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A B S T R A C T

The detection of Hg²⁺ ions in aqueous environments is crucial due to their environmental toxicity and potential 
health risks. In this study, we present a novel luminescent sensor based on Metal-Organic Framework MOF-808 
functionalized with Au25@BSA gold nanoclusters (AuNCs) for the highly sensitive detection of trace Hg²⁺ ions. 
MOF-808, known for its robust structure and versatile chemical environment, provides an ideal platform for 
incorporating gold nanoclusters that exhibit unique optical properties. The integration of Au25@BSA in MOF-808 
framework enhances the temporal and thermal stability of the gold nanoclusters while preserving their photo
luminescence properties. The MOF-808/Au25@BSA composite behaves as a sensor relying on the quenching 
effect of Hg²⁺ on the luminescence of the gold nanoclusters embedded within the MOF matrix, offering a highly 
selective and sensitive detection method at concentrations as low as nM levels. Comprehensive characterizations 
of the MOF-808/Au25@BSA composite were conducted. This sensor demonstrates remarkable performance with 
high sensitivity, selectivity, and stability, making it a promising tool for environmental monitoring and analysis. 
This work highlights the potential of MOF-based luminescent sensors combined with gold nanoclusters in 
advancing the field of sensing applications.

1. Introduction

Metal-organic frameworks (MOFs) are hybrid materials formed by 
the coordination of metal ions or (oxo)clusters with organic linkers, 
resulting in highly porous and crystalline structures [1,2]. Owing to 
their tunable pore size, large surface area, and versatility in function
alization, MOFs have been extensively studied for applications ranging 
from gas storage and separation [3,4] to carbon capture [5,6], catalysis 
[7,8] and drug delivery [9,10]. In recent years, there has been growing 
interest in employing MOFs for chemical sensing, particularly in the 
detection of hazardous ions such as heavy metals [11]. The inherent 
porosity and stability of MOFs provide excellent platforms for devel
oping sensors that exhibit high sensitivity and selectivity. Luminescent 
MOFs (LMOFs) are a particularly promising subclass of MOFs displaying 
functional photophysical properties that can be used in many applica
tions like LEDs, bioimaging, anti-counterfeiting, solar cells, and optical 
sensing. Their ability to host luminescent species—either within the 

framework or in the pores—makes them ideal for fluorescence-based 
sensing. The combination of high surface area and the potential for 
metal–ligand interactions allow these materials to interact with analytes 
in a highly controlled manner, often leading to changes in luminescence 
that can be detected and quantified [12–15].

Today, one of the most critical challenges in environmental sensing is 
the detection of toxic heavy metals such as mercury (Hg²⁺), which is 
highly harmful to human health even at trace levels [16]. The devel
opment of luminescent sensors capable of detecting Hg²⁺ with high 
sensitivity and selectivity in aqueous environments has become an 
important research focus [17,18]. MOFs provide an ideal scaffold for 
this purpose due to their structural tunability, which allows precise 
control over pore size and functionalization, enabling the selective 
capture of specific ions based on size exclusion and chemical in
teractions [19,20]. Several MOFs have been explored as luminescent 
sensors for Hg²⁺. For example, Zhang et al. [21] have reported that 
NH2− MIL-53(Al) could be used as sensor for aqueous Hg2+ with a limit 
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of detection (LOD) of 0.15 μM and a very good selectivity respect to 
other common metal ions. Moreover Guo et al. [22] have synthesized 
Eu-Ca-MOF which works as ratiometric sensor for Hg2+ ions in trace 
concentrations (LOD= 2.6 nM) with an extreme selectivity to all com
mon M2+ and M3+ ions in aqueous solution. Despite the numerous works 
on sensors based on LMOFs, combining luminescent atomically precise 
gold nanoclusters with MOFs is still an underexplored opportunity. Gold 
nanoclusters (AuNCs) are known for their strong luminescence and 
unique size-dependent optical properties, which have been harnessed 
for various sensing applications [23,24]. In particular Au25 clusters 
capped by Bovine serum albumin (Au25@BSA), has been demonstrated 
to exhibit remarkable chemical stability and fluorescence [25]. Further, 
Xie et al. reported that Au@25BSA is a sensitive and selective sensor for 
Hg²⁺ ions in trace level concentrations [26]. However, AuNCs tend to be 
unstable at room temperature and typically require storage at low 
temperatures (4 ◦C) to maintain their luminescent properties [27]. 
Interestingly, these clusters are usually no larger than 2 nm, which is 
comparable to the size of many MOFs cages. This allows in principle to 
incorporate AuNCs in MOFs, which may enhance their 
room-temperature stability and pave the way to interesting applications 
founded on the synergy between the optical response of AuNCs and the 
chemical properties of the MOFs.

In this study, we synthesized MOF-808, a zirconium-based MOF with 
a robust structure and high surface area, [28,29] and combined it with 
Au25@BSA nanoclusters to create a highly sensitive and stable lumi
nescent sensor for detecting trace concentrations of Hg²⁺ ions in aqueous 
solutions. The obtained MOF-808/Au25@BSA composite was structur
ally and optically characterized by powder X-ray diffraction (PXRD), N2 
gas sorption analysis, FTIR spectroscopy, UV/Vis absorption spectros
copy, time resolved photoluminescence (TRPL), and its sensing perfor
mance was evaluated through steady state photoluminescence. The 
integration of gold nanoclusters into the MOF-808 framework enhances 
their stability at room temperature, eliminating the need for cold stor
age, while guaranteeing high selectivity and sensitivity for Hg²⁺ detec
tion in the nanomolar range. This work demonstrates the potential of 
combining MOFs with gold nanoclusters to create a new family of 
functional nanocomposites that can be used as robust, highly sensitive 
and selective sensors for environmental monitoring.

2. Materials and methods

2.1. Chemicals

Zirconium chloride (ZrCl4, 99.8 %, Alfa-Aesar ≥99.5 %), 1,3,5-Ben
zenetricarboxylic acid (H3BTC, 98 %,Fisher Scientific), Isopropyl 
alcohol (≥99 %, Sigma-Aldrich,) Formic acid (≥96 %, Sigma-Aldrich), 
Acetic acid (≥99 % Sigma-Aldrich), Ethanol absolute (≥99 % VWR), 
Tetrachloroauric(III) acid trihydrate (HAuCl4⋅3H2O, 99 % Sigma- 
Aldrich), Sodium hydroxide (NaOH, ≥99 % Sigma-Aldrich), Bovine 
serum albumin (≥98 % Sigma-Aldrich), Hydrochloric acid (37 % Sigma- 
Aldrich), Nitric Acid (65 %, Sigma-Aldrich), Phosphate buffer solution 
pH=7 (Sigma-Aldrich), Ethylenediaminetetraacetic acid (EDTA, 98 % 
Aldrich), Mercury nitrate monohydrate (Hg(NO3)2⋅H2O), and other 
metal ions were all analysis reagent grade and purchased from Sigma- 
Aldrich. Milli-Q water (18.2 MΩ cm− 1) was used throughout the 
experiments.

2.2. Synthesis

2.2.1. Synthesis and purification of Au25@BSA
Au25@BSA nanoclusters were synthesized following the protocol 

reported by Xie et al. [25], with slight modifications. Prior to the syn
thesis, all glassware was rigorously cleaned with Aqua Regia (3:1 
mixture of HCl and HNO3) and thoroughly rinsed with ultrapure water 
to eliminate any metal contaminants. An aqueous solution of HAuCl4 (10 
mM) was prepared by dissolving the salt in 5 mL of ultrapure water. 

Separately, a Bovine Serum Albumin (BSA) solution (50 mg/mL) was 
prepared by dissolving the protein in 5 mL of ultrapure water. Both 
solutions were heated until they reached 37 ◦C. Subsequently, the BSA 
solution was placed in an oil bath maintained at 37 ◦C, and the HAuCl4 
solution was added to it under vigorous stirring. After 2 mins, NaOH 
solution (0.5 mL, 1 M) was added to adjust the pH to 11. The reaction 
mixture was maintained at 37 ◦C in the oil bath under continuous stir
ring for 12 h. At the end of the reaction, a red-brown solution was ob
tained (Fig. S1).

The as-synthesized Au25@BSA solution was purified to remove 
unreacted BSA and other byproducts according to the method described 
by Guan et al. [30]. Briefly, 2 mL of the Au25@BSA solution was added 
into a glass vial, followed by rapid injection of 2 mL of Zn²⁺ solution (10 
mM). The resulting precipitate was centrifuged at 6000 rpm for 10 mins 
and washed three times with distilled water. After discarding the su
pernatant, the precipitate was redispersed in 2 mL of PBS solution, 
yielding a clear brown solution. This was further diluted to a final vol
ume of 20 mL with ultrapure water.

2.2.2. Synthesis of MOF-808
MOF-808 was synthesized following a room temperature approach 

reported by Dai et al. [29], which involves the initial preparation of 
Zr6-oxoclusters as metal nodes of the MOF. In the first step, Zr₆-ox
oclusters were synthesized by dissolving ZrCl4 (10 g) in a mixture of 
acetic acid (15 mL) and isopropanol (25 mL). The mixture was stirred at 
500 rpm and heated to 120 ◦C for 60 mins under reflux. The resulting 
product was collected by gravity filtration, washed with cold iso
propanol, and dried in air at room temperature. Next, Zr6-oxoclusters 
(1.2 g) were dissolved in formic acid (3 mL) under stirring at 600 rpm. 
Subsequently, H2O (5 mL) was added dropwise, and the mixture was 
stirred until it became completely colourless. Then, 1,3,5-benzenetricar
boxylic acid (300 mg) was added, and the reaction mixture was stirred 
overnight at room temperature. The solid product was collected by 
centrifugation at 14,500 rpm for 5 mins, followed by washing with 40 
mL of H2O and 40 mL of ethanol. The washed solid was dried at 60 ◦C in 
air and activated under vacuum at 120 ◦C overnight to yield the final 
MOF-808 product.

2.2.3. MOF-808/Au25@BSA preparation
MOF-808 powders (100 mg) were dispersed in 20 mL of the diluted, 

purified Au25@BSA solution and sonicated for 10 mins. The resulting 
dispersion was then stirred continuously for 24 h. The product was 
subsequently recovered by centrifugation at 12,000 rpm for 10 mins, 
washed three times with 50 mL of ultrapure water to remove unbound 
clusters, and dried at 50 ◦C overnight.

2.3. Characterization and instrumentations

PXRD measurements were performed with a Malvern PANalytical 
Empyrean Alpha 1 machine in Bragg-Brentano geometry using Cu Kα1 
radiation in the range from 3◦ to 70◦. FTIR spectroscopy was carried out 
using a Shimadzu IR Affinity-1 FTIR spectrophotometer in transmittance 
mode from 400 to 4000 cm− 1. BET-specific surface area determination 
from N2 isotherms (77 K) was carried out according to the BET theory 
[31,32]. Data was recorded on an Anton Paar Autosorb IQ3 High Vac
uum Physisorption Analyzer. The sample (~50 mg) was added to a frit 
tube and activated in vacuum (150 ◦C or 400 ◦C, ~3 × 10–5 mbar, 12 h) 
prior to the measurement. Thermogravimetric measurements were 
performed using a Q5000 IR apparatus (TA Instruments) under an inert 
nitrogen atmosphere. The analysis was conducted over a temperature 
range of 25 to 700 ◦C at a scanning rate of 20 ◦C/min. The XRF spectra 
were recorded using a Bruker Tracer III–SD Series AXS portable spec
trometer having a Rhodium tube as X-ray generator and a silicon drift 
XFlash® with Peltier cooling system as a detector. The spectra were 
acquired with a voltage of 40 Kv and a current of 11 µA. In all spectra, 
there are also signals of Ar, Ni, Fe, Pt and Rh due respectively to the 
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atmosphere and to the instrumental components. Data analysis was 
performed using the ARTAX® software.

The absorption spectra were acquired by using a single-beam optical 
fiber spectrophotometer setup with Avantes AvaLight-DH-S-BAL dual 
halogen-deuterium light source and a Avantes AvaSpec-ULS2048CL- 
EVO-RS spectrometer allowing the investigation of a spectral window 
between 200 and 800 nm.

Time-resolved photoluminescence (TRPL) measurements were per
formed with OPOTEK VIBRANT tunable laser (pulse length of 5 ns, 
repetition rate 10 Hz) coupled with a Princeton Instruments Acton 
SP2300i spectrograph with PI-MAX CCD detector. All the TRPL mea
surements were acquired at a fixed excitation wavelength of 405 nm 
(bandwidth=4 nm), with a grating having λblaze=300 nm and 150 
groves/mm and slit aperture of 200 μm. The lifetimes curves were fitted 
with a double exponential decay function (Eqs. S1). The steady state 
fluorescence measurements were performed with a 405 nm Thorlabs 
CPS405 laser diode as excitation source and with a spectrophotometer 
setup composed by an Acton SpectraPro 2300i monochromator and a 
Princeton Instruments Pixis 400 CCD camera as detector, a 475 nm long 
pass filter was used to block stray light and diffuse excitation radiation. 
Measurements on the stability of MOF-808@Au25@BSA steady state 
luminescence were conducted on the same sample in powders put be
tween microscope glass slides, stored at room temperature and moni
tored one time per month. All sensing tests were conducted with 1 mm 
quartz cuvette. Fluorescence titration of MOF-808/Au25@BSA with 
Hg2+ and selectivity test with metal ions were conducted dispersing by 
sonication MOF-808/Au25@BSA powders in water with a concentration 
of 500 μg/mL and with the use of EDTA (0.5 mM) as masking agent for 
Cu2+ ions as previously reported by different works [33–35].

3. Results and discussions

3.1. Structural characterization

We first investigated the crystallinity of MOF-808 obtained by room 
temperature synthesis and the stability of the framework after the 
loading with Au25@BSA. Fig. 1 reports the PXRD patterns of MOF-808 
and MOF-808/Au25@BSA. Regarding MOF-808, the XRD pattern 
clearly shows that the MOF powders are highly crystalline with very 
sharp peaks at 4.3◦, 8.2◦, 8.6◦, 9.9◦ and 10.8◦ (Miller indices 111, 311, 
222, 400, 331 respectively), which undoubtedly match the known MOF- 
808 structure, as previously reported in the literature [28,29]. Mean
while, data collected for MOF-808/Au25@BSA confirm the retention of 

the main diffraction peaks, indicating that the incorporation of 
Au25@BSA nanoclusters does not significantly alter the crystal structure 
of MOF-808. Minor shifts in peak positions and variations in intensity 
suggest possible interactions between the MOF framework and the gold 
nanoclusters. No new peaks are visible indicating that gold nanoclusters 
are homogeneously distributed on or inside MOF particles without 
forming separate crystalline phases.

To further investigate the chemical structure and confirm the suc
cessful coupling of Au25@BSA nanoclusters with MOF-808, FTIR-ATR 
spectroscopy was performed (Fig. 2). MOF-808 infrared spectra show 
several characteristics sharp peaks. According to the literature the peak, 
at 1610 cm-1 is related to the stretching of aromatic C = C bonds 
belonging to the benzene tri-carboxylate (BTC) linker, the peaks at 1560, 
1441 1385 cm-1 are related to the symmetrical and asymmetrical 
stretching of the carboxylate groups, while the peak at 657 cm-1 is 
related to the collective vibrations of the Zr6-oxoclusters node within 
MOF-808 involving multiple Zr–O bonds [36]. Examining the spectra of 
MOF-808/Au25@BSA confirms the presence all aforementioned vibra
tions of the framework, supporting the XRD data in the assumption that 
MOF-808 withstood combination with Au25@BSA. Moreover, the broad 
band between 3400 and 3200 cm-1 highlights the presence of -OH and 
-NH2 groups, while the increase in relative intensity of the bands at 1610 
and 1560 cm-1 can be attributed to the overlapping of these bands with 
the amide I and amine scissoring bands of BSA [37]. Therefore, also the 
FTIR spectra of MOF-808/Au25@BSA confirm the efficient combination 
of gold clusters with the MOF framework.

To complement the structural characterization of the materials, we 
also conducted N2 adsorption measurements, and the Brunauer-Emmett- 
Teller (BET) surface area was calculated (Fig. S2). MOF-808 exhibits a 
type I isotherm, with a specific surface area of ≈ 2090 m² g⁻¹, which is 
consistent with the values reported in the literature [28,29]. Conversely, 
the MOF-808/Au25@BSA composite shows a significantly lower BET 
surface area of 465 m² g⁻¹. This reduction can be attributed to 
Au25@BSA nanoclusters, which increase the mass and thus reducing the 
surface area per unit mass. Additionally, the nanoclusters may partially 
limit the accessibility of N₂ molecules to the internal surface of 
MOF-808. The decrease in surface area suggests successful combination 
of the nanoclusters with the framework, impacting the overall porosity. 
We performed thermogravimetric analysis (TGA) and differential ther
mal analysis (DTA) on both MOF-808 and MOF-808/Au25@BSA. The 
corresponding results are shown in Fig. 3.

The TGA curve for MOF-808 (Fig. 3a) reveals three distinct weight 

Fig. 1. X-ray diffraction (XRD) patterns of MOF-808 (black) and the MOF-808/ 
Au25@BSA composite (red). The labels indicate the Miller indices of the 
observed peaks.

Fig. 2. FTIR-ATR spectra of MOF-808 (black) and the MOF-808/Au25@BSA 
composite (red). Labels indicate the attribution of the main observed spectral 
features to characteristic vibrational modes of the system.
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loss steps. The first minor weight loss below 200 ◦C is attributed to the 
desorption of water and ethanol molecules. The second step, occurring 
between 200 ◦C and 350 ◦C, corresponds to the decomposition of formic 
acid molecules coordinated with the Zr6 nodes. A major weight loss is 
observed between 400 ◦C and 600 ◦C, which is attributed to the com
bustion of the BTC linker coordinated with the Zr6 nodes. According to 
the DTA, this combustion occurs at 520 ◦C. Following this, BTC is ex
pected to completely burn out, and the Zr6 oxoclusters decompose at 570 
◦C, leaving zirconium dioxide (ZrO2) as the final residue [38]. The 
TGA/DTA analysis of MOF-808/Au25@BSA (Fig. 3b) exhibits a similar 
profile to that of MOF-808 but with some notable differences. The initial 
weight loss below 200 ◦C is slightly higher than that to MOF-808, likely 
due to the increased adsorption of water caused by the hydrophilic BSA 
coating on the Au25@BSA clusters. The weight loss between 200 ◦C and 
350 ◦C is less pronounced, suggesting that BSA may coordinate with the 
accessible binding sites of MOF-808, replacing the formic acid. Mean
while the weight loss between 400 ◦C and 600 ◦C is greater than 
MOF-808, due to the decomposition of both the BTC linker and the 
organic BSA coating of the Au25 nanoclusters. Notably, the DTA of 
MOF-808/Au25@BSA shows an additional peak at 535 ◦C, likely corre
sponding to the decomposition of the BSA. Finally, the residual weight at 
the end of the analysis (approximately 2 % for MOF-808/Au25@BSA) is 
slightly higher than that of MOF-808. This increased residue confirms 
the presence of thermally stable metallic gold in the sample.

Finally, we conducted XRF analysis on both MOF-808 and MOF-808/ 
Au25@BSA to confirm the presence of gold in the composite material 
and the spectra are reported in Fig. 4.

The XRF spectrum of pristine MOF-808 clearly shows the charac
teristic zirconium peaks, specifically the Kα₁ and Kβ₁ lines at 15.76 and 
17.68 keV, respectively, along with the Lα₁ line at 2.04 keV. In contrast, 
the XRF spectrum of the MOF-808/Au25@BSA composite displays, in 
addition to the Zr lines, two distinct gold peaks: the Au Lα and Lβ lines at 
approximately 9.7 and 11.5 keV, respectively [39]. These findings 
provide definitive confirmation of the successful incorporation of 
Au25@BSA nanoclusters into the composite material.

3.2. Optical characterization

We next investigated the luminescent properties of both Au25@BSA 
clusters and MOF-808/Au25@BSA. As reference we first characterized 
Au25@BSA. In Fig. 5 absorption and steady state emission spectra of 
Au25@BSA clusters are reported.

Absorption spectra (Fig. 5a) show an evident band at 275 nm which 
is due to the absorbance of aromatic amino acids, mainly tryptophan and 

tyrosine present in BSA. At longer wavelengths, the absorption spectrum 
appears largely unstructured, suggesting large scattering contributions 
mostly concealing the absorption bands in the 300 - 450 nm region due 
to HOMO–LUMO electronic transitions within Au clusters, as previously 
reported by many different works [25,37,40]. Meanwhile steady state 
emission spectra of Au25@BSA excited at 405 nm (Fig. 5b) shows its 
typical large Stokes-shifted band centred at 660 nm which is the result of 
a HOMO-LUMO transition followed by an internal intersystem crossing 
from the initially excited singlet state to a lower-lying triplet state [41].

Meanwhile, the steady state emission spectra of MOF-808/ 
Au25@BSA powders dispersed in water and in solid state excited at the 
same excitation wavelength (405 nm) result in an emission band which 
is very similar to the one of bare Au25@BSA, but with a remarkable red 
shift of about 10 nm (Fig. 6). Similar redshifts are usually caused by 
changes in the environment that surrounds gold clusters. For example, 
Raut et al. [40] reported a solvatochromic effect when solvent of 
Au25@BSA is changed. Moreover, as already observed by Ficarra et al. 

Fig. 3. TGA/DTA analysis of MOF-808 (a) and MOF-808/Au25@BSA (b). The black curve represents the thermogravimetric weight loss (TGA), while the red curve 
corresponds to the differential thermal analysis (DTA) indicating heat flow.

Fig. 4. XRF spectra of MOF-808 (black) and MOF-808/Au25@BSA composite 
(red). The labelled peaks indicate the XRF lines of zirconium (Zr) and gold (Au). 
The inset highlights an enlarged region of the spectrum to better visualize the 
Au lines.
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[42], the red shift in the emission band of a luminescent guest species 
combined with MOF is likely due to electrostatic interactions between 
the MOF and the luminescent guest. This result is particularly interesting 
as it represents a spectroscopical evidence of the efficient Au25@BSA 
loading onto MOF-808. In order to deeply investigate these interactions, 
we have also performed time resolved photoluminescence (TRPL) to 
check if the host framework affects the radiative and non-radiative 
relaxation processes of the gold nanocluster. In Fig. 7 the lumines
cence decay curves of Au25@BSA and MOF-808/Au25@BSA (λexc=405 
nm) with their respective fits superimposed are reported.

The luminescence of Au25@BSA (Fig. 7a) follows a double expo
nential decay with characteristics lifetimes τ1= 75 ± 6 ns and τ2=1.3 ±
0.06 μs which is in good accordance with lifetimes previously reported 
in literature [37,40,41,43]. While the luminescence of 
MOF-808/Au25@BSA (Fig. 7b) maintains the double exponential decay 
behaviour, the characteristic lifetimes are sensibly reduced to τ1= 15 ±
1 ns and τ2= 330 ± 18 ns. This result could likely be explained by 
assuming that when Au25@BSA are incorporate in MOF-808 new non 

radiative channels are activated resulting in an increase of the 
non-radiative decay component of the overall relaxation process, which 
is a situation already reported in many cases of incorporation of lumi
nescent guests into MOFs [44]. Therefore, the electrostatic interaction 
between MOF-808 and Au25@BSA has been confirmed by both steady 
state and time resolved photoluminescence. Finally, we checked if this 
interaction could influence the stability on the A25@BSA clusters 
embedded in MOF structure, by monitoring the steady state emission of 
the same sample in powders (λexc= 405 nm) of MOF-808/Au25@BSA 
during months, as shown in Fig. 8. The emission peak consistently ap
pears around 670 nm, with no significant changes in either intensity or 
spectral position throughout time. This stability in the emission profile 
demonstrates the remarkable stability of MOF-808/Au25@BSA and in
dicates that the photoluminescent properties of Au25@BSA clusters are 
effectively preserved within the MOF-808 framework. The ability to 
maintain stable emission over extended periods reinforces the suitability 
of MOF-808/Au25@BSA as a robust platform for luminescent sensor 
technologies and offers a considerable improvement over Au25@BSA 
which have been reported to be not very stable at room temperature and 
therefore are usually stored at 4 ◦C [25–27,30]. Indeed, as previously 
reported by Yuan et al. [45] UV–Vis absorption bands of AuNCs signif
icantly reduce their intensity during the time when they are incubated at 
25 ◦C due to aggregation or structure decomposition of AuNCs thus 
limiting their practical use.

Furthermore, we investigated the effect of pH and the ionic strength 
on the luminescence intensity of MOF-808/Au25@BSA dispersed in 
aqueous solution to evaluate the resilience of the material under varying 
environmental conditions.

The results, shown in Fig. 9a, indicate that the luminescence remains 
stable in the pH range of 6–9, with the highest intensity observed at pH 
7. A noticeable reduction in luminescence occurs at pH values below 5 
and above 9, consistent with previous reports for Au25@BSA clusters 
alone. This behaviour is attributed to conformational changes in BSA 
and aggregation of the clusters. However, in MOF-808/Au25@BSA, the 
luminescence reduction is significantly less pronounced. At pH 2, the 
luminescence decreases by only 26 % compared to a 50 % reduction 
observed for Au25@BSA clusters alone [46]. Since drinkable water 
typically has a pH range of 6.5–8.5 and mercury precipitates as Hg(OH)2 
at pH levels above 9, MOF-808/Au25@BSA exhibits strong performance 
within the optimal pH range for mercury detection [47,48]. Moreover, 
the relative emission intensity of MOF-808/Au25@BSA remains nearly 
stable upon varying the ionic strength of KCl solutions, even at con
centrations close to that of seawater (0.5 M) highlighting its robustness 

Fig. 5. Absorption (a) and steady state emission spectra (b) of Au25@BSA in water solution.

Fig. 6. Steady state emission spectra excited at 405 nm of Au25@BSA in water 
(black), MOF-808/Au25@BSA powders in water (red) and MOF-808/Au25@BSA 
powders in solid state (green).
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in real-world condition [49].

3.3. Sensing performance

Finally following the structural and optical characterization, the 
sensing capabilities of MOF-808/Au25@BSA were investigated. The 
sensing performance of MOF-808/Au25@BSA was first evaluated by 
investigating their response and selectivity to various common metal 
ions in aqueous solution at a fixed concentration (30 μM). The results are 
reported in the histogram in Fig. 10.

The histogram in Fig. 10a shows that, under equal concentration 
conditions, aqueous Hg2+ ions selectively quench the luminescence of 
MOF-808/Au25@BSA powders dispersed in water, resulting in a reduc
tion of the relative emission intensity by approximately 60 %, while 
other metal ions do not significantly affect the luminescence of this 
material. Furthermore, the histogram in Fig. 10b compares the lumi
nescence behaviour when Hg2+ ions are mixed with other metal ions. 
The results show that the presence of competing ions does not alter the 
quenching effect induced by Hg2+. These results confirm the robustness 
and specificity of the MOF-808/Au25@BSA system for detecting Hg²⁺ in 
complex aqueous environments. Ours results are consistent with the 

data reported in the literature for Au25@BSA alone, where Hg2+

quenches the luminescence of the AuNCs due to metallophilic Hg–Au(I) 
interactions. Theoretical studies suggest that dispersion forces between 
closed-shell metal atoms are highly specific and strong. These in
teractions are significantly enhanced by relativistic effects, especially in 
systems involving heavy ions such as Hg2+ (4f145d10) and Au+

(4f145d10) [26]. Through these non-covalent d10-d10 interactions, Hg2+

binds to Au+ atoms present in the Au25@BSA clusters. Upon binding, 
Hg2+ is reduced to Hg+, forming an Hg-Au amalgam [50]. Furthermore, 
as reported by Yu et al. [51], Hg+ depletes electrons from the excited 
triplet state of Au25@BSA clusters through efficient electron transfer, 
leading to luminescence quenching.

These results demonstrate that the sensing properties of Au25@BSA 
towards Hg²⁺ are retained after incorporation into MOF-808, confirming 
that MOF-808/Au25@BSA is a promising candidate for detecting Hg²⁺ 
ions at trace concentrations. Having demonstrated the high selectivity of 
MOF-808/Au25@BSA towards Hg²⁺ ions, the sensitivity of the material 
was further investigated through fluorescence titration experiments 
(Fig. 11a) dispersing the powders in aqueous solution.

Luminescence measurements were conducted by progressively 
increasing the concentration of Hg²⁺ ions in aqueous solution, ranging 
from 5.0 to 2000 nM. As observed in the selectivity tests, the lumines
cence intensity of MOF-808/Au25@BSA, excited at 405 nm, systemati
cally decreased with increasing Hg²⁺ concentration, confirming the 
quenching effect of Hg²⁺. From these data, a Stern-Volmer curve was 
generated by plotting the relative emission intensity against Hg²⁺ con
centration, revealing a clear linear relationship in the range of 5–150 
nM, with a R² value of 0.986 (Fig. 11b). The limit of detection (LOD), 
calculated as the minimum concentration of quencher that causes a 
reduction larger than three times the standard deviation of the blank, 
was 4.6 nM. This is an impressive result given that our LOD is signifi
cantly lower– by a factor of two and six – than the U.S. Environmental 
Protection Agency (USEPA) and World Health Organizzation (WHO) 
limits for Hg²⁺ in drinking water, which are 9.6 nM (2 ppb) and 29 nM (6 
ppb), respectively [52,53]. These results underscore the sensitivity of 
MOF-808/Au25@BSA as a luminescent sensor for detecting Hg²⁺ at trace 
levels, complementing the high selectivity observed earlier.

Based on the results reported by Yu et al. and Hu et al., the binding of 
Hg²⁺ to Au25@BSA does not alter the nanoclusters’ luminescence life
time, indicating that the quenching mechanism follows static quenching 
[51,54]. Under these conditions, the Stern-Volmer constant KSV in the 
well-known equation: 

I0

I
= KSV

[
Hg2+]+ 1 

Fig. 7. Luminescence decay curves and respective fits of Au25@BSA in water solution (a) and MOF-808/Au25@BSA powders (b) exited ad 405 nm.

Fig. 8. Steady state emission spectra of MOF-808/Au25@BSA collected during 
a time span of several months, proving the stability of the composite.
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is equivalent to the binding constant KB of the Au25@BSA-Hg2+ complex 
[55]. Accordingly, as reported in Fig. 11b, the binding constant is 
KB=5.91⋅106 M-1 (pKB=6.77).

Lastly, we confronted the performance of our MOF-808/Au25@BSA 
sensor with other novel LMOFs based sensor for Hg2+ as reported in 
Table 1.

The LOD achieved by our sensor (4.6 nM) demonstrates excellent 
sensitivity, positioning it among the most efficient LMOF-based sensors 
for Hg2+ detection therefore once again demonstrating the worthiness of 
MOF-808/Au25@BSA as a sensor for Hg2+ in aqueous solution.

4. Conclusions

In this study, we successfully developed a highly sensitive and se
lective luminescent sensor based on MOF-808 embedded with 
Au25@BSA gold nanoclusters for the detection of Hg²⁺ ions in aqueous 
environments. The incorporation of Au25@BSA into the MOF-808 
framework not only enhanced the thermal and temporal stability of 

the nanoclusters but also preserved their luminescent properties. 
Structural characterization confirmed that the MOF-808 maintained its 
crystalline integrity after loading with Au25@BSA, while optical studies 
revealed a red-shift in the emission spectrum of the MOF-808/ 
Au25@BSA composite respect to Au25@BSA alone, further supporting 
the efficient embedding of the nanoclusters. The sensor demonstrated 
excellent selectivity towards Hg²⁺, with minimal interference from other 
common metal ions. Titration experiments showed a clear linear rela
tionship between luminescence quenching and Hg²⁺ concentration in the 
range of 5–150 nM, with a remarkable detection limit of 4.6 nM. This is 
significantly below the WHO and USEPA guidelines for mercury in 
drinking water. These results confirm that the MOF-808/Au25@BSA 
composite represents a highly effective luminescent sensor for detecting 
trace levels of Hg²⁺ in aqueous environments. The combination of high 
selectivity, sensitivity, and long-term stability at room temperature 
makes this sensor a promising and robust material for environmental 
monitoring.

Fig. 9. Normalized luminescence intensity of MOF-808/Au25@BSA dispersed in aqueous solution across different pH values (a) and KCl solutions with different ionic 
strengths (b).

Fig. 10. a) Relative luminescence response of MOF-808/Au25@BSA powders in the presence of various metal ions (30 µM), highlighting strong and selective 
quenching in the presence of Hg2+. b) Relative luminescence intensity of MOF-808/Au25@BSA in the presence of Hg2+ mixed with other metal ions.
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