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Abstract: The 10boron neutron-capture therapy (BNCT) is an emerging antitumoral method that shows increasing

biomedical interest. BNCT is based on the selective accumulation of the 10boron isotope within the tumor, which is

then irradiated with low-energy thermal neutrons, generating nuclear fission that produces 7lithium, 4helium, and γ

rays. Simple catechol-borate esters have been rather overlooked as precursors of melanin biosynthesis, and therefore, a

proof-of-concept approach for using dopamine-borate (DABO) as a suitable boron-containing candidate for potential

BNCT is presented here. DABO can spontaneously oxidize and autopolymerize in vitro, giving a soluble, eumelanin-

like brown-black poly-DABO product. Melanotic melanoma cell cultures treated with 1 mM DABO for 24 and 48 h

were viable and showed no signs of damage or cell death. The stability and possible trans-esterification of DABO is

shortly discussed. Chemical calculations and quantitative structure-activity relationships (QSAR) analysis of DABO

and the BNCT agent BPA indicated that they should be cell permeant and accumulate within lysosomes and

melanosomes. Molecular modeling allows visualization of both the DABO precursor and the structure of a borate

derivative of the proposed catechol-porphycene model for eumelanin, showing interesting features from molecular

orbital calculations. The main difference between DABO and other agents, such as BPA, is that it is not a boronic

acid nor a boron cluster. This simple catechol-borate ester (protected from oxidation and blackening) could be

administrated to living cells and organisms, in which biosynthesis of boron-melanin in melanoma melanocytes can

lead to improved BNCT.

Introduction

The 10boron neutron-capture therapy (BNCT) of cancer has
attracted increasing biomedical interest (Feakes, 2001;
Wittig et al., 2008a; Barth, 2009; Hopewell et al., 2011;
Schwint and Trivillin, 2015; Farhood et al., 2018; Fukuda,
2021; Sauerwein et al., 2021). According to the nuclear
equation: 10B + 1n →

4He + 7Li + γ, the process requires a
stable 10B-containing agent that accumulates selectively in
the tumor, which is then irradiated with slow, low-energy

thermal neutrons. After neutron capture by the 10B isotope,
a nuclear fission occurs, which generates extremely fast-
moving 4He (α particle), 7Li, and γ radiation from the
excited 7Li nucleus (Hopewell et al., 2011; Hu et al., 2020).

The reaction 10B(n, α, γ)7Li damages tumor cells locally
because of the very short braking distance (~10 and ~5 µm)
of the emitted α particles and recoiling 7Li nuclei in
condensed matter, respectively (Wittig et al., 2008a). The
content of B in tumor tissue must be high enough (around
109 10B atoms/cell) to allow for enough capture reactions to
occur for confined cell lethality (Schwint and Trivillin, 2015;
Hu et al., 2020). Likewise, 10B atoms must also localize close
to a therapeutically useful target (e.g., DNA) to be damaged
by the energetic α and 7Li particles action. A very desirable
advantage of BNCT is that it can also treat undetectable
tumor metastases (Pozzi et al., 2012).
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The most employed 10B-containing agents, and the only
ones approved for use in humans, are 4-borono-phenylalanine
(BPA), and the boron clusters decahydro-decaborate (GB-10)
and [Na2B12H11SH]2- (BSH) (Feakes, 2001; Schwint and
Trivillin, 2015; Schwint et al., 2020; Sauerwein et al., 2021).
As natural boron contains ~81% of 11B and only ~19% of
10B, boron-containing agents must be enriched in 10B to
>98% for BNCT (Pozzi et al., 2012). The chemistry of
boron-containing metabolites, boron clusters, and
carboranes has been reviewed (Kabalka and Yao, 2006;
Pietrangeli et al., 2013; Hu et al., 2020), and they are
currently applied for BNCT of skin melanomas (Mishima et
al., 1989; Fukuda et al., 1999; González et al., 2004;
Menéndez et al., 2009; Carpano et al., 2015; Hiratsuka
et al., 2020).

BPA is an amino acid derivative and not a catechol, and
therefore it would be highly unlikely to be of use as a specific
melanin precursor. Melanoma response to BPA have been
proposed to be due to the formation of a complex with
l-3,4-dihydroxyphenylalanine (DOPA), dihydroxy-indole
(DHI), and 5,6-dihydroxyindole-2-carboxylic acid (DHICA)
monomers and thus it would be incorporated into melanin
(Yoshino et al., 1997; Fukuda, 2021). Alternatively, as a
catechol-reactive reagent (Yan et al., 2005), BPA could form
directly specific esters with already formed eumelanin,
working as a melanin-reactive drug (Stockert, 2022), namely
a melanoma seeker (Stockert et al., 2022) and not as a
melanin precursor. This is an expected feature that seems to
have been overlooked. Nonetheless, BPA is also taken up by
any kind of cancer cells because of enhanced amino acid
transport displayed by proliferating cells. In an early
approach to carry 10B into melanoma cells using
3,4-dihydroxy-L-phenylalanine (L-DOPA) as a melanin
catechol-containing precursor, DOPA-borate was synthesized
(Yoshino et al., 1979) but no further results have been
reported regarding the application of this compound.

On the other hand, several reviews have been published
on melanin structure and biosynthesis (d’Ischia et al., 2015;
Scognamiglio et al., 2017; Blázquez-Castro and Stockert,
2021; Stockert and Blázquez-Castro, 2022). The first
melanin precursor is L-tyrosine (Fig. 1A), which is
converted to L-DOPA by tyrosinase, and to dopamine (DA)
by decarboxylation, yielding the synthetic eumelanin-like
poly-DA (PDA) by spontaneous oxidative polymerization
(Dreyer et al., 2012; Micillo et al., 2016). PDA now has
numerous biotechnological applications (Hauser et al., 2020;
Liu et al., 2020). In the presence of the borate anion (BO),
DA should generate the dopamine-borate complex (DABO,
Fig. 1B), which can form dihydroxy-indole (DHI)-borate
(DHIBO) (Fig. 1C), and then the corresponding borate
derivative of the proposed eumelanin model, poly-catechol-
porphycene (poly-CPo) (Stockert, 2021; Stockert and
Blázquez-Castro, 2022).

Considering the great number of catechol groups in
eumelanin (di Mauro et al., 2017; Ruiz-Molina et al., 2018;
Cavallini et al., 2020) and that each precursor molecule has
a catechol that can complex with borate anion, numerous
borate esters could be introduced into eumelanin. The
binding of metal ions can account for up to 6 � 1020 sites
per gram of dried melanin (Sarna et al., 1976), and therefore

in the case of PDA, after excluding N binding sites, the
remaining O sites are catechols, which would account for a
considerable amount of melanin-bound B atoms.

Catechols, flavonols, anthraquinones, β-diketones, etc.,
are known to give stable borate complexes (Frohne, 1974;
Yoshino et al., 1979; Yang et al., 2003; Lenskiy et al., 2020).
Borax is widely used as a cross-linking agent between
hydroxyl groups (Frasconi et al., 2009), and fluorescent
boronic acid (C-B[OH]2) derivatives are applied for the
detection of specific carbohydrates by forming stable borate-
cis diol 1:1 esters with mannose, gulose, allose, talose,
rhamnose, ribose, etc. (Gallop et al., 1982, Yang et al., 2003;
Yan et al., 2005; Stockert and Blázquez-Castro, 2017). Once
borate anions are formed at alkaline pH (higher than ~8),
they lose the hydroxyls at acid pH (lower than ~7) or in
non-aqueous media and become neutral (non-ionized)
trigonal borate (BO3) esters (Yoshino et al., 1979; Yang et
al., 2003; Yan et al., 2005).

The melanin precursor DA is a neurotransmitter
involved in neurological diseases and used for cardiac
stimulation, shock-states therapy, and dietary supplement.
Considering a previous proposal of using a DOPA-borate
complex for BNCT (Yoshino et al., 1979), we have
performed a preliminary study to substantiate the use of a
similar DABO agent as a 10B carrier for BNCT. As far as we
know, this is the first report of both formation of a catechol-
borate derivative of the melanin precursor DA and its
autopolymerization into the soluble melanin-like poly-
dopamine-borate (PDABO) product, resulting in a simple
way to attach boron to a melanin precursor.

Materials and Methods

Dopamine hydrochloride (DA, 189.6 g/mol), and disodium
tetraborate decahydrate (borax, 381.4 g/mol) (both from
Sigma-Aldrich), were used as purchased. Synthesis of the 1:1
dopamine-borate (DABO) complex was performed

FIGURE 1. Chemical structure (with atom numbering) of (A)
eumelanin precursors: L-tyrosine, L-DOPA, and dopamine (DA),
(B) reagents: borate anion (BO), DA and product: dopamine-
borate complex (DABO), and (C) dihydroxy-indole (DHI)-borate,
shown as a tetrahedral anion, trigonal neutral form, and Zwitterion.
In this case, the amphiphilic BO ring exhibits 6π-electron resonance
(Gerrard et al., 1959). Blue and green arrows indicate precursor
oxidation and formation of the BO ester, respectively. Red circles
show the carbon radicals allowing DHI polymerization (Stockert
and Blázquez-Castro, 2022).

920 JUAN C. STOCKERT et al.



according to the published method using L-DOPA (Yoshino
et al., 1979). First, 0.381 g of borax was dissolved in 100 mL
of deionized water, and then 0.189 g of DA was slowly
added until total dissolution, thus obtaining a concentration
of 10 mM for each component and a pH of 9. In borax and
boric acid solutions at pH values higher than 8, the
monomeric borate anion (B[OH]4

-) is the unique borate
(BO) compound (Yoshino et al., 1979). The solution was
maintained at room lightening and temperature (about 22°C)
and allowed to spontaneously oxidize for 24 h.

In some samples, after mixing DA and BO, ascorbic acid
(0.5 mg/mL) was added to the still colorless DABO product,
and the pH was adjusted to 7 with 5 % acetic acid. This
product was then stored in an airtight container and frozen
in the darkness for 50 days. Other DABO samples were
lyophilized, diluted in H2O at pH 9, and exposed for several
days to air and light for auto-polymerization. Because of the
low water solubility of borax, boric acid (61.8 g/mol) at pH
9 could also be used as a 10 mM solution to form the
DABO product.

Cultured OL living cells from an oral canine melanotic
melanoma (Rossi et al., 2015) (kindly provided by L.M.E.
Finocchiaro and G.C. Glikin) grown to confluence in
complete DMEM medium were treated with DABO (1 mM
in complete DMEM for 24 and 48 h), washed and mounted
in phosphate-buffered saline, and observed under phase
contrast microscopy. Cytochemical attempts to reveal boron
in DABO-treated cells using morin- and benzoin-induced
fluorescence with borate groups (Udenfriend, 1962; Feigl
and Anger, 1972; Frohne, 1974) under 436 and 365 nm
excitation, respectively, were also carried out.

X-ray microanalysis (XRMA) of PDA and PDABO
samples was performed using a field-emission scanning
electron microscope (Zeiss GeminiSEM 500), equipped with
energy dispersive X-ray device (Oxford Instruments,
UltimExtreme detector, and AZtec software), working at
2 kV and 5 mm distance. Before XRMA, dried samples were
washed with 5% acetic acid for 30 min to remove unbound
borate ions. Samples of OL melanoma cells without
treatment or treated with 1 mM DABO for 24 and 48 h
were also subjected to XRMA for the detection of B.

On the other hand, to analyze theoretical possibilities for
DABO uptake and organelle localization in living cells,
quantitative structure-activity relationships (QSAR)
parameters of DABO and the boronic agent BPA were
inspected according to the well-known prediction rules and
flow charts (Horobin et al., 2013; Horobin et al., 2015;
Stockert and Blázquez-Castro, 2017; Horobin et al., 2021).
Used QSAR parameters available in the HyperChem v8.0.10
software were nominal electric charge (Z), molecular weight
(mass), and hydrophilicity-lipophilicity (logarithm of the
water-octanol partition coefficient, log P). The conjugated
bond number (CBN) was calculated by inspecting and
recording conjugated bonds. Acid-base strength (pKa) values
were taken from https://pubchem.ncbi.nlm.nih.gov.

Molecular modeling studies (e.g., Stockert et al., 2022;
Stockert and Felix-Pozzi, 2023) illustrating the comparative
structure of DABO and BPA, as well as the molecular
orbitals of DABO, DHI-borate (DHIBO), and a tetra-CPo-
borate model of eumelanin were also performed using the

HyperChem v7 software, and MM+ geometry optimization
converged at energy E = 0.1, 0.05, and 0.01 kcal/(Å mol).
Energy minimization was calculated using the semi-empirical
parametric method 3 (PM3) method (Polak-Riviere
conjugate gradient) converged at E = 0.05 kcal/(Å mol) or
the extended-Hückel method.

Results and Discussion

After 24 h exposure to air and light, the aspect of 5 mL DA and
DABO solutions shows their typical blackening by
polymerization to yield PDA and its borate complex
(PDABO) (Figs. 2B and 2C), as well as non-blackening of
the unoxidized DABO precursor (Figs. 2A and 2D), and
blackening of a previously lyophilized DABO solution
(Fig. 2E). The presence of boron only in PDABO is
confirmed by comparing XRMA spectra (Figs. 2F and 2G),
which clearly show the peak of B at 0.183 keV.

Obviously, although spontaneous polymerization of
DABO in vitro confirms its capacity to serve as melanin
precursor in vivo, the DABO product needs to be protected
from oxidation and polymerization before its use in living
cells and organisms. This requisite was checked in fresh
samples kept with ascorbic acid, frozen in darkness without
air, yielding a transparent DABO solution after thawing that
blackened over time. Likewise, frozen DABO subjected to
lyophilization and dissolved in water also blackened
(Fig. 2E). The autocatalytic assembly of the polymer can be
assumed to occur through radicals formed at the C2, C3,
C4, and C7 positions in the DHI precursor (Stockert and
Blázquez-Castro, 2022) (Fig. 1C). Interestingly, the presence
of 5,6-borate esters in DHI units does not prevent the
autopolymerization and blackening of DABO solutions. The
2-carboxyl group (missing in DA) is also not essential for
autopolymerization (d’Ischia et al., 2015).

To analyze the possible microscopical effects of DABO,
the morphology of living cultures of melanoma OL
melanocytes was studied (Fig. 3). After 1 mM DABO
treatment for 24 and 48 h, the characteristic shape of OL
cells was observed, showing clearly normal features and no
signs of cell damage or death (Fig. 3). Thus, it is logical to
assume that the DABO analog is non-toxic to OL cells,
which grow continuously reaching confluence and forming
3D networks. Similarities of BPA and DABO with the
amino acid and catecholamine metabolites, respectively,
explain the absence of cell toxicity at a millimolar
concentration, which contrasts with the toxicity of
antitumoral drugs (e.g., most photodynamic agents at
10−5 M or higher concentration (Villanueva et al., 2003;
Stockert et al., 2004; Cañete et al., 2009)).

Unfortunately, the occurrence of boron in DABO-treated
cells could not be recorded by XRMA because the sensitivity
of the equipment was not enough to reveal the B peak in
single melanocytes. Likewise, cytochemical attempts to
reveal B by using morin and benzoin methods under
fluorescence microscopy were also unsuccessful, likely due
to their sensitivity limit to detect B within melanosomes.

However, comparative analysis of molecular structure
and properties between the precursors DA and
phenylalanine (PA), with the corresponding boron-
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containing analog agents DABO and the well-known BPA
showed interesting and clear similarities, which support a
similar behavior in relation to cell uptake. Both DABO and
BPA have analogous sizes and shapes, as well as a similar
distribution of electrostatic potentials (Fig. 4).

Considering that BPA enters and accumulates into live
cells (Chandra et al., 2002; Wittig et al., 2008b; Chandra et
al., 2008), it is conceivable that the analogous agent DABO
is also a permeant metabolite derivative. In addition to their
general resemblance, QSAR parameters of DABO and BPA

have the same range of values (Table 1), indicating that
both agents enter live cells easily. A likely accumulation of
these agents in lysosomes and related structures such as
melanosomes (with a clear lysosomal lineage (Orlow, 1995;
Raposo and Marks, 2007)) can be predicted according
QSAR rules for acidophilic weak bases, which requires
agreement with the following parameters: Znominal ≥ 0; CBN
< 40; log Pcation < 0 and log Puncharged > 0; 10 > pKa > 6
(Rashid et al., 1991; Horobin et al., 2013; Stockert and
Blázquez-Castro, 2017). Therefore, it is tempting to assume
that after cell uptake, both DABO and BPA should be
localized within lysosomes and melanosomes according to
their predictive QSAR values (see Table 1).

A few papers have been devoted to the localization of
B-containing drugs for BNCT, but they have shown rather
poor results. 18F-BPA was found in cytoplasm and nuclei
of human glioblastoma and murine sarcoma cells (Chandra
et al., 2002; Wittig et al., 2008b; Chandra et al., 2008). In
contrast, BSH-containing amino acids appeared localized
in perinuclear granules after BSH immuno-staining of
glioma cells (Hattori et al., 2012). In the case of
melanocytes, DABO appears as a suitable boronated
precursor of eumelanin biosynthesis and thus it should be
accumulated specifically in melanosomes and considered
for BNCT. In this context, melanosomes are known to be
lysosome-like acidic organelles, with an intramelanosomal
pH range as low as 3–5, due to the activity of a proton-
translocating ATPase (Orlow, 1995; Raposo and Marks,
2007). This physiological feature accounts for the likely
occurrence of non-ionized borate esters of eumelanin
within melanosomes.

FIGURE 3. Cultured OL melanotic cell line observed under phase
contrast. (A) Control (untreated) cells. (B and C) OL cells treated
with 1 mM DABO for 24 h (B) and 48 h (C). Treated living
melanoma cells are clearly undamaged and show a fusiform or
dendritic shape, with light nuclei, compact nucleoli and dark round
and ovoid melanosomes in the cytoplasm. Melanin-containing dense
endings of cytoplasm prolongations are also observed.

FIGURE 2. (A, B): Aspect of a 10 mM
DA solution, immediately prepared
(A) and 24 h later, exposed to air
and light (B). (C, D): Aspect of 10
mM DABO solutions, exposed to air
and light for 24 h (C), and a DABO
solution after addition of ascorbic
acid (0.5 mg/mL), stored airtight and
frozen in darkness for 50 days (D).
(E): Blackening of a lyophilized
DABO sample diluted in H2O at pH
9 and exposed to air and light for
72 h. (F, G): X-ray microanalysis of
dried poly-DA (F) and poly-DA-
borate complex (G) samples showing
the boron signal (red line) and peaks
of other elements (cps: counts per
second).
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Considering the well-known stereochemical aspects of
the formation of catechol-borate esters (Gerrard et al., 1959;
Lang et al., 1997; Yan et al., 2005; Lenskiy et al., 2020) and
the use of molecular modeling methods in studies on the
chemistry of eumelanin (Stockert and Blázquez-Castro,
2022; Stockert et al., 2022; Stockert and Felix-Pozzi, 2023),
the DABO and DHIBO precursors, as well as the catechol-
porphycene proposed for eumelanin were modeled. The
characteristic trigonal configuration of neutral borate group
in the catechol-5,6-borate ester was found in both DABO
and DHIBO models, in agreement with geometric features
of boric acid and its neutral esters (Gerrard et al., 1959;
Yoshino et al., 1979; Lang et al., 1997; Schubert et al., 2003;
Tsuyumoto et al., 2007). This trigonal π-electron

conjugation of the O-B-O bonds is illustrated in the case of
DHIBO (Fig. 5).

The relation between pH, ionization and geometry of the
borate group is well known, but the stabilizing π-electron
resonance between O and B atoms of the borate ester in
the zwitterionic mesomers of DHIBO appears rather
overlocked. Interestingly, molecular modeling shows a clear
π-conjugation involving the O-B-O atoms of the borate ring
(Fig. 5).

Regarding stability, it is accepted that the kinetics of
borate ester formation with catechols from borates and
boronic acid in vitro allows a rapid and effective synthesis of
the corresponding catechol-borate complexes (Yasunobu
and Norris, 1957; Roy and Brown, 2007; Tsuyumoto et al.,
2007, Bernardini et al., 2009; Ketuly and Hadi, 2010; Pereira
Silva et al., 2020). It is commonly accepted that borate esters
of aliphatic cis-diols, catechols and substituted catechols
with borates or boronic acids are reasonably stable under
non-dramatic hydrolytic conditions, mainly those from
catechols (Roy and Brown, 2007; Bernardini et al., 2009;
Ketuly and Hadi, 2010).

Accordingly, borate-catechol esters are stable enough
regarding hydrolysis and trans-esterification under
physiological conditions. Therefore, borate trans-
esterification, if any, would result in the formation of
another borate ester from a previously established one,
overall resulting in the same end result. If boron atoms
remain within cells, trans-esterification is not relevant,
because only boron atoms are needed for BNCT.

FIGURE 4. (A, B) Atomic volume models of DABO and BPA, respectively, showing their similar molecular morphology. (C, D) Isosurface 3D
mapped electrostatic potentials of DABO and BPA showing a similar distribution of differential positive and negative charges.

TABLE 1

QSAR parameters of precursors and analogs mentioned in this
work, which support their localization in lysosomes and
melanosomes

Precursors or analogsa Zb CBNc Log Pd MWe pKaf

DA 0 6 +0.85 153.18 8.93

DABO 0 6 +0.88 178.98 na

PA 0 6 +1.42 165,19 9.12

BPA 0 6 +1.03 209.01 na
Note: a: uncharged trigonal boron in DABO and BPA; b: nominal electric
charge; c: number of conjugated (resonant) double bonds; d: only approximate
values because no parameter is available in the software for B atom; e: values
without counterions; f: na, no available values.
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Anyway, boric acid that could result from any hydrolytic
process is a Lewis’ acid that interacts with water giving
tetrahydroxy-borate anions (B[OH]4

-, pKa = 9.24), and
poly-borate anions at pH ≥ 7 (Jolly, 1984; Tsuyumoto et al.,
2007). Therefore, possible borate anions released from

catechol esters are slightly acid xenobiotics with low
elimination rate from living organism (Harvey, 1980; EPA,
1993). This feature should damage living cells, but however,
no toxicity is found after DABO treatment of cultured OL
melanocytes for 24–48 h (Fig. 3).

Even in the case that B-containing compounds could
result from intracellular (likely lysosomal) degradation of
the DABO precursor or newly formed DABO polymer, it
can be assumed that B atoms still remain available for
BNCT, and this is the most relevant concept. Regarding
lysosomes, they finally become multivesicular or residual
bodies (often containing lipofuscins and myelin figures)
when their contents are indigestible materials, and they are
not generally extruded to the outside but normally remain
indefinitely within cells (Pitt, 1975). The fate of possible
degradation products from boron compounds would be the
same as colloidal metals, metal oxides, carbon, polymeric
nanoparticles, vital dyes and fluorescent probes, which are
selectively accumulated within lysosomes and melanosomes
(Allison, 1968; Rashid et al., 1991; Horobin, 2010; Stockert
et al., 2022).

Regarding the proposed poly-CPo model, it must be
noted it fulfills all characteristic features of natural and
synthetic eumelanin such as high double-bond conjugation,
broad-band light absorption, as well as X-ray
crystallography and electron microscopy results (Stockert
and Blázquez-Castro, 2022; Stockert et al., 2022), appearing
the polymers as a multilayer graphitic structure. Modeling
of a planar tetra-CPo molecule containing DHIBO units
illustrates the organization of the final complex, namely the
possible tetra-CPo-borate eumelanin model (Fig. 6). Long
continuous LUMO+4 lobes showing trigonal O-B-O groups,
and fused C=C and N:HN orbitals are clearly visible,
accounting for the massive aromatic conjugation and
reduction of the Eg in this graphitic material.

FIGURE 5. (A–D) Wire molecular models (C: cyan, O: red, N: blue, H: white, B: yellow) of the eumelanin precursor 5,6-dihydroxy-indole-
borate (DHIBO, neutral form) in frontal view, showing different HOMO and LUMO energy levels with positive (green) and negative (violet)
molecular orbitals. Rectangles indicate the O-B-O bonds from the catechol-borate ester showing π-electron conjugation. Nodal planes (NP,
dashed yellow lines in HOMO-1) separate green and violet orbital lobes, high energy levels corresponding to high number of nodal planes
(Stockert and Blázquez-Castro, 2017). PM3 energy minimization (Polak-Ribiere) converged at energy E = 0.05 kcal/(Å mol), and
Jorgensen-Salem surface rendering with orbital contour: 0.003.

FIGURE 6. Structure of tetra-CPo modeled with DABO precursors.
(A): Frontal atomic volume of the tetra-CPo model with DHIBO
units located along the free external edges, after geometry
optimization with MM+ converged at E = 0.01 kcal/(Å mol). Note
the trigonal borates and the planar structure of the oligomer. N:
HN bonding distances are 2.7–2.8 Å. (B): LUMO+4 energy level
(−9.83 eV) using the extended Hückel energy minimization (864
orbitals), Gouraud shaded 3D isosurface, orbital contour: 0.0002,
and Eg = 0.24 eV. Observe the extended longitudinal LUMO+4
lobes corresponding to the π*-electron conjugated CC and N:HN
atoms (vertical white lines), as well as the contiguous pairs of
conjugated borate groups (O-B-O).
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It is interesting to remark that borate binding to O5 and
O6 catechol sites in DHIBO does not hinder the
autopolymerization of DABO but prevents the formation of
ether bridges, polymer curvature, and the spiral organization
of poly-CPo (Stockert et al., 2022; Stockert and Blázquez-
Castro, 2022; Stockert and Felix-Pozzi, 2023). No curvature
is also found in the case of borate esters either in the 5,5′ or
6,6′ position. Anyway, as catechol groups are present in
simpler eumelanin structures (d’Ischia et al., 2015; Micillo et
al., 2016; Blázquez-Castro and Stockert, 2021), they could
also account for the occurrence of borate esters introduced
as DABO precursors in other eumelanin models.

Perspectives and Conclusions

In addition to DABO, other melanin precursors could
incorporate borate and be used as 10B-containing agents.
Thus, borate esters formed with the catechol group of
norepinephrine and DHI could be applied for BNCT.
Likewise, an interesting metabolite analog of DHI would be
the new compound catechol-imidazole, which is able to
form a catechol-imidacene (CIm) polymer (Stockert and
Felix-Pozzi, 2023). The borate ester CImBO should also be a
melanin precursor and a potential 10B-carrier candidate for
BNCT. All the possible catechol-borate precursors could be
not only incorporated during eumelanin biosynthesis, but
they would also be suitable for direct binding to the catechol
groups of already formed polymers (Stockert, 2022), like
specific melanin-seeker agents.

In this study, we demonstrate that DABO spontaneously
oxidizes and autopolymerizes in vitro, giving a soluble and
stable eumelanin-like brown-black PDABO product. The
main difference between DABO and other boron-containing
agents (BPA, MSH, etc.) is that it is not a boronic acid nor a
boron cluster but a simple catechol-borate ester. After
administration of the DABO precursor (protected from
oxidation and blackening) into living cells and organisms,
enzymatic biosynthesis of boron-melanin in melanoma
melanocytes is envisioned to lead to improved BNCT.
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