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ABSTRACT: Development of new anti-counterfeiting technology with
dynamic optical signals has drawn great attention, but the use of
multiple external stimulus or long-time light irradiation inevitably
increases the operation complexity and limits the practical application.
In this work, we report the design of new fluorescence-
phosphorescence dual-emission materials based on carbon dots (CDs)-
engineered gold nanoclusters (AuNCs) in silica for advanced
luminescent anti-counterfeiting. In particular, co-encapsulation of
phosphorescent CDs and fluorescent AuNCs by rigid silica matrix
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enables the construction of a dual-emission system (AuNCs/CDs@SiO,) in aqueous phase. The AuNCs/CDs@SiO,
composite displayed significant fluorescence color change based on inner filter effect, as confirmed by in-depth spectral
and photophysical characterization. Highly reversible and dynamic color switching between magenta fluorescence and
green phosphorescence was easily achieved by simply switching on/off the ultraviolet (UV) irradiation. Potential utility of
dual-emitting AuNCs/CDs@SiO, as novel dynamic anti-counterfeiting materials has been successfully demonstrated,
including anti-counterfeiting ink, ink-free optical printing film, and information encryption. The present aqueous-phase
fluorescence-phosphorescence dual-emission system exhibits two types of anti-counterfeiting mode without introducing
external stimulus, increasing the difficulty of imitation and duplication. This work provides a straightforward and generable
strategy to design advanced optical anti-counterfeiting materials by combining phosphorescent materials with other

fluorophores via reasonable engineering strategy.
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1 Introduction

The escalating global prevalence of counterfeit banknotes, luxury
goods, documents, and medications, among countless valuable
products, boosts the emergence of high-performance anti-
counterfeiting technology. Photoluminescence using light as the
stimulus has distinct advantages of high sensitivity, simple
operation, and non-contact regulation, making them promising for
advanced anti-counterfeiting [1-5]. Based on the luminescent
mechanism, photoluminescent materials are typically classified as
fluorescent materials and phosphorescent materials, both of whose
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emission can be harnessed as promising optical signals for anti-
counterfeiting ~ purpose  [6-10].  However, traditional
photoluminescent materials with static emission fail to cope with
the fast-growing counterfeiting phenomenon, limiting their
practical application in high-level anti-counterfeiting fields.
Therefore, developing new anti-counterfeiting technology with
stimulus-responsive and dynamic luminescence response signals
has drawn great attentions recently [11-14].

To date, researchers have constructed dynamic anti-
counterfeiting materials mainly through introducing small
molecules with intrinsic photoswitchable luminescent property, or
coupling stimuli-responsive (e.g., photochromic) and luminescent
motifs [15-19]. For example, Wei et al. [20] fabricated a photo-
responsive fluorescent multi-monomer organohydrogel network by
applying  1-acryloyl  chloride-3',3'-dimethyl-6-nitrospiropyran
(SPMA) as the monomer in radical polymerization. Under
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ultraviolet (UV) and visible light irradiation, the fluorescence was
switched on/off based on the ring-opening and ring-closing process
of SPMA, which could be further applied in complex information
encryption. Wang et al. [21] also reported the encapsulation of
fluorescent gold nanoclusters (AuNCs) with spiropyran-labeled
bovine serum albumin (BSA) to fabricate dynamic luminescent
nanoparticles, which exhibited time-dependent fluorescence color
change from green to yellow to orange-red under UV irradiation.
The dynamic fluorescent behavior of these nanoparticles was highly
reversible, and their potential application in optical information
storage, dynamic authentication, and multi-mode anti-
counterfeiting was successfully demonstrated in polyvinyl alcohol
film. Nevertheless, the use of multiple and long-time irradiation of
external light inevitably increases the operation complexity of
luminescent materials in practical anti-counterfeiting application.
Phosphorescent materials with continuing bright emission after
turning off the excitation light possess large Stokes shift, long
lifetime, and high signal-to-noise ratio over traditional fluorescent
materials, making them promising candidates for advanced
dynamic anti-counterfeiting application [22-27]. Compared with
traditional organic or inorganic phosphorescent materials, carbon
dots (CDs), a new emerging class of zero-dimensional carbon-
based nanomaterials with a quasi-spherical morphology composed
of sp*/sp’ carbon-core, have distinct advantages including small size,
easy synthesis, and free of metal-ion [28-30]. Moreover, the
phosphorescent emission of CDs is sensitive to multiple stimuli
(e.g. temperature, excitation wavelength, and aggregation), which
further expand their diverse application as responsive
luminophores in anti-counterfeiting fields [31-33]. Nevertheless,
phosphorescence of CDs is generally quenched in aqueous solution
due to the solvent assisted relaxation and dissolved oxygen,
impeding their optical application in aqueous phase. Embedding or
immobilizing CDs in rigid matrix has been considered as an
effective way to promote aqueous phosphorescence stability of CDs
[34-38]. Notably, Zhou et al. [39] presented an effective strategy to
promote phosphorescence of CDs by utilizing water molecules to
construct hydrogen-bonded networks between CDs and cyanuric
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acid, in which highly ordered bound water constructed robust
bridge-like networks, greatly enhancing the rigidity of the entire
system.

In this study, we report the design of CDs-engineered AuNCs in
silica (AuNCs/CDs@SiO,), which enables aqueous-phase
fluorescence-phosphorescence dual-emission towards advanced
luminescent anti-counterfeiting. AuNCs were chosen as the model
fluorophores owing to their attractive properties, such as good
stability, ultrasmall size, well-controlled fluorescence, and precise
synthesis [40-44]. CDs with solid-state room temperature
phosphorescence property were synthesized by microwave-assisted
method, and then AuNCs/CDs@SiO, with fluorescence/
phosphorescence dual-emission property were fabricated by silica
matrix-based co-encapsulation method (Scheme 1). Furthermore,
AuNCs/CDs@SiO, were directly used as anti-counterfeiting ink or
blended with polyvinyl alcohol matrix to make photo-responsive
film, demonstrating their great potential for practical anti-
counterfeiting and information encryption applications.

2 Experimental

2.1 Reagents

Gold(Il) chloride trihydrate (HAuCl;:3H,0) and BSA were
purchased from Sigma-Aldrich. Ethanolamine and tetraethyl
orthosilicate (TEOS) were purchased from Aladdin (Shanghai,
China). Phosphoric acid and ammonium hydroxide were
purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). Polyvinyl alcohol (PVA) with a molecular weight of 27,000
was purchased from Macklin (Shanghai, China). All other
chemicals were of analytical grade and used directly without further
purification. Ultrapure water (18.25 MQ-cm, Millipore) was used in
all experiments.

2.2 Synthesis of AuNCs

AuNCs protected by BSA were synthesized as reported previously
[45]. Briefly, 5 mL of 10 mM HAuCl, solution was added into 5 mL

Phosphorescence

UV OFF

UV ON

Scheme 1 Schematic diagram of aqueous-phase dual-emitting materials based on phosphorescent CDs and fluorescent AuNCs for dual-mode anti-counterfeiting and

information encryption.
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of 50 mg-mL" BSA solution under vigorous stirring at 37 °C. After
2 min, 0.5 mL of 1 M NaOH solution was introduced. The mixture
was incubated at 37 °C for 12 h. The as-prepared AuNCs were
purified by ultrafiltration (Millipore, 30 kDa). Purified AuNCs were
diluted with ultrapure water and stored at 4 °C before further use.

2.3 Synthesis of CDs

CDs were prepared as reported previously with slight modification
[46, 47]. First, 1 mL of ethanolamine was dissolved in 8 mL of
water, and then 1 mL of phosphoric acid was added dropwise to the
aqueous solution of ethanolamine under stirring. After the above
transparent solution was well mixed, it was transferred to a 50 mL
round-bottomed flask and heated in a domestic oven (700 W) for
85 s. After cooling to room temperature, the mixture solidified into
dark brown gel-like solid, to which 20 mL of ultrapure water was
added to fully dissolve before centrifugation at 10,000 rpm for
20 min. Then, the supernatant was filtered with 0.22 um filter
membrane to remove large particles. Next, the pH of the aqueous
solution of the above crude product was adjusted to neutral with
0.25 gmL" NaOH aqueous solution. The above filtered solution
was purified by a dialysis bag (500 Da) against H,O for one day to
remove impurities and small molecules. Finally, CDs were obtained
after freeze drying.

24 Synthesis of AuNCs/CDs@SiO,

First, 100 pL of 10 mg-mL™" CDs and 600 pL of 25 mg-mL* AuNCs
were added to 1.3 mL of ultrapure water to form homogeneous
aqueous solution under stirring. Then 50 pL of ammonia and
200 pL of TEOS were separately introduced, and this solution was
incubated with continuous stirring at 60 °C for 5 h. Finally, the
resultant solution was filtered through a 0.22 pm filter membrane to
obtain a uniformly dispersed aqueous solution of AuNCs/
CDs@SiO,.

25 Preparation of anti-counterfeiting film

PV A was dissolved in ultrapure water at 85 °C at a concentration of
6.25%. 0.3 mL of as-prepared AuNCs/CDs@SiO, was mixed with
2 mL of 10% PVA solution under stirring. The mixture was
magnetically stirred for 4 h to give a fully homogeneous solution,
and then casted into a Petri dish with a diameter of 60 mm. After
drying at room temperature for 2 days, the obtained film was stored
in the dark for further use.

2.6 Characterization methods

UV-visible (UV-vis) absorption spectra were measured by a U-
3900H spectrophotometer (Hitachi, Tokyo, Japan). Fluorescence
spectra were taken on a fluorescence spectrometer (FLS980,
Edinburgh, UK). Phosphorescence spectra were collected on
Hitachi F-4500 spectrophotometer. Fluorescence decay curves were
recorded on a DeltaFlexTM Modular Fluorescence Lifetime System
(Horiba, Japan). Transmission electron microscopy (TEM)
measurements were performed on a Tecnai G2 F20 S-TWIN
instrument (FEI, USA). Dynamic light scattering (DLS)
measurements were carried out by a Zetasizer Nano ZS90
(Malvern, UK). X-ray photoelectron spectra were recorded with an
Axis Ultra DLD X-ray photoelectron spectroscopy (XPS)
spectrometer (Kratos, Japan), using Al Ka X-ray radiation
(1486.6 €eV) as the excitation. Fourier transform infrared
spectroscopy (FTIR) was acquired on Nicolet 5700 FTIR
instrument (Nicolet Instrument Company, USA).
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3 Results and discussion

3.1 Synthesis and characterization of AuNCs/CDs@SiO,

To achieve fluorescence-phosphorescence dual-emission in the
aqueous phase, CDs with room-temperature phosphorescent
property in solid state were first synthesized according to the
method reported previously [47]. Characterization by X-ray
diffraction (XRD), FTIR, and XPS all confirmed the successful
synthesis of CDs as expected (Figs. S1 and S2 in the Electronic
Supplementary Material (ESM)). Meanwhile, these CDs exhibit
typical excitation-dependent fluorescence features, with a
maximum emission peak at 442 nm upon excitation at 365 nm
(Fig. S3 in the ESM), indicating multiple emission channels/centers
similar as many other reported CDs [47—49]. Similar as previous
reports, as-synthesized CDs possess distinct phosphorescent
property in solid form, but no phosphorescence could be observed
when dispersing in aqueous solution (Fig. $4 in the ESM). In
contrary, upon confining CDs in silica network matrix, ultralong
phosphorescence emission of CDs in aqueous solution was
successfully realized. Specifically, TEOS forms covalent bonds with
surface functional groups (e.g. -OH and -NH,) of CDs under the
catalysis of ammonia during the hydrolysis process, resulting in
CDs-silica composites (CDs@SiO,). Due to the strong covalent
bond and robust protection of silica matrix, the quenching and
inactivation of the triplet exciton in CDs are avoided, and the
aqueous-phase phosphorescence emission of CDs can be realized
[46, 47, 50]. As shown in Fig. S5 in the ESM, the concentration of
CDs in the reaction system and the reaction time were optimized to
ensure the phosphorescence intensity of CDs@SiO, and a
concentration of 0.4 mgmL" with a reaction time of 6 h was
adopted in the following study. XRD and FTIR characterization
results demonstrated that CDs were encapsulated by silica skeletons
(Fig. S6 in the ESM), and XPS results further indicated that CDs
were encapsulated in silica through covalent bonds (Fig. S7 in the
ESM). CDs@SiO, aqueous solution is light yellow in daylight and
emits bright blue fluorescence under UV irradiation. The
absorption, fluorescence excitation and emission properties of
CDs@SiO, are similar to those of CDs, including excitation-
dependent fluorescence emission feature (Fig. S8 in the ESM).
However, the fluorescence emission peak of CDs@SiO, blue-shifted
from 442 to 422 nm compared to that of CDs, which may be
attributed to the hydrogen bonding between CDs and silica [51].
Most importantly, a clear green emission can still be observed by
naked eyes for up to 12 s after turning off the UV lamp.
Phosphorescence excitation and emission spectra of CDs@SiO,
aqueous solution revealed that the phosphorescence excitation
wavelength of CDs@SiO, was consistent with the fluorescence
excitation wavelength, and the same excitation-dependent emission
was also observed (Fig. S9 in the ESM). Therefore, the
phosphorescence and fluorescence emission of CDs@SiO, should
originate from the same luminescence center of CDs [47, 51].

Based on the aqueous-phase phosphorescence emission of
CDs@SiO,, AuNCs with red fluorescence were then co-
encapsulated in silica to achieve fluorescence-phosphorescence dual-
emission in the aqueous phase, as shown in Fig. 1(a). Note that
fluorescence quenching of AuNCs at high concentration was
observed after co-encapsulation (Fig. S10 in the ESM), likely due to
the occurrence of aggregation in silica [52]. Correspondingly, the
amount of AuNCs was optimized as 6.7 mgmL’ to ensure
reasonable fluorescence color change from blue to magenta with a
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Figure1 (a) Synthesis route of AuNCs/CDs@SiO,. (b) DLS curves of CDs, AuNCs and AuNCs/CDs@SiO,. (c) TEM image of AuNCs/CDs@SiO,, and the inset shows
the particle size distribution. (d) High-magnification TEM image of an individual AuNCs/CDs@SiO,. (e) FTIR spectra, (f) XPS spectra, and (g) XRD pattern of SiO,,

AuNCs/CDs@SiO,, and AuNCs.

fluorescence intensity ratio (550/510 nm) of 1.18. The obtained
AuNCs/CDs@SiO, possess a hydrodynamic diameter of 20.8 +
0.1 nm, which is much larger than that of CDs (3.9 £+ 1.2 nm) and
AuNCs (6.1 + 0.8 nm) only, as revealed by the DLS measurement
(Fig. 1(b)), indicating the formation of large-sized particles after co-
encapsulation in silica. In addition, TEM images of
AuNCs/CDs@SiO, NPs further revealed a quasi-spherical shape
with an average diameter of 18.6 + 2.3 nm, which is slightly smaller
than the hydrodynamic size obtained from DLS as expected.
Notably, darker colored nanodots were observed from the high-
resolution TEM images of AuNCs/CDs@SiO, (Fig. 1(d)), with a
significant degree of overlap in elemental maps for Au and Si in
energy-dispersive X-ray spectroscopy (EDS, Fig. S11 in the ESM),
further confirming the successful encapsulation of AuNCs by the
silica matrix.

FTIR was then employed to investigate the chemical structure of
AuNCs/CDs@SiO,. As shown in Fig. 1(e), the peaks at 1652 and
1527 cm™ can be assigned to amide I (C=O stretch) and amide II
(C-N stretch coupled with N-H bending mode) of BSA,
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respectively. Moreover, peaks at around 1043 and 791 cm™ belong
to Si-O-Si. The chemical components and surface valence state of
AuNCs/CDs@SiO, were further characterized by XPS. As shown in
Fig. 1(f) and Fig. S12 in the ESM, the existence of Si and Au in the
as-prepared composites confirmed the presence of SiO, and
AuNCs. High resolution XPS spectrum of C 1s showed four peaks
at 284.9, 285.6, 286.6, and 288.3 eV (Fig. S13 in the ESM), which
can be assigned to C-C/C=C, C-O/C-N, Si-O-C, and C=0 bonds
of as-prepared AuNCs/CDs@SiO,, respectively. The two peaks of O
Is at 533 and 533.8 eV are separately assigned to Si-O-C and
Si—O-Si, respectively. The Si 2p spectrum revealed the presence of
Si-O-C (103.5 eV) and Si-O-Si (104.4 eV). The binding energy of
Au 4f,, (84.1 eV) falls between Au(0) (84.0 eV) and Au(l)
(86.0 V), as shown in Fig. S13(d) in the ESM, which was also in
good agreement with previous reports of AuNCs [53-55]. In
contrast, the XRD result of AuNCs/CDs@SiO, suggested that there
is only one diffraction peak attributed to silica at 22.4°. This may be
due to the fact that both AuNCs and CDs are encapsulated by the
outer silica matrix, and thus only the XRD signal from the silica

(8) 27 wa | Sci@pen
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matrix can be observed [56, 57]. These results further confirm the
successful co-encapsulation of both AuNCs and CDs by silica.

3.2 Optical property of AuNCs/CDs@SiO,

Interestingly, AuNCs/CDs@SiO, exhibits dynamic optical behavior
of fluorescence-phosphorescence dual-emission in aqueous phase.
As shown in Fig. 2(a), aqueous solution of AuNCs/CDs@SiO, is
light brown under daylight, which is the mix color of brownish-red
AuNCs and yellowish-brown CDs in water. When excited by UV
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light, the AuNCs/CDs@SiO, aqueous solution emits magenta
fluorescence that is clearly visible to the naked eye. After ceasing the
UV irradiation, the luminescence of the AuNCs/CDs@SiO,
aqueous solution dynamically changed from magenta fluorescence
to long-lived green phosphorescence, which can be easily observed
by the naked eye for over 10s.

To further evaluate the optical property of AuNCs/CDs@SiO,,
fluorescence and phosphorescence spectroscopy measurements
were performed. As seen in Fig. 2(b), under the excitation
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Figure2 (a) Photographs of AuNCs/CDs@SiO, aqueous solution taken under daylight, the UV (365 nm) irradiation and after ceasing the illumination. (b) Fluorescence
spectra of AuNCs/CDs@SiO,. (c) Phosphorescence spectra of CDs and AuNCs/CDs@SiO, aqueous solution. Excitation wavelength: 365 nm. (d) Schematic diagram of
the mechanism of aqueous-phase fluorescent-phosphorescent dual-emitting from AuNCs/CDs@SiO,.

(8 ¥z me | Sci@pen

94907172 (5 of 11)

Nano Research, 2025, 18, 94907172


https://www.sciopen.com/article/10.26599/NR.2025.94907172
https://www.sciopen.com/article/10.26599/NR.2025.94907172
https://www.sciopen.com/article/10.26599/NR.2025.94907172
https://www.sciopen.com/article/10.26599/NR.2025.94907172
https://www.sciopen.com/article/10.26599/NR.2025.94907172
https://www.sciopen.com/article/10.26599/NR.2025.94907172
https://www.sciopen.com/article/10.26599/NR.2025.94907172
https://www.sciopen.com/article/10.26599/NR.2025.94907172

Yan et al.

Nano Research | Vol. 18, No. 2

wavelength of 365 nm, the fluorescence spectrum of the
AuNCs/CDs@SiO, aqueous solution displays two fluorescence
emission peaks, including a weak blue fluorescence peak at 422 nm
attributed to CDs and a strong red fluorescence peak at 690 nm
belonging to AuNCs (Fig. S14 in the ESM). Comparing with
fluorescent intensity shown in Fig. S10(a) in the ESM, it is evident
that the intensity of the blue fluorescence peaks attributed to CDs is
considerably reduced in the presence of AuNCs, which may be due
to the fluorescence inner filter effect (IFE) [58]. As shown in Fig.
S15(a) in the ESM, the absorption spectrum of AuNCs significantly
overlaps with the excitation spectra of CDs@SiO,, while there is
almost no overlap with the emission spectrum of CDs@SiO,. When
exciting AuNCs/CDs@SiO, at 365 nm, the photons of excitation
light will be competitively absorbed by AuNC:s via the IFE process.
Consequently, the amounts of photons that can effectively excite
CDs will be decreased, and the blue fluorescence from CDs in
AuNCs/CDs@SiO, will be quenched. To confirm the above
assumption, the fluorescence decay curves of AuNCs/CDs@SiO,
with different concentrations of AuNCs were monitored using
transient fluorescence spectroscopy. Indeed, the fluorescence
lifetime of AuNCs/CDs@SiO, remained almost unchanged with
increasing the concentration of AuNCs, confirming the occurrence
of efficient IFE (Fig. S15(b) in the ESM). In addition, the
phosphorescence spectra of AuNCs/CDs@SiO, exhibited an
emission peak at 515 nm that was absent in the aqueous solution of
CDs alone (Fig. 2(c)). This indicates that the silica matrix effectively
activated the aqueous-phase phosphorescence emission of CDs.
Based on the above results, the mechanism of the aqueous-phase
fluorescence-phosphorescence dual-emission of AuNCs/CDs@SiO,
is proposed, as illustrated in Fig. 2(d). Under UV illumination,
AuNCs emit strong red fluorescence while competitively absorbing
photons of excitation light through the IFE effect, weakening the
blue fluorescence of CDs. At the same time, CDs absorb energy to

reach the excited singlet state S, from the ground state S;. In
addition to radiative transition from the S, state to the S, state that
generates fluorescence, some electrons also reach the excited triplet
state T, through the intersystem crossing (ISC) process and become
triplet excitons, generating phosphorescence emission when they
radiatively transit back to the S; state from the T, state. However,
for aqueous solution of non-encapsulated CDs, the triplet excitons
typically return to the S, state through a non-radiative transition
mode due to vibration and rotation by themselves, as well as
collision with dissolved oxygen, resulting in phosphorescence
quenching. In contrast, the vibration and rotation of CDs in
AuNCs/CDs@SiO, are restricted due to the covalent bonding and
the protective effect of silica matrix, which stabilize the triplet
excitons. Consequently, the dissolved oxygen is also isolated,
blocking the triplet-to-triplet transition between CDs and triplet
oxygen (‘O,), thus realizing the ultralong phosphorescence emission
of CDs in aqueous solution. As a result, AuNCs/CDs@SiO, exhibits
aqueous-phase  fluorescence-phosphorescence  dual-emission
property, which has rarely been reported in the literatures [50, 59,
60].

For practical applications of luminescent anti-counterfeiting
materials, it is necessary to ensure that the materials are photostable
and fatigue-resistant. Accordingly, we monitored the spectral
stability of CDs, AuNCs, and AuNCs/CDs@SiO, upon continuous
UV irradiation. As shown in Fig. 3(a) and Fig. S16 in the ESM, the
blue fluorescence intensity of CDs did not show a significant
decrease after 600 s of continuous UV irradiation, indicating that
AuNCs/ CDs@SiO, well preserves the photostability of CDs. For
AuNCs before encapsulation, the red fluorescence intensity
decreases remarkably to about 50% of the initial intensity under
continuous UV irradiation for 600 s. However, in AuNCs/
CDs@SiO,, due to the protection of silica matrix, the red
fluorescence intensity of AuNCs did not show any obvious decrease
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Figure3 (a) Fluorescence intensity of CDs and AuNCs/CDs@SiO, at 422 nm under continuous UV (365 nm) irradiation for 600 s. (b) Fluorescence intensity of AuNCs
and AuNCs/CDs@SiO, at 690 nm under continuous UV (365 nm) irradiation for 600 s. (c) Phosphorescence stability test of AuNCs/CDs@SiO, upon cycled switching on
and off UV (365 nm) light. (d) Phosphorescence decay curves of CDs@SiO, and AuNCs/CDs@SiO, in aqueous solution. (e) Schematic diagram of the structure of

aqueous-phase fluorescent-phosphorescent dual-emitting AuNCs/CDs@SiO,.
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under continuous UV irradiation, indicating that AuNCs/
CDs@SiO, possesses excellent fluorescence stability (Fig. 3(b)).
Meanwhile, the phosphorescence intensity of AuNCs/CDs@SiO,
did not change significantly under alternating UV excitation
(commercial UV lamp, 3 W) at room temperature for 20 times,
which also indicated its excellent phosphorescence stability, as
shown in Fig. 3(c).

Previous studies revealed that interactions with the surrounding
molecules may play an important role in regulating the optical
properties of CDs [61-63]. Thus, the interactions between CDs and
the surface ligands of AuNCs (i.e., BSA) were then studied to
further understand the optical property of AuNCs/CDs@SiO,. As
shown in Fig. S17 in the ESM, the intrinsic fluorescence intensity of
BSA decreased gradually with rising the concentration of CDs in
the solution, confirming the occurrence of interactions between
CDs and BSA. Meanwhile, the phosphorescence intensity of
CDs@SiO, increased after the introduction of BSA (Fig. S18(a) in
the ESM), suggesting that BSA bound on the surface of CDs further
restricts the vibration and rotation of CDs, stabilizes the triplet
excitons, and plays a role in preventing the phosphorescence from
being quenched by water [61, 63-65]. However, the
phosphorescence intensity of CDs in AuNCs/CDs@SiO, decreased
to a certain extent, which can be attributed to the IFE effect between
AuNCs and CDs. As shown in Fig. S18(c) in the ESM, there is an
overlap between the absorption spectrum of AuNCs and the
phosphorescence excitation spectrum of CDs. Therefore, when
using UV light to excite AuNCs/CDs@SiO,, some of the photons of
the excitation light will be competitively absorbed by AuNCs
through the IFE, leading to a decrease in the number of photons
that can directly excite CDs. As a result, the number of triplet
excitons in CDs is reduced, thus resulting in a decrease in the

(a)

Daylight UV ON

NW NW
PU

Day light

(c)

I UV lamp
Mask
W Write

FiIm_I

phosphorescence intensity of AuNCs/CDs@SiO,. Meanwhile, it is
worth noting that in the system of AuNCs/CDs@SiO,, the
introduction of AuNCs does not have a significant impact on the
phosphorescence decay kinetics of CDs (Fig. 3(d)). Further kinetic
fitting showed that the phosphorescence intensity changes of CDs
in CDs@SiO,, BSA/CDs@SiO,, and AuNCs/CDs@SiO, all follow
the first-order kinetic process (Fig. S18(b) in the ESM). Quantitative
analysis revealed that their kinetic rates are close to each other,
which are 0.68, 0.67, and 0.66 s, respectively, indicating that both
BSA and AuNCs do not significantly affect the phosphorescence
decay kinetics of CDs. Based on the above results, the structure of
AuNCs/CDs@SiO, is proposed, as illustrated in Fig. 3(e). Both
covalent bonding and hydrogen bonding are considered to
contribute to the co-encapsulation of AuNCs and CDs in SiO,
matrix and the dual-emission of AuNCs/CDs@SiO,. Particularly,
the surface ligand of AuNCs further restricts the vibration and
rotation of CDs, stabilizing phosphorescence in aqueous phase.

3.3 Anti-counterfeiting application of AuNCs/CDs@SiO,

Encouraged by the above findings, potential application of
AuNCs/CDs@SiO, as novel photo-responsive materials for anti-
counterfeiting and information encryption was investigated. Taking
advantages of the aqueous-phase fluorescence-phosphorescence
dual-emission property, the synthesized AuNCs/CDs@SiO, were
directly used as ink for anti-counterfeiting of handwritten
characters, e.g, “NWPU”. As seen in Fig. 4(a), the written
characters were invisible to the naked eye in daylight. When
irradiated with a portable UV lamp (365 nm), the magenta
fluorescence emission of the characters different from conventional
phosphorescent CDs was observed, allowing the first-level
authentication of the information. The second-level certification

UV OFF
5s

NW
PU

Figure4 (a) The dual-mode anti-counterfeiting effect of “NWPU” characters written by AuNCs/CDs@SiO, ink on filter paper in dry environment (upper) and
immersed in water (bottom). (b) Photos of reversible fluorescence-phosphorescence dynamic switching of anti-counterfeiting film under UV ON/OFF. (c) Scheme of

using anti-counterfeiting film for ink-free dual-color writing.
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was identified when the excitation light was turned off. At that time,
the luminous color of the characters immediately switched to green
and lasted for more than 9 s, which is easy to distinguish with the
naked eye due to the long-lived phosphorescence of the materials.
Different from most-reported anti-counterfeiting inks, the present
ink exhibits two types of anti-counterfeiting mode without
introducing any other external stimulus, increasing the difficulty of
imitation and duplication as well as avoiding further potential
destruction or fatigue of the information. Moreover, the aqueous-
phase  fluorescence-phosphorescence  property of AuNCs/
CDs@SiO, also enables their potential application in wet
environment or even underneath water. When the filter paper with
the character “NWPU” was completely immersed in water, the
dynamic switching effect of fluorescence-phosphorescence signals
could still be observed, while phosphorescence can still last for more
than 9 s (Fig. 4(a)).

We next exploited the application of AuNCs/CDs@SiO, in
multifunctional anti-counterfeiting film through controllably
depositing them into polyvinyl alcohol matrix owing to their good
water-solubility. As shown in Fig. 4(b), the resulting anti-
counterfeiting film is transparent in daylight and exhibits good
concealment. Under the UV irradiation, the film emits magenta
fluorescence, and reversible dynamic change from magenta
fluorescence to green phosphorescence could be achieved through
switching on the UV light. Particularly, ink-free dual-color optical
printing was achieved by covering the film with photomasks
carrying different information. When UV light was irradiated above

the mask, only the transparent part of the mask would permit the
light to pass. Thus, the region of the film below the transparent part
will respond to light irradiation and emit magenta fluorescence,
while other parts keep unchanged. Consequently, the information
on the mask (e.g. “520”, as shown in Fig. 4(c)) was printed onto the
film. After switching off the UV lamp, the information
spontaneously changed from magenta to green, providing a
promising way to fabricate ink-free dual-color optical printing.

To further extend the anti-counterfeiting application of
AuNCs/CDs@Si0,, their potential use in information encryption
was also evaluated with the assistance of a physical mixture of
AuNCs and CDs (AuNCs/CDs), which only exhibits magenta
fluorescence emission but no phosphorescence emission in aqueous
solution. Typically, one-step encryption of information was
achieved by adding AuNCs/CDs@SiO, and AuNCs/CDs to the
designated positions of the 96-well plates. When irradiating with
UV light, the false information is read due to the magenta
fluorescence of both. To decrypt the information, the UV light is
then turned off, only positions with AuNCs/CDs@SiO, emit green
phosphorescence, while the confusing positions carrying
AuNCs/CDs are dark. Hence, the information can be decrypted by
one-step decryption (Fig. 5(a)). Notably, the real information can
only be read within 9 s due to the long-lived phosphorescence of
the materials, and re-encryption can be achieved without any
further operation. As a proof of concept, the information number
was loaded on the 96-well plates, which was not readable under
daylight. When irradiated with UV light, both AuNCs/CDs and

B3

@ AuNCsICDs
@ AUNCsICDs@Si0,

UV ON

(SN}

False information

Real information

Real information

@®CDs @ CDs@Si0,
@ AUNCS/ICDs @ AUNCs/CDs@Si0»

(d)
DO
—_— ‘DQO

Decoding 2

1)=nwp 2=u
Figure5 (a) Schematic illustration and (b) practical effect diagram of one-step information encryption application of AuNCs/CDs@SiO,. (c) Schematic illustration and
(d) practical effect diagram of two-step information encryption application of AuNCs/CDs@SiO,.
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AuNCs/CDs@SiO, emitted magenta fluorescence, and the false
information number “8” was read. After turning off the UV light,
only AuNCs/CDs@SiO, emitted green phosphorescence, and the
real information number “3” was decrypted (Fig. 5(b)).
Furthermore, two-step encryption of information can be also
achieved by combining AuNCs/CDs@SiO,, AuNCs/CDs, and
CDs@SiO,. In this encryption mode, the final real information can
only be obtained by combining the fluorescence information
decrypted in the first step and phosphorescence information
decrypted in the second step, which further empower the
encryption—-decryption process with higher security without
increasing operation difficulty. Specifically, by defining the blue
fluorescence of AuNCs/CDs@SiO, and AuNCs/CDs as “0” and the
magenta fluorescence of CDs@SiO, as “17, the first part of the
correct information can be obtained by reading and translating the
ASCII binary encoded information carried by the fluorescence
under UV light. Then the second part of the correct information
can be obtained by reading the pattern information carried by the
phosphorescence after turning off the UV light. Finally, two parts of
the information can be combined to get the complete real
information (Fig. 5(c)). As shown in Fig. 5(d), the information in
the 96-well plates was not visible in the initial state. Under UV
excitation, the ASCII binary encoded information “011011107,
“011101117, and “01110000” carried by the fluorescence can be
read, which can be translated into “nwp”, obtaining the first part of
the fluorescence information, noted as “@ = nwp”. Then, after
ceasing the UV excitation, the fluorescence information
disappeared and converted into the phosphorescence information
“u” to get the second part of the information, which was noted as
“(2 = u”. By combining the two parts of the information, the final
complete information was obtained, ie. “@D+ @ = nwpu”,
suggesting the effectiveness of the present fluorescence-
phosphorescence ~ dual-emission based encryption/decryption
strategy for the development of advanced information protection.

4 Conclusions

In summary, we have developed new fluorescence-
phosphorescence  dual-emission materials based on CDs-
engineered AuNCs in silica for advanced luminescent anti-
counterfeiting. Owing to the efficient co-encapsulation of CDs and
AuNCs by silica matrix, aqueous-phase fluorescence-
phosphorescence dual-emission was successfully achieved, which
exhibits bright, stable, and long-time (more than 10 s to naked eye)
optical response from magenta fluorescence to green
phosphorescence. The fabricated AuNCs/CDs@SiO, dual-emission
system showed promising application in various practices,
including anti-counterfeiting ink, ink-free optical printing film, and
information encryption, making them attractive as novel intelligent
information protection materials. Compared with other dual-mode
anti-counterfeiting materials, the present co-encapsulation
mediated aqueous-phase fluorescence-phosphorescence dual-
emission system exhibits two types of anti-counterfeiting mode
without introducing any other external stimuli, increasing the
difficulty of imitation and duplication as well as avoiding further
potential destruction or fatigue of the information. Moreover, one
can also envision the combination of phosphorescent CDs with
other fluorophores through rigid matrix co-encapsulation strategy
for developing versatile optical anti-counterfeiting applications.

Electronic Supplementary Material: Supplementary material
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(XRD spectrum, FTIR spectrum, XPS spectra, UV-vis absorption
spectra, fluorescence excitation and emission spectra, photographs
and phosphorescence intensity of CDs and CDs@SiO,, fluorescence
spectra, XPS spectra, and fluorescence decay curves of
AuNCs/CDs@SiO,, etc.) is available in the online version of this
article at https://doi.org/10.26599/NR.2025.94907172.
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