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Abstract

Gold nanoclusters (AuNCs) possess weak intrinsic fluorescence, limiting their sensitivity in biosensing applications. This
study addresses these limitations by developing a spatially confined dual-emission nanoprobe composed of silicon nano-
particles (SiNPs) and AuNCs. This amplified and stabilized fluorescence mechanism overcomes the limitations associated
with using AuNCs alone, achieving superior sensitivity in the sensing platform. The nanoprobe was successfully employed
for ratiometric detection of bleomycin (BLM) in serum samples, operating at an excitation wavelength of 365 nm, with
emission wavelengths at 480 nm and 580 nm. The analytical performance of the system is distinguished by a linear detec-
tion range of 0-3.5 pM, an impressive limit of detection (LOD) of 35.27 nM, and exceptional recoveries ranging from 96.80
to 105.9%. This innovative approach significantly enhances the applicability and reliability of AuNC-based biosensing in
complex biological media, highlighting its superior analytical capabilities.
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Introduction

Gold nanoclusters (AuNCs) are classic fluorescent nano-
materials comprised of dozens of gold atoms [1]. In recent
years, AuNCs have found widespread application as fluo-
rescent probes for detecting various biomarkers [2, 3].
Compared to traditional organic dyes and semiconductor
quantum dots, AuNCs possess smaller sizes, superior bio-
compatibility, and more photostable fluorescence, enabling
highly selective detection of trace biomolecules [3, 4]. While
AuNCs have demonstrated considerable potential for appli-
cation in biosensing, their inherently weak fluorescence
signals also impose limitations on further improvements
to the sensitivity of AuNC-based sensing platforms [5].
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The aggregation emission enhancement (AEE) mechanism
provides a possible breakthrough to address this problem
with AuNC-based biosensors [6, 7]. The AEE effect, also
known as the aggregation-induced emission enhancement
(AIEE) effect, enhances the fluorescence emission intensity
and increases the fluorescence quantum yield of AuNCs
by inducing AuNC aggregation [8]. Therefore, developing
novel strategies to precisely control the AEE process for
efficient fluorescence enhancement is critically important.
Additionally, elucidating the key factors governing the emis-
sion performance of AuNCs during the AEE process repre-
sents another vital research direction.

To date, various approaches to induce AEE effect have
been explored, including modulation of pH [9], organic
solvents [10], macromolecule/ion-mediated aggregation
[11-13], and spatial confinement [14—17]. While the AEE
mechanism presents opportunities to enhance AuNCs fluo-
rescence, substantial limitations persist regarding the direct
application of AuNCs as biosensing elements and their use
in intricate biological systems [7, 16]. For one thing, actual
samples contain a myriad of biomolecules, and introducing
additional organic reagents or materials may alter sample
properties and introduce uncontrolled interferences. For
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another, numerous assays necessitate mild physiological
pH conditions to maintain the stability of certain proteases
in bodily fluids [18]. In light of these considerations, spatial
confinement effects offer a straightforward method to regu-
late the AEE process of AuNCs, which can be leveraged
to construct robust biosensing systems through modulating
the AEE mechanism without altering the essential condi-
tions of samples [19, 20]. This approach also addresses the
deficiencies of AuNCs such as low fluorescence intensity,
small threshold for signal change, and poor sensitivity and
detection limits [21]. Importantly, the aggregation of AuNCs
can be readily controlled and spatially confined through
approaches such as electrostatic interactions [22]. The neg-
atively charged ligand-protected AuNCs can be assembled
with positively charged molecules/particles via electrostatic
interactions, stabilizing the AuNCs in a confined state and
reducing radiative transitions of the AuNCs, thereby enhanc-
ing fluorescence.

However, several aspects of AuNC aggregation mediated
by electrostatic interactions remain poorly defined. First, the
influence of surface charge density on AEE is unclear, gen-
erally, greater surface charge density promotes more robust
electrostatic interactions [23, 24]. Nevertheless, systematic
studies elucidating the effects of varying surface charge den-
sities on the AEE phenomenon are lacking. Second, research
is limited regarding the proximity of aggregation between
AuNCs; tighter inter-AuNC distances strengthen spatial
confinement but may also exacerbate fluorescence quench-
ing [3, 25, 26]. Defining the optimal degree of aggregation
closeness at the physical level remains an outstanding chal-
lenge. Finally, interactions between neighboring aggregates/
ligands are still ill-defined, with restricted vibration/rotation
of ligands thought to contribute to AEE; however, further
characterization of inter-ligand interactions between adjoin-
ing AuNCs is warranted [27, 28]. Numerous facets of the
AEE mechanism induced by spatial confinement require
in-depth investigation. Considering the need to account for
the magnitude of fluorescence intensity and range of fluo-
rescence signal changes when constructing AuNC-based
sensing systems, the utilization of judicious characteriza-
tion and modeling approaches will likely illuminate these
unclear mechanisms.

In this work, we constructed three models of AuNCs
exhibiting AEE through spatial confinement. Loose surface
charge AuNC aggregates were generated by assembling
L-arginine (L-Arg) with AuNCs via electrostatic interac-
tions. PVP was stirred and assembled with AuNCs, form-
ing AuNCs aggregates with loose inter-particle spacing by
wrapping and entanglement. Silicon nanoparticles (SiNPs)
were mixed with AuNCs, triggering agglomeration based
on the dual effects of electrostatic interactions and spatially
constrained aggregation, thereby inducing the AEE effect.
Through constructing and characterizing these three models,

@ Springer

we optimized and obtained the most suitable SINP-AuNC
nanoprobes for biosensing systems. The SINP-AuNC nano-
probes not only optimized conditions conducive to the AEE
strategy under spatial confinement but also enabled ratio-
metric detection, which could effectively minimize environ-
mental fluctuations by taking the ratio of the dual emission
peak intensities, improving detection stability. Further, to
validate the application potential of SINP-AuNC nanoprobes
in biosensing, the probes were utilized for selective detection
of bleomycin (BLM). The fluorescence-enhanced AuNCs
constituted the sensing element while the SiNPs furnished a
stable internal reference signal. Under optimized conditions,
the probes exhibited dual emission peaks in which the AuNC
peak intensity responded to changes in target concentration,
while the SiNP signal remained constant, thereby elimi-
nating matrix effects through the dual-peak ratio. In sum-
mary, the successful development of these AEE-enhanced
dual-emission ratiometric fluorescent probes had overcome
multiple limitations of AuNC-based sensors for application
in intricate biological systems and achieved excellent sen-
sitivity and detection limits. This study provided a novel
approach to implementing the AEE strategy under spatial
confinement for expanding AuNC applications in biological
sample analysis.

Experimental
Materials and instruments

All the details of materials and instruments were shown in
Supporting Information.

Preparation of SiNPs, AuNCs, SiNPs-AuNCs,
Arg-AuNCs, and PVP-AuNCs

The detailed information for synthesis was presented in Sup-
porting Information.

Feasibility study of the dual-emission ratiometric
fluorescence detection assay

To evaluate the feasibility of the dual-emission ratiomet-
ric fluorescence detection assay, we conducted detailed
experiments using SiNPs, AuNCs, and SiNPs-AuNCs.
The fluorescence spectra were measured under differ-
ent conditions to assess the stability and sensitivity of
the detection system. SiNPs-AuNCs were prepared by
mixing the synthesized SiNPs and AuNCs at a mass
ratio of 10:1 to ensure optimal binding and fluores-
cence properties. The fluorescence spectra of SiNPs,
AuNCs, and SiNPs-AuNCs were recorded in the pres-
ence and absence of Cu®* ions and/or BLM. We prepared
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a series of Cu®* solutions (200 pM) and BLM solutions
of various concentrations to test the response of the
dual-emission system. For each measurement, 100 pL
of Cu?* solution and 100 puL of BLM solution (at differ-
ent concentrations) were added to 700 pL of PBS buffer
(10 mM, pH 7.4). After equilibration at room tempera-
ture for 10 min, 100 pL of SiNP-AuNC solution was
added to the mixture. The fluorescence spectra were
measured using a fluorescence spectrophotometer with
an excitation wavelength of 365 nm.

Detection of BLM

For BLM detection, 100 puL of Cu* solution (200 pM),
100 pLL of BLM solutions of various concentrations, and
700 pL of PBS buffer (10 mM, pH 7.4) were equilibrated
at room temperature for 10 min. Then, 100 pL of SiNP-
AuNC solution was added to the mixture. The fluorescence
spectra were measured at 365 nm excitation wavelength.

Interference and selectivity studies

To assess interference from metal ions, we tested the
response of the SINP-AuNC system to a range of metal
ions, including Cu?*, Na*, K*, Mg?*, AI’*, Ca®*, Zn**,
Hg?*, Pb?*, and Cd**. Each metal ion was tested at a con-
centration of 200 pM.

The selectivity of the SINP-AuNC system was evalu-
ated by testing its response to common biological small
molecules, including dopamine, ascorbic acid, glucose,
L-glutamic acid, aspartic acid, L-cysteine, L-tyrosine,
L-histidine, and BLM. Each biological molecule was also
tested at a concentration of 200 pM.

For both interference and selectivity studies, solutions
of each metal ion and biological small molecule were
prepared at a concentration of 200 pM. A Cu?* solution
(200 pM) was used as a reference quenching agent. In
each test, 100 pL of Cu®* solution (200 pM) and 100 pL of
the corresponding metal ion or biological small molecule
solution were mixed with 700 pL of PBS buffer (10 mM,
pH 7.4). The mixtures were equilibrated at room tempera-
ture for 10 min to ensure proper interaction. After equi-
libration, 100 pL of SiNPs-AuNCs solution was added to
each mixture. The final volume in each test was 1 mL.
The fluorescence spectra were recorded using a fluores-
cence spectrophotometer with an excitation wavelength of
365 nm. The ratio of fluorescence intensities (F580/F480)
was calculated to determine the ratiometric response of the
sensing system. This ratio helps to mitigate any potential
interference by providing a stable internal reference from
the SiNPs.

Application of the SiNP-AuNC sensing system in real
sample analysis

Serum samples were obtained from healthy individuals and
provided by the school hospital of Qufu Normal University.
All serum assay procedures were conducted in strict accord-
ance with the guidelines established by the regional ethics
committee for animal experiments at Qufu Normal Univer-
sity Institutional Animal Care and Use (2023026).

For the detection of BLM in serum samples, the ana-
lytical utility of the method was examined using spiked
serum samples. Different concentrations of BLM (500 nM,
1500 nM, and 2500 nM) were added to the serum samples to
assess the recovery and precision of the method. Briefly, 200
pL of each spiked serum sample was mixed with Cu* solu-
tion (final concentration 4 pM). The mixtures were equili-
brated at room temperature for 10 min. Subsequently, 200
pL of the SiNP-AuNC solution was added to each mixture,
and the fluorescence spectra were measured at an excitation
wavelength of 365 nm.

The recovery of BLM was calculated using the following
equation:

Recovery (%) = (C — C0) / Cgim X 100%

where C is the detected concentration of BLM in the spiked
sample, C is the original concentration of BLM in the
unspiked sample, and Cgy, is the spiked concentration of
BLM.

Statistical analysis

All experimental data were demonstrated as the mean with
S.D. and were replicated 3 times in parallel under the same
experimental conditions, unless otherwise specified.

Result and discussion

Construction and fluorescence properties
investigation of AuNCs AEE model

Enhancing fluorescence intensity through AEE process was
an effective approach to expand the performance of AuNC-
based fluorescent sensors. Comprehensively considering
the two classic mechanisms for achieving AEE in AuNCs,
namely, electrostatic adsorption and spatial confinement, we
constructed three AuNCs models with different assembly
modes (Scheme 1). L-Arg-AuNCs aggregates with loose sur-
face charge were generated by mixing negatively charged
L-Arg and AuNCs via electrostatic interactions. PVP-AuNC
aggregates with loose inter-particle spacing were formed
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Scheme 1 The AEE study of AuNCs and the construction of spatially confined dual-emission nanoprobes assembled from SiNPs and AuNCs

by stirring PVP, a long-chain polymer, with AuNCs, which
induced aggregation through wrapping and entanglement.
SiNPs-AuNCs were prepared by mixing positively charged
SiNPs with AuNCs, triggering aggregation based on the dual
effects of electrostatic interactions and spatial confinement,
thereby inducing the AEE effect.

After constructing the three models, we first characterized
the fluorescence properties of AuNCs at the maximum emis-
sion peak of 580 nm. As expected, the fluorescence inten-
sity of SiNPs-AuNC nanoparticles exhibited a significant
enhancement. As shown in Fig. 1a, upon the addition of
SiNPs (SiNPs:AuNCs, m/m=3:1), the maximum fluores-
cence emission peak of AuNCs immediately displayed more
than a two-fold enhancement. As the mass ratio of SiNPs to
AuNC:s further increased (gradually increasing from 3:1 to
20:1), the maximum emission peak of AuNCs maintained
an enhancing trend (Fig. 1b, Fig. S1). It is noteworthy that
even with the addition of high concentrations of SiNPs, the
fluorescence emission peak of AuNCs remained well-pre-
served (Fig. S1), demonstrating the superiority of SiNPs for
enhancing the AEE effect of AuNCs.

In contrast to the above model, we characterized the fluo-
rescence properties of L-Arg-AuNCs constructed based on
electrostatic interactions. After mixing with L-Arg, only a
limited increase in the maximum fluorescence intensity of
AuNCs was observed, with negative red-shift or blue-shift
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in the maximum emission wavelength of AuNCs (Fig. Ic, d
and Fig. S2a). Notably, as the amount of L-Arg increased,
the maximum fluorescence intensity exhibited negligible
changes. Evidently, merely regulating positive charges in
the system did not significantly alter the fluorescence per-
formance of AuNCs. Interestingly, previous literature had
reported that the cationic polypeptide polyarginine (pol-
yArg) can effectively induce the AIEE of GSH-AuNCs
[29]. To further verify whether the source of fluorescence
enhancement stems from cations or the action of polymers,
we introduced the long-chain polymer PVP into AuNCs,
forming PVP-AuNC aggregates through wrapping and
entanglement. The results showed that compared to AuNCs
alone (Fig. S2b), the maximum fluorescence emission peak
remained at 580 nm, with the maximum fluorescence inten-
sity slightly decreasing (Fig. 1e, ). It was speculated that this
might be due to the non-tight binding state of AuNCs in the
aggregates, which were more likely in a loose aggregation
state, unable to effectively achieve AEE. Additionally, PVP
might also absorb a portion of the excitation light energy,
leading to a reduction in fluorescence intensity. In summary,
the generation of this AEE fluorescence was neither solely
influenced by external charge nor enhanced by the physical
wrapping/encapsulation effect of long-chain polymers. In
contrast to the above phenomena, the fluorescence intensity
of the tightly aggregated SiNP-AuNC nanoparticles based
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Fig. 1 a Fluorescence spectra of AuNCs in SiNPs-AuNCs and b the
corresponding quantitative histograms of fluorescence intensity. ¢
Fluorescence spectra of L-Arg-AuNCs and d the corresponding quan-
titative histograms of fluorescence intensity. e Fluorescence spectra of

on electrostatic interactions was enhanced, emphasizing the
importance of controlling the tight aggregation of AuNCs in
confined spaces during the AEE process.

Characterization and fluorescence enhancement
mechanism of the SiNP-AuNC nanoprobes

To elucidate the assembly modes of L-Arg-AuNCs, PVP-
AuNCs, and SiNPs-AuNCs, we conducted TEM character-
ization. As anticipated, L-Arg-AuNCs remained dispersed
without any noticeable aggregation (Fig. S3a). The TEM
images of PVP-AuNCs revealed that, under the influence
of the long-chain polymer, AuNCs maintained a loosely
aggregated state through physical entanglement (Fig. S3b,
c). The assembly of SiNPs-AuNCs nanoparticles was
based on the synergistic effects of electrostatic interac-
tions between oppositely charged components and spatial
aggregation (Fig. 2a). To confirm that SiNPs-AuNCs were
in a tightly bound state rather than loosely dispersed, TEM
images of SiNPs and AuNCs were shown in Fig. 2b and c,
respectively. The average diameters of SiNPs and AuNCs
were about~2 nm and ~ 3 nm, respectively. The success-
ful formation of SiNPs-AuNCs was also confirmed by

L-Arg-AuNCs

PVP-AuNCs

PVP-AuNCs and f the corresponding quantitative histograms of fluo-
rescence intensity. F represents the fluorescence intensity at 580 nm
in the mixed system, while F, represents the fluorescence intensity of
AuNCs at 580 nm

TEM imaging in Fig. 2d, which clearly revealed the size
of the self-assembled SiNPs-AuNCs at about 2040 nm.
TEM mapping data show that both Si and Au elements are
uniformly distributed within the SiNPs-AuNCs (Fig. S4).
After the SINP-AuNC aggregates were successfully
formed through self-assembly, the localized interactions
within this confined space were likely to alter the charge
distribution of AuNCs, thereby changing the localized sur-
face plasmon resonance modes of the particles and produc-
ing the AEE enhancement effect. Therefore, we performed
a detailed characterization of the surface charge distribu-
tion of the aforementioned three types of nanoparticles.
As we expected, SiNPs exhibited a positive charge dis-
tribution of around + 10 mV, while AuNCs displayed a
negative charge distribution of approximately —40 mV
(Fig. S5a, b), which were consistent with our design. After
mixing these two at a mass ratio of 10:1 (SiNPs:AuNCs),
the aggregated nanoparticles exhibited a zeta potential
of — 10 mV (Fig. S5c¢), indicating that the addition of
SiNPs neutralized the charge distribution of the system to
a certain extent, accompanied by an approximately 2.3-
fold enhancement in the maximum fluorescence emission
of AuNCs (Fig. Sle).

@ Springer
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Additionally, we have performed FTIR analysis on these
three materials. As shown in Fig. S6a, the FTIR spectrum
of Arg exhibited a broad peak around 3400 cm™!, corre-
sponding to N—H and O-H stretching vibrations. The peak
at 1628 cm™! corresponded to C =0 stretching vibrations.
Peaks in the range of 1400—1500 cm™! (1420, 1475 cm™")
corresponded to N-H bending vibrations, and peaks around
1200 cm~! (1187, 1257 cm™) corresponded to C-N stretch-
ing vibrations. In the FTIR spectrum of Arg-AuNCs, the
peaks at 1400—1500 cm™"! and 1200-1300 cm™! (correspond-
ing to N-H bending and C-N stretching vibrations, respec-
tively) show slight shifts and changes, indicating that these
groups might be involved in the interaction between Arg
and AuNCs. Notably, the characteristic peaks of Arg-AuNCs
were more similar to those of AuNCs alone (Fig. S6c, blue
line), suggesting that Arg interacted with AuNCs primarily
through non-covalent interactions. Figure S6b shows that
the FTIR spectra of PVP and PVP-AuNCs exhibited cor-
responding peaks in 2900 cm™! (C-H stretching vibrations),
1650 cm™! (C=0 stretching vibrations), and 1400 cm™!
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6:1, 10:1, 13:1, 16:1, and 20:1, respectively). f UV-vis absorption
spectra of SiNPs, AuNCs, and SiNPs-AuNCs at the SiNP:AuNC
mass ratios of 3:1. g Fluorescence attenuation curves and fitting lines
of SiNPs and SiNPs-AuNCs

and 1100 cm™' (C-N stretching vibrations), indicating that
PVP wrapped around AuNCs through physical entangle-
ment, retaining the characteristic peaks of PVP. In the FTIR
spectra of SiNPs and SiNPs-AuNCs (Fig. S6¢), asymmetric
Si—O-Si stretching vibration absorption peaks were observed
at 1137 cm™!, along with Si—O bending vibration absorption
peaks at 480 cm™'. Additionally, the two major characteristic
peaks of GSH-synthesized AuNCs, namely, the N-H stretch-
ing vibration peak at 3435 cm™! and the C =0 stretching
vibration peak at 1640 cm™!, were also detected in the FTIR
spectrum of SiNPs-AuNCs. In summary, the comparison of
FTIR spectra allowed us to preliminarily infer the assembly
and binding modes of the three composites.

Notably, our previous experimental results demonstrated
that as the mass ratio of SiNPs to AuNCs in SiNPs-AuNCs
aggregates increased from 3:1 to 20:1, the maximum emis-
sion peak of AuNCs maintained an enhancing trend. Inter-
estingly, we monitored the surface charge distribution of
SiNP-AuNC aggregates under the same conditions and
found that with the increase in the proportion of positively
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charged SiNPs, the overall zeta potential of the system grad-
ually shifted from negative to positive values (Fig. 2e), with-
out affecting the fluorescence properties of AuNCs (Fig. 1b).
Therefore, combined with our previous confirmation that
the addition of positively charged L-Arg in the Arg-AuNCs
system did not significantly enhance the fluorescence inten-
sity of AuNCs, we could reasonably infer that the AEE fluo-
rescence enhancement mechanism was more likely derived
from the enhanced localized surface plasmon resonance
(LSPR) effect of AuNCs [30, 31]. Additionally, dynamic
light scattering (DLS) analysis of SINP-AuNC assemblies
with different mass ratios (Fig. S7) was performed. At lower
ratios, the particle size distribution of SINP-AuNC assem-
blies was around 50 nm. At higher ratios, the particle size
significantly increased, corresponding to surface charge
approaching neutrality (Fig. 2e). Considering the close
relationship between nanoparticle size and LSPR, we sur-
mised that the significant size change from individual SiNPs
(<5 nm) to SiNPs-AuNCs (> 20 nm) might also influence
the optical properties of SiNPs-AuNCs shown in Fig. 1c.
When AuNCs were in an aggregated state with tight spatial
confinement, the electron density became locally elevated,
promoting the formation of surface plasmons. Moreover,
when SiNPs-AuNCs aggregate, a certain gap structure was
formed. When the excitation light irradiates this structure,
a resonant coupling effect was generated within the gap,
increasing the emission probability. Furthermore, the non-
radiative transitions of SiNPs, which also possessed lumi-
nescent properties, acted on AuNCs under the microstruc-
ture of the aggregated particles, leading to the enhancement
of AuNC fluorescence emission.

To verify the enhancement of the LSPR effect of AuNCs,
we have included the UV-vis absorption spectra of SiNP-
AuNC assemblies with mass ratios ranging from 3:1 to 20:1
(Fig. S8a), as well as the spectra of individual SiNPs and
AuNCs at equivalent mass concentrations (Fig. S8b, c).
Compared to individual SiNPs and AuNCs, the UV-vis
spectra of SiNPs-AuNCs assemblies exhibited broader
absorption bands, which might be attributed to the increased
particle size and changes in the refractive index of the sur-
rounding medium. Additionally, at the SiNP:AuNC mass
ratios of 3:1, a significant increase of UV—vis absorption
was observed for the SINP-AuNC system (Fig. 2f), consid-
ering the additive nature of absorbance (according to the
Beer-Lambert law), the absorbance of SiNPs-AuNCs assem-
blies at equivalent mass concentrations was significantly
higher, particularly at wavelengths above 500 nm, indicating
enhanced interactions between nanoparticles. Therefore, the
formation of SiNP-AuNC assemblies was accompanied by
an enhanced LSPR effect. Furthermore, to verify whether
energy transfer occurred from SiNPs to AuNCs, we char-
acterized the excited-state fluorescence lifetimes of SiNPs
and SiNPs-AuNCs under the same conditions (Fig. 2g), and

Tavg Showed a significant decrease from 8.4982 to 2.2211.
The above results, to a certain extent, confirmed the reso-
nant coupling effect under the microstructure of SINP-AuNC
aggregates and the energy transfer from SiNPs to AuNCs
through non-radiative transitions, collectively contributing
to the AEE phenomenon. This emphasized the importance
of the aggregation of AuNCs in localized spaces. This aggre-
gated structure enabled the optical properties of AuNCs and
SiNPs to be tuned by modulating the aggregation mode and
interactions, providing a theoretical basis and experimental
support for designing high-performance dual-emission fluo-
rescent biosensors.

Establishment of dual-emission ratiometric
fluorescence detection assay

Based on the above research, we further applied this probe
to establish a dual-emission ratiometric fluorescence detec-
tion biosensing system. SiNPs played a performance-
regulating role, effectively inducing the AEE process of
AuNC:s, thereby amplifying the weak fluorescence signal
of AuNCs. Additionally, SiNPs themselves also possessed
fluorescence emission properties. Therefore, the SiNP-
AuNC system as a probe could achieve dual emission under
single-wavelength excitation. This provided the possibility
for constructing ratiometric fluorescence biosensors. Com-
pared to single AuNCs, dual-emission ratiometric detection
could effectively eliminate the influence of external environ-
mental noise and probe concentration fluctuations, enabling
more stable and reliable quantitative analysis [32] Herein,
we aimed to establish a classical dual-emission ratiomet-
ric detection system for BLM detection by optimizing the
properties of SiNP-AuNC nanoprobes, overcoming poten-
tial interferences in complex biological sample analysis
(Fig. 3a).

First, we conducted a feasibility study on the dual-emis-
sion ratiometric fluorescence detection assay. In the system
of SiNPs only, the addition of Cu** and/or BLM did not
interfere with the fluorescence emission curve of SiNPs
(Fig. 3b). In the system containing only AuNCs, the addi-
tion of Cu®* significantly reduced the fluorescence intensity
of the characteristic peak of AuNCs, while the fluorescence
intensity almost completely recovered after the addition of
BLM. Combining the results from these two sets of experi-
ments, in the SiNPs-AuNCs system under single-wavelength
excitation, the fluorescence of SiNPs remained unaffected by
Cu”* and/or BLM, serving as a reliable reference signal. The
fluorescence of AuNCs, as the detection signal, retained its
sensitive response to Cu>* and BLM (Fig. 3c, d).

To establish a robust and reliable ratiometric fluores-
cence biosensing platform, the SINP-AuNC nanoprobes
were systematically optimized under various conditions.
First, the temperature dependence of the ratiometric signal

@ Springer
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Fig.3 a The scheme of dual-
emission ratiometric fluores-
cence detection sensors. b
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was investigated over a range of 25-45 °C. As depicted in
Fig. S9a, the ratiometric response remained relatively con-
sistent across the evaluated temperatures. Furthermore, the
temporal stability of the ratiometric signal was assessed
upon the addition of different Cu?* concentrations. As shown
in Fig. S9b, the ratiometric intensities exhibited a gradual
decrease over time, eventually stabilizing after approxi-
mately 10 min. Finally, the pH dependence of the ratio-
metric response was evaluated under both Cu?*-quenched
and BLM-recovered conditions (Fig. S9c¢). The ratiometric
intensities remained relatively constant across a broad pH
range from 6.0 to 8.5, demonstrating the robustness of the
SiNP-AuNC nanoprobes in maintaining their sensing capa-
bilities under varying pH conditions. This pH-insensitive
behavior was particularly advantageous for biological sam-
ple analysis, where fluctuations in sample pH were com-
monly encountered. Through these systematic optimizations,
the SiNP-AuNC nanoprobes exhibited excellent operational
stability and minimal susceptibility to environmental inter-
ferences, thereby ensuring reliable and accurate ratiometric
fluorescence detection in complex biological matrices.

Fluorescence-enhanced dual-emission ratiometric
probe for BLM detection

Based on verifying the feasibility of the SINP-AuNC sens-
ing system, we constructed a dual-emission ratiometric
biosensor for BLM detection. As shown in Fig. 4a, the
SiNP-AuNC nanoprobe exhibited dual emission peaks at
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Wavelength (nm)

480 nm and 580 nm under 365 nm excitation. Upon the
addition of a certain concentration of Cu*, a significant
quenching phenomenon of the AuNCs emission peak at
580 nm was observed. This was due to the specific binding
of Cu?* to the thiol groups on the surface of AuNCs, trig-
gering the fluorescence quenching of AuNCs. It was note-
worthy that even when the Cu?* concentration increased
to 10 pM, the fluorescence emission intensity of SiNPs
at 480 nm remained unchanged. Based on the changes of
the dual-peak ratio of 580/480 nm, we successfully estab-
lished a correlation curve between Cu’* concentration
with fluorescence ratio (Fig. 4b). A good linear correlation
(R*=0.9665) was observed when the Cu®* concentration
was below 4 pM. Therefore, subsequent detection experi-
ments selected 4 puM of Cu** as the fluorescence suppres-
sion concentration. Additionally, we investigated the fluo-
rescence quenching effect of SiINPs-AuNCs in the presence
of varying concentrations of the fluorophore/quencher
(i.e., SINPs-AuNCs and Cu?* ions). The experimental
results indicate that the Stern—Volmer plot exhibits non-
linear behavior with an initial upward curvature, deviating
from the linear plot predicted by the classical Stern—Vol-
mer equation (Fig. S10). This suggests the coexistence of
both static and dynamic quenching processes. We have
fitted the data using the modified Stern—Volmer equation
I/I=(1+K,[0])-(1+ K [Q]), where I, and I represent the
fluorescence intensity in the absence and presence of the
quencher, respectively. Here, K, is the dynamic quench-
ing constant, and K is the static quenching constant. The
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fitted equation obtained was [y/I=(1+0.0440[Q])-(1+0.4
241[Q]), which showed a strong correlation (R*=0.9941).

Furthermore, we investigated the detection of BLM using
the SINP-AuNC system. As shown in Fig. 4c, with increas-
ing BLM concentration, the AuNC fluorescence emission
peak at 580 nm gradually recovered, while the SiNP peak
intensity at 480 nm remained stable. This process could
be attributed to the competitive binding between Cu>* and
BLM. In the presence of BLM, due to its strong affinity for
Cu?*, it could effectively remove Cu* from the surface of
AuNG:s, restoring the fluorescence at 580 nm. A good lin-
ear detection range was obtained using the dual-emission
ratiometric method (Fig. 4d), extending up to 0-3.5 pM,
and the linear correlation between Cu** concentration and
fluorescence ratio was excellent (R?>=0.9983). The detec-
tion limit of BLM was estimated to be 35.27 nM according
to the 3o rule. These results demonstrated that the current
method was more sensitive compared to most of the previous
reported methods (Table S1). This ratiometric sensing sys-
tem successfully overcame the limitations of AuNC-based
biosensing, significantly improving detection time and linear
detection range.

Selectivity and anti-interference performance
of the proposed sensing approach

To evaluate the selectivity and anti-interference capability
of the proposed sensing strategy, we conducted interference
tests on coexisting metal ions and biological small molecules
that the SiNP-AuNC nanoprobes might encounter. First,

Wavelength (nm)

c(BLM) (nM)

apart from Cu?*, nine other metal ions (Na*, K*, Mg**,
AP, Ca?*, Zn**, Hg**, Pb>*, and Cd**) at a concentra-
tion of 200 pM did not significantly affect the dual-emission
ratio of 580 nm/480 nm (Fig. S11a). This result fully dem-
onstrated the excellent selectivity of the constructed sys-
tem for metal ions. Second, except for BLM, common bio-
logical small molecules (dopamine, ascorbic acid, glucose,
L-glutamic acid, aspartic acid, L-cysteine, L-tyrosine, and
L-histidine) at the concentration of 200 uM did not cause
significant changes in the 580 nm/480 nm ratio (Fig. S11b).
This further verified that this proposed dual-emission system
possessed outstanding anti-interference ability, effectively
eliminating the interference of impurity molecules in com-
plex biological matrices, laying the foundation for achieving
highly selective and sensitive biomolecule detection. In sum-
mary, through selectivity and anti-interference assessments,
the SiNP-AuNC nanoprobes exhibited excellent analytical
performance, enabling reliable and precise detection of spe-
cific analytes in complex biological environments.

Application of the SiNP-AuNC sensing system in real
sample analysis

To validate the practical applicability of the proposed
SiNP-AuNC sensing system, we employed the standard
addition method to determine BLM concentrations in
serum samples. To assess the recovery and precision of
the method, we spiked the serum samples with different
concentrations of BLM (500 nM, 1500 nM, and 2500 nM).
As shown in Table S2, the recoveries of BLM ranged from
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96.80 to 105.9%, with relative standard deviations (RSD)
varying from 3.17 to 4.24%. These results demonstrated
the reliability and accuracy of the proposed method for
BLM quantification in complex biological matrices.

The satisfactory recovery and precision could be attrib-
uted to several factors. First, the dual-emission ratiomet-
ric sensing strategy effectively minimized the influence
of external environmental fluctuations and sample matrix
effects, ensuring the robustness of the method. Second,
the AEE mechanism of the SiNPs-AuNCs nanoprobes
significantly amplified the fluorescence signal, leading to
improved sensitivity and reproducibility. Lastly, the high
selectivity and anti-interference capability of the sensing
system, as demonstrated in the previous sections, contrib-
uted to the accurate determination of BLM in the pres-
ence of various interfering substances commonly found
in serum samples.

Conclusion

This research elucidates the fundamental mechanistic fac-
tors that dictate the AEE of AuNCs when subjected to spa-
tial confinement. Systematic investigations demonstrated
intimate interparticle proximity and optimal surface charge
density as crucial for efficient AEE. Significantly, the con-
struction of SiNP-AuNC nanoprobes optimized the AEE
process while enabling a dual-emission ratiometric sensing
strategy. This innovative nanoprobe synergistically har-
nesses AEE and the stable reference emission from SiNPs,
overcoming weak AuNC fluorescence and environmental
susceptibility. Exhibiting exceptional operational stability,
pH/temperature resilience, and remarkable selectivity, the
SiNPs-AuNCs nanoprobes achieved highly sensitive and
linear BLM detection, outperforming conventional single-
emission AuNC sensors. The sensor platform unlocks AEE’s
potential for AuNC-based biosensing by integrating spatial
confinement, ratiometric detection, and SiNPs’ unique
optics. The mechanistic insights of dual-emission ratiomet-
ric nanoprobes represent significant advancements, paving
the way for rational design of high-performance sensing
systems tailored for complex biological environments and
expanding AuNC-based bioanalytical frontiers.
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