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Abstract

Carbon dots and gold nanoclusters co-encapsulated by zeolitic imidazolate framework-8 (CDs/AuNCs@ZIF-8) have been
obtained at room temperature. The composite has been applied to the ratiometric fluorescence determination of mercury(Il).
The composite shows fluorescence emission maxima at 440 and 640 nm under 360 nm excitation, due to the CDs and AuNCs,
respectively (associated quantum yields were 18% and 17%, respectively). In the presence of Hg*, the fluorescence at about
640 nm is quenched, while the fluorescence at about 440 nm is unaffected. The CDs/AuNCs@ZIF-8 composite allows the
sensitive detection of Hg2+, with the fluorescence intensity ratio (Ig40/l440) decreasing linearly with Hg2+ concentration over the
range 3-30 nM. The fluorescence emission of the composite changes color from red to blue with increasing Hg?* under UV
excitation, which can easily be discerned visually. This visual detection of Hg** is due to the high fluorescence quantum yields of
the CDs and AuNCs and the ~200 nm separation between the two emission maxima.

Keywords Zeolitic imidazolate framework-8 - Carbon quantum dots - Fluorescent metal nanoclusters - Ratiometric fluorescence
nanoprobe - Hg(Il) ions - Dual-emission nanocomposites - Visual determination - Fluorescence quenching - Water samples -
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Introduction human health. Many traditional methods used for Hg** detection

and quantification, such as inductively coupled plasma mass

Mercury(Il) ions are toxic to humans and many other living
organisms. Accordingly, the monitoring of Hg”* in waterways
and foods is vital in environmental protection, food safety, and
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spectrometry (ICP-MS) or spectrophotometric assay, suffer from
limitations such as sophisticated instrumentation or complicated
sample preparation, respectively [1-4]. Fluorescence-based as-
says for Hg** offer numerous advantages for Hg** quantification
owing to their low limits of detection, fast analysis times, and low
equipment capital costs. Particularly promising are ratiometric
fluorescence methods, whereby a sample has two fluorescence
maxima with one of the fluorescence signals selectively sup-
pressed or enhanced in the presence of the analyte (while the
other is unaffected by the analyte). This allows for self-
referencing (i.e., correction of fluorescent intensities due to dilu-
tion or matrix effects) [5]. Recently, some dual-emission fluores-
cent nanohybrids combining gold nanoclusters (AuNCs) and
carbon dots (CDs) have been developed and successfully applied
to the detection of heavy metal ions [6—8]. Such nanohybrids
offer many advantages, including simple synthesis process,
prominent fluorescent property, high water solubility, and low
toxicity [9-11].

Most of dual-emission fluorescent probes reported to date
have been obtained by laborious “three-step” approaches,
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involving the independent synthesis of the two fluorescent
materials and then construction of hybrid composite materials
through chemical cross-linking [6, 12]. In a previous report, a
carbon dot-gold nanocluster (CD-AuNC) hybrid was obtained
through a simple mixing reaction owing to specific bonding
interactions involving the surface functional groups on the
carbon dots and gold nanoclusters [7]. Under UV excitation
(360 nm), the quantum yields of fluorescence of the CDs
(emission at 440 nm) and the AuNCs (emission at 655 nm)
in the nanohybrid were 14% and 13%, respectively. High
quantum yield is vital for the practicability of the fluorescence
ratiometric detection of heavy metals. In a previous report, the
encapsulation of silver nanoclusters into a metal-organic
framework (MOF) matrix was found to remarkably enhance
the fluorescence of the Ag nanoclusters. Owing to their
tailorable porosity and ease of construction using metal
cations/clusters and organic linkers, MOFs are increasingly
being used in the encapsulation of nanoparticles and
nanosized guests [13]. Among the families of MOFs synthe-
sized to date, zeolitic imidazolate framework-8 (ZIF-8) pos-
sesses many distinct advantages for the encapsulation of nano-
particles and nanosized guests, in particular the very mild
synthetic conditions [14]. ZIF-8 coatings can rapidly form
on the surface of biomaterials (proteins, enzymes, or DNA)
and enzymes, with several different types of enzymes able to
be co-encapsulated into ZIF-8 crystals [15, 16]. Proteins are
often used as stabilizing agents of AuNCs, thus hinting at the
potential of ZIF-8 to be used as an encapsulant of fluorescent
AuNCs [17-19]. Inspired by the findings above, we hypoth-
esized that ZIF-8 can be used as a host to encapsulate fluores-
cent AuNCs and CDs, thus producing a dual-emission fluo-
rescent nanohybrid with high quantum yields for ratiometric
Hg?* detection.

A nanohybrid comprising carbon dots and gold
nanoclusters co-encapsulated by zeolitic imidazolate
framework-8 (CDs/AuNCs@ZIF-8) was obtained in aqueous
solution at ambient conditions (Fig. 1). Red-emissive AuNCs
were synthesized using bovine serum albumin as template
[20]. BSA-AuNCs were chosen as the signal probe of Hg”*
[21] for the following reasons: (1) Hg*" ions can quench the
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fluorescence of BSA-AuNCs owing to the strong Hg**-Au*
metallophilic interaction; (2) bovine serum albumin is a low-
cost commercially available protein capable of both stabiliz-
ing AuNCs and facilitating the crystallization of ZIF-8; and
(3) the synthesis of BSA-AuNCs is inexpensive, facile, and
environmentally friendly. CDs were prepared using citric acid
and ethylenediamine in accordance with the procedure de-
scribed by Yang [22]. The -NH, and -COOH groups on the
surface of CDs prepared by this method act to concentrate the
ZIF-8 framework building blocks and facilitate the crystalli-
zation of ZIF-8. Further, the quantum yield of the CDs pre-
pared by this method can be as high as 20.9-80.6% depending
on the amounts of citric acid and ethylenediamine used, with
the synthesis offering a good yield (ca. 58%). Results of this
study validated our hypothesis, with the CDs/AuNCs@ZIF-8
nanohybrid showing intense emission peaks at 440 nm and
640 nm under 360 nm excitation and high quantum yields
(18% for the CDs and 17% for the AuNCs). In the presence
of Hg2+, the fluorescence at 640 nm (due to the AuNCs) was
quenched in proportion to the Hg>* concentration, while the
fluorescence at 440 nm (due to the CDs) was insensitive to the
Hg”* concentration. On increasing the concentration of Hg”*,
the color of the CDs/AuNCs@ZIF-8 nanohybrid changed
from red to blue. The fluorescence Ig40/440 ratio decreased
linearly with Hg>* concentration in the range 3-30 nM, with
an Hg”* detection limit of ~ 1 nM established.

Experimental section
Materials and apparatus

Chloroauric acid tetrahydrate (HAuCl,-4H,0), bovine serum
albumin (BSA), citric acid, ethylenediamine, NaH,POy,,
Na,HPO4, HCI, NaOH, NaCl, Cu(Ac),, Pb(Ac),, FeCls,
NH4Ac, CaCl,, Mg(Ac),, CdCl,, KAc, Cr(Ac);, and
Hg(Ac), were purchased from Aladdin Ltd. (Shanghai,
China, https://www.aladdin-e.com/). All the reagents were
used directly without extra purification. Doubly distilled
water was used in all experiments.
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Fig. 1 Schematic diagram showing the synthesis of the CDs/AuNCs@ZIF-8 nanohybrid and its operating principle for the ratiometric fluorescence

detection of Hg**
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The morphology of the CDs/AuNCs@ZIF-8 nanocompos-
ites was analyzed by scanning electron microscopy (SEM)
(Hitachi S-4800, https://www.uvic.ca/research/
advancedmicroscopy/about/microscopes/sem/index.php).
Powder X-ray diffraction (XRD) data were collected using a
Bruker D8 Advance (PANalytical X Pert, Netherlands; www.
malvernpanalytical.com.cn). Fluorescence spectra were
gained on a Cary Eclipse spectrophotometer (USA,
VARIAN, www.varian.com). The fluorescence microscopy
images of CDs/AuNCs@ZIF-8 were obtained on a Nikon
Eclipse Ti-S (Shanghai, China, https://www.nikon.com.cn/
sc_CN/). The calculation of quantum yields was stated in
supplementary information. The lifetimes under 360 nm
excitation were obtained on an Edinburgh steady-state and
lifetime spectrometer (FLS920, https://www.instrument.com.
cn/list/ WM1084162). The FT-IR spectra were recorded using
a spectrum PerkinElmer RIX spectrometer (PerkinElmer,
Boston, MA, https://www.perkinelmer.com). Dynamic light
scattering (DLS) showed the size distributions for the sample
(Zetasizer-Nano-ZS, England, http://malvern.cnpowder.com.
cn/).

Synthesis of the CDs/AuNCs@ZIF-8 nanocomposites

CDs were prepared according to a reported method [23].
Generally speaking, 2.1 g of citric acid, 67 uL of
ethylenediamine, and 20 mL of doubly distilled water were
mixed and added to a 50-mL Teflon-lined autoclave and heat-
ed at 200 °C for 5 h. After cooling to room temperature, the
dark dispersion was obtained and centrifuged at 10,000 rpm
for 15 min to remove any large particles. The supernatant was
then dialyzed against deionized water in dialysis membrane
(2000 MW CO) for 3 days, and the CD solution was obtained.

AuNCs were also prepared according to a literature method
[20]. Aqueous solutions of HAuCl, (10 mL, 10 mM) and BSA
(10 mL, 50 mg'mL ") were mixed under drastic stirring for
2 min. Then, 1 mL of NaOH (1 M) was added and the
resulting mixture was incubated at 37 °C for 12 h. The
AuNCs obtained were dark-brown in color.

To prepare the CDs/AuNCs @ZIF-8 nanocomposite, 1 mL
of dimethylimidazole (2-Melm, 40 mM) and 1 mL of Zn(Ac),
(160 mM) were added successively to a mixed dispersion
containing the CDs (600 uL, 1.0 mg mL ") and AuNCs
(600 pL, 0.8 mg mL ") under strong shaking. The resulting
dispersion was then incubated for 12 h at room temperature.
The CDs/AuNCs@ZIF-8 nanocomposite was isolated by
centrifuging at 3000 rpm for 15 min, then washed three times
with water.

Ratiometric fluorescence detection of Hg>* ions

The detection method of Hg** ions was performed as follows.
The fluorescence spectrum of the CDs/AuNCs@ZIF-8

nanocomposite dispersion (2 mL, 20 mg mL™") was first re-
corded under 360 nm excitation. Next, aqueous Hg** (30 uL)
of a specific concentration was added into the CDs/
AuNCs@ZIF-8 nanocomposite dispersion. After shaking
and incubating for 1 min, the fluorescent spectrum of the
nanocomposite dispersion was again measured under
360 nm excitation, with the fluorescence intensities at
440 nm and 640 nm measured. The fluorescence intensity
ratio (Zs40/l440) Was then calculated and used to create a cali-
bration curve of Ig49/I44¢ Versus Hg2+ concentration. For each
incubation, a digital photograph was also taken under UV
excitation so that the fluorescence color changes of the
nanohybrid dispersion with Hg”* concentration could be
followed.

Detection of Hg>* in real samples

The detection of Hg®" in real samples was also performed.
Briefly, water samples (river water or tap water) were first
filtered through a 0.22-um filter; next, Hg* ions of a specific
concentration were added to the water samples containing the
CDs/AuNCs@ZIF-8 nanocomposite (40 mg mL™', 1 mL), to
give standard Hg2+ concentrations of 5 nM, 10 nM, and
20 nM. Fluorescence spectra were then collected for the nano-
composite dispersions under 360 nm excitation (with or with-
out Hg2+ ions added), and the fluorescent intensities at 640 nm
and 440 nm measured.

Results and discussion

Preparation and characterization of the
CDs/AuNCs@ZIF-8 nanocomposite

The particle size distributions of the CDs and AuNCs used in
the construction of the CDs/AuNCs@ZIF-8 nanocomposite
were examined by DLS (Fig. S1). The average sizes of the
CDs and AuNCs were 2.8 nm and 0.8 nm, respectively.
Encapsulation of the CDs and AuNCs by ZIF-8 was easily
achieved due the surface functional groups on these nanopar-
ticles which acted to concentrate the Zn** and 2-methy! imid-
azole linker. Fluorescence intensity measurements were used
to identify the optimal amounts of CDs, AuNCs, 2-Melm, and
Zn(Ac), for the synthesis of highly fluorescent CDs/
AuNCs@ZIF-8 nanocomposites. The best concentrations of
each were determined to be 187.5 pg/mL, 129.0 pg/mL,
12.5 mM, and 50.0 mM, respectively (Fig. S2). As shown in
Fig. 2A, the CDs/AuNCs@ZIF-8 nanocomposite was crystal-
line, with an average particle size of ~ 150 nm (Fig. S3). As
shown in the XRD patterns of Fig. S4, the introduction of CDs
and AuNCs has no distinct influence on the crystal structure of
ZIF-8 [24, 25]. Figure 2B shows confocal laser scanning mi-
croscopy images for the CDs/AuNCs@ZIF-8 nanocomposite.
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Fig. 2 (A) SEM micrograph of
the CDs/AuNCs@ZIF-8
nanocomposite. (B) Fluorescence
microscope images of the CDs/
AuNCs@ZIF-8 nanocomposite
under (a) bright field, (b) 450 nm,
(c) 550 nm, and (d) 580 nm
excitation

Depending on the excitation wavelength, different emission
colors were seen (i.e., purple, green, or red), indicating that
CDs and AuNCs were successfully co-encapsulated in the
ZIF-8 crystals. The CDs and AuNCs can be both encapsulated
owing to the similar groups on their surfaces, such as amino
and carboxyl. In comparison with the pure ZIF-8, the FT-IR
spectrum (Fig. S5) of the composite shows extra peak at
1610—-1640 ¢cm™ ', which can be attributed to the C=0
stretching bands of the carboxyl groups from CDs and
AuNCs.

Fluorescent property of the CDs/AuNCs@ZIF-8
nanocomposite

Figure S6 shows fluorescence spectra of the CDs/
AuNCs@ZIF-8 nanocomposite under 360 nm excitation, in
the absence and presence of Hg>*. In the absence of Hg?*, the
nanocomposites showed two intense and well-separated emis-
sion peaks at 440 nm and 640 nm. The peak positions in the
nanocomposite were slightly blue shifted relative to the corre-
sponding emissions for the as-prepared CDs (447 nm) and
AuNCs (655 nm), which can be attributed to the surrounding
ZIF-8 matrix. In presence of Hg**, the fluorescence at 640 nm
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associated with the AuNCs was selectively quenched, while
the fluorescence at 440 nm associated with the CDs remained
almost unchanged. The quantum yields of fluorescence at
440 nm and 640 nm were estimated to be around 18% and
17%, respectively. The quantum yield at 440 nm is slightly
lower than that of as-prepared CDs (20.9%), whereas the
quantum yield at 640 nm was much higher than that of the
as-prepared AuNCs (2.3%). It is concluded that the ZIF-8 host
greatly enhanced the fluorescence emission of the AuNCs.
Figure S7A shows the fluorescence lifetime curves at
440 nm for the as-prepared CDs and the CDs/AuNCs @ZIF-
8 nanocomposite under 360 nm excitation. The average fluo-
rescence lifetimes of the CDs and CDs/AuNCs@ZIF-8 nano-
composites were 7.17 ns and 2.62 ns, respectively.
Figure S7B shows the fluorescence lifetime curves at
640 nm for AuNCs and the CDs/AuNCs@ZIF-8 nanocom-
posite under 360 nm excitation. The average fluorescence
lifetimes of AuNCs and CDs/AuNCs@ZIF-8 were 1.88 us
and 2.91 ps, respectively. These results indicate possible
charge transfer processes between the ZIF-8 host and the guest
materials [26, 27].

The effects of pH, ionic strength, and UV exposure on the
fluorescence intensity of the CDs/AuNCs@ ZIF-8
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nanocomposite are discussed in Fig. S8. Figure S8A shows
the effect of pH on the fluorescence intensity of CDs/
AuNCs@ZIF-8. The fluorescence intensity at 440 nm de-
creased gradually with increasing pH in the range 5-9, which
may be attributed to deprotonation of surface groups on the
CDs with increasing pH [26]. The fluorescence intensity at
640 nm increased with increasing pH in the range 5-9, possi-
bly due to a conformation change of the BSA [27]. In the
absence of Hg2+, the Ig40/l440 at pH 7.0 solution was 0.94,
being closer to 1.0 compared with the other pH values.
Figure S8B shows the effect of salt concentration on the fluo-
rescence intensity of CDs/AuNCs@ZIF-8. When the salt con-
centration was in the range 50-250 nM, the fluorescence of
the sensor was largely unaffected [28, 29]. Figure S8C shows
that the CDs/AuNCs @ZIF-8 nanocomposite possessed excel-
lent photostability. Possible leaching of CDs and AuNCs from
the nanocomposite was also investigated. After 24-h storage,
the CDs/AuNCs@ZIF-8 dispersion was centrifuged at
3000 rpm for 10 min to remove the CDs/AuNCs @ZIF-8 com-
posite. The supernatant showed no fluorescence under 360 nm
excitation, confirming neither CDs nor AuNCs were released
from the nanocomposite into solution (further validating the
choice of ZIF-8 as a host).

Figure S9A shows the fluorescence lifetime curves at
440 nm for CDs/AuNCs@ZIF-8 under 360 nm excitation,
with and without Hg>* being present. The average fluores-
cence lifetime of CDs/AuNCs@ZIF-8 nanocomposite shows
no obvious change in presence of Hg?" ions, consistent with
the fact that the CDs do not interact with Hg”*. Figure S9B
shows the fluorescence lifetime curves at 640 nm for the nano-
composite under 360 nm excitation. On adding Hg** ions, the
fluorescence lifetime of the nanocomposite also shows a neg-
ligible change, indicating that the quenching of fluorescence
of the AuNCs by Hg2+ was a static process. Figure S9 shows
the effects of pH, ionic strength, and the reaction time on the
Ig40/1440 ratio for the CDs/AuNCs @ZIF-8 nanocomposite in
the absence and presence of Hg”*. In the presence of 25 nM
Hg?*, the Igao/luao ratio shows the biggest change at pH 7.0
(Fig. S10A); thus, subsequent studies for the detection of Hg2+
were carried out in deionized water at pH 7.0 for maximum
sensitivity. Figure S10B shows that the salt concentration has
little the Z540/144¢ ratio, so no extra salt needs to be added to the
system for ionic strength regulation. Figure S10C shows that
the Ig40/1440 ratio decreased to a minimum value after 1 min
and then remained constant, so the reaction time was fixed at
1 min before the determination of the lg40/I44¢ ratio. The lon-
ger reaction time has no effect on the detection.

Ratiometric fluorescence detection of aqueous Hg**
using the CDs/AuNCs@ZIF-8 nanocomposite

To evaluate the performance of the CDs/AuNCs@ZIF-8
nanocomposite for the ratiometric fluorescence assaying of

Hg?*, the response of the nanocomposite to different concen-
trations of Hg”* was assessed. As shown in Fig. 3A, the fluo-
rescence intensity at 640 nm progressively decreases with
increase of Hg”* concentration, while the fluorescence emis-
sion at 440 nm shows no obvious change. Figure 3B shows a
plot of Zg40/I440 Versus Hg2+ concentrations, revealing a good
linear relationship in the concentration range of 3—30 nM. The
regression equation is Zg40/l4490 =—0.0327¢ +0.9711 (R*=
0.9947), where c is the Hg2+ concentration in nM. The detec-
tion limit is 1 nM. Table S1 shows the comparison of the
different ratio fluorescent determinations of Hg”*, suggesting
that the sensitivity of this method is higher than that of most
previously reported fluorescent assay systems. In comparison
with our previous reports [7], this composite shows higher
quantum yields (18% and 17%). Although this method in-
volves more reagents, the synthesis steps are not more com-
plicated than the previous methods. The synthesis steps of this
work include simple mixing and centrifugal separation. The
previous work requires simple mixing, centrifugal separation,
and dialysis. The composite containing CDs and AuNCs
shows wider emission maximum separation of two excitation
peaks (440/640) than those of ratio fluorescent determinations
based on similar nanomaterials (410/565, 410/480, and 572/
664) [30-32]. In addition, the ratio fluorescence probe can be
also used to visually detect Hg**. In Fig. 3C, with increasing
Hg?* concentration, the CDs/AuNCs@ZIF-8 nanocomposite
displays continuous changes of fluorescence color from red to
blue. The color variation of solution is due to the large sepa-
ration between the 440- and 640-nm emission peaks.

Selectivity, stability, and reproducibility of the
CDs/AuNCs@ZIF-8 for the detection of aqueous Hg**

In order to evaluate the selectivity of the ratiometric fluores-
cence assay, the effect of various metal ions on the fluores-
cence of CDs/AuNCs @ZIF-8 was examined. The quenching
experiments of 1 mM of NH,*, Ca®*, Mg>*, and K* ions and
1 uM of Cu**, Pb?, Fe**, Cd**, and Cr’* ions were carried out.
As shown in Fig. 4, the addition of these ions causes a negli-
gible change in the Ig40/l440 ratio, indicating that CDs/
AuNCs@ZIF-8 was a selective probe for Hg”* ions.
Figure 4C shows the digital photographs of the solution con-
taining Hg** (25 nM); 1 mM of NH,*, Ca**, Mg**, and K*
jons; and 1 uM of Cu*", Pb?, Fe**, Cd**, and Cr** ions under
UV light. Only the Hg>" ions cause a significant change in the
fluorescent color of the nanocomposite dispersion. These re-
sults indicate that these potentially interfering ions have no
real influence on the determination of aqueous Hg?".

The stability of the CDs/AuNCs@ZIF-8 composite was
evaluated by the determination of 10 nM Hg”* before and after
storage in a refrigerator at 4 °C for 2 weeks. The assay retained
98.2% of its initial response after the storage period, indicating
good stability. The reproducibility of the detection was
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Fig. 3 (A) Fluorescence spectra -
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Fig. 4 (A) The fluorescence spectra, (B) the ratio /g40/l440 under 360 excitation, and (C) digital photograph under UV light of CDs/AuNCs@ZIF-8
dispersions containing Hg?* (25 nM); 1 mM of NH,*, Ca**, Mg**, and K* ions; and 1 uM of Cu**, Pb%, Fe**, Cd**, and Cr’* ions
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Hg?* detection in real samples

The spike-and-recovery method was applied to determine the
concentration of Hg** in several water samples (from a tap
and from a river). The water samples were spiked with an
Hg”* standard; then, the concentrations of Hg** in the spiked
samples were determined by measuring the ratio lg49/I449 un-
der 360 nm excitation. The concentration of Hg** in the same
samples was also quantified by atomic fluorescence spectrom-
etry (AFS, a traditional method for detecting Hg”*). The re-
sults are summarized in Table S2, revealing very good agree-
ment between the two different analytical methods. This
method is mainly suitable for the detection of mercury ions
in water samples that is not heavily contaminated by organic
pollutants. The weak ultraviolet absorption of incident light
does not change the ratio of the intensity of the double-
emitting fluorescence, so it has no effect on the results. The
method is not suit for blood and severely polluted organic
wastewater, etc. The above samples always display strong
background UV absorption and fluorescence. The strong
background UV absorption will largely weaken the signal,
and the fluorescence emission will have an effect on the ratio

Is40/1440.-

Conclusion

Owing the similar groups on CDs and AuNCs, the ZIF-8
coatings are formed around CDs and AuNCs to form the
dual-emission fluorescence composite. The composite was
obtained by mixing at room temperature. This method is more
flexible in the choice of fluorescent nanomaterials. The prin-
ciple is mainly based on the similar groups on their surface of
guests. Results of this study should encourage the use of
MOFs as hosts for fluorescent nanoparticles and in the assem-
bly of ratiometric fluorescent sensors.
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