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MC1R and melanin-based molecular probes for theranostic of
melanoma and beyond
Hui Shi1 and Zhen Cheng1,2,3

Malignant melanoma is accounting for most of skin cancer-associated mortality. The incidence of melanoma increased every year
worldwide especially in western countries. Treatment efficiency is highly related to the stage of melanoma. Therefore, accurate
staging and restaging play a pivotal role in the management of melanoma patients. Though 18F-fluorodeoxyglucose (18F-FDG)
positron-emission tomography (PET) has been widely used in imaging of tumor metastases, novel radioactive probes for specific
targeted imaging of both primary and metastasized melanoma are still desired. Melanocortin receptor 1 (MC1R) and melanin are
two promising biomarkers specifically for melanoma, and numerous research groups including us have been actively developing a
plethora of radioactive probes based on targeting of MC1R or melanin for over two decades. In this review, some of the MC1R-
targeted tracers and melanin-associated molecular imaging probes developed in our research and others have been briefly
summarized, and it provides a quick glance of melanoma-targeted probe design and may contribute to further developing novel
molecular probes for cancer theranostics.
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INTRODUCTION
Malignant melanoma is the most lethal form of skin cancer,
accounting for ~73% of skin cancer-related deaths, although its
annual diagnosis is less than 5% of all skin cancers [1, 2]. Moreover,
the incidence of melanoma continues to increase worldwide [3–8],
and the incidence rate at 2021 was 6 times as high as that of 40
years ago [9]. Most melanoma patients with local disease (stage I &
II) are curable by resection surgery and the 5-year relative survival
rate reaches 99% in recent years [10]. Unfortunately, it drops
significantly for advanced or metastatic melanoma (stage IV)
patients (68% for regional and 30% for distant melanoma lesions),
because of limitation of the current treatment options and staging
strategies [11–13].
Compared to other tumors, primary melanoma with cutaneous

location permits its advantages in detection. The ABCD (represent-
ing Asymmetry, Border irregularity, Color variegation, and Diameter
>6mm, respectively) acronym for the appraisal of cutaneous
pigmented lesions is widely used to facilitate the early diagnosis of
melanoma [14, 15]. Generally, susceptive cutaneous melanoma
patients need to be further diagnosed with microscopy and
confirmed by histological examination [4, 16]. The prognosis of
melanoma is directly proportionate to the depth of the neoplasm
[15, 17–20]. While these conventional procedures are confronted
with the limitations for identifying systemic melanoma, especially
in asymptomatic patients with metastasis [21, 22]. Therefore, non-
invasive whole-body imaging strategies with the capacity of early
and accurate diagnosis, such as single-photon emission computed
tomography (SPECT) and positron-emission tomography (PET), are

key for staging patients and formulating appropriate treatment
strategies to realize the best possible prognosis [21, 23].
In clinical practice today, 18F-fluorodeoxyglucose (18F-FDG) is

used in the assessment of both metabolic and anatomic
characteristics of the primary melanoma tumor and its potential
small nodal and visceral metastases [24, 25]. But 18F-FDG-PET may
have limited utilities for the detection of nodal micro-metastases
(<5mm) and non-metabolically active lesions [26, 27]. Moreover,
the tumor-targeting ability of 18F-FDG is involved in the glucose
metabolism, which is also increased in multiple diseases, thus
18F-FDG is not a specific targeted PET probe for malignant tumors
[22, 28, 29]. Therefore, developing molecularly targeted probes is
still desired, and such probes can play a pivotal role in diagnosing
and accurate staging of metastatic melanoma.
Melanocortin receptor 1 (MC1R) and melanin are two promising

targets that overexpressed in the most of melanoma cells, and
they serve as attractive targets for developing specific molecular
probes [30]. In this mini review, we mainly summarized some work
and the progress of the development of MC1R and melanin-
associated radiotracers.

MC1R-ASSOCIATED RADIOTRACERS
MC1R also known as α-melanocyte-stimulating hormone (α-MSH)
receptor is a seven-pass transmembrane G-protein coupled
receptor of 317 amino acids, and it is a key regulator of
pigmentation expressed in skin melanocytes [31]. Some of MC1R
variants can increase the risk for malignant melanoma, and
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multiple molecular and pathological processes can be promoted
after MC1R binding with α-MSH, such as activating 3′,5′-cyclic
adenosine monophosphate (cAMP) signaling, enhancing melanin
production in melanocytes, and stimulating DNA-damage repair
[32–38]. Previous studies have indicated that MC1R was over-
expressed in vast majority of human melanomas both primary and
metastatic lesions [16, 39, 40]. As MC1R is an important biomarker
in melanoma, its natural binding ligand α-MSH and analogs have
been studied as attractive molecular platforms for developing
melanoma-targeted probes.
α-MSH (Ac-SYSMEHFRWGKPV-NH2) is a tridecapeptide cleaved

by prohormone convertase 2 from POMC (proopiomelanocortin)
precursor [41, 42], and it exhibits high binding affinity with MC1R
(KD= 1.35 ± 0.5 nM) [43]. But like many other endogenous
peptides, it is unstable in human with the half-life less than
3min [44, 45]. Therefore, various α-MSH analogs have been
developed based on its minimum active sequence for MC1R
(His6–Phe7–Arg8–Trp9) with the aim for enhancement of peptide
stability, specificity, and affinity [46, 47]. Among them, most of α-
MSH analogs can be categorized into two groups, linear α-MSH
analogs, and cyclized α-MSH analogs. Tremendous work has been
undertaken over the past decades for developing radiotracers
based on α-MSH analogs (Table 1) [45, 48–50].
Modifying α-MSH derivatives with unnatural amino acid

substitutions is a conventional strategy to improve their stability.
The classic linear α-MSH analogs can be represented by NDP
([Nle4, d-Phe7]-α-MSH) and NAPamide ([Nle4, Asp5, d-Phe7, Lys11]-
α-MSH4–11), which both have prolonged activity. After labeled by
radionuclides, these linear α-MSH analogs show high affinity to
MC1R and relatively good biodistribution performance [51–55].
Cyclization is another widely used approach for α-MSH peptide
modification making them better fit the MC1R-binding pocket for
improved binding affinities as well as in vivo stability, that can be
realized with disulfide bonds, thiolate–metal–thiolate bridges,
lactam linkages, and so on. Generally, cyclization effectively
improves the specificity and stability of linear precursors [56, 57].
Transition metals such as iron, zinc, and copper can be chelated

by proteins and play critical roles in the physiological activity of
living subjects [58–60]. Rhenium (Re) and technetium (Tc) may
share similar chemical properties and can be complexed with the
chemical moieties in the side train of peptides, such as amide
nitrogen, carboxylate oxygen, thiolate and thioether sulfur,
resulting in the cyclized metallopeptide [52]. In the previous
study, Giblin et al. firstly reported a Re–peptide complex named
ReCCMSH (Fig. 1), which is cyclized of α-MSH analogs (CCMSH)
through site-specific rhenium and technetium metal coordination,
and these radiometallopeptides show significant improvement of

stability and affinity compared with linear CCMSH and excellent
in vivo tumor imaging performance [52]. The tumor-targeting
mechanism of 99mTc-CCMSH was further investigated and
compared with 125I-(Tyr2)-NDP, 99mTc-CGCG-NDP, 99mTc-Gly11-
CCMSH, and 99mTc-Nle11-CCMSH [61]. Experimental results indi-
cate that 99mTc-CCMSH shows high levels of cellular retention and
tumor accumulation in murine melanoma mouse model with
6.55 ± 1.31 %ID/g in 4 h after injection. It is worth noting that
99mTc-CCMSH exhibits relative high uptake in the kidney.
Interestingly, substitution of Lys11 with Gly11 or Nle11 in the
peptide probe can significantly reduce the kidney uptake, but the
accumulation in tumor is also affected badly.
Following the above research, the macrocyclic chelate 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) was intro-
duced into the ReCCMSH, which can strongly chelate a variety of β
and α radionuclides and expands the use of ReCCMSH peptide for
PET/SPECT imaging and radionuclide therapy [62]. To investigate
the effects of DOTA on tumor uptake and whole-body clearance,
biodistributions of DOTA-ReCCMSH, 99mTc-CCMSH, disulfide bond-
cyclized DOTA-CMSH, linear DOTA-CCMSH, and DOTA-NDP were
compared in vivo. Among these tracers, 111In-DOTA-ReCCMSH
shows good tumor uptake, long time tumor tissue retention and
rapid urine clearance [63]. Its molecular structure was further
modified, and it revealed that substitution of Lys11 with Arg11

formed 111In-6 can significantly increase tumor uptake and
retention with equally good clearance rate as 111In-DOTA-
ReCCMSH [64]. Moreover, considering the advantages of halogen
radionuclides, ReCCMSH was further modified and radiohaloge-
nated by 125I-iodobenzoate (125I-IBA) resulting in Ac-dLys(125I-IBA)-
ReCCMSH(Arg11). It exhibits comparable tumor uptake and
retention properties with 111In-DOTA-ReCCMSH in murine mice
melanoma models, along with rapid clearance from the whole
body through both urinary and gastrointestinal excretion [65].
Considering the high resolution of PET imaging and its widespread

use in clinic, PET probes have been developed based on the α-MSH
analogs investigated in previous studies. NAPamide as a representa-
tive of linear α-MSH analogs was radiolabeled with 64Cu for PET
imaging in vivo and visualization of the MC1R expression of murine/
human melanoma mice models. 64Cu–DOTA–NAPamide shows good
tumor uptake value in B16F10 xenografted melanoma at 2 h post
injection (4.63 ± 0.45 % ID/g), while the normal organs like liver and
kidney also exhibit high accumulation and retention [66]. This
phenomenon has also been observed for peptide-based probes in
previous reported studies [54, 61, 64, 67, 68]. The high liver uptake is
considered as the unstable radiocopper/DOTA complex. To reduce
the uptake and retention in normal organs, N-succinimidyl-
4-18F-fluorobenzoate (18F-SFB) was used to label NAPamide and

Table 1. Summary of the α-MSH analogs-based radioactive probes.

Name α-MSH analogs sequence Radioisotope Affinity (nM) Injection
time (h)

Tumor
uptake
(%ID/g)

Kidney
uptake
(%ID/g)

Reference(s)

99mTc-CCMSH Ac- 99mTcCCEHdFRWCKPV-NH2
99mTc 2.9 4 9.51 ± 1.97 14.60 ± 1.88 [61]

111In-DOTA–ReCCMSH 111In-DOTA-ReCCEHdFRWCKPV-NH2
111In 1.2 ± 0.3 4 9.49 ± 0.90 9.27 ± 2.65 [62]

111In-6 111In-DOTA-ReCCEHdFRWCRPV-NH2
111In 2.1 4 17.41 ± 5.61 7.37 ± 1.13 [64]

Ac-D-Lys(125 I-IBA)-
ReCCMSH(Arg11)

Ac-dK(125I-IBA)-ReCCEHdFRWCRPV-NH2
125I (2.08 ± 0.04) × 10-2 4 15.10 ± 1.38 8.57 ± 0.87 [65]

64Cu–DOTA–NAPamide Ac-NleDHdFRWGK(DOTA-64Cu)-NH2
64Cu 3.66 ± 0.29 2 4.63 ± 0.45 [66]

18F-FB-NAPamide Ac-NleDHdFRWGK (18F-FB)-NH2
18F 7.2 ± 1.2 1 1.19 ± 0.11 6.03 ± 1.53 [69]

18F-FB-RMSH-1 Ac-dK(18F-FB)ReCCEHdFRWCRPV-NH2
18F 5.4 ± 0.7 2 2.11 ± 0.12 5.42 ± 0.50 [70]

18F-FP-RMSH-1 Ac-dK(18F-FP)ReCCEHdFRWCRPV-NH2
18F 6.1 2 2.12 ± 1.08 6.76 ± 0.82 [71]

HdFRW is the critical sequence for MC1R.
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generate 18F-FB-NAPamide. 18F-FB-NAPamide clearly demon-
strates delineation of tumors. Compared with 64Cu–DOTA-
NAPamide, the uptake and retention of the liver, kidney along
with B16F10 tumor tissues were reduced obviously [69].
Considering metallopeptide ReCCMSH exhibits better biodistri-
bution profile than NAPamide in vivo, 18F-labeled ReCCMSH such
as 18F-FB-RMSH-1/2 and 18F-FP-RMSH-1/2 were synthesized
[70, 71]. 18F-FP-RMSH-1 displays equally good B16F10 tumor
accumulation capacity with 18F-FB-RMSH-1 (5.4–6.1 %ID/g), while
18F-FP-RMSH-1 shows less uptake by liver because the improved
hydrophilicity contributed by the use of 4-nitrophenyl
2-18F-fluoropropionate (18F-NFP). The PET images allow high tumor
contrast for B16F10 but not A375M xenografted melanoma tumor
model, because the expression level of MC1R in B16F10 is almost
18 times higher than that of A375M tumor (Fig. 2) [70]. The results
illustrate that these MC1R-targeted molecular probes with good
tumor uptake and retention have the potential to be used for
imaging MC1R expression in clinic.

Furthermore, NAPamide analogs labeled with [99mTcI(CO)3]
+

have been studied. Specifically, a cysteine residue is added to the
terminal of NAPamide for complexing with the [MI(CO)3]

+ core
and generating a potent tridentate chelate [72]. This cysteine-
derived, N−S−NPy chelate [MI(CO)3]

+ core was first used to MC1R-
targeted imaging, showing excellent radiolabeling yields and high
stabilities both in vitro and in vivo. The radiolabeled peptide
demonstrates rapid tumor accumulation as revealed through
biodistribution and small-animal SPECT/CT studies. Then a novel
chelate strategy based on the copper(I)-catalyzed azide−alkyne
cycloaddition (CuAAC) click reaction with enhanced hydrophilicity
has been developed and used with the fac-[MI(CO)3]

+ core [73].
The radiolabeling strategies explored in these studies can be used
for generating a broad range of peptide-based targeted
radiopharmaceuticals.
Besides metal-complexed α-MSH peptides, cyclized peptides

based on lactam linkages also show high promise in peptides
modification. Nle-CycMSHhex as one of the most classical lactam-

Fig. 1 Molecular structure of Ac-ReCCMSH-NH2.

Fig. 2 PET images of 18F-FP-RMSH-1 and 18F-FP-RMSH-2 in vivo. Representative decay-corrected coronal small-animal PET images of mice-
bearing B16F10 tumors on the right shoulder at 1 and 2 h after tail vein injections of 18F-FP-RMSH-1 a and -2 b (n= 3 for each group). T stands
for tumor. c Representative decay-corrected coronal small-animal PET images of A375M tumor-bearing mice at indicated time points after a
tail vein injection of 18F-FP-RMSH-1. Reprinted with permission from ref. [71].
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cyclized α-MSH peptide has been carefully studied (Table 2).
Various radiopharmaceuticals based on lactam-cyclized α-MSH
peptide labeled with different radionuclides have been reported,
such as 99mTc, 111In, 67Ga, and 64Cu [74–76]. Impressively, 68Ga-
DOTA-GGNle-CycMSHhex was firstly evaluated in two melanoma
patients for visualization of metastases melanoma lesions in 2018.
Compared with 18F-FDG PET/CT, images of 68Ga-DOTA-GGNle-
CycMSHhex represent the expression level of MC1R in different
metastases foci [77].
Considering the outstanding performance of 68Ga-DOTA-

GGNle-CycMSHhex in clinical studies, in the following years, several
novel radiotracers were reported and showed high potential in
clinical applications (Table 2). Zhang et al. reported three
18F-labeled Nle-CycMSHhex peptides with different linkers and
evaluated their tumor uptake and biodistribution properties in
B16F10 murine tumor models. Among these probes, CCZ01064
with 4-amino-(1carboxymethyl) piperidine (Pip) linker (AmBF3-Pip)
shows the highest tumor accumulation and equally low uptake in
normal organs [78]. 64Cu is another widely used radioisotope in
PET. In the previous studies, Guo et al. have demonstrated that
64Cu-NOTA-GGNle-CycMSHhex exhibits better tumor-specific ima-
ging performance than 64Cu–DOTA-GGNle-CycMSHhex [76].
Recently, Qiao et al. further investigated the linker between the
NOTA and CycMSHhex. Compared to 64Cu-NOTA-AocNle-
CycMSHhex,

64Cu-NOTA-PEG2Nle-CycMSHhex shows higher tumor
uptake, tumor/kidney ratio and tumor/liver ratio [79]. These
studies highlight that radiolabeling of Nle-CycMSHhex for
melanoma-specific imaging is an important strategy and shows
high potential for clinical translation.
Moreover, these imaging probes can be transformed into

therapeutic radiopharmaceuticals, through radiolabeling with
beta-radionuclide or alpha-emitter such as radiohalogenation
(131I), radiometal (177Lu, 90Y, 212Pb, etc.). Several reviews have been
published and introduce the radionuclide therapy agents for
MC1R [49, 80–82].

MELANIN-ASSOCIATED RADIOTRACERS
Melanin is a biopolymer made up of eumelanin and pheomelanin,
which mainly present in the skins and are responsible for the
pigmentation of the hair, eyes, and mucosa. Melanin pigments are
synthesized by melanosomes which locate inside melanocytes and
melanoma cells, then they are transferred into the surrounding
keratinocytes. Melanin plays an essential role in protecting the cells
against ultraviolet radiation damage and oxidative stress [83–87].
Most of the primary cutaneous melanoma and metastatic

melanoma tumors contain pigmentation of melanin granule, only

1.8%–8.1% are amelanotic [88, 89]. Melanin targeting com-
pounds can thus serve as molecular platform for developing
melanoma-specific imaging probes. It should also be noted that
melanin pigment is considered as a double-edge sword as
revealed by some research, because it may also accelerate
melanoma’s progression and make melanoma cells resistant to
different types of treatment [90, 91]. Overall, melanin is a
promising biomarker for melanoma diagnosis and therapy, and
a variety of radiopharmaceuticals have been developed for
melanoma SPECT and PET imaging. In the last decade, melanin-
targeted PET probes have been actively pursued and some
important advancements have been achieved in preclinical and
clinical studies.

MELANIN-TARGETED SMALL-MOLECULE-BASED PROBES
Various small molecules have been found to bind to melanin both
in vivo and in vitro. All these molecules contain an aromatic or
heteroaromatic ring and a protonated amine function at
physiological pH, such as methylene blue (MTB), chlorpromazine,
adiphenine, chloroquine, acridine orange, benzamide (BZA) and
its analogs [50, 87, 92, 93]. The N-(2-diethylaminoethyl)-4-
iodobenzamide (BZA) was first found to accumulate in melanoid
structures and can be used for malignant melanoma imaging in
1991 [94]. Since then several 123/125I labeled BZA analogs have
been developed for melanoma planar scintigraphy or SPECT
imaging [94]. Some of these radiotracers such as 123I-BZA and
123I-BZA2 were evaluated in malignant melanoma patients, and
the results indicate the capacity of these radiopharmaceuticals to
discriminate between benign and malignant lesions [95, 96].
However, compared with 18F-FDG PET, 123I-BZA2 shows decreased
sensitivity and lower accuracy for the diagnosis of melanin-
positive metastatic melanoma [97]. The development of
benzamide-based PET probes becomes a promising strategy for
diagnosis of malignant primary and metastasis melanoma, and
numerous probes have been reported (Table 3).
In 2009, the development of N-[2-(diethylamino) ethy1]-

4-18F-fluorobenzamide (18F-FBZA) was reported to image both
primary and lung metastasis of malignant melanoma [98].
18F-FBZA shows high B16F10 tumor uptake in subcutaneous
melanoma tumors (5.94 ± 1.83 %ID/g) at 2 h after injection, but
very low uptake in amelanotic A375M (0.75 ± 0.09 %ID/g) and
U87MG (0.56 ± 0.13 %ID/g) tumors. For B16F10 pulmonary
metastasis model, microPET imaging clearly shows a region of
uptake in the thoracic cavity, but low signals are detected in the
normal lung tissue (Fig. 3a). The biodistribution study confirms
that much higher 18F-FBZA accumulation in melanoma lung

Table 2. Summary of the radioactive probes reported recently based on lactam cyclized of α-MSH analogs.

X-Nle-CycMSHhex X Model Tumor Uptake (%ID/g) Reference(s)

18F-AmBF3-Pip B16/F10 Subcutaneous Tumor 11.96 ± 2.31 (2 h) [78]

Al18F-NOTA -GG B16/F10 Subcutaneous Tumor 7.70 ± 1.71% (2 h) [126]
90Y-DOTA-GG B16/F10 Subcutaneous Tumor 19.93 ± 5.73 (2 h) [127]
203Pb-DOTA-GG B16/F-1 Subcutaneous Tumor 12.61 ± 2.28 (2 h) [128]

B16/F10 Subcutaneous Tumor 16.81 ± 5.48 (2 h)

B16/F10 Pulmonary Metastatic 9.27 ± 1.13 (4 h)
99mTc-(CO)3-NOTA-GG B16F10 Subcutaneous Tumor 19.76 ± 3.62 (2 h) [129]
67Ga-NODAGA-GG B16F10 Subcutaneous Tumor 14.96 ± 1.34 (2 h) [130]
64Cu-NOTA-PEG2 B16F10 Subcutaneous Tumor 19.59 ± 1.48 (2 h) [79]
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metastases (7.87 ± 3.56 %ID/g) than that of normal lung tissue
(0.99 ± 0.04 %ID/g).
However, the radiosynthesis of 18F-FBZA needs multiple steps up

to 3 h which significantly limits its production and applications in the
clinic. To solve this problem, Greguric et al. report a series of
18F-fluoronicotinamide radiotracers prepared in one simple radio-
synthetic step within 40min [99], and one of them, [18F]N-(2-

(diethylamino)ethyl)-6-fluoronicotinamide (18F-3/18F-MEL050) shows
melanin-specific accumulation and high tumor retention [100]. Based
on its advantages in radiosynthesis and performance in vivo, more
18F-MEL050 analogs including N-(2-(diethylamino)ethyl)-18F-4-
fluoropicolinamide (18F-1) and N-(2-(diethylamino)ethyl)-18F-5-
fluoropicolinamide (18F-2) were designed and biologically evaluated
in small-animal models (Fig. 3c–e) [101]. Small-animal PET imaging

Fig. 3 Molecular structures of the probes and PET images of melanoma tumor models. a Representative decaycorrected coronal (top) and
transaxial (bottom) small-animal PET images of B16F10 melanoma lung metastasis model that was established 13 d after tail vein injection of
0.2 × 106 (n = 3), 0.4 × 106 (n = 3), or 0.8 × 106 (n = 2) B16F10 cells. b Decay-corrected whole-body coronal PET images of mice bearing
B16F10 tumors from static scans at 0.5, 1, and 2 h after the injection of 18F-FPDA. The tumors are indicated with red arrows. c-e Decay-
corrected whole-body coronal small animal PET images of C57BL/6 mice bearing B16F10 murine melanomas from a static scan at 0.5, 1, and
2 h after injection of 18F-1, 18F-2 (18F-P3BZA) and 18F-3. Tumors are indicated by red arrows. Adapted with permission from refs. [98, 101, 104].
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and biodistribution studies indicate all these PET probes with
melanin-targeted capacity exhibit excellent tumor imaging contrasts
and favorable biodistribution patterns. Particularly 18F-2 shows the
highest tumor uptake of 16.87 ± 1.23 %ID/g at 2 h, while 18F-1 and
18F-3 are 9.73 ± 1.41 %ID/g and 8.47 ± 1.35 %ID/g, respectively.
Moreover, 18F-2 shows the highest tumor-to-muscle ratios
(36.79 ± 5.21) than those of 18F-1 and 18F-3 (P< 0.05). 18F-2 is
identified as an excellent candidate for translation into clinical PET
imaging melanoma. Besides melanoma-specific targeted imaging,
18F-2 also can serve as PET probe for imaging of human tyrosinase
(TYR) gene expression and tracking of porcine retinal pigment
epithelium (pRPE) cells in vivo [102, 103].
To reduce the probe uptake in liver, the aromatic ring structure

was removed from benzamide molecular scaffold, and a novel
melanin binding radiotracer N-(2-(diethylamino)ethyl)-
2-18F-fluoropropanamide (18F-FPDA) was synthesized (Fig. 3b)
[104]. Compared to 18F-1/2/3, 18F-FPDA shows lower lipophilicity
and liver uptake is only 1.39 ± 0.11 %ID/g at 1 h post injection. At
the same time, the melanotic melanoma targeting ability of
18F-FPDA (5.41 ± 1.47 % ID/g at 0.5 h) was found to be reduced
because of lacking the aromatic ring.
Based on the radiosynthesis procedure, melanin-specific

targeting ability, and biodistribution profile of these radiotracers,
18F-P3BZA shows high potential for clinical application, thus it was
selected for further study in humans. Six healthy volunteers and 5
patients with suspected melanomas were imaged with 18F-P3BZA.
This pilot clinical study demonstrates that the imaging dose of
18F-P3BZA is safe and tolerable. 18F-FDG as a comparison was also
performed 3 days after 18F-P3BZA PET/CT imaging for the patients
enrolled. The results indicate that 18F-P3BZA distributes to the
melanoma quickly in 10 min and shows tumor tissues with high
contrast. Both 18F-P3BZA and 18F-FDG PET/CT can detect primary

melanomas with the average SUVmax 19.7 ± 5.3 and 10.8 ± 2.7,
respectively. For metastases lesions including 2 lymph node
metastases and 1 bone metastasis, the average SUVmax of
18F-P3BZA and 18F-FDG PET/CT is 18.2 ± 3.7 and 6.3 ± 2.2,
respectively (Fig. 4) [105]. This first-in-human clinical application
of 18F-P3BZA to melanoma demonstrates its potential for
malignant melanoma PET/CT imaging.
The synthesis procedure of 18F-P3BZA was further optimized by

investigating a solid-phase extraction-based method for purifica-
tion. The automated radiosynthesis process for producing high
radioactivity and high purity of 18F-P3BZA can be completed
within 40 min. This convenient and efficient purification method
for 18F-P3BZA can be applied in different scenarios, promoting the
broad use of 18F-P3BZA [106].
Pyo et al. reported a novel benzamide derivative [18F]DMFB

based on 18F-FPDA with shortened from diethyl to dimethyl [107].
Compared with 18F-FDG and 18F-P3BZA, [18F]DMFB showed high
accumulation in B16F10 xenografts (24.8% %ID/g, 1 h) and better
tumor-to-background contrast. Moreover, [18F]DMFB allowed
clear-cut visualization of metastasis lesions in the lungs and
lymph nodes. The melanin-targeted probe [18F]DMFB is a
promising candidate for both primary and metastasis melanoma
diagnosis in clinics. Recently, Xiaoli Lan’s team further studied the
melanin-specific tracer 18F-PFPN with melanoma patients, which
can visualize the metastases of melanoma successfully [108, 109].

MELANIN-BASED PROBES FOR MOLECULAR IMAGING
APPLICATIONS
Melanin has been traditionally used as a melanoma biomarker,
and numerous melanin-targeted imaging and therapeutic agents
have been developed. Interestingly, because of the polymeric

Fig. 4 The performance of 18F-P3BZA in melanoma patients. a Maximum-intensity-projection PET images of one melanoma patient at 10
and 60min after 18F-P3BZA injection and at 60min after 18F-FDG injection. b Average SUVmean and tumor-to-muscle ratio of melanoma
tumors and metastases in patients (n= 5). Adapted with permission from ref. [106].
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nature and high biocompatibility of melanin, it can also serve as a
novel biomaterial platform for developing agents for diverse
biomedical applications such as multimodal imaging and ther-
anostics. In 2014, our team demonstrated the synthesis of ultra-
small water-soluble melanin nanoparticles (PEG-MNPs) and
further modified it with biomolecule such as RGD peptide (RGD-
PEG-MNPs) for PET/PAI/MRI multimodal imaging of other type of
tumor beyond melanoma [110]. The RGD-PEG-MNPs can easily
bind with 64Cu and Fe3+ ions to realize PET and MR imaging
capability without surface modification and introducing chelating
groups, because of the natural metal ions binding capacity of
melanin. The results indicate that the nanoparticles show good
in vivo tumor imaging properties, and the multimodal imaging
strategies combine the advantages of each imaging modality and
may overcome the limitations of individuals. Subsequently, we
and other groups further developed many melanin-based
nanoparticles with attractive tumor imaging and therapy proper-
ties (some of the work are shown in Table 4) [111–116]. Xia et al.
reported a novel melanin nanoprobe (PMNs-II-813) which coupled
with PSMA (prostate-specific membrane antigen) inhibitor for
prostate cancer targeted theranostics. The nanoprobe can stably
complex with 89Zr and Mn2+ for PET and MRI multimodal
diagnosis. It also demonstrated radioisotope therapy (RIT) and
PTT capability after labeled with a therapeutic radionuclide, 131I,
and showed inhibitory effect on prostate cancer growth [117].
Recently Zhang et al. developed a nanodrug delivery platform for

rhabdomyolysis-induced acute kidney injury (AKI) treatment
based on melanin nanoparticles, which could effectively reduce
oxidative stress, apoptosis, and inflammatory response inmice AKI
models [118].
This work highlights that melanin as a natural biopolymer with

excellent biocompatibility shows a novel and attractive strategy
for the formulation of multifunctional nanoparticles for various
biomedical applications. It also represents the success of
transferring a tumor biomarker into a theranostic platform. In
addition, polydopamine as a melanin mimetic material also shows
promising potential in various fields’ studies, and several reviews
have been published in recent years [119–125].

CONCLUSION
The development of novel, sensitive, and specific radiotracers for
melanoma with high potential to overcome the limitations of
18F-FDG remains a goal in the molecular imaging community.
Various target ligands have been investigated, including small
molecules, peptides, monoclonal antibodies, nanoparticles, etc.
These molecules demonstrate different pharmacokinetics. Their
advantages and disadvantages are two sides of the same coin and
can transform in different situations. It is not realistic to rely on
one type of molecular platform for probe development for all
diseases. To promote the development of molecular imaging, all
types of molecular platforms can be explored to identify the best

Table 4. Summary of melanin-based nanoparticles and their biomedical applications.

Nanoparticles Illustration Size Target Imaging
modalities

Radionuclide Therapeutic strategies Reference(s)

RGD-functionalized
PEG-MNP

∼9.6 nm αvβ3 integrins PET/MRI/PAI 64Cu [110]

AMF ∼16.4 nm transferrin receptor 1 PET/MRI/PAI 64Cu [111]

(124I, Mn) OCT-PEG-
MNP

∼13.8 nm Somatostatin receptor
subtype 2

PET/MRI/PAI 124I [114]

M-dots ∼15 nm PET/MRI/PAI 64Cu [113]

SRF-MNP ∼60.0 nm PET/MRI/PAI 64Cu Sorafenib [112]

Adapted with permission from refs. [110–114].
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approach, including nanoparticles that can be used for multi-
modal imaging on different scales at the same time.
In this review, molecular probes targeting to the MC1R and

melanin in melanoma have been demonstrated to be promising
and valid melanoma theranostics strategies. A plethora of
radiotracers with outstanding tumor targeting and in vivo
biodistribution properties have been developed, and some of
them have shown outstanding imaging properties in melanoma
patients as well. Further studies could possibly be focused on
applying the radiotracers to more clinical translation studies and
developing more radiopharmaceuticals for both visualization and
treatment of melanoma patients.
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