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Boron neutron capture therapy (BNCT) is a unique radiotherapy modality that

targets and destroys selectively tumor cells that have absorbed boron, while

leaving surrounding healthy cells unharmed. Over the course of the last nearly 40

years, several clinical studies of BNCT for melanoma have been conducted in

many countries. The results of clinical studies are encouraging, suggesting that

BNCT may be a potentially effective method for treating melanoma. In this work,

we review the outcomes of clinical study of BNCT for melanoma. Moreover, we

provide a concise overview of advancements in accelerator-based neutron

source and boron delivery agent (BDA) applied to BNCT for melanoma. Finally,

we discuss the areas for further research focus regarding BNCT for melanoma.
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1 Introduction

Melanoma, a malignant tumor that arises from the malignant transformation of

melanocytes, can occur in various tissues, including the skin, mucous membranes, and

soft meninges (1). The incidence of melanoma is on the rise worldwide in recent years,

particularly prevalent in the white population. The cutaneous melanoma accounts for most

of all melanoma diagnoses in whites (more than 90%). The incidence of melanoma in other

races has also increased, with a higher prevalence of acral melanoma noted (2). Currently,

the standard treatment for nonmetastatic melanoma is surgical resection with stage-

appropriate postoperative adjuvant therapy (3). However, surgical resection is highly

invasive, especially for senile patients, and may result in various functional and

psychological issues. When extensive surgical resection is not feasible, other treatments

including chemotherapy, immunotherapy, targeted therapy and particle therapy can be

utilized for local control (4–6). BNCT can destroy selectively tumor cells while minimizing

damage to nearby healthy cells. In comparison with conventional photon radiotherapy,
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BNCT induces tolerable toxicity in dose-limiting tissues and

improves the quality of life for patients with only one or two

applications (7). While BNCT has been investigated for a range of

malignancies, melanoma presents a distinct opportunity owing to

its unique melanin biosynthesis pathway and amino acid transport

properties (6). The initial human clinical trial of BNCT for

melanoma took place in Japan in 1987 (8). The tumor lesion

showed effective control and did not develop any metastasis

following treatment. Subsequently, clinical studies of BNCT for

melanoma have been conducted in many countries, and the

outcomes have shown encouraging tumor response rates. Recent

years, researchers have focused significantly on advancing

accelerator-based neutron source and novel BDAs for BNCT for

melanoma. Clinical studies involving accelerator-based BNCT (AB-

BNCT) for various malignant tumors, including melanoma, are

currently being actively conducted. Moreover, several novel BDAs

applied to BNCT for melanoma have been created in recent years.

These BDAs exhibit better tumor targeting capacity and boron

loading capacity than conventional boron delivery agents, showing

great therapeutic potential in BNCT for melanoma. In this article,

we introduce the principle of BNCT and review the clinical

outcomes of BNCT for melanoma. We also introduce the recent

advances in BNCT for melanoma, with an emphasis on the AB-

BNCT and novel BDAs. Finally, we discuss the further research

directions of BNCT for melanoma.
2 The principle of BNCT

The concept of BNCT was initially proposed by American

astrophysicist Gordon Locher in 1936. BNCT employs nuclear

reactions that take place between boron and neutron to exert

antitumor effects. Successful BNCT relies on two main factors (1):

sufficient boron must be selectively delivered to tumor cells with

much less to normal cells by specific BDA, and (2) the appropriate

number of neutrons must be provided to trigger nuclear reactions.

When tumor cells containing boron-10 (10B) are exposed to

neutron beam, 10B undergoes the capture reaction, transforming

into unstable boron-11 (11B). Subsequently, 11B undergoes the

fission reaction, radiating alpha particles (4He) and recoil particles

(7Li) (9). 4He and 7Li are both charged particles that exhibit high

linear energy transfer (LET) and relative biological effectiveness

(RBE). These particles can cause damage that is difficult to repair on

cells by inducing DNA double-strand breaks, ultimately resulting in

apoptosis or necrosis (10). Interestingly, the damage caused by these

particles is restricted to cells that contain boron, as their path

lengths in tissue are short (5-9 µm). Therefore, the lethal damage

caused by BNCT primarily targets tumor cells containing high

concentrations of boron. Fernanda et al. (11) evaluated the impact

of BNCT on melanoma cells and normal melanocytes. Following

BNCT, normal melanocytes showed minimal cell death and free

radical production without any morphological change. On the

contrary, melanoma cells showed notable alterations in the

extracellular matrix and a decrease in cyclin D1 levels. Moreover,

BNCT resulted in a decrease in the mitochondrial membrane
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potential and a significant increase in cleaved caspase-3 levels in

melanoma cells, suggesting that BNCT induced both necrosis and

apoptosis in melanoma cells. These findings indicated that BNCT

had a lower toxicity to normal melanocytes while effectively

eliminating melanoma cells via multiple signaling pathways, such

as arresting the cell cycle, altering the extracellular matrix, and

triggering the apoptosis.
3 Clinical outcomes

3.1 Japan groups

Mishima et al. (8) reported the first application of BNCT for

cutaneous melanoma in 1987. The tumor lesion involved the entire

right first toenail and periungual skin. Neutron activation analysis

was utilized to assess the boron accumulation in tissues. All 10

perilesional points, situated 4 cm away from the edge of the tumor,

received an injection of 640 mg of BPA. The metastasis faded

clearly, and the clinical symptoms showed considerable remission

around 8 months after BNCT. The metastasis almost disappeared

entirely with no signs of recurrence 9 months after BNCT. Only

slight redness and dry scaling of the skin were observed after BNCT.

Subsequently, Fukuda et al. (12) administrated BNCT with BPA

(170 - 200mg/kg) to 22 melanoma patients from 1987 to 2001. The

rates for complete response (CR) and partial response (PR) were

73% and 23%, respectively. The response rate for patients with non-

nodular melanoma was 94%. However, the response rate for

nodular melanoma was significantly lower, at 17%, in contrast to

non-nodular melanoma. The skin injuries of 16 patients were

within acceptable limits and did not necessitate any medication.

The skin injuries of 3 patients required minimal medication and

healed in a matter of months. The skin injuries of the remaining 3

patients were relatively severe, with skin ulcers and necrosis,

requiring treatment with skin graft. Moreover, Hiratsuka et al.

(13) administrated BNCT with BPA to 8 patients with cutaneous

melanoma from 2003 to 2014. All tumor lesions were primary and

located on the soles of the feet or face. All patients had no local

lymph node metastasis or distant metastasis. Out of the patients

treated, 6 achieved CR accounting for 75%, while 2 had PR

accounting for 25%. There were no reports of serious adverse

events such as skin ulcers or necrosis. During the long-term

follow-up, 3 patients died of pneumonia or natural causes, while

the remaining 5 patients showed no signs of disease. Morita et al.

(14) reported the outcomes of 4 patients with melanoma undergone

BNCT. The lesions of 2 patients with cutaneous melanoma were

located on the heel, 1 patient with mucosal melanoma was located

on the nasal cavity, and another patient was located on the vulva

and vagina. After BNCT, 2 patients with cutaneous melanoma and

1 patient with nasal mucosal melanoma showed CR, while another

patient showed PR without any signs of recurrence. Normal tissue

damage in all patients was acceptable. Hiratsuka et al. (15)

administered BNCT with BPA-fructose complex (BPA-F) to 1

patient with vulvar melanoma and 3 patients with EMPD. All

patients showed CR 6 months following BNCT, and none showed
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signs of recurrence during long-term follow-up (up to 6.9 years).

The most serious normal tissue injuries were moderate skin erosion,

which fully healed after 4 months. Hiroshi et al. (16) reported the

outcomes of the first case of acral melanoma received AB-BNCT.

The patient showed PR 6 months after BNCT and CR after 12

months. And the patient only experienced minor skin injuries such

as radiation dermatitis, skin hyperpigmentation, dry skin, and

edema, which relieved without any treatment. During the 12-

month follow-up period, the patient did not show any signs of

recurrence and did not experience any high-grade adverse events.
3.2 Other groups

In 2004, Gonzalez et al. (17) reported the first application of

BNCT for cutaneous melanoma in Argentina. Following treatment,

21 of 25 nodules showed CR after 8 weeks. The grade 1 acute skin

reaction was observed 1 day after BNCT and relieved after 8 weeks.

Menendez et al. (18) administrated BNCT to 7 patients with

melanoma with multiple subcutaneous skin metastases from 2003

to 2007. All patients received intravenous administration of 14 g/m2

of BPA-F. The overall response rate (CR+PR) based on lesions was

69.3%. The toxicity level was acceptable, with 30% of evaluable areas

exhibited ulceration. No signs of disease progression were observed

during the follow-up period. From 1994 to 1996, the MIT group

(19) conducted a study of BNCT for 4 patients with acral

melanoma. Following BNCT, 1 patient showed CR, and 2 patients

showed PR. The tumor response of another patient could not be

evaluated because the residual lesion was resected for biopsy

following treatment. In 2016, Yong et al. (20) reported the

outcomes of first case of melanoma received BNCT with BPA-F

(350 mg/kg) in China. The lesions were located on the bottom

and heel of the left foot. The fluctuations in boron levels in the

bloodstream were assessed by conducting several blood draws from

patients over a period of time. The IHNI - 1, which is based on a

miniature neutron source reactor developed and built by the China

Institute of Atomic Energy, served as the neutron source. The

patient showed CR after BNCT, and no severe treatment-related

adverse events were observed during the two years of follow-up.

A summary of clinical outcomes of BNCT for melanoma is

provided in Table 1.
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4 Recent advances in BNCT for
melanoma

4.1 From reactor to accelerator

Neutron can be categorized as the thermal neutron, epithermal

neutron, and fast neutron based on their energy levels. The neutron

commonly used in BNCT practice is thermal neutron or epithermal

neutron. The ideal neutron source in BNCT should possess the

following characteristics (1): the neutron produced should be

predominantly thermal neutron or epithermal neutron (2); the

gamma ray produced should be as less as possible; (3) the

neutron flux density should be greater than 109 n/cm2/s; (4) the

maximum neutron flux produced should be within tumor region

enriched boron. The currently available neutron sources primarily

include reactor and accelerator. Neutrons produced by reactor are

processed to obtain high stability, high intensity and high purity

thermal neutron beam or epithermal neutron beam. However,

reactors are commonly constructed in non-medical settings that

are far distant from urban areas, and their maintenance costs are

high, significantly limiting the clinical application of BNCT.

Accelerator, as another available neutron source, can produce

neutron by accelerating proton or deuterium hitting the lithium

or beryllium metal target (21). Herrera et al. (22) performed a

dosimetry analysis comparing reactor-based BNCT (RB-BNCT)

with AB-BNCT in the treatment of different malignant tumors.

The results revealed that the lowest weighted doses for patients with

brain tumor and head and neck cancer receiving AB-BNCT were

greater than 30 Gy and 14 Gy, respectively, which is consistent with

the results from RB-BNCT. The minimum tumor doses for patients

with melanoma receiving AB-BNCT were equal to or greater than

those obtained with RB-BNCT. These findings demonstrated the

potential applicability of AB-BNCT for superficial and deep tumors.

In 2009, Sumitomo Heavy Industries collaborated with Kyoto

University to successfully develop a neutron source based on a

cyclotron (23). In 2012, Kyoto University conducted the initial

clinical trial of AB-BNCT. Additionally, Cancer Intelligence Care

Systems, Inc. based in Tokyo, Japan, has developed an AB-BNCT

system known as CICS - 1. They carried out a clinical trial to assess

the safety and effectiveness of AB-BNCT utilizing CICS - 1 for
TABLE 1 Clinical outcomes of BNCT for melanoma.

Time Phase Drug Case ORR High-grade toxicity Citation

1987-2001 I/II
170–210 mg
BPA/kg

22
CR:73%,
PR:23%

6/22 (27%) (12)

1994-1996 I/II BPA* 4
CR:25%,
PR:75%

Not available (19)

2003- II 160 mg BPA/kg 4
CR:75%,
PR:25%

0/4 (14)

2003-2007 I/II 14 g BPA/m2 7 CR+PR: 69.3% 3/7 (43%) (18)

2003-2014 II 200 mg BPA-F/kg 8
CR:75%,
PR:25%

0/8 (13)
ORR` objective response rate; CR, complete response; PR, partial response; BPA, boronophenylalanine; BPA-F, BPA-fructose complex; BPA*, The dosage of BPA is not described in literature.
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treating cutaneous angiosarcoma and melanoma (24). In this trial,

10 patients (9 scalp angiosarcoma, 1 forefinger malignant

melanoma) received AB-BNCT between November 2019 and

April 2022. AB-BNCT exhibited a good safety profile and a high

rate of response in these patients. Only one patient experienced a

grade 3 asymptomatic increase in serum amylase levels. The best

overall response rate was 70%, with a median tumor reduction rate

of 77.5%. The tumor lesion of melanoma patient kept shrinking

after 180 days, ultimately achieving a CR at 360 days. The 2-year

PFS, LPFS, and OS rates for all patients were 15.0%, 40.0%,

and 90.0%.

In contrast to reactor, accelerator provides many benefits,

including that it avoids the production of large amounts of

radioactive waste, it costs less, and it can be installed in hospitals

due to its small footprint (25). However, increasing the neutron flux

remains the problem that AB-BNCT needs to overcome. Currently,

multiple AB-BNCT projects and related clinical studies have been

initiated around the world (26, 27). Many countries such as Japan,

Argentina, China, Finland, South Korea, Great Britain, Italy and

Russia are building or planning the BNCT centers, which will

increase significantly the number of tumor patients who can

undergo BNCT (28). Based on these BNCT centers, further

research can be conducted to facilitate the clinical application

of BNCT.
4.2 Novel BDAs

Currently, BPA is the most common BDA in BNCT for

melanoma. Although BPA shows encouraging results in terms of

clinical effectiveness, it still has many drawbacks, including required

high dosage, poor water solubility and limited tumor targeting

ability, which limits the therapeutic effect of BNCT for melanoma to

a certain extent (29). With the continuous development of synthetic

technology and oncologic pathology, various novel BDAs applied to

BNCT for melanoma have emerged.

4.2.1 BDAs made of nanoparticles
Nanoparticles exhibit prolonged circulation and passive

accumulation at pathological sites such as tumors, metastases and

inflammation sites (30). This phenomenon can be explained by the

existence of leaky vasculature and a large number of phagocytes

(31). Additionally, nanoparticles can be modified with targeting

ligands to enhance their interaction with and absorption by specific

cells or tissues (32). These characteristics make nanoparticles ideal

for use in drug delivery (33). At present, boron-containing

nanoparticles have attracted significant interest as the promising

drug delivery systems for BNCT.

It has been demonstrated that the overexpression of sialic acids

is strongly associated with the aggressiveness and metastatic

capabilities of various tumors (34). Phenylboronic acid (PBA),

which has excellent water solubility and low systemic toxicity, can

enhance endocytosis by binding with sialic acid receptors (35).

PBA-sialic acid has been identified as a ligand-receptor

combination for targeting tumor cells. In addition, PBA has the
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potential to serve as a BDA that targets the nucleus, as it can assist in

transporting boron to the nucleus by binding with importin (36). A

recent research evaluated the potential of PBA as a nuclear-

targeting BDA (37). The boron concentration of PBA in

melanoma cells reached 74.47 ± 5.64 ng/106 cells, which was

superior to that of sodium borocaptate (BSH). Moreover, the

boron concentration of PBA in the nucleus reached 45.77 ± 5.64

ng/106 cells, exceeding than that in the cytoplasm. Kim et al. (38)

synthesized a polymeric nanoparticle decorated with PBA

(NanoPBA) to serve as a BDA that targets sialic acid. NanoPBA

exhibited dual functions of neutron capture and tumor cell

targeting. It can quickly attach to the tumor cell membrane,

showing superior effectiveness in vitro cellular uptake into cancer

cells when compared to BPA-F. In vivo experiments demonstrated

that NanoPBA achieved excellent antitumor effects in melanoma-

bearing mice, even at a dose 100 times lower than BPA-F, thanks to

its effective targeting of tumors and preferential delivery to the

intracellular region near the nucleus.

Boronated porphyrins offer many benefits, including (1):

significant accumulation and prolonged retention in tumor cells

(2); great water solubility and minimal systemic toxicity (3); high

percentage of boron content; and (4) potential imaging properties

(39). Shi et al. (40) synthesized a boronated porphyrin nanocomplex

(BPN) by coating boronated porphyrins with biocompatible poly

(lactide-co-glycolide)-monomethoxy-poly (ethylene-glycol) (PLGA

−mPEG) micelles. BPN can facilitate the delivery of boron by

incorporating tetraboronated porphyrin (TBPP) with PLGA

−mPEG micelles. And the micelles prevent the direct interaction

between BPN and blood cells, which reduces toxicity and enhanced

tumor targeting. Moreover, BPN achieves the tumor location and

visualization of boron concentration in mice via fluorescence

imaging and PET imaging. The experiments also demonstrated

that BPN showed remarkable anti-tumor effects in melanoma-

bearing mice, indicating that BPN has great potential in imaging-

guided BNCT for melanoma.

Detonation nanodiamonds (DNDs) are biologically inert

nanoparticles that are covalently modified by oxygen-containing

functional groups on the surface through robust processes (41).

DNDs containing fluorescent color centers like nitrogen vacancy

and silicon vacancy centers have demonstrated significant promise in

biosensing, imaging, and theragnostic (42, 43). In addition, poly

(glycerol) (PG) functionalization is employed in nanomaterials in the

biomedical field because of its hydrophilicity (44). Nishikawa et al.

(45) designed nanodrugs for BNCT and evaluated their cellular

uptake and anti-tumor efficacy in murine melanoma cells. These

nanodrugs are made up of poly(glycerol) functionalized detonation

nanodiamonds (DND-PG) serving as a hydrophilic nanocarrier, a

boron cluster moiety (10B12H11
2-) providing the boron source, and

either PBA or RGD peptide acting as the active targeting component.

Transmission electron microscopy observations of melanoma cells

treated with nanodrugs showed that 10B12H11
2- moiety facilitated the

cellular uptake of melanoma cells significantly more than the active

targeting moieties PBA and RGD. Moreover, the neutron irradiation

experiments showed that nanodrugs exhibited good efficacy, with
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minor differences between those that included an active targeting

component and those that did not.

Polymer micelles with obvious core-shell structure exhibit great

potential as the BDA because of their outstanding biocompatibility

and biodegradability (46). The hydrophilic outer layer of polymer

micelles can generate steric repulsion, which conceals the

encapsulated drug and helps it avoid detection by the

mononuclear phagocytic system, ultimately avoiding the rapid

elimination of the drug (47). In addition, the dimensions of

polymer micelles usually surpass the renal filtration limit,

allowing them to remain in the bloodstream for a longer period

(48). Fu et al. (49) synthesized boron-rich polymer micelles via

atom transfer radical polymerization (ATRP) and investigated their

potential in BNCT. In vitro experiments using melanoma cells

revealed that polymer micelles demonstrated outstanding

biocompatibility, maintaining cell viability above 92% at all tested

concentrations. And these micelles showed a 38 times greater

cellular boron accumulation in comparison to BPA. The mice

that received BNCT utilizing these polymer micelles exhibited a

significant postponement in tumor development. Another study

also developed the boron-rich block copolymer micelles and

evaluated their boron uptake and anti-tumor efficacy (50). In vivo

studies conducted on melanoma-bearing mice showed that these

micelles resulted in an 8-fold increase in boron absorption

compared to BPA, which in turn delayed tumor growth.

Moreover, they found that BNCT combined with anti-PD-L1

further delayed tumor growth and enhanced immune response in

melanoma-bearing mice.

4.2.2 BDAs made of amino acids
The boron-containing amino acid derivatives can effectively

target tumor through the amino acid metabolism pathway and

show significant promise as BDAs in BNCT for melanoma. Li et al.

(51) developed a boron-derived tyrosine (fluoroboronotyrosine,

FBY) as a BDA and PET tracer. FBY has a chemical structure

that closely resembles that of natural tyrosine and exhibits greater

stability compared to BPA. The PET scans revealed that 18F-labeled

FBY accumulated abundantly in melanoma cells and accumulated

obviously at low levels in normal tissues. Moreover, they assessed

the relationship between the PET images and the distribution of

boron concentration. The detected linear relationship suggested

that boron concentration could potentially be estimated using PET

imaging for FBY-BNCT. The neutron irradiation experiments

showed that FBY-BNCT prolonged significantly the survival of

melanoma-bearing mice without causing obvious systemic toxicity.

Several novel BDAs are derived from BPA. Kondo et al. (52)

synthesized a positional isomer of BPA, 3-borono-L-phenylalanine

(3-BPA). The water solubility of 3-BPA was significantly better than

that of BPA. It is precisely because of its excellent water solubility

that it allowed for the removal of solubilizer sugars, unlike BPA,

while also possessed tumor targeting ability equivalent to that of

BPA. The fluorocarbon bonds can enhance drug uptake in tumor

cells by improving the permeability of cell membrane and the

pharmacokinetics of drug (53). Ding et al. (54) synthesized

fluorinated BPA derivatives featuring various fluorine groups and
Frontiers in Oncology 05
assessed their effectiveness in delivering boron in models of

melanoma and glioblastoma. The results showed that fluorinated

BPA derivatives exhibited excellent biocompatibility and low

systemic toxicity. And the boron accumulation in tumor cells of

these fluorinated BPA derivatives was superior to those of BPA-F in

melanoma and glioblastoma models.
5 Discussion

BNCT is a promising radiotherapy modality and has been

investigated extensively in many malignant tumors (55).

Advancements in accelerator-based neutron source technology have

expanded significantly the scope of services of BNCT. The clinical

outcomes of cutaneous melanoma treated with AB-BNCT also have

indicated that AB-BNCT had favorable effectiveness and safety in the

treatment of melanoma. Moreover, although recently reported novel

BDAs improved significantly the boron accumulation and T/N ratio in

melanoma in preclinical research, their full potential can only be

determined through assessment in clinical trials for BNCT. In

addition to the development of novel BDAs, researchers also focus on

exploring new administration strategy to improve the T/N ratio.

Microneedles (MNs) are patches made up of arrays of tiny needles

that can deliver drugs (56), vaccines (57), nanoparticles (58), proteins

(59) and antibodies (60) to targeted sites via transdermal route of

administration. The administration mode based on MNs has

advantages of painless and non-invasive, and is expected to enhance

local accumulation of drugs (61). Li et al. (62) developed a new

transdermal administration mode based on dissolving microneedles,

PVA/BPA-F MNs, and evaluated its effect in a melanoma-bearing

mouse model. Owing to the elevated BPA-F concentration

encapsulated within MNs, PVA/BPA-F MNs enhanced significantly

the delivery of BPA-F to melanoma cells. The T/N ratio was also

improved, surpassing greatly that of conventional intravenous injection.

The animal experiments showed that BNCT utilizing PVA/BPA-FMNs

suppressed significantly tumor growth. However, the transition of MNs

technology from research labs to clinical settings still faces many

challenges at present, including several parameters affecting MNs

insertion, biocompatibility, loading capacity, safety and cost (63).

While numerous preclinical studies have assessed the effects of MNs,

there is still a lack of corresponding clinical research. Further clinical

studies are required to confirm the effectiveness and safety of MNs in

clinical application.

Moreover, researchers have explored the combination of BNCT and

other clinical approaches to improve therapeutic effects. For example,

combining BNCT with immunotherapy (64), chemotherapy (65),

photothermal therapy (66) and photodynamic therapy (67) have been

investigated actively for the treatment of various tumors. Especially

immunotherapy, it is one of the most effective treatment strategies for

melanoma. The current discussion on BNCT combined with ICIs is

primarily based on preclinical studies in localized tumor models.

However, recent preclinical evidence indicates that BNCT can induce

abscopal effects and enhance systemic antitumor immunity when

combined with ICIs (68). This suggested that BNCT may hold

promise not only for local control but also for systemic disease in
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advanced melanoma with metastases, where immune evasion and

radioresistance are major challenges. Combination treatment can

integrate advantages of different treatments and overcome limitations

of BNCT and other treatments to achieve ideal therapeutic effect. It is

necessary to further explore the potential benefit of combined treatment

of BNCT with other treatments in treating melanoma.

Moreover, several researchers also utilize radiosensitizer to

improve the effectiveness of BNCT in destroying melanoma cells.

Radiosensitizers are normally chemicals or drugs that increase the

effectiveness of radiotherapy on tumor cells by facilitating DNA

damage and generating free radicals. Ideal radiosensitizers usually

possess the following characteristics (69) (1): the ability to enhance

the effect of radiation (2); excellent tumor targeting ability and

biocompatibility (3); low toxicity and rapid excrete from the body.

Valproic acid (VPA), a histone deacetylase inhibitor, has been

shown to improve the effectiveness of radiotherapy in treating

tumors (70). Lai et al. (71) evaluated the enhanced effect of

destroying melanoma cells induced by combination treatment of

VPA and BNCT. They found that combined treatment of BNCT

and VPA exacerbated and perturbed DNA DSBs in melanoma cells

and suppressed significantly the growth of melanoma cells. It is

necessary to conduct further clinical study to verify the potential of

radiosensitizer in BNCT.

Finally, although the outcomes of completed clinical studies of

BNCT for melanoma show that BNCT can achieve excellent tumor

control with low systemic toxicity, related clinical studies conducted

are still scarce so far. Only by obtaining more high-quality clinical

study evidence can we facilitate effectively the application of BNCT

for melanoma. Moreover, making a model for each patient to help

with personalized BNCT also is an area of focus. With the further

perfection of the translating regulation and clinical practice, BNCT

will have broad application prospect for treating melanoma based

on its unique mechanism.
6 Conclusion

BNCT is an emerging and promising tumor treatment that can

specifically target and eliminate tumor cells while preserving the

surrounding healthy cells. The outcomes of clinical studies of BNCT

for melanoma have demonstrated that BNCT is a promising

approach for treating melanoma. AB-BNCT provides many

benefits compared with conventional RB-BNCT, expanding the

scope of BNCT services and ultimately establishing a sound

foundation for the clinical application of BNCT to treat

melanoma. Recently reported novel boron delivery agents and

administration mode exhibit great potential in improving the

boron accumulation and T/N ratio. However, further clinical

studies are needed to fully evaluate their effectiveness and safety.
Frontiers in Oncology 06
Moreover, more large sample clinical trials are required to validate

comprehensively the effectiveness and safety of BNCT for

melanoma. With the continuous advancement of pharmaceutical

research, radiation device and clinical study, BNCT will contribute

more to the treatment of melanoma.
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et al. Status of low-energy accelerator-based BNCT worldwide and in Argentina. Appl
Radiat Isotopes. (2020) 166:109315. doi: 10.1016/j.apradiso.2020.109315

29. Shen S, Wang S, Zhou D, Wu X, Gao M, Wu J, et al. A clinician’s perspective on
boron neutron capture therapy: promising advances, ongoing trials, and future outlook.
Int J Radiat Biol. (2024) 100:1126–42. doi: 10.1080/09553002.2024.2373746

30. Kumar M, Kulkarni P, Liu S, Chemuturi N, Shah DK. Nanoparticle
biodistribution coefficients: A quantitative approach for understanding the tissue
distribution of nanoparticles. Adv Drug Delivery Rev. (2023) 194:114708.
doi: 10.1016/j.addr.2023.114708

31. Joudeh N, Linke D. Nanoparticle classification, physicochemical properties,
characterization, and applications: a comprehensive review for biologists. J
Nanobiotechnology. (2022) 20:262. doi: 10.1186/s12951-022-01477-8

32. Vaughan HJ, Green JJ, Tzeng SY. Cancer-targeting nanoparticles for
combinatorial nucleic acid delivery. Adv Mater. (2020) 32:e1901081. doi: 10.1002/
adma.201901081

33. Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas NA, Langer R.
Engineering precision nanoparticles for drug delivery. Nat Rev Drug Discov. (2021)
20:101–24. doi: 10.1038/s41573-020-0090-8

34. Büll C, Boltje TJ, van Dinther EAW, Peters T, de Graaf AMA, Leusen JHW, et al.
Targeted delivery of a sialic acid-blocking glycomimetic to cancer cells inhibits
metastatic spread. ACS Nano. (2015) 9:733–45. doi: 10.1021/nn5061964

35. Li S, Hou X, Ma Y, Wang Z. Phenylboronic-acid-based functional chemical
materials for fluorescence imaging and tumor therapy. ACS Omega. (2022) 7:2520–32.
doi: 10.1021/acsomega.1c06558

36. Tang R, Wang M, Ray M, Jiang Y, Jiang Z, Xu Q, et al. Active targeting of the
nucleus using nonpeptidic boronate tags. J Am Chem Soc. (2017) 139:8547–51.
doi: 10.1021/jacs.7b02801

37. Chen J, Li Y, Gan X, Weng C, Fang X, Liu G. Unlocking the potential:
phenylboronic acid as a nuclear-targeting boron agent for neutron capture therapy.
Med Oncol. (2024) 41:104. doi: 10.1007/s12032-024-02351-3

38. Kim A, Suzuki M, Matsumoto Y, Fukumitsu N, Nagasaki Y. Non-isotope
enriched phenylboronic acid-decorated dual-functional nano-assembles for an
actively targeting BNCT drug. Biomaterials. (2021) 268:120551. doi: 10.1016/
j.biomaterials.2020.120551

39. Renner MW, Miura M, Easson MW, Vicente MGH. Recent progress in the
syntheses and biological evaluation of boronated porphyrins for boron neutron-capture
therapy. Anticancer Agents Med Chem . (2006) 6:145–57. doi: 10.2174/
187152006776119135

40. Shi Y, Li J, Zhang Z, Duan D, Zhang Z, Liu H, et al. Tracing boron with
fluorescence and positron emission tomography imaging of boronated porphyrin
nanocomplex for imaging-guided boron neutron capture therapy. ACS Appl Mater
Interfaces. (2018) 10:43387–95. doi: 10.1021/acsami.8b14682

41. Loh KP, Ho D, Chiu GNC, Leong DT, Pastorin G, Chow EK-H. Clinical
applications of carbon nanomaterials in diagnostics and therapy. Adv Mater. (2018)
30:e1802368. doi: 10.1002/adma.201802368

42. Torelli MD, Nunn NA, Shenderova OA. A perspective on fluorescent
nanodiamond bioimaging. Small. (2019) 15:e1902151. doi: 10.1002/smll.201902151

43. Reineck P, Capelli M, Lau DWM, Jeske J, Field MR, Ohshima T, et al. Bright and
photostable nitrogen-vacancy fluorescence from unprocessed detonation
nanodiamond. Nanoscale. (2017) 9:497–502. doi: 10.1039/c6nr07834f

44. Nishikawa M, Kang HG, Zou Y, Takeuchi H, Matsuno N, Suzuki M, et al.
Conjugation of phenylboronic acid moiety through multistep organic transformations
on nanodiamond surface for an anticancer nanodrug for boron neutron capture
therapy. Bull Chem Soc Japan. (2021) 94:2302–12. doi: 10.1246/bcsj.20210200

45. Nishikawa M, Yu J, Kang HG, Suzuki M, Komatsu N. Rational design, multistep
synthesis and in vitro evaluation of poly(glycerol) functionalized nanodiamond
conjugated with boron-10 cluster and active targeting moiety for boron neutron
capture therapy. Chem – A Eur J. (2023) 29:e202302073. doi: 10.1002/chem.202302073
frontiersin.org

https://doi.org/10.1016/j.cps.2021.05.001
https://doi.org/10.1016/j.hoc.2020.08.011
https://doi.org/10.1080/15384047.2019.1640032
https://doi.org/10.1007/978-3-319-22539-5_8
https://doi.org/10.1016/j.det.2022.07.007
https://doi.org/10.3390/cells10112881
https://doi.org/10.3390/cells10112881
https://doi.org/10.1016/bs.enz.2022.08.005
https://doi.org/10.1111/j.1600-0749.1989.tb00196.x
https://doi.org/10.3390/cancers15164091
https://doi.org/10.1001/jamaoncol.2018.4044
https://doi.org/10.1016/j.tiv.2013.02.006
https://doi.org/10.1007/BF03178777
https://doi.org/10.1093/jrr/rraa068
https://doi.org/10.1186/s40880-018-0297-9
https://doi.org/10.1186/s40880-018-0297-9
https://doi.org/10.3389/fonc.2023.1272507
https://doi.org/10.1016/j.apradiso.2004.05.060
https://doi.org/10.1016/j.apradiso.2004.05.060
https://doi.org/10.1016/j.apradiso.2009.03.020
https://eurekamag.com/research/030/564/030564014.php
https://eurekamag.com/research/030/564/030564014.php
https://doi.org/10.21147/j.issn.1000-9604.2016.06.10
https://doi.org/10.1016/j.radonc.2009.01.010
https://doi.org/10.1016/j.ejmp.2013.01.006
https://doi.org/10.1016/j.nimb.2009.03.095
https://doi.org/10.1016/j.radonc.2024.110607
https://doi.org/10.1139/cjp-2022-0266
https://doi.org/10.1139/cjp-2022-0266
https://doi.org/10.1093/noajnl/vdab067
https://doi.org/10.1016/j.apradiso.2015.07.031
https://doi.org/10.1016/j.apradiso.2020.109315
https://doi.org/10.1080/09553002.2024.2373746
https://doi.org/10.1016/j.addr.2023.114708
https://doi.org/10.1186/s12951-022-01477-8
https://doi.org/10.1002/adma.201901081
https://doi.org/10.1002/adma.201901081
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1021/nn5061964
https://doi.org/10.1021/acsomega.1c06558
https://doi.org/10.1021/jacs.7b02801
https://doi.org/10.1007/s12032-024-02351-3
https://doi.org/10.1016/j.biomaterials.2020.120551
https://doi.org/10.1016/j.biomaterials.2020.120551
https://doi.org/10.2174/187152006776119135
https://doi.org/10.2174/187152006776119135
https://doi.org/10.1021/acsami.8b14682
https://doi.org/10.1002/adma.201802368
https://doi.org/10.1002/smll.201902151
https://doi.org/10.1039/c6nr07834f
https://doi.org/10.1246/bcsj.20210200
https://doi.org/10.1002/chem.202302073
https://doi.org/10.3389/fonc.2025.1485207
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Sun et al. 10.3389/fonc.2025.1485207
46. Pitto-Barry A. Polymers and boron neutron capture therapy (BNCT): a potent
combination. Polym Chem. (2021) 12:2035–44. doi: 10.1039/D0PY01392G

47. Suk JS, Xu Q, Kim N, Hanes J, Ensign LM. PEGylation as a strategy for
improving nanoparticle-based drug and gene delivery. Advanced Drug Delivery Rev.
(2016) 99:28–51. doi: 10.1016/j.addr.2015.09.012

48. Choi HS, Liu W, Misra P, Tanaka E, Zimmer JP, Itty Ipe B, et al. Renal clearance
of quantum dots. Nat Biotechnol. (2007) 25:1165–70. doi: 10.1038/nbt1340

49. Fu WY, Chiu Y-L, Huang S-C, Huang W-Y, Hsu F-T, Lee HY, et al. Boron
neutron capture therapy enhanced by boronate ester polymer micelles: synthesis,
stability, and tumor inhibition studies. Biomacromolecules. (2024) 25:4215–32.
doi: 10.1021/acs.biomac.4c00298

50. Chiu Y-L, Fu WY, Huang W-Y, Hsu F-T, Chen H-W, Wang T-W, et al.
Enhancing cancer therapy: boron-rich polyboronate ester micelles for synergistic boron
neutron capture therapy and PD - 1/PD-L1 checkpoint blockade. Biomater Res. (2024)
28:40. doi: 10.34133/bmr.0040

51. Li J, Shi Y, Zhang Z, Liu H, Lang L, Liu T, et al. A metabolically stable boron-
derived tyrosine serves as a theranostic agent for positron emission tomography guided
boron neutron capture therapy. Bioconjugate Chem. (2019) 30:2870–8. doi: 10.1021/
acs.bioconjchem.9b00578

52. Kondo N, Hirano F, Temma T. Evaluation of 3-borono-l-phenylalanine as a
water-soluble boron neutron capture therapy agent. Pharmaceutics. (2022) 14:1106.
doi: 10.3390/pharmaceutics14051106

53. Zhang C, Liu T, Wang W, Bell CA, Han Y, Fu C, et al. Tuning of the aggregation
behavior of fluorinated polymeric nanoparticles for improved therapeutic efficacy. ACS
Nano. (2020) 14:7425–34. doi: 10.1021/acsnano.0c02954

54. Ding D, Mo S, Li Q, Wang F, Wang X, Ou C, et al. Fluorinated BPA derivatives
enhanced 10B delivery in tumors. J Mater Chem B. (2024) 12:6128–36. doi: 10.1039/
d4tb00846d

55. Zhou T, Igawa K, Kasai T, Sadahira T, Wang W, Watanabe T, et al. The current
status and novel advances of boron neutron capture therapy clinical trials. Am J Cancer
Res. (2024) 14:429–47. doi: 10.62347/HBBE6868

56. Wang Z, Yang Z, Jiang J, Shi Z, Mao Y, Qin N, et al. Silk microneedle patch
capable of on-demand multidrug delivery to the brain for glioblastoma treatment. Adv
Mater. (2022) 34:e2106606. doi: 10.1002/adma.202106606

57. Kim NW, Kim S-Y, Lee JE, Yin Y, Lee JH, Lim SY, et al. Enhanced cancer
vaccination by in situ nanomicelle-generating dissolving microneedles. ACS Nano.
(2018) 12:9702–13. doi: 10.1021/acsnano.8b04146

58. Bian Q, Huang L, Xu Y, Wang R, Gu Y, Yuan A, et al. A facile low-dose
photosensitizer-incorporated dissolving microneedles-based composite system for
eliciting antitumor immunity and the abscopal effect. ACS Nano. (2021) 15:19468–
79. doi: 10.1021/acsnano.1c06225
Frontiers in Oncology 08
59. Yu J, Zhang Y, Ye Y, DiSanto R, Sun W, Ranson D, et al. Microneedle-array
patches loaded with hypoxia-sensitive vesicles provide fast glucose-responsive insulin
delivery. Proc Natl Acad Sci U.S.A. (2015) 112:8260–5. doi: 10.1073/pnas.1505405112

60. Wang C, Ye Y, Hochu GM, Sadeghifar H, Gu Z. Enhanced cancer
immunotherapy by microneedle patch-assisted delivery of anti-PD1 antibody. Nano
Lett. (2016) 16:2334–40. doi: 10.1021/acs.nanolett.5b05030

61. Zhang Y, Xu Y, Kong H, Zhang J, Chan HF, Wang J, et al. Microneedle system
for tissue engineering and regenerative medicine. Explor (Beijing). (2023) 3:20210170.
doi: 10.1002/EXP.20210170

62. Li J, Wang X, Wang Z, Zhao Y, Zhang Z, Li L, et al. A transdermal drug delivery
system based on dissolving microneedles for boron neutron capture therapy of
melanoma. Biomater Sci. (2023) 11:7568–78. doi: 10.1039/d3bm01262j

63. Sartawi Z, Blackshields C, Faisal W. Dissolving microneedles: Applications and
growing therapeutic potential. J Controlled Release. (2022) 348:186–205. doi: 10.1016/
j.jconrel.2022.05.045

64. Trivillin VA, Langle YV, Palmieri MA, Pozzi ECC, Thorp SI, Benitez Frydryk
DN, et al. Evaluation of local, regional and abscopal effects of Boron Neutron Capture
Therapy (BNCT) combined with immunotherapy in an ectopic colon cancer model. Br
J Radiol. (2021) 94:20210593. doi: 10.1259/bjr.20210593

65. Tao W, Kong N, Ji X, Zhang Y, Sharma A, Ouyang J, et al. Emerging two-
dimensional monoelemental materials (Xenes) for biomedical applications. Chem Soc
Rev. (2019) 48:2891–912. doi: 10.1039/c8cs00823j

66. Pulagam KR, Henriksen-Lacey M B, Uribe K, Renero-Lecuna C, Kumar J,
Charalampopoulou A, et al. In vivo evaluation of multifunctional gold nanorods for
boron neutron capture and photothermal therapies. ACS Appl Mater Interfaces. (2021)
13:49589–601. doi: 10.1021/acsami.0c17575

67. Hiramatsu R, Kawabata S, Tanaka H, Sakurai Y, Suzuki M, Ono K, et al. Tetrakis
(p-carboranylthio-tetrafluorophenyl)Chlorin (TPFC): application for photodynamic
therapy and boron neutron capture therapy. J Pharm Sci. (2015) 104:962–70.
doi: 10.1002/jps.24317

68. Fujimoto T, Yamasaki O, Kanehira N, Matsushita H, Sakurai Y, Kenmotsu N, et al.
Overcoming immunotherapy resistance and inducing abscopal effects with boron neutron
immunotherapy (B-NIT). Cancer Sci. (2024) 115:3231–47. doi: 10.1111/cas.16298

69. Gong L, Zhang Y, Liu C, Zhang M, Han S. Application of radiosensitizers in
cancer radiotherapy. Int J Nanomedicine. (2021) 16:1083–102. doi: 10.2147/IJN.S290438

70. Wang G, Guan S, Yang X, Sun S, Huang B, Li X. Administration of valproic acid
improves the survival of patients with glioma treated with postoperative radiotherapy.
Oncol Res Treat. (2022) 45:650–9. doi: 10.1159/000526327

71. Lai Z-Y, Li D-Y, Huang C-Y, Tung K-C, Yang C-C, Liu H-M, et al. Valproic acid
enhances radiosensitization via DNA double-strand breaks for boronophenylalanine-
mediated neutron capture therapy in melanoma cells. Anticancer Res. (2022) 42:3413–
26. doi: 10.21873/anticanres.15828
frontiersin.org

https://doi.org/10.1039/D0PY01392G
https://doi.org/10.1016/j.addr.2015.09.012
https://doi.org/10.1038/nbt1340
https://doi.org/10.1021/acs.biomac.4c00298
https://doi.org/10.34133/bmr.0040
https://doi.org/10.1021/acs.bioconjchem.9b00578
https://doi.org/10.1021/acs.bioconjchem.9b00578
https://doi.org/10.3390/pharmaceutics14051106
https://doi.org/10.1021/acsnano.0c02954
https://doi.org/10.1039/d4tb00846d
https://doi.org/10.1039/d4tb00846d
https://doi.org/10.62347/HBBE6868
https://doi.org/10.1002/adma.202106606
https://doi.org/10.1021/acsnano.8b04146
https://doi.org/10.1021/acsnano.1c06225
https://doi.org/10.1073/pnas.1505405112
https://doi.org/10.1021/acs.nanolett.5b05030
https://doi.org/10.1002/EXP.20210170
https://doi.org/10.1039/d3bm01262j
https://doi.org/10.1016/j.jconrel.2022.05.045
https://doi.org/10.1016/j.jconrel.2022.05.045
https://doi.org/10.1259/bjr.20210593
https://doi.org/10.1039/c8cs00823j
https://doi.org/10.1021/acsami.0c17575
https://doi.org/10.1002/jps.24317
https://doi.org/10.1111/cas.16298
https://doi.org/10.2147/IJN.S290438
https://doi.org/10.1159/000526327
https://doi.org/10.21873/anticanres.15828
https://doi.org/10.3389/fonc.2025.1485207
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Boron neutron capture therapy for melanoma: recent advances and future prospects
	1 Introduction
	2 The principle of BNCT
	3 Clinical outcomes
	3.1 Japan groups
	3.2 Other groups

	4 Recent advances in BNCT for melanoma
	4.1 From reactor to accelerator
	4.2 Novel BDAs
	4.2.1 BDAs made of nanoparticles
	4.2.2 BDAs made of amino acids


	5 Discussion
	6 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


