
R

R
n

L
a

P
b

c

d

e

f

a

A
R
R
A
A

K
M
N
S
I
C

C

P

h
1

Nano Today 28 (2019) 100767

Contents lists available at ScienceDirect

Nano  Today

jou rn al h om epa ge: www.elsev ier .com/ locate /nanotoday

eview

ecent  advances  in  synthesizing  metal  nanocluster-based
anocomposites  for  application  in  sensing,  imaging  and  catalysis

i  Shanga,b,∗∗,  Jie  Xua,  Gerd  Ulrich  Nienhausc,d,e,f,∗

State Key Laboratory of Solidification Processing, Center for Nano Energy Materials, School of Materials Science and Engineering, Northwestern
olytechnical University, Xi’an, 710072, China
NPU-QMUL Joint Research Institute of Advanced Materials and Structures (JRI-AMAS), Northwestern Polytechnical University, Xi’an, 710072, China
Institute of Applied Physics, Karlsruhe Institute of Technology (KIT), 76131 Karlsruhe, Germany
Institute of Nanotechnology, Karlsruhe Institute of Technology (KIT), 76344 Eggenstein-Leopoldshafen, Germany
Institute of Toxicology and Genetics, Karlsruhe Institute of Technology (KIT), 76344 Eggenstein-Leopoldshafen, Germany
Department of Physics, University of Illinois at Urbana-Champaign, Urbana, IL, 61801, USA

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 21 March 2019
eceived in revised form 17 June 2019
ccepted 13 August 2019
vailable online 23 August 2019

a  b  s  t  r  a  c  t

Metal  nanoclusters  (NCs)  are  a type  of ultrasmall  nanomaterials  with  unique  physicochemical  properties.
Novel  nanocomposites  with  exciting  new  and  sometimes  exotic  properties  can  be  created  by  combination
of  metal  NCs  with  other  functional  materials,  greatly  expanding  the range  of  possible  applications.  To
exploit  this  potential,  intensive  research  efforts  have  been  made  in  recent  years,  resulting  in  a  wide  range
of metal  NC-based  nanocomposites.  In  this  review,  we systematically  summarize  different  strategies  of
eywords:
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fabricating  nanocomposites  and  illustrate  their  application  in  sensing,  imaging  and  catalysis.  A  brief
outlook  on  the  future  development  of  metal  NC-based  nanocomposites  is  also  presented.
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The past decades have witnessed a rapid advancement of
anoscience and nanotechnology [1–3]. It is now well recog-
ized that, apart from biological nanomaterials, e.g., proteins and
ucleic acids, many other materials such as metals, semiconduc-
ors, salts and metal oxides can be engineered into nanomaterials.

 multitude of chemical and physical approaches have been devel-
ped for the controlled synthesis of nanomaterials, including
hemical/physical vapor deposition [4], mechanical grinding [5],
ydrothermal synthesis [6], electrodeposition [7], laser ablation
8] and template synthesis [9]. The most fascinating aspect about
anomaterials is the emergence of size-dependent physicochem-

cal properties that are distinctly different from those of their
ulk counterparts. When the dimensions of materials are reduced
o the nanometer scale, interesting new properties such as the
uantum size effect and surface effects appear [10]. For example,
etal nanoparticles (NPs), a well-studied class of nanomaterials,

re known to exhibit strongly size-dependent optical, electronic
nd chemical properties, making them attractive for use in many
ifferent fields including biology [11], medicine [12,13], food [14],
atalysis [15], environment [16] and information [17].

Metal nanoclusters (NCs), consisting of several to tens of atoms,
ave recently emerged as a new class of functional materials and
ttracted a great deal of interest [18,19]. With a core size of less than

 nm,  they bridge the gap between metal atoms and plasmonic NPs

Fig. 1). Unlike larger metal NPs, which possess continuous or semi-
ontinuous energy levels, metal NCs exhibit discrete electronic
tructures. As a result, they display many intriguing molecule-

ig. 1. Schematic illustration of (A) metal NCs bridging individual metal atoms and
lasmonic metal NPs and (B) important properties of metal NCs related to their
ltrasmall size. SR, thiolated ligand; ITO, indium tin oxide.
like characteristics, such as enhanced photoluminescence [19],
HOMO–LUMO transition [20], molecular chirality [21], magnetism
[22] and discrete redox behavior [23]. Researchers have developed
various strategies to synthesize metal NCs in a highly controlled
manner so that different core sizes, chemical compositions, surface
ligands and emission colors can easily be obtained. Various types
of metal NCs, including AuNCs, AgNCs, CuNCs, AuAg alloy NCs and
PtNCs have been widely employed in different fields, especially in
sensing [24], bioimaging [25] and catalysis [26].

Despite swift progress in metal NC synthesis, most of the
reported metal NCs suffer from poor stability against aggregation,
limiting their use in many applications. For example, ultrasmall
NCs may  aggregate during a catalytic process, which can signif-
icantly reduce their catalytic activity. The immediate solution to
this problem is to synthesize metal NCs that completely fulfil all
requirements of the intended application. This strategy turns out
to be rather challenging in practice because the large surface-to-
volume ratio of metal NCs makes them intrinsically prone to react
with the surrounding matter. An alternative strategy is to com-
bine metal NCs with other nanoscale materials, forming metal
NC-containing nanocomposites. Indeed, the combination of metal
NCs with other nanoscale materials such as biomolecules, silica,
metal-organic frameworks (MOFs) [27] and graphene [28], can
remarkably enhance the properties of metal NCs. For example, the
retrained dynamics of the NCs within nanocomposites often leads
to improved stability and luminescence, whereas immobilization of
metal NCs on graphene can improve their catalytic activity due to
efficient electron transfer and good reactant transport in the com-
posite [28]. Nanocomposites can also perform multiple functions
in a single entity, which cannot be furnished by metal NCs alone
[29]. For example, conjugation of metal NCs with other luminescent
probes enables robust luminescence sensing in a ratiometric man-
ner [30]. To exploit this potential, huge research efforts have been
devoted to the development of various functional metal NC-based
nanocomposites, and impressive progress has been made over the
past decade.

Many excellent reviews have appeared in recent years, covering
the synthesis, properties and applications of metal NCs [26,31–34].
Realizing that a review specifically addressing the development of
metal NC-based nanocomposites has not yet been published, we
have aimed to systematically compile recent research on metal
NC-based nanocomposites in this work, focusing primarily on their
synthesis, function and application. We begin with a brief intro-
duction of several distinct properties of metal NCs, followed by
an overview of strategies to synthesize nanocomposites including
metal NCs from different materials. We then highlight important
and representative applications, focusing on the areas of sensing,
imaging and catalysis. Finally, we express our views on existing
challenges and future developments in the field.

Distinct properties of metal NCs

The key characteristic of metal NCs is the small number of

atoms in their cores. The resulting ultrasmall size (diameter < 2 nm)
is comparable to the Fermi wavelength of electrons, resulting in
the breakup of the band structure of the bulk metal into discrete
energy levels. As a result, metal NCs exhibit many intriguing prop-
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rties that are significantly different from those of larger metal
Ps. Unraveling the total (core plus surface) structures of metal
Cs is of paramount importance for understanding their stability,
etal-sulfur interfacial bonding and physicochemical properties.

specially single-crystal X-ray crystallography can capture NC
tructure with atom-level precision [35,36]. X-ray absorption spec-
roscopy (XAS) has also been employed for site-specific analysis of
ocal structure and electronic character [37]. Furthermore, recent
ears have witnessed a rapid increase of electrospray ionization
ass spectrometry (ESI-MS) applications in noble metal NC anal-

sis [38,39], by which the composition (number of metal atoms,
igand molecules, and overall charge) can be determined for both
ure noble metal NCs and alloy samples.

Systematic compilations of the properties of metal NCs can be
ound in excellent reviews [19,40]. In the following, we will restrict
urselves to those properties that are related to the application
f metal NC-based composites in sensing, imaging and cataly-
is. One of the most fascinating features of metal NCs is their
trong molecule-like photoluminescence. Although light emission
an also be detected from bulk metals [41] and metal nanostruc-
ures [42,43], their luminescence quantum yield (QY) is only in the
ange of 10−10 − 10–5, too low for any practical application. In stark
ontrast, subnanometer metal NCs exhibit much enhanced lumi-
escence, with a QY in the range of 10–3 − 10–1, which makes them
ell suitable for a wide range of luminescence-based applications.

t is now well accepted that there are two different mechanisms
esponsible for photoluminescence of metal NCs [43]. Firstly, it can
rise from intraband (sp-sp) transitions due to the inherent quan-
ization effects of metal NCs, as reflected by their size-dependent
mission wavelengths and nanosecond luminescence lifetimes.
econdly, photoluminescence may  also result from metal-ligand
harge transfer processes. In this case, the emission is strongly
ffected by the properties of the surface ligands, and exhibits
ifetimes up to microseconds. Notably, in some metal NCs, lumines-
ence can occur via both mechanisms [44]. Metal NCs also feature
arge Stokes shifts and a reasonable resistance against photobleach-
ng. These photophysical properties together with their ultrasmall
ize and good biocompatibility make metal NCs attractive optical
robes for luminescence-based sensing [45] and bioimaging [25].
otably, their long luminescence lifetimes allow time-gated imag-

ng and sensing, yielding a high signal-to-background ratio [46].
Metal NC nanocomposites often exhibit aggregation induced

mission (AIE), a phenomenon first reported by Xie and cowork-
rs in 2012 [47]. They observed that nonluminescent, oligomeric
u(I)-thiolate complexes displayed strong luminescence upon
ggregation, with intensity and color modulated by the degree of
ggregation. The AIE discovery was successfully harnessed to syn-
hesize highly luminescent AuNCs [47]. Subsequently, researchers
tilized the AIE effect to improve the stability and emission inten-
ity of CuNCs by entrapping them in MOFs [48], resulting in a
ore than 20-fold increase of the photoluminescence QY (from

.5%–11%), extended excited-state lifetime (from 1.3–11.1 �s) and
mproved photostability. Novel composite probes (SiNPs@GSH-
uNCs) with dual-color emission were developed by combining
mino-modified silicon NPs (SiNPs) and glutathione (GSH) capped
uNCs (GSH-AuNCs) [49]. Transmission electron microscopy (TEM)
nd dynamic light scattering revealed self-assembly of large (diam-
ter 0.2–1.2 �m)  spherical particles mediated by electrostatic
nteractions, in which the SiNPs retained their blue emission
t 450 nm,  whereas AIE-enhanced luminescence of the GSH-
uNCs appeared at 570 nm.  In another study, positively charged
ypromellose grafted chitosan (HGC) was employed as a matrix

o fabricate composite films by dehydration-triggered aggregation
f negatively charged CuNCs [50]. The resulting HGC-CuNCs films
ere transparent and showed AIE-enhanced photoluminescence
y 28 (2019) 100767 3

with a QY of 42%, presumably due to the restricted rovibrational
dynamics of the CuNCs within the polymer network.

Metal NCs can also show interesting electrochemiluminescence
(ECL) effects, resulting from interactions between electrochemi-
cally produced, highly reactive radical species [51]. In contrast to
photoluminescence, ECL does not require light irradiation and thus
avoids background arising from scattered excitation light. There-
fore, ECL has long been recognized as a powerful analytical tool,
particularly in the development of highly sensitive sensors [52]. ECL
activity of metal NCs was  first reported by Ras and coworkers [53]
in 2009, when they observed that polymethacrylic acid-stabilized
AgNCs exhibited cathodic, hot electron-induced ECL. Later on, other
NCs including AuNCs [54,55] and CuNCs [56] were also reported to
show strong ECL. Significant efforts have been focused on the anal-
ysis of metal NC-based ECL [57]. Mechanistic studies revealed that
factors such as metal core size and charge as well as protecting lig-
ands all have a significant effect on the ECL wavelength, intensity
and efficiency [58].

Metal NCs exhibit interesting and peculiar behavior in their
interactions with biological systems [59]. Owing to their extremely
large surface-to-volume ratio, they are prone to interact with
the surrounding biomaterials. As our own  studies have revealed,
proteins bind to metal NCs (i.e. Au and Ag NCs), causing signifi-
cant changes of their photophysical properties [60,61]. Unlike the
markedly larger NPs, which can adsorb many protein molecules,
either as monolayers on smooth surfaces [62–66] or dispersed in
polymeric brushes [67], ultrasmall NCs bind proteins roughly on
a 1:1 basis or interact with only a subunit of a multi-domain pro-
tein [68]. Moreover, cellular uptake differs from that of larger NPs
(diameter 1̃00 nm). While large NPs are directly internalized by
cells without prior accumulation at the plasma membrane [69],
metal NCs adsorb onto the membrane before gradually appearing
inside the cells [59,70]. Apparently, multiple NCs need to inter-
act simultaneously with membrane receptors in close proximity to
trigger the endocytosis machinery [59]. Furthermore, unlike larger
NPs (diameter > 5 nm), which typically accumulate in the mononu-
clear phagocytic system (e.g., liver or spleen) and cause long-term
toxicity, the small size of metal NCs permits efficient clearance (via
the kidneys) from the body [71]. This reduces toxic side effects,
which is important for biomedical applications and especially in
the clinical setting. Beyond the intrinsic properties of metal NCs, the
coating ligands can also have a strong influence on their biological
interactions [72].

Metal NCs, especially AuNCs, have also been recognized as a
novel and promising type of catalyst. Compared with conventional
metallic NP catalysts, metal NCs provide more active sites due to
their higher percentage of exposed surface atoms and thus may
exhibit enhanced or sometimes different catalytic properties [15].
Rapid advances in the synthesis strategies have made it possible to
produce atomically precise metal NCs, greatly facilitating studies
aimed at a mechanistic understanding of metal nanocatalysts, e.g.,
the size dependence of the catalytic activity [73]. With atomically
precise composition and structure, it is indeed possible to relate the
structure of metal NCs to their catalytic properties. For example, for
the catalytic performance of thiolate capped AuNCs for the selective
oxidation of styrene by O2, it was found that smaller AuNCs show
higher catalytic activity than larger ones, whereas the selectivity
was similar among differently sized NCs [15]. In addition, AuNCs
can be doped with a single atom of another metal, allowing the
catalytic properties to be tuned on an atom-by-atom basis [74].
Several recent studies have also examined the effects of ligands on
the catalytic activity, accessibility, selectivity and stability of metal

NC catalysts [40]. For example, Xie and coworkers [75] found that
a shorter alkyl chain offers a better accessibility for substrates and
a higher catalytic activity. Moreover, ligands can also control the
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xposure of active sites on the surface of metal NCs and modulate
he adsorption of substrates.

ynthesis approaches of metal NC-based nanocomposites

Different strategies can be adopted to synthesize metal NC-
ased nanocomposites, depending on the properties of the
aterials or the intended application. In general, metal NCs

an be integrated into other materials in two different ways:
ost-synthesis functionalization (after synthesis) and in-situ func-
ionalization (during synthesis). For the post-synthesis approach,
here are various strategies, including chemical conjugation, non-
ovalent interactions, self-assembly and ligand exchange (Fig. 2).
n the following, we give a detailed overview of these strategies.

hemical conjugation

Chemical conjugation mainly relies on interactions between the
erminal functional groups of metal NCs and groups on the com-
lementary molecules/materials. One such conjugation method

s N-(3-dimethylaminopropyl)-N-ethyl carbodiimide (EDC) acti-
ated amide bond formation between amine and carboxylic
roups. As an example, bovine serum albumin (BSA)-stabilized
uNCs were first carboxylated by glutaraldehyde and glycine,
nd then conjugated with amino groups-bearing Herceptin mon-
clonal antibodies via EDC activation in the presence of NHS
N-hydroxysuccinimide, Fig. 3A) [76]. The successful conjugation
as confirmed by the size increase upon forming Herceptin-AuNC

omposites. TEM images further revealed that the AuNC-Herceptin
onjugates were uniformly distributed and no aggregates were
resent. As demonstrated by Wang et al. [48], both stabil-

ty and luminescence of CuNCs can be significantly improved
pon incorporation into zeolitic imidazolate frameworks-8 (ZIF-
) (Fig. 3B). In fact, the stability was extended from hours to
eeks, and the photoluminescence QY was 20-fold enhanced.

hese nanocomposites were produced by mixing Zn2+ and CuNCs,
ollowed by adding 2-methylimidazole (2MIm) to form ZIF-8
ith simultaneous incorporation of CuNCs. Two-dimensional (2D)

irconium-based MOF  nanosheets with embedded AuNCs could
e produced by using a similar approach [77]. Recently, Gao
t al. [27] reported a crystalline ion (Zn2+) triggered growth strat-
gy to fabricate highly luminescent AuNC@ZIF-8 nanocomposites.
ater-dispersible AuNCs were first precipitated by Zn2+ and then

ncapsulated into ZIF-8 in methanol by mixing with a methanolic
olution of zinc nitrate and 2MIm.  Compared with plain AuNCs, the
uNC@ZIF-8 nanocomposites exhibited a greatly enhanced QY and

 longer luminescence lifetime (attributed to AIE). A highly spe-
ific response to H2S was observed for the resultant AuNC@ZIF-8
anocomposites. This Zn2+-triggered growth strategy was sub-
equently extended to other systems such as AgNC@ZIF-8 and
uNC@ZIF-67, indicating the general adaptability of this design
rotocol.

Silica coating of pre-synthesized metal NCs provides another
ffective strategy to fabricate multifunctional nanocomposites.
articularly, compared with plain metal NCs, metal NCs@SiO2 com-
osites can protect NCs from aggregation and allow easy surface
unctionalization with different kinds of biomolecules. There are
everal strategies to create metal NC-silica conjugates. One of
he most popular strategies is in-situ growth of a silica shell on
he surface of pre-synthesized metal NCs via the famous Stöber

ethod. Notably, due to the small size of metal NCs, it is rather

hallenging to coat silica on their surfaces in a well-controlled man-
er [78]. Muhammed and Pradeep were the first to successfully
ncapsulate AuNCs within a silica layer [79]. As shown in Fig. 4A,
hey synthesized (3-mercaptopropyl)trisilanol-stabilized Au25NCs
y 28 (2019) 100767

(Au25@MPS) by reaction of GSH-protected AuNCs (AumSGn) with
(3-mercaptopropyl)trimethoxysilane (MPTS). Subsequently, they
grew a thin silica layer directly onto the AuNC surfaces by
hydrolysis and condensation at basic pH to obtain Au25@SiO2.
Luminescent AuNCs stabilized with BSA have also been loaded
into 100-nm silica NPs using a modified Stöber method [80].
These NPs displayed a monodisperse size distribution and good
stability over months, and maintained the luminescence prop-
erties of AuNCs, with emission in the NIR region and a large
Stokes shift. Recently, Wu et al. [81] prepared Gd3+-AuNC aggre-
gates and encapsulated them in a silica shell by adding tetraethyl
orthosilicate (TEOS, Fig. 4B). The Gd3+-AuNC-silica composites
had an average diameter of 80 nm with a small size disper-
sion (Fig. 4C). Their luminescence was significantly enhanced
with respect to that of individual AuNCs, and the introduction
of Gd3+ endowed them with MR  imaging capability. Most often,
metal NCs are placed inside the core of NC-silica nanocompos-
ites. Interestingly, by taking advantage of hollow mesoporous
silica shell structures, AuNCs can also be deposited inside the
shells (Fig. 4D) [82], resulting in superior stability in the biolog-
ical environment and, thereby, better applicability in bioimaging
and therapy.

Electrostatic interactions

Exploiting non-covalent interactions such as electrostatics is
also a good way  to fabricate NC-based nanocomposites. For exam-
ple, a nanocomposite can be assembled from GSH-protected AuNCs,
which are negatively charged at neutral pH, and carbon dots
synthesized from polyethyleneimine (PEI), which are positively
charged. The close proximity of the two components gives rise to
an enhanced luminescence of the AuNCs due to resonance energy
transfer from the carbon dots [83].

As depicted in Fig. 5A, Duan and coworkers [84] introduced
an elegant approach to generate AuNC-based ultrathin films
(UTFs) by immobilizing AuNCs within layered double hydroxide
(LDH) nanosheets, produced by layer-by-layer (LbL) deposition. In
this procedure, electrostatic interactions between the positively
charged LDH nanosheets and the AuNCs protected by negatively
charged ligands are the main driving force to achieve the LbL
assembly. Moreover, the positive charge on the LDH nanosheets
significantly affects the configuration and valence state of the
AuNCs, leading to more than fivefold enhancement of the AuNC
luminescence QY. Similarly, by taking advantage of electrostatic
interactions, Wang et al. [85] fabricated composite materials from
AuNCs and magnetic iron oxide NPs for dual-mode (optical and MR)
bioimaging, featuring good biocompatibility and water dispersity.
Metal NCs have also been attached to the surface of pre-formed sil-
ica shells via electrostatic interactions in recent work by Lin et al.
[86]. As shown in Fig. 5B, they prepared mesoporous silica-coated
core-shell up-conversion NPs (UCNPs@MS) with amino functional
groups, to which they attached negatively charged Au25NCs to
obtain UCNPs@MS-Au25 nanocomposites. Although this noncova-
lent approach is convenient and versatile, complications can arise
from various factors that have to be carefully controlled during syn-
thesis, including ionic strength, pH, and sign and magnitude of the
charge.

Self-assembly

Molecular self-assembly has long been known to be a pow-
erful approach to create novel multifunctional structures with

good stability in sample ways [87]. Indeed, these self-assembly
techniques often only require stoichiometric mixing of two compo-
nents to form composites. However, non-covalently self-assembled
nanocomposites are oftentimes only poorly stabilized and may  fall
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Fig. 2. Schematic illustration of two different strategies for fabricating metal NC-based nanocomposites. (A) Post-synthesis functionalization; (B) in situ fabrication during
the  synthesis of metal NCs.
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ig. 3. Schematic depictions of two approaches for synthesizing metal NC-based co
ia  direct formation of ZIF-8 in the presence of CuNCs. (Adapted with permissions fr
48]).

part in unfavorable environments offered by the intended appli-
ations. By using multidentate interactions, their stability can be
reatly improved.

In recent work, Wang et al. [88] reported a simple strategy to
abricate fluorescent nanocomposites via self-assembly of AuNCs

nd polymers (Fig. 6A). AuNCs and poly(acrylic acid) (PAA) were
odified with guest (adamantine, AD) and host (cyclodextrin, CD)
olecules, respectively. The supramolecular interaction between

ost and guest components ensured formation of AuNC-polymer
tes by chemical conjugation. (A) EDC-activated linkage. (B) CuNC-ZIF-8 composites
e American Chemical Society for (A), Ref. [76], and John Wiley and Sons for (B), Ref

nanocomposites in a fast and simple way. Besides host-guest
interactions, self-assembly can also be driven by electrostatic
attraction. As recently reported by Bai et al. [89], well-organized,
AuNC-incorporated nanogel structures can be obtained by self-
assembly of negatively charged AuNCs and positively charged

glycol-chitosan (GC) nanogel. The solution pH sensitively affects
the formation of the self-assembled composite structures. Prepa-
ration at pH 6.0 was found to yield AuNCs@GC nanogels with the
highest luminescence and excellent stability over the pH range
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Fig. 4. Strategies for generating metal NC-silica nanocomposites. (A) Schematic illustration of the fabrication of Au25@SiO2 composites. (B) Illustration of the synthesis of
Gd3+-induced aggregates of AuNCs coated with silica; (C) high-resolution TEM images of the resultant Gd3+-AuNC-silica composites. (D) Schematic of Au-silica composite
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pheres composed of hollow mesoporous silica shells hosting both AuNCs (red) in t
ermissions from John Wiley and Sons for (A), Ref. [79], (B) and (C), Ref. [81], and th

–14. Similarly, Guevel and coworkers synthesized self-assembled
Ps based on electrostatic interactions between the cationic poly-
er  poly(allylamine hydrochloride) (PAH) and AuNCs protected

y GSH (Fig. 6B) [90]. Under optimized conditions NPs with low
ize dispersion and good colloidal stability were obtained, featuring
H-dependent swelling and shrinking as well as enhanced lumines-
ence. Instead of cationic polymers, Cui and coworkers reported
he use of Gd3+ to induce self-assembly of AuNCs into monodis-
erse spherical NPs [91]. The resulting nanocomposites showed
nhanced luminescence, high X-ray attenuation and reasonable
ransverse relaxivity, making them promising as luminophores
nd contrast agents for optical, X-ray, and MR  imaging, respec-
ively. By taking advantage of the high affinity between gold and
ulfur atoms, phosphine-protected AuNCs were attached to sulfur-
unctionalized graphene oxide (GO) via the displacement of one of
ltogether eight phosphine ligands decorating the AuNCs [92]. This
pproach provides a tight and robust attachment of metal NCs to
raphene sheets.

Naturally occurring biopolymers such as proteins and DNA are
nown to self-organize into precisely defined functional structures
93], and certain peptides can self-assemble into nanostructures

i.e. nanofibers, nanotubes, vesicles) useful for biological applica-
ions [94]. Inspired by this natural process, Wang et al. [95] designed

 multi-motif peptide which can generate luminescent peptide-
rotected AuNCs via a biomineralization process. Subsequently, the
esopores and AuNPs (yellow) in their central cavity. (Adapted or reproduced with
ional Academy of Sciences for (D), Ref [82]).

peptide-AuNCs undergo controlled supramolecular self-assembly
into peptide nanofibers (Fig. 6C). Presumably, hydrophobic inter-
actions are the key forces driving the peptide domains to organize
into a fibrous structure. The luminescence of the AuNCs is nearly
70-fold enhanced in the composites. Considering the large chemi-
cal design variability and abundant functionalization capability of
peptide building blocks, this strategy can easily be extended to
other luminescent nanocomposites and more advanced functional
materials.

Another widely used bioconjugation strategy is based on the
strong yet noncovalent avidin-biotin bond. Pre-biotinylation of
the AuNCs is necessary to bind the tetravalent avidin protein for
conjugation with other components, for which a wide range of
biotinylated conjugation reagents is commercially available. For
example, AuNCs, prepared by controlled reduction of Au3+ in the
presence of BSA, were first biotinylated at surface amino groups of
BSA using biotin-N-hydroxysuccinimide ester, and then anchored
to streptavidin-functionalized Fe3O4 NPs, resulting in multifunc-
tional NPs for use in both MR imaging and NIR fluorescence
molecular tomography [96]. Similarly, Au23NCs synthesized with
GSH were coupled to streptavidin via EDC, offering a wealth of fur-

ther bioconjugation possibilities via biotin-avidin linkage [97]. We
note that great care is advised to not excessively biotinylate the
AuNCs, as this can lead to cross-linking and subsequent precipita-
tion of AuNCs.
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Fig. 5. Schematic illustration of preparing (A) multilayer films containing AuNCs and LDH nanosheets and (B) upconversion NP-AuNC composites via electrostatic interaction.
(Reproduced with permissions from John Wiley and Sons for (A), Ref. [84], and (B), Ref [86]).

Fig. 6. Schemes for the synthesis of self-assembled AuNC-based composites via three different driving forces. (A) PAA-AuNC composites via host-guest interactions. (B)
PAH-AuNC composites via electrostatic interactions. (C) peptide nanofiber-AuNC composites via hydrophobic interactions. (Adapted or reprinted with permissions from
Elsevier for (A), Ref. [88], American Chemical Society for (B), Ref. [90], John Wiley and Sons for (C), Ref [95]).
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Fig. 7. Schematic representation of AuNCs (here denoted as gold quantum dots,
GQDs) functionalized with a peptide moiety containing NES, caspase-3 recogni-
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targeting and drug carrying capabilities. Whereas naturally occur-
ion sequence DVED, and NLS via ligand exchange using MUA  (HS(CH2)11NH2).
Reprinted from Ref. [101] with permission from the American Chemical Society).

igand exchange

Ligand exchange is an alternative route for fabricating NC
anocomposites from pre-synthesized metal NCs. It involves mix-

ng of NPs with free ligands that are capable of replacing the
riginal ligands bound to the NP surfaces. Ligand exchange is a
ery important tool for preparing functional nanomaterials, espe-
ially metal NPs [98]. Early work by Hostetler et al. [99] already
emonstrated ligand exchange as an efficient method to function-
lize as-synthesized metal NCs with new ligands and additional
unctionalities. Particularly, ligands with specific bio-functions
uch as peptides are very promising for fabrication of multifunc-
ional NC nanocomposites via ligand exchange. For example, Lo,
ang and coworkers [100] reported a novel strategy using 11-
ercaptoundecanonic acid (MUA) as a ligand to extract AuNCs from

ncapsulation within polyamidoamine dendrimers. MUA  does not
nly maintain the colloidal stability of the AuNCs in aqueous sol-
ent, but also facilitates their further conjugation with various
iomolecules. As an application, a peptide carrying a nuclear local-

zation signal (NLS) sequence was anchored to the AuNCs, enabling
heir transport into the nucleus, as observed via their bright, local-
zed photoluminescence.

Later, the same group adopted this ligand exchange strategy
o functionalize AuNCs with a peptide moiety that contains both
uclear export signal (NES) and NLS sequences [101]. A caspase-3
ecognition sequence, DEVD, was placed within the NLS/NES pep-
ide to serve as a proteolysis site for the activated form of the
poptotic protease caspase-3 (Fig. 7). The NES-linker-DEVD-linker-
LS peptide enabled AuNCs to function as molecular probes for

eal-time monitoring of cellular apoptosis. Note that this ligand
xchange approach is limited by the availability of systems with
cceptable ligand exchange efficiency. Thus, compared with other
ost-modification strategies, ligand exchange is rarely employed
o fabricate NC-based nanocomposites. For these post-synthesis

trategies to succeed, it is always necessary to remove free metal
Cs from the nanocomposites prior to their application, e.g., by
entrifugation or gel electrophoresis.
y 28 (2019) 100767

In-situ synthesis

Surface ligands play key roles in the synthesis of metal NPs.
On the one hand, ligands can provide the required colloidal sta-
bility as well as limit the growth of NCs so as to avoid formation of
large NPs. On the other hand, surface ligands are the basis for fur-
ther conjugation of NCs with other functional components [102]. In
most cases, the NC composites are fabricated from pre-synthesized
metal NCs as we discussed above; however, it is also possible
to generate functionalized NC composites during the synthesis of
metal NCs. Specifically, when using certain ligands with additional
functionalities, e.g., biomolecules and polymers with particular
physicochemical properties, the synthesis of metal NCs and their
functionalization can be achieved in one step. Evidently, this strat-
egy is much simpler and more convenient than post-synthesis
functionalization.

Proteins have frequently been used as templates to synthesize
nanomaterials, owing to their biocompatibility, abundant chemical
groups and good availability [103]. They have also been employed
as functional ligands for in-situ fabrication of NC-based compos-
ites, either in their natural form or with customized modifications.
Xie et al. [104] were the first to report the synthesis of fluores-
cent protein-templated AuNCs using BSA as both reductant and
stabilizer. Following up on this pioneering work, various metal (i.e.
Au, Ag, Cu, AuAg alloy) NCs were synthesized with different pro-
teins as functional ligands [105], and the bioactivity of the proteins
was retained after synthesis in many cases. For example, insulin-
protected AuNCs were reported to have a bioactivity similar to that
of commercial insulin [106]. Thus, these AuNCs bind to their cog-
nate receptor to enter cells, as observed by confocal microscopy,
suggesting that the conformation of the insulin was only mini-
mally perturbed, presumably thanks to the relatively mild reaction
conditions and ultrasmall size of the AuNCs. Based on molecular
dynamics simulation, Sun et al. [107] recently designed fluores-
cent nanocomposites with multiple AuNCs within an apo H-ferritin
(HFt) nanocage. They featured good NIR imaging capability for live
animals and also retained the kidney targeting function of HFt, as
revealed by both luminescence imaging and inductively coupled
plasma mass spectroscopy (ICP-MS).

Owing to the presence of abundant chemical groups on pro-
tein surfaces, one can also in-situ fabricate more advanced NC
composites by integrating other functional units. Xu et al. [108]
recently created a tri-modal (NIR luminescence/MR/CT) imaging
agent by synthesizing, in a single step, NPs composed of AuNCs
and gadolinium oxide using BSA (Fig. 8A). Obviously, this approach
is much simpler than chemical conjugation of gadolinium oxide
(Gd2O3) or other Gd3+-based agents with pre-synthesized AuNCs
[109,110]. In some cases, it is also possible to first modify the pro-
teins with particular functions and then synthesize metal NCs using
the modified proteins as template, which offers another interest-
ing strategy to produce multifunctional NC-based nanocomposites.
For example, Gd2O3 was  first incorporated into BSA, which then
acted as a scaffold for in-situ synthesis of AuNCs (Fig. 8B) [111].
BSA surrounding the Gd2O3-AuNCs assemblies was further loaded
with a therapeutic agent, indocyanine green (ICG). The resulting
Gd2O3-AuNCs-ICG nanocomposites possessed excellent tri-modal
(NIR/MR/CT) in-vivo imaging properties and appeared promising
for combined photodynamic and photothermal therapy.

Instead of proteins, short peptides can also be used for one-step
synthesis of functionalized NC composites. Peptide sequences can
be specifically designed; their abundant chemical groups allow the
synthesis of NC-peptide composites with specific properties, i.e.
ring, short peptides such as GSH have been frequently used to
synthesize luminescent metal NCs, they mostly act as stabilizers
rather than functional units. In contrast, rationally designed, longer
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Fig. 8. Schematic illustration of the preparation of Gd-integrated AuNC composites
templated with BSA. (A) Generation of AuGds from Au3+ and Gd3+ in the presence
of  BSA. (B) Pre-modification of BSA with Gd2O3, followed by AuNC formation and
modification with ICG for multi-modal imaging. (Adapted with permissions from the
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Wang et al. [127] introduced a turn-on fluorescent sensor for Hg2+
oyal Society of Chemistry for (A), Ref. [108], and the American Chemical Society
or  (B), Ref [111]).

eptides have been employed for fabrication of NC composites with
pecifically designed properties [112]. In an early paper [113], Gao
nd coworkers reported a bifunctional peptide containing a domain
apable of targeting the cell nucleus and a second domain capable of
iomineralizing and stabilizing the AuNCs. The resulting peptide-
onjugated AuNCs showed intense red emission and specifically
argeted cell nuclei without any further modification. This strategy
as later extended to peptide-conjugated CuNCs [114]. Huang and

iu [115] synthesized core–shell microspheres by in situ growth
f PtNCs using GSH as a protective agent on the surface of PEI-
odified Fe3O4. These nanocomposites were successfully applied

o the detection of latent fingermarks in forensic science.
DNA oligonucleotides are another attractive type of ligand for

unctionalizing various nanomaterials, owing to their comple-
entary base-paring, good biocompatibility and sequence design

apability [116]. DNA binds metal cations and thus has been
xploited as a template for synthesizing various luminescent Au,
g, Cu and other metal NCs [117]. Particularly, the possibility to

ncorporate aptamers into the DNA sequence enables the syn-
hesis of multifunctional DNA-metal NC composites within one
tep [118]. As an example, Zhu and coworkers [119] extended
S1411, a nucleolin-targeting DNA-aptameric anticancer drug,
ith poly(cytosine) via a pentathymidine loop and used it as a

caffold to synthesize AgNCs in a one-step process. The highly
uminescent AS1411-AgNCs not only retained the anticancer
unctionality of the drug, but even exhibited a stronger growth inhi-
ition compared with bare AS1411. Moreover, the AS1411-AgNCs
ere internalized by cells via receptor-mediated endocytosis and

tained the nucleus. Most of these aptamer-AgNCs were prepared

y using the natural dextro isomeric form of DNA (D-DNA) as a
emplate, which is cleaved by nucleases prevalent in living mat-
er [120]. The quenched emission and inhibition of the targeting
y 28 (2019) 100767 9

function due to DNA digestion can severely hamper applications of
natural DNA-templated AgNCs in biosensing and bioimaging. The
enantiomeric form of D-DNA, levo DNA (L-DNA), displays a higher
resistance to degradation than natural D-DNA and other modi-
fied nucleic acids [121]. Therefore, Feng and coworkers recently
employed L-DNA instead of D-DNA to template the growth of
AgNCs [122]. Their studies showed that L-DNA-templated AgNCs
were indeed significantly more stable against nuclease digestion,
thus making cell type-specific imaging at physiological tempera-
tures possible with a much lower concentration of AgNC markers.

MOFs with well-defined and customizable pore structures are
also promising templates for synthesizing nanomaterials with con-
trollable size and dispersity [123]. It is fairly straightforward to
incorporate different species such as metal NCs into MOF  struc-
tures. Confinement of ultrasmall luminescent metal NCs inside MOF
pores is expected to suppress non-radiative processes of metal
NCs, leading to enhanced luminescence. In most approaches, pre-
synthesized metal NCs are incorporated into the MOF  structures
during MOF  formation. In an alternative strategy, AuNCs are gen-
erated directly inside the MOFs. The porous structures in MOFs
limit both migration and aggregation of NPs, restrict NP growth
and thus provide size control. In 2011, Jiang et al. [124] presented
the first example of incorporating ultrasmall AuNCs in the pores
of MOF  structures by employing a predesigned hexagonal (4, 8)-
connected MOF  as the host. EXAFS spectra revealed the presence
of ultrafine AuNCs with an average atom number of 2.5, corre-
sponding to a mixture of Au2 and Au3 NCs. Later, atomically precise
metal NCs inside MOFs were achieved by Liu et al. [125] through a
simple, in-situ chemical reduction approach (Fig. 9). By elegantly
controlling the reduction conditions, pure Au11:PPh3 NC@ZIF-8
and Au13Ag12:PPh3@MIL-101 composites were obtained in a single
step, showing that it is feasible to synthesize NC-MOF nanocompos-
ites with exquisite size selectivity.

Application of metal NC-based nanocomposites

Many types of metal NC-based nanocomposites can be fabri-
cated with the strategies discussed above. Often, the properties of
metal NCs within the nanocomposites, such as the stability, lumi-
nescence properties and biocompatibility, are greatly improved
with respect to bare metal NCs. Moreover, the presence of abun-
dant surface functionalities and the possibility of conjugation with
specifically designed motifs render these nanocomposites promis-
ing multifunctional platforms for a wide variety of applications. In
this chapter, we  will briefly review important advances made by
using metal NC-based nanocomposites in sensing, bioimaging and
catalysis.

Sensing

Luminescence sensing
Perhaps the most fascinating property of ultrasmall metal NCs

is their molecule-like photoluminescence, which is preserved in
most NC-based nanocomposites and endows them with great
potential as luminescent probes in various analytical applications,
particularly for sensing heavy metal ions, small biomolecules and
biomacromolecules [126].

The detection of heavy metal ions in water and biological
fluids is of paramount importance. Many different types of NC-
based nanocomposites have been developed for heavy metal ion
detection via their sensitive luminescence response. For example,
detection based on carbon nanotube-AgNC composites (Fig. 10A).
The luminescence of AgNCs stabilized by a thymidine-rich single
stranded DNA (T-rich S1) is quenched when adsorbed onto the sur-
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Fig. 9. Schematic illustration of synthesizing Au11NCs inside the cavity of ZIF-8. PPh3, triphenylphosphine. (Reprinted from Ref. [125], with permission from Royal Society
of  Chemistry).
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ig. 10. Schematic illustration of sensing strategies for (A) Hg2+, based on carbon nan
Adapted with permissions from the Royal Society of Chemistry for (A), Ref. [127], E

ace of a carbon nanotube due to energy transfer. In the presence of
g2+, interactions between the thymine bases and Hg2+ induces for-
ation of a double-helical structure and releases the self-organized
gNCs-DNA conjugates from the carbon nanotubes. As a result, the
hotoluminescence from the AgNCs is restored, enabling the detec-
ion of Hg2+. Using exonuclease III (Exo III) as a biocatalyst to cut
he DNA, the bound Hg2+ ions are released. In this way, a highly

ensitive luminescent sensing system based on carbon nanotube-
gNC composites was established, featuring a detection limit of
0 pM.  Recently, Huang et al. [128] presented an interesting analyti-
al application of AuNC-MOF composites for the sensitive detection
e-AgNC composites, and (B) Zn2+, based on AuNC-MOF composites. FL, fluorescence.
r for (B), Ref. [128]).

of Zn2+ ions, which are essentially involved in a variety of biological
processes (Fig. 10B). Their strategy is based on the AIE enhancement
of GSH-capped AuNCs in aqueous solvent upon entrapment in a Zn-
MOF, formed in situ in the presence of 2MIm and Zn2+. Apart from
Hg2+ and Zn2+, photoluminescence detection of other metal ions
such as Cu2+, Pb2+, Fe3+ and As3+ has also been reported with other
metal NC-based composites [129–133].
The luminescence intensity depends on external parameters
such as temperature, probe concentration and other experimen-
tal conditions, which requires careful calibration measurements
to achieve high precision. Ratiometric sensing, which involves the
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imultaneous detection of two luminescence signals at different
avelengths, is more robust and can yield a more reliable quan-

ification due to cancellation of intensity-modulating effects [134].
ang and coworkers [135] recently presented a ratiometric Hg2+

ensor based on dual-wavelength emission nanocomposites of car-
on dots and AuNCs. The blue emission of carbon dots remained
nchanged in the presence of Hg2+, whereas the red emission
rom AuNCs gradually decreased upon successive addition of Hg2+,
esulting in a change of the emission color from pink to blue.
sing a similar strategy, Wang et al. [136] loaded both AuNCs and
arbon dots within hollow TiO2 microspheres. Based on the dis-
inctly different temperature responses of these two  luminescent
Ps, a dual-emission temperature sensor was established. With

ncreasing temperature, the intensity of the red AuNC emission
ontinuously decreased, whereas the blue carbon dot emission
emained nearly constant, resulting in a continuous color change
rom red to purple that was easily observable by eye.

Highly porous materials such as MOFs are inherently sen-
itive for gas or vapor detection because they can concentrate
nalyte molecules to levels that are higher than in the external
tmosphere [137]. In recent elegant work, Zang and collabora-
ors [138] designed a light-emitting, porous MOF  containing Ag(I)
halcogenide/chalcogenolate (SCC) clusters as building blocks. This
CC-MOF composite overcomes the poor chemical stability of typ-
cal AgNCs and exhibits remarkably enhanced luminescence upon
roper control of the spatial separation and orientation of the NCs.
he open channel structure of the MOF  facilitates interactions of
he AgNCs with external stimuli such as dioxygen (O2) and volatile
rganic compounds (VOCs), resulting in fast luminescence turn-
ff by O2 and turn-on by VOCs (e.g., ethanol) in a highly sensitive
anner (Fig. 11). This work vividly illustrates the great potential of

esigning functional metal NC-MOF composites for sensing appli-
ations. Indeed, Rogach and coworkers [48] recently showed that,
ven for CuNCs, which are less stable than AgNCs due to their
tronger tendency to oxidize or aggregate, entrapment in MOFs can
ignificantly enhance their QY and chemical stability. As a result,
uNC-MOF composites can be further developed into highly sensi-
ive chemical sensors, e.g., for trinitrotoluene detection.

In many applications, luminescent sensors experience harsh
nvironmental conditions such as extreme acid/basic pH and high
alinity, which challenge the stability of bare metal NCs. The use of
anocomposites can greatly help to solve this problem. For exam-
le, the AuNCs@GC nanogels developed by Bai et al. [89] exhibited
xcellent luminescence over the pH range of 0–14 and good salt
olerance, enabling the sensor to work robustly even under harsh
onditions. As an alternative strategy, metal NCs can be coated with

 silica layer, resulting in robust NC-silica nanocomposites with
nhanced stability and dispersibility as well as good biocompati-
ility [139,140].

CL sensing
Novel biosensors have been developed based on the ECL of

etal NCs such as AuNCs [54]. In an early study, Zhu and cowork-
rs [141] found that graphene-AuNC composites feature a higher
CL intensity than bare AuNCs. They exploited this composite to
CL emission-based, label-free detection of H2O2. The graphene
omponent not only acts as a support for NC immobilization, but
lso serves as an ECL amplifier, greatly enhancing the sensitivity
f detection. Based on the fact that phenolic compounds enhance
he ECL signal at the graphene/multiwall carbon nanotube-AuNC
omposite-modified glassy carbon electrode in the presence of per-
xydisulfate, an ECL sensor was fabricated for detection of phenolic

ompounds with high sensitivity, good repeatability and stability
142].

By combining TiO2 nanoflowers as the co-reaction accelera-
or and dissolved O2 as the intrinsic coreactant to generate the
y 28 (2019) 100767 11

strong oxidizing intermediate radical OH•, AgNC-TiO2 nanocom-
posites (Fig. 12A) were found to exhibit significantly enhanced ECL
signals in comparison to bare AgNCs in solution [143]. Upon fur-
ther introduction of ferrocene (Fc)-labeled DNA as an ECL quencher,
a novel Fc-driven light switch biosensor was developed for ultra-
sensitive detection of amyloid-� (A�),  as shown in Fig. 12. In this
design, AgNC-TiO2 nanocomposites are immobilized onto an elec-
trode and exhibit a strong ECL signal (on-state). They function as
sites for attachment of thiol-modified capture DNA (P1). Subse-
quently, when Fc-labeled assistant DNA (P2) hybridizes with P1,
the AgNC luminescence is strongly quenched due to the proxim-
ity of Fc (off-state). The overhanging part of P2 hybridizes with
secondary-target DNA (T), generated by an A�-induced immunore-
action based on DNA nanostructures. Thereby, Exo III cleavage
is initiated, leading to the release of the Fc quencher from the
AgNC-TiO2 composites, and the ECL signal is switched on again.
This assay for A� detection showed excellent sensitivity with a
linear range from 50 fg/mL to 500 ng/mL and a limit of detection
down to 32 fg/mL. While most reported ECL systems are based
on the cathodic ECL emission of metal NCs [143–145], Yang et al.
[146] recently reported an anodic ELC system of PtNC-graphene
composites for detection of Cu2+. Nanocomposites of AuNCs with
graphene quantum dots (GQDs) were also found to exhibit stronger
and more stable anodic ECL emission in comparison to AuNCs
only and have been employed for constructing a pentoxifylline
ECL sensor [147]. The enhanced ECL intensity and stability of the
as-prepared Au NCs@GQDs were attributed to efficient resonance
energy transfer between the GQDs and AuNCs acting as donors and
acceptors, respectively, as well as the high electrical conductivity
of the GQDs.

Colorimetric sensing
Colorimetric sensing is a simple method for detecting target

analytes by monitoring the color change of a solution, featuring
low cost and good portability. Whereas plasmonic metal NPs show
strong absorption in the visible and have been widely adopted
for colorimetric sensing [148], metal NCs are less suitable for
colorimetric sensing due to the absence of the surface plasmon
resonance effect. However, recent studies revealed high enzyme-
like catalytic activity of some nanomaterials including metal NCs,
opening up opportunities for developing NC-based colorimetric
sensors [149].

In 2011, Wang et al. [150] were the first to report high
peroxidase-like catalytic activity of BSA-AuNCs, based on which
they developed a novel colorimetric assay for H2O2 with a detec-
tion limit of 20 nM.  These composites catalyze the oxidation of
a peroxidase substrate, 3,3′,5,5′-tetramethylbenzidine (TMB), by
H2O2, yielding a blue-colored product with maximum absorbance
at 652 nm.  They also developed a simple yet highly sensitive colori-
metric assay to detect xanthine, based on the production of H2O2
in the xanthine oxidase-catalyzed oxidation reaction. In contrast
to natural enzymes such as horseradish peroxidase, BSA-AuNCs
offer efficient enzyme-like catalysis over a wide range of tem-
peratures (4 − 90 ◦C) and pH (1 − 14). Tao et al. [151] used GO  to
regulate the peroxidase-like activity of AuNCs and showed that
GO-AuNC composites possess high catalytic activity over a broad
pH range. They successfully employed folic acid-conjugated GO-
AuNC composites as colorimetric probes for the detection of folate
receptor (FR) overexpressing cancer cells such as HeLa and MCF-7.
Exploiting the intrinsic peroxidase-like catalytic activity of AuNCs
as well as the high loading and targeting ability of human epi-
dermal growth factor receptor 2 (HER2) antibody-functionalized

liposomes, AuNC-loaded, target-directed, functionalized liposomes
were established as a robust sensing platform for amplified col-
orimetric detection of HER2-positive breast cancer cells with high
sensitivity and selectivity (Fig. 13) [152]. Importantly, this method
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Fig. 11. Photographs of luminescent SCC-MOF composites excited by 365-nm light (A) inside a glass tube filled with air in the pressure range 0–1 at m. (B) Exposure of
SCC-MOFs to VOCs with varying solvent polarity, ET(30). (Reprinted from Ref. [138], with permission from Nature Publishing Group).
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ig. 12. Schematic diagrams showing (A) the preparation of AgNC-TiO2 nanocom
anostructure assembly with Fc-driven biodetection. (Reproduced from Ref. [143], 

as shown to be successful in detecting HER2-positive breast can-
er cells in human serum samples as well as in breast cancer
issue.

To further enhance the enzyme-like activity of metal NCs and
chieve better colorimetric sensing performance, Kim and cowork-
rs recently proposed to combine AuNCs with another inorganic
nzyme mimetics, Fe3O4 magnetic NPs (MNPs) [153]. The resultant
uNC-MNP composites indeed showed synergistic effects catalyz-

ng the oxidation of TMB  by H2O2, with about five times smaller

pparent Michaelis-Menten constant, Km, than the ones of AuNCs
r MNPs alone. Furthermore, the AuNC-MNP composite-based
ensing system can be used repeatedly via magnetic capture and
ashing steps.
es, and (B) the detection of A� by combining an immunoreaction-induced DNA
ermission from the American Chemical Society).

Besides the widely studied AuNCs, composites of other metal
NCs such as AgNCs [154], CuNCs [155], PtNCs [156] and alloy NCs
[157] have also been employed in nanocomposites for colorimetric
sensing, based on their catalytic properties. For example, DNA-
templated AgPtNCs have been used as a colorimetric aptasensor
for the detection of the target thrombin by virtue of their intrin-
sic peroxidase-mimicking activity [158]. To this end, the template
DNA sequence for NC synthesis was fused with a thrombin-binding
DNA aptamer, thereby avoiding an additional conjugation step of

the AgPtNCs with the aptamer and preserving the affinity and speci-
ficity of the aptamer-NC composite to its target. This aptasensor
was capable of detecting thrombin in complex biological fluids such
as human serum with a detection limit of 2.6 nM.
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ig. 13. Schematic depictions of (A) preparation of anti-HER2 conjugated liposome
uNCs-anti-HER2. (Reproduced from Ref. [152], with permission from Ivyspring).

lectrochemical sensing
Metal NCs are also well known for their high electrocatalytic

fficiency, which has been harnessed for developing highly sen-
itive electrochemical sensors [159–161]. Zhang and coworkers
161] described microRNA (miRNA) detection via the electrocat-
lytic activity of oligonucleotide-encapsulated AgNCs. The high
atalytic efficiency of AgNCs in response to H2O2 reduction resulted
n a sensitive electrochemical miRNA biosensor without any labori-
us labeling and signal amplification, while the inherent selectivity
f the molecular beacon probe endowed the biosensor with high
ase discrimination ability. Later, Wang and collaborators [162]
eported another electrochemical miRNA sensor based on alkaline
hosphatase (ALP)-incorporated AuNCs, with ALP catalyzing sub-
trate dephosphorylation and AuNCs accelerating silver deposition.
he signal amplification of ALP-AuNC-catalyzed silver deposition
as monitored electrochemically, allowing ultrasensitive detec-

ion of free miRNAs in blood with a detection limit down to 21.5 aM
s well as accurate identification of single-base mutants of the miR-
As.

Graphene is an ideal material for many electrochemistry appli-
ations because of its large surface area and excellent 2D electron
onductivity [163]. Thus, combining metal NCs with graphene is
xpected to endow the NC composites with enhanced electrochem-
cal properties and improved electrochemical sensing. In a recent
tudy, AgNCs were loaded on GO to form AgNC-GO composites. GO
as labeled with a detection antibody for electrochemical sens-

ng of carcinoembryonic antigen (CEA), a tumor marker present
n several cancer types (Fig. 14A) [164]. The catalytic activity of
hese AgNC-GO composites toward electrochemical reduction of
2O2 was significantly higher than the one of bare AgNCs owing

o synergistic effects between AgNCs and GO. As a result, the
ssay showed a high sensitivity for CEA sensing with a detection

imit of 0.037 pg/mL. Moreover, a sensitive electrochemical acetyl-
holinesterase biosensor based on AgNC-graphene composites was
lso developed and applied to the analysis of enzyme inhibitors
165]. Alternatively, AuNCs labeled with a cytosine-rich DNA probe
 composites and (B) HER2-positive breast cancer cell detection by using liposome-

were incorporated into graphene to electrochemically sense HIV
DNA [166]. In combination with an Exo III-assisted target recycling
amplification strategy, a detection limit for HIV DNA as low as 30 aM
was achieved, which permits early detection of an HIV infection in
human blood serum.

Besides graphene, other 2D materials have also been employed
for fabricating composites with metal NCs for electrochemical sens-
ing [167,168]. For example, Yang et al. [169] showed that a boron
nitride-AuNC composite can be utilized as an electrochemical probe
for immunosensing of interleukin-6 (Fig. 14B). Boron nitride (BN)
sheets were exfoliated by using poly-diallyldimethylammonium
chloride (PDDA) as a stabilizer and a linker, and then decorated
with AuNCs in situ via an electrostatics-driven LbL assembly. The
resultant PDDA-BN-AuNC composites were functionalized with
antibody conjugates for use as luminescent or electrochemical
markers for the detection of interleukin-6 in a sandwich bioaffinity
immunoassay.

Bioimaging

In vitro luminescence imaging
Owing to the intrinsic luminescence and good biocompati-

bility of metal NCs, NC-based composites can be employed as
robust optical probes in fluorescence imaging. To highlight spe-
cific molecules or cells, an imaging probe should have a high
specificity for its target, which can be achieved by functional-
ization of pre-synthesized metal NC-based composites with a
suitable targeting unit [170]. For example, folic acid-conjugated NC
composites have been widely adopted for targeted imaging of FR-
overexpressing cancer cells [171–173]. Furthermore, a label-free
“turn-on” luminescence sensor for the detection of FRs was devel-
oped, based on resonance energy transfer between single-walled

carbon nanotubes and AgNCs [174]. Kong et al. [175] reported a
multifunctional nanoprobe for simultaneous targeting and imaging
of human colon carcinoma Caco-2 cells by conjugating vitamin B12
to ribonuclease A–stabilized AuNCs. Triphenylphosphonium (TPP)
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Fig. 14. Schematic diagram of the fabrication and electrochemical sensing mechanisms of (A) AgNC-GO composites for CEA detection. Top: Preparation of the electrode (GCE,
glassy  carbon electrode; Au-CS, chitosan-modified AuNP solution; GA glutaraldehyde, Ab1, CEA capture antibody). Bottom: Binding of AgNC-GO composites to the electrode
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ia  detection antibody Ab2. (B) PDDA-BN-AuNC composites for interleukin-6 dete
hemistry for (B), Ref. [169]).

s a delocalized lipophilic cation, which easily passes through phos-
holipid bilayers and accumulates in the mitochondria of living
ells. TPP-functionalized chitosan-AuNC composites (AuNCs@CS)
xploit these properties for imaging mitochondria within live cells
176]. Recently, by combining biomineralization and supramolecu-
ar self-assembly of motif-designed peptide constructs containing
n RGD sequence, we have demonstrated the utility of AuNC-
ncorporated peptide nanofibers for targeted imaging of cancer
ells [95].

Protein-metal NC composites can be directly utilized to selec-
ively mark cells specifically recognized by the proteins. For
xample, Tf-AuNCs exhibit a high affinity to A549 lung tumor cells,
hich overexpress Tf receptors on their plasma membranes, as

onfirmed by cellular imaging [177], and Tf-functionalized CuNCs
ave also been used for imaging Tf receptor-overexpressing cancer
ells [178]. Gao and coworkers reported that AuNCs templated with

 bifunctional hexapeptide (CCYTAT) could specifically target the
uclei of human gastric mucosa cells (GES-1), human embryonic

ung fibroblast cells (MRC-5) and HeLa cells [113].
Taking advantage of their good cellular imaging properties,

etal NC-based composites have been developed for real-time
maging of important physiological events in the intracellular envi-
onment. For instance, a novel NC-based composite was fabricated
hrough a crown-like assembly of dye-encapsulated silica particles
ecorated with satellite AuNCs for imaging highly reactive oxygen

pecies (hROS) in live cells [179]. This composite exhibits single-
avelength excitation and dual-wavelength emission, at 565 nm

rom the AuNCs, which is markedly quenched in the presence of
ROS, and at 435 nm from the silica particles providing an internal
. (Reproduced with permissions from Elsevier for (A), Ref. [164], Royal Society of

reference (Fig. 15A). Such a combination of selective photolumines-
cence quenching of the AuNCs with the high biocompatibility and
stability against photobleaching of the silica NPs offers considerable
advantages for monitoring intracellular signaling events. When
the NC composite-loaded cells were incubated with H2O2, the
strong emission in both blue and red channels remained constant
(Fig. 15B). Upon incubation with 200 �M HClO for 5 min, however,
the red emission almost disappeared, whereas the blue emission
was still retained. Similar results were observed in the presence of
3-morpholinosydnon-imine (SIN-1) which slowly releases ONOO−,
another common hROS. Chen et al. [180] reported the use of BSA-
templated cerium (Ce)AuNCs for monitoring the local pH inside
cells. Their BSA-CeAuNCs exhibit dual emission at 410 nm and
650 nm,  which is assigned to BSA-Ce complexes and BSA-AuNCs,
respectively. The emission intensity of BSA-Ce complexes at 410 nm
is highly pH-dependent, whereas the one of BSA-AuNCs at 650 nm
is pH-independent. Local pH variations inside cells were observed
with these nanocomposites by using ratiometric analysis.

In vivo luminescence imaging
The high luminescence and stability of NC-based composites

make them especially attractive for in vivo imaging applications.
Lee and coworkers recently showed that GSH-stabilized AuNCs
exhibit significantly enhanced luminescence with a QY of up to
42% upon further conjugation with folic acid, which results from

the rigidifying effect on the gold shell (Fig. 16A) [181]. As a result, a
mouse injected with folic acid-AuNC composites showed extremely
bright luminescence, with an average intensity more than 12-fold
higher than the one observed for a mouse injected with only AuNCs
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Fig. 15. (A) Schematic illustration of hROS detection using dye-encapsulated silica particles decorated with satellite AuNCs. (B) Confocal fluorescence microscopy images of
H ated o
S  Chem

a
m
r

i
i
t
N
i
e
t
a
f
a
s
m
e
r
o

eLa  cells after incubation with silica-AuNC composites for 1 h. Cells were (a) untre
IN-1  for 40 min. (Reproduced from Ref. [179], with permission from the American

t the same dose (Fig. 16B). Unlike AuNPs larger than 10 nm [71],
ore than 90% of folic acid-AuNC composites were excreted via

enal clearance within 24 h post injection.
In addition to brightness and stability, emission in the NIR

s another desirable property of luminescent markers for in-vivo
maging because biological tissues show only weak absorp-
ion/scattering and autofluorescence in the NIR spectral window.
IR-emitting metal NC-based composites are promising for in vivo

maging [25]. In early work, Wu et al. [182] reported the first
xample of tumor imaging with NIR-emitting BSA-AuNCs. In-vivo
umor targeting and ex-vivo imaging studies showed that these NCs
ccumulated to a high level in tumor regions. Later, transferrin-
unctionalized AuNCs (Tf-AuNCs)-GO composites were fabricated
nd used as turn-on NIR fluorescence probes for imaging cells and
mall animals [183]. The presence of GO within the composites

arkedly quenches the NIR emission of Tf-AuNCs due to resonance

nergy transfer, which is, however, restored in the presence of Tf
eceptors. This composite enabled specific imaging of Tf receptor
ver-expressing HeLa cells of HeLa tumor-bearing mice. Recently,
r treated with (b) 1 mM H2O2 for 10 min, (c) 200 �M HClO for 5 min, and (d) 3 mM
ical Society).

chitosan-stabilized, self-assembled AuNCs with a characteristic
peak emission wavelength of 680 nm were also developed, and
their utility for both in-vitro and ex-vivo cellular imaging has been
investigated [184]. Interestingly, the fluorescence from the kid-
neys gradually increased over 6 h and then decreased again. These
nanocomposites were renally excreted due to their ultrasmall
dimensions, avoiding toxicity effects due to nonspecific accumu-
lation in healthy tissues and organs.

In vivo multimodal imaging
Multimodal imaging, i.e.,  the combination of two  or more

imaging modalities providing complementary information, offers
distinct advantages. Accordingly, the development of multimodal
imaging probes based on metal NCs for in-vivo imaging has
attracted great attention in recent years. For dual-modality flu-

orescence/CT imaging of thyroid cancer, iodinated BSA-AuNC
composites were fabricated by reaction of BSA-AuNCs with iodide
ions via the oxidation of chloramine-T (Fig. 17) [185]. These com-
posites were found to rival the clinical CT contrast medium, and
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Fig. 16. (A) Synthetic scheme depicting the synthesis of folic acid-AuNC composites (Au22-FA) from Au22(SG)18. SG, GSH conjugated to gold via thiolate bonding; Cbz,
benzyl  carbonochloridate. (B) Representative in-vivo luminescence images of control and IV-injected mice, collected at 5, 15, 30, 60 min  and 24 h post injection. (Adapted or
reproduced from Ref. [181], with permission from John Wiley and Sons).

Fig. 17. Schematic illustration of the preparation of iodinated BSA-AuNC composites (AuNCs@BSA-I) for in-vivo dual-modality (fluorescence and CT) imaging. (Reproduced
from  Ref. [185], with permission from the Royal Society of Chemistry).
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heir luminescence emission spectrum falls in the NIR region. Both
n vivo fluorescence and CT imaging of a human thyroid cancer
issue-derived xenograft model showed that these iodinated BSA-
uNCs were capable of accurately and selectively reveal thyroid
ancer. Whereas iodine-based agents are effective in absorbing X-
ays, they have only a short circulation lifetime, and non-specific
istribution and potential renal toxicity have limited their applica-
ion. Gold has a higher X-ray absorption coefficient than iodine, and
hows approximately 2.7 times higher contrast per unit mass [186].
herefore, the strong X-ray attenuation of AuNCs makes them a
ood alternative for multimodal imaging. For example, folic acid-
onjugated GSH-capped AuNCs were employed for fluorescence/CT
maging of gastric cancer [187], and lysozyme-stabilized AuNCs

ere used for NIR fluorescence/CT imaging of tumor-bearing mice
188].

Compared with CT imaging, MR  imaging has lower spatial reso-
ution but higher sensitivity to soft tissues. Thus, combining MR

ith optical imaging has also been exploited to improve tissue
maging [189]. It is rather straightforward to achieve lumines-
ence/MR dual-modality imaging by conjugating metal NCs with
agnetic agents such as Gd-based compounds and iron oxide
Ps. Gd3+ ions are excellent as contrast agent for MR  imaging,
nd Gd3+-chelates are extensively employed in clinics [190]. Liang
t al. [110] designed a cyclodecapeptide that simultaneously gen-
rates AuNCs and coordinates with Gd3+ ions. Compared with Gd3+

helates, gadolinium oxide (Gd2O3) NCs were reported to exhibit a
arger proton relaxivity, which makes them promising as MR  imag-
ng agent [191]. BSA-templated Gd2O3-AuNC composites were
ynthesized via a biomineralization strategy for in-vivo NIR fluo-
escence/MR blood pool imaging [192]. Further conjugation with
he RGD peptide rendered these Gd2O3-AuNC composites applica-
le to targeted tumor imaging in U87-MG tumor-bearing mice. Iron
xide NPs also hold great potential for MR  imaging due to their high
agnetization. Iron oxide NPs can easily be hybridized with metal
Cs via different chemical conjugation approaches, including EDC
oupling [193], electrostatic attraction [85] and biotin-streptavidin
nteractions [96].

Whereas optical, CT and MR  imaging modalities all have their
ndividual strengths and weaknesses, combining all three modali-
ies within one probe can help to advance traditional diagnosis to
ccurately identify disease sites [194]. For example, AuNCs have
een assembled into monodisperse spherical particles for tumor
ultimodality imaging by selectively inducing electrostatic inter-

ctions between Gd3+ and negatively-charged AuNCs (Fig. 18) [91].
he resulting Gd-AuNC composites possessed a good biocompat-
bility both in vitro and in vivo, and were well internalized by
549 cells. These composites were then employed as a multi-

unctional nanoplatform for optical/CT/MR imaging of xenografted
549 tumor models in vivo. Similarly, BSA-templated AuNC-Gd2O3
omposites [108] and silica-encapsulated Gd3+-AuNCs [81] have
een synthesized and applied to tri-modal imaging of tumor-
earing mice. Hembury et al. [82] recently designed another novel
ri-modal imaging probe, Au-Silica quantum rattles, composed
f AuNCs within a mesoporous silica shell and AuNPs within
he shell’s central cavity. This design stabilizes AuNCs and pre-
erves their optical activity and paramagnetism in the biological
nvironment, so that they can serve as markers for multimodal
luminescence, photoacoustic and MR)  imaging of LS174 T tumor-
earing mice.

atalysis
Owing to their unique electronic structure and high fraction
f surface atoms with low coordination numbers, metal NCs are
ypically more reactive, and can have improved and/or differ-
nt catalytic properties in comparison to their NP counterparts. A
y 28 (2019) 100767 17

large number of studies have demonstrated the good performance
of metal NCs, especially AuNCs, in catalyzing various chemical
reactions including oxidation, hydrogenation, coupling as well as
electrocatalytical reactions [40]. During catalysis, these tiny clus-
ters have to be protected from aggregation, e.g.,  by introducing
stable capping agents or distributing them on solid supports. Owing
to the confinement effect and their crystalline pore structure,
MOFs have been elegantly employed as solid supports for catal-
ysis with metal NCs [195–197]. For example, AuNCs immobilized
on MOF-199, synthesized by a one-step microwave irradiation
strategy, exhibited high turnover numbers and frequencies in a
three-component coupling reaction [198]. Owing to the confine-
ment effect of MOF-199, the MOF-AuNC catalysts could be recycled
five times without serious loss of activity and significant AuNC
aggregation. Doping with other metal ions can modulate the elec-
tronic structure of the encapsulated NCs and further improve
their catalytic activity. As a recent example, Cu doping of ZIF-8
nanorod arrays (NRAs) with encapsulated AuNCs (AuNCs@ZIF-
8(Cu) NRAs) enhanced the interfacial catalytic efficiency [199],
resulting in almost complete (98%) conversion of 4-nitrophenol
(4-NP) into 4-aminophenol within 6 min. More importantly, the
morphology, structure and catalytic activity of the AuNCs@ZIF-
8(Cu) NRAs showed negligible changes even after 10 successive
cycles, attesting to the superior stability of this robust three-
dimensional, self-supported catalyst. Both the excellent catalytic
performance and the stability of the AuNCs@ZIF-8(Cu) NRAs were
attributed to synergistic effects between ZIF-8(Cu) and AuNCs. The
organic linkers of ZIF-8 facilitate adsorption of �-electron rich 4-
NP molecules for �-� stacking interactions. The Cu doping of the
ZIF-8 framework modifies the surface electronic structure of the
AuNCs, which markedly accelerates the formation of gold hydride
intermediates. Moreover, the confinement by the porous ZIF-8
framework makes the AuNC active sites more stable and well acces-
sible to substrates and also prevents agglomeration. Furthermore,
this composite also features superior catalytic activity for other
nitrobenzene compounds, such as 3-nitrophenol, 2-nitrophenol
and p-nitroaniline.

Recent years have witnessed major breakthroughs in prepar-
ing atomically precise metal NCs, providing new opportunities to
investigate atomic scale-precise, size-dependent catalytic proper-
ties and to obtain structural insight into catalytic mechanisms [26].
In 2016, Zhu and coworkers reported the first example of size-
controlled growth of atomically precise metal NCs inside MOFs
[125]. They discovered that Au11NCs can be exclusively generated
inside the framework of ZIF-8 and Au13Ag12NCs can also be in-
situ prepared in MIL-101. Moreover, these highly dispersed metal
NC@MOF composites exhibit remarkable stability and high cat-
alytic activity in the oxidation of benzyl alcohol (Fig. 19A). This
elegant work provides a new method for the size-confining growth
of atomically precise AuNCs in MOFs for heterogeneous cataly-
sis. Later, the same group established another approach based on
electrostatic attraction to controllably encapsulate atomically pre-
cise NCs into MOF  structures [200]. This strategy proved to be
capable of synthesizing various atomically precise metal NC-MOF
composite catalysts, including all combinations of Au12Ag13, Ag44
and Ag12Cu28 NCs with ZIF-8, ZIF-67 and manganese hexacyano-
ferrate hydrate frameworks. Moreover, Au12Ag32-ZIF-8 composites
showed excellent performance in capturing CO2 and converting
phenylacetylene into phenylpropiolate under mild conditions with
a high turn-over number, far exceeding those of most known
catalysts (Fig. 19B). It is believed that these atomically precise
metal NCs@MOF composites will be of great help to understand

the mechanisms of nanocatalyst surface reactions and open new
opportunities in heterogeneous catalysis. This issue is nicely illus-
trated in recent work of Xie and coworkers [201], who  studied
the Au25NC-catalyzed 4-NP hydrogenation by NaBH4 to exam-
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Fig. 18. (A) Schematic illustration of the preparation of Gd-AuNC composites for in vivo tri-modal cancer diagnosis. (B) In vivo T1-weighted MR images upon injection of
Gd-AuNC, (C) CT and (D) luminescence images of A549 tumor-bearing mice marked by intravenous injection of Gd-AuNC composites or AuNCs at different time points.
(Adapted from Ref. [91] with permission from Elsevier).
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ne the effect of protective ligands on the catalytic performance.
hey showed that a well-defined ligand (mercaptobenzoic acid)
hell not only endows the Au25NCs with good colloidal stability
n solution, but also provides a unique environment for activat-
ng a specific reaction pathway involving adsorption of two 4-NP

olecules, formation of a 4,4′-dihydroxyazobenzene intermediate,
nd final release of 4-aminophenol. Notably, the intermediate was

ot present in reactions catalyzed by Au25NCs without protective

igands.
Metal NCs exhibit much higher electrocatalytic activity than

ulk metal and larger NPs, and can hopefully provide low-cost,
s for catalyzing the oxidation of benzyl alcohol; (B) Au12Ag32NC-ZIF-8 composites
ith permissions from the Royal Society of Chemistry for (A), Ref. [125], and (B), Ref

high-performance alternatives for commercial Pt catalysts in fuel
cells [202]. In order to avoid potential side effects, i.e. blocking
of mass transport and electron transfer, by the surface ligands of
NCs and to enhance their stability, various carbon nanomateri-
als such as carbon nanotubes (CNTs) [203], carbon dots [204] and
graphene [205] have been exploited as support materials of metal
NCs. One-dimensional CNTs have been reported to form inter-

connected conducting networks capable of increasing the contact
between loaded metal NCs and electrolytes as well as accelerat-
ing the electron transfer [206]. For example, electrocatalytically
active CNT-PtNC composites were fabricated via homogenously
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Fig. 20. (A) Schematic illustration of the structure of CNT-PtNC composites and (B) cyclic voltammetry of CNT-PtNC composites (denoted by “Ptn/PDA-CNT” in the Fig.) versus
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f  CoSe2-AuNC composites for electrocatalytic water oxidation. (Reproduced or adap
ociety for (C), Ref [219]).

epositing ultradispersed PtNCs on polydopamine-functionalized
NTs (Fig. 20A) [207]. In comparison with other commercial Pt
atalysts, these ultradispersed PtNCs feature a large accessible
nd active surface area, and a high fraction of surface atoms
ith low coordination numbers. The cyclic voltammetry curve

f CNT-PtNC composites (Fig. 20B, black curve) displays a more
ronounced hydrogen absorption/desorption response than other
atalysts. These composites not only exhibit excellent mass activ-
ty and stability, but also show improved specific activity and CO
olerance for electrocatalytic methanol oxidation. A simple and
ensitive non-enzymatic electrochemical sensor was developed
ased on dendrimer-encapsulated PtNCs and CNTs (PtNCs-CNTs)
anocomposites [208]. Due to synergistic effects between PtNCs
nd CNTs, the nanocomposites possessed excellent electron trans-
er properties, electron self-exchange and electrochemical catalytic
ctivity on reduction of H2O2. Moreover, the sensor was success-
ully applied for real-time determination of extracellular H2O2
eleased from living cells. Tang, Chen and collaborators [209]
escribed a novel in-situ reduction method to prepare ultrasmall
dNCs encapsulated in porous carbon nanosheet (CNS) compos-
tes. Their remarkably high electrocatalytic activity in the oxygen
eduction reaction (ORR) can be attributed to the much greater
ffective surface area with respect to larger Pd particles [210].
hang et al. [211] developed a “clean” method to synthesize PtNCs-
raphene nanocomposites, in which polyvinyl-pyrrolidone (PVP)
as chosen as surfactant to improve the dispersity of PtNCs on

he graphene surface. Cyclic voltammetric and amperometric tests
evealed that the synthesized nanocomposites exhibited excel-
ent electrocatalytic activity toward glucose oxidation, suggesting

 great potential in the fabrication of novel non-enzymatic glucose

ensors. A new sensing layer composed of BSA-templated AuPt
imetallic NCs (AuPt NCs@BSA) and graphene nanoribbons was

ntroduced for rapid, selective and sensitive detection of diazinon
s an enzymeless electrochemical sensor [212].
 modification; Pt/C and PtRu/C are commercial catalysts. (C) Schematic illustration
ith permissions from Elsevier for (A) and (B), Ref. [207], and the American Chemical

Alternatively, AuNCs and other metal NCs (Pt, Pd) can also be
directly grown on reduced GO (rGO) sheets without any addi-
tional protecting ligands [213]. These AuNCs-rGO hybrids displayed
extraordinarily high catalytic activity in the ORR, with a comparable
onset potential to commercial Pt/C catalysts but superior methanol
tolerance and enhanced electrocatalytic stability. Compared with
AuNPs-rGO hybrids, the small size of AuNCs benefits the activation
of O2. The decreased coordination of Au and the reduced elec-
trophilicity of the NCs lower the activation energy barrier for the
dissociative chemisorption of O2, which facilitates its four-electron
reduction and leads to a positive onset potential [214–217]. More-
over, the combination of AuNCs and rGO provides a synergistic
effect for the enhanced ORR activity. A simple one-pot co-reduction
method was developed to prepare well-dispersed AgPd alloyed NCs
uniformly dispersed on rGO (AgPd NCs-rGO) at room temperature
by utilizing 5-azacytosine as the capping agent [218]. Compared
to commercial Pd/C (20 wt.%), these composites exhibited strongly
enhanced catalytic effects in the reduction of 4-NP in the pres-
ence of NaBH4. They retained a high catalytic efficiency even after
seven cycles and their morphology was almost unchanged. These
results suggest a noticeably enhanced stability and reusability of
AgPd NCs-rGO.

Besides these carbon-based nanomaterials, other materials have
also been exploited to hybridize with metal NCs for enhanced elec-
trocatalytic applications. For example, atomically precise AuNCs
were used to construct CoSe2-AuNC composites for electrocat-
alytic water oxidation with an oxygen evolution reaction (OER)
activity and durability in alkaline solution (Fig. 20C) [219]. The
composites displayed a much reduced overpotential (∼0.43 V at
a current density of 10 mA  cm–2) compared to that of plain CoSe2

(∼0.52 V), which is attributed to the electronic interaction between
AuNCs and CoSe2 favoring formation of the OOH  intermediate
and desorption of O2 in the OER process. Composites of Au25NCs
with MoS2 nanosheets have also been fabricated for improving
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he hydrogen evolution reaction (HER) performance via tailoring
f their interfacial electronic interactions [168]. Defect-rich MoS2
anosheets possess abundant active edge sites and unsaturated sul-

ur atoms [220–222], and interfacial interactions between AuNCs
nd the MoS2 defect sites could further enhance the HER activ-
ty. Recently, a novel nanocomposite based on the AgNC-decorated

S2 nanosheets was developed, showing enhanced catalytic activ-
ty in the chemical and electrochemical reduction of H2O2[223]. The
ffect may  be related to the difference in Fermi energy levels of the
oupled nanomaterials, causing charge separation between the two
omponents and creating highly active sites at the interface of the
anocomposite.

onclusions and outlook

In this work, we have aimed at giving a comprehensive overview
f recent research on metal NC-based nanocomposites. We  have
ummarized different strategies used to synthesize these interest-
ng composite materials and discussed diverse applications ranging
rom sensing and bioimaging to catalysis. Nanocomposites of metal
Cs can easily be fabricated with diverse types of functional mate-

ials, i.e. biomolecules, carbon nanotubes, graphene, iron oxide NPs,
ilica and MOFs, most often by post-modifying pre-synthesized
etal NCs via various strategies (i.e. chemical conjugation, electro-

tatic interaction, self-assembly, ligand exchange). Alternatively,
t is also possible to generate metal NCs during the formation
f composites in a single step, which is often simpler and more
onvenient.

Nevertheless, a number of challenges remain that need to be
ddressed for further improvement of the synthesis of metal NC-
ased nanocomposites. Firstly, the spatial dispersion of metal NCs
ithin the nanocomposites greatly influences their application but

s not yet well controllable in most syntheses. Thus, it will be
mportant to further develop and refine more sophisticated syn-
hesis procedures capable of precise control of the distribution of

etal NCs as well as the structures of the resultant nanocomposites
224]. Secondly, in addition to monometallic NCs, the development
f nanocomposites incorporating alloy metal NCs with different
ompositions should be further pursued. Alloy metal NPs show
any interesting properties that are different from or better than

hose of monometallic NPs [225], offering new possibilities in their
ombination with other functional materials. Thirdly, although
etal NC-based composites often show an enhanced lumines-

ence QY with respect to plain metal NCs, there is still room for
urther improvement. This can be achieved by devising new or
mproved strategies either for the synthesis of highly lumines-
ent metal NCs or for metal NC-based composites enhancing the
mission of metal NCs. Fourthly, efforts will be worthwhile to
alance the stoichiometric amount of each entity within a compos-

te so as to achieve best performance in the intended application
hile minimizing the use of expensive materials. This issue will

e particularly important for cost effectiveness and suppression
f side effects in large-scale applications. Finally, industrial appli-
ations will inevitably lead to exposure of humans and other
rganisms to nanocomposites, either intentionally (e.g., biomedical
pplications) or unintentionally (e.g., environmental exposure). For
heir safe use, it will be important to elucidate their interactions
ith the biological environment (incorporation, biodistribution,

n-vivo stability etc.) [226]. The physicochemical properties of
etal NCs are typically retained within the nanocomposites and,

ometimes, significantly enhanced properties of metal NCs can

e observed. Moreover, nanocomposites often exhibit more func-
ions than bare metal NCs owing to the introduction of additional
omponents. These novel features can further broaden their utility
n practical applications, for example, in sensing various biologi-
y 28 (2019) 100767

cal/environmental analytes, in-vitro and in-vivo imaging as well as
catalyzing important reactions. While we  have focused our review
on applications in these three areas, NC nanocomposites can also
be put to good use in other areas such as energy and environ-
ment.

For example, AuNCs with molecule-like behavior have emerged
as new light harvesters in energy conversion systems, i.e.,  in solar
cells [227,228]. Mesoscopic TiO2 films modified with AuNCs were
shown to deliver a stable photocurrent of 3.96 mA/cm2 with a
power conversion efficiency of 2.3% [227]. Opportunities exist
to couple these metal NCs with plasmonic metal NPs to further
increase the absorption range of the metal NC-sensitized solar cells
in the future [229]. Recently, AuNCs have also been deposited on
the surface of TiO2 NPs for enhanced photocatalytic activity [230].
The AuNC-TiO2 nanocomposites exhibited a twofold enhancement
in photodegradation of organic pollutants (i.e., methyl orange)
and provide a good platform for the design of high performance
photocatalysts for water treatment. Furthermore, metal NCs also
possess many other interesting properties such as strong two-
photon absorption [231], intrinsic chirality [232] and antibacterial
activity [233], which are likely to be exploited in functional NC-
based nanocomposites for optical and biomedical applications such
as photodynamic therapy [234] and drug delivery [90,235] in the
future.

Overall, metal NC-based nanocomposites have unique merits
and hold great potential in a wide range of areas. Tremendous
opportunities exist for further development of these novel materi-
als by rational engineering. Progress in this fast-growing field will
certainly yield more multifunctional composite materials and con-
comitantly spawn novel applications of metal NCs, making use of
their unique physical and chemical properties.
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