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Fluorescent gold nanoclusters (AuNCs) have generated significant research interest because of their fascinating
physicochemical properties. However, their biosensing applications are limited by the relatively low quantum
yield (QY). Herein, a simple confinement effect based on AuNCs as guest molecules and Zn-containing hydroxy
double salt (HDS) as host material (AuNCs@HDS) was used to significantly improve the fluorescence properties
of AuNCs. The QY increased from 1.24 % to 22.80 %, and the time-tedious preparation or purification procedures
were avoided. Further, the validated excellent fluorescence properties of AuNCs enabled the construction of a
versatile fluorescent sensing strategy for bio-enzymes for the first time. The p-nitrophenol (pNP), a product of
many bio-enzymes-catalyzed hydrolyzes of pNP-substrate, can effectively quench the fluorescence of
AuNCs@HDS through an inner filter effect (IFE) process. Therefore, the AUNCs@HDS successfully detected
several enzymatic disease biomarkers with robust analysis capabilities by varying the pNP-substrate, including
alkaline phosphatase (ALP), p-glucosidase (p-GLU) and p-galactosidase ($-GAL). This study will inspire the design

of highly fluorescent AuNCs as tools for biosensing.

1. Introduction

Gold nanoclusters (AuNCs) have generated broad interest because of
their fascinating physicochemical properties, such as strong photo-
luminescence responses, molecule-like properties, and ultrasmall sizes
[1-3]. Compared with the well-developed fluorescence probes, such as
organic dyes and inorganic quantum dots (QDs), AuNCs display large
Stokes shift, low toxicity, and good biocompatibility [4,5]. However, the
existing AuNCs exhibit a relatively low QY (usually less than 10%)
because the freely rotating ligands cause excessive energy loss with
nonradiative relaxation, constraining the extensive applications in im-
aging or labeling [6-8]. Therefore, developing new materials and stra-
tegies for constructing AuNCs with superior fluorescence performances
remains challenging.

Several attempts have been made to fabricate stable and highly
fluorescent AuNCs, such as ligand exchange [9], aggregation-induced
emission [10,11], metal doping [12,13], and confinement strategy
[14,15]. Among these methods, the confinement strategy has attracted
significant interest because they endow AuNCs with strong fluorescence
properties. This strategy involves restricting the free movement and
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improving the electron-hole pair recombination efficiency of guest
fluorescent molecules under the limitation of the host materials [16].
Several host materials have been employed for confinement effect to
construct highly fluorescent AuNCs. Wang’s group enhanced the QY of
AuNGCs 6-fold by skillfully impregnating the AuNCs into a cationic
polymer nanogel [16]. Yin et al. encapsulated AuNCs into the
metal-organic frameworks (ZIF-8) to improve the fluorescence perfor-
mance of AuNCs [17]. Despite significant QY enhancement, these stra-
tegies require tedious material synthesis or purification steps. Recently,
confining nanoprobes, such as ZnS QDs [18] and CuNCs [19,20], on host
materials by applying electrostatic interaction as the main binding force
attracted significant attention since it enabled the simultaneous
enhancement of the fluorescent emission and stability of nanoprobes in
a simple non-covalent manner [21,22]. These studies inspired preparing
eligible host materials that boost the fluorescence of AuNCs by the
electrostatic assembly.

Hydroxy double salt (HDS), a layered metal hydroxide, has stimu-
lated research interest with the advantages of low cost, non-toxicity, and
simple preparation [23,24]. Notably, the presence of high positive
charge density and rich lone pair electrons make it act as a dispersion
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matrix to confine the fluorescent molecules by the electrostatic
host-guest interaction [25]. Accordingly, HDS is also an ideal candidate
for constructing AuNCs@HDS composite through electrostatic
host-guest interaction. However, applying HDS as a matrix to confine
AuNCs by electrostatic interaction for biosensing has rarely been
investigated.

Inspired by the above investigations, this study reported the first
attempt at confining glutathione-stabilized AuNCs on the surface of Zn-
containing HDS (AuNCs@HDS) through a straightforward electrostatic
interaction. This would result in constructing a highly efficient and
versatile fluorescence strategy for sensing several vital bio-enzymes
(Scheme 1). Due to the confinement effect of HDS, the AuNCs@HDS
demonstrated excellent fluorescence performances (high QY, long
fluorescence lifetime, and good stability). The p-nitrophenol (pNP) was
validated to effectively quench the AuNCs@HDS fluorescence through a
distinct inner filter effect (IFE) process. As pNP is the general product of
many bio-enzyme-catalyzed pNP-substrate hydrolysis, the AuNCs@HDS
was successfully employed for the versatile detection of several human
diseases closely related bio-enzymes (B-GAL, p-GLU, and ALP) by vary-
ing the pNP-substrate. Besides, the remarkable sensitivity, satisfactory
specificity, and accuracy in a serum test for bio-enzymes assay exem-
plified the robust analytical performance of this AuNCs@HDS-based
platform for biosensing. As far as we know, it is the first study on
designing highly fluorescent AuNCs-based nanocomposites for versatile
fluorescent sensing of bio-enzymes.

2. Experimental section
2.1. Materials and equipment

B-Glucosidase (p-GLU), p-galactosidase (B-GAL), urate oxidase
(UAox), glutathione transferase (GST), acetylcholinesterase (AChE),
pepsin (PPS), lysozyme (LYS), tyrosinase (TYR), glutamic acid (Glu) and
collagen (COL) were bought from Sigma-Aldrich (Shanghai, China).
Alkaline phosphatase (ALP), glucose (GLC), p-nitrophenyl-phosphate
(pNPP), hydrogen tetrachloroaurate (III) tetrahydrate (HAuCl4-4 H0),
glucose oxidase (GOX), urease (URE) and exonuclease III (Exo III) were
bought from Shanghai Sangon Biotech Co., Ltd. p-Nitrophenyl-f-D-gal-
actopyranoside (pNPGA), adenosine (A), valine (Val), serine (Ser) and
guanosine (G) were gotten from Aladdin Inc. (Shanghai, China). Human
serum albumin (HSA) was obtained from Dalian Meilun Biotechnology
Co., LTD. (Dalian, China). p-Nitrophenyl-p-D-glucopyranoside (pNPGL)
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were bought from Shanghai Yuanye Bio-Technology Co., Ltd. Urea,
proline (Pro), glycine (Gly), threonine (Thr), isoleucine (Ile) and other
reagents (analytically pure) were obtained from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China).

Fluorescence (FL) measurements were conducted on a PerkinElmer
FL 6500 fluorescence spectrophotometer. UV-vis absorption spectra
were acquired with a PerkinElmer UV/VIS Lambda 365 spectropho-
tometer. Fourier transform infrared (FT-IR) analysis was achieved on a
Frontier PerkinElmer FT-IR spectrometer. Transmission electron mi-
croscopy (TEM), high resolution electron transmission microscopy
(HRTEM), scanning transmission electron microscopy (STEM) and cor-
responding elemental mapping images were taken by a JEM-2100F
Transmission Electron Microscope operating at 200 keV. Scanning
electron microscopy (SEM) were performed on a JCM 7000 (JEOL, Ltd.).
Fluorescence decays were performed with a Fluorescence Lifetime and
Steady State Spectroscopy (FLS920, Edinburgh Instrument). The abso-
lute fluorescence quantum yields were obtained in a calibrated inte-
grating sphere in FLS920 spectrometer. X-ray photoelectron
spectroscopy (XPS) was performed on a Thermo Scientific ESCALAB
250Xi using monochromatic Al Ka radiation (1486.68 eV) for the
analysis of the surface composition and chemical states of the product.
Powder X-ray diffraction (PXRD) patterns were conducted on a Bruker
D8 ADVANCE. Zeta potentials were obtained from a Litesizer 500
analyzer at 25 °C.

2.2. Synthesis of AuNCs@HDS composite

For the preparation of AuNCs@HDS, 1.5 mg HDS was added into
25 mL H0 and then treated by sonication for 1 h. Subsequently, AuNCs
(5 mL, 1.5 mg/mL) were introduced into the above solution. The mixed
solution was allowed to react for 12 h. Finally, the AuNCs@HDS was
harvested by centrifugation (10,000 r/min, 10 min) and washed with
HyO for 3 times to remove excess AuNCs. The precipitate of
AuNCs@HDS was freeze-dried to obtain the AuNCs@HDS powder.

2.3. Fluorescence detection of ALP, f-GLU, and f-GAL activity

In the typical process to quantitatively detect ALP activity, ALP
(60 pL) with different activities and pNPP (140 pL, 2.5 mM) were
injected into Tris-HCl buffer (pH 9.0, 100 pL, 10 mM), and the mixture

was incubated at 37 °C for 60 min. Then, AuNCs@HDS (300 pL, 0.3 mg/
mL) and Tris-HCl buffer (pH 9.0, 400 pL, 10 mM) were injected into the
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Scheme 1. Schematic diagram of a AuNCs@HDS-based versatile fluorescent sensing platform for detection of activity of bio-enzymes.
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above mixtures. After fully mixed with 1 min, fluorescence emission
spectra were performed under a single 405 nm excitation wavelength.

As for the detection of -GLU, p-GLU (100 pL) with varied activities
and pNPGL (120 pL, 2.5 mM) were injected into NaAc-HAc buffer (pH
5.0, 80 pL, 10 mM), and the mixture was reacted at 37 °C for 40 min.
The following procedures were the same as those for ALP activity
analysis.

The detection procedures of B-GAL activity were conducted as fol-
lows. pNPGA (100 pL, 2.5 mM), p-GAL (100 pL) with different concen-
trations and Tris-HCI buffer (pH 9.0, 100 pL, 10 mM) were mixed and
incubated at 37 °C for 50 min. Then the experimental procedures were
performed as the described procedures for ALP analysis.

2.4. Application to real samples

The prospective clinical prospect of the method to biological matrix
was assessed by determining the bio-enzymes activity in the human
serum samples. The human serum sample of healthy adults was
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collected from the Bethune First Hospital of Jilin University. The serum
samples were processed by referring to the previous work [26]. In brief,
the serum samples were first filtered by 0.45 um filter membrane. Fol-
lowed that, a centrifugation procedure at a speed of 12000 r/min for
20 min was conducted to remove the particulate matter of the serum
samples. Finally, the standard addition methods were used to determine
the detection performance of the proposed sensor for ALP, p-GLU, and
B-GAL activity detection in serum samples, respectively.

3. Results and discussion
3.1. Materials synthesis and characteristics

The AuNCs were prepared through a one-pot synthesis method using
a glutathione (GSH) as the reductant and template [27]. HDS was syn-
thesized by reacting ZnO and aqueous Zn(NOs), aqueous solution at
room temperature [25]. Next, the AuNCs@HDS was prepared by uti-
lizing the electrostatic interactions between the positively charged HDS
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Fig. 1. (A) Illustration of AUNCs@HDS synthesis. (B—K) Morphology characterizations of AuNCs, HDS, and AuNCs@HDS. (B) TEM and HRTEM images of AuNCs. (C)
SEM images of HDS. (D, E) TEM images of AuNCs@HDS. (F) STEM images and the N, S, Zn, and Au elemental mapping images (G—K) of AuNCs@HDS. Zeta potentials
(L), FT-IR spectra (M), and XPS spectra (N) of AuNCs, HDS, and AuNCs@HDS, respectively.
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and negatively charged AuNCs (Fig. 1A).

The morphologies of AuNCs, HDS, and AuNCs@HDS were thor-
oughly characterized by electron microscopy. The transmission electron
microscopy (TEM) image in Fig. 1B revealed the prepared AuNCs
monodispersed with a narrow size distribution and an average diameter
of- 2.05 nm (Fig. S1). The high-resolution TEM (HRTEM) image (Fig. 1B
insert) demonstrated that the lattice planes were separated by 0.235 nm,
attributed to the (111) lattice spacing of the face-centered cubic (fcc) Au
[28]. The scanning electron microscopy (SEM) of HDS in Fig. 1C dis-
played that the HDS was a quadrilateral sheet of size < 5 um.

SEM images of AuNCs@HDS revealed that the surface of HDS
appeared to have a rough morphology after anchoring AuNCs (See
Fig. 52). The AuNCs can be observed in the TEM image of AuNCs@HDS
(Fig. 1D and E). As shown in Fig. 1E, the AuNCs (circled in yellow dash)
were homogeneously anchored onto the HDS surface. Scanning trans-
mission electron microscopy (STEM) demonstrated the distribution of
AuNCs on HDS. Fig. 1F shows numerous AuNCs (white dots) evenly
distributed throughout the HDS matrix. Additionally, Fig. 1G—K dis-
plays the energy-dispersive X-ray spectroscopy (EDS) elemental map-
ping of O, N, S, Au, and Zn from AuNCs and HDS, which indicates the
homogeneous distribution of AuNCs on the HDS surface.

The zeta potential measurement further confirmed the formation of
AuNCs@HDS, X-ray diffraction (XRD) patterns, Fourier transform
infrared (FT-IR) spectra, and X-ray photoelectron spectra (XPS). The
zeta potential analysis in Fig. 1L indicates that HDS was positively
charged with an average zeta potential of +24.6 mV, while the AuNCs
were negatively charged with an average zeta potential of — 47.8 mV.
Consequently, AuNCs can be adsorbed and confined onto the HDS sur-
face due to the electrostatic interactions, forming the AuNCs@HDS
composite. The AuNCs@HDS exhibited a partly neutralized zeta po-
tential of — 16.7 mV after the self-assembly of AuNCs on the surface of
HDS.

Fig. 1M shows the FT-IR spectra of AuNCs, HDS, and AuNCs@HDS.
The AuNCs displayed a typical stretching N-H vibration at 1530 cm ™.
Besides, C=0 stretching vibrations at 1729 cm™!, O-H stretching at
3450 cm ™" and 1645 cm™! were observed [29,30], indicating the ex-
istence of carboxyl groups on the AuNCs surface. For HDS, the stretching
vibrations of N-O at 1379 cm™! and that of O-H at 3476 cm™! and
1637 cm™! were clearly observed, confirming the existence of the hy-
droxyl groups and nitrate anions in HDS [25]. The FT-IR spectrum of
AuNCs@HDS displays the distinct absorption peaks derived from AuNCs
and HDS, demonstrating the successful self-assembly of AuNCs on the
surface of HDS.

XPS and XRD were used to investigate the surface chemical compo-
sition and crystalline structures. Fig. 1N shows the XPS spectra of HDS,
AuNCs, and AuNCs@HDS. The AuNCs and AuNCs@HDS had the same
peaks at specific positions of 531, 400, 285, 163, 84 eV, which corre-
sponded to O 1s, N 1s, C 1s, S 2p, and Au 4f, respectively [31,32].
Compared with the AuNCs, AuNCs@HDS displayed two typical binding
energy peaks at 1020 eV and 1045 eV, attributed to the chemical states
of low-energy band Zn 2ps3,» and high-energy band Zn 2p;,» [33],
indicating that AuNCs was successfully immobilized on HDS surface.
Fig. S3 shows the XRD patterns of HDS, AuNCs, and AuNCs@HDS. The
highly crystalline phase of HDS was confirmed by diffraction peaks
corresponding to (003), (006), and (009) [25]. The layer spacing was
calculated as 9.7 A based on (003) reflections [34], suggesting that the
AuNCs were only anchored on the surface of HDS due to the small layer
spacing (9,7 fo\) and was not sufficient to accommodate AuNCs with a
diameter of 2.05 nm. The XRD pattern of AuNCs displays a typical
diffraction peak at 33°, corresponding to the (111) plane of Au fcc
structure [35], consistent with the lattice fringe results in Fig. 1B. The
XRD pattern of AuNCs@HDS displays characteristic diffraction peaks of
HDS and AuNCs, suggesting the successful formation of AuNCs@HDS
composite.

Sensors and Actuators: B. Chemical 401 (2024) 135038

3.2. Exploring the fluorescence properties and enhancement mechanism of
AuNCs@HDS

The fluorescence properties and enhancement mechanism of
AuNCs@HDS were systematically explored (Fig. 2A). Fig. 2B shows that
the fluorescence emission of AuNCs was enhanced after being confined
to the HDS surface, and the fluorescence emission peak exhibited a blue-
shift from 603 to 587 nm. The CIE chromaticity diagrams of AuNCs
(0.5328, 0.4577) and AuNCs@HDS (0.4936, 0.4841) further confirmed
the fluorescence color change after the HDS confinement (See Fig. 2C).
Fig. 2D revealed that the fluorescence enhancement effect was related to
the weight ratio of HDS to AuNCs (w/w). As depicted in Fig. 2E, the
fluorescence intensity of AuNCs@HDS gradually increased with
increasing weight ratio, reaching a maximum value at HDS: AuNCs
= 0.2:1 (w/w). This value was~ 8.5 times higher the original AuNCs.
Correspondingly, the absolute fluorescence quantum yield (QY) of
AuNCs@HDS was markedly improved to 22.80 %, 18.3 times that of the
AuNCs (QY = 1.24 %). Besides, the fluorescence excitation spectra of
AuNCs@HDS in Fig. S4 indicated that the maximum fluorescence exci-
tation wavelength of AuNCs@HDS was located at 405 nm. From the
summarized fluorescence lifetime data in Fig. 2F and Table S1, the
average fluorescence lifetime of AuNCs and AuNCs@HDS were deter-
mined to be 2.53 ps and 11.19 ps. These results indicate the HDS
confinement dramatically improved the fluorescence performance of
AuNCs. The stability of AuNCs@HDS was also investigated. The
AuNCs@HDS preserves 98 % of the initial intensity after 60 min of the
Xe lamp irradiation (See Fig. S5A). Fig. S5B reveals that the
AuNCs@HDS retained 90 % of the original value after 4 months of
storage. Consequently, the confinement of HDS endowes excellent
fluorescence properties and stability to AuNCs, improving the applica-
tion prospects of AuNCs@HDS in biosensing.

First of all, due to that the absorption band edge of HDS of around
380 nm (Fig. S6) is lower than the fluorescence excitation wavelength of
405 nm (Fig. S4), excitation wavelength of 405 nm can not excite the
HDS to generate photo-induced electrons and holes. Accordingly, the
fluorescence enhancement originated from the transmission of photon-
generated carrier from the HDS to AuNCs is excluded. The mechanism
of the surface confinement effect was next explored. According to the
principle of fluorescence property, when the excited electrons and holes
are effectively confined by the matrix with a broad band gap to boost the
recombination of electrons and holes, promoted radiation transition and
enhanced fluorescence performances are observed [36-38]. Based on
the above principle, the band edge placement investigation was con-
ducted to reveal the confinement effect of the HDS on AuNCs (Fig. 2G
and H). Fig. 2G shows the band gap values of HDS and AuNCs were
calculated to be 3.25 and 2.29 eV. The valence band (VB) and conduc-
tion band (CB) of HDS were determined to be — 7.12 and — 3.87 eV (vs.
vacuum); the calculated highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energies of AuNCs
were — 6.52 and — 4.23 eV (vs. vacuum) (See the detailed calculation
process in supporting information). Consequently, the excited electrons
and hole cannot transfer to the conduction and valence bands of HDS
(See Fig. 2I), respectively, facilitating the recombination of electro-
ns/holes with improved fluorescence performances of AuNCs [19,39].

3.3. Constructing a versatile fluorescence sensing strategy

The outstanding fluorescence properties of AuNCs@HDS encouraged
its biosensing applications. As a proof-of-concept, herein, a versatile
AuNCs@HDS-based fluorescence strategy was constructed for sensing
vital bio-enzymes by designing pNP as the "bridge" substance, including
B-galactosidase (B-GAL), alkaline phosphatase (ALP) and f-glucosidase
(B-GLU) (Scheme 1). The pNP efficiently quenched the fluorescence
emission of AUNCs@HDS via the inner filter effect (IFE). As pNP is the
general product of many bio-enzymes-catalyzed hydrolysis reactions,
the AuNCs@HDS/pNP-based assay could be presumptively extended to
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Fig. 2. . (A) Fluorescence properties of AuNCs and AuNCs@HDS. (B) Fluorescence emission spectra of AuNCs, HDS, and AuNCs@HDS, respectively. (C) CIE
chromaticity diagram of AuNCs and HDS@AuNCs. Fluorescence emission spectra (D) and intensity (E) of AuNCs@HDS at different ratios (by weight) of HDS to
AuNCGs. Inset: the corresponding digital photo of AuUNCs@HDS under UV irradiation. (F) Fluorescence decay curves of AuNCs and HDS@AuNCs. (G) Band gap
energies of HDS and AuNCs. (H) XPS valence band spectra of HDS and AuNCs. (I) Band edge placement of AuNCs, HDS, and AuNCs@HDS.

a versatile assay of p-GAL, B-GLU, and ALP by varying the pNP-
substrate/bio-enzyme pair. The following measurements further veri-
fied the mechanism and validity of our platform for these bio-enzyme
sensing.

First, the underlying mechanism of pNP-regulated fluorescence
quenching of AuNCs@HDS was investigated. Typically, static quench-
ing, dynamic quenching, and inner filter effect (IFE) are the most
common quenching mechanisms responsible for the fluorescence
quenching phenomenon [40,41]. Among the varied mechanisms, static
quenching occurs when a ground-state complex is formed through the
intense interaction between the fluorophore and quencher [42,43].
Fig. 3A shows that pNP and AuNCs@HDS were all negatively charged
with zeta potentials of — 51.0 mV and — 16.7 mV, respectively, indi-
cating electrostatic repulsion between pNP and AuNCs@HDS. This
electrostatic repulsive force inhibited the complex formation between
pNP and AuNCs@HDS. Fig. 3B shows that the absorption spectrum of
the AuNCs@HDS/pNP system was similar to that from the direct theo-
retical sum of the absorption spectra of the pNP@AuNCs and HDS,
implying there was no interaction or ground-state complex formation
between pNP and AuNCs@HDS [44]. Accordingly, the possibility of
static quenching could be excluded from the pNP/AuNCs@HDS sensing
system.

In a dynamic quenching system, the fluorescence lifetime of the
fluorophores can be changed by the quenchers since the energy or

electron transfer happens in the excited state, substantially affecting the
fluorescence lifetime of the fluorophores [45,46]. Therefore, the fluo-
rescence lifetimes of the AuNCs@HDS with and without pNP were
measured. Fig. 3C and Table S1 show that the fluorescence lifetime of
AuNCs@HDS exhibited little change with the introduction of pNP,
implying that no energy transfer or electron transfer occurred in the
pNP/AuNCs@HDS sensing system. Thus, the possibility of dynamic
quenching could also be excluded.

Inner filter effect (IFE) is a kind of efficient fluorescence quenching
behavior originating from the absorption of excitation and/or emission
light of fluorophores by the quenchers [47,48]. IFE has some distin-
guishable characteristics of IFE compared with static and dynamic
quenching. (a) No direct interactions between fluorophores and
quenchers occur in the IFE. Subsequently, the absorption peaks of the
fluorophore show no changes, and no new substance is formed. (b) No
fluorescence lifetime changes are observed during the IFE because no
excited-state energy or electron transfer is involved in the quenching
process. (c) A prerequisite for IFE is the overlap of the absorption spectra
of the quenchers with the fluorescence emission and/or excitation
spectra of fluorophores. Fig. 3D shows a precise overlap between the FL
excitation spectra of AuNCs@HDS and the absorption spectrum of pNP,
implying that pNP can effectively absorb the excitation light of
AuNCs@HDS. The above results showed no interaction between pNP
and AuNCs@HDS (Fig. 3A and B), a negligible change of lifetime
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Fig. 3. . (A) Zeta potentials of AuNCs@HDS and pNP. (B) UV-vis absorption spectra of pNP, AuNCs@HDS, pNP/AuNCs@HDS, and a sum of pNP and AuNCs@HDS.
(C) Fluorescence decay curves of AuNCs@HDS and pNP/AuNCs@HDS system. (D) UV-vis absorption spectra of pNP. Fluorescence excitation and emission spectra of
AuNCs@HDS. (E) Fluorescence emission spectra of AuNCs@HDS in the presence of varied amounts of pNP. (F) A plot of the fluorescence intensity ratio (F/Fy) and
pNP amount. (G-I) Fluorescence emission spectra of the AuNCs@HDS system with blank, pNP-substrate (pNPP, pNPGL, pNPGA), bio-enzyme (ALP, $-GLU, and
B-GAL), and pNP-substrate/bio-enzyme (pNPP/ALP, pNPGL/B-GLU and pNPGA/B-GAL).

(Fig. 3C), and sufficient spectral overlap (Fig. 3D). These are typical
properties of IFE, indicating that the IFE during pNP and AuNCs@HDS
caused fluorescence quenching.

Based on the above mechanism, a biosensing platform was employed
to detect pNP. The recognition performance of pNP directly affected the
sensitivity of related bio-enzymes sensing. Under the optimum pH of 9.0
and incubation time of 1 min (shown in Fig. S7A and Fig. S7B), the
fluorescence of AuNCs@HDS was gradually quenched by the increasing
concentration of pNP (0-400.0 pM) (See Fig. 3E). And the quenching
efficiency exceeded 99.7% when the concentration of pNP was
400.0 pM. A good linearity was observed between the fluorescence in-
tensity ratio F/Fy (F and Fy displayed the AuNCs@HDS/pNP system
fluorescence intensity without and with pNP) and pNP concentration in
the range of 0.1 — 30.0 uM (Fig. 3F). The regression equation was F/F
=0.982 — 0.0139[pNP] (upM) with R%? =0.990. The detection limit
(LOD) for pNP was as low as 33.1 nM. The sensitive measurement of pNP
enabled the construction of a sensing platform for bio-enzymes activity.

Bio-enzymes have the essential function of controlling various
physiological processes in an organism [49]. Most bio-enzymes have
been validated as biomarkers with applications in medical biochemistry,
such as disease diagnosis and drug screening. Since pNP is the general
product of many bio-enzymes-catalyzed hydrolysis reactions, the
AuNCs@HDS/pNP-based assay can be presumptively extended to the
assay of several critical bio-enzymes by varying the

pNP-substrate/bio-enzyme pair (Fig. S8 and Fig. S9), including
p-nitrophenyl-p-D-galactopyranoside (pPNPGA)/p-GAL, p-nitro-
phenyl-p-D-glucopyranoside (pNPGL)/p-GLU and p-nitro-
phenyl-phosphate (pNPP)/ALP.

The feasibility of this versatile approach for bio-enzymes sensing was
verified. Fig. S10 shows a typical absorption peak at 405 nm due to the
generated pNP in the UV-vis spectra after the catalysis of the pNP
substrate by its corresponding bio-enzyme. This result confirms pNP
generation in different pNP-substrate/bio-enzyme (pNPP/ALP, pNPGL/
B-GLU, and pNPGA/f-GAL) systems. Besides, the individual substrate
(pNPGA, pNPGL, pNPP) or bio-enzymes (ALP, $-GLU, and p-GAL) dis-
plays no effect on the fluorescence spectra of AuNCs@HDS (See
Fig. 3G-I). As expected, with the introduction of pNPGA/B-GAL,
PNPGL/B-GLU or pNPP/ALP into the AuNCs@HDS system, there is a
decrease in the fluorescence of AuNCs@HDS, verifying the feasibility of
this system for versatile bio-enzymes sensing.

3.4. Analytical performance of the ALP, f-GLU, and f-GAL activity assay

The AuNCs@HDS-based quantitative detections of ALP, p-GLU, and
B-GAL activity were performed by varying the pNP-substrate under
optimal experimental conditions (Fig. S11—S13). Fig. 4A shows that the
fluorescence emission of pNPP/AuNCs@HDS at 587 nm gradually de-
creases with increasing ALP activity from O to 20.0 U/L. Fig. 4B shows
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the plots of fluorescence intensity ratio (F/Fo) exhibited an excellent
linear relationship between 0.01 and 1.2 U/L (F/Fy = 0.981-0.462
[ALP], U/L, R* = 0.997) with a LOD value of 0.0092 U/L. The LOD of
this assay is much lower than that of most reported methods (See
Table S2), indicating that the platform could efficiently detect ALP.

Fig. 4C shows that the fluorescence intensity of pPNPGL/AuNCs@HDS
gradually increased with increasing p-GLU concentration in the
0-40.0 U/L range. The fluorescence intensity ratio (F/Fy) is proportional
to the concentration of -GLU from 0.05 U/L to 2.0 U/L, and a calibra-
tion equation of F/Fy = 0.992-0.214[p-GLU], U/L (R2 = 0.999) is ob-
tained (See Fig. 4D). The LOD is 0.029 U/L. The results are comparable
to previously reported methods for p-GLU measurement (Table S3),
confirming that this platform provided gratifying sensitivity for p-GLU.

With pNPGA as substrate, a gradual decrease of fluorescence of the
PNPGA/AuNCs@HDS system is observed in Fig. 4E when the concen-
tration of f-GAL increases from 0 to 200.0 U/L. Further, the fluorescence
intensity ratio plots showed a linear relationship (F/Fo = 0.989-0.00734
[B-GAL], R? = 0.992) in the range of 0.5-100.0 U/L (Fig. 4F). The LOD
of B-GAL is calculated as 0.27 U/L. The high sensitivity of this method
for p-GAL sensing is revealed by comparing this assay with reported
methods for detecting GLU (See Table S4).

3.5. Specificity and practical applications of the AuNCs@HDS-based
platform

The specificity of this AuNCs@HDS-based platform was measured by
investigating its responses to the common electrolytes and biological
species (depicted in different colors in Fig. 5), including common ions
(purple), bio-enzymes (orange), amino acids (blue), and other bio-
molecules (green). In ALP detection, other species display no evident
impacts on the fluorescence intensity of the AuNCs@HDS/pNPP system
compared with the blank (See Fig. 5A). The anti-interference ability of
the sensing system was assessed by the addition of these substances into
the AuNCs@HDS/pNPP/ALP system (See Fig. 5B). As revealed in
Fig. 5B, the pNPP/ALP/AuNCs@HDS system exhibits the identical re-
sponses to ALP in the presence of these foreign substances, demon-
strating the satisfactory anti-interference capability of the sensor for ALP

activity determination. As revealed in Fig. 5C-F, the AuNCs@HDS-based
platform also exhibits good specificity for p-GLU and p-GAL sensing
similar to ALP.

Human serum samples were picked as the representative biological
model to demonstrate the practical biosensing applications of the
AuNCs@HDS-based platform. A standard addition method was applied
to test ALP, p-GLU, and p-GAL activity separately in healthy human
serum samples. Fig. S14 demonstrates that the human serum samples
1-3 (200-fold diluted) did not cause any interference in the biosensing
by the AuNCs@HDS. The classic colorimetric assays for these bio-
enzymes were adopted as the reference methods to evaluate the accu-
racy of this method (Fig. S15-517). As revealed in Table S5, the recovery
of this method for ALP detection varies from 90.00 % to 106.67 %, with
relative standard deviations (RSDs) < 3.4 %. As for -GLU and p-GAL,
the recovery of this method for p-GLU varies from 94.00 % to 104.00 %
with RSDs < 3.3 % (Table S6). The recoveries of f-GAL ranges from
90.13 % to 101.80 %, and RSDs were no more than 4.9 % (Table S7).
Besides, the analysis results of this proposed method are consistent with
those of the reference colorimetric method (Table S5-S7). The results
demonstrate this versatile approach’s excellent accuracy and reliability
for sensing bio-enzymes (ALP, p-GLU, and B-GAL) activity. These results
suggested that the AuNCs@HDS material provides promising technical
tools for practical clinical diagnosis related to biological enzymes.
Meanwhile, the exhibited robust performance of AuNCs@HDS indicated
its great application possibility for other biosensing applications, such as
environmental monitoring, and food analysis.

4. Conclusion

In this study, immobilized AuNCs@HDS with high QY and stability
were conducted by an electrostatic confinement strategy and were
rationally designed for highly efficient and versatile sensing of various
vital bio-enzymes for the first time. This work exhibited the following
features. (1) The AuNCs@HDS were prepared by electrostatic interac-
tion between the negatively charged AuNCs and positively charged HDS.
The preparation did not involve tedious experimental procedures, costly
reagents, or toxic chemicals. (2) Due to the strong confinement effect of
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Fig. 5. Selectivity of the AuNCs@HDS-based method for ALP (A), p-GLU (C), and p-GAL (E) detection. Anti-interference ability of the system for ALP (B), f-GLU (D),
and B-GAL (F) with the addition of interfering substances. Concentrations: 1.2 U/L ALP, 2.0 U/L p-GLU, 100.0 U/L p-GAL, and other bio-enzymes, 10.0 pg/mL COL

and HSA, 50.0 pM ions, amino acids, and other bio-molecules.

HDS, the fabricated AuNCs@HDS displayed 8.5 times enhanced fluo-
rescence intensity, much higher QY (22.80 % vs. 1.24 %), and prolonged
fluorescence lifetime (11.19 ps vs. 2.53 us) compared with AuNCs. (3) A
convenient, highly sensitive, and specific AuNCs@HDS-based versatile
strategy was successfully constructed to detect ALP, f-GLU, and $-GAL
with robust analysis capabilities. This work is expected to offer a simple
yet effective avenue to use the HDS-based confinement effect for fabri-
cating the AuNCs/HDS probe with high fluorescence performance. This
study will also contribute to biosensing applications by applying AuNCs/
HDS as promising substitutes for the probes.
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