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n-regulated full-color gold
nanoclusters for multicolor bioimaging and
circularly polarized luminescence

Yaguang Yin,† Gan Zhao,† Fanfan Yu† and Honglin Liu *

Achieving tunable full-color emission and high-efficiency circularly polarized luminescence (CPL) from

a single type of nanocluster remains a major challenge due to weak dissymmetry factors and

aggregation-induced quenching. This study reports a breakthrough synthesis of full-color-emitting gold

nanoclusters via heterometallic ion doping. By reducing HAuCl4 with 4-amino-2-mercaptopyrimidine

(AMP) in the presence of Cr3+, Mg2+, or Ag+, blue (400 nm), green (495 nm), and red (700 nm) emissive

NCs were obtained with respective quantum yields of 13.2%, 2.46%, and 3.34%. Structural analysis

confirmed compositions of Au7(AMP)5Cr2, Au6(AMP)4Mg2, and Au6(AMP)3Ag, all <1.1 nm. Density

functional theory calculations further reveal that b-NCs, g-NCs and r-NCs regulate emission energy

through local coordination, electronic coupling, and structural rigidity of the Au(I)–SR framework. In

summary, dopant ions serve as cross-linkers in surface Au(I)–thiolate motifs, with motif length

determining emission color. Co-assembly with chiral lipid gelators induced full-color CPL (glum = 10−2)

via structural rigidification within helical nanotubes. The NCs showed low cytotoxicity and enabled

multicolor bioimaging. Anti-counterfeiting gels with dual-level encryption were developed using UV-

triggered fluorescence and CPL-handedness. The materials remained stable over one month. This work

establishes a metal-ion-directed strategy for emission tuning in Au NCs, linking structures to

photophysical properties and offering a flexible platform for chiral optoelectronics.
Introduction

Metal nanoclusters (NCs), comprising a few to tens of atoms
with sizes near the electron Fermi wavelength, bridge the gap
between atomic and nanoparticle behaviors in chirality,1 catal-
ysis,2 electrochemistry3 and magnetism,4 exhibiting discrete
electronic transitions and molecule-like photoluminescence
(PL).5 Their ultrasmall dimensions, low toxicity, biocompati-
bility, and photostability surpass those of traditional uoro-
phores (e.g., organic dyes and quantum dots),6,7 enabling
transformative applications in biosensing, bioimaging, and
theranostics. However, most NCs emit at a single wavelength,
severely limiting their utility in multiplexed detection, full-color
displays, and advanced optical encoding. Achieving tunable,
continuous full-color emission from a single NC system
remains a fundamental challenge. Concurrently, imparting
circularly polarized luminescence (CPL) crucial for 3D displays,
ctional Factors and Synthetic Biology of

e and Technology Cooperation Base for

Interventions, China Light Industry Key

tilization, School of Food and Biological

of Bio-process, Ministry of Education,
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encrypted storage, and chiral optoelectronics to NCs typically
relies on intrinsically chiral nanostructures or chiral ligand
capping, which suffer from limited generality, quantum effi-
ciency losses, and aggregation-induced quenching. Integrating
full-color tunability with high-performance CPL in a unied
platform represents a signicant unmet goal in nanophotonic
materials.
Scheme 1 Schematic illustration of the one-pot synthesis strategy for
heterometallic ion-regulated full-color Au NCs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Signicant efforts have been devoted to modulating NC
emission. Strategies include surface ligand engineering
(altering electronic states),8,9 kernel alloying (modifying metal
composition/electronic structure),10 aggregation-induced emis-
sion (AIE),11 self-assembly,12 and environmental manipula-
tion.13 Alloying,14 in particular, via co-reduction,15 galvanic
exchange,16 ligand-induced conversion,17 or intercluster reac-
tions,18 can shi emission wavelengths.19 For instance, Ag25
templates enable the synthesis of center-doped [M@Ag24]
clusters (M = Ni, Pd, Pt) by the galvanic exchange strategy,16

while the intercluster reaction of [Au25(PET)18]
− and [Ag25(-

DMBT)18]
− clusters yields adducts like [Au25Ag25(PET)18(-

DMBT)18]
2−.18 However, these approaches offer only

discontinuous or narrowly continuous (<100 nm) spectral shis
and oen involve complex multi-step syntheses. Crucially,
achieving continuous, wide-range visible full-color emission
from a single type of parent cluster using a unied synthesis
strategy remains elusive, hindered by insufficient under-
standing of the structural motifs dictating emission energy and
the lack of precise control methods.

Chirality underpins biological function and advanced
materials.20 Materials exhibiting CPL-emitting le-handed or
right-handed circularly polarized light-hold immense promise
for next-generation technologies like 3D displays,21 secure
information storage,22 biological coding,23 and chiral optoelec-
tronic devices.24 CPL in NCs typically arises through three
mechanisms: (1) intrinsic chirality from asymmetric defects,25

(2) ligand-induced chirality via chiral capping agents,26 or (3)
chirality transfer from chiral matrices.27 While chiral ligand
capping is common,28 it is restricted by rare ligand choice, oen
yields weak signals with a luminescence dissymmetry factor
(glum) of about 10−5–10−3, and faces challenges in achieving
high quantum yields due to aggregation-caused quenching
(ACQ). Full-color CPL materials, capable of encoding informa-
tion across wavelengths, are exceptionally rare due to synthetic
complexity and the difficulty in simultaneously controlling
emission color, intensity, and dissymmetry.29 The development
of simple, versatile strategies to induce robust, full-color CPL in
highly emissive, achiral NCs is thus critically needed.

Herein, we report a strategy for synthesizing full-color-
emitting gold nanoclusters (Au NCs) via heterometallic ion
doping and demonstrate their conversion into full-color CPL-
active materials through co-assembly with chiral gels. The key
innovation lies in the discovery that dopant ions (Cr3+, Mg2+,
and Ag+) function as cross-linkers, modulating the length of
surface Au(I)–thiolate motifs that directly determine the emis-
sion wavelength: longer motifs yield higher-energy (blue)
emission, whereas shorter motifs produce lower-energy (red)
emission. This mechanism enables continuously tunable pho-
toluminescence spanning the entire visible range (400–700 nm)
from a single NC synthesis system using a unied one-pot
approach (Scheme 1). Importantly, combined structural anal-
yses and theoretical calculations established a clear structure–
emission correlation, elucidating how local coordination and
electronic coupling dictate the emission behavior. Furthermore,
we developed a versatile “host–guest” co-assembly strategy, in
which these achiral, full-color Au NCs are integrated with chiral
© 2026 The Author(s). Published by the Royal Society of Chemistry
lipid gelators to induce efficient chirality transfer. This process
generates mirror-image CPL signals across the visible spectrum
through structural rigidication within helical nanotubes. The
integration of full-color tunability, efficient CPL generation, low
cytotoxicity, and excellent stability enables innovative multi-
level anti-counterfeiting applications based on uorescence
color and CPL handedness. This work not only provides
fundamental insights into the emission mechanisms of Au NCs
but also offers a robust platform for designing next-generation
multifunctional chiral optoelectronic materials.

Results and discussion
One-pot synthetic heterometallic ion-doped gold nanoclusters
with full-color-tunable emission

Novel heterometallic ion-doped full-color Au NCs were synthe-
sized via a facile one-pot reduction of HAuCl4 with 4-amino-2-
mercaptopyrimidine (AMP) ligands in the presence of Cr3+,
Mg2+, or Ag+ cations. Comprehensive optical characterization
revealed distinct photophysical properties for each NC type. As
shown in Fig. 1a, all three NC solutions exhibited symmetric,
single-peak emission spectra centered at 400 nm (blue, b-NCs),
495 nm (green, g-NCs), and 700 nm (red, r-NCs), spanning the
visible to near-infrared spectrum. Corresponding optimal exci-
tation wavelengths were 380 nm, 365 nm, and 470 nm, respec-
tively. Bright blue, green, and red emissions under UV
illumination (inset, Fig. 1a) aligned with Commission Inter-
nationale de l'Eclairage (CIE) chromaticity coordinates pro-
gressing from blue to red (Fig. 1b inset). Absolute PL quantum
yields (QYs) were determined to be 13.2% (b-NCs), 2.46% (g-
NCs), and 3.34% (r-NCs) (Fig. 1b). UV-vis absorption spectra
(Fig. 1c) displayed characteristic features of ultrasmall NCs:
strong sub-300 nm peaks (b-NCs: 233/265 nm; g-NCs: 240/
273 nm; r-NCs: 207/235/290 nm) with signicant shis versus
free AMP ligands (240/270 nm, Fig. S1), conrming Au-ligand
complex formation. All samples showed monotonically
decreasing absorption tails beyond 300 nm a hallmark of few-
atom nanoclusters.31 Time-resolved PL decay proles (Fig. 1d
and Table 1) yielded average lifetimes of 4.81 ms (b-NCs), 4.99 ms
(g-NCs), and 6.73 ms (r-NCs), tted with bi-/tri-exponential
functions. Crucially, excitation–emission contour maps
(Fig. 1e) demonstrated xed emission maxima regardless of the
excitation wavelength, while single excitation bands and emis-
sion peaks (Fig. 1a) conrmed homogeneous emissive species
in each sample.

Furthermore, control experiments were conducted to verify
the origin of the PL. The results clearly demonstrate that the
characteristic excitation–emission pairs-approximately 380 /

400 nm for b-NCs, 365/ 495 nm for g-NCs, and 470/ 700 nm
for r-NCs-are only observed in the complete systems comprising
Au, AMP, and the corresponding heterometal ions (Cr3+, Mg2+,
or Ag+). By contrast, neither pure AMP ligands nor synthetic
intermediates lacking the critical metal ions produced any
detectable emission under identical excitation conditions
(Fig. S2). This absence of luminescence in incomplete assem-
blies underscores the essential role of the integrated metal–
ligand architecture in generating the observed optical signals. It
Chem. Sci., 2026, 17, 482–491 | 483
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Fig. 1 Optical properties of full-color Au NCs. (a) Emission (solid lines) and excitation spectra (dotted lines). Insets: photographs under UV light
(365 nm). (b) Absolute PL quantum yields. Insets: chromaticity coordinates. (c) UV-vis absorption spectra. (d) Time-resolved PL decay curves. (e)
Excitation–emission contour mapping. Note: (I) b-NCs, (II) g-NCs and (III) r-NCs.
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is noteworthy that the apparent mismatch between the excita-
tion–emission wavelengths and the dominant absorption peaks
aligns with behavior documented in previous studies of lumi-
nescent metal nanoclusters.11,30 In such systems, the emissive
states frequently arise from weak electronic transitions
appearing as shoulders or tails in the absorption spectrum,
rather than from the stronger, ligand-centered absorption
bands that typically dominate the main peak. This phenom-
enon is oen attributed to the fact that the dominant absorp-
tion bands are typically associated with high-energy, ligand-
centered transitions, whereas the emission originates from
lower-energy states inuenced by metal–ligand coordination or
charge-transfer processes. Collectively, these control experi-
ments and spectral analyses conrm that the luminescence
originates from the well-dened electronic structure of the
metal–ligand clusters themselves, rather than from impurities
or free ligands. Therefore, the b-NCs, g-NCs, and r-NCs can be
regarded as high-purity, monodisperse luminescent entities
possessing intrinsic and well-dened optical characteristics.
Metal ion-mediated luminescence mechanism for emission
regulation

Comprehensive structural characterization revealed the mech-
anism underlying metal-ion-mediated emission tuning.
Table 1 Fluorescence lifetime of AMP-Au NC

Species Chemical formula Au(0)/Au(I) Sizes/nm lex [nm]

b-NCs Au7(C4H4N3S)5Cr2 1/6 0.93 � 0.19 380
g-NCs Au6(C4H4N3S)4Mg2 2/4 0.95 � 0.15 365
r-NCs Au6(C4H4N3S)3Ag 5/1 1.10 � 0.20 470

484 | Chem. Sci., 2026, 17, 482–491
Electrospray ionization mass spectrometry (ESI-MS) conrmed
NC compositions: m/z = 2156 for b-NCs [Au7(AMP)5Cr2], m/z =
1741 for g-NCs [Au6(AMP)4Mg2], and m/z = 1691 for r-NCs
[Au6(AMP)3Ag] (Fig. 2a–c and S3–S5). Transmission electron
microscopy (TEM) revealed ultrasmall spherical particles (0.93
± 0.19 nm for b-NCs, 0.95 ± 0.15 nm for g-NCs, and 1.10 ±

0.20 nm for r-NCs) with narrow size distributions (Fig. 2d–f),
consistent with their compositions.32 X-ray photoelectron
spectroscopy (XPS) analysis revealed a pronounced evolution in
the oxidation states of gold. The Au(0)/Au(I) ratio systematically
increased from 1 : 6 in the b-NCs to 2 : 4 in the g-NCs and further
to 5 : 1 in the r-NCs. This trend corresponds to a progressive
decrease in the fractional content of Au(I) from 85.7% to 66.7%
and nally to 16.7%. The observed reduction in Au(I) content
exhibits a strong correlation with the red-shi in the PL emis-
sion (Fig. 2g–i), indicating a direct link between the structure of
the nanoclusters and their optical properties.

Fourier-transform infrared (FTIR) spectroscopy provided
compelling evidence of metal–ligand coordination and elec-
tronic redistribution during the formation of the heterometallic
nanoclusters. Comparative analysis of the spectra for pure AMP,
the Au-free intermediate, the metal-free (M-free) intermediate,
and the three nal nanoclusters (b-NCs, g-NCs, and r-NCs)
revealed systematic vibrational shis (Fig. S6). Specically, the
C–N stretching vibration exhibited a distinct blue shi-from
lem [nm] B1 [%] s1 [ms] B2 [%] s2 [ms] savg [ms] c2

400 53.00 1.24 47.00 8.84 4.81 1.26
495 54.73 1.90 45.27 8.74 4.99 1.20
700 48.86 2.30 51.14 10.97 6.73 1.28

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structural properties of full-color Au NCs. Experimental
(colored line) and calculated (black line) ESI-MS spectra of (a) b-NCs,
(b) g-NCs and (c) r-NCs, respectively. TEM images of (d) b-NCs, (e) g-
NCs and (f) r-NCs, respectively. XPS spectra with fitting results for (g)
b-NCs, (h) g-NCs and (i) r-NCs, respectively.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 1
2:

41
:3

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
1298 cm−1 in pure AMP to 1312–1357 cm−1 in the nanoclusters-
indicating bond strengthening and charge redistribution
induced by coordination. The C]C and C]N stretching
vibrations displayed dopant-dependent behavior. In the pres-
ence of Cr3+ or Mg2+ ions, which possess electron-withdrawing
characteristics, these bands shied slightly to higher wave-
numbers. In contrast, Ag+ doping, known for its strong electron
back-donation capability, caused pronounced red shis.33

Additionally, the N–H vibration shied from its original posi-
tion to approximately 1640–1650 cm−1 upon cluster formation.
Importantly, new absorption bands emerged in the 1720–
Fig. 3 Solvent- and temperature-dependent fluorescence enhancemen
NCs and (c) r-NCs in different solvent systems, (d) b-NC, (e) g-NC and (f)
NCs and (i) r-NCs at low temperature, and (j) b-NC, (k) g-NC and (l) r-N

© 2026 The Author(s). Published by the Royal Society of Chemistry
1790 cm−1 region, which were absent in all control samples
(pure AMP, Au-free, and M-free), signifying substantial elec-
tronic rearrangements of the ligands associated with the
formation of coordinated structures.34 Further FTIR analysis
(Fig. S7) conrmed the coordination mode of the AMP ligand to
the gold core. The appearance of a band at 2977 cm−1, assigned
to C]C–H deformation, indicates successful formation of Au–S
bonds. Meanwhile, the disappearance of the N–H stretching
vibration at 3103 cm−1 provides strong evidence of Au–N coor-
dination, conrming a multidentate binding geometry.

We also examined the effect of solvent and temperature on
the PL to elucidate how environmental rigidity complements
the metal-ion-directed emission mechanism. The PL spectra of
puried NCs dispersed in 2-propanol (IPA)/H2O mixtures
(varying volume fraction forganic = VIPA/(VIPA + VH2O)) revealed
a critical trend: PL intensities of all NCs (b-NCs, g-NCs, and r-
NCs) increased progressively with higher fIPA (Fig. 3a–f). This
enhancement correlates with the elevated viscosity of IPA
(coefficient ∼1.8 cP vs. H2O ∼0.8 cP, 30 °C), which restricts
intramolecular rotation/vibration of the AMP ligands. Conse-
quently, non-radiative relaxation pathways are suppressed,
favoring radiative decay-a phenomenon consistent with the
metal-ion-induced rigidication of surface motifs.35

Temperature-dependent studies further validated this rigidity-
PL relationship: cooling samples from 298 K to 77 K markedly
enhanced PL intensity for all NCs (Fig. 3g–i). At cryogenic
temperatures, the ligand shell undergoes rigidication, immo-
bilizing surface motifs and minimizing vibrational/rotational
energy dissipation.36,37 These ndings demonstrate that
solvent polarity and thermal energy modulate PL efficiency by
tuning molecular mobility, while heterometallic ions (Cr3+,
Mg2+, and Ag+) primarily dictate the emission wavelength
t of heterometallic Au NCs. Fluorescence spectra of (a) b-NCs, (b) g-
r-NC fluorescence trends in different solvent systems, (g) b-NCs, (h) g-
C fluorescence trends at different temperatures.

Chem. Sci., 2026, 17, 482–491 | 485
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Fig. 4 DFT-optimized structures of heterometal-doped Au NCs.
(a) b-NCs; (b) g-NCs; (c) r-NCs.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 1
2:

41
:3

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
through motif-length control-highlighting a synergistic hier-
archy in optical regulation.

To elucidate the intrinsic mechanism underlying the tunable
PL of heterometal-doped nanoclusters, we performed DFT
calculations based on the comprehensive experimental data
obtained.38 For the b-NCs (Fig. 4a), geometry optimization
revealed that each Cr3+ center forms two short Cr–S bonds
(2.38–2.41 Å), effectively bridging adjacent Au–SR motifs.
Concurrently, the sulfur atoms remain bonded to neighboring
Au atoms (Au–S = 2.44–2.47 Å), collectively forming a distinct
dual-anchored bridge structure. The short nearest Cr–Au
distances (2.90–3.10 Å, Table S4) indicate that the Cr3+ ions
reside on the cluster surface and exhibit signicant electronic
coupling with the gold core. The calculated HOMO–LUMO
energy gap is 2.942 eV, which is consistent with the observed
high-energy blue emission. The incorporation of Cr3+ shis the
low-lying unoccupied molecular orbitals to the Cr-d manifold,
thereby widening the fundamental energy gap and enhancing
the structural rigidity of the Au–SR network. These combined
effects account for the blue-shied and intensied lumines-
cence. Regarding the g-NCs (Fig. 4b), the optimized geometry
indicates that Mg2+ primarily coordinates to the nitrogen atoms
of the AMP ligands (Mg–Nz 2.20 Å), while maintaining longer,
non-bonded contacts with sulfur atoms (2.64–2.72 Å, Table S5).
Due to the absence of low-lying d orbitals, Mg2+ contributes
minimally to the frontier orbitals directly. Its primary role lies in
exerting electrostatic polarization and imposing local geometric
constraints, which collectively modulate the electronic distri-
bution within the Au–S motifs. Consequently, the HOMO–
LUMO gap decreases to 2.618 eV, corresponding to emission in
the green region. This reduction in the energy gap arises from
enhanced electronic coupling and a slight relaxation of the
structural rigidity. Furthermore, the electrostatic eld intro-
duced by Mg2+ can inuence non-radiative decay pathways,
thereby indirectly modulating the emission efficiency. For the r-
NCs (Fig. 4c), the DFT-optimized structure shows that Ag+ is
located on the surface, directly coordinated to sulfur (Ag–S z
2.42 Å), and exhibits short Ag/Au contacts (2.78–2.84 Å) with
nearby gold atoms (Table S6). The closed-shell d10 conguration
of Ag+ precludes direct contribution to low-lying orbitals;
however, its surface coordination and the resulting near-eld
polarization effectively strengthen the Au–Au and Au–S elec-
tronic interactions. This leads to a further reduction of the
HOMO–LUMO gap to 2.416 eV. This narrowed energy gap is
responsible for the red-shied emission, originating from
enhanced surface polarization and increased electron delocal-
ization among the gold atoms. Critically, control experiments
486 | Chem. Sci., 2026, 17, 482–491
conrmed the absence of detectable PL in the absence of
heterometal dopants (Fig. S8). This unequivocally demonstrates
that the observed emission and its spectral tunability originate
from the heterometal-induced modulation of the Au–SR motifs,
rather than from intrinsic Au–ligand interactions. In summary,
although the b-NCs, g-NCs, and r-NCs exhibit markedly
different coordination modes with their respective heterometal
ions, they all regulate the emission energy by strategically
altering the local coordination environment, electronic
coupling, and structural rigidity of the Au(I)–SR framework.

In contrast to conventional strategies for achieving multi-
color emission in Au NCs-which oen rely on varying reducing
agents and reaction conditions to precisely control cluster size-
our work introduces a distinct approach.39 We utilize hetero-
metal ions (Cr3+, Mg2+, and Ag+) as structural cross-linkers in
a facile one-pot aqueous synthesis. These cross-linkers directly
regulate the length of the surface Au(I)–thiolate motifs, thereby
enabling tunable full-color PL across the visible spectrum (400–
700 nm). This method not only signicantly simplies the
synthetic procedure but also allows for more predictable control
over the emission color. Regarding the underlying mechanism,
we establish a clear structure–property relationship: extended
Au(I)–SRmotifs, facilitated by Cr3+ doping, strengthen the Au(I)–
Au(I) coupling, resulting in higher-energy blue emission.
Conversely, fragmented motifs, induced by Ag+ doping, weaken
this coupling, leading to lower-energy red emission. This
proposed mechanism is robustly supported by multiple lines of
evidence. XPS analysis reveals a systematic decrease in the Au(I)/
Au(0) ratio from 6 : 1 to 1 : 5 across the series. Furthermore,
solvent- and temperature-dependent PL studies conrm the
crucial role of motif rigidity in determining the luminescence
properties. DFT calculations provide additional atomic-level
insight, indicating that despite their distinct coordination
geometries, the b-NCs, g-NCs and r-NCs uniformly modulate
their emission energy by ne-tuning the local coordination
environment, electronic coupling, and structural rigidity of the
Au(I)–SR framework. In summary, our ndings reveal that the
introduced heterometal dopants (Cr3+, Mg2+, and Ag+) act as
cross-linking centers that dictate the effective length of the
surface Au(I)–thiolate motifs. This motif length, in turn, directly
governs the emission wavelength, with longer motifs corre-
sponding to higher-energy (blue) emission and shorter motifs
corresponding to lower-energy (red) emission.
Biocompatibility and multicolor cellular imaging
performance of full-color Au NCs

Given their exceptional luminescent properties, we evaluated
the biomedical potential of full-color Au NCs by assessing
biocompatibility and cellular imaging performance in HeLa
cells. Cytotoxicity analysis via Annexin V-FITC/PI staining and
ow cytometry revealed negligible apoptosis/necrosis induction
aer 24 h of incubation with 100 mg per mL NCs (b-NCs, g-NCs,
or r-NCs). As shown in Fig. S9a–d, cell viability distributions
across quadrants (I: viable, II: early apoptotic, III: late apoptotic,
and IV: necrotic) remained comparable to those of untreated
controls (Fig. S9i).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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To assess oxidative stress, intracellular reactive oxygen
species (ROS) generation was quantied using DCFH-DA uo-
rescence. Flow cytometry (Fig. S9f–h and j) conrmed that
minimal ROS induction-signals from NC-treated cells were only
marginally higher than those from negative controls and
substantially lower than those from H2O2-treated positive
controls. This demonstrates the Au NC biocompatibility and
lack of oxidative damage.

For cellular imaging, HeLa cells incubated with 50 mg per mL
NCs for 2 h exhibited intense cytoplasmic uorescence: blue (b-
NCs), green (g-NCs), and red (r-NCs) emissions localized
exclusively in the cytoplasm (Fig. S9k–m). Bright-eld images
conrmed preserved cell morphology aer 24 h of exposure
(Fig. S9n), validating low cytotoxicity. These results establish
that the full-color Au NCs combine low cytotoxicity, minimal
ROS generation, efficient cellular uptake, and bright organelle-
specic emission, positioning them as superior multiplexed
bioimaging probes for real-time subcellular tracking.
Fig. 5 Morphological and mechanistic characterization of chiral co-
assembled gels embedded with Au NCs. (a) Proposed CPL generation
mechanism. (b and c) SEM images of LGAm/b-NCs gels at different
magnifications. (d–f) High-resolution TEM images showing b-NCs
uniformly decorating nanotube surfaces without aggregation. (g)
Optical microscopy image of LGAm/b-NCs gels exhibiting fibrous
morphology. Fluorescence microscopy images of (h) LGAm/b-NCs, (i)
LGAm/g-NCs and (j) LGAm/r-NCs gels.
Full-color circularly polarized luminescence via chiral co-
assembly of Au NCs with lipid gelators

Here, the synthesized Au NCs are ideally suited for constructing
multicolor CPL materials owing to their tunable emission
colors, superior optical properties, and straightforward
synthesis. We designed a “chiral host-luminescent guest”
composite system by embedding achiral Au NCs within chiral
lipid gelators (LGAm and its enantiomer DGAm), which self-
assemble into uniform helical nanotubes (Fig. S10), providing
chiral microenvironments for NC immobilization. Co-
assembled gels were prepared by mixing LGAm/DGAm with b-
NCs, g-NCs, or r-NCs in selective solvents. Circular dichroism
(CD) spectroscopy conrmed that the ground-state chirality of
the co-gels matched that of pure LGAm/DGAm (Fig. S11),
though co-assembly-induced CD signals were obscured by
strong gel scattering. The CPL generation mechanism involves
chirality transfer through rigidication: strong host–guest
interactions (electrostatic/hydrogen bonding) immobilize NCs
on chiral nanotube surfaces, suppressing ligand vibration/
rotation and populating radiative decay pathways. This was
validated by the absence of CPL in disintegrated THF solutions
of b-NCs/DGAmmixtures (Fig. 5a and S12), despite intense blue
emission-demonstrating that nanotube connement is essen-
tial for inducing excited-state chirality.

To conrm successful NC incorporation into the gel matrix,
we analyzed PL spectra of the co-assemblies (Fig. S13). Under
UV excitation, all gel composites exhibited intense emissions
spanning 400–800 nm, with distinct peaks at 420 nm (LGAm/b-
NCs), 520 nm (LGAm/g-NCs), and 720 nm (LGAm/r-NCs).
Notably, these emissions displayed signicant redshis of
20 nm (b-NCs), 25 nm (g-NCs), and 20 nm (r-NCs) compared to
their solution-state counterparts, indicating surface motif
reorganization upon connement within the chiral nano-
tubular framework. Morphological characterization revealed
that pure LGAm gels formed uniform nanotubes (Fig. S10).40

Remarkably, co-assembly with NCs (exemplied by LGAm/b-
NCs) preserved this nanotubular architecture without
© 2026 The Author(s). Published by the Royal Society of Chemistry
structural disruption, as evidenced by SEM (Fig. 5b–d). High-
resolution TEM further conrmed that b-NCs densely deco-
rated nanotube surfaces while retaining their individual
morphology (Fig. 5e and f), demonstrating effective “host–
guest” integration without aggregation-induced distortion.
FTIR spectra showed that the amide I and amide II bands at
around 1633 cm−1 and 1530 cm−1 were still stable in LGAm/b-
NCs compared with pure LGAm (Fig. S14), and the all-trans-
conguration arranged alkyl chains showed asymmetric and
symmetric CH2 stretching vibrations at 2919 and 2851 cm−1,
respectively, which indicated that the addition of b-NCs did not
affect the formation of the gel, let alone destroy the structure of
the gel. Another interesting nding is that the –NH2 bending
vibration of LGAm at 1472 cm−1 was slightly red shied to
1468 cm−1 due to electrostatic interaction. Meanwhile, aer the
formation of LGAm/b-NCs, the –OH stretching vibration peak at
3200 cm−1 was replaced by the N–H stretching vibration of the
amino and amide groups in the form of hydrogen bonding at
Chem. Sci., 2026, 17, 482–491 | 487
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Fig. 6 Full-color CPL and unpolarized fluorescence of Au NCs
co-assembled with chiral lipid gelators. (a) LGAm (DGAm)/b-NCs,
(b) LGAm (DGAm)/g-NCs and (c) LGAm (DGAm)/r-NCs.
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3324 cm−1, and the stretching vibration peak of the free –OH
was observed near 3674 cm−1, while the N–H stretching vibra-
tion peak of LGAm/b-NCs was slightly red shied compared
with that of LGAm. The above results clearly indicate that
electrostatic interactions and hydrogen bond formation may be
the key to induce NCs and gel co-assembly to form CPLs. Optical
and uorescence microscopy images of the panchromatic
Fig. 7 Dual-level anti-counterfeiting films based on full-color CPL. (a)
coding (primary) and CPL handedness verification (secondary) for high-s
films: blue (b-NCs), green (g-NCs), and red (r-NCs) with assigned codes (1
(−1, bluematrix); right-CPL (+1, redmatrix). (3) Decryptedmessages “X” an
unchanged fluorescence after 1-month ambient storage.

488 | Chem. Sci., 2026, 17, 482–491
LGAm/NCs are shown in Fig. 5g–j. All the NC-doped gels pre-
sented long micrometer ber structures with similar
morphology, and the co-assemblies displayed bright uores-
cence and multiple emission colors. These observations sug-
gested that host nanotubes had strong capacity to integrate the
extraneous guest NCs, and NCs of various luminescent colors
could form “host–guest” interactions with the gels, leading to
multicolor emission assemblies.

Remarkably, the co-assembled gels exhibited pronounced
excited-state chirality, generating strong mirror-image CPL
signals across the entire visible spectrum (350–800 nm) for all
three emission colors (Fig. 6). Specically, DGAm-based gels
(embedded with b-NCs, g-NCs, or r-NCs) displayed negative CPL
peaks (le-handed), while LGAm-based counterparts showed
positive peaks (right-handed). The unpolarized uorescence
(DC) spectra aligned precisely with CPL emission maxima,
conrming that the circularly polarized emission originated
from the same electronic transitions. The luminescence
dissymmetry factor (glum), quantifying CPL intensity asymme-
try, was calculated as

glum ¼ 2
IL þ IR

IL � IR
Encryption mechanism schematic: integration of fluorescence color
ecurity authentication. (b) (1) UV-excited fluorescence (365 nm) of gel
–3). (2) CPL-handedness identification under a polarized filter: left-CPL
d “A” via cross-referencing the dual-codematrix. (c) Stability validation:

© 2026 The Author(s). Published by the Royal Society of Chemistry
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where IL and IR represent le-handed and right-handed CPL
intensities, respectively. Experimentally, glum was derived from
ellipticity measurements:

glum = 2 × [ellipticity/(32 980/ln 10)]/total fluorescence intensity at

the CPL extremum.

All co-gels achieved glum values in the order of 10−3 (Fig. S15),
with the LGAm/b-NCs system exhibiting the highest dissym-
metry (glum = −1 × 10−2) surpassing or matching that of other
composite systems.

New anti-counterfeiting technologies are of great signi-
cance to social sustainability, medical health, and market
stability.41 Leveraging their multichannel optical responses, we
developed advanced anti-counterfeiting lms with dual-level
encryption capabilities (Fig. 7a). These chiral luminescent
lms integrate multiple optical signals-uorescence and CPL-
making them ideal for high-security applications. As a proof
of concept, three gel lms were engineered to emit blue, green,
or red uorescence under 365 nm UV light (Fig. 6b1). There are
two layers of encryption mechanism. Primary encryption (uo-
rescence coding): each color was assigned a digital code: blue =
1, green = 2, and red = 3, forming a rst-level encryption
matrix. Secondary encryption (CPL handedness): using
a quarter-wave plate and linear polarizer, lms exhibiting le-
handed CPL were coded as −1, while right-handed CPL as +1
(Fig. 7b2). The encrypted message “X” and “A” was decoded by
cross-referencing the numerical matrix with the standard key in
Fig. 7a (Fig. 7b3). Crucially, insertion of a polarizing lter
caused marked intensity reduction (Fig. 7b1 vs. 7b2), demon-
strating that part of the fraction of the luminescence arises from
circularly polarized emission rather than from residual unpo-
larized uorescence, which likely originates from loosely bound
clusters in the gel matrix. The gel lm demonstrates excellent
long-term stability, as evidenced by its nearly unchanged uo-
rescence intensity aer being stored under ambient conditions
for one month (Fig. 7c). This remarkable durability originates
from strong electrostatic and hydrogen-bonding interactions
that effectively anchor the Au NCs within the conned spaces of
the self-assembled helical nanotubes. This conguration not
only shields the Au NCs from oxidative degradation but also
suppresses non-radiative decay pathways. Furthermore, the
dynamic hydrophobic domains formed by the alkyl chains
contribute to stress dissipation, which ensures the material's
mechanical exibility. Owing to this synergistic design, the gel
lm achieves robust, full-color CPL emission and enables dual-
layer encryption functionality, thereby showcasing signicant
potential for advanced security applications.

In contrast to previous strategies for generating CPL, which
oen rely on rigid liquid-crystal templates requiring elaborate
dual-ligand engineering, our work introduces a distinct and
simplied approach based on a exible hydrogel assembly.
Within this system, chiral lipid nanotubes (LGAm/DGAm)
spontaneously encapsulate Au NCs through synergistic
hydrogen-bonding and electrostatic interactions, enabling
highly efficient chirality transfer without the need for complex
ligand modications. Moreover, whereas earlier studies were
© 2026 The Author(s). Published by the Royal Society of Chemistry
typically limited to demonstrating a single CPL emission band
in the near-infrared region (e.g., at around 880 nm),42 our
heterometal-ion doping strategy (utilizing Cr3+, Mg2+, and Ag+)
achieves broadly tunable, full-color CPL emission across the
entire visible spectrum (400–700 nm). This wide-ranging
tunability is accomplished by precisely modulating the effec-
tive length of the surface Au(I)–thiolate motifs. Going beyond
emission tuning, we have further developed innovative dual-
level encrypted gel lms. These lms integrate straightforward
uorescence color codes with the more secure, handedness-
dependent CPL signatures to enable dynamic anti-
counterfeiting. Notably, these lms exhibit remarkable envi-
ronmental stability, maintaining their performance for over one
month under ambient conditions, thereby offering a versatile
and robust platform for advanced chiral photonic applications.
Conclusions

In summary, this work demonstrates a general and efficient
strategy to achieve tunable full-color luminescence and circularly
polarized light emission from a single class of gold nanoclusters
(Au NCs). By introducing heterometal ions (Cr3+, Mg2+, and Ag+) as
structural cross-linkers, we precisely modulated the emission
wavelengths of Au NCs across the visible to near-infrared region
(400–700 nm) through controlled variation of the surface Au(I)–
thiolate motif length. Structural characterization conrmed the
cluster composition and nanoscale dimensions, while DFT
calculations revealed that the blue-, green-, and red-emissive NCs
modulate their emission energies through distinct local coordi-
nation environments, electronic coupling strengths, and struc-
tural rigidity within the Au(I)–SR framework.We therefore propose
that the dopant ions act as interfacial cross-linkers within the
Au(I)–thiolate motifs, with the motif length serving as the key
determinant of emission color. The resulting NCs exhibit excellent
biocompatibility and low cytotoxicity, enabling their direct use in
multicolor bioimaging. Furthermore, by embedding these non-
chiral luminescent NCs into chiral, nonuorescent organogels
(DGAm/LGAm) via a “host–guest” co-assembly strategy, we fabri-
cated hybrid materials that display strong full-color circularly
polarized luminescence (CPL) with outstanding environmental
stability. These chiral luminescent gels also enable dual-level
optical encryption by integrating emission color with CPL hand-
edness, offering a new paradigm for advanced anti-counterfeiting,
information security, and chiroptoelectronic applications. Overall,
this study not only elucidates the structural origin of Au NC
luminescence but also establishes a versatile, sustainable, and
designable platform for next-generation chiral photonic materials
and multifunctional optical technologies.
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