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Aqueously dispersed nanomaterials exhibiting circularly polarized luminescence (CPL) hold great poten-
tials in biological fields due to the inherent chirality of biological systems and its excellent biocompati-
bility. However, the limited availability of biodegradable CPL nanoparticles in aqueous media has severely
constrained the development of biomedical CPL. Here, we present a facile strategy for achieving tunable
CPL of aqueously dispersed nanotoroids through the co-assembly of a homopolypeptide with three achi-
ral triphenylamine derivatives, showing a CPL performance depending on the architecture and doping
content of small molecules. Remarkably, a deep-red CPL can be achieved with a record luminescence dis-
symmetry factor (gm = 1.1 x 10~2) among aqueously polypeptide-based nanoparticles. Furthermore, the
densely packed nanostructure completely suppressed the intrinsic reactive oxygen species generation of
the chromophores by restricting oxygen diffusion and quenching exciton-energy transfer, thereby elim-
inating phototoxic risks while preserving imaging fidelity. Overall, this work not only provides a facile
method for achieving aqueous CPL from achiral molecules but also establishes a structure-property rela-
tionship between chromophore geometry and supramolecular CPL performance, advancing their potential

in biological fields.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Circularly polarized luminescence (CPL), characterized by the
emission of chiral photons with defined handedness, represents
a unique photophysical phenomenon that encodes stereochem-
ical information into light. Distinct from conventional unpolar-
ized luminescence, CPL provides an additional dimension of chi-
rality, enabling its utility in fields such as optoelectronics, in-
formation encryption, asymmetric synthesis, and biomedicine [1-
4]. Among these applications, biomedical CPL nanomaterials have
gained growing attention in recent years [5-7]. Such interest
stems from the intrinsic chirality of biological systems, a ubiq-
uitous feature exemplified by biomacromolecules (e.g., DNA, pro-
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teins, polysaccharides) and cellular architectures [8-10]. This in-
herent dissymmetry between CPL and biological chirality has moti-
vated investigations into chirality-mediated bioeffects like cell dif-
ferentiation [11]. In addition, CPL-enhanced contrast agents exhibit
unique capability to suppress biological autofluorescence through
chiral discrimination mechanisms, enabling background-free imag-
ing with subcellular-level resolution [12,13]. Overall, biomedical
CPL nanomaterials hold transformative potential for decoding chi-
ral signals in pathological processes and advancing therapeutic de-
velopment [14,15]. However, there are two critical challenges in
this field: (1) The scarcity of aqueously dispersed CPL nanoparticles
compatible with physiological environments, and (2) the predomi-
nance of non-biodegradable, heavy metal-containing architectures
in existing aqueous CPL platforms, which raise unresolved con-
cerns regarding systemic biocompatibility and long-term biosafety
[14,16-19]. Therefore, it is crucial to develop aqueous CPL nanoma-
terials with good biodegradability.

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Aqueously dispersed nanotoroids exhibiting tunable circularly polarized luminescence (CPL) and suppressed reactive oxygen species (ROS) activity. (a) Chemical
structure-dominated CPL through co-assembly of poly(y-benzyl-L-glutamate) (PBLG) with achiral triphenylamine derivatives of 4-methyl-N-phenyl-N-(p-tolyl)aniline (MTPA),
5-(4-(di-p-tolylamino)phenyl)thiophene-2-carbaldehyde (MTTH), and 2-((5-(4-(di-p-tolylamino)phenyl)thiophen-2-yl)methylene)malononitrile (MTTV). (b) Dose-dependent
CPL in the co-assembly of PBLG@MTTV. (c) ROS-shielding effect in the co-assembly of PBLG@MTTV.

Polypeptides exhibit structural homology to natural proteins
[20-23]. This biomimetic architecture endows them with excep-
tional biocompatibility and biodegradability [24-26]. Crucially,
polypeptides can form higher-order nanostructures with chirally
organized polymer chains due to their inherent molecular chi-
rality and regular secondary structures originated from chiral
amino acids, facilitating the formation of chiroptically active
nanomaterials. In 2023, Jiang et al. demonstrated an aqueous CPL
nanoparticle via the self-assembly of poly(y-benzyl glutamate)
terminated with an achiral fluorescent chromophore [27]. While
this approach achieved stable CPL emission in the aqueous media,
it relied on a pre-synthesized fluorescent initiator to covalently
terminate the polypeptide chains, necessitating a multi-step syn-
thesis protocol that limits scalability and modularity. Although the
study highlighted the potential of co-assembly with the achiral
small molecule to amplify chiroptical activity, only monochromatic
CPL was achieved with relatively low luminescence dissymmetry
factor (g,m < 1072). Moreover, it remains unclear about the
structure influence of doped small molecules on the emergent
chiroptical properties. Consequently, it is unknown about the
universality of this strategy by replacing the achiral dye and
whether tunable aqueous CPL with amplified properties can be
achieved.

Herein, aqueously dispersed nanotoroids were successfully pre-
pared via the co-assembly of poly(y-benzyl-L-glutamate) (PBLG)
with three achiral triphenylamine derivatives (Fig. 1a). These so-
lutions exhibited multicolor chiral emissions with tunable CPL per-
formance regulated by the architecture of achiral molecules as well
as their doping content in the co-assembly. Our results demon-
strate that superior CPL properties can be obtained by co-assembly
with achiral molecules of twisted intramolecular charge-transfer
(TICT) characteristics, which can be attributed the enhanced com-
patibility between the twisted molecular conformations of the
triphenylamine derivatives and the helically ordered phenyl groups

of PBLG. Furthermore, a positive correlation can be found between
the CPL property and doping content in co-assembly, enabling the
deep-red CPL with a maximum g, up to 102 (Fig. 1b). Addition-
ally, the reactive oxygen species (ROS) activity of these TICT-active
triphenylamine derivatives can be completely suppressed following
co-assembly (Fig. 1c), suggesting potential applications for long-
term in vivo imaging with minimized biological injury in the fu-
ture.

A donor-acceptor (D-A) configured triphenylamine deriva-
tive usually functioned as an achiral chromophore for CPL
amplification when co-assembled with chiral poly(y-benzyl
glutamate) [28]. However, the mechanistic necessity of the D-
A architecture for both CPL generation and amplification in
such co-assembly remains ambiguous. To address this fun-
damental structure-property correlation, three triphenylamine
derivatives: 4-methyl-N-phenyl-N-(p-tolyl)aniline (MTPA), 5-(4-(di-
p-tolylamino)phenyl)thiophene-2-carbaldehyde (MTTH), and 2-((5-
(4-(di-p-tolylamino)phenyl)thiophen-2-yl)methylene)malononitrile
(MTTV), were strategically designed as molecular probes to inter-
rogate the role of electronic and steric configurations in chiroptical
induction via PBLG-mediated co-assembly (Fig. 2a). Comprehen-
sive synthetic procedures and structural characterization data for
MTTH, MTTV, and PBLG are provided in Supporting information
(Scheme S1 and Figs. S1-S5 in Supporting information).

The photophysical behaviors of MTPA, MTTH, and MTTV were
systematically compared. In tetrahydrofuran (THF), all three
derivatives exhibited a locally excited (LE) absorption band cen-
tered at ~300nm, characteristic of w—m* transitions in their
aromatic frameworks (Fig. 2b). Notably, MTTH and MTTV dis-
played additional redshifted absorption bands at 410 and 500 nm,
respectively, attributed to intramolecular charge-transfer (ICT)
transitions arising from their D-A architectures. The corresponding
fluorescence spectra under ultraviolet (UV) excitation revealed dis-
tinct emission maxima at 370 nm (near-UV), 530 nm (yellow), and
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Fig. 2. Photophysical properties of three triphenylamine derivatives dissolved in tetrahydrofuran (THF). (a) Chemical structures of MTPA, MTTH, and MTTV. (b) Normalized
absorption spectra. Concentration (c)=10 pmol/L. (c) Normalized photoluminescence (PL) spectra. c=10 pmol/L, Aex (MTPA)=300nm, Aex (MTTH)=Aex (MTTV)=365nm.
(d) Plots of relative PL intensity (I/Iy) versus fw. ¢=10 pmol/L, Aex (MTPA)=300nm, Aex (MTTH)=Aex (MTTV)=365nm, fy is defined as the water fraction in THF/water
mixtures, Io =PL intensity at f, =0%. (e) Density functional theory (DFT) calculation (B3LYP/6-31G(d), Gaussian 16) results of MTPA, MTTH, and MTTV: energy diagram,

HOMO, and LUMO.

660 nm (deep-red) for MTPA, MTTH, and MTTV, respectively (Fig.
2c), with emission colors reflecting progressive ICT enhancement
across the series. When water was added into the THF solution
as a poor solvent, different photoluminescence (PL) behaviors
were exhibited from these three derivatives (Fig. 2d and Fig. S6
in Supporting information). While MTPA maintained stable PL
intensity across fiy (referred to the volume fraction of water in
the THF/water mixture) from 0 to 99%, MTTH and MTTV exhib-
ited pronounced PL quenching. Specifically, their PL intensities
sharply declined at fy =10%, followed by progressive attenuation
until f,y =60%, and marginal recovery at higher f,,. This behavior
aligns with TICT mechanisms, wherein polar environments sta-
bilize non-radiative decay pathways [29,30]. Density functional
theory (DFT) calculations elucidated the frontier molecular or-
bital distributions (Fig. 2e). For MTPA, HOMO density localized
on the electron-rich triphenylamine core, while LUMO occupied
m* orbitals of benzene rings, reflecting minimal ICT due to its
symmetric structure. Introducing a thiophene-carbaldehyde unit
strengthened D-A interactions in MTTH, concentrating HOMO
on the triphenylamine donor and delocalizing LUMO toward the
carbaldehyde acceptor. Through the further incorporation of the
strong electron-withdrawing malononitrile group, a pronounced
charge separation was presented in MTTV with HOMO partially
delocalized into the thiophene bridge and LUMO highly localized
on the malononitrile acceptor. Therefore, the progressive en-

hancement of ICT from MTPA to MTTV contributed to red-shifted
absorption/emission bands and the water-responsive PL behaviors.

Subsequently, the three co-assembly systems were respectively
performed in THF by the solvent-switching method. Specifically,
incremental additions of water were introduced into pre-mixed
solutions of PBLG (|PBLG]=1.0mg/mL) and each small molecule
([MTPA] = [MTTH] = [MTTV] = 0.2 mmol/L). Dynamic light scatter-
ing (DLS) analysis confirmed the formation of well-defined nanos-
tructures across all assemblies. The apparent hydrodynamic diam-
eters (Dy ,ppS) Were 358, 363, and 364 nm with all narrow polydis-
persities (PDs < 0.1) for nanoparticles composed of PBLG@MTPA,
PBLG@MTTH, and PBLG@MTTV, respectively (Fig. 3a). Morpholog-
ical characterization by transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) further revealed toroidal
nanostructures with diameters of approximately 400 nm (Fig. 3b).
These results indicate the molecular structure of the incorporated
small molecules exerts negligible influence on the aggregation
mode of PBLG during co-assembly.

The corresponding photophysical properties were investigated
for these nanotoroid aqueous dispersion. Emission maxima were
observed at 370nm (PBLG@MTPA), 525nm (PBLG@MTTH), and
648 nm (PBLG@MTTV), respectively (Fig. 3c). Notably, MTTH and
MTTV exhibited blue-shifted emissions in the toroidal state com-
pared to their dissolved counterparts in THF, which can be at-
tributed to the restricted TICT in the aggregated state. To confirm
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Fig. 3. Nanostructures and photophysical properties of aqueously dispersed nanotoroids obtained in co-assembly architectures of PBLG@MTPA, PBLG@MTTH, and
PBLG@MTTV. (a) Dynamic light scattering (DLS) results. c=0.20 mg/mL. (b) Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) images. Scale
bar: 200 nm. (c) Normalized PL spectra. c=0.20 mg/mL, Aex (MTPA)=300nm, Aex (MTTH)=Aex (MTTV)=365nm. (d) Circular dichroism (CD) spectra. c=0.04 mg/mL. (e) CPL
spectra. ¢=0.20mg/mL, Aex (MTPA)=300nm, Aex (MTTH)=Aex (MTTV)=365nm. (f) Luminescence dissymmetry factor (gj,m) curves. c=0.20 mg/mL, Aex (MTPA)=300nm,
Aex (MTTH) = Aex (MTTV)=365nm. The initial concentration for PBLG and each small molecule in THF was kept as 1.0mg/mL and 0.2 mmol/L, respectively.

chiral transfer from the helical PBLG matrix to the achiral triph-
enylamine derivatives during co-assembly, circular dichroism (CD)
and CPL analyses were conducted. As shown in Fig. 3d, CD spec-
tra displayed characteristic negative bands at 210-240 nm for all
assemblies, corresponding to the n—m* transitions of PBLG's «-
helical peptide bonds. Additionally, a positive CD signal at 260 nm
emerged for each assembly, attributed to the chiral packing of
PBLG’s pendant phenyl groups via w-m stacking, which spectrally
overlapped with LE absorption bands of MTPA, MTTH, and MTTV.
Meanwhile, distinct CD signals were clearly presented and aligned
with ICT absorption bands of MTTH and MTTV (Fig. S7 in Sup-
porting information), indicating a D-A structure induced chiral
amplification. Furthermore, all nanotoroid-dispersed solutions dis-
played positive CPL signals matched with the near UV, yellow,
and red emissions with the corresponding luminescence dissym-
metry factors (g,ms) of 0.5x 1072, 0.7 x 1072, and 0.9 x 102 for
PBLG@MTPA, PBLG@MTTH, and PBLG@MTTYV, respectively (Figs. 3e
and f). These results highlight the critical role of D-A architectures
in amplifying chiroptical activity, likely due to enhanced compat-
ibility between the twisted molecular conformations of the triph-
enylamine derivatives and the helically ordered phenyl groups of
PBLG.

The content of an achiral D-A guest significantly influences
the CPL property in a similar co-assembly process [31]. To in-
vestigate the tunability of CPL in the PBLG@MTTV co-assembly,
varying amounts of MTTV (0.1, 0.2, and 0.4mmol/L) were used
to form nanoparticles through the same assembly process. Simi-
lar toroidal nanostructures were confirmed by DLS, TEM, and SEM
measurements (Figs. 4a and b), suggesting that the co-assembly
process was minimally affected by the amount of MTTV. Notably,
a red-shifted emission from 630nm to 660nm was observed as
the doping concentration increased from 0.1 mmol/L to 0.4 mmol/L
(Fig. 4c). CD measurements revealed similar Cotton effects across
the samples, accompanied by red-shifted CD peaks matching the
ICT absorption band of MTTV in the 500-600 nm range (Fig. 4d).
Meanwhile, the CPL property of PBLG@MTTYV solution displayed a
positive correlation with the MTTV content, with the g, value

increasing from 0.6 x 1072 to 1.1 x 10~2 (Figs. 4e and f). These
results demonstrate that higher doping ratios of MTTV promote
stronger - stacking interactions among the MTTV molecules,
resulting in a red-shifted fluorescence. When more achiral MTTV
molecules participate in co-assembly, they are more effectively
transferred into a chirally packed state by the chiral space formed
from helically packed PBLG chains [27], leading to the amplified
CPL.

Triphenylamine derivatives featuring D-A architectures have
been extensively engineered for bioimaging applications owing to
their notable photostability and high fluorescence quantum yields
[32]. However, such compounds often exhibit intrinsic reactiv-
ity for generating ROS, posing risks of cellular or tissue dam-
age during prolonged imaging protocols. To address this critical
limitation, we systematically evaluated the ROS generation capac-
ity of the PBLG@MTTV co-assembly in aqueous media using 2,7-
dichlorofluorescin diacetate (DCFH) as a fluorogenic probe, which
undergoes oxidation to fluorescent 2,7-dichlorofluorescein (DCF)
upon ROS interaction. As shown in Fig. 5a, the control experi-
ments with DCFH alone exhibited negligible fluorescence under
white light irradiation (4mW/cm?2, 5min). In stark contrast, free
MTTV triggered a 47-fold increase in DCF fluorescence intensity
under identical conditions, confirming its potent ROS generation
capability (Fig. 5b). Strikingly, the PBLG@MTTV exhibited negligi-
ble fluorescence enhancement, demonstrating effective ROS sup-
pression (Figs. 5c and d). Meanwhile, a similar ROS-shielding ef-
fect can be still observed for PBLG@MTTH despite the inherently
weaker ROS activity for the free MTTH (Fig. S8 in Supporting in-
formation). Compared with other normally soft polymer matrixes
for encapsulating similar photosensitizers to achieve nice ROS per-
formance [33,34], this novel ROS-shielding effect may be attributed
to the tight packing of PBLG chains that can hinder the permeation
of oxygen and water, reducing ROS generation and diffusion. This
unique co-assembly structure not only preserves the chiroptical fi-
delity required for CPL bioimaging but also mitigates phototoxic-
ity, thereby enabling the potential application for long-term in vivo
imaging with minimized biological injury.
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Fig. 4. Nanostructures and photophysical properties of aqueously dispersed nanotoroids obtained with different initial concentrations of MTTV (Cyrrys) in the co-assembly
architectures of PBLG@MTTV. (a) DLS results. c=0.20 mg/mL. (b) TEM and SEM images. Scale bar: 200 nm. (c) Normalized PL spectra. ¢=0.20 mg/mL, Aex =365 nm. (d) CD
spectra. ¢=0.04 mg/mL. (e) CPL spectra. c=0.20 mg/mL, Aex =365 nm. (f) gjum curves. c=0.20 mg/mL, Aex =365 nm. “Cyrrv = 0.4 mmol/L” refers to the initial concentration of
MTTV dissolved in THF was 0.4 mmol/L, where the initial concentration of PBLG was fixed at 1.0 mg/mL.
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Fig. 5. Chemical trapping of total ROS generation. (a) Photoactivation of 2,7-
dichlorofluorescin diacetate (DCFH). (b) Photoactivation of DCFH with MTTV. (c)
Photoactivation of DCFH with PBLG@MTTV. (d) Activation rates of DCFH under dif-
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In summary, we developed a facile strategy for achieving tun-
able CPL in aqueous media by the co-assembly of PBLG with
achiral triphenylamine derivatives (MTPA, MTTH, and MTTV). This
approach enabled the preparation of aqueously dispersed nan-
otoroids exhibiting multicolor CPL emissions: spanning near-UV,
yellow, and deep-red regimes, with progressively enhanced CPL
performance. Mechanistically, the TICT characteristics of the triph-
enylamine derivatives facilitated stereochemical compatibility be-
tween their nonplanar conformations and the helically ordered
phenyl motifs of PBLG, thereby optimizing chirality transfer effi-

ciency and amplifying gj,,. Crucially, modulating the doping con-
tent of MTTV within the co-assembly nanoparticle allowed pre-
cise control over both emission wavelength and chiroptical inten-
sity, culminating in deep-red CPL at 660 nm with a record g, of
1.1 x 102 for aqueously polypeptide-based CPL nanoparticles. Fur-
thermore, the densely packed PBLG matrix suppressed ROS gener-
ation by sterically hindering the permeation of oxygen and water,
thereby eliminating phototoxic risks while preserving imaging fi-
delity. This work not only provides a facile method for achieving
aqueous CPL through the co-assembly of homopolypeptides with
achiral small molecules but also reveals the structure-property re-
lationship in the chiral phenomenon, which can promote the de-
velopment of polypeptide-based CPL nanomaterials for potential
biomedical applications.
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