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Ultrasmall gold nanoclusters (Au NCs), with a particle size of ~1 nm, have recently emerged
as a promising class of nanoparticles, due to their well-defined molecular formulae and structures,
unigue physicochemical properties (e.g., optical absorption and photoluminescence), facile surface
functionalization, and good biocompatibility. To explore the therapeutic potentials of these Au NCs, it is
important not only to understand the interface between the NC surface and biological environment, but
also to achieve desired biological functionalities via rational interfacial engineering. In this review article,
we first describe the important biological considerations of Au NCs in their design for biomedical

Received 19th May 2020, applications. We then aim to demonstrate diverse functionalization strategies of Au NCs to improve their

Accepted 16th July 2020 physicochemical and biological properties. In the last section, we provide a detailed discussion on the
DOI: 10.1039/d0mh00827¢ applications of surface-engineered Au NCs in the fields of bioimaging, radiotherapy, photodynamic

therapy, and antibacterial therapy, highlighting the important contributions of interfacial engineering of
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1. Introduction

Atomically precise gold nanoclusters (Au NCs) are a promising class
of functional nanomaterials, showing increasing potentials in both
basic and applied research in the past two decades."™ Recently, Au
NCs have gained immense attention in the biomedical field, as
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Au NCs to their biomedical applications.
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bioimaging probes (for diagnosis),
radiotherapy),®° photosensitizers (for photodynamic therapy),
and antibacterial agents (for combating infectious diseases).”'* The
ultrasmall Au NGCs, typically with a particle size of ~1 nm, possess
distinctively different physicochemical properties from their
larger counterparts - Au nanoparticles (NPs, with a particle size
above 3 nm), including HOMO-LUMO transition,">™” quantized
charging,'®'® intrinsic chirality,">>" photoluminescence (PL),*>>*
and unique catalytic activity.>>>” These unique physicochem-
ical and biological properties are highly dependent on the size,
composition, structure, and surface of the Au NCs.
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The physicochemical properties of the Au NCs can be
rationally customized for diverse applications based on accu-
rate structure—-property relationship, which is made possible in
an accelerating pace by recent progress on X-ray crystallography
structure anatomy of Au NCs. In the past two decades, the
synthetic chemistry of Au NCs, especially for those protected by
thiolate ligands, has been significantly advanced, since the first
successful attempt in synthesizing small thiolate-protected Au
NPs by the Brust-Schiffrin protocol in 1994.>® A number of
efficient synthetic strategies, including bottom-up reduction-
growth and cluster conversion, have been well-established in
the past decade.”**® Many atomically precise Au NCs featuring
a general molecular formula of [Au,(SR),,]? (where n, m, g
represents gold atom number, ligand number, and the net
charge of the cluster, respectively) have been successfully
synthesized, by a delicate control of the reaction conditions,
such as protecting ligands, reducing agents, ligand-to-metal
ratios, solution pH, and temperature.”>*%*237% In addition,
Au(1)-complexes and metastable NC intermediates have also
been successfully identified during the evolution of the ther-
modynamically stable Au NC product, shedding fundamental
light on the growth mechanism of Au NCs to realize their total
synthesis.*'** The advances in atomically precise control in NC
synthesis also enable successful crystallization of Au NCs,
resolving their structures and finally elucidating their struc-
ture-property relationship.***® With the help of X-ray crystal-
lography, electrospray ionization mass spectrometry (ESI-MS)
and advanced computational studies, a general structural
scheme of thiolate-protected Au NCs has been revealed, where
a typical [Au,(SR),,]? NC possesses one Au(0) core protected by a
shell of staple-like SR[Au(SR)];, or cyclic [Au(SR)], motifs (x = 0,
1, 2, 3...)."° For example, recent experimental and theoretical
efforts suggest a structural model for red-emitting Au,,(SR);s
based on the core-shell structural scheme, where Au,,(SR):g
consists of a Au; kernel surrounded by one cyclic [Aug(SR)s] and
three staple-like [Au;(SR),] motifs (Fig. 1a).”° Such a structural
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model is in perfect agreement with the crystal structure of
Au,,(‘BUC=C);53 NC (‘BuC=C denotes tert-butyl-acetylene),
which was resolved recently by X-ray crystallography (Fig. 1b).>"

Indeed, by leveraging on the structural insights of atomically
precise Au NCs, researchers have exemplified various interfacial
engineering approaches to rationally customize and improve
their materials performance.”>® The interfacial engineering
approach includes surface modification of Au NCs with different
functionalities and self-assembly of Au NCs through their ligand
shells. For example, through interfacial engineering, photolumi-
nescence (PL), an important property of Au NCs that has been
used for various biological applications such as biosensing and
bioimaging, has been significantly improved.””®* In 2001, an
interesting phenomenon known as aggregation-induced-emission
(AIE) has been first coined by Tang’s group to illuminate a non-
emitting organic species through aggregation, by restricting their
channel of non-radiative decay pathway.®>®” The AIE concept has
been adopted by our group in the system of thiolate-protected Au
NCs to enhance their PL properties.®®® It should also be noted
that the interface of Au NCs has a direct contact with the complex
biological environment, and a good interfacial engineering of
Au NCs is crucial for their further biomedical applications.
Besides PL, the pharmacokinetic features of Au NCs inside the
biological system, such as adsorption, distribution, metabolism,
and excretion kinetics (ADME in short) are also highly dependent
on the size, surface, and composition of the Au NCs.

In this review article, we first introduce the important
biological considerations and their roles in designing func-
tional Au NCs for biomedical applications. We then focus our
discussions on the interfacial engineering approaches to tailor
the physicochemical, as well as the physiological properties
of Au NCs in the biological system. In the final section, we
exemplify some recent applications of Au NCs in the biomedical
field, such as biosensing, bioimaging, theranostics, and anti-
bacterial therapy; highlighting the interfacial engineering
principles of Au NCs in these applications.
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(a) Proposed structural model of Au,,(SR)1g consisting of a bi-tetrahedron Auy kernel surrounded by one cyclic [Aug(SR)e] and three staple-like

[Aus(SR)4] motifs (sulphur atoms are shown in red and the rest are gold atoms; R group atoms are omitted for clarity). Reproduced with permission.>®
Copyright 2015, American Chemical Society. (b) (i) Molecular structure of Aus,(‘BuC = C),5 resolved by X-ray crystallography. Aus,(‘BuC = C),g contains a
Augs kernel with six bridging alkynyl ligands in mid-section of Auys kernel, and three [Aus(‘BuC=C),l staples; (i) Aus cuboctahedron; (iii) Aus kernel
divided into Auy kernel and one [Aug(‘BUC=C)g] ring; (iv) the binding mode of one of the three staples [Aus('BuC = C),] (carbon atoms are shown in grey
and the rest are gold atoms). Reproduced with permission.>* Copyright 2019, Wiley-VCH.

2. Biological considerations of Au NCs

A good design of functional nanomaterials for biomedical
applications should have some primary features for their
successful delivery to the biological systems. The key para-
meters that affect the fate of ultrasmall NPs or NCs in biological
systems are size, structure, surface chemistry and composition.”*”>
Size is an important factor of functional NPs/NCs for their
targeting, cellular uptake as well as clearance from the blood-
stream. The effects of size of engineered NPs on their bio-
distribution are well-studied in the community. In particular,
particles having a hydrodynamic diameter of ~5.5 nm or less
are considered as renally clearable NPs.”*’* Being ultrasmall in
size, Au NCs can not only accumulate to the target site through
enhanced permeability and retention (EPR) effect but also be
efficiently cleared from the body through kidney. Similarly,
surface chemistry and composition also play a crucial role in
determining their fate in the bloodstream, immune responses
as well as their theranostic efficiency. In this section, we high-
light the important biological considerations of the Au NCs for
biomedical applications.

2.1. Protein-NCs interactions

When ultrasmall Au NCs were administered into the complex
biological media (human blood plasma), several interactions
would occur between the Au NCs and the macromolecules
inside the body, such as proteins.”> For Au NPs, it has been
known that proteins will be adsorbed on the surface and form a
so-called protein corona, which is often considered as a major
problem for successful delivery of functional NPs to the target
site.”®”” In contrast to large NPs, ultrasmall NCs will react with
the proteins differently. As Au NCs are in the same (or smaller)
size range as the proteins, a one to one molecular interaction
would occur.”® Au NCs will bind to the specific sites of protein
subunits and alter its conformation with less impact on its

2598 | Mater. Horiz., 2020, 7, 2596-2618

functionality. For example, a site specific complexation of
p-mercaptobenzoic acid (MBA)-protected Au NCs on two allos-
teric sites of the thrombin with partial reduction in its activity
has been demonstrated.”® These interactions are reversible or
irreversible depending on the adsorption kinetics and thermo-
dynamic stability of the protein-NC complexes formed.***'
Recently, it has been demonstrated that Au NCs of the same
core size and surface charge but protected by two different
ligands (MBA and glutathione (GSH)) possess different associa-
tion rate constants with proteins.®> MBA-protected Au NCs
(referred to as MBA-Au NCs) exhibited fast diffusion-limited
adsorption with larger association rate constant compared to
the slow, reaction-limited adsorption of GSH-protected Au NCs
(referred to as GSH-Au NCs). These observations agree well
with an earlier study on the dynamic reversible interactions of
GSH-Au NCs with three dominant serum proteins (human
serum albumin, gamma-globulins, and transferrin).** This type
of reversible interactions help maintain the hydrodynamic
diameter of Au NCs in blood plasma. As a result, GSH-Au NCs
were excreted rapidly through renal clearance pathway.®* On
the other hand, MBA-Au NCs were found to accumulate in liver
and spleen for longer time. These differences are mainly
attributed to the changes in surface charge distribution and
hydrophobicity of the Au NCs.

2.2. Invivo distribution and cellular uptake

Cellular uptake determines the performance of the NPs as
therapeutic or theranostic agents. Long circulation or blood
retention time is highly desirable for better cellular uptake
of the NPs.*® Surface charge of NPs plays a dominant role
in sub-organ distribution and intracellular uptake.®® It is well
known that neutrally charged NPs such as PEGylated NPs (PEG
denotes polyethylene glycol) possess longer circulation half-life
in blood with negligible protein opsonization, aggregation and
phagocytosis.®” PEGylation is therefore a most common and

This journal is © The Royal Society of Chemistry 2020
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successful surface modification strategy of inorganic NPs to
improve their blood circulation time. Even in the cases of
NCs, PEGylation of Au NCs was found to improve their tumor
targeting capability compared to the zwitterionic Au NCs
(GSH-Au NCs).®® Besides accumulation on the target sites,
internalization of PEGylated/GSH Au NCs into the tumor cells
is relatively low.*>°° Recently, significant uptake of GSH-Au
NCs into human cervical carcinoma HeLa cells was achieved by
adding cysteamine (Cystm) moiety on the surface of Au NCs.
The protonation of cysteamine in acidic tumor micro-
environment (~pH 6.5) enabled interaction of GSH-Cystm-Au
NCs with the negatively charged tumor cell membrane, thereby
enhancing their uptake.”

Hydrophobicity of surface ligands also determines the life-
span of the NCs in bloodstream. It has been observed that
inclusion of oligo ethylene glycol (OEG) moieties on the surface of
GSH-Au,s NCs increased their circulation half-life by decreasing
its elimination half-life.”* As more and more hydrophobic moi-
eties were added on the surface of ligands, the pharmacokinetics
of Au NCs were changed.”® A detailed analysis of the impact of
hydrophobic ligands on the cellular uptake process was studied
recently by Porret et al®® It was demonstrated that Au NCs
stabilized by the customized zwitterionic ligands with varying
degree of hydrophobicity can prevent the formation of protein
corona and control their insertion into the phospholipid
membrane and their final cellular uptake.

Internalization of the NPs into cells depends on several
mechanisms, such as phagocytosis, pinocytosis, and receptor-
mediated endocytosis.”® The choice of endocytic pathway
depends on the size and surface chemistry of NPs/NCs. As Au
NCs are in <2 nm regime, they would form clusters of NCs on
the surface of cell membrane to initiate the endocytosis
process.’® This process is different from that was observed in
large NPs. Therefore, clustering of NCs can be an efficient
strategy to improve both the circulation time and cellular
internalization of functional NCs.

2.3. Renal clearance

Zwitterionic NCs, especially GSH-protected Au NCs, are marked
for their exceptional renal clearance property.**°”°® Being
ultrasmall in size, even few atom differences in Au NCs may
lead to significant changes in their renal clearance profile.
Recently, Du et al. found that GSH-protected Au;o_q11, AUjs,
and Au,g NCs were retained in the glomerular glycocalyx for
longer time compared to Au,s NCs.”” This is because the
glomerular barrier acts as a size band pass filter rather than a
size cut-off filter for sub-nanometer NCs.'?® Besides the differ-
ences in their atomic number, surface ligand composition and
surface charge also have pronounced impact on the renal
clearance of Au NCs. The effect of ligand length on efficient
renal clearance of peptide-protected Au NCs were studied by
Ning et al.'®" They synthesized cysteine (Cys)-protected and
glycine-cysteine (Gly-Cys)-protected Au NCs of the same core
size with a slight difference in their hydrodynamic diameter
(2.3 £ 0.4 nm). An increase in single amino acid from cysteine
to glycine-cysteine has increased their colloidal stability in the

This journal is © The Royal Society of Chemistry 2020
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physiological conditions with enhanced renal clearance. The
renal clearance efficiency of Gly-Cys-Au NCs is 41.6% injection
dose (ID), which is nearly two-fold higher than the Cys-Au NCs
(~21.5% ID) and it is comparable to GSH-Au NCs (~50% ID) at
24 h post injection.

The effect of surface charge on the renal clearance of Au NCs
is substantiated by Yu et al®' The inclusion of cysteamine
moieties on the surface of GSH-Au NCs (GSH-Cystm-Au NCs)
has decreased their zeta potential from —48.0 mV (GSH-Au
NCs) to —22.1 mV (GSH-Cystm-Au NCs). Decreased surface
negative charges of GSH-Cystm-Au NCs has reduced their renal
clearance efficiency (~10% ID) compared to GSH-Au NCs
(~28% ID) at 1 h post intravenous injection. This highlights
the importance of surface chemistry of Au NCs on their renal
clearance efficiency.

3. Interfacial engineering of Au NCs

The biomedical applications of Au NCs are mainly driven
by their size, functionality, and physicochemical properties.
However, it is often difficult to maintain those features in
biological environment due to the obstacles mentioned in the
above section. In this section, we discuss various interfacial
engineering strategies that can help retain or enhance both
physicochemical and physiological properties of Au NCs in
biological environment.

3.1. Interfacial engineering of Au NCs by choice of ligands

Au NCs with well-defined structure and function can be
achieved by selecting the appropriate ligands. Since ligand
shell will be the first layer of the Au NCs to interface the
biological environment, the nature of the surface ligands or
the surface chemistry of NCs will determine the types of
proteins interacting with the NCs, strength of the interactions,
and their further interactions with cells or cell components. In
the last few years, there are a number of successful attempts
in designing the biocompatible ligands such as thiol-based
molecules, peptides, proteins, polymers, and dendrimers,
demonstrating the potentials in using biocompatible ligands
to prepare Au NCs with the desired attributes.

3.1.1. Small thiol-based molecules. Thiolate ligands have
been used for decades as protecting agents of Au NPs due to
their strong covalent bond with gold.'®> The thiol (-SH) group
of organic ligands or peptides will interact with Au** ions to
form thiolate-Au(1) complexes.'®**** Well-defined Au NCs can
be produced by controlled reduction of these thiolate-Au()
complexes. As the surface chemistry of the NCs plays a major
role in improving their biological interactions, protocols have
been developed to prepare various thiolate-protected Au NCs.
For example, we have developed a sodium hydroxide (NaOH)-
mediated sodium borohydride (NaBH,)-reduction protocol,
through which one can not only obtain well-defined Au NCs
but also vary their surface functional groups (Fig. 2a).'% In this
protocol, NaOH was used to decrease the reducing power of
NaBH, (slow down the rate of the forward reaction) and to

Mater. Horiz., 2020, 7, 2596-2618 | 2599
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Fig. 2 (a) Schematic illustration of NaOH-mediated NaBH4-reduction protocol for the synthesis of thermodynamically stable thiolate-protected Auzs
NCs. (b) UV-Vis absorption (top) and ESI mass (bottom) spectra of the as-synthesized bi-thiolate-protected Au,s NCs. (c) UV-Vis absorption (top)
and ESI mass (bottom) spectra of the as-synthesized tri-thiolate-protected Au,s NCs (here MOA denotes 8-mercaptooctanoic acid; MPA denotes
3-mercaptopropionic acid; and Cystm denotes cysteamine). Reproduced with permission.’°® Copyright 2014, Wiley-VCH.

increase the etching capability of thiolate ligands (push up the
rate of the backward reaction), the balance of which can lead to
the formation of a thermodynamically stable Au,s NC in a short
reaction time (3 h or less). Bi- or tri-thiolate ligand-protected
Au,5 NCs can also be produced by controlling the feeding ratio
of thiolate ligands, as shown in Fig. 2b and c. Therefore, a
surface coverage of Au NCs with rich functional moieties can be
obtained in a facile and scalable manner through our method,
providing an efficient platform for further surface modification
of Au NCs for biomedical applications.

Bi-dentate and multi-dentate ligands (i.e., ligands with mul-
tiple thiol groups) can improve the colloidal stability of Au NCs
in the complex biological media. For instance, bi-dentate lipoic
acid functionalized Au NCs were found to be stable in plasma
for weeks.'*®'%” To improve their circulation time and cellular
uptake in the serum-rich media, Porret et al have designed
ZwMe,, ZwEt,, ZwBuEt, and ZwBu, ligands in the order of
increasing hydrophobicity (Zw: zwitterion conjugated lipoic
acid moiety; Me,: methyl amide linkage; Et,: ethyl amide
linkage; BuEt: butylethyl amide linkage; Bu,: butyl amide

2600 | Mater. Horiz., 2020, 7, 2596-2618

linkage) to synthesize Au NCs (Fig. 3a).”* The hydrodynamic
diameter of the Au NCs was maintained well below the renal
clearance threshold. It was evident that the higher the hydro-
phobicity of the ligand, the better is their colloidal stability in
the serum-rich media with improved cellular uptake. Penetra-
tion of the hydrophobic Au NCs into the phospholipid bilayer
of cell membrane was mainly due to their shift from more
negative zeta potential to a neutral one as the hydrophobicity of
the Au NCs increased. Additionally, PL enhancement toward
near-infrared (NIR) region (em = 780 nm, e, = 500 nm) was
also observed by simply changing the methyl amide group
to the ethyl amide group. However, further increase in hydro-
phobic chain lengths has decreased their PL quantum yield
and increased their cytotoxic effects (Fig. 3b).”* These results
indicate that a fine balance between hydrophilicity and hydro-
phobicity of the surface ligands of Au NCs is an important
consideration for their biomedical applications.

3.1.2. Proteins. Bio-macromolecules, such as proteins or
DNA, can act as templates or multi-dentate ligands for the
formation of Au NCs. Use of these macromolecules as

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Schematic illustration of the thioctic zwitterion molecules (Zw) synthesized using different amide precursors. log P value depicts the degree of
hydrophobicity. (b) Schematic illustration of how the increase in ligand hydrophobicity of Au NCs affects both their physicochemical and physiological
properties. Reproduced with permission.®* Copyright 2017, American Chemical Society.

protecting ligands is advantageous due to their tunable amino
acids or nucleotide sequences, rich functional chemistry, and
good biocompatibility. In particular, proteins gained immense
attention for the synthesis of Au NCs after the pioneering work
by Xie et al.'®® A biomineralization approach was designed to
reduce gold salts within the protein scaffold by utilizing
its intrinsic reducing moieties (side groups of tyrosine and
tryptophan). Under mild reaction conditions (at physiological
temperature of 37 °C and the solution pH was adjusted
to ~12), bovine serum albumin (BSA)-protected Au NCs with
strong red emission at 640 nm (Aex = 470 nm, PL QY ~6%) have
been successfully synthesized (Fig. 4a). The strong Au-S bonds
provided by the cysteine residues of BSA template in combi-
nation with good steric protection of the bulky BSA molecule,
enhanced their stability in extreme conditions (high salt con-
centrations, different pH, and various buffers), facilitating the
in vitro and in vivo biomedical applications of BSA-protected Au
NCs."%® Since then, many interesting works on protein-directed
synthesis of noble metal NCs were reported. For example,
a BSA-based hydrogel network encompassing Au NCs was

synthesized by slightly increasing the pH and temperature.
High resolution transmission electron microscopy (HR-TEM)
confirmed the in situ formation of Au NCs within the hydrogel
network. The shear thinning with moldable feature of the hydrogel
was observed without compromising the NC luminescence.'”
Besides serum proteins, many other proteins such as lysozyme,"*°
pepsin,"*" insulin,"** and globulins,"** have also been used to
synthesize Au NCs.

Rational design of proteins is highly recommended for the
sustainable synthesis of Au NCs. Insertion of pre-defined
cluster coordination sites into the protein scaffold was recently
reported to control the synthesis of Au NCs. For example,
Aries et al. have customized the consensus tetratricopeptide
repeat (CTPR3) protein by inserting two histidine (H in short)
residues to the protein concave surface (so-called H module)."**
Histidine residues act as cluster coordination sites due to their
strong affinity toward noble metals (such as Au in 0 and +1
oxidation state). By combining the H module with the wild type
CTPR3-repeat protein (W) module, three different proteins
CTPR3-WWW, CTPR3-HWW, and CTPR3-WHW were designed

Deslgr\ed metal-binding
module (H)

CTPR3-WWW

gg: + o 0 o Emmm)
Cu,Au, orag Reducing

agent
Protein Metal salt

Designed CTPR3 proteins

CTPR3-HWW  CTPR3-WHW

Protein-NC

Fig. 4 (a) Schematic illustration of protein-directed synthesis of Au NCs. Reproduced with permission.’°® Copyright 2009, American Chemical Society.
(b) Top panel: rational design of CTPR protein by inserting two histidine residues at position 5 and 9, termed as H module. Combination of the H module
with W modules of CTPR protein, three different proteins (CTPR3-WWW, CTPR3-HWW, and CTPR3-WHW) were designed. Bottom panel: schematic
illustration of designed proteins with metal salts and reducing agent for the formation of protein-stabilized NCs (Protein—NC). Reproduced with
permission.* Copyright 2019, Wiley-VCH.
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and further used as templates for Au NC synthesis (Fig. 4b).
While a PL QY of 8.3% was obtained for CTPR3-WHW-protected
Au NCs, negligible PL was observed for other two protein-
protected NCs. This highlights the significance of the strategic
placement of histidine residues on the protein template in
improving their physicochemical properties. Additionally, the
structural integrity of CTPR3-WHW protein was retained after
the synthesis of Au NCs.'** Retaining the structural integrity of
proteins in protein-stabilized Au NCs is important when these Au
NCs were administered into the biological systems. Any confor-
mational change could alter the function of proteins, triggering
the immune response for phagocytic uptake and thereby leading
to long term accumulation and liver necrosis."*>#

3.1.3. Polymers and dendrimers. In addition to bio-
molecules, biodegradable polymers and dendrimers have also
been used to synthesize Au NCs. Polyethylene glycol modifica-
tion (PEGylation) is the most common strategy to impart the
stealth property (high level of hydration of the hydrophilic
polymer backbone that prevents protein opsonization and
improves the systemic circulation) to functional NPs.®” By
optimizing the PEGylation chemistry and extent of PEGylation,
physicochemical properties of PEGylated Au NCs can be improved
for their desired applications. For instance, Aldeek et al. have
appended a series of functional PEG moieties to bidentate lipoic
acid to serve as ligands in the formation of Au NCs.'® By
controlling the molar fractions of gold precursors and ligands,
Au NCs with rich surface coverage have been obtained, showing
improved colloidal stability and enhanced PL properties. Rich
functional groups on the surface of polymers enabled the for-
mation of micelles or hybrid structures. Recently, thiolated
diblock co-polymer (PEG-PNIPAm-SH), consisting of hydrophilic
PEG block and thermosensitive poly(N-isopropyl acrylamide)
(PNIPAm) block, has been used as a stabilizer to form gold-
polymer nanohybrids. When temperature was above the lower
critical solution temperature (LCST) of PNIPAm, a stable micelle
structure with enhanced PL emission (Zeq, = 720 nm, A, = 550 nm)
in NIR-I window was observed (Fig. 5a).'"® Other polymers, such
as poly(N-vinyl pyrrolidone) (PVP),"*° and polyethyleneimine
(PEI),"" have also been used to prepare luminescent Au NCs.
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Dendrimers, a unique class of polymers with well-defined
branched architecture, can also serve as templates for in situ
formation of Au NCs."?* Besides being a passivating molecule,
dendrimers provide immense functionalities in improving the
physicochemical properties of the encapsulated Au NCs. For
example, Zheng et al. was the first to use dendritic polymer,
poly(amidoamine) (PAMAM), to prepare blue-emitting Aug
NCs.'** By stoichiometric mixing of gold salt precursors and
dendrimers, gold ions can aggregate in the dendrimer cavity
and they can be reduced slowly by an equivalent amount of
NaBH, to form both Au NCs and large Au NPs. The Au NCs were
highly luminescent with a QY of ~41%, which is significantly
higher than those Au NCs protected by thiolate ligands.® The
monodispersity of the Au NCs can be controlled by the genera-
tion of dendrimers, gold ion concentration, and the reducing
strength of the reaction system.'”* Recently, time-course
measurements were performed to unravel the formation
mechanism and the origin of PL of PAMAM-ligated Aus; NCs
(poly-Au;).">> A two-stage growth process was revealed, including
stage I of self-nucleation and self-assembly with rapid increase in
PL, and stage II of sole self-assembly with slow increase (<30%)
in PL of Au NCs within PAMAM dendrimer (Fig. 5b). An intense
emission of poly-Aus at 458 nm with QY of 25% was attributed
to two major reasons: (1) self-assembled NCs within PAMAM
dendrimer can enhance the ligand-to-metal-to-metal charge
transfer (LMMCT) from the electron-rich amine (-NH,) of
PAMAM to Au atoms; and (2) poly-Aus also possesses enhanced
aurophilic interactions, which can further promote its excited-state
relaxation dynamics.®”'*° Additionally, poly-Aus nano-assemblies
were found to be biocompatible with good bio-stability in strong
oxidizing and reducing intracellular environment."*®

3.2. Interfacial engineering of Au NCs by ligand exchange
reaction

Surface functionality can be tailored by another dynamic pro-
cess known as ligand exchange reaction. In 1999, Hostetler
et al. have introduced this strategy to add new functionalities to
the alkane thiolate-protected Au NCs."*® This reaction requires
excess amount of incoming ligands to replace the original

Self-assembly

Self-nucleatio
Self-assembly

2.2 Rigidification

of ligand shell

PAMAM % AuNCs :%‘5 Au NPs

Fig. 5 (a) Schematic illustration of in situ formation of Au NCs using (1) lipoic acid and (2) thiol-terminated thermosensitive PEG-PNIPAmM-SH polymer, as
ligands. The micelle formation of polymer-stabilized Au NCs upon heating above the lower critical solution temperature (LCST) is also shown. Reproduced
with permission.**® Copyright 2018, American Chemical Society. (b) Schematic illustration of two-stage growth process of PAMAM-ligated poly-Aus nano-
assemblies with their intense blue emission under UV irradiation. Reproduced with permission.**> Copyright 2018, American Chemical Society.
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ligands on the ligand shell of NCs. Based on the concentration
of the incoming ligands and reaction parameters, either com-
plete or partial ligand exchange can take place according to the
following reaction:

X(R'SH) + Au,(SR),, — X(RSH) + Au,(RS),,_(R'S),

where x and m denote the number of the incoming (R'SH) and the
original (RSH) alkane thiolate ligands, respectively.””® Through
complete ligand exchange reaction, structural transformation of
parent NCs was also possible. For example, Shichibu et al. have
reported complete size and structural transformation of
phosphine-stabilized Au;; NCs to GSH-protected Au,s NCs with
good monodispersity and high yield."*” The mechanism of ligand
exchange induced structural change of parent NCs was later
proposed by George et al.'®® They used bulky incoming ligand
4-tert-butylbenzenethiol (TBBT) to exchange phenyl ethane thiol
(PET) of PET-stabilized Au,; NCs. As TBBT is bulkier than PET,
such ligand exchange reaction transformed the icosahedral Au,s
NCs to the bi-tetrahedron Au,, NCs. The transformation process
and intermediate structures of this ligand exchange reaction were
also tracked by time dependent matrix assisted laser desorption
ionization-mass spectrometry (MALDI-MS)."*® Besides size and
structural transformation of parent NCs, selective functionaliza-
tion of ligand shell is also possible by controlling the nature and
concentration of the incoming ligands. For example, Shibu et al.
have carefully modified the optical properties of GSH-protected
Au,s NCs by a ligand exchange with thiol-containing 2-mercapto-
butanol (MB) (Fig. 6).** The exchanged product, with negligible
change in their core structure, possesses enhanced PL QY in solid
state compared to their parent NCs.

3.3. Interfacial engineering of Au NCs by clustering of NCs to
NPs or nanohybrids

A large number of ligands with various functional groups have
been employed either in the synthesis of Au NCs or in the
ligand exchange reaction. The functionality of these NCs was
often enriched by formation of nanohybrids with other func-
tional NPs. Such functional nanohybrids or NPs can be formed
via either non-covalent or covalent interactions.

3.3.1. Non-covalent interactions. Towards the goal of
enhancing the PL of Au NCs, a series of strategies have been
designed. Aggregation-induced-emission (AIE) through ligand

Ao

M“” NHY g (1) " )-on
D g GSH) . f

Fig. 6 Schematic illustration of ligand exchange reactions of GSH-
protected Au,s NCs 1 with 3-mercapto-2-butanol (MB), producing 2 by
the incorporation of MB in the ligand shell of 1. Reproduced with
permission.>* Copyright 2008, American Chemical Society.
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shell engineering is one such strategy that has gained immense
attention in recent years."**"*" Besides AIE-type Au NCs,*® the PL
of non-AIE-type NCs can also be improved by rigidifying the ligand
shells of Au NCs. For example, silver ions were used to bridge the
staple motifs in the protecting shell of GSH-protected Au,g NCs.
Through this approach, the PL QY of the NCs was increased from
0.37% to ~6.8%."*> Similarly, some efforts on ligand shell rigidi-
fication of Au NCs were also reported.’**™** Though PL QY of Au
NCs was improved, rapid clearance with short circulation half-life
was still one of the major concerns of ultrasmall Au NCs for in vivo
applications. To improve their in vivo biodistribution, clustering of
NCs to NPs or nanohybrids was found to be an efficient approach.
The formation of nanohybrids/NPs through non-covalent interac-
tions by adopting either self-assembly or host-guest recognition
approaches are explained below.

3.3.1.1. Self-assembly. Spontaneous association of func-
tional molecules into a structurally well-defined aggregate
through non-covalent bonds is termed as self-assembly."*®
Self-assembly occurs at all scales, and biology has numerous
self-assembled nanostructures (e.g., DNA macromolecules).
A diverse range of non-covalent interactions, such as electrostatic
interactions, hydrogen bonding, hydrophobic interactions, van
der Waals forces, and dipole-dipole interactions, can be used to
stabilize the nanostructures."*”'*® Such a powerful approach is
becoming an emerging strategy in cluster community for the
formation of nanohybrids/NPs with improved physicochemical
and physiological properties. As Au NCs can act as nano-ions,
electrostatic interactions between surface ligands of Au NCs and
macromolecules can play a dominant role during the self-
assembly process in aqueous media. For example, our group
have applied a cationic polysaccharide, namely chitosan of
medium molecular weight, to self-assemble ultrasmall negatively
charged GSH-Au NCs."*® By optimizing the parameters such as
molar ratio of chitosan and NCs, solution pH, temperature, and
reaction time, a highly luminescent Au NCs-impregnated nano-
gel was obtained. These nanogels were about 200 nm in size
(hydrodynamic diameter), and showed ~ 3.7-fold increase in PL
compared to Au NCs without chitosan (Fig. 7a(i) and (ii)). The
presence of Au NCs within the chitosan nanogel was evident
from the TEM images (Fig. 7a(ii)). The reason for PL enhance-
ment of Au NCs-impregnated nanogel is the spatial confinement
of Au NCs within the nanogel matrix (Fig. 7a(iii)~(v))."** In
addition to the enhanced PL, the as-formed nanogel might also
increase the acceptance of Au NCs in bioimaging and other
biomedical applications, as they could elongate the circulation
lifetime of Au NCs in the biological system. Another biocompa-
tible cationic polymer, namely poly(allylamine hydrochloride)
(PAH), was also used for the self-assembly of ultrasmall GSH-Au
NCs. The as-synthesized nanogel possessed pH-based swelling—
shrinking property, extending their utilization as stimuli-responsive
drug nano-carriers."*’

Besides polymers, ultrasmall Au NCs can also be encapsu-
lated into porous materials, such as metal-organic framework
(MOF)"*"*? and mesoporous silica NPs."**'** For example,
GSH-Au NCs were aggregated in the presence of weakly polar
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Fig. 7 (a) Formation of highly luminescent thiolated Au NCs self-assembled in nanogel. (i) Comparison of PL intensity of GSH-Au NCs with (red) and
without (black) chitosan; (ii) TEM image of the as-formed nanogel; (i) schematic illustration of individual AIE-type GSH-Au NCs, where the outer surfaces
of ligands are free to rotate or vibrate in solution; (iv) GSH-Au NCs within chitosan nanogel, showing amplified AIE through matrix-coordination;
(v) electrostatic interaction between negatively charged inidividual GSH-Au NCs and positively charged chitosan, restricting their rotational or vibrational
motion in solution. Reproduced with permission.**® Copyright 2016, American Chemical Society. (b) Schematic illustration of water evaporation induced
Au NCs self-assembly process in a water-DMSO binary solvent. Reproduced with permission.**® Copyright 2018, American Chemical Society.

solvents (e.g., methanol, ethanol, and isopropanol), leading
to the formation of aggregated Au NCs. Based on the AIE
phenomenon, the aggregated Au NCs showed higher PL inten-
sity. To further enhance the stability of the aggregated Au NCs
in biological environment, they were encapsulated into MOF
(zeolitic imidazolate framework-8 (ZIF-8)) by coordination-
induced self-assembly (interaction between Zn>* ions and
organic ligands of Au NCs). Due to the pH-dependent dissocia-
tion of ZIF-8 matrix, the aggregated Au NCs were released under
the acidic pH (endosomes/lysosomes, where pH is ~5-6) for
real-time monitoring of intracellular events.'*!

As discussed above, cellular internalization is an important
aspect in biomedical applications. Higher internalization leads to
better performance of the therapeutic material. The commonly
known cellular internalization pathways are phagocytosis, macro-
or micro-pinocytosis, and receptor-mediated endocytosis.
Inspired by the invasion of pathogens into the host cells through
macro-pinocytosis,'*® Zhang et al. have constructed a template-
free assembly of GSH-protected Au,, NCs as super-gold NC
assemblies (SGNCs)."*® By simply evaporating water molecules
in a binary solvent mixture containing water and dimethyl sulf-
oxide (DMSO) or by dialyzing the GSH-Au,, NCs against DMSO,
dynamic intermolecular hydrogen bond interactions between
GSH-Au NCs and mixed solvent were controlled to form micro
to meso scale assemblies (Fig. 7b). Addition of folic acid moiety to
SGNCs enabled their entry into cancer cells through macro-
pinocytosis in a receptor-dependent manner similar as viral
pathogens.’*® The presence of rich surface functional moieties
on the NC surface serves as a promising class of building blocks to
scale up into superstructures for biomedical applications.

3.3.1.2. Host-guest chemistry. Host-guest chemistry describes
the complexation of guest molecules by the host molecules in a
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highly controlled and cooperative manner."®'*” Host-guest
complexation is abundant in nature, such as antigen-antibody
interactions, receptor-ligand binding, enzyme-substrate selec-
tivity, and carbohydrate-protein complexes. This specific,
dynamic, bio-orthogonal chemistry provides a powerful
paradigm of supramolecular chemistry by serving as building
blocks of hierarchical nanostructures.**'*® The most common
host-guest pair for biomedical applications (e.g., biosensing
and bio-labelling) is biotin-avidin pair."*>"" For example,
Chen et al. have designed biotin-avidin complexation to form
Au NCs-based dual emission fluorescent NPs (DEFNs).'”?
Biotinylated Au NCs were decorated on the surface of
streptavidin-modified silica NPs, forming a crown-like NP
assembly. The high association constant, K, (K, = 10> M~ ') of
biotin-avidin pair through multiple non-covalent interactions
(e.g., hydrogen, hydrophobic, and van der Waals forces)
improved the stability of DEFNs even in those serum-rich
media. In a separate work, the lock and key principle of this
biotin-avidin pair enabled self-assembly of avidin-modified Au
NCs on the biotinylated cancer cell membrane for the amplified
detection of cancer cells.">?

Host-guest chemistry also provides a good design platform
for thiolate-protected Au NCs as a drug carrier. Recently,
Li et al. have synthesized pentapeptide (GSHaa, where aa is
p-alanine-p-alanine termini) protected Au NCs to load vanco-
mycin (an antibiotic drug against Gram-positive bacteria) on its
surface.”> By utilizing the specific monovalent host-guest
interaction of vancomycin with the terminal peptide p-alanine—
p-alanine of GSHaa-Au NCs (K, = 2.67 x 10* M%), efficient
loading of vancomycin was reported.'*"'*> Besides mono-
valent host-guest system, multivalent host molecules such
as B-cyclodextrin (B-CD) can also be conjugated to the surface
of Au NCs.”®"” B-CD is a cyclic oligosaccharide with a
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Fig. 8 Schematic illustration of formation of AuzgS,(SAdm),on (B-CD), conjugate. The host—guest interaction of B-CD with adamantane ligands is
shown in red and blue (right side of the arrow). Other adamantane ligands are shown in white (left side of the arrow). Gold atoms are shown in yellow,

sulphur atoms in green, carbon atoms in white and blue, and oxygen in red. All hydrogen atoms are omitted for clarity. Reproduced with permission.

Copyright 2016, Royal Society of Chemistry.

hydrophobic inner cavity and hydrophilic exterior, which
possesses specific binding to various guest molecules (e.g,
adamantane, azobenzene, cholesterol, and ferrocene), forming
a stable host-guest complex.®® For example, Yan et al
have synthesized adamantane-thiolate-protected Au NCs
(AuzgS,(SAdm),,, where ~SAdm is adamantane-thiolate ligand),
which showed specific binding toward -CD compared to o-CD or
¥-CD." Two of the adamantane ligands geometrically fit inside
the two of the B-CD cavities, forming AusgS,(SAdm),on (B-CD),
conjugate by restricting the conjugation of other adamantane
ligands due to the steric hindrance (Fig. 8). p-CD-adamantane
conjugate improved the stability of the NCs even in harsh
environments (highly oxidative or reductive environment) by
blocking their charge transfer. These host-guest systems possess
immense potential as building blocks in biomedical applications,
such as drug delivery system and self-healing materials.

3.3.2. Covalent conjugation. Though Au NCs are ultrasmall
in size and could be passively accumulated inside the tumor
site through the EPR effect (passive targeting), active targeting
of NCs is found to possess higher cellular internalization."®
Many targeting molecules, such as folic acid,"®" cell penetrating
peptides,'®* antibodies,” and aptamers,'®® have been success-
fully conjugated to Au NCs to specifically bind to receptors or
binding moieties on the targeted sites. The most common
chemical conjugation protocol is carbodiimide coupling,
using 1-(3-dimethylaminopropyl)-3-ethylcarbodiimmide (EDC)
hydrochloride as a crosslinker. Activation of carboxyl moieties
using EDC and then coupling with amine-containing molecules
leads to the formation of strong amide bonds. Besides the
targeting moiety, drugs,'®* fluorescent dyes,'®> and computed
tomography (CT) contrast agents,'®® can also be conjugated
onto Au NC surface for its better functionality. For instance,
Ding et al. have covalently conjugated a chemotherapeutic
agent, thiolated doxorubicin (DOX-SH) and a tumor homing
peptide (cyclic arginine-glycine-aspartate (cRGD)) onto the
surface of BSA-protected Au NCs, and the resulting DOX/RGD-
BSA-Au NCs nanocomposites were used as nanocarriers.'®’
First, the covalent conjugation between cRGD and BSA-
protected Au NCs was achieved through EDC coupling to target
ovP3 integrin receptors overexpressed on the cancer cells.'®®'¢°

This journal is © The Royal Society of Chemistry 2020
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Then, to further conjugate DOX-SH to RGD-BSA-Au NCs, a
water-soluble hetero-bifunctional crosslinker N-succinimidyl-
3-(2-pyridyldithio) propionate (SPDP) was used to couple sulf-
hydryl moiety of DOX-SH and amine groups of BSA. The
formation of irreversible bonds through covalent conjugation
improved the stability of chemotherapeutic drugs in the
complex biological media. Thus, bio-conjugation of Au NCs
possesses immense potential in overcoming biological barriers
to finally meet its desired functionalities.

4. Biomedical applications of surface-
engineered Au NCs

Surface-engineered Au NCs have gained increasing interests
among scientific communities due to their improved physico-
chemical and physiological properties, such as high stability in
biological media, good biocompatibility, strong PL, and low
toxicity. In this section, we highlight some applications of these
surface-engineered Au NCs in several important biomedical
sectors.

4.1. Intracellular biosensing and bioimaging

Imaging dynamic processes at cellular, sub-cellular and mole-
cular level in real-time enables early detection and treatment
of deadly diseases like cancer.'””"”" Fluorescence imaging (FI)
is getting an immense attention in recent years due to the
development of high quality fluorescent probes.'”>'”® Semi-
conductor quantum dots have played a leading role as bio-
imaging probe but they suffer from inherent cytotoxicity.'”*
As noble metal NCs possess good biocompatibility with
good photo-stability, strong luminescence with microsecond
luminescence lifetime, large Stokes shift (>200 nm), and near-
infra red (NIR) emission, they are a promising class of lumi-
nescent materials for bio-related applications. For example,
self-quenched BSA-protected Au NCs (Sq-Au NCs) (lumines-
cence quenched due to the incorporation of disulphide bonds
using dithiobis(succinimidyl propionate) (DSP) to aggregate
BSA-Au NCs) were used for intracellular imaging of GSH."”
An abnormal level of GSH (usually between 2-10 mM range)

Mater. Horiz., 2020, 7, 2596-2618 | 2605


https://doi.org/10.1039/d0mh00827c

Published on 16 July 2020. Downloaded on 5/9/2024 12:38:46 PM.

Materials Horizons

serves as a biomarker for early stage detection of cancer. Upon
treatment with millimolar concentration of GSH, the fluores-
cence of Sq-Au NCs was turned-on by the cleavage of the
disulphide bonds using GSH, in a time and concentration
dependent manner. When four kinds of cells namely, HepG-2,
MCF-7, SCC-7, and Balb/3T3, were incubated with 0.2 mM
Sq-AuNCs, the intracellular GSH concentrations were detectable
with limits of detection of 1.00 + 0.07, 1.10 £+ 0.09, 1.43 + 0.10,
and 0.25 + 0.01 mM, respectively.'”> Other ligand-protected
Au NCs, such as 4,6-diamino-2-mercaptopyrimidine (DAMP)-
protected Au NCs, have also been used to selectively detect GSH
intracellularly.'”® Another important parameter that dictates
the physiological state of the cell is temperature. Cancer cells
possess higher intracellular temperature compared to normal
cells due to their higher rates in metabolism."”””'’® In this
context, a thermo-responsive green-emitting 6-aza-2-thiothymine
(ATT)/arginine (Arg)-stabilized Au NC (ATT/Arg-Au NC) was used
to probe the intracellular temperature of osteosarcoma MG-63
cells.’”® Both PL intensity and lifetime decreased gradually as
temperature increased from 15 to 50 °C without any shift in their
emission maxima. Significant increase in non-radiative recom-
bination rate, k,, (calculated using the equation k,, = (1 — QY)/,
where 7 is average lifetime) of ATT/Arg-Au NCs with negligible
change in their radiation recombination rate, k; (k; = QY/1)
was observed as temperature increased. Additionally, this
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Au NCs-based intracellular nano-thermometer has shown rever-
sibility without observable hysteresis in several cycles of heating
and cooling, highlighting its thermal- and photo-stability in the
complex biological environment.

In addition to higher intracellular GSH concentration
and temperature, cancer cells are also marked with specific
antigens overexpressed on their membranes. Recently, a self-
assembly based signal amplification strategy for specific detec-
tion and imaging of cancer cells was demonstrated."® Jiang
et al. have synthesized dual-ligand-protected Au NCs, which
were further modified with streptavidin (SA) and biotin
moieties to form Au NC-SA and Au NC-biotin. When Au NC-
SA and Au NC-biotin were incubated with biotinylated antibody
labelled MCF-7 breast cancer cell line, controlled agglomera-
tion of Au NCs on the surface of cancer cell membrane
was observed (Fig. 9a). Through supramolecular interactions
of SA-biotin moieties, intense green emission with high signal-
to-noise ratio was seen mostly on the surface of the membrane.
By utilizing the large two-photon absorption (TPA) and long PL
lifetime of Au NC-SA and Au NC-biotin, multi-modal images of
MCF-7 cells were reported with minimized auto-fluorescence
and better spatial resolution (Fig. 9b).

Though PL imaging is a non-invasive and powerful tool, it
might be difficult to generate the detailed anatomical informa-
tion solely through PL. By combining with other macroscopic
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Reproduced with permission.!>* Copyright 2019, American Chemical Society.
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imaging modalities such as computed tomography (CT), mag-
netic resonance imaging (MRI), and photoacoustic imaging
(PAI), the utility of optical imaging data can be greatly
improved. CT is the most used diagnostic tool due to its low
cost and good spatial resolution. Au NCs possess inherent
characteristics of good CT contrast agent due to the high
X-ray attenuation coefficient and large atomic number (Z = 79)
of Au atoms. Thus, Au NCs acting as dual-modal imaging probe
(PL and CT) was demonstrated by Wu et al.'** Orange-emitting
Au NCs from the confocal laser scanning microscopy (CLSM)
images revealed the intracellular accumulation of Au nanocom-
posites (aggregated Au NCs encapsulated into polyacrylic acid/
mesoporous silica shell). On the other hand, animal studies
manifested good CT contrast with better signal-to-noise ratio."**
MRI has been utilized to improve spatial resolution in deep
seated tumor. In addition to CT and MRI, PAI can also be
combined to analyze the pathophysiological status of tumor
such as micro-vessel density and oxygen saturation status. For
example, Liu et al. have synthesized stimuli-responsive Au NCs
decorated porous manganese monoxide nanocomposites
(MnO@Au) for trimodal imaging of tumor-bearing mice."®® In
response to acidic pH within tumor microenvironment, Mn>*
ions were dissociated from the nanocomposites and diffused
randomly inside the tumor (Fig. 10a). As Mn** ions are good
MRI contrast agents, the interior of tumor was imaged and
analyzed using T;-weighted MRI image (T;-weighted image is a
pulse sequence in MRI, based on short repetition time (TR) and
echo time (TE) of radiofrequency (RF) pulses). Contrast and
brightness of T;-weighted image depends on T relaxation time
of tissues, where short T; appears bright and long T, appears
dark. Here, Mn?®" ions shorten the T, relaxation time of the
tissues, thereby enhancing the contrast of the T;-weighted
image. The presence of Au NCs in the outer layer of MnO
nanocomposites delays the release process of Mn>" ions,
thereby widening the diagnostic time frame. The delay in
the T;-weighted MRI image of MnO@Au is obvious by the
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appearance of bright signal at 24 h (Fig. 10b). Additionally, as
Au NCs are good CT contrast agents, significantly enhanced
Hounsfield scale (HU) values (depict the grayscale in CT ima-
ging with values from —1000 to +3071 HU based on X-ray
attenuation coefficient of tissues) were observed on the tumor
site with detailed anatomical information (Fig. 10a). The effi-
cient NIR absorption of MnO@Au nanocomposites enhanced
the photoacoustic imaging depth for visualizing tumor micro-
vasculature (Fig. 10c)."®® Within 2 hours post-intratumoral
injection of MNO@Au nanocomposites, a strong photoacoustic
signal intensity was observed with 1.8-fold higher than that
of the PBS-treated sample, illustrating the effectiveness of
MnO®@Au nanocomposites in multimodal imaging.

Recently, fluorescence imaging depth of Au NCs were signifi-
cantly improved by tuning the PL to NIR-II/shortwave infrared
(SWIR) window of 900-1700 nm.'®"*8? The emission of atom-
ically precise Au,s; NCs centered at 1120 nm has allowed the
long wavelength photon to cross the biological barrier and
penetrate the deep biological tissues, remarkably improving
the spatial resolution. By combining with dynamic imaging
modalities, precise location of impaired blood vessels in brain
tissue of the mice were identified. Additionally, real-time
monitoring of cancer metastasis was performed by Au,s; NCs
mediated NIR-II imaging. Higher uptake of Au,;s NCs in tumor
induced region of the mice was observed in less than 30 s. After
5 min of injection, the primary tumor and metastatic region were
clearly seen with significant uptake of Au,s NCs (~10.5 times
higher than that of the normal tissues). Principal component
analysis (PCA) was found to be useful in analyzing the time
course imaging data, which can clearly distinguish between the
primary tumor, blood vessel, and metastatic region.'®

4.2. Theranostic applications

4.2.1. Chemotherapy. The treatment strategies for many
diseases (e.g., cancer) highly depend on the extent of the disease
(staging) and the clinical state of the patients. The well-designed
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Fig. 10 (a) Schematic illustration of endocytosis of MNO@Au nanocomposites and their pH responsive MR/CT/PA imaging applications. (b) Time
dependent T;-weighted MRI images of tumor-bearing mice after intratumoral injection of 50 pL of 2 mg mL™* MnO@Au (upper row) and MNO@DMSA
(lower row). (c) The in vivo PAl image of tumor-bearing mice after intratumoral injection of 200 ulL of 2 mg mL~* MnO@Au (upper row) and PBS (lower
row). Reproduced with permission.’®® Copyright 2018, The Royal Society of Chemistry.
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Au NC probes discussed above help in the staging of the disease.
In this context, Au NCs-based sub-cellular targeted therapy of
cancer is highly feasible. Mitochondrial targeting of nanomaterials
has become a hot area of research in cancer theranostics due to
its capability in controlling the programmed cell death termed
“apoptosis”.'®® Recently, by changing the ligands on the surface
of Au NCs, specific mitochondrial targeting was achieved. For
example, Yang et al. have tuned the fate of Au NCs intracellularly
by replacing GSH ligand with (4-mercaptobutyl)triphenyl phos-
phonium bromide (MTPB) on Au,4(SG);4 NCs through a ligand
exchange method."®* The MTPB-substituted Au;s NCs showed
higher accumulation into mitochondria, while the unmodified
Au;4(SG)y4 NCs preferably accumulated in lysosomes. Anti-tumor
effect of Au NCs has also been tuned based on its preferential
intracellular localization. For instance, Zhai et al. have synthe-
sized two types of peptide-protected Au NCs namely, AusPeptide;
and Au,,Peptide,,, and tested on epidermal growth factor recep-
tor (EGFR)-positive nasopharyngeal carcinoma cell line (CNE1)
and EGFR-negative breast cancer cell line MCF-7.'% The peptide
used here is H,N-YHWYGYTPQNVI-KKKKYCC-COOH, where
YHWYGYTPQNVI serves as EGFR targeting sequence, and YCC
is designed for the capture of gold ions, while KKKK is to
increase the stability of the peptide. AusPeptide; showed
~50% cell death on EGFR-positive CNE1 cell line in 24 h and
almost completed eradication in 48 h (treated with Au atom
concentration of 80 uM). Au,,Peptide;y, on the other hand,
showed no killing effect regardless of EGFR-positive or
-negative cell lines. When the targeting peptide is replaced by
BSA on the surface of Aus NCs, no cytotoxicity was observed. This
data highlights the need for targeting moiety on the surface of
Aus NCs to enable cellular penetration and its corresponding
cytotoxic activity. Structured illumination microscopy (SIM)

@)
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and TEM images (Fig. 11a and b) illustrate the presence of
AusPeptide;NCs in mitochondria, thereby showing selective
apoptosis of Aus; NCs over Au,, NCs (accumulated in lysosomes)
through the mitochondria dependent pathway. Upregulation of
pro-apoptotic protein and downregulation of anti-apoptotic
protein were observed in a concentration dependent manner
of Aus NCs (0-80 uM). Dose dependent in vivo anti-tumor
effect of AusPeptide; NCs and free peptide on CNE1 tumor
xenograft model of nude mice are shown in Fig. 1lc. The
change in tumor volume in AusPeptide; treated mice is seen
in time and dose dependent manner. After 10 days of treat-
ment, lower dose of AusPeptide; could not suppress the tumor
growth.'® This may be due to the rapid renal clearance of
Au NCs.

4.2.2. Photodynamic therapy (PDT). Photodynamic therapy
involves the use of photosensitizers as a therapeutic molecule
that gets activated by appropriate wavelength of light and
produces reactive oxygen species (ROS) in the presence of
oxygen. Various ROS species, such as singlet oxygen (*0,), super-
oxide (O,"), peroxide (H,0,), and hydroxyl radical (OH ), can
cause localized oxidative damage to DNA and other macromole-
cules when photosensitizers were taken intracellularly."®® Photo-
sensitizers are usually non-toxic molecules but when they were
triggered by a specific wavelength of light, the valence electrons
would jump from the ground state to the singlet excited state,
which then undergo an intersystem crossing to a long lived
triplet excited state. ROS can be generated either through the
electron transfer from long lived triplet excited state of photo-
sensitizers to molecular oxygen (type I reaction pathway) or
through the energy transfer to triplet state of oxygen (type II
reaction pathway).'®” PDT is mainly targeting at the tumor sites
where surgery is not possible.'®®
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Fig. 11 (a) The structured-illumination high resolution images of CNE1 cells: (i) treated with AusPeptides (80 uM Au, 24 h), (i) followed by mitotracker
stained image, and (iii) the merged image. (b) TEM images of CNEL1 cells: (i) treated with AusPeptides at 80 uM Au for 24 h, (ii) control cells, and (iii) the
higher magnification image of AusPeptides treated cells. (c) (i) The in vivo antitumor effect of AusPeptides NCs and free peptide on CNE1 tumor bearing

nude mice, (ii) their corresponding tumors removed from the mice of four different groups (from left to right: saline group, free peptide of 110 mg kg

-1

treated group, AusPeptides of serial dosage of 10 mg kg~* and 15 mg kg~ treated groups), (iii) the average body weight, and (iv) average tumor volume of
four groups of nude mice taken at different time points. Reproduced with permission.’®®> Copyright 2018, American Chemical Society.
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Ultrasmall Au NCs possess unique photo-physical proper-
ties, such as large two-photon absorption cross section,
NIR emission, long lived triplet states, and good QYs, which
can be used to construct photosensitizers for PDT.'®® Several
Au NCs, such as captopril-protected Au,s NCs, have been used
to produce singlet oxygen ('0,) species under visible/NIR
irradiation.">'®' The photochemical reactivity of Au NCs was
analyzed by Sakamoto et al, where different sized Au NCs
embedded in a polymer film showed different performance in
the presence of oxygen and light."*> Single molecule fluores-
cence spectroscopy study revealed that spin multiplicity of
excited state (either singlet or triplet state) of Au NCs plays a
major role in their photochemistry.'®> Recently, these findings
were substantiated by thorough analysis of three different
metal NCs namely, GSH-protected Au,s; and Ag;, NCs and
hexane-thiol-protected Au,,; NCs, for their 'O, generation
efficiency.'® Au,,4 showed two times higher in magnitude of
0, generation compared to the other two NCs, and they were
several orders of magnitude higher than those generated by
larger NPs. The high efficiency 'O, generation of Auy4, NCs is
due to its high absorption cross-section to volume ratio with
increased triplet excited state populations (Fig. 12a). The
ligands on Au,44 NCs can be another reason for its enhanced
'0, generation compared to Au,s and Ag;,. Moreover, PDT of
Au NCs was explored by using GSH-protected Au,s NCs due to
its good water solubility. Two-photon excitation (800 nm laser
source) of Au,s NCs treated mouse fibroblast cells showed cell
necrosis in less than 15 minutes (Fig. 12b).'**

Some recent studies also demonstrated that Au NCs can
improve the singlet oxygen generation capability of organic
photosensitizers. For example, lipoic acid-protected Au;g NCs
can be conjugated with protoporphyrin IX (PPIX) (denotes as
PFL-Au NCs), which showed an improved 'O, yield (~ 80%)
compared to the PPIX alone (~63%) upon laser irradiation at
530 nm. It was suggested that the enhanced charge transfer
between Au NCs and PPIX is the reason for improved singlet
'0, generation of PFL-Au NCs."® Since these Au NCs showed
fast renal clearance, they are often co-assembled with polymers
or other molecules. The self-assembly of ultrasmall GSH-Au
NCs with protamine and hyaluronic acid polymers, increased
the blood circulation time, as well as improved the PL QYs and
the singlet oxygen generation of Au NCs.'®*

(b)

Cell necrosis

Au,,, >>AuNP Cell + nanocluster

Fig. 12 (a) Schematic illustration of higher 'O, generation of Auiss NCs
compared to Au NPs, (b) two-photon excited fluorescence microscopy
image of mouse fibroblast cell treated with 400 mg mL™ of GSH-
protected Au,s NCs. Reproduced with permission.?® Copyright 2017,
American Chemical Society.
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For in vivo PDT applications, near-infrared II (NIR-II) light is
recommended in order to avoid absorption and auto-
fluorescence by tissue. NIR-II light activated PDT of Au NCs
was recently demonstrated in vivo by Chen et al'°® Human
serum albumin (HSA)- and catalase-protected Au NCs (Au
NCs@HSA/CAT) can convert tumor endogenous hydrogen per-
oxide (H,O,) to oxygen. Under NIR-II light irradiation, the
in situ generated oxygen was converted to singlet oxygen by
Au NCs, which in turn helped to eradicate the tumor (Fig. 13a).
While the in vitro singlet oxygen generation efficiency of Au
NCs@HSA/CAT under 1064 nm irradiation was lower than the
organic photosensitizer - chlorin e6 (Ce6), their capability
of producing singlet oxygen in deep tumor was appreciable
(Fig. 13b). It was evident that after covering Ce6 with 3 mm and
10 mm thick pork tissues, their efficiency was significantly
reduced. Whereas at a similar condition, Au NCs can still
produce singlet 'O, and thus eradicated the targeted cells
efficiently. Deeper tissue penetration of NIR-II light and
subsequent photosensitization of Au NC nanocomposite can
explain its superior killing efficacy.

PDT destroys cancer cells and damages associated molecular
patterns (DAMP) behind, which in turn triggers host immune
response to selectively uptake those DAMPs.'”” As majority
of tumors would develop immune-suppressive environment,
combinatorial therapy of PDT with chemo-immunotherapy
can eradicate malignant cells by preventing further metastasis.
Recently, Yu et al. have combined immune checkpoint inhibitor
with photosensitizers and chemotherapeutic drug - paclitaxel, to
trigger immune response and exert anti-tumor effect.’*®

4.2.3. Radiotherapy (RT). More than 50% of cancer patients
receive either radiotherapy (RT) alone or combined chemo-
radiotherapy.’® RT involves the use of high energy ionizing
radiations to impart its biological effects on tumor cells.**
Though RT is efficient in tumor eradication, there are several
challenges to overcome. They are: (1) damage to the healthy cells
during the treatment process; (2) hypoxic nature of tumor micro-
environment (TME), leading to insignificant ROS production;
and (3) higher intracellular anti-oxidant (e.g., GSH) concen-
tration that neutralizes the effect of free radicals, and the
combined effects of which have rendered tumor cells radio-
resistant.**"*°> A number of nanomaterials have been used to
overcome the above limitations. Due to the high atomic number
of gold (Z = 79), Au NPs were studied for decades as an efficient
radiosensitizer. Au NPs exhibited strong adsorption, scattering
and re-emitting capability of radiation, which is effective in
locally increasing the radiation effects.” All these unique features
can facilitate the translation of Au NPs from bench to clinical
trials. However, the poor clearance efficacy of Au NPs from
the body represents a major obstacle for their clinical applica-
tions. To circumvent this issue, the ultrasmall Au NCs have
emerged as a promising class of radiosensitizers with good
pharmacokinetic properties.®*°3>°* Recently, atomically precise
alkynyl(levonorgestrel)-protected Aug NCs showed good radio-
sensitizing effects, leading to irreversible apoptosis of tumor
cells. Aug NCs with an X-ray dose of 4 Gray (Gy) showed
significant tumor inhibition ratio of 74.2% (due to localized
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Fig. 13 (a) Schematic illustration of the synthesis of Au NC@HSA/CAT
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nanocomposites and its 'O, generation under NIR-II light irradiation.

(b) Schematic illustration of the experimental design, where samples were blocked by pork slices of varied thicknesses (0, 3, and 10 mm thick pork
slices) and irradiated by 660 and 1064 nm laser source with the same power density. Reproduced with Permission.!® Copyright 2018, Springer Nature.

production of ROS by Au NCs) compared to tumors irradiated
with X-ray alone.'® The choice of surface ligands plays an
important role in exerting Au NCs radio sensitivity. In this
context, the radiotherapeutic potential of arginine-modified
glutathione-protected Au NCs (GSH-2Arg-Au NCs) and GSH-
passivated Au NCs (GSH-Au NCs) was compared on US7MG
human glioblastoma 3D spheroid model.**® It was observed
that though GSH-2Arg-Au NCs has shown 4-fold increase in
spheroid uptake when compared to GSH-Au NCs, the radio-
sensitization of GSH-2Arg-Au NCs on decreasing the spheroid
viability was lower than that of GSH-Au NCs treated sample. The
plausible reason for such passivating effects on radiotherapeutic
activity might be the formation of extracellular aggregates of
GSH-2Arg-Au NCs when compared to homogenous distribution
of GSH-Au NCs throughout the micro tumors.

Targeting capacity of radiosensitizers is an important con-
sideration to selectively impart its efficacy to the tumor specific
region. Recently, Au,s NCs were designed as radiosensitizers
specifically for targeting the prostate cancer cells.?*® Custom-
designed peptide-tagged prostate specific membrane antigen
targeting ligand (CY-PSMA-1, here CY denotes cysteine and
tyrosine) protected Au,s; NCs (CY-PSMA-1-Au,s NCs) were
synthesized for targeting PSMA receptor positive cancer cells
(PC3pip). As a control study, a PSMA receptor negative cell line
(PC3flu) was used. Gold content in each set of cells was analyzed
using ion coupled plasma mass spectrometry (ICP-MS), which
suggests that PC3pip cells had almost a two-fold higher Au content
than that of PC3flu cells. Due to such high Au content, the ROS

2610 | Mater. Horiz., 2020, 7, 2596-2618

production in PC3pip cells upon irradiation was ~ 3.3 times more
than that of PC3flu cells, indicating the role of cell-specific inter-
nalization of Au NCs. Additionally, these CY-PSMA-1-Au,5 NCs were
cleared rapidly from the body within 3 h post injection.

Another serious issue faced by radiotherapeutics for decades is
radio-resistance. Radio-resistance is mainly caused by oxygen
depletion and higher GSH intracellular concentration.’®®> To
address this challenge, a recent study designed BSA-Au-MnO,
nanocomposite using the biomineralization approach, where
MnO, served as a catalyst for converting tumor endogenous H,O,
to oxygen.”®” Au NCs on the other hand, acted as radiosensitizers by
absorbing and depositing X-ray energy within tumors to enhance
radiotherapy. The acidic tumor micro-environment triggered dis-
sociation of MnO, from the nanocomposite, thereby releasing
ultrasmall BSA-Au NCs within tumor (Fig. 14a). Intra-tumor pene-
tration of these NCs can enhance the radio therapeutic perfor-
mance, as shown in Fig. 14b and c. Tumor growth curves of
transplantable tumor 4T1 bearing mice were divided into 6 groups
based on the treatment they received. BSA-Au-MnO, nanocompo-
site with 6Gy radiation has reduced the tumor volume many folds
than that of the untreated group or radiation alone group.>*” This
data highlights the importance of developing multifunctional
composites with Au NCs as one of the key components to tackle
some of the existing problems in cancer radiotherapy.

4.3. Antibacterial application

Antibiotic resistant bacterial infections are now becoming a
worldwide threat.>°® Use of nanomaterials as an alternative to
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Fig. 14 (a) Schematic illustration of tumor responsive degradation of larger BSA-Au-MnO, NPs to smaller ones allowing hypoxia relief and intra-tumor

penetration. (b) Tumor growth curves of 6 groups of transplantable tumor cell line (4T1) bearing mice consists of untreated control, intravenously
injected BSA-Au-MnO, treated group, x-radiation (6Gy) alone, intravenously injected BSA-Au or BSA-MnO, or BSA-Au-MnO, with radiation (6Gy)
treated groups. (c) Photographs of corresponding tumors after 12 days of treatment of all 6 groups. Reproduced with permission.2®” Copyright 2017,

Royal Society of Chemistry.

conventional antibiotics has received increasing attention due
to the wide-spectrum antimicrobial action of various NPs. Since
antibacterial mechanism of NPs is not specific, the probability
of bacterial resistance is lower than the conventional
antibiotics.”** Among various NPs, silver NPs have been studied
the most. The effects of size, shape, surface coating of Ag NPs
on their antimicrobial efficacy were analyzed in detail.>'*>"
The application of Ag NCs in antibacterial therapy is an
important area of research. On the other hand, though Au
NCs were being used in radiotherapy, PDT or other biomedical
applications, the inherent antibacterial Au NCs were rarely
reported. Recently, our group explored the antibacterial
potential of MHA-protected Au,s NCs on both Gram-positive
and Gram-negative strains.'® In particular, Au NCs can sup-
press more than 90% of Gram-positive Staphylococcus aureus
strains with slightly lower killing efficacy on Gram-negative
Pseudomonas aeruginosa after 2 hours of treatment. This
difference may be due to the bulky cell membrane envelope
in Gram-negative bacteria compared to Gram-positive ones.
Our group also explored the antibacterial potential of large
sized MHA-protected Au NPs to understand the core-size effect
on bacterial strains. It was observed that even with ~ 15-fold
increase in Au NP concentration with respect to Au,s NCs, only
8% Kkilling efficacy on S. aureus strains was achieved. In a more

This journal is © The Royal Society of Chemistry 2020

recent study, we have also studied the effect of surface charges
of ultrasmall Au NCs on their antibacterial efficacy.>’® SYTOX
green nucleic acid staining dye, which is a cell membrane
impermeant dye able to enter into dead cells with ruptured
membrane, was used to differentiate between live and dead
bacteria. From fluorescence images, higher antibacterial
potential was observed with negatively charged Au NCs com-
pared to positively/neutrally charged Au NCs (Fig. 15a). It is also
interesting to note that though cysteine (Cys)-protected
Au,s NCs had higher internalization into the bacterial cells,
they possessed lower killing efficacy compared to MHA-
protected Au,s NCs. A higher amount of ROS was generated
by MHA-protected Au,s NCs, which contributes to its higher
antibacterial potential.

Recently, the effect of Au NCs on superbugs has been
studied in vivo. For example, Xie et al. have synthesized a series
of cationic Au NCs and tested their efficacy on wide range of
Gram-positive multi-drug resistant bacteria.*** Among them,
quaternary ammonium (QA)-modified Au NCs (QA-Au NCs)
were found to possess lower minimum inhibitory concen-
tration (MIC) on methicillin-resistant S. aureus (MRSA) and
vancomycin resistant Enterococci (VRE) strains compared
to other cationic Au NCs. The mechanisms of interaction of
QA-Au NCs on S. aureus as model bacteria were studied using

Mater. Horiz., 2020, 7, 2596-2618 | 2611


https://doi.org/10.1039/d0mh00827c

Published on 16 July 2020. Downloaded on 5/9/2024 12:38:46 PM.

Materials Horizons

Total Dead Merged

(@)

AU25MHA18

AuysCysqg

membrane permeability, membrane potential and ROS generation of QA-Au NCs treated S. aureus bacterial model. Reproduced with permission.
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scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). As the concentration of QA-Au NCs increased,
membrane rupture was observed with increased membrane
permeability and higher generation of ROS (Fig. 15b).

Stimuli-responsive drug delivery system not only reduces
damage to host cells but also prevents antibiotic resistance.
Recently, Pranantyo et al. have synthesized smart pH sensitive
citraconyl-protected antimicrobial peptide (AMP), and used this
AMP to protect Au NCs to construct a drug carrier.”'> The
bacterial infection site was marked with localized acidosis
due to the host inflammatory responses and bacterial metabo-
lism. In particular, the acidic pH cleaved the citraconyl moieties
exposing the cationic AMP-modified Au NCs to the bacterial
infection site. These NCs showed higher antibacterial activity
with MIC of 4-16 pg mL™' toward both Gram-positive
and Gram-negative bacteria compared to free peptides (MIC
of 8-64 pug mL'). In addition to the internal stimuli, the
external stimuli were also enabled to eradicate the bacterial
infection. Antimicrobial photodynamic therapy (aPDT) was
found to be a non-invasive and attractive therapeutic modality
in post-antibiotic era.*’® aPDT with targeting capability were
integrated with imaging modality forming multifunctional Au
NCs against MRSA. Red-emitting BSA-Au NCs were surface
modified with anti-staphylococcal antibodies (IgG) and loaded
with photosensitizers (PS) to specifically target and eradicate
MRSA. Based on the irradiation time, varying degree of anti-
bacterial efficacy against MRSA was observed with higher
killing percentage for BSA-Au-IgG-PS complexes, compared to
that with free photosensitizers alone.*!”

For in vivo studies, to avoid fast renal clearance of these
ultrasmall NCs and to improve its functionality, an antimicro-
bial formulation composed of holmium-graphene oxide-Au

2612 | Mater. Horiz., 2020, 7, 2596-2618

View Article Online

Review

QA-AuNCs (ng/mL)

(ii 2
A7 Membrane Permeability Membrane Potential ROS Levels
X
3 16
S5 I -
-— w =
e Iy w
- 2 4
&
0 0
0 10 20 40 0 10 20 40 0 10 20 40
QA-AuNCs (pg/ml) QA-AuNCs (ng/mL) QA-AuNCs (pg/ml)

Fig. 15 (a) Fluorescence images of S. aureus bacterial spheroids after 2 h treatment with water, MHA-protected and Cys-protected Aups NCs. Dead
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S. aureus after treated with various concentrations of QA-Au NCs, observed in (i) SEM and (ii) TEM images (iii) the graphical representation of changes in
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NCs (Ho-GO-Au) nanocomposite has been recently synthesized.”*®
The sharp edges of graphene oxide (GO) nanosheets can pierce the
bacterial membrane and generate ROS intracellularly. Complexation
of holmium ions on the GO nanosheets controlled the orientation
of nanosheets against bacterial membrane under weak magnetic
field. The antibacterial effect of magnetically alignhed Ho-GO-Au
nanosheets are shown in Fig. 16. After 2 h treatment of S. aureus
with GO-Au (without magnetic pre-alignment), Ho-GO and
Ho-GO-Au under magnetic pre-alignment Ho-GO(+) and
Ho-GO-Au(+), a higher degree of SYTOX green dye in the merged
channels of Ho-GO-Au(+) with significant increase of ROS
generation was observed, revealing the synergistic performance
of Ho, GO, and Au NCs. On the aspect of pharmacokinetics and
toxicology of Ho-GO-Au nanoconjugates, external magnetic field
responsive GO with its bio-degradable components minimizes
the toxicity during circulation. The IC50 value of Ho-GO-Au was
found to be safe for normal human cell lines, paving the way for
its potential in vivo application.”™®

5. Conclusion

The ultimate goal of interfacial engineering is to design multi-
functional Au NCs for biomedical applications through
in-depth understanding of the interface between NC surface
and biological systems. As the size of Au NCs is extremely small,
Au NCs can interact with the proteins, cells and intracellular
components, in a distinctly different way from their larger
counterparts, Au NPs. The surface properties of Au NCs also
play a key role for their in vivo biomedical applications. The
choice of suitable ligands as well as the proper balance between
the surface charge and hydrophobicity is important to achieve

This journal is © The Royal Society of Chemistry 2020
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the desired performance. In this review article, we have highlighted
that through proper interfacial engineering of Au NCs, better
physicochemical and pharmacokinetic properties can be achieved.
Once the desired features are confirmed, their unique properties can
be applied for various applications. The promising biomedical
applications of surface-engineered Au NCs include bioimaging,
biosensing, PDT, RT, and antibacterial therapy.

Despite the recent advances on the understanding of nano-
bio interfaces, a number of research gaps still persist in
translation of these Au NCs from bench to clinics. So far, most
of the studies rely on the EPR effect to achieve tumour uptake,
and the efficiency of EPR for NCs uptake is a continuous
concern. For better therapeutic outcome, active targeting
strategies should be developed in future. Such strategies will
help achieve better cellular internalization of Au NCs, which
can greatly increase their acceptance in diverse sectors of
biomedical applications. For instance, the conjugation of active
photosensitizers with the targeting moieties on Au NCs might
be effective against multi-drug-resistant bacteria and cancer
cells due to its multiple killing mechanisms. Luminescent Au
NCs could also be used as imaging probes for simultaneous
diagnostics and therapy. Moreover, precisely personalized
nanomedicine represents future direction of cancer treatment,

This journal is © The Royal Society of Chemistry 2020

as cancer appears heterogeneous not only from person to person
but also within the person. In this scenario, more elaborate
in vitro settings are needed to process the functionalized metal
NCs before performing an in vivo analysis. Integration of micro-
fluidics and in vitro three-dimensional (3D) culture models (e.g.,
3D spheroid model and heterotypic microtumor model) may help
to closely mimic the in vivo tumor microenvironment. This may
also be beneficial to understanding the spatiotemporal changes in
cancer progression and cancer metabolism. We envisage that by
combining the efforts of researchers from various fields, it would
be possible to accelerate or advance the translation of surface-
engineered Au NCs-based nanomedicine from bench to clinics.
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