Published on 20 September 2019. Downloaded on 4/8/2026 4:46:33 AM.

CHEMISTRY

FRONTIERS

W) Check for updates ‘

Cite this: Mater. Chem. Front.,
2019, 3, 2326

Shayan Shahsavari,

Iman Menbari Oskouie,”® Masoud Hasany,

Andrey L. Rogach (2

' ROYAL SOCIETY
OF CHEMISTRY

Chinese Chemical Society

Ligand functionalized copper nanoclusters for
versatile applications in catalysis, sensing,
bioimaging, and optoelectronics

+2° Samaneh Hadian-Ghazvini, ¢ Fahimeh Hooriabad Saboor, 1

" Abdolreza Simchi @ *9" and

Copper nanoclusters (Cu NCs) have emerged as a valuable member of the family of ligand-protected

few-atomic metal nanoparticles and show fascinating properties of color-controlled light emission,
combined with the advantages of versatile solution-based chemical synthesis at low cost. Synthetic
methods of Cu NCs using various types of functional ligands and scaffolds allow tuning their emission
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wavelength and improving their environmental stability. Depending on the method of preparation
and the ligands used, Cu NCs have already been applied for a wide variety of applications in catalysis,
sensing, bioimaging, theranostics, and optoelectronics. This review highlights the potential of Cu NCs

and links synthetic procedures and functionalization with different ligands with their properties

rsc.li/frontiers-materials and applications.

1. Introduction

Functional nanomaterials have undergone an impressive develop-
ment and are now starting to impact diverse aspects of human life.
An important class of nanomaterials is metal nanoparticles (NPs)
with chemical, electrical, magnetic, and optical properties often
different from their bulk phases,' which have made them applicable
for a wide range of applications. A recent development in the
synthesis of metal NPs is the fabrication of sub-nanometer
structures which are composed of a few or few tens of atoms.
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These so-called metal nanoclusters (MNCs) provide a link between
larger, plasmonic metal NPs and molecular-like compounds.
Their sizes are close to the Fermi wavelength of electrons, so
that they exhibit discrete electronic states and show fluores-
cence emission.'™ In recent years, many studies have been
devoted to gold and silver NCs.* In spite of the lower cost and
ready availability of copper, Cu NCs were more difficult to
synthesize, while their photoluminescence quantum yields
(PLQY) tended to be lower.” At the same time, the photostability
of Cu NCs is better than that of organic dyes. In comparison
with many II-VI and IV-VI semiconductor quantum dots with
high PLQY, toxicity issues of Cu NCs are fewer,* while their
cellular uptake could be easier, due to the smaller size.” Due
to the useful chemical, optical and electrical properties of
Cu NCs, efforts on broadening their applicability in various
fields such as catalysts, chemical sensors, biological imaging
agents, and electronic devices have increased in recent
years.>3678

The aim of this article is to present a comprehensive review
on the application-related aspects of Cu NCs (summarized in
Table 1), which were not so much in the focus of other reviews.
Recent advances in the synthetic protocols with an emphasis
on their advantages and shortcomings are considered, and
properties of Cu NCs related to several possible applications
(Scheme 1) such as catalysis, detection and sensing, biological
imaging, theranostics, and light emitting devices (LEDs) are
discussed. The review concludes with the future trends and
outlooks for the further development of the Cu NC field.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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2. Optical properties of metal NCs and
their aggregation/assembly induced
emission

The ultrafine size (usually less than 2 nm) of metal NCs induce
electronic transitions between separated energy levels giving
rise to light absorption at a given wavelength and emission with
a longer wavelength.>®*%” Bornacelli and coworkers®® synthe-
sized bare Pt, Ag and Au NCs by ion-implantation in sapphire
plates, and employed the Jellium model, Egermi/N'?, to simulate
their emission spectra. They concluded that the optical emission
of these clusters can be explained based on the quantum confine-
ment effects. Hovewer, the Jellium model would not work for
ligand-functionalized NCs such as the thiolate-protected ones,
because it does not take into account the contribution of ligands
towards the electronic structure and the optical transitions of such
structures. The PL origin of ligand-protected metal NCs and
relevant parameters that contribute to their emission have been
summarized by Xie and co-workers in a recent book,* pointing
out the effect of varying core sizes and the type of ligands.” Ligand
exchange further confirmed their effects on the PL of metal
NCs.”" Besides the effects of the ligands and the metal core,
there are some other variables such as the thiol-to-metal ratio
and the oxidation state of the metal core that affect the PL
response of metal NCs.*

It has been demonstrated in a plenty of studies that the
emission of the metal NCs can be significantly improved as a
result of their aggregation. The aggregation-induced emission
(AIE) phenomenon which was discovered for molecular dyes in
2001 by Tang and coauthors is also valid for the metal NCs, so
far.®>** AIE characteristics of the metal NCs include sufficiently high
PL QYs (typically in the range of 10-50%), large Stokes shift, and
long excited state lifetimes.?**® Among the different ligand
stabilized metal NCs, those capped with glutathione, 1-dodecane-
thiol, penicillamine, and cysteine are the most often reported ones
with AIE. The AIE effect in metal NCs can be conveniently triggered
by post-synthetic treatment, when changes of the solvent polarity,
PH, and/or addition of some ions induce their self-assembly and
aggregation.®>*> Although the exact mechanism of AIE in metal
NC:s still requires further studies, it has been generally stated that

2330 | Mater. Chem. Front., 2019, 3, 2326-2356

[A]

Motion of
surface ligands

Strong emission

Fig. 1 Schematics of the energy levels and excitation/emission processes
in (A) isolated Cu,5(SG)2o NCs and (B) aggregated Cuss_32(SG)1g_13 NCs.
Adapted with permission from ref. 92, Copyright 2019, ACS. (C and D) Give
a schematic representation of the emission from the isolated metal NCs
and the aggregated clusters, respectively.

restriction in molecular rotational and vibrational motions of the
capping ligands after aggregation blocks non-radiative pathways
and opens radiative ones, and thus subsequently leads to PL
enhancement. As illustrated in Fig. 1, the emission of isolated metal
NCs relies on the S, to S, transition (fluorescence), while aggregated
ones emit based on the T; to S, transition (phosphorescence).®>°>%*
An additional advantage of the AIE of aggregated metal NCs is that
their emission color often appears in the red and near-infrared
spectral regions, which means they can be employed for bio-
sensing, with little interference with the autofluorescence of
biological materials.®*

3. Synthesis of copper NCs

Fig. 2A and Table 1 summarize the main chemical and physical
preparation methods that have been utilized for the synthesis

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 2 (A) Schematic representation of different chemical and physical methods developed for the synthesis of Cu NCs. (B) Representative electron
microscopy images of Cu NCs with different morphologies. Adapted with permission from ref. 15, 82, 84 and 100-102, Copyrights 2016-2018, Wiley-

VCH, RSC, and ACS.

of Cu NCs so far. The synthetic procedures can be categorized
into 6 groups, including ligand assisted, template-assisted,
electrochemical, etching, and physical methods, and assembly
and aggregation.®® Chemical methods rely on the reduction of
Cu*" ions into Cu atoms in a solution phase.”°® Ligands and
templates are often employed to stabilize the clusters and to
protect them from aggregation and oxidation;**°”%% therefore,
assembly and aggregation are considered as a subset of the ligand
assisted method, which results in two- and three-dimensional
cluster morphologies. Representative electron microscopy images
of Cu NCs with different morphologies are presented in Fig. 2B.
Several characterization protocols of Cu NCs are in place to
confirm different aspects of their structure. NMR spectroscopy and
X-ray absorption spectroscopy are often used, as are chromato-
graphic methods to assess their purity.”® X-ray photoelectron
spectroscopy (XPS) is applied to study the oxidation states of the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

metallic core of Cu NCs, while it has to be noted that the
unambiguous recognition between Cu(0) and Cu(i) states is
challenging.”® Absorption and steady-state/time-resolved PL
spectroscopy are routine while essential measurements to provide
basic optical characterization of NCs, and for the determination of
their PLQY.”

3.1. Ligand assisted synthesis of Cu NCs

During the synthesis and formation of Cu NCs, there is a high
tendency of aggregation in order to decrease the surface energy,
and ligands can prevent this by steric effects which rely on non-
bonding interactions. Ligands can also influence the reactivity
of precursor ions and molecules, which determines the final
size and shape of NCs.'” Controlling the kinetics of Cu®" reduction
in the presence of ligands is crucial to attain monodisperse Cu NCs.
Different parameters such as ligand concentration, reducing agent
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concentration, the pH of solution, the temperature, and the reaction
time can affect the formation of desirable products. Choosing
different ligands not only affects the PL intensity and the
catalytic activity of ligand functionalized Cu NCs, but also plays
a role in sensitivity to various environments.'®* Ligands with
thiol and carboxyl groups are the two most important organic
molecules which have widely been utilized for the synthesis of
Cu NCs,** as will be presented below.

3.1.1. Thiolate ligands. Many research groups have employed
glutathione (GSH) as a ligand for the synthesis of Cu NCs. Huang
et al'® synthesized GSH-capped Cu NCs which had a red
luminescence under UV irradiation at 365 nm. Wang et al.”®"*
used GSH as both protecting and reducing agents, mixing GSH
and Cu* with a molar ratio of 4: 1 which resulted in Cu NCs with
a red emission at 600 nm. Mukherjee and co-workers'”” mixed
Cu** and GSH with a molar ratio of 1:1 and prepared Cu NCs
(Cuy5(GSH),) having a blue emission under UV irradiation. Through
a similar approach, Huang et al.'®® synthesized Cu NCs with an
intense blue fluorescence under 365 nm UV irradiation. They added
ascorbic acid (AA) to a solution of Cu** and GSH and stirred the
mixture for 4 h at 65 °C/pH = 6. Cu NCs with a red emission at
620 nm under UV excitation (365 nm) were also prepared by mixing
GSH and Cu”" at a molar ratio of 5: 1. The maximum PLQY (24%)
was attained at pH = 5.10%1%°

More recent advances are the synthesis of GSH-capped Cu
NCs with different sizes by heating the solution (up to 80 °C)
under N, flow, followed by separation of clusters through gel
electrophoresis, capillary electrophoresis, and liquid chromato-
graphy. The resulting Cu NCs had a composition of Cus (GSH),
Cue(GSH)g, Cu,(GSH)s, Cug(GSH)s, and Cug(GSH)s. We note that
some of these Cu NCs have larger sizes than Au,s (GSH);g
prepared by gel electrophoresis.''® Han et al.''' developed a
one-pot synthesis protocol to prepare GSH-protected Cu NCs
encapsulated in metal-organic frameworks (MOFs). To obtain
Cu NCs@GSH/MOF-5, 1,4-benzene dicarboxylic acid and Zn
(NO;),.6H,0 were dissolved in DMF, and under stirring Cu**
salt and GSH solutions were introduced. Through adjusting pH
to 5, a white turbid solution was attained after 24 h at room
temperature (RT). The fluorescence intensity of Cu NCs in the
composite nanostructure was enhanced 35-fold, while the stability
improved from 3 days to 3 months.

Another approach utilizes thiolates as ligands for an
organic-phase synthesis of GSH stabilized Cu NCs with a red
PL emission under UV irradiation. Huang et al."'? prepared Cu
NCs in DMF by a simple mixing method and used them for
sensitive detection of water in organic solvents. GSH capped Cu
NCs were synthesized by injection of a saturated GSH aqueous
solution into a solution of Cu®>" in EtOH, and the aggregation
was triggered by supersaturation of GSH in EtOH as a poor
solvent. The PL QY was 48% in the solid state, which exceeded
the value reported for Zn-coordinated GSH-capped Au NCs.?***3

Zhao and co-workers®” used p-penicillamine as a suitable
ligand for the synthesis of Cu NCs. They obtained Cu NCs with
a bright red luminescence at 37 °C and at an incubation time of
4 min. Other groups also used penicillamine as a protecting
ligand for the synthesis of Cu NCs.>""*™'® Chen and co-workers”®
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used 2-mercapto-5-n-polypyrimidine as a ligand and NaBH, as a
reducing agent. They obtained clusters with the composition of
[Cug(C;HgN,S),] which had PL with dual emissions at 423 nm and
593 nm and PLQY of 3.5% and 0.9%, respectively. Chang’s group®
has shown that thiosalicylic acid can also be used as a ligand; by
mixing it with THF in DMF and then adding Cu®*, Cu NCs were
obtained. Mercaptosuccinic acid (MSA) was also utilized as a
ligand in the presence of NaBH, as a reducing agent.""” Another
molecule that has often been used as a ligand is L-cysteine.
Borghei et al.''®*"*° have shown that Cu NCs can rapidly be
prepared in the presence of cysteine at pH = 12 at RT, which
exhibited a PL emission in the range of 410 to 580 nm depending
on the cysteine concentration. Su and Liu'*' employed 1-cysteine
with an equal molar ratio with Cu>* to prepare Cu NCs with a pale
red emission color under UV irradiation (365 nm). Blue emitting
Cu NCs (at 428 nm) were prepared with 4,6-diamino-2-
mercaptopyrimidine (DAMP) as a ligand by Khonkayan et al.'**
Stable red emissive Cu NCs were fabricated from CuCl, using
L-cysteine as a capping ligand and a mild reducing agent at RT."**
These pH responsive Cu NCs were used for producing hybrid
nanostructures with bovine serum albumin (BSA), which were
soluble in water at pH = 3.0 and had PLQY of 6.3% and 2.1% in
the solid state and aqueous solution, respectively.""

The cation cross-linking procedure has been used to fabri-
cate aggregated L-cysteine capped Cu NCs with a mesoporous
morphology and improved PLQY.®* For this purpose, 100 uL of
0.1 M CuSO,-5H,0 was added to 2 mL of 0.1 M r-cysteine in
water; the mixture was subjected to vortexing for 10 min, and a
suitable amount of 0.1 M Na,CO; was added to induce aggregation.
Thereafter, different amounts of Ce®" were titrated to produce cross-
linked aggregates; PLQY before and after Ce*" addition was 3.4%
and 8.3%, respectively.®® Yet another strategy for improving the
PLQY of Cu NCs is direct metal doping. For example, central doping
of Au as a single atom into dichalcogenolate-protected Cu NCs led
to strong enhancement of their PLQY, which reached 59% when
measured at 77 K in 2-MeTHF for [Au@Cu;,(S,CN"Bu,)s(CCPh),]"
clusters.'*

Self-assembly of Cu NCs into wires, ribbons, and sheets has
been realized by employing 1-dodecanethiol (DT) as a ligand.
For the synthesis of ribbons, for example, 30 mg of copper(u)
acetylacetonate was dissolved in a mixture of dibenzyl ether
(2 mL) and liquid paraffin (5 mL). Then, 1 mL DT was introduced,
and the mixture was stirred at 120 °C for 30 min.'®

Several other thiolate ligands were also employed for the
synthesis of Cu NCs, namely, cysteamine,'**** phenylethan-
ethiol,"* dihydrolipoic acid,"*® mercaptobenzoic acid,"*” 3-mer-
capto-trimethoxy silane,"*® and 2-mercapto-1-methylimidazole."*

3.1.2. Ligands with carboxyl groups. Ligands with carboxyl
groups are less frequently used for the synthesis of Cu NCs. As
an example, Cu NCs were prepared by mixing Cu®" and sodium
cholate at controlled concentrations to form blue hydrogels.
The PL spectra displayed the maximum excitation wavelength
at 375 nm and an emission peak at 615 nm."*° Tannic acid as a
ligand and AA as a reducing agent have been used to make Cu
NCs exhibiting a blue PL emission at 430 nm under excitation
at 360 nm.* Zheng et al."*' showed that AA itself can serve as a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019


https://doi.org/10.1039/c9qm00492k

Published on 20 September 2019. Downloaded on 4/8/2026 4:46:33 AM.

Review

protecting ligand upon the synthesis of Cu NCs when the
reaction mixture was kept for 3 h at 25 °C.

3.2. Template-assisted synthesis of Cu NCs

To prepare Cu NCs and at the same time avoid their aggregation,
templates such as DNA, protein, peptides, and polymers have
been widely utilized. Cu®" ions are able to bind to those templates
and are then reduced to form clusters, whose aggregation is
prevented by steric hindrance. Different templates can be chosen
based on the types of potential application. Parameters such as
pH, temperature, ratio of Cu®>* and templates can control the
ratio of functional ligand groups and the metal core. For
example, in Cu NC synthesis utilizing the protein template,
the increase of pH facilitates breaking of disulfide bonds and
stabilizes Cu NCs within the protein scaffold by thiol groups. A
recent study has shown that by modifying the synthetic conditions
in the template-assisted method, high PLQY exceeding 44% in water
can be achieved.” A brief overview of the resulting Cu NCs is
given below.

3.2.1. DNA templating. DNA templates have widely been
employed for the synthesis of Cu NCs. Borghei et al.*® synthe-
sized orange- and green-emitting DNA-Cu NCs using ascorbate
as the reducing agent for Cu®" ions in phosphate buffer saline
(PBS) at pH ~ 7. Mokhir’s group™ utilized AA as the reducing
agent and double-stranded DNA (dsDNA) as the template
to obtain Cu NCs with a strong PL emission in the range of
580-600 nm. Similarly, Singh et al.*® used two single-stranded
DNA (ssDNA) to prepare dsDNA in the presence of AA and
employed them to grow Cu NCs. Han et al'®*® prepared
thymine(T)-template fluorescent Cu NCs through the reduction
by NH,OH-HCI at pH 11.5, which exhibited a strong PL peak at
561 nm when excited at 354 nm. In a similar study, Cu NCs with
a PL emission of 617 nm (for excitation at 349 nm) were
prepared using elongated poly T as a template.”” The template
was prepared via polymerization of T with biotin-DNA/folate-
DNA as the primer, and terminal deoxynucleotidyl transferase
(TdT) as the catalyzing enzyme. The mixture was allowed to
react in the PCR tube for 4 h at 37 °C. In another study,"**'%*
Zhou’s group showed that DNA with long chains can stabilize
Cu NCs at RT within 2.5 h. Herein, TdT was used to polymerize
DNA in the presence of adenine and thymine at a molar ratio of
1:1. Examination of different ssDNA templates like random sSDNA,
poly A, poly T, poly C and poly G at pH 7.6 by 3-morpholinopropane-
1-sulfonic acid has indicated that only poly T template yielded
luminescent Cu NCs with a PL peak at ~600 nm when excited at
340 nm.””"*® The reason for this is that Cu' is an intermediate
product of Cu® reduction to Cu, and T has the lowest affinity for
binding to Cu" (while G has the highest affinity for binding to Cu").

3.2.2. Polymer templating. Polyethyleneimine (PEI) has
widely been utilized as a template for the synthesis of Cu NCs,
while hydrazine hydrate'®” and AA'® were the most popular
reducing agents for reduction of Cu®>* to Cu atoms in combination
with PEL For instance, Cu NCs@PEI with an intense blue emission
under excitation at 365 nm have been prepared by mixing a Cu®*
solution, AA and PEI, followed by microwave irradiation for 20 s
and incubation at 25 °C for 3 h.'®"*” Poly(amidoamine) (PAMAM)
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dendrimers as a template and NaBH, as the reducing agent have
also been utilized to prepare Cu NCs with different number of Cu
atoms in the core, ranging from 4 to 64."*°7*" Bologh et al.'*?
employed a polypropylene imine dendrimer modified with
diaminobutane, and NaBH, in methanol as a reducing agent
to produce Cu NCs. Polyvinylpyrrolidone (PVP) was used as the
template in the presence of AA and formaldehyde (as the
reducing agent) to prepare Cu NCs with 398-457 nm PL emission
under UV irradiation (310 nm to 390 nm)."*>"** Some reducing
agent free methods have also been examined. For instance,
poly(methacrylic acid) modified with pentaerythritol tetrakis
3-mercaptopropionate has been used as a template for the
synthesis of Cu NCs via photo-reduction of Cu*", yielding clusters
with a PL emission peak of 630 nm under excitation at 360 nm.'**
Polyethylene glycol (PEG) modified with lipoic acid has been used to
prepare blue emitting Cu NCs.®> Green emitting water-soluble Cu
NCs with a high PLQY of ~44% were synthesized through introdu-
cing an aqueous solution (10 mL) of 100 pL CuCl,, 0.2 g PVP and
300 pL AA into Carousel 6 Plus (100 mL). The mixture was sealed to
protect it from possible oxidation, and incubated for 21 h at 90 °C
under gentle stirring to attain Cu NCs@PVP."

3.2.3. Protein and peptide templating. Proteins and peptides
have appropriate functional groups for binding to Cu®" ions, thus
promoting stabilization of Cu NCs. Some proteins like bovine
serum albumin (BSA) can act as both a reducing agent and a
stabilizer. BSA in the presence of dithiothreitol (DTT) assisted the
reduction of Cu®" ions."*® There are other additives such as
H,0,"" and hydrazine hydrate™® which support such a role of
BSA. In the presence of NaOH, which decomposes the BSA
structure and breaks the disulfide bonds, blue emitting Cu NCs
(410 nm) were produced by using BSA without any secondary
reductant.*®'*® Papain is another appropriate protein that has
been used as a template for the formation of Cu NCs. In the
presence of hydrazine hydrate as the reducing agent, red emitting
Cu NCs (620 nm) under UV excitation (370 nm) can be
synthesized."®" Lysozyme,'*” yeast,"> and trypsin'® are also good
templates for Cu NC synthesis. Gao et al.'>* designed a peptide
CCYGGPKKKRKVG and applied it as the template to obtain blue
emitting Cu NCs (418 nm). In a similar work, a CLEDNN peptide
was used as a template and AA as the reducing agent.">® Egg
white is an easily available template for the one-pot synthesis of
Cu NCs. Bhamore et al.”> mixed egg white with hydrazine
hydrate, NaOH, and CuSO, and heated the mixture inside a
microwave at 100 W for 5 min to prepare multicolor emitting Cu
NCs. Similarly, Ding et al. and Qiano et al.'®®"” incubated a
mixture of CuCl,, chicken egg white and NaOH at 55 °C for 8 h to
prepare Cu NCs as fluorescent probes.

3.2.4. Other templating methods. In addition to the afore-
mentioned templates, there are other substances that can be
used as a scaffold for the preparation of functional Cu NCs.
Biosynthesis of Cu NCs with strong PL emission (500-650 nm)
under 405 nm excitation by MDA-MB-231 cells in the presence
of L-glutathione as the reducing agent was performed by Ye and
co-workers.”” Hu et al.'*® employed DTT as a template to
prepare orange-florescent Cu NCs for detection of Al*" ions in
food samples. Biswas and co-workers synthesized Cu NCs of
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diameter 1-4 nm by employing a millifluidic reactor,"® with
the reported advantage concerning lower amounts of required
reagents and better control over the reaction temperature. The
reason for attaining Cu NCs was the ability to separate the
nucleation and growth stages. In a typical procedure, an aqueous
solution of Cu(NOj3), and O-[2-(3-mercaptopropionylamino)ethyl]-0’-
methylpolyethylene glycol [MPEG] was pumped into the reactor,
and a reducing agent (NaBH,) was injected by another pump.
Cu NCs were formed, separated, and collected under a nitrogen
atmosphere.

3.3. Electrochemical synthesis

Electrochemical synthesis is a method that has widely been
used to prepare various metal NPs and NCs. During the process,
electrolysis of the copper anode releases Cu®>* ions, which are
then reduced and capped at the cathode in the form of Cu NCs;
by controlling the current density, the final size of NCs can
easily be adjusted.'® The advantages of this procedure are that
Cu NCs can be synthesized at low current densities and without
any additional ligands or surfactants. Under optimum conditions,
PLQY of such “naked” Cu NCs could be as high as 13%, which
favorably compares with many of Cu NCs prepared by wet
chemical methods.'®" Huseyinova et al'® synthesized stable
surfactant-free Cus clusters with a blue PL emission (305 nm)
under excitation at 224 nm. Vilar-Vidal et al.'®" produced highly
stable ligand-free Cu;3 NCs with a blue PL emission (410 nm) by
using tetrabutylammonium nitrate as an electrolyte and showed
that the number of atoms in the copper core (up to Cuy,) can
be regulated by heating these clusters at 80 °C, followed by
re-dissolution in acetonitrile. Green fluorescent Cu NCs with
smaller dimensions (down to Cus core atoms) have been produced
by centrifugation in ethanol through a purification process.'®

3.4. Etching methods

Chemical etching can be considered as a top-down method for
the synthesis of MNCs from larger, non-luminescent NPs, often
in the presence of suitable excess ligands or excess metal
salts.®* NCs can be synthesized from poly-disperse NPs through
a digestive ripening or core etching mechanism. Using an
etching approach for formation of Au and Ag NCs has been
rather popular, while there are only a few examples in the case
of Cu NC synthesis.”> Wang and co-workers®* added Cu®" to
oleyl amine (OA) and 1-octadecene (ODE) solution to prepare
OA-Cu NPs. Etching of Cu NPs was performed by adding an
aqueous solution of polyethyleneimine (PEI) to OA-Cu NPs in
chloroform at 50 °C. In another experiment,'®* Cu®" and AA
(serving as both a reducing agent and a capping agent) were
used to prepare Cu NPs, which were added to GSH aqueous
solution to provide the etching process. The resulting Cu NCs
exhibited a strong emission peak at 600 nm. Instead of using
GSH for etching, other thiol ligands like cysteine’®'®® and
penicillamine'®* can also be utilized. Xie et al.*®® reduced Cu**
by NaBH, to attain Cu NPs protected by GSH, which were
transferred to an organic phase through the addition of cetyl-
trimethylammonium bromide (CTAB), which were incubated
for 24 h to obtain Cu NCs with a blue PL emission at 438 nm.
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Patra’s group”® synthesized red and blue emitting Cu NCs
through the etching of Cu NPs by addition of a highly con-
centrated GSH. The as-synthesized red emitting Cuz4-35(5G)16-13
NCs showed a PL peak at 625 nm with a low PLQY of 0.03%,
which could be increased 36-fold via addition of EtOH with
fv=90%. The as-prepared blue-emitting Cu,5(SG),, NCs showed
a PLQY of 9.7%, which could be further enhanced two-fold by
addition of EtOH with f, = 75%. Deng et al.'® developed a
method to etch Cu NPs with ammonia (NH;); green fluorescent
Cu NCs with a PLQY of 6.6% were attained after ~15 min.

3.5. Other methods

There are few other techniques used for fabrication of Cu NCs
which are somewhat hard to be classified into the above-mentioned
groups. Lopez-Quintela and coworkers'®” employed the water-in-oil
micro-emulsion technique to prepare blue emitting Cu NCs under
UV irradiation, using Cu”* as an aqueous solution, cyclohexane as
an oily phase, NaBH, as a reducing agent and sodium dodecyl
sulfate with isopentanol as a surfactant. Recently, Koninti et al.'®®
synthesized Cu NCs inside the water pool of reverse micelles, which
were made of sodium bis(2-ethyl-1-hexyl)-sulfosuccinate or Triton
X-100 or CTAB. Quite remarkably, the stability of r-cysteine protected
Cu NCs increased from 40 days in bulk water to 180 days in reverse
micelles due to the protection of the as-synthesized clusters from
aerial oxidation. Kawazaki et al.'®® employed a microwave-assisted
polyol synthesis to produce oxidation resistant Cu NCs through
in situ ethoxylation reaction of ethylene glycol, without the need for
any additional ligands or surfactants. Toh et al.'”® embedded Cu
NGCs in ZnO thin films prepared by the radio frequency magnetron
sputtering method to study their magnetic properties. The film
deposition was carried out at 170 K*”'”> under the gas flow of Ar
and He (100-200 cm® min ™). Then, Cu NCs were formed on the
ZnO film by using nanocluster beam deposition. The clusters had
an average size of 8 to 10 nm while secondary phase nanoclusters
(CuO and Cu,0) were also formed. After depositing another ZnO
layer on top of Cu NCs, improved ferromagnetism at RT was
attained through the overlapping of the p-orbital from O
contributed by ZnO and the d-orbital contributed by Cu. Stable
and ligand-free Cu NCs were synthesized via an anti-replacement
method."”® A mixture of 3 mL of CuCl, solution (20 mg mL ")
and 2 mL of Au NP solution (0.01 mg mL ™) was irradiated by a
pulse laser (532 nm) for 5 min; Cu NCs with 2.0 + 0.4 nm
diameter were formed as a result and were separated by
centrifugation, and they emitted at 440 nm under 350 nm excitation
wavelength. The formation mechanism of Cu NCs under laser
irradiation was ascribed to the generation of “hot electrons” in Au
NPs, which consequently reduced adjacent Cu®* ions.

4. Applications of Cu NCs
4.1. Catalysis

Metal NCs have become quite important from the point of view
of their catalytic activity, due to their ultrasmall size and high
surface energy,"””*"”> which capitalized on the previously conducted
catalytic related studies of larger MNCs."*® Although NCs based on
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Scheme 2 Schematic representation of four different types of chemical reactions which can be catalyzed by Cu NCs.

noble metals display good catalytic performance, it is highly
desirable to offer alternative, less expensive while catalytically
active Cu NC analogues. Computational aided methods can
suggest suitable strategies for developing active catalysts based
on Cu NCs.'* In that respect, theoretical studies on the surface
chemistry of Cu NCs aimed at the exploration of adsorption
steps of different chemical compounds are helpful in the under-
standing of various types of possible catalytic reactions. For
instance, theoretical comparisons between adsorption of CO
and H, molecules on Cu NCs by molecular dynamics simulations
have shown that CO is adsorbed more easily than H,, and this
has a greater impact on the cluster structure.'”® As depicted in
Scheme 2, catalytic reactions which have been performed so far
on Cu NCs can be classified into four groups, including
reduction, oxidation, hydrogen evolution reaction (HER), and
1,3-dipolar cycloaddition. Examples of Cu NCs used in these
kinds of catalytic reactions are outlined below and listed in
Table 1.

4.1.1. Reduction. Methylene blue (MB) can be reduced to
lucomethylene blue by using hydrazine as a reducing agent.
Kinetic studies have shown that in the absence of Cu,; NCs, the
optical density of MB was not changed during the reaction;
however, in the presence of electrochemically synthesized Cu;;
NCs, a fast reduction occurred, and the Cu NCs retained their
catalytic activity for at least 42 cycles."*® It was also shown that
the increase of concentration of Cu;; NCs and hydrazine

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

resulted in the enhancement of the rate constant, while the
reaction became slower in acidic solutions. It was noted that the
size of Cu NCs is very crucial because larger clusters (e.g. Cuy,
NCs) have not exhibited catalytic activity for this reaction.'*°

Titanium dioxide is a very well-known photocatalyst that has
attracted researchers’ attention in the last decades. To improve
visible light sensitivity of TiO,, Liu et al'’” prepared Cu(u)
NC-grafted Nb-doped TiO,. Nb ions reduced the energy level
below the conduction band of TiO, to be matched with the Ecy2+cu+
(redox potential) of the Cu(u) NC complex on the surface of the
catalyst. The resulting Cu(u)-Nb,Ti, ,O, nanocomposite could
decompose 2-propanol as an organic compound into CO, under
visible light. A theoretical and experimental study demonstrated
that deposition of Cus NCs on the surface of TiO, NPs could extend
visible light absorption and lead to the formation of an efficient
photocatalyst."”®

Cai et al.™ deposited bimetallic Cu/Au NC catalysts onto a
MgO powder support for the reduction of 4-NP to 4-AP by
NaBH,. Cu-rich NCs, Au-rich NCs or Cu/Au-equal NCs formed
an alloy structure randomly. The reaction rate constant of
3.49 x 10* min~" mole of metal ' was attained from the Cu/Au-
equal NC catalyst, which was 6.6 (8.9) fold higher than that for the
Cu-rich (Au-rich) NCs. Theoretical modeling determined the
balancing of the adsorption of 4-NP and desorption of 4-AP,
which enhanced the activity of Cu/Au-NC catalysts. It was also
found that the activity of Cu/Au-equal NCs prepared by beam
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deposition was 25 fold higher than that of the catalyst synthe-
sized by wet chemistry.

The first report on the catalytic activity of copper-based
structures for reduction of CO, appeared in 1981.'7° Tang
and co-workers'®® utilized Cu;,H,0L;, NCs (L is dithiophosphate
ligand) to reduce CO, to CO and HCOOH. After adsorption of CO,
on the surface of the catalyst, the main step was where the
hydrogen was added: combination of hydrogen with C would
facilitate the reaction to form HCOOH, while addition of hydrogen
to O would produce CO. The turnover number of Cu;3H;oL1,
NCs has been determined as ~1740 mole HCOOH per mole of
CuzyHyoLgs.

Although use of the thiolate ligands may become detrimental
for achieving high catalytic activity, there have been reports on
thiolated Cu NCs showing decent catalytic performance.'®!
Based on the density functional theory (DFT) simulations,
thiolated [CuysH1o(SPhCL,);s]>~ NCs were introduced as a catalyst
for reduction of ketones to alcohols in the presence of hydrogen at
RT.™* Other studies suggested that the migration of ligands and
their partial removal activate catalytic performance of thiolated
metal NCs.'83184

Even though Au NCs are most popular for electrochemical
reduction,'® several studies®®'®® have shown that Ag and Cu
NCs are also electro-catalytically active. It was reported that Cu,
(n < 9) NCs have high catalytic activity for the oxygen reduction
reaction (ORR)."®” Results of electrochemical cyclic voltammetry
(Cv) also indicated that Cu NCs with smaller core sizes exhibited
higher electro-catalytic activity for oxygen reduction.”®®® Ligand-
free Cu NCs were introduced as electrocatalysts for the ORR."”?
Reduction currents were observed when Cu NCs were immersed
in 0.1 M KOH solution saturated with either O, or N,, with
respective current density 22 and 1500 times higher than that of
Au NCs and protected Cu NCs of similar size (Fig. 3A). The mass
activity of these Cu NCs was 1.6 and 4.2 fold higher than that of
the target set by the U.S. Department of Energy and the
commercial Pt catalyst. Such a high electrocatalytic activity
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was ascribed to the clean surface in the absence of ligands,
which greatly facilitated the electron transfer. Interestingly, ligand-
free Cu NCs were also quite durable: The current-time response of
Cu NCs retained 88.1% of its initial value after 10000 s (Fig. 3A),
which was better than that for the ligand-functionalized Cu NCs
used for comparison.

By employing DFT, the effect of chalcogen (oxygen family
elements) doping on the catalytic activity of Cu,; NCs was
systemically investigated.’® Doped Cu NCs could electro-
chemically reduce CO, to CH, and CH;OH. It was also shown
that the activation energy barrier for CO, hydrogenation to CH,
was reduced by Cu,S and Cu,O NCs by 0.15 eV and 0.37 eV,
respectively, and over-potentials for the reaction changed in the
order of Cu,S < Cu,O < Cu,Se.

4.1.2. Oxidation. Wang et al.** employed BSA-Cu NCs as a
catalyst for styrene oxidation. They showed that in the presence
of this catalyst, 70% of styrene was converted to products with
high selectivity (70% of products was benzaldehyde), while
without the catalyst only 7% of styrene could be converted.
Takahashi et al.**° used Cus,Pt,;¢Au,, multi-metallic nanoclusters
(MNCs) for the oxidation of indane to indanone in an oxygen
atmosphere (1 atm). It was shown that the catalytic activity of
MNCs was 24 times higher than that of commercial Pt catalysts
and 5 times higher than that of Pd-Au. The turn over frequency
(TOF) for this catalyst was 1433 (total metal atom™ " hour ") at
90 °C under pure oxygen. They also claimed that MNC catalysts
could be utilized for other compounds with primary C-H bonds,
like xylene. He et al**" suggested soluble Cu NCs as an alternative
for alkaline metal alkoxide catalysts in the industrial carbony-
lation reactions. The high activity of Cu NCs for green oxidation
of methanol to methyl formate with CO was demonstrated, and
complete conversion into this compound under controlled
reaction conditions (0.3-3.0 MPa CO, 353-443 K) was shown.

Sarkar and co-workers'” synthesized Cu NCs supported on
Cr,0; for the oxidation of cyclohexane. Cr,03;-4.4wt% Cu showed
the highest selectivity and conversion in comparison to CuO,
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Fig. 3

(A) Time-dependent reduction current (in the O,-saturated solution, at 0.9 V) of ligand-free Cu NCs used as an electrocatalyst for the ORR. The

inset compares the current density (J.) per mass unit of the ligand-free Cu NCs with that of several ligand-functionalized MNCs, namely,
Au140(S(CH2)5CH3)s53, CuioDTgAcy, and Cug(C;HgN,S),. Adapted with permission from ref. 173, Copyright 2018, RSC. (B) Observation of time-
dependent conversion profiles for the 1,3-cycloaddition of prop-2-yn-1-ol to benzyl azide employing different Cu catalysts. Adapted with permission

from ref. 11, Copyright 2005, Wiley-VCH.
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Cu,0, and other proportions of Cu-Cr,0; catalysts. This catalyst
exhibited 86% conversion to cyclohexanone and cyclohexanol,
with 85% selectivity of formation of cyclohexanone, and its TOF
was about 52.5 and did not change after 4 successive runs. In
another study, a 0.9%Cu/SiO,-MnO, catalyst for oxydehydration
of glycerol was used,"®> with the main products being acrylic acid
and acrolein. The conversion efficiency of glycerol was 77.1%,
while the attained acrylic acid selectivity was 74.7%, and the TOF
for this catalyst was 32.9 h™'. Commercial MnO, showed only
5.5% conversion of glycerol under the same conditions. Athawale
and Bhagwat'®® used a Cu NCs/polyaniline composite as a catalyst
for a Wacker oxidation reaction, where 1-decene was converted
into 2-decanone in the presence of molecular oxygen. Hu et al."**
showed that 3,3’,5,5'-tetramethylbenzidine could be oxidized by
H,O0, in the presence of Cu NCs; the reaction would not proceed
without a catalyst. In a theoretical study, Tang et al.*®> investigated
the catalytic action of Cuss NCs on the oxidation of CO to CO,. It
was found that the oxidation process is catalyzed by Cu NCs
through two mechanisms: Eley-Rideal (adsorption of oxygen
molecules on the cluster surface and then interaction with CO)
and Langmuir-Hinshelwood (co-adsorption of O, and CO).

4.1.3. Hydrogen evolution reactions and hydrogen dissociation.
Hydrogen is considered as a biofriendly fuel gas, and has the largest
energy density; therefore, hydrogen evolution reactions (HER)
are important in the renewable energy industry. Tang and
co-workers™® used Cuz,H,oL;, NCs for the reduction of CO,, as
we already discussed above. The HER may occur in competition
of the reduction reaction according to Cug,Hyo + H + €7 —
Cug,H,o + H, (Heyrovsky mechanism), or Cug,Hyo + H + €7 —
Cuj,H,, (Volmer reaction). At high over-potential, the HER is
preferable while at low overpotentials the formation of HCOOH
is more susceptible. Recently, [Cusy(H),0{S2P(0,Bu),}15] and
[CuyoH11{S,P(0,Bu),}o] have been introduced;™® although the
high molecular weight of supporting S-based ligands utilized in
the stabilization of these Cu NCs did not make them good
candidates for H, storage, they offered a platform to release H,
under extremely mild conditions, which could qualify metal
hydrides to become exceptional models for the HER, such as
those able to harvest solar energy.

The densest crystallographic plane of copper with the lowest
surface energy is the (111) plane.'®” This surface plane can
become unstable under CO exposure (0.1 to 100 Torr) at RT to
form Cu NCs, with the edge of Cu atoms decorated by CO
molecules.'® DFT simulations have shown that the energy of
CO binding to low-coordinated Cu atoms and the weakening of
binding of Cu to neighboring atoms drive this process. Cu NC
formation could activate the surface for the water dissociation
reaction (e.g. CO + H,0 < CO, + H,) leading to the production
of H,. It is noteworthy that no clustering was detected on the
surface of Pt(111) under CO exposure.'® Even though the high
surface area of Cu NCs provides high catalytic selectivity, its
kinetic rate for H, dissociation is very low.'®® Very recently,
Hoyt et al.'®* employed DFT to explore the mechanism of how
Cu NCs improve the catalytic activity for the HER. They showed
that an icosahedral Cu;; NC has a large magnetic moment,
which influences the catalytic behavior. The most capable

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

View Article Online

Materials Chemistry Frontiers

transition state for H, dissociation has lower energy of activation
than that of single-crystal Cu surfaces, but needs a magnetization
change from 5 to 3 pug. Fragile spin-orbit coupling delays this
change, reducing the kinetic rate of H, dissociation by a factor
of 16. Strategies to aid magnetization change through environ-
mental magnetic stimulus can improve the catalytic efficiency
of Cu NCs.

4.1.4. 1,3-Dipolar cycloaddition. 1,3-Dipolar cycloaddition
is a chemical reaction between a 1,3-dipole and a dipolarophile
to form five-membered heterocycles and their ring-opened
acyclic derivatives, which is sometimes referred to as Huisgen
cycloaddition. While this reaction generally does not proceed
readily under mild conditions, Cu()-catalysts have been able to
accomplish it even under physiological conditions (neutral pH,
RT and water solution).®® Only a few examples are documented
in the literature on using Cu NCs for this reaction. Lee et al.'"**°
developed a hydride-centered dithiophosphate cluster ([Cug(iL-
H){S,P(OEt),}6](PFs)) which was able to catalyze the 1,3-dipolar
cycloaddition of organic azides and alkynes into substituted
triazoles. The required catalyst loading was as low as 0.4 mole%.
The formation of the obligatory Cu(i) acetylide intermediate was
suggested to be facilitated by the abstraction of the terminal
hydrogen of alkynes by the hydride released from the central
part of the cluster. Pachén et al.'™?°° have demonstrated that
air-stable Cu NCs are good candidates for the Cu(i)-catalysed
“click” cycloaddition of azides. Monitoring the reaction kinetics
between prop-2-yn-1-ol and benzyl azide, conversion profiles
were obtained for 4 different catalysts, including Cu NCs, Cu
powder, Cu shavings, and CuSO,/ascorbate (Fig. 3B). Significant
differences in the reaction kinetics were observed, and it was
noted that Cu NCs did not serve as a Cu(i) reservoir. Cu NCs
showed the highest activity among the 4 catalysts studied, and
achieved 100% conversion after 18 h (Fig. 3B).

Other studies suggested that organometallic Cu NCs are
more active than thiolated ones.'” The catalytic activity of
[Cuyo(CCPh),,(0Ac)6)], both in a bare form and immobilized
on silica, in the Huisgen cycloaddition was examined. Unsupported
Cu NCs used as a homogeneous catalyst were unstable and
dissociated into smaller NCs and/or discrete Cu(i) cations; on
the other hand, silica-supported Cu NCs displayed comparable
yields even after recycling.

4.2. Sensing

Cu NCs have been widely applied in sensing using several
strategies, including electrochemical signaling, enzyme mimetic
activity, and optical responses. Among these sensing schemes,
the detection based on absorption and emission properties has
been employed more frequently, and included in situ synthesis
of fluorescent Cu NCs (through the turn on/turn-off mechanism),
fluorescent quenching through the inner filter effect (IFE), FRET,
and electron transfer, and enhanced fluorescent intensity (mostly
due to AIE mechanisms). Accordingly, a lot of studies have recently
been conducted on potential applications of Cu NCs as a fluorescent
sensor for detection of various compounds such as anions, namely,
halides (le, Br- and I—),63,201 Sz—,23,153,165,202,203 NOZ—’65,131

CN~,*® Cr,0.>,* and phosphate;*** cations, such as Ag",%2%°
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+ 38,62,147,206,207 3+ 61,158,208 2+ 208,209 3+ 4,30,108,138,210-213
ng,vvvv Al," Zn>* 208:209 pe3t 4,30,108,138,

Au3+,214 Mn2+,133 Pb+,215 Chromium(lv],216 Cr6+,217 Cu2+;218—220
various organic compounds; water in organic solvents;*%**!
and H,0,>''7'?%1%7 and H,S$'°%***?*3 in aqueous systems.
Regarding organic compounds, Cu NC based sensors have
been applied for detection of various medications including
tramadol,*® methotrexate,”" carbamazepine,’® nitrofurantoin,*
o-phenylenediamine,*** doxycycline,”® and tetracycline;*** bio-
cidal and herbicidal compounds such as thiram and paraquat;”>
explosive compounds including trinitrotoluene (TNT),”"**%?7
dinitrobenzene,> nitrofurantoin,** RDX,*” and trinitrophenol
(TNP);'*?**® food additives such as melamine,** folic acid,>®
quinoline yellow,*** gossypol;*® humidity and ethanol.>® Repre-
sentative examples are presented in Table 1 and are briefly
outlined below.

4.2.1. Organic molecule sensing. Several characteristics of
Cu NCs such as cost-effectiveness, biocompatibility, and attractive
emission properties make them promising candidates for detection
and quantification of several medications in biological fluids,
such as doxycycline, tramadol, carbamazepine, methotrexate,
nitrofurantoin (NFT), and so on. Compared with other methods
such as capillary electrophoresis, chromatography, ion mobility
measurements and electrochemical methods, luminescence-
based techniques are simpler, more cost-effective, and highly
sensitive for detection of biomolecules. Recently, a high-performance
chemiluminescence technique was reported for sensitive quantifi-
cation of tramadol within a linear concentration range of
0.003-2.5 uM and a limit of detection (LOD) of 0.8 nM using
BSA-Cu NCs encapsulated into the nanoporous structure of a
flake-like copper-based MOF as a support material. To improve
the selectivity toward tramadol, a pre-extraction step has been
applied using MIP-Fe;0,@SiO, nanoparticles in a dispersive
solid phase extraction method.*® Fluorescent bimetallic NCs
composed of copper and other metals such as Pd, Au, Ag, and
Mo have also been developed. A fluorescence sensor based on
Cu/Mo bimetallic NCs with a PLQY of 26% has been used
for detection of methotrexate, an anti-neoplastic drug, within
a linear range of 50 nM to 100 uM and LOD of 13.7 nM.>*°
CTAB-coated Cu NCs were employed for detecting carbamaze-
pine in exhaled breath condensate within a linear range of 0.2 to
20 ug mL~" and LOD of 0.08 pg mL ™'

Orange-fluorescent Cu NCs (560 nm) with a PLQY of 5.8%
were synthesized using ovalbumin and applied for detecting
doxycycline with a linear range from 1 to 1000 uM, and LOD of
270 nM.>* This sensing probe was also applicable for detecting
doxycycline in urine specimens as a real sample with recoveries
over 90%. In the presence of doxycycline, Cu NCs@OVA exhibited
a high PL enhancement due to the interaction between doxycycline
and ovalbumin that results in the formation of a more compact
structure of the nanoclusters. Under UV excitation, a change in the
solution color containing a different concentration of doxycycline
(from orange to yellow) occurred. Additionally, Cu NCs@OVA
showed high selectivity for doxycycline detection compared with
other antibiotics such as penicillin, ampicillin, streptomycin,
lincomycin, and norfloxacin. It was emphasized that the aqueous
solubility of these clusters provided by multiple hydroxyl groups

m-
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on the surface as well as their low toxicity and biocompatibility
features could make them suitable for in vivo applications.>>”>
They also exhibited good stability in hyper-saline environments
(at 40 °C and under photobleaching conditions) and in the
presence of several organic solvents and metal ions.>®

A label-free, “turn off”’ analytical strategy using water-soluble
adenosine-stabilized Cu NCs has been developed by Wang
et al.®* This fluorescent sensing probe showed fast, sensitive
and selective response to nitrofurantoin (NFT) in a wide linear
range of 0.05-4.0 pM with a detection limit of 30 Nm, and has
been used for the analysis of lake water samples with a recovery
of 96-105% and relative standard deviation lower than 2%. The
emission intensity of the adenosine-stabilized Cu NCs reduced
with a gradual shift towards longer wavelengths at higher NFT
concentrations. A small variation in the PL spectra of Cu NCs in
the presence of many other substances such as phenylalanine,
proline, isoleucine, valine, alanine, glutamic acid, serine, glycine,
lysine, leucine, glutamine, methionine, tyrosine, aspartic acid,
asparagine, threonine, arginine, cysteine, glucose, and uric acid
(at 1.0 uM) proved the high selectivity of this probe to NFT. The
quenching mechanism has been proposed to be based on the IFE
between adenosine-stabilized Cu NCs and NFT, because of the
overlap between the absorption band of NFT at 250-430 nm and
the excitation and emission of Cu NCs. A ratiometric sensor based
on GSH-stabilized Cu NCs for the detection of o-phenylenediamine
(OPD), as an intermediate in medicine production, has been
developed, and exhibited a linear detection range of 0.15 to
110 pg L' and LOD of 93 ng L™". In the samples of river water
and textile dyeing wastewater, its recovery rate was 96.8% and
100.3%, respectively.?**

Quantitative detection of explosive compounds such as
nitroaromatics (e.g. trinitrophenol, dinitrobenzene, TNT) and
heterocyclic nitramines (e.g. trinitrotriazine, RDX) using Cu
NCs as a turn-on/turn-off luminescent probe has been reported.
Cysteine-stabilized Cu NCs were employed for selective sensing
of dinitrobenzene and picric acid based on a turn-on fluorescence
mechanism.”® The sensor exhibited a linear range of 99 nM to 1.3
and LOD of 0.13 pM. Quantitative detection of RDX with a LOD of
1.62 nM in a linear concentration range of 0 uM to 0.238 uM was
performed using BSA-stabilized Cu NCs;*’ it was based on the turn
off-on fluorescence mechanism using Zn>" ions as a modulator.
Upon adding RDX, due to the Lewis acid-base interactions between
Zn*" and trinitrotriazine, fast recovery of Zn>* induced fluorescence
quenching of Cu NCs was realized. A TNT probe based on r-cysteine
modified Cu NCs with a LOD of 9.1 nM,”* and a luminescence
sensor using a Cu NCs-ZIF-8 nanocomposite with a LOD of
8.5 uM>*” have been demonstrated. Recently, a fluorescent and
colorimetric sensor for selective and sensitive detection of trace
amounts of TNT both in solution (LOD = 14 pM) and in the gas
phase (LOD = 0.05 nM) based on water-soluble PEI-capped Cu
NCs has been developed.'® Their high sensitivity arises from
selective binding between PEI and an electron deficient mole-
cule such as TNT; it can result in a charge transfer complexing
interaction between the aromatic ring of TNT and amino
groups of PEI-capped Cu NCs through a photo-induced electron
transfer (PET) reaction. In the presence of TNT, the emission of
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NCs was quenched, which could be related to the formation of
a Meisenheimer complex through acid base pairing, hydrogen
bonding, and electrostatic interactions. The selective sensing
performance of the PEI-capped Cu NCs compared with some
organic molecules such as toluene, nitrobenzene (NB), 4-nitro-
toluene (4-NT), trinitrophenol (TNP), dinitrophenol (DNP), RDX
and 4-nitrophenol (4-NP) could arise from the absence of the
Meisenheimer complex. Preparing paper strips of PEI-capped
Cu NCs with storage stability over one month has also been
reported, which could be useful for rapid onsite and visual
detection of TNT."® These paper strips showed a detection limit
of 10 nM within 1 min for sensing of TNT in vapor form. Green
fluorescent PVP-stabilized Cu NCs with a large Stokes shift and
a high PLQY (>44%) were used for detection of trinitrophenol
(TNP) with a LOD of 0.391 pM."°

A chemiluminescent sensor based on 1-Cys stabilized Cu
NCs-DPA was developed for the detection of folic acid with a
linear concentration range of 0.1-10 uM and LOD of 69.8 nM.
A similar sensor based on Cu NCs-DPA-FA was used for
detection of nitrites, and exhibited a linear range of detection
within 0.1-80.0 uM and LOD of 0.0954 uM.>® Blue emitting
1-Cys stabilized Cu NCs were used for detection of quinoline
yellow as a food colorant, with a linear concentration range
from 0.2 to 5.5 pM (LOD of 0.11 pM) and high selectivity
compared with other yellow colorant additives such as sunset
yellow and tartrazine.”** Formation of a stable complex between
gossypol and BSA in a BSA-Cu NCs has been used in a
fluorescence-based probe for detection of gossypol, with a linear
range of 0.1-100 uM and LOD of 25 nM. This sensor was used in
real samples (cottonseed meal and oil), and exhibited a selective
fluorescent quenching behavior in the presence of interfering
compounds such as Na*, K*, Ca®", Mg*", Zn*", glucose, glycine,
and palmitic acid.*

4.2.2. H,O0 and H,0, sensing. A dual-emitting film
composed of GSH-Cu NCs and carbon dots (CDs) has been
used by Wen et al.>® for the detection of atmospheric humidity
in the range of 40-80%. The sensor was prepared through the
infiltration of a CD solution in a filter paper followed by
dipping in a Cu NC solution and then drying under vacuum.
An increase in the air humidity induced a color change of the
film from red to blue; it could also be used for simultaneous
detection of ethanol and water. A nanoswitch of copper
nanoclusters (AMTD-Ac-Cu NCs) stabilized by dual ligands
2-amino-5-mercapto-1,3,4-thiadiazol (AMTD) and acetate (Ac-)
has been developed by Cheng et al.® for sensitive detection of
trace water in organic phases. It operated in a reversible way
between two states including “fluorescence off” in the solid
form and “fluorescence on” in the presence of water, where the
strong hydrogen bonding between water and AMTD/Ac resulted
in the aggregation of Cu NCs. High sensitivity, good reversibility,
and a repeatable response have been reported for water sensing
with the maximum fluorescence intensity for the water content of
50.0%, 35.48%, 35.48%, and 39.39% (MeCN) in EtOH, THF, ACT,
and MeCN solvents, respectively. The detection limit was 0.036
for EtOH, 0.018 for THF, 0.024 for ACT, and 0.026 for MeCN.
Time-resolved luminescence decay curves exhibited a long lifetime

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

View Article Online

Materials Chemistry Frontiers

of 3.14 ns, which indicated a type of phosphorescence behavior.
Importantly, aqueous solutions of these Cu NCs had long-term
stability for several months.

Detection of H,0, in aqueous solutions in a concentration
range from 1 pM to 1 M by a direct and fast colorimetric
sensing probe and without using any chromogenic reagent or
expensive instrument has been reported by Du et al.'"” The
sensing probe has been prepared using water-soluble mercapto-
succinic acid stabilized Cu NCs (MSA-capped Cu NCs). The color
of a diluted Cu NC solution exhibited a change from claret-red
at low concentrations of H,O, (about 0.001 mM) to saffron
yellow at high concentrations (about 1000 mM) (Fig. 4A-I). With
increasing concentration of H,O, from 0 to 1 mM, the absorption
peak at 520 nm was gradually quenched due to the aggregation
and growth of Cu NPs via the cleavage of Cu-S bonds and
detachment of MSA from the Cu NP surface (Fig. 4A-1I). By a
further increase in the H,0, concentration from 1 mM to
1000 mM, the absorption peak at 375 nm was progressively
increased because of Cu,O formation (Fig. 4A-IIl). Therefore,
the MSA-capped Cu NCs could be applied as a colorimetric H,O,
sensor in a wide range of 0.001 mM to 1000 mM. These Cu NCs
also revealed a desirable selectivity and salt tolerance capability
for H,0, sensing in real water samples with recoveries in the
range of 96.7% to 104.1% and a relative standard deviation lower
than 4%. They also demonstrated a fast kinetics reaction of
about 60 s, a slight influence of temperature (20-40 °C) on the
absorption response, and storage stability of the purified and
freeze-dried Cu NCs for 10 months (under dark conditions).

4.2.3. Ion sensing. Trace detection of heavy metal ions
such as Hg*", Pb**, Cr®", and Cr*" based on Cu NCs has been
extensively reported in the literature. Bi-ligand stabilized Cu
NCs composed of thiosalicylic acid and cysteamine at different
ratios showed a PLQY of up to 34% and were used for Cr™®
detection in a linear range of 0.1-1000 pM with a LOD of
0.03 uM.*"” The PL quenching in the presence of Cr®" ions
was related to the IFE mechanism because of a large overlap
between the Cu NC excitation and Cr®" absorption spectrum. In
a real sample examination (mineral water), a high recovery in
the range of 98.3-105.0% was attained. Li et al.>® presented a
sensor based on reticular DNA templated-Cu NCs aggregates
for sensitive and selective detection of Hg>* in real water
samples (lake water), with high recovery (98 t0102%) and low
relative standard deviation (1.6-4.6%). The rigid nature of the
reticular DNA as a template led to the formation of Cu NC
aggregates with greatly enhanced emission compared with single-
stranded DNA-templated Cu NCs. The dual-function of DNA
manipulation including Hg>" induced fluorescence enhancement
and Hg”*-induced enzyme restraint resulted in the fabrication of
a Hg”" biosensor with a remarkably enlarged signal-to-noise ratio
(from 2.2 to 56.1), which made it possible to quantify Hg*" in the
range of 50 pM up to 500 pM with an ultra-low detection limit of
16 pM (Fig. 4B). Due to the specificity of T-Hg>" interaction, the
fluorescence intensity at 650 nm was not significantly affected by
replacing Hg>" with other metal ions such as Na*, K, Li*, Mg*",
Ca>", Co™", Ba®" and Ni’** ions, which indicated the selectivity
of the sensor. Bhamore et al.®” used Curcuma root extract
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Fig. 4 (A) Color change of PBS solution (pH = 7.4, 10 mM, 37 °C) containing MSA-capped Cu NCs with the addition of H,O, of different concentrations
(I); UV-Vis absorption spectra of the MSA-capped Cu NCs in the presence of H,O, with concentrations of () 0.001 mM to 5 mM and (lll) 5 mM to
1000 mM. Adapted with permission from ref. 117, Copyright 2017, ACS. (B) Schematic representation of a Hg®* biosensor based on reticular DNA
templated—Cu NC aggregates. Adapted with permission from ref. 38, Copyright 2018, ACS.

templated-Cu NCs with a PLQY of 7.2% for detecting Hg*",
with a LOD of 0.12 nM and a linear range of 0.0005-25 pM.
Liu et al.*** presented metallothionein-stabilized Cu NCs for
visual detection of heavy metal ions. The colorimetric sensor
utilized the effect of Hg>* and Pb®" on the enzyme-like activity
of MT-Cu NCs via changing it from the catalase-like activity
to the peroxidase-like one. The linear range of detection for
Pb>" was 0.7-96 uM, and for Hg>" it was 97 nM-2.3 uM and
3.1-15.6 uM. LODs were 142 nM and 43.8 nM for Pb** and Hg*",
respectively.

2340 | Mater. Chem. Front., 2019, 3, 2326-2356

A fluorescent chemodosimeter for sensitive and selective
detection of AI’* in real water samples with a recovery of
92-101% and a relative standard deviation of less than 4%
has been reported by Boonmee et al.®" using cysteamine-Cu
NCs as a sensing probe. This sensor worked in a concentration
range of 1-7 uM with a low detection limit of 26.7 nM. The Cu
NCs were synthesized by a ligand-assisted method in which
cysteamine (Cys), a weak base containing -NH, and -SH
moieties, was applied as both a capping agent and a reducing
agent. The -SH moiety attached to the surface of Cu NCs through
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Cu-S bonding, and the -NH, moiety acted as a receptor inter-
acting with metal ions through different interactions such as
electrostatic interactions under acidic conditions. AI** ions
could interact with -NH, moieties on the surface of Cu NCs
resulting in the aggregation of the NCs and subsequently an
enhancement of the fluorescence intensity depending on the
concentration of AI**. According to the aggregation-induced
emission (AIE) mechanism, the fluorescent intensity of Cys-Cu
NCs at 380 nm linearly increased with AI** concentration.

p-Penicillamine capped-bimetallic AuCu NCs have been
used as a fluorescent probe for Fe** detection in rain and river
water, as well as in human blood serum.?"? A high selectivity in
the presence of various anions and cations especially Fe** has
been demonstrated. Quenching of the PL intensity in the
presence of Fe ions occurred through the IFE mechanism
because of the overlap between the Fe** absorption peak and
excitation peak of bimetallic AuCu NCs located at around
275 nm. The sensor exhibited a linear detection range of 0.5-
7.0 uM and 7.0 pM-0.1 mM, and a LOD of 0.1 uM. Synthesis of
water-soluble r-histidine-capped Cu NCs, stable against photo-
bleaching and with long-term storage stability for sensitive and
selective detection of Fe** has been performed by Lin et al.>"°
The LOD of this sensor was 82 nM in a concentration range of
0.10 to 20 uM. High quenching efficiency and stable sensing
conditions were achieved at pH = 4.1. The sensing mechanism
was based on a fluorescence ‘“turn off-on” mechanism in
which the fluorescence intensity of the r-His-Cu NCs was
quenched due to the aggregation of the particles through
bonding between Fe*' ions with amine groups of i-histidine.
The fluorescence intensity increased after adding ethylenediamine-
tetraacetate (EDTA) into the mixture of 1-His-Cu NPs with Fe*". This
chemosensor was employed to detect Fe*" in real water samples,
including tap water and river water with recoveries in the range of
82.8-107.4%. r-Histidine-capped Cu CNs exhibited a selective
sensing performance towards Fe** compared with various inter-
fering ions such as Na*, K*, Li*, Ca**, Mg**, Co*', Ni**, Pb*",
Zn**, Mn**, Cu**, Hg**, Cd*", AI**, and Fe**, as well as some
common anions such as F~, CI~, Br_, I, Ac_, NO; 7, PO,*",
CO5%7, SO,>7, and SO;>".

A turn-on PL sensor based on silk fibroin (SF) protected-Cu
NCs (SF@Cu NCs) has been developed by Zhang et al.>** It was
used to detect S>~ in aqueous solutions with a LOD of ~ 0.3 pM
and a linear range of 5-110 uM. The working mechanism of the
sensor was ascribed to the assembly induced emission
enhancement (AIEE). In the presence of $>~ ions, SF@Cu NCs
aggregated to larger, rod-shaped nanoparticles, which led to an
increase of the PLQY from 1.6% to 4.9%. High selectivity was
observed towards S>~ in the presence of different interfering
ions and macromolecules, and in particular sulfur-containing
ions such as S0,>~, SO,>7, S,0,>~ and SCN™. A DNA templated—
Cu/Ag NC fluorescent probe was developed by Ding et al.**® to
detect S>~ with a LOD of 3.75 pM and a wide linear concen-
tration range from 10 pM tol mM. This sensor worked due to
the PL quenching of DNA-Cu/Ag NCs in the presence of sulfide;
application for measuring sulfide amount in mouse blood (H,S
poisoned blood sample) was demonstrated. Sulfide ion detection
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using water-soluble Zn-modified Cu NCs based on a protein/
peptide templated method has been reported by Li et al.?*> As
compared with bare Cu NCs, Zn-modified Cu NCs exhibited an
enhanced fluorescence intensity (by about 3.5-fold), and their
PLQY reached 6.2%. Due to the degradation of the copper shell
and change in conformation of proteins, as well as the formation
of Zn(OH), at high pH values (> 8), the optimum pH ranged from
6 to 8. CuS, is an insoluble salt of copper and due to high
oxidation/decomposition stability of Zn-modified Cu NCs in
water, this sensor could be used for sensitive detection of sulfide
ions by fluorescence quenching at 663 nm. The recovery of this
ratiometric sensor in real water samples such as lake and tap
water containing 20-80 pM S>~ was found to be 101-109.9%.
This sensing system also showed a selective sensing perfor-
mance for S*>~ detection in water samples containing other
common species.

Shen et al.>*® employed in situ synthesized Cu NCs for the
detection of Cu** through an AIE phenomenon. Rapid reduction of
Cu®" ions in solution, and cluster formation using thiol-containing
glutathione as both reducing and stabilizing agents occurred when
THF, acetonitrile, and DMF were added. Aggregation of NCs
induced a bright emission which increased through addition of
more copper ions.

4.2.4. Detection of biomacromolecules and small bio-
molecules. Electrochemiluminescence (ECL) of metal NCs has
been widely utilized in sensing and biosensing applications.>*?
ECL efficacy of protein-templated metal NCs is restricted
because of the IFE due to the tight arrangement of NCs that
prevents the activation of internal emitters. Therefore, the
realization of proper molecular arrangements through the
controlled spatial distribution of NCs is of crucial importance,
and DNA-templated NCs often show advantages over protein-
templated NCs.>>*** DNA structures have been employed for
ECL detection of miRNA155.>° Zhou et al.’° prepared a DNA
nanocrane structure with a manipulator on a glassy carbon
electrode (GCE) through DNA hybridization and binding. Due
to the tetrahedral structure of the nanocrane and the sequence
of the manipulator, lateral and longitudinal separation of Cu
NCs became possible. A strand displacement reaction, Mn>*
DNAzyme-assisted target recycling, and autonomous DNA walking
created AT-rich dsDNA sequences on this structure (Fig. 5A). This
strategy gave rise to ECL detection of miRNA155 on GCE in the
presence of S,05>~ with a LOD of 36 attomolar (aM). In another
study,*® abasic sites of a dsSDNA sequence were detected by DNA-
templated Cu NCs. The NCs were formed from Cu®" cations in the
presence of AA and interacted with dsDNA. The chemically or
enzymatically created DNA abasic sites impeded Cu NC formation,
leading to an increase in the amount of unreacted Cu®" cations,
which in turn quenched the fluorescence intensity of carbon dots.
This method could detect one or two abasic sites in a 35 bps DNA
oligonucleotide. Borghei et al.*” employed the DNA templating
technique to detect miRNA155 having two different sequences; the
first one had a 15-thymine-base and loop forming sequence, and the
second had a poly thymine tail at one end. By measuring changes in
the fluorescence intensity of Cu NCs, they detected miRNA with a
lowest LOD of 2.2 pM in the linear range of 50 pM to 10 nM.**
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Fig. 5 (A) Schematic representation of miRNA155 detection based on nanocrane-like DNA structures. (I) Strand displacement by the target molecule
leads to amplified production of DNA oligonucleotide containing an ATP binding sequence (Aptl). (Il) Tetrahedral DNA nanostructures (TDN) modulate
the efficiency of the ECL signal of Cu NCs which are formed by in situ electroreduction via programming the lateral spacing (dx) and size controlling (ds)
through an AT periodic sequence. (lll) ECL signal in the presence and absence of the target. Adapted with permission from ref. 50, Copyright 2018, ACS.
(B) Representation of two complementary detection strategies (photoelectrochemical and fluorescent) for an immunoassay with Cu NC-encapsulated
liposomes as signal generators. Adapted with permission from ref. 37, Copyright 2018, ACS.

Cu NCs were also used for protein detection. An immuno-
probe was prepared by blocking unreacted sites of antibo-
dy-immobilized Pt NPs by BSA-Cu NCs.?** The immunosensor
could detect prostate specific antigen through a sandwich assay
with a LOD of 145.69 fg mL ™' with a linear range from
0.5 pg mL~" to 100 ng mL™". In another study,’” an immuno-
sensor was developed for detection of cardiac Troponin T

2342 | Mater. Chem. Front., 2019, 3, 2326-2356

(cTnT) antigen based on photoelectrochemical (PEC) signals
generated after lysis treatment of secondary antibody-bonded
liposomes. As illustrated in Fig. 5B, the secondary antibody
was bonded to the external surface of Cu NC-encapsulated
liposomes. This immunosensor could sensitively detect cTnT
by a signal-off method through the PEC mechanism, with a
LOD of 0.03 pg mL ™"
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Fig. 6 (A) Representation of the detection strategy for small molecules and proteins relying on magnetic separation and opposite fluorescent signaling
in the presence of Cu NCs. Adapted with permission from ref. 45, Copyright 2017, Elsevier. (B) Schematic illustration of (I) the proposed UDG assay
principles and the roles of TdT and endonuclease IV in Cu NC template formation. (Il) Hyperbranched extension of the Cu NC template helped by the
assistant probe. Adapted with permission from ref. 46, Copyright 2019, Elsevier. (C) Schematic illustration of B-galactosidase activity measurement via
emission quenching of aluminum-assisted self-assembled Cu NCs. Adapted with permission from ref. 105, Copyright 2017, RSC. (D) Schematic
illustration of the PKA activity detection via a FRET-based fluorescent biosensor. Adapted with permission from ref. 40, Copyright 2018, Elsevier.

Cao et al.* presented a strategy for detecting a small molecule

and its interacting protein, using streptavidin and biotin as a

model (Fig. 6A). Protein molecules immobilized on magnetic
nanoparticles (MNPs) were one part, and ssDNA oligonucleotides
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with a small molecule at their 5'-end were another part of the
detection system. The signal was generated via the formation of
Cu NCs which were synthesized by a polythymin templating
method. Supernatant or precipitant location of the generated
signals determined the interacting proteins. This biosensor
enabled detection of streptavidin and biotin in the linear range
of 1-200 nM and 10-1000 nM, with LOD of 0.47 nM and 3.1 nM,
respectively.

Hybrid nanostructures of Cu NCs and glucose oxidase (GOx)
enzyme were employed for glucose sensing."** Enzymatic oxidation
of glucose led to H,0O, production that would quench the emission
of Cu NCs. The GO,/Cu NC assembly selectively measured glucose
with a LOD of 1.5 pM in a linear range of 5-100 uM. Another
kind of biosensor for glucose via the turn-off fluorescence
strategy has been designed based on lysozyme-stabilized Cu
NCs (Lys-CCs).>*® A glucose biosensor using a pH-responsive
fluorescent solution, a mixture of luminescent Cu NCs and
CaCO; nanoparticles, and alginate, has been reported.”’ In
the presence of glucose, the produced H could release Ca**
from CaCOj; nanoparticles, which turned the solution into a
gelated phase with an enhanced emission. This AIE-based
sensor could detect glucose with a linear range of 0.1 to
2.0 mM and LOD of 3.2 x 10~> M. Zhang et al.**’ employed
OVA®@Cu NCs for t-lysine (1-Lys) detection with a LOD of 5.5 uM
and a linear range of 10 pM-1 mM. They showed that OVA@Cu
NCs could selectively detect L-Lys among many other amino
acids and cations based on the PL enhancement via coordination of
copper by 1-Lys functional groups and surface electron density
increment on Cu NCs. Yang and co-workers> employed OVA@Cu
NCs to detect Vitamin B1 (VB1) and doxycycline based on turn-off
and turn-on PL strategies. VB1 quenched PL of OVA@Cu NCs
through aggregation, while doxycycline enhanced the emission
due to its strong interaction with OVA, and making a more
compact structure. OVA-Cu NCs with a red emission at 625 nm
and a PLQY of 3.95% were used for folic acid detection with a
LOD of 0.18 uM. Evaluation of FA absorption (360 nm) and
OVA-Cu NC excitation spectra (348 nm) as well as fluorescence
lifetimes of Cu NCs in the presence and absence of FA indicated
that the detection mechanisms should be the static quenching
and the IFE.*® Quenching of BSA-Cu NCs by rutin (a kind of
flavonoid) through hydrogen bonding and electrostatic inter-
actions between BSA and rutin was used for naked eye
fluorescent detection in aqueous solution as well as on a paper
filter.>* Via the same mechanism, detection of mangiferin, a
kind of flavonoid, was performed in real samples by BSA-Cu
NCs.”*® In another biosensing method, Kojic acid, a fungal
metabolite, was measured through Cu NCs FL quenching.**’
The fluorescence of BSA-Cu NCs was diminished due to its
binding to copper ions and the formation of copper Kojate on
the surface of Cu NCs.

Quenched fluorescence of NCs triggered by electron transfer
of metal ions can be recovered by strong interactions between
analytes and those ions.>*® The turn-on fluorescence of PEI-Cu
NCs was employed for detecting biothiols (e.g. cysteine and
GSH).>® Herein, -SH functional groups interacted strongly with
Cu*" (introduced into the reaction mixture) as a quencher.
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Acetylcholinesterase (AChE), which is capable of hydrolyzing
acetylthiocholine into thiocholine, has a strong tendency in
forming a complex with Cu®"; hence, it could be assayed by
PEI-Cu NCs with a linear range of 3-200 mU mL™* and LOD of
1.38 mU mL™".*® This approach was also used for detecting
an AChE typical inhibitor, tacrine.”® In another study, a dual-
emitting nanohybrid was prepared based on blue emitting carbon
dots modified with 3-aminophenyl boronic acid (APBA-CDs) and
BSA-Cu NCs for the detection of dopamine.*® Red-emitting
BSA-Cu NCs acted as an internal reference for measuring the
PL quenching of APBA-CDs in the presence of dopamine, and a
decrease in fluorescence intensity of APBA-CDs could be
detected by the naked eye. Wang et al.* presented a molecular
biology technique termed target-cycling strand displacement
amplification (TCSDA) to detect adenosine 5’-triphosphate
(ATP) in a broad dynamic range from 0.01 nM to 100 nM with
a LOD of 5 pM. In the presence of ATP, an oligonucleotide
hairpin probe containing an ATP aptamer sequence was structurally
switched so that the TCSDA reaction was started by a DNA
polymerase Klenow fragment (KF polymerase). This approach could
detect ATP in a broad dynamic range from 0.01 nM to 100 nM, with
a LOD of 5 pM. The PL intensity of PVP-stabilized Cu NCs was
quenched after formation of a MnO,-Cu NC complex through
electrostatic interactions with MnO, nanospheres. GSH was
selectively detected by this complex due to its capability of
recovering the PL signal of Cu NCs (acting as donors) via
digesting the MnO, nanospheres (energy acceptors). This FRET-
based biosensor could detect GSH with a LOD of 17 uM.*!

In addition to PL properties, the catalytic activity of Cu NCs
was employed for biosensing, as well. Xu and co-workers**!
used the advantage of the peroxidase-mimetic activity of Cu NCs
to detect cholesterol with a broad linear range of 0.05-10 mM
and LOD of 1.5 pM. The assay was based on chemiluminescent
signals produced by coupling two reactions. The first reaction
was the oxidation process of cholesterol catalyzed by cholesterol
oxidase enzyme, which produced H,0, as a by-product. The
second reaction was the luminol oxidation by H,0,, catalyzed by
Cu NCs.

4.2.5 Enzyme activity detection. Monitoring the activity of
enzymes catalyzing biological reactions in living cells is an
important task, and metal NCs, including Cu NCs, have been
widely employed for enzyme activity biosensing.>******7>%¢ Two
common strategies were utilized, including in situ synthesis of
Cu NCs leading to the appearance of a fluorescence signal,
especially for nucleic acid related enzymes, and the aggregation-
induced emission (AIE).**” Qing et al>*® used micrococcal
nuclease (MNase), a nucleic acid degrading enzyme, for detecting
Staphylococcus aureus. They showed that in the absence of
MNase, dsDNA with the aid of sodium ascorbate served as a
template for the formation of Cu NCs with excitation/emission
peaks located at 340/570 nm. The fluorescence turn-on strategy
based on DNA-templated synthesis of Cu NCs was also used for
the activity detection of enzymes like T4 polynucleotide kinase
phosphatase,”> DNA polymerase®®' and uracil-DNA glycosylase
(UDG).*® Both dsDNA and ssDNA can act as a template for the
synthesis of Cu NCs. The UDG activity was detected through the
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production of Cu NCs in a poly(T) tail ssDNA produced by a
template-free DNA extension of terminal deoxynucleotidyl
transferase.”® UDG can remove uracil from the uracil-containing
stem-loop DNA substrate with 3’-end block by 2’,3’-dideoxycytosine
(ddC), providing sensitive UDG detection with a LOD of
50 uU mL™". The sensing scheme could be further improved
via a branched amplification with the addition of an abasic site-
contained poly(A) oligonucleotide, which was cleaved by endo-
nuclease and its 3’-OH end was extended by TdT (Fig. 6B). The
UDG enzyme activity has also been detected using the fluores-
cence approach, based on the 4’,6-diamidino-2-phenylindole
(DAPI, Aer, = 452 nm) and poly(T) ssDNA templated Cu NCs
(lem = 602 nm).*" In the presence of UDG, three uracil-containing
dsDNA substrates denatured, and one of ssDNA was partially
hybridized with a helper dsDNA, which triggered exonuclease III
digestion. The LOD of this sensor was reported to be 50 U mL .

The AIE effect is yet another common strategy that has been
used for the activity detection of pyrophosphatase (PPi) by GSH-
capped Cu NCs.?***%° In the presence of AI**, the aggregation of
Cu NCs occurred, leading to the PL enhancement due to AIE,
providing a sensitive probe with a LOD of 1.3 mU mL™". Zhao
et al.®® prepared stable Cu NCs with improved AIE properties by
employing a hydrophobic capping agent (4-methylthiophenol)
during synthesis. The as-synthesized Cu NCs exhibited a weak
emission due to their hydrophobic protecting ligands, but
through subsequent processing, they were self-assembled into
highly red emissive particles. Addition of a hydrophobic electron
acceptor molecule (4-nitrophenol) could quench the emission of
these Cu NCs by about 80%. Through this quenching strategy
and using 4-nitrophenyl-p-p-galactopyranoside (NPGal) as the
synthetic substrate for p-galactosidase enzyme, the enzymatic
activity of B-galactosidase in serum could be measured with a
LOD of 0.9 U L' in the linear range of 2.5-212.0 U L™ ". Huang
et al.*® used a similar strategy to monitor the B-galactosidase
activity. They employed aluminum cations to self-assemble
GSH-capped Cu NCs into so-called Cu NC dots with strong
PL intensity, which was quenched upon enzymatic release of
4-nitrophenol from 4-nitrophenyl-p-p-galactopyranoside (Fig. 6C).
The same PL-off or PL-on switching mechanism was used for the
real-time monitoring of acid phosphatase activity, in which after
hydrolyzing the bond between 4-nitrophenol and the phosphate
group in p-nitrophenyl phosphate disodium, the PL quenching
occurred.”® In another study,’” the acid phosphatase (ACP)
enzyme activity was measured by redox-responsive emission of
Cu NC aggregates. It was shown that p-penicillamine-capped Cu
NCs with pH and temperature responsiveness could aggregate to
form particles with stronger red luminescence. The existence of
oxidant species such as free ferric ions (Fe®") could quench the PL
intensity of CNC aggregates by 80% due to oxidation of copper
atoms, providing an assay with 0.8 U L™ " LOD and a broad linear
scope of up to 100 U L. This strategy also was applied for
ACP activity measurement in diluted serum samples as complex
medium.®’

Wang et al.>® have introduced a novel assay for protein
kinase A (PKA) activity based on the overlap of the emission
of PEI-capped Cu NCs (with an emission peak around 515 nm)
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and the UV-Vis absorption spectrum of Au NPs. The already
mentioned inner-filter effect (IFE) could quench PL of PEI-Cu
NCs up to 59%. Peptide-functionalized Au NPs after phosphorylation
by PKA enzyme with the assistance of adenosine 5'-triphosphate
(ATP) molecules tend to aggregate in the presence of multivalent Zr**
cations. This fluorescent biosensor for PKA activity measurement
with a linear range of 0.1-6.0 U mL ™" and LOD of 0.038 U mL ™" also
was employed for measuring the cellular kinase activity in HepG-2
cell lysates. In another study,’® a biosensor for the PKA activity was
developed based on the quenching effect of graphene oxide (GO)
plates on dsDNA-Cu NCs through fluorescence resonant energy
transfer (FRET) (Fig. 6D). Two-domain oligonucleotides including
an ATP aptamer sequence were hybridized with a shorter
complementary sequence as a template for Cu NC formation.
Binding ATP molecules to aptamer sequences and folding ssDNA
inhibited proximity between GO and dsDNA-Cu NCs and kept Cu
NCs fluorescent. ATP hydrolysis to ADP by the PKA enzyme made
the ATP domain of the oligonucleotide to be single-stranded, which
could adsorb on GO via electrostatic and n—n stacking leading to
PL quenching of dsDNA-Cu NCs. The linear range and LOD of
this assay were 0.1-5.0 U mL ™" and 0.039 U mL™", respectively. A
poly(AT-TA) dsDNA with a restriction site for EcoRI endonuclease
was also used for endonuclease activity detection.>* In the presence
of the enzyme, dsDNA was cut even in the presence of reducing
agent AA to affect the fluorescence intensity. This assay could detect
EcoRI endonuclease concentration from 0.002 U L~ ' t0 0.1 U uL ™%,
with a LOD of 0.00087 U uL ™.

4.2.6. Temperature and pH sensing. In many chemical and
biological processes, both temperature and pH are factors which
can significantly affect the kinetics and the reaction pathways. In
biological, biomedical and pharmaceutical research, monitoring the
fluctuations in temperature and pH during cellular metabolism and
cell organelle functions plays an important role. Therefore, plenty of
studies focused on the identification of fluorescent nanomaterials
with pH or temperature responsive behavior,”>>*** and some of
them have employed Cu NCs. Zhang et al.*! prepared a blue-
emitting silk fibroin/Cu NC composite, using it as a nanometer-
sized pH sensor with a linear pH range from 6.08 to 10.05. The
direct relationship between pH and PL intensity in different
buffers such as BR, PBS, Tris-HCl and HEPES was demon-
strated. The sensor behaved reversibly at least for 5 cycles,
independent of the ionic strength and presence of a large
number of cations. Xiaoging et al.>** used BSA-capped Cu NCs
to detect the intracellular pH of RBL-2H3 cells and natural
water. Their nano-pH meter exhibited a reversible response to
PH up to 6 cycles in the pH range of 3.01 to 11.13.

Nano-thermometers have plenty of applications, especially
in monitoring the temperature within biological cells and micro-
fluidic devices.>*>*°° Shi et al.>® synthesized stable, blue-emitting
Cu NCs with a PLQY of 12% and have shown that their
fluorescence signal linearly decreased by 73% with increasing
temperature from 20 to 75 °C, without any shifts of the emission
peak (425 nm). Only 5% deviation was recorded after 10 cycles
of heating and cooling between 20 and 75 °C. Han et al.®® used
bimetallic GSH-Cu/Ag NCs for temperature sensing; by introducing
Ag ions during the synthesis of Cu NCs, 9-fold enhancement of
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fluorescence intensity was attained. These bimetallic NCs with a
strong orange-yellow emission and ionic strength stability
showed a linear and inverse relationship between fluorescence
intensity and temperature changes within 4-55 °C. Reversibility
of the thermal response was demonstrated after 7 heating-
cooling cycles without a decrease in the luminescence intensity.
Bimetallic NCs were employed for confocal fluorescent imaging
of HeLa cells after 24 h of incubation at three different tem-
peratures (293 K, 303 K, and 313 K). The mechanism underlying
fluorescence intensity quenching was ascribed to the aggregation of
NCs.”'® Wang et al.”® prepared highly fluorescent GSH-protected Cu
NCs with QY 5% and used them for temperature monitoring
and confocal imaging of MC3T3-E1 human cancer cells in the
range of 15-45 °C.

4.3. Bioimaging

4.3.1. In vitro imaging. Cu NCs have been recognized as
potential fluorescent probes for bioimaging, because of the
features such as reasonably high PLQY, ultra-small size, flexible
surface chemistry, and biocompatibility. By using different
types of ligands and scaffolds, different kinds of Cu NCs for bio-
imaging have been prepared. Blue emitting Cu NCs (at 450 nm)
were synthesized in lysozyme bed with a PLQY of 18%, and
were used for labeling of HeLa cells;*>* blood compatibility
tests confirmed their applicability for bioimaging. Likewise, blue
emitting peptide-templated Cu NCs (with artificial sequence
CLEDNN) were applied to HeLa labeling, without inducing any
considerable toxicity.">® PEI protected Cu NCs were used for
labeling of 293T cells, which remained more than 75% viable
after 24 h at 100 pg mL ™" concentration. PEI-capped Cu NCs were
also employed for plasmid DNA condensation, which could be
used as a DNA probe and non-viral vector for gene delivery.>?
Confocal microscopic studies demonstrated that blue emitting
GSH-Cu NCs could localize in the membrane of three types of
cancerous cells (MDA-MB-231, A549, and HelLa cells)."”” Tannic
acid-stabilized Cu NCs were sensitive to ferric ions and could
detect ferric ions inside A549 cells and serum samples.” BSA-Cu
NCs were utilized as a pH probe in living cells by epifluorescence

%' Cu NCs templated with dopamine were used for
257

microscopy.
fluorescence painting and coding.

Since UV irradiation necessary to excite blue emitting Cu
NCs may damage the cells upon imaging, and induce the auto-
fluorescence of the tissue, red emitting Cu NCs emerged as
alternative probes. Wang and co-workers'® used BSA-Cu NCs
for low energy excitation at 524 nm and imaged 24 h-incubated
CAL-27 cells at the peak emission of 625 nm. Kailasa’s group”>
synthesized egg white supported Cu NCs with two emission
wavelengths; confocal laser microscopy revealed a blue signal
when excited by a 405 nm laser, and a green signal when excited
by a 488 nm laser in Bacillus subtilis. When HeLa cells were
treated with PEG-capped Cu NCs, confocal microscopy showed
the ability of these Cu NCs to stain the nuclei through cellular
uptake by membrane crossing without endocytosis.? In another
study, transferrin (Tf) receptors were targeted by red emitting
Trf-Cu NCs.>*® High expression of the Tf receptor on HeLa cells
caused higher uptake of Tf-Cu NCs in comparison to 3T3 cells.
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Temperature changes could be related to some unfavorable
biological pathways of alive cells,>****° making temperature
measurements combined with the cellular imaging quite important.
Intracellular synthesis of Cu NCs has been performed for
determination of temperature in living cells; Cu NCs with sizes
of 2.4 + 0.4 nm and red emission at 610 nm could be
synthesized in malignant cell lines such as MDA-MB-231 via a
specific biomolecular process.”® Notably, this cannot be done in
healthy cells, e.g. L02. Accumulation of these NCs in the target
cells was efficient, and sensitivity of the fluorescence signal to
the physiological temperature was high; the calibration curve
for MDA-MB-231 cells showed 3.18% decrease in PL intensity
per 1 °C temperature elevation. Owing to the critical role of Ca**
in neurodegeneration and the importance of monitoring of Ca**
pathways in neurons, Tian’s group**" developed a Ca®*sensitive
probe via Ca** ligand modified PEI templated Cu NCs (Fig. 7A-).
Alexa 660 NHS ester was conjugated to Cu NCs as a reference
(Fig. 7A-1I). The intensity of Cu NC PL in neurons was amplified
based on the increase of Ca®>" concentration. The signal ratio of
Cu NCs to reference sample could also be calibrated to a high
concentration range sensor based on intracellular bioimaging.
In another study, non-luminescent cysteine and chitosan pro-
tected Cu NCs were employed to specify cell differentiating at
pH = 7.4. The kinetics of Cu NC aggregation inside different cell
lines was dependent on the cell type so that a novel approach for
detection of various cell lines could be developed only by green
channel monitoring of confocal microscopy (Fig. 7B).”>?%*

4.3.2. Invivo imaging. Lung cancer, a five-year low survival
rate disease (< 15%), places serious threats on the global health,?®*
and its early diagnosis helps to save time for the therapy of
suffering patients. In recent years, researchers have paid special
attention to positron emission tomography (PET) imaging, due to
its unrestricted tissue penetration, higher sensitivity, and temporal
resolution.”®* The progress of PET imaging agents able to target
particular molecules is necessary for the advancement of clinically
related PET techniques. ®*Cu as a PET imaging probe has been
present in macrocyclic chelators. To put aside utilization of
chelators, radioactive BSA-capped Cu NCs were synthesized for
in vivo PET imaging. LHRH as a tumor target peptide was
conjugated to BSA to form Cu NCs@BSA-LHRH,”® which exhibited
high radiolabeling constancy, rapid diffusion into the tumor, and
high renal clearance. **Cu radioactivity measurements demon-
strated that tumor uptake of Cu NCs@BSA-LHRH was 4 times
greater than that of control Cu NCs@BSA. PET imaging by Cu
NCs@BSA-LHRH as a contrast agent indicated sensitive and
early precise diagnosis in a primary (orthotopic) lung cancer
model (Fig. 7C).

4.4. Theranostic applications

Theranostic agents can be used in therapeutics and diagnostics
at the same time.® Ghosh et al.'** developed a hydrogel-based
anticancer carrier containing Cu NCs and Cisplatin, using red
fluorescent Cu NCs synthesized in an aqueous environment by
using poly(vinylpyrrolidone) (PVP) stabilizer and dihydrolipoic
acid. Composite fluorescent particles were sensitive to pH
variations and exhibited emission changes from red to orange

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 7 (A-1) Schematic illustration of in vitro imaging based on the amplification of the PL intensity of the Cu NC@Alexa660 probe in the presence of
Ca?*. (A-l1). Fluorescence confocal imaging exhibits amplification of the green channel intensity ratio to the constant signal intensity of the red channel
inside neurons via an increase of Ca®* concentration from 0-300 puM in the presence of 90 pg mL™* of the Cu NC@Alexa660 probe. Adapted with
permission from ref. 261, Copyright 2019, ACS. (B) Schematic illustration of in vitro imaging of HEK 293 and MCF-7 cells by red-emitting Cu NCs at
pH = 4.5, which change their color to green at pH = 7.4 via the AIE effect inside the cell cytoplasm. Adapted with permission from ref. 75, Copyright 2018,
ACS. (C) In vivo PET imaging and organ distribution study after 2 h intravenous injection of Cu NCs @BSA-LHRH. Adapted with permission from ref. 76,

Copyright 2015, ACS.

through adjustment of the pH in the range of 4 to 8.5.
Fluorescence microscopy showed how this kind of nanocarrier
can be used for mammalian cell uptake monitoring; synergetic
anticancer activity was attained by coupling the therapeutic
effect of Cisplatin alongside with the ability of Cu NCs in killing
cancerous cells through generation of reactive oxygen species
(ROS). Goswami et al.”” prepared blue emitting Tf-templated
Cu NCs and combined them with Dox through electrostatic
interactions to formulate sphere-shaped Tf-Cu NC-Dox NPs for
active theranostics. Due to FRET occurring in this system,
Tf-Cu NC-Dox NPs displayed significant red emission, while
the release of Dox inside the cytoplasm of Tf receptor over-
expressed cancer cells restored the blue emission of Cu NCs. A
synergistic effect of the ROS generation by Tf-Cu NCs and the
anticancer activity of Dox for the therapy of mouse models has
been demonstrated. Another study revealed that temozolomide
loaded positron emitting Cu NCs could upgrade a PET contrast
agent to a theranostics agent for glioblastoma.”®

4.5. Other bioapplications

In addition to applications of Cu NCs considered above, there
are a few other emerging areas where they can be of interest.
For instance, biological staining is frequently used to mark
cells in flow cytometry, and to flag proteins or nucleic acids in
gel electrophoresis.>®® Zhu et al.>*® developed a method for

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

in situ staining of DNA in a polyacrylamide gel through the
formation of Cu NCs in the presence of a DNA template. Cu
NCs have also been utilized for the detection of single nucleo-
tide polymorphisms, which are responsible for various genetic
problems of human health.>®” Since dsDNA affects the Cu NC
environment and thus changes the fluorescence intensity, a
“mix-and-measure” strategy has been employed for mismatch
detection of dsDNA. Cu NCs can also serve as smart probes
opening opportunities for fast and economical bioanalysis.>®®

In recent years, nano-bioelectronics has attracted significant
attention as a rapidly expanding interdisciplinary field which
utilizes nanomaterials to overcome some current limitations in
bioelectronics.?*® DNA nanowires are promising materials for
this purpose, while Cu NCs with resistance to charge transfer
can be employed as the key element for the “ON-OFF” process.
To exhibit practical aspects of this phenomena, one end of
dsDNA was immobilized on the surface of gold electrodes, and
another end was tagged by methylene blue (a redox-active
agent). In the presence of AA, Cu®>" was reduced to Cu® and
deposited on the DNA scaffold, which resulted in a switch-off of
the charge transfer path. The process was reversible and repetitive
by utilizing oxidants that caused the stripping of Cu NCs.>”°

The antimicrobial effect of Cu NCs has recently been
explored.'"® Baghdasaryan et al. showed the dose-dependent
bactericidal capability of GSH-capped Cu NCs: at low cluster
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concentrations the growth of bacteria was slowed down, and at
high dosages (=250 pg mL™") the bacterial replication was fully
restricted. Antimicrobial action of metal NCs has been ascribed
to intracellular ROS generation.””* To utilize the high antibacterial
performance of metal NCs, Ag, Cu, and Au NCs@Bacitracin were
synthesized by Wang and coworkers.>”> Bacitracin as a peptide
antibiotic can damage the bacterial membrane; hence, the synergy
of the membrane damage and the ROS generation by different
MNCs@Bacitracin clusters could be attained. It was demonstrated
that Ag NCs@Bacitracin was the most powerful antibacterial agent
against S. aureus. Comparative results of zone inhibitions, growth
curve, percentage of PI stained bacteria, and relative ROS levels are
provided in Fig. 8. Cu NC-doped kanamycin-loaded hydroxyapatite
NPs were introduced as an antibiofilm and antibacterial agent.>”*

4.6. Applications in photovoltaics and optoelectronics

4.6.1.
of light-harvesting systems based on natural composite materials,
on which base a number of photovoltaic and optoelectronic
applications have been developed.””* Different from numerous
studies on Au NCs,?”*?7°
and charge transfer nanocomposites has been rather rare, so

Light harvesting. Photosynthesis is a classical example

utilizing Cu NCs in light harvesting

far. Patra’s group’® produced a light harvesting nanocomposite
by electrostatic interactions between the carboxylate groups of
cysteine-capped Cu NCs and imidazole moieties of functionalized
reduced graphene oxide (ImMRGO) (Fig. 9A). The absorption

(fuNCs

Bacitracin

View Article Online

Review

spectrum of the nanocomposite was the sum of the Cu NCs and
ImRGO spectra, while PL studies revealed that 87% quenching of
the emission intensity of Cu NCs occurred, accompanied by a
significant decrease of the average PL decay time of the Cu NCs in
the composite. The positions of HOMO/LUMO levels signified
electron transfer from Cu NCs to ImRGO, due to the lower lying
work function of the latter (Fig. 9B).

4.6.2. Solar cells. y-Phase copper iodide (y-Cul) is a well-
known p-type semiconductor, but its fabrication using wet chemical
methods is challenging. Zheng’s group® used Cus; NCs soluble in
ether to deposit them on organolead halide perovskite films, with
subsequent iodination to form high-quality y-Cul films (Fig. 9C).
The energy level diagram of the resulting solar cell device signified
the injection of holes from the perovskite to the y-Cul film (Fig. 9D),
which attained 14.3% efficiency with a minimal hysteresis.*’

4.6.3. Light-emitting devices. Light emitting Cu NCs have
been often employed as phosphors in down conversion LED
prototypes. Wang et al.*** synthesized high PLQY Cu NCs with
combined red and green emissions and constructed down-
conversion white light-emitting devices (WLEDs) with a high
color rendering index of 92. First, blue emitting PVP-protected
Cu NCs with a PLQY of 8% were synthesized in an aqueous
phase and treated with GSH to enhance their PLQY to 27% with a
red shift in the emission peak. This enhancement was attained via
the metal-chelating capability of thiol motifs of GSH, combined
with electron-rich carboxyl and amino functional groups of PVP.
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Fig. 8 (A) Zone inhibitions against S. aureus by Ag, Au, Cu NCs@Bacitracin, bacitracin, and ampicillin. (B) S. aureus growth curve in the presence of Ag,
Au, and Cu NCs@ Bacitracin. (C) The percentage of stained bacteria cells with Pl in the presence of water, Ag, Au, Cu NCs@ Bacitracin, and bacitracin.
(D) ROS levels in bacteria cells treated with Ag, Au, and Cu NCs@Bacitracin; ROS levels are for two separate groups treated by water with/out NAC.

Adapted with permission from ref. 272, Copyright 2019, ACS.
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Fig. 9 (A) Schematic illustration of a Cu NCs/ImRGO nanocomposite, and (B) positions of the HOMO-LUMO levels of Cu NCs and work function (¢) of
IMRGO. Adapted with permission from ref. 79, Copyright 2018, ACS. (C) Cross-sectional scanning electron microscopy image of a Cul film made from
Cusz NCs deposited on a lead halide perovskite film through iodization, and (D) energy level diagram of the Cul-based perovskite solar cell. Adapted with

permission from ref. 80, Copyright 2019, Wiley-VCH.

Wu et al.*" utilized luminescence enhancement of 1-dodecanethiol
(DT)-stabilized Cu NCs to fabricate WLEDs. They showed that self-
assembly of Cu NCs to ribbons and sheets resulted in favorable
emission changes, amplifying cuprophilic interactions and
preventing intramolecular rotation and vibration of the DT
stabilizer. This intensified the emission intensity with a blue
shift, displaying different thermochromic and mechanochromic
luminescence attributes. It was also suggested that surface
defects moderately enhanced the ratio of Cu™-to-Cu®, which
boosted radiative states of excited electrons via the effect on the
ligand-to-metal-metal charge transfer (LMMCT)."** Blue-green,
yellow, and red emitting Cu NCs were prepared and utilized as
phosphors to construct WLEDs. By employing thiophenols with
different substitutes as a ligand, the emission color and inten-
sity of self-assembled Cu NC nanoribbons could also be
tuned;®* using this strategy, various types of nanoribbons with
high PLQY could be prepared and employed for the fabrication
of WLEDs.

Another strategy for tuning fluorescence color is metal
doping.>”” Liu et al.”> showed that Au” doping upon preparation
of Cu nanosheets increased their PL intensity with an emission
red-shift. The Au doping induced metallophilic interactions of
Au'-Cu’, facilitating excited electrons to experience the radiative
relaxation, owing to changes in the ligand-to-metal charge trans-
fer (LMCT) and/or LMMCT. The Au doping also decreased the
original Cu-centered triplet energy state inducing an emission
red-shift. They revealed that introducing 0.3% Au was enough
to give rise to 4-fold PL enhancement with a 100 nm emission

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

red-shift. Such Au'-doped Cu nanosheets have been applied as
phosphors for WLED fabrication.

The AIE effects of luminescent metal NCs have also been
utilized for fabrication of WLEDs.'*"'*>?7® Ag already mentioned
above, AIE is able to significantly enhance the emission of the Cu
NCs by suppression of the rotation and vibration of their capping
ligands.?”® Wang et al.'® used a solvent-induced aggregation
method for synthesis of orange emitting aggregated GSH-
capped Cu NCs, which showed PLQY of 24% and 43% in
solution and solid state, respectively. In parallel, blue emitting
Cu NCs@ PVP were synthesized, with a PLQY of 14%. Both
monochrome blue or orange LEDs, and WLEDs were fabricated
by depositing respective powders on commercial GaN LED chips
providing 370 nm excitation (Fig. 10)."° WLEDs combining blue
emitting sulfur QDs with the aggregated orange emitting Cu NCs
have been demonstrated, as well.”®* The same group used in situ
aggregation of Cu NCs in a carboxylated polyurethane matrix to
produce remote dual blue/orange emitting composite films,*”® which
were thermally and mechanically stable, and stretchable. The PLQY
of the films was as high as 18% and the CIE chromaticity coordinate
was (0.34, 0.29). A dehydration-triggered aggregation of GSH capped
Cu NCs occurring in a PVP/poly(vinyl alcohol) matrix resulted in the
formation of flexible, large-area polymer composite films with a high
PLQY of 30%, which have been used for fabrication of bright orange
LEDs.”®' A similar dehydration mechanism was used to fabricate
protective transparent UV shielding films,”®* and biocompatible
hypromellose—chitosan copolymers with AIE improved the emission
of the Cu NCs reaching 42%.%
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Fig. 10 Emission spectra of monochrome down-conversion LEDs fabricated by using (A) blue emitting Cu NCs and (B) orange emitting Cu NCs. Panel
(C) shows an emission spectrum of the WLED fabricated by a combination of these two kinds of Cu NCs. Insets in (A—C) provide photographs of
operating blue, orange and white LEDs; while panel (D) shows CIE coordinates of three respective LEDs. Reproduced with permission from ref. 101,

Copyright 2016, Wiley-VCH.

5. Conclusions and outlook

In this review, rapidly expanding deployment of Cu NCs in a
series of important applications such as catalysis, chemical and
biological sensing, bioimaging, theranostics, and fabrication of
LEDs is summarized. Extensive up to date research has been
carried out on developing viable methods for the synthesis of
these promising nanomaterials. One important factor that
controls the properties of Cu NCs is related to the nature of
their functional capping agents. Thus, the main thrust in the
field of synthesis of Cu NCs is to identify the most appropriate
capping agents (ligands) and related templates. Due to the
favorable price considerations and availability of precursor
materials, practical catalytic applications of Cu NCs are
expected to become widespread as compared to noble metal
catalysts, i.e. silver and gold. Also for this application, in order
to obtain the desired catalytic activity in appealing reactions e.g.
reduction, oxidation, and hydrogen generation, several capping
agents/supporting ligands have been investigated. Development of
theoretical methods which predict the catalytic performance of Cu
NC:s or alloys can facilitate the process of synthesis and introduction
of catalysts implemented in some industrial applications in the
future. Most of the sensors that have been designed using Cu NCs
exploit their emission (both quenching and enhancement) as the
main analytical signal. Capping ligands or stabilizing scaffolds play

2350 | Mater. Chem. Front., 2019, 3, 2326-2356

an important role in the detection mechanism. As in other
fluorescent probes, the emission intensity can decrease, increase,
or get quenched as a result of interactions with the analyte;
thereby, plenty of detection strategies could be employed for
different kinds of target molecules. Additionally, combining two
or more signal amplification strategies such as molecular
biology-based techniques with methods like in situ synthesis of
Cu NCs can enhance the detection capability of the (bio)sensor
and significantly lower the detection limits. Non (or low) toxicity,
biocompatibility, and low price make Cu NCs attractive for
designing label-free fluorescence sensors. Herein, a variety of
analyte classes have successfully been analyzed. There are still
drawbacks in this field which are currently inherent to Cu NCs,
such as moderate PL QY and higher susceptibility to oxidation;
improvement of these aspects has been in the focus of researcher’s
attention. Using various types of scaffolds, which can be con-
jugated to targeting agents, Cu NCs have also been utilized as
fluorophores for both in vitro and in vivo bioimaging. Bioima-
ging can be used to characterize different types of cancer cells,
nanothermometry, and estimation of concentration of analytes
inside cells. Cu NCs are able to generate ROS inside eukaryotic
and prokaryotic cells and to induce cell death as anticancer and
antibacterial agents. ®**Cu as a PET imaging probe has been used
for the design of new types of PET contrast agents. Recently, Cu
NCs have been also used in photovoltaics, which may provide

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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new opportunities for fabrication of solar cells. Light-emitting
Cu NCs were also employed as phosphors in down-conversion
LEDs, both monochrome ones, in particular in WLEDs; how-
ever, both efficiency and long-term stability of such devices still
require massive improvements before their actual practical use.
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