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Abstract Therapeutic nanoparticles are designed to enhance efficacy, real-time monitoring, targeting

accuracy, biocompatibility, biodegradability, safety, and the synergy of diagnosis and treatment of dis-

eases by leveraging the unique physicochemical and biological properties of well-developed bio-nanoma-

terials. Recently, bio-inspired metal nanoclusters (NCs) consisting of several to roughly dozens of atoms

(<2 nm) have attracted increasing research interest, owing to their ultrafine size, tunable fluorescent capa-

bility, good biocompatibility, variable metallic composition, and extensive surface bio-functionalization.

Hybrid coreeshell nanostructures that effectively incorporate unique fluorescent inorganic moieties with

various biomolecules, such as proteins (enzymes, antigens, and antibodies), DNA, and specific cells,

create fluorescently visualized molecular nanoparticle. The resultant nanoparticles possess combinatorial

properties and synergistic efficacy, such as simplicity, active bio-responsiveness, improved applicability,
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and low cost, for combination therapy, such as accurate targeting, bioimaging, and enhanced therapeutic

and biocatalytic effects. In contrast to larger nanoparticles, bio-inspired metal NCs allow rapid renal

clearance and better pharmacokinetics in biological systems. Notably, advances in nanoscience, interfa-

cial chemistry, and biotechnologies have further spurred researchers to explore bio-inspired metal NCs

for therapeutic purposes. The current review presents a comprehensive and timely overview of various

metal NCs for various therapeutic applications, with a special emphasis on the design rationale behind

the use of biomolecules/cells as the main scaffolds. In the different hybrid platform, we summarize

the current challenges and emerging perspectives, which are expected to offer in-depth insight into the

rational design of bio-inspired metal NCs for personalized treatment and clinical translation.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Abnormalities in biological systems, such as gene mutations,
protein deficiency, pathogen infections (e.g., Coronavirus disease
2019), immunity disorders, and tumoral metastasis have consid-
erably threatened human health and economic development due to
intrinsic complexity and variability1. Encouraged by the current
technical advancements in bio-nanotechnology, bio-nano-
materials, as therapeutic agents, provide an enhanced therapeutic
effect, accurate targeting, real-time monitoring, biosafety, promi-
nent reproducibility, and clinical translatability2,3. Inspired by the
biological systems, biomimetic strategies innovatively generate
organiceinorganic hybrid composites with highly ordered hier-
archical structures to address biomedical issues, which efficiently
incorporate highly active biomolecules/cells with the unparalleled
photonic, electronic, and catalytic features of metal compo-
nents4,5. For personalized medicine, the size, composition, and
physicochemical properties of nanomaterials can be manipulated,
or their surface can be functionalized by biomolecules or specific
cells with stealth and targeting therapeutic effect6,7. For example,
Conde’s group8 reported that gold nanoparticles with the combi-
nation properties of gene, drug and phototherapy were readily
delivered through a prophylactic hydrogel patch and led to tumor
remission in a colon cancer mouse model. In addition, the phys-
icochemical and physiological properties of sub-micrometer-sized
materials (1e1000 nm) can further be programmed by tuning
parameters, such as size, charge, shape, structure, and surface
properties, thus supporting diverse therapeutic applications in
living organisms5,6,9. Nevertheless, the biocompatibility of these
bio-nanomaterials is a demanding challenge during treatment.
Rapidly developed nanostructured materials, especially larger
metal nanoparticles (NPs) with generally higher stability, non-
biodegradability, and unpredictable release, have been severely
hampered by the toxicity induced by their nonspecific accumu-
lation in the reticuloendothelial system (RES), immune clearance,
and the lack of spatial and temporal control over their biological
activities10e12. Therefore, developing bio-inspired NPs with ul-
trafine size, excellent biocompatibility, and multifunctionality by
converging nanoscience, interfacial chemistry, and biotechnology
is highly promising for therapeutic purposes.
Ultrasmall bio-inspired metal nanoclusters (NCs) offer an
elegant solution due to typical biomolecule shellemetal core
structures and molecule-like properties, indicating great potentials
for therapeutic applications13e15. In such a hybrid system, metal
NCs composing of several dozens of atoms (＜2 nm) exhibit
strong quantum confinement effect and discrete electronic state,
which is capable of generating size-dependent fluorescence and
physicochemical properties regulated by the sub-nanometer sizes
and structures of different metal cores. Considerable progress has
been made in the controllable synthesis of atomically precise
metal NCs, including Au, Ag, Cu, Pt, Pd, Cd, Bi, and Mo, as well
as alloy NCs comprising two or more species of metal
atoms13,16e20. Meanwhile, a variety of biomolecules (e.g., DNA,
peptides, and proteins) and specific cells have been successfully
exploited as ligands for the synthesis of various metal NCs
because of their tunable biomolecular sequence and 3D structures,
excellent biocompatibility, and variable bioactivities. Bioimaging
to obtain information on precise pathological changes requires the
use of more dynamic molecular imaging probes capable of iden-
tifying significant features of diseases. Compared with semi-
conductor quantum dots (QDs)21,22, organic fluorophores23, and
fluorescent proteins24, biomolecule-mediated metal NCs exhibit
an array of advantages, which include ultrafine size, ease of
fabrication, improved photophysical properties, low toxicity,
extensive functionality, and facile tailorability, which make them
powerful alternatives to optically guided therapeutic NPs25e27. In
contrast to larger metal NPs, bio-inspired metal NCs with ultrafine
size, structure, and surface functionality facilitate in vivo real-time
monitoring, bio-responsiveness, controlled dose, and renal clear-
ance without severe side effects which prevents their huge accu-
mulation in the liver and spleen28e30. Moreover, metal-based
drugs have been explored for their therapeutic performance,
such as US Food and Drug Administration (FDA)-approved
metallic drugs auranofin, a gold (I) compound used for the treat-
ment of rheumatoid arthritis and cisplatin or cis-diamminedi-
chloroplatinum (II) is used as a metal-based anticancer drug, have
been explored for their therapeutic performance. To globalize
precision medicine, bio-inspired metal NCs could be exploited as
a universally therapeutic system to effectively integrate custom-
izable biological effects (specificity, intrinsic bioactivity, and

http://creativecommons.org/licenses/by-nc-nd/4.0/
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biodegradability) and tunable physicochemical properties (size,
structure, and composition)31e33.

In the current review, we present a comprehensive discussion
on bio-inspired metal NCs intended for various therapeutic ap-
plications, with an emphasis on the concept of utilizing bio-
molecules and cells as scaffolds. Considering the increasing
importance of biomolecules and cells in the biopharmaceutical
industry34,35, bio-inspired metal NCs have motivated the produc-
tion of multifunctional NPs with therapeutic, delivery, and dy-
namic tracking capabilities at the disease site by leveraging on
their assembly capability and biological effects. From a material
perspective, the purpose of this review is to deliver an in-depth
understanding of the engineering of fluorescent bio-inspired
metal NCs, such as bioprobes, radiosensitizers, photosensitizers,
drug conjugates, nanovaccines, nanocarriers, antibacterial agents,
and nanoenzymes for therapeutic applications (Fig. 1). Instead of
providing a general historical survey of various metal NCs, the
design rationale and therapeutic performance of previously re-
ported therapeutic NCs are highlighted. Furthermore, we sum-
marize the challenges associated with the therapeutic applications
of bio-inspired metal NCs. Finally, we close with our perspective
on the development of innovative bio-inspired metal NCs with
reliable structure-related properties and combinatorial strategies
and suggest new ideas for innovative design of visualized hybrid
systems intended for clinical translation.
2. Characteristic biomolecules to control the synthesis of
metal NCs and their functionalities

Biomolecules are effective in bringing desired properties of metal
clusters due to characteristic sequences, tunable 3D structures, and
extensive biofunction. Inspired by the biomolecular folding for the
formation of biological function and micro/nano structure,
numerous biomolecules (amino acids, peptides, proteins, and
Figure 1 Schematic representation of bio-inspired m
DNA) and their derivatives have been explored for the preparation
of various metal NCs with three-dimensional hierarchical struc-
tures and extensive bio-functionalization. Generally, the assembly
of bio-inspired metal NC is usually driven by various driving
forces at nano-bio interactions, such as coordination chemistry,
electrostatic interaction, van der Waals forces, hydrophobic
interaction, hydrogen bonding, covalent bonding, host-guest
interaction, and bio-specific interaction. On the one hand, atomi-
cally precise metal NCs can be creatively prepared by adjusting
the type of biomolecule, the ligand-to-metal ratio, the strength of
the reducing agent, and other experimental conditions, such as
reaction temperature, solvent condition, and reaction time. On the
other hand, the tunability and modulation of biomolecules facili-
tate the delicate combination of different domains, thus allowing
the fabrication of metal NCs with diverse sizes, compositions,
morphologies, geometry, hierarchical structures, and surface
functionalities. Owing to their programmable, periodic, and
biodegradable nature, the utilization, and customization of bio-
molecules is an attractive strategy for the construction of an array
of metal NCs. This principle implies sufficient molecular control
of the structure and properties of the NCs under physiological and
pathological milieu, which is not obtainable with larger metal
NPs. Based on biochemical driving forces, various synthesis
strategies for the assembly of bio-inspired metal NCs have been
summarized in the following section.
2.1. Coordination chemistry

The interfacial chemistry has developed advantageous structure
epropertyeperformance relations that are crucial for their
biomedical applications due to the atomic level management of
the size, structure, composition, and surface of metal NCs. Recent
research has primarily focused on the synthesis of various metal
NCs by using coordination chemistry as the main strategy33,36e38.
etal nanoclusters and their therapeutic capability.
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To a large extent, various biomolecules as stabilizing ligands to
coordinate metal NCs have been extensively explored, such as
proteins, peptides, DNA, and specific cells. Biomolecules facili-
tate for the controllable synthesis of metal NCs by their high
metal-binding affinity, large steric hindrance, and matchable
reducing effect. Generally, strong stabilizing agents and weak
reducing agents collectively result in smaller-sized metal NCs at
the molecular level, whereas excessive reduction leads to the
formation of metal NPs without any fluorescence. Recent success
in interfacial chemistry has yielded a great deal of metal NCs,
including Au, Ag, Cu, and Pt NCs, as well as precisely doped
NCs. As highlighted in a previous sensing review by our group,
templates, and etching routes are mainly determined by the metal-
ligand interaction of metal atoms and biomolecules in the syn-
thesis of atomically precise metal clusters.

Similar to the biomineralization process, template routes
mostly rely on functional biomolecules where they provide
scaffolds for minerals followed by sequestering and immobili-
zation of inorganic ions in closed spaces. Typically, Xie et al.7

firstly employed bovine serum albumin (BSA) as a classic tem-
plate to synthesize red-emitting BSA-Au25 NCs with a quantum
yield of approximately 6%7. By using BSA as a reducing and
stabilizing agent, Au NCs were facilely prepared via one-pot
“green” synthesis method at reaction conditions of pH 12 and
37 �C. In light of this, this synthesis strategy for the fabrication
of an array of metal NCs was widely adopted by using various
proteins, enzymes, peptides, and DNA, such as lysozyme39e42,
apoferritin43, pepsin44, ribonuclease A45, short peptides46,47, and
customized DNA48. Notably, lysozyme can be used to synthesize
an array of different metal NCs with corresponding optical
properties. Furthermore, using biomolecules as stabilizing li-
gands, variable metal NCs and alloy metal NCs can also be
produced, indicating the possibility of modulating characteristic
biomolecules to produce various metal NCs. For instance,
Richards et al.19 proposed a DNA microarray technology to
obtain unique DNA sequence templates, and employed them to
synthesize five kinds of fluorescent Ag NCs with blue, green,
yellow, red, and near-infrared emissions. In contrast, various
proteins/peptides collectively perform as both mild reducing
agents and stabilized agents due to various reducing and stabi-
lized groups, allowing the steric protection to form various stable
metal NCs under appropriate conditions. Considering the impact
of reduction force, mild reducing agents are universally adopted
to improve the nucleation of metal atoms and the controllable
synthesis of atomically precise metal NCs. In a typical case, by
utilizing gaseous carbon monoxide (CO) as a mild reducing
agent, Yu and co-workers49 developed a simple one-pot method
for the synthesis of thiolated Au25(Cys)18 NCs with high purity,
large-scale production, and w95% product yield. Some studies
have also revealed the implication of the sequence-based and
conformational variation of biomolecular templates in the syn-
thesis and stabilization of metal NCs. In another case, Yu et al.17

modulated BSA conformation to produce the isomeric forms of
BSA, which were employed as templates to fabricate five-
dimensionally discontinuous Au NCs (Au4, Au8, Au10, Au13,
and Au25) through CO mediated reduction. Furthermore, through
a customized strategy, the rational design of biomolecular tem-
plates was proposed to prepare various metal NCs. For example,
Wang’s group46 employed a bifunctional peptide containing a
domain that targets cell nuclei and a domain with the ability to
biomineralize and capture Au clusters. The as-prepared peptide-
Au NCs exhibited red emission (lem Z 677 nm) and specifically
stain the nuclei of three cell lines. Aires et al.50 proposed a
simple and versatile approach to design histidine coordination
sites into a protein structure for the sustainable synthesis of metal
NCs, which is translatable to other proteins to obtain protein-
encapsulated metal NCs for various biomedical applications.
Specifically, the consensus tetratricopeptide repeat module, a 34
amino acid helix-turn-helix motif, was used as a study model for
the synthesis of Au, Ag, or Cu NCs. Notably, this method could
cause a destructive effect on conformation-related functions and
bioactivities because the template route usually requires the
unfolding of biomolecular conformation. In addition, specific
cells can be selected to synthesize metal NCs. Chen et al.51

proposed that biocompatible Pt NCs could be spontaneously
biosynthesized by cancerous cells (HepG2 (human hep-
atocarcinoma), A549 (lung cancer), and others) rather than
noncancerous cells (human embryo liver L02 cells). The method
has been shown effective for inert structural proteins or short
peptides that do not require complex structure and conformation-
sustained bioactivities for therapeutic applications.

Ligand etching is an effective route to produce stable metal
NCs in a controlled manner. The etching of metal NCs or NPs
could be established for the formation of smaller metal NCs by
manipulating a variety of biomolecules, such as amino acids,
peptides, proteins, and DNA as etching ligands. For example, BSA
was utilized to etch MSA-protected Au NPs, resulting in the
formation of fluorescent Au38 NCs with a quantum yield of
4.0%52. Furthermore, Zhou et al.53 fabricated a monodisperse
atomic-levelprecise Au8 NCs by etching Au nanocrystals (parti-
cles and rods) with BSA under ultrasonic aqueous conditions. In a
similar study, luminescent Pt NCs was produced using GSH as the
etchant. The Pt NCs exhibited an intense fluorescence signal
(quantum yields Z w17%) in the yellow region, which can lead
to the formation of blue-emitting species after a prolonged etching
processing54. Despite the relatively few studies on the etching
route, most studies have demonstrated that different biomolecules
affects the etching process of metal NCs. For instance, through the
phase transfer cycle (aqueouseorganiceaqueous) of electrostatic
interactions, Yuan et al.20 employed a simple and scalable syn-
thetic peptide to synthesize various metal (Ag, Au, Pt, and Cu)
NCs with high fluorescence emission under moderate etching
conditions. Among the NCs, Ag NCs protected by Asp-Cys-Asp,
Glu-Cys-Glu, and Ser-Cys-Ser peptides exhibited strong red
emissions, whereas synthetic Lys-Cys-Lys Ag NCs emitted
intense blue color fluorescence under UV light. Afterwards,
controllable size-focusing strategies have been adopted to achieve
atomically precise metal NCs with great productivity. By using
NaOH-mediated and NaBH4 reduction conditions, Yuan et al.55

developed a controlled strategy to synthesize thiolated Au25 NCs
using Cys, homocysteine (HCys), and GSH as the ligands. NaOH
could effectively balance the growth and etching rate of metal
NCs to complete fast size-focusing and good control of the gen-
eration process. However, non-physiological reaction conditions,
such as organic solutions, sharp alkalinity, and high temperature
could be detrimental to the pristine structure and function of
biomolecules. Therefore, the mild aqueous assembly conditions
with soft reducing agents make it possible to incorporate
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biological molecules while avoiding solvents as well as temper-
ature, pH values, and ionic strength that can destabilize the
compounds.

2.2. Chemical post-modification

One attractive advantage of biomolecular ligands is the abundance
of functional groups for the post-modification of metal NCs
through carboxylic acids and amines. With glutaraldehyde or
EDC/NHS (N-ethyl-N0-(3-(dimethylamino)propyl)carbodiimide/
N-hydroxysuccinimide), functional biomolecules can readily
functionalize metal NCs with desirable properties without
compromising the bioactivities. In a typical case, Wang et al.56

treated BSA-Au NCs with glutaraldehyde and subsequently con-
jugated it with trastuzumab (Herceptin). Herceptin-modified BSA-
Au NCs successfully achieved nuclei targeting and enhanced
therapeutic efficacy against cancer cells. A similar strategy to
multiple-step post modification may also be used to prepare
multifunctional metal NCs. Furthermore, multiple-step post
modification may also be a useful attempt for the construction of
multifunctional metal NCs. In light of this, Khlebtsov et al.57

proposed an Au NC-based complex with various properties,
including imaging, targeting, and photodynamic therapy (PDT)
against Staphylococcus aureus. To achieve this, highly fluorescent
BSA-Au NCs were conjugated with immunoglobulin G (IgG)
through EDC chemistry, and the surface was further modified with
a commercial photosensitizer. In another study, live NIH 3T3 cells
were stained with avidin-C24-Ag NCs or anti-heparin sulfate-C24-
Ag NCs, revealing the effective internalization based on avidin-
biotin or antibody-antigen interaction58. Current review shows
that newly developed functional nanomaterials could be readily
used to modify bio-inspired metal NCs for improved efficacy
without compromising their biological activities and fluorescent
properties, thus achieving multifunctionality for wide therapeutic
purposes.

2.3. Molecular assembly

Inspired by a wide variety of cellular nanostructures (e.g., actin
filaments, microtubules, vesicles, and micelles), molecular as-
sembly is a promising strategy to manipulate the spatial
arrangement of nanosized building blocks to form specific struc-
tures and morphology, from the nanoscale to the macro-
scale37,59,60. In addition to coordination chemistry, non-covalent
binding, including hydrogen bonding, electrostatic interaction,
hydrophobicity, and pep stacking, is mediated primarily by the
molecular assembly to achieve diverse morphology and func-
tionality. The few attempts to carry out ordered assembly of metal
NCs over large areas have been successful. For instance, an
abundant, low-cost, and sustainable plant protein, the pea protein
isolate (PPI), was selected as both a reducing and stabilizing agent
to facilely produce Au NCs exhibiting a strong red fluorescence
and outstanding stability. The formed Au NCs/PPI mixture was
able to self-assemble into Au NCs/PPI NPs with a size of
w100 nm because of the change in the surface charging of the PPI
during the dialysis process61. Characteristic biomolecules may
assist the formation of nanoarchitecture by supplying additional
hydrophobic attraction. In light of this, Zhang et al.62 designed
self-assembling peptides as a novel bio-inspired scaffold to pro-
duce gold NCs. The resulting Au NCs capped with motif-designed
peptides undergo controlled supramolecular self-assembly to form
nanofiber structures, in which the luminescence of Au NCs is
significantly enhanced by nearly 70-fold, with 21.3% quantum
yield. For biosensing applications, Nair and coworkers63 designed
a fluorescent probe by mixing new near-infrared (NIR)-emitting
GSH-Au NCs with urease to specifically target urea. The suc-
cessful physical entrapment of Au NCs within urease was deter-
mined by observing the fluorescence spectral data, which
exhibited an accurate measurement of the blood urea level in
whole blood and blood serum. Besides, a cationic polyelectrolyte,
poly(diallyldimethylammonium chloride), was used to modify
fluorescent DNA-Ag NCs, resulting in 3-fold fluorescence emis-
sion enhancement via electrostatic interaction between the
positive polymer backbones and the negatively charged phosphate
groups of DNA strands64. In addition to the effect of stabilizing
for metal NCs, characteristic biomolecules to could be designed to
facilitate the subsequent self-assembly of metal NCs into super-
structures with diverse morphologies and symmetries, thus
allowing a reversible response to external stimuli (pH, tempera-
ture, and solvent).
3. Combinatorial properties of bio-inspired metal NCs for
therapeutic applications

Characteristic biomolecules are used to mediate the synthesis,
assembly, and bio-functionalization of metal NCs with integrated
structures and molecule-like behavior. The integration of metal
NCs with biomolecules could effectively integrate unique optical,
electronic, and catalytic properties with biological features, un-
precedentedly creating synergistic or even unexpected effects for
therapeutic applications. The combinatorial properties of bio-
inspired metal NCs provide functional NPs with enhanced thera-
peutic efficiency and consistent spatiotemporal delivery. On the
one hand, instead of exhibiting continuous energy level and
behaving as conductors, few-atom metal NCs exhibit discrete
energy level, and their optical properties are determined by their
size, chemical state, composition, structures with tunable fluo-
rescence, intensity, quantum yield, high photothermal conversion
efficacy, and other therapeutic performance. The inorganic module
harbors multiple interesting properties that can be applied for the
treatment of various diseases. On the other hand, biomolecules
that can be combined with various functional groups can confer
specific functionalities on the surface of metal NCs, such as tar-
geting and therapeutic properties. In this regard, bio-inspired
metal NCs have a structureeproperty relationship, which makes
them an invaluable tool to facilitate combinatorial physicochem-
ical and biological properties for catalytic, medical, and envi-
ronmental applications. Looking at the current progress, we
systemically discuss various factors that influence the physico-
chemical properties of bio-inspired metal NCs and their functional
behavior in the following section.

3.1. Size and structural effects

Metal NCs are typically composed of dozens of atoms, between a
single atom and metal NPs, which are characterized by strong
quantum confinement effect and discrete energy levels. When
interacting with light, metal NCs allow energy electron transitions
and produce fluorescent emission from the visible to the near-
infrared region65. The atomic structure of metal NCs and their
electronic behavior drastically change when the size of NPs is
reduced to the sub-2 nm regime. Notably, recent studies have
indicated that metal species, size, structure, oxidation state, and
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coating ligands collectively contribute to their physicochemical
properties. According to previous study, water-soluble atomic
precise gold NCs with various compositions were successfully
synthesized, including Au15(SG)13, Au18(SG)14, Au22(SG)16,
Au22(SG)17, Au25(SG)18, Au29(SG)20, Au33(SG)22, and
Au39(SG)24

66,67. Among the NCs, Au25(SR)18 has received the
most extensive attention from material scientists. Yu et al.68 suc-
cessfully synthesized atomically accurate thiolated gold NCs
Au22(SG)18 using carbon monoxide reduction, which has a strong
fluorescence emission at 665 nm (lex Z 520 nm) with a quantum
yield of approximately 8%. Compared with Au25(SG)18, which
differs only by 3 Au atoms, Au22(SG)18 showed significantly
different fluorescence properties. Although it exhibited a similar
fluorescence emission wavelength, the fluorescence was weaker
and the quantum yield was only approximately 0.2%. The geo-
metric configuration of the metal NCs also affected its optical
properties. Typically, both Au25(SC2H4Ph)18 and
[Au25(PPh3)10(SC2H5)5Cl2](SbF6)2, which both contain 25 gold
atoms, displayed significantly different optical properties. By
comparison, the former has a double icosahedral structure, while
the latter has a coreeshell structure-nuclear icosahedral Au13 core
and six S-Au-S-Au-S “staple”-like shell structures. Based on
density functional theory, the fluorescence of
[Au25(PPh3)10(SC2H5)5Cl2](SbF6)2 was derived from the inter-
band transition of two icosahedrons sharing the apex, whereas
the fluorescence of Au25(SC2H4Ph)1 was from the band (sp-sp)
transition, and its lowest possession electron energy level was
1.8 eV. Furthermore, the well-defined sizes and structures of
Ag16(SG)9 and Ag9(SG)6 exhibit excellent stability and different
fluorescence emission in the aqueous phase69. Mono-doped NCs
were also analyzed because their optical behaviors displayed
significant differences from those of the undoped NCs. To explain
this, Bootharaju et al.70 conducted a comparative study on the
fluorescence of Ag25, Pd1Ag24, and Au1Ag24, and found that the
fluorescence emission intensity of Au1Ag24 wasw25 times higher
than that of Ag25. Furthermore, the oxidation state of the metal
NCs and the alloy composition affected their optical properties.
For example, the bimetallic Au-Ag NCs exhibited significant red
fluorescence enhancement with 6.5- and 4.7-fold higher fluores-
cence intensity than the conventional Au NCs and coreeshell
Au@Ag NCs, respectively. Although the same doses of Au and
Ag precursors were used, the fluorescence intensity of the alloyed
AueAg NCs was much higher than that of the coreeshell Au@Ag
NCs. The compositional test indicated that the alloyed AueAg
NCs consisted of Au(0) and Ag(I)/Ag(0), while the coreeshell
Au@Ag NCs consisted of Au(I) and Ag(0)71. The metallic cores
in a reduced state could enhance the efficiency of charge transfer
and result in stronger fluorescence intensity. In addition, it has also
been shown that the protecting ligand influences the fluorescence
of NCs based on the electronic interactions and the electron-
donating ability of the ligand72. In view of this, fluorescent
emission intensity could be effectively enhanced by adopting li-
gands with electron-rich groups or increasing the ligand-metal
ratio73. All the aforementioned factors collectively determine the
physicochemical properties of bio-inspired metal NCs and favor
the future design for therapeutics.

3.2. Optical absorption

Metal NCs produce electronic transitions between energy levels
by interacting with light, resulting in the sharp absorption of
ultravioletevisible (UVeVis) light. Well-defined metal NCs are
considered to possess characteristic absorption features that can be
distinguished from each other. For example, Zhu et al.74 found that
glutathione (GSH)-stabilized Au25 exhibited specific absorption
peak characteristics in the 400e1000 nm range, which were
considered as in-band (sp)sp) or inter-band (sp)d) transition.
The absorption spectrum of Au15(SG)13 is approximately 370 nm
and the band gap is approximately 2.5 eV. The UVeVis spectra of
Au18(SG)14 showed different bands of absorption peaks at 390 and
562 nm, a wide shoulder band at 620 nm, and a band gap of
approximately 1.8 eV. The Au38(SC2H4Ph)24 is highly spectrally
structured with multiple bands at 1050, 745, 620, 560, 520, and
490 nm, and the band gap is approximately 0.9 eV75. Notably,
Negishi et al.76 have demonstrated that as the particle size de-
creases, the interval between the discrete states of each band in-
creases, thus resulting in a blue shift of the absorption peak. In
addition to Au NCs, Petty et al.77 reported that gamma-fluorescent
Ag NCs have significant UVeVis absorption at 357 and 440 nm.
Meanwhile, DHLA-protected Ag4 and Ag5 exhibited significant
absorption peaks at 335 and 435 nm, and the other shoulder peak
at 500 nm78. In another study, Baksi et al.79 showed that
Ag11(SG)7 has an absorption peak 19 at 485 and 625 nm. Apart
from Au NCs and Ag NCs, Cu NCs with absorption peak in the
UV region (307 nm) were reported80. In addition, using UVeVis
absorption spectroscopy, characteristic absorption of PEI-
encapsulated Pt NCs were observed at 350 nm81.

3.3. Fluorescence emission

Photoluminescence is one of the most attractive properties of metal
NCs in therapeutic applications. Because of the discrete energy
levels rather than the continuous energy state of metal NPs, metal
NCs exhibit molecular-like transitions (HOMOeLUMO transi-
tion) by interacting with light, resulting in sharp fluorescent
emission from the visible to the near-infrared region. Generally,
fluorescence properties include emission, excitation, Stokes shift,
luminescence lifetime, and photostability. It should be noted that
the luminescence lifetime of metal NCs is much longer than that of
organic dyes, up to 100 ns or even longer. To our knowledge, major
factors, including the core size, protecting ligand, valence electron
count, the oxidation state of the metal, crystal structure, and the
synthetic condition are closely associated with the regulation of the
PL behavior14. As such, good photostability, strong luminescence
with microsecond luminescence lifetime, large Stokes shift
(>200 nm), and NIR emission, are beneficial for bioimaging.
Currently, a variety of fluorescent mechanisms for metal NCs have
been proposed. Huang et al.82 believed that the luminescence of
monolayer-protected gold NCs is closely associated with the inter-
orbital transition between the d orbital and the sp orbital.
Furthermore, Link et al.83 ascribed red fluorescence emission of
GSH-stabilized Au25 NCs to the energy transfer between
HOMOeLUMO, which originated from the transition within sp
orbital. Moreover, Huang et al.84, showed that Au NCs exhibited
large Stokes shift and long fluorescence lifetime (>100 ns),
which was attributed to the charge transfer between the ligand and
metal in thiolegold (I) complex. Au28(GS)16 NCs proposed by
Huang and Murray85 showed singlet fluorescence and triplet
phosphorescence. Therefore, it is believed that the luminescence of
monolayer-protected Au NCs is closely related to the orbital
transition between the d orbital and the sp orbital. The observed
long-wave fluorescence might be ascribed to the charge transfer
process of the organic ligand shell. Wu et al.72 demonstrated that
the sulfhydryl-protected ligands have an important role in the
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fluorescence emission of gold NCs. They confirmed that the
luminescence mechanism was affected by factors such as the size
and composition of the gold NCs, the ligands on the surface, and
the synthetic route; however, there is no definite evidence to
confirm the mechanism of fluorescence generation by Au NCs. In
addition, it was hypothesized that the surface ligands influenced PL
intensity in two ways: (i) charge transfer from the ligands to the
metal NCs kernel through metaleS interactions; and (ii) direct
donation of delocalized electrons from electron-rich atoms (or
groups) on the ligands to the metallic kernel. Therefore, the unique
structure and tunable fluorescence properties of metal NCs make
them highly sensitive and selective to the surrounding biological
cues.

3.4. Two-photon excited fluorescence

Two-photon absorption (TPA) refers to the simultaneous absorption
of two photons with the same or different frequencies to excite a
molecule from a state (usually the ground state) to a higher-energy
electronic state. Awide spectrum of metal NCs shows the capability
of TPA, which is especially suitable for in vivo imaging and PDT86.
Compared to single-photon excitation, two-photon excitation in two
near-infrared regions increased penetration depth and spatial reso-
lution due to lower scattering and sample auto-fluorescence advan-
tages. To understand the inherent relationship between metal cluster
size and nonlinear optical properties, Ramakrishna et al.87 used n-
hexane thiol as a passivator to synthesize a series of Au NCs con-
taining 25, 140, 309, 976, and 2406 atoms. Their comparative ex-
periments confirmed that Au25 NCs were very good TPA materials
and the TPA cross-sectional area was 2700 GM (opert-Mayer unit,
10�50 cm4$s) at 1290 nm. Regarding multi-photon imaging, Pola-
varapu et al.88 reported that GSH-stabilized Au NCs have strong
single-photon and two-photon emission characteristics with excel-
lent optical stability. Their TPA cross-section is 189,740 GM, which
shows a much larger cross-section than organic fluorescent dyes and
QDs. In addition, Patel et al.89 demonstrated that the water-soluble
ssDNA-Ag NCs achieved a two-photon cross-section of
50,000 GM with high quantum yields in both the red and near-
infrared regions. In this process, Ag NCs emitting at 660, 680, or
710 nm exhibited a larger two-photon cross-section than water-
soluble semiconductor QDs. Isabelle et al.90 reported that
Ag29(DHLA)12 exhibited a TPA cross-section above 104 GM at
approximately 800 nm. Compared with the single-photon excitation
spectrum, their two-photon excitation fluorescence spectrum
showed a strong blue shift at a bandwidth between 400 and 700 nm.
In addition, Wang et al.91 designed bifunctional peptide-stabilized
Cu NCs as probes for nuclear labeling. The Cu NCs mainly con-
sisted of Cu14 and emitted blue two-photon fluorescence emission
under a femtosecond laser excitation. Such properties greatly facil-
itate the controllability of metal NCs, which is crucial for perceiving
the precise structure and crystallization of metal NCs at the atomic
level.

3.5. Aggregation-induced luminescence (AIE)

Luminescent materials with AIE properties have attracted much
interest through the principle of restriction of intramolecular ro-
tations since the debut of the AIE concept in 2001. The devel-
opment of AIE-based metal NCs with tunable emission and
enhanced intensity is necessary in both fundamental and applied
research92,93. Regarding the luminescence fundamentals of metal
NCs, a recent study showed that the emission wavelength of Au
NCs is adjustable from the visible region to the NIR-II region by
controlling the length of the AuI-SR motifs on the NC surface. In
view of this, decreasing the length of AuI-SR motifs also changes
the origin of cluster luminescence from AIE-based phosphores-
cence to Au0-core-dictated fluorescence94. In another case, the
self-assembly of NCs was initiated by surface-motif reconstruc-
tion of [Au25(SR)18] from short SR-[AuI-SR]2 units to long SR-
[AuI-SR]x (x > 2) staples accompanied by structural modification
of the intrinsic Au13 kernel, which facilitated the self-assembly of
Au NCs into well-defined nanoribbons in solution. Notably, the
compact structure and effective aurophilic interactions within the
nanoribbons significantly enhanced the luminescence intensity of
Au NCs, with an increased quantum yield of 6.2% at room tem-
perature95. AIE properties are also applicable to various M(I)-
thiolate complexes (M Z Au, Ag, Cu, etc.) and the spectral fea-
tures of the aggregated M(I)-thiolate complex closely resemble
that of highly luminescent AIE molecules. For instance, Luo
et al.96 carried out a one-pot synthesis of highly luminescent
Au(I)-thiolate complexes with strong AIE properties. In light of
this, in situ-generated Au(0) nuclei induced controlled aggregation
of Au(I)-thiolate complexes to form Au(0)@Au(I)-thiolate
coreeshell structures, with a strong fluorescence quantum yield
of 15%. Similarly, thiolated Ag NCs with significant AIE prop-
erties were also synthesized. Zheng et al.97 reported that in simple
boiling water, thiol-stabilized Ag NCs showed a characteristic
absorption profile, large Stokes shift, and strong fluorescence
emission at 686 nm. A highly luminescent thiol-stabilized Cu NCs
with AIE properties and a quantum yield of 14.1% was also
successfully prepared. After solvent evaporation, the solid Cu NCs
showed an increased quantum yield (16.6%), a large Stokes shift
(295 nm), and a long fluorescence lifetime (150.6 ms), which are
consistent with AIE properties98. Aggregation/assembly has also
been used to induce AIE properties. A study reported that silk
fibroin-protected fluorescent Cu NCs showed unique AIE char-
acteristics with the assistance of sulfide ions in aqueous solution99.
In another study, a research group achieved AIE-featured Au NCs
through Ag doping to engineer the size/structure and aggregation
states of the Au(I)ethiolate motifs in the NC shell100. Various
substances that can induce AIE features have been explored. A
study reported that GSH-capped Cu NCs displayed AIE charac-
teristics, rapidly aggregated in the presence of Al3þ ions, and
induced enhanced red emission101. Such significant clues drive the
achievement of AIE properties in bio-inspired metal NCs for
biomedical applications.

3.6. Biological effect

Biomolecules play a crucial role in biological functions and
physiological processes due to their intrinsic sequence, confor-
mation, bioactivity, and interaction of bio-interface, which are
widely applied in the design and fabrication of nanoparticles in the
field of medicine. The conformation and structure of biomolecules
are the key factors for biological applications. Thus, metal NCs
could be rationally grafted by customized biomolecules to achieve
their extensive bioactivities, excellent biocompatibility, and
physiological response. Theoretically, biomolecular ligands
localized on the surface of metal NCs rapidly bind to biological
targets and affect the subsequent biological process. It is worthy of
note that the collaborative implication of biomolecular templates
of encapsulated metal NCs and subsequent biological efficacy
remains to be verified. Recent advances in biological studies have
shown that biomolecules in physiological milieu extensively



Figure 2 (A) Confocal image of cellular staining of Hela, GES-1,

and MRC-5 cells with CCYTAT-Au NCs and Hoechst 33342. The

CCYTAT-Au NCs exhibited red emission (lem Z 640 nm), and

Hoechst 33342 emitting blue emission (lem Z 440 nm) was used as a

reference for nuclear staining. Scale bar Z 40 mm. Reprinted with

permission from Ref. 46. Copyright ª 2012, the Royal Society of

Chemistry. (B) One- and two-photon confocal images of the Sv-Cu

clusters for HeLa and A549 cells. Blue and yellow represent one-

and two-photon emission, respectively. Scale bar Z 40 mm. Reprinted

with permission from Ref. 91. Copyrightª 2013, the Royal Society of

Chemistry. (C) Fluorescent microscopic images showing the interac-

tion of FA-BSA-Au NCs with different types of cell lines. Scale

bar Z 5 mm. Reprinted with permission from Ref. 123. Copyright ª
2009, Institute of Physics Publishing Ltd. (D) Fluorescent images of

aptamer-Ag NCs and Hoechst 33342 in live CCRF-CEM cells were
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involve bio-responsiveness, specific recognition, catalysis, and
signal transduction, such as aptamer recognition,
antigeneantibody, RNAeDNA, proteineDNA, hormo-
neereceptor, enzymeesubstrate, and streptomycineavidin in-
teractions. Nevertheless, the multi-level conformation and
biological functions of biomolecules (proteins, peptides, and
DNA) are violently destructive during the synthesis of metal NCs.
As a typical case, the catalytic kinetics of bovine pancreatic a-
chymotrypsin (CHT) conjugated Ag NCs were delayed by
approximately 2e3-fold due to dynamic changes in the stiffness
of Ag NCs upon CHT attachment102. In another example, human
transferrin-stabilized Au22e33 NCs with strong fluorescence
emission (695 nm) in the near-infrared region were successfully
applied to cell imaging in A549 cells. Antibody-induced aggre-
gation experiments confirmed that the protein preserved its ability
to target corresponding receptors103. As a drug complex,
biomolecule stabilized metal NCs not only retained biological
activities by utilizing surface ligands, but also had a visualized
tracing for pharmaceutical effect104. Based on the customization
strategy, Liu’s group105 designed a tripeptide that contained a
TrxR1-inhibiting peptide segment, which was subsequently
employed to prepare Au NCs. The resultant Au NCs could stably
bind to TrxR1 and inhibit its biological activity, significantly
causing the production of higher levels of reactive oxygen species
(ROS) and consequently cell apoptosis. In addition to protein/
peptide-coated metal NCs, artificially tailored DNA sequences
can be designed as new DNA templates for the preparation of
metal NCs through DNA molecular recognition sequence and
ability to react with metal NCs, indicating great promise in bio-
labeling, imaging, and therapeutics106e108. Therefore, the bio-
logical implication of biomolecules for the synthesis and
functionalization of metal NCs should be thoroughly investigated.
observed by confocal microscopy. The red emission of Ag NCs and

the blue emission of Hoechst 33342 at 561 nm (top left) and 488 nm

excitation (top right), respectively. The bright field imaging of cells

(lower left). Merged image of the above three images (lower right).

Scale bar Z 5 mm. Reprinted with permission from Ref. 128.

Copyright ª 2011, the Royal Society of Chemistry.
4. Therapeutic applications of bio-inspired metal NCs

As a hybrid organiceinorganic system, the combination of metal
NCs with characteristic biomolecules/cells provides real-time
monitoring and combined therapy for disease treatment and
analysis. In combination with therapeutic modalities and bio-
nanotechnology, the synthesis and functionalization of metal NCs
with well-defined molecular structures have been intensively
carried out. Imaging-guided and functional properties have
inspired material scientists to fabricate bio-inspired metal NCs for
the synchronization of visualization and treatment with the ulti-
mate goal of real-time monitoring, bio-responsiveness, enhanced
therapeutic effect, and controllable efficacy109. In light of this, the
principles and resultant properties of bio-inspired metal NCs favor
their therapeutic applications. As demonstrated by in vitro and
in vivo studies, we discuss the versatility of bio-inspired metal
NCs to investigate their therapeutic effect.

4.1. Bioprobes

Owing to the complexity of biological systems, organs, and bio-
logical barriers, it is meaningful to develop specific biological
probes with high safety for dynamic analysis. The critical points
of bioprobe technology depend on two aspects: the transmit
component with strong fluorescence and excellent stability and the
specific recognition of the target. On the one hand, the rich library
of biomolecules closely associated with numerous biological
processes and targets act as functional domains and growth
scaffolds, showing synergistic efficacy for multimodal bioimaging
and targeting due to tunable fluorescence emission, matchless
biocompatibility, and variable bioactivities110,111. A sub-2 nm
metal core fabricated with a biomolecule shell can penetrate
biological barriers and achieve cell or organelle localization with
renal clearance ability69,112. On the other hand, atomically precise
metal NCs with good photostability, strong luminescence with
microsecond luminescence lifetime, large Stokes shift (>200 nm),
and NIR emission are beneficial for bioimaging. Specifically,
NIR-II imaging at 1100e1700 nm possesses deep penetration and
high resolution in biological tissues, which is particularly useful
for medical diagnosis related to blood vessels113. With the ease of
integration with other imaging elements and imaging technolo-
gies, such complementary features could be exploited for in vitro
and in vivo fluorescent bioimaging. The following section dis-
cusses imaging performance and design principles.

4.1.1. In vitro imaging
In general, the functionalization of biomolecules and the inherent
fluorescence of metal NCs result in synergistic properties, which
facilitate subcellular localization and cell imaging. For the first
time, Yu et al.114 fabricated fluorescent Ag NCs for efficient
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cellular imaging by using three short peptides extracted from
nucleolin, which indicates that nucleolin is a very useful candidate
for the preparation of biocompatible Ag NCs and other argyr-
ophilic proteins. Our previous study showed that silk fibroin-
derived peptide directed Ag NCs for cell imaging in murine pre-
osteoblast MC3T3-E1 cells. The result of the study confirmed a
simple approach for the easy fabrication of Ag NCs based on
characteristic peptides and that fluorescent staining of cell nuclei
could be possibly ascribed to transport by endocytosis due to the
ultrasmall size and positive charge of peptideeAg NCs115.
Furthermore, the images of fluorescent Cu NCs encapsulated by
CLEDNN, an artificial peptide, indicated a strong blue fluores-
cence in the cell membrane of HeLa cells and cytoplasmic area,
whereas the fluorescence in the cell nucleus was very weak116.
Combining cell-penetrating peptide with NPs is an effective
strategy to penetrate the cell membrane. As shown in Fig. 2A,
Wang et al.46 designed a bifunctional peptide (CCYTAT) con-
taining one HIV-1 TAT domain that penetrated and targeted cell
nuclei and another domain capable of biomineralizing and
capturing Au NCs. The synthesized Au25 NCs specifically tar-
geted the nucleus of the three kinds of cell lines (Hela, GES-1, and
MRC-5) with the red fluorescence emission. In addition, Cu14 NCs
were facilely prepared with a bifunctional peptide that contains
cluster formation sequence (CCY) and nuclear localization
sequence (NLS: PKKKRKVG), suggesting an outstanding capa-
bility of one- and two-photon imaging for cell nuclei of both HeLa
and A549 cells (Fig. 2B)91. By comparison, the uptake and the
fluorescence images of blue-green, yellow, and red-emitting GSH-
Ag NCs were observed in the cytoplasm, through endocytosis, and
not in the nucleus of epithelial lung cancer A549 cells117. Unlike
GSH-Ag NCs, blue-emitting GSH-Cu NCs were observed pri-
marily in the nuclear membranes of three cancerous cells (Hela,
MDAMB-231, and A549 cells) with high biocompatibility and
imaging stability118. In addition, various biomolecular drugs have
been used for the synthesis of metal NCs in the bioimaging fields.
Insulin-Au NCs have demonstrated the feasibility of using two-
photon red fluorescence imaging and CT, offering innovative
and supplementary methods, compared with conventional
isotope124 I-insulin and anti-insulin antibody conjugated with a
chemiluminescent enzyme. It is worth noting that fluorescent
insulin-directed Au NCs have excellent biocompatibility and the
ability to regulate glucose levels119. For the first time, our group
reported aprotinin-encapsulated Au NCs with desirable red fluo-
rescence, which indicates dynamic subcellular targeting of the
cytoplasm and nucleus in HeLa cells. Interestingly, Au NCs
contributed to endosomal escape and entry into the nucleus as Au
clusters encapsulated by aprotinin collectively favored the pene-
tration of the cytomembrane, escape of the endolysosomal
pathway, and passage through the nuclear pore into the nucleus120.
Apart from peptideemetal NCs, non-toxic and bright protein-
protected metal NCs are feasible for cellular imaging. Human
transferrin protected Au22e33 NCs with a high fluorescence
emission in the near-infrared region (lem Z 695 nm), suggesting
the uptake of the iron-loaded fluorescent proteins into the cyto-
plasm of A549 cells for cell imaging and targeting. Notably,
antibody-induced agglomeration confirmed no alteration in pro-
tein activity and the ability to target receptors121. In another study,
the conjugation of folic acid with BSA-Au25 NCs favored sig-
nificant endocytosis in receptor-targeted cancer detection of FR-
positive oral squamous cell carcinoma (KB) and breast adeno-
carcinoma MCF-7 cells. By comparison, FA-conjugated BSA-
Au25 clusters were found to be internalized at significantly higher
concentrations than the negative control cell lines. Moreover, a
large number of red-emitting FA-BSA-Au25 NCs conjugates were
attached to the cell membrane of FR-positive KB cells as early as
after 2 h of incubation. With longer incubation times of 4 and
24 h, the concentration of aggregated metal NCs on the cell
membrane reduced with an increase in fluorescence at the intra-
cellular region, and the metal NCs were completely internalized in
the cytosol (Fig. 2C)122. In another case, BSA-Au38 NCs conju-
gated with folic acid showed cell imaging effect in oral carcinoma
KB cells through folic acid-mediated endocytosis and no signifi-
cant luminescence was observed in L929 cells containing very few
folic acid receptors123. Besides, a myriad of protein-encapsulated
Au NCs were exploited for cell imaging. For instance, ovalbumin
(OVA), N-acryloxysuccinimide, and folic acid as the fluorescent
component, linker, and targeting ligand, respectively, were suc-
cessfully applied for specific staining and imaging of HeLa
cells124. Bovine pancreatic ribonuclease A-encapsulated Au NCs
integrated with vitamin B12 was used for simultaneous targeting
and imaging of Caco-2 cell lines45. DNA-templated Ag NCs in
aqueous solution are attracting increasing attention in a wide
range of cellular imaging applications, owing to their ultrasmall
size, excellent photostability, the principle of complementary base
pairing, and good biocompatibility. Generally, DNA-Ag NCs tend
to appear most prominently in the nucleus125. For instance, Choi
et al.126 engineered a wide range of emission and multicolor
staining of Ag NCs for intracellular applications through tailored
oligonucleotide scaffolds. The Ag NCs selectively stained the
nuclei of fixed NIH3T3 cells with green emission, exhibiting
excellent photostability under both one- and two-photon excita-
tion. Furthermore, Ag3 and Ag4 NCs synthesized by artificially
modified Sgc8c DNA aptamers that are capable of red emission
when excited by light, were used to specifically target the nucleus
of CCRF-CEM live cells. However, a trypan blue exclusion assay
showed that the Ag NCs exhibited great cytotoxicity towards the
CCRF-CEM cells, whereas the Sgc8c molecules were not cyto-
toxic to the cells (Fig. 2D)127. As for in vivo bioimaging, the NIR
imaging probes are usually favorable due to decreased optical
scattering at this wavelength range, deep penetration of photons,
and increased resolution in biological tissues.

4.1.2. In vivo bioimaging
A safe bioprobe with real-time monitoring, effective targeting,
long blood circulation, effective renal clearance, good biocom-
patibility over organic fluorophores and QDs, significantly
contribute to the prognosis, diagnosis, and treatment of dis-
eases128,129. As a typical instance, Zhou et al.130 demonstrated that
near-IR-emitting GSH-Au NCs with a diameter of approximately
2 nm could be stabilized during blood circulation and cleared out
of the body through kidney filtration, thus validating high feasi-
bility for in vivo imaging application. In another study, Liu
et al.131 produced luminescent GSH-Au NCs, with a diameter of
w2.5 nm, that behaved like small dye molecules (IRDye 800CW)
and enabled prolonged tumor retention time, faster normal tissue
clearance, improved tumor targeting, enhanced permeability, and
retention effect (Fig. 3A). Moreover, folic acid-conjugated GSH-
Au NCs were adopted for dual-mode fluorescence/X-ray
computed tomography imaging of gastric cancer MGC-
803 cells132. NIR absorbance is highly advantageous for optimal
penetration of light into animal tissues. By using in vivo fluores-
cence imaging, Yu et al.29 employed renal-clearable NIR-emitting
Au NCs to noninvasively detect kidney dysfunction, the
dysfunctional stages, and the adaptive function in a mouse model



Figure 3 (A) Schematic illustration of passive tumor targeting by GSH-Au NCs and IR Dye 800CW. In vivo NIR fluorescence images of MCF-

7 tumor-bearing mice intravenously injected with GSH-Au NCs and IRDye 800CW collected at 0.5, 3, and 12 h post-injection. The tumor areas

are indicated with arrows. Organ distribution of GSH-Au NCs and IRDye 800CW. Labels: 1, tumor; 2, liver; 3, lung; 4, spleen; 5, heart; 6, kidney

(left); 7, kidney (right). Reprinted with permission from Ref. 131. Copyright ª 2013, American Chemical Society. (B) A schematic representative

of controllable assembly of paired Au NCs within ferritin nanoreactor for in vivo kidney targeting and imaging. Reprinted with permission from

Ref. 43. Copyright ª 2011, American Chemical Society. (C) Schematic illustration of the complex of Agþ with GSH to form the biosynthesized

Ag NCs for in vivo bioimaging study in xenograft tumor nude mice models of cervical carcinoma. Reprinted with permission from Ref. 138.

Copyright ª 2014, Nature Publishing Group. (D) Self-illuminating 64Cu-doped Au NCs for in vivo synergistic dual-modality positron emission

tomography (PET) and self-illuminating NIR imaging. PET radionuclide 64Cu plays dual roles as the positron-emitting radionuclide (tracer) for

PET imaging as well as the energy donor to excite Au NCs. The Au NCs as the energy acceptor was adopted for self-illuminating NIR fluo-

rescence imaging. Reprinted with permission from Ref. 141. Copyright ª 2014, Elsevier.
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of unilateral obstructive nephropathy. Regarding the use of
protein-Au NCs, Wu et al.133 reported that ultrasmall NIR BSA-
Au NCs as novel contrast imaging agents allowed continuous
in vivo and ex vivo tumor imaging and high accumulation of ul-
trasmall NIR Au NCs in MDA-MB-45 and HeLa tumor xenograft
models due to enhanced permeability and retention effects.
Notably, the fluorescent imaging signal of the tail vein in living
organisms could be spectrally discriminated from the background
with a maximum emission wavelength at approximately 710 nm.
For other Au NCs, Liu et al.134 proposed folic acid-modified
trypsin-Au NCs with near-infrared fluorescence and high spe-
cific affinity to FR-positive tumors and carried out an in vivo study
of the dynamic behavior and targeting ability. As shown in
Fig. 3B, Sun and colleagues43 employed an assembly strategy by
combining two Au NCs at the ferroxidase active sites of ferritin
heavy chain. The resultant Au-Ft nanostructures not only retained
the intrinsic fluorescence properties of noble metal NCs and the
excellent biocompatibility and organ-specific targeting ability of
native ferritin, but also gained enhanced intensity, a red shift, and
tunable emissions due to the coupling interaction between the
paired Au NCs. Specific cells as potent scaffolds can be explored
for the synthesis of metallic nanomaterials135,136. As a typical
example, in situ biosynthesized fluorescent Au NCs were pro-
duced by Au(III) reduction upon entry into the cytoplasm and
ultimately concentrated around the nucleoli of cells of various
cancer cells (HepG2, human hepatocarcinoma, K562, and leuke-
mia cell lines) with specific fluorescent self-bio-marking. It is
worth mentioning that this reaction takes place in cancerous cells,
with human embryo liver cells (L02) as controls137. Moreover, as
evidenced in Fig. 3C, the spontaneous self-generation of Ag NCs
with high near-infrared fluorescence emission was successfully
established by the intracellular reduction of innocuous silver salts
inside cancer cells, which demonstrated precise and selective
imaging in both ex vivo experiments and in vivo imaging of
subcutaneous cervical carcinoma xenografted model in nude
mice138. An integrated multimodal strategy that is capable of
generating stable and effective biomolecule-noble metal com-
plexes with controllable size and desirable fluorescence emission
is promising for in vitro and in vivo imaging. As shown in Fig. 3D,
using a chelator-free doping method, Hu et al.139 prepared non-
toxic, self-illuminating 64Cu-doped HSA-Au NCs for dual-
modality positron emission tomography (PET) and NIR fluores-
cence imaging in a U87MG glioblastoma xenograft model through
Cerenkov resonance energy transfer. PET radionuclide 64Cu
played dual roles as the energy donor and the PET imaging source,
and Au NCs acted as the energy acceptor for NIR fluorescence
imaging.

4.2. Radiosensitizer

Radiotherapy is a part of the treatment regime for patients with an
unresectable disease to improve survival after tumor surgical
removal. In bio-inspired metal NC systems, an ideal radio-
sensitizer requires enhanced radiotherapy, high tumor-targeting
capability, excellent biocompatibility, and efficient renal clearance
to avoid potential side effects to patients (Fig. 4A)140. To some



Figure 4 (A) Schematic illustration of interactions of X-rays with high-Z materials and the corresponding direct and indirect effects on cancer

cells. Reprinted with permission from Ref. 140. Copyright ª 2017, the Royal Society of Chemistry. (B) Schematic illustration of the structure of

Au10(SG)10 nanomolecule for high radiotherapy. Reprinted with permission from Ref. 143. Copyright ª 2014, John Wiley & Sons, Inc. (C)

Schematic illustration of the structures of GSH-Au25 NCs and BSA-Au25 NCs nanomolecules for high radiotherapy. Reprinted with permission

from Ref. 145. Copyright ª 2014, John Wiley & Sons, Inc. (D) Schematic representation of c(RGDyC)-Au NCs, which exhibited selectively

enhanced targeting and accumulation of avb3 integrin-positive cancer cells with red/NIR fluorescence emission. Reprinted with permission from

Ref. 146. Copyright ª 2017, Elsevier.
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extent, large Au NPs as radiosensitizers cause high in vivo toxicity
due to the obvious accumulation of the NPs in the liver and spleen,
inducing gene regulation and liver necrosis141. To avoid such toxic
side effects, ultrasmall metal NCs with high-Z atoms, which can
effectively enhance photoelectric absorption and secondary elec-
tron yield, should be used to facilitate high tumor specificity,
clearance by the RES organs, and efficient urinary excre-
tion140,142. Thus, a series of Au NCs with distinct compositions
were productively utilized as novel radiotherapy sensitizers with
therapeutically enhanced efficiency due to the variable atomic
number of gold and good biocompatibility. As a typical example,
Zhang et al.143 reported a new class of GSH-Au NCs with a well-
defined molecular formula of Au10e12(SG)10e12, which was
validated as an ideal sensitizer for radiotherapy with enhanced
safety and significant efficacy. It is worth mentioning that the
highly biocompatible GSH shell exposed on the surface of the
nanomolecule allowed the NCs to escape RES absorption and
facilitated selective targeting capability, ultrahigh tumor uptake,
and efficient renal clearance, significantly contributing to
enhanced radiotherapy (Fig. 4B). Similarly, another study reported
GSH-coated Au29e43(SG)27e37 NCs as excellent radiosensitizers
with high tumor uptake within 24 h post injection, strong
enhancement for radiotherapy, and negligible damage to normal
tissues144. Furthermore, with naturally occurring biomolecules as
stabilized ligands, GSH-Au25 NCs and BSA-Au25 NCs displayed
strong radiotherapy enhancement because of the inherent
enhancement of radiotherapy by gold atoms and good biocom-
patibility derived from the GSH or BSA shell. In addition, GSH-
Au25 NCs caused a discernible decrease in tumor volume and
weight with enhanced radiotherapy, were efficiently cleared by the
kidney after treatment, and exhibited reduced potential side ef-
fects. However, the larger BSA-Au25 NCs were not efficiently
removed by the kidney, which caused liver damage (Fig. 4C)145.
As shown in Fig. 4D, Liang and coworkers146 employed cyclic
arginine-glycine-aspartic acid [c(RGDyC)] peptide to prepare
c(RGDyC)-Au NCs, which selectively enhanced the targeting and
accumulation of avb3 integrin-positive cancer cells with red/NIR
fluorescence emission. Notably, the radiosensitizer significantly
enhanced the efficacy of radiotherapy, which was 1.51- and 1.25-
fold larger than those obtained by non-targeted c(RADyC)-Au
NCs and clinically used radiosensitizer CMNa. In addition,
CCYKFR-Au25 NCs after endocytosis presented highly efficient
targeting and accumulation in the mitochondria, significantly
introducing a burst of mito ROS for severe DNA damage and
cancer cell death when irradiated by 4 Gy X-rays147. The bio-
inspired strategy could be universally expanded to develop new
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metal NCs with improved radiosensitization for personal treat-
ment, where the physicochemical properties of metal NCs largely
determine their capability.

4.3. Photosensitizers

Phototherapy, namely photothermal therapy (PTT) and PDT, is a
form of medical treatment whereby specific wavelengths of light
are used to treat diseases, such as cancers and peripheral in-
fections, to rehabilitate the body and ameliorate depression148,149.
Upon illumination, a photosensitizer is capable of transferring the
absorbed photon energy to surrounding oxygen molecules or heat
from optical energy. This leads to the production of ROS, such as
free radicals or singlet oxygen, which prompt specific cell death
and tissue destruction without any obvious damage to the adjacent
healthy cells in the dark150. As for PDT, the well-defined metal
NCs should encourage energy transfer to molecular oxygen to
facilitate the formation of 1O2 in disease treatment. As a general
strategy, the covalent coupling of folic acid and polyethylene
glycol (PEG) on the surface of GSH-Au NCs was carried out,
followed by the loading of the photosensitizer Ce6 within the PEG
networks and its attachment to the Au NC surface. Unlike the free
Ce6, in vitro studies showed that the nanoprobe exhibited
enhanced cellular uptake and satisfactory efficacy in MGC-
803 cells (Fig. 5A)151. As shown in Fig. 5B, another new
Figure 5 (A) Schematic illustration of the preparation of Au NCs-ba

in vitro and in vivo. Reprinted with permission from Ref. 151. Copyright ª
conjugated silica-coated Au NCs for PDT therapy. Reprinted with permis

senting the nucleus-targeting TAT peptide-Au NCs for PDT. Cell viability,

HeLa cells. Reprinted with permission from Ref. 156. Copyright ª 2015, J

RGD-conjugated Au NCs-ICG-mPEG-PLGA nanocapsules. Temperature c

a period of 5 min with exposure on the 808 nm light. Reprinted with

Chemistry.
nanoformula, SiO2-Ce6-Au NCs, showed a remarkably improved
fluorescence imaging-guided photodynamic therapeutic efficacy,
compared with the free Ce6. The improved efficacy was attributed
to prominent features such as high loading of Ce6, significantly
enhanced cellular uptake of Ce6, no nonspecific release of Ce6
during its circulation, and subcellular characterization152.
Khlebtsov et al.57 fabricated Au-BSA-antiSAIgG-PS complex by
conjugating BSA-Au NCs with human anti-staphylococcal
immunoglobulin (antiSAIgG) and Ce6, which significantly inac-
tivated bacteria S. aureus under 660 nm light irradiation. To
achieve synergistic efficacy, Li et al.153 designed BSA-
encapsulated Pt NCs (BSA-Pt NCs) as a source of O2 and
further conjugated them with mesoporous silica nanospheres and
photosensitizer methylene blue to develop a nanoformula for
improved therapeutic outcomes against hypoxic tumors. In the
formulation, the nanocomposites exhibited low cytotoxicity, and
O2 was continuously produced through the decomposition of
H2O2 in a tumor microenvironment, owing to the outstanding
biocompatibility features of BSA and the enhanced catalytic ac-
tivity of Pt NCs. More importantly, exploring the molecular basis
of metal NCs for 1O2 photosensitization can be used to control
their therapeutic performance. To this end, it is suggested that the
optical gap of Au25(SR)18 NCs (w1.3 eV), which is larger than
the energy of 1O2 (0.97 eV), allows for efficient energy transfer to
3O2

154. In light of this, Agrachev et al.155 investigated the
sed nanoprobes and their photodynamic therapy (PDT) applications

2015, John Wiley & Sons, Inc. (B) Illustration of the synthesis of Ce6-

sion from Ref. 152. Copyright ª 2013, Elsevier. (C) Diagram repre-

R generation, and DNA fragmentation assay were evaluated by using

ohn Wiley & Sons, Inc. (D) Schematic illustration of the formation of

hange curves and infrared thermal results of different suspensions over

permission from Ref. 158. Copyright ª 2016, the Royal Society of



Figure 6 (A) Blood glucose versus elapsed time of treatment with insulin-Au NCs and humulin R in Wistar rats. Fluorescence quenching of

insulin-Au NCs by brain homogenate, which is inhibited by racecadotril and thiorphan. Reprinted with permission from Ref. 119. Copyright ª
2011, John Wiley & Sons Ltd. (B) The structure of the gold cluster-TrxR1 complex. TrxR1 activity is suppressed in a dose-dependent manner by

serial doses of Au25Peptide9. Scale bar Z 10 mm. Reprinted with permission from Ref. 105. Copyright ª 2014, American Chemical Society. (C)

Au5 but not Au22 suppressed tumor growth via mitochondria target and triggered cell apoptosis in vitro/in vivo. Reprinted with permission from

Ref. 167. Copyright ª 2018, American Chemical Society. (D) Schematic representation of the assessment of the antitumor capability of Au-BSA,

DOX, Au-DOX, and Au-Met-DOX in MCF-7 tumor cells. Reprinted with permission from Ref. 170. Copyright ª 2012, Elsevier.
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efficiency of singlet-oxygen photosensitizers by using a series of
atomically precise Au24M(SR)18 clusters, with different R groups
and doping metal atoms M. The study showed that the metal
clusters yielded results similar to those designed with a well-
known reference photosensitizer. In addition, TAT peptide-Au
NCs exhibited a significant nucleus-targeting and sensitized the
formation of singlet oxygen for NIR-light activated PDT
(Fig. 5C)156. As for PTT, GSH-platinum NCs showed effective
bioimaging of HeLa and HepG2 cells and efficient treatment of
cancers upon infrared irradiation157. In another strategy, BSA-Au
NCs and indocyanine green (ICG) were loaded with mPEG-PLGA
to fabricate hybrid nanocapsules through a double emulsion pro-
cess. The hybrid nanocapsules achieved one-photon/two-photon
fluorescence imaging and photothermal ablation of the tumor
(Fig. 5D)158. In situ biosynthesized platinum NCs by cancerous
cells could be readily achieved in a biological milieu, emitting
bright fluorescence at 460 nm, and this could be further utilized to
facilitate excellent cancer-cell-killing effect when combined with
porphyrin derivatives for photothermal treatment51. Thus, con-
cerning the photoactivatable conversion efficiency, investigating
the size and structure of metal NCs is very necessary for the future
design of novel photosensitizers.

4.4. Drug conjugates

Bio-inspired metal NCs consisting of metal complexes and bio-
molecular drugs hold great promise in the pharmaceutical in-
dustry. However, the related research is still at an early stage.
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Metal compounds have been used as therapeutic agents for cen-
turies, and the records can date back to 2500 BC in China and
ancient Arab. So far, auranofin, a gold compound that was
approved for the treatment of rheumatoid arthritis, and cis-plat-
inum complexes have been used for the treatment of cancer.
Meanwhile, apart from antibodies and enzymes as biomolecular
drugs, approximately 140 peptide therapeutics are currently being
evaluated in clinical trials34,159. Thus, utilizing surface modifi-
cation and tailorability of biopharmaceutical biomolecules, a bio-
inspired strategy could be used for the design of metal NCs for
potent treatment, target specificity, and enhanced therapeutic ef-
ficacy with minimized toxicity160. As shown in Fig. 6A, a newly
developed fluorescent insulin-Au NCs retained the blood glucose-
reducing effect of insulin. Racecadotril and thiorphan, which are
able to inhibit the insulin-degrading enzyme, also prevented the
degradation of insulin-Au NCs119. In another typical case, Wang
et al.56 conjugated fluorescent BSA-Au NCs with Herceptin (Her-
Au NCs) for synergistic nucleus imaging and cancer therapy. The
resultant Her-Au NCs was able to escape the endolysosomal
pathway and enter the nucleus of cancer cells, which enhanced
the therapeutic efficacy of Herceptin in ErbB2 over-expressing
breast cancer cells and tumor tissue. Thioredoxin (Trx) and trx
reductase (TrxR) as redox-active proteins have been implicated in
multiple cellular events, including growth promotion, apoptosis,
and cytoprotection and the activity of TrxR1 in the cytoplasm can
be significantly suppressed by the specific functional peptide161.
Based on this principle, Liu and coworkers105 designed
tridecapeptide-templated Au25 NCs, which significantly sup-
pressed TrxR1 activity in the cytoplasm and induced the up-
regulation of activated PARP in a dose-dependent manner.
Thus, the characterization and the regulation of biological prop-
erties of Au NCs will help to determine the various functional
ligands that can be conjugated with Au NCs for tumor therapy
(Fig. 6B). Li and colleagues162 evaluated the therapeutic effect of
peptide-templated Au25 NCs on chronic lymphocytic leukemia
cells. MEC-1 cell apoptosis occurred in a dose-dependent
manner, correlating with the uptake of metal NCs in cells and
the amount of ROS. In another case, Zhao and coworkers163 re-
ported that wheat germ agglutinin-protected Au25 NCs conju-
gated with HIV-1 TAT peptide entered the cell nucleus, resulting
in the production of ROS, mitochondrial damage, and cell
apoptosis. Regarding the binding specificity of Au NCs, An
et al.164 introduced molecular dynamics simulation to study the
structure of tridecapeptide-coated Au25 NCs and their interactions
with TrxR1. Biased corona peptide motion, spreading, and
cooperation between peptide extensions were facilitated by bac-
terial stimulus-driven approach and adhesion mechanisms medi-
ated by cilia as well as a typical hydrophobic interaction with
TrxR1. The results indicated that the peptide-coated Au NCs
acted as an adept thioredoxin mimic for an array of auxiliary
structural components that were capable of enhancing in-
teractions with the target protein. Molecular dynamic simulation
was introduced to rationally design and screen serial peptide-Au
NCs by targeting specific proteins in “lock and key” molecular
interaction mode. The synthesis of peptide-Au NCs and the
suppression of glutathione peroxidase-1 (GPx-1) activity were
verified by theoretical simulation that specifically recognized and
bound to the specific domain of GPx-1 with high affinity in buffer
and cells, respectively165. Xia et al.166 reported a Pt NCs as-
sembly (Pt-NA) composed of assembled Pt NCs and incorpo-
rating a pH-sensitive polymer and hepatocellular carcinoma
(HCC)-targeting peptide. These Pt NAs could inhibit the
proliferation of disseminated HCC-initiating cancer stem-like
cells by targeting the DNA. Interestingly, Zhai et al.167 reported
two Au clusters with precisely controlled molecular size
(Au5Peptide3 and Au22Peptide10) showing different antitumor
effects. Au5, but not Au22, suppressed tumor growth by targeting
the mitochondria, and this was a breakthrough in the nanomedical
field. This discovery provided a robust approach for turning on/
off the medical properties of NPs by atomically controlling their
sizes (Fig. 6C). Chemotherapeutic drugs can easily be conjugated
with the functional group of metal MCs. For example, the
conjugation of doxorubicin (DOX) with folic acid-conjugated
BSA-Au NCs (DOX-FA-Au NCs) simultaneously displayed se-
lective tumor-targeting efficacy and enhanced antitumor activ-
ity168. For instance, fluorescent Au NCs were conjugated with a
cisplatin prodrug (Pt) and FA to form Pt-FA-Au NCs, which
generated strong fluorescence signals in 4T1 tumor-bearing nude
mouse model and caused significant inhibition of the growth and
lung metastasis of orthotopically implanted 4T1 breast tumors169.
Similarly, a nanocomposite was prepared by combining BSA-Au
NCs, conjugated with methionine and functionalized with a near-
infrared fluorescent dye (MPA), and a prodrug (DOX). The
nanocomposite exhibited in vitro and in vivo tumor-targeting
imaging and a better antitumor activity than the prodrug
(Fig. 6D)170. Thus, the combination of biomolecular drugs with
metal clusters provides a flexible platform for combined
therapeutics.

4.5. Nanovaccines

Avaccine is a class of biological agents conferring active acquired
immunity to a particular disease, including tumor-related proteins
or peptides, tumor antigens, and cell lysates171,172. The introduc-
tion of nanotechnology for improved solubility, permeability,
stability, and pharmacokinetics overcomes the general shortcom-
ings of traditional subunit vaccines, such as the poor and short-
lived immunogenicity, inefficient uptake by professional
antigen-presenting cells, as well as fast degradation by metabolic
enzymes173e175. Generally, un-methylated cytosine-phosphate-
guanine (CpG) dinucleotide, or the CpG motif, commonly pre-
sents in natural viral and bacterial DNA, can strongly stimulate the
immune system to recognize and trigger both innate and adaptive
immune responses of the mammalian immune system, and it has
been used for the design of novel vaccines176,177. To potentiate the
action of vaccine, Qu’s group178 appended CpG motifs to the
DNA template to develop functionalized CpG-Ag NCs as efficient
immunostimulatory agents with high biocompatibility, increased
CpG stability against nuclease degradation, enhanced CpG-uptake
by TLR9-positive cells, and remarkable immunostimulatory ac-
tivity (Fig. 7A). Similarly, Tao et al.179 prepared OVA-CpG oli-
godeoxynucleotides (ODNs)-templated Au NCs-based vaccines
through a facile one-pot synthesis, and they performed not only as
an imaging agent, but also as a vaccine that generated high and
significantly enhanced immunostimulatory activity through dual-
delivery of protein antigen and CpG ODNs, compared with the
original antigen. As shown in Fig. 7B, OVA-derived peptide
(SIINFEKL) was capable of inducing strong CD8D cytolytic T
cell response. Tao et al.180 fabricated CpG-OVA peptide-Au NC
conjugates that simultaneously delivered peptide antigens and
CpG ODNs into the same APCs, which improved cross-
presentation and induced strong immunostimulatory reactions
both in vitro and in vivo, especially by increasing strong CD8þ

cytolytic T cell response.



Figure 7 (A) Schematic illustration of the synthesis of CpG-Ag NCs, their immunostimulatory effect, and the comparison of cytokine release

from RAW264.7 cells stimulated by CpG-Ag NCs. Reprinted with permission from Ref. 178. Copyright ª 2013, the Royal Society of Chemistry.

(B) General scheme for the synthesis of peptide-Au NC-CpG conjugates to induce an immune response. Reprinted with permission from Ref. 180.

Copyright ª 2015, the Royal Society of Chemistry.
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4.6. Nanocarriers

Spurred by the development of micro-nanotechnology, micro-
nanocarrier systems have been increasingly used for drug de-
livery181,182. Generally, an ideal nanocarrier is expected to carry
NPs with high tumor specificity without toxic side effects, achieve
efficient urinary excretion, and bypass clearance by the RES or-
gans, such as the liver and spleen. Meanwhile, the successful
delivery of gene, protein, and some other molecules is a novel
therapeutic technique to correct or repair defective symptoms
responsible for diseases, largely depending on the development of
appropriate carriers that can rapidly and efficiently deliver target
material into cells with minimized toxicity183e185. However, there
are only a few clinically approved nanocarriers that can incorpo-
rate molecules to selectively bind and target cancer cells. For
controllable delivery and release, the rich surface chemistry of
biomolecule-encapsulated metal NCs can be tuned to meet the
need for drug and gene delivery. As shown in Fig. 8A, Li and
colleagues186 developed a novel multifunctional probe comprising
a cell-specific internalization aptamer, fluorescent Ag NCs, and
therapeutic siRNA into one entity to achieve cell targeting and
simultaneous noninvasive imaging, excellent fluorescent stability,
tunable fluorescence emission wavelength of Ag NCs from DNA
template sequences, along with enhanced stability of siRNA. In
another case, TAT peptide-Au NCs showed w80% gene trans-
fection efficiency of DNA delivery cargoes in HeLa cells, which
was nearly 3.2-fold higher than that of the most commonly
adopted LP2000 liposome gene carrier. It has also demonstrated
excellent photostability and appreciable biocompatibility in HeLa
cells as well as in in vivo zebrafish model system156. Subsequently,
a combinatorial therapy was reported using cationic BSA AueAg
NC composite NPs loaded with pDNA. Along with the delivery
and tracking of therapeutic suicide genes, the composite NPs
initiated a therapeutic response cascade by converting prodrug 5-
FC to 5-FU and causing the production of ROS, which triggered
apoptosis-mediated cell death187. To construct a responsive
property in the nanocarrier system, BSA-templated Cd NCs con-
jugated with hyaluronic acid (HA) formed a pH-responsive,
tumor-targeting theranostic nanocarrier with low cytotoxicity
and a continuous release profile for the delivery of doxorubicin
(DOX), a model anticancer drug. This study showed that the
nanocarrier obtained a DOX encapsulation efficiency of up to
approximately 75.6% and the release of DOX at pH 5.3, with less
than 26% of DOX released at pH 7.4 within the same 24 h period
(Fig. 8B)188. As an emerging nanocarrier, Lei and coworkers189

further reported that GSH-Au NCs-assisted siRNA delivery of
NGF (GNC-siRNA) was validated for potent NGF gene silencing,
and it effectively inhibited tumor progression without adverse
effects in three pancreatic tumor models, including a subcutaneous
model, orthotopic model, and patient-derived xenograft model.
The GNCesiRNA complex afforded higher loading capacity of
siRNA with increased stability of siRNA in the serum, prolonged
the circulation lifetime of siRNA, and enhanced the cellular up-
take and tumor accumulation of siRNA, most likely due to the
smaller size and larger specific surface area of GNCs (Fig. 8C).

4.7. Antimicrobial agents

Prompted by the critical challenge of bacterial contamination and
antibiotic resistance, considerable effort has been devoted to the
discovery and development of new types of antibacterial
agents190,191. With the unique advantages of real-time monitoring
and ultrafine size, the integration of antimicrobial components into
the architecture of bio-inspired metal NCs could serve as a new,
highly efficient antimicrobial alternative for the inhibition of the
growth of detrimental bacteria, especially antibiotic-resistant
bacteria. As shown in Fig. 9A, tunable luminescent emitting
GSH-Ag NCs with well-defined size and composition, Ag16(SG)9,
and Ag9(SG)6, were fabricated via size/structure-focusing pro-
cesses. With real-time monitoring of the dynamic antimicrobial
process, compared with Ag9(SG)6, the highly red luminescent
Ag16(SG)9 generated a high concentration of intracellular ROS
and acquired superior antimicrobial properties against Pseudo-
monas aeruginosa, a multidrug-resistant bacteria69. Meanwhile, it
has been shown that the un-dissociated AgD-R NCs armed with
abundant AgD ions on the surface were highly active in bacterial
killing, compared with their larger counterpart, Ag NPs. Subse-
quently, Xie’s group192 synthesized ultrasmall GSH-protected
AgD-rich NCs, which showed higher antimicrobial activities
against both Gram-negative and Gram-positive bacteria than the
reference NCs, GSH-Ag0-R NCs. The GSH-AgD-R NCs had the
same size and surface ligands as the GSH-Ag0-R NCs, but
different oxidation states of silver (Fig. 9B). In addition, the for-
mation of Ag complexes with different structures and stabilities
are regarded as key factors that can modulate their antibacterial
activities. For example, it has been reported that the sequence-
dependent Ag NCs emitting blue, yellow, and red fluorescent
emission yielded different antibacterial activities against Gram-
positive and Gram-negative bacteria. Significantly, the yellow
and red emitters afforded a comparable activity to that of silver
nitrate, whereas the blue emitters yielded poor antibacterial ac-
tivity193. Besides silver NCs, Au NCs could kill both Gram-
positive and Gram-negative bacteria. This wide-spectrum antimi-
crobial activity is attributed to the ultrasmall size of Au NCs,
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which allows better interaction with bacteria194. Alloying is an
efficient chemistry to diversify the properties of metal NPs.
Zheng et al.195 developed a full spectrum of alloy metal NCs,
AuxAg25-x(MHA)18 (MHA Z 6-mercaptohexanoic acid) with
x Z 0e25, and they observed a U-shape antimicrobial behavior
instead of the common increasing trend. An accessible method to
establish antimicrobial properties is to combine antimicrobial
enzymes or antibiotic peptides with metal NCs. As shown in
Fig. 9C, Yang’s group integrated bactericides with various metal
NCs as one entity to achieve a higher antibacterial effect. Mean-
while, bacitracin-Ag NCs, Au NCs, and Cu NCs emitted cyan,
yellow, and red fluorescence, respectively. Significantly,
bacitracin-Ag NCs exhibited a robust bacteria-killing effect,
compared with other NCs, owing to the marked damage to the
bacterial membrane196. In another study, lysozymes, which are
capable of hydrolyzing the cell walls of pathogenic bacteria, were
used for the synthesis of lysozyme-Au NCs. The NCs effectively
inhibited the cell growth of notorious antibiotic-resistant bacteria,
including pan-drug-resistant Acinetobacter baumannii and
vancomycin-resistant Enterococcus faecalis197. Similarly, Miao
and colleagues198 synthesized papain-functionalized Cu NCs in
aqueous solution together with red fluorescence at 620 nm and a
quantum yield of 14.3%. Notably, with Cu NCs plus H2O2 rather
than Cu NCs or H2O2 alone, Cu NCs converted H2O2 to �OH and
exhibited an outstanding antibacterial activity against S. aureus
Figure 8 (A) Schematic representation of aptamer-functionalized Ag

Reprinted with permission from Ref. 186. Copyright ª 2013, the Royal S

NCs, doxorubicin (DOX) loading into the HA-Cd NC nanocarrier (DO

Reprinted with permission from Ref. 188. Copyright ª 2016, Tsinghua Un

Au NCs-siRNA complex for NGF silencing and pancreatic cancer therapy

nuclease degradation and renal clearance, thus enhancing the accumulat

Ref. 189. Copyright ª 2017, Nature Publishing Group.
and Escherichia coli. Furthermore, the results of in vivo experi-
ment on mice with infected wound showed that no erythema and
edema was formed in the treated mice. In another example, two
distinctive bactericides were integrated into one entity for
improved efficacy. As shown in Fig. 9D, Zheng et al.199 designed
an efficient antimicrobial hybrid formed by conjugating Ag NCs
with daptomycin to achieve the improved antibacterial activity.
The hybrid system inherited the intrinsic properties of both
bactericides with an enhanced synergistic performance that could
effectively damage the bacterial membrane and present
improved bacteria-killing efficiency over the physically mixed
daptomycin and Ag NCs (D þ Ag NCs). The aforementioned
examples confirmed the efficacy of bio-inspired NCs for various
bacterial.

4.8. Nanozymes

The use of biocatalysis for therapeutic applications is on the verge
of significant growth. In essence, enzyme mimetics mimic some
properties and functions of an enzyme, producing robust and
better catalytic performance200,201. Along with the introduction of
various types of enzyme mimetics and the search for efficient
modulators of catalysis at different rates and selectivity, the
development of metal NCs increasingly provides biomimetic
catalysts that are capable of competing with catalytic proficiency
NCs-assisted siRNA delivery and tracking for type-specific cells.

ociety of Chemistry. (B) Schematic illustration of the synthesis of Cd

X-HA-Cd NCs), and HA receptor-directed targeted drug delivery.

iversity Press. (C) Schematic illustration of the delivery mechanism of

. The Au NCs-siRNA complex protected the NGF siRNA from serum

ion of NGF siRNA in tumor cells. Reprinted with permission from



Figure 9 (A) Evaluation of the antibacterial activity of Ag16(SG)9. Reprinted with permission from Ref. 69. Copyright ª 2013, Nature

Publishing Group. (B) Schematic illustration of possible antimicrobial mechanisms of GSH-Agþ-R NCs and GSH-Ag0-R NCs. Reprinted with

permission from Ref. 192. Copyright ª 2014, Tsinghua University Press. (C) Schematic diagram of synthesized water-soluble Cu NCs interacting

with H2O2 and their application in avoiding disinfection. Reprinted with permission from Ref. 196. Copyright ª 2020, American Chemical

Society. (D) The chemically integrated D-Ag NCs showed improved antibacterial effect over the physically mixed daptomycin and Ag NCs

(D þ Ag NCs). Reprinted with permission from Ref. 199. Copyright ª 2016, American Chemical Society.
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of enzymes in the fields of bionics, biosensing, and biomedical
sciences202e204. Typically, BSA-Au NCs presented a high
peroxidase-like activity, which was used for the colorimetric
detection of as low as 2.0 � 10�8 mol/L H2O2. In comparison with
the other kinds of NPs that are peroxidase mimetics, including
Fe3O4, FeS, or graphene oxide, a study showed that BSA-Au NCs
were more competent for biocatalysis because of their ultrasmall
size, good stability, and high biocompatibility in aqueous solution.
Furthermore, it was reported that the optimal pH for catalytic
activity was 3.0205. Afterwards, a higher peroxidase-like activity
at a near-neutral pH was observed with BSA-Cu NCs. The
peroxidase-like catalysis of Cu NCs exhibited MichaeliseMenten
kinetics that was comparable to that of horseradish peroxidase. In
comparison to natural enzymes, Cu NCs offer several advantages
as a mimic peroxidase due to ease of preparation, low cost, as well
as high stability and activity under harsh conditions (Fig. 10A)206.
As for Pt NCs, BSA-Pt NCs with an average diameter of 2.0 nm
consisted of 57% Pt0 and 43% Pt2þ, which maintained highly
peroxidase-like activity with Km values of 0.119 and 41.8 mmol/L
towards 3,3,5,5-tetramethylbenzidine (TMB) and H2O2

207. In
addition, a new type of ultrasmall Pt NCs, with yeast extract as the
reductant and stabilizer, possessed attractive peroxidase-
mimicking property. The NCs efficiently catalyzed the oxidation
of TMB in the presence of H2O2

208. Generally, biomolecule-
assisted metal NCs exhibit peroxidase-like activity. Hu et al.209

fabricated an enzyme-mimetic nanoprobe based on folate
receptor-targeting Au NCs for simultaneous and mutually com-
plementary peroxidase and fluorescent staining of MCF-7 and
HepG2 tumor cell slices. The nanoprobe significantly improved
the accuracy and specificity of the cancer diagnosis without false-
positive and false-negative results. Furthermore, catalytic labels
that amplify the detection of the duplex generated between the
analyzing primer and the target DNA have been used in specific
bio-applications. Based on this concept, Zhao et al.210 utilized
enzyme-mimetic GSH-Au NCs conjugated on the outer layer
antibody to catalyze the decomposition of hydrogen peroxide to
form a sandwiched antibody-antigen-antibody structure, allowing
a naked-eye readout ultrasensitive and visually quantitative
determination of ultra-trace target molecules. This type of nano-
sensor was validated by the determination of various ultra-trace
analytes including protein avidin, a breast cancer antigen, thy-
roid hormone, and methamphetamine (Fig. 10B). More recently, it
has been proposed that platinum nanomaterials exhibit four kinds
of enzyme-like activities, including superoxide dismutase, cata-
lase, oxidase, and peroxidase activities211e213. Lysozyme-Pt NCs
exhibit the maximal fluorescence at 434 nm with a quantum yield
of 0.08 and an intrinsic oxidase-like activity, catalyzing O2

oxidation of organic substrates through a four-electron reduction
process. Compared with larger Pt NPs, Pt NCs exhibited consid-
erably greater catalytic activity in the O2-mediated oxidation of
2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid), TMB,
and dopamine, compared with larger Pt NPs41. The introduction of
an enzyme modulator plays a crucial role in the regulation of the
activity of metal NC-based enzyme mimetics. Intriguingly, gra-
phene oxide (GO) was used as an enzyme modulator to regulate
the peroxidase-like activity of lysozyme-Au NCs. Dramatic
improvement in catalytic activity was observed with a gradual
increase in GO concentration. The synergistic catalyst, the GO-Au
NCs hybrid (GA), exhibited excellent peroxidase-like activity
over a broad pH range, even at neutral pH, by simply adsorbing



Figure 10 (A) Schematic representation of copper nanoclusters as peroxidase mimetics and their catalysis application to H2O2. Reprinted with

permission from Ref. 206. Copyright ª 2013, Elsevier. (B) Schematic representation of the plasmonic nanosensor. In sandwich structure, the

target molecule is anchored to the substrate by capture antibodies and recognized by other antibodies labeled with Au NCs. Reprinted with

permission from Ref. 210. Copyright ª 2015, American Chemical Society. (C) G-/C-rich oligonucleotides-directed Pt enzymes with a size

distribution of 1.7e2.9 nm mimic high peroxidase activity. Reprinted with permission from Ref. 217. Copyright ª 2014, American Chemical

Society. (D) Schematic illustration of the synthesis of DNA-Ag/Pt NC and colorimetric detection for human thrombin. Reprinted with permission

from Ref. 216 Copyright ª 2014, the Royal Society of Chemistry.
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lysozyme-Au NCs on GO surface through electrostatic interac-
tion214. In another strategy, the production of metal NC-based
enzymes to modulate physicochemical properties could easily be
achieved by programming DNA sequences. It has been reported
that a series of DNA oligonucleotides-templated Pt enzymes, with
a size distribution of 1.7e2.9 nm, showed variable peroxidase-
mimic activities. When the average size increased from 1.8 to
2.9 nm, the proportion of Pt0 species increased while that of Pt2þ

decreased. The Km value for H2O2 decreased by three folds,
whereas that for TMB increased by two folds (Fig. 10C)215.
Moreover, as shown in Fig. 10D, DNA-templated Ag/Pt bimetallic
NCs (DNA-Ag/Pt NCs) revealed intrinsic highly efficient
peroxidase-like catalytic activity. Owing to the ultrasmall size and
the synergistic effect of Ag in bimetallic NCs, the peroxidase-like
activity of DNA-Ag/Pt NCs was significantly higher than that of
DNA-Pt NCs at an equivalent dose of Pt content216. Further efforts
could be made to explore metal NCs with various enzyme-like and
enzyme-modulating activities to mimic and control enzymatic
activities, respectively.

5. Cytotoxicity and biodistribution

To accelerate potential clinical applications, safety concerns on the
formulation of bio-inspired metal NCs should be systemically
evaluated in the early stage. The investigation of the cytotoxicity,
biodistribution, and pharmacokinetic behavior profiles of bio-
inspired nanomaterials lays an underlying foundation for targeted
anticancer therapies without side effects. Biomolecules, such as
human serum albumin (HSA), facilitate efficient cellular inter-
nalization, prolonged blood circulation time, intensive tissue
penetration depth, and favorable pharmacokinetics and bio-
distribution. However, the function and ultimate efficiency of most
therapeutic NPs remain unsatisfactory for clinical application,
mainly because of the unpredictability of nanomaterialebiology
interactions, poor biodegradability, and large size. Consequently,
the interplay of nanomaterials with biological systems can predict
the toxicological effects of nanomaterials in vivo217e219. To
explain this, BSA-Cu NC treatment affected the viability of
C2C12 cells in a dose-dependent manner, decreased the mito-
chondrial membrane potential, and elicited apoptosis, along with
an increase in the protein expression ratio of BAX/BCL-2 and
caspase-3/9 activity. It was also reported that Cu NCs induced
morphological atrophy in primary muscle cells and mouse
gastrocnemius muscle cells220. Moreover, chiral metal NCs play a
role in various applications of sensing, biomedicine, and catalysis,
owing to their unique physical and chemical properties221,222.
Zhang and colleagues223 reported that the D-GSH-Ag NCs showed
higher toxicity than L-GSH-Ag NCs in both human gastric mucous
epithelial GES-1 and human gastric cancer MGC-803 cells
(Fig. 11A). For comparison, Zhang et al.224 fabricated both L-
GSH-Au and D-GSH-Au NCs to induce ROS generation and
activate integrated cytotoxic effects that involved DNA damage,
mitochondrial depolarization, cell cycle arrest, and apoptosis-
mediated death. Notably, the D-GSH-Au NCs were more toxic
than the L-GSH-Au NCs to both MGC-803 and GES-1 cells. For a
comprehensive understanding, a systematic comparison of the



Figure 11 (A) Schematic illustration of the synthesis and cytotoxicity of L-GSH-Ag NCs and D-GSH-Ag NCs and the potential molecular

mechanism. Reprinted with permission from Ref. 223. Copyright ª 2014, the Royal Society of Chemistry. (B) Schematic representation of the

biodistribution and renal clearance of GSH- and BSA-protected Au25 NCs. Reprinted with permission from Ref. 225. Copyright ª 2012, Elsevier.
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in vivo renal clearance, biodistribution, and toxicity responses of
the BSA-Au NCs and GSH-Au NCs for 24 h and 28 days,
respectively, were determined. The toxicity responses for GSH-Au
NCs were eliminated after 28 days; nevertheless, BSA-Au NCs
accumulated in the liver and spleen and caused an irreparable
toxicity response. The biodistribution results revealed that 94% of
gold was metabolized for the GSH-Au NCs, but only less than 5%
of gold was metabolized for the BSA-Au NCs after 28 days. The
renal clearance of BSA-Au NCs was low, and only 1% and 5% of
gold was cleared after 24 h and 28 days, respectively; however, the
GSH-Au NCs had more efficient renal clearance with 36% and
94% of gold cleared, respectively (Fig. 11B)225. Moreover, Wang
et al.226 evaluated the in vivo biodistribution, excretion, toxicity,
and tumor uptake of GSH-protected Au NCs of a similar hydro-
dynamic size but with three different surface charges (positive,
negative, and neutral) over 90 days. The results revealed that the
surface charge significantly influenced pharmacokinetics, partic-
ularly renal excretion and accumulation in the kidney, liver,
spleen, and testis. Negatively charged Au NCs generally showed
lower excretion and higher tumor uptake, indicating a possibility
for NC-based therapeutics, whereas positively charged metal NCs
caused transient side effects on the peripheral blood system.

6. Conclusions and perspectives

As an emerging class of fluorescent nanomaterials with hybrid
metal core-ligand shell structures and combinational properties,
bio-inspired metal NCs provides synergistic properties for
imaging-guided combined therapy, such as ultrafine size, tunable
fluorescence, real-time monitoring, biocompatibility, bio-
responsiveness, and enhanced therapeutic efficacy. In the current
review, we provide a state-of-the-art overview of bio-inspired
metal NCs comprising various biomolecules (protein, peptide, and
DNA) and cells as functional scaffolds, with particular emphasis
on well-established strategies and design rationale for specific
purposes. Notably, some characteristic biomolecules hold
tremendous promise in guiding the synthesis of metal NCs with
structure-related properties and subsequent biological applica-
tions. Continuous progress in multidisciplinary research has
inspired the evolution of a variety of high-quality bio-inspired
metal NCs to sustain a diverse library of functional building
blocks, such as customizable size, core composition, molecular
structure, and surface chemistry. These interesting properties,
facilitate the assemblies and modularity of bio-inspired metal NCs
with highly dimensional architectures, which could be combined
with an array of other therapeutic systems for the spatiotemporal
delivery and combination therapy delivery in vitro and in vivo
models and early clinical trials227e229.

Despite the considerable progress made in recent studies, some
important challenges need to be addressed to maximize the ther-
apeutic efficiency and accelerate the clinical application of bio-
inspired metal NCs. Bio-inspired metal NCs as an emerging class
of fluorescent materials usually exhibit size heterogeneity.
Considering the close relevance of composition, structure, and
properties, more attention should be paid to the accurate charac-
terization of specific types, size, composition, and structure of
metal NCs, as well as doped alloying, to impact the exploration of
their precise therapeutic performance in specific applications.
Furthermore, biomolecules stabilized metal NCs show a relatively
low QY (often less than 10%) and fragile instability of metal
clusters because of their tendency to undergo oxidation in
response to an oxidative physiological condition or photoexcita-
tion. Moreover, due to a lack of fundamental information and the
mechanism of the bio-nano interface, a persistent challenge occurs
in the assembly of ultrasmall particles into well-defined structures
at the molecular level in an orderly manner. This is because the
high surface energy of ultrasmall particles generally induces
isotropic aggregation.

Biomolecules with desirable properties for metal NCs hold
considerable promise for fabrication, multifunctionality, biosafety,
and clinical translation. First, it has been demonstrated that
characteristic biomolecules with rich chemical properties can be
effectively utilized in the synthesis and assembly of metal NCs.
The overall driven force from the characteristic sequence and
spatial conformation of biomolecules, not only collectively ach-
ieve the controllable synthesis of atomically precise metal NCs,
but also facilitate surface functionalization, large specific ratio
surface area, molecular morphology, and highly ordered hierar-
chical structures in the sub-nanometer regime. Future studies
should concentrate on the exploration of customized biomolecules
and cells to promote the programmable synthesis of bio-inspired
metal NCs with advanced biocomputation and machine learning.
To avoid a sharp loss in the biological function and structural
integrity of biomolecules, more attention should be paid to suit-
able synthesis conditions, such as mild synthesis condition, high
quantum yielding, relatively pure production, and large-scale
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preparation. Second, integrating inorganic metal NCs with bio-
molecules or cells could create multifunctional therapeutics and
precisely spatiotemporal delivery, with properties such as variable
surface functionalization, bio-responsiveness, and controllable
payload release. On the one hand, biological studies have shown
that biomolecules show extensive biological functions, respon-
siveness, and interactions in the physiological milieu, including
molecular recognition, catalysis, and signal transduction. Such
characteristic properties can be readily combined for the pro-
grammable design of bio-inspired metal NCs with combinatorial
features and the instant response to external stimuli and signals.
On the other hand, inorganic metal NCs provide unique optical,
electronic, and catalytic properties, whereas biomolecules do not.
Bio-inspired metal NCs should be explored for their size- and
structure-dictated catalytic and therapeutic performance such as
reduced off-site toxicity, enhanced therapeutic index, real-time
monitoring, the enhanced immunologic effect of nanovaccines,
radiotherapy, and phototherapy, as well as capability of nuclear
targeting. Finally, compared with a large number of semi-
conductor and metal nanostructures, bio-inspired metal NCs show
improved pharmacokinetic behavior profiles, including their good
biological distribution, good biocompatibility, long-circulating
ability, low immune response, and efficient renal clearance. In
view of this, bio-inspired metal NCs can be artificially designed
with stealth and low immune response as well as efficient renal
clearance to avoid long-term accumulation in MPS organs (liver,
spleen, etc.), which do not only reduce possible side effects but
also facilitate successful clinical translation. As such, the combi-
nation of various biomolecules and specific metal NCs suggests
great promise for the utilization of high-quality metal NCs as
functional building blocks to construct novel supramolecular NPs
or therapeutic systems.

We envision that this review provides a modular therapeutic
platform integrating fluorescent imaging and therapeutic modal-
ities, allowing for personalized medicine in the contexts of clinical
translation. Our goal is to inspire researchers to understand the
fabrication and design principles of bio-inspired metal NCs. This
would facilitate the application of bio-inspired metal NCs in the
integration with various cutting-edge modalities and techniques
for multi-interdisciplinary engineering to address extensive
biomedical issues, such as biosensing, bioimaging, biodistribution,
biodefense, immune responsiveness, efficient delivery, and other
diagnosis and combination therapy.
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