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Abstract: Background: Boron neutron capture therapy (BNCT) is a tumor-selective particle radio-
therapy that combines preferential boron accumulation in tumors and neutron irradiation. Based
on previous studies in tumor-bearing mice, this study evaluated the biodistribution of the sodium
salt of cobaltabis(dicarbollide) (Na[3,3′-Co(C2B9H11)2], abbreviated as Na[o-COSAN]) in the hamster
cheek pouch oral cancer model and the Na[o-COSAN]/BNCT therapeutic effect on tumors and
induced radiotoxicity. The synthesis and comprehensive characterization of 10B-enriched trimethy-
lammonium salt of nido-[7,8-C2

10B9H12]−o-carborane, along with the cesium and sodium salts
of [o-10COSAN] cobaltabis(dicarbollide) are reported here for the first time. Methods: Hamsters
bearing tumors were injected with Na[o-COSAN] (7.5 mg B/kg) and euthanized at different time-
points after injection (30 min, 2, 3, 5, and 18 h post-administration) to evaluate boron uptake in
different tissues/organs. Based on these results, tumor-bearing animals were treated with Na[10B-o-
COSAN]/BNCT (7.5 mg B/kg b.w., 3 h), prescribing 5 Gy total in absorbed dose to the precancerous
tissue surrounding tumors, i.e., the dose-limiting tissue. Results: Na[o-10COSAN] exhibited no
toxicity. Although biodistribution studies employing Na[o-COSAN] have shown low absolute boron
concentration in the tumor (approx. 11 ppm), Na[o-10COSAN]/BNCT induced a high and significant
therapeutic effect on tumors versus the control group (cancerized, untreated animals). Moreover,
only half of the animals exhibited severe mucositis in the precancerous dose-limiting tissue after
BNCT, which resolved completely at 21 days after irradiation. Conclusions: Na[o-10COSAN] would
be potentially useful to treat head and neck cancer with BNCT.

Keywords: boron carrier; metallacarborane; Na[o-COSAN]; biodistribution studies; boron neutron
capture therapy; BNCT; head and neck cancer; hamster
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1. Introduction

Worldwide, head and neck tumors rank sixth in the list of most common cancers. A
total of 90% of these are squamous cell carcinomas of the oral cavity, pharynx, and larynx.
The major risk factors are tobacco smoking and/or alcohol drinking, oncogenic viruses,
and lifestyle like dietary factors, oral hygiene, etc. [1–3]. These tumors are not an easy
target for anticancer strategies. Generally, they require an aggressive and multidisciplinary
approach, depending on tumor location and histological characteristics. They are highly
heterogeneous. Surgery, radio/chemotherapy, molecular inhibitors, and immunotherapy
are used [4–8]. However, survival and quality of life have not been improved significantly-
due to radioresistance, drug-resistance acquisition over time, and significant toxicities. In
this sense, more effective and tolerable strategies are urgently needed [2].

Boron neutron capture therapy (BNCT) has proved particularly effective for the treat-
ment of head and neck malignancies [9–11]. BNCT is a particle-selective radiotherapy that
consists of two components: a boron compound that preferentially accumulates in tumor
cells followed by a neutron irradiation. After 10B captures a thermal neutron, two high LET
α and Li particles are released and travel a short distance around the diameter of one cell.
In this way, BNCT is a biological targeting therapy, killing those boron-loaded tumor cells
while preserving surrounding normal cells [12].

Two boron agents have been widely used for clinical BNCT trials for different patholo-
gies: boronphenylalanine (BPA) and sodium borocaptate (BSH). Clinical results have been
very promising regarding tumor response, patient survival, and quality of life [13–21].
Multiple efforts were made to optimize the use of10B compounds currently authorized for
use in humans and to bridge the gap between research and clinical application [22–24].

Animal models are essential for studying the potential therapeutic effect of a new
boron compound for BNCT and induced toxicities. Within the context of head and neck
cancer research, the hamster cheek pouch has been widely described as one of the most ideal
animal models to study oral cancer development, anti-cancer strategies, and associated
toxicity, particularly mucositis [25–27]. The carcinogenesis protocol used to induce tumors
consists in the topical application of subthreshold doses of the complete carcinogen DMBA
(7,12-dimethylbenz[a]anthracene), simulating the action of smoking in humans [28,29]. This
protocol induces tumors surrounded by a precancerous tissue (the dose-limiting tissue)
from which additional tumors arise and where mucositis develops after treatment [29]. Our
group has extensively studied the radiobiology of BNCT in this experimental oral cancer
model. We have evaluated strategies to increase the therapeutic effect of BNCT mediated
by those boron compounds approved for use in humans, evaluated new boron carriers,
and studied mucositis induced by BNCT [29–31].

Both BPA and BSH have been widely used in BNCT for head and neck patients. How-
ever, it is reported that they have limitations related to boron loading, solubility, tumor
cell targeting, and accumulation in tumor and healthy tissue. This poses the need for
new boron compounds that could overcome these restrictions, i.e., being more selective,
nontoxic, and effective in boron delivery [32–34]. It is known that boron forms molecules
by covalent self-bonding as carbon. These polyhedral compounds are named boranes and
heteroboranes. One of the most commonly used in the medicinal chemistry field is the icosa-
hedral dicarba-closo-dodecaboranes, whose formulas are closo1,2-C2B10H12, 1,7-C2B10H12
and 1,12-C2B10H12 for ortho-, meta- and para- isomers, respectively [35]. Furthermore, these
icosahedral carboranes, composed of C and B atoms, can incorporate metals into their icosa-
hedral clusters, forming metallacarboranes [35]. This transformation allows these small
molecules to serve as potential multimodal agents, offering both diagnostic and multiple
therapeutic functionalities simultaneously [36]. In 2014, Tarrés et al. [37] reported on the
synthesis of Na[o-COSAN] (Na[o-COSAN]) in terms of the cellular viability, uptake, and
intracellular distribution in different cell lines and biodistribution studies in mice, using
a single dose (7.5 mg B/kg). They demonstrated high boron content, low toxicity, high
uptake by cancer cells, nucleus accumulation in vitro, and its capacity to strongly interact
with DNA and proteins [38]. Moreover, Na[o-COSAN] was shown to be a good candidate
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for dual cancer treatment for glioblastoma, i.e., chemotherapy action and BNCT boron
carrier [39]. In this sense, the aim of the present study was to evaluate, for the first time, the
biodistribution of Na[o-10COSAN] in the hamster cheek pouch oral cancer model and assess
the therapeutic effect and radiotoxicity induced by BNCT mediated by Na[o-10COSAN] in
this experimental animal model. This study will contribute to the optimization of BNCT,
particularly for the treatment of head and neck cancer.

2. Results

2.1. Synthesis of 10B-Enriched Cesium and Sodium Salts of [o-10COSAN]−

To increase the 10B content in the cobaltabisdicarbollide cluster for use in boron
neutron capture therapy targeting head and neck cancer in an experimental oral cancer
model, the synthesis of Na[o-10COSAN] was carried out using established [40,41] methods
but starting from 1,2-closo-C2

10B10H12. The first step involved synthesizing [HNMe3][7,8-
nido-C2

10B9H12], which served as a ligand in the subsequent complexation reaction. The
[o-10COSAN]− complex was initially isolated as salt of Cs+, which is water-insoluble and
achieved a maximum yield of 74.5%. The water-soluble Na+, suitable for BNCT irradiation,
was then prepared from the Cs+ salt through cation exchange chromatography, resulting in a
yield of 96%. Characterization revealed clear differences in the IR spectra of Cs[o-10COSAN]
and Na[o-10COSAN] in the range 3600–3200 cm−1 (see Figure S19 at the Supplementary
Materials), consistent with their distinct water-solubility properties. Additionally, the
IR spectra of natural boron Na[o-COSAN] and 10B-enriched Na[o-10COSAN] exhibit a
10 cm−1 blueshift around 2550 cm−1, corresponding to B-H bond vibrations [42]. This shift
is attributed to the difference between the ν(10B-H) and ν(11B-H) stretching frequencies,
as illustrated in Figure S20. The MALDI-TOF-MS spectra of the synthesized 10B-enriched
Cs[o-10COSAN] at the anode showed two peaks at m/z 309.086 (intensity: 72,640.562) and
at 310.090 (intensity: 9642.227), corresponding to pure 10B-enriched [o-10COSAN]− and
[o-10COSAN]− containing 11B atoms, respectively. From this mass spectrum, a percentage
of 99.35% 10B in the synthesized enriched [o-10COSAN]− was calculated, as detailed in
Figure S12 of the Supplementary Materials.

2.2. Biodistribution Studies

No short-term toxicity was observed when the sodium salt of natural boron [o-
COSAN]− was studied. Blood boron concentration values were similar and around 22 ppm
at 30 min, 2 h, 3 h, and 5 h after Na[o-COSAN] injection. However, over the 2–5 h period,
tumor boron concentration increased to a maximum of 13 ppm (Figure 1 and Table 1). The
tumor/blood (T/B) ratio for times 2, 3 and 5 h was 0.6, 1.6 and 1.8 respectively, while the
tumor/precancerous tissue (T/Pr) ratio for these three time-points was 1.6, 1.8 and 1.8 re-
spectively (Table 2). Given that the tumor boron concentration values were below 20 ppm
and all ratios (T/B and T/Pr) were below 3, the protocol would be not considered poten-
tially therapeutic in terms of the traditional BNCT literature [32]. However, we decided to
proceed with Na[o-COSAN]/BNCT radiobiological experiments based on our previous
experience with the GB-10 boron compound [29]. Based on these studies, we performed
Na[o-COSAN]/BNCT studies 3 h after Na[o-COSAN] injection, when tumor concentration
was 11.0 ± 3.5 ppm (n = 5 tumors) and boron concentration in the dose-limiting tissue, the
precancerous tissue surrounding tumors, was 7.5 ± 1.0 ppm (n = 3 animals) (Table 1).
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Table 1. Boron concentration values (ppm) for different and relevant tissue/organs at 2 h, 3 h, and
5 h after Na[o-COSAN] injection. For tumors, (n) is the number of samples. For the rest of the
tissue/organs, (n) is the number of animals.

Time Post Na[o-COSAN]

Boron Concentration (Mean ppm ± SD) (n)

2 h 3 h 5 h

Blood 21.4 ± 2.9 (3) 30.5 ± 15.7 (3) 23.5 ± 3.8 (3)
Tumor 11.9 ± 4.0 (11) 13.2 ± 4.7 (8) 10.8 ± 2.9 (17)

Precancerous tissue 7.2 ± 1.2 (3) 7.5 ± 1.0 (3) 6.1 ± 1.1 (3)
Normal pouch tissue 6.8 ± 2.0 (3) 4.8 ± 1.4 (3) 3.2 ± 0.7 (3)

Liver 32.8 ± 5.7 (3) 34.9 ± 2.7 (3) 28.1 ± 5.3 (3)
Spleen 16.6 ± 4.0 (3) 16.7 ± 1.9 (3) 10.9 ± 1.9 (3)
Kidney 18.2 ± 7.3 (3) 12.4 ± 2.7 (3) 18.2 ± 14.3 (3)
Lung 76.0 ± 16.5 (2) 74.3 ± 6.2 (3) 61.9 ± 7.9 (3)

Table 2. Boron concentration ratios: tumor/blood (T/B), tumor/precancerous tissue (T/Pr), and
tumor/normal pouch tissue (T/N).

T/B T/Pr T/N

Time Post Na[o-COSAN]
2 h 0.6 ± 0.2 1.6 ± 0.1 1.8 ± 0.3
3 h 0.5 ± 0.3 1.8 ± 0.7 2.9 ± 1.5
5 h 0.5 ± 0.2 1.8 ± 0.3 3.4 ± 0.3

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 4 of 12 
 

 

Table 1. Boron concentration values (ppm) for different and relevant tissue/organs at 2 h, 3 h, and 5 
h after Na[o-COSAN] injection. For tumors, (n) is the number of samples. For the rest of the tis-
sue/organs, (n) is the number of animals. 

Time Post Na[o-COSAN] 
Boron Concentration (Mean ppm ± SD) (n)  

 2 h  3 h 5 h 
Blood 21.4 ± 2.9 (3) 30.5 ± 15.7 (3) 23.5 ± 3.8 (3) 
Tumor 11.9 ± 4.0 (11) 13.2 ± 4.7 (8) 10.8 ± 2.9 (17) 

Precancerous tissue 7.2 ± 1.2 (3) 7.5 ± 1.0 (3) 6.1 ± 1.1 (3) 
Normal pouch tissue 6.8 ± 2.0 (3) 4.8 ± 1.4 (3) 3.2 ± 0.7 (3) 

Liver 32.8 ± 5.7 (3) 34.9 ± 2.7 (3) 28.1 ± 5.3 (3) 
Spleen 16.6 ± 4.0 (3) 16.7 ± 1.9 (3) 10.9 ± 1.9 (3) 
Kidney 18.2 ± 7.3 (3) 12.4 ± 2.7 (3) 18.2 ± 14.3 (3) 
Lung 76.0 ± 16.5 (2) 74.3 ± 6.2 (3) 61.9 ± 7.9 (3) 

Table 2. Boron concentration ratios: tumor/blood (T/B), tumor/precancerous tissue (T/Pr), and tu-
mor/normal pouch tissue (T/N). 

  T/B T/Pr T/N 

Time Post Na[o-COSAN] 
2 h 0.6 ± 0.2 1.6 ± 0.1 1.8 ± 0.3 
3 h 0.5 ± 0.3 1.8 ± 0.7 2.9 ± 1.5 
5 h 0.5 ± 0.2 1.8 ± 0.3 3.4 ± 0.3 

 
Figure 1. Boron concentration values (ppm) for blood, tumor, and precancerous tissue at different 
time-points post Na[o-COSAN] injection: 30 min, 2 h, 3 h, 5 h, and 18 h. 

2.3. BNCT In Vivo Studies 
2.3.1. Mucositis 

The degree of mucositis was recorded weekly. At 7 days after BNCT, 50% of the ham-
sters exhibited moderate to severe mucositis in the precancerous tissue. Severe mucositis 
resolved rapidly and at 10 days after BNCT, all animals had slight to moderate mucositis. 
At 21 days after BNCT, all animals exhibited slight mucositis (Table 3). 

  

Figure 1. Boron concentration values (ppm) for blood, tumor, and precancerous tissue at different
time-points post Na[o-COSAN] injection: 30 min, 2 h, 3 h, 5 h, and 18 h.

2.3. BNCT In Vivo Studies
2.3.1. Mucositis

The degree of mucositis was recorded weekly. At 7 days after BNCT, 50% of the ham-
sters exhibited moderate to severe mucositis in the precancerous tissue. Severe mucositis
resolved rapidly and at 10 days after BNCT, all animals had slight to moderate mucositis.
At 21 days after BNCT, all animals exhibited slight mucositis (Table 3).
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Table 3. Percentage of hamsters with mucositis at different time-points after BNCT mediated by
Na[o-10COSAN]; (n) = 8 animals in each time-point.

Mucositis Grade

Percentage of Hamsters

Time (Days)

0 7 10 14 21 28

0 12.5 0 0 0 0 0

1
slight

87.5 25 0 37.5 100 100

2 0 25 62.5 50 0 0

3 moderate 0 25 37.5 12.5 0 0

4
severe

0 25 0 0 0 0

5 0 0 0 0 0 0

2.3.2. Therapeutic Effect of BNCT Mediated by Na[o-10COSAN]

At 28 days after treatment, BNCT mediated by Na[o-10COSAN] induced an 81%
of overall tumor response (partial remission + complete remission), being significantly
higher than the percentage of overall responses reported in the control group (21% due to
spontaneous remissions; Table 4). Moreover, at the end of the follow up, 52% of the tumors
responded completely to Na[o-10COSAN]/BNCT (versus 9% reported in the control group;
Table 3, p < 0.02). Regarding those tumors that responded partially, 100% reduced their
initial volumes by more than 50% (Table 4).

Table 4. Percentage of tumors with partial remission (PR), complete remission (CR), and overall
tumor response (OR = PR + CR) as a function of time after Na[o-10COSAN]/BNCT vs. the control
group (cancerized, untreated animals); (n) is the number of tumors.

7 Days 14 Days 21 Days 28 Days

(n) %OR %PR %CR (n) %OR %PR %CR (n) %OR %PR %CR (n) %OR %PR %CR

Control * (51) 24 22 2 (51) 22 14 8 (45) 18 11 7 (34) 21 12 9

Na[o-10COSAN]/BNCT (47) 94 68 26 (47) 94 38 55 (47) 89 45 45 (42) 81 29 52

* Data reported for the control group were taken from Monti Hughes et al. [43]. OR, PR, and CR in this group are
due to spontaneous remissions.

When the tumors were classified by volume at the time of irradiation, it was also
observed that one large tumor showed a complete remission and the rest had a reduction
in volume of more than 50% of their initial volume. In the case of small- and medium-sized
tumors, 73% and 42% of the tumors showed complete remissions (respectively) and the
rest showed a reduction of more than 75% of their initial volume (Figure 2 and Table 5).

Table 5. Therapeutic effect of Na[o-10COSAN]/BNCT considering tumor volume: percentage of
tumors with partial remission (PR), complete remission (CR), and overall response (OR = PR + CR) at
28 days after BNCT (end of animal follow-up). (n) is the number of tumors.

Tumor Volume Category Tumor Remission (as a Percentage)

(n) PR% CR% OR%

Total (42) 29 52 81
Large ≥ 100 mm3 (8) 75 13 88

Medium ≥10 <100 mm3 (12) 42 42 83
Small < 10 mm3 (22) 5 73 77
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3. Discussion

In this study, we evaluated the potential use of Na[o-COSAN] as a boron carrier for
BNCT for the treatment of head and neck tumors in the hamster cheek pouch experimental
model of oral cancer. Although biodistribution studies employing Na[o-COSAN] have
shown low absolute boron concentration in the tumor (about 11 ppm of 10B), BNCT
mediated by Na[o-10COSAN] induced a high and significant therapeutic effect on tumors
versus the control group (cancerized, untreated animals). Moreover, only half of the animals
exhibited moderate to severe mucositis in the precancerous dose-limiting tissue after BNCT,
which resolved completely at 21 days after irradiation.

The introduction of new boron compounds that could overcome BPA and BSH limita-
tions is a need in BNCT. There are plenty of new boron compounds and an important step
is to introduce them in the clinics [11,32–34]. Na[o-COSAN], compared for example to BPA,
is easy to prepare for injection (no issues regarding solubility) and in this work, we demon-
strated significant therapeutic results while reducing toxicity. BPA is a boron compound
widely used in BNCT and has demonstrated significant therapeutic effect with reversible
and manageable toxicities in head and neck clinical veterinary and human patients [9,11,44].
Our group has wide experience in BNCT mediated by BPA studies in the hamster cheek
pouch oral cancer model. We demonstrated that BPA tumor accumulation is around the
recommended values in the literature (20 ppm), and overall tumor responses are similar
to those reported here for Na[o-10COSAN]/BNCT. However, when comparing toxicity,
Na[o-10COSAN]/BNCT exhibited less toxicity in precancerous tissue vs BPA/BNCT [45].
With this in mind, Na[o-10COSAN] would improve BNCT for the treatment of head and
neck cancer.

The efficiency of Na[o-COSAN] as a boron carrier for BNCT may be attributed to the
ability of [o-COSAN]− anions to cross both artificial bilayer membranes and cell mem-
branes [37,38] through a flip-flop translocation mechanism, as demonstrated theoreti-
cally [46]. Once inside the cell’s cytoplasm, [o-COSAN]− anions enter the cell’s nucleus [38].
This process is supported by the findings of Tagliazucchia et al. [47] who used theoretical
methods to study the effect of charge and hydrophobicity on the translocation of model
particles through the nuclear pore complex. They discovered that generic hydrophobicity
and negative charge of nanoparticles are essential for their translocation. Once in the nu-
cleus, [o-COSAN]− anions interact with DNA in an anionic way. Consequently, following
the uptake of [o-COSAN]− anions, 10B is mainly localized within or near the nucleus. To
emphasize that, in silico studies using Monte Carlo simulations have shown that energy
deposition in the nucleus of cells exposed to neutron reactions results in a more efficient
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cell-killing effect compared to a uniform distribution throughout the entire cell. These
results could suggest that, even at low concentrations, 10B from Na[o-COSAN] significantly
enhances its value as a carrier-free drug for cancer treatment with BNCT.

Radiobiological studies in in vitro and in vivo models are necessary to select which
boron compound would be interesting to introduce in a clinical scenario [23]. In the litera-
ture, several requirements have been stated regarding a potentially ideal boron delivery
agent: boron absolute concentrations of 20–30 µg 10B/g in the tumor to reduce irradiation
times and the associated background dose; high tumor/normal tissue boron concentration
(T/N) and tumor/blood (T/B) ratios; low systemic toxicity; and rapid clearance from blood
and normal tissues while persisting in tumor during neutron irradiation [32]. However,
boron compounds generally do not fulfill all these requirements and previous studies
have demonstrated that the requirements could be less stringent. For example, our group
has shown that GB-10 (Na2[10B10H10]) exhibited mean absolute boron concentration val-
ues between 9.5 and 18 ppm in hamster cheek pouch tumors, with T/N and T/B ratios
of 1 to 1.3 and 0.5 to 0.9 respectively [29,31]. However, we demonstrated a significant
therapeutic effect of GB-10/BNCT vs. cancerized untreated animals: almost 50% (2.2 Gy
tumor-absorbed dose) to 70% (7.92 Gy tumor-absorbed dose) overall tumor responses
corresponding to Olaiz et al. [31] and Trivillin et al. [29], respectively. In these studies, no
severe radiotoxic effects in precancerous tissue were observed. Another example came from
Tsujino et al. [48], who studied a boron-conjugated 4-iodophenylbutanamide (BC-IP) for
the treatment of brain cancer. They reported that although its accumulation in tumors was
low, BC-IP/BNCT significantly enhanced the survival of glioma-bearing rats compared to
untreated animals and those treated with neutrons only. The present study demonstrated
that although the animals injected with Na[o-COSAN] (7.5 mg 10B/kg b.w., 3 h post in-
jection) exhibited low tumor boron absolute uptake and T/B and T/N ratios, a high and
significant therapeutic effect of Na[o-10COSAN]/BNCT on tumors was evidenced while
preserving the precancerous dose-limiting tissue.

The present results are of significance in BNCT. However, there is room for improve-
ment. For example, increasing tumor complete responses of large tumors after Na[o-
10COSAN]/BNCT would be an asset, as unresectable large tumors significantly limit the
treatment, survival, and quality of life [44]. In previous studies we demonstrated that the
electroporation technique improved boron uptake and thus increased tumor control and
complete responses employing the boron compound GB-10. This technique is based on the
local application of an electric field to the tumor which permeabilizes the cell membranes,
increasing the passage of molecules into the cytosol [31]. With this in mind, future studies
will be aimed at combining Na[o-10COSAN]/BNCT with electroporation to enhance tumor
boron uptake, T/B and T/Pr ratios, and increase tumor control, particularly of large tumors.

Na[o-10COSAN]/BNCT induced moderate to severe mucositis in 50% of animals,
indicating potential toxicity. However, this mucositis was reversible. In this study, chronic
effects, late-onset toxicities, and overall survival benefits could not be assessed due to
the negative effects of the cancerization protocol employed on the clinical status of the
animals. For that aim, future studies will be performed employing cancerization protocols
that allow for medium- and long-term studies like the 8-week cancerization protocol (3-
month follow-up) or 6-week protocol (8-month follow-up) [49]. Moreover, the evaluation of
Na[o-10COSAN]/BNCT combined with strategies that could mitigate radiotoxic effects like
radioprotectors will be considered. Our group has experience in employing radioprotectors
to mitigate the mucositis or dermatitis induced by BNCT [50]. Another potential strategy
that could help to reduce BNCT-induced toxicity could be the combined administration of
boron compounds with different characteristics or to adjust the dose delivered and perform
a double BNCT, for example. Lowering the dose in each irradiation would allow for lower
toxicity after each application, but higher doses to the tumor in total.

Another possible step to improve the Na[o-COSAN]/BNCT therapeutic effect could
be to increase the Na[o-COSAN] injected dose in the animals. However, Fuentes et al. [38]
have reported a limitation associated to Na[o-COSAN], i.e., the formation of aggregates
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that accumulate mostly in the lung. This should be studied in detail, regarding the effect of
these aggregates in the lung and their potential negative effects in the animals. Meanwhile,
an alternative route of administration of the compound would be topical administration
to the tumor. This would avoid the systemic exposure to Na[o-COSAN] of the organs,
particularly lungs. An alternative effective strategy to injecting higher Na[o-COSAN]
doses to the animals could be to test a Double Na[o-10COSAN]/BNCT. We have reported
this protocol previously (employing as boron compounds BPA, GB-10 and liposomes)
showing a significant increase in BNCT therapeutic effect without additional costs in terms
of radiotoxicity in the precancerous dose-limiting tissue [30]. Based on the results obtained
in the present study, as severe and moderate mucositis resolved at 14 days after BNCT, we
propose that a second BNCT full-dose irradiation to precancerous tissue could be applied at
14 days after the first BNCT. This would allow the treatment of those tumor cell populations
that were refractory to the first treatment, thus improving overall responses and complete
tumor remissions. Moreover, the combination of Na[o-COSAN] with electroporation, in
keeping with Olaiz et al. [31] employing the boron compound GB-10, could increase tumor
boron uptake and T/B and T/N ratios, thus enhancing BNCT tumor control.

Herein we demonstrated that Na[o-COSAN] could be a potential boron compound to
be introduced for the treatment of head and neck cancer patients with BNCT. However, a
detailed study regarding its toxicity has to be performed first in small animal models, to
then assess the need to move on to large animal studies (depending on the models available
and issues to be addressed) and then introduce it in clinical veterinary scenarios and
finally humans. Particularly, comparative veterinary oncology could be an interesting step
before humans, as pets provide valuable, predictive, translational results for human cancer
patients (they share similar environments, immune systems, sizes, etc.), while providing a
cutting-edge therapy for them [51].

In conclusion, we demonstrated, for the first time, the therapeutic effect with reversible
radiotoxicity of BNCT mediated by Na[o-10COSAN] in the hamster oral cancer model. This
study contributes to the optimization of BNCT and development of new boron compounds,
particularly for BNCT of head and neck cancer.

4. Materials and Methods
4.1. Animal Model

Syrian hamsters 6 to 8 weeks old were exposed to the optimized classical carcino-
genesis protocol, which consists in the topical application of DMBA in mineral oil (0.5%)
in the right cheek pouch twice a week for 12 weeks, with two interruptions (fourth and
fifth application) completed at the end of the protocol [45]. Hamsters bearing tumors were
assigned to Na[o-COSAN] biodistribution studies. Based on these results, another set of
hamsters were then treated with BNCT mediated by Na[o-COSAN]. A control group of
cancerized untreated animals was also included.

The experiments described below were designed based on the 3Rs (replacement,
refinement, and reduction principles) and considering the guidelines published by the
National Institute of Health in the USA regarding the care and use of laboratory animals
in its eight edition from 2011. All protocols were previously approved by the Argentine
National Atomic Energy Commission Animal Care and Use Committee (CICUAL-CNEA,
n◦ 14/2023). The animals were housed at 24 ◦C with a 12/12 h light/dark cycle, with
tap water and a standard diet (Cooperación, Buenos Aires, Argentina) supplied ad libi-
tum. Cage changing was performed three times per week. Animal follow-up in terms
of tumor development and mucositis after BNCT was performed under intraperitoneal
(i.p.) anesthesia [(ketamine (140 mg/kg) and xylazine (21 mg/kg)]. The intravenous in-
jection of Na[o-COSAN] solution implied a surgery to expose the jugular vein, under i.p.
anesthesia [ketamine (70 mg/kg) and xylazine (10.5 mg/kg)] and i.p. analgesia (Tramadol
6 mg/kg/day, the day before and 48 h after surgery). The same protocol of analgesia was
employed when BNCT-treated animals exhibited severe mucositis (until its resolution).
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4.2. Na[o-COSAN] Solution

For the biodistribution studies, Na[o-COSAN] made with natural boron (11B) was
used. For BNCT studies, Na[o-10COSAN] enriched with 10B was employed. The solutions
were made with miliQ water (7.5 mg B/kg of body weight = 0.5 mL Na[o-COSAN]/100 g
of body weight).

4.3. Biodistribution Studies

Hamsters bearing tumors were subjected to Na[o-COSAN] biodistribution studies
at 7.5 mg B/kg as a slow bolus injection in the jugular vein under ketamine-xylazine
anesthesia. The Na[o-COSAN] dose was chosen based on previous studies on mice [38].
The hamsters were euthanized at different time-points after injection: (A) 30 min (n = 2
animals); (B) 2 h (n = 3 animals); (C) 3 h (n = 3 animals); (D) 5 h (n = 3 animals); (E) 18 h (n = 2
animals). Samples of blood, tumor, precancerous tissue, normal pouch tissue, liver, spleen,
kidney, and lung were taken in polypropylene tubes pre-weighed (between 30 and 50 mg).
Samples were digested with nitric acid for 1 h at 100 ◦C. Once the digestion was complete,
0.2 mL of the solution yttrium (0.5 ppm) was added as an internal standard prior to the
addition of 0.55 mL of a 5% Triton X-100 solution in water. Blood samples (200–300 mL)
were digested in 1.25 mL of nitric acid for 1 h at 100 ◦C. Then, 1 mL of the solution of
yttrium (0.5 ppm) was added prior to the addition of 2.75 mL of a 5% Triton X-100 solution
in water. Afterwards, digested tissues/organs and blood samples were sonicated at 60 ◦C
for 1 h. Standard solutions of boric acid (enriched to 99.8% 10B) were used to prepare a
calibration curve each day. Boron measurements were performed with inductively coupled
plasma-atomic emission spectroscopy (ICP-OES 5110, Agilent Scientific Instruments, Santa
Clara, CA, USA), using the boron 249.677-nm analytical line.

Each hamster had a variable number of tumors. Tumor/blood, tumor/precancerous
tissue and tumor/normal tissue boron concentration ratios were calculated for each tumor
considering the mean value of the samples corresponding to that particular tumor and the
mean blood value, precancerous tissue value, or normal tissue value corresponding to the
hamster bearing that particular tumor.

4.4. BNCT In Vivo Studies
4.4.1. Irradiation Procedure

Based on the results obtained in our biodistribution studies, tumor-bearing animals
were treated with BNCT mediated by Na[o-COSAN] at 7.5 mg B/kg b.w., 3 h after injection
(n = 8 animals). Irradiations were performed at the RA-3 nuclear reactor (Ezeiza, Buenos
Aires, Argentina), prescribing 5 Gy absorbed dose to the precancerous tissue around tumors.
The precancerous tissue was considered the dose-limiting tissue, based on toxicity data ob-
tained in previous BNCT studies with other boron compounds [29,49]. To protect the body
of the animals from thermal neutrons, a 6Li carbonate shielding was employed, allowing
the cheek-pouch-bearing tumors to be everted out of the enclosure onto a protruding shelf
for exposure.

4.4.2. Evaluation of Mucositis

The hamsters were followed weekly, during 4 weeks post-irradiation, assessing clinical
signs and body weight. We monitored toxicity induced by BNCT in terms of mucositis in
precancerous tissue, employing a 5-grade scale based on mucositis studies in humans and
hamsters [49]. Grade 0: healthy appearance, no erosion or vasodilation; Grade 1 (slight):
erythema and/or edema and/or vasodilation, no evidence of mucosal erosion; Grade 2
(slight): severe erythema and/or edema, vasodilation and/or superficial erosion; Grade
3 (moderate): severe erythema and/or edema, vasodilation, and the formation of ulcers
<2 mm in diameter; Grade 4 (severe): severe erythema and/or edema, vasodilation, and
the formation of ulcers ≥2 mm and <4 mm in diameter, and/or necrosis areas <4 mm in
diameter; Grade 5 (severe): the formation of ulcers ≥ 4 mm in diameter or multiple ulcers
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≥2 mm in diameter, and/or necrosis areas ≥ 4 mm in diameter. Grading was based on the
most severe macroscopic feature.

4.4.3. Evaluation of Tumor Response

BNCT therapeutic effect was evaluated as the percentage of tumors with partial
remission (PR), complete remission (CR), overall (partial + complete) response (OR), and
no response in each tumor volume category at the time of irradiation: small (<10 mm3),
medium (≥10 <100 mm3), and large tumors (≥100 mm3). Cancerized, untreated animals
served as controls (n = 8 animals).

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ph17101367/s1. References [40,41,52] are cited in the
supplementary materials.

Author Contributions: Conceptualization, C.V. and A.E.S.; Methodology, M.A.P., A.M.H., V.A.T.,
M.A.G., P.S.R., S.I.T., P.C., E.C.C.P., M.N.M. and F.T.; Formal analysis, M.A.P., A.M.H., V.A.T., C.V.,
and A.E.S.; Investigation, M.A.P., C.V. and A.E.S.; Resources, C.V., A.E.S. and M.A.G.; Data curation,
M.A.P., A.M.H., V.A.T., M.A.G., P.S.R., S.I.T., P.C., E.C.C.P., M.N.M. and F.T.; Writing—original draft
preparation, A.M.H., M.A.P., V.A.T., C.V. and A.E.S.; Writing—review and editing, M.A.P., A.M.H.,
V.A.T., M.A.G., P.S.R., S.I.T., P.C., E.C.C.P., M.N.M., F.T., C.V., and A.E.S.; Supervision, M.A.P., A.M.H.,
C.V. and A.E.S.; Project administration, C.V. and A.E.S.; Funding acquisition, C.V., A.E.S. and M.A.G.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Atomic Energy Commission from Argentina, the
Spanish Ministry of Economy and Competitiveness (PID2019-106832RB-I00), and the Generalitat of
Catalunya (2017SGR1720).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of C.N.E.A. (protocol code 14/2023 and 8 March 2024) for studies involving animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used for the current study are available from the corre-
sponding author on reasonable request.

Acknowledgments: To Martin Viale (CONICET, Argentina) and Ignacio Czornenki for animal care
and handling.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Gormley, M.; Creaney, G.; Schache, A.; Ingarfield, K.; Conway, D.I. Reviewing the epidemiology of head and neck cancer:
Definitions, trends and risk factors. Br. Dent. J. 2022, 233, 780–786. [CrossRef] [PubMed]

3. Li, Q.; Tie, Y.; Alu, A.; Ma, X.; Shi, H. Targeted therapy for head and neck cancer: Signaling pathways and clinical studies. Signal
Transduct. Target. Ther. 2023, 8, 31. [CrossRef] [PubMed]

4. Guidi, A.; Codecà, C.; Ferrari, D. Chemotherapy and immunotherapy for recurrent and metastatic head and neck cancer: A
systematic review. Med. Oncol. 2018, 35, 37. [CrossRef] [PubMed]

5. Kitamura, N.; Sento, S.; Yoshizawa, Y.; Sasabe, E.; Kudo, Y.; Yamamoto, T. Current Trends and Future Prospects of Molecular
Targeted Therapy in Head and Neck Squamous Cell Carcinoma. Int. J. Mol. Sci. 2020, 22, 240. [CrossRef]

6. Alfouzan, A.F. Radiation therapy in head and neck cancer. Saudi Med. J. 2021, 42, 247–254. [CrossRef]
7. Amin, N.; Maroun, C.A.; El Asmar, M.; Alkhatib, H.H.; Guller, M.; Herberg, M.E.; Zhu, G.; Seiwert, T.Y.; Pardoll, D.; Eisele, D.W.;

et al. Neoadjuvant immunotherapy prior to surgery for mucosal head and neck squamous cell carcinoma: Systematic review.
Head Neck 2022, 44, 562–571. [CrossRef]

8. Zhang, S.; Zeng, N.; Yang, J.; He, J.; Zhu, F.; Liao, W.; Xiong, M.; Li, Y. Advancements of radiotherapy for recurrent head and neck
cancer in modern era. Radiat. Oncol. 2023, 18, 166. [CrossRef]

9. Kankaanranta, L.; Seppala, T.; Koivunoro, H.; Saarilahti, K.; Atula, T.; Collan, J.; Salli, E.; Kortesniemi, M.; Uusi-Simola, J.;
Valimaki, P.; et al. Boron neutron capture therapy in the treatment of locally recurred head-and-neck cancer: Final analysis of a
phase I/II trial. Int. J. Radiat. Oncol. Biol. Phys. 2012, 82, e67–e75. [CrossRef]

https://www.mdpi.com/article/10.3390/ph17101367/s1
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1038/s41415-022-5166-x
https://www.ncbi.nlm.nih.gov/pubmed/36369568
https://doi.org/10.1038/s41392-022-01297-0
https://www.ncbi.nlm.nih.gov/pubmed/36646686
https://doi.org/10.1007/s12032-018-1096-5
https://www.ncbi.nlm.nih.gov/pubmed/29441454
https://doi.org/10.3390/ijms22010240
https://doi.org/10.15537/smj.2021.42.3.20210660
https://doi.org/10.1002/hed.26935
https://doi.org/10.1186/s13014-023-02342-0
https://doi.org/10.1016/j.ijrobp.2010.09.057


Pharmaceuticals 2024, 17, 1367 11 of 12

10. Aihara, T.; Morita, N.; Kamitani, N.; Kumada, H.; Ono, K.; Hiratsuka, J.; Harada, T. BNCT for advanced or recurrent head and
neck cancer. Appl. Radiat. Isot. 2014, 88, 12–15. [CrossRef]

11. Hirose, K.; Konno, A.; Hiratsuka, J.; Yoshimoto, S.; Kato, T.; Ono, K.; Otsuki, N.; Hatazawa, J.; Tanaka, H.; Takayama, K.; et al.
Boron neutron capture therapy using cyclotron-based epithermal neutron source and borofalan ((10)B) for recurrent or locally
advanced head and neck cancer (JHN002): An open-label phase II trial. Radiother. Oncol. 2021, 155, 182–187. [CrossRef]

12. Coderre, J.A.; Morris, G.M. The radiation biology of boron neutron capture therapy. Radiat. Res. 1999, 151, 1–18. [CrossRef]
[PubMed]

13. González, S.J.; Bonomi, M.R.; Santa Cruz, G.A.; Blaumann, H.R.; Calzetta Larrieu, O.A.; Menéndez, P.; Jiménez Rebagliati, R.;
Longhino, J.; Feld, D.B.; Roth, B.M. First BNCT treatment of a skin melanoma in Argentina: Dosimetric analysis and clinical
outcome. Appl. Radiat. Isot. 2004, 61, 1101–1105. [CrossRef] [PubMed]

14. Zonta, A.; Pinelli, T.; Prati, U.; Roveda, L.; Ferrari, C.; Clerici, A.M.; Zonta, C.; Mazzini, G.; Dionigi, P.; Altieri, S.; et al. Extra-
corporeal liver BNCT for the treatment of diffuse metastases: What was learned and what is still to be learned. Appl. Radiat. Isot.
2009, 67 (Suppl. S7–S8), S67–S75. [CrossRef]

15. Miyatake, S.; Kawabata, S.; Hiramatsu, R.; Furuse, M.; Kuroiwa, T.; Suzuki, M. Boron neutron capture therapy with bevacizumab
may prolong the survival of recurrent malignant glioma patients: Four cases. Radiat. Oncol. 2014, 9, 6. [CrossRef]

16. Hiratsuka, J.; Kamitani, N.; Tanaka, R.; Yoden, E.; Tokiya, R.; Suzuki, M.; Barth, R.F.; Ono, K. Boron neutron capture therapy for
vulvar melanoma and genital extramammary Paget’s disease with curative responses. Cancer Commun. 2018, 38, 38. [CrossRef]

17. Wang, L.W.; Liu, Y.H.; Chou, F.I.; Jiang, S.H. Clinical trials for treating recurrent head and neck cancer with boron neutron capture
therapy using the Tsing-Hua Open Pool Reactor. Cancer Commun. 2018, 38, 37. [CrossRef]

18. Chen, Y.W.; Lee, Y.Y.; Lin, C.F.; Pan, P.S.; Chen, J.K.; Wang, C.W.; Hsu, S.M.; Kuo, Y.C.; Lan, T.L.; Hsu, S.P.C.; et al. Salvage
Boron Neutron Capture Therapy for Malignant Brain Tumor Patients in Compliance with Emergency and Compassionate Use:
Evaluation of 34 Cases in Taiwan. Biology 2021, 10, 334. [CrossRef] [PubMed]

19. Igaki, H.; Murakami, N.; Nakamura, S.; Yamazaki, N.; Kashihara, T.; Takahashi, A.; Namikawa, K.; Takemori, M.; Okamoto, H.;
Iijima, K.; et al. Scalp angiosarcoma treated with linear accelerator-based boron neutron capture therapy: A report of two patients.
Clin. Transl. Radiat. Oncol. 2022, 33, 128–133. [CrossRef] [PubMed]

20. Lan, T.L.; Lin, C.F.; Lee, Y.Y.; Lin, K.H.; Chang, F.C.; Lin, S.C.; Lee, J.C.; Chou, F.I.; Peir, J.J.; Liu, H.M.; et al. Advances in Boron
Neutron Capture Therapy (BNCT) for Recurrent Intracranial Meningioma. Int. J. Mol. Sci. 2023, 24, 4978. [CrossRef]

21. Wang, L.W.; Liu, Y.H.; Chu, P.Y.; Liu, H.M.; Peir, J.J.; Lin, K.H.; Huang, W.S.; Lo, W.L.; Lee, J.C.; Lin, T.Y.; et al. Boron Neutron
Capture Therapy Followed by Image-Guided Intensity-Modulated Radiotherapy for Locally Recurrent Head and Neck Cancer: A
Prospective Phase I/II Trial. Cancers 2023, 15, 2762. [CrossRef] [PubMed]

22. Ono, K.; Masunaga, S.; Kinashi, Y.; Takagaki, M.; Akaboshi, M.; Suzuki, M.; Baba, H. Effects of boron neutron capture therapy
using borocaptate sodium in combination with a tumour-selective vasoactive agent in mice. Jpn. J. Cancer Res. 1998, 89, 334–340.
[CrossRef] [PubMed]

23. Schwint, A.E.; Trivillin, V.A. ‘Close-to-ideal’ tumor boron targeting for boron neutron capture therapy is possible with ‘less-than-
ideal’ boron carriers approved for use in humans. Ther. Deliv. 2015, 6, 269–272. [CrossRef] [PubMed]

24. Lin, Y.C.; Chou, F.I.; Liao, J.W.; Liu, Y.H.; Hwang, J.J. The effect of low-dose gamma irradiation on the uptake of boronophenylala-
nine to enhance the efficacy of boron neutron capture therapy in an orthotopic oral cancer model. Radiat. Res. 2021, 195, 347–354.
[CrossRef] [PubMed]

25. Sangild, P.T.; Shen, R.L.; Pontoppidan, P.; Rathe, M. Animal models of chemotherapy-induced mucositis: Translational relevance
and challenges. Am. J. Physiol. Gastrointest. Liver Physiol. 2018, 314, G231–G246. [CrossRef]

26. Yapijakis, C.; Kalogera, S.; Papakosta, V.; Vassiliou, S. The Hamster Model of Sequential Oral Carcinogenesis: An Update. In Vivo
2019, 33, 1751–1755. [CrossRef]

27. Wang, Z.; Cormier, R.T. Golden Syrian Hamster Models for Cancer Research. Cells. 2022, 11, 2395. [CrossRef]
28. Salley, J.J. Experimental carcinogenesis in the cheek pouch of the Syrian hamster. J. Dent. Res. 1954, 33, 253–262. [CrossRef]
29. Trivillin, V.A.; Heber, E.M.; Nigg, D.W.; Itoiz, M.E.; Calzetta, O.; Blaumann, H.; Longhino, J.; Schwint, A.E. Therapeutic success of

boron neutron capture therapy (BNCT) mediated by a chemically non-selective boron agent in an experimental model of oral
cancer: A new paradigm in BNCT radiobiology. Radiat. Res. 2006, 166, 387–396. [CrossRef]

30. Heber, E.M.; Hawthorne, M.F.; Kueffer, P.J.; Garabalino, M.A.; Thorp, S.I.; Pozzi, E.C.C.; Monti Hughes, A.; Maitz, C.A.; Jalisatgi,
S.S.; Nigg, D.W.; et al. Therapeutic efficacy of boron neutron capture therapy mediated by boron-rich liposomes for oral cancer in
the hamster cheek pouch model. Proc. Natl. Acad. Sci. USA 2014, 111, 16077–16081. [CrossRef]

31. Olaiz, N.; Monti Hughes, A.; Pozzi, E.C.C.; Thorp, S.I.; Curotto, P.; Trivillin, V.A.; Ramos, P.S.; Palmieri, M.A.; Marshall, G.;
Schwint, A.E.; et al. Enhancement in the Therapeutic Efficacy of In Vivo BNCT Mediated by GB-10 with Electroporation in a
Model of Oral Cancer. Cells 2023, 12, 1241. [CrossRef] [PubMed]

32. Barth, R.F.; Mi, P.; Yang, W. Boron delivery agents for neutron capture therapy of cancer. Cancer Commun. 2018, 38, 35. [CrossRef]
[PubMed]

33. Monti Hughes, A.; Hu, N. Optimizing Boron Neutron Capture Therapy (BNCT) to Treat Cancer: An Updated Review on the
Latest Developments on Boron Compounds and Strategies. Cancers 2023, 15, 4091. [CrossRef] [PubMed]

34. Seneviratne, D.S.; Saifi, O.; Mackeyev, Y.; Malouff, T.; Krishnan, S. Next-Generation Boron Drugs and Rational Translational
Studies Driving the Revival of BNCT. Cells 2023, 12, 1398. [CrossRef] [PubMed]

https://doi.org/10.1016/j.apradiso.2014.04.007
https://doi.org/10.1016/j.radonc.2020.11.001
https://doi.org/10.2307/3579742
https://www.ncbi.nlm.nih.gov/pubmed/9973079
https://doi.org/10.1016/j.apradiso.2004.05.060
https://www.ncbi.nlm.nih.gov/pubmed/15308199
https://doi.org/10.1016/j.apradiso.2009.03.087
https://doi.org/10.1186/1748-717X-9-6
https://doi.org/10.1186/s40880-018-0297-9
https://doi.org/10.1186/s40880-018-0295-y
https://doi.org/10.3390/biology10040334
https://www.ncbi.nlm.nih.gov/pubmed/33920984
https://doi.org/10.1016/j.ctro.2022.02.006
https://www.ncbi.nlm.nih.gov/pubmed/35252597
https://doi.org/10.3390/ijms24054978
https://doi.org/10.3390/cancers15102762
https://www.ncbi.nlm.nih.gov/pubmed/37345099
https://doi.org/10.1111/j.1349-7006.1998.tb00567.x
https://www.ncbi.nlm.nih.gov/pubmed/9600129
https://doi.org/10.4155/tde.14.108
https://www.ncbi.nlm.nih.gov/pubmed/25853302
https://doi.org/10.1667/RADE-20-00102.1
https://www.ncbi.nlm.nih.gov/pubmed/33513230
https://doi.org/10.1152/ajpgi.00204.2017
https://doi.org/10.21873/invivo.11665
https://doi.org/10.3390/cells11152395
https://doi.org/10.1177/00220345540330021201
https://doi.org/10.1667/RR3592.1
https://doi.org/10.1073/pnas.1410865111
https://doi.org/10.3390/cells12091241
https://www.ncbi.nlm.nih.gov/pubmed/37174642
https://doi.org/10.1186/s40880-018-0299-7
https://www.ncbi.nlm.nih.gov/pubmed/29914561
https://doi.org/10.3390/cancers15164091
https://www.ncbi.nlm.nih.gov/pubmed/37627119
https://doi.org/10.3390/cells12101398
https://www.ncbi.nlm.nih.gov/pubmed/37408232


Pharmaceuticals 2024, 17, 1367 12 of 12

35. Grimes, R.N. Carboranes, 3rd ed.; Academic Press: Amsterdam, The Netherlands; Boston, MA, USA, 2016.
36. Grams, R.J.; Santos, W.L.; Scorei, I.R.; Abad-García, A.; Rosenblum, C.A.; Bita, A.; Cerecetto, H.; Viñas, C.; Soriano-Ursuá, M.A.

The Rise of Boron-Containing Compounds: Advancements in Synthesis, Medicinal Chemistry, and Emerging Pharmacology.
Chem. Rev. 2024, 124, 2441–2511. [CrossRef]

37. Tarres, M.; Canetta, E.; Paul, E.; Forbes, J.; Azzouni, K.; Viñas, C.; Teixidor, F.; Harwood, A.J. Biological interaction of living cells
with COSAN-based synthetic vesicles. Sci. Rep. 2015, 5, 7804. [CrossRef]

38. Fuentes, I.; Garcia-Mendiola, T.; Sato, S.; Pita, M.; Nakamura, H.; Lorenzo, E.; Teixidor, F.; Marques, F.; Viñas, C. Metallacarboranes
on the Road to Anticancer Therapies: Cellular Uptake, DNA Interaction, and Biological Evaluation of Cobaltabisdicarbollide
[COSAN]. Chemistry 2018, 24, 17239–17254. [CrossRef]

39. Nuez-Martinez, M.; Pinto, C.I.G.; Guerreiro, J.F.; Mendes, F.; Marques, F.; Munoz-Juan, A.; Xavier, J.A.M.; Laromaine, A.; Bitonto,
V.; Protti, N.; et al. Cobaltabis(dicarbollide) ([o-COSAN](-)) as Multifunctional Chemotherapeutics: A Prospective Application in
Boron Neutron Capture Therapy (BNCT) for Glioblastoma. Cancers 2021, 13, 6367. [CrossRef]

40. Viñas, C.; Pedrajas, J.; Bertran, J.; Teixidor, F.; Kivekäs, R.; Sillanpää, R. Synthesis of Cobaltabis(dicarbollyl) Complexes Incorporat-
ing Exocluster SR Substituents and the Improved Synthesis of [3,3’-Co(1-R-2-R’-1,2-C2B9H9)2]-Derivatives. Inorg. Chem. 1997, 36,
2482–2486. [CrossRef]

41. Hawthorne, M.F.; Young, D.C.; Andrews, T.D.; Howe, D.V.; Pilling, R.L.; Pitts, A.D.; Reintjes, M.; Warren, L.F.; Wegner, P.A.
.pi.-Dicarbollyl derivatives of the transition metals. Metallocene analogs. J. Am. Chem. Soc. 1968, 90, 879–896. [CrossRef]

42. Leites, L.A. Vibrational spectroscopy of carboranes and parent boranes and its capabilities in carborane chemistry. Chem. Rev.
1992, 92, 279–323. [CrossRef]

43. Monti Hughes, A.; Goldfinger, J.A.; Palmieri, M.A.; Ramos, P.S.; Santa Cruz, I.S.; De Leo, L.; Garabalino, M.A.; Thorp, S.I.; Curotto,
P.; Pozzi, E.C.C.; et al. Boron Neutron Capture Therapy (BNCT) Mediated by Maleimide-Functionalized Closo [1]Dodecaborate
Albumin Conjugates (MID:BSA) for Oral Cancer: Biodistribution Studies and In Vivo BNCT in the Hamster Cheek Pouch Oral
Cancer Model. Life 2022, 12, 1082. [CrossRef]

44. Schwint, A.E.; Monti Hughes, A.; Garabalino, M.A.; Santa Cruz, G.A.; González, S.J.; Longhino, J.; Provenzano, L.; Oña, P.; Rao,
M.; Cantarelli, M.L.Á.; et al. Clinical Veterinary Boron Neutron Capture Therapy (BNCT) Studies in Dogs with Head and Neck
Cancer: Bridging the Gap between Translational and Clinical Studies. Biology 2020, 9, 327. [CrossRef]

45. Santa Cruz, I.S.; Garabalino, M.A.; Trivillin, V.A.; Itoiz, M.E.; Pozzi, E.C.C.; Thorp, S.I.; Curotto, P.; Guidobono, J.S.; Heber, E.M.;
Nigg, D.W.; et al. Optimization of the classical oral cancerization protocol in hamster to study oral cancer therapy. Oral Dis. 2020,
26, 1175–1184. [CrossRef] [PubMed]

46. Malaspina, D.C.; Teixidor, F.; Viñas, C.; Faraudo, J. How a few help all: Cooperative crossing of lipid membranes by COSAN
anions. Phys. Chem. Chem. Phys. 2023, 25, 27942–27948. [CrossRef] [PubMed]

47. Tagliazucchia, M.; Peleg, O.; Krögerc, M.; Rabind, Y.; Szleifera, I. Effect of charge, hydrophobicity, and sequence of nucleoporins
on the translocation of model particles through the nuclear pore complex. Proc. Natl. Acad. Sci. USA 2013, 110, 3363–3368.
[CrossRef]

48. Tsujino, K.; Kashiwagi, H.; Nishimura, K.; Kayama, R.; Yoshimura, K.; Fukuo, Y.; Shiba, H.; Hiramatsu, R.; Nonoguchi, N.; Furuse,
M.; et al. Improved Boron Neutron Capture Therapy Using Integrin alphavbeta3-Targeted Long-Retention-Type Boron Carrier in
a F98 Rat Glioma Model. Biology 2023, 12, 377. [CrossRef]

49. Monti Hughes, A.; Goldfinger, J.A.; Santa Cruz, I.S.; Pozzi, E.C.C.; Thorp, S.I.; Curotto, P.; Garabalino, M.A.; Itoiz, M.E.; Palmieri,
M.A.; Ramos, P.S.; et al. Different oral cancer scenarios to personalize targeted therapy: Boron Neutron Capture Therapy
translational studies. Ther. Deliv. 2019, 10, 353–362. [CrossRef]

50. Frydryk Benitez, D.N.; Palmieri, M.A.; Langle, Y.V.; Monti Hughes, A.; Pozzi, E.C.C.; Thorp, S.I.; Garabalino, M.A.; Curotto, P.;
Ramos, P.S.; Paparella, M.L.; et al. Therapeutic Efficacy, Radiotoxicity and Abscopal Effect of BNCT at the RA-3 Nuclear Reactor
Employing Oligo-Fucoidan and Glutamine as Adjuvants in an Ectopic Colon Cancer Model in Rats. Life 2023, 13, 1538. [CrossRef]

51. Boss, M.K. Canine comparative oncology for translational radiation research. Int. J. Radiat. Biol. 2022, 98, 496–505. [CrossRef]
52. Hawthorne, M.F.; Young, D.C.; Garrett, P.M.; Owen, D.A.; Schwerin, S.G.; Tebbe, F.N.; Wegner, P.A. Preparation and characteriza-

tion of the (3)-1,2- and (3)-1,7-dicarbadodecahydroundecaborate(-1) ions. J. Am. Chem. Soc. 1968, 90, 862–868. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.chemrev.3c00663
https://doi.org/10.1038/srep07804
https://doi.org/10.1002/chem.201803178
https://doi.org/10.3390/cancers13246367
https://doi.org/10.1021/ic961002g
https://doi.org/10.1021/ja01006a008
https://doi.org/10.1021/cr00010a006
https://doi.org/10.3390/life12071082
https://doi.org/10.3390/biology9100327
https://doi.org/10.1111/odi.13358
https://www.ncbi.nlm.nih.gov/pubmed/32297432
https://doi.org/10.1039/D3CP03614F
https://www.ncbi.nlm.nih.gov/pubmed/37823330
https://doi.org/10.1073/pnas.1212909110
https://doi.org/10.3390/biology12030377
https://doi.org/10.4155/tde-2019-0022
https://doi.org/10.3390/life13071538
https://doi.org/10.1080/09553002.2021.1987572
https://doi.org/10.1021/ja01006a006

	Introduction 
	Results 
	Synthesis of 10B-Enriched Cesium and Sodium Salts of [o-10COSAN]- 
	Biodistribution Studies 
	BNCT In Vivo Studies 
	Mucositis 
	Therapeutic Effect of BNCT Mediated by Na[o-10COSAN] 


	Discussion 
	Materials and Methods 
	Animal Model 
	Na[o-COSAN] Solution 
	Biodistribution Studies 
	BNCT In Vivo Studies 
	Irradiation Procedure 
	Evaluation of Mucositis 
	Evaluation of Tumor Response 


	References

