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Abstract: Boron Neutron Capture Therapy is a re-emerging therapy for the treatment of cancer, and
the development of new neutron-reactive nuclei carriers with enhanced efficiency is of great
importance. In this work we propose three new boron-based solid compounds, of formula
[Ca(H20)6](C1sHsOeB)2 (CaSB), [Cu(CisHsOeB)] (CuSB), and [Li(C1sHsOsB)(H20)] (LiSB), usable as
nanoparticles for the carriage of the 1°B isotope. The copper atom in CuSB was introduced because it
is known that its presence magnifies the effect of the radiation into cells. Furthermore, the lithium
atom in LiSB allows to include also the ‘Li isotope, that can take part in the nuclear reactions
enhancing the efficiency of the anti-cancer treatment. The compounds were characterized with single
crystal X-ray diffraction, to compare the densities of the reactive isotopes in the materials, a key
parameter related to the efficiency of the materials. In this work, we used a computational method to
calculate the dose absorbed by a tumor mass treated with nanoparticles of the compounds, in order
to select the most efficient one for the therapy. The encouraging results are reported in this work.

Keywords: salicylatoborate compounds; Neutron Capture Therapy; Nanoparticles; absorbed dose;
X-ray diffraction; anti-cancer treatment

1. Introduction

Among the radiation techniques used to treat cancer, Boron Neutron Capture Therapy (BNCT)
is a re-emerging therapy, due to its advantages of target therapy and low toxicity. In fact, it could
overcome radio-resistance in different types of cancers, inducing minimal damage to the adjacent
normal tissues [1]. It consists in the irradiation of cancer cells carrying the boron-10 isotope, with
thermal neutrons. When a thermal neutron is captured by the boron-10 isotope, a nuclear (n,o)
reaction occurs: the unstable boron-11 isotope forms and decays into a lithium-7 and an a particle,
that release a large amount of energy along their short pathway.

The efficacy of this technique requires a suitable selective concentration of the boron-10 isotope
into cancer cells rather than the healthy cells, and for this reason a lot of efforts are being made to
develop more selective boron delivery agents [2]. Several boron-10 containing molecules were
prepared and studied, but the low difference of boron concentration in tumor tissues rather than in
healthy tissues is still not satisfactory to justify the application of BNCT on a large scale.

Recently, boron-10 enriched nanoparticles were proposed as boron delivery agents, since in each
nanoparticle hundreds of thousands of boron atoms were concentrated, and furthermore the surface
of nanoparticles can be easily modified with specific biomarkers to systematically penetrate inside
the target tumor cells [3-6].

Boron-10 is not the only isotope that can produce a nuclear reaction with thermal neutrons: also
lithium-6 nuclei can capture neutrons to yield tritium and o particles that release energy into the cells.
The combination of the nuclear reaction of both the isotopes could greatly improve the efficacy of the
Neutron Capture Therapy (NCT).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In our previous work, two compounds containing both boron and lithium, of formula
Li[(CsH1206)2B]-2H20 (LiMB) and Lis[(C4H4Os)2B]-5.5H20 (LiTB), were synthetized with ¢Li and 1°B
isotopes, and their behavior under thermal neutron radiation was tested [7]. The preliminary tests
were encouraging, although not quantitatively conclusive, and the necessity to synthetize more
efficient compounds was reported.

In this work we propose three new solid salicylatoborate complexes of formula
[Ca(H20)6](C1sHsO6B)2-4H20 (CaSB), [Cu(C1sHsOsB)2] (CuSB), and [Li(Ci14sHsOsB)(H20)] (LiSB), as
new boron and/or lithium delivery agents for NCT. These solid compounds can be easily reduced to
nanoparticle size, simply by grinding them with a mill, and the presence of many OH groups of the
salicylate fragments allows a suitable functionalization of the nanoparticle surface that let them to be
concentrated into tumor tissues. Furthermore, salicylatoborate complexes are inexpensive stable
materials, usually considered non-toxic [8].

CuSB was synthetized since Cu?* ions were found to enhance the radiosensitivity of cells towards
gamma rays [9].

In this work we employed a computational method to calculate the dose (D) absorbed by a tumor
mass [10]. To perform these calculations, the three compounds investigated in this work were
characterized with the single crystal X-ray Diffraction technique (XRD), in order to calculate the
concentration of the neutron-reactive isotopes into the nanoparticles. The calculations were also
performed on the LiMB and LiTB compounds for comparison. The calculations method reported in
this work permit to preliminarily predict the compound with the best therapeutic efficacy for the
NCT, before testing on the neutron source.

2. Results and Discussion

2.1. Syntheses

The salicylatoborate compounds were synthetized by mixing salicylic acid, boric acid, and an
inorganic base (a metal hydroxide or carbonate), and dissolving the reagents in warm water. An
esterification reaction occurs, where the boric acid hydroxyl groups react with those of the salicylate,
and the metal atom is coordinated by the oxygen atoms of either water molecules or of the salicylate
fragment. In Scheme 1 are reported the molecular schemes of the three products obtained.
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OH, ~
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Scheme 1. Molecular schemes of the salicylatoborate compounds.

The diesters of boric acid, based on aromatic or aliphatic diols, are known to be
thermodynamically stable, almost undissociable in water, non-toxic, and inespensive [8]. The
products obtained precipitated directly in crystals suitable for the XRD characterization, or quickly
spontaneously recrystallized.
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2.2. X-ray Crystal Structures

2.2.1. Crystal Structure of CaSB

The asymmetric unit of compound CaSB consists of two salicylatoborate units (one boron atom
covalently bonded to two salicylate fragments) connected through hydrogen bonds to one disordered
[Ca(H20)s]>* complex, and to four water molecules embedded in the crystal structure (Figure 1).

Figure 1. View of the asymmetric unit of [Ca(H20)6](C2s8H16012B)2-4H20 (CaSB) with atom labelling.

In the crystal packing, the salicylatoborate units are intercalated by the calcium exahydrated
complexes and by the free water molecules in a three-dimensional lattice. The relevant bond distances
are reported in Table 1.

Table 1. Relevant bond distances (A) from X-ray data for the LiSB compound.

CaSB CuSB LiSB
Lil-Li12 2.84(2)
CalA-O1X 2.078(5) CalB-O1Y 2.105(9) Cul-O1A! | 1.947(1) | Li1-O1A3 1.92(1)
CalA-O2X 2.106(5) CalB-O2Y 2.096(9) Cul-O1A2 | 1.947(1) | Lil-O1B 1.88(1)
CalA—O3X 2.004(4) CalB-03Y 2.046(9) Cul-O1B% | 1.939(1) | Lil-O1W 1.97(1)
CalA-O4X 2.100(4) CalB-O4Y 1.943(8) Cul-O1B 1.939(1) | Lil-O1W2 2.08(1)
CalA-O5X 2.093(4) CalB-O5Y 2.070(9)
CalA-06X 2.016(4) CalB-O6Y 2.201(8)
B1AB-O2A 1.467(6) B1CD-02C 1.484(6) B1-O2A 1.486(2) | B1-O2A 1.496(8)
B1AB-O3A 1.446(7) B1CD-03C 1.449(7) B1-O2B 1.483(3) | B1-O3A 1.437(7)
B1AB-O2B 1.499(6) B1CD-02D 1.480(6) B1-O3B 1.450(3) | B1-O2B 1.471(8)
B1AB-O3B 1.432(7) B1CD-0O3D 1.442(6) B1-O3A 1.443(3) | B1-O3B 1.436(8)
C1A-O1A 1.218(5) C1C-01C 1.224(5) CIA-O1A | 12472) | C1A-O1A 1.256(7)
C1A-O2A 1.324(5) C1C-02C 1.311(5) C1A-O2A | 1.301(2) | C1A-O2A 1.316(7)
C1B-O1B 1.233(5) C1D-01D 1.224(5) C1B-O1B 1.2412) | C1B-O1B 1.218(7)
C1B-02B 1.301(5) C1D-02D 1.310(5) C1B-O2B 1302@2) | C1B-O2B 1.308(7)
C3A-03A 1.350(6) C3C-03C 1.346(5) C3A-03A | 1.342(3) | C3A-O3A 1.360(7)
C3B-03B 1.345(6) C3D-03D 1.347(5) C3B-03B 1.346(2) | C3B-O3B 1.348(7)
C1A-C2A 1.473(6) c1c-Cc2C 1.469(6) ClA-C2A 1.447(3) C1A-C2A 1.448(8)
C2A-C3A 1.380(6) C2C-C3C 1.391(6) C2A-C3A 1.395(3) | C2A-C3A 1.389(8)
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C3A-C4A 1.407(7) C3C-C4C 1.402(6) C3A-C4A 1.390(3) C3A-C4A 1.395(8)
C4A-C5A 1.363(8) C4C-C5C 1.366(7) C4A—-C5A 1.376(5) C4A-C5A 1.379(9)
C5A-C6A 1.394(9) C5C-C6C 1.386(8) C5A-C6A 1.389(5) C5A-C6A 1.375(9)
C6A-C7A 1.358(8) C6C-C7C 1.373(7) C6A-C7A 1.362(4) C6A-C7A 1.382(8)
C2A-C7A 1.396(6) C2C-C7C 1.406(6) COA—CTA 1.397(3) C2A-C7A 1.382(8)
C1B-C2B 1.470(6) C1D-C2D 1.473(6) C1B-C2B 1.455(2) C1B-C2B 1.457(9)
C2B-C3B 1.389(6) C2D-C3D 1.382(6) C2B-C3B 1.397(3) C2B-C3B 1.391(8)
C3B-C4B 1.402(7) C3D-C4D 1.401(6) C3B-C4B 1.394(3) C3B-C4B 1.373(8)
C4B-C5B 1.354(8) C4D-C5D 1.353(7) C4B-C5B 1.374(3) C4B-C5B 1.379(9)
C5B-C6B 1.396(8) C5D-C6D 1.404(8) C5B-C6B 1.382(3) C5B-C6B 1.357(11)
C6B-C7B 1.367(7) C6D-C7D 1.382(7) C6B-C7B 1.377(3) C6B-C7B 1.389(10)
C2B-C7B 1.397(7) C2D-C7D 1.393(6) C2B-C7B 1.392(3) C2B-C7B 1.388(8)

+X,-1+Y,+Z 4+X,-1+Y,+Z

23/2-X,~1+Y,1/2-Z 21-X,2-Y,1-Z

33/2-X,+Y,1/2-Z +X,1+Y +Z

44X, 1+Y +Z

In each unit cell there are eight boron atoms, and the density of the boron atoms in the crystals
is 2.256-10%7 atoms/m3.

2.2.2. Crystal Structure of CuSB

The asymmetric unit of CuSB contains half of the copper ion and one salicylatoborate ligand

(Figure 2).

Figure 2. View of the asymmetric unit of [Cu(C1aHsOeB)] (CuSB) with atom labelling.

In the crystal packing, each copper ion is coordinated by 4 salicylatoborate ligands, and each
salicylatoborate ligand bridges two copper ions, forming an infinite row along the b axis, i. e. a one-
dimensional polymeric structure (1D Metal Organic Framework, Figure 3). The rows are joint

through strong hydrogen bonds that connect the hydrogens of the aromatic ring of the salicylate to
the carboxylic oxygen bonded to the metal. Relevant bond distances are reported in Table 1.
In each unit cell there are 2 boron atoms, and the density of the boron atoms is 1.533-10%

atoms/ma3.
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Figure 3. View of the packing motif of CuSB.

2.2.3. Crystal Structure of LiSB

The asymmetric unit of compound LiSB consists of one boron atom covalently bonded to two
salicylate molecules, one Li** ion, and one water molecule coordinated to the lithium atom. (Figure
4).

c1a(

Cé6a

Figure 4. View of the asymmetric unit of [Li(C1aHsOsB)(H20)] (LiSB) with atom labelling.

Along the b axis direction, the water molecules bridge two lithium ions, and each
salicylatoborate ligand also bridges two lithium ions, forming an infinite row, i.e. a one-dimensional
polymeric structure (1D Metal Organic Framework, Figure 5). The rows are joint through strong
hydrogen bonds that connect the hydrogens of the water molecules to the oxygen atoms of the
carboxylic groups of the salicylate fragments. The relevant bond distances are reported in Table 1.

In each unit cell there are four boron and four lithium atoms (cell volume = 1304.51 A3), and the
density of the boron and lithium atoms is 2.954-10” atoms/m?.
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Figure 5. View of the packing motif of LiSB.

2.3. Calculation of the Absorbed Dose (D) by a Tumor Mass

The dose absorbed by a tumor mass depends on the energy deposited in the tumor tissue by the
particles along their paths. This in turn depends on the particle’s kinetic energy, its charge, mass, and
range. The calculations performed evaluate a realistic value of D. However, given the uncertainty on
the tumor dimension and of the density of the neutron-reactive isotopes inside each tumor cell, in
this work we provide only a comparison of the therapeutic efficiency of the different compounds. For
these reasons, the calculations were performed considering for all the compounds the same spherical
tumor diameter (5 mm), number of nanoparticles inside each tumor cell (100), dimension of the
nanoparticles (diameter 175 nm), and a homogeneous distribution of 1B and/or 6Li in the tumor mass.
These values were chosen considering that the nanoparticles should be able to concentrate inside a
tumor cell.

The calculation of the dose rate D (the dose absorbed by the tumor in the unit time) is based on
the following nuclear reactions, taking into account the different density of the neutron-reactive
isotopes in the three materials:

1B +n - 7Li+ o, + 2.31 MeV (1)
Li+n > H+a+4.78 MeV )

The D values depend on the total energy developed by the reaction (that is divided on the two
particles produced), on the cross section of the reaction, on the individual energy of the particles
produced, and on the value of the Linear Energy Transfer.

In Figure 6 are reported the contributions of the products of the above reported reactions to the
D values (Gy h™) in function of the reduced radius r/R (r = point in which the contribution was
calculated; R = radius of the tumor mass). For CaSB (a) and CuSB (b) only the products of reaction (1)
are considered, while for LiSB (c) are considered also the contributions of the products of reaction (2).
Since the range of the products is very short in comparison to the tumor dimension, the contributions
of the products to the D values drastically reduce at the surface of the tumor.

Comparing the three pictures in Figure 6, for all the particles produced the value of D is quite
constant varying r/R. As expected, the products of reaction (1) show the higher D values, since most
of the parameters that influence the energy transfer are more favorable with respect to reaction (2).
In fact, the major contribution to the transfer of energy is the cross section of B with respect to
neutron capture (neutron flux 2.35-10* m2 s), that is more than four times higher with respect to ¢Li
(3415.49 vs 835.66 b, respectively).
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Figure 6. Contributions of the products of the nuclear reactions (1) and (2) to the D values vs r/R for CaSB (a),
CuSB (b), and LiSB (c): "Li (violet line), o from eq. (1) (red line), 3H (green line), o from eq. (2) (blue line).

In Figure 7 are reported the sum of the contributions to the D values of the products of the
reactions (1) and (2) for CaSB (a), CuSB (b), and LiSB (c). The green lines represent the D values
averaged on the sphere of the tumor mass, and its values are reported in Table 2. For all compounds,
the D values, being different for each compound, slightly decrease from the center to the periphery
of the tumor mass.
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Figure 7. Sum (blue line) of the contribution of the D values of the products of the nuclear reactions for CaSB (a),
CuSB (b), and LiSB (c). The green line represents the D values averaged on the sphere of the tumor mass.

Table 2. Densities of the isotopes 1B and ¢Li, and total D values for all the compounds.

Veen N° B/cell, 1B density °Li density 1B + SLi Total D
(A% N° Li/cell (N° 19B/m?) (NP 6Li/m?) density (Gy h™)
CaSB 3545.38 8,- 2.234 - 10% - 2.234 - 10¥ 21.8
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CuSB 1304.51 2,- 1.518 - 10%7 - 1.518 - 10%7 14.8
LiSB 1354.3 4,4 2.924 - 10¥ 2.806 - 107 5.555 - 107 45.0
LiMB 996.06 11 9.939 - 10% 9.538 - 10% 1.948 - 1027 15.3
LiTB 3578.61 4,20 1.107 - 10% 5.309 - 10% 6.416 - 10% 41.8

Table 2 also reports the density of the reactive isotopes in the materials, that was calculated from
the density of the boron and lithium atoms in the crystal structure, taking into account the percentage
of each isotope in the commercial enriched reagents (99% for Hs'°BOs and 95% for 6LiCOs).

The total D values of CaSB, CuSB, and LiSB vary according to the densities of the reactive
isotopes. The addition of ¢Li to the compounds enhances the efficiency of the LiSB for the NCT.

In Scheme 2 are reported the molecular schemes of LiMB and LiTB, whose crystal structure was
published in our previous work [7]. In Figure 8 are reported for these two compounds the same
graphs as in Figures 6 and 7.

B+n=>7Li+a B+n->T7Li+a

LiMB fli+n>3H+a LiTB fLi+n>3H +a
8 20
7 a 18 b
16
-
Py ’_‘147
= =
=~ &1 ~
= = 12
(&) Q
— 4 ~— 10
= M =
. W—A\M’W\-\\ 8~ ‘_‘
B \ 64
4
1 2l
0 — o e e e e o e S
o 0.1 0.2 0.3 04 0.5 06 ov 08 09 1 1.1 12 o 01 0.2 03 0.4 05 06 0.7 0.8 09 1 1.1 12
r/R r/R
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18 50
|5—J\FM\N-—LM 45
14 \ 404
S— — 35
ey <
=~ =~
>_‘07 6.507
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b — 25+
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05 06 07 08 08 1 11 12 0 01 02 03 04

r/R

T T T T T T
05 06 0.7 08 09 1 14 12

r/R

T T T T
] 01 02 03 04

Figure 8. Contributions of the products of the nuclear reactions to the D values (Gy h™) vs (r/R) (a and b), and
sum (blue line) of the contributions of the products of the nuclear reactions (c and d) for LiMB and LiTB,

respectively.

In LiMB and LiTB both boron and lithium are present, as in LiSB, but the averaged D values are
lower since also their 1'B+6Li density is lower (Table 2). However, the averaged D values for LiTB is
slightly lower than for LiSB, despite the "B+6Li density is greater. This indicate that the most
contribution to the averaged D values is due to the products of the boron reaction rather than the
lithium ones, since the cross section of eq. (1) is higher than eq. (2), and the higher presence of the ¢Li
in the LiTB is not able to counterbalance the contribution of the B. Thus, to design more efficient
compounds for the NCT, it is more convenient to enhance the density of '°B rather than the density
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of °Li. However, in a chemical synthesis the lithium cation is easier to introduce in a compound with
respect to the boron atom, and thus SLi can be an easy expedient to enhance the performance of the
compounds for NCT.

OH OH
HO OH +
\ Li--------- O
\\ + E
le) LLi !
\ _/ ,/’I i
/B\ H,O ||.i
o © g
O
HO OH ~
OH OH
H,O HQO\\ .
\I'_i
H,0
LiMB LiTB

Scheme 1. Molecular schemes of LiMB and LiTB.
3. Materials and Methods

3.1. Syntheses

All the reagents were purchased by Sigma-Aldrich and used as received.

Synthesis of [Ca(H20)s](C14HsO6B)2-4H20 (CaSB). 5 mmol of salicylic acid, 1.25 mmol of calcium
hydroxide, and 2.50 mmol of boric acid were dissolved in 10 mL of warm water (323 K). The solution
was evaporated at room temperature for a few days, and during the evaporation faint green crystals
of CaSB precipitated. The crystals were dried at room temperature.

Synthesis of [Cu(C1aHsOsB)2] (CuSB). 5 mmol of salicylic acid, 1.25 mmol of copper hydroxide, and
2.50 mmol of boric acid were dissolved in 10 mL of warm water (323 K) to obtain a light green solution
with some undissolved residue. After standing the solution at 288 K, crystalline needles form in a
few days. In about two more days some of the crystals grow to fairly large green transparent crystals,
that were filtered and dried in air. On standing in a closed vial, the crystals slowly lose water and
after a few months yield dark green crystals of CuSB.

Synthesis of [Li(C14HsOsB)(H20)] (LiSB). 5 mmol of salicylic acid (5 mmol), 1.5 mmol of lithium
carbonate, and 2.5 mmol of boric acid were added to about 5 mL of ethanol, and the mixture was
warmed at 323 K until all the solids were dissolved. The solution was slowly evaporated at 290 K,
and after a few hours a white crystalline powder of LiSB precipitated. The crystals were dried at room
temperature.

3.2. Single Crystal X-ray Diffraction (XRD)

X-ray diffraction data were collected at room temperature using a Xcalibur AtlasS2 Gemini R
Ultra diffractometer. Data were collected with mirror monochromatized Cu-Ka (1.5418 A) radiation.
The CrysAlisPro [11] package was used for data collection and integration, SHELXT [12] for
resolution, SHELXL [13] for refinement and Olex2 [14] for graphics. All atoms but hydrogens were
refined with anisotropic thermal factors. Even if the hydrogen’s peaks were observed in the difference

d0i:10.20944/preprints202502.0901.v1
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Fourier maps, hydrogen atoms were calculated and refined riding with the Uis=1.2 or 1.5 Ueq of the
connected atom.

Crystal data for CaSB. Monoclinic, space group P2i/c, Z=4, a= 9.8996(3), b= 12.4244(3) A, =
28.8806(8), B= 93.556(2)°, V= 35454(2) A3 49769 reflections collected of which 6194 unique
(Rin=0.0617). R1=0.1031 (I>20(1)), wR2=0.3803 (all data).

Crystal data for CuSB. Monoclinic, space group P2/n, Z=2, a= 12.6250(2), b= 6.5216(1) A, =
16.7556(2), B= 108.988(1)°, V= 1304.51(3) A3, 12674 reflections collected of which 2317 unique
(Rin=0.0235). R1=0.0300 (I>20(1)), wR2=0.0815 (all data).

Crystal data for LiSB. Monoclinic, space group P21/c, Z=4, a= 10.720(5), b= 8.347(4) A, c=15.446(6),
B= 101.52(4)°, V= 1354.3(10) A3, 6161 reflections collected of which 1417 unique (Rin=0.1003).
R1=0.0604 (I>26(I)), wR2=0.1576 (all data).

The interested reader can find further details on crystal data, data collection, least-squares
refinements, and bond angles in the Supporting Information (Tables S1-54) and CIF files (CCDC
2408779-2408781).

3.3. Calculation of the Absorbed Dose (D) by a Tumor Mass

The dose inside a spherical tumor was evaluated taking into account the fluence rate of all the
particles emitted by the reactions °B(n,ct)’Li and ¢Li(n,o)*H as reported in chapter 2 of ref. [10]. In a
spherical tumor of diameter 5 mm, 100 nanoparticles of diameter 175 nm of each compounds were
considered inside each tumor cell.

4. Conclusions

In this work we reported three new solid salicylatoborate complexes for the application as
nanoparticles for NCT. These nanoparticles are inexpensive and non-toxic materials, easily
functionalizable on the surface in order to improve their concentration into tumor tissues. The three
compounds were characterized through XRD, and we employed a computational method to calculate
the dose absorbed by spherical tumor mass, in order to test their efficacy for the NCT. This method
was also applied to other two similar compounds, containing boron and lithium with mannitol or
tartaric acid, published in our previous work, in order to preliminarily test the therapeutic efficacy
for the NCT.

The calculated dose rate is in good agreement with the values of the '°B + 6Li densities in the
compounds, except for the comparison of the D values for LiTB and LiSB, due to the higher cross
section of the 1°B reaction with respect to the °Li.

Among all the compounds studied, the LiSB gives the higher dose absorbed by the tumor mass,
and thus it results to be the most efficient compound, demonstrating that the synergy between the
boron-10 and the lithium-6 isotopes enhances the efficacy of the NCT treatment.

In conclusion, the most important parameters that influence the absorbed dose by a tumor mass
are the density of the neutron-reactive isotopes in the material and the cross section of the nuclear
reactions. These considerations can be useful to design new compounds with higher efficiency for
the NCT.

Supporting information: The following supporting information can be downloaded at the website of this paper
posted on Preprints.org. Details on crystal data, X-ray data collections and refinements, relevant bond distances

and angles.
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