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Peptide-based biofluorescents are of great interest due to their
controllability and biocompatibility, as well as their potential appli-
cations in biomedical imaging and biosensing. Here, we present a
simple approach to synthesizing full-color fluorescent nanomater-
ials with broad-spectrum fluorescence emissions, high optical
stability, and long fluorescence lifetimes. By doping amino acids
during the enzyme-catalyzed oxidative self-assembly of tyrosine-
based peptides, we can precisely control the intermolecular inter-
actions to obtain nanoparticles with fluorescence emission at
different wavelengths. The synthesized peptide-based fluorescent
nanomaterials with excellent biocompatibility and stable near-
infrared fluorescence emission were shown to have potential for
bioimaging applications. This research provides new ideas for the
development of new bioluminescent materials that are cost-
effective, environmentally friendly, and safe for biomedical use.

Fluorescent molecules are substances capable of emitting
photons of a different wavelength after absorbing light energy
at a specific wavelength."”” They play a crucial role across
various disciplines, including life sciences, materials science,
and environmental science, and are widely used in biomedical
imaging, molecular probes, environmental monitoring, and
optoelectronic devices.>”® High-sensitivity fluorescence detec-
tion techniques allow researchers to investigate cellular and
molecular processes in depth, and meanwhile, using fluores-
cent molecules as markers can visualize and track the func-
tional and structural changes of biomolecules, cells, and
tissues in real-time, which plays an important role in the
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New concepts
This work reports a simple approach to synthesizing peptide-based
bioluminescent agents with broad-spectrum fluorescence emissions,
high optical stability, and long fluorescence lifetimes. Inspired by the
biosynthesis of natural pigments, we incorporated multiple amino acids
in the enzyme-catalyzed oxidative self-assembly of tyrosine-based
derivatives for co-oxidation and successfully prepared a series of full-
color peptide-based fluorescent nanomaterials. The variable side chains
of dopant amino acids can change the reaction pathways, chemical
structure, and optical properties of the resulting pigments, resulting in
different fluorescence emissions that can be artificially controlled and
adjusted. Compared with previous studies, the preparation process of this
series of bioluminescent agents is simple and controllable, and they
exhibit stable, intense emission, low cytotoxicity, and good
biocompatibility, thus offering the possibility of further applications
under physiological conditions, such as stable biological imaging. The
corresponding structural characterization and molecular simulation
further revealed these molecules’ possible fluorescence emission
mechanisms, providing new insights into the artificial design of
fluorescent  nanomaterials that are

biological cost-effective,

environmentally friendly, and safe from scratching.

development of life medicine and technology.” ' Moreover,
fluorescent molecules can be used in environmental monitor-
ing to quickly detect pollutants in water and air, effectively
protecting the environment and public health.'* Optoelectronic
devices and laser materials including organic light-emitting
diodes (OLEDs), lasers, and displays also rely on the unique
optical properties of fluorescent materials.'>™**

Despite their widespread use, traditional fluorescent molecules
such as organic dyes and quantum dots are still significant.">™"”
Traditional dyes often suffer from photobleaching, which leads to
a decline in fluorescence signal during long-term observations,
affecting the imaging quality. Although quantum dots offer high
fluorescence quantum yields, heavy metal elements (such as
cadmium) commonly used in their synthesis have potential toxic
risks and have adverse effects on biological systems and the
environment."®° Furthermore, these traditional materials typi-
cally have short fluorescence lifetimes and are susceptible to
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interference in complex biological or chemical environments,
resulting in poor signal stability and limiting their wide applica-
tion. Therefore, the demand for developing new bioluminescent
molecules with high stability and good biocompatibility is
increasing.”' >

As subunits of proteins, peptides and their derivatives are
among the most promising biomimetic luminescent
materials.**®” They can self-assemble into diverse supramole-
cular structures, exhibiting unique physical and chemical prop-
erties, which have great potential in the fields of biomedicine
and life sciences.”®* Due to their outstanding biocompatibility,
biological activity, structural tunability, and exceptional self-
assembly capabilities, peptide-based fluorescent nanomaterials
have shown broad application prospects and attracted wide-
spread attention from researchers.®>” However, the current
synthesis processes of peptide fluorescent molecules are
complex and relatively expensive, which are significant barriers
to their commercialization and large-scale application. Reducing
the preparation cost, improving synthesis efficiency, exploring
alternative materials, and introducing other fluorescent compo-
site nanomaterials have become critical research directions in
this field.***°

Here, we employed the strategy of doping diverse free amino
acids to artificially regulate the enzyme-catalyzed oxidative self-
assembly process of tyrosine-based peptide molecules, and
controllably synthesize a series of new fluorescent nanomater-
ials with full-color fluorescence emission (Fig. 1a). The differ-
ences in the structures of the doped molecules enabled the
regulation of aromatic stacking, hydrogen bonding, and other
interactions during the assembly process, thereby altering the
chromophore structures and fluorescence properties of the
assembled products. These water-soluble fluorescent molecules
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not only cover a broad spectral range from blue to red but also
exhibit excellent optical stability and long fluorescence lifetimes.
Moreover, the bioluminescent agents obtained through the
oxidation polymerization of substrates regulated by arginine
and other alkyl chain-containing molecules show good biocom-
patibility and fluorescence emission above 600 nm, highlighting
their potential in near-infrared bioimaging applications. This
research provides new insights into the design and development
of novel fluorescent molecules that are simple, cost-effective,
environmentally friendly, and safe.

Results

The development of biomaterials with fluorescent properties is
highly anticipated because of their promising applications in
biomedicine and biotechnology. We previously reported that
tyrosine-containing peptides can be oxidized by polyphenol oxi-
dase, which results in incomplete cyclization and prolonged
oxidative polymerization when the N-terminus is protected.*'*?
Considering the possibility of doping and regulation of the slow
oxidation process,*® we hypothesized that the addition of amino
acid monomers with different side chain groups and molecular
polarity would further alter the intermolecular interactions in
solution and affect the optical properties of their self-assembly
products (Fig. S1, ESIt). Therefore, we introduced a variety of
amino acids in the intermediate stages of the enzymatic oxidation
process of N-tyrosine-based peptides to intervene in the molecular
structure and synthesis pathway of the reaction process, and
successfully obtained a series of amino acid fluorescent pigments
(X-FP, X = the three-letter abbreviation of the corresponding
amino acid doped in the reaction) by utilizing the unstable
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Fig. 1 (a) Schematic diagram of the process of preparing fluorescent nanomaterials by doping amino acids during the enzymatic oxidation of tyrosine-
based peptide molecules. (b) Representative cryo-TEM image of self-assembled peptide-based fluorescent nanoparticles (scale bar is 10 nm). The inset
shows the particle size distribution of representative fluorescent particles in solution measured by dynamic light scattering (DLS). (c) Representative AFM
images of the self-assembled peptide-based fluorescent nanoparticles. (d) Possible oxidative aggregation luminescence process of the Tyr-peptide and
fluorescence images of nanoparticle solutions obtained by doping different kinds of amino acids under 365 nm UV light.
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state of the intermediates in the reaction process (Fig. 1a). Cryo-
transmission electron microscopy (cryo-TEM) and dynamic light
scattering (DLS) results confirmed that the resulting self-
assemblies were nanoparticles with a particle size of 5-10 nm
(Fig. 1b), which is in agreement with the AFM results (Fig. 1c).
Under the exposure of 365 nm light, we found that the purified
solutions could emit fluorescent emissions with different wave-
lengths, presenting a variety of fluorescence colors covering the
full spectrum (Fig. 1d), which was hypothesized to be a result of
the oxidation and polymeric assembly of the peptides that pro-
duces aggregation-induced emission (Fig. 2a). To gain a deeper
insight into these emission features, the excitation effects of the
representative fluorescent nanoparticles prepared here were inves-
tigated using photoluminescence (PL) spectroscopy, which
showed strong fluorescence emission at different excitation wave-
lengths (Fig. 2b).

The fluorescence-excitation mapping of 20 biomimetic chro-
mophores further confirmed that the pigment molecules pre-
pared from amino acids with variable side chains displayed
strong broad spectrum fluorescence emission completely dif-
ferent from the raw materials (Fig. S2 and S3, ESIf). For
instance, different from the fluorescence emission character-
istics of phenylalanine residues at about 280-360 nm, Phe-FP
solution shows red fluorescence emission at about 580-
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780 nm. In addition to the common visible light region
fluorescence emission, some biomimetic pigment solutions
represented by Arg-FP exhibit colorful fluorescence emission
at different excitation wavelengths. In particular when the
emission wavelength was set around 600 nm, they exhibited
strong excitation peaks in the near-infrared fluorescence
region, revealing the possibility of their further application in
the biomedical field.

To further assess the optical properties of the peptide-based
nanoparticles, the time-resolved fluorescence decay kinetics
and quantum yields (QYs) of representative fluorescent agents
were measured. As shown in Fig. 2c, it revealed that the
lifetimes of the assembled pigments Phe-FP, His-FP, and Tyr-
FP, which were shown to be red, yellow, and blue-green on the
macro scale, were 3.22, 1.93 and 6.29 ns on average at their
optimal emission, respectively. The QY of Phe-FP was 24.43%,
indicating that the assembled pigment had excellent lumines-
cent properties (Fig. 2d). To assess the photostability of the
assembled pigments, we compared them with the green fluor-
escent organic dyes fluorescein isothiocyanate (FITC) and rho-
damine 6G (R6G). After irradiating the pigments under optimal
excitation conditions at a rate of one pulse per second for
1000 s, the fluorescence intensity of the Phe-FP remained stable
and showed a ~10% reduction at most. In contrast, the
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Fig. 2 (a) Schematic diagram of the preparation of fluorescent nanomaterials by doping amino acids during the enzymatic oxidation of tyrosine-based
peptide molecules. (b) The emission spectra of representative amino acid-based pigments under their best excitation, showing peaks covering the full
spectrum range. (c) Time-resolved emission spectra of the synthesized fluorescent pigments measured in 50 mM phosphate-buffered saline (PBS)
solution at a pH of 6.5. (d) Quantum yields (QYs) of the synthesized Phe-FP, determined with the optical absorption set to approximately 0.08 at the
optimal excitation wavelength. (e) Evaluation of the photostability of the Phe-FP compared to the organic dyes fluorescein isothiocyanate (FTIC) and
rhodamine 6G (R6G). The solutions were subjected to irradiation at a rate of one pulse per second for a total duration of 1000 seconds.
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fluorescence intensities of FITC and R6G decreased by around
30% and 54%, respectively, indicating the excellent photo-
stability of the bioluminescent agents (Fig. 2e).

The further application of new bioluminescent agents
requires biosafety assessment. Cytotoxicity of the representa-
tive fluorescent molecules was measured in HEK293T cells
using CCK8 assays as a function of the prepared molecules at
doses ranging from 5 to 1000 ug ml~* for 24 hours. Under these
conditions, cell viability was maintained at > 80% in all groups,
which confirmed that the pigments prepared by this method
did not have acute cytotoxicity to HEK293T cells (Fig. 3a).
To demonstrate the applicability of the bioluminescent agent
for bioimaging, we selected Arg-FP with fluorescence emission
above 600 nm (Fig. 3b) and utilized confocal laser scanning
microscopy (CLSM) to examine the localization of the respective
chromophore. The results, depicted in Fig. 3c, show that after
4 hours of incubation, the Arg-FP exhibited strong red
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fluorescence in HeLa cells. Additionally, due to the pigment’s
good photostability and biocompatibility, the fluorescence
intensity remained robust even after a 24-hour co-incubation
period. Overall, these experiments indicated that the biolumi-
nescent agents prepared in this paper can serve as fluorescent
nanoprobes and are promising candidates for cell imaging in
both the visible and near-infrared spectra.

In order to further study and understand the assembly and
aggregation process of the prepared fluorescent pigments, we
calculated the assembly process of Phe-FP monomers using
molecular dynamics (MD) methods. Representative snapshots
of MD trajectory frames have shown the self-assembly of Phe-FP
from monomers to polymers (Fig. 4a). Moreover, we tried to
explain the underlying luminescence mechanism of pigment
molecules by quantum confinement effects,** shallow radiative
traps,” and electron delocalization.*® Firstly, the presence of
conjugated double bonds and electronic resonances in the
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Fig. 3 (a) Results of quantitative biotoxicity measurements on HEK293T cells for 24 h with the representative fluorescent pigment molecules prepared

herein. (b) Excitation—emission matrix of the Arg-FP pigment, whose representative excitation and emission spectra are displayed on the top and right
projection respectively. (c) In vitro fluorescence imaging of Hela cells treated with selected Arg-FP (100 pg ml™) for durations ranging from 4 to
24 hours. The red fluorescence signals indicate the presence of pigment within the cells (scale bars: 10 um).
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Fig. 4 (a) Snapshots from molecular dynamics (MD) trajectory frames illustrating the assembly and aggregation of Phe-FP monomers. Atoms are color-

coded as follows: hydrogen (H) is white, carbon (C) is red, nitrogen (N) is blue, and oxygen (O) is brown. For clarity, water (H,O) molecules have been
excluded from the visual representation. (b) Schematic diagram of Phe-FP molecular structure and internal interactions. (c) lllustration of the restriction of
intramolecular motions (RIMs) that contribute to the aggregation-induced emission (AIE) phenomenon. Intermolecular motions (IM) are also depicted.
The black arrows pointing upward represent UV absorption, while the downward arrows and red arrows indicate the probability of transition.
Nonradiative transitions, attributed to intramolecular motions, result in weak photoluminescence. (d) and (e) The intermolecular interactions between
Phe-FP resulted in the restriction of intramolecular motions (RIMs) that in turn led to the aggregation-induced emission (AIE) effect. The red dashed lines

denote intermolecular hydrogen bonds, while the blue dashed lines represent electrostatic interactions.

structure of the luminescent monomers endows them with the
possibility of fluorescence emission.”” As shown in Fig. 4b-e,
the intense intramolecular motions of the pigment monomers
in the solvent before the radiative transition have a large
amount of energy consumption, resulting in weak emission.*®
Meanwhile, its further assembly and aggregation (consistent
with our previous confirmation by MDs) could form nano-
sphere structures with strict restriction of intramolecular
motions (RIMs), blocking the non-radiative pathway to turn
on the fluorescence emission in the visible range.*® The above
experimental and computational simulation results confirm
our conjecture that the doping of different amino acids formed
multicolored synthetic pigments, which exhibited differen-
tiated optical properties after the oxidation polymerization
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process regulated by various mechanisms such as ring-
opening polymerization and conjugation addition.

Conclusions

In summary, we have successfully developed a method to
produce full-color biofluorescents through the pre-organization
and self-assembly of tyrosine derivatives doped with various
amino acids during controlled enzymatic oxidation. The inclu-
sion of amino acids with different side chains enables the
precise modulation of the chemical structure and optical proper-
ties of the resulting chromophores, leading to broad-spectrum
fluorescence emissions through aggregation-induced emission.
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These peptide-based fluorescent nanomaterials demonstrate
excellent photostability, high quantum yields, and low cytotoxi-
city, which highlights the potential of peptide-based fluorescent
nanomaterials as versatile and biocompatible tools for advanced
biomedical imaging.
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