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Abstract Metallic nanoparticles have attracted the attention of researchers world-
wide because of their fascinating optical, electrical, magnetic, and catalytic prop-
erties. Metallic nanoparticles have an easy surface modification chemistry to attach
various molecules such as ligands, targeting agents, biomolecules, drugs, and anti-
bodies. Because of the different properties and easy modification chemistry, these
nanoparticles have wide-ranging applications, including biomedical, solar, catalysis,
etc. This chapter will focus on metallic nanoparticles, specifically gold nanoparticles,
for biomedical applications.
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4.1 Introduction

Metals have been a center of attraction over the last two centuries because of their
fascinating physical and biological properties. A PubMed search shows the presence
of around 1.5 million research documents on metals since 1800. The metals in their
nano form, known as bhasma, have been used in India since ancient times to treat
various diseases. However, the concept of nanotechnology was introduced in the
last century (1959) by physics Nobel laureate Richard P. Feynman in his famous
lecture titled “There’s Plenty of Room at the Bottom™ at the meeting of the American
Physical Society [1, 2]. The terminology “nanotechnology” was introduced by Norio
Taniguchi in 1974.

Gold nanoparticles have unique physical, chemical, and optical properties, which
leads to their excellent biocompatibility, easy synthesis in a broad range of sizes
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Fig. 4.1 Various biomolecules can be attached to the gold nanoparticle’s surface, providing
enhanced biocompatibility, chemical stability, functionality, and specificity for targeted therapy and
imaging applications. Adapted with permission from Ref. [3] (Copyright 2014 Frontiers Media)

and shapes in an aqueous medium, easy surface functionalization, and photosta-
bility, and photo-thermal activity (Fig. 4.1) [3]. Due to their strong optical properties
originating from the localized surface plasmon resonance and their high surface-to-
volume ratio, these nanoparticles have been used for efficient light-to-heat conver-
sion (photo-thermal therapy), sensors (sensing biomolecules and heavy metal ions),
and imaging applications [4]. In 1857, Faraday described the synthesis of colloidal
gold nanoparticles for the first time by reducing gold chloride (AuC1*~) using phos-
phorus and their stabilization by carbon disulfide. Later, Turkevich et al. reported the
colloidal gold nanoparticle synthesis by trisodium citrate to reduce gold chloride in
the aqueous medium [5, 6].

4.2 Synthesis of Metal Nanoparticles

The metal nanoparticles can be synthesized by two main methods: (1) The top-down
approach and (2) the bottom-up approach. Both of these methods differ mainly by
starting material. In the top-down process, the starting material is bulk, the size of
which is reduced to nano dimension by various physical, chemical, or mechanical
methods. On the other hand, the bottom-up approach uses atoms and molecules as the
starting materials [7]. The synthesis of nanoparticles is based on the decrease in the
size of the initial material by different physical, chemical, and biological treatments.
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Although the top-down approach is easy to operate, it is not appropriate for preparing
informally shaped and microscopic particles. The major challenge with this method
is the change in surface chemistry and physicochemical properties of synthesized
nanoparticles [8, 9].

The bottom-up approach is based on the formation of nanoparticles from smaller
molecules and/or atoms, including joining atoms, molecules, or small particles. In
this process, the nanostructured building blocks are first synthesized, followed by
their assembly to synthesize the final nanoparticles [10-13].

Mechanical milling method

Mechanical milling is a kind of grinding method which uses high-speed rotating
balls to reduce the particle size of the bulk material. The bulk material is introduced
into a rolling hollow cylinder with high-speed rotating balls dropping from the top of
the cylinder to the bulk material, reducing particle size. This method is environment-
friendly and cost-effective; therefore, it has wide applications in industries.

Laser ablation method

Laser ablation, also known as the photoablation method, is used to make nanopar-
ticles from bulk material. The bulk material is irradiated with a pulse laser such as
Nd:YAG, Ti:Sapphire, and copper vapor laser, resulting in nanoparticle suspension.
The time duration, wavelength, and fluency of the laser and surrounding medium
affect the synthesized nanoparticles. The laser ablation method is suitable for making
homogenous and monodisperse nanoparticles with a high production rate.

Physical vapor deposition method

In this method, the metal vapor is deposited on an electrically conductive material
either as a thin film or as nanoparticles. The ion beam sputtering method uses inert
gas ions (such as argon) to make the plasma surrounding the target material. The
argon ions then strike the target material (at high voltage), which will eject the atoms
from the target material and deposit them onto the substrate. The entire process is
performed at a very high pressure of about 10! to 10~ mbar. Magnetron sputtering
has been used successfully to synthesize various nanoparticles [14].

Chemical vapor deposition method

Unlike the physical vapor method, the chemical vapor deposition approach involves
the reaction of chemical vapors containing more volatile precursors with the target
material. The thin film of the target material is deposited on a substrate [15]. This
approach is widely used in semiconductors to make thin films.

Sol-gel method

The sol-gel nanoparticle synthesis method involves the synthesis of metal alkoxide
precursors in solution (sol phase), which further acts as a building block for an
integrated metal oxide network (gel phase) [16]. This method is generally used for
the synthesis of metal oxide nanoparticles.
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Chemical reduction method

The metal salt is reduced in an aqueous medium using different chemical reducing
agents in the presence of a surfactant. Examples of reducing agents are sodium boro-
hydride, sodium citrate, and ascorbic acid. Formed metal nanoparticles are capped
with stabilizing or capping agents such as long-chain alkylates and long-chain fatty
acids, including sodium lauryl sulfate and hexadecyltrimethylammonium bromide.
Sometimes, a stabilizing agent can also act as a reducing agent, such as sodium citrate
and ascorbic acid. Many biomolecules containing amine, oxide, or thiol groups may
act as reducing and capping agents [17-20]. This is one of the most popular methods
for synthesizing metal nanoparticles.

Hydrothermal method

The hydrothermal approach to synthesizing nanoparticles involves the growth of a
single crystal in high vapor pressure and high-temperature environment. This envi-
ronment is created in specially designed thick-walled vessels of high corrosion and
temperature-resistant steel [21-27].

Solvothermal method

The solvothermal method is similar to the hydrothermal method in most ways which
also uses a high-temperature and high-pressure environment developed inside a thick-
walled steel vessel. The significant difference in both approaches is that the latter
uses organic solvents instead of aqueous solvents [28].

Pyrolysis

Pyrolysis is the process of chemical transformation or decomposition of material in
an inert atmosphere at a high temperature. The spray pyrolysis approach involves
the delivery of nanoparticle precursors in vapor form using a nebulizer into the
hot reactor. On the other hand, the laser pyrolysis method involves the precursors
absorbing laser energy for the preparation of nanoparticles. In the flame pyrolysis
approach, the liquid precursors are directly sprayed into the flame [29].

Biological method

The biological method is a cost-effective, eco-friendly, green synthesis approach
involving the use of different microorganisms and plant products for nanoparticle
synthesis. The biological process has an advantage over other methods because this
method doesn’t require high temperature, pressure, and toxic chemicals [30].

Electrochemical deposition

The electrochemical method is a process in which a thin metal layer has been
deposited on the conducting material surface. The metal precursor ions get reduced
at the conducting surface and make a thin layer of metal coating in the presence of
sufficient electric current [31].
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Microwave-assisted synthesis

Microwave-assisted synthesis is preferred over the thermal approach because of its
fast, homogenous heating and high product yield. Microwave frequency of 300 MHz
to 300 GHz leads to the polar molecule orientation with the electric field. In contrast,
re-orientation with an alternating electric field triggers molecular friction and energy
loss in the form of heat [32-34].

Ultrasound-assisted synthesis

The ultrasound approach uses the cavitation process, which is the formation and
collapse of the bubble by intense ultrasound waves, producing an enormous amount
of kinetic energy which converts into heat. This process has an advantage over other
conventional methods in that it produces a high yield, requires low energy, doesn’t
need toxic chemicals, and produces low waste [35].

4.3 Characterization of Metal Nanoparticles

Several technologies have been used to characterize the physical, chemical, and
optical properties of nanoparticles, such as shape, size, crystal structure, elemental
composition, and stability.

4.3.1 Spectroscopic Characterization

The metallic nanoparticles show characteristic optical properties due to the oscil-
lations of the conduction band of electrons at the surface of nanoparticles, known
as surface plasmon resonance. The color of gold nanoparticle suspension changes
from deep red to purple depending on the size of the nanoparticles. Due to LSPR,
some portion of the electromagnetic spectrum is absorbed while others get reflected,
leading to their visible colors. The absorption of the electromagnetic spectrum can
be detected in UV—Vis spectrophotometer as a strong peak between 520 and 800 nm
depending upon the size of nanoparticles.

4.3.2 SEM Analysis

Scanning electron microscopy is used to characterize nanoparticle size, shape, and
agglomeration. In SEM imaging, a focused electron beam is allowed to react with the
sample, which produces many signals required to obtain the shape and composition
of the nanoparticles. The sample processing for SEM is very straightforward in that
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the sample must be drop-casted on the conductive substrate and dried thoroughly to
remove any solvent traces.

4.3.3 TEM Analysis

Transmission electron microscopy is used to characterize the structural properties
of nanoparticles. TEM can be used to produce the images, diffraction patterns, and
microanalytical data of the nanomaterial to get a complete insight into the different
properties and behavior of nanomaterials. Unlike SEM, TEM sample preparation
includes a diluted sample drop cast on the carbon-coated copper grid.

4.3.4 AFM Analysis

The atomic force microscope uses phosphorus-doped silicon probes, which scan the
entire nanoparticle surface and provide 3D projection images of nanoparticles. AFM
can also give extensive qualitative and quantitative data depending on the type of
nanomaterial. The sample preparation for AFM is very similar to the SEM.

4.3.5 FTIR Analysis

The Fourier transform infrared (FTIR) spectroscopy utilizes infrared waves to
analyze the chemical structure of the nanomaterial at the molecular scale, especially
the bonding of capping agents to the nanoparticle surface. The sample preparation
includes mixing and grinding of completely dried nanomaterial with KBr powder.

4.3.6 XRD Analysis

X-ray diffraction utilizes the constructive interference between X-ray radiation and
the nanomaterials, which generates information about the structure of nanomaterials,
especially the crystal structure, crystallite size, nature of phase, lattice parameters,
and strain.
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4.4 Metal Nanoparticles for Biomedical Applications

4.4.1 Chemotherapy

The ease of surface functionalization of gold nanoparticles through various
biomolecules made them an attractive delivery agent for chemotherapy. There are
different methods developed for the functionalization of gold nanoparticles. In one
method, prodrugs can be coupled covalently to the gold nanoparticles via cleav-
able linkers [36-39]. In another approach, hydrophobic drug molecules can be non-
covalently attached to gold nanoparticles, allowing delivery without any structural
change of the drug molecules [10-13]. Gold nanoparticles can release the drugs
by either internal (e.g., glutathione) or external (e.g., light) stimuli [40-46]. The
diversity of the gold nanoparticle monolayer is crucial to both release mechanisms,
offering tunability for endogenous delivery processes and a functional platform for
external delivery approaches [47].

4.4.2 Phototherapy

Sunlight has been used in medicine from ancient Egypt, Greece, India, and China to
treat various diseases [48]. The disorders such as psoriasis and vitiligo were treated
using vegetal-derived substances in the presence of sunlight in ancient Egypt [49]. In
ancient times, light therapies had also been used to treat several other disorders, such
as physiological illnesses, sleep, skin diseases, neonatal jaundice, retinal correction,
and cancer.

However, the use of light irradiation has recently been shown for the precision
therapy of cancer treatment. The light can be used directly to initiate physiological
changes or endogenous biochemical reactions, which leads to cell damage [50]. The
light can also be used indirectly to initiate the production of effector molecules as
byproducts [49, 51, 52]. According to the method, the use of light can be broadly
divided into two different categories: (a) Photodynamic therapy—in this method,
sensitizer molecules absorb the light and initiate a chemical alteration reaction that
leads to the therapeutic outcome, and (b) Photo-thermal therapy—in this method,
gold nanoparticles have been used which convert the light to heat and damage the
cells (Fig. 4.2) [49, 51-55].

Phototherapy uses lasers as a light source that generates monochromatic light and
can be transported through an optical fiber. The light source selection depends on the
absorption of photosensitizers, location of the disease, lesion size, exposure time,
total light dose, and light delivery type. The wavelength of phototherapy is chosen in
the range 600—800 nm, the NIR region known as the therapeutic window. In this range
of wavelength, photosensitizer molecules get excited. The significant advantage of
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Fig. 4.2 Light-induced therapy—a photodynamic (PDT) and b photo-thermal (PTT) treatment.
Schematic representation of the crucial steps of PDT and PTT used as a therapeutic approach
against cancer. Adapted with permission from Ref. [50] (Copyright 2021 MDPI)
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phototherapy is minimal invasiveness, tumor specificity, reduced systemic cytotoxi-
city, and spatiotemporally controlled illumination via focused irradiation only at the
diseased lesion [56].

Gold nanoparticles have been used effectively to deliver photosensitizer molecules
benefitting from the easy surface modifications of the nanoparticles. Gold nanopar-
ticles can efficiently deliver different biomolecules, such as proteins, DNA, and drug
molecules, which may act as sensitizers. The gold nanoparticles and photosensitizer
conjugates can effectively transfer the energy or electrons between sensitizer and
nanoparticles, making them suitable for effective PDT [51, 54, 57, 58].

Photo-thermal therapy is another minimally invasive alternative to photodynamic
therapy, which utilizes the generation of controlled local heat with extreme precision.
Since the early 1900s, it has been very well-known that cancer cells are more suscep-
tible to heat than normal cells. Photo-thermal therapy utilizes photo-thermal agents
and generates heat to raise the local temp as high as 40-45 °C, which is higher than
the physiological temperature (36-37 °C). The photo-thermal therapy kills cancer
cells by affecting several cellular and molecular mechanisms such as direct cell
membrane damage, inhibition of DNA synthesis, and cytoskeleton damage. Hyper-
thermia therapy is not free from side effects. Hyperthermia can cause side effects
because of the disproportionate photo-thermal agent’s distribution throughout the
body and extreme laser power [56, 59].

4.4.3 Immunotherapy

Vaccination is a kind of immunotherapy that utilizes adjuvant molecules to make the
response highly efficient [60]. The development of vaccines is crucial, including the
long-lasting induction of robust immune response, antigen-specific CD8+ T cell, and
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stimulating antibody response to existing tumors [61]. The critical factor in devel-
oping vaccines is the delivery of antigens to antigen-presenting cells with subse-
quent activation and maturation. This will, in response, maximize cross-presentation
for inducing cytotoxic CD8+ T cell response [62]. For this purpose, the vaccine
delivery to the lymph node can be one of the best strategies because lymph nodes
contain many APCs and immune cells responsible for both humoral and cellular
immunity [61, 63-66].

Nanoparticles have evolved as a potential candidate for antigen delivery because
they can easily be targeted to the lymph node via a lymphatic vessel in a size-
dependent manner [61, 63]. Small particles around 25 nm have higher accumulations
in lymph nodes than the larger ones with a size equal to or more than 100 nm [67].
Therefore, there are some critical considerations for developing nanoparticles for
antigen delivery, such as (a) the nanoparticles should be smaller than 50 nm, (b)
the antigen or adjuvant should be versatile to be functionalized on the nanopar-
ticle surface, (c) the antigen should effectively activate antigen-presenting cells to
induce humoral and cellular immunity, and (d) nanoparticles should be trackable
non-invasively throughout the body. Given these considerations, gold nanoparticles
can fit the best because of the following properties: (a) easy to control the size of
gold nanoparticles from 1 nm to hundreds of nanometers, (b) various biomolecules,
including protein, peptide, and oligonucleotides, can be easily attached to the gold
nanoparticles surface, (c) gold nanoparticles are biocompatible, biologically inert,
and non-toxic, (d) gold nanoparticles can easily be tracked throughout the body using
imaging techniques such as computed tomography which is readily available in most
of the hospitals or clinical centers.

Lee et al. prepared a vaccine based on gold nanoparticles (size = 7 nm) for targeted
delivery to lymph nodes (Fig. 4.3). The gold nanoparticles were functionalized by
red fluorescence protein (which works as an antigen), and thiol-modified CpG 1668
oligodeoxynucleotide (ODN; CpG 1668 is an ODN that contains CpG motifs, which
works as a potent stimulator of the immune response). The red fluorescence protein
was modified to have two cysteines at its c-terminus, which enables its coupling
to the surface of gold nanoparticles via Au—S bonding [68]. The CpG 1668 with a
spacer consisting of ten adenine nucleotides (A10) can effectively trigger immune
responses through the activation of toll-like receptor 9 (TLR-9) [69].

Ahn et al. used the extra domain B (EDB) of fibronectin for the vaccine formula-
tion. EDB is a tumor-associated self-antigen overexpressed in fetal and tumor tissues
and is therefore known as an oncofetal antigen [70]. Moreover, EDB is also an excel-
lent angiogenesis marker as it accumulates explicitly in the basement membrane
of the neovascular structures present in aggressive tumors. AuUNP/EDB-OVAs7 269
efficiently facilitated cross-presentation of the antigen in professional dendritic cells,
eventually stimulating antigen-specific cytotoxic T-lymphocyte reactions. Following
administration of AuNP/EDB-OVA;s7 269, the vaccine efficiently reached the local
lymph nodes, causing a high-level EDB-specific antibody production and finally
preventing tumor growth in an EDB-overexpressing breast tumor model [70].
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Fig. 4.3 Schematic representation of CpG/RFP/AuNPs preparation. Adapted with permission from
Ref. [68] (Copyright 2014 Elsevier)

4.4.4 Radiotherapy

Due to its high-level tissue penetration, radiotherapy is one of the most extensively
used non-surgical therapies for cancer patients in clinics. Various metals with high
atomic numbers, such as gold, bismuth, gadolinium, and hafnium, have been widely
explored as radiosensitizers. Gold has been extensively studied among these metals
because of its intrinsic radiosensitivity property (due to its higher atomic number)
and biocompatibility compared to other high atomic number materials [71, 72].

However, high-energy radiation, like X-rays, can damage genetic material. There-
fore, delivery agents (radiosensitizers) are needed that can interact with X-rays to
confine the radiation dosage into desired cells/tissues. Nanoparticles have the advan-
tage over traditional molecular radiosensitizers because nanoparticles can be tailored
to facilitate selective delivery into tumor tissues due to the enhanced permeability
and retention (EPR) effect [71, 73-79].

Gold nanoparticles can be selectively delivered to the tumors, leading to higher
absorption of X-rays into the tumors than in normal tissues. As per the calculations,
this dose enhancement can be considerably more significant than normal tissues,
even 200% or higher [71, 76]. Additional advantages of Au NPs are that they can
be used as contrast for image-guided therapy and are appropriate for combinatorial
therapy to deliver more than one drug molecule.

Ding et al. reported gold nanoparticles conjugated with a responsive peptide
(Tat-R-EK) [80]. This responsive peptide consists of three main components: a cell
and nuclear-penetrating component derived from human immunodeficiency virus-1
transactivator of transcription protein (Tat), a cathepsin B cleavable linker, and a zwit-
terionic antifouling component (Fig. 4.4). The peptide covered the gold nanoparticles
via the Au-S bonding between gold and thiol groups from cysteine.
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Fig. 4.4 Schematic shows the gold nanoparticle delivery in tumor tissues and cell nuclei for
improved radiotherapy in vivo and fast clearance via the kidney. Adapted with permission from
Ref. [80] (Copyright 2020 Ivyspring International Publisher)

4.4.5 Gene Silencing

4.4.5.1 RNAi

The gold nanoparticles have been extensively studied to deliver siRNA for gene
knockdown purposes. There are two ways to attach the siRNA with gold nanoparti-
cles: (a) via Au-S chemistry or (b) via electrostatic interactions.

Au-S bonding has been used to bind thiol-containing ligands to the surface of
gold nanoparticles. In a study by Giljohann et al., 13 nm gold nanoparticles were
co-loaded with SH-PEG400 and SH—siRNA (Fig. 4.5). In this system, the PEG was
significantly smaller than the siRNA, so the nanoparticle surface displayed to the
cells exhibits almost entirely siRNA [81].

Electrostatic interactions have also been used for attaching the negatively charged
siRNA molecules to the surface of gold nanoparticles via positively charged polymers
such as polyethyleneimine (Fig. 4.6). For example, Elbakry et al. reported a complex
with a 15 nm gold nanoparticle core followed by layers of PEI, siRNA, and PEI [82].
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Fig. 4.5 Preparation of siRNA conjugated gold nanoparticles. The RNA duplex was formed first,
followed by the addition of gold nanoparticles and OEG-alkylthiol. Adapted with permission from
Ref. [81]. Copyrights 2009 American Chemical Society
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Fig. 4.6 Flowchart illustrating the layer-by-layer deposition applied to gold nanoparticles. After
each coating step, gold nanoparticles were purified by centrifugation and resuspended in unbuftered
10 mM NaCl. Adapted with permission from Ref. [82]. Copyrights 2009 American Chemical
Society

4.4.5.2 CRISPR-Cas9

The discovery and translation of clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas9 from bacteria to mammalian cells demonstrated a milestone
for genome engineering due to its robustness, simplicity, and versatility [83—-85].
There are two main types of gene-editing therapies that have been used for the
CRISPR—Cas9 system: (1) non-homologous end joining (NHEJ), which completely
silences disease-producing genes by introducing indel mutations, and (2) homology-
directed repair (HDR), which reverts disease-producing gene mutations to their wild-
type form. HDR-based therapies can treat most genetic diseases. Therefore, there is
considerable interest in advancing HDR-based therapeutics. However, in vivo gene
editing via HDR is difficult due to the targeted delivery of Cas9, guide RNA (gRNA),
and donor DNA [86-90].
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Gene therapy using adeno-associated viruses (AAVs) is presently the highly devel-
oped and used approach for delivering Cas9 in vivo. However, in vivo AAV delivery
is difficult because a substantial portion of the human population has pre-existing
immunity toward AAV, making them disqualified for therapeutics [91]. Moreover,
the AAV-based Cas9-delivery system also generates considerable off-target genomic
modifications because of the constant expression of Cas9. AAV also has a smaller
packing size and may need several viruses to deliver Cas9 ribonucleoprotein (RNP)
and donor DNA in vivo, which may reduce the HDR efficiency of the AAV-based
Cas9-delivery system. Finally, the viral titers required to produce curative amounts
of editing have been way higher than the clinically accepted levels [92-96]. There-
fore, the reliable and effective delivery of CRISPR/Cas9 remains a significant chal-
lenge restricting its wide applications. For this reason, gold nanoparticles have been
explored for efficient delivery [91, 97-100].

Lee et al. developed “CRISPR-Gold,” which can deliver Cas9 RNP and donor
DNA in vivo and stimulate HDR [90]. CRISPR-Gold is composed of gold nanopar-
ticles coupled with DNA, which are complexed with donor DNA, Cas9 RNP,
and poly(N-(N-(2-aminoethyl)-2-aminoethyl) aspartamide) (PAsp(DET)) which is
an endosomal-disruptive polymer. CRISPR-Gold is created to be internalized by
cells via endocytosis due to the cationic PAsp(DET), which complexes with the
components of CRISPR-Gold (Fig. 4.7). After endocytosis, the cationic polymer on
CRISPR-Gold activates endosomal disruption and triggers the delivery of CRISPR—
Gold into the cytoplasm. Importantly, once in the cytoplasm, glutathione releases the
DNA from the gold core of CRISPR-Gold, which causes the rapid release of Cas9
RNP and donor DNA.

CRISPR-Gold was capable of targeting CXCR4 in human embryonic stem cells,
human-induced pluripotent stem cells, bone-marrow-derived dendritic cells, and the
dystrophin gene in myoblasts with an HDR efficiency between 3 and 4%. CRISPR—
Gold can also deliver Cas9 RNP and generate gene deletions in Ai9 mice. CRISPR—
Gold was capable of correcting the mutated dystrophin gene in mdx mice to the
wild-type sequence after a single dose and restoring dystrophin protein expression in
muscle tissue. CRISPR—Gold can stimulate HDR in the dystrophin gene. In partic-
ular, 5.4% of the dystrophin gene in mdx mice was corrected back to the wild-type
after CRISPR-Gold therapy. This correction rate was around 18 times higher than
treatment with Cas9 RNP and donor DNA alone, with only a 0.3% correction rate.

Wang et al. used lipids such as DOTAP, DOPE, cholesterol, and PEG2000-DSPE
to coat TAT-modified gold nanoparticles to deliver the Cas9-sgPlk-1 plasmid [101].
The lipids can facilitate the entry of gold nanoparticles into the cells, while TAT
peptides can take the plasmid into the nucleus. A laser-triggered thermal effect caused
the release of plasmid from nanoparticles. On day 20, the tumor volume decreased to
about 42% with the nanoparticles and 20% with the nanoparticles and laser irradiation
compared to the control group.
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Fig. 4.7 a The components of CRISPR-Gold; b the working principle of CRISPR-Gold. Adapted
with permission from Ref. [90]. Copyrights 2017 Springer Nature Limited
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4.5 Conclusion and Future Perspective

This book chapter provides a summary of recent developments in the field of gold
nanoparticles. Gold nanoparticles have been one of the most studied delivery systems
because of their exciting physical, optical, chemical, and biological properties. Due to
their biocompatibility, stability, and easy surface modifications, metal nanoparticles
provide a promising platform for numerous biological applications, including the
delivery of biomolecules, therapy, and diagnosis.

However, there are several critical issues that need to be addressed before their
clinical applications. These issues may include the size and surface-dependent cyto-
toxicity, immune response, biodistribution, and targeting of a specific organ or
tissue. These investigations will help design new delivery systems and enhance the
understanding of nanomaterials’ interaction with biological systems.
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