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Abstract: The remarkable versatility of gold nanoparticles (AuNPs) makes them innovative agents
across various fields, including drug delivery, biosensing, catalysis, bioimaging, and vaccine devel-
opment. This paper provides a detailed review of the important role of AuNPs in drug delivery
and therapeutics. We begin by exploring traditional drug delivery systems (DDS), highlighting the
role of nanoparticles in revolutionizing drug delivery techniques. We then describe the unique and
intriguing properties of AuNPs that make them exceptional for drug delivery. Their shapes, func-
tionalization, drug-loading bonds, targeting mechanisms, release mechanisms, therapeutic effects,
and cellular uptake methods are discussed, along with relevant examples from the literature. Lastly,
we present the drug delivery applications of AuNPs across various medical domains, including
cancer, cardiovascular diseases, ocular diseases, and diabetes, with a focus on in vitro and in vivo
cancer research.

Keywords: gold nanoparticles; drug delivery; nanotechnology; cancer treatment; targeted delivery

1. Introduction

The administration of a pharmaceutical compound to achieve a therapeutic response
in an organism, referred to as drug delivery [1], encompasses several methods such as
oral [2], rectal [3], parenteral (subcutaneous, intramuscular, intravenous, or intra-arterial
injections) [4], transmucosal [5], pulmonary [6], transdermal [7], and intraocular delivery
systems [8]. Oral administration has historically been the most commonly used due to its
ease of administration, controlled delivery, and patient acceptance [2]. Although rectal
delivery can cause discomfort to patients and has a small absorption area, it is suitable for
local interventions due to low rectal enzymatic activity [3]. While injections are invasive
and can be painful, making them less preferred by patients, they are effective when oral
medication requires a high dosing frequency or is ineffective due to the acidic nature
of the gastrointestinal tract. Parenteral drug delivery methods ensure maximum drug
absorption and provide a shorter treatment period [4]. Transmucosal drug delivery is
painless, flexible, and convenient for rapid drug uptake, as transmucosal membranes are
relatively permeable with rich blood flow. However, this route is limited to low-dose
drugs that undergo passive diffusion and remain stable at buccal pH [5]. Pulmonary
drug delivery systems are based on inhalation therapy and utilize lung properties such as
high absorptive surface area and intense blood supply. Some challenges to this technique
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include low drug dosages, poor drug stability, and the low efficiency of the inhalation
practice [6]. Transdermal drug delivery is a painless method that involves applying a
drug formulation to dry skin, allowing it to penetrate the epidermis and reach the dermal
microcirculation. However, the stratum corneum, the outermost skin layer, poses the most
significant challenge as it can prevent the permeation of foreign compounds [7]. To reduce
repeated drug injections for treating retinal diseases, an intraocular drug delivery system
offers a noninvasive technique that can release the drug over a long period with a single
administration. However, the retinal blood barrier can block foreign compounds from
entering the eye, limiting the therapeutic effect of this method [8]. As shown in Table 1, the
effectiveness of traditional DDSs depends on the route of administration, as barriers such
as pH, mucus layers, enzymes, and other physiological conditions negatively impact the
administered drugs. Therefore, with traditional DDSs, drugs are absorbed less efficiently,
may cause side effects, and often take longer to cure the targeted disease.

Nanoparticles

The inefficiency of traditional DDSs led to the novel development of controlled drug
delivery through nanoparticles, enhancing the process in several ways [9]. Nanotechnology
is the study of structures that range in size at the nanoscale level (1–100 nm) [10]. Nanopar-
ticles (NPs) exhibit unique and interesting properties due to their very small size, making
them highly useful in various fields, such as materials engineering, environmental science,
electronics, energy harvesting, mechanical industries, and biomedical engineering [11]. NPs
offer a wide range of applications in the health field, including biosensing, bioimaging, gene
therapy, antimicrobial materials, tissue engineering, and drug delivery [12]. Due to their
nanoscale size, NPs are extensively used in drug delivery, as they provide the ability to de-
liver drugs to a specific area, organ, or tissue in the body, enhancing stability, prolonging the
drug’s effect, reducing immune recognition, and minimizing side effects [13]. Composed
of biocompatible materials, NPs ensure minimal side reactions and toxicity in the body.
Table 1 illustrates the stark contrast between traditional and nanoparticle-based DDSs.

Due to their unique properties, NPs offer several advantages over traditional DDSs.
First, their small size enables them to interact at the cellular level with biological structures
and to pass through tissues and other barriers in the body. Additionally, their large
surface area allows for a greater drug-loading capacity. Since their surface can be modified
with various functional groups, NPs can precisely target specific biological entities. This
makes them highly specific, targeting particular cells, tissues, and organs, thus minimizing
off-target effects. More importantly, NPs enable controlled drug release at the target
location, ensuring a consistent therapeutic effect and reducing the need for frequent dosing.
Moreover, NPs can protect drugs from degradation, enhancing their stability [14].

Table 1. Different Properties of traditional DDSs and nanoparticle-based DDSs.

Properties Traditional DDSs Nanoparticle-Based DDSs

Cellular-level Interaction Cannot always cross specific tissues and barriers (i.e.,
the blood–brain barrier, the skin, GI tract) [2,3,7]

Surface structure can be modified to pass tissues and other
barriers [14]

Target and Specificity Administered to the whole body Can be administered to a specific biological entity [14]

Side Effects The lack of specificity might cause various side
effects in the body [14]

High specificity will minimize interactions with other body
organs tissues, or cells, minimizing side effects [14]

Dosage The route can limit drug dosage [5,6] Delivers drugs in the optimum dosage [11]

Consistency Does not provide a constant therapeutic effect [2] Provides a constant therapeutic effect [14]

Stability The drug is not protected and can suffer degradation
due to various body internal environmental factors [2]

NPs protect drugs from degradation, increasing their shelf
life [14]

Patient Compliance Lower patient compliance [3] Improved patient compliance [11]

This paper provides a comprehensive review of AuNPs, which are increasingly popu-
lar for their diverse applications in drug delivery, particularly as efficient and safe carriers
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for anticancer drugs. Their appeal lies in their tunable size and shape, unique optical prop-
erties, chemical stability, and the ability to modify their surface functionalities, enabling
their use across a broad spectrum of diseases and applications. AuNPs also possess advan-
tageous properties, such as being inert, non-toxic, and biocompatible, making them ideal
carriers for therapeutic drugs. Their synthesis can be customized to produce particle sizes
comparable to biomolecules, enhancing their integration within living organisms. More
importantly, their high surface area-to-volume ratio allows for tunable functionalization,
improving their ability to bind to targets and therapeutic drugs [15]. Figure 1 summarizes
the key milestones in colloidal chemistry, particularly in the development of AuNPs based
on the historical timeline described by [16].
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Figure 1. History of the development of AuNPs [16].

Despite the various applications of AuNPs in genomics, biosensors, clinical chemistry,
and cellular-level optical bioimaging [15], this paper will focus on the comprehensive
attributes of AuNPs in drug delivery. It will also thoroughly discuss the different synthesis
methods, physicochemical properties, shapes, loading methods, targeting techniques,
and release mechanisms of AuNPs, as well as their application in therapeutics and drug
delivery, along with related case studies. Various attributes, such as size, shape, and surface
chemistry, can significantly affect the wide-range applications of AuNPs, influencing their
behavior in biological settings, which this review will examine.

2. Properties

AuNPs possess various properties that make them suitable for medical applications,
including drug delivery, photomedicine, tissue engineering, biosensing, antimicrobial
agents, anticancer agents, and cellular probes [17]. Nevertheless, this paper will focus
on the properties of AuNPs that make them suitable candidates for drug delivery and
therapeutic applications. These properties include size, shape, and surface characteristics,
which influence their behavior, such as cellular uptake, specificity, toxicity, and ability to
permeate barriers in the body. Additionally, features like a large surface area-to-volume
ratio, high plasmonic resonance, multi-functionalization, reproducibility, and stability make
AuNPs promising drug carriers [18].

One of the most advantageous properties of AuNPs is their ease of surface function-
alization, which allows them to be customized for therapeutic applications. As will be
discussed in more detail in a later section, AuNPs can be modified with various molecules,
including drugs, antibodies, peptides, and polymers [19]. Functionalization can provide
colloidal stability, preventing the NPs from aggregating and clumping, thereby ensuring
they function as intended [20]. In addition, surface functionalization helps reduce toxicity
and enhances the biocompatibility of AuNPs. It also enables AuNPs to carry particles, such
as drugs, to the targeted diseased site [21]. The particles can precisely reach their target
location because they can be functionalized with moieties such as antibodies, peptides, and
hormones that specifically target desired cells, such as cancer cells [19]. In addition, the size
and shape of AuNPs determine their ability to accumulate in tumors through the enhanced
permeability and retention (EPR) effect [22]. Additionally, the small size of AuNPs enables
their internalization into targeted cells through endocytosis. A size range of 40–60 nm has
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been shown to provide the highest efficiency in cellular uptake [23]. AuNPs with a size
smaller than 3 nm can translocate through the cell’s lipid bilayer; however, particles of
this size are often easily eliminated through renal clearance [24]. AuNPs can also serve as
water-soluble vehicles for delivering hydrophobic drugs [25]. The impact of each property
on the behavior of AuNPs during the drug delivery process will be discussed and explained
further in this paper.

Another notable property of AuNPs that is of paramount importance is localized
surface plasmon resonance (LSPR), which results from the oscillation of free electrons at
the nanoscale. When light strikes these particles, it interacts with their molecules, gaining
energy and causing the light to rotate and vibrate differently. This phenomenon is known
as surface-enhanced Raman scattering (SERS), primarily driven by electromagnetic en-
hancement [26]. This enhancement occurs through resonant interactions, as the optical field
concentration generated by gold nanocrystals leads to various light–matter interactions,
such as photothermal conversion and photochemical reactions. Focusing radiation on
AuNPs at a frequency close to their resonant frequency enables them to convert that light
into thermal energy. By controlling the size and shape of gold nanorods, their LSPR proper-
ties can be adjusted to exhibit two plasmon modes: longitudinal and transverse. By varying
the length-to-diameter ratios, the plasmon wavelength of gold nanorods can be tuned
across a broad range, including the visible and near-infrared (NIR) regions. These features
make AuNPs suitable for light- or NIR-controlled drug release in drug delivery applica-
tions [27]. The most suitable AuNPs for such applications are gold nanoshells, nanorods,
and nanocages, as they enable the adjustment of their physiological properties [28].

In comparison to other NPs used in therapeutic applications, AuNPs offer unique
advantages. For example, while silver nanoparticles demonstrate strong antimicrobial and
anticancer properties, they can release large amounts of ions rapidly, posing significant
health risks. This can result in respiratory blockage, the generation of reactive oxygen
species, and the inhibition of ATP production [29]. On the other hand, AuNPs are inert
and do not react with the body’s internal environment. Additionally, quantum dots are
well known for their excellent imaging applications due to their luminescent properties;
however, they contain toxic metals that limit their therapeutic applications [30]. In contrast,
AuNPs provide similar optical properties through LSPR while being safer and more bio-
compatible [26]. Moreover, iron nanoparticles cannot be surface-functionalized as easily as
AuNPs due to their surface properties. Because of their high energy and surface chemical
activity, iron oxide nanoparticles are easily oxidized, resulting in a loss of magnetism [31].
In contrast, AuNPs possess a high surface area and functional versatility, which prevent
coagulation and enable precise targeting, biocompatibility, and greater control over drug
release [25,32].

3. Different AuNP Shapes

The various characteristics and applications of AuNPs arise from their production in
different shapes and sizes. Critical factors such as size and shape significantly influence
AuNPs’ cellular interactions and their applications in the drug delivery domain. Addition-
ally, these properties determine the safety and toxicity of the particles as they interact with
cells and barriers within the body [33]. Different shapes of AuNPs include nanospheres,
nanorods, nanocages, nanoshells, nanostars, nanotriangles, nanoclusters, and several oth-
ers. The shape of the NPs is the primary factor influencing cellular uptake levels [34].
Although the various shapes of AuNPs can influence their properties and wide range of
applications, such as biosensing and bioimaging, this paper will focus solely on the effect
of shape on drug delivery and therapeutics.

Hollow gold nanospheres (HGNs) are highly valued in drug delivery applications
due to their ability to load medications and their relatively lower toxicity compared to gold
nanorods, which are synthesized using cetyltrimethylammonium bromide (CTAB), a toxic
substance. HGNs are typically synthesized through the sacrificial galvanic replacement
of cobalt NPs or a galvanic replacement reaction of silver for gold. These methods pro-
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duce gold spherical NPs in the 20–50 nm size range, with tunable properties that enhance
drug delivery and photothermal therapy. Additionally, surface modification improves
biocompatibility and enables the active targeting of diseased cells. Active targeting involves
attaching molecules such as antibodies and peptides to the surface of AuNPs to bind to
tumor-specific receptors, facilitating effective cancer treatment. Photothermal therapy em-
ploys laser irradiation to raise the temperature of tumor tissue to lethal levels while sparing
healthy cells. With their spherical shape and small size, these NPs are ideal candidates for
photothermal therapy applications. Furthermore, HGNs loaded with drugs can combine
the therapeutic effects of conjugation with targeting molecules and photothermal therapy
to effectively kill cancer cells [35].

Gold nanorods (AuNRs) have unique therapeutic applications influenced by their
formation mechanisms, including electrochemical synthesis, seed-mediated synthesis, and
the ultraviolet photochemical reduction of gold salts, among others. Experiments have
demonstrated that AuNRs are highly effective in cancer treatment, as they exhibit better
permeation and retention in tumor tissue compared to normal tissue. This tumor retention
of AuNRs is dependent on their aspect ratio. Although smaller AuNRs are cleared more
rapidly, those with a high aspect ratio and small volume are ideal candidates for utilizing
the EPR effect in tumor-mediated delivery [36]. Studies have shown that AuNPs with
an aspect ratio of 3 to 5 exhibit the highest success in accumulating at the tumor site [36].
Another advantage is the high surface area-to-volume ratio, which provides more space for
attaching recognition molecules, thereby enhancing targeting [37]. In addition, AuNRs have
a longer circulation time compared to nanospheres, which are taken up by macrophages
four times more efficiently [34]. Due to their anisotropic shape, AuNRs are characterized
by two LSPR bands: the transverse band and the longitudinal band, which vary with
the aspect ratio of the NPs [36]. Researchers have found that AuNRs emit stronger SERS
signals compared to spherical AuNPs. This enhancement occurs when the wavelength
of the excitation source matches the longitudinal wavelength of the nanorods, leading to
more intense emitted SERS signals. Due to their outstanding photothermal conversion,
AuNRs serve as excellent agents for the controlled release of drugs and tumor-killing
applications [26]. Their tunable size and aspect ratio enable scientists to control their LSPR
properties for thermal ablation therapy or photothermally controlled release [27].

Gold nanotriangles (AuNTs) are characterized by pointed extensions radiating from
a spherical core and have been widely used in applications such as diagnosis, drug de-
livery, and imaging. The most popular synthesis method for AuNTs is seed-mediated
growth, although reproducibility can be challenging. The longer side lengths of AuNTs
are associated with a higher level of cellular uptake, attributed to the edges and vertices
that have greater curvature. Studies have shown that AuNTs demonstrate higher cellular
uptake than spherical AuNPs, with those having a side length of 50–150 nm exhibiting the
highest cellular uptake due to their strong adhesion forces [38]. Cellular uptake consists
of two steps, namely (1) the adhesion of NPs to the cell membrane and (2) the uptake of
NPs into the cell through active mechanisms. The stability, biological compatibility, and
high photothermal conversion of AuNTs make them excellent candidates for temperature-
triggered drug release, as they have demonstrated promising results in cancer treatment
research [34].

Gold nanostars are another type of AuNP that plays a pivotal role in drug deliv-
ery for cancer treatment. One study [39] synthesized gold nanostars with a diameter of
35.6 ± 3.6 nm through a seed-mediated route and functionalized them with a thiolated
and carboxylated poly(ethylene glycol) (PEG) spacer, enabling covalent bonding with the
amine-containing anticancer drug methotrexate (MTX). These nanoparticles possess unique
optical properties that facilitate real-time imaging for drug delivery to cancer cells. Gold
nanostars have significant potential for targeted therapy and precision medicine, as the
study demonstrated their strong preference for accumulating within cancer cells and tumor
tissues, particularly when encapsulating MTX. However, at high concentrations and with
prolonged exposure, these nanoparticles exhibited cytotoxic effects [39]. Additionally, gold
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nanostars are among the most promising and widely used nanoparticles in cancer therapy
due to their star-shaped geometry, which enhances light absorption and allows for highly ef-
ficient photon-to-heat conversion [18]. Their sharp structures at the tips, referred to as “hot
spots”, significantly improve their photothermal properties by amplifying light intensity by
up to 106 times. Their “lightning rod” effect contributes to their strong surface-enhanced
Raman scattering (SERS), which is greater than that of spherical AuNPs. Unfortunately,
AuNTs also have disadvantages, such as low water solubility and a tendency to aggregate
due to their sharp surfaces [40].

Gold nanoshells (AuNSs) are nanoparticles featuring an organic (polymer or lipid)
or inorganic (metal) core coated with a thin layer of gold. They are widely used in drug
delivery applications due to their unique properties. First, they exhibit resonance optical
properties that depend on their size and shape, enabling deep tissue penetration. Addition-
ally, they efficiently absorb light and convert it to heat, which is utilized for photothermal
ablation to kill cancer cells. AuNSs can also serve as controlled drug delivery vehicles
that release drugs at targeted sites upon near-infrared (NIR) irradiation. High-precision
targeting is facilitated by functionalizing these particles with specific ligands, allowing
them to bind to the receptors of designated diseased cells. AuNSs are particularly suitable
for passive drug delivery, as they tend to accumulate in tumors through the enhanced
permeability and retention (EPR) effect. Furthermore, functionalization with polyethylene
glycol enhances their circulation time and helps them evade immune clearance. Hollow
AuNSs can encapsulate anticancer drugs such as DOX and release them through NIR
irradiation. AuNSs achieve active drug delivery by conjugating with targeting ligands
(e.g., antibodies or peptides) to enhance their specificity towards cancer or other targeted
cells. Additionally, AuNSs can be employed in gene therapy by encapsulating nucleic acids,
protecting them from degradation, and enabling precise release via NIR irradiation [41].

Gold nanocages are a novel class of nanoparticles, typically ranging in size from
20 to 50 nm, that are particularly effective for photothermal conversion. They are syn-
thesized through a galvanic replacement reaction using a silver template and gold salt,
resulting in a hollow structure composed of a gold–silver alloy with adjustable wall thick-
ness. Due to the differing chemical potentials of the two metals, silver ions dissolve into the
aqueous HAuCl4 solution while a gold layer forms on the outer surface of the nanocage.
With their hollow interior and porous walls, gold nanocages offer significant potential
for drug encapsulation and delivery. A thermosensitive polymer coating enables precise
control over pore opening and closing, facilitating the release of drugs or other compounds.
Gold nanocages employ both passive and active drug delivery methods, leveraging the en-
hanced permeability and retention (EPR) effect, as well as receptor overexpression on tumor
cells. Additionally, gold nanostructures can be tailored for surface modification, allowing
for the attachment of targeting molecules that promote receptor-mediated endocytosis [42].

Figure 2 illustrates the different shapes of AuNPs, which play a significant role in cel-
lular uptake efficacy. Various shapes encounter different energy barriers when interacting
with membranes, affecting their internalization rates. Spherical particles are well studied,
having been the focus of numerous investigations on internalization and membrane wrap-
ping. The wrapping of spherical particles is continuous, requiring low adhesion energy and
minimal membrane energy barriers, which facilitates easier uptake compared to nonspheri-
cal particles. Elongated particles, such as gold nanorods, can enter cells through two modes,
namely the “submarine mode”, where the particle’s long axis is parallel to the cell’s surface,
and the “rocket mode”, where the long axis is perpendicular to the cell’s surface. Particles
with a high aspect ratio often experience suppressed uptake, as the wrapping process is
not smooth or continuous. The complete wrapping of long particles necessitates high
adhesion strength and presents significant energy barriers. Cubic nanoparticles require
minimal membrane deformation for initial binding, making their uptake easier and less
dependent on adhesion strength. However, due to their inhomogeneous curvature, cubes
need very high adhesion strength when transitioning from a deep-wrapped state to a
completely wrapped state, compared to spherical NPs. Ellipsoidal particles exhibit lower
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uptake efficiency than spherical particles because the high curvature at their tips creates
additional energy barriers. This results in a frustrated endocytosis state, where they are
partially wrapped but not fully internalized. Nanorods typically bind perpendicularly to
the membrane to minimize deformation energy but may switch to a parallel orientation
depending on their aspect ratio, edge sharpness, and blunt tips. Nanoparticles with high
edge curvature and aspect ratio are more challenging to wrap completely due to increased
energy barriers [43]. The various shapes of AuNPs play a crucial role in determining their
applications in drug delivery and therapeutics. The diversity in the shape of each AuNP
leads to distinct properties regarding cellular interactions, targeting specificity, and pho-
tothermal capabilities. HGNs demonstrate significant potential in photothermal therapy,
while gold nanorods exhibit superior cellular uptake and thermal properties. Other types
of AuNPs, such as gold nanotriangles, nanostars, nanoshells, and nanocages, also possess
advantageous features for cell targeting and temperature-triggered drug release. Despite
their vast applications in drug delivery, careful consideration of toxicity is essential for
ensuring patient safety and well-being.
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4. AuNPs’ Synthesis

There are generally two approaches to synthesizing AuNPs: “Top-down” and “Bottom-
up”, as illustrated in Figure 3. In the top-down technique, AuNPs are derived from bulk
material using various methods such as laser ablation, ion sputtering, irradiation, and
aerosol technology. During this process, energy transforms the bulk material into powder,
which is then further fragmented into smaller pieces. These fragments are subsequently
organized into multilayers and monolayers, leading to the formation of nanoparticles. In
the bottom-up approach, Au3+ is reduced to Au in two stages. In the first stage, a gold
precursor, typically an aqueous gold salt solution, is reduced to AuNPs using a reducing
agent such as citrate. In the second stage, the AuNPs are stabilized by a specific capping
agent that prevents nanoparticle aggregation. [44]. To successfully use AuNPs for biological
and therapeutic applications, they should be synthesized to have characteristics such as
water solubility, size dispersion, appropriate morphology, and surface functionalities
customized for their purpose [32].
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4.1. Chemical Synthesis

The Turkevich method, first reported in 1951, was used to synthesize spherical AuNPs
with sizes ranging from 1 to 2 nm [45]. This bottom-up process involves reducing Au3+ to
Au0 using reducing agents such as citrate, amino acids, or UV light, followed by the use
of stabilizing agents to maintain the stability of the AuNPs. Advancements in this basic
method have dramatically increased the size range of AuNPs synthesized, now spanning
from 16 to 147 nm. While this method is simple and reproducible, it is mainly limited to the
synthesis of spherical AuNPs. Additionally, as the particle size exceeds 30 nm, the shape
tends to deviate from a perfect sphere [44]. Another study [46] described the Turkevich
method, where chloroauric acid is reduced using trisodium citrate dihydrate to create
AuNPs ranging in size from 15 to 100 nm. A higher concentration of citrate produces
smaller and more stable AuNPs, while lower concentrations result in larger particles and
increased aggregation. In this method, citrate acts as both a reducing and stabilizing
agent, generating negatively charged AuNPs. The loose binding of citrate allows for easy
replacement with other functional groups.

The Brust method, first reported in 1994, utilizes a two-phase reaction strategy to syn-
thesize spherical gold nanoparticles (AuNPs) with diameters ranging from 1.5 to 5.2 nm [46].
This method uses a phase transfer agent to move gold salt from an aqueous solution to an
organic solvent, typically toluene. The gold salt is then reduced by a strong reducing agent,
such as sodium borohydride, leading to the formation of AuNPs, which are stabilized in
the organic phase. A notable color change from orange to brown occurs during this process.
The method is advantageous because it enables the easy formulation of thermally and air-
stable AuNPs and allows for size control. However, the biological applications of AuNPs
synthesized through this method are limited, as they can only be used in organic solvents
that are immiscible with water [44]. Nicol et al. [46] described the Brust–Schiffrin method as a
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technique for synthesizing thiolate-stabilized AuNPs smaller than 5 nm, which exhibit high
thermal stability. This method utilizes a strong reducing agent, sodium borohydride, resulting
in smaller AuNPs compared to those synthesized using the Turkevich method.

The most common method for synthesizing gold nanorods is seed-mediated growth.
This process begins with the synthesis of seed particles by using reducing agents to reduce
gold salts. The seed particles are then transferred to a metal salt solution, where a reducing
agent inhibits further nucleation and accelerates the formation of gold nanorods [47]. The
concentration of reducing agents and seeds determines the shape and geometry of the
nanorods. Additionally, the temperature must be carefully regulated, as it influences both
the size and aspect ratio of the nanorods [44].

Digestive ripening involves heating a gold colloidal suspension at a high temperature
of 138 ◦C for 2 min, followed by treatment with alkanethiol at 110 ◦C for 5 h. The size
distribution of the gold colloids strongly depends on the heating temperature. It has been
observed that at 60 ◦C, the particles remain stable at 5 nm. However, when the temperature
increases to 120 ◦C, larger particles with a diameter of 7 nm are formed. Similarly, the
particles grow to 10 nm at 150 ◦C and continue to grow rapidly at 180 ◦C [48]. This method
is advantageous because it produces a high yield of nanoparticles. However, controlling
the shape of these nanoparticles is challenging due to the high temperatures involved [44].

4.2. Biological Synthesis

Chemical methods have limitations, particularly regarding biocompatibility, which
restricts their use in biological applications. Some of the chemicals used in synthesizing
AuNPs can have harmful effects on the environment and pose health risks when intro-
duced into living organisms. Consequently, biological techniques for synthesizing AuNPs
are being developed, as they offer cleaner, more environmentally friendly, and reliable
alternatives [44]. Microorganisms have been shown to be excellent agents for synthesizing
both extracellular and intracellular AuNPs. The negatively charged bacterial cell wall can
electrostatically interact with positively charged Au (III) ions. In intracellular synthesis,
gold ions are transported into the bacterial cell, where enzymes and biomolecules facilitate
the synthesis of AuNPs. In extracellular synthesis, gold ions are trapped by membranes
or reductase enzymes on the bacterial cell surface, which convert gold salts into metallic
AuNPs. Extracellular synthesis is preferred because it eliminates the need for an additional
step to separate AuNPs from the intracellular matrix [49]. Proteins, enzymes, and other
organic substances produced by microbial cells serve as stabilizing agents for AuNPs, pre-
venting their agglomeration. Additionally, modifying specific growth parameters enables
control over the shape and size of the AuNPs. However, the bacterial synthesis method
can be tedious and time-consuming, which limits its application for producing AuNPs [44].
Fungi have been utilized as a source for the biological synthesis of AuNPs due to their
ability to release various biomolecules, such as metabolites and enzymes. These agents
facilitate the synthesis of metal nanoparticles, including AuNPs, using both unicellular
and multicellular fungi [50]. Similar to the bacterial method, AuNPs can be synthesized
either intracellularly or extracellularly using fungi. Fungi produce a variety of proteins
and reactive compounds, making the synthesis process significantly faster than that with
bacteria. However, genetically modifying prokaryotes to produce specific desired proteins
can be challenging [44].

Synthesizing AuNPs from plants or plant extracts is an environmentally friendly,
cost-effective, and rapid approach. This method utilizes harmless and biocompatible com-
ponents, such as flavonoids, phytosterols, and quinones, to reduce and stabilize AuNPs [51].
Every part of the plant, including roots, fruits, and stems, can synthesize AuNPs; however,
leaves are preferred due to their high phenolic content, which facilitates a faster synthesis
process. Variations in compound levels among different plants and their parts can influ-
ence the synthesis of AuNPs. Using plants for AuNP synthesis is efficient and practical,
allowing for the regulation of attributes such as shape and size. Nevertheless, identifying
the reactive components in plants can be challenging, as they contain a wide array of
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bio-compounds [44]. Additionally, several species of algae can synthesize AuNPs, as algal
biomass contains hydroxyl and carbonyl groups. These compounds serve as reducing
and capping agents for AuNPs [52]. Although the synthesis of AuNPs using algae can
be relatively simple and straightforward, the long growth duration of algae can make the
process tedious [44].

Biomolecules such as amino acids, proteins, lipids, and carbohydrates contain various
functional groups that facilitate the synthesis of AuNPs. For instance, chitosan is employed
in the synthesis process because it can function as both a reducing and capping agent.
Additionally, starch can be decomposed into carboxyl groups in an alkaline environment,
where the -OH group of the carboxylic acid in starch can reduce Au3+ ions to Au0, leading
to the formation of AuNPs. It is important to note that different biomolecules exhibit
varying reducing abilities, which should be assessed before use [44]. The biological syn-
thesis methods of AuNPs effectively address the biosafety concerns associated with the
chemicals used in traditional chemical synthesis methods. Figure 4 and Table 2 provide a
summary of the various synthesis methods, along with a discussion of the advantages and
disadvantages of each approach.
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Table 2. Advantages and disadvantages of chemical and biological synthesis methods.

Method Advantages Disadvantages

Chemical
Synthesis

Turkevich Method - Uncomplicated and reproducible
- Particles above 30 nm are less spherical and

have a broader size distribution.
- Low yield.

The Burst Method
- AuNPs produced have a controllable size, less

dispersity, and are thermal and air-stable. - Their biological applications are limited.

Seed-Mediated
Growth

- Reliable method to produce gold nanorods.

- Factors like the concentration of HauCl4,
temperature, and number of seeds must be
highly controlled as they affect the size and
aspect ratios.

Digestive Ripening
Growth

- Easy method to produce monodispersed NPs.
- Produces a high yield. - Controlling the size of NPs is very difficult.
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Table 2. Cont.

Method Advantages Disadvantages

Biological
Synthesis

Microorganisms
- Some bacterial species are not affected by

heavy metals.
- Extracellular synthesis produces pure AuNPs.

- Slow and tedious process that can take
anywhere from hours to days.

- It is complicated to prepare biomass from fungi.

Plants

- The process is facile, uncomplicated, fast, and
economical.

- AuNPs’ size and shape can be controlled by
the reaction parameters.

- It is challenging to identify reactive
components in plant biomass.

- Algae takes a lot of time to grow.

Biomolecules
- Contains a lot of functional groups that can

aid in AuNPs synthesis.

- Each biomolecule’s reducing ability must be
determined before using it in the synthesis
reaction.

5. AuNP Surface Functionalization

In drug delivery applications, it is essential to modify the surface of AuNPs to tailor
them for targeting specific diseased cells, reducing off-target effects, and enhancing the
drug’s therapeutic efficacy. Active targeting is achieved by attaching ligands, such as
antibodies or other targeting agents, to the nanoparticle surface, as shown in Figure 5.
One part of the ligand binds to the nanoparticle, while the other interacts with specific
biomolecules on the target cells [32]. Functionalized AuNPs must remain in circulation for
an extended period to effectively target diseased cells, such as tumors and sites of inflam-
mation. Additionally, properties such as water solubility, the ability to evade the immune
system, and resistance to hepatic and/or renal clearance must all be integrated into the
same nanostructure to ensure successful tumor targeting [25]. This is achieved by attaching
polyethylene glycol (PEG) to the surface of AuNPs, which prolongs their circulation time
by preventing uptake and removal by macrophages [32]. Targeting functional groups or
moieties can include antibodies, antibody fragments, aptamers, proteins, peptides, or small
molecules [25].
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Goddard et al. [53] discussed the various surface ligands on AuNPs, their purposes, and
provided examples of each. Antibodies are predominantly used to target cancerous tumors
due to their high affinity for specific receptors on cancer cells. For instance, trastuzumab and
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cetuximab are clinically approved antibodies that target the overexpressed HER2 and EGFR
receptors, respectively. Antibody-functionalized AuNPs loaded with chemotherapy drugs are
internalized via receptor-mediated endocytosis. Antibody fragments are created by reducing
disulfide bonds, resulting in free thiols that can bind to the cores of AuNPs. These fragments
exhibit cytotoxicity to cancer cells when exposed to radiation. Proteins can also be utilized
to direct AuNPs, although they are less explored than antibody-targeted therapies. This is
because many proteins chosen as targeting ligands are natural ligands in organisms. Their
abundance in the human body leads to numerous competing ligands that are not associated
with the AuNPs, thereby reducing targeting efficiency. Nevertheless, exploring the use of
human proteins in targeted therapy remains valuable. For example, epidermal growth factor
(EGF) is a protein that can be attached to the surface of AuNPs to target breast cancer cells
that overexpress EGFR receptors. Another example is transferrin, a protein used to direct
doxorubicin-loaded AuNPs to lung cancer cells.

Another commonly used targeting ligand is peptides, which are short polymers of
amino acids utilized as targeting moieties for AuNPs due to their simplicity and rapid
uptake. Although they exhibit lower affinity for receptors compared to antibodies, they
offer significant flexibility. For example, the plectin-1 targeting peptide (KTLLPTPYC) is
employed to direct AuNPs to specific targets, such as pancreatic ductal adenocarcinoma
(PDAC). Additionally, peptides like GE11 on AuNPs loaded with photosensitizers target
EGFR on glioblastoma cells and demonstrate significant phototoxicity. Peptides have
advantages over antibodies and proteins in terms of their well-characterized structures,
relative stability, and size. Moreover, they can be easily modified due to their synthetic
production. Aptamers, which are short RNA or single-stranded DNA sequences, selectively
bind to receptors, enabling precise NP targeting. Aptamers provide advantages such as high
precision in synthesis, versatility across various applications, high stability, consistency, and
reproducibility, since they are synthetically produced rather than naturally derived. They
can also be designed to target multiple receptors, potentially creating a synergistic effect
when combined with other targeting ligands or drugs. Additionally, carbohydrates such
as hyaluronic acid, lactose, and glucose are employed to direct AuNPs toward cells with
overexpressed receptors. Hyaluronic acid typically targets CD44 receptors, while glucose
targets GLUT1 receptors, both of which are often overexpressed in cancer cells. AuNPs
can also be directed by small molecules such as folic acid, anisamide, and antiandrogens,
which provide a promising approach for targeted cancer therapy due to their high affinity
for receptors on tumor cells.

There are two methods for conjugating targeting moieties onto functionalized AuNPs:
noncovalent and covalent conjugation. Noncovalent attachment methods include weak
interactions such as electrostatic interactions, hydrogen bonds, van der Waals forces, and
hydrophobic interactions, which are used to link targeting moieties to the surface of AuNPs.
This method is advantageous because it is simple and applicable to various types of moieties
or drugs. However, these loose attachments may lead to molecular rearrangements and
changes, resulting in a loss of biological properties. In contrast, covalent bonds are stronger
and typically involve Au-S bonds formed through thiol chemistry.

Antibodies, antibody fragments, aptamers, proteins, peptides, or small molecules can
be covalently bonded to the surface AuNPs. The modifiable groups (-NH2, -SH, -COOH,
-OH) on their surface enable covalent bonding. Compared to noncovalent methods, strong
covalent bonds reduce molecular rearrangement and, in turn, allow the AuNPs to retain
their biological properties and targeting abilities [25].

The hetero-bifunctional PEG molecule was synthesized with a thiol group on one
end and an alcohol carbamate on the other end, which allowed coumarin to attach to
PEG [54] covalently. Coumarin was used in this context as a fluorescent dye to track AuNPs
within biological systems. Using PEG spacers offered flexibility to the attached molecule,
enhancing its interaction with the biological targets and preventing the aggregation of
AuNPs through steric repulsion. The same study proved that AuNPs functionalized with
coumarin-PEG-thiol were not toxic at the concentrations tested. It observed that, within
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30 min of incubation, large portions of the administered dose of coumarin-PEG-thiol-
functionalized AuNPs were internalized via nonspecific endocytosis. It was also proven
that the hetero-bifunctional PEC provided flexibility to the florescent ligand without causing
aggregation and hindering the AuNPs’ entry to the perinuclear region.

The functionalization of citrate-capped AuNPs is straightforward due to the weak
electrostatic interactions between gold and citrate, which can be displaced by stronger
thiolated ligands such as polymers, fluorescing dyes, drugs, and peptides. These thiol-
terminated ligands replace the more loosely bound citrate or phosphine on the AuNP
surface. Additionally, the Turkevich method produces AuNPs with a negatively charged
citrate capping, facilitating electrostatic functionalization with positively charged ligands.
Unfortunately, this method suffers limitations, such as the need for positively charged
ligands and challenges in controlling biological responses. To create AuNPs for therapeutic
use, it is necessary to functionalize them with several ligands, attaching them to the surface
as a mixed monolayer. The standard mixtures of such a monolayer include combinations
PEG and peptides, PEG and fluorescing dye, or PEG with heavy metal atoms [46].

The R. W. Murray research group [54] found that triphenylphosphine (TPP)-stabilized
AuNPs undergo reactions through which they exchange their ligands with certain function-
alized thiols, resulting in functionalized NPs. These particles retained their core properties
while gaining advantages such as stability against heat, decomposition, and aggregation
due to functionalization. The intense interaction between the gold surface and n-alkyl-thiols
is a widely used method for attaching molecules to the surface for functionalization. One
limitation of this study is that this bonding is reversible at moderate temperatures and ki-
netically unstable due to thiol surface movements. As a result, it is challenging to precisely
fixate functional groups on metal surfaces and control their activity on an angstrom level.
This can be achieved by knowing the building blocks’ structures at the atomic level [37].
Another limitation is the diminishing colloidal stability of colloidal AuNPs as their size
decreases. This causes them to aggregate in environments with high ionic strengths. This
leads to the unspecific adsorption of biomolecules such as proteins and DNA, reducing the
sensitivity and selectivity of the colloidal AuNPs [32].

Even though various materials and techniques are available to synthesize AuNPs,
customizing them to therapeutic and biological applications has limited their synthesis
to a few chemical methods. AuNPs tailored for drug delivery must be biocompatible
and functionalized appropriately based on their purpose and target cells. In addition,
their core characteristics must be retained while enhancing the NPs’ stability against
heat, aggregation, and biological conditions. There is an increasing demand for more
straightforward methods to attach various ligand molecules to AuNPs’ surfaces while
retaining their stability properties.

Surface Functionalization and Biocompatibility

To synthesize AuNPs for therapeutic applications, they must be biocompatible to
avoid cytotoxicity. According to Sanita et al. [55], several strategies focused on the surface
functionalization of NPs can be utilized to achieve biocompatibility. PEGs are widely used
molecules to achieve biocompatibility and reduce toxicity. This is achieved by improving
hemocompatibility, increasing cell viability and reducing adverse effects in the blood. In
addition, their presence on the surface reduces the risk of immune recognition and clearance
by the liver and kidneys by preventing nonspecific interactions with proteins. A complex
branched polysaccharide called Dextran and an oligosaccharide called chitosan are other
modifying materials used to enhance biocompatibility, reduce toxicity, and minimize effects
on cellular integrity. Other complex methods include the lipid bilayer encapsulation of the
NPs, which improves biocompatibility, reduces toxicity, and enhances stability by reducing
the immune response towards them. In addition, coating NPs with a hydrophilic coating
makes them less viable to the immune system, reducing interaction with macrophages.
This increases their circulation time and reduces their clearance.
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Transcytosis, a process by which membrane-bound vesicles transport molecules across
endothelial cells, aids in transporting AuNPs across body barriers. A major plasma protein
called albumin interacts with AuNPs and coats them to facilitate their transport through
transcytosis, enabled by receptors on endothelial cells [56]. Differences in the structure and
function of endothelial cells in different organs influence the transport and accumulation
of NPs. As a result, AuNPs must be functionalized appropriately to show association
with blood proteins and achieve organ-specific drug targeting. For example, hepatocytes,
which are the main cells of the liver, offer an advantage for NP-targeted delivery; this is
due to the surface-engineered targeting molecules on the AuNPs’ surface, such as alpha-
tocopherol (vitamin E) or cholesterol [57]. Figure 6 summarizes the different purposes
of surface functionalization of AuNPs, which is essential for enhancing their stability,
biocompatibility, targeting capabilities, and other characteristics in biomedical applications.
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Figure 6. Benefits of AuNPs’ surface functionalization.

6. Drug Loading onto AuNPs

Understanding the mechanism of drug encapsulation in AuNPs is highly important for
designing and optimizing their therapeutic effect. This section discusses a few case studies
describing the different methods to load a drug into AuNPs, including encapsulation
or surface attachment. Different conjugation methods are used to attach drug loads to
AuNPs. Ionic interactions happen when positively charged drug loads are attracted to
negatively charged AuNPs’ surfaces. Another method utilizes the covalent bonds that
bind conducting electrons of gold and the sulfur of the drug load. Also, the interaction
between the hydrophobic region of the AuNPs’ surface and that of the drug promotes
binding. Another method is chemisorption, which is due to thiol derivatives enhancing
the attachments of drugs on the surface of the AuNPs. An alternative method is when
bi-functional linkers such as biotin and streptavidin enable the attachment of drugs to
AuNPs through specific binding interactions [17].

Immunotherapy is used to reactivate the body’s immune response to combat cancer
using immunomodulators such as cytokines, vaccines, inhibitors, and adjuvants. If used
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directly in cancer immunotherapy, immunomodulators suffer disadvantages such as drug
instability, rapid clearance, limited half-life, and unpredictable immune response. As a
result, this drug must be loaded into AuNPs, as studied in [18], as these NPs are biocompat-
ible and administered intravenously, increasing cell permeability and retention. This study
reviews the recent methods of encapsulating immunomodulators of AuNPs for cancer
treatment. It claims that encapsulated AuNPs can maintain drug concentrations within
the therapeutic range, provide the precise dosage at the optimal time and location in the
body, and use the drug effectively. On the other hand, non-encapsulated drugs can cause
concentration fluctuations in the blood, cause uneven drug distribution, and cause side
effects in the body as they target normal, healthy cells. Various drugs can be encapsulated
or loaded onto AuNPs through binding methods such as direct -S (sulfur) or -N (nitrogen)
bonding, ligand bonding, van der Waals forces, or electrostatic interaction. According
to the study, nitrogen binding has more potential for targeted drug delivery than sulfur
binding due to the strong sulfur–gold interaction.

Vigderman et al. [58] described two drug-loading mechanisms for AuNPs’ drug deliv-
ery applications, namely bactericidal and anticancer. In an antibacterial implementation,
antibiotics containing free amino groups are bonded to AuNPs through covalent bonding
or by mixing them with citrate-capped AuNPs. One limitation of this method is the possible
aggregation of AuNPs, which reduces bacterial activity. As a result, the NPs should be
functionalized to prevent aggregation. In addition, it is problematic to mix AuNPs with
molecules containing multiple amine groups, as the gold–amine interaction is weak and
could cause the uncontrolled aggregation of particles. Another type of antibiotic loading
is the covalent gold–thiol binding approach. This method involves coating AuNPs with
antibiotics through direct covalent bonding or phase transfer mechanisms. Covalent bond-
ing is advantageous as its strength ensures the stable attachment and precise orientation
of the antibiotic on the outer surface of the AuNPs. Covalent bonding is also beneficial,
as it provides specific bonding to targeted cells, reducing side effects. The same study
discusses that the conjugation of anticancer drugs is also carried out through covalent
bonding, taking advantage of the AuNPs’ established chemistry.

Venditti et al. [15] investigated the drug-loading process and properties of dexametha-
sone (DXM), a glucocorticoid used to treat myeloma and various inflammatory diseases.
This drug arose as a prominent candidate for AuNPs’ encapsulation, as its hydrophobic
nature makes it suitable for tissue engineering applications. The study focuses on the
electrical interface of AuNPs’ bioconjugation with DXM and evaluates its drug-loading
capacity. They synthesized spherical AuNPs through chemical reduction methods us-
ing sodium borohydride as a reducing agent and Sodium-3-mercapto-1-propansulfonate
(3MPS) as a stabilizing agent, which is crucial for biomedical applications. The protocol for
loading DXM into AuNPs resulted from their interaction in a dispersing solution at room
temperature with a weight ratio of AuNPs 5:1 DXM, resulting in the adsorption of the drug
into the AuNPs.

Tan et al. [59] discussed the incorporation of cisplatin (PtII) in their study, a drug that
treats various solid tumors and inhibits their replication, in AuNPs. The study found that
PtII loading increases with concentration until it reaches a plateau, indicating saturation.
The chemotherapy drug is incorporated onto AuNPs by binding to free carboxyl sites on the
surface of the NPs. In addition, the researchers studied the effect of SH-PEG (thiol-modified
PEG group) on PtII loading. They found that it is insensitive to the surface group density if
the drug has access to enough available carboxyl sites.

7. AuNPs’ Targeting Mechanisms

AuNPs target diseased cells in different ways, including active and passive targeting.
Endocytosis is a complex cellular uptake mechanism that depends on several factors. Chem-
ically modified AuNPs can reach their target, penetrate barriers, and avoid degradation
by coating them with cell-penetrating proteins or nuclear-localizing agents. If AuNPs
were administered intravenously, they must possess characteristics that allow them to



Pharmaceutics 2024, 16, 1332 16 of 32

move from blood vessels to surrounding tissues or, if administered intramuscularly or
subcutaneously, diffuse easily through tissues [60]. NPs’ characteristics, such as shape
and surface charge, affect their interaction with cell membranes, affecting delivery, uptake,
or permeability. Surface modifications such as functionalization, PEGylation, and other
physiochemical properties, such as size and shape, affect the targeting abilities of AuNPs
and their internalization into cells [17].

7.1. Active Targeting

Active targeting is when AuNPs use target ligands or moieties that bind to specific re-
ceptors on targeted cells, enhancing specific drug uptake, as shown in Figure 7. Such ligands
are attached to the surface of NPs through conjugation chemistry to bind to complementary
biomarkers on the surface of diseased cells, leading to highly specific targeting. Once
bound, NPs are internalized into these cells through receptor-mediated endocytosis [17].
Serum proteins, such as albumin, fibrinogen, and globulins, interact with AuNPs and bind
to them through electrostatic interactions. Such proteins coat AuNPs and allow their uptake
by cells through receptor-mediated endocytosis. AuNPs’ specificity increases by coating
their surface with ligands that bind to known receptors or by using passivation/blocking
agents to block the adsorption of nonspecific serum proteins. Coating with serum proteins
may be advantageous or compromise targeted delivery, so careful consideration must be
given to specific targeting. For example, deciding whether specific uptake processes or non-
specific methods are needed for an application to coat the AuNPs with targeting molecules
is crucial. In addition, there might be possible changes in the AuNPs’ conformation, or
three-dimensional shape, due to binding to peptides or antibodies [60]. Active delivery is
highly utilized when delivering macromolecules such as DNA, siRNA, or proteins into the
cells [17].
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As described by Bareford et al., clathrin-mediated endocytosis is the main mechanism
used to internalize macromolecules such as drug-loaded NPs. [61]. Endocytosis is initiated
when specific ligands on the NP attach to the appropriate receptors on the targeted cells’
surface. Then, coated pits with clathrin proteins form the cell membrane in a lattice
structure. These pits start to undergo rapid internal budding, forming intracellular vesicles
and internalizing the bound NPs. Dynamin protein then assists in the scission of the
vesicle from the plasma membrane, so the vesicle gets released into the cytoplasm. After
that, the clathrin coat is removed by uncoating proteins as the vesicle is transported along
the cytoskeleton to fuse with early endosomes to process the internalized components.
Early endosomes increase the acidity within the vesicles to trigger the release of bound
substances, which are further transferred to interest sites in the cell. Targeted drug delivery
utilizes clathrin-mediated endocytosis to internalize drugs into various cell types with the
appropriate surface receptors.
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7.2. Magnetic Targeting

AuNPs can also be utilized for magnetic delivery, as studied by Ma et al. [62], where
CDF-Au-shell nano micelles loaded with doxorubicin, Fe3O2 magnetic nanoparticles, and
gold nanoshells were synthesized. These nanomicelles make a smart nanosystem for drug
delivery that can be tracked by magnetic resonance imaging (MRI), delivered by a magnetic
field, and its drugs released by light. A synergistic effect between magnetic-field targeted
delivery and photothermal therapy in the presence of NIR laser-irradiation-treated cancer
cells. The average size of these particles was 273 nm, with an average surface charge of
23.8 mV. Then, negatively charged gold nanoseeds were adsorbed to the micelles’ surface,
resulting in an average surface charge of −13.8 mV, demonstrating a strong response to a
magnetic field. Another study by Elbaily et al. [63] involved the loading of doxorubicin
on PEGylated magnetic AuNPs. Using an external magnetic field, magnetically targeted
delivery resulted in a high drug accumulation at the tumor site compared to passive
targeting, as proved in in vivo studies. In this study, the positively charged DOX molecules
were electrostatically attached to the AuNPs’ negatively charged surface due to charged
carboxyl groups.

7.3. Passive Targeting

Passive targeting utilizes the enhanced permeability and retention (EPR) effect in tu-
mor vasculature to target cancer cells. This is because tumors have poor lymphatic drainage,
preventing the efficient removal of foreign NPs and highly permeable blood vessels. Mi-
crovasculature in tumor sites lacks membrane support, which makes it unresponsive to
triggers that regulate blood flow [64]. This abnormal physiological characteristic, such
as disorganized blood vessels, allows NPs to passively accumulate at the tumor site. Its
limitation is nonspecific accumulation in healthy tissue and the heterogeneity of the EPR
effect in tumor sites [17].

According to Ejigah et al.’s [64] review, successful passive targeting must meet several
criteria, as shown in Table 3. First, NPs must be in systemic circulation long enough
to accumulate in the tumor site. Second, the NP drug carrier must be small enough to
escape blood vessels and fit into the spaces of the irregular tumor shape. Also, the surface
charge and chemistry should be appropriately designed to penetrate tissues and avoid
opsonin aggregation, enhancing phagocytosis and marking the foreign NPs for recognition
by immune cells. This can be achieved by having a uniform size distribution to avoid
recognition and elimination by the reticuloendothelial system. Finally, nonspecific release
should be avoided to prevent side effects.

Table 3. Factors that influence the efficacy of passive tumor targeting by AuNPs.

Factors Criteria

Size
• NPs should be small enough to penetrate tissues effectively.
• They should also be big enough to be retained better in the tumor site and avoid elimination.

Surface Charge

• Slightly negative or neutral surface charge is preferred to prevent aggregation and immediate
elimination by the immune system.

• Having a positive charge when reaching the tumor will enhance drug uptake into the cell.

Shape

• Shape plays a vital role in specificity. For example, rod-shaped NPs have higher efficiency in cell
targeting due to their improved interaction with tissues.

• NPs’ shape affects cellular uptake mechanisms, efficiency, and surface adhesion.
• Also, shape affects their circulation in the blood and their interaction with immune cells,

promoting a response from them.
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Table 3. Cont.

Factors Criteria

Elasticity
• Elasticity influences NPs’ circulation time and accumulation. Soft ones tend to be more flexible

and accumulate more effectively in tumor sites than hard NPs.

Avoiding Opsonization
• Using zwitterionic polymers and PEGs can prevent the rapid clearance of NPs by the immune

system to prolong their circulation time.

Avoiding
Reticuloendothelial
System

• Kupffer cells in the liver comprise the RES system, which is crucial for controlling the
circulation time of NPs. Ligand chemistry, surface charge, and size must be optimized to avoid
recognition and elimination by these immune cells.

8. AuNPs’ Drug Release and Therapy Mechanisms

AuNPs release their drug content to target cells or tissues in the body using various
mechanisms tailored for specific purposes and conditions. Controlled drug delivery can be
carried out by AuNPs through intrinsic and extrinsic triggers. Intrinsic triggers include
biological stimuli like pH, redox reactions, and enzyme activity, which trigger the release of
drugs from the AuNPs’ surface in response to internal body conditions. For example, pH-
responsive AuNPs release doxorubicin in acidic tumor environments, and redox-responsive
AuNPs release drugs in the presence of high glutathione (GSH) levels. Extrinsic triggers,
such as light and ultrasound (US), control drug release externally. For example, light-
controlled methods utilize NIR light to heat AuNPs, causing drug release and localized
tumor ablation. In addition, US triggers release drugs by causing cavitation near AuNPs,
disrupting the bonds attaching drugs to the surface of AuNPs and allowing for their release
into the surrounding cells.

8.1. Light-Controlled Release and Photothermal Therapy

As discussed in the Properties section of this paper, the plasmonic properties of AuNPs
make them uniquely suitable for light- or NIR-controlled release of drugs at target sites
in the body [27]. A study by Huschka et al. [28] investigated the light-triggered release
of single-stranded DNA from plasmonically tunable gold nanoshells and compared the
light-induced and thermal-induced release differences. First, gold nanoshells were func-
tionalized with double-stranded DNA oligonucleotides. The thermal treatment of gold
nanoshells included heating the solution; meanwhile, the laser treatment involved irradiat-
ing it with an NIR laser at the nanoshells’ plasmon resonant frequency. Localized heating
due to laser irradiation causes stress between the DNA molecules and the surface of the
AuNP, weakening the bonds between them and causing the release. Thermal release relies
on the elevated temperature overcoming the affinity between DNA molecules and the
AuNP’s surface, promoting their desorption and release. In both cases, the elevated tem-
perature breaks the hydrogen bonds holding the double-stranded DNAs’ complementary
strands together, causing the release of single-stranded DNA. The results demonstrated
that NIR-controlled release was more immediate and highly reproducible within each batch
compared to thermal release.

Another study by Veeren et al. [65] reviewed the NIR-triggered release of contents
in liposomes with hollow gold nanoshells on their outer surface. Liposomes have a phys-
ical bilayer that separates their content from the outer environment and protects them
from degradation. Attaching hollow gold nanoshells to their exterior allows for the NIR-
controlled release of the liposome-encapsulated drugs, as the gold coating provides a
tunable LSPR. The mechanism involves picoseconds to nanoseconds of NIR laser rapidly
heating the AuNPs on the surface of liposomes, forming vapor nanobubbles near the sur-
face. As these bubbles collapse, mechanical forces strong enough to rupture the liposomal
membrane are generated, causing the release of contents at the selected time and site in the
body [65].
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Photothermal therapy (PTT) is when AuNPs inside diseased cells get heated up in
response to externally applied laser light. Due to their plasmonic resonance properties,
AuNPs can convert laser light to thermal energy. Thus, using them as thermal agents,
AuNPs can heat tumor sites, causing damage to them or ablating them directly. Light-
controlled release and thermal ablation can simultaneously create a synergistic effect in
killing cancer cells [66]. PTT is different from light-controlled release, as it kills the target
cells by heating the AuNPs and causing thermal ablation instead of releasing the drug,
because heat energy breaks bonds.

8.2. Drug Release Based on Biological Stimuli: pH, Redox Reaction, and Enzyme Activity

AuNPs that can release drugs based on a trigger, such as a change in pH, temperature,
and redox environments, are dependable because they can simply be triggered by patho-
logical events specific to the targeted cells or area in the body. For example, tumor tissue is
characterized by a lower pH, high intercellular GSH, tumor-specific enzymes, and slightly
higher temperatures compared to healthy tissues [67].

One study by Khutale et al. [68] synthesized a pH-responsive PEGylated drug-conjugated
AuNPs covalently coupled with polyamidoamine (PAMAM) G4 dendrimer. The conjugated
drug doxorubicin (Dox) is used in cancer therapy, and its release in the acidic compartment
of cancer tumor sites was tracked using confocal laser scanning microscopy (CLSM). The
study reported negligible release at physiological pH and approximately 50% release at
acidic pH after 96 h. The low pH breaks the amide bond between the drug (DOX) and
the dendrimer (PAMAM), releasing the drug. The study also compared the cytotoxicity of
Au-PEG-PAMAM-DOX, free DOX, and Au-PEG-PAMAM nanoparticles and found that
Au-PEG-PAMAM-DOX was the most effective group, indicating high efficiency in killing
cancer cells. CLSM confirmed that the AuNP system released DOX at the lysosomal sites
of cancer cells with an acidic pH. The drug-release kinetics followed a zero-order model,
where the controlled drug release did not depend on its concentration in the system and
occurred at a constant rate.

Another study by McIntosh [69] explored the effect of GSH, a chemical abundant in
tumor sites, as a biological trigger to release the contents of AuNPs in tumor environments.
As AuNPs encounter an environment with high GSH levels, these GSH molecules interact
with the positively charged surface of the AuNPs through redox disulfide exchange reac-
tions. This process reduces the charge of the AuNPs surface, leading to a decrease in the
affinity of the payload adsorbed on them and, eventually, their release.

A study by Schneider et al. [70] studied the release of AuNPs functionalized with
a terpolymer of three different monomers due to enzymic activity. The outer monomer
(Ma-Y-Dox) contains a form of DOX that should be released to the tumor site. A spacer
between the drug and the rest of the oligopeptide is designed to be broken upon exposure to
the lysosomal enzyme Cathepsin. This exposure will lead to the release of Dox exclusively
within the environment where Cathepsin is present.

8.3. Photochemical Release

Within photochemical systems, an encapsulated prodrug is covalently bonded to an
AuNP, where its activity is inhibited as it is attached to a blocking molecule through a photo-
responsive group. Upon the exposure of AuNPs to UV light between 250 and 380 nm, the
light interacts with the photoactive part of the molecule and releases the active form of
the drug [67]. For example, Nakanishi et al. [71] used this approach to deliver amines
released after exposure to 10–1000 ms pulses of near-UV laser irradiation at 365 nm with a
100 mW/cm2 intensity. This irradiation dissociated a carbamate linkage by photocleavage,
after which the histamines were released and activated.

8.4. Ultrasound Release

Ultrasound can also be used to release the drug loaded on the surface of AuNPs to the
targeted area in the body. In a study by Jakhmola et al. [72], anti-cancer drugs, doxorubicin,
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and curcumin, were loaded onto the surface of the AuNPs during their formation process,
a one-pot green protocol. A custom-designed handheld low-power-intensity ultrasound
(LIPUS) [73] device was utilized for an ex vivo drug release experiment. The transducer
has a central frequency of 1 MHz, a pulse repetition frequency of 1 kHz, a fixed exposure
time of 5 min, and a maximum power of 8.40 W ± 1.4%. In addition, it can operate on three
power intensities, low, medium, and high, and on three different duty cycles, 40%, 50%,
and 100%. The researchers aimed to raise an ex vivo porcine muscle tissue sample to reach
hyperthermia without causing thermal ablation, so they used the LIPUS transducer with a
4.12 W power intensity and 50% duty cycle. This led to the synergistic effect between the
effective release of drugs due to US and hyperthermia. US waves cause cavitation near the
surface of AuNPs, where the turbulence disrupts the bonds between the drug molecules
and the AuNPs’ surface to which they are attached. Another study by Yoon et al. [74]
discussed applying US on microbubbles that released AuNPs to the target site. US above
the resonance range of smart gold microbubbles can lead to their collapse of and release of
AuNPs. This collapse will induce sonoporation in the cell membranes of the surrounding
cells, as the released AuNPs can easily diffuse into them.

Yoon et al. [74] applied smart microbubbles filled with gas and shells, including
AuNPs, to treat tumors using US for image-guided delivery. This type of delivery has
been studied recently due to advancements in US contrast agents (UCAs), which are highly
effective in diagnosing and treating tumors. UCAs consist of a gaseous core encapsulated
in microbubbles that interact with US to disrupt the cell membranes of neighboring cells
through shockwaves and facilitate the delivery of therapeutic agents into the cells. On
average, the diameter of a microbubble was 1 µm and fit around 1.5 × 104 AuNPs in it in
this research. US above the resonance range of smart gold microbubbles can lead to their
collapse and the release of AuNPs. The collapse will induce sonoporation in the cell mem-
branes of the surrounding cells, as the released AuNPs can easily be delivered into the cells.
The microbubbles were stabilized due to the aggregation of AuNPs, which resulted from
the pH-responsive ligands on their surface due to the acidic microenvironment of tumor
sites. The study found that a synergistic effect between these AuNP-filled microbubbles,
US, and laser irradiation produced an effective therapy, as the laser-induced enough energy
to be absorbed by AuNPs and heat the host–cell to kill it. Without this laser irradiation,
no therapeutic effect was absorbed. Table 4 outlines the advantages and disadvantages of
intrinsic and extrinsic drug release mechanisms for drugs loaded on AuNPs.

Table 4. Advantages and disadvantages of intrinsic and extrinsic triggering methods of AuNPs.

Nature of
Triggering

Mechanisms
Triggering Methods Advantages Disadvantages

Extrinsic
Methods

Light Triggering [75]

By adjusting laser intensity and duration of
irradiation, the PTT can target AuNPs

accumulated in cancer sites and minimize
damage to healthy cells.

Necrosis, or cell death due to acute injury, may
result from PPT, which induces an inflammation
response in the body, causing discomfort to the

patients. In addition, some cancer cells can
develop immunity to apoptosis, or programmed

cell death caused by the heat generated by AuNPs,
reducing treatment efficiency.

US Triggering [76]

The use of US to trigger drug release is not
invasive, which eliminates painful surgeries or
interventions. Also, US waves can be carefully

controlled and focused on tumor sites. US waves
can penetrate deeply into tissues.

Very low frequencies (<250 kHz) are very difficult
to focus on small volumes, which will cause

healthy tissue to be subjected to US and
probably killed.
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Table 4. Cont.

Nature of
Triggering

Mechanisms
Triggering Methods Advantages Disadvantages

Intrinsic
Methods

pH Triggering

pH-sensitive drug bonds on AuNPs can exploit
the acidic nature of the tumor microenvironment.
This allows for controlled release and minimal

side effects.

Non-specific pH changes in the body might trigger
the release of the drugs in off-target sites,
minimalizing the specificity of AuNPs.

Enzyme Activity
Triggering

Enzyme-specific release is advantageous, as
AuNPs can be designed to respond to enzymes

unique to specific diseases, resulting in
particular drug release.

Enzyme activity might differ for various diseases
and individuals, which may involve complex NP
development. In addition, target enzymes might

exist in other areas of the body, triggering
off-target drug release.

Redox Reaction
Triggering

Redox-responsive release can utilize redox
reactions that occur in the specified target

disease in the body.

The body’s redox environment might differ
between cell types and physiological conditions.

This variability might cause nonspecific drug
release, causing off-target effects.

9. AuNPs Therapeutic Applications in Drug Delivery
9.1. Cancer Treatment

Recent advancements in accurately controlling their size, shape, and surface chemistry
make gold nanoparticles excellent anticancer drug carriers. Adding a biocompatible surface
coating to AuNPs renders them stable in physiological conditions. In addition, adding
surface functionalization allows them to target specific receptors that are overexpressed on
cancer cells. Ease of synthesis, chemical stability, and interesting optical properties have
made researchers tremendously interested in utilizing AuNPs for cancer treatment. AuNPs’
role in cancer theragnostics, drug administration and loading, dose degradation, movement
in the body, accumulation in the tumor site, and excretion is analyzed and understood by
scientists [66].

AuNPs can target tumor sites through passive methods, such as the EPR effect, or
active methods, such as ligand–receptor affinity. In addition, several cellular uptake
methods, such as receptor-mediated endocytosis and sonoporation, are utilized. Through
covalent or noncovalent bonds, AuNPs can either be loaded with anticancer drugs or
encapsulated, as several release methods, as mentioned in this paper, separate the drug
from the NP. PTT also kills tumor cells through hyperthermia while avoiding heating up
surrounding healthy cells. Tables 5 and 6 present some case study examples where AuNPs
were used as therapeutic or drug delivery agents to treat cancer tumors, as revealed in
modern research. For example, a case study by Lopes-Nunes et al. [77] researched the
use of AS1411-AuNPs for treating cervical cancer. The AuNPs are covalently bonded
to the AS1411 aptamers, enabling NPs to actively target cancer cells. In addition, their
size of 18.3–12.16 in diameter makes the AuNPs small enough to utilize the EPR effect
to accumulate in the tumor site. The drugs C8 or IQ are associated with the AuNPs via
supramolecular assembly or noncovalent interactions on the surface of AS1411-AuNPs,
which are internalized into cells through receptor-mediated endocytosis. Tables 5 and 6
summarize different in vivo and in vitro research, where AuNPs were used as drug delivery
or PTT agents for cancer treatment.
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Table 5. AuNP in in vivo therapeutic applications in cancer.

AuNP Type Shape and Size Cancer Site Drug Loading Mechanism Targeting Mechanism Reference

FA–CurAu-PVP
NPs

Size: 250 nm
(average)

Shape: Gold
Nanospheres

Breast Cancer Curcumin The drug is loaded onto
the surface of AuNPs

Folate receptor-mediated
active targeting and
pH-sensitive release

[78]

Anti-EGFR-
HAuNS

Size: 30 nm
Shape: hollow

gold nanoshells

Any cancer cell
with epidermal
growth factor

receptor (EGFR)

PTT/No
drug -

Active targeting through
the functionalization of

monoclonal antibody that
targets EGFR.

[79]

DOX-NN-AuNPs
and

DOX-S-AuNPs

Size: 30 nm
Shape: Gold
Nanospheres

Oral cancer Doxorubicin

thyl-thioglyconate and
hydrazine compounds

were used to chemically
link DOX to AuNPs

resulting in a pH-sensitive
linker (S-).

Custom RGD peptide was
coating the AuNPs to

enhance active targeting
of oral cancer cells.

[80]

DOX@AuNPs

Size: 4.70 ±
0.89 nm

Shape: Gold
Nanospheres

Cancer in general Doxorubicin

DOX was loaded on
PEG-AuNPs because of

the π–π with
4-mercaptobenzoic acid
(MBA) incorporated on

the surface.

Passive Targeting [81]

PEGylated
AuNP-Pc4

Size: 3–7 nm
Shape: Gold
Nanospheres

Cancer in general

Silicon
phthalocya-
nine 4 (Pc

4)

Pc 4 is attached to the
AuNPs’ surface through

N-Au bonding.
Passive Targeting [82]

MGNPs-DOX
Size: 22 nm
Shape: Gold
Nanospheres

Carcinoma Doxorubicin

The drug was conjugated
on the surface of the

AuNPs through
electrostatic interaction

between the DOX anime
group and the surface.

Magnetic targeted
delivery through an

external magnetic field.
[63]

cRGD-uPIC-
AuNP

Size: 20 nm
Shape: Gold
Nanospheres

Cervical Cancer siRNA cRGD peptide allows for
active targeting.

The binding of the siRNA-
cRGD-PEG-PLL-LA

complex onto the AuNPs
is through universal

polyion complex (uPIC)

[83]

Apt-Au@MSL

The AuNPs’
size: 10 nm
Shape: Gold
Nanospheres

Cancer cells in
general Morin Morin is encapsulated in

the liposomes.

Aptamers on AuNPs,
which are incorporated on
the surface of liposomes,

allow for active targeting.

[84]

Doxorubicin-
Oligomer-AuNP

(DOA)

Size: 18–28 nm
Shape: Gold
nanospheres

Colon Cancer Doxorubicin

Dox was loaded on
oligonucleotides, which
are the AuNPs’ capping

agents.

Passive Targeting [85]

Disulfide
cross-linked short

polyethyleni-
mines
GNDs

Aspect ratio: 4.1
Shape: Gold

nanorods

Brain and breast
cancer

small
hairpin

(sh)RNA

shRNA is connected to
the GND through

GSH-triggered disulfide
bond.

RGD ligand actively
targeted the αvβ3

receptors on cancer cells.
The NPs also utilized

passive targeting.

[86]
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Table 6. AuNP in in vitro therapeutic applications in cancer.

AuNP
Type Shape and Size Cancer Site Drug Loading Mechanism Targeting Mechanism Reference

AS1411-
AuNPs

Size: 18.3–21.16
nm

Shape: Gold
nanospheres

Cervical
cancer

acridine orange
derivative (C8) or
Imiquimod (IQ)

Drug is associated via
supramolecular assembly

Aptamer AS1411 covalently
bonded to AuNPs is used
for active targeting.EPR

effect was utilized as well.

[77]

DOX-Fu
AuNPs

Size: 73–96 nm
Shape: Gold
nanospheres

Breast cancer Doxorubicin

The noncovalent
hydrogen-bonding

loading of the drug onto
AuNPs

Active targeting through
molecule binding and
pH-sensitive release.

[87]

GNPs-L-
Aspartate
nanostruc-

ture

Size: -
Shape: Gold
Nanospheres

Liver Cancer
doxorubicin,
cisplatin, and
capecitabine

The drugs are
non-covalently

conjugated onto the
aspartic acid assemblies

on the AuNPs

Targeting ligands on AuNPs
actively targeted

overexpressed receptors on
hepatocellular carcinoma

cells.

[88]

Au@p12 +
CRGDK Size: 2 nm Breast Cancer Therapeutic PMI

(P12) peptide

The therapeutic P1q2
peptide was conjugated

on the surface of the
AuNPs.

Target peptide CRGDK
allows for selective binding
to neuropilin-1(Nrp-1) and

receptor-mediated
endocytosis.

[89]

PEG-
AuNPs

Size: 6.7 ± 0.5 nm
Shape: Gold
Nanospheres

Pancreatic
Cancer Doxorubicin

DOX is bonded through
an amide bond

(enzyme-sensitive) to the
PEG layer.

Active targeting is through
anti-Kv11.1 polyclonal

antibody [pAb]. Release is
through enzymatic cleavage

of the amide bond.

[90]

Gold
Nanoshells

Shape: Gold
nanoshells

Size: 140 nm
Liver Cancer PTT/No drug -

Active targeting through
functionalization with

12-amino acid sequence
peptides. NIR caused PT

ablation.

[91]

PEG-Tf-NP
Size: 50.5 nm
Shape: Gold
Nanospheres

Breast Cancer PTT/No drug -

AuNPs are conjugated with
transferrin molecules for

active targeting. NIR caused
PT ablation.

[92]

DOX-
Hyd@AuNP

Size: 30 nm
Shape: Gold
Nanospheres

Addresses
multidrug

resistance in
breast cancer

cells.

Doxorubicin

DOX is conjugated to the
AuNP through a

pH-sensitive hydrazone
bond.

Release is triggered by
acidic (pH =5) environment [93]

Anti-EGFR-
HAuNS

Size: 30 nm
Shape: hollow

gold nanoshells

Any cancer
cell with

epidermal
growth factor

receptor
(EGFR)

PTT/No drug -

Active targeting through the
functionalization of a

monoclonal antibody that
targets EGFR.

[79]

GNP-20-P1,
GNP-20-P2,
GNP-40-P1,

and
GNP-40-P2

Size: 20–40 nm Prostate and
Colon Cancer

Kahalalide F
peptide (P1 and

P2 analogs)

free thiol containing Cys,
which facilitates the

attachment to the AuNPs,
is added to the peptide

sequence.

The conjugation of P1 and
P2 on the AuNPs induces a

positive charge, which
attracts them to negatively
charged cell membranes
and enhances absorption

through receptor-mediated
endocytosis.

[94]

9.2. Skin Diseases Treatment

The skin serves as a natural barrier against drugs, especially those that are highly
hydrophilic or have a heavy molecular weight. As a result, the unique properties of AuNPs,
such as size, surface chemistry, and shape, have been investigated lately for skin applica-
tions, as researchers are finding ways to overcome the skin barrier and improve hydrophilic
or macromolecular drug delivery onto or through the skin. A review by Chen et al. [95]
summarized the factors that make AuNPs optimal for dermal or transdermal drug deliv-
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ery, such as biocompatibility, low toxicity, and large surface area, and captured the drug
loading, release, and penetration methods. Size affects the penetrability of AuNPs, as
smaller NPs tend to penetrate the skin more effectively than larger ones. This is because
smaller AuNPs have a higher surface area-to-volume ratio and greater mobility, which
makes their interaction with the skin easier. Another factor that plays a role in skin pen-
etration is surface chemistry. PEGylation is highly used, as it improves biocompatibility
and stability and increases the penetration of the AuNPs into the epidermis, subcutaneous
tissues, and hair follicles. In addition, PEG chains generate steric repulsions, which pre-
vents the aggregation of the NPs. Also, the surface of AuNPs can be modified by targeting
moieties such as cell-penetrating peptides and aptamers, enhancing their specificity and
therapeutic outcome. Size is an important aspect to consider when aiming for high skin
penetrability, as AuNPs with different aspect ratios interact differently with the skin. For
example, gold nanorods penetrate the skin more efficiently than gold nanospheres because
of their elongated shape, which facilitates intracellular penetration. Also, shape affects the
surface area-to-volume ratio, which dictates the number of surface modifications and the
surface chemistry of the AuNPs. As discussed in the AuNPs’ shapes section, the shape
of the NP affects cellular uptake, as some shapes are more readily absorbed into cells
than others. Lastly, different shapes can trigger different immune responses, so choosing
an appropriate AuNP shape is crucial when considering dermal and transdermal drug
delivery applications, as shape affects NPs’ interaction with skin and penetration abilities.
In comparison to gold nanospheres, gold nanorods and nanostars are capable of greater
deposition in the epidermis and subcutaneous tissue, due to their structure that increases
friction and shear rates at the skin interface [95]. In addition, AuNPs with sharper shapes
have higher photothermal activity, increasing their therapeutic effect, because their sharp
ends have regions called ‘hot spots’ that significantly improve near field enhancement [40].

As shown in Figure 8, AuNPs penetrate the skin using different routes, including
transcellular, intercellular, and transappendageal penetration. Transcellular penetration is
the process by which AuNPs pass directly to the cell membrane through the cell cytoplasm
to exit or enter it. This method requires the diffusion of drugs across the cells’ lipids bilayer,
which is suitable for small lipophilic molecules that can dissolve in the cell membrane and
reach the intracellular space. This process occurs through passive diffusion, facilitated
diffusion, or active transport techniques depending on the physical and chemical properties
of the drug molecule. Intercellular penetration involves the movement of drugs between the
tight intercellular gaps and junctions without crossing cell membranes through diffusion or
convection. This route is advantageous for hydrophilic drugs that cannot easily cross the
cells’ lipid bilayer. The last method, transappendageal penetration, involves the movement
of drug molecules into the skin through appendages such as hair follicles, sweat glands,
or sebaceous glands. These skin appendages provide a route for drugs to bypass the
corneum, the main skin barrier. The size, density, and activity of skin appendages dictate
the efficiency of transappendageal penetration [95].
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9.3. Ocular Diseases Treatment

Ocular drug delivery is a promising route to deliver drugs used for the treatment of
several ocular diseases, such as diabetic retinopathy, which is triggered by inflammation
and increased levels of vascular endothelial growth factor (VEGF) or neovascularization.
According to Apaolaza et al. [96], AuNPs can inhibit angiogenic molecules, as they have
unique antioxidant and antiangiogenic properties that make them suitable for ocular
drug delivery. Also, their ability to conjugate a wide variety of biomolecules and surface
functionalization can enhance the AuNPs’ movement through physiological eye barriers
such as virtuous humor. The researchers employed hyaluronan (HA) on the surface of
AuNPs to increase and facilitate their mobility across barriers and enhance their targeting
abilities in detecting HA receptors in different eye cells. The study demonstrated that the
conjugation of AuNPs with HA increased their stability, distribution, and mobility through
the vitreous humor and deep retinal layers.

The HA group was attached to the surface of AuNPs through thiolation, the attachment
of the thiol (-SH) group into the HA polymer chain. This modification allows the HA group
to form a stable covalent bond with the surface of the AuNPs. The functionalization
of HA-AuNPs prevented their aggregation in the cell cytoplasm with respect to AuNPs
only. In addition, cellular uptake through receptor-mediated endocytosis differed between
AuNPs and HA-AuNPs, as the latter possesses faster uptake since the HA causes specific
interactions with CD44 receptors expressed on the eye cell surface [96].

9.4. Diabetes Treatment

Diabetes has contributed to a significant increase in health problems and death rates,
as it causes long-term implications such as retinopathy, nephropathy, and peripheral
neuropathy and could lead to organ failure due to uncontrolled high glucose blood lev-
els. Alomari et al. [97] reviewed the different properties of AuNPs, such as their anti-
hyperglycemic, antioxidant, anti-inflammatory, and antiangiogenic potential, that make
them suitable candidates for the treatment of diabetes. One outcome of hyperglycemia is
mitochondrial respiration, which releases reactive oxygen species (ROS). Diabetic compli-
cations result from oxidative stress generated by ROS, which are highly reactive molecules,
or free radicals, that destroy cellular components. The antioxidant properties of AuNPs
prevent ROS release to the cytoplasm, as they scavenge free radicals by increasing the
activity of enzymes such as superoxide dismutase and glutathione peroxidase, which
neutralize the activity of ROS. In addition, the surface chemistry of AuNPs allows them
to donate electrons to free radicals, neutralizing their activity and reducing their concen-
tration in the cell. The anti-hyperglycemic properties of AuNPs stem from the fact they
can regulate blood sugar levels by promoting the generation of pancreatic β cells that
produce insulin and by modulating glucose metabolism pathways. AuNPs also provide
effective therapeutic effects for other diabetic complications, such as wound healing, effects
on the retina, and neuroprotective problems. AuNPs can improve wound healing, as
their anti-inflammatory effects reduce inflammation at the wound site and promote tissue
regrowth. Also, they can have a therapeutic effect on diabetic retinopathy by inhibiting
neovascularization, or the abnormal growth of vessels in the retina. This is carried out by
AuNPs suppressing VEGFR-2 (vascular endothelial growth factor receptor 2), a receptor
responsible for triggering neovascularization.

9.5. Antibacterial Effect of AuNPs

Antibiotic resistance is why new and more effective treatments against bacterial in-
fections are being developed. Colistin is an antibiotic that is considered the last line of
defense, but it has not been used much lately due to its undesirable side effects; therefore,
it has reduced resistance. Recently, it has been considered as a last resort for treating
multi-drug-resistant bacterial infections, as rising pathogens are becoming increasingly
resistant to common antibiotics. Since Colistin resistance is dose-dependent, AuNPs are
being investigated to deliver this antibiotic to treat infections with a lower dosage; yet, they
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have been shown to produce the same therapeutic effect by Fuller et al. [98]. Having a high
surface area-to-volume ratio and low toxicity, Colistin-coated AuNPs create a system that
delivers low antibiotic dosages, overcoming resistance issues. The antibiotic is attached to
citrate-capped AuNPs through electrostatic self-assembly, resulting in enhanced effective-
ness against the antibiotic with respect to the antibiotic alone and minimized side effects.
In general, AuNPs can disrupt the bacterial cell wall by inducing mechanical stress. As
AuNPs adhere to bacterial membranes in large amounts, they trigger membrane wrapping,
increasing tensions and deformity in the cell wall. This causes mechanosensitive channels
to open and creates an osmotic pressure inside the cell, leading to the membrane’s rup-
ture [99]. In addition, ROS are generated from AuNPs, which can weaken the bacterial cell
wall further by inducing oxidative damage. Combined with the photothermal effect, these
processes lead to the eventual bacterial cell wall disruption and death [100]. Neurological
infections pose a huge threat to human health and cause a lot of deaths. Once the bacteria
cross the blood brain barrier (BBB), it can spread in the central nervous system, leading to
severe immunological reactions and inflammation. A study by Rizvi et al. [101] discusses
how AuNPs can be used to treat bacterial infections in the brain. The characteristics of
AuNPs, such as biocompatibility, stability, size tunability, and surface affinity to specific
functional groups, allow them to cross the blood–brain barrier to effectively treat neurolog-
ical infections. In addition, AuNPs have a unique ability to kill pathogens by inhibiting
multiple aspects of their physiology, but conjugating them with antibiotics on their surface
increases their effectiveness. AuNPs can disrupt bacterial membranes by forming pores
in the cell wall, leading to permeability. In addition, they can inhibit ATPase activity in
bacteria, disrupting cellular energy metabolism and leading to bacterial death. AuNPs can
also disrupt the bacterial transcription mechanism, inhibiting the synthesis of essential
proteins, and can increase bacterial chemotaxis. Another property that makes AuNPs
suitable for treating neurological infections is their ability to cross the BBB, as small-sized
AuNPs with a negative charge have better penetration and are more likely to cross the BBB.

9.6. Cardiovascular Diseases Treatment

Cardiovascular diseases have always posed a huge threat to human health, and the
existing drugs have severe side effects, as they require a lifetime of medication. Even
though such drugs may delay symptoms, they fail to control the disease progression. Other
solutions, such as cardiac transplantation, require surgery and are extremely invasive, with
a high failure probability. Due to their low toxicity and ease of synthesis, AuNPs have
been investigated for treating heart diseases such as atherosclerosis, heart failure, and
endocarditis. A review by Zhang et al. [102] discussed the conjugation of AuNPs with
clinical drugs for the treatment of heart diseases. Studies have shown that the accumulation
of AuNPs injected intravenously in mice in the heart is size-dependent. AuNPs ranging
from 10 to 250 nm have been found to accumulate in a healthy heart. Meanwhile, larger
ones were detected mostly in the blood, liver, and spleen only. Anyways, studies have
shown that larger AuNPs (30 nm–2 µm) are entrapped in diseased hearts, especially in
injured ventricles or small heart capillaries. The downside of this is that larger AuNPs may
lead to serious off-target effects, such as accumulating in the spleen. Conjugating AuNPs
with clinical drugs for cardiovascular treatments has been promising in enhancing drug
delivery. Spivak et al. [103] have shown positive results by treating DOX-induced heart
failure rats with 30 nm AuNPs conjugated with Simdax, which was more effective than
the Simdax treatment alone. Beta-blockers such as Metoprolol are good candidates for
conjugation with AuNPs, as they accumulate more easily and quickly in the heart muscle
and target abundantly expressed β1 receptors in the cells [104].

10. Limitations of the Usage of AuNPs in Drug Delivery

Even though AuNPs are considered generally safe and biocompatible as promising
drug delivery agents due to their unique physicochemical properties, factors such as the
NPs’ size, drug dosage, electrical charge, route of administration, and purity of the gold
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formation can play a role in determining the cytotoxicity. For example, the presence of free
surfactants and metal ions other than gold particles in the solution can cause toxicity in
biological environments. Regardless of the target site in the body, the liver and spleen are
the main targets after exposure to AuNPs, as they are part of the immune system. These
organs are responsible for the uptake, metabolism, and excretion of these NPs, which makes
them a paramount topic for cytotoxicity analysis. In addition, the smaller the nanoparticle,
the more widely it will be distributed in the body, so smaller AuNPs tend to cause more
cytotoxicity for their size [105]. Having AuNPs accumulated in undesired places in the
body due to low precision and inefficient targeting methods can defeat their purpose or
cause hazardous side effects. Therefore, it is crucial to find a balance between the AuNPs’
size and payload to minimize off-target effects and stay within safety limits.

One of the main problems that medication targeting the central nervous system (CNS)
faces is the inability to cross the BBB, which not only prevents drugs from passing but
also disposes of them. As a result, NPs that deliver drugs to the CNS must be designed
to overcome this challenge. Provoking permeability in the BBB by disrupting the tight
junctions between its cells using US is one way to create a transient path for the NPs to pass.
In addition, surface modifications, such as a positive charge, on the NPs can facilitate their
binding to the negatively charged plasma membranes of the BBB cells. Factors such as size,
charge, surface modifications, and circulation time all influence the ability of NPs to cross
selective body membranes [106]. As mentioned in this paper, the size and shape of AuNPs
must be precisely determined, as any slight inaccuracy leads to changes in biodistribution,
cellular uptake, and therapeutic efficiency. So, achieving uniformity in their size and shape
is a prerequisite to the reproducibility and reliability of AuNPs as drug delivery agents.
Additionally, encapsulation strategies, surface modifications, and release mechanisms must
be tailored to every specific application and physiochemical properties of the encapsulated
drug. Release strategies must be carefully carried out to minimize off-target effects and
achieve optimal therapeutic efficiency. Another concern is the AuNPs’ biological stability
in physiological environments. Conditions such as temperature, pH, and the presence of
certain ions, solutes, and chemicals in the body must not influence the toxicity, efficiency,
and purpose of AuNPs, as bonds of encapsulated or loaded drugs must not be disrupted or
broken until intended. Despite the challenges and careful considerations needed in utilizing
AuNPs for drug delivery, their remarkable properties offer great opportunities that allow
scientists to revolutionize them and understand their biological role in medical trials.

11. Conclusions

The remarkable versatility of AuNPs renders them innovative agents in several fields,
most notably in drug delivery and therapeutics. This comprehensive review highlights
the great impact of AuNPs on drug delivery systems, focusing on their unique properties
that make them effective in this domain. Various aspects of AuNPs, such as their shape,
functionalization, drug-loading bonds, targeting mechanisms, therapeutic effects, and
cellular uptake methods, have been discussed in this work. AuNPs have been extensively
studied for their potential in cancer treatment, as various in vitro and in vivo studies
highlighted in the review. Given their broad therapeutic potential, AuNPs have a significant
role in advancing drug delivery and improving treatments for a range of diseases, including
cancer, diabetes, skin diseases, cardiovascular issues, and ocular diseases.

Author Contributions: Original draft and visualization: J.G. Reviewing and editing: N.A., W.H.A.
and G.A.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Dana Gas Endowed Chair for Chemical Engineering,
American University of Sharjah Faculty Research Grants (FRG20-L-E48, FRG22-C-E08), Sheikh
Hamdan Award for Medical Sciences MRG/18/2020, and Friends of Cancer Patients (FoCP).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Pharmaceutics 2024, 16, 1332 28 of 32

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to acknowledge the financial support of the American
University of Sharjah Faculty Research Grants, the Al-Jalila Foundation (AJF 2015555), the Al Qasimi
Foundation, the Patient’s Friends Committee-Sharjah, the Biosciences and Bioengineering Research
Institute (BBRI18-CEN-11), the GCC Co-Fund Program (IRF17-003), the Takamul program (POC00028-
76818), the Technology Innovation Pioneer (TIP) Healthcare Awards, the Sheikh Hamdan Award for
Medical Sciences (MRG/18/2020, Friends of Cancer Patients (FoCP), and the Dana Gas Endowed Chair
for Chemical Engineering. The work in this paper was supported, in part, by the Open Access Program
from the American University of Sharjah and does not represent the position or opinions of the American
University of Sharjah.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Tiwari, G.; Tiwari, R.; Sriwastawa, B.; Bhati, L.; Pandey, S.; Pandey, P.; Bannerjee, S.K. Drug delivery systems: An updated review.

Int. J. Pharm. Investig. 2012, 2, 2. [CrossRef] [PubMed]
2. Homayun, B.; Lin, X.; Choi, H.-J. Challenges and recent progress in oral drug delivery systems for Biopharmaceuticals. Pharma-

ceutics 2019, 11, 129. [CrossRef] [PubMed]
3. Rathi, R.; Sanshita; Kumar, A.; Vishvakarma, V.; Huanbutta, K.; Singh, I.; Sangnim, T. Advancements in Rectal Drug Delivery

Systems: Clinical Trials, and Patents Perspective. Pharmaceutics 2022, 14, 2210. [CrossRef] [PubMed]
4. Manchanda, S.; Das, N.; Chandra, A.; Bandyopadhyay, S.; Chaurasia, S. Fabrication of advanced parenteral drug-delivery systems.

In Drug Delivery Systems; Elsevier: Amsterdam, The Netherlands, 2020; pp. 47–84. [CrossRef]
5. Abhang, P.; Momin, M.; Inamdar, M.; Kar, S. Transmucosal drug delivery—An overview. Drug Deliv. Lett. 2014, 4, 26–37.

[CrossRef]
6. Tangri, P.; Khurana, S. Approaches to pulmonary drug delivery systems. Int. J. Pharm. Sci. Res. 2011, 2, 1616.
7. Alkilani, A.Z.; McCrudden, M.T.C.; Donnelly, R.F. Transdermal drug delivery: Innovative pharmaceutical developments based

on disruption of the barrier properties of the stratum corneum. Pharmaceutics 2015, 7, 438–470. [CrossRef]
8. Alhalafi, A.M. Applications of polymers in intraocular drug delivery systems. Oman J. Ophthalmol. 2017, 10, 3. [CrossRef]
9. Lai, H.; Liu, S.; Yan, J.; Xing, F.; Xiao, P. Facile fabrication of biobased hydrogel from natural resources: L-cysteine, itaconic

anhydride, and chitosan. ACS Sustain. Chem. Eng. 2020, 8, 4941–4947. [CrossRef]
10. Lateef, A.; Darwesh, O.M.; Matter, I.A. Microbial nanobiotechnology: The melting pot of microbiology, microbial technology and

nanotechnology. In Microbial Nanobiotechnology: Principles and Applications; Springer: Singapore, 2021; pp. 1–19. [CrossRef]
11. Khan, I.; Saeed, K.; Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. J. Chem. 2019, 12, 908–931. [CrossRef]
12. Jeevanandam, J.; Barhoum, A.; Chan, Y.S.; Dufresne, A.; Danquah, M.K. Review on nanoparticles and nanostructured materials:

History, sources, toxicity and regulations. Beilstein J. Nanotechnol. 2018, 9, 1050–1074. [CrossRef]
13. Afzal, O.; Altamimi, A.S.A.; Nadeem, M.S.; Alzarea, S.I.; Almalki, W.H.; Tariq, A.; Mubeen, B.; Murtaza, B.N.; Iftikhar, S.; Riaz,

N.; et al. Nanoparticles in Drug Delivery: From History to Therapeutic Applications. Nanomaterials 2022, 12, 4494. [CrossRef]
[PubMed]

14. Harish, V.; Tewari, D.; Gaur, M.; Yadav, A.B.; Swaroop, S.; Bechelany, M.; Barhoum, A. Review on nanoparticles and nanostructured
materials: Bioimaging, biosensing, drug delivery, tissue engineering, antimicrobial, and agro-food applications. Nanomaterials
2022, 12, 457. [CrossRef] [PubMed]

15. Venditti, I.; Fontana, L.; Fratoddi, I.; Battocchio, C.; Cametti, C.; Sennato, S.; Mura, F.; Sciubba, F.; Delfini, M.; Russo, M.V. Direct
interaction of hydrophilic gold nanoparticles with dexamethasone drug: Loading and release study. J. Colloid Interface Sci. 2013,
418, 52–60. [CrossRef] [PubMed]

16. Das, M.; Shim, K.H.; An, S.S.A.; Yi, D.K. Review on gold nanoparticles and their applications. Toxicol. Environ. Health Sci. 2011, 3,
193–205. [CrossRef]

17. Gholipourmalekabadi, M.; Mobaraki, M.; Ghaffari, M.; Zarebkohan, A.; Omrani, V.F.; Urbanska, A.M.; Seifalian, A. Targeted drug
delivery based on gold nanoparticle derivatives. Curr. Pharm. Des. 2017, 23, 2918–2929. [CrossRef]

18. Chauhan, A.; Khan, T.; Omri, A. Design and encapsulation of immunomodulators onto gold nanoparticles in cancer immunother-
apy. Int. J. Mol. Sci. 2021, 22, 8037. [CrossRef]

19. Aminabad, N.S.; Farshbaf, M.; Akbarzadeh, A. Recent advances of gold nanoparticles in biomedical applications: State of the art.
Cell Biochem. Biophys. 2018, 77, 123–137. [CrossRef]

20. Patil, T.; Gambhir, R.; Vibhute, A.; Tiwari, A.P. Gold nanoparticles: Synthesis methods, functionalization and biological applica-
tions. J. Clust. Sci. 2022, 34, 705–725. [CrossRef]

21. Zhang, J.; Mou, L.; Jiang, X. Surface chemistry of gold nanoparticles for health-related applications. Chem. Sci. 2020, 11, 923–936.
[CrossRef]

22. Mieszawska, A.J.; Mulder, W.J.M.; Fayad, Z.A.; Cormode, D.P. Multifunctional gold nanoparticles for diagnosis and therapy of
disease. Mol. Pharm. 2013, 10, 831–847. [CrossRef]

https://doi.org/10.4103/2230-973X.96920
https://www.ncbi.nlm.nih.gov/pubmed/23071954
https://doi.org/10.3390/pharmaceutics11030129
https://www.ncbi.nlm.nih.gov/pubmed/30893852
https://doi.org/10.3390/pharmaceutics14102210
https://www.ncbi.nlm.nih.gov/pubmed/36297645
https://doi.org/10.1016/b978-0-12-814487-9.00002-8
https://doi.org/10.2174/22103031113039990011
https://doi.org/10.3390/pharmaceutics7040438
https://doi.org/10.4103/0974-620X.200692
https://doi.org/10.1021/acssuschemeng.0c00774
https://doi.org/10.1007/978-981-33-4777-9_1
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.3762/bjnano.9.98
https://doi.org/10.3390/nano12244494
https://www.ncbi.nlm.nih.gov/pubmed/36558344
https://doi.org/10.3390/nano12030457
https://www.ncbi.nlm.nih.gov/pubmed/35159802
https://doi.org/10.1016/j.jcis.2013.11.063
https://www.ncbi.nlm.nih.gov/pubmed/24461817
https://doi.org/10.1007/s13530-011-0109-y
https://doi.org/10.2174/1381612823666170419105413
https://doi.org/10.3390/ijms22158037
https://doi.org/10.1007/s12013-018-0863-4
https://doi.org/10.1007/s10876-022-02287-6
https://doi.org/10.1039/C9SC06497D
https://doi.org/10.1021/mp3005885


Pharmaceutics 2024, 16, 1332 29 of 32

23. Wang, S.-H.; Lee, C.-W.; Chiou, A.; Wei, P.-K. Size-dependent endocytosis of gold nanoparticles studied by three-dimensional
mapping of plasmonic scattering images. J. Nanobiotechnol. 2010, 8, 33. [CrossRef] [PubMed]

24. Sang, D.; Luo, X.; Liu, J. Biological interaction and imaging of ultrasmall gold nanoparticles. Nano-Micro Lett. 2023, 16, 1–30.
[CrossRef] [PubMed]

25. F Jiao, P.; Y Zhou, H.; X Chen, L.; Yan, B. Cancer-targeting multifunctionalized gold nanoparticles in imaging and therapy. Curr.
Med. Chem. 2011, 18, 2086–2102. [CrossRef]

26. Kesharwani, P.; Ma, R.; Sang, L.; Fatima, M.; Sheikh, A.; Abourehab, M.A.S.; Gupta, N.; Chen, Z.-S.; Zhou, Y. Gold nanoparticles
and gold nanorods in the landscape of cancer therapy. Mol. Cancer 2023, 22, 1–31. [CrossRef]

27. Chen, H.; Shao, L.; Li, Q.; Wang, J. Gold nanorods and their plasmonic properties. Chem. Soc. Rev. 2013, 42, 2679–2724. [CrossRef]
28. Huschka, R.; Zuloaga, J.; Knight, M.W.; Brown, L.V.; Nordlander, P.; Halas, N.J. Light-induced release of DNA from gold

nanoparticles: Nanoshells and nanorods. J. Am. Chem. Soc. 2011, 133, 12247–12255. [CrossRef]
29. Arshad, F.; Naikoo, G.A.; Hassan, I.U.; Chava, S.R.; El-Tanani, M.; Aljabali, A.A.; Tambuwala, M.M. Bioinspired and green

synthesis of silver nanoparticles for medical applications: A green perspective. Appl. Biochem. Biotechnol. 2024, 196, 3636–3669.
[CrossRef]

30. Díaz González, M.; de la Escosura Muñiz, A.; Fernandez Argüelles, M.T.; Alonso, F.J.G.; Costa Fernandez, J.M. Quantum dot
bioconjugates for diagnostic applications. In Surface-Modified Nanobiomaterials for Electrochemical and Biomedicine Applications;
Springer: Cham, Switzerland, 2020; pp. 133–176. [CrossRef]

31. Zhang, T.-G.; Miao, C.-Y. Iron Oxide Nanoparticles as Promising Antibacterial Agents of New Generation. Nanomaterials 2024, 14,
1311. [CrossRef] [PubMed]

32. Capek, I. ChemInform Abstract: Preparation and functionalization of gold nanoparticles. ChemInform 2015, 46. [CrossRef]
33. Perrault, S.D.; Chan, W.C. Synthesis and surface modification of highly monodispersed, spherical gold nanoparticles of 50−200

nm. J. Am. Chem. Soc. 2009, 131, 17042–17043. [CrossRef]
34. Yu, X.; Wang, Z.; Cui, H.; Wu, X.; Chai, W.; Wei, J.; Chen, Y.; Zhang, Z. A Review on Gold Nanotriangles: Synthesis, Self-Assembly

and Their Applications. Molecules 2022, 27, 8766. [CrossRef] [PubMed]
35. Ren, Q.-Q.; Bai, L.-Y.; Zhang, X.-S.; Ma, Z.-Y.; Liu, B.; Zhao, Y.-D.; Cao, Y.-C. Preparation, modification, and application of hollow

gold nanospheres. J. Nanomater. 2015, 2015, 534070. [CrossRef]
36. Tong, X.; Wang, Z.; Sun, X.; Song, J.; Jacobson, O.; Niu, G.; Kiesewetter, D.O.; Chen, X. Size dependent kinetics of gold nanorods

in EPR mediated tumor delivery. Theranostics 2016, 6, 2039–2051. [CrossRef]
37. Alkilany, A.M.; Thompson, L.B.; Boulos, S.P.; Sisco, P.N.; Murphy, C.J. Gold nanorods: Their potential for photothermal

therapeutics and drug delivery, tempered by the complexity of their biological interactions. Adv. Drug Deliv. Rev. 2012, 64,
190–199. [CrossRef]

38. Xie, X.; Liao, J.; Shao, X.; Li, Q.; Lin, Y. The effect of shape on cellular uptake of gold nanoparticles in the forms of stars, rods, and
triangles. Sci. Rep. 2017, 7, 1–9. [CrossRef]

39. Tian, F.; Conde, J.; Bao, C.; Chen, Y.; Curtin, J.; Cui, D. Gold nanostars for efficient in vitro and in vivo real-time SERS detection
and drug delivery via plasmonic-tunable Raman/FTIR imaging. Biomaterials 2016, 106, 87–97. [CrossRef] [PubMed]

40. Deveci, P. Synthesis, optical properties and photherapy applications of gold nanostars. J. Incl. Phenom. Macrocycl. Chem. 2021, 99,
23–31. [CrossRef]

41. Singhana, B.; Slattery, P.; Chen, A.; Wallace, M.; Melancon, M.P. Light-activatable gold nanoshells for drug delivery applications.
AAPS PharmSciTech 2014, 15, 741–752. [CrossRef]

42. Cobley, C.M.; Au, L.; Chen, J.; Xia, Y. Targeting gold nanocages to cancer cells for photothermal destruction and drug delivery.
Expert Opin. Drug Deliv. 2010, 7, 577–587. [CrossRef]

43. Dasgupta, S.; Auth, T.; Gompper, G. Shape and orientation matter for the cellular uptake of nonspherical particles. Nano Lett.
2014, 14, 687–693. [CrossRef]

44. Amina, S.J.; Guo, B. A review on the synthesis and functionalization of gold nanoparticles as a drug delivery vehicle. Int. J.
Nanomed. 2020, 15, 9823–9857. [CrossRef] [PubMed]

45. Turkevich, J.; Stevenson, P.C.; Hillier, J. A study of the nucleation and growth processes in the synthesis of colloidal gold. Discuss.
Faraday Soc. 1951, 11, 55–75. [CrossRef]

46. Nicol, J.R.; Dixon, D.; Coulter, J.A. Gold nanoparticle surface functionalization: A necessary requirement in the development of
novel nanotherapeutics. Nanomedicine 2015, 10, 1315–1326. [CrossRef]

47. Sau, T.K.; Murphy, C.J. Room temperature, high-yield synthesis of multiple shapes of gold nanoparticles in aqueous solution.
J. Am. Chem. Soc. 2004, 126, 8648–8649. [CrossRef]

48. Sahu, P.; Prasad, B.L. Time and temperature effects on the digestive ripening of gold nanoparticles: Is there a crossover from
digestive ripening to Ostwald ripening? Langmuir 2014, 30, 10143–10150. [CrossRef] [PubMed]

49. Li, X.; Xu, H.; Chen, Z.-S.; Chen, G. Biosynthesis of nanoparticles by microorganisms and their applications. J. Nanomater. 2011,
2011, 1–16. [CrossRef]

50. Ovais, M.; Khalil, A.T.; Islam, N.U.; Ahmad, I.; Ayaz, M.; Saravanan, M.; Shinwari, Z.K.; Mukherjee, S. Role of plant phyto-
chemicals and microbial enzymes in biosynthesis of metallic nanoparticles. Appl. Microbiol. Biotechnol. 2018, 102, 6799–6814.
[CrossRef]

https://doi.org/10.1186/1477-3155-8-33
https://www.ncbi.nlm.nih.gov/pubmed/21167077
https://doi.org/10.1007/s40820-023-01266-4
https://www.ncbi.nlm.nih.gov/pubmed/38047998
https://doi.org/10.2174/092986711795656199
https://doi.org/10.1186/s12943-023-01798-8
https://doi.org/10.1039/C2CS35367A
https://doi.org/10.1021/ja204578e
https://doi.org/10.1007/s12010-023-04719-z
https://doi.org/10.1007/978-3-030-55502-3_5
https://doi.org/10.3390/nano14151311
https://www.ncbi.nlm.nih.gov/pubmed/39120416
https://doi.org/10.1002/chin.201540226
https://doi.org/10.1021/ja907069u
https://doi.org/10.3390/molecules27248766
https://www.ncbi.nlm.nih.gov/pubmed/36557899
https://doi.org/10.1155/2015/534070
https://doi.org/10.7150/thno.17098
https://doi.org/10.1016/j.addr.2011.03.005
https://doi.org/10.1038/s41598-017-04229-z
https://doi.org/10.1016/j.biomaterials.2016.08.014
https://www.ncbi.nlm.nih.gov/pubmed/27552319
https://doi.org/10.1007/s10847-020-01035-5
https://doi.org/10.1208/s12249-014-0097-8
https://doi.org/10.1517/17425240903571614
https://doi.org/10.1021/nl403949h
https://doi.org/10.2147/IJN.S279094
https://www.ncbi.nlm.nih.gov/pubmed/33324054
https://doi.org/10.1039/df9511100055
https://doi.org/10.2217/nnm.14.219
https://doi.org/10.1021/ja047846d
https://doi.org/10.1021/la500914j
https://www.ncbi.nlm.nih.gov/pubmed/25111614
https://doi.org/10.1155/2011/270974
https://doi.org/10.1007/s00253-018-9146-7


Pharmaceutics 2024, 16, 1332 30 of 32

51. Lee, K.X.; Shameli, K.; Yew, Y.P.; Teow, S.-Y.; Jahangirian, H.; Rafiee-Moghaddam, R.; Webster, T.J. Recent developments in
the facile bio-synthesis of gold nanoparticles (AuNPs) and their biomedical applications. Int. J. Nanomed. 2020, 15, 275–300.
[CrossRef]

52. Santhoshkumar, J.; Rajeshkumar, S.; Kumar, S.V. Phyto-assisted synthesis, characterization and applications of gold
nanoparticles—A review. Biochem. Biophys. Rep. 2017, 11, 46–57. [CrossRef]

53. Goddard, Z.R.; Marín, M.J.; Russell, D.A.; Searcey, M. Active targeting of gold nanoparticles as cancer therapeutics. Chem. Soc.
Rev. 2020, 49, 8774–8789. [CrossRef]

54. Song, Y.; Huang, T.; Murray, R.W. Heterophase ligand exchange and metal transfer between monolayer protected clusters. J. Am.
Chem. Soc. 2003, 125, 11694–11701. [CrossRef] [PubMed]

55. Sanità, G.; Carrese, B.; Lamberti, A. Nanoparticle surface functionalization: How to improve biocompatibility and cellular
internalization. Front. Mol. Biosci. 2020, 7, 587012. [CrossRef] [PubMed]

56. Ghitescu, L.; Fixman, A.; Simionescu, M.; Simionescu, N. Specific binding sites for albumin restricted to plasmalemmal vesicles of
continuous capillary endothelium: Receptor-mediated transcytosis. J. Cell Biol. 1986, 102, 1304–1311. [CrossRef]

57. Massich, M.D.; Giljohann, D.A.; Seferos, D.S.; Ludlow, L.E.; Horvath, C.M.; Mirkin, C.A. Regulating immune response using
polyvalent nucleic acid−gold nanoparticle conjugates. Mol. Pharm. 2009, 6, 1934–1940. [CrossRef] [PubMed]

58. Vigderman, L.; Zubarev, E.R. Therapeutic platforms based on gold nanoparticles and their covalent conjugates with drug
molecules. Adv. Drug Deliv. Rev. 2012, 65, 663–676. [CrossRef]

59. Tan, J.; Cho, T.J.; Tsai, D.-H.; Liu, J.; Pettibone, J.M.; You, R.; Hackley, V.A.; Zachariah, M.R. Surface modification of cisplatin-
complexed gold nanoparticles and its influence on colloidal stability, drug loading, and drug release. Langmuir 2017, 34, 154–163.
[CrossRef]

60. Papasani, M.R.; Wang, G.; Hill, R.A. Gold nanoparticles: The importance of physiological principles to devise strategies for
targeted drug delivery. Nanomedicine 2012, 8, 804–814. [CrossRef]

61. Bareford, L.M.; Swaan, P.W. Endocytic mechanisms for targeted drug delivery. Adv. Drug Deliv. Rev. 2007, 59, 748–758. [CrossRef]
62. Ma, Y.; Liang, X.; Tong, S.; Bao, G.; Ren, Q.; Dai, Z. Gold Nanoshell Nanomicelles for Potential Magnetic Resonance Imaging,

Light-Triggered Drug Release, and Photothermal Therapy. Adv. Funct. Mater. 2012, 23, 815–822. [CrossRef]
63. Elbialy, N.S.; Fathy, M.M.; Khalil, W.M. Doxorubicin loaded magnetic gold nanoparticles for in vivo targeted drug delivery. Int. J.

Pharm. 2015, 490, 190–199. [CrossRef]
64. Ejigah, V.; Owoseni, O.; Bataille-Backer, P.; Ogundipe, O.D.; Fisusi, F.A.; Adesina, S.K. Approaches to improve macromolecule

and nanoparticle accumulation in the tumor microenvironment by the enhanced permeability and retention effect. Polymers 2022,
14, 2601. [CrossRef] [PubMed]

65. Veeren, A.; Ogunyankin, M.O.; Shin, J.E.; Zasadzinski, J.A. Liposome-tethered gold nanoparticles triggered by pulsed NIR light
for rapid liposome contents release and endosome escape. Pharmaceutics 2022, 14, 701. [CrossRef] [PubMed]

66. Siddique, S.; Chow, J.C.L. Gold nanoparticles for drug delivery and cancer therapy. Appl. Sci. 2020, 10, 3824. [CrossRef]
67. Voliani, V.; Signore, G.; Nifosí, R.; Ricci, F.; Luin, S.; Beltram, F. Smart delivery and controlled drug release with gold nanoparticles:

New frontiers in nanomedicine. Recent Pat. Nanomed. 2012, 2, 34–44. [CrossRef]
68. Khutale, G.V.; Casey, A. Synthesis and characterization of a multifunctional gold-doxorubicin nanoparticle system for pH

triggered intracellular anticancer drug release. Eur. J. Pharm. Biopharm. 2017, 119, 372–380. [CrossRef]
69. McIntosh, C.M.; Esposito, E.A.; Boal, A.K.; Simard, J.M.; Martin, C.T.; Rotello, V.M. Inhibition of DNA transcription using cationic

mixed monolayer protected gold clusters. J. Am. Chem. Soc. 2001, 123, 7626–7629. [CrossRef]
70. Schneider, G.F.; Subr, V.; Ulbrich, K.; Decher, G. Multifunctional cytotoxic stealth nanoparticles. A model approach with potential

for cancer therapy. Nano Lett. 2009, 9, 636–642. [CrossRef]
71. Nakanishi, J.; Nakayama, H.; Shimizu, T.; Ishida, H.; Kikuchi, Y.; Yamaguchi, K.; Horiike, Y. Light-regulated activation of cellular

signaling by gold nanoparticles that capture and release amines. J. Am. Chem. Soc. 2009, 131, 3822–3823. [CrossRef]
72. Jakhmola, A.; Hornsby, T.K.; Kashkooli, F.M.; Kolios, M.C.; Rod, K.; Tavakkoli, J. Green synthesis of anti-cancer drug-loaded gold

nanoparticles for low-intensity pulsed ultrasound targeted drug release. Drug Deliv. Transl. Res. 2024, 14, 2417–2432. [CrossRef]
73. Zereshkian, G.H.; Tavakkoli, J.; Rod, K. Hand-Held Battery-Operated Therapeutic Ultrasonic Device. U.S. Patent 20190184202A1,

20 June 2019.
74. Yoon, Y.I.; Pang, X.; Jung, S.; Zhang, G.; Kong, M.; Liu, G.; Chen, X. Smart gold nanoparticle-stabilized ultrasound microbubbles

as cancer theranostics. J. Mater. Chem. B 2018, 6, 3235–3239. [CrossRef]
75. Yang, W.; Liang, H.; Ma, S.; Wang, D.; Huang, J. Gold nanoparticle based photothermal therapy: Development and application

for effective cancer treatment. Sustain. Mater. Technol. 2019, 22, e00109. [CrossRef]
76. Husseini, G.A.; Pitt, W.G. Micelles and nanoparticles for ultrasonic drug and gene delivery. Adv. Drug Deliv. Rev. 2008, 60,

1137–1152. [CrossRef] [PubMed]
77. Lopes-Nunes, J.; Agonia, A.S.; Rosado, T.; Gallardo, E.; Palmeira-De-Oliveira, R.; Palmeira-De-Oliveira, A.; Martinez-De-Oliveira,

J.; Fonseca-Moutinho, J.; Campello, M.P.C.; Paiva, A.; et al. Aptamer-functionalized gold nanoparticles for drug delivery to
gynecological carcinoma cells. Cancers 2021, 13, 4038. [CrossRef]

78. Mahalunkar, S.; Yadav, A.S.; Gorain, M.; Pawar, V.; Braathen, R.; Weiss, S.; Bogen, B.; Gosavi, S.W.; Kundu, G.C. Functional design
of pH-responsive folate-targeted polymer-coated gold nanoparticles for drug delivery and in vivo therapy in breast cancer. Int. J.
Nanomed. 2019, 14, 8285–8302. [CrossRef]

https://doi.org/10.2147/IJN.S233789
https://doi.org/10.1016/j.bbrep.2017.06.004
https://doi.org/10.1039/D0CS01121E
https://doi.org/10.1021/ja0355731
https://www.ncbi.nlm.nih.gov/pubmed/13129374
https://doi.org/10.3389/fmolb.2020.587012
https://www.ncbi.nlm.nih.gov/pubmed/33324678
https://doi.org/10.1083/jcb.102.4.1304
https://doi.org/10.1021/mp900172m
https://www.ncbi.nlm.nih.gov/pubmed/19810673
https://doi.org/10.1016/j.addr.2012.05.004
https://doi.org/10.1021/acs.langmuir.7b02354
https://doi.org/10.1016/j.nano.2012.01.008
https://doi.org/10.1016/j.addr.2007.06.008
https://doi.org/10.1002/adfm.201201663
https://doi.org/10.1016/j.ijpharm.2015.05.032
https://doi.org/10.3390/polym14132601
https://www.ncbi.nlm.nih.gov/pubmed/35808648
https://doi.org/10.3390/pharmaceutics14040701
https://www.ncbi.nlm.nih.gov/pubmed/35456535
https://doi.org/10.3390/app10113824
https://doi.org/10.2174/1877912311202010034
https://doi.org/10.1016/j.ejpb.2017.07.009
https://doi.org/10.1021/ja015556g
https://doi.org/10.1021/nl802990w
https://doi.org/10.1021/ja809236a
https://doi.org/10.1007/s13346-024-01516-x
https://doi.org/10.1039/C8TB00368H
https://doi.org/10.1016/j.susmat.2019.e00109
https://doi.org/10.1016/j.addr.2008.03.008
https://www.ncbi.nlm.nih.gov/pubmed/18486269
https://doi.org/10.3390/cancers13164038
https://doi.org/10.2147/IJN.S215142


Pharmaceutics 2024, 16, 1332 31 of 32

79. Melancon, M.P.; Lu, W.; Yang, Z.; Zhang, R.; Cheng, Z.; Elliot, A.M.; Stafford, J.; Olson, T.; Zhang, J.Z.; Li, C. In vitro and in vivo
targeting of hollow gold nanoshells directed at epidermal growth factor receptor for photothermal ablation therapy. Mol. Cancer
Ther. 2008, 7, 1730–1739. [CrossRef] [PubMed]

80. Essawy, M.M.; El-Sheikh, S.M.; Raslan, H.S.; Ramadan, H.S.; Kang, B.; Talaat, I.M.; Afifi, M.M. Function of gold nanoparticles in
oral cancer beyond drug delivery: Implications in cell apoptosis. Oral Dis. 2020, 27, 251–265. [CrossRef]

81. Peng, C.; Xu, J.; Yu, M.; Ning, X.; Huang, Y.; Du, B.; Hernandez, E.; Kapur, P.; Hsieh, J.; Zheng, J. Tuning the in vivo transport of
anticancer drugs using renal-clearable gold nanoparticles. Angew. Chem. Int. Ed. 2019, 58, 8479–8483. [CrossRef]

82. Cheng, Y.; Samia, A.C.; Meyers, J.D.; Panagopoulos, I.; Fei, B.; Burda, C. Highly efficient drug delivery with gold nanoparticle
vectors for in vivo photodynamic therapy of cancer. J. Am. Chem. Soc. 2008, 130, 10643–10647. [CrossRef]

83. Yi, Y.; Kim, H.J.; Mi, P.; Zheng, M.; Takemoto, H.; Toh, K.; Kim, B.S.; Hayashi, K.; Naito, M.; Matsumoto, Y.; et al. Targeted systemic
delivery of siRNA to cervical cancer model using cyclic RGD-installed unimer polyion complex-assembled gold nanoparticles.
J. Control. Release 2016, 244, 247–256. [CrossRef]

84. Ding, X.; Yin, C.; Zhang, W.; Sun, Y.; Zhang, Z.; Yang, E.; Sun, D.; Wang, W. Designing aptamer-gold nanoparticle-loaded
pH-sensitive liposomes encapsulate morin for treating cancer. Nanoscale Res. Lett. 2020, 15, 1–17. [CrossRef]

85. Lee, C.-S.; Kim, H.; Yu, J.; Yu, S.H.; Ban, S.; Oh, S.; Jeong, D.; Im, J.; Baek, M.J.; Kim, T.H. Doxorubicin-loaded oligonucleotide
conjugated gold nanoparticles: A promising in vivo drug delivery system for colorectal cancer therapy. Eur. J. Med. Chem. 2017,
142, 416–423. [CrossRef] [PubMed]

86. Wang, F.; Zhang, W.; Shen, Y.; Huang, Q.; Zhou, D.; Guo, S. Efficient RNA delivery by integrin-targeted glutathione responsive
polyethyleneimine capped gold nanorods. Acta Biomater. 2015, 23, 136–146. [CrossRef] [PubMed]

87. Manivasagan, P.; Bharathiraja, S.; Bui, N.Q.; Jang, B.; Oh, Y.-O.; Lim, I.G.; Oh, J. Doxorubicin-loaded fucoidan capped gold
nanoparticles for drug delivery and photoacoustic imaging. Int. J. Biol. Macromol. 2016, 91, 578–588. [CrossRef] [PubMed]

88. Tomuleasa, C.; Soritau, O.; Orza, A.; Dudea, M.; Petrushev, B.; Mosteanu, O.; Susman, S.; Florea, A.; Pall, E.; Aldea, M.;
et al. Gold nanoparticles conjugated with cisplatin/doxorubicin/capecitabine lower the chemoresistance of hepatocellular
carcinoma-derived cancer cells. J. Gastrointestin Liver Dis. 2012, 21, 187–196. [PubMed]

89. Kumar, A.; Ma, H.; Zhang, X.; Huang, K.; Jin, S.; Liu, J.; Wei, T.; Cao, W.; Zou, G.; Liang, X.-J. Gold nanoparticles functionalized
with therapeutic and targeted peptides for cancer treatment. Biomaterials 2012, 33, 1180–1189. [CrossRef]

90. Spadavecchia, J.; Movia, D.; Moore, C.; Maguire, C.M.; Moustaoui, H.; Casale, S.; Volkov, Y.; Prina-Mello, A. Targeted polyethylene
glycol gold nanoparticles for the treatment of pancreatic cancer: From synthesis to proof-of-concept in vitro studies. Int. J.
Nanomed. 2016, 11, 791–822. [CrossRef]

91. Liu, S.-Y.; Liang, Z.-S.; Gao, F.; Luo, S.-F.; Lu, G.-Q. In vitro photothermal study of gold nanoshells functionalized with small
targeting peptides to liver cancer cells. J. Mater. Sci. Mater. Med. 2009, 21, 665–674. [CrossRef]

92. Li, J.-L.; Wang, L.; Liu, X.-Y.; Zhang, Z.-P.; Guo, H.-C.; Liu, W.-M.; Tang, S.-H. In vitro cancer cell imaging and therapy using
transferrin-conjugated gold nanoparticles. Cancer Lett. 2008, 274, 319–326. [CrossRef]

93. Wang, F.; Wang, Y.-C.; Dou, S.; Xiong, M.-H.; Sun, T.-M.; Wang, J. Doxorubicin-tethered responsive gold nanoparticles facilitate
intracellular drug delivery for overcoming multidrug resistance in cancer cells. ACS Nano 2011, 5, 3679–3692. [CrossRef]

94. Hosta, L.; Pla-Roca, M.; Arbiol, J.; López-Iglesias, C.; Samitier, J.; Cruz, L.J.; Kogan, M.J.; Albericio, F. Conjugation of Kahalalide F
with gold nanoparticles to enhance in vitro antitumoral activity. Bioconjug. Chem. 2008, 20, 138–146. [CrossRef]

95. Chen, Y.; Feng, X. Gold nanoparticles for skin drug delivery. Int. J. Pharm. 2022, 625, 122122. [CrossRef] [PubMed]
96. Apaolaza, P.; Busch, M.; Asin-Prieto, E.; Peynshaert, K.; Rathod, R.; Remaut, K.; Dünker, N.; Göpferich, A. Hyaluronic acid

coating of gold nanoparticles for intraocular drug delivery: Evaluation of the surface properties and effect on their distribution.
Exp. Eye Res. 2020, 198, 108151. [CrossRef]

97. Alomari, G.; Hamdan, S.; Al-Trad, B. Gold nanoparticles as a promising treatment for diabetes and its complications: Current and
future potentials. Braz. J. Pharm. Sci. 2021, 57, e19040. [CrossRef]

98. Fuller, M.; Whiley, H.; Köper, I. Antibiotic delivery using gold nanoparticles. SN Appl. Sci. 2020, 2, 1–7. [CrossRef]
99. Yu, Q.; Dasgupta, S.; Auth, T.; Gompper, G. Osmotic concentration-controlled particle uptake and wrapping-induced lysis of cells

and vesicles. Nano Lett. 2020, 20, 1662–1668. [CrossRef]
100. Mohamed, M.M.; Fouad, S.A.; Elshoky, H.A.; Mohammed, G.M.; Salaheldin, T.A. Antibacterial effect of gold nanoparticles

against Corynebacterium pseudotuberculosis. Int. J. Vet.-Sci. Med. 2017, 5, 23–29. [CrossRef] [PubMed]
101. Rizvi, S.M.D.; Hussain, T.; Ahmed, A.B.F.; Alshammari, T.M.; Moin, A.; Ahmed, M.Q.; Barreto, G.E.; Kamal, M.A.; Ashraf, G.M.

Gold nanoparticles: A plausible tool to combat neurological bacterial infections in humans. Biomed. Pharmacother. 2018, 107, 7–18.
[CrossRef]

102. Zhang, J.; Ma, A.; Shang, L. Conjugating existing clinical drugs with gold nanoparticles for better treatment of heart diseases.
Front. Physiol. 2018, 9, 642. [CrossRef]

103. Spivak, M.Y.; Bubnov, R.V.; Yemets, I.M.; Lazarenko, L.M.; O Tymoshok, N.; Ulberg, Z.R. Development and testing of gold
nanoparticles for drug delivery and treatment of heart failure: A theranostic potential for PPP cardiology. EPMA J. 2013, 4, 20.
[CrossRef]

104. Ni, Y.; Wang, T.; Zhuo, X.; Song, B.; Zhang, J.; Wei, F.; Bai, H.; Wang, X.; Yang, D.; Gao, L.; et al. Bisoprolol reversed small
conductance calcium-activated potassium channel (SK) remodeling in a volume-overload rat model. Mol. Cell. Biochem. 2013, 384,
95–103. [CrossRef]

https://doi.org/10.1158/1535-7163.MCT-08-0016
https://www.ncbi.nlm.nih.gov/pubmed/18566244
https://doi.org/10.1111/odi.13551
https://doi.org/10.1002/anie.201903256
https://doi.org/10.1021/ja801631c
https://doi.org/10.1016/j.jconrel.2016.08.041
https://doi.org/10.1186/s11671-020-03297-x
https://doi.org/10.1016/j.ejmech.2017.08.063
https://www.ncbi.nlm.nih.gov/pubmed/28870452
https://doi.org/10.1016/j.actbio.2015.05.028
https://www.ncbi.nlm.nih.gov/pubmed/26026304
https://doi.org/10.1016/j.ijbiomac.2016.06.007
https://www.ncbi.nlm.nih.gov/pubmed/27267570
https://www.ncbi.nlm.nih.gov/pubmed/22720309
https://doi.org/10.1016/j.biomaterials.2011.10.058
https://doi.org/10.2147/IJN.S97476
https://doi.org/10.1007/s10856-009-3895-x
https://doi.org/10.1016/j.canlet.2008.09.024
https://doi.org/10.1021/nn200007z
https://doi.org/10.1021/bc800362j
https://doi.org/10.1016/j.ijpharm.2022.122122
https://www.ncbi.nlm.nih.gov/pubmed/35987319
https://doi.org/10.1016/j.exer.2020.108151
https://doi.org/10.1590/s2175-97902020000419040
https://doi.org/10.1007/s42452-020-2835-8
https://doi.org/10.1021/acs.nanolett.9b04788
https://doi.org/10.1016/j.ijvsm.2017.02.003
https://www.ncbi.nlm.nih.gov/pubmed/30255044
https://doi.org/10.1016/j.biopha.2018.07.130
https://doi.org/10.3389/fphys.2018.00642
https://doi.org/10.1186/1878-5085-4-20
https://doi.org/10.1007/s11010-013-1785-5


Pharmaceutics 2024, 16, 1332 32 of 32

105. Fratoddi, I.; Venditti, I.; Cametti, C.; Russo, M.V. Gold nanoparticles and gold nanoparticle-conjugates for delivery of therapeutic
molecules. Progress and challenges. J. Mater. Chem. B 2014, 2, 4204–4220. [CrossRef] [PubMed]

106. Ceña, V.; Játiva, P. Nanoparticle crossing of blood–brain barrier: A road to new therapeutic approaches to central nervous system
diseases. Nanomedicine 2018, 13, 1513–1516. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1039/C4TB00383G
https://www.ncbi.nlm.nih.gov/pubmed/32261559
https://doi.org/10.2217/nnm-2018-0139
https://www.ncbi.nlm.nih.gov/pubmed/29998779

	Introduction 
	Properties 
	Different AuNP Shapes 
	AuNPs’ Synthesis 
	Chemical Synthesis 
	Biological Synthesis 

	AuNP Surface Functionalization 
	Drug Loading onto AuNPs 
	AuNPs’ Targeting Mechanisms 
	Active Targeting 
	Magnetic Targeting 
	Passive Targeting 

	AuNPs’ Drug Release and Therapy Mechanisms 
	Light-Controlled Release and Photothermal Therapy 
	Drug Release Based on Biological Stimuli: pH, Redox Reaction, and Enzyme Activity 
	Photochemical Release 
	Ultrasound Release 

	AuNPs Therapeutic Applications in Drug Delivery 
	Cancer Treatment 
	Skin Diseases Treatment 
	Ocular Diseases Treatment 
	Diabetes Treatment 
	Antibacterial Effect of AuNPs 
	Cardiovascular Diseases Treatment 

	Limitations of the Usage of AuNPs in Drug Delivery 
	Conclusions 
	References

