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In this work, the aggregation-enhanced antenna effect of chiral mononuclear Eu(Ill) complexes containing
dynamic modules in aqueous solution was used for the first time to significantly improve the optical
imaging performance of various types of cells and zebrafish. Specifically, the chiral mononuclear Eu(III)
complexes (R/S-1 and R/S-2) containing molecular rotors or vibration unit modules have almost negligible
emission in the molecule state, but after aggregation in aqueous solution, they form nanoparticles with
a sharp increase in emission peaks. It is worth noting that the above photophysical properties lead to
R/S-1 and R/S-2 having high-resolution cell imaging effects on various cells, and localizing in lysosomal
organelles. In addition, R/S-1 and R/S-2 also show high-resolution optical imaging effects on zebrafish.
This work not only opens a door to expand the bioimaging performance of lanthanide complex emitters
but also opens a new perspective for the construction of new dynamic lanthanide complexes with bright

emissions.

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

Medica, Chinese Academy of Medical Sciences.

The special electronic configuration of lanthanide ions leads to
a series of advantages of lanthanide complex emitters, such as pure
color, large Stokes shift, and long lifetime, and has become an ideal
choice for 3D high-definition display, information storage, encryp-
tion, solid-state lighting and bioimaging [1-6]. Among the various
lanthanide complex emitters, chiral Eu(lll) complexes with strong
luminescence behavior and excellent circularly polarized lumines-
cence (CPL) performance are dazzling [7-9]. This is mainly be-
cause the °Dy — ’F; energy level transition of Eu(Ill) ions belongs
to the D!-type transition that can induce chiral Eu(Ill) complexes
to have a high luminescence asymmetry factor (g,,,) [10-14]. Al-
though the optical applications of these chiral Eu(Ill) complexes
have made considerable progress in solid-state and non-aqueous
solvents, their applications in water systems (e.g., bioimaging) have
made almost no progress [15,16]. There are two main reasons: (1)
The characteristic emission of Eu(lll) ions is very susceptible to the
vibration-quenching effect of H,O [2]. (2) After the Eu(Ill) complex
aggregates form nanoparticles in an aqueous solution, the changes
in the conformation, stacking, and arrangement of the ligands can
easily lead to the failure of the antenna effect and cause lumines-
cence quenching behavior [17].
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Aggregation-induced emission luminogens (AIEgens) containing
molecular rotors or vibrational units have shown great application
prospects in high-resolution bioimaging, photodynamic therapy,
and immunotherapy due to the bright emission caused by the
aggregation effect in aqueous solution [18-20]. Traditional AlEgens
are mainly organic fluorophores containing molecular rotors or
vibrational modules, and lanthanide complexes with aggregation-
enhanced luminescence behavior are very rare [21-26]. In 2024,
Zou research group used chiral ligands containing molecular rotors
and vibrational units to synthesize dynamic chiral mononuclear
Eu(Ill) complexes with aggregation-enhanced antenna effect be-
havior under solvothermal conditions and achieved a double
enhancement of g, value (0.64) and luminescence brightness
(Bcp, value, 2429L mol~! cm~!) [27]. After the Eu(lll) complex
aggregates to form nanoparticles in an aqueous solution, the
tight stacking of the outer layer of the Eu(lll) complex molecules
can effectively block the internal complex molecules from being
attacked by H,0, and can also weaken the vibration quenching
effect of H,O on its characteristic emission. So far, chiral Eu(III)
complexes that can show obvious aggregation-enhanced antenna
effects in aqueous systems have not been reported.

Herein, we have used the restriction of intramolecular rotation
(RIR) and restriction of intramolecular vibration (RIV) mechanisms
to achieve the aggregation-enhanced antenna effect of dynamic
chiral mononuclear Eu(Ill) complexes (R/S-1 and R/S-2) in aque-
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Scheme 1. Schematic diagram of the one-pot synthesis of lanthanide complexes
with different optical properties using dynamic chiral ligands with (A) molecular
rotors or (B) vibration units and (C) traditional ligands.

ous solution for the first time, resulting in a dramatic increase in
red characteristic luminescence and high-resolution optical imag-
ing of living cells and zebrafish (Scheme 1). The structure of the
enantiomer R/S-1, which relies on the RIR mechanism for lumines-
cence enhancement, contains a freely rotatable molecular rotor. In
the single-molecule state, the free rotation dissipates the energy
of the excited state and shows almost negligible luminescence be-
havior. In the aggregated state, the molecular rotor structure of
R/S-1 is locked by hydrogen bonds and steric effects and cannot
rotate freely, which enhances the antenna effect and leads to a
sharp increase in the emission peak. Similarly, the structure of R/S-
2, which relies on the RIV mechanism, contains a cyclohexane core
structure that can undergo configuration switching. The configura-
tion switching of cyclohexane in the single-molecule state induces
significant vibration, thereby dissipating the energy of the excited
state. After aggregation in an aqueous solution, strong hydrogen
bonding interactions restrict the configuration-switching behavior
of cyclohexane, thereby enhancing the characteristic emission of
Eu(Ill) ions. Based on the above photophysical properties, R/S-1 and
R/S-2 have high-resolution optical imaging effects on a variety of
different types of cancer cells or normal cells, and can effectively
mark the lysosomal organelles of these cells. In addition, the bright
characteristic emission of Eu(lll) ions of R/S-1 and R/S-2 in aque-
ous solution can also effectively mark the yolk sac and liver of ze-
brafish embryos and larvae. Cell and in vivo experiments of R/S-
1 and R/S-2 have proved that they have excellent biosafety. This
work not only provides a new method for constructing dynamic
lanthanide complex emitters with bright emission but also opens
a door for the bioimaging application of lanthanide complex emit-
ters in aqueous solution.

Based on our previous work, 1-ethyl-1H-imidazole-
2-carbaldehyde (0.1 mmol), (1R/S,2R[S)~(-[+)-1,2-
diphenylethylenediamine (0.1 mmol) and Eu(NO3);3-6H,0
(0.1 mmol) were dissolved in a mixed solvent of EtOH:CH3CN =1:1,
and reacted under solvothermal conditions at 80°C for 24h to
obtain two pale yellow block crystals R/S-1 [27]. Only by replacing
(1R/S,2R/S)-(-/+)-1,2-diphenylethylenediamine with a molecular
rotor structure with (1R/S,2R/S)-(-/+)-1,2-cyclohexanediamine
containing a vibration unit structure, another pair of pale yellow
block crystals R/S-2 were obtained. The large-scale synthesis of
simple Eu(Ill) complexes R/S-1 and R/S-2 can be easily achieved
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Fig. 1. (A) Crystal structures of complexes R-1 (left) and S-1 (right). (B) Strong hy-
drogen bonding interactions between molecules of complex R-1. (C) Crystal struc-
tures of complexes R-2 (left) and S-2 (right). (D) Strong hydrogen bonding interac-
tions between molecules of complex R-2. (E) Crystal structure of achiral complex 3.
(F, G) Strong hydrogen bonding interactions between molecules of complex 3.

by scaling up the reaction (Fig. S1 in Supporting information). In
addition, the achiral ethylenediamine was further replaced with
(1R/S,2R|S)-(-/+)-1,2-diphenylethylenediamine containing a molec-
ular rotor structure to obtain a pale yellow block crystal 3. Single
crystal X-ray diffraction (SCXRD) showed that R/S-1 was crys-
tallized in the orthorhombic system of the P2;2;2; chiral space
group. Enantiomers R/S-1 are composed of a Eu(Ill) ion, a chiral
Schiff base ligand (R/S-L!, L'=(1E1’E)-N,N'-(1,2-diphenylethane-
1,2-diyl)bis(1-(1-ethyl-1H-imidazol-2yl)methanimine)) and three
terminal-coordinated NO3~ ions, and their molecular formula
is [Eu(R/S-L)(NO3)3]. Obviously, in the single-molecule state of
the complex R/S-1, the molecular rotor in the R/S-L! ligand in
the structure can rotate freely, similar to a "windmill", and can
effectively rotate and dissipate energy (Fig. 1A). The molecular
rotor in the structure of the complex R/S-1 in the aggregated
state is locked by the significant steric effect of the adjacent
molecules and the strong hydrogen bond interaction, and the
rotation of the molecular rotor is greatly restricted. Specifically,
the complex R/S-1 is connected by six different strong hydrogen
bonds (I, Ci3—Hj3--05 (2.5538A); 1, Cyo—Hyo-0q5 (2.4928A);
I, Cy3—Hysp+-04 (2.5377A); IV, C39—Hs9--Og (2.5139A); V,
C46_H46"'06 (20541 A) and Vl, C50—H50Cm013 (25534A)) in the
aggregated state to form a three-dimensional stacking struc-
ture (Fig. 1B and Table S1 in Supporting information). Enan-
tiomers R/S-2 are all crystallized in the P2;2:2; chiral space
group of the orthorhombic system. The complexes R/S-2 are
composed of a Eu(lll) ion, a chiral Schiff base ligand (R/S-L2,
L2 = (1E,1E)-N,N'-(cyclohexane-1,2-diyl)bis(1-(1-ethyl-1H-imidazol-
2-yl)methanimine)) and three terminal-coordinated NO3~ ions,
and their molecular formula is [Eu(R/S-L2)(NO3)3;]-CH3CN. Due
to the steric hindrance effect, the ligand R/S-L? in the structure
of the complex R/S-2 can have obvious vibrations in the single
molecule state (Fig. 1C). Obviously, in the aggregated state, the
molecules of complex R/S-2 also have obvious strong hydrogen
bond interactions (1, Co—Hga--O, (3.0604A); 2, Cg—Hgp-Og
(2.8409A); and 3, C;7—Hq7---0, (3.0531A)) (Fig. 1D and Table S1).
These hydrogen bonds effectively lock the vibration unit, fix the
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molecular conformation of R/S-2, and greatly restrict the vibration
of cyclohexane in R/S-L? ligand. SCXRD shows that the non-chiral
complex 3 crystallizes in the P—1 space group of the triclinic sys-
tem. Complex 3 is composed of a Eu(lll) ion, a Schiff base ligand
(L3, L3 =(1E1'E)-N,N'-(ethane-1,2-diyl)bis(1(1-ethyl-1H-imidazol-
2-yl)methanimine)) and three terminal-coordinated NOs;~ ions,
and its molecular formula is [Eu(L3)(NO3);] (Fig. 1E). Six different
hydrogen bonds (a, Cy;—Hyip--O4 (2.8602A); b, C30—Hsoa--O13
(2.7341 A); ¢, C33—Hs3p--04 (2.8372A); d, C14—Hys--Og (24614 A);
e, Cyg—Hyg--Og (2.4844A) and f, Cy4—Hy4--043 (2.7539A)) connect
the independent units of complex 3 to form a three-dimensional
stacking structure (Figs. 1F and G, Table S1). Based on the above
series of structural foundations, it can be seen that the movement
of the molecular rotors and vibration units of complexes R/S-1 and
R/S-2 in the aggregated state is significantly restricted, which is
expected to show obvious aggregation-induced emission behavior,
thus having special optical properties. The powder X-ray diffrac-
tion results (PXRD) show that the observed values of complexes
R/S-1, R/S-2, and 3 are highly consistent with their simulated
values, proving that they are all pure phases (Fig. S2 in Supporting
information). The characteristic absorption peaks of the Fourier
transform infrared absorption (FTIR) spectra of complexes R/S-1,
R/S-2, and 3 are consistent with the functional groups in the struc-
ture (Fig. S3 in Supporting information). Thermogravimetric (TG)
analysis of complexes R/S-1, R/S-2, and 3 is shown in Fig. S4 (Sup-
porting information), which identifies the solvent guest molecules
in the structures of these complexes. High-resolution transmission
electron microscopy (HRTEM) proves that complexes R/S-1, R/S-2,
and 3 are all block crystals with very clean surfaces (Fig. S5 in
Supporting information). In addition, X-ray energy dispersion
spectroscopy (EDS) shows that all elements in the structures of
complexes R/S-1, R/S-2, and 3 are uniformly distributed (Fig. S5).
Lanthanide complex emitters with excellent photophysical
properties and bright emission have shown great application
prospects in solid-state lighting, sensing, optical coding, and
bioimaging [1,28-32]. However, there are still few examples of the
application of lanthanide complex emitters in solution, especially
aqueous solution [15,16]. The main reason is that most lanthanide
complexes have poor stability, solubility, or dispersibility in aque-
ous solution, and the characteristic emission of lanthanide ions
is easily affected by the vibration quenching effect of X-H (X=C,
N, 0) [17]. In addition, the highly exposed metal cluster core of
lanthanide complex emitters is easy to binds to macromolecules
in living systems, such as proteins and DNA, thus showing non-
negligible biological toxicity [33-35]. Based on the obvious molec-
ular rotors and vibration unit modules in the structures of com-
plexes R/S-1 and R/S-2, we believe that they can show obvious
aggregation-enhanced antenna effect behavior after aggregation in
an aqueous solution, thereby showing significantly enhanced char-
acteristic emission. To verify our hypothesis, R/S-1 and R/S-2 were
dispersed in H,O under irradiation of a 365nm UV lamp, and the
solution showed bright red light, while no significant luminescence
behavior was shown when dispersed in DMSO. These significant
luminescence differences confirmed our hypothesis. Specifically,
with DMSO as a good solvent and H,O as a poor solvent, the same
amount of R/S-1 and R/S-2 was dissolved in H,O/DMSO mixed so-
lutions with different H,O contents (fi ), and the emission spectra
of the above series of mixed solutions were tested (Figs. 2A-E). The
experimental results show that with the increase of the content of
good solvent (DMSO), the emission intensity of R/S-1 and R/S-2 at
592/593, 617/619, and 651 nm gradually weakened. With the in-
crease of the content of poor solvent (H,0), the emission intensity
of R/S-1 and R/S-2 showed a significant enhancement trend, and
the emission intensity reached the maximum value when the con-
tent of poor solvent H,O reached 90% or 99%, proving that R/S-1
and R/S-2 both showed significant AIE characteristics (Figs. 2F-]).
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No obvious regular changes were observed in complex 3 without
molecular rotors or vibration units under the same mixed solvent
conditions, and the red emission disappeared significantly when
the content of poor solvent reached 99%, proving that complex
3 showed significant aggregation-induced luminescence quenching
(ACQ) effect in aqueous solution. In addition, the UV-visible ab-
sorption spectra of R/S-1, R/S-2, and 3 in 99% H,0 or DMSO were
tested (Figs. 2K-0). The experimental results show that with the in-
crease of the proportion of poor solvent, the UV-visible absorption
of R/S-1, R/S-2, and 3 all produced obvious redshifts and tail ab-
sorptions higher than the origin, indicating that they formed nano
aggregates in the poor solvent H,O. Complexes R/S-1, R/S-2, and
3 all showed characteristic fingerprint emission peaks at 592, 617,
and 651 nm, which were attributed to the Dy — ’F;, >Dg— ’F,
and Dy — ’F5 energy level transitions of Eu(lll) ions, respectively
(Fig. S6 in Supporting information) [21-24]. In addition, the lumi-
nescence lifetimes of complexes R/S-1, R/S-2, and 3 were 192.3,
190.0, 438.2, 396.7, and 245.8 s, respectively (Fig. S7 in Support-
ing information), and the luminescence quantum yields of com-
plexes R/S-1 and R/S-2 were 25.10%, 21.99%, 18.27 % and 18.38%,
respectively (Table S2 in Supporting information).

The AIE characteristics of R/S-1 and R/S-2 can be explained by
the RIR and RIV mechanisms, respectively. For R/S-1 containing
molecular rotors, in the single-molecule state, the excited electrons
mainly dissipate energy and return to the ground state through
the non-radiative transition pathway caused by the movement
of the molecular rotor. In the aggregated state, the movement
of the molecular rotors in the R/S-L! ligands in the structure of
the complex R/S-1 is hindered by the steric hindrance of the
adjacent molecules and the locking of the strong hydrogen bond
interaction. The excited electrons are dominated by radiative
transitions, which promote the ISC process, enhance the antenna
effect, and ultimately enhance the radiative transitions of Eu(Ill)
ions. Similarly, for the complex R/S-2 containing vibration units,
in the single-molecule state, the cyclohexane on the R/S-L2 ligand
can produce free vibrations through configuration changes, and
the energy of the excited state returns to the ground state in a
non-radiative transition manner to dominate. In the aggregated
state, the configuration switching of cyclohexane in the R/S-L? lig-
and is restricted due to the strong hydrogen bonding interaction,
which promotes the ISC process and enhances the energy transfer
(ET) pathway to effectively transfer more energy to the Eu(Ill) ion,
thereby enhancing its characteristic fingerprint emission peak. In
addition, equal amounts of R/S-1, R/S-2, and 3 were dispersed in a
mixed solvent (Vpmso/Vwater =1/99), and the hydration diameters
of the above complexes were obtained by dynamic light scattering
(DLS) to be 121.9, 104.2, 205.4, 375.6 and 101.2nm, respectively
(Figs. 2P-T). The above results prove that these complexes can form
stable aggregates in an aqueous solution and have highly uniform
nanometer sizes. The energy transfer pathway and luminescence
mechanism of the complex’s R/S-1 and R/S-2 were further ana-
lyzed using the Jablonsky energy level diagram. According to the
results of our reported work, the energy gaps between the first ex-
cited singlet state (S;) and the first excited triplet state (T;) of the
organic ligands R/S-L! and R/S-L2 are 7149 and 8169 cm!, respec-
tively. According to Reinhold’s rule of thumb, when the energy gap
between S; and Ty is greater than 5000cm!, the ISC process can
be effectively realized. In addition, the energy gaps between the T
state energy level of the ligands R/S-L! and R/S-L2 and the lowest
excited state energy level (°D, energy level) of the Eu(Ill) ion are
2525 and 3066 cm!, respectively, which conforms to Latva’s rule
of thumb, proving that the ligands R/S-L! and R/S-L?> have a high
degree of energy level matching with the Eu(Ill) ion and efficient
energy transfer, and can serve as efficient antennas (Fig. S6F).

After aggregation in aqueous solution, traditional lanthanide
complexes are prone to aggregation-caused quenching (ACQ) due
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Fig. 2. Emission spectra of complexes (A) R

1, (B) §-1, (C) R-2, (D) S-2 and (E) 3 in mixed solutions of H,O/DMSO with different contents under 344 nm excitation; Variation

of the intensity of the emission peak at 617 nm of complexes (F) R-1, (G) S-1, (H) R-2, (I) S-2 and (J) 3 with f,, the inset shows the luminescence photos of R-1, §-1, R-2, S-2
and 3 in mixed solutions of H,O/DMSO with different ratios, note: The blue dotted circle indicates the emission peak intensity enhancement factor in a mixed solution of
99% H,0 and 1% DMSO. UV-visible absorption spectra of complexes (K) R-1, (L) $-1, (M) R-2, (N) $-2 and (0) 3 in mixed solutions of H,O/DMSO with different f,, contents;
DLS results of complexes (P) R-1, (Q) S-1, (R) R-2, (S) $-2 and (T) 3 in a mixed solution of H,O/DMSO = 1:99.

to changes in ligand conformation, and the characteristic lumi-
nescence of lanthanide ions is easily affected by the vibrational
quenching effect caused by water or hydroxyl groups [2]. In
addition, traditional lanthanide complexes have highly exposed
metal centers, which have obvious biological toxicity and very low
aqueous solution stability [15,16]. Therefore, high-resolution bio-
logical imaging of lanthanide complexes has progressed slowly.
Based on the significant AIE behavior of complexes R/S-1 and
R/S-2 in aqueous solution, it is obvious that they have broad
application prospects in the field of high-performance biological
imaging. The stability of R/S-1, R/S-2 and 3 in mixed solvents
(Vpmso/Vwater = 1/99) was explored using zeta potential, and the re-
sults showed that the absolute values of their zeta potentials were
40.4, 56.9, 35.6, 70.2 and 66.9 mV, respectively (Fig. 3A). In addi-
tion, complexes R/S-1, R/S-2 and 3 were able to maintain high sta-
bility after being dispersed in water, PBS, and cell culture medium
(DMEM) for 5 days, respectively (Fig. S8 in Supporting informa-
tion). Complexes R-1 and R-2 are both stable in aqueous solutions
containing Ca?*, Zn2t, and Mg%* ions, respectively (Fig. S9 in Sup-

porting information), indicating that these complexes have high
stability in aqueous solutions containing endogenous metal ions,
further laying the foundation for their application in vivo imaging.
The above results demonstrate that the nano aggregates formed by
these complexes in aqueous solution are very stable.

The cytotoxicity of complexes R/S-1, R/S-2 and 3 on Hela and
4T1 cells was evaluated by MTT colorimetry. The experimental re-
sults showed that after incubation of HeLa or 4T1 cells with R/S-
1, R/S-2 and 3 solutions of different concentrations (0, 6.25, 12.5,
25, 50, 100 wg/mL) for 12 h, the survival rates of 4T1 (Fig. 3B and
Fig. S10 in Supporting information) and HelLa (Fig. S11 in Support-
ing information) cells were all higher than 70%, indicating that
the cytotoxicity of these complexes was negligible. Based on the
highly uniform nanosize, high water stability, and low cytotoxicity
of complexes R/S-1, R/S-2 and 3, their applications in cell imaging
were further explored. HeLa and 4T1 cells were cultured in an in-
cubator at 37°C and 5% CO,, and allowed to attach and grow until
the density of the confocal dish reached 90%. 5L of 10 mg/mL
R/S-1, R/S-2 and 3 solution was incubated with Hela and 4T1
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Fig. 3. (A) Zeta potential of complexes R-1, S-1, R-2, S-2 and 3 after forming nano aggregates in aqueous solution. (B) MTT assay to monitor the growth inhibition rate of
4T1 cells with different concentrations of $-2. (C) Schematic diagram of cell imaging of lanthanide complexes with AIE and ACQ properties; CLSM images and fluorescence
intensity quantitative analysis results of complexes R-1, S-1, R-2, S-2 and 3 after incubation with HeLa cells at excitation wavelengths of (D) 488 nm and (E) 552 nm.

cells for 12h, and the above cells were imaged in vitro by two-
photon laser confocal microscopy (CLSM). The in vitro imaging re-
sults showed that the complexes R/S-1 and R/S-2 could efficiently
label HeLa and 4T1 cells, and showed bright red light in the cyto-
plasm. However, complex 3 showed negligible labeling ability for
the above cells, and there was almost no obvious red light in the
cytoplasm (Fig. 3C). The fluorescence intensity of the individual
cells of the above cells was quantitatively analyzed, and the analy-
sis results showed that the fluorescence intensity of the complexes
R/S-1 and R/S-2 in Hela and 4T1 cells was 2.6 to 6.7 times that of
complex 3, which was consistent with the phenomenon observed
by our naked eyes (Figs. 3D and E, Figs. S12-S15 in Supporting in-
formation). After R-1 and R-2 were co-incubated with HepG2 cells,
MDA-MB-231 cells, and WI-38 cells, they were effectively taken up
by HepG2 cells, MDA-MB-231 cells, and WI-38 cells, and showed
bright red luminescence in these cells, proving that R-1 and R-2
can effectively label the above cells (Figs. S16-S18 in Supporting in-
formation). The classic AlEgen, tetraphenylethylene (TPE), was se-
lected for cell imaging comparison. The results showed that under
the same concentration and incubation time, the uptake and flu-
orescence intensity of TPE in HeLa cells were significantly lower
than those of R-1 and R-2 (Fig. S19 in Supporting information),

proving the great application prospects of lanthanide complexes
with aggregation-enhanced antenna effect in the field of biologi-
cal imaging. The AIE effect of complexes R/S-1 and R/S-2 in aque-
ous solution leads to their excellent fluorescence imaging effect on
cells. According to the distribution of R/S-1 and R/S-2 in cells, it
is preliminarily judged that the organelles specifically labeled are
lysosomes (Fig. 4). To further determine the localization of com-
plexes R-1 and R-2 in cells, they were co-localized with the com-
mercial lysosomal probe LysoTracker Green (Figs. 4A and B). The
co-localization results showed that the luminescent areas of com-
plexes R-1, R-2, and lysosomal probes in cells were highly over-
lapped, proving that they can specifically label lysosomes. As far as
we know, this is one of the rare examples of lanthanide complex
emitters with AIE properties in the field of biological fluorescence
imaging, opening up new horizons for the development of new bi-
ological imaging probes.

Based on the excellent in vitro cell imaging effect and biocom-
patibility of the complex’s R/S-1 and R/S-2, their performance in
vivo imaging was further explored. Zebrafish embryos and larvae
have the advantages of high transparency of tissues and organs,
less light scattering and absorption in their bodies, and high ho-
mology between genes and human genes, which are suitable for
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Fig. 4. CLSM images of R-1 (A), S-1 (B), R-2 (C), S-2 (D) and LysoTracker Green (Beyotime Biotechnology) localized on the lysosomes of HeLa; Quantitative analysis of the

fluorescence intensity of R-1, S-1, R-2, S-2 and LysoTracker Green in Hela cells.

biological imaging. R/S-1 and R/S-2 at a concentration of 50 pg/mL
were incubated with zebrafish embryos and larvae at 48 hpf af-
ter fertilization for 1, 2, 3, 6, and 12h, respectively, and the in
vivo imaging effect of the above zebrafish embryos and larvae was
evaluated by two-photon laser confocal microscopy (CLSM). The re-
sults of embryo imaging experiments showed that after incubation
with R/S-1 and R/S-2 for 1h, R/S-1 and R/S-2 could be effectively
taken up by the embryos through the villi and distributed in the
embryonic eggshell. After 2h of incubation, the eggshell and yolk
sac regions of the embryo showed weak red luminescence, and as
the incubation time increased, the red luminescence gradually in-
creased and spread throughout the zebrafish embryo (Fig. 5). The
embryos were re-hatched and the imaging experiment of zebrafish
larvae was performed after the embryos developed into early lar-
val morphology. The experimental results showed that R/S-1 and
R/S-2 could be effectively ingested by larvae and mainly distributed
in the yolk sac and liver regions. The fluorescence intensity of the
main organs of zebrafish embryos and larvae was further statisti-
cally analyzed, and the results showed that the imaging effect of
R-1 in zebrafish embryos was better than that of R-2, while the
imaging effect of R-2 in zebrafish larvae was better than that of
R-1 (Figs. S20 and S21 in Supporting information). As the incuba-
tion time increased, the red luminescence in the larvae gradually
increased, which was confirmed by the fluorescence quantitative
analysis of the larvae (Fig. 5, Figs. S22 and S23 in Supporting infor-
mation).

The biosafety of R-1 and R-2 in mice was further evaluated. The
results of hemolysis experiments and H&E staining of major or-
gan sections showed that R-1 and R-2 did not cause obvious tissue
toxicity and could be administered by tail vein injection (Figs. S24
and S25 in Supporting information), proving that R-1 and R-2 had
good biosafety. Obviously, by introducing dynamic ligands contain-
ing molecular rotors or vibration units into lanthanide complexes,
the aggregation effect can be used to effectively promote the "an-

tenna effect” and improve the luminescence performance of lan-
thanide complexes. As far as we know, this is the first time that
lanthanide complexes with aggregation-enhanced antenna effects
have been applied to high-resolution bioimaging, which opens a
door for the development of dynamic lanthanide complexes in the
field of bioimaging.

In summary, dynamic chiral mononuclear Eu(Ill) complexes
(R/S-1 and R/S-2) containing molecular rotors or vibrational units
realize the aggregation-enhanced antenna effect in aqueous solu-
tion by restriction of intramolecular motion (RIM) mechanism and
obtain optical imaging applications of living cells and zebrafish
with high resolution. The enantiomer R/S-1 with obvious molec-
ular rotor structure presents a single molecule state in a DMSO
solution with negligible luminescence, while it presents a nano-
aggregated state with bright red luminescence in a mixed solution
containing 99% H,0 and 1% DMSO. The reason for the sharp in-
crease of the emission peak of R/S-1 in aqueous solution is mainly
due to the strong hydrogen bonding locking effect and steric hin-
drance effect leading to the restriction of intramolecular rotation
(RIR) of the molecular rotor in the structure. Similarly, R/S-2 con-
taining vibrational unit modules also shows bright red emission
in aqueous solution due to the restriction of intramolecular vi-
bration (RIV) caused by strong hydrogen bonding and steric hin-
drance effect. Complex 3 without molecular rotor or vibrational
unit structure shows an obvious ACQ effect with the change of the
ratio of DMSO and H,0. Based on the above photophysical proper-
ties, the chiral enantiomers R/S-1 and R/S-2 have high-resolution
optical imaging effects on various types of living cells and are
localized in lysosomal organelles. In addition, isomers R/S-1 and
R/S-2 also have high-definition fluorescence imaging effects on ze-
brafish, mainly distributed in the yolk sac and liver regions of ze-
brafish embryos and larvae. To the best of our knowledge, this is
the first time that the RIR and RIV mechanisms are used to real-
ize the aggregation-enhanced antenna effect of dynamic mononu-
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Fig. 5. CLSM images and fluorescence intensity quantitative analysis results of R-1 and R-2 co-incubated with zebrafish embryos and larvae for 1, 2, 3, 6, and 12 h, respec-
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clear Eu(Ill) complexes in aqueous systems, and high-performance
in vitro and in vivo fluorescence imaging effects have been ob-
tained. This work not only develops a new method for construct-
ing lanthanide complex emitters with bright emission in aqueous
solution but also opens a new blueprint for the application of lan-
thanide complex emitters in the field of high-resolution biological
imaging.
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