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Abstract
Herein, a dual-emission metal-organic framework based ratiometric fluorescence nanoprobe was reported for detecting
copper(II) ions. In particular, carbon dots (CDs) and gold nanoclusters (AuNCs) were embedded into ZIF-8 (one of the classical
metal-organic frameworks) to form CDs/AuNCs@ZIF-8 nanocomposites, which exhibited dual-emission peaks at UV excita-
tion. In the presence of Cu2+, the fluorescence attributed toAuNCs can be rapidly quenched, while the fluorescence of CDs serves
as reference with undetectable changes. Therefore, the CDs/AuNCs@ZIF-8 nanocomposites were utilized as a ratiometric
fluorescence nanoprobe for sensitive and selective detection of Cu2+. A good linear relationship between the ratiometric fluo-
rescence signal of CDs/AuNCs@ZIF-8 and Cu2+ concentration was obtained in the range of 10−3–103 μM, and the detection
limit was as low as 0.3324 nM. The current ratiometric fluorescence nanoprobe showed promising prospects in cost-effective and
rapid determination of Cu2+ ions with good sensitivity and selectivity. Furthermore, this nanoprobe has been successfully applied
for the quantitative detection of Cu2+ in serum samples, indicating its value of practical application.
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Introduction

Copper is one of important elements for human health, which
plays pivotal functions in multiple physiological processes
dependent on the copper homeostasis in the human body

[1]. Excessive copper ions in the body would disturb the cel-
lular homeostasis that causes Alzheimer’s, Wilson, and
Menkes diseases [2–4]. Consequently, the accurate detection
of copper is of great importance in disease diagnosis. Up to
now, a number of methods have been developed for the de-
tection of Cu2+, such as colorimetric [5, 6], fluorescence [7, 8],
electrochemistry [9], chemiluminescence [10], and Raman
spectroscopy [11]. Among them, the fluorescence assay may
be a good alternative due to the advantages of high precision
and repeatability. So far, some fluorescent probes have been
used for detecting Cu2+, but the most among that have single-
wavelength emission which is the only detection signal
[12–15]. In this case, factors such as probe concentration,
environmental conditions, and instrumental efficiency would
cause negative effects for the output of detection signal [16].
Ratiometric fluorescent probes are of particular interest since
they could provide intrinsic reference to eliminate most or all
interferences by self-calibration of two emission bands [17,
18].

Recently, various ratiometric fluorescent probes have been
designed and fabricated [19–23]. Among them, nanohybrids
have attracted more attentions compared to organic dyes, ow-
ing to their better stability with respect to photobleaching,
higher fluorescence quantum yield, and easier preparation

Qingqing Tan and Ruirui Zhang contributed equally to this work.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00216-019-02353-5) contains supplementary
material, which is available to authorized users.

* Fengli Qu
fengliquhn@hotmail.com

* Limin Lu
lulimin816@hotmail.com

1 College of Chemistry and Chemical Engineering, Qufu Normal
University, Qufu 273165, Shandong, China

2 College of Chemistry, Chemical Engineering and Materials Science,
Key Laboratory of Molecular and Nano Probes, Ministry of
Education, Shandong Provincial Key Laboratory of Clean
Production of Fine Chemicals, Shandong Normal University,
Jinan 250014, Shandong, China

3 Institute of Functional Materials and Agricultural Applied Chemistry,
College of Science, Jiangxi Agricultural University,
Nanchang 330045, Jiangxi, China

Analytical and Bioanalytical Chemistry (2020) 412:1317–1324
https://doi.org/10.1007/s00216-019-02353-5

http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-019-02353-5&domain=pdf
https://doi.org/10.1007/s00216-019-02353-5
mailto:fengliquhn@hotmail.com
mailto:lulimin816@hotmail.com


[24, 25]. Generally, these nanohybrids were assembled by
combining two different fluorescent nanoparticles, in which
one fluorophore as reference and another as a signal report
unit. In present, the nanohybrids based on metal-organic
framework materials (MOFs) exhibit attractive properties,
which have outstanding benefits that derive from the incorpo-
rated foreign nanomaterials [26–29]. Several reports have
demonstrated introducing guest nanomaterials with versatile
shapes and functions into ZIF-8 is an important way to syn-
thesize ideal luminescence-functionalized MOFs for chemical
sensing [30–33]. Moreover, the accumulation effect of MOFs
can greatly amplify the signal of incorporated nanomaterials
[27]. For example, Chen et al. reported encapsulating fluores-
cent carbon quantum dots (CDs) into ZIF-8 to form
CDs@ZIF-8 for ultrasensitive chemical sensing of Cu2+ in
environmental water samples [34]. However, the fluorescence
probes with single “turn-off” mode usually generate false-
positive results, which restrict their practical applications.

Herein, we reported a dual-emission fluorescent nanoprobe
CDs/AuNCs@ZIF-8 for the detection of Cu2+. The sensitivity
and accuracy for detecting Cu2+ were greatly improved by the
self-calibration ability of dual-emission fluorescent
nanoprobe. The CDs/AuNCs@ZIF-8 nanocomposites with
dual-emission peaks were constructed by embedding carbon
dots (CDs) and gold nanoclusters (AuNCs) into ZIF-8.
Interestingly, in the presence of Cu2+, the fluorescence which
belonged to AuNCs could be responded rapidly by quenching,
while the fluorescence of CDs served as reference with negli-
gible change. Furthermore, the proposed ratiometric fluores-
cence nanoprobe could rapidly detect Cu2+ in cost-effective
and showed good selectivity and anti-interference ability.

Experimental section

Reagents and apparatus

Glutathione (GSH), 2-methylimidazole, cysteine (Cys), gly-
cine (Gly), phenylalanine (Phe), tyrosine (Tyr), glutamate
(Glu), and aspartic acid (Asp) were purchased from Aladdin
Chemical (Shanghai, China). Tripolycyanamide, sodium cit-
rate, zinc nitrate hexahydrate (Zn(NO3)2·6H2O), chloroauric
acid (HAuCl4), sodium dihydrogen phosphate dihydrate
(NaH2PO4·2H2O), sodium monohydrogen heptahydrate
phosphate (Na2HPO4·7H2O), copper nitrate (Cu(NO3)2), zinc
chloride (ZnCl2), sodium chloride (NaCl), magnesium chlo-
ride hexahydrate (MgCl2·6H2O), iron sulfate hydrate (FeSO4·
7H2O), lead nitrate (Pb(NO3)2), and alchlor (AlCl3) were
bought from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All the reagents were of analytical grade
and used without further purification. All the solutions were
prepared using phosphate buffer solution (PBS).

Transmission electron microscopy (TEM) were carried out
with a JEM-2100 PLUS microscope (Japan). Fourier trans-
form infrared spectrometry (FTIR) spectrum was recorded
with a Beifen-Ruili WQF-520A FTIR spectrometer (China).
Ultraviolet-visible (UV-vis) absorption spectra were recorded
using a Varian Cary-300 bio UV/vis spectrophotometer
(USA). The fluorescence lifetime was studied by a
Fluorolog-3-21 spectrometer (USA). All fluorescence mea-
surements were carried out with a Hitachi F-7000 spectrome-
ter (Japan). The instrument parameters were set as follows:
λex = 365 nm (slit = 10 nm), λem1 = 462 nm (slit = 10 nm),
λem2 = 574 nm (slit = 10 nm), PMT detector voltage = 400 V.

Synthesis of CDs

The CDs was prepared via the method documented in previ-
ous report with minor modification [35]. Specifically, 0.24 g
of tripolycyanamide, 0.58 g of sodium citrate, and 25 mL of
distilled water were mixed and sonicated for 5 min to form
homogeneous mixture solution. The above solution was then
transferred to a 50 mL Teflon-lined autoclave. After hydro-
thermal reaction proceeded at 180 °C for 12 h, the mixture
was filtered with a cylinder membrane filter (0.22 μm) to
remove the large particles, and dialyzed against ultrapure wa-
ter through a 500 D of dialysis membrane for 48 h. The as-
prepared CDs were stored at 4 °C for further use.

Synthesis of luminescent AuNCs

The luminescent AuNCs were synthesized according to the
literature [36]. In brief, HAuCl4 (20 mM, 0.50 mL) and GSH
(100 mM, 0.15 mL) were mixed with 4.35 mL ultrapure water
at 25 °C. The reaction mixture was gently stirring (500 rpm)
for 24 h at 70 °C. The resultant orange-emitting AuNCs solu-
tion was stored at 4 °C for further use.

Synthesis of CDs/AuNCs@ZIF-8

The preparation of CDs/AuNCs@ZIF-8 nanocomposites was
carried out by a one-pot method with minor modification [31,
37]. Typically, a certain volume of CDs and AuNCs mixture
was added into Zn(NO3)2 aqueous solution, after ultrasonic
dispersion for 30 min, rapidly injecting the mixture into 2-
methylimidazole aqueous solution with molar ratio of
Zn2+:2-methylimidazole: H2O = 1:70:1238 under vigorous
stirring. After a 10-min reaction, the resultant precipitate was
centrifuged, washed, and vacuum-dried at 50 °C to get the
powder. The CDs/AuNCs@ZIF-8 nanoprobe was obtained
by dissolving the powder with buffer solution. The fluores-
cence intensity of CDs/AuNCs@ZIF-8 could be regulated by
varying the volume of AuNCs and CDs solution.
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General procedure for detecting Cu2+

In a typical process, the CDs/AuNCs@ZIF-8 nanocomposites
solutions and Cu2+ solutions were prepared with buffer solu-
tion (PBS = 7.4, 10 mM). Nine hundred microliters of CDs/
AuNCs@ZIF-8 nanocomposites solution and 100 μL of Cu2+

solutions with different concentrations (1 nM–1 mM) were
incubated for 10 min at room temperature; then, the fluores-
cence intensity of the mixture at 462 nm and 574 nm was
measured at excitation wavelength of 365 nm.

Results and discussion

Possible mechanism of Cu2+ determination

The possible principle of CDs/AuNCs@ZIF-8 nanoprobe for
detecting Cu2+ is illustrated in Scheme 1. The CDs/
AuNCs@ZIF-8 nanocomposites were successfully synthe-
sized by mixing CDs and AuNCs in the presence of
Zn(NO3)2 and 2-methylimidazole (the precursors of ZIF-8).
The CDs/AuNCs@ZIF-8 nanocomposites exhibited dual-
emission peaks at 365 nm excitation. The fluorescence peak
at 462 nm was attributed to the transition from LUMO to
HOMO orbitals of the CDs [38], and the remarkable lumines-
cence of AuNCs (574 nm) was attributed to the electronic
interband transitions in occupied “sp” and “d” bands
(LUMO-HOMO) [39]. After the addition of Cu2+, the
574 nm emission peak was quenched drastically, while the
fluorescence at 462 nm remained almost unchanged. The phe-
nomenon could be explained by that Cu2+ could coordinate
with -COOH of GSH on the surface of AuNCs, leading to the
quench of AuNCs fluorescence.

To explore whether the quenching process was static or
dynamic, fluorescence lifetimes of AuNCs in the absence or
presence of Cu2+ were investigated (Fig. 1a). As shown in
Table S1 (see Electronic SupplementaryMaterial, ESM), fluo-
rescence lifetimes of AuNCs and AuNCs + Cu2+ were
581.18 ns and 56.69 ns, respectively. The fluorescence life-
time of AuNCswas obviously shorten by adding Cu2+, reveal-
ing that Cu2+-triggered quenching process could be attributed

to dynamic quenching [40]. This result was consistent with the
fluorescence spectra of AuNCs + Cu2+ (Fig. 1b). Besides, the
fluorescence spectra of CDs in the absence or presence of
Cu2+ were also explored (Fig. 1c), the difference of the fluo-
rescence intensity of CDs with and without Cu2+ is negligible.
That could be for the interaction between Cu2+ and CDs was
too weak to affect the fluorescence of CDs. The above mech-
anism was confirmed again by fluorescence spectra of CDs/
AuNCs@ZIF-8 + Cu2+ (Fig. 1d).

Characterization of CDs/AuNCs@ZIF-8

The morphology and size of synthesized CDs/AuNCs@ZIF-8
nanocomposites were observed by the transmission electron
microscopy (TEM). As illustrated in Fig. 2a, the prepared CDs
with an average size of 4–6 nm were uniform and
monodispersed with a quasi-spherical shape. The high-
resolution TEM (HRTEM) image of CDs (the inset in Fig.
2a) showed the spacing of the adjacent lattice planes for ran-
dom nanoparticle were 0.25 nm, which agrees well with the
(100) diffraction plane of graphite. That indicated the prepared
CDs possess a graphite-like structure. Figure. 2b revealed the
typical TEM image of AuNCs; the size of AuNCs was about
2 nm. The inset in Fig. 2b demonstrated the HRTEM image of
AuNCs, the spacing of the adjacent lattice planes for AuNCs
were 0.235 nm, which were in accord with the previous re-
ports [23]. Figure 2c and d manifested the pure ZIF-8 and
CDs/AuNCs@ZIF-8 nanocomposites, respectively. The
CDs/AuNCs@ZIF-8 exhibited a hexagonal shape with the
size of approximately 175 nm (see Fig. S1 in the ESM). The
difference of between CDs/AuNCs@ZIF-8 nanocomposites
and pure ZIF-8 was negligible, which was well coincide with
the previous studies [27, 31, 32]. The consistency in size and
shape between the CDs/AuNCs@ZIF-8 and pure ZIF-8
proved that the incorporation of CDs and AuNCs would not
affect the morphology and size of ZIF-8. We consider that the
formation of CDs/AuNCs@ZIF-8 nanocomposites may result
from the following three coordination interactions: (1) the
coordinative interaction between Zn2+ and the imidazole mol-
ecules in ZnN4 tetrahedron of ZIF-8 [41], (2) the coordinative
interaction between Zn2+ and -NH on the CDs surface [42],

Scheme 1 Schematic illustration
of the strategy for the detection of
Cu2+
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Fig. 2 TEM images of a CDs, b
Au NCs, c ZIF-8, and d CDs/
AuNCs@ZIF-8

Fig. 1 a The fluorescence lifetime decay of AuNCs in the absence or presence of Cu2+. Fluorescence emission spectra of b AuNCs, c CDs, and d CDs/
AuNCs@ZIF-8 in the absence and presence of Cu2+
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(3) the coordinative interaction between Zn2+ and -COOH in
GSH of AuNCs [31]. These interactions led to the formation
of CDs/AuNCs@ZIF-8.

In order to deeply confirm the forming process of CDs/
AuNCs@ZIF-8 nano composites, the FTIR spectra mea-
surement was performed. As shown in Fig. 3, the FTIR
spectrum for the CDs was dominated by bands at ~ 3130,
1580, and 1420 cm−1, which were attributed to amine and
hydroxyl groups, C=O and C=C stretching vibrations and
C–N bending vibrations, respectively [35]. The FTIR
spectrum for the AuNCs showed a distinct absorption
peak at ~ 3400 cm−1, which could be assigned to -OH
stretching vibrations. It could be seen that the absorption
peaks at 1580 and 1420 cm−1 of CDs and 3400 cm−1 of
AuNCs were also observed in the spectrum of the CDs/
AuNCs@ZIF-8 nanocomposites while that was not found
in the spectrum of pure ZIF-8. On the basis of these re-
sults, we concluded that the CDs/AuNCs@ZIF-8 compos-
ites were prepared successfully.

The optical properties of CDs/AuNCs@ZIF-8 were in-
vestigated by UV-vis absorption spectra and fluorescence
spectra. Figure 4 showed UV-vis absorption spectra of the
CDs (red), AuNCs (black), pure ZIF-8 (pink), and CDs/
AuNCs@ZIF-8 nanocomposites (blue). In the range of
300–600 nm, the CDs exhibited an absorption peak at
345 nm and the AuNCs displayed an absorption peak at
365 nm, which matched well with results in literatures
[35, 36]. The pure ZIF-8 had a very weak absorption band
while the CDs/AuNCs@ZIF-8 nanocomposites had a
strong absorption band in UV-vis range. These results
indicated that CDs and AuNCs were embedded deeply
into the dense ZIF-8 matrix. In addition, the fluorescence
spectrum of CDs/AuNCs@ZIF-8 nanocomposites with
different volume AuNCs and CDs were recorded by fluo-
rescence spectrometer. The obtained results (see Fig. S2 in
the ESM) proved the fluorescence intensity of CDs/
AuNCs@ZIF-8 could be regulated by varying the volume
of AuNCs and CDs solution.

Optimization of experimental conditions

To get the excellent detection performance, the experimental
conditions such as pH, reaction temperature, and the type of
buffer solution were optimized. Considering that the pH may
affect the structure of ZIF-8, it is optimized firstly. It can be
seen from Fig. S3a (see the ESM) that the pH had remarkable
influence on the change of fluorescence intensity ratio (△F574/
F462). (△F574/F462 means the changed value of fluorescence
intensity ratio of the CDs/AuNCs@ZIF-8 in the absence and
presence of Cu2+.) At pH 7.4, the △F574/F462 reached a max-
imum; therefore, pH 7.4 was chosen as the optimal pH for
Cu2+ detection. In addition, the influence of the reaction tem-
perature on the △F574/F462 was also investigated (see Fig. S3b
in the ESM). The results showed that the △F574/F462 reached
the maximum at 37 °C. Thus, we chose 37 °C as the optimal
reaction temperature for Cu2+ detection in the further experi-
ments. Lastly, taking into account that different buffer solu-
tions contain different components, some of components may
interact with Cu2+ to affect the experimental results.
Therefore, the types of buffer solutions were optimized. The
results indicated that the △F574/F462 reached a maximum in
PBS buffer (see Fig. S3c in the ESM); therefore, next exper-
iments were completed in PBS buffer.

Performance for Cu2+ detection

The CDs/AuNCs@ZIF-8 nanoprobe was applied to detect
Cu2+. As shown in Fig. 5a, with the increase of Cu2+ concen-
trations, the fluorescence peak of CDs/AuNCs@ZIF-8 located
at 462 nm remained almost unchanged, while the fluorescence
peak at 574 nmwas quenched obviously. A good fitted regres-
sion line between the fluorescence intensity ratio F574/F462
and Cu2+ concentrations was obtained in the range of 10−3

to 103 μM (Fig. 5b), with a linear regression equation as Y =
0.9732–0.1595 log C (C was the concentration of Cu2+ (μM),
R2 = 0.9928). The detection limit of Cu2+ is estimated to be
0.3324 nM according to the 3σ rule. These results demonstrat-
ed that the current strategy was more sensitive compared toFig. 3 FTIR spectra of CDs, AuNCs, ZIF-8 and CDs/AuNCs@ZIF-8

Fig. 4 UV spectra of CDs, AuNCs, ZIF-8 and CDs/AuNCs@ZIF-8
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most of the previous reported methods for Cu2+ determination
(see Table S2 in the ESM).

Selectivity and interference studies

In addition to the sensitivity, selectivity is another significant
factor to evaluate the potential applications of a newly de-
signed detection system in a real sample. To investigate the
selectivity of the CDs/AuNCs@ZIF-8 nanoprobe for Cu2+,
some potential interferents, such as inorganic ions (Na+,
Fe3+, Zn2+, Mg2+, Fe2+, Pb2+, Al3+, Ca2+), amino acids (Cys,
Gly, Phe, Tyr, Glu, and Asp), and other biological molecules
(GSH), were tested under the same conditions. As shown in

Fig. 6a, the fluorescence response (F574/F462) of this
nanoprobe was immensely decreased by Cu2+. However, no
obvious interferences were observed for other substance in-
cluding inorganic ion, glutathione, and some amino acids. The
result indicated that this designed fluorescence detection sys-
tem possessed a high selectivity toward Cu2+. Besides, inter-
ference experiments were also performed and the results were
showed in Fig. 6b. Interfering substances had no significant
impact on ratio fluorescence intensity F574/F462 of CDs/
AuNCs@ZIF-8 containing Cu2+. All the above results mani-
fested that this method had high selectivity and anti-
interference ability, which may be directly applied to detect
Cu2+ in real samples.

Fig. 6 a Fluorescence intensity ratio F574/F462 of CDs/AuNCs@ZIF-8
for Cu2+ over other potential interferences. b Fluorescence intensity
ratio F574/F462 of CDs/AuNCs@ZIF-8 for Cu2+ with other potential
interferences. (The concentration of all metal ions is 10 μM; the

concentration of amino acids and GSH is 1 μM). The error bars were
derived from the standard deviation of three measurements. Error bar =
SD (n = 3)

Fig. 5 a Fluorescence emission spectra of CDs/AuNCs@ZIF-8 in the
presence of various Cu2+ concentrations (1 nM–1 mM). b Relationship
between the fluorescence intensity ratio F574/F462 and Cu2+

concentrations. (F574 and F462 are the fluorescence intensities of CDs/
AuNCs@ZIF-8 at 574 nm and 462 nm, respectively)
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Determination of Cu2+ in real samples

To explore the practical application of the developed method,
we applied this nanoprobe to analyze Cu2+ in serum samples
using the standard addition method. As listed in Table 1, the
original Cu2+ concentrations in the three human serum sam-
ples (1%) were 0.13, 0.18, and 0.16 μM, respectively, which
were in the normal range of 11.00–24.39 μMwithout dilution.
Next, Cu2+ with different concentrations (20 μM, 50 μM,
100 μM) was added into each serum samples, the recovery
of Cu2+ was ranged from 95.49 to 104.4%, and the RSD was
ranged from 2.1 to 4.5%. That indicated the precision and
accuracy of the method for Cu2+ determination in real
samples.

Conclusion

In summary, a metal-organic framework–based dual-emission
fluorescent nanoprobe had been prepared for the detection of
Cu2+. The nanohybrids CDs/AuNCs@ZIF-8 were used as a
novel sensing nanoprobe for label-free and sensitive detection
of Cu2+ with the detection limit of 0.3324 nM. Moreover, the
practical application of the nanoprobe was validated through
the detection of Cu2+ in serum samples with satisfactory re-
sults. The present study offered a ratiometric fluorescent
nanoprobe for detecting Cu2+ and opened a new direction
for the development of ratiometric fluorescent methods based
on nanomaterials embedded into ZIF-8 nanostructures for
practical applications.
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