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Abstract

Melanoma is a type of skin cancer with high lethality and increasing incidence. Current
treatments typically involve surgery as the first step, followed by adjuvant treatments,
which are necessary in most cases. These adjuvant treatments may include radiotherapy,
phototherapy, chemotherapy, immunotherapy, and combined therapies. However, patients
with melanoma still face great difficulties, such as the inefficiency of therapies and serious
side effects, in addition to uncomfortable scars. Most of these problems are related to
limitations of antitumor therapies, such as the low bioavailability of drugs, degradation
in biological fluids, rapid clearance, difficulty in reaching the tumors, the low capacity for
accumulation and infiltration in tumor cells, toxicity to healthy cells, and systemic action.
Thus, antitumor therapy for melanoma remains a challenge. In this line, nanotechnology
has brought new perspectives and has been the subject of intensive research on the use of
nanoparticles (liposomes, lipid nanoparticles, polymeric nanoparticles, inorganic nanoparti-
cles, carbon nanotubes, dendrimers, nanogels, and biomimetic nanoparticles, among others)
as carriers for the controlled release of drugs and tumor diagnosis. This work outlines
the main limitations of current melanoma therapies and explores how nanoparticle-based
drug delivery systems can overcome these challenges, highlighting recent research and
clinical developments.

Keywords: nanotechnology; melanoma; drug targeting

1. Introduction

Melanoma is the most dangerous skin cancer, and although it represents about 5% of
all skin cancers, it is responsible for most deaths [1-4]. The depth of cutaneous melanoma
is much more important than its extent, as it is proportional to the chances of metastases
occurring by transporting tumor cells through blood and/or lymphatic vessels [5]. Patients
with metastatic melanoma have a median survival time between 8 and 9 months, and an
overall 3-year survival rate of less than 15% [6]. The incidence of melanoma is increasing
all over the world, gradually and worryingly [7,8].

The main current treatment for melanoma is surgery, considered a risky incisive
intervention that leaves uncomfortable scars, usually in visible areas, since the highest
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incidence is in exposed areas [1]. In most cases, adjuvant treatments are also needed, such
as radiotherapy, phototherapy, chemotherapy, immunotherapy, combined therapies, and
others [9,10]. However, despite all available treatments, this disease remains unresolved, as
even the most recent alternatives have limitations in terms of curative and even palliative
effects, in addition to serious side events [11,12]. Some of the challenges to be overcome
are low bioavailability, degradation by organic fluids, fast clearance, low selectivity for
tumor cells, small accumulation and infiltration in tumors, chemoresistance, immunore-
sistance, and others that result in insufficient efficiency of treatments and serious adverse
effects [9-12].

To overcome these important challenges of antitumor therapies for melanoma, there is
an urgent need to develop new technologies that can be combined with current therapies
to improve clinical management. In this sense, the use of nanoparticulate systems as drug
carriers has been the target of an extensive investigation, showing very satisfactory re-
sults [9-13]. There are several types of nanoparticles, namely liposomes, lipid nanoparticles,
polymeric nanoparticles, inorganic nanoparticles, dendrimers, nanogels, carbon nanotubes,
biomimetic nanoparticles, and others [10-12,14-17]. The characteristics of nanoparticles
(shape, size, and interface) can be optimized to overcome each of the barriers of current
therapies and fill their gaps [10-12,14-21].

Thus, the objective of this review is to provide a current overview of melanoma, the
most widely used therapies and their challenges, the main types of nanoparticles and
how these carriers can contribute to the treatment of this disease, their advantages and
disadvantages, and the reasons they have been considered a promising strategy in the
treatment of melanoma, improving clinical outcomes and reducing side effects.

2. Melanoma: Definition, Causes, Occurrence, and Evaluation

Melanoma is potentially the most fatal skin cancer, is caused by the transformation
of melanocytes, and is characterized by malignant proliferation, high metastasis, rapid
recurrence, and a low survival rate [11].

Although melanoma accounts for over 5% of all skin cancers, it causes most of the
deaths [1-4]. The incidence of melanoma is dramatically rising around the world. Since the
1960s, the incidence of cutaneous melanoma has increased gradually and continuously [7,8].

Melanoma is more prevalent in people with skin type I to IV (Fritzpatick Scale) [22],
with light hair and eyes, who have had extensive exposure to the sun, and in elderly
people [23]. However, it is becoming one of the most common cancers in young adults [1].
Currently, it is predicted that 2.94% of males (1 in 34) and 1.89% of women (1 in 53) will be
diagnosed with melanoma [24,25].

Melanoma is found mainly on the face, neck, and hands, but it can occur in other
parts of the body, including the eyeball and nails. If localized in the neck and head regions,
it will present a prognosis about 20% worse than in other locations [26]. The first exam
for evaluation in suspected cases is commonly called the ABCDE of melanoma. It is
characterized by observations of the following cutaneous spots: asymmetry (A), border (B),
color (C), diameter (D), and evolution (E) [1]. More important than the extent of melanoma
on the skin’s surface is the depth it reaches. The depth is assessed during the biopsy and
is measured in millimeters (mm), according to the Breslow score [1]. The deeper it is, the
greater the likelihood of metastasis occurring through the transport of cancer cells via the
sanguineous and/or lymphatic vessels, which may reach lymph nodes or organs that are
more distant (Figure 1) [23]. Metastatic melanoma patients present a median survival time
between 8 and 9 months, and a 3-year survival rate lower than 15% [6]. Brain metastases
are present in more than 60% of patients with melanoma [27].
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Figure 1. A representation of the skin layers and depth of melanoma and its relationship with severity
and prognosis (adapted from [23]).

The highly heterogeneous malignancy of melanoma results from the interaction of
genetic, host, and environmental factors [28]. The mutations of oncogenes and tumor
suppressors, considered major drivers of melanomagenesis, include B-Raf proto-oncogene
(BRAF) (~50% mutation frequency), neuroblastoma RAS viral oncogene homolog (NRAS)
(~30%), tyrosine kinase (KIT) (~1%), cytoplasmic protein of molecular mass 53 (p53) (~5%),
and phosphatase and tension homolog (PTEN) (~50%), among others [28]. Furthermore, the
higher somatic mutation load in melanoma compared to in other cancer types is believed
to be attributable to the preponderance of cytosine-to-thymine nucleotide substitutions
because of ultraviolet (UV) radiation exposure [29]. Also, melanoma is one of the most

immunogenic tumors, in which immune evasion and suppression have an important
role [30].

3. Current Treatments for Melanoma, Their Limitations, and Promising
Nanotechnology Contributions

Although several therapeutic options are available for melanoma, this disease remains
practically unresolved, as even the most recent therapeutic alternatives have limitations
in terms of curative and even palliative effects, in addition to undesirable toxic events in
healthy cells (Table 1). One of the most important challenges to overcome in the treatment
of melanoma is drug resistance. Possible causes for drugs resistance are their interaction
with biological fluids and membranes, as well as heterogeneous tumor immunology and
vasculature [31,32]. Additionally, poor bioavailability, chemical and/or biological degrada-
tion, and rapid clearance result in an insufficient and ineffective amount of drug reaching
tumor cells. There is also systemic toxicity, which restricts the drug dosage [10-12].

The advent of drug carriers based on nanoparticles capable of protecting and releas-
ing drugs in a controlled and selective way to tumor tissues is a promising strategy to
overcome the limits of current treatments. The characteristics of nanomaterials (design,
size, and interface) can be modified to overcome barriers and fill gaps. However, few
effective systems have been developed for loading and releasing drugs driven by nan-
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otechnology [10,33,34]. Some of these widely studied nanoparticles (NPs), which will be
discussed in this work, are liposomes (LSs), lipid nanoparticles (LNPs), polymeric nanopar-
ticles (PNPs), nanogels (NGs), carbon nanotubes (CNTs), inorganic nanoparticles (INPs),
dendrimers (DMs), biomimetic nanoparticles (BNPs), and others (Figure 2).
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Figure 2. Factors to be considered in a sensible design strategy, such as the stage of melanoma to be
treated or diagnosed, the type of therapies, the various possibilities of NP types, abd the alternatives
in terms of triggers (adapted from [11]).

In recent years, new strategies for the treatment of melanoma have emerged, which
involve combining immunotherapy with other treatments, such as chemotherapy and
radiotherapy. Additionally, due to the melanoma pigment, the use of phototherapy is
suggested. Currently, photodynamic therapy (PDT) and photothermal therapy (PTT) also
have clear clinical applications. Currently, many studies use stimulus response and other
methods to combine PDT/PTT and chemotherapy or immunotherapy. Therefore, the
development of multifunctional nanocomposites with a high loading capacity for different
therapeutic agents could further improve the effectiveness of melanoma treatments [35-42].

Current treatments, limitations, challenges, and promising nanotechnologies applied
to the treatment of melanoma are summarized in Table 1.
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Table 1. General aspects of current treatments, limitations, and challenges of current treatments and promising nanotechnology contributions.

Current Treatments

General Aspects

Limitations

Promising Nanotechnology Contributions

Surgery

Consists of the removal of affected skin tissue
with a safety margin of 5 cm around the lesion,
including deep fascia, for tumors in the limbs and
trunk and 2.5 cm for tumors in the face [1].

It is considered a risky intervention, especially in
elderly patients who generally have other health
problems that can hamper healing, such as diabetes.
Discomfort with the scar, considering that the highest
incidence of melanoma is on the face and other
regions generally exposed [1].

Selective accumulation of nanoparticles (NPs) at
disease sites enables early tumor visualization,
improving diagnosis and reducing toxic side effects
on healthy tissues [43-45].

Radiotherapy (RT)

RT is an adjuvant treatment that supports cure or
palliation and enhances immunotherapy
effects [10,46,47].

RT alone does not improve survival, limited by
factors like poor tumor vascularization, hypoxia, and
radiation absorption [48].

Cutaneous melanoma is considered relatively
radioresistant [47,49,50].

Metallic inorganic nanoparticles, such as gold (AuNP)
and platinum (PtNP), act as radiosensitizers that
enhance X-ray absorption, improving radiotherapy
effectiveness against melanoma [48].

Phototherapy (PT)

PT is a specific, localized outpatient treatment
with low side effects. It includes photothermal
therapy, which uses near-infrared light to heat
and kill tumor cells, and photodynamic therapy,
which activates photosensitizers to produce
reactive oxygen species or heat, causing tumor
death [51-55].

PT alone has limited tumor ablation due to shallow
light penetration, especially in melanin-rich
melanoma cells that block radiation. Therefore, PDT
requires photosensitizers like Indocyanine Green
(ICG), which absorbs longer wavelengths for better
effectiveness [56-59].

Nanocarriers improve ICG stability and
concentration in target tissues. Developing new
nanomaterials for combined PTT and PDT allows for
precise, controlled drug release using
light-responsive nanoparticles, modulated by light
intensity, wavelength, and exposure time [60-62].

Chemotherapy (CT)

Chemotherapeutic drugs are toxic compounds
that inhibit the rapid proliferation of cancer
cells [63].

CT causes side effects by affecting healthy
fast-growing cells, and its drugs often have poor
pharmacokinetics and wide distribution, reducing
treatment efficiency [12,64].

Multidrug resistance is habitual, caused by internal
factors, including mutations [65,66], gene
amplification [67,68], deletions [69,70], and
chromosomal rearrangements [71,72], or external
factors, such as pH [73], hypoxia [74], and paracrine
signaling interactions with stromal cells [11,75,76].

LPs loaded with vemurafenib improve skin drug
delivery and reduce toxicity [77].

SLNs loaded with temozolomide and SLNs loaded
with paclitaxel show strong antimelanoma effects
without toxicity [78,79].

PNPs loaded with flavone apigenin loaded with
apigenin and functionalized with DMSA enhance
drug release, bioavailability, lung targeting, and
efficacy against melanoma metastases [80].
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Table 1. Cont.

Limitations

Promising Nanotechnology Contributions

Current Treatments General Aspects
It aims to modulate the systemic immune system
Immunotherapy (IT) so that it defends itself against cancer, focusing on

the body’s defence system, not on the cancer cells
themselves, as chemotherapy [81].

It has great challenges, such as drug resistance from
immune control point inhibitors, low
immunogenicity of therapeutic vaccines [82],
significant immunological adverse events (iRAE),
off-target side effects and drug resistance [83]. The
results of vaccines, cytokines, and cell therapies are
only significant in a very small portion of patients
with metastatic melanoma (MM), partially due to
melanoma-induced immunosuppression [11,84-86].

NLC loaded with LEM2 improved drug release and
its solubility and bioavailability problems and does
not interfere with molecular action, due to the
adhesion and occlusion properties of NLC [87]. A
polyethyleneimine-CpG PNP (CpG @ PEI) was tested
as an in situ vaccine to enhance anti-cancer immunity,
increasing cell stability and CpG internalization,
improving innate and adaptive immunity, increasing
NK cell numbers and infiltrating T cells in the tumor
as well as the expression of CD80 on dendritic cells
(DCs) and therefore effectively inhibiting the growth
of murine B16F10 melanoma [88]. Dosta et al.
developed dendrimers containing an interferon gene
stimulator (STING) in the cytosol and concluded that
NPs were advantageous in the delivery of gene-based
immunomodulators [89]. Nanogels that selectively
release IL-2 in response to activation of T cell
receptors after T cell antigen recognition on tumor
cells have been developed, showing improved
efficiency and reduced severity of side effects [90].

Chemotherapeutic drugs can induce
immunomodulation, mainly by increasing the
intrinsic immunogenicity of tumor cells [91],
regulating the suppressive influence of T cells [92]
and impacting the function of other cells, such as
myeloid-derived suppressor cells (MDSC) [93]
and dendritic cells (DC) [94], positively regulating
the expression of tumor antigens [95] and the
main class I histocompatibility complex (MHC-I)
[96], inducing the expression of co-stimulatory
molecules [97]. Chemotherapeutics can also act
by negatively regulating the immunological
checkpoint molecules expressed on the surface of
the tumor cell [98], inducing the death of the
tumor cell by secretion of adenosine triphosphate
(ATP) or expression of calreticulin [91] and
others [99,100].

Chemoimmunotherapy

Chemoimmunotherapy has shown remarkable
clinical results, however, there are also worrying
effects, such as an inadequate T-cell response, a large
discrepancy in the curative effect among patients, in
addition to the fact that many patients do not present
a satisfactory response [101]. Thus, developments in
the use of chemoimmunotherapy are still needed to
increase the effects of the immune response [102].
When there is a combination of drugs, as in
chemoimmunotherapy;, it is necessary to guarantee
the ideal synergistic antitumor efficacy, considering
the different pharmacokinetics and insufficient
in vivo distribution of both agents, drug specificity
for tumor cells and insufficient accumulation of drugs
in the tumor and severe systemic side effects [103].

The use of NP as drug carriers can improve
pharmacokinetic behaviours in vivo, increase the
stability and perform a controlled release of drugs
and even targeted them to tumor cells, being,
therefore, a promising tool for chemoimmunotherapy
[104]
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4. Nanoparticles and Melanoma Treatment
4.1. Drug Targeting Through Nanoparticles

NPs have been extensively studied for use in the administration of drugs for melanoma
treatment. NPs have shown promising results in terms of their ability to increase
drug bioavailability, delivering them directly to tumor cells, without harming healthy
cells [10,33,34,105-110].

The targeted delivery of different drugs used in the treatment of melanoma with
nanotechnology helps in the accumulation of drugs inside tumor cells at high concentra-
tions, increases the uptake and internalization of drug-loaded NPs by target tumors, and
avoids side effects caused by drug delivery in healthy cells. Thus, the incorporation of
chemotherapeutic drugs, proteins, nucleic acids, vaccines, or other therapeutic agents can
create an ideal delivery system for the treatment of metastatic melanoma [17], resulting in
greater efficacy and lower side effects [33,34,105,111].

Basically, drug targeting to tumor cells can be achieved in different ways: passive
or active targeting, responsive to different internal or external stimuli, which will be
discussed below.

4.2. Passive Targeting

Tumors have different characteristics from healthy tissues, for example, leakage of
the vasculature and deficient lymphatic drainage. At cancer sites, the blood vessels are
discontinuous, resembling tubes with nanosized holes and poor lymphatic filtration inside
the tumors that facilitates the accumulation of drugs [31]. This particularity of the tumor
areas causes enhanced permeability and retention (EPR), the characteristics on which
passive targeting is based [112]. Thus, nanoparticulate carriers may be able to cross this
tumor leakage vasculature and accumulate there, due to low lymphatic drainage, and
release the drug in the target tissue. As healthy tissues do not have blood vessels with these
large fenestrations and the NPs cannot leave the bloodstream and go into healthy tissues,
they do not suffer unwanted toxic effects [31,113,114].

Still, the EPR effect acts only at the level of the NP distribution pattern but does not
improve the targeting of the NPs to the intended target. In other words, the capacity of
uptake of NPs by tumor cells and the increase in the intracellular concentration of the drug
carried are not improved. According to clinical results of therapies using NPs, this EPR
effect may not be as significant as previously assumed [17].

4.3. Active Targeting

Tumor cells also differ from healthy cells in the number of specific receptors, which can
be overexpressed. Knowing this characteristic of the cells of a specific target tumor, drug-
carrying NPs can have their surface modified with a specific ligand based on nucleic acid
or other molecules that specifically bind to overexpressed receptors on the local target [115].
In this way, the modified NPs can recognize the surface receptors in specific targeted cells
and bind effectively to the receptor site, increasing drug specificity [10].

Active targeting refers to specific interactions between modified carriers and targeted
tumors. So, active targeting allows for a better interaction between NPs and tumor lesions
and greater internalization of drugs through specific receptor-mediated endocytosis [17].

Therefore, specific ligand-receptor interactions with active targeting can fill the gap
presented by passive targeting, because in addition to increasing the affinity between
nanotransporters and tumor cells, they can also facilitate the absorption of NPs by tumor
cells via receptor-mediated endocytosis [17,44].

Stimuli-responsive delivery systems are other targeted drug delivery systems that aim
to maximize the release of a drug at tumor pathological sites. According to this system,
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NPs are designed to react to certain stimuli, internal or external, which trigger the release
of encapsulated drugs [17]. Some unique features of tumors in comparison to normal
tissues, such as the more acidic intratumoral microenvironment and the greater sensitivity
to hyperthermia, can act as an internal stimuli and lead to the release of the drug at the
tumor site [116]. Meanwhile, when bio-responsive NPs are exposed to certain external
stimuli, such as ultrasound or light, the time and spatial control of drug release can be
achieved at the exposed location [117].

5. Types of Nanoparticles, Their Advantages and Disadvantages, and
Improvements in Tumor Treatments

Drug-loaded NPs were used to treat cancer and showed excellent properties, such
as targeted delivery, response to the tumor microenvironment, and specific site drug re-
lease. Several drug-loaded nanocarriers have been approved and have shown significant
improvement in therapeutic efficiency compared to conventional formulations. Some of
them are liposomes (Doxil®—doxorubicin, Lipusu®—paclitaxel), biomimetic nanopar-
ticles (Abraxane®—albumin linked to paclitaxel) and polymeric NPs (Genexol-PM®—
paclitaxel) [118].

In addition, several other types of nanocarriers have been studied extensively for the
treatment of melanoma and other types of cancers. Some examples and research related
to these types of drug-loaded NPs will be presented below and can also be observed in
Figures 2 and 3.
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Figure 3. A structural representation of (A) a liposome loaded with a hydrophilic drug and a lipophilic
drug, in their respective positions, (B) the two types of solids at room temperature and lipid NPs
(LNPs): solid lipid nanoparticles and nanostructured lipid carriers (NLCs); (C) the two types of NPs:
nanospheres (NSs), which are matrix polymeric particles, and nanocapsules (NCs), which have an
oily core and polymeric walls, and (D) the external and internal composition of a nanogel (NG).

Depending on the type of NP, there are advantages and disadvantages inherent to the
characteristics of each one.
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Liposomes (LPs) are composed of a hydrophobic phospholipid bilayer structure,
forming a central aqueous compartment (Figure 3A) [33]. Nanostructured liposo-
mal systems can transport hydrophilic drugs/lipophilic drugs [33,119]. They have
a lot of advantages, such as being non-toxic, flexible, and non-immunogenic carri-
ers, reducing drug toxicity and enabling passive targeting or selective active target-
ing through surface modification [18,20,33,34,44,45,116-130]. These nanoparticles also
show some disadvantages, such as drug leakage and fusion from phospholipid degra-
dation, limited encapsulation efficiency, and a short half-life due to chemical and physi-
cal instability [33,34,44,45,116-118,120-127,130]. Promising improvements in tumor treat-
ments have been made as small hydrophilic drugs are encapsulated in the liposome’s
aqueous core, while lipophilic agents like immunotherapeutics can attach to the phospho-
lipid bilayer [33,124,125]. LPs fuse with cell membranes for efficient delivery. Adjusting
size (<100 nm) or carrying out functionalization (e.g., PEGylation) extends circulation time
by evading immune detection. Tumor-targeting ligands or pH-sensitive release (tumor
pH ~6.5) enhance efficacy, as shown by pH-sensitive liposomes co-delivering paclitaxel
and siRNA to inhibit melanoma proliferation [45,126].

Lipid nanoparticles (LNPs) are solid at body temperature and can be solid lipid
nanoparticles (SLNs), composed of one or more solid lipids, or nanostructured lipid carriers
(NLCs), consisting of a mixture of solid and liquid lipids, thus forming an imperfect
matrix structure that avoids the possibility of rearrangement and uncontrolled release of
drugs during storage, which occurs with SLNs (Figure 3B) [15,131-139]. These delivery
systems based on lipids enhance the bioavailability of entrapped drugs or compounds
and provide chemical protection for labile incorporated substances while allowing for
easy, large-scale production [15,19,77,78,123,131-151]. However, they have limitations such
as limited drug loading capacity, structural degradation during storage, and premature
drug release [15,19,77,78,123,131-151]. These lipid-based nanoparticles hold great promise
for the diagnosis and treatment of melanoma, as they can bypass the reticuloendothelial
system, thereby improving blood circulation time and increasing drug uptake by tumor
cells [151].

Inorganic nanoparticles (INPs), including graphene oxide-based INPs [152], meso-
porous silica nanoparticles [153-155], black phosphorus [156], gold nanoparticles (AuNDPs)
(Figure 2), silver-derived nanoparticles (AgNPs), and others [157,158], are employed in
the treatment and diagnosis of several diseases. They offer high drug loading capacity,
and their surfaces can be modified by various chemical species [80,88,152-171]. How-
ever, metals can be toxic and INPs often have low stability during storage [80,88,152-171].
Gold, platinum, and silver INPs have applications in melanoma diagnosis and treatment.
AuNPs are notable for their versatility in size, shape, surface chemistry, synthetic acces-
sibility, high biocompatibility and stability, and surface plasmon resonance [160]. Conse-
quently, AuNPs have been explored as (1) drug and siRNA carriers; (2) therapeutic agents;
(3) photodynamic and photothermal agents; and (4) active delivery systems, as they can be
conjugated to antibodies targeting cancer biomarkers [161].

Polymeric nanoparticles (PNPs) are thermodynamically stable colloidal dispersions
formed by the self-assembly of blocks of amphiphilic copolymers (Figure 3C) [172-174]. Var-
ious types of PNPs can be synthesized depending on the properties of the polymer and its
applications [172,175,176]. PNPs are called nanocapsules (NCs) when they contain a poly-
meric wall and an internal oil core, or nanospheres (NSs) when they are formed of a poly-
meric matrix stabilized by surfactants [12,172,177-182]. They have several advantages such
as high structural stability, which prevents the degradation and metabolism of the loaded
drug, the ability to load a large amount of drug, and sustained release, which increases the
water solubility of loaded hydrophobic drugs and allows the surface to be modified by var-
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ious chemical species [12,43,44,79,87,105,172-195]. However, these particles present some
limitations, including the possibility of side effects due to the increased drug circulation
period, industrial production complexity, difficulties in gaining approval by regulatory au-
thorities, and the use of organic solvents [12,43,44,79,87,172-175,177-193]. PNPs can trans-
port lipophilic molecules dissolved in their internal oil core, and hydrophilic molecules can
be transported through physical interactions or chemical conjugation with the polymeric
walls or the stabilizing surfactants. Thus, PNPs may allow for the use of a single delivery
device combining two types of drugs and combination therapy [12,172,177-182]. A ligand
that can be used to promote the specificity of NPs to melanoma cells, with low effects
on healthy cells, is the a-melanocyte-stimulating hormone (MSH) peptide. MSH binds
to melanocortin receptors that are overexpressed by melanoma cells [43]. The selective
accumulation of NPs at the disease site would permit the visualization of tumors in the
early stages, allowing for better diagnostic possibilities and contributing to the reduction in
toxic side effects on normal tissues [43,44].

Dendrimers (DMs) are synthetic three-dimensional polymers with a branched tree-like
structure (Figure 2). Structurally, dendrimers consist of a central core to which multi-
ple branched arms and peripheral groups are progressively attached [15,196,197]. They
offer precise control over molecular structure and monodispersity, and their small size
enables them to cross biological barriers. Their end groups can carry positive, negative,
or neutral charges [15,196-202]. However, the three-dimensional structure and design of
dendrimers are not fully understood, and their nonspecific interactions with various cells
can cause toxic effects [15,196-202]. The dendrimer structure allows for the introduction
of multiple functionalities at different sites within a single molecule—on the surface, core,
branch points, or even encapsulated between branches [196]. This versatility makes den-
drimers promising candidates for controlled drug delivery systems, potentially enabling
combination therapies by carrying two types of drugs in one delivery platform [196].

In addition to the above-mentioned types of NPs, others have been the subject of many
studies, such as nanogels, niosomes [203,204], and biomimetic nanoparticles. Nanogels
(NGs) are considered very promising for use as biocompatible carriers for controlled release
of drugs due to their internal constitution of a hydrogel, which has a high water content
(Figure 3D). This makes them highly compatible with various therapeutic agents such as
small molecules or even bio-macromolecules [83]. Like other nanocarriers, nanogels can be
functionalized with targeted ligands, responsive functional bonds, and others, resulting in
multifunctional drug delivery systems [44,205-210].

The use of NPs as drug-carrying systems has several challenges, including the potential
for immune system capture and early removal. To evade the immune system, increase
circulation time, and improve targeting, NPs have been functionalized with biological cells,
organisms, or natural structures such as erythrocytes, immune cells, cancer cells, platelets,
viruses, and others (Figure 2). In this way, NPs (e.g., LP, PNP, or INP) inherit the biological
functions of the natural system of origin. These NPs are called biomimetics (BNPs), as they
have the morphology, size, and surface properties of natural structures. In addition to the
advantages already mentioned, these characteristics improve biocompatibility, reducing
side effects and increasing the effectiveness of the treatment [12,53,61,211-213].

To overcome the limitations commonly presented by treatment with immunothera-
peutics, such as natural biological barriers, low immunogenicity, and a highly immuno-
suppressive tumor microenvironment, Luo et al. developed a BNP functionalized with
folate-modified red blood cells (RBCs), which was loaded with the chemotherapeutic pa-
clitaxel and an indoleamine 2,3-dioxygenase (IDO) inhibitor (immunotherapy) [213]. The
results showed that this BNP had prolonged blood circulation and specific absorption in
B16F10 melanoma cells. Furthermore, rapid drug release can be triggered by the conversion
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of a negative to a positive charge in response to the acidic environment in lysosomes. An
increase in the efficiency of the combined antitumor treatment and a reduction in side
effects were observed in a mouse melanoma model [213].

6. Summary of Recent Studies Applying NPs to Melanoma Treatment

In the literature, preclinical studies describing the use of nanoparticles in the treatment
of melanoma are much more abundant than clinical trials. Table 2 summarizes a set
of studies published between 2018 and 2025 that applied different types of NPs in the
treatment of melanoma. Among these 24 studies presented in Table 2, in the majority (13
studies), the route of administration is intravenous injection, while in only 1 the route of
administration is topical [87].

Table 2. Summary of recent studies using NPs in melanoma treatment.

Functionalization Therapy Anticancer Agent(s) Results Ref.
Tumor necrosis TRAIL-[Lip-PTX] C18-TR exhibited a tumor inhibition rate
Stearyl chain (C18) of 93.8%, improving TRAIL-based therapy. Moreover, this
o N factor-related A
fused pH-sensitive =~ Combination . . system showed a better IC50 in vitro compared to free
. apoptosis-inducing . . [144]
cell-penetrating therapy ligand (TRAIL) drugs and liposomal drugs separately; therefore,
peptide (TR) chlitaxel (PTX) synergism of the two types of drugs in a single system
was observed.
This peptide-modified co-delivery system was effective for
Mitoxantrone (MIT) use with chemotherapeutics and natural bioactive
T{-PEG-PE Combination Anacardic acid and substances, showing an enhanced active tumor-targeting [145]
(Tf = transferrin) therapy Ammonium effect and therapeutic efficacy, due to the increased level of
ascorbate apoptosis and cell death in melanoma cell lines, which was
E not verified in normal cells.
S5 These LPs effectively and selectively target
e T-cell receptor - i, 1 d led M1/-A
9] (TCR)-like Combination antigen-positive melanoma and coupled to anti-M1/-A1
£ . Doxorrubicin (DXR) scFv inflict a significant antitumor response. This NPs can [45]
2 antibody (scFv G8 therapy P li . h iall
& and Hyb3) be used for drug delivery, immunotherapy, potentially
;E‘ imaging, and diagnosis of melanoma.
. This immunoliposome delivery system achieved antitumor
Interleukin S . .
activity in multiple tumor models like both free drugs, but
Immunotherapy  (IL)—2 he i hall P [123]
Aconistic anti-CD13y  Overcame the important challenge o
& IL-2/anti-CD137 toxicity.
The effective antitumor ability of the drug carrier delivered
via the skin was better than that of oral and intravenous
Biological-inspired administrations; in terms of toxicity in the liver, kidney,
peptide TD Chemotherapy Vemurafenib and lungs, it was negligible and antitumor efficacy was [77]
(ACSSSPSKHCG) increased. Moreover, surface modification with the peptide
TD significantly enhanced the transdermal delivery of
the drug.
z
=
S22
2
-3
T The drug-loaded LP showed better inhibitory effects on
é- Chemotherapy Temozolomide cell prol{feraa'tlon, neoangiogenesis, growth, and (78]
= vascularization of melanoma when compared to the free
_g drug, with no apparent toxic effect.
k=3
e
©
gl
Programmed cell PD-1 siRNA-SLN significantly decreased PD-1 expression
Immunotherapy  death siRNA-1 in cultured macrophages and tumor tissues, as well as [143]

(PD-1)

tumor growth in vivo, compared to negative control.
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Table 2. Cont.

Functionalization

Therapy

Anticancer Agent(s)

Results

Ref.

Nanostructured lipid carriers (NLC)

Polymeric nanoparticles (PNP)

Inorganic nanoparticles (INP)

Tyr-3-octreotide

Acid folic

meso-2,3-
dimercaptosuccinic
acid (DMSA)

MSH

Chemotherapy

Immunotherapy

Chemotherapy

Combination
therapy

Immunotherapy

Immunotherapy

Chemotherapy

Radiotherapy

Photothermal

Radiotherapy

Paclitaxel
(PTX)

LEM2

Bupivacaine
Lavender or
Melaleuca essential
oils

Metformin
Doxorubicin

siRNA

CpG oligodeoxynu-
cleotides

Apigenin

Tode-131
(1311)

Lutetium-177
(177Lu)

Compared to dacarbazine (DTIC), the carrier system
exerted more apoptotic and anti-invasive effects in vitro; in
addition, an interesting immune modulation was observed,
resulting in effective reduction in tumor volume in vivo.
Furthermore, a reduction in the number of nodule
formations of pulmonary metastases was observed.

NLC improved LEM2 delivery and bioavailability issues
and did not interfere with the drug’s molecular mechanism
of action, as it showed greater cytotoxicity against the A375
melanoma cell line than uncharged NLCs, probably due to
the adhesion and occlusive properties of NLC in the
stratum corneum.

According to cytotoxicity tests, IC50 values of encapsulated
bupivacaine decreased, relative to the free drug, in mice
and human melanoma cells by ~80% and 62% (containing
lavender oil) and 80% and 25% (containing melaleuca oil),
respectively. In addition, anesthesia time doubled.

This drug carrier was developed with a new pH-sensitive
homopolymer, based on the conjugation of sodium
alginate, cholesterol, and folic acid, where metformin and
doxorubicin were encapsulated. This system proved to be
promising for effective combined drug delivery, increasing
the antimelanoma effects.

A nano-carrier developed for siRNA inhibited proliferation
of B16F10 cells and significantly inhibited the growth and
metastasis of melanoma in vivo.

The nanocomplex effectively inhibited the growth of
melanoma, the effect of which was attributed to the
activation of both the innate and adaptive immune
response.

The formulation of NP loaded with flavone apigenin and
conjugated with DMSA improved bioavailability, increased
antitumor and antimetastatic efficacy.

Combining grafted hybrid polymer (poly(methacrylic acid)
NPs (PMAA-AuNPs) for systemic radioiodine therapy
showed the effectiveness of a clinically relevant approach;
therefore, this system is promising for use as a
radiosensitizer in the field of RT internal radioisotopes.

Carbon xerogel NPs converted NIR light to heat efficiently
and within a duration of 10 min, successfully induced cell
death, reduced necrosis by 70%, and resulted in significant
reductions in tumors.

Surface modification of the developed targeted ultra-small
radiotherapeutic silica NPs, modified to have favorable
pharmacokinetic properties, increased efficacy and
survival.

[79]

[87]

[188]

[187]

[159]

[88]

[80]

[170]

[214]

[215]
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Table 2. Cont.
Functionalization Therapy Anticancer Agent(s) Results Ref.
a Arginine or Arginine-modified dendrimer formulations were efficiently
2 mixture of Stimulator of internalized into THP-1 cells, activating IRF3 and NF-«B,
g arginine/lysine Immunotherapy  interferon genes and showed less toxicity than unmodified dendrimers. The [89]
= cationic agonist combination of the polypeptide-modified dendrimer-based
g polypeptides system with anti-PD-1 induced large tumor regression.
Functionalized Au DENPs were able to deliver siPD-L1,
Methoxy resulting in a knock down of PD-L1 in tumors with an
polyethylene glycol ~ Immunotherapy  siRNA efficiency of 59%, thus mediating tumor immunotherapy [216]
(mPEG) (based on immune checkpoint blockade) and immune
responses.
- The use of gel prolonged the action time of DOX-CpG NPs
LZD and allowed for sustained release of DOX and CpG NP,
g N Doxorrubicin (DXR) increasing the bioavailability of drugs and adjuvants.
@ Combination . . -
i) thera cytosine-phosphate-  DOX-induced tumor cell damage provided [206]
;5:0 Py guanine (CpG) tumor-associated antigens that promoted the immune
S system response, followed by the CpG NP effect, further
improving the immune response and tumor inhibition.
The designed system expanded the transferred
Immunothera Interleukin-2 tumor-reactive T cells 80 times more than free IL-2/Fc and [90]
Py (IL-2) showed no effects on tumor infiltration regulatory T cell
expansion, with no overt toxicity.
[
Z
=)
2 Leukosomes, biomimetic NPs generated by combining
] lipids with membrane proteins derived from
5 lipopolysaccharide-stimulated macrophages, showed more
& - potent anticancer activity than LPs, reducing tumor
e Chemotherapy Doxorubicin (DXR) . . . .o [212]
g volume and increasing survival, due to significantly
s greater accumulation in B16 tumors in vivo. This can be
5 explained by the interaction of leukosome membrane
g proteins and tumor-associated vasculature.
2
Paclitaxel The nanoplatform prolonged blood circulation and
Folate modified red s (PTX) . p prolong . -
Combination ) . improved accumulation in tumor tissues, efficiently
blood cell indoleamine . . . [213]
therapy . increasing uptake by specific cells (B16F10 and type M2
membrane 2,3-dioxygenase iated h dd )
(IDO) tumor-associated macrophages (TAM2)) and drug release.
Antigenic peptide, PLGA biomimetic NPs reverted TAM phenotype M2 to M1
a toll-like receptor o ltine in effecti 1l activati
9 agonist and transition, resulting in etfective T cell activation and
Immunotherapy  Baicaina induction of cytotoxic T cell responses and, consequently, [217]

galactose-inserted
erythrocyte
membrane

significant suppression of melanoma tumor growth
in vivo.

7. Clinical Trials

Prior to clinical trials, it is essential to carry out an in-depth study of the pharma-

cokinetics, pharmacodynamics, and long-term toxic effects of nanosystems. In preclinical
studies, the focus is essentially on the effectiveness of nanosystems; however, the control
of adverse effects is not always adequately assessed. For this reason, when translated
into clinical trials, nanoparticle-based medicines are often rejected due to their inadequate
toxicological profiles. In fact, only fourteen clinical trials have been carried out regarding
the application of nanosystems in melanoma therapy, a small number when compared to
the preclinical studies carried out in recent years.

Data regarding clinical trials involving NPs for the treatment and/or detection of
melanoma were obtained using the key words “nanoparticles” and “melanoma”, searched
on the ClinicalTrials.gov platform [218]. From the clinical studies found, one has been sus-
pended and one refers to the study of a sunscreen. Regarding the phases of clinical studies,
three were phase 1, six were phase 2, and one was phase 1 and 2. Additionally, in eight
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clinical studies, NPs were administered intravenously (IV) and they were administered
locally, by peritumoral and intratumoral injection, in only two studies. All studies recruited
patients of both sexes and older than 18 years. Some examples of these clinical trials are
described below.

The effectiveness of ABI-007 (a Cremophor®-free, protein-stabilized, nanoparticle Pa-
clitaxel) in treating patients with locally recurrent or metastatic melanoma that is inoperable
(unresectable) was investigated in a phase II trial. Drugs like temozolomide, carboplatin,
and a paclitaxel albumin-stabilized nanoparticle formulation (ABI-007) function in multiple
ways to stop tumor cells from growing, either by killing the cells or preventing them from
dividing. To treat patients with stage IV malignant melanoma that cannot be removed
surgically, a randomized phase II trial was also carried out to examine the side effects of
administering temozolomide in combination with bevacizumab as well as how it performs
in comparison to administering bevacizumab in combination with carboplatin and ABI-007.

In another randomized phase II trial, nab-paclitaxel (paclitaxel albumin-stabilized
nanoparticle formulation) and bevacizumab or ipilimumab are being used as first-line
therapy in treating patients with stage IV melanoma that cannot be removed by surgery.
Bevacizumab may stop the growth of tumor cells by binding to vascular endothelial growth
factor and by preventing the growth of new blood vessels. Ipilimumab blocks a substance
called cytotoxic T-lymphocyte-associated antigen-4 on the surface of T cells and may
help the immune system kill tumor cells. This study will allow us to evaluate whether
nab-paclitaxel and bevacizumab are more effective than ipilimumab in treating melanoma.

In another clinical trial, CALAA-01, a nanocomplex formulation designed to inhibit
tumor growth and/or reduce tumor size, has as its active ingredient a small interfering
RNA (siRNA), which inhibits tumor growth via RNA interference to reduce expression of
the M2 subunit of ribonucleotide reductase (R2). The complete nanocomplex formulation
consists of four components: a duplex of synthetic, non-chemically modified siRNA (C05C);
a cyclodextrin-containing polymer (CAL101); a stabilizing agent (AD-PEG); and a targeting
agent (AD-PEG-Tf) that contains the human transferrin protein (Tf). The cationic polymer
and anionic siRNA interact electrostatically to form nanocomplexes that are less than
100 nm in diameter and protect the siRNA from serum nuclease degradation. The cells
that overexpress the transferrin receptor (TfR) are the target of the siRNA-containing
nanocomplex. The siRNA-containing nanocomplex enters the target cell via endocytosis
after transferrin attaches to TfRs on the cell surface.

Gold nanorods (GNRs) injected via the intratumoral route and activated by Near-
Infrared Spectroscopy (NIR) light generate localized heat through a process called targeted
hyperthermia therapy (THT), which allows us to selectively target tumor cells while
minimizing damage to surrounding healthy tissues. A new phase I/II device clinical
trial is investigating the safety and efficacy of GNR-mediated THT in patients with stage
3C/3D/4M1 cutaneous metastatic melanoma unresponsive to systemic immunotherapy or
in patients who have contraindications to systemic immunotherapy. This trial, which is
not yet recruiting, aims to establish a safe, effective dose of GNRs for THT for cutaneous
metastatic melanoma treatment and explore the potential for its localized tumor destruction.

Despite the many advantages associated with the use of nanoparticles, it is important
to emphasize that non-biodegradable nanoparticles (e.g., gold, silica, dendrimers) can
persist in organs for long periods and accumulate in the liver, spleen, and other reticuloen-
dothelial system tissues. This raises concerns about chronic organ toxicity, inflammation, or
unknown long-term effects because they are not broken down and cleared like biodegrad-
able carriers [219].

Table 3 also summarizes information from some relevant clinical trials involving NPs
and melanoma patients listed on ClinicalTrials.gov [218].
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Table 3. Summary information from some relevant clinical trials involving NPs and melanoma patients listed on ClinicalTrials.gov [218].
Title Status Study Results Conditions Interventions Outcome Measures Phase
Drug: standard sunscreen
1 0,
Sunscreen Based on Bioadhesive Completed No Results Melanoma and (p?)ilrg:iezglg(ég /i?d Skin reaction Phase 1
Nanoparticles P Available UV Ray Skin Damage b 1 y (13 enrolled)
Device: bioadesive
nanoparticles
Novel RNA-Nanoparticle Vaccine for the . .
Treatment of Early Melanoma Recurrence No Results Biological: Autologous total Phase 1
Following Adjuvant Anti-PD-1 Antibody Suspended Available Melanoma tumorlr.nRNA-loaded:l DOTAP Skin reaction (18 enrolled)
Therapy iposome vaccine
Targeted Silica Nanoparticles for . Drug: fluorescent dye-labeled - . : . Phase 1
Real-Time Image-Guided Intraoperative AChV?’ .nOt No Results Head and Neck Melanoma article (cCRGDY-PEG-Cy5.5-C Feasibility of conductmg pre-operative Phase 2
& P recruiting Available P y SLN mapping
Mapping of Nodal Metastases dots) (86 enrolled)
Bevacizumab and Temozolomide or . . .
. . Biological: bevacizumab |
Bevacizumab and Paclitaxel . . . . .
Albumin-Stabilized Nanoparticle Drug: carbqplatm Progression-free survival at 6 months;
Formulation and Carboplatin in Treating Completed Has Results Melanoma (Skin) Drug: pacht.a ?(91 tumor response rate, calct:lated asa Phase 2
Patients With Stage IV Malignant albumin-stabilized percentage along With its 95% confidence (95 enrolled)
Melanoma That Cannot Be Removed b nanoparticle formulation interval; overall survival
Surgery Y Drug: temozolomide
Paclitaxel Albumin-Stabilized .
Nanoparticle Formulation in Treating Drug: nab-paclitaxel Overall response rate; progression-free Phase 2
. R . Completed Has Results Intraocular Melanoma (paclitaxel albumin-stabilized X ¢ .
Patients With Metastatic Melanoma of the nanoparticle formulation) survival; overall survival (4 enrolled)
Eye That Cannot Be Removed By Surgery P
ABI-007 in Treating Patients With No Results Drug: paclitaxel
Inoperable Locally Recurrent or Metastatic Completed Available Melanoma (Skin) albumin-stabilized Not included Phase 2
Melanoma nanoparticle formulation
Carboplatin and ABI-007 in Treating Drug: carboplatin Tumor response sate, as measured by
Patients With Stage IV Melanoma That Completed Has Results Melanoma (Skin) Drug.: pacht.a ?(91 .RECIST crlterlg; SL_HVI‘Ial. time; time to . Phase 2
Cannot Be Removed By Surgery albumin-stabilized disease progression; duration of response; (76 enrolled)
nanoparticle formulation number of treatment cycles administered
Device: magnetic (super True positive/false negative rate for
paramz;gne’?ic iron oxlio de magnetic SLN detection measured via the
MR Lymphography and Magnetic Sentinel No Results (SPIO) nanoparticles) sentinel Dclofrrﬂi;[)aagresc}llif)eI‘r;c?;(:;t};sesgrelzleﬁ?gnsy;ﬁ? Not Applicable
Lymph Node Biopsy in Melanoma Unknown status Available Melanoma (Skin) lymph node (SLN) bl(gasy by positive/false negative rate for metastatic (20 enrolled)
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Table 3. Cont.

Title

Status

Study Results

Conditions

Interventions

Outcome Measures

Phase

Stereotactic Brain-Directed Radiation With

or Without Aguix Gadolinium-Based
Nanoparticles in Brain Metastases

Nab-Paclitaxel and Bevacizumab or
Ipilimumab as First-Line Therapy in

Treating Patients With Stage IV Melanoma

That Cannot Be Removed by Surgery

A Study of BIND-014 Given to Patients

With Advanced or Metastatic Cancer

Recruiting

Completed

Completed

No Results
Available

Has Results

No Results
Available

Brain Cancer, Brain
Metastases, Melanoma,
Lung Cancer, Breast Cancer,
HER2-positive Breast
Cancer, Colorectal Cancer,
Gastrointestinal Cancer,
SRS, SRT, Whole-Brain
Radiation, Stereotactic
Radiation, AGuIX
Nanoparticles, Cystic Brain
Tumor

Metastatic Melanoma,
Mucosal Melanoma, Stage
IV Cutaneous Melanoma
AJCC v6 and v7, Stage IV
Uveal Melanoma AJCC v7,
Unresectable Melanoma

Metastatic Cancer, Cancer,
Solid Tumors

Radiation: stereotactic
radiation
Drug: AGulX
gadolinium-based
nanoparticles
Other: placebo

Biological: bevacizumab
Biological: ipilimumab
Other: laboratory biomarker
analysis
Drug: nab-paclitaxel
(paclitaxel albumin-stabilized
nanoparticle formulation)

Drug: BIND-014 (docetaxel
nanoparticles for injectable
suspension)

Key clinical endpoints include local
recurrence, overall survival (OS),
progression-free survival (PFS), time to
progression (TTP), neurologic-related
death, performance status, daily living
activities, and incidence/timing of new
brain metastases, radiation necrosis,
leptomeningeal disease, intracranial
progression, salvage craniotomy,
additional radiotherapy, seizures, and
steroid use. Neurocognitive functions
assessed cover verbal learning and
memory, visual attention and task
switching, verbal fluency, and overall
cognitive impairment.

Progression-free survival (PFS); overall
survival (OS); number of patients with
tumor response; number of patients who
experienced toxicity

To assess the dose-limiting toxicities

(DLTs) of BIND-014 when given on day 1
of a 21-day cycle or when given on day 1,
8, and 15 of a 28-day cycle. To characterize

the pharmacokinetics of BIND-014
following an IV infusion. To assess any

preliminary evidence of antitumor activity

observed with BIND-014. To assess
changes in serum tumor markers when
appropriate.

Phase 2
(112 enrolled)

Phase 2
(24 enrolled)

Phase 1
(58 enrolled)
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Cont.

Title

Status

Study Results

Conditions

Interventions

Outcome Measures

Phase

Dose Escalation Study of mRNA-2752 for
Intratumoral Injection to Participants With
Advanced Malignancies

Nab-Paclitaxel and Bevacizumab in
Treating Patients With Unresectable Stage
IV Melanoma or Gynecological Cancers

Safety Study of CALAA-01 to Treat Solid
Tumor Cancers

Active, not
recruiting

Suspended

Terminated

No Results
Available

No Results
Available

No Results
Available

Dose Escalation: Relapsed,
Refractory Solid Tumor
Malignancies, or
Lymphoma
Dose Expansion:
Triple-Negative Breast
Cancer, HNSCC,
Non-Hodgkins, Urothelial
Cancer, Immune
Checkpoint Refractory
Melanoma, and NSCLC
Lymphoma

Stage IV Unresectable
Melanoma, Cancer of the
Cervix, Endometrium,
Ovary, Fallopian Tube, or
Peritoneal Cavity

Cancer, Solid Tumor

Biological: mRNA-2752
Biological: durvalumab
Device: lipid nanoparticle

Biological: bevacizumab

laboratory biomarker analysis

Drug: nab-paclitaxel

(paclitaxel albumin-stabilized

nanoparticle formulation)
Pharmacological study

Drug: CALAA-01 (a small
interfering RNA (siRNA))
protected from nuclease
degradation within a
stabilized nanoparticle
targeted to tumor cells

Number of participants with dose-limiting
toxicities (DLTs). Number of participants
with adverse events (AEs). Arm B: overall
response rate (ORR): percentage of
participants with tumor response (partial
or complete) based on response evaluation
criteria in solid tumors version 1.1 in
cutaneous melanoma. ORR: percentage of
participants with tumor response (partial
or complete) based on RECIST v1.1 and
modified RECIST (iRECIST), and Cheson
and lymphoma response to
immunomodulatory therapy criteria
(LYRIC) for participants with lymphoma.
Pharmacokinetics: maximum observed
concentration (Cmax)

Maximum tolerated dose; tumor response;
progression-free survival (PFS); overall
survival (OS); incidence of adverse events
(soft tissue expansion cohort)

Objectives include assessing the
tolerability, safety, and maximum tolerated
dose (MTD) of intravenous CALAA-01;
characterizing its pharmacokinetics (PK);
evaluating preliminary tumor response for
efficacy; recommending a dose for future
studies; and measuring immune response
by antibody, cytokine levels, and
complement effects.

Phase I
(264 enrolled)

Phase 1
(73 enrolled)

Phase 1
(24 enrolled)




Colloids Interfaces 2025, 9, 53 18 of 27

8. Conclusions

In this work, we addressed the use of NPs to improve melanoma treatment, focusing
on targeting, concepts, recent studies, and more relevant research. Furthermore, the
advantages and disadvantages of the most widely studied and used types of NPs, such as
LSs, LNPs, PNPs, DMs, and INPs, were highlighted.

The advantages of NPs for melanoma patients include the increase in the effectiveness
of chemotherapy, immunotherapy, radiotherapy, and phototherapy. Furthermore, all these
advantages also contribute to a reduction in side effects. However, there are still some
difficulties, especially regarding the industrial-scale production of drug delivery systems
based on nanotechnology. Still, we can already find on the market some examples of drugs
for the treatment of various tumors which provide patients with benefits resulting from
the use of nanocarriers. In addition, several clinical trials with nanoparticulate systems
have been carried out. This shows that many efforts have been made to overcome barriers
and make more effective medicines containing NPs as an alternative for the treatment of
patients with melanoma.

Altogether, the use of NPs is a very promising therapeutic strategy, as they can greatly
improve survival and quality of life among melanoma patients.
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