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Melanoma is a cutaneous carcinoma, and its incidence is rapidly increasing with every
year. The treatment options for melanoma have been comprehensively studied.
Conventional treatment methods (e.g., radiotherapy, chemotherapy and photodynamic
therapy) with surgical removal inevitably cause serious complications; moreover,
resistance is common. Nanoparticles (NPs) combined with conventional methods are
new and promising options to treat melanoma, and many combinations have been
achieving good success. Due to their physical and biological features, NPs can help target
intended melanoma cells more efficiently with less damage. This creates new hope for a
better treatment strategy for melanoma with minimum damage and maximum efficacy.
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INTRODUCTION

Overview of Melanoma
Melanoma is a malignant tumour originating from cells called melanocytes. The melanocytes can
synthesise melanin, which imparts colour to the skin (1). They are located in the deepest layer of the
epidermis and usually protect us from sunburn. Excessive exposure to ultraviolet (UV) radiation
increases the occurrence of melanoma (2–5).

Melanoma can form from a congenital or de novo nevus. It can appear anywhere on the body,
mainly on the parts that are more exposed to the sun, such as the face, leg, arm, and body (6). Low
exposed parts have less possibilities to develop the disease, such as the feet.

Although the clinical appearance of a pigmented or unpigmented (amelanotic) lesion with
sudden change can be clues for diagnosis, histological staining and classification can predict the
prognosis (7). The prognosis is very poor when there is distant metastasis (8, 9).

Epidemiology of Melanoma
Although melanoma accounts for only 1% of all skin cancers, it causes the highest number of deaths
among all skin cancers (10). In the world, 324,635 new cases of melanoma were diagnosed in 2020
Abbreviations: AM, Acral melanoma; BRAF, v-raf murine sarcoma viral oncogene homolog B1; CTLs, Cytotoxic T-
lymphocytes; CM, Cutaneous melanoma; DGBA-OVA-CpG, Guanidinobenzoic acid-ovalbumin-cytosine-guanine
dinucleotides; EPR, Permeation and retention effect; UV, Ultraviolet; PDT, Photodynamic therapy; NPs, Nanoparticles;
PSs, Photosensitisers; TWT, Triple wild type; MM, Mucosal melanoma; MAPK, The mitogen-activated protein kinase; MEK,
Mitogen-activated protein kinase kinase; VEGF, Vascular endothelial growth factor; PBS, Phosphate-buffered saline; ROS,
Reactive oxygen species; UVB, Ultraviolet B-rays; RAS, Rat sarcoma virus; NF1, Neurofibromatosis 1; UM, Uveal melanoma;
DTIC, Dacarbazine.
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and US constituted 106,000 new cases, which is nearly one third.
Among all these new cases, 57,043 were dead around the world
(11). It was the fifth most common cancer (excluding non-
melanoma skin cancer). The incidence is slightly higher in men
and usually occurs in people aged 55−84 years (10). It has
increased rapidly during the last 50 years in the US, and the
incidence varies with age, sex, and geographical location (12–15).
There are some factors influencing the incidence of melanoma,
and these are important for preventing the disease.

First one is Ethnicity: It is reported that fair-skinned Caucasian
populations are more likely to be affected by melanoma (15, 16).
This is because the absorption of UVB (Ultraviolet B-rays)
radiation is 50% higher in dark-skinned people and results in
lower cell death and malignant transformation (17). Geography
also plays an important role: “Latitude gradient” is a phenomenon
described by Lancaster; it shows a higher incidence of melanoma
with increasing proximity to the equator (18–20). The third factor
is Age: Elderly people are more susceptible to melanoma, and the
highest incidence is among those aged 70−80 years (21). The last
factor is sex: Men are more likely to develop melanoma in part
because it is androgen driven (22).

The mortality rate due to melanoma is higher in men than in
women worldwide (23), with the proportion of annual deaths in the
US being 4.0:100,000 in men compared to 1.7:100,000 in women
(24). The peak mortality rate is in the age group of 75−84 years and
declines thereafter (24).

Subtypes of Melanoma
There are four subtypes of melanoma based on the tissue from
which the primary tumour arises. The major subtype is
cutaneous melanoma (CM), which usually accompanies the
BRAF(v-raf murine sarcoma viral oncogene homolog B1), RAS
(Rat sarcoma virus), NF1(Neurofibromatosis 1), and TWT(triple
wild-type) mutations (25, 26). Acral melanoma (AM), a distinct
form that originates in the palms, soles, and nail beds, is
associated more with the TWT mutation (27).

Mucosal melanoma (MM), the rarest subtype, has a progressive
onset in clinics. Compared to other mutations, loss of PTEN
mutation or activation of KIT and CCND1 or CDK4 are more
common in MM (28). The last subtype is uveal melanoma (UM),
which develops from melanocytes in the uveal tract of the eye with
predominantly GNAQ and GNA11mutations (29). In recent times,
the cutaneous melanoma subtype has shown a better prognosis.

Melanoma divided according to the driving mutations also
has four subtypes: BRAF-mutant, NRAS-mutant, NF1-loss, and
TWT. The BRAF, NRAS, and NF1 mutations activate the
mitogen-activated protein kinase (MAPK) pathway and usually
occur during the early stage of tumour (30).

Prognosis biomarkers and related treatments are under
investigation, and most data comes from European countries.
More sequencing data is needed from non-European countries in
order to have a blueprint of the whole mutated genes from
different races.

Molecular Pathology of Melanoma
Melanocytic neoplasms include benign lesions named
melanocytic naevi, to malignant types termed melanomas, or
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even progressive stage, termed metastatic melanoma.
Melanocytes, from which all melanocytic neoplasms originate,
can grow out of control with excessive UV damage. There are
almost 3 billion melanocytes in the skin of an average human
being (31). Normally, melanocytes divide less than twice a year
(32), and when the adjacent keratinocytes are damaged by UV
radiation, melanocytes secrete melanin to protect the
keratinocyte nucleus from DNA damage (33).

Melanocytic naevi are benign proliferation of melanocytes
and are normally unlikely to progress to melanoma. A common
naevus is usually derived from the BRAFV600E mutation (34).
Dysplastic naevi are an intermediate stage between naevi and
melanoma (35, 36). The mutations that activate MAPK
signalling and TERT promoter mutations or hemizygous
alterations of CDKN2A are drivers of dysplastic naevi (34).
Multiple dysplastic naevi are considered high risk factors for
melanoma (35, 37)and they are obtaining NRASmutation except
BRAFV600E (34). BRAF, NRAS, and TERT mutations have been
reported as the most likely mutations in melanoma in situ
(38, 39). As MARK signalling plays an important role in
melanoma, TERT mutations can lead to progression to
invasive melanoma. ARID2 and ARID1A are two genes that
also influence the progression (34). For melanoma to metastasise
to distant organs, the key is activation of genes in the WNT
signalling pathway (40–42).

Treatment Strategies for Melanoma
Each tumour has its own feature, such as location, stage, and
genetic profile; thus, the treatment strategy can be quite varied.
The treatment options include surgical resection, chemotherapy,
radiotherapy, photodynamic therapy (PDT), immunotherapy, or
targeted therapy. For stage I–IIIB melanoma, surgical resection is
the first choice (43–45) followed by targeted therapy and
combined immunotherapy (44, 46). In case of distant
metastasis, chemotherapy is necessary (45, 46). Chemotherapy
is a good choice for advanced melanoma, and dacarbazine
(DTIC) is the key agent (47); however, temozolomide can also
be a good choice (47). BRAF inhibitors and MEK inhibitors were
a breakthrough in the treatment of melanoma and around 15–
20% of tumors finally show primary resistance to this treatment,
and moreover, some patients even develop acquired resistance to
therapy. The causes of drug resistance can be reactivation of
MAPK pathway due to changes in the BRAF protein or
interactions of BRAF inhibitors with wild type BRAF proteins
(48). Electrochemotherapy is used as a tunnel to deliver drugs to
the cells through an electric pulse (49, 50). No adverse effects
have been reported, and 85% of patients responded to the
treatment (49). However, there are few reports about this
treatment, and more research is necessary. Some researchers
combined PDT and DTIC, and it successfully reduced the
resistance in metastatic melanoma (51).

Since the 19th century, researchers have found that the
immune system plays an essential role in tumour metastasis
(52). T cells can recognise the tumour cell antigens and destroy
them. Interferon a-2b was reported to reduce the recurrence of
melanoma and thus increase the patient survival (53); however,
few patients responded to the treatment (54). Following this,
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many more agents to treat melanoma were approved by the
United States Food and Drug Administration, including
Interleukin-2 in 1998 (55), Ontak (Treg inhibition) in 1999
(56), Peginterferon a-2b (Peg-IFN) and Ipilimumab (Cytotoxic
T lymphocyte-associated antigen 4 (CTLA-4) blockade) in 2011
(53, 57),, Nivolumab (Programmed cell death protein 1 (PD-1)/
PD-1 ligand (PD-L1) blockade) in 2014 (58), and Talimogene
laherparepvec as the first oncolytic virus therapy in 2015 (59).
Other immune therapies are under investigation, such as
Adoptive T-cell therapy (NCT03060356 and NCT02830724).

Bio-chemotherapy is the combination of chemotherapy and
immunotherapy, and it did not show an overall improvement in
survival (60). As mentioned earlier, melanoma is triggered by a
bunch of gene mutations involved in different signalling
pathways. BRAF inhibitors, including vemurafenib in 2011
(61), dabrafenib in 2013 (62), and encorafenib, which is
currently undergoing clinical trials, are some choices to
increase the overall survival; however, these agents have severe
adverse effects. MEK (Mitogen-activated protein kinase kinase)
inhibitors, tametinib in 2013 (63), cobimetinib in 2015 (64) are
always administered in combination with BRAF inhibitors to
treat melanoma. VEGF (Vascular endothelial growth factor)
inhibitors (65), PI3K-AKT-mTOR pathway inhibitors (66),
cyclin-dependent kinase inhibitors (67), and ErbB4 inhibitors
(68) also target different signalling pathways to inhibit the
growth of melanoma cells.
OVERVIEW OF NANOTECHNOLOGY IN
CANCER

Nanotechnology is used to deliver medications to the cancer cells
via nanoparticles (NPs) with minimum adverse effects (69). It is
also used in cancer diagnosis, gene therapy, biomarker making,
targeted therapy, and imaging. NPs, due to their biological
features, can target the cancer cells precisely with little damage
to the healthy organs (70). Nanocarriers including liposomes,
carbon nanotubes, polymeric micelles, dendrimers, and quantum
dots are increasingly widely used in cancer treatment. Liposomes
are nanocarriers composed of lipid bilayers encapsulating an
aqueous core. The structure of carbon nanotubes is a hollow
sphere, ellipsoid and/or tube. Polymeric micelles are nanoscopic
core structures derived from amphiphilic block copolymers.
Dendrimers are formed by a small atom or group of atoms
surrounded by dendrons, which can be classified as nanosized,
symmetrical molecules. Quantum dots are nanoscale crystals
which are made by human to transport electrons. All of them are
applied in different fields and help to delivery drugs.

Some NPs are used to diagnose cancer, like MoS2
nanomaterials used as a platform material in bladder cancer
diagnosis (71);NPs as biomarker in the diagnosis of early ovarian
cancer (72).And some NPs are used to treat diseases, like NPs
based on ROS even can be used in the treatment of myocardial
ischemia reperfusion injury (73):NPs based on rheumatoid
arthritis microenvironment can be a new direction for
Frontiers in Oncology | www.frontiersin.org 3
rheumatoid arthritis treatment (74). Different NPs based on
different physical properties can be used in different ways.

NPs for Drug Delivery
Drug delivery is the process by which the medication from
outside the body reaches the organs or cells (Figure 1). The
reticuloendothelial system of the liver and kidney can filter most
of the intravenously administered NPs (75). Most of the NPs are
degraded, and few that are not degraded are retained. The
Kupffer cells, which are phagocytic immune cells lining the
liver sinusoids, are the key cells for the elimination of NPs
(76). Actually, if the target system is reticuloendothelial system,
the NPs can perfectly satisfy the demands since they can always
reach the renal system effectively (77). While the NPs pass
through the other organs, they are eliminated depending on
their physical and biological features.

Once the NPs reach the target organs, they need to exit
the vasculature and enter the targeted cells. They exit from the
vasculature depends on the physiology of the vessel. In the liver,
the NPs should be <100 nm (78), while in the kidney, it should
be <6 nm (79). Transferring the NPs to the brain is even more
difficult because of the blood–brain barrier (80). Extracellular
matrix and connective tissue cells are tissue stroma, and these
become barriers for NPs to enter the target cells. The cells absorb
the particles in different ways, such as membrane fusion (81),
caveolin-mediated endocytosis (82), clathrin-mediated
endocytosis (83), micropinocytosis (84), or phagocytosis (85).
The last step is when the NPs reach to the actual subcellular
location for action. In this process, the challenge is how to escape
the endosome.

There are two methods to increase the delivery efficiency: 1.
Reduce the number of barriers by changing the route of
administration. More barriers, more degradation. How to
reach the destinated organs or cells with less elimination is of
great concern. 2. Change the targeted position to make the
delivery easier. For example, if the melanoma cells are hard
to target, maybe we can aim to target the microenvironment
easier. How to design the best NPs and the routes of
administration are the two current areas of research advances
in NPs and Melanoma.

With conventional treatments, such as surgical resection,
chemotherapy, radiotherapy, PDT, immunotherapy, or
targeted therapy, chemotherapy drugs lack specificity for
tumor sites, and melanoma cells often develop drug resistance
to these drugs. Sometimes the drugs achieve minimal
therapeutic effect but lots of side effects. Also, tumor-driven
immunosuppression makes the immunotherapy hard to work
and metastasis rate is still high (86). More and more researchers
are trying to find new therapeutic approaches to treat melanoma.
The aim is to target the melanoma cells more specifically with
minimal adverse effects, using the small size and components of
NPs (87). Liposomes and niosomes, polymeric NPs, inorganic
particles, carbon nanotubes, and others are good vesicular
carriers. The factors concerned in the melanoma NPs carriers
included the core, targeting ligands, and the stimulation triggers
of releasing the cargo (88). We discuss in the following sections,
June 2022 | Volume 12 | Article 928797
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NPs in combination with chemotherapy, immunotherapy, or
radiotherapy for the treatment of melanoma (Figure 2) (89).

NPs and Chemotherapy Combined
Treatment
Chemotherapy with DTIC is the standard treatment approved by
the United States Food and Drug Administration. In a British
study, the response rate to DTIC was 16%, with a 6-year survival
rate of 31% (47). Monotherapy can achieve little in the treatment
of melanoma, and even polytherapy cannot prolong the overall
survival (89). Chemotherapy has a low response rate (12%) and
combination with immune checkpoint inhibitor also cannot cure
advanced melanoma (90). Adverse effects, less sensitivity, high
toxicity, and drug resistance are the most common challenges
associated with chemotherapy.

NPs are used as carriers to deliver drugs to the intended cells
in the organs. NPs reduce systemic toxicity and degradation
through the delivery process (87, 91). Meanwhile, NPs have the
preferential accumulation in the melanoma, owing to the
enhanced EPR (permeation and retention effect), which could
promote their cellular uptake. They can regulate the pH,
temperature, and responsiveness of enzymes due to their
physical characteristics. They can pass easily through the
vessels because of their small size and reach the targeted cells.
NPs can also increase the concentration of the chemotherapy
drugs in the intended organs. There are two mechanisms by
which NPs deliver the drugs to the targeted cells: passive and
Frontiers in Oncology | www.frontiersin.org 4
active targeting. In passive targeting, NPs can increase the
permeability and retention of drugs in the designated organs.
In active targeting, NPs increase the accuracy of targeting and
uptake of the drug by increasing the ability of ligands to
recognise the tumour cell receptors.

There are many successful investigations with the
combination of NPs and chemotherapy. The drug doxorubicin
encoded by carbon nanotubes increased cell death (90%) by
inducing a moderate G2-M phase arrest (17.7 ± 1.1%) and
reduced tumour size in mice bearing B16–F10 melanoma (92).
Another group of researchers tried to encode doxorubicin with
chitosan/alginate NPs and showed a lower rate of release of
doxorubicin, better transport, and higher intracellular
concentration (93) due to the sustained release of the drug
which provided better accumulation and longer cytotoxic effect
of encapsulated doxorubicin in melanoma cell lines. More and
more NPs were developed to encode chemotherapeutic agents.
NPs/10-Hydroxycamptothecin encapsulated by NPs was
designed to enhance the tumour penetration capability for
chemotherapy. The proliferation of melanoma cell lines
(B16F10 and B16F1) decreased, and apoptosis increased with
this treatment (94). The tumour growth was also inhibited
compared to that seen in PBS (Phosphate-buffered saline)
injected tumour-bearing mice. This effect was considers
derived from the positive surface of NPs/HCPT enhanced cells
internalization through endocytosis. A new nanoformulation of
paclitaxel-loaded cholic acid-functionalised star-shaped poly
FIGURE 1 | Schematic illustration of nanoparticles delivery system. Liver and kidney can filter most of the NPs. Different NPs are used in different administration
ways (This figure was drawn by Figdraw).
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(lactide-co-glycolide) (PLGA)-d-a-tocopheryl polyethylene
glycol 1000 succinate (TPGS) NPs (PTX-loaded CAPLGA-
TPGS NPs) was produced by Yongsheng et al. to treat
malignant melanoma, and it showed a higher rate of release
rate (78.69%), higher cellular uptake efficiency, and reduced
growth of tumours in mice compared to those treated with
saline (95). This year, DTIC (Dacarbazine)-NPs(Cholic acid
-poly (lactide-co-glycolide)-b-polyethylene glycol)-Apt(nucleic
acid aptamer AS1411) was developed to treat melanoma cell
lines and showed good toxicity to MM but few side effects (96).
The combination of NPs and chemotherapy have increased the
EPR of the chemotherapy drug although different mechanisms.

Combined Treatment Using NPs and
Immunotherapy
Immunotherapy aims to enhance or inhibit the immune system and
can be classified as active and passive immunotherapy (97),
depending on the method of boosting the immune response i.e.,
using an antigen or the intrinsic immune response itself. However,
immunotherapy can cause many adverse effects, like attacking
healthy organs, changing the immune system, or resistance (98).
The rate of primary and secondary resistance to immunotherapy
drugs like checkpoint inhibitors is increasing every year.

NPs help in enhancing the effect of immunotherapy in
melanoma through different mechanisms (86, 99): 1. As the
tumour cells inhibit the immune response, the accumulation of
NPs at the site of the primary tumour can relieve the
immunosuppressive effect and help the immune system recognise
the tumour cells and kill them. Cancer immunoediting is a process
that targets the microenvironment and enables the melanoma cells
Frontiers in Oncology | www.frontiersin.org 5
to escape the killing effect of the immune system. NPs try to target
the macrophages and NK cells to boost the immune system, inhibit
tumour growth, and prevent recurrence. NPs can also induce
tumour immunogenic cell death or generate more tumour-
associated antigens. 2. NPs can target the peripheral immune cells
to inhibit tumour growth or mimic the artificial immune cells or
improve the efficacy of adoptive T cells. 3. NPs prevent the
formation of the pre-metastatic niche by reducing inflammation
and myeloid-derived suppressor cells. 4. Prevent recurrence by
directly applying the NPs on the surgical wounds.

ManyNPs are under investigation for clinical use.Nanovaccine is
one option. DGBA-OVA-CpG (Guanidinobenzoic acid-ovalbumin-
cytosine-guanine dinucleotides) nanovaccine increased the antigen-
presenting cells such as dendritic cells in vitro and in vivo. It also
increased thegenerationof circulating interferon-g+CTLs (Cytotoxic
T-lymphocytes) 4 times compared to that in the control group. The
combination of DGBA-OVA-CpG nanovaccine with anti-PD-1
blockade significantly reduced the growth of melanoma in mice
compared to that in the control group (by more than 50%), and the
survival rate increased by nearly 37.5% (100). It raised great interest
for researchers to develop vaccines constructed by dendrimers
capable of cytosol delivery of proteins to treat melanoma. A
hydrogel system was used to deliver celecoxib and PD-1 blockade
to treat B16-F10melanoma inmice to increase the antitumour effect
of PD-1 blockade. This method decreased the tumour size to nearly
10%compared to that in the control group and increased the survival
in mice (101). Synergistically delivery both celecoxib and PD-1 from
this hydrogel system enhanced the presence of CD4+ T cells and
CD8+ T cells in the immune system and finally formed an impaired
pro-tumor angiogenic and inflammatory microenvironment.
FIGURE 2 | Nanoparticles-mediated combination therapies for melanoma treatment. Nanoparticles can be combined with chemotherapy, immunotherapy and
photodynamic therapy to treat melanoma.
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NPs and Photodynamic Therapy (PDT)
Combined Treatment
PDT promotes the accumulation of photosensitisers (PSs) activated
by irradiation in the targeted organs or cells and kills the disease
cells through ROS generated by photosensitizers. Permeability and
retention are the most important challenges in conventional
photodynamic therapy. Although PS is not recommended by the
guidelines, it is still a useful adjuvant therapy, and many researchers
have attempted to increase the efficacy of PS. NPs, which have a
smaller size, can increase the permeability, target the cells more
precisely and reduce the degradation of PDT. NPs can increase the
solubility of PSs in water and thus increase their absorption rate.
Furthermore, NPs reduce the elimination of PSs and increase the
retention time. NPs, due to their small size and physical
characteristics, make the penetration of PSs to the targeted cells
easier. As diseased cells can adapt their own oxidative system and
develop resistance to the treatment, NPs help overcome this
challenge through high ROS (Reactive oxygen species) production.

5-aminolaevulinic acid-mediated photodynamic therapy was
used to treat the A375 melanoma cell lines and showed decreased
survival and increased apoptosis (102). 5-ALA caused the
accumulation of endogenous photosensitizer protoporphyrin
IX (PpIX) in the mitochondria of cells, thus increasing the
apoptosis of melanoma cells and the mechanism of this can
contribute to improve the therapeutic efficacy. Zhao et al. tried to
encapsulate phthalocyanine 4 using silica NPs to treat different
melanoma cell lines and showed higher permeability and lower
cell survival than controls (103). Modifying the surface of silicon
nanoparticles to encapsulate the photosensitizers and the
antibodies specific to melanoma cells can be a new method in
melanoma treatment. Yttrium oxide NPs were also used in
combination with X-rays to treat melanoma cells. Porosnicu
found that it increased the production of ROS,thus influenced
the integrity of the mitochondria and increased the DNA damage
(104). Magnetic NPs and albumin-stabilised paclitaxel NPs are
also under investigation for combination therapy.

There are some clinical trials about the combination of NPs
and PDT. Verteporfin with laser irradiation was the most used
combination, and it reduced tumour growth with less regression;
however, more data of the clinical trials is necessary.
Frontiers in Oncology | www.frontiersin.org 6
CONCLUSIONS AND PERSPECTIVES

The incidence of melanoma is increasing rapidly, and several
patients develop distant metastasis. The main cause of melanoma
is excess UV light exposure. Although surgical removal is the
core strategy to treat melanoma, adjuvant therapies, including
chemotherapy, immunotherapy, PDT therapy are also combined
with surgery. Due to the low permeability, short retention, and
high resistance to the existing therapeutic agents, new methods
to treat melanoma are urgently needed.

NPs due to their unique physical features, are under
investigation. Combinations of liposomes, carbon nanotubes,
polymeric micelles, dendrimers and quantum dots, and other
technologies with conventional adjuvant therapies are being
attempted to deliver the drug more efficiently, reduce the
degradation and toxicity, and target the intended cells more
accurately. Although considerable progress has been achieved in
the previous years, agents with further increased specificity,
smaller size, and lower toxicity are needed and the
technologies to combine them with conventional medications
are still necessary. Moreover, clinical trials should be initiated to
test the NPs to increase their use in clinics.
AUTHOR CONTRIBUTIONS

All authors contributed to the design of the study and writing of
the manuscript. HC, KH, and JY undertook the research. KH,
HC, and XC wrote the main manuscript text and prepared
figures. LW and XC revised the article critically for important
intellectual content and final approval of the version to be
submitted. JY responded to the reviewers’ questions and
revision manuscript preparation. All authors reviewed
the manuscript.
FUNDING

This study was financially support by the foundation from the
National Natural Science Foundation of China (No.81873630).
REFERENCES

1. Goldsmith HS. Melanoma: An Overview. CA Cancer J Clin (1979) 29:194–
215. doi: 10.3322/canjclin.29.4.194

2. Kelly JW, Rivers JK, MacLennan R, Harrison S, Lewis AE, Tate BJ. Sunlight:
A Major Factor Associated With the Development of Melanocytic Nevi in
Australian Schoolchildren. J Am Acad Dermatol (1994) 30:40–8.
doi: 10.1016/S0190-9622(94)70005-2

3. Pavlotsky F, Azizi E, Gurvich R, Lusky A, Barell V, Weiner M, et al.
Prevalence of Melanocytic Nevi and Freckles in Young Israeli Males:
Correlation With Melanoma Incidence in Jewish Migrants: Demographic
and Host Factors. Am J Epidemiol (1997) 146:78–86. doi: 10.1093/
oxfordjournals.aje.a009193

4. Breitbart M, Garbe C, Büttner P, Weiss J, Soyer HP, Stocker U, et al.
Ultraviolet Light Exposure, Pigmentary Traits and the Development of
Melanocytic Naevi and Cutaneous Melanoma. A Case-Control Study of the
German Central Malignant Melanoma Registry. . Acta Derm Venereol
(1997) 77:374–8. doi: 10.2340/0001555577374378

5. Luther H, Altmeyer P, Garbe C, Ellwanger U, Jahn S, Hoffmann K, et al.
Increase of Melanocytic Nevus Counts in Children During 5 Years of
Follow-Up and Analysis of Associated Factors. Arch Dermatol (1996)
132:1473–8. doi: 10.1001/archderm.132.12.1473

6. Mort RL, Jackson IJ, Patton EE. The Melanocyte Lineage in Development
and Disease. Development (2015) 142:620–32. doi: 10.1242/dev.106567

7. Breslow A. Thickness, Cross-Sectional Areas and Depth of Invasion in the
Prognosis of Cutaneous Melanoma. Ann Surg (1970) 172:902–8.
doi: 10.1097/00000658-197011000-00017

8. Bombelli FB, Webster CA, Moncrieff M, Sherwood V. The Scope of
Nanoparticle Therapies for Future Metastatic Melanoma Treatment.
Lancet Oncol (2014) 15:e22–32. doi: 10.1016/S1470-2045(13)70333-4

9. Jiang B-P, Zhang L, Guo X-L, Shen X-C, Wang Y, Zhu Y, et al. Poly
( N -Phenylglycine)-Based Nanoparticles as Highly Effective and Targeted
Near-Infrared Photothermal Therapy/Photodynamic Therapeutic Agents
June 2022 | Volume 12 | Article 928797

https://doi.org/10.3322/canjclin.29.4.194
https://doi.org/10.1016/S0190-9622(94)70005-2
https://doi.org/10.1093/oxfordjournals.aje.a009193
https://doi.org/10.1093/oxfordjournals.aje.a009193
https://doi.org/10.2340/0001555577374378
https://doi.org/10.1001/archderm.132.12.1473
https://doi.org/10.1242/dev.106567
https://doi.org/10.1097/00000658-197011000-00017
https://doi.org/10.1016/S1470-2045(13)70333-4
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chen et al. Nanoparticle for Melanoma
for Malignant Melanoma. Small (2017) 13:1602496. doi: 10.1002/
smll.201602496

10. National Cancer Institute Melanoma of the Skin-Cancer Stat Facts. Available
at: https://seercancergov/statfacts/html/.melan.html (Accessed 10 May
2021).

11. Saginala K, Barsouk A, Aluru JS, Rawla P, Barsouk A. Epidemiology of
Melanoma. Med Sci (2021) 9:63. doi: 10.3390/medsci9040063

12. Erdei E, Torres SM. A New Understanding in the Epidemiology of
Melanoma. Expert Rev Anticancer Ther (2010) 10:1811–23. doi: 10.1586/
era.10.170

13. Whiteman DC, Green AC, Olsen CM. The Growing Burden of Invasive
Melanoma: Projections of Incidence Rates and Numbers of New Cases in Six
Susceptible Populations Through 2031. J Invest Dermatol (2016) 136:1161–
71. doi: 10.1016/j.jid.2016.01.035

14. Olsen CM, Neale RE, Green AC, Webb PMthe QSkin Study, the Epigene
Study, , Whiteman DC. Independent Validation of Six Melanoma Risk
Prediction Models. J Invest Dermatol (2015) 135:1377–84. doi: 10.1038/
jid.2014.533

15. Padovese V, Franco G, Valenzano M, Pecoraro L, Cammilli M, Petrelli A.
Skin Cancer Risk Assessment in Dark Skinned Immigrants: The Role of
Social Determinants and Ethnicity. Ethn Health (2018) 23:649–58.
doi: 10.1080/13557858.2017.1294657

16. Chao LX, Patterson SSL, Rademaker AW, Liu D, Kundu RV. Melanoma
Perception in People of Color: A Targeted Educational Intervention. Am J
Clin Dermatol (2017) 18:419–27. doi: 10.1007/s40257-016-0244-y

17. Brenner M, Hearing VJ. The Protective Role of Melanin Against UV
Damage in Human Skin. Photochem Photobiol (2008) 84:539–49.
doi: 10.1111/j.1751-1097.2007.00226.x

18. Lancaster HO. Some Geographical Aspects of the Mortality FromMelanoma
in Europeans. Med J Aust (1956) 43:1082–7. doi: 10.5694/j.1326-
5377.1956.tb36084.x

19. Lancaster HO, Nelson J. Sunlight as a Cause of Melanoma; a Clinical Survey.
Med JAust. (1957) 44:452–6. doi: 10.5694/j.1326-5377.1957.tb59648.x

20. Elwood JM, Lee JAH, Walter SD, Mo T, Green AES. Relationship of
Eelanoma and Other Skin Cancer Mortality to Latitude and Ultraviolet
Radiation in the United States and Canada. Int J Epidemiol (1974) 3:325–32.
doi: 10.1093/ije/3.4.325

21. GLOBOCAN 2012 V1.0. Cancer Incidence and Mortality Worldwide. In:
IARC CancerBase No 11. IARC CancerBase: GLOBOCAN

22. Li W-Q, Qureshi AA, Ma J, Goldstein AM, Giovannucci EL, Stampfer MJ,
et al. Personal History of Prostate Cancer and Increased Risk of Incident
Melanoma in the United States. J Clin Oncol (2013) 31:4394–9. doi: 10.1200/
JCO.2013.51.1915

23. Shen W, Sakamoto N, Yang L. Melanoma-Specific Mortality and Competing
Mortality in Patients With non-Metastatic Malignant Melanoma: A
Population-Based Analysis. BMC Cancer (2016) 16:413. doi: 10.1186/
s12885-016-2438-3

24. Surveillance, Epidemiology and End Results (SEER) Program Cancer
Statistics Review. 1975–2013. In: Natl Cancer Inst [Internet] Novemb 2015
SEER Data Submiss [Cited Posted to SEER Web Site, 2016 Apr] (2015). Natl
Cancer Inst: SEER database

25. Vidak S, Foisner R. Molecular Insights Into the Premature Aging Disease
Progeria. Histochem Cell Biol (2016) 145:401–17. doi: 10.1007/s00418-016-
1411-1

26. Akbani R, Akdemir KC, Aksoy BA, Albert M, Ally A, Amin SB, et al.
Genomic Classification of Cutaneous Melanoma. Cell (2015) 161:1681–96.
doi: 10.1016/j.cell.2015.05.044

27. Liang WS, Hendricks W, Kiefer J, Schmidt J, Sekar S, Carpten J, et al.
Integrated Genomic Analyses Reveal Frequent TERT Aberrations in Acral
Melanoma. Genome Res (2017) 27:524–32. doi: 10.1101/gr.213348.116

28. Furney SJ, Turajlic S, Stamp G, Nohadani M, Carlisle A, Thomas JM, et al.
Genome Sequencing of Mucosal Melanomas Reveals That They Are Driven
by Distinct Mechanisms From Cutaneous Melanoma. J Pathol (2013)
230:261–9. doi: 10.1002/path.4204

29. Moore AR, Ceraudo E, Sher JJ, Guan Y, Shoushtari AN, Chang MT, et al.
Recurrent Activating Mutations of G-Protein-Coupled Receptor CYSLTR2
in Uveal Melanoma. Nat Genet (2016) 48:675–80. doi: 10.1038/ng.3549
Frontiers in Oncology | www.frontiersin.org 7
30. Shain AH, Joseph NM, Yu R, Benhamida J, Liu S, Prow T, et al. Genomic and
Transcriptomic Analysis Reveals Incremental Disruption of Key Aignaling
Pathways During Melanoma Evolution. Cancer Cell (2018) 34:45–55.e4.
doi: 10.1016/j.ccell.2018.06.005

31. Kanitakis J. Anatomy, Histology and Immunohistochemistry of Normal
Human Skin. Eur J Dermatol (2002) 12:390–9.

32. Jimbow K, Roth SI, Fitzpatrick TB, Szabo G. Mitotic Activity in non-
Neoplastic Melanocytes In Vivo as Determined by Histochemical,
Autoradiographic, and Electron Microscope Studies. J Cell Biol (1975)
66:663–70. doi: 10.1083/jcb.66.3.663

33. Kaidbey KH, Agin PP, Sayre RM, Kligman AM. Photoprotection by Melanin
—A Comparison of Black and Caucasian Skin. J Am Acad Dermatol (1979)
1:249–60. doi: 10.1016/S0190-9622(79)70018-1

34. Shain AH, Yeh I, Kovalyshyn I, Sriharan A, Talevich E, Gagnon A, et al. The
Genetic Evolution of Melanoma From Precursor Lesions. N Engl J Med
(2015) 373:1926–36. doi: 10.1056/NEJMoa1502583

35. Duffy K, Grossman D. The Dysplastic Nevus: From Historical Perspective to
Management in the Modern Era. J Am Acad Dermatol (2012) 67:1.
doi: 10.1016/j.jaad.2012.02.047

36. Kanzler MH, Mraz-Gernhard S. Primary Cutaneous Malignant Melanoma
and Its Precursor Lesions: Diagnostic and Therapeutic Overview. J Am Acad
Dermatol (2001) 45:260–76. doi: 10.1067/mjd.2001.116239

37. Rigel DS, Rivers JK, Kopf AW, Friedman RJ, Vinokur AF, Heilman ER, et al.
Dysplastic Nevi.Markers for Increased Risk for Melanoma. Cancer (1989)
63:386–9. doi: 10.1002/1097-0142(19890115)63:2<386::AID-CNCR2820
630231>3.0.CO;2-6

38. Dong J, Phelps RG, Qiao R, Yao S, Benard O, Ronai Z, et al. BRAF
Oncogenic Mutations Correlate With Progression Rather Than Initiation
of Human Melanoma. Cancer Res (2003) 63:3883–5.

39. Yazdi AS, Palmedo G, Flaig MJ, Puchta U, Reckwerth A, Rütten A, et al.
Mutations of the BRAF Gene in Benign and Malignant Melanocytic Lesions.
J Invest Dermatol (2003) 121:1160–2. doi: 10.1046/j.1523-1747.2003.12559.x

40. Turajlic S, Furney SJ, Lambros MB, Mitsopoulos C, Kozarewa I, Geyer FC,
et al. Whole Genome Sequencing of Matched Primary and Metastatic Acral
Melanomas. Genome Res (2012) 22:196–207. doi: 10.1101/gr.125591.111

41. Gartner JJ, Davis S, Wei X, Lin JC, Trivedi NS, Teer JK, et al. Comparative
Exome Sequencing of Metastatic Lesions Provides Insights Into the
Mutational Progression of Melanoma. BMC Genomics (2012) 13:505.
doi: 10.1186/1471-2164-13-505

42. Ding L, Kim M, Kanchi KL, Dees ND, Lu C, Griffith M, et al. Clonal
Architectures and Driver Mutations in Metastatic Melanomas. PloS One
(2014) 9:e111153. doi: 10.1371/journal.pone.0111153

43. Miller KD, Siegel RL, Lin CC, Mariotto AB, Kramer JL, Rowland JH, et al.
Cancer Treatment and Survivorship Statistics, 2016. CA Cancer J Clin (2016)
66:271–89. doi: 10.3322/caac.21349

44. van Zeijl MCT, van den Eertwegh AJ, Haanen JB, Wouters MWJM. (Neo)
adjuvant Systemic Therapy for Melanoma. Eur J Surg Oncol (2017) 43:534–
43. doi: 10.1016/j.ejso.2016.07.001

45. Batus M, Waheed S, Ruby C, Petersen L, Bines SD, Kaufman HL. Optimal
Management of Metastatic Melanoma: Current Strategies and Future
Directions. Am J Clin Dermatol (2013) 14:179–94. doi: 10.1007/s40257-
013-0025-9

46. Austin E, Mamalis A, Ho D, Jagdeo J. Laser and Light-Based Therapy for
Cutaneous and Soft-Tissue Metastases of Malignant Melanoma: A
Systematic Review. Arch Dermatol Res (2017) 309:229–42. doi: 10.1007/
s00403-017-1720-9

47. Kim C, Lee CW, Kovacic L, Shah A, Klasa R, Savage KJ. Long-Term Survival
in Patients With Metastatic Melanoma Treated With DTIC or
Temozolomide. Oncologist (2010) 15:765–71. doi: 10.1634/theoncologist.
2009-0237

48. Czarnecka AM, Bartnik E, Fiedorowicz M, Rutkowski P. Targeted Therapy
in Melanoma and Mechanisms of Resistance. Int J Mol Sci (2020) 21:4576.
doi: 10.3390/ijms21134576
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