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Abstract

Nanoparticle drug delivery systems are currently one of the hottest topics in the field of medicine.
They can precisely deliver drugs to the parts of the patient that need treatment, with the goal of
improving patient effectiveness and reducing drug toxicity. Gold nanoparticles (AuNPs) are considered
one of the most promising nanomaterials due to their unique optical, electronic, sensing, and
biochemical properties. By combining AuNPs with different ligands, functionalized gold nanoparticle
(F-AuNPs) drug delivery systems can be obtained, which have broad application prospects in the field
of medicine. This article focuses on the different ligand connection types of F-AuNPs and reviews the
research progress of F-AuNPs drug delivery systems in the field of medicine in recent years.
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1 INTRODUCTION

Nanomedicine belongs to the field of nanoscience,
and the application of nanotechnology in the field of
medicine has become a current research hotspot!"’.
The development of nanoscience and the preparation
of nanomaterials provide the foundation and technical
support for the development of nanomedicine. The
application of nanotechnology in medicine mainly
includes nanosensors, nanomolecular imaging, nanodrug
delivery and controlled release systems, and the
application of nanomaterials in tissue engineering and
regenerative medicine'. Nanomaterials have unique
physical, chemical, and biological properties, such
as a large specific surface area, strong controllability,
and good biocompatibility, which provide an excellent
platform for the development of nanomedicine"’. By
regulating the properties and structures of nanomaterials,
precise transport and controlled release of drugs can be
achieved, thus improving drug efficacy and reducing side
effects'™. In addition, the application of nanotechnology
in medicine can also achieve precise diagnosis,
personalized treatment, tissue repair, and other functions,
which have a significant impact on human health™.

Gold nanoparticles (AuNPs) are nanoparticles
composed of gold atoms and have many unique
physical, chemical, and biological properties'®. These
properties make AuNPs widely applicable in medicine,
biology, chemistry, and materials science'”. However,
naked AuNPs are not stable and tend to aggregate and
precipitate into metallic particles. Functionalized gold
nanoparticles (F-AuNPs) are nanomaterials obtained by
modifying the surface or interior of AuNPs with different
ligands or functional molecules'™. By modifying
the surface or interior of F-AuNPs, the physical and
chemical properties of AuNPs can be adjusted to meet
specific application requirements”’. Therefore, the
application prospects of F-AuNPs in drug delivery are
wider than those of naked AuNPs. This article reviews
the research progress of F-AuNPs in drug delivery
systems in the field of medicine in recent years, aiming
to provide a reference for further development and
application of F-AuNPs drug delivery systems.

2 INTRODUCTION TO F-AUNPS AND THEIR
APPLICATIONS

F-AuNPs refer to AuNPs that have been surface-
modified by connecting different molecules to their
surface, giving them specific properties and functions"”.
These molecules can be biological molecules, fluore-
scent dyes, peptides, polymers, and so on. F-AuNPs
have excellent optical, electronic, biosensing, and drug
delivery properties, making them widely used in the
fields of biomedical, optical, and electronic sciences. For
example, in the biomedical field, F-AuNPs can be used
for molecular diagnosis, photothermal therapy, gene
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delivery, and other applications'". In addition, F-AuNPs
have good biocompatibility and low toxicity, making
them a promising potential candidate for medical
applications!'”.

The conjugation strategy involves chemically reacting
molecules with the chemical functional groups on the
surface of AuNPs, forming a stable conjugated system.
The conjugation strategy can be used to combine
different molecules with AuNPs, forming F-AuNPs.
In the biomedical field, the conjugation strategy is
widely used for drug delivery, molecular diagnosis, and
biological imaging (common F-AuNPs conjugation
strategies are shown in Figure 1),

The purpose of functionalizing and modifying
AuNPs is to give them more special properties and
functions for use in different fields. The specific goals
of functionalizing and modifying AuNPs include: (1)
improving dispersibility and stability, which is achieved
by conjugating molecules to the surface of AuNPs
and thus preventing aggregation and precipitation; (2)
changing optical properties, as AuNPs have unique
optical properties that can be adjusted through surface
functionalization, such as regulating the wavelength,
intensity, and direction of absorption and scattering
of light, for use in optical imaging and therapy; (3)
increasing biocompatibility, which is realized by
modifying molecules on the surface of AuNPs to reduce
toxicity for use in the biomedical field; (4) increasing
targeting, which is achieved by modifying targeting
ligands on the surface of AuNPs to target specific cells,
tissues, or biological molecules, for precision diagnosis
and therapy; (5) enhancing drug delivery ability by
modifying drugs on the surface of AuNPs, which can
also improve therapeutic efficacy, and reduce drug side
effects. In summary, the purpose of functionalizing and
modifying AuNPs is to make them more applicable in
different fields and realize their potential for various
applications.

3 DIFFERENT LIGAND CONNECTION TYPES
FOR F-AUNPS
3.1 Physical Adsorption Connection Type

The physical adsorption connection type is a method
of adsorbing molecules or compounds onto the surface of
AuNPs, which does not involve the formation of covalent
bonds"*. The commonly used physical adsorption
connection types include electrostatic interaction,
van der Waals forces, and hydrophobic interaction.
As its connection strength is usually weak and easily
influenced by environmental factors, the simplest and
fastest ligand connection method is not suitable for
applications that require high connection stability!"”.
However, research!'® has shown that the dissociation
constant (pKa) value of the ligand, the pH value of the
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Figure 1. Common conjugation strategies for functionalized gold nanoparticles.

surrounding solution, and the ion strength will all affect
the size of the surface charge, thereby affecting the
repulsion strength and stability of the AuNPs. Therefore,
it is speculated that in the process of using AuNPs, their
stability can be ensured by appropriately adjusting the
pH value and ion strength of the ligand. Andrade et
al."” used cetuximab to coat AuNPs, and the resulting
nanocomposites maintained a stable level of tolerance
for up to 2 years. Moreover, it effectively promoted
the binding of epidermal growth factor receptors and
induced tumor cell apoptosis. Khodashenas et al.!"”
combined gelatin with AuNPs and used it as a drug
carrier for curcumin. They studied the release curve of
curcumin at different pH values (7.4 and 5.4) for 48h at
37°C, and the results showed that the amount of released
drug under pH 5.4 conditions was larger than that under
pH 7.4 conditions, and the release rate was slower. This
study confirmed that physical adsorption of gelatin and
AuNPs is more stable under acidic conditions. Although
the physical adsorption ligand connection method is
simple and easy to implement, it is not perfect, and
fixing the ligand by physical adsorption can lead to
random ligand connections. Some active sites may be
blocked by adjacent biomolecules or AuNPs, so only a
small fraction of the ligands may be active in the end.

3.2 Coordination Self-assembly Connection Type
Coordination self-assembly connection type is a
method of connecting organic molecules containing thiol
(-SH) with AuNPs"”. Thiol has a strong affinity for gold
and can form strong coordination bonds with gold atoms
on the surface, thus connecting AuNPs with organic
molecules™”. Sulfide (RS-) is the most commonly used
organic ligand, which can form very stable chemical
bonds by coordinating with gold atoms on the surface.
In addition, phosphate groups, amino groups, carboxyl
groups, and other groups can also coordinate with gold
atoms on the surface to achieve functional modification
of AuNPs"". This connection method has high stability,
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but the number of connections is limited, and the
molecular structure and atomic properties of the gold
surface need to be considered during the connection,
which requires higher experimental conditions. Bessar et
al.” used 3-MPS containing thiol group to bind AuNPs
to prepare water-soluble F-AuNPs and loaded them with
MTX to treat psoriasis. The results showed that the drug
loading rate of Au-3MPS could reach 70%-80%, and the
release rate within 24h could reach 95%. In vitro studies
have shown that compared with simple MTX, the use
of Au-3MPS@MTX conjugates can further increase
the delivery of MTX in the epidermis and dermis, and
no skin retention of Au-3MPS was observed, which
confirms that Au-3AMPS@MTX conjugates can be used
as carriers for treating local psoriasis.

Polymers are high molecular weight compounds
formed by connecting many monomer molecules through
covalent or ionic bonds™. In various fields such as
chemistry, materials science, and biology, polymers have
been widely used in the preparation of materials, drugs,
biosensors, and more. In the preparation of nanoparticles,
polymers can act as protective agents, controlling the
size, shape, and surface properties of the nanoparticles’™.
Additionally, polymers can serve as carriers to encapsulate
biological active substances such as drugs on the surface
of nanoparticles, achieving precise delivery and release
of drugs™'. Therefore, polymers play an important role
in the preparation and application of nanoparticles. In the
field of AuNPs, many polymers can alter their size, shape,
and stability. For example, the bifunctional linker of PEG
is often used for surface modification of AuNPs™", It has
been found that the orientation and density of ligands
are two key factors that affect the surface properties of
AuNPs"””. Comenge and Puntes” found that when
the density of the PEG-SH polymer, which was used
to conjugate antitumor drug ligands onto the surface of
AuNPs, was low, the PEG-SH polymer could bind to the
AuNPs through multiple weak bonds. However, when
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the density of ligands was high, the surface was saturated
with more stable Au-SH bonds. In contrast, Al-Harbi et
al.” conducted a rat study by comparing blank AuNPs
with PEG-coated AuNPs. The results showed that the
PEG-coated AuNPs significantly increased the expression
of pro-inflammatory cytokines in rat liver and kidney
cells, confirming that the PEG-coated AuNP drug delivery
system can further enhance the therapeutic effect of drugs
compared to blank AuNPs.

3.3 Covalent Bonding Connection Type

Covalent bonding is another commonly used
connection type for functionalizing AuNPs. Compared
with physical adsorption and coordination self-
assembly connection types, covalent bonding can
provide more stable chemical bond connections and
has greater flexibility in chemical modification".
Chemical modifiers commonly used on the surface of
AuNPs include thiols, amines, and carboxylic acids,
which can covalently bond with reactive groups on the
gold surface, such as thiol groups, amino groups, and
carbonyl groups”'. In covalent bonding connection type,
chemical modification usually requires certain reaction
conditions and chemical catalysts, so it is necessary
to strictly control the conditions and parameters of
the reaction to avoid unnecessary side reactions or
damage to the stability of the nanoparticles. Ghorbani
and Hamishehkar” prepared polymer-coated AuNPs
by covalently bonding MTX carboxylic acid with the
amino group of the polymer shell of the AuNPs, thus
developing a new pH-responsive nano platform for
controlled and targeted delivery of anticancer drugs.

Magro et al.”” has found that the size of AuNPs is
similar to that of biological molecules such as proteins
and DNA. Most peptides or proteins contain cysteine
with thiol groups, which can be fixed on F-AuNPs
through covalent bonding to exert their effects.
Kalishwaralal et al."" found that PDCs can target and
kill different types of cancer cells, but they are easily
hydrolyzed in physiological environments. The study
showed that the stability of PDCs can be improved
by coupling them with polyethylene-coated AuNPs.
In addition, the study also found that the coupling
efficiency of PDCs and AuNPs may vary depending
on the chemical properties of the drug and the specific
amino acid sequence of the peptide, especially in highly
hydrophobic conditions. Gasparri et al.”” studied the
effect of AuNPs coupled with head-tail cyclic peptide
CGisoDGRG (Isol) on mouse 1L-12. The results showed
that this AuNP conjugate was an effective strategy to
improve its therapeutic index and maintain adoptive T
cell therapy. Sun et al.”® found that the conjugate (Au@
DAPT@BSA) of F-AuNPs with BSA and 4,6-DAPT
can reduce the minimum inhibitory concentration of
gram-negative bacteria and broaden the spectrum of
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antibacterial activity against gram-positive bacteria,
significantly reducing the number of Pseudomonas
aeruginosa and Staphylococcus aureus in biofilms. In
addition, Au@DAPT@BSA has a healing effect on
subcutaneous abscesses caused by clinically isolated
multidrug-resistant Escherichia coli or Staphylococcus
aureus, without producing detectable toxicity. The above
research results provide new strategies for improving
the biocompatibility of nanomaterials with antibacterial
drugs.

4 RESEARCH PROGRESS OF FUNCTIONALIZED
GOLD NANOCARRIER SYSTEMS IN THE FIELD
OF MEDICINE
4.1 Gene Therapy

In recent years, nanocarrier systems have been
widely studied and applied in the field of medicine. In
gene therapy, the application of functionalized gold
nanocarrier systems has received great attention. Gene
therapy is a technique that uses genetic engineering to
introduce therapeutic genes into a patient’s body to treat
diseases"”. However, traditional gene therapy methods
have many problems, such as low gene expression
efficiency and poor safety, due to factors such as the
instability of genes and difficulty in crossing the cell
membrane. The unique properties of F-AuNPs, such as
high surface area-to-volume ratio, good biocompatibility,
and easy surface modification, make them an effective
gene delivery platform”. To date, several functionalized
gold nanocarrier systems have been designed for gene
therapy, such as DNA-modified gold nanomaterials
and siRNA-modified gold nanomaterials. In Ahwazi et
al.’s study"™, researchers used a siRNA delivery system
based on human immunodeficiency virus type 1 trans-
activating transcriptional activator (HIV-1TAT) peptide-
coated AuNPs to treat breast cancer. Positively charged
nanoparticles have high cellular uptake ability, allowing
for efficient gene transfection using low concentrations
of nanoparticles. After transfection, ROR1 and its target
gene CCND1 were downregulated, inducing apoptosis
in cancer cells. This study demonstrated that HIV-1TAT
peptide can bind to AuNPs via Au-S bonds and can
be used as a carrier for negatively charged therapeutic
agents for specific genes. In another study by Shaat et
al.™ to overcome the shortcomings of rapid enzymatic
degradation and low transfection efficiency of siRNA,
AuNPs modified with branched polyethyleneimine
(bPEI) were used as intracellular siRNA delivery
vehicles. The study showed that the complex enhanced
the uptake of siRNA by cells without causing significant
cytotoxicity. Moreover, the study confirmed that bPEI-
modified AuNPs can be used as a safe carrier for
delivering siRNA.

4.2 Targeted Drug Delivery
The application of functionalized gold nanocarriers
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in targeted drug delivery is also one of the most highly
researched directions. Due to their excellent biological
properties, F-AuNPs are very suitable as non-toxic
carriers for targeted disease therapy'*'. The nanosize
of F-AuNPs improves their circulation time, reduces
aggregation rate, enhances the attachment to therapeutic
molecules and target reagents, and further improves
their ability to penetrate cell membranes while reducing
overall cellular toxicity'*”. Therefore, F-AuNPs serve as
effective means of targeted drug delivery.

4.2.1 Active Targeting

F-AuNPs have attracted attention as an effective
means of drug delivery through active targeting,
which can deliver drugs directly to target cells or
tissues, thereby improving therapeutic efficacy and
reducing unnecessary side effects. In active targeting,
nanoparticles are conjugated to ligands that specifically
bind to molecules that overexpress on the surface of
target cells, but express poorly or do not exist at all
in normal cells'’. This ligand-receptor interaction
induces nanoparticle internalization and drug release
inside the cells through receptor-mediated endocytosis.
Common ligands include antibodies, carbohydrates,
enzymes, folate, peptides, and vitamins. Rizk et al."*"
conjugated AuNPs with TGF-f1 antibody, MTX, and
tumor-targeting molecule folate. ELISA results showed
that TGF-B1 antibody conjugated with AuNPs reduced
extracellular TGF-B1 by 30% compared to the control
group. F-AuNPs effectively reduced extracellular
TGF-B1 levels, and folate and MTX enhanced toxicity
against cancer cells. Thambiraj et al."*”) conjugated
AuNPs with docetaxel in a non-covalent manner
and linked them to the targeting molecule folate, and
evaluated the cytotoxicity of the synthesized AuNP
conjugates against lung cancer cell line H520. The results
showed that AuNP-based nanocarriers could be used as a
delivery system for various cancer chemotherapy drugs.

4.2.2 Passive Targeting

Passive targeting refers to the use of the unique
physiological and pathological characteristics of tumor
tissue to achieve the passive targeted delivery of drugs
to tumor tissue by changing the size, shape, surface
modification, and composition of nanoparticles in
F-AuNP drug delivery systems“”. A common passive
targeting delivery strategy is to utilize the tumor tissue-
specific EPR effect, that is, the high permeability of the
vascular wall and the incomplete lymphatic drainage
system in tumor tissue, allowing nanoparticles to
enter tumor tissue through the vascular wall, and slow
excretion of nanoparticles in tumor tissue, achieving
passive targeted delivery of drugs”’. Additionally,
F-AuNPs can further enhance the EPR effect and
improve their accumulation and retention in tumor
tissue by changing their size and shape, for example,
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preparing nanoparticles with a diameter less than 100nm
to enhance their permeability and accumulation in
tumor tissue*. Moreover, researchers have changed
the surface charge properties of nanoparticles through
surface modification to increase their accumulation and
retention in tumor tissue, such as modifying cationic
polymers on the surface of nanoparticles to enhance their
adsorption and permeability in tumor tissue, improving
their passive targeted delivery efficiency™’. Coelho et
al.”” found that PEG-AuNP conjugates combined with
docetaxel and sunitinib had a reduction in cancer cell
survival rate and reduced toxicity to healthy pancreatic
cells. In cancer treatment, PEG-AuNPs can be further
explored as a functionalization method to improve drug
targeting efficiency and reduce adverse reactions. Naz
et al.”" used ultrasmall AuNPs as a nano-carrier for
targeted delivery of anticancer drug MTX to treat breast
cancer, and the results showed that gold nanoparticle-
MTX had significantly better therapeutic effects than
free MTX drugs in a tumor mouse model, without
exhibiting any toxicity. Therefore, ultrasmall AuNPs
can be used as carriers for cancer drug targeted delivery.
Overall, passive targeting delivery strategy is a simple
and practical drug delivery method, but due to the
uncertainty of drug distribution, it has some limitations.
Therefore, in practical applications, passive targeting
delivery strategy often needs to be combined with other
drug delivery strategies to achieve better therapeutic
effects.

4.2.3 Physical and Chemical Targeting

In addition to active and passive targeting, functional-
ized gold nanocarrier systems can achieve targeting
through physical and chemical means. This targeting
method does not rely on specific receptors or molecular
targets, but rather utilizes the physical and chemical
properties of nanoparticles in the body, such as surface
charge, size, and shape, to achieve selective targeting of
target tissues or organs””. The classification of physical
and chemical targeting mainly includes magnetic
targeting agents, pH-sensitive targeting agents, and
thermosensitive targeting agents. Magnetic targeting
agents can concentrate therapeutic drugs in the target
site through magnetic localization, thereby reducing or
eliminating systemic adverse drug reactions™. Kim et
al.”*¥ developed gold / iron / gold half-shell nanoparticles
loaded with MTX, and coupled them with arginine-
glycine-aspartic acid for magnetic targeting chemical
photothermal therapy and in vivo imaging of rheumatoid
arthritis. Compared with conventional therapy, better
therapeutic effects can be achieved under the combined
conditions of continuous near-infrared light irradiation
and external magnetic field.

The pH value of plasma and normal tissues is neutral,
while the extracellular environment of tumor cells is
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acidic (pH 4.5-5.5). The acidic environment at the tumor
site can be used to control drug release in pH-sensitive
drug carrier systems. Ma et al.”” introduced modified
PEG as a targeting ligand and dibutylamine and pyrrole
amine onto the AuNP surface, which self-assembled
reversibly shielded or unshielded targeting ligands
through pH changes. A reversible targeting strategy
was obtained due to the long blood circulation time and
high intracellular retention, which achieved high tumor
accumulation.

4.3 Biosensors and Diagnostics

F-AuNPs are widely used in the field of biosensors
and diagnostics due to their unique physical, chemical,
and optical properties. The surface plasmon resonance
(SPR) effect of AuNPs gives them excellent optical
properties, enabling them to interact selectively and
sensitively with biological molecules, thus facilitating
the detection and diagnosis of biomolecules. For
example, researchers can use F-AuNPs as biosensors by
combining them with biomolecules such as antibodies,
nucleic acids, and enzymes to achieve the detection and
quantification of specific molecules”®. Additionally,
F-AuNPs can be used for molecular imaging. By using
their SPR effect for imaging, high sensitivity and high-
resolution biological imaging can be achieved"”.

Sun et al.”® studied a multifunctional composite
material ssSDNA-AuUNPs@IGA3@SiO, and constructed
a chemiluminescence biosensor for insulin detection,
achieving good results in detecting recombinant
human insulin. Farmani et al.*” synthesized a coupling
of graphene quantum dots and AuNPs, and used
fluorescence technology to study the interaction between
erythrosin B (ErB) and GQD-AuNP conjugates. The
results showed that ErB had a significant quenching
effect on its fluorescence. This good interaction can be
used to construct sensors to detect ErB in drugs, ensuring
that the content meets standards.

In addition, AuNPs can also be used as building
materials for nanomaterial-based biosensors in
combination with other nanomaterials (such as graphene,
two-dimensional materials, etc.) or biological molecules
(such as enzymes, proteins, etc.) to construct high-
sensitivity, high-selectivity sensors for detecting and
monitoring biomolecules, environmental pollutants,
etc!®®"). These research and applications are expected to be
widely used in medical diagnosis, food safety monitoring,
environmental pollution monitoring, and other fields.

4.4 Photothermal Therapy

Photothermal therapy is an emerging tumor treatment
method that uses the localized high-temperature effect
produced by nanomaterials under light irradiation to
kill tumor cells. Due to the unique SPR of F-AuNPs,
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they can convert light energy into heat energy, leading
to high temperatures. Therefore, F-AuNPs have broad
application prospects in photothermal therapy'”.
Majidi et al.*” synthesized folate (FA) and silica-coated
AuNPs (FA-SiO,@AuNPs) to improve the treatment
of melanoma cells. The results showed that FA-SiO,@
AuNPs is an effective targeted drug for photothermal
treatment of melanoma. This research result also
indirectly proves that this new cancer treatment method
can be further studied and applied in humans using in
vivo models.

5 CONCLUSION

To date, numerous studies have summarized
the many advantages of F-AuNPs as drug delivery
systems in the field of medicine. These advantages
include strong targeting ability, good stability, high
drug delivery capacity, excellent biocompatibility,
and multifunctionality. These research findings and
summarized advantages have laid the theoretical
foundation for the clinical investigation of F-AuNP drug
delivery systems.

Despite the many advantages of F-AuNPs as drug
delivery system carriers, there are still obstacles that
need to be overcome, such as in vivo instability, cell
toxicity, drug loading capacity, blood circulation time,
and lack of standardization. Therefore, it is necessary to
establish standardized preparation and characterization
methods to promote research and development in this
field. Addressing the current challenges associated with
F-AuNPs as drug carriers, optimization can be achieved
through surface modifications of nanomaterials,
designing controlled drug release systems, simplifying
preparation methods, and strengthening biological
evaluations to ensure their safety and effectiveness in
practical applications.

In conclusion, to overcome the existing obstacles of
F-AuNPs as drug delivery system carriers, researchers
should continue to engage in innovative research,
improve preparation methods, optimize surface
modifications, design controlled drug release systems,
and evaluate their biological properties to enhance their
efficacy and reliability in practical applications.
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