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ABSTRACT
Several studies have been devoted to clear functionalization of gold nanoparticles (AuNPs) in different
fields such as cellular and molecular biology, microbiology, immunology and physiology. In line with
the high diagnostic value of AuNPs, its therapeutic application has been intensively developed in
tumour therapy, in recent years. One of the best clinical applications of AuNPs is its use in targeted
delivery of anti-cancer drugs. Recent studies have focused on the application of AuNPs to treat mel-
anoma – a malignant neoplasm sourced from melanocytes skin cells – with poor prognosis in
advanced stages. Furthermore, early diagnosis can be successfully achieved through utilizing this
technique even at early stages with localized distribution. Herein, this study details the previous
researches focusing on the use of AuNPs as a novel diagnostic and therapeutic option in manage-
ment of melanoma.
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Introduction

The therapeutic and diagnostic applications of gold nanopar-
ticle (AuNP) as one of the first discovered metals have been
initially described by the Eastern scientists [1]. In Europe, col-
loidal gold was primarily used to treat some mental disorders,
rheumatological diseases and even infectious disorders [2].
The first comprehensive book on medical applications of the
colloidal gold was presented by Anthony in 1618, containing
some information on how to obtain colloidal gold and how
to use this particle in medicine [3,4]. Despite its wide applica-
tion as a therapeutic agent in clinical setting, its structuring
and using in form of AuNPs had already been returned to
1971 when antibodies conjugated with colloidal gold were
used to directly detect bacterial antigens such as salmonellae
[5]. Since then, several studies have been dedicated to clear
functionalization of the AuNP in different fields such as cellu-
lar and molecular biology, microbiology, immunology and
physiology [6–9]. Using these nanoparticles, conjugated with
different antibodies and enzymes leads to production of an
extremely wide range of AuNP aiming at setting immunoanal-
ysis and photothermolysis of cancer cells and infectious
microorganisms – producing the targeted delivery of drugs,
and even setting bio-imaging [10]. Thus, various medicinal
applications were developed for AuNP in diagnostic, prevent-
ive and therapeutic fields which led to publishing several

reviews and books as well as creating a wide perspective in
application of these particles. These applications are directly
beholden to gold specific optical properties such as plasmon
resonance giving rise to visualization of these particles, help-
ing identification of different biological agents [10]. In bio-
imaging field, owing to high electron density of AuNP, these
particles are now applied to assess different bio-specific
molecular interactions and study the causative agents of
infectious diseases through the detection of their specific
membranous antigens [11,12]. Concurrently, preferential bind-
ing of AuNP conjugated with antibodies against cancer spe-
cific superficial antigens – compared to healthy cells assessed
by resonance scattering dark-field microscopy – accurately
facilitates diagnosing and tracking and mapping cancer cells
[13–15].

Melanoma is a malignant neoplasm associated with the
melanocytes in epidermis [16]. The methods of its treatment
include surgical resection of tumours, followed by radiation
therapy or chemotherapy. Recent studies have been con-
cerned about the application of AuNP in order to treat mel-
anoma even in advanced stages. Moreover, employing this
technique has engendered a successfully early diagnosis of
diseases even in early stages with localized distribution. This
study provides a comprehensive survey of previous publica-
tions on AuNP as a new diagnostic and therapeutic option in
management of melanoma.
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Diagnostic and therapeutic applications of gold
nanoparticle

Photothermal therapy

In this regard, photothermal therapy with AuNP by its select-
ive delivering into tumour cells is commonplace in this tech-
nical treatment approach and has been developing as a
therapy for cancer (Figure 1) [17].

AuNPs have been used for photothermal therapy because
of their several major benefits, one of which is its easy link to
the thiol and provides connectivity to target ligands and
therapeutic molecules. In addition, AuNP absorbs near-infra-
red (NIR) light, which is suitable for photothermal therapy
[18–21]. The nature of this technique is based on maximizing
the absorption of AuNP with the optimal optic properties in
the visible cellular area, and getting hot when located around
the target region so AuNPs are delivered into tumours and
are irradiated with laser light and then absorbed light is con-
verted into heat [22]. Selective hyperthermia gives rise to irre-
versible cell damage by inducing protein denaturation and
cellular membrane destruction while it avoids damaging to
healthy tissues. Initially, selective damaging of target cells by
using 20–30 nm AuNP, radiated by 20 ns laser pulses, was
described to achieve selective plasmonic photothermal ther-
apy [18,23], but the photothermal efficiency of applied AuNP
depends on their shape, size which are effective on photo-
thermal conversion efficiency, degree of aggregation into the
tumour cells, wavelength of the light that absorbed by AuNP,
and employing high-intensity resonance pulses along with
the major factor including intrinsic absorption of the nano-
particle [24].

AuNPs used in photothermal therapy must display high
photothermal conversion efficiency, which depends on
AuNPs’ size and shape (structural dimensions). Determination
of optimal size for penetration and retention of AuNPs
based on the tumour characteristics, is absolutely essential.
In studies conducted with various AuNP sizes (20 nm, 60 nm

and 100 nm), it has been determined that larger sizes of
AuNPs decrease their depth of penetration to the tumours. In
addition, using smaller AuNPs is also non-efficient due to
their rapid clearance from the extracellular environment
[24–27]. In addition to photothermal conversion efficiency,
AuNPs used in photothermal therapy should also be
designed to absorb light within the NIR light. Wavelengths of
this light are within two regions of 650–850 nm and
950–1350 nm that can safely and deeply penetrate healthy
tissue to reach AuNPs inside tumours. Interestingly, AuNPs
structural dimensions can be effective on maximal absorption
within one of these two regions of light spectrum. Most of
AuNPs have been designed to maximally absorb within the
light with 650–850 nm wavelengths, which can safely pene-
trate 2–3 cm of tissue. Recently, AuNP designs have emerged
in the light with 950–1350 nm wavelengths, which can safely
penetrate up to 10 cm [28–30]. NPs made of various materials
with different shape, size and absorption that can be
employed for PTT (Figure 2), for example, nanorods (NRs) and
nanocages (NCs) with maximally absorb �800 nm light are
most commonly used for PTT [31,32].

Another feature of AuNPs that should be considered is
their ability to bioconjugation with biomolecules or drugs.
AuNPs are suitable for bioconjugation because it enables sim-
ple gold-thiol bonding. Also one of the advantages of biocon-
jugation is its ability for combination therapy, bioconjugation
has disadvantage as well. For example, they are susceptible to
immune recognition or degradation [33]. Various AuNPs with
different shapes and sizes are suggested for bioconjugation
(Figure 2), such as NCs and nanostars. Nanostars offer a high
surface-to-volume ratio for bioconjugation, and NC has the
ability to load therapeutic agents in their own core. But this
AuNP is destabilized under NIR irradiation that prevents their
repeated use of PTT [32]. To overcome this problem, research-
ers used NPs that were coated with a silica shell as NRs [34].

One of the problems associated with using AuNPs is that
when administered, they are coated with serum proteins

Figure 1. Different applications of gold nanoparticles in diagnosis and therapy. Nanoparticles are used in a variety of contexts such as: photo thermal therapy, tar-
geting, drug delivery, imaging, nucleic acid delivery, toxin and microbial agent removal and as an adjuvant.
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which alter their biological identity. In effect, they are recog-
nized by mononuclear phagocytic system leading to their
rapid clearance from the blood flow [35,36]. To overcome the
problem, AuNPs are coated with some of agents, such as
polyethylene glycol (PEG) that leads to reduction of non-
specific protein adsorption, extension of circulation time, and
enhancement of biocompatibility [37,38]. In some experimen-
tal surveys and using tumour-burdened animals, laser irradi-
ation was performed early after the injection of PEG-coated
AuNP that resulted in the accumulation of the nanoparticle
contrast and thus complete destruction of the tumour cells
without destroying normal cells [39]. NSs coated with PEG are
mostly used among the different types of AuNPs used for
PTT [20,21]. Another point is that irradiation of nanoparticles
by high-intensity resonance pulses may destroy own
particle that leads to reducing the efficacy of photothermal
therapy with AuNP. A way for controlling this event is to
maintain nanoparticles properties to achieve optimal irradi-
ation goal [40].

Imaging

In recent years, variety of imaging technology including, com-
puted tomography, ultrasound and magnetic resonance have
been developed, which are able to provide accurate informa-
tion about diagnosis and therapy. AuNPs have unique phys-
ical, chemical and biological properties which make them an
ideal candidate for imaging (Figure 1) [41].

In bio-imaging field, on account of high electron density
of AuNPs, which are now applied – aided by transmission
electron microscopy and immune electron spectroscopy –
assesses different bio-specific molecular interactions and thus
studies the causative agents of infectious diseases by the
detection of their specific membranous antigens [11,12]. In
fact, the development of visualization methods with combin-
ation of AuNP and advanced microscopies has increased its
popularity in medical and biological research.

For instance, an interesting subject that has recently
attracted the attention of scientists is the ability of

AuNP-antibody conjugation for penetration into living cells
such as cancer cells, leading the comprehensive evaluation of
cancer cells regarding biological behaviours, metastatic ten-
dency and curative susceptibility [42]. And also AuNPs are
used as intracellular probes for cellular compartments such as
mitochondria, endosomes and the cell nucleus by targeting
them as well as to monitor intracellular drug release [43].
This capability is indebted to the existence of two-photon
luminescence of AuNPs that provide the possibility of visual-
izing specific markers on the surface of cancer cells labelled
with fluorescence [44]. This ability creates a tremendous
transformation in bio-imaging of cancer cells to track these
cells and their interactions with pharmaceutical particles [45].
Previous studies have explored that conjugated AuNP could
be used as a molecular probe for imaging to detect PSMA-
expressing prostate cancer cells with high sensitivity and spe-
cificity [46]. As well as, another study showed that conjugated
AuNPs have potential for imaging of tumour xenograft in
nude mice [47,48]. AuNP-based photoacoustic (PA) imaging is
an emerging technology in biomedical imaging that is suited
to detect various types of tumours. AuNP-based PA imaging
has different applications including; cancer imaging, circulat-
ing tumour cell imaging, brain functional imaging, lymph
node mapping and cancer cell metastasis imaging. Using
AuNPs to image multiple types of cancer has been demon-
strated; AuNS could be employed to detect human breast
cancer tumour xenograft [49]. Also, it was put into use to
detect B16 melanomas [50] as well as U87 brain tumours
[51]. Anti-HER2-conjugated AuNRs, silica-coated AuNRs and
PEGylated AuNPrs were also successfully used in cancer
imaging [52,53]. One of the applications of AuNP-based PA
imaging is high sensitive detection of circulating tumour cells
that leads to increasing overall patient survival. AuNSs have
shown the capability of detecting circulating breast cancer
cells [54], melanoma cells, prostate cancer cells [55] and oral
squamous carcinoma cells [56]. Lymph node mapping and
cancer cell metastasis imaging are other applications of
AuNP-based PA imaging and this technique is done using
AuNRs as lymph node tracers [57,58].

Figure 2. The most frequently employed AuNPs in photothermal therapy. Various types of AuNPs can be used in photothermal therapy. They have different sizes
and shapes, and each one has advantages. Nanostars, nanocages, nanorods and nanoshell are the most common nanoparticles in photothermal therapy.
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Targeted drug delivery based on gold nanoparticle

Along with delivery strategy, conjugating nanoparticles with
antibodies against tumour markers (such as tumour necrosis
factor (TNF) or epidermal growth factor receptor) – as the
active delivery method – has more reliability and efficiency
[59]. This technique is not only applied for destroying tumour
cells, but also can be used for selective damaging of micro-
bial agents such as bacteria or protozoa (Figure 1). In con-
junction with the application of AuNPs in cancer biology,
these particles are now used for the detection of microbial
cells and their behaviours [59]. The fact of the matter is that
labelling microbial cells and their metabolites using AuNP
can provide qualitative assessment of these cells and their
interactions of pharmaceutical nanoparticles [60]. In this way,
various nanoparticles with different shapes and sizes are put
into use for this aim.

Recently, to increase the efficiency of conjugated nanopar-
ticles, anti-tumour drugs were delivered in polyelectrolyte
capsules on AuNP or were surrounded by polymer Nano gel
that disintegrate under laser radiation; thus, delivering drugs
to target cells can be maximized [61,62]. Furthermore, using
photoactive agents are employed in the capsules to enhance
intracellular penetration of the drugs [63]. Moreover, to
increase the probability of microbial damages, AuNPs are
conjugated with photodynamic dyes [44,64]. In total, to
achieve the highest efficiency for microbial or tumour damag-
ing potential, enhancing stability and biocompatibility of con-
jugated nanoparticles with PEG, enzymes, hormones or dyes
should be considered. One of the best clinical applications of
AuNP is its use in targeted delivery of drugs. Conjugation of
AuNP with antibiotics (for infectious targets) or antitumour
agents (for tumour cells) is now applied as the best accept-
able approach for delivering these agents to target tissues
[59,65]. High efficacy of antitumour agents and also antibiot-
ics conjugated with AuNPs has been clearly determined in
recent researches [66]. Undoubtedly, it should be noted that
the affinity of different antibiotics and antitumour agents is
different and thus the stability of this complex may be influ-
enced by the type of conjugated agents [67]. For instance,
conjugation of AuNP with some antibiotics such as penicillin
and some cephalosporin members is very unstable, and thus
it should not be considered as the choice for creating drug
delivery complex; but the efficacy of drug delivery complex
containing selective antibiotics can be enhanced by conjuga-
tion with AuNP [68]. As previously pointed out, for selecting
delivery of AuNP into tumour cells, its conjugation with PEG
(named passive delivery) or with antibodies or even hor-
mones to certain tumour-related proteins (named active
delivery) is considered as a delivery strategy [69]. By using
PEG, AuNP can be stabilized in blood circulation because of
its special characteristics, including low lymphatic drainage
and low exposing to immune cells [70].

Immunological properties of nanoparticles

Another clinical benefit of AuNP refers to immunological
properties of these particles. This immunological characteristic
of AuNP is related to its colloidal and physicochemical nature

especially in relation to its potential to induce production or
inhibition of some antibodies [71,72].

In fact, the effect of colloidal AuNP on the induction of
immune reactions such as increase in leukocytes counts and
adversely decrease in mononuclear immune cells has been
recently evaluated [73]. Gold nanoparticle can be functional-
ized with molecules that modulate immune responses includ-
ing humeral immunity, T-cell activation in cellular immunity
and dendritic cell (DC) activation [74,75]. Previous studies
have reported that macrophage stimulation with AuNP conju-
gated with specific peptides can induce the production of
TNF, IL-1 and IL-6 [76]. In addition, AuNP can be accumulated
easily and preferentially in cells, tissues and organs of the
immune system [77–80], which results in the production of
recent adjuvants applied in antitumour therapies and synthe-
sis of the antiviral vaccines [81]. In fact, conjugation of the
AuNP with specific antigens can stimulate the production of
antibodies by immune cells, leading to the destruction of
pathogens [82]. For instance, Paciotti et al. by intravenous
delivery of 33 nm AuNP that conjugated with thiolated
polyethylene glycol (PEG-SH) and recombinant human TNF
in human prostate tumour-bearing mice, showed that conju-
gating TNF onto the AuNP could lead to the highest antitu-
mour responses with lower doses of TNF and lessened off-
site toxicity in comparison to TNF alone. Moon et al.
described how delivery of nanoparticles mediated immuno-
therapies can improve therapeutic effect and reduce systemic
toxicities [83].

Melanoma and treatment approaches

Melanoma is a malignant neoplasm sourced from melano-
cytes skin cells that its incidence is considerably increasing
on a global scale. This tumour has two radial and vertical
growths in the epidermis and dermis, respectively, with the
ability to distant metastasis in latter phase [84]. Many genes
have been discovered related to the existence and develop-
ment of melanoma such as CDKN2A, CDK4, RB1, RAS and
PTEN [85,86]. Paralleled with genetic basis, there are various
risk factors involved in appearing malignant melanoma,
including exposure to ultraviolet radiation, intense and inter-
mittent blistering sunburns, some viruses and chemical
agents, family history of melanoma, the presence of dysplas-
tic nevi, and immunosuppressive conditions [87,88].

Two extremes have been identified therapeutically for mel-
anoma: easily curable lesions through surgical resection with
good prognosis on one side of the spectrum and limited
treatment possibility because of distant metastasis with very
poor prognosis on the other side of the spectrum [89]. Some
criteria indicating poor prognosis of these lesions are includ-
ing a high level of invasion, high mitotic rate, the presence of
bleeding or ulceration in the site of lesion, a high number of
lymph nodes involved by development of primary lesion, and
the presence of distant metastasis, older age, male gender
and anatomical site [89,90].

Regarding treatment approaches, early-stage melanoma
can be definitely cured by surgical resection [91]. The main-
stay of treatment includes surgical local excision with lymph
node dissection. In late-stage melanoma with distant
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metastasis (stages III–IV), known as advanced melanoma, the
treatment is focused on adjuvant therapy, or immunotherapy
[92]. For immunotherapy, inhibitor-based immunotherapy
with some monoclonal antibodies targeting programmed cell
death-1 (PD-1) is now considered [93]. The use of adjuvant
therapy is now a gold standard for treatment on a late-stage
melanoma with distant metastasis, leading a high recurrence-
free survival rate [94]. Some of the most applicable adjuvants
considered for this therapeutic approach include ipilimumab
(a monoclonal antibody that activates the immune system),
interferon alfa-2b and granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) [95,96]. In advanced-stage melanoma,
chemotherapy with a combination of some chemical drugs
(cisplatin, vinblastine, dacarbazine, carmustine, paclitaxel and
tamoxifen) is the first selective option; however, because of
latent nature of disease in this stage, the survival rate may be
low, despite surgical and chemotherapy approaches [89].

Targeted therapy using gold nanoparticles in melanoma

In earlier attempts to early diagnosis of melanoma, the use of
AuNP was regarded as a great discovery. As shown by
McCormack et al. [97], the viability of AuNP for sensitivity in a
photo acoustic detection system was assessed. The ability of
AuNP in detecting circulating melanoma cells was tested.
First, the melanoma cells were irradiated using Nd:YAG laser
and then photo acoustic signals were detected by a special
film from both AuNPs tagged melanoma cells and original
ones. The study showed a higher rate of detected signals in
AuNP tagged cells compared to unmodified cells. Later, Chen

et al. [98] in a study assessed the improvement of anticancer
efficacy of epigallocatechin-3-gallate (the major bioactive con-
stituent in green tea) conjugated with AuNP in animal mod-
els. This herbal agent is shown to inhibit the progression of
the tumour. They could successfully show higher efficacy of
epigallocatechin-3-gallate conjugated with AuNP as compared
to unmodified epigallocatechin-3-gallate in regressing melan-
oma-cells. In their pathophysiological assessment, this higher
cytotoxicity induced by conjugation with AuNP could be
mediated by mitochondrial pathway-mediated apoptosis,
leading inhibition of tumour growth.

Due to the low response rates to the common cytotoxic
drugs in melanoma, nanotechnology is used to increase the
effectiveness of anti-cancer treatments (Figure 3). In this
regard, Zhang et al. [99] showed that the intratumoural
injection of ultra-small AuNP conjugated with doxorubicin
(Au-Dox) has long-lasting effects against melanoma in
immunocompetent mice bearing murine B16 melanoma cells
and in nude mice bearing human SK-MEL-28 xenograft. In
another study, Tawagi et al. [100] found that stable conju-
gates of Au-Dox might be effective for overcoming Dox
resistance of apoptosis-resistant cancer cells, and that it may
reduce toxicity to non-target organs, particularly the heart.

Li et al. [101], developed a PluronicVR F127-based thermo-
sensitive hydrogel (Au-DOX-Gel) loading AuNPs and DOX to
improve cancer chemoradiotherapy. The hydrogel showed
sustained release of AuNPs and DOX. A substantial reduction
in tumour size and inhibition of tumour cell growth and pro-
liferation was seen in melanoma B16 bearing mice by AuNPs
combined with DOX under radiation. This study suggests that

Figure 3. Different therapeutic approaches of gold nanoparticles for melanoma treatment. (a) Targeted delivery of several type of anticancer drugs or anticancer
agents to tumour cells by gold nanoparticles. (b) Tumour directed drug delivery: increasing cell death by directed delivery of 5-aminolevulinic acid (5ALA)-conju-
gated gold nanoparticle. (c) Inhibition of melanoma tumour growth: melanoma tumour growth was inhibited by targeting epidermal growth factor receptor 2. (d)
siRNA delivery for melanoma treatment: STAT3 siRNA using chitosan coated AuNP was delivered for increasing the killing rate of melanoma cells. siRNA can inhibit
the overexpression of signal transducer and activator of transcription 3 (STAT3) protein, leading enhancement of apoptosis of melanoma cells.
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the Au-DOX-Gel could represent a promising strategy for
effective cancer chemoradiotherapy.

As pointed out previously, delivery of adjuvants to target
cells affected by melanoma is the main approach for treating
melanoma. In this regard, Labala et al. [102] examined the
potential of layer-by-layer polymer – coating with AuNP for
local delivery of a new adjuvant agent (imatinib) – to target
malignant cells. The study could show significant increase in
skin penetration of the layer-by-layer polymer coated AuNP
compared to passive application.

Non-thermal atmospheric-pressure plasma (NTAPP), also
called cold plasma, is defined as a partially ionized gas with
electrically charged particles at atmospheric pressure. It has
anti-tumoural potential that is used in the treatment of can-
cer diseases. Choi et al. [103] assessed the targeting NEU
Protein (human epidermal growth factor receptor 2: a protein
that is overexpressed in several cancer cells) in melanoma
cells with coating AuNP (Figure 3(c)). In this method, cold
plasma was applied specifically for killing cancer cells. Having
labelled anti-NEU antibodies with AuNP and delivered to mel-
anoma cells, these cells were exposed to cold plasma which
led to higher cancer cell death compared to anti-NEU anti-
bodies free of AuNP.

In another study, it has been demonstrated that AuNPs
conjugated with antibodies targeting phosphorylated FAK (p-
FAK-AuNP) have potential to decrease the viability of G361
melanoma cells in a time dependent manner by inducing
apoptosis without affecting normal cells. So as to maximize
the lethality of p-FAK-AuNP, NTAPP was employed. It could
stimulate the AuNPs within p-FAK-AuNP which inhibits FAK
protein activities and consequently p-FAK-AuNP results in
cells’ death. It has shown combined treatment with cold
plasma and p-FAK-AuNP gives rise to selective lethality
against human melanoma cells [104].

As previously mentioned, AuNPs are employed for in vivo
PTT owing to the fact that they have strong absorption in
the near infra-red regions of the electromagnetic spectrum
and they generate a localized heat so as to destroy a region
of interest [105]. Heidari et al. [106] have synthesized and
characterized a gold-ferrite nanocomposite (GFNC) as a single
composite nanomaterial that can be used in various thera-
peutic modalities. They have demonstrated GFNC enabled to
destroy B16F0 melanoma-tumour-bearing mice upon NIR
irradiation (via an 808-nm diode laser) without additional
organic photosensitizers. Wang et al. [107] developed gold
nanoshell capsules, that are efficiently taken up by melanoma
cells and it leads to an effective ablation of malignant mela-
nomas after a mild laser irradiation. In several studies, AuNPs
are developed as carriers of hydrophobic phthalocyanines,
which serve as an example of second-generation photosensi-
tizers [108–110]. Camerin et al. [111] have described the phar-
macokinetic behaviour and PDT (photodynamic therapy)
treatment efficacy of Zn [II]-phthalocyanine disulphide
(C11Pc)–AuNP conjugates in a mouse model of xenograft
melanoma. It was revealed that C11Pc–AuNP conjugates had
greater accumulation within a subcutaneously implanted
amelanotic melanoma than free C11Pc. Photodynamic ther-
apy and electron microscopy studies revealed that the AuNP-
conjugated C11Pc could result in the reduction of tumour

growth and destruction of the tumour vasculature, respect-
ively. In another study by Camerin et al. [112], hydrophobic
phthalocyanine photosensitizer was conjugated with
PEGylated AuNP. This photosensitizer is commonly applied to
treatment of melanoma with reactive oxygen species on
photodynamic technique. In their assay, hydrophobic
phthalocyanine photosensitizers coated with nanoparticles
were injected intravenously in animal models with melanoma,
indicating high retention of the AuNP conjugates in the
tumour cells which led to destruction of melanoma cells and
complete survival in at least 40% of affected models.

Labala et al. [113] designed another study in 2016 to
assess the efficiency of delivering STAT3 siRNA using chitosan
coated AuNP for increasing the killing rate of melanoma cells
(Figure 3(d)). As an explanation, siRNA can inhibit the overex-
pression of signal transducer and activator of transcription 3
(STAT3) protein, leading to enhancement of the apoptosis of
melanoma-cells. In fact, chitosan coated AuNP was applied to
deliver STAT3 siRNA to targeted cells, leading higher inhib-
ition of the melanocytes growth, as compared to deliver it
without labelling antibodies with AuNP.

The peak of studies on the benefits of AuNP in delivering
inhibitors in melanoma cells refers to 2017. In a study by
Mohammadi et al. [114], the efficacy of photosensitizing
effects of 5-aminolevulinic acid (5ALA)-conjugated AuNP was
assessed (Figure 3(b)). The study demonstrated higher
tumour cell death when 5ALA-conjugated AuNP was con-
ducted compared to that of 5ALA in original format. Another
similar experiment was achieved by Mousavi et al. [115],
when radio sensitivity of melanoma cells was enhanced by
conjugation with PEGylated AuNP. In their observation, by
increasing PEGylated AuNP, the survival fraction rate of the
tumour cells significantly decreased, indicating high radiosen-
sitization effects of these nanoparticles. Kim and Kim [116]
assessed the efficacy of AuNP to enhance kilo voltage X-ray
therapy of melanoma. In their study, treatment using AuNP
could elicit dose enhancement effect on melanoma cells
exposed to kilo voltage X-rays which led to a high melan-
oma-cell death. Lastly, the effectiveness of AuNP for conjugat-
ing STAT3 siRNA and imatinib as the inhibitors of melanoma
cells progression was assessed in recent years; where Labala
et al. [117] assessed co-delivery of these two inhibitors by
using AuNP. In their study, the combination treatment with
STAT3 siRNA and imatinib conjugated with AuNP – led to
greater suppression of STAT3 protein and thus higher apop-
totic effects of those chemotherapeutic agents compared to
using each of agents with and without AuNP. A number of
other studies have been conducted and the results of which
on the use of nanoparticles in the treatment of melanoma
are listed in Table 1.

Conclusions

Nanotechnology has the potential to remarkably improve
both the diagnosis and treatment of melanoma. AuNPs have
various characteristics that make them attractive to be used
in cancer therapy. The combination of high surface area, bio-
logically relevant size, low inherent toxicity, enhanced perme-
ability and retention (EPR) effect and ability to easily
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functionalize with biomolecules, provides them with unique
attributes which serves as an empowering tool with effective
applications in delivery strategies, imaging and noninvasive
disease diagnostics. As highlighted in this review, AuNPs-
based drug delivery systems that selectively deliver drugs to
melanoma cells have the potential to improve drug delivery.
Further investigations are needed to focus on evaluation of in
vivo and in vitro targeting efficiency so as to maximize AuNP
therapeutic properties in melanoma and other cancers. Also,
more detailed studies are required on long-term cytotoxicity
to decrease the side effects of these AuNPs in healthy tissues.
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