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of Chemistry Functionalization of gold nanoparticles is crucial for the effective utilization of these materials in health-

related applications. Health-related applications of gold nanoparticles rely on the physical and chemical
reactions between molecules and gold nanoparticles. Surface chemistry can precisely control and tailor
the surface properties of gold nanoparticles to meet the needs of applications. Gold nanoparticles have

unique physical and chemical properties, and have been used in a broad range of applications from
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in all of these applications. This minireview summarizes these applications from the perspective of
DOI: 10.1035/¢35c06497d surface chemistry and explores how surface chemistry improves and imparts new properties to gold
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and aggregation state.®* Among them, the surface chemistry of

1. Introduction
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Gold, due to its rare occurrence and stable chemical properties,
has a long history as a valuable and luxurious metal. Pure
elemental gold has a unique color and luster which has fasci-
nated human beings for millennia. Meanwhile, gold has
excellent conductivity as a conductor for electrical applications.
The malleable and ductile properties of gold make it stretchable
or compressible to arbitrary shape. Gold can be quite biocom-
patible, as some edible gold foils are added to cakes, tea, and
cosmetics. When the size of gold is on the nanometer scale (1-
100 nm), gold exhibits completely different properties from
bulk gold, especially its optical properties. These unique
photoelectric properties have been studied and applied in fields
such as sensing probes, therapeutic agents and drug delivery
systems in biological and pharmaceutical applications.’” Gold
nanomaterials with different shapes and sizes are easy to
synthesize and modify according to different applications.
Here, we call all these gold nanomaterials as gold nanoparticles
(AuNPs).

AuNPs provide a powerful platform when solving health-
related problems because of their unique physical and chem-
ical properties. The optical and electronic properties of AuNPs
can be adjusted by changing their size, shape, surface chemistry
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gold and the underlying molecular principles are of great
importance to enable these in vitro and in vivo applications.’
Peptides, proteins, polymers, small molecules, drugs, carbohy-
drates and nucleic acids are often used for the functionalization
of AuNPs." For in vitro applications, AuNPs have been explored
widely in lateral flow assays (LFAs) and other sensing applica-
tions. The surface properties of AuNPs determine the loading
efficiency of antibodies and the ability to resist interference,
which have huge influence on the detection performance of in
vitro assays." As for in vivo applications, AuNPs, owing to their
high surface affinity, are prone to adsorb proteins which leads
to changes in their surface properties. This problem can be
improved by specific surface modification of AuNPs."””** More
importantly, when modifying their surface with different types
of ligands, AuNPs provide attractive and even irreplaceable
features for healthcare applications. Our recent research shows
that the surface chemistry of gold endows AuNPs with good
antibacterial properties, good cell delivery properties and
enhanced enzyme-mimicking activity.

This minireview focuses on the surface chemistry of AuNPs
for health-related applications from prophylaxis to diagnosis
and treatment. This review will focus on the surface chemistry
and the underlying molecular principles to achieve these
applications and functions. For example, small molecule-
modified AuNPs can achieve good antibacterial properties. By
modifying AuNPs, drugs and nucleic acids can be efficiently
delivered to the cells. Surface modified AuNPs can improve the
performance of diagnostic techniques. All these applications
indicate the importance of surface chemistry. Thus, we need to
re-examine the applications of AuNPs from the aspect of surface
chemistry. This review allows chemists, materials scientists,
and biologists to think about AuNPs from a surface chemistry
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perspective and deploy surface chemistry to impart unique
properties to AuNPs for biomedical applications (Fig. 1).

2. Surface chemistry of AUNP-
enabled prophylaxis

Vaccination is one of the most effective and low-cost means to
prevent and control human diseases such as Zika virus, hepa-
titis B virus (HBV) and influenza virus.*>*” Most of the vaccines
consist of an antigen, a vector and adjuvants. The efficiency of
a vaccine is highly dependent on the vector effect.'® Antigen—
AuNP conjugates, as alternative display vectors to produce
highly effective and safe vaccines, show advanced perspectives
of greater synthetic control and higher density than on current
vector materials such as proteins, peptides/lipopeptides and
dendrimers."*° Besides, these materials other than gold may
cause immune responses and produce undesired antibodies
which decreases the efficiency of vaccinations.”"** Owing to the
straightforward surface functionalization and excellent
biocompatibility, AuNPs do not cause undesired immune
response (AuNPs do not elicit the production of anti-
bodies).'***?* AuNPs can also serve as additives for vaccine
storage to improve the thermal stability of vaccines from hours
to months at room temperature.>

2.1 Protein/peptide-modified AuNPs as vaccines

Protein-based antigens, some of the most widely used agents for
vaccines, can easily conjugate with AuNPs through physico-
chemical adsorption. However, this conjugation may block the
antigenic sites making the vaccine ineffective. The surface
chemistry of AuNPs can greatly affect their conjugation with
proteins. To protect the epitope and improve the efficiency of
vaccines, different polymers are utilized to modify AuNPs for
the bioactive immobilization of protein antigens. Researchers
have used poly(4-styrenesulfonic acid-co-maleic acid) (PSS)/PSS-
co-maleic acid (PSS-MA) to modify AuNPs.>**” PSS-MA-coated
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Fig. 1 Schematic illustration of AuNP-based health-related applica-
tions in prophylaxis—diagnosis—treatment.
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AuNPs can easily conjugate virus envelope proteins via elec-
trostatic interaction. The attached envelope proteins can
display the epitope effectively for producing specific anti-
bodies.?” Importantly, PSS-MA can change the surface chemical
properties of AuNPs and drastically reduce -cetyl-
trimethylammonium bromide (CTAB)-originated cytotoxicity. A
40 nm spherical AuNP-envelope protein complex induced the
highest level of specific antibodies compared to other particles.
Factors such as size and shape of AuNPs can enhance the
immune response via different cytokine pathways (Fig. 2A). For
the electrostatic binding-mediated conjugation, the orientation
of proteins on AuNPs can determine their bioactivity. Tech-
niques such as isothermal titration calorimetry, fluorescence
quenching, dynamic light scattering, liquid chromatography-
mass spectrometry, circular dichroism spectroscopy, X-ray
photoelectron spectroscopy and enzymatic activity tests can be
useful tools to study the issues of protein orientation and
quantification.”®° Protein denaturation during the electrostatic
binding also significantly reduces the bioactivity. To protect the
proteins and prevent denaturation, a tetraethylene glycol spacer
was introduced between AuNPs and proteins.*® Covalent
immobilization of protein antigens is another commonly used
strategy for antigen-AuNP vaccines. Researchers have reported
a method using glutaraldehyde to immobilize malaria surface
proteins on AuNPs via aldolization.*® The robust chemical
linkage improves the stability of the complex and may avoid the
detachment of protein antigens in vivo. Since glutaraldehyde
may lead to excessive crosslinking of proteins, EDC/NHS
chemistry-mediated amidation and click-chemistry (copper-
catalyzed azide-alkyne cycloaddition) can be a more effective
approach to conjugate proteins.?***-

Instead of using entire protein, using a specific peptide as
a subunit antigen to conjugate with AuNPs is an alternative and
effective approach for developing vaccines.***” By simply adding
an extra cysteine to a peptide, the high affinity between the
sulthydryl group and gold can ensure a maximal conjuga-
tion.***® Researchers have used a synthetic cysteine-terminated
foot-and-mouth disease virus peptide to modify AuNPs as
a virus vaccine.”® Peptide-AuNPs induced a three-fold increase
in the antibody response compared to conventional protein
vectors. Similarly, cysteine-terminated matrix-2 protein peptide
(M2e)-modified AuNPs are developed as an influenza virus
vaccine.”” The intranasal vaccination studies revealed that the
M2e-AuNP vaccine (cytosine-guanine rich oligonucleotide CpG
as an adjuvant) can fully protect mice against challenge with the
lethal influenza A virus. Meanwhile, the space between the
specific peptide and gold surface may strongly control their
surface presentation and antigenic activity. A long-chain thiol or
short SH-PEG spacer can help to improve the dense package
and surface flexibility of peptides on AuNPs, which benefits the
efficiency of vaccines.**

2.2 Carbohydrate-modified AuNPs as vaccines

Lots of protein antigens are glycoproteins that are decorated
with specific glycan chains. These glycans are able to induce
immunogenic response and result in antibodies that

This journal is © The Royal Society of Chemistry 2020
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Fig.2 Schematic representation of different antigen-conjugated AuNPs as synthetic vaccines. (A) West Nile virus envelope (WNVE) protein as an
antigen attached on PSS-MA coated AuNPs (different sizes and shapes) via oriented electrostatic interaction for virus vaccines. Reproduced with
permission from ref. 22, Copyright 2013 American Chemical Society. (B) Breast cancer cell mucin-related Tn antigen carbohydrate glycopolymer
covalently modified on AuNPs for cancer vaccines. Reproduced with permission from ref. 46, Copyright 2013 American Chemical Society. (C)
HIV-1 Env plasmid DNA as an antigen attached on surface-engineered rod-like AuNPs (coating with different polymers) for virus vaccines.
Reproduced with permission from ref. 48 Copyright 2012 American Chemical Society.

recognize the glycan cluster region of glycoproteins.*> The
only carbohydrate-directed monoclonal antibody 2G12,
broadly neutralizing human immunodeficiency virus type 1
(HIV-1), recognizes the high-mannose glycans on envelope
protein gp120. Instead of the entire gp120, the high-mannose
glycans can be a target antigen to develop a HIV vaccine by
producing 2G12-like antibodies.** However, these carbohy-
drates show weak affinity and may be unable to allow a suit-
able presentation by AuNPs. Researchers have modified
oligomannosides with a long thiol-containing amphiphilic
linker.** The linker helps to anchor carbohydrates on AuNPs
by forming a Au-S bond. The aliphatic part of the linker
allows self-assembled monolayers with dense packaging,
while the external polyether moiety provides flexibility and
accessibility to prevent nonspecific protein adsorptions and
ensure the immunogenic presentation of carbohydrate anti-
gens. The product glycan-AuNPs show high ability to bind
2G12 and block 2G12-mediated neutralization. Glycan-
AuNPs can be a potentially versatile, polyvalent, and multi-
functional vaccine against HIV. Recently, synthetic cancer
vaccines have drawn great interest as an alternative strategy
for cancer immunotherapy. Breast cancer cells overexpress
mucin-related carbohydrates such as aGalNAc (Tn-antigen
glycan).* Tn-antigen glycan conjugated with AuNPs can
generate significant titers of antibodies selective for cancer
cells. Researchers have grafted the Tn-antigen on polymers.*®
Following an in situ reduction method to produce AuNPs, the
Tn-antigen grafted polymer can coat on surfaces of AuNPs
(Fig. 2B). The absolute titers suggest that AuNPs presenting
carbohydrate density have a strong influence on the subtle
interplay between the immune response of B cell activation
and antibody production.

This journal is © The Royal Society of Chemistry 2020

2.3 DNA-modified AuNPs as vaccines

DNA vaccines can provide longer-lived cellular immunity in
addition to humoral immune responses compared to other
vaccines.” They are safe and inexpensive to manufacture and
store, and thus have potential for simultaneous immunization
against multiple antigens or pathogens. DNA-modified AuNPs
as nanovaccines can greatly improve the uptake by antigen-
presenting cells (APCs) and prevent DNA degradation by
nuclease.” Single stranded DNA (ssDNA) is able to bind to
AuNPs via chemisorption of nucleobases. However, double-
stranded DNA (dsDNA) such as a plasmid loses the binding
ability due to the base pairing and stacking.* Surface chemical
modification of AuNPs is essential to conjugate the plasmid
DNA for vaccines. Researchers have synthesized low molecular
weight chitosans (6 kDa, Chito6) for surface coating of AuNPs.*
The Chito6-AuNPs show high conjugation with HBV plasmid
DNA. Intramuscular injection of mice results showed enhanced
humoral (10-fold) and cellular responses (100-1000-fold)
compared to naked DNA vaccine potency. To explore the effect
of the surface chemistry of AuNPs on the vaccination,
researchers have engineered rod-like AuNPs (coated with PSS,
polyethyleneimine/PEI, CTAB and poly(-
diallydimethylammonium chloride)/PDDAC).** These engi-
neered AuNPs can conjugate HIV-1 Env plasmid DNA via
physicochemical adsorption and electrostatic interactions
(Fig. 2C). The DNA-AuNPs can promote the immunogenicity by
enhancing cellular uptake (APCs) and activate the maturation of
dendritic cells (DCs) to initiate and amplify the immune
responses. Owing to the different surface chemistries, vaccine
potency of DNA-AuNPs drastically changed. There is still a lot of
room to explore in the surface chemistry of AuNPs for optimal
conjugation with dsDNA and strong immunogenic activity.

Chem. Sci., 2020, 11, 923-936 | 925
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3. Surface chemistry of AUNP-
enabled diagnosis

In most cases, the prepared AuNPs are surface modified with
citrate, CTAB and polyvinylpyrrolidone which do not meet the
demands for the following applications. Surface modification of
AuNPs can change the solubility, stability and surface charge
properties of AuNPs, and ultimately endow AuNPs with the
ability to specifically recognize target species. By far, ligand
exchange is the most used method for surface modification of
AuNPs based on the Au-S bond. Physical adsorption based on
electrostatic or hydrophobic interaction is another surface
modification method. Functionalization of AuNPs has been
reported for the detection of metal ions, proteins, nucleic acid,
bacteria and cells.***"*

3.1 Metal ions

Colorimetric sensors based on the aggregation of dispersed
AuNPs or disassembly of aggregated AuNPs have been explored
widely. The surface chemistry of AuNPs has a huge impact on
the sensitivity, specificity, limit of detection and detection range
of these sensors. Metal ions can covalently and physically
interact with many groups, such as thiol, hydroxyl, amine and
carboxyl groups. After adding the sample, metal ions can link or
remove the surface functionalized ligands and induce the
aggregation of AuNPs.*” By modifying DNA oligonucleotides
onto AuNPs, mercury ions can link AuNPs by thymidine-Hg>"-
thymidine coordination.>® Based on the specific reaction
between analyte ions and chelating ligands and similar surface
modification steps of AuNPs, other metal ions such as Na*, K,
Pb**, and Cd*" can also induce aggregation/disaggregation of
AuNPs for developing colorimetric assays.*”** AuNPs modified
with quaternary ammonium group-terminated thiols can
sensitively and selectively detect mercury(n).>® The presence of
mercury(u) can dissociate the modified ligands thus resulting in
the aggregation of AuNPs. Under solar light irradiation, thio-
lates on AuNPs can be photooxidized to sulfonates which
accelerate the aggregation process. Further study shows that
when using modified AuNPs with rhodamine B isothiocyanate
and poly(ethylene glycol),*® mercury(u) can displace rhodamine
B isothiocyanate from AuNPs thus resulting in fluorescence
recovery.

Metal ions as catalysts can catalyze many reactions, which
can be used to detect metal ions with high sensitivity. Mono-
valent copper ions [Cu(i)] catalyze alkynes and azides to form
a stable chemical link which results in a covalent aggregation of
AuNPs when modified with alkynes and azides (Fig. 3A).**
Another example is the use of DNA functionalized AuNPs for
colorimetric Cu®>" detection.®® These methods of Cu(i)-catalyzed
1,3-dipolar cycloaddition of azides and alkynes (CuAAC) have
the following advantages: the chemical covalent coupling of
alkynes and azides is highly stable and selective. Cu(r) as
a catalyst triggers this reaction which ensures its high sensi-
tivity. Metal ions can be reduced and deposited onto AuNPs
forming bimetallic nanoalloys to affect the catalytic activities of
AuNPs. Such a strategy can selectively and sensitively detect
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many metal ions, such as Hg?*, Pb*>" and Cr*" ions.®*** These
metal ions mediated catalytic activities have been thoroughly
examined, and these reactions have made multiplex logic
operations possible.>>®

Surface modified AuNPs with specific functional groups are
vital in the colorimetric detection of metal ions. Metal ion-
induced aggregation/disaggregation of AuNPs relies on the
interaction between metal ions and surface modified mole-
cules. These can be achieved by replacing, removing and linking
the surface modified molecules, thus changing the state of
AuNPs. Meanwhile, metal ion-based catalytic reactions can also
be used to develop such sensors. These kinds of sensors can
have high levels of sensitivity and selectivity. We believe other
kinds of metal ion-based catalytic reactions have great potential
in development of these assays. New types of chemistries
involving metal ions can catalyze the development of AuNP-
based sensors for metal ion detection by surface chemistry.

3.2 Proteins

AuNPs surface functionalized with probes such as antibodies
and nucleic acid aptamers can selectively detect proteins, DNA
and RNA. In this part, we focus on the surface chemistry of
AuNPs in detecting proteins. Most of these methods rely on the
antibody functionalized AuNPs and use enzyme-mediated
growth or aggregation of AuNPs. Meanwhile, protein-protein
interaction,®® protein-aptamer interaction®” and protein-
carbohydrate interaction®® are widely used for facile and sensi-
tive modification and detection of proteins. These methods are
simple and effective but lack universality. To integrate AuNPs
into the traditional but powerful enzyme-linked immunosor-
bent assay (ELISA), we have functionalized AuNPs with alkynes
and azides. The CuAAC occurs on the surface of AuNPs which
leads to the aggregation of AuNPs (Fig. 3B).*® This strategy can
also be realized by labeling cysteine on the surface of AuNPs. In
this form, iodide catalyzes cysteine to disulfide cysteine on the
surface of AuNPs and induces the aggregation of AuNPs.” These
colorimetric immunoassays show higher sensitivity and
robustness compared with the conventional enzyme-linked
immunosorbent assay (ELISA).

AuNPs show multiple enzyme-mimic activities which can
replace natural enzymes for detecting biomarkers. The enzyme-
mimicking activities of AuNPs can be inhibited or enhanced by
surface chemistry. CTAB-modified AuNPs, synthesized by the
seed-growth method, have no peroxidase activity. Silver ions
(Ag") have strong affinity to the surface of AuNPs thus disrupt-
ing the CTAB membrane and recovering the peroxidase activity
(Ag"-gate peroxidase activity of AuNPs, Fig. 3C).”* Acetylcholin-
esterase (AChE), as a crucial neurological disease biomarker,
can hydrolyze acetylthiocholine to thiocholine. The generated
thiocholine can coordinate with Ag' and inhibit Ag'-gate
peroxidase activity of AuNPs. A similar research study using
bimetallic Au@Ag® core-shell nanoparticle mediated peroxi-
dase activity was presented for fluorescence detection of
acetylcholine in blood samples.”

The most attractive and successful applications of AuNPs are
LFAs and other sensing applications based on their unique

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Surface chemistry of AuNP-enabled sensing and diagnosis. (A) Cu()-catalyzed 1,3-dipolar cycloaddition of azides and alkynes (CUAAC)
occurs on the surface of AuNPs which leads to the aggregation of AuNPs. Reproduced with permission from ref. 61, Copyright 2008 Wiley-VCH.
(B) Colorimetric immunoassay based on CuAAC occurs on the surface of AuNPs. Reproduced with permission from ref. 69, Copyright 2011
Wiley-VCH. (C) Silver ions (Ag™) disrupt the CTAB membrane and recovers the peroxidase activity of AuUNPs (Ag*-gate peroxidase activity of
AuNPs). Reproduced with permission from ref. 71, Copyright 2018 Wiley-VCH. (D) The stacked sheets of paper are skived into paper-based
barcode chips (PBCs) for multiplexed immunoassays. Reproduced with permission from ref. 76, Copyright 2017 American Association for the
Advancement of Science. (E) AuNPs are functionalized with quaternary ammonium ligands which can electrostatically bind to B-Gal. Analyte
bacteria displace B-Gal and restore the enzyme activity. The displaced B-Gal can convert a pale-yellow chromogenic substrate into a red

product, providing a naked-eye readout. Reproduced with permission from ref. 53, Copyright 2011 American Chemical Society.

optical properties. These kinds of colorimetric sensors utilize
the high extinction coefficients of AuNPs and can give naked eye
readout with a low limit of detection. For most of these appli-
cations, surface properties of AuNPs affect the performance of
detection. By functionalizing AuNPs with signal probes such as
enzymes and fluorescent molecules, LFAs can transform from
a qualitative assay to quantitative detection with enhanced
sensitivity.” Reagents can be lyophilized on the LFA strip for
convenient operation.” Apart from the visual, fluorescent and
chemiluminescent readout of LFAs, a paper-based barcode

This journal is © The Royal Society of Chemistry 2020

assay system based on barcode scanning can produce a more
objective and accurate readout.” The stacked sheets of paper
are skived into paper-based barcode chips (PBCs) for multi-
plexed immunoassays (Fig. 3D).” This assay platform allows
detection of multiple biomarkers and provides multiplexed
results within several minutes.

Colorimetric sensors are suitable for point-of-care detection
of proteins in resource-limited settings. The optical and surface
properties of AuNPs provide an ideal platform for development
of these sensors. Although AuNP-based assays provide good
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detection performance, these kinds of assays can be improved
in the following aspects: complete automation, better detection
performance and longer stability. Surface chemistry endows
AuNPs with the ability to recognize targets while also enhancing
the analytical performance of traditional sensors (such as
sensitivity and selectivity). When combined with other tech-
nologies, such as microfluidics, AuNP-based assays could have
better performance with automated operation.> We believe that
chemists still have a lot to contribute in this field especially in
surface chemistry of AuNPs.

3.3 Bacteria, viruses and cells

AuNPs have been widely used for detecting bacteria and cells.”
The surface chemistry of gold provides the ability to recognize
bacteria or cells. Most methods rely on antibodies and probes
modified on AuNPs to capture bacteria and cells. Some small-
molecule modified AuNPs can also be utilized for these appli-
cations. Glycan-functionalized gold nanoparticles (gGNPs) can
test the interaction between the viral hemagglutinin (HA)
protein and host glycan receptors. This method is used to detect
avian influenza visually.” Trimeric HAs or viruses can be
captured by gGNPs which results in the aggregation of gGNPs.
This naked-eye readout is helpful for simple and sensitive
detection of harmful viruses. AuNPs are functionalized with
quaternary ammonium ligands which can electrostatically bind
to B-galactosidase (B-Gal, Fig. 3E).** Meanwhile, the quaternary
ammonium ligands can stabilize AuNPs and enhance their
biocompatibility and solubility. Quaternary ammonium ligand
functionalized AuNPs can inhibit the activity of B-Gal. When the
analyte bacteria with an anionic surface were added to the
AuNPs, B-Gal displaced on the surface of AuNPs and restored
the enzyme activity. The displaced B-Gal can convert a pale-
yellow chromogenic substrate into a red product, providing
a naked eye readout.

Physical adsorption between amino groups and gold is weak
compared to the Au-S bond; however, this method provides the
possibility of colorimetric detection of bacteria. p-Alanyl-p-
alanine (DADA)-modified AuNPs are synthesized in a one-pot
reaction.” The resulting AuNPs remain stable in highly acidic
or alkaline environments. In the presence of bacteria, DADA can
recognize the peptidoglycan on the bacterial surface, causing
the aggregation of AuNPs for the lack of protection from DADA.
This colorimetric assay can distinguish between Staphylococcus
aureus and methicillin-resistant Staphylococcus aureus from
patients’ ascite samples.

Indeed, AuNP-based colorimetric sensors based on physical
adsorption and chemical crosslinking are explored broadly.
Molecular interactions and chemical reactions between target
analytes and AuNPs are crucial for colorimetric sensors.
Through surface chemistry, we can precisely control and design
the surface properties of AuNPs and improve their functions.
Apart from antibodies and molecules we have listed above,
other biochemical reactions can also be used for surface
modification of AuNPs. Meanwhile, the combination of diag-
nosis and treatment into one integrated platform shows great
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significance in treating bacterial diseases. The surface chem-
istry of AuNPs offers the possibility of these applications.

4. Surface chemistry of AUNP-
enabled treatment
4.1 Small molecule-modified AuNPs as antibiotics

Although bare AuNPs have no anti-bacterial effects, surface
functionalized AuNPs with drugs, vaccines and antibiotics are
used as antibiotics with enhanced antibacterial activity
compared with existing antibiotics or drugs.*®*' Nanoparticles
can efficiently delivery antibiotics or drugs to bacteria and
increase the concentration of drugs in targeted bacteria thus
improving the antibacterial properties of traditional antibiotics.
Most studies on nanoparticle-based antibiotics are based on the
functionalization with antibiotics or drugs. Our recent research
shows that the surface chemistry of gold endows AuNPs with
good antibacterial properties.

Surface modification of some non-antibacterial molecules
onto AuNPs through the Au-S bond can impart antibacterial
properties to these AuNPs. Amino-substituted pyrimidine, such
as 4,6-diamino-2-pyrimidinethiol (DAPT), functionalized AuNPs
(Au-DAPT) as antibacterial agents that target multidrug-
resistant Gram-negative bacteria were reported in 2010 while
none of the ingredients by themselves have antibacterial ability
(Fig. 4A).* The positively charged groups of DAPT can increase
the permeability of AuNPs to the outer membrane of bacteria
thus improving the remedial efficacy. The Au-DAPT exert their
antibacterial activity by changing the membrane potential and
inhibiting the subunit of ribosomes.?*® Several other reports also
show that cationic and hydrophobic functionalized AuNPs have
good antibacterial activity.***® Another interesting finding is the
synergistic effects of non-antibiotic drugs and DAPT on AuNPs
against superbugs.®” After co-functionalizing AuNPs with non-
antibiotic drugs and DAPT, the AuNPs show enhanced anti-
bacterial activity against both Gram-positive and Gram-negative
bacteria including clinically hard-to-treat superbugs (Fig. 4A).
Co-functionalization of AuNPs with antimicrobial and other
functional components is a common method to endow AuNP-
based antibiotics with more powerful performance for
biomedical applications.?® Further study shows that N-
heterocyclic molecules also have the same effect.*® By surface
functionalizing with an N-heterocyclic molecule, the AuNPs
show broad-spectrum antibacterial activities against even
superbugs that resist most antibiotics.

Apart from utilizing the Au-S bond, physical adsorption is
also used as a surface modification method for AuNPs. Some
pharmaceutical intermediates such as 7-aminocephalosporanic
acid (7-ACA), 6-aminopenicillanic acid (6-APA), and 7-amino-
desacetoxycephalosporanic acid (7-ADCA) can adsorb on the
surface of AuNPs by physical adsorption between amino groups
and gold (Fig. 4B).°° These pharmaceutical intermediate func-
tionalized AuNPs can fight against Gram-negative bacteria
including both laboratory antibiotic-sensitive strains and clin-
ical multidrug-resistant isolates by disruption of the cell
membrane and lysis of bacterial cells. Many aminosaccharides

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Small molecule-modified AUNPs as antibiotics and their applications. (A) Amino-substituted pyrimidine [4,6-diamino-2-pyrimidinethiol
(DAPT)] functionalized AuNPs (Au—DAPT) as antibacterial agents that target multidrug-resistant Gram-negative bacteria. Reproduced with
permission from ref. 82, Copyright 2010 American Chemical Society. (B) Pharmaceutical intermediate functionalized AuNPs show antibacterial
activity against multidrug-resistant Gram-negative bacteria. (C) The AuNPs co-electrospun with PLGA/gelatin to prepare wound dressing.
Reproduced with permission from ref. 90, Copyright 2017 American Chemical Society. (D) Self-assembled antimicrobial peptides on gold
nanodots show antibacterial activity. Reproduced with permission from ref. 97, Copyright 2015 Wiley-VCH.

have similar structures to the peptidoglycan of bacteria. The p-
glucosamine (GluN) functionalized AuNPs (Au-GluN) can
disrupt the peptidoglycan of bacteria which induces the death
of bacteria.”* Further study shows that by functionalizing AuNPs
with aminosaccharides, we can obtain a narrow-spectrum
antibiotic.” The Au-GluN can easily pass through the cell wall
and change the structure of cell membranes thus inducing the
death of bacteria.

To fully explore the application of AuNP based antibiotics,
some AuNP-based antibacterial dressings and coatings are
developed. Bacterial infections are serious problems in wound
healing. Some serious bacterial infections can even lead to
sepsis. Electrospinning enables the preparation of nano-sized
polymer fibers according to human requirements. We doped
pharmaceutical intermediate-modified AuNPs into poly(e-
caprolactone)/gelatin solution when electrospinning.®® The
electrospun nanofibrous scaffolds have a homogeneous coating
of nanomaterials onto fibers compared to physical adsorption
methods (Fig. 4C). Antibacterial AuNPs can be continuously
released with the degradation of poly(e-caprolactone)/gelatin
nanofibrous scaffolds to provide continuous antimicrobial
capacity. This strategy can also be realized by co-
electrospinning indole derivative-capped AuNPs and poly(-
lactic-co-glycolic acid).” Indole, as an important derivative in
food and drug industries, shows no antibacterial activity. After
physical adsorption of indole derivatives onto AuNPs (AI-IDs),
the resulting AI-IDs show good antibacterial activity against
multidrug-resistant superbugs. Bacterial cellulose (BC),
a common kind of biomaterial for tissue engineering, shows
advantages of high biocompatibility, water uptake ability and
mechanical strength. When a BC membrane is soaked in Au-
DAPT solution, Au-DAPT can adsorb on the BC membrane by

This journal is © The Royal Society of Chemistry 2020

physical adsorption which results in an antibacterial dressing
(BC-Au-DAPT nanocomposites) for wound healing.* The freeze-
dried BC-Au-DAPT nanocomposites are highly stable and retain
their antibacterial activity after one year of storage. Another
application of the AuNP-based antibiotics is their use as anti-
bacterial coatings for medical devices. After plasma treatment,
the surface of the medical devices is negatively charged. The
Au-DAPT with positively charged surface can stably adsorb on
the surface of medical devices through electrostatic self-
assembly.” The immobilized Au-DAPT can kill antimicrobial
components thus providing a safe but efficient antibacterial
method for nosocomial medical device infections.

Smaller AuNPs with size less than 2 nm, also called gold
nanoclusters (AuNCs), have demonstrated antibacterial activity
when functionalized with quaternary ammonium (QA) salts.*
One end of the QA has a sulthydryl group for bonding AuNCs
and the other end has positively charged ligands which can
increase membrane permeability and reduce drug efflux of
bacteria. These kinds of antibiotics can fight against multidrug-
resistant Gram-positive bacteria in vivo and have no detectable
toxicity to cells. The circulation time is comparable to that of
vancomycin (a commonly used antibiotic) which ensures its
antibacterial efficiency. Another work using self-assembly of
antimicrobial peptides on gold nanodots shows superior anti-
microbial activity by disintegrating the bacterial membrane
(Fig. 4D).” Meanwhile, the excellent antibacterial ability is built
on the basis of Au-S bond-based conjugation of AuNPs and the
specific thiol molecules. In the blood stream and cells, milli-
molar amounts of glutathione may competitively bind to
surfaces of AuNPs through the Au-S bond. The displacement-
induced detachment of the specific thiol molecules can
greatly reduce antibacterial ability of the AuNP complex. The

Chem. Sci, 2020, 11, 923-936 | 929


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sc06497d

Open Access Article. Published on 15 1 2020. Downloaded on 2026-02-06 10:29:07.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

stronger chemical bond to conjugate AuNPs and specific
molecules is expected to avoid glutathione displacement-
induced invalidation. Researchers have utilized selenol-
modified peptides with dye to prepare fluorescent AuNPs by
forming a Au-Se bond instead of a Au-S bond.”® The more stable
Au-Se bonds are able to overcome thiol compound interference.
The carbene-Au bond can also be used for bridging functional
N-heterocyclic carbene molecules and AuNPs.”” The N-
heterocyclic carbene-modified AuNPs/AuNCs show high fluo-
rescence quantum yield and high stability against thermal
damage.'*'*> Based on the same principle, the more stable
carbene-Au bond should be able to overcome thiol interference
as well as the Au-Se bond.

Overall, the surface chemistry of gold endows AuNPs with
good antibacterial properties. These kinds of antibiotics can
fight against superbugs and reduce drug resistance of bacteria.
Apart from pyrimidine, N-heterocyclic molecules, amino-
saccharides, indole, pharmaceutical intermediates and QA
salts, we believe surface functionalization of AuNPs with other
kinds of molecules can enable development of new antimicro-
bial materials. Meanwhile, effects of different sizes, shapes and
surface properties of AuNPs on the antimicrobial properties still
require further study.

4.2 Functionalized-AuNPs for cancer therapy

Cancer is one of the most deadly human diseases. Cancer
therapy is still a pressing scientific challenge due to the diversity
of such a chronic disease, variation in personal expression and
lack of adequate miracle drugs. Surgery in combination with
radiotherapy and chemotherapy forms the currently most
effective mode of cancer treatment. However, the easily invasive
and metastatic properties of cancer cells and the increasing
drug resistance make it urgent to develop new therapeutic
strategies and highly specific medicines. Nanomedicine offers
unique features and has emerged as a promising strategy to
enhance traditional therapeutic efficacy.”'*® By promoting the
target accumulation in cancer, it may improve the contrast
enhancement for image-guided therapy and cancer-specific
delivery of chemotherapeutic agents for combined therapy.
Among various nanomaterials investigated for cancer thera-
peutic applications, AuNPs have been broadly studied
benefiting from their unique chemical, electrical and optical
properties and excellent biocompatible features, as well as the
ease of synthetic manipulation and precise control over their
physicochemical properties.******” The high affinity of AuNPs to
bind thiols, amines and polymers provides a convenient way to
introduce reactive functional groups that can be utilized for
targeting (e.g. antibodies, peptides, aptamers, and carbohy-
drates) and conjugating therapeutic agents (e.g. drugs, radio-
nuclides, photosensitizers, siRNA and genes). Beyond this, the
high absorption coefficient of X-rays and near-infrared (NIR)
light can directly endow AuNPs with the radiosensitization
effect and photothermal effect for cancer therapy. By integrating
AuNPs into other nanoplatforms such as liposomes, multi-
functional nanomedicine is able to achieve unique properties
that cannot be achieved with AuNPs alone. AuNPs hold
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promising potential in the development of versatile nano-
medicines that are capable of multi-modal therapeutic appli-
cations in cancer treatment.

AuNPs show the radiation dose enhancement effect in vivo,
and have aroused great interest in the field of AuNP-based
radiosensitization for oncology. Combining X-ray irradiation
and treatment with AuNPs can significantly increase the
survival of mice with subcutaneous EMT-6 mammary carci-
noma.'”® In addition to the physical enhancement effect,
researchers have discovered new approaches of radio-
sensitization in chemical enhancement (DNA damage and
radical production) and biological enhancement (ROS-induced
oxidative stress, inhibition of DNA repair and cell cycle
disruption).’® The cellular uptake efficiency can greatly
increase the therapeutic effect. For AuNP-based nanomedicines,
the size and surface charges are important factors to determine
their cellular uptake efficiency."***** Circulating AuNPs with an
enhanced permeability and retention (EPR) effect benefits their
selective accumulation at tumour sites. Cellular uptake of
AuNPs with strongly negatively charged surface is very hard.
Neutral or positively charged surfaces are favorable to enhance
cellular uptake.">*** By surface functionalization with PEG-SH
coatings, researchers have studied the size-dependent radio-
sensitization of AuNPs using a Ul4 tumour bearing mouse
model."** PEG-AuNPs (10-30 nm) showed higher radiosensi-
tivity for radiotherapy compared to smaller or larger PEG-
AuNPs. By changing the surface chemistry of AuNPs with
coating molecules, researchers can produce differentiated
radiosensitization combined with enhanced accumulation of
AuNPs in tumours. Metabolizable ultrasmall AuNPs (core size ~
1.5 nm) with a biocompatible coating ligand (glutathione, GSH)
strongly enhance the cancer radiotherapy.""* The GSH-AuNPs
can preferentially accumulate in tumours via the improved EPR
effect. After the treatment, GSH-AuNPs can be efficiently
cleared by the kidneys which minimizes any potential side
effects.

Instead of using dangerous high energy rays and beams
(radiotherapy), photothermal therapy uses NIR light/laser as the
energy source to generate high temperature to kill cancer cells.
In prior studies, plasmonic Au nanoshells have been reported to
show photothermal properties, and thus are used for near-
infrared thermal therapy of tumours."*'"” Compared to the
nanoshells, rod-like AuNPs with a tunable LSPR band between
650 and 950 nm (falling in the NIR region) are considered to
have great potential for therapeutic nanomedicine."**** Addi-
tionally, by conjugating the photothermal effect with pre-
loading anticancer drugs or photosensitizers, multifunctional
nanomedicines can achieve a combined strategy to improve
specific cancer therapy. At this point, the surface chemistry of
AuNPs plays an important role in controlling the loading effi-
ciency of these therapeutic molecules.** To adjust the surface
chemistry of AuNPs, researchers have used mPEG-SH and
a positively charged peptide (RRLAC) to modify rod-like AuNPs
(Fig. 5A). The PEG on surfaces of AuNPs can help to stabilize
and avoid aggregation when conjugated with RRLAC."** The
positively charged RRLAC can further conjugate photosensi-
tizers (aluminum phthalocyanine tetrasulfonate, AlPcS,)
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Illustrations of functionalized AuNPs for cancer therapy. (A) Schematic presentation of photosensitizer-conjugated rod-like AUNPs and

the laser-triggered photothermal effect and release of activated photosensitizers. Reproduced with permission from ref. 122, Copyright 2011
American Chemical Society. (B) Schematic presentation of the synthesis of DOX-loaded mesoporous silica-coated rod-like AuNPs for thera-
nostic nanoplatforms for cancer treatment with triple modalities of two-photon imaging, chemotherapy and photothermal therapy, and TEM
characterization of the synthesis procedure. Reproduced with permission from ref. 124, Copyright 2012 WILEY-VCH. (C) Schematic presentation
of the preparation of siRNA-AuNP complexes via electrostatic interactions and the biological effects of siRNA-AuNPs. Reproduced with
permission from ref. 131, Copyright 2017 Nature Publishing Group. (D) Schematic presentation of the synthesis of strongly positively charged
TAT—-AuNPs as the delivery platform and the packaging with Cas9-sgPlK1 and lipid shel/DSPE-PEG to form LGCP complexes for gene editing-

guided tumour treatment. Reproduced with permission from ref. 140, Copyright 2017 WILEY-VCH.

through charge-charge interactions. The exposure of 810 nm
laser irradiation can quickly generate the photothermal effect,
and as well lead to the release of reactive AlPcS,. The second
exposure of 670 nm laser irradiation triggers the production of
a singlet oxygen generator (SOG) for photodynamic therapy.
Combining the photothermal therapy and photodynamic
therapy can significantly enhance anticancer therapeutic
effects. To further improve the loading efficiency of therapeutic
molecules, mesoporous silica (SiO,) was used to enhance the
surface chemistry of AuNPs.'” Researchers have developed
SiO,-coated rod-like AuNPs (Au@SiO,) as a novel cancer thera-
nostic agent.”™ The large surface area and high cavity of SiO,
can greatly improve the loading of chemotherapy drugs such as
doxorubicin hydrochloride (DOX, Fig. 5B). NIR laser irradiation
could enhance the DOX release from Au@SiO,, as well as
generate high temperature. Au@SiO, provided the combined
therapeutic modes of chemotherapy and photothermal therapy.
The imaging modality can be achieved by employing two-
photon imaging to visualize the intracellular colocalization of
DOX-loaded Au@SiO, and some cellular compartments. The

This journal is © The Royal Society of Chemistry 2020

theranostic principle based on AuNPs suggests a promising and
versatile imaging-guided therapeutic strategy.

Alternative to delivering drugs and photosensitizers for
cancer therapy, AuNP-assisted delivery of siRNA can be highly
effective treatment of cancers deep in the body. siRNA, a short
double-stranded RNA sequence, can specifically degrade the
complementary mRNA and inhibit the production of target
proteins ie. gene silencing." Specific proteins play critical
roles in the promotion of tumor proliferation, invasion and
survival."”® siRNA-guided gene silencing of target proteins can
have powerful potential in cancer suppression.'*”'** However,
the efficiency of naked siRNA is very low, because it can be
rapidly degraded by nucleases in the bloodstream.'* To
increase the efficiency, surface dendronized AuNPs have
a positively charged surface for electrostatic complexation with
negatively charged siRNA."™® The AuNPs/siRNA complex shows
enhanced in vitro transfection into cells compared to the naked
siRNA. For the in vivo performance, we have synthesized GSH
and oligoarginine peptide (CRy, highly positively charged) co-
modified AuNPs.”** The biocompatible ligand GSH and posi-
tively charged CRy help to alter the surface chemistry of AuNPs,
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and thus mediate the conjugation of NGF siRNA via electrostatic
interaction (Fig. 5C). The siRNA-AuNP nanocomplex protects
the conjugated siRNA from degradation, prolongs the circula-
tion lifetime in blood, and greatly improves the cellular uptake
and tumour accumulation. Consequently, it could highly effi-
ciently knock down the NGF expression in pancreatic tumours,
thus greatly suppressing the tumour progression. Once siRNA
has been delivered into the cells, the effective release of siRNA
from the assembled complex becomes a very important issue to
promote its biological functions. These electrostatically
assembled siRNA-AuNP complexes can achieve the passive
release of siRNA in cells. Meanwhile, stimulus-triggered and
condensed release of siRNA may significantly boost the down-
regulation of targeted protein expression. Researchers have
utilized polylysine-modified Au nanoshells for delivery and
light-controlled release of siRNA."** When exposed to laser
irradiation, the release efficiency is higher than the single
thermal-induced release and uncontrolled passive release. For
in vitro cell models, laser treatment actually increases the
downregulation of targeted proteins.

On the basis of inhibition of specific protein expression,
gene editing can be the more direct and lasting approach for
cancer treatment. To achieve this, a highly effective genome-
editing toolbox is required. In recent years, type II bacterial
clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas9 (CRISPR-associated protein) e.g. CRISPR-Cas9
systems have been developed to manipulate mammalian
genomes and have shown great potential in treating gene-
related diseases and cancer.’***** However, the delivery of the
plasmid that encodes the CRISPR-Cas9 system into cells and
nuclei is very challenging due to its strongly negative charges
and large size (>10 000 kp). Viral carriers show high-efficiency
gene transfection. However, they may result in mutagenesis,
carcinogenesis and other unexpected side-effects.™*>'** AuNPs
can be an ideal carrier benefiting from their chemical func-
tionality and biological inertness.'*”'*® Researchers have devel-
oped cationic arginine-modified gold nanoparticles to form
nanoassemblies for co-delivery of Cas9 protein and sgRNA into
cells.”® This construct provides high efficiency in vitro cell gene
editing. Plk1 protein masters the regulation in mitosis and
shows overexpression in many tumour tissues. Inhibition of
Plk1 expression can cause apoptosis of tumour cells, which
provides a good strategy for tumour therapy.”” We have used
a HIV-1-transactivator of a transcription peptide (TAT) peptide
to modify the surface chemistry of AuNPs."® The TAT peptide
helps the improvement of nucleus-targeting, and as well as
mediates the conjugation with the CRISPR-Cas9 system to
target the Plk1 gene (Fig. 5D). The positively charged TAT-
AuNPs conjugate with the negatively charged Cas9 proteins and
sgPlkl plasmids to form a condensed nanocomplex, which
allows packaging with a lipid shell and polyethylene glycol-
phospholipids (DSPE-PEG). The resulting product LGCP ach-
ieved up to 26.2% Plk1 genomic modification in vitro, which is
over 10-fold more effective than other methods. In vivo cancer
Plk1 genome-editing induced ~75% suppression of mouse
melanoma progression.
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In the improved studies, we employed larger size AuNPs (20
nm) that display a significant photothermal effect instead of
using the above 2.0 nm AuNPs."" The produced LACP nano-
complex integrates TAT, Cas9-sgPlk-1 plasmid and DSPE-PEG
components. When exposed to 514 nm laser irradiation, the
photothermal effect of the AuNP core could trigger the release of
the Cas9-sgPlk-1 plasmid with an efficacy up to 79.4%. It
showed enhanced cancer cell apoptosis compared to both the
single photothermal effect of AuNPs and the single Cas9-sgPlk1
system. When applied to a xenograft model of human mela-
noma, the laser irradiation of LACP-treated tumours produced
about 85% suppression. In the further study, it is suggested that
by manipulating the surface chemistry of AuNPs to incorporate
multiple CRISPR-Cas9 systems for targeting different mutations
in cancers and interventional therapeutic techniques, the
AuNP-based delivery approach would be promising for treating
a wide spectrum of highly heterogeneous cancers.

Meanwhile, the body clearance (renal clearance) of the
functioned AuNP carrier is an important issue for biological
applications. Although people generally believe that gold has
excellent biological compatibility, many of the reported nano-
particles can remain in the body for decades because they are
big in size and their renal clearance is hard. Using renal-
clearable AuNPs (size < 5 nm) to assemble bigger nanocarriers
gives a versatile strategy for achieving the designed functions of
Au nanomaterials and body clearance. For example, biotin-
labeled peptide-modified AuNPs have been designed to form
a tetramer using a neutravidin-mediated package.’* The
tetramer responds to cancer cell-specific proteins through the
cleavage of the peptide. The liberated monomer of AuNPs (~2
nm) can be efficiently filtered into the urine through the
kidneys. Such tetramers of AuNPs have been applied for in vivo
disease diagnosis by using colorimetric methods (based on
peroxidase activity of liberated AuNPs in urine). Researchers
have fabricated DNA-mediated self-assembled gold-DNA nano-
structures (~200 nm) by hybridizing DNA-modified 2 nm
AuNPs."** When irradiated with NIR light, the photothermal
effect causes the local temperature to reach the melting point of
hybrid DNA. The melting DNA-AuNPs target the c-myc oncogene
by forming a triplex structure and down-regulate c-myc expres-
sion of cancer cells. Similarly, after elimination of cancer cells
these ultrasmall AuNPs could well circulate via the bloodstream
and be cleared through urine.

5. Conclusion

Advances in the surface chemistry of AuNPs continue to facili-
tate the exploration of new and advanced applications in health-
related fields that cover prophylaxis, disease diagnosis and
treatment. In principle, physicochemical adsorption strategies
and chemical linking strategies should result in effective
modification of the surface chemistry of AuNPs to improve the
performance in achieving novel and multiplex functionaliza-
tion. The optimal surface chemistry, endowed by small mole-
cules, carbohydrates and polymer conjugation, can greatly help
the immunogenic presentation of antigens for developing
vaccines and highly efficient delivery of therapeutic drugs/
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siRNA/CRISPR-Cas9 for cancer treatments. Besides the mean-
ingful work done on these areas, there is still a lot of room for
researchers to design and synthesize versatile ligands/polymers
to regulate the surface chemistry of AuNPs with high efficiency
and as well enhanced targeting, biocompatibility and mini-
mized side effects. In addition to cancer treatments, AuNP-
based/assisted therapy can be applied to cardiovascular
diseases, intestinal microflora and infection.****¢ Bacterial
infection especially caused by antibiotic-resistant bacteria is
becoming a more serious threat to the human health. Small
molecule-modified AuNPs showing excellent antibacterial
activity can serve as attractive alternatives to conventional
antibiotics. We screened several molecules with synergistic
effects of non-antibiotic drugs. Using a similar strategy, we
believe that lots of other types of surface chemistries can give
rise to AuNPs with superior antibacterial activity. The limitation
is the precise biological mechanism of AuNP-based antibacte-
rial performance. In this minireview, we discussed strategies
and practices to improve the surface chemistry of AuNPs for
biomedical applications (for example, the electrostatic binding
or chemical linkage for the construction of AuNP-based
vaccines; metal ion-gated or bimetallic nanoalloy-mediated
catalytic activity of AuNPs for sensing and diagnosis; the
synergistic effect of different ligands on the surfaces of AuNPs
for broad-spectrum antibacterial agents; Au-Se chemistry or N-
heterocycle carbene chemistry for overcoming GSH-induced
interference of Au-S chemistry; assembly of ultrasmall renal-
clearable AuNPs to form big functional carriers for solving the
body clearance problem). The aim of these discussions is to
help readers who want to learn about the design principles and
the best practices for actually taking AuNPs and applying AuNPs
to the biological or medical problems. Because of the restraint
in length, we only provide the general principles and a few
examples that can help demonstrate how to solve biomedical
problems. From the oldest metal element to a versatile nano-
material, gold has always been and will permanently be
a powerful tool to serve our life, culture and health. Gold would
be golden forever.
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