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Abstract: Several metal nanoparticles have been developed for medical application. While all have
their benefits, gold nanoparticles (AuNPs) are ideal in cancer therapy and diagnosis as they are
chemically inert and minimally toxic. Several studies have shown the potential of AuNPs in the
therapeutic field, as photosensitizing agents in sonochemical and photothermal therapy and as
drug delivery, as well as in diagnostics and theranostics. Although there is a significant number of
reviews on the application of AuNPs in cancer medicine, there is no comprehensive review on their
application both in therapy and diagnostics. Therefore, considering the high number of studies on
AuNPs’ applications, this review summarizes data on the application of AuNPs in cancer therapy
and diagnostics. In addition, we looked at the influence of AuNPs’ shape and size on their biological
properties. We also present the potential use of hybrid materials based on AuNPs in sonochemical
and photothermal therapy and the possibility of their use in diagnostics. Despite their potential,
the use of AuNPs and derivatives in cancer medicine still has some limitations. In this review, we
provide an overview of the biological, physicochemical, and legal constraints on using AuNPs in
cancer medicine.
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1. Introduction

Cancer is one of the most global and widespread health problems, as it is the second
leading cause of death globally [1,2]. However, conventional cancer treatments have severe
drawbacks and often fail to provide satisfactory results [3–10]. After traditional cancer
therapy, patients usually take a long time to recover from side effects [10–15]. Moreover,
most methods are not highly effective against cancer cells, and cancer chemotherapy
causes disorders in many body organs (heart, kidneys, bladder, nervous system, and
lungs) [16–19].

In recent years, great interest has arisen in applying nanotechnology to diagnose and
treat tumor diseases [20,21], mainly because nanotechnology can offer unique methods for
the study and control of various biological and medical processes. Therefore, it provides
high expectations of creating new techniques with a revolutionary impact on the diagnosis
and treatment of cancer [22,23].

Currently, several varieties of nano-objects of biomedical significance are in use, in-
cluding polymer nanoparticles, metal nanoparticles, liposomes, micelles, quantum dots,
dendrimers, and nanoscale assemblies [24–29]. Among all of them, the use of nanoparticles
offers more potential in different medical applications [30,31], as shown by their success-
ful use as image-enhancing sensors, delivery agents, toxic agents (for example, for the
destruction of cancer cells), and diagnostic agents [32,33].
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In addition, the use of nanoparticles can enhance the effect of various treatments when
used in combination with them [34–36]. Moreover, in clinical oncology, there is a new trend
of transition from monotherapy towards combination therapy in the presence of valuable
nanomaterials [37–39], allowing interactions between different types of treatment and
leading to a much more potent therapeutic effect than the separate use of the corresponding
monotherapies [40–44].

AuNPs have become promising agents for the therapy and diagnosis of diseases [45,46],
as they can passively accumulate and retain in the tumor site because of increased perme-
ability and retention (EPR) arising from leaking vascular network and ineffective lymphatic
drainage of tumor tissue [47,48].

Further, while many reviews highlight different benefits of AuNPs in cancer medicine,
our study presents the recent progress towards the therapeutic and diagnostic application
of AuNPs and their derivatives in cancer medicine. However, with the biocompatibility
and cytotoxicity of nanoparticles being more or less dependent on their shape and size, we
also decided to add an overview of the impact of these two parameters on the applications
of AuNPs.

Therefore, the present review is divided into seven sections. The impact of the shape
and size of AuNPs on their cytotoxicity and biocompatibility is reviewed in Section 2,
“Form and Size Dependence on the Biological Properties of Gold Nanoparticles”. The
therapeutic application of AuNPs is highlighted in Section 3 Drug Delivery. In the drug
delivery section, we review the use of AuNPs in peptide and nucleic acids’ delivery and
the potential of hybrid gold-based materials for drug delivery. We continue the review
on recent progress in using AuNPs as photosensitizing agents in Section 4. Photothermal
therapy and in Section 5. Sonochemical therapy, we also highlight the efficacity of AuNPs
in improving these therapeutic methods. In Section 6. Gold Nanoparticles as a Diagnostic
Material, we describe the promising developments in the use of AuNPs in diagnosis and
theranostics of oncological diseases. Finally, in Section 7. Current Major Restrictions on the
Use of Gold Nanoparticles for Medical Purposes, we reviewed the current major restrictions
on the use of gold nanoparticles for medical purposes including highlights of the main
problems still to be resolved before the widespread use of AuNPs in cancer medicine.

For this review, electronic scientific databases such as PubMed, Science Direct, Web of
Science, Scopus, and Medline were used to analyze studies on AuNPs and their application
in cancer medicine using keywords such gold nanoparticles, cancer, drug delivery, cancer
therapy, cancer treatment, and diagnostics. Data were sorted from 2010 to provide the
latest and most current information, but, when there was a need for more clarification,
ulterior data were also used.

2. Form and Size Dependence on the Biological Properties of Gold Nanoparticles

The application of gold nanoparticles (AuNPs) in anti-cancer therapy is influenced
by many factors, as reviewed by Singh P. et al., 2018 [49]; among those factors are the
preparation methods, the presence of stabilizing agents, surface charge, the presence of
hydrophobic/hydrophilic groups on the surface, as well as the size and shape of the AuNPs.
Currently, there are several studies on the preparation methods of AuNPs, including those
with a modified surface by particular groups; so, in this review, we will not look at those
different ways of preparing AuNPs, but will instead focus exclusively on the application of
these gold nanoparticle-based materials products [49,50].

In recent years, studies have shown the impact of both the size and shape of AuNPs
on their biological properties, especially their cytotoxicity, and owing to the EPR effect
(enhanced permeability and retention effect), nanoparticles smaller than 200 nm can be used
(Figure 1). However, particles smaller than 6 nm are quickly excreted by the kidneys, while
for those in the region of 10–100 nm, their half-life increases with increasing size [50,51].
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Figure 1. Owing to the EPR effect (enhanced permeability and retention effect), nanoparticles up
to 200 nm can enter and accumulate in the tumor cells, and cause tumor cell death (created with
BioRender.com).

In addition, studies show that, with inflammation, the endothelial lining of the blood
vessel wall is more permeable than in normal conditions, so particles of 10 to 200 nm in
size can leave the bloodstream and accumulate inside the interstitial tissues.

Moreover, different organs accumulate particles of a particular shape; for example, the
preferred localization of irregularly shaped nanoparticles is the spleen and the lungs for rod-
shaped particles, but the exact mechanism of this preference is still unknown [52,53]. Finally,
the impact of their shape is also closely related to their movement in the bloodstream.

From studies on the effect of size and shape on the biodistribution of AuNPs after
intravenous administration, we note the following:

(a) The size and shape strongly affect the kinetics of accumulation and excretion of
AuNPs in filtering organs;

(b) Spherical and star-shaped AuNPs showed the same percentage of accumulation, but
others localize in the liver;

(c) Only stellate (or star-shaped) AuNPs can accumulate in the lungs;
(d) Changes in geometry did not improve the passage of the blood–brain barrier. Overall,

the study is a reliable starting point for the synthesis and functionalization of potential
candidates for theranostic purposes in many research areas [54].

In addition to the accumulation and distribution of gold nanoparticles within the
body, their cytotoxicity is assessed depending on their shape and size. Studies show
that cytotoxicity also depends on these parameters. For example, the toxicity tests on
three different forms of chitosan-coated gold nanoparticles (nanospheres, nanostars, and
nanorods) showed that, even at low concentrations, like 8 µM Au, nanorods exhibited
cytotoxicity [55]. Moreover, the IC50 value was 127.1 µM Au for nanospheres against
HepG2 cells, 81.8 µM Au for nanostars, and 22.7 µM Au for nanorods, thus showing
that nanorods are the most cytotoxic, followed by nanostars, and nanospheres—the least
cytotoxic to HepG2 cells [56].

In addition, analysis on cellular uptake of nanoparticles showed that it is also de-
pendent on the shape, with a study of the absorption of AuNPs (5 µM Au—a non-toxic
concentration in four types of cancer cells) showing the highest absorption for nanospheres
(58.0%), followed by nanorods (52.7%) and nanostars (41.5%). Therefore, not only cyto-
toxicity (nanorods > nanostars > nanospheres), but also the level of cellular absorption
(nanospheres > nanorods > nanostars) depend on the shape of the particles [57].

The cytotoxicity of different shapes of AuNPs (rods, stars, and spheres) have also been
analyzed on human cells using in vitro model cells—hFOB 1.19, 143B, MG63, and hTERT-
HPNE. The results showed that the IC50 values were the lowest in 143B cell compared
with hFOB 1.19 and MG63 cell lines. AuNPs induced apoptosis in human osteosarcoma in
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both 143B and MG63, and AuNPs of all types penetrated the cell membrane and caused
ultrastructural changes. AuNPs-nanostars were more cytotoxic to 143B, while hFOB
1.19 cells were more resistant to AuNPs-nanostars (2.5 and 5 µg/mL). After exposure to a
low concentration of AuNPs-nanostars (0.3 and 0.6 µg/mL), hFOB 1.19 and MG63 cells
had a similar survival rate. In the MTT test, AuNPs significantly reduced the viability of
hFOB 1.19, MG63, and 143B cells. The neutral-red uptake analysis (NR analysis) showed
that hFOB 1.19 are resistant to the cytotoxic effect of AuNPs-rods at concentrations of 0.3 to
2.5 µg/mL, MG63 to AuNPs-rods at the concentration of 0.3 to 0.6 µg/mL, and 143B cells
to AuNPs-rods at the concentration of 0.3–1.2 µg/mL. The AuNPs-spheres were the least
cytotoxic compared with the other nanoparticles. MTT tests showed that AuNPs-spheres
did not reduce the viability of hFOB1.19 and MG-63 cells. In contrast, the NR assay showed
no statistically significant effect of AuNPs-spheres on the viability of hFOB1.19, MG63, and
143B cells over the analyzed concentration range. Thus, AuNPs-nanostars were the most
cytotoxic, and thus have the highest anti-cancer potential, while AuNPs-spheres have the
lowest anti-cancer potential [58].

An analysis of the catalytic activity of AuNPs showed that it is dependent on their
size, as Suchomel P. et al. found that decreasing the size causes an increase in the catalytic
activity of AuNPs obtained by the reduction of HAuCl4 with maltose in the presence of
Tween 80 [59].

Other properties of AuNPs have also been studied, such as their biological proper-
ties based on in vivo and in vitro results. It has been shown that their physicochemical
properties can be explained by their hydrodynamic diameter and their zeta potential [60].
However, in an analysis of multidimensional set, no direct relationship between physico-
chemical parameters and biological properties was established [61,62], which is most likely
because of a large number of parameters that are difficult to take into account and makes it
difficult to predict the biological effect of AuNPs in the case of a simultaneous change in
several physicochemical properties [63,64].

The results of several studies show that the shape, size, surface charge, and presence
of special groups have an impact on the potential and effectivity of AuNPs, so it should
be recommended that nano-objects are specially developed for the intended application
taking into account all its subtleties, as it would increase the efficiency of AuNPs in therapy
or diagnosis of the disease.

3. Drug Delivery

The ability to customize AuNPs makes it possible to create particles of various core
diameters with complete control over size dispersion [65]. Owing to the high surface area
to volume ratio, dense loading of ligands with multiple functions involved in therapy,
diagnosis, and targeting can be anchored to the surface of AuNPs [66]. There are two main
types of anchoring of drugs to the surface of nanoparticles:

1. Conjugation (attachment to the surface of a nanoparticle through linker molecules);
2. Sorption (fixation on the surface due to non-covalent bonds and the developed surface

of nanoparticles).

Hostetler et al. demonstrated the covalent conjugation of almost 100 molecules with
one AuNP with a core diameter of 2 nm [67]. In addition, the delicate surface treatment
of AuNPs with different multifunctional monolayers provides ideal functional diversity,
making them a versatile platform for drug delivery [68].

The most efficient cellular uptake occurs for particles ranging in size from 25 to 50 nm.
In addition, a study on in vivo uptake of AuNPs and their passive accumulation in the
tumor showed that the penetration of nanoparticles through the interstitial space of a
tumor is highly size-dependent. While the larger AuNPs accumulate near the vasculature,
the smaller AuNPs rapidly diffuse from the vasculature and are distributed throughout
the tumor matrix [69].

There are two main types of targeted drug delivery:
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1. Passive transfer (delivery is carried out in areas of increased permeability, which
cancer cells often have);

2. Active transfer (accumulation in the tumor due to the binding of a specific ligand and
a damage marker).

A critical factor in drug delivery is the EPR effect, which occurs because of the extrava-
sation of macromolecules or nanoparticles through the tumor’s blood vessels. Nanoprobe
delivery based on the EPR effect is also helpful for tumor imaging agents using fluorescent
or radio nuclei in nanoprobes [70].

Several researchers have confirmed that extravasation through EPR does not have a
reverse mechanism, so an object penetrating inside is delayed for a long time [45,46]. Cur-
rently, there are some mechanisms aimed at improving the EPR effect and the treatment’s
effectiveness; one of them is a combination of pharmacological and physical methods of
treatment [48,71].

3.1. Peptide Delivery

Given the potential of peptides as drugs, nanoparticles of different sizes from 1 to
100 nm have been used to deliver peptides into cells to improve their therapeutic effect.
Pérez-Ortiz M. et al. showed that AuNPs synthesized by reducing HAuCl4 with sodium
citrate could serve as a basis for creating a glucagon-like peptide from conjugates, which
can be used as a drug. This method helps increase the peptide half-life and drug stability.
They found that the complex of nanoparticles and peptides had no effect on the integrity of
tight junctions and had no adverse impact on the metabolic activity (viability) of intestinal
epithelial cells after 2 and 20 months. Their study also showed that the modification with
polyethylene glycol improves biocompatibility with biological barriers and increases the
efficiency of the conjugate absorption, which indicates that AuNPs are highly promising for
delivering peptide drugs [72]. Other researchers have also shown the potential of AuNPs in
peptide delivery, as they synthesized AuNPs by reduction with tannin and sodium citrate,
after which they functionalized PEG together with peptides PFV (CALNNPFVYLI) or R8
(CALRRRRRRRR) [73].

Data on cellular uptake at 4 ◦C show that nanoparticles enter cells through energy-
dependent endocytosis, which has been studied on nanoparticles of 10 to 100 nm in
size [74]. In addition, nanoparticles with peptides can inhibit macropinocytosis by blocking
the sodium–proton exchange. Most nanoparticles with peptides are absorbed by cells in the
pathways of clathrin-mediated endocytosis and micropinocytosis, and it was revealed that
they had increased cellular uptake in comparison with conventional nanoparticles, which
should undoubtedly be used in the design of various delivery systems for the treatment of
multiple diseases [75–77].

Kapur A. et al. used the complexes of peptides with gold nanoparticles and nanorods
for direct translocation across the plasma membrane [78], showing that those peptides
could help avoid the limitations currently encountered during the delivery of nano-objects
into tumor cells. In addition, the complex of AuNPs and peptides can also be used as a
biosensor inside the cell, thanks to the high electronic contrast provided by AuNPs [79,80].

3.2. Nucleic Acid Delivery

Another class of compounds that are promising in treating various diseases, includ-
ing cancer diseases, is nucleic acids. To attach oligonucleotides to gold nanoparticles,
covalent functionalization with thiol-modified oligonucleotides is used [81,82]. A layer of
nucleic acids on the surface of gold nanoparticles inhibits the action of nucleases, and thus
preserves the payload. The non-covalent interaction of nucleic acids and gold nanoparti-
cles is used to deliver unmodified nucleic acids useful for gene therapy [83,84]. For the
successful application of this method, it is important to consider several factors, such as
carrier/nucleotide size, surface charge, and surface hydrophobicity [85].

Kunoh T. et al. showed in their green biosynthesis of AuNPs using Leptothrix cells
(iron-oxidizing bacteria) that nucleic acids bind to ready-made gold nanoparticles and
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participate in the formation of nanoparticles, acting as a reducing agent and a coating
agent [86]. Furthermore, they showed that fine-grained spherical AuNPs could be formed
owing to the oxidation of the guanine fragment without the need for any reducing agents
or physical modifications, which makes this material very promising for medical applica-
tions [87,88].

AuNPs can also be obtained by reduction with chitosan combined with siRNA STAT3
on its surface (sense sequence: 5′AAAUGAAGGUGGUGGAGAAUU3′; antisense sequence:
5′UUCUCCACCACCUUCAUUUUU3′) and imatinib for one hour [87]. Intratumoral
delivery of siRNA STAT3 and imatinib with AuNPs showed a decrease in tumor weight
by 45% and in intramuscular load by 30% [88]. In vitro studies have demonstrated that
co-delivery of the two drugs (siRNA STAT3 and imatinib) significantly reduces cell viability
compared with siRNA STAT3 or imatinib alone. In the absence of a nucleotide portion,
there was no effect on tumors. Therefore, the created complex hybrid material shows high
efficiency in suppressing melanoma cancer [89].

Several researchers have developed AuNPs by reducing sodium citrate and function-
alizing them through thiol modifications at the 5′-end of anti-221 nucleotides, miR-221
inhibitor, and AS1411 aptamer, a guanine-rich oligonucleotide that can form stable G-
quadruplex structures for specific targeting of nucleolin, which is overexpressed on the
surface of leukemic cells [90–92]. Such AuNPs were modified with PEG and loaded with
doxorubicin. This hybrid material counteracts miR-221/p-glycoprotein-dependent mul-
tidrug resistance in leukemia and sensitizes primary blasts in leukemic patients with a
chemoresistant relapse to doxorubicin [93–96]. This method for oligonucleotide drug
delivery in combination with doxorubicin is a unique antileukemic strategy that induces
apoptosis of cancer cells and leads to the restoration of the expression of tumor suppressors
p27kip1 and p15ink4b, as well as to a miR-221-mediated decrease in the expression of
P-glycoprotein [97].

In a recent study, Saravanakumar K. et al. used AuNPs of 50 nm in size and spher-
ical and hexagonal shape, obtained by incubation with the protein extract of the fungi
Trichoderma harzianum. They modified them using the APT aptamer (AS1411). Cytotoxicity
analysis showed that the modification with APT aptamer increased cytotoxicity in lung
cancer and human brain tumor cell lines compared with normal cells NIH3T3 because
of a lower expression of nucleolin in the plasma membrane of normal cells NIH3T3 and
higher expression of nucleolin in cancer cells. In addition, the crude protein content of
Trichoderma was also associated with the toxicity of AuNPs to malignant cells. In addition,
their results show that, during the action of AuNPs on cells, an excessive amount of ROS
is released, causing damage to the nucleus and cell death and that fungal crude protein-
coated gold nanoparticles functionalized with aptamer (APT-FE-AuNPs) bind to nucleolin
in the plasma membrane of cancer cells and trigger apoptosis and necrosis (Figure 2) [98].

AuNPs have also been used in combination with biopolymers, capable of being
incorporated into the human body and metabolized to deliver nucleic acids. A recent study
shows the process of assembling a hybrid material based on AuNPs by reducing HAuCl4
in the presence of chitosan, which acts as a capping agent, thus obtaining chitosan-coated
AuNPs of 20 nm on average. Those nanoparticles were used to deliver siRNA. The results
show that, in addition to the high stability of the obtained particles in biological systems,
there is increased efficiency in releasing the therapeutic agent and high absorption by cells
owing to endocytosis. Cytotoxicity relative to lung epithelial cells H1299-eGFP, as well as
suppression of biomarker signals, indicated a high efficiency of siRNA delivery using the
developed system (Figure 3) [99].
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3.3. Hybrid Gold-Based Materials for Drug Delivery

Recently, hybrid materials based on AuNPs have become more promising for anti-
cancer drug delivery, as an example of the complex of AuNPs with gallauseite nanotubes.
This complex is prepared with biological methods, giving it a tremendous advantage for
biomedical purposes [100–103].

Several methods can be used to attach AuNPs to a drug-using particular group, such
as a pH-sensitive linker. Such a type of attachment of the drug to AuNPs allows the
intracellular release of the drug from the nanoparticle to be triggered when they enter
the acidic organelles (Figure 4) [104]. AuNPs, developed through a modification with
polyethylene glycol and conjugated with doxorubicin using a hydrazine linker, were used
to release a model drug (doxorubicin). The drug release was found to be dependent on
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the pH of the medium, as at pH 7.4, after incubation for 48 h, only 20% of the drug was
released, and at pH 5, more than 80% was released.
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The attachment of doxorubicin to the surface of AuNPs protects it from P-gp efflux,
thus increasing the retention of doxorubicin in cells [105,106], and that combined with
high drug loading capacity and effective drug release under pH control combined with the
advantage of multimodal visualization inside cells show the high potential of this delivery
system in medicine [107]. Furthermore, drug delivery systems, by binding cytotoxic drugs
to the surface of AuNPs through an acid–labile bond, have demonstrated their potential to
inhibit the growth of cancer cells (for instance, MCF-7/ADR) owing to the high efficiency of
cellular uptake through endocytosis and subsequent acid-dependent release in cells [108].

Our literature analysis also showed another hybrid system—a complex of AuNPs
with dendrimer G5-FD conjugated with doxorubicin [109–111]. Further, it has been demon-
strated that such a complex has a therapeutic effect and provides targeted inhibition of
FAR-expressing cancer cells [112,113].

AuNPs (20–25 nm) modified with PEG and carboxylated dendrimer PAMAM G4 have
also been used to deliver doxorubicin [114]. While nanoparticles have shown high stability
over a wide pH range [115,116], Wang F. et al. in their work established a relationship
between drug release at different pH, with more than 50% of doxorubicin released in an
acidic medium (pH 4), thus suggesting a high efficiency against cancer cells [104].

Apart from doxorubicin, the drug delivery ability of AuNP-based hybrid materials
was tested by loading it with the model drug, curcumin; it was found that, at pH 5.5, about
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95% of curcumin was released within 48 h, and at pH 7.4, only 10% was released. Thus,
confirming that hybrid nanoparticles have a pH-dependent drug delivery process and are
more efficient in the acidic medium [117–121].

Drug release from nanosystems is controlled; first, it enters the cytoplasm, accumulates
in the lysosomes, and then, after 24 h, the drug is released from the lysosomes going into
the cell nucleus [45]. Thus, the new multifunctional nanosystem based on AuNPs may
provide a unique platform for intracellularly releasing an anti-cancer drug at tumor sites.

AuNPs coated with a platinum layer and modified with the cRGD peptide of various
sizes were loaded with doxorubicin. Yang Q. et al. showed in their in vivo experiments the
effectiveness of the complex AuNPs-DOX comparison with free doxorubicin [122]. The
antitumor properties of the complex were additionally confirmed by immunohistochemi-
cal/immunofluorescence analysis of tumor tissues during various treatments. Furthermore,
the complex showed high absorption in the near-infrared range, which was used for pho-
tothermal therapy and showed a high degree of inhibition of MDA-MB-231 tumor with
a low level of laser radiation (1.5 W/cm2 for 5 min) and a low dose of medication. This
complex has combined therapeutic functions, including an antioxidant effect on injuries
caused by oxidative stress. It may be an ideal candidate for maximizing the results of
chemothermal therapy, compensating for their adverse effects [122].

4. Photothermal Therapy

Photothermal therapy (PTT) is one of the non-surgical methods based on the use of
particular photosensitizing substances, which selectively accumulate in pathologic cells
and increase their sensitivity to light. Photothermal therapy has several advantages over
other methods, for example, high efficiency in the treatment of skin cancer, the absence
of complicated procedures in preparation for treatment, and the possibility of using it in
hard-to-reach places [123].

Usually, PTT is carried out in two stages (Figure 5): the introduction of a photosensi-
tizer drug into the tumor area (or vein) and its accumulation in cancer cells, after which the
tumor area is irradiated with a laser with a specific wavelength [124].
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AuNPs actively absorb radiation in the near-infrared range owing to the relative
transparency of the human body and its large surface area, and these properties are
the reason for the use of AuNPs in PTT [125,126]. Upon absorption of light energy, the
photosensitizer excites the surrounding oxygen molecules into the singlet state, destroying
cells by oxidation. Thus, for AuNPs, there is intense heating of cells, followed by their
death. The depth of light penetration increases as its spectrum shifts to the red region,
so the development of photosensitizers based on metal NPs, including AuNPs, activated
by infrared radiation, should increase the depth of the photodynamic effect by several
times [127,128].

An ideal candidate for a photothermal therapy role requires several conditions [129–133]:

(i) nanoparticles of suitable size and uniform shape;
(ii) possessing a good dispersibility in aqueous solutions;

BioRender.com
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(iii) respond to near-infrared light in range (650–950 nm) to prevent damage to surround-
ing healthy tissue, to ensure sufficient photothermal efficiency, and to ensure enough
penetration depth;

(iv) sufficiently photostable to allow adequate diffusion time to reach tumors before losing
their light sensitivity;

(v) exhibit low or no cytotoxicity in living systems.

Gold is already used as a therapeutic method in nanomedicine, with colloidal gold,
covalently linked to adenovirus vectors, used to selectively target cancer and induce
hyperthermia by near-infrared (NIR) laser radiation. Moreover, gold nanoparticles have
several advantages that make them suitable for photothermal cancer treatments [134,135]:

(1) The ability to focus on the local region of the tumor while minimizing non-specific
distribution;

(2) They can be activated through near-infrared (NIR) laser light, creating the ability to
penetrate deep into biological tissues;

(3) They can be modulated to create multifaceted drug delivery systems and cancer
photothermal therapy.

Several studies have proposed a unique hybrid material based on AuNPs and black
phosphorus. Black phosphorus (BP), a new type of two-dimensional nanomaterial, has
received serious attention in recent years thanks to its excellent properties and enormous
potential in various chemical, physical, and biological fields [136,137]. The hybrid material
is obtained by sonicating black phosphorus suspension, mixing it in boiling water with a
HAuCl4 solution for 2 min. Finally, the solution is centrifuged to obtain gold nanoparticles
in black phosphorus (BP-AuNPs). To assess the potential of BP-AuNPs, both in vivo and
in vitro experiments showed encouraging results, with BP-AuNPs for 4 h inducing a more
severe photothermal damage and 75% of cancer cells being destroyed after incubation
with 30 µg/mL. Furthermore, the in vivo experiment with 4T1 mammary tumors in mice
showed that photothermal treatment of tumors with BP-AuNPs provides high therapeutic
efficacy without obvious neoplasms. Thus, the BP-AuNPs have an excellent photothermal
effect and high antitumor activity, indicating their promising biomedicine potential [138].

AuNPs can also be used to increase the sensitivity of tumor cells to hyperthermia
treatment, as proven by the work of Moradi S. et al. They analyzed the viability of Y79
cells 48 h after 0.5–11 min hyperthermia with and without AuNPs using MTT analysis and
found that the percentage of cell viability was 50% after hyperthermia with AuNPs for
4.5 min; to achieve a similar effect without nanoparticles, it took 9 min. Thus, proving that
AuNPs help increase tumor cells’ sensitivity to hyperthermia treatment [139].

Another latest advancement in the hyperthermal treatment of tumor diseases was
Fe3O4 nanoparticles coated with gold and silver shells. Colloidal solutions of magnetite
nanoparticles coated with gold and silver with 10–20 nm had a cytotoxic effect on HCT116
cells. Concentrations of 400 µg/mL and 600 µg/mL of the Fe3O4 core with a shell of AuNPs
led to a decrease in the viability by about 40% and 55%, respectively [140].

5. Sonochemical Therapy

In recent years, scientists have widely explored various approaches in cancer therapy
based on the action of ultrasound waves on the tumor [141]. There are a few studies on
the use of ultrasound techniques in cancer control [142,143]. The therapeutic effect of
ultrasound is based on its interaction with tissues, causing some biological effects [142].

There are three main methods of ultrasound therapy for tumor diseases (Table 1):
high intensity focused ultrasound (HIFU), low-intensity ultrasound (LIU), and sonody-
namic therapy (SDT) [144–147]. The biological effects of ultrasound are mainly caused
by heat, mechanical stress, and cavitation (Figure 6) [148]. Inertial cavitation is consid-
ered a more promising method of using ultrasound therapy as it does not cause thermal
effects [149–151].
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Table 1. Main methods of ultrasound therapy for cancer.

Ultrasound Therapy

Type of Therapy Intensity, W/cm2 Frequency Effect Features

High intensity focused
ultrasound (HIFU) 100–20,000 0.25–10 MHz heat to destroy cells local overheating of the tissue with a

temperature from 60 to 85 ◦C

Low-intensity
ultrasound (LIU) 0.1–5 1 Hz–100 kHz

slight heating,
improved

permeability

increased the activity of
chemotherapeutic molecules in cancer
therapy; used for direct action on cells
and their components (sonoporation);

it has been used for the delivery or
transfection of genes and for

accelerating tissue heating, as well as
for its anti-vascular effect on the

neovascular network of the tumor

Sonodynamic
therapy (SDT) 1–10 0.5–2 MHz

free radical nature
associated with the
cavitation effects of

ultrasound

the combined effect on the tumor of
ultrasound and chemical

non-medicinal compounds that
enhance the therapeutic effect
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The main application of nanoparticles in ultrasound therapy for cancer is reduced
to the formation of bubbles on their rough surface, which causes evaporation in the
environment and, thereby, vapor cavities (Figure 7). The method of sonodynamic therapy
seems to be very attractive because, owing to the high penetrating ability of ultrasound (up
to tens of centimeters, depending on the frequency), it allows acting on intensely localized
tumors that are inaccessible for photodynamic therapy [152,153].

Sonodynamic therapy uses the synergistic effect of a non-toxic and selective agent
(sensitizer). AuNPs can have tremendous therapeutic effects, together with SDT, through
biocompatibility, selectivity, and biodistribution [142]. An example of ultrasound therapy
and AuNPs is the recovery after anti-cancer therapy involving active forms of oxygen-
ROS. Victor et al. demonstrated that nanoparticles and therapeutic pulsed ultrasound
reduce the content of pro-inflammatory cytokines in tissues [154]. During the inflammatory
phase of the healing process, ultrasound can activate immune cells to migrate to the injury
site [155,156]. At the same time, gold compounds can suppress the expression of NF-κB
and other inflammatory responses [157]. AuNPs can play a positive role after therapy with
ROS participation, because, in combination with pulsed ultrasound, they reduce the effect
of reactive oxidative forms on damaged tissues, thereby reducing the structural damage
caused by this effect.

Beik et al. compared the pine-sensitizing effect of nanographene oxide and AuNPs.
They noted that the ultrasound-induced heating of AuNPs was much higher than that
of nanographene, which, in combination with vectors that can direct the nanoparticle
to the tumor (for example, folic acid and peptide vectors), are promising for targeted
sonodynamic therapy [158].
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6. Gold Nanoparticles as a Diagnostic Material

One of the promising areas of application of gold nanoparticles is the diagnosis
and theranostics of oncological diseases. Furthermore, AuNPs are a practical choice for
biosensors and bioimaging applications because of their unique light absorption and
scattering properties. In addition, the electrochemical response of AuNPs can be used as a
detection signal [159].

Raman imaging, the technique that uses non-emitting electromagnetic waves (near-IR
spectrum) to obtain a chemical composition from the Raman spectrum of a sample [159],
is used to assess the chemical composition of cells and tissues in the body and, therefore,
is used to track any change in the chemical structure due to tumor formation. AuNPs
are used to diagnose cancer owing to their surface-enhanced Raman scattering (SERS)
effect [160,161]. They can also be used for rapid intracellular Raman imaging, increasing
the sensitivity and selectivity of the method and monitoring changes in cell morphology
during toxic-induced cell death [162].

While Raman imaging methods are already successfully used in cancer diagno-
sis [163–166], Raman imaging diagnostics using AuNPs allow noticing specific differences
related to specific components, reflecting different levels of nucleic acids, proteins, and
lipids in cancers and normal serum [167]. For example, in a study with people with various
oral cavity diseases, AuNPs allowed obtaining high-quality SERS-spectra of oral squamous
cell carcinoma (OSCC) proteins, thus showing their efficiency in the diagnostics of OSCC.
Thus, the Raman imaging method with AuNPs allows accurately determining the chemical
composition of tissues and, therefore, diagnosing diseases and their localization with a
high degree of probability. However, the methods’ sensitivity and effectiveness still depend
on many factors, such as stage of the disease, localization of the disease, and the use or
absence of additional agents.

Moreover, AuNPs used in combination with graphene oxide can be the next generation
of nanotherapeutics, with the SERS signal from graphene oxide wrapped gold nanoparticles
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being used for intracellular Raman imaging in cancer cells, while an anti-cancer drug,
attached to the nanoparticle, is being delivered into the cells [168].

Photoacoustic imaging (PAI), a biomedical analysis technique that provides practical
information about the molecular characteristics of tissue, is a newly developed hybrid
method of biomedical imaging for monitoring tumor angiogenesis and detecting skin
melanoma, as well as monitoring and diagnosing other various neoplasms. Gold nanopar-
ticles of different shapes are used in PAI, a method based on the absorption of waves and
the subsequent generation of ultrasonic signals. Gold nanoparticles have great potential for
use as biocompatible contrast agents, as reviewed in the work of Li W. and Chen, X. They
suggest that the potential of AuNPs is due to their inherent and geometrically induced
optical properties [169]. Moreover, as AuNPs are responsive to acidic environments, they
can be used as imaging agents. Furthermore, they have a cancer-specific accumulation at
the cellular level, and can thus provide an amplified signal for imaging cancer cells [170].
Another critical step is diagnosing metastasis, and biocompatible gold nanoparticles can
be used as a contrast agent in diagnosing lymph-node-related diseases and metastasis, as
they usually spread through the lymphatic system [171].

Dark-field microscopy, the type of microscopy in which the image contrast is increased
by registering only the light scattered by the studied sample, provides a unique opportunity
to research living and unstained biological samples in detail. Gold is one of the best markers
for dark-field microscopy, which, combined with the properties of nanoparticles, can be a
unique system for diagnosing tumor markers and a detailed study of tumor cells. Gold
nanoparticles can be used as non-bleaching markers in dark-field microscopy. They are also
used to analyze carbohydrate–protein interaction, correlated with biological processes, such
as cancer metastasis, in a method based on a single plasmonic nanoparticle by conventional
dark field microscopy [172]. Qian W. et al. showed that peptide conjugated AuNPs could
be delivered to the cytoplasmic or nuclear region of a cell and used as light scattering
contrast agents, thus enabling to track the complete cycle of cancer cells from birth to
division [173].

Moreover, AuNPs have been used as an internal reference to reduce the deviations
and fluctuations from the dark-field microscopy technique and improve the precision of
the acquired data through post-data analysis [174].

Computed tomography (CT), the non-destructive layer-by-layer examination of the
internal structure of tissue using X-ray radiation, is used for cell imaging. However,
a more accurate image is obtained by injecting a contrast agent intravenously in the
diagnosis of tumor diseases. Cao Y. et al. showed that gold nanoparticles could be
used as a nanoscale contrast agent, as they used their dendrimer-entrapped AuNPs for
targeted CT imaging of hepatocellular carcinoma (HCC), and their flow cytometry results
revealed that dendrimer-entrapped gold nanoparticles modified with lactobionic acid could
specifically target HepG2 cells [175]. Furthermore, an in vivo cell tracking method using
gold nanoparticles was developed and tested using a melanoma-specific T-cell receptor
labeled with AuNPs. The AuNPs-labeled T-cells were injected intravenously into mice and,
with CT imaging, they were able to study the distribution, migration, and kinetics of T-
cells [176]. Apart from CT, other molecular imaging techniques used in cancer diagnostics,
such as magnetic resonance imaging (MRI), have also benefited from the development of
targeted contrast agents, such as gold nanoparticles, which enables targeted imaging via
site-specific accumulation of nanoparticles in the cells of interest [177,178].

In addition to the traditional diagnostic methods, various diagnostic and theranostics
systems based on gold nanoparticles are currently being created, like a highly sensitive
method for amplifying an enzyme signal using gold nanoparticles to detect a specific
antigen in human serum. In addition, a smartphone application was developed for quick
analysis of the results within 15 min, displaying them on the smartphone screen [179]. In
addition, AuNPs are also used as carriers of the biorecognition of antibody aKLK3 and
HRP-streptavidin/biotinylated poly-A-ssDNA sequences for the specific and sensitive
analysis of KLK3, an important marker for the diagnosis of prostate cancer [180–182].
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A DNA biosensor based on a hybrid material consisting of graphene oxide and gold
nanoparticles (Figure 8) was developed. It uses a sandwich hybridization assay by immo-
bilizing a DNA probe on gold nanoparticles and capturing target DNA biomarkers [183].
The device is based on electrochemical DNA interactions, and its signal is measured by
amperometric detection [184,185]. Using amperometric detection, breast cancer biomarkers
were obtained with a sensitivity of 378 nA/nM and 219 nA/nM for the target ERBB2
and CD24, respectively, which is several times higher than the target content of these
compounds in the tumor [186].
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One of the most challenging tumor diseases to diagnose is brain cancer, but now,
diagnostic and theranostic systems based on gold nanoparticles are being actively created,
as reviewed by Meola A. et al. [187].
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In conclusion, AuNPs possess a unique structure that can be actively used both as a
carrier of test systems and as a signal source for the diagnosis of tumor markers and an
excellent contrast agent for various diagnostic methods currently used.

7. Current Major Restrictions on the Use of Gold Nanoparticles for Medical Purposes
7.1. Toxicity: Safety Test

Currently, there are several standard methods for assessing the toxicity/safety of
nanoparticles in vitro. In addition, researchers have developed recommendations for
determining the toxicity of various nanoparticles [188]. However, these techniques are
individual for each type of nanoparticle and cannot be applied to more complex or hybrid
materials. This leads to uncertain and unpredictable results for real objects, leading to a
lack of therapeutic/diagnostic action or being more detrimental to the body.

As mentioned in the section on the effect of shape and size on the biological properties
of nanoparticles, there are a considerable number of factors affecting the toxicity of nanopar-
ticles (size, shape, surface charge, and capping agents), and this complicates the possibility
of developing an appropriate method for determining toxicity. In addition, it was reported
that the toxicity does not depend only on the type of nanoparticles, but also on the target.
For different tumor cells, the effect of gold nanoparticles occurs at different concentrations.
In this regard, it can be concluded that it is necessary to create several universal procedures
(similar to GLP) that allow assessing the safety of nanoparticles in each specific case, which
will be used for all similar objects around the world (personalized) [188–190].

7.2. Adsorption from Physiological Media

Size, developed surface, shape, and charge contribute to the adsorption of the protein
on the surface of nanoparticles. Consequently, this leads to a change in physicochemical
parameters and, thereby, worsens the therapeutic properties. Therefore, the development
of new agents that would modify the surface could help realistically evaluate the properties
of nanoparticles by their physicochemical properties [191]. In addition, several delivery
methods that consider the formation of the corona protein and allow it to be used for
various purposes are being developed [192,193].

7.3. Pharmacodynamics: Pharmacokinetics

Even though studies on gold nanoparticles are very relevant, there have still not
been comprehensive studies on their kinetics, clearance, and biodistribution inside the
organism. The lack of studies on the pharmacokinetics of gold nanoparticles inside the
human body limits the possibility of the massive use of gold nanoparticles in treating tumor
diseases. Analysis of these parameters is complicated by the difficulty of determining
nanoparticles’ distribution in the organism, as experiments in vivo and in vitro do not
give a complete picture of the biodistribution of nanoparticles within the organism. It is
important to note that gold nanoparticles are a convenient object for studying inside the
organism, compared with other nano-objects, owing to surface plasma resonance and a
high extinction coefficient [194].

7.4. Low Efficiency

Wilhelm S. et al. studied the nanoparticles’ delivery to tumors and found that, on
average, only 0.7% of nanoparticles reach the cancer cells, and only in exceptional cases,
nanoparticles reach the tumors in more than 5%. Furthermore, when nanoparticles are
injected, the mononuclear phagocytic system (MPS) and the renal clearance pathway
absorb most of the nanoparticles, drastically reducing the effectiveness and harming the
MPS organs [195].

7.5. Lack of Clinical Trials

There are currently few clinical trials using gold nanoparticles (around 15 studies
in https://clinicaltrials.gov (accessed on 5 September 2021 )), which do not yet allow

https://clinicaltrials.gov
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comprehensive research on various factors and indicators (clearance, biodistribution, and
protein sorption), and thus limit the use of nanoparticles in medical practice. The onset
of clinical trials could expand and clarify the therapeutic and diagnostic potential of
nanoparticles. Still, they should be carried out after comprehensive safety and toxicity tests
of these nanoparticles [196].

8. Conclusions

Cancer remains the most common cause of death currently. Hence, there is a need
to develop new and improved cancer treatment and diagnosis, which requires new and
modern approaches, and AuNPs can become one of these new approaches. Although there
have been several scientific studies on NPs’ application in cancer medicine, studies on
AuNPs’ use in cancer therapy and diagnostics are emerging. Therefore, in this review, we
analyzed available data on the applications of AuNPs in oncotherapy and cancer diagnos-
tics. Studies have shown that, while shape, size, and charge have a considerable impact on
the properties of AuNPs, no direct correlation was found between those parameters and
the effectiveness of AuNPs’ use in therapy. Moreover, for each type of tumor disease, a per-
sonalized approach is required to establish the optimal physical and chemical parameters
of AuNPs that will ensure maximum efficiency and safety.

In therapy, AuNPs can effectively be used as delivery systems for various molecules,
including high-molecular compounds. They can also be used as auxiliary agents for
sonochemistry and sensitizers for photodynamic therapy. Thanks to their physicochemical
properties, they are a very promising sensitizer for these therapeutic methods, which are
most relevant for treating skin cancer, as they are highly effective and safe.

In addition, AuNPs play a special role in the diagnosis and theranostics of tumor
diseases, with several methods already developed for the diagnosis of diseases successfully
using AuNPs as auxiliary agents and sensitizers. AuNPs and their hybrid materials
derivatives are very promising components that will soon help in the early diagnosis of
tumor markers.

Although the benefits of AuNPs in cancer medicine are visible, there remain several
constraints that need to be studied, analyzed, and solved before any large-scale use of gold
nanoparticles in the therapy and diagnosis of cancer, along with traditional drugs.
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