedes the dimerization of RhG2M, which enables the
acceleration of the self-assembly of EGFP-4C via adding an
excess of RhG2M.15 Herein, 2 equiv of RhG2M per cysteine
were used. Dynamic light scattering (DLS) measurements
were first carried out to examine the RhG2M-mediated self-
assembly of EGFP-4C (Figure S4). Indeed, the protein is
monomeric in the absence of RhG2M. Upon addition of
RhG2M, large aggregates emerged at the expense of EGFP-4C
monomers.
Subsequently, we investigated through atomic force

microscopy (AFM) whether the desired 2D EGFP-4C arrays
were successfully produced. EGFP-4C variants at various
concentrations (2, 10, and 20 μM) were assembled with
RhG2M in 10 mM Tris−HCl buffer (20 mM NaCl, pH 7.4),
respectively. Given that RhB dimerization is reversible (Figure
S8), it is predicted that a higher concentration will drive the
equilibrium toward the formation of larger protein assemblies.
Under a low protein concentration (2 μM), EGFP-4C self-
assembled into evenly dispersed 2D protein nanosheets
(Figure 2a,b), which are generally only a few hundred

nanometers in size. The uniform height was characterized to
be 4.6 ± 0.2 nm, which is consistent with the height of the side
surface of a single EGFP (4.2 nm), and therefore, they are
monolayered.
When the protein concentration increases to 10 μM, EGFP-

4C arranges into ultralarge membranes with a size of tens of
microns (Figure 2c, Figure S5). As shown in Figure 2e, the
thickness of the 2D membrane is 18−22 nm, which
corresponds to 4−5 stacked sheets. Also, the resulting 2D
membranes are highly flexible owing to the PEG domain in
RhG2M. The structural uniformity and flexibility together with
their large dimensions make them a close resemblance of
natural 2D bacterial surface layers (S-layers), thus implicating
promising applications in many fields.

Figure 1. (a) Cartoon representation of the EGFP-4C variant from
the side view and the top view. Cysteines are shown as yellow spheres.
(b) Redesigned maleimide-functionalized rhodamine B molecule. (c)
Schematic representation of the RhG2M-mediated protein self-
assembly process, which includes two steps: decorating RhB motifs
on the protein surface and inducing assembly through RhB
dimerization. Inset: close view of the RhG2M dimer.

Figure 2. (a, b) AFM characterization of monolayered EGFP-4C
nanosheets formed at a low concentration (2 μM). Inset: Height
profile along the black line in part a. (c) AFM height image of EGFP-
4C membranes formed at a medium concentration (10 μM). (d) A
multilayer membrane model formed via stacking along the Z-axis
direction. (e) Height profile along the black line in part c. The
number of layers of the membrane can be estimated based on this
height.
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Interestingly, a higher protein concentration of 20 μM
facilitates the formation of EGFP-4C arrays with superior
quality and larger sizes. EGFP-4C monomers grew into flexible
rectangular sheets with a size of tens or even hundreds of
micrometers within 3−5 days (Figure 3). As characterized by

AFM images, these rectangular arrays are also multilayered, but
the longitudinal growth is much slower than the horizontal
growth due to weak interlayer interactions. Attractively, these
rectangular sheets have structural features similar to crystals;
that is, they possess an extremely regular shape and sharp
boundaries, despite being multilayered. More structural details
were further investigated by a high-resolution transmission
electron microscopy (TEM) characterization. Instead of the
expected tessellated lattice networks, the surface displays a
parallel banding pattern, which may be attributed to the
multilayer stacking of the assemblies (Figure 4a). The band
spacing (3 ± 0.2 nm) is consistent with the diameter of EGFP-
4C (2.4 nm). Therefore, we believe that this special
microstructure is the result of a highly ordered arrangement
of the EGFP-4C units.

In general, EGFP-4C self-assembled into highly ordered 2D
arrays at all tested concentrations ranging from 2 to 20 μM.
Higher concentrations promote the formation of larger protein
assemblies, reflecting the characteristic of thermodynamic
equilibrium. Additionally, DLS experiments confirmed the
dynamic and reversible nature of the self-assembly process
(Figure S4, Figure S8). Based on these results, we can
conclude that the formation of EGFP-4C arrays is
thermodynamically controlled.
The covalent binding capacity and the dimerization property

of RhG2M were further examined by MALDI-TOF mass
spectrometry and UV−vis absorption spectroscopy, respec-
tively. As expected, each EGFP-4C variant can covalently bind
four RhG2M upon addition of excess RhG2M (Figure 5a). The

absorption spectrum showed a prominent absorption peak at
559 nm, revealing that the RhG2M molecule was originally
monomeric at the tested concentration (80 μM). After 48 h of
incubation, the preexisting absorption peak (559 nm)
decreased and the absorption band characteristic of the
rhodamine dimer stood out at 521 nm (Figure 5b). The
ratio of intensities at 521 and 559 nm (I521/I559) increased
from 0.4 to 1.0, indicating that most RhG2M in the system had
transformed from monomeric to dimeric form.16 These
observations suggest that RhG2M dimerization indeed occurs
during the assembly process and provides the driving force for
protein assembly.
Appreciable spectral overlap between EGFP-4C emission

and RhG2M absorption allows energy transfer from EGFP-4C
to RhG2M (Figure 6a). Accordingly, once again, we verified
the fact that RhG2M drove the assembly based on fluorescence
experiments. As shown in Figure 6b, after mixing EGFP-4C
with 2 equiv of RhG2M (per cysteine), the emission intensity
of EGFP-4C (donor) dropped sharply, and eventually
disappeared almost completely, while the emission intensity
of RhG2M (acceptor) gradually increased over time.
Fluorescence decay curves of donor and acceptor (Figure
S9) have also well supported this result. However, no Förster
resonance energy transfer (FRET) phenomenon was found in
the control groups (Figure 6c,d). Although the addition of
RhG2 and RhB (two fragments of the inducing linker) initially
caused a small drop in the emission intensity of EGFP-4C,
which we attributed to the weak electrostatic attraction
between the EGFP-4C and RhB motif, the intensity did not
decrease continuously over time. Additionally, precipitates
generated only in the sample with RhG2M. Taken together,

Figure 3. AFM characterization of ultralarge rectangular sheets of
EGFP-4C formed at a high concentration (20 μM). (a, b) AFM
height images of the folding rectangular sheets. (c) AFM phase image
of part b. (d) The 3D image of part b. (e) Height profile along the
black line in part b that traverses both the monolayer and the folding
regions.

Figure 4. TEM characterization of the fine structure of rectangular
sheets. (a) High-resolution TEM image and close view of the parallel
protein banding on the surface of rectangular sheets. (b) The band
spacing was measured to be 3 nm.

Figure 5. (a) MALDI-TOF mass spectrometry analysis of EGFP-4C
in the absence (black curve) and presence (red curve) of RhG2M. (b)
Ultraviolet−visible absorption spectra of the system ([EGFP-4C] =
10 μM, EGFP-4C:RhG2M = 1:8) at the beginning (0 h) and end of
assembly (48 h). The absorption band centered at 488 nm
corresponds to EGFP-4C. The increase in the absorption at 521
nm confirmed the formation of RhG2M dimers.
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these results demonstrate that the coupling of EGFP-4C and
RhG2M is responsible for the self-assembly.
In summary, we have achieved precise manipulation of

EGFP-4C self-assembly through a reengineered rhodamine B-
based molecular tool. Through the combination of site-specific
chemical modification and π−π stacking of RhB, ultralarge 2D
EGFP-4C arrays were successfully constructed with a facile
approach. The unique cascade mode lays the foundation for
assembly to yield the thermodynamically favored products. By
regulating the protein concentrations, precise EGFP-4C 2D
arrays with nano- and microscale long-range order were
obtained. As demonstrated, under low protein concentration,
EGFP-4C self-assembled into highly ordered monolayered
nanosheets. Higher protein concentrations lead to the
formation of ultralarge EGFP-4C membranes and even perfect
rectangular sheets. The formation of these exquisite arrays
revealed that we have successfully overcome the adverse effects
of the structural and chemical heterogeneity of the EGFP
surface. More importantly, resembling the natural S-layers,
these ultralarge 2D arrays simultaneously possess extremely
ordered microstructures and high flexibility, thus depicting a
bright application prospect. This approach represents a
versatile assembly strategy that neither requires precise
molecular design nor depends on the inherent characteristics
of proteins (such as desired charge distributions, highly
symmetrical 3D structures, and specific recognition domains),
thus providing a novel access for the modular design of
functional protein assemblies.
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Figure 6. (a) Normalized fluorescence emission spectrum (green
curve) of EGFP-4C and absorption spectrum (red curve) of RhG2M.
(b) The fluorescence spectra of 10 μM EGFP-4C (dark curve), 80
μM RhG2M (orange curve), and EGFP-4C/RhG2M ([EGFP-4C] =
10 μM, EGFP-4C:RhG2M = 1:8) at different time points (5 min
(red), 10 min (green), 15 min (blue), 20 min (cyan), and 25 min
(pink)). (c, d) Control groups were designed by replacing RhG2M
with equivalent RhG2 and RhB, respectively. Inset: photographs of
(1) EGFP-4C, (2) EGFP-4C/RhG2M, (3) EGFP-4C/RhG2, and (4)
EGFP-4C/RhB after 48 h of culture at 4 °C. (λex = 470 nm).
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