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Abstract: Recently, copper nanoclusters (CuNCs) have attracted great research interest for their low
synthesis cost, wide application, and easy functionalization. Until now, CuNCs have been developed
and applied in multi-fields such as sensing, catalysis, light-emitting diode manufacturing, and cell
imaging. Furthermore, the application of heavy metal ions (HMIs) detection is also regarded as a
major part of fluorescence sensing and the necessity of detecting the makeup of HMIs (Ag+, Te3+,
Co2+, Se6+, Hg2+, Mn2+, etc.) in organisms and the environment. This has promoted the development
of CuNCs in fluorescence sensing. This paper reviews the research progress of CuNCs detection in
HMIs, which can be divided into four parts. The synthesis and characterization of CuNCs are first
described. Then, the synthesis methods making the types of CuNCs more varied are also summarized.
Furthermore, mechanisms of fluorescence changes induced by HMIs are explained. After that, the
relevant reports of CuNCs in several typical HMI detection are further listed. In addition, combined
with the above content, the challenges and prospects of CuNCs in HMIs detection are also proposed.

Keywords: copper nanoclusters; fluorescent sensors; heavy metal ions; nano probes; detective
mechanism

1. Introduction

In the typical definition, heavy metals are metals whose atomic weights ranging from
63.5 to 200.6 g·mol−1 and have a specific gravity above 5 g·cm−3 [1]. They are a kind of
micropollutant that can be released into the environment through industrial processes,
the burning of fossil fuels, fertilizers, domestic waste, etc. Heavy metals will pollute the
environment and affect the life activities of organisms when their content reaches a certain
level. They can enter and accumulate in organisms through various pathways such as the
respiratory tract, food intake, and skin contact [2,3]. The presence of heavy metals can have
serious impacts on life and the environment. For example, excessive amounts of copper
can cause vomiting, cramps, and seizures. High levels of mercury can impair lung and
kidney function, and even cause respiratory problems [4]. Manganese in water has been
linked to poor concentration in children and neurotoxicity in people over 50. In addition,
high levels of manganese may produce impaired neuromuscular control and nervous
systems [5]. However, even trace amounts of lead, cadmium, arsenic, and mercury are
highly toxic, compromising organisms and their ecosystems [3]. Therefore, it is necessary
to monitor and control the content of heavy metal ions (HMIs) due to the serious impact on
the environment and organisms.
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For the detection of HMIs, the commonly used methods include colorimetric meth-
ods, fluorescence methods, electrochemical methods [6,7], point-of-care testing (POCT),
etc., [3,8]. Colorimetric methods are used to determine the analyte composition by com-
paring or measuring the color intensity of a colored substance [9]. Using electrochemical
methods to design sensors can improve performance by creating novel substrates with
large surface areas [10–13], good chemical stability [14–16], and high electrical conductiv-
ity [17–20]. Among the above listed methods, fluorescence methods have several advan-
tages of being fast, simple, and convenient, which can satisfy common basic analytical
requirements. Fluorescence is a form of luminescence, a phenomenon in which excited
atoms or molecules emit light spontaneously. The change in fluorescence of the substance
is used to complete the detection. The first fluorometric sensor was developed by Friedrich
Goppelsroder in 1867 and was used to detect Al3+ by forming a compound with strong
fluorescence [21]. Since then, fluorescent sensors that achieve metal ion detection have
come into view.

Metal nanoclusters (MNCs) are small organic aggregates, usually less than 3 nm in
diameter [22,23]. For the past few decades, the breakthrough in the synthesis of MNCs at
the molecular and atomic levels had laid a strong foundation for obtaining high-purity
MNCs [23]. MNCs had developed rapidly in the last decade due to their high photo-
luminescence and quantum yield. Various fluorescent MNCs have been prepared that
can be used as a probe for sensing [24]. Over the past years, significant advances had
been made in the synthesis and application of MNCs due to their optical and electronic
properties [25,26]. MNCs fabrication methods included direct reduction, chemical etching,
and so on [27]. They also had promising applications in the fields of sensing, biomedicine,
catalysis, and light-emitting diodes due to the above-mentioned merits [28]. The wide vari-
ety of raw materials used for the synthesis of nanomaterials, including biomacromolecules,
amino acids, DNA, enzymes, and some biomass materials [29] expanded the types of
MNCs investigations.

Copper nanoclusters (CuNCs) have the advantages of high luminous efficiency, long
fluorescent life, good optical stability, and large stokes shift [30]. Compared with semicon-
ductor quantum dots and many organic dyes, CuNCs are relatively weak in brightness,
and their stability has a strict requirement for environmental conditions [24]. The quantum
yield (QY) is relatively low compared to other MNCs [30]. However, compared with gold or
silver nanoclusters, Cu is rather inexpensive and more readily available in nature, making
CuNCs more attractive for sensor development [31]. The fluorescence sensor designed
with CuNCs as a fluorescent probe has high sensitivity, accuracy, short response time, and
low cost [32]. Fluorescent colors can be easily observed with the assistance of a smartphone.
Designed as a portable fluorescent sensor, it can be used in complex environments to
perform tests quickly and accurately [33,34].

Although a few review articles have discussed CuNCs, most tend to focus on synthesis,
performance, and structure [24,35]. The application of CuNCs focuses on biological imaging
and the detection of various substances [35,36]. However, as for the application potential of
CuNCs, this review discusses in detail the detection of HMIs. Figure 1 briefly summarizes
the discussion process of this paper. First, the synthesis methods, such as the template-
assisted method, ligand-capped method, and etching method are introduced. Then, the
characterization method of CuNCs and the detection mechanism of CuNCs as fluorescent
probes were analyzed. Following, some reports of HMIs detection with CuNCs are listed.
Finally, the review ends with the development prospects and challenges of CuNCs.
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2. Synthesis of Fluorescent Copper Nanoclusters

Due to the sensitivity of CuNCs to oxidation, the primary difficulty of synthesis is to
prepare stable CuNCs [35,37]. Recently, some methods have been developed to overcome
this difficulty. Several common synthetic methods are described below, including the
template-assisted method, ligand-capped method, etching method, and copper-included
bimetallic NCs (Figure 2).
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2.1. Template-Assisted Method

The template-assisted method can use proteins, peptides, enzymes, DNA, and poly-
mers as templates. The advantage of this method is that different templates can be used
to form NCs with different size distributions [37]. First discussed is the use of protein
as a template. Lettieri et al. proposed using human serum albumin (HSA) as the tem-
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plate to prepare HSA-CuNCs [42]. HSA-CuNCs were generated by repeated growth of
CuNCs directly on HSA and produced fluorescence emission at 405 nm. Second, using
DNA as a template. In the process of synthesis, DNA templated-CuNCs were prepared
using terminal deoxyriboside transferase (TdT) polymerized long-chain AT-rich DNA as
a template [40]. Using CuNCs as the probe, the activity of TdT was measured by the
change in fluorescence intensity. The synthesis with DNA as the assisted template has
high efficiency and low difficulty (Figure 2C). In addition, there is another work detailing
the synthesis of CuNCs using peptides as a template for the detection of Fe3+ in human
serum [43]. The polypeptide template in the experiment was Cys-Cys-Cys-Asp-Leu. The
presence of Fe3+ oxidized CuNCs, leading to fluorescence quenching. The template-assisted
method possesses significant advantages, such as easy-to-synthesis, controllable size and
morphology, even brings good biocompatibility, making CuNCs as emerging candidates in
biological fields. However, the selection of templates is vital important for the properties
of the as-prepared CuNCs. Exploring proper templates to synthesis the desired CuNCs is
also noteworthy.

2.2. Ligand-Capped Method

There are also various methods to synthesize CuNCs using amino acids or other
small molecules as capped ligands. The presence of ligands can protect and stabilize the
CuNCs [44]. A recent report used tryptophan (Trp) as a reducing agent and a capping
agent to synthesize CuNC@Trp [45]. NaOH was added in the synthesis process and the
negatively charged ligand had stronger adhesion to copper ions when the isoelectric point
of tryptophan was higher. As a result, the stability of the synthesized NCs was improved.
Luo et al. introduced the use of ethylenediamine as a capped ligand to form fluorescent
probes [41] and discussed the connection between luminescence color and ligand through
three ligands (Figure 2D). The binding ability of the ethylenediamine ligand is weak, but
the CuNCs with ethylenediamine as the ligand has strong emission and stable fluorescence,
which can be directly used for Hg2+ detection.

2.3. Etching Method

The etching method refers to the use of chemical methods to process nanoparticles
(NPs) to form smaller NCs [46]. The etching technique can adjust the size of the NCs [47]. In
a chemical etching process, Yan et al. constructed CuNCs using ascorbic acid as a reducing
agent and protective agent [48]. The Cu nanocrystals were spherical and uniform in size
distribution. Under the corrosion of the NaOH solution, Cu nanocrystals were rapidly
decomposed into small fluorescent NCs with a QY of 33.6%. After the conditions were
optimized, the pH of the solution was about 8–9. Another interesting work described the
synthesis of luminescent CuNCs using copper nanoparticles (CuNPs) as the precursor and
ammonia (NH3) as the etching agent [38]. In the presence of NH3 and dissolved oxygen in
the solution (Figure 2A), the etching reaction was activated, and the etching process was
very fast. After etching, the CuNCs was smaller in size compared to the CuNPs. The newly
synthesized CuNCs had green fluorescence and a QY of 6.63%.

2.4. Copper-Included Bimetallic Nanoclusters

Because of the doping of atoms, the composition and electronic structure of bimetallic
nanoclusters change, which affects their fluorescence properties and catalytic activities.
Yang et al. demonstrated that the presence of heteroatoms plays a positive role in the fluo-
rescence characteristics of AgNCs, and also has more potential for catalytic applications [49].
Synthesis and application of bimetallic NCs composed of copper and other metals have
been reported and widely used in the field of sensing. In one report, Cu/Mo bimetallic
NCs (Figure 2B) were prepared using cysteine as a capping agent and NaOH as a reducing
agent for the determination of methotrexate [39]. The luminescence intensity of bimetallic
NCs was higher than that of single MNCs of copper and molybdenum. These NCs can
concentrate the properties of the two metals and achieve intense luminescence [50].
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2.5. Other Methods

In addition to the synthesis methods of CuNCs discussed above, there are many other
methods. For example, electrochemical methods, solid-state grinding methods, etc. In
previous work, reduced graphene oxide (RGO) and copper nanodendrites (Cu-NDs) were
deposited sequentially on a glass carbon electrode by two-step electrodeposition [51]. Based
on this, a kind of enzyme-free nitrite sensor was developed. Electrodeposition disperses
Cu-NDs on RGO, which means that RGO provides a platform for the deposition of Cu-NDs.
By the electrochemical method, the current density can be adjusted to obtain high-purity
CuNCs with a certain particle size [37]. In addition, fluorescent CuNCs were also prepared
by the solid-state grinding method. The solid-state grinding method has the advantages of
being green and simple. Liu et al. used a simple solid-state grinding method to produce
silver nanoparticles to detect Al3+, with a detection limit (LOD) of 0.1 uM [52]. After the
mixed grinding of AgNO3 and glutathione was completed, NaBH4 and ultra-pure water
were added successively and continued grinding. Then, after a series of simple operations
such as washing, drying, dissolution, and centrifugation, silver nanoparticles are finally
synthesized. This is a simple example of the synthesis of a fluorescent probe with the
solid-state grinding method.

3. Characterizations of Fluorescent Copper Nanoclusters

At present, the common characterization methods for CuNCs are the following: steady
and transient state fluorescence, Ultraviolet-visible (UV-vis) absorption spectroscopy, UV-
vis diffuse reflectance spectra (UV-vis DRS), transmission electron microscopy (TEM), and
high-resolution TEM (HR-TEM), scanning electron microscopy (SEM), field emission SEM
(FE-SEM), Fourier transform infrared (FT-IR), and X-ray photoelectron spectroscopy (XPS).
In addition, other characterization techniques are also involved, including thermogravimet-
ric analysis (TGA), powder X-ray diffraction (XRD), inductively coupled plasma atomic
spectrometry (ICP-AES), and Energy Dispersive X-ray (EDX) analysis. Prior to introduc-
ing the common characterization of fluorescent CuNCs, several basic concepts appeared
in fluorescent data should be known, as follows: (i) Fluorescence lifetime, it is also the
characteristic time that a molecule remains in an excited state prior to returning to the
ground state and is an indicator of the time available for information to be gathered from
the emission profile. (ii) Fluorescence decay time, the decay of fluorescence intensity as a
function of time in a uniform population of molecules excited with a brief pulse of light is
described by an exponential function (Equation (1)):

It = I0e−t/τ (1)

where It is the fluorescence intensity measured at time t, I0 is the initial intensity observed
immediately after excitation, and τ is the fluorescence lifetime. The fluorescence decay
time is typically on the order of nanoseconds, but some materials have much longer-lived
emissions, on the order of microseconds or longer. (iii) Quantum yield, (sometimes termed
quantum efficiency) is a gauge for determining the efficiency of fluorescence emission
relative to all possible pathways for relaxation and is generally expressed as the ratio of
photons emitted to the number of photons absorbed, as below Equation (2).

Qc = QR
IC
IR

AR
AC

n2
C

n2
R

(2)

where Q is the quantum yield, I is the integrated emission intensity, A is the absorbance at
the excitation wavelength and n represents the refractive index of the solvent. The subscript
‘R’ and ‘C’ stand for standard with known quantum yield and the sample, respectively. The
fluorescence quantum yield of MNCs, which are critical to their biological applications, are
required to be measured accurately.
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3.1. Steady and Transient State Fluorescence

For fluorescent materials, steady-state fluorescence spectroscopy is not only the most
basic but also the vital means of characterization. Fluorescent CuNCs can be characterized
by fluorescence spectrophotometer to obtain comprehensive optical properties. In the work
of Shao et al., the characterization of steady-state fluorescence was used to determine the
maximum excitation and emission wavelength of the prepared fluorescent nanomateri-
als [53]. As shown in Figure 3A, the maximum excitation and emission wavelengths of
2-mercapto-1-methylimidazole (MMI)-CuNCs are 322 and 476 nm, respectively, which
corresponds to blue fluorescence under the 365 nm UV lamp. Generally, we investigate
the excitation wavelength dependence of the as-synthesized CuNCs. Examining CuNCs
synthesized with L-methionine (L-Met) for a template as an example (Figure 3B), the
emission peak position of CuNCs/Met is basically unchanged in the range of excitation
wavelength from 290 to 390 nm [54]. Thus, proving that CuNCs/Met does not have exci-
tation wavelength dependence, indicating that the size distribution of CuNCs designed
is uniform. In addition, the steady-state fluorescence spectrum also plays a crucial role in
CuNCs applications, providing further support for applications, especially in sensing. Shao
et al. constructed the CDs (Y-CDs) based on yeast powder for dopamine hydrochloride
(DA) sensing [55]. As revealed in the fluorescence spectra (Figure 3C), the intensity of
the emission peak gradually decreased with the increase of DA concentration from 0 to
250 µM, which verified the application of steady-state fluorescence characterization in
sensing. Furthermore, the transient fluorescence measurement technology also plays an
important role in exploring the sensing mechanism, which is usually reflected in exploring
the fluorescence lifetime of materials. Typically, time-correlated single photon counting
(TCSPC) is used to measure the fluorescence lifetime. As displayed in Figure 3D, the ratio of
fluorescence lifetime of Y-CDs before and after adding DA is close to 1, so the fluorescence
quenching mechanism was attributed to static quenching [55].
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spectra of CuNCs/Met changing with the excitation wavelength increasing from 290 nm to
390 nm [54], Copyrights from Elsevier, 2020. (C) Fluorescence spectra of Y-CDs changing with
the increased concentration of DA [55], Copyrights from Royal Society Chemistry, 2022. (D) Life
decay curves of Y-CDs and other controls [55], Copyrights from Royal Society Chemistry, 2022. UV-vis
absorption spectra of MMI-CuNCs (E) [53], Copyrights from American Chemistry Society, 2022; and
UV-vis DRS spectra of CuNCs/ESM (F) [56], Copyrights from Springer, 2019.

3.2. UV-Vis and UV-Vis DRS

UV-vis absorption spectrum is an indispensable means to judge the formation of
CuNCs. Unlike large-sized copper nanoparticles (CuNPs), which have surface plasmon
resonance (SPR) absorption in the 500–600 nm band, Cu NCs exhibit molecular-like optical
transitions due to their discrete electronic structures and quantum confinement effects, as
well as their absorbance bands range from 216 to 468 nm [57]. For instance, the UV-vis
absorption spectrum of MMI-CuNCs has an absorption peak near 248 nm (Figure 3E) [53].
Although the UV-vis absorption spectrum has the merits of good reproducibility, high
accuracy, and convenience, it is not applicable to some insoluble and opaque substances.
Generally, UV-vis DRS is used to characterize CuNCs in a solid state. In the work of in-situ
synthesis of CuNCs based on the eggshell membrane (ESM) [56], UV-vis DRS was used to
demonstrate the successful fabrication of CuNCs/ESM (Figure 3F).

3.3. Characterization of Morphology and Size

Typically, TEM and SEM are used to characterize the size and morphology of CuNCs
with different states. As shown in Figure 4A, the TEM image of MMI-CuNCs shows that
they are small in size and well dispersed [53]. In addition, the HR-TEM image of MMI-
CuNCs (Figure 4B) shows that the lattice spacing is about 0.22 nm, which is consistent with
the (111) crystal plane of Cu. Distinctively, solid CuNCs usually use SEM and FE-SEM to
characterize their morphology and size. Pan et al. designed CuNCs in-situ synthesized on
poly-L-Cys film and characterized it by SEM (Figure 4C) [58]. The results show that the
pore structure of poly-L-Cys film corresponds to the confined CuNCs and the presence of
Cu in the EDS spectrum (Figure 4D) also confirmed the successful preparation of CuNCs.
Compared with SEM, FE-SEM has a higher resolution. As shown in Figure 4E,F, interwoven
fiber structures and cavities can be seen from FE-SEM images of CuNCs/ESM [56].
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Society, 2022. SEM image (C) and EDX spectrum (D) of CuNCs synthesized in poly-L-Cys film [58],
Copyrights from American Chemistry Society, 2020. FE-SEM images of CuNCs/ESM at a magnifica-
tion of 2000 (E) and 10,000 (F) respectively [56], Copyrights from Springer, 2019.

3.4. XPS and FT-IR

XPS, as a surface analysis tool, is typically used to study the element composition and
valence of compounds to determine whether CuNCs are successfully generated [59]. Li
et al. designed and synthesized BSA/DPA-CuNCs [60], and determined the presence of
Cu (0) and Cu (I) in CuNCs by the XPS spectrum of Cu 2p (Figure 5A). Furthermore, a
strong peak in the high-resolution XPS spectrum of S 2p (Figure 5B) revealed the presence
of chemisorbed S on the surface of CuNCs, thus confirming the existence of Cu and S on
the complex.

FT-IR is a tool for qualitative analysis of functional groups, which is usually used to
judge the surface chemical environment and formation mechanism of CuNCs. Figure 5C
shows the FT-IR spectra of pure D-Pen and D-Pen-CuNCs [61]. The tensile vibration of the
S-H bond corresponding to the peak located at 2511 cm−1 in the FT-IR spectrum of pure
D-Pen disappeared in D-Pen-CuNCs, indicating that the interaction between sulfhydryl
group and Cu atoms formed Cu-S bonds covered on the surface of CuNCs. Simultaneously,
combined with XPS data, it was verified that CuNCs were successfully synthesized with
the D-Pen ligand as a stabilizer.

3.5. Others

Several characterization methods are also used to study the properties of CuNCs.
Lin et al. prepared a bifunctional fluorescent nanohybrid based on CDs and CuNCs and
characterized by XRD [62]. As shown in Figure 5D, there is a 43.7◦ diffraction peak in the
XRD spectra of CuNCs and CDs-CuNCs, which corresponds to the Cu (111) crystal plane.
TGA was used to study the thermal stability of solid CuNCs. As shown in Figure 5E, the
MMI-CuNCs lose almost no weight when the temperature is lower than 260 °C [53]. When
the temperature rises above 700 ◦C, the mass loss is 60.5%, indicating that the thermal
stability of solid MMI-CuNC is good. In addition, ICP-AES is usually used to explore the
content of Cu in CuNCs. In the work of Li et al. [56], it was mentioned that the content of
Cu in Cu NC/ESM was 1.5% determined by ICP-AES. Similarly, EDX can also be used to
analyze the elements and content of the sample. Luo et al. designed rod-like Ag CuNCs [63].
As shown in Figure 5F. EDX spectrum shows that the atomic percentages of Ag and Cu in
the cluster are 63% and 37% respectively, consistent with the expected values [64].

3.6. Factors Affecting the Fluorescence of Copper Nanoclusters

The factors affecting the fluorescence of CuNCs include core size, pH, reactants,
incubation time of reaction, storage method, and solvent. The size of CuNCs is affected
by the amount of reducing agent, dispersant, temperature, and surfactant [65,66]. It was
found that the fluorescence of CuNCs was different under different pH conditions. Sarathi
Kundu et al. studied the pH response of CuNCs stabilized with lysosomes and found
that the intensity of fluorescence emission increased with the decrease of solution pH [67].
The protein structure changes with a higher solution pH and more exposure of NCs to the
solvent leads to more collisions. Because of this special performance, this kind of CuNCs
has certain research value in the field of pH sensing. Incubation time is also an important
factor. Wang et al. investigated the effect of incubation time on fluorescence in the detection
of dinotefuran (DNF) by sulfur-doped carbon quantum dots and copper nanoclusters (S-
CQDs/CuNCs) [68]. The incubation time of standard DNF solution with S-CQD/CuNCs
mixture was 7 min. The ratiometric fluorescence ratio increased gradually from 0 to 6 min.
After 7 min, the incubation time and the ratio fluorescence ratio were in the equilibrium
region. In addition, the solvent will have an effect on the fluorescence of the substance.
Ning et al. prepared an atomically precise Cu10 alkyne cluster [69]. The Dichloromethane
(DCM) solution of Cu10 was transformed into a Cu18 cluster with enhanced fluorescence
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efficiency after being added with hexane. The solvent-induced the transformation of the
structure from a parallelepiped to an hourglass structure.
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4. Mechanism of Fluorescent Sensors

Fluorescent probes are commonly used to detect targeted ions or molecules. The
interaction between fluorophores and target molecules leads to fluorescence enhance-
ment or quenching. The possible mechanisms include static quenching, dynamic quench-
ing, electron transfer (ET), inner filter effect (IFE), aggregation-induced quenching (AIQ),
aggregation-induced enhancement (AIE), and forster resonance energy transfer (FRET).
The following is a brief introduction to several mechanisms and their basis.

4.1. Aggregation-Induced Quenching

AIQ is one of the causes of fluorescence quenching, which can be well confirmed
by TEM images and UV-vis absorption spectra. AIQ is the fluorescence quenching phe-
nomenon of chromophores in a high concentration or aggregation state [70]. Shao et al.
proposed the use of dithiothreitol (DTT) to make DTT-CuNCs for Co2+ detection [71]. The
quenching mechanism is AIQ. In TEM characterization, a large amount of aggregation
was observed in the presence of Co2+. Meanwhile, in the UV-vis absorption spectra, the
appearance of the new shoulder indicated that a non-luminescent polymer is formed. These
two characteristics indicated that the quenching mechanism of the fluorescence sensor is
AIQ. In another work, MMI-CuNCs were fabricated using 2-mercapto-1-methylimidazole
(MMI) as a protective ligand to detect Ag+ [53]. In order to find out the cause of fluores-
cence quenching, a series of characterizations were performed. As the TEM image revealed
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(Figure 6), Ag+ and probes had obvious aggregation phenomena. Moreover, there was a
new absorption peak appeared in UV-vis absorption spectra. Therefore, the quenching
mechanism was also attributed to AIQ.
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4.2. Static Quenching & Dynamic Quenching

The quenching agent combines with fluorescent groups to produce non-luminescent
fluorescent substances, which is static quenching. However, dynamic quenching is caused
by the collision between the quencher and the fluorescence group. The absence of a
significant change in the fluorescence lifetime of the fluorophore after the addition of the
quenching agent indicates that static quenching occurs, whereas a significant change in
the fluorescence lifetime confirms that the nature of quenching is dynamic [72]. In recent
work, CuNCs can be used to detect iron ions, and tryptophan is selected as a reducing and
protective agent in the synthesis process [45]. The detection mechanism of the probe is
static quenching. In the presence and absence of irons ions, the lifetime of the probe did not
change significantly. This proves that the cause of quenching is static quenching. So as to
study the mechanism of quenching, Guo et al. used the Stern-Volmer equation to find the
answer [73]. Stern-Volmer quenching constant increased with the increase in temperature,
which proved that the quenching mechanism is dynamic quenching. At the same time, the
reason for fluazinam quenching the fluorescence of samples was explained.

4.3. Inner Filter Effect

The fluorescence quenching induced by IFE is caused by the absorption of excitation
or emission light from the fluorophore by the additive [74]. In a work by Shao et al.,
yeast powder was used as raw material to synthesize fluorescent probes, and its detection
mechanism was IFE [55]. The fluorescence excitation spectra and emission spectra of
yeast-carbon quantum dots (Y-CDs) overlapped with the UV-vis absorption spectra of
the measured substance. In UV-vis absorption spectra, the absorption peak of Y-CDs
disappeared with the increase of the dopamine (DA) concentration. At the same time, an
absorption peak belonging to DA occurred. It was proved that the detection mechanism
was IFE. In addition, Zhang et al. made FA-CuNCs probes with folic acid (FA) [75]. Its
detection mechanism can also be attributed to the IFE. The UV-vis absorption spectra of the
tested substance overlapped the excitation and emission spectra of FA-CuNCs to a great
extent. The fluorescence lifetime did not change significantly, so it was concluded that the
quenching mechanism was IFE [76].

4.4. Aggregation-Induced Enhancement

A substance that initially produces only weakly fluorescent or non-fluorescent, but
has high emissivity when it is aggregate or solid and is defined as AIE [70]. Due to the
aggregation of the molecule, its internal activity can be inhibited, thereby improving its
luminescence efficiency. The fluorescence of tannin acid-CuNCs (TA-CuNCs) was enhanced
by cetyltrimethyl ammonium bromide (CTAB) [77]. Because the electrostatic interaction
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reduces the vibration and rotation of TA-CuNCs, the aggregation of molecules limits the
intramolecular motion, and the fluorescence intensity of TA-CuNCs is enhanced due to the
phenomenon known as an aggregation-induced enhancement (AIE).

4.5. Other Mechanisms

Shao et al. used different reducing agents to synthesize CuNCs in a single-layer
eggshell membrane(ESM) to form CuNCs@ESM [56]. The CuNCs@ESM showed a fluores-
cence quenching reaction to Hg2+. Hg2+ and functional groups formed complexes through
coordination and electrostatic attraction, and the surface cap ligands and charge states of
CuNCs changed. In this case, the fluorescence is quenched.

As a fluorescent probe for ions detection, CuNCs can detect heavy metal ions (HMIs)
through fluorescence enhancement or quenching. Meanwhile, it can also achieve better
visual monitoring with fluorescent strips or combined with smartphones, which can also
be applied in a variety of complex environments. For the detection of HMIs, the possible
detection mechanisms are only briefly outlined above (Figure 7).
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5. Copper Nanoclusters for Heavy Metal Ions Detection

HMIs can accumulate in the human body and cause poisoning. They can enter the
biological chain from nature in many ways and are difficult to degrade in the body. HMIs
can be detected by colorimetric methods, fluorescence methods, and point-of-care testing
(POCT). POCT technology based on smartphone has the advantages of on-site diagnosis
and portability. However, the technology relies on a wide variety of accessories that can
be affected by environmental changes [78,79]. Colorimetric methods for color evaluation
are an important problem, and another problem is the stability of color [79,80]. The
fluorescence method is widely used in HMIs determination because of its advantages of
simple operation, low cost, and high sensitivity [81]. In addition, the fluorescence sensor has
the characteristics of strong specificity, fast detection speed, and high accuracy [34]. CuNCs
are used as sensors to detect HMIs. The low-cost detection method brings convenience to
the actual detection. The following are some of the works using CuNCs as fluorescence
sensors to detect HMIs.
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5.1. Silver Ion

Silver is used in cosmetics, industry, catalysts, and other fields. The discharge of
waste liquid is widely used in industry and will also pollute water and soil [82]. Ag+

has a great influence on human health. The accumulation of Ag+ in the human body
can cause cytotoxicity, body failure, and mitochondrial dysfunction [83]. Therefore, it is
necessary to develop a simple and rapid silver ion detection method. The requirement of
silver ion detection can be satisfied by using CuNCs as probes. Shao et al. made MMI-
CuNCs as a probe to detect Ag+ (Figure 8A) [53]. The protective agent was MMI, and the
reducing agent was hydrazine hydrate. The detection limit was 6.7 nM, which could be
applied to the detection of Ag+ in human serum samples. Shao et al. also proposed to
make a nanoprobe with dithiothreitol and eggshell membrane (ESM) [56]. Concurrently,
they made a sensor to complete the detection of Ag+. It caused fluorescence quenching
in the presence of Ag+ (Figure 8B). Zhang et al. synthesized CuNCs by sonochemistry
using N-acetyl-L-cysteine (NAC) [84], which can be used for the selective detection of Ag+

(Figure 8C). The limit of detection (LOD) was as low as 7.76 × 10−11 M. The detection
mechanism was attributed to dynamic quenching. The addition of Ag+ made the particles
aggregate and the fluorescence lifetime of the NAC-CuNCs system decreased. Importantly,
the synthesis process only takes 15 min, and the detection time is short in actual water
samples. Glucose (Glc) was used as a reducing agent to prepare Glc-CuNPs [85], and the
detection was completed by the fluorescence turn-off mechanism caused by the interaction
between the probe and Ag+. The fluorescence of Glc-CuNPs changed significantly with
increasing Ag+ concentration (Figure 8D). In addition, CuNCs/ZIF-8(72) was prepared
using CuNCs, Zn(NO3)2·6H2O, 2-methylimidazole (2-MIM,72 mg) as raw materials [86].
Interestingly, CuNCs/ZIF-8(72) can also be used for Ag+ detection by fluorescence turn-off
mechanism (Figure 8E). The mechanism is the strong complexation between sulfhydryl in
CuNCs/ZIF-8 (72) and Ag+. The above-mentioned works (Table 1) prove the practicability
and broad application prospect of CuNCs in Ag+ detection. In the reports we investigated,
the lowest detection limit of Ag+ detected by CuNCs was 1.2 pM [87]. These works are
performed by fluorescent turn-off mechanism to complete Ag+ detection, which is applied
to human serum or actual water samples. Using eggshell membrane as raw material to
synthesize NCs has the advantages of green and low cost [88–90]. The synthesis of NCs by
ultrasonic chemistry is also a useful way.

5.2. Mercury Ion

Major sources of mercury include fossil fuel burning and mineral industry production.
Mercury does not degrade naturally and enters the human body through the biological
chain causing serious effects [91]. Mercury can accumulate in various forms in living organ-
isms. Long-term exposure to mercury can cause neurological dysfunction and interferes
with cell function [92]. Therefore, the detection of mercury levels is essential for environ-
mental and biological health. One of our works details the synthesis of CuNCs@ESM in situ
on eggshell membranes (Figure 9A). The reducing agents were N2H4·H2O, NH2OH·HCl,
and Vitamin C, and a strip sensor was made to detect Hg2+ [93]. The fabrication of sensing
bands makes it easier and more convenient to monitor ions in real-time. Vasimalai et al.
synthesized TG-CuNCs using 1-thio-β-glucose as a ligand (Figure 9B) [94]. The detection
limit of Hg2+ is 1.7 nM. At the same time, a smartphone-assisted paper kit was designed for
on-site monitoring of Hg2+ in tap water, rivers, and ponds. Furthermore, CuNCs prepared
with turmeric root extract as a template can be used as a fluorescence probe to detect Hg2+

(Figure 9C), and its quenching mechanism was AIQ [95]. At room temperature, the linear
range was 0.0005–25 µM, and the detection limit is 0.12 nM. The analysis of tap water, river
water, and canal water demonstrated that the method had good accuracy. Importantly, the
biomass used to synthesize CuNCs comes from nature and is more environmentally friendly.
Yang et al. made carbon dots-CuNCs (CDs-CuNCs) with dual-emission wavelengths [96].
In the presence of Hg2+, the pink fluorescence changes to blue fluorescence. The addition
of Hg2+ decreased the red fluorescence of CuNCs (Figure 9D). A simple and sensitive test
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paper was developed for rapid detection and visualization. Zhang et al. used AgNO3
and Cu (NO3)2 to construct silver/copper bimetallic nanoparticles (AgCu-BNPs) [97]. The
addition of Hg2+ enabled the bimetallic probe to perform selective detection by colorimetric
and fluorescence modes. The minimum concentration limits of colorimetric and fluores-
cence methods were 89 nM and 9 nM, respectively. The blue fluorescence of AgCu-BNPs
was quenched by Hg2+, and the system was accompanied by the visible color change
(Figure 9E). The quenching mechanism was attributed to IFE, static quenching, and dy-
namic quenching. Dual-mode detection made the detection more simple and more reliable.
The above reports are related to the detection of Hg2+ by CuNCs (Table 2). The probes
were designed into strip sensor belts or combined with a smartphone [98], which was more
suitable for detection in complex environments. The NCs prepared by turmeric root extract
extends the application value of biomass materials. CDs-CuNCs are nanocomposites with
dual emission wavelengths assembled by simple electrostatic discharge. The synthesis of
double-emission materials by green materials and chemical means is also worth studying.
In a survey of the latest work [99,100], gold nanoparticles were combined with a resolution
matrix-assisted laser desorption ionization time-of-flight mass spectrometer (MALDI-TOF
MS) for measurement [99]. The detection limit of Hg2+ was 0.19 pmol/µL.
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Figure 8. CuNCs for Ag+ detection. (A) Fluorescence emission spectra in the presence of Ag+ using
MMI-CuNCs as a probe. Inset: the photo of MMI-CuNCs under a UV lamp [53], Copyrights from
American Chemistry Society, 2022. (B) The photo of CuNC/ESM in the presence of Ag+ from 0 to
100 µM under a UV lamp [56], Copyrights from Springer, 2019. Fluorescence spectra of different
concentrations of Ag+ injected into (C) NAC-CuNCs [84], Copyrights from Elsevier, 2022. and
(E) CuNCs/ZIF-8 [86], Copyrights from Elsevier, 2022. (D) The relationship between Glu-CuNPs
absorption spectra and Ag+ concentration [85], Copyrights from Hindawi, 2022.
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Table 1. Report on detection of Ag+ by CuNCs.

Type of CuNCs λex/λem
(nm) Read Out Sensing Mechanism Reaction

Time
Limit

of Detection
Published

Time
Reference

Value Ref.

MMI-CuNCs 322/476 Turn-off AIQ, Static quenching 30 min 6.7 nM 2022
1.2 pM

2021
[87]

[53]

CuNC/ESM 360/623 Turn-off
high-affinity
metallophilic
interactions

— — 2019 [56]

NAC-CuNCs 340/630 Turn-off dynamic quenching 2 min 7.76 × 10−11 M 2022 [84]
Glc-CuNPs 472/542 Turn-off AIQ 30 min — 2022 [85]

CuNCs/ZIF-8 360/627 Turn-off the formation of
Ag-S bonds 3 min 0.33 µM 2022 [86]
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Table 2. Report on detection of Hg2+ by CuNCs.

Type of
CuNCs

λex/λem
(nm) Read Out Sensing Mechanism Reaction

Time
Limit

of Detection
Published

Time
Reference

Value Ref.

CuNCs@ESM — Turn-off high-affinity
metallophilic interactions

1 h (Hg2+:
500 µM)

— 2018 0.19
pmol/µL

2023
[99]

[93]

TG-CuNCs 350/430 Turn-off static and dynamic quenching 3 min 1.7 nM 2020 [94]
CuNCs 365/440 Turn-off AIQ 22 min 0.12 nM 2018 [95]

CD-CuNCs dual-
emission — strong affinity — 0.31 nM 2021 [96]

AgCu-BNPs 350/442 Turn-off IFE, static and
dynamic quenching — 9 nM 2021 [97]



Chemosensors 2023, 11, 159 15 of 23

5.3. Iron Ions

The presence of Fe3+ allows many physiological processes to proceed normally.
However, too much Fe3+ can lead to serious diseases such as cancer, Parkinson’s, and
Alzheimer’s [101]. Among the methods for detecting iron ions (Table 3), the fluorescence
method is a good choice for sensor manufacturing because of its high sensitivity [102].
Cao et al. recently assembled BSA-CuNCs @ [Ru(bpy)3]2+ from bovine serum albumin
(BSA)-CuNCs and [Ru(bpy)3]2+ to detect Fe3+ in tap water and spirits [103]. BSA-CuNCs @
[Ru(bpy)3]2+ show two distinct emission peaks. [Ru(bpy)3]2+ did not respond to Fe3+, and
fluorescence quenching occurred in BSA-CuNCs. Additionally, a POCT platform based
on a smartphone was designed for the actual detection of Fe3+ (Figure 10A). Moreover,
Cysteamine functionalized nanoconjugate materials (CA-CuNCs) can be used to determine
Fe3+ in human urine (Figure 10B) [104]. The detection mechanism was based on electron
transfer and AIQ. Importantly, the stratified test strips were designed, and the brightness
changed greatly before and after adding Fe3+. Ai et al. used duplex oligonucleotide (ds-
DNA) as a template to prepare copper nanomaterials (dsDNA-CuNCs), which showed its
applicability as a Fe3+ sensor; fluorescence quenching was caused by the aggregation of
nanomaterial particles [105]. The detection limit was 5 µM when Fe3+ concentration was
5–100 µM (Figure 10C). Hemmateenejad et al. synthesized Penicillamine-capped bimetallic
Gold-Copper NCs (PA-AuCu-bi-MNCs). The milky water solution demonstrated orange
fluorescence under a UV lamp [101]. It can be used for simple quantitative detection of Fe3+

(Figure 10D), utilizing the detection mechanism of IFE. It was important that the detection
process is free from Fe2+ interference. In the literature investigated, the minimum detection
limit of Fe3+ detected by CuNCs was 10 nM. CuNCs made of bovine serum albumin (BSA)
by Debanjan Guin et al. could be applied to the detection of ions in wastewater and human
serum samples [106].

Table 3. The recent report on the detection of Fe3+ by CuNCs.

Type of CuNCs λex/λem (nm) Read Out Sensing Mechanism Reaction
Time

Limit
of Detection

Published
Time

Reference
Value Ref.

BSA-CuNCs@
[Ru(bpy)3]2+ Dual-emission — AIQ 3 min 0.086 µM 2022 10 nM

2022
[106]

[103]

CA-CuNCs 385/467 Turn-off electron transfer,
AIQ — 423 nM 2020 [104]

dsDNA-CuNCs 312/400 Turn-off AIQ 1 h 5 µM 2020 [105]
PA-AuCu-bi-MNCs 275/605 Turn-off IFE 5 min 0.1 µM 2019 [101]

5.4. Cobalt Ion

Cobalt is an essential trace element, but ingesting high concentrations or prolonged
exposure can still cause illness, including contact dermatitis, pneumonia, allergic asthma,
and lung cancer [107]. Shao et al. used dithiothreitol (DTT) to make DTT-CuNCs to detect
Co2+ (Figure 11A), and the detection mechanism was AIQ [71]. The DTT-CuNCs probe
was fixed to the filter paper and designed as a visual paper sensor with the help of a
mobile phone, which had good applications in water samples and other environments.
Ling et al. found that GSH-AuNCs made from glutathione (GSH) can selectively detect
Co2+ [108]. The detection process was accomplished by adjusting the pH. When the pH was
6, the presence of Co2+ can effectively quench the fluorescence of NCs, and the quenching
mechanism was static quenching. He et al. used lysozyme (Lys) and hydroxylamine
hydrochloride (NH2OH·HCl) as raw materials to make Lys-CuNCs, which showed strong
yellow fluorescence under an ultraviolet lamp [109]. It can be used for sensitive and
selective detection of Co2+ in an aqueous solution with a detection limit of 2.4 nM. Above
are related reports on the application of MNCs in Co2+ detection (Table 4), which needs
to be further developed. In recent work, Tong et al. used silicon nanoparticles/gold
nanoparticles complex as a fluorescent probe to detect Co2+, and the detection limit was as
low as 60 nM [110]. The detection of ions by GSH-AuNCs was completed by adjusting pH,
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indicating that pH value would have an impact on the detection process and was also an
important factor affecting the fluorescence of substances.
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5.5. Other Ions

CuNCs have also been synthesized for the detection of other HMIs. For instance,
Cr (VI) contamination is highly associated with atopic dermatitis, carcinogenesis, and
mutations in animals and humans. Hu et al. synthesized CuNCs using thiosalicylic
acid (TA) and cysteamine (CysA) as ligands [111]. Because the IFE effect quenches the
fluorescence of CuNCs, a fluorescence sensor was designed to detect Cr (VI) (Figure 11B).
In addition, He et al. synthesized water-soluble CuNCs stabilized by DNA single base
thymine and performed selective detection of Mn2+ based on AIE (Figure 11C) [112].
Cadmium is highly toxic, known as a carcinogen, and in large quantities can damage
the liver, bones, and kidneys. Furthermore, high levels of cadmium have been linked
to diabetes, cancer, and heart disease [114]. Liu et al. used the glutathione@carbon dots
(GSH@CDs) as a template for the synthesis of GSH@CDs-CuNCs, which can be used to
detect Cd2+ (Figure 11D). The linear range of Cd2+ was 0~20 µmol·L−1, and the limit of
detection was 0.6 µmol·L−1 [113].
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Those listed above are just a few examples of CuNCs detecting HMIs. (Table 4) These
works further elucidate the possibility of CuNCs for ions detection and provide a new
approach for the detection of HMIs.

Table 4. The list reported HMIs detection via CuNCs.

Metal
Ions Type of CuNCs λex/λem (nm) Read Out Sensing

Mechanism
Reaction

Time
Limit

of Detection
Published

Time
Reference

Value Ref.

Co2+ DTT-CuNCs 382/627 Turn-off AIQ 30 min 25 nM 2021 60 nM
2022
[110]

[71]

GSH-AuNCs 412/500 Turn-off Static
quenching 15 min 0.124 µM

(Co2+: 2.0–50.0 µM) 2021 [108]

Lys-CuNCs 334/596 Turn-off — — 2.4 nM 2018 [109]

Cr6+ bi-ligand CuNCs 330/411
(Cu NC-2 a) Turn-off IFE — 0.03 mM — — [111]

Mn2+ CuNCs@T b 354/561 Turn-on AIE 40 min 10 µM — — [112]

Cd2+ GSH@CDs-
CuNCs

dual-
emission — AIE

(750 nm) 15 min 0.6 µmol·L−1 — — [113]

Cu NC-2 a: TA-to-CysA molar ratio of 1:1, T b: Rich-thymine.

5.6. Selectivity Difference of CuNCs in Detecting HMIs

Heavy metal ions have a great influence on organisms and the environment, so
fluorescence sensing for HMIs detection is of great significance. There were significant
differences in CuNCs detection among different HMIs. For example, different fluorescence
responses, and different fluorescence intensities. Huang et al. prepared CuNCs using
bovine serum albumin (BSA) and thiosalicylic acid (TSA) as protective ligands [115]. The
fluorescence changes produced by TSA/BSA-CuNCs interacting with various metal ions
(incubated in sodium phosphate buffer) were observed. Only Cr6+ showed significant
fluorescence quenching on TSA/BSA-CuNCs due to the IFE. Cr6+ provides sufficient
oxidative etching of copper ions/atoms. Olga Garcia et al. designed a sensor for the
detection of Hg2+ by taking advantage of the differences in the detection of metal ions
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by CuNCs [116]. CuNCs were tested on various metal ions under the same conditions,
and the fluorescence attenuation was nearly 50% only in the presence of Hg2+, and the
effect was small in the presence of other ions. CuNCs were incubated with a series of Hg2+

concentrations, and the hydrodynamic size was gradually increased. No changes in the
hydrodynamic size were detected in the presence of Cd2+. This kind of CuNCs can be used
as selective probes to detect Hg2+ in the presence of other ions. It has also been mentioned
that the CDs-CuNCs synthesized by Yang et al. have dual emission wavelengths [96]. The
addition of Hg2+ reduced the red emission of CuNCs, while the blue emission of CDs
remained stable. As a result, the fluorescent color changes from pink to blue.

6. Outlook and Challenges

To summate, we have described the synthesis, characterization, and application of
CuNCs in HMIs detection, highlighting the attractive merits of CuNCs as a new material.
However, researchers have studied Au, Ag, and other noble metal NCs in depth, while
the research on CuNCs is relatively simple. Therefore, there are still many new challenges
for CuNCs. For example, compared with semiconductor quantum dots, CuNCs have
relatively low fluorescence quantum yield and weak luminescence. Thus, how to prepare
strong luminescence and high quantum yield is one of the many challenges CuNCs faces.
Additionally, CuNCs are easily oxidized and unstable, which makes them challenging in
synthesis and preservation. Finally, CuNCs are also required to possess good stability and
other excellent properties in fluorescence analysis and other applications. Therefore, the
problem to obtain monodisperse and stable water-soluble CuNCs remains unsolved. We
believe that ultra-sensitive and more portable analytical detection applications based on
CuNCs will be developed in the future.

7. Conclusions

The development and diversification of nanomaterials have promoted the develop-
ment of HMI detection. In this review, we discuss the detection of HMIs by CuNCs. From
the different synthesis strategies of CuNCs and related characterization to the detection
mechanism of HMIs by CuNCs, relevant reports are also listed. The difficulty of synthesis
lies in achieving the production of CuNCs with good stability. After adding different HMIs,
fluorescence enhancement or quenching occurs under different mechanisms. Compared
with other HMIs detection methods, the fluorescence method can meet the requirements
for real-time detection in complex environments, with better selectivity and sensitivity.
Although this method has made great progress, it still has the possibility of development
in synthesis, purification, and application.
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