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Abstract

This proceeding article compiles current research on the development of boron delivery drugs for boron neutron
capture therapy that was presented and discussed at the National Cancer Institute (NCI) Workshop on Neutron
Capture Therapy that took place on April 20–22, 2022. The most used boron sources are icosahedral boron clus-
ters attached to peptides, proteins (such as albumin), porphyrin derivatives, dendrimers, polymers, and nanopar-
ticles, or encapsulated into liposomes. These boron clusters and/or carriers can be labeled with contrast agents
allowing for the use of imaging techniques, such as PET, SPECT, and fluorescence, that enable quantification of
tumor-localized boron and their use as theranostic agents.
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Introduction

Boron Neutron Capture therapy (BNCT) is a binary ther-
apy treatment form of radiotherapy based on the ability

of 10B nuclei to capture low-energy neutrons and subsequent
fission of the resulting excited nuclei to produce high-linear
energy transfer a-particles and recoiling lithium-7 nuclei as
shown in equation (1):

10B þ 1n! 7Li3þ þ 4He2þ þ c þ 2:4 MeV (1)

The biologically abundant nuclei 12C (0.0034 barn), 1H
(0.33 barn), and 14N (1.8 barn) show negligible interference
with the 10B (n,a)7Li neutron capture reaction due to their
much smaller nuclear cross sections in comparison with 10B

(3,838 barns). Since the high-linear energy transfer particles
have <10 lm path length in tissue, the BNCT effect is local-
ized to the 10B-containing cells.

Two boron delivery agents have been used in BNCT
clinical trials for malignant brain tumors, melanomas, and
squamous cell carcinomas: sodium mercaptoundecahydro-
closo-dodecaborate (Na2

10B12H11SH), designated BSH,
and (L)-4-dihydroxy-borylphenylalanine, known as l-BPA,
often delivered as a water-soluble fructose or sorbitol com-
plex. BSH was the first successful boron delivery agent used
for the treatment of malignant brain tumor patients in BNCT.
BSH can access a brain tumor when the blood–brain barrier
(BBB) is disrupted. BPA, on the contrary, was first used
in patients with melanoma. Initially, racemic forms were
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used, but L-BPA was found to be more potent than D-BPA
and is now widely used in BNCT. Further, L-BPA has been
found to accumulate in a wide variety of tumors, includ-
ing malignant brain tumors and head and neck cancers as
well as melanoma.

Thus, BSH is not currently used in the clinical practice
of BNCT.1–4 Since 2020, the company Stella Pharma is
allowed to market Steboronine� (generic name: Borofalan),
which is 10B-enriched (99%) l-BPA as its d-sorbitol com-
plex. Also recently, the technology for generation of neu-
trons using accelerators has been developed in various
countries, making the development of novel, selective boron
carriers an important and much needed task. Over the last
decades, new boron delivery agents emerged for application
in BNCT of various cancers. These agents possess several
advantages over BSH and l-BPA, including the delivery of
higher amounts of boron selectively to tumor cells.

Requirements of a Boron Agent for BNCT

The success of BNCT is highly dependent on the selec-
tive accumulation ability of 10B in the tumor cells and its
intracellular biodistribution. Ideally, the boron agents used
in BNCT should be able to maintain the 10B concentration in
tumor at a level of *30 lg 10B/g tumor where an antitumor
effect can be expected during neutron irradiation, and be
safe with low systemic toxicity. In addition, the tumor
tissue concentration/normal tissue concentration (T/N) and
the tumor tissue concentration/blood concentration (T/B)
ratios should be high (>3:1), while at the same time being
rapidly expelled from normal tissue and blood after neu-
tron irradiation. Furthermore, boron agents must comply
with the International Council for Harmonization of
Pharmaceutical Regulations (ICH) guidelines for ‘‘neo-
plastic agents’’.

In March 2020, an accelerator-based BNCT for head and
neck cancers with Steboronine� was approved by the Phar-
maceuticals and Medical Devices Agency in Japan, making
BNCT a much more accessible treatment. Although l-BPA
is known to actively accumulate in cancer cells via the
L-type amino acid transporter 1 (LAT-1), which is over-
expressed in many cancer cells, there are still many pati-
ents for whom l-BPA is not applicable, which makes the
need for new boron agents even more urgent. In addition,
because of the rapid clearance of l-BPA, a high-dose infu-
sion (500 mg/kg body weight) is often performed to main-
tain 10B concentration in blood.

The development of new boron carriers for BNCT has
focused on small molecules of high boron content and boron
compounds conjugated with biomolecules. Unlike boron-
based pharmaceuticals, boron carriers for BNCT should be
highly tumor selective and essentially nontoxic. Thus, com-
pounds with a very large boron content5–9 and tu-
mor selectivity have been developed, using specific shuttle
systems that accumulate the BNCT agent within tumor cells
by internalization processes.5,6,10–12 These include boron
compounds conjugated with biomolecules such as peptides,
growth factors, antibodies (mAbs), carrier proteins, and/or
to porphyrin derivatives, which enable the use of photody-
namic therapy (PDT) as an adjuvant to BNCT, and tumor
detection via optical microscopy.

Boron Clusters as Scaffolds for BNCT

Aromatic compounds that play important roles in bio-
chemistry find numerous applications ranging from drug de-
livery to nanotechnology or biological markers. The group
of C. Viñas reached an important achievement in demon-
strating experimentally and theoretically that neutral and
anionic carboranes, as well as anionic metallabis(dicar-
bollides), display 3D global aromaticity.13 Based on the
relationship between stability-aromaticity, they opened new
applications of boron clusters as key components in the field
of new materials for health care.14,15 One of the most
promising boron delivery systems is icosahedral boron
clusters, such as carborane, metallacarborane, and their de-
rivatives, due to their high boron content and low toxicity in
biological systems.

The group of C. Viñas has developed several strategies to
prepare high boron containing nanomaterials for multimodal
therapies, including in BNCT, by using icosahedral boron
clusters that consist of their attachment onto nanocarriers,
such as dendrimers,16 polymers,17 nanoparticles (gold,18,19

magnetic,20,21 or quantum dots22), leading to payloads with
a high boron density. Parallel to their use as BNCT plus
chemotherapy and/or phototherapy and/or hyperthermal
therapy agents simultaneously, boron clusters are excellent
scaffolds for diagnostic and therapeutic labeling, opening
the door to a wide range of biomedical applications.

Regarding carboranes in biomedicine, research has been
focused on the development of new multifunctional hybrid
(carboranyl + anilinoquinazolines)23–26 and nanoparticles as
nanocarriers and/or, as anticancer drugs that, exhibiting
desirable in vitro antitumor activities against F98, HT29,
A172, and hCMEC/D3 cancer cell lines, offer the possibility
of dual-action (chemotherapy+BNCT23–26 and thermo-
therapy+BNCT21), which may result in significant clinical
benefits for cancer treatment, particularly for glioblastomas.

With respect to the icosahedral metallacarboranes, the
anionic metallabis(dicarbollides), [3,3-M(1,2-C2B9H11)2]-,
(M = Co, Fe) are the most studied.27 The 3D aromatic
Na[3,3-Co(1,2-C2B9H11)2] forms hydrogen and dihydrogen
bonds that participate in its self-assembling, water solubil-
ity, and aggregates’ formation.28 Metallabis(dicarbollides)
have attracted much attention in biology because they are
inert to biochemical reactions. The Na[3,3-Co(1,2-
C2B9H11)2] complex possesses the ability to readily cross
cellular membranes,29–31 not being cytotoxic, but cytostatic,
and cells recover following its removal.31

Having performed experiments in a round-bottom flask
on a chemical scale, the C. Viñas group showed that [3,3-
Co(1,2-C2B9H11)2]- and some of its halogenated derivatives
interact with biomolecules (amino acids,32 proteins,33,34 ds-
DNA35,36 and glucose37). They observed these interactions
in vitro experiments by changing the round-bottom flask to a
cell and the solutions to the cell physiological components.
The chemical scale studies were done individually, whereas
the cell study incorporates the effect of all the interacting
biomolecules. The group of C. Viñas went a step further by
using SR-FTIRM to understand and detect that this anion
modifies biomolecules (proteins, DNA, and lipids) and
concentrates in the cells’ nuclei after their cellular uptake.38

Recently, Na[3,3–57Fe(1,2-C2B9H11)2] demonstrated multi-
therapies’ activity.39
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Furthermore, carboranes and Na[3,3-Co(1,2-C2B9H11)2],
which can be labeled with contrast agents such as 124I and
125I for in vivo markers by PET and SPECT nuclear imaging
techniques make these clusters to be very good scaffolds as
theranostic agents,40,41 accumulating selectively in the tu-
mor tissue for diagnosis and multimodal therapies, speeding
up action and diminishing secondary effects. Figure 1
summarizes the research of this section.

Carborane-Peptide Conjugates as Selective Agents
for BNCT

Recently, peptides have captured much attention as ther-
apeutic compounds.42,43 Cell-penetrating peptides play an
important role in BNCT research for shuttling high amounts
of boron into cancer cells. Michiue et al showed high uptake
of a compound bearing three arginine (R, Arg) moieties and
BSH (BSH-3R) in the tumor, investigated with DOTA-64Cu
fused to BSH-3R and studied by PET, which is promising
for clinical use.44 This approach was enhanced to eight
BSH molecules and 11 arginine molecules in a dendritic
lysine structure.3 Peptide derivatives with boron moieties
such as boronated starburst dendrimers or BSH, applicable
for BNCT, have been described.45–47 Furthermore, carbor-
anes have been integrated into the peptide sequences of
well-known therapeutic peptides for the selective delivery of
a large amount of boron to tumor cells.

Betzel et al focused on agonists for the somatostatin
(SST) receptor, which is overexpressed in many neuroendo-
crine tumors. Their developed carborane-conjugated Tyr3-
octreotate derivatives showed high internalization rates
binding affinities to the SST receptor subtype 2 in the nm

range depending on the spacer length between the carborane
and the cyclic peptide.48 Another attractive target is integrin
amb3, which is overexpressed in various proliferating endo-

thelial and tumor cells. In vitro cell adhesion assays of
cyclic Arg-Gly-Asp (RGD) peptides conjugated with BSH
or ortho-carborane demonstrated the high binding affinity
of the conjugates to integrin amb3.49 Furthermore, biodis-
tribution studies showed a comparable tumor uptake but
a significantly longer retention in tumors compared with
BSH.49,50 These few selected examples already showcase
the suitability of carborane–peptide conjugates as potential
boron carriers for BNCT.

Other peptides, which were suggested as shuttle systems for
the targeted delivery of pharmaceuticals into tumor cells are
SST, epidermal growth factor, neurotensin, substance P,
gastrin-releasing peptide, insulin-like growth factor, alpha-
melanocyte stimulating hormone, cholecystokinin, vasoactive
intestinal peptide, bombesin, and neuropeptide Y (NPY).43,51

The groups of Hey-Hawkins and Beck-Sickinger focus
on combining tumor-selective small peptides as highly
selective G protein-coupled receptor agonists with meta-
carborane derivatives for targeted delivery (Fig. 2).1,2,52–54

They have devised efficient syntheses for novel boron com-
pounds, which provide a combined tumor-targeting system:
carborane-containing amino acids and carboxylic acids for
incorporation in suitable peptides.53–57 The first tumor-
selective peptide-carborane conjugates prepared comprised
closo-carborane-modified NPY analogs58,59 or metallacar-
borane derivatives60; another approach was the incorpora-
tion of meta-carboranes in novel ghrelin receptor agonists.52

However, a very high carborane loading (more than two
carborane clusters attached to a peptide, including 36 amino
acids) resulted in loss of solubility or aggregation in aqueous
media, resulting in decreased potency and higher EC50

values.1,2

Therefore, carborane derivatives bearing water-soluble
groups, namely carbohydrate moieties, specifically galac-
tosyl groups, were used to compensate the hydrophobic

FIG. 1. Carboranes and metallabis (dicarbollides) on the road to anticancer therapies: From synthesis, characterization,
cellular uptake, and in vitro/in vivo biological evaluations to neutron irradiation to defeat cancer.
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character of the carborane clusters (up to eight modified
carboranes attached to the same peptide comprising 36
amino acids).1 Furthermore, the change from d-galactosyl to
l-galactosyl groups increased the selectivity of these deriv-
atives due to a lower unspecific uptake of bioconjugates into
liver tissue.2

In summary, the combination of tumor-targeting peptides
and carboranes covalently linked to the peptide represents a
very efficient shuttle system to transport large amounts of
boron into respective target cells and can be considered as a
promising approach in tumor-selective boron shuttle system
for BNCT.61

Boron-Albumin Conjugates for BNCT

To improve the efficacy of boron transport to tumors,
Nakamura’s group focused on serum albumin as a boron
biocarrier. Serum albumin is the major component of plas-
ma proteins and accounts for *55% of the human plasma
proteins. Albumin is known to accumulate in malignant
tumor and inflamed tissues due to its enhanced permeability
and retention (EPR) effect. The Nakamura group chose
closo-dodecaborate (B12H12) as a boron source due to its
exceptional physical stability, high water solubility, and high
boron content. They designed and synthesized a maleimide-
functionalized closo-dodecaborate (MID; Fig. 3A) suitable for
conjugation with serum albumin at Cys34, which has the
only free SH group among 35 Cys residues.62 Interestingly,
MID was found to bind not only to Cys34 but also to lysine
residues in bovine serum albumin (BSA) under physiolog-
ical conditions.63

MID-BSA conjugates accumulated in colon 26 cells in a
concentration-dependent manner. MID-BSA conjugates effi-
ciently accumulated in mouse tumors, in contrast to boro-
nated liposomes that were highly distributed in other organs,
such as liver, kidney, and spleen, 12 h after administra-
tion.64,65 Administration of 7.5 mg [10B]/kg of MID-BSA
conjugates showed significant tumor growth inhibition in
tumor-bearing mice irradiated with thermal neutrons.

Further, Nakamura’s group focused on the cyclic RGD
(cRGD) peptide, which is known to bind to the integrins that
are overexpressed in many cancer cells and designed cRGD-

MID-BSA.66 The bioorthogonal modification method of
stepwise binding of c[RGDfK(Mal)] peptide and MID to
BSA allowed the formation of cRGD-MID-BSA conjugates
(Fig. 3A). Selective accumulation of cRGD-MID-BSA was
observed against U87MG cells overexpressing integrin
avb3. In vivo fluorescence live imaging of near infrared dye
(Cy5)-conjugated cRGD-MID-BSA and MID-BSA revealed
that cRGD-MID-BSA accumulates more selectively than
MID-BSA (Fig. 3B). In vivo BNCT studies revealed that the
cRGD peptide ligand combination promoted the accumu-
lation of MID-BSA into tumor cells in U87MG human
glioblastoma xenograft models.

After neutron irradiation, significant tumor growth sup-
pression was observed at a cRGD-MID-BSA dose of 7.5 mg
[10B]/kg (Fig. 3C). In summary, albumin was found to act as
a carrier for boron to tumor, and cRGD conjugation of
boronated albumin was effective in accumulating in
U87MG human glioblastoma cells in vivo.

Boronated Porphyrin Derivatives for BNCT

The preferential accumulation of porphyrin-based com-
pounds within certain tumors versus nearby normal tissues,
and their current use in PDT,67–69 led to their investigation
as boron delivery vehicles for BNCT. These properties
along with their low dark toxicity, high chemical stability,
and fluorescence properties led to their development as
BNCT agents, as well as BNCT/PDT dual sensitizers.
Several boronated porphyrin derivatives and their metal
complexes were reported in the 1990s, including BOPP and
VCDP.70–72

These porphyrin derivatives were evaluated in multiple
in vitro and in vivo studies that revealed high tumor uptake,
favorable localizing properties and retention ability in tumor
bearing mice, with high T/B and T/N boron concentra-
tion ratios (up to 20:1). It was also reported that changing
the delivery of boronated porphyrins from i.v. injection
to convection-enhanced delivery (CED)73–75 dramatically
increased the boron concentration in tumor as well as the
T/B and T/N boron ratios, and that the combined adminis-
tration of BOPP and L-BPA increased the tumor uptake
compared with BOPP or l-BPA alone.73

More recently, porphyrin conjugated to boron clusters,
including carboranes, nido-carboranes, and cobaltabis(dicar-
bollides), via hydrolytically stable carbon-carbon links were
reported by the Vicente group.76,77 Up to 16 boron clusters
were introduced onto a porphyrin macrocycle, resulting in
compounds of 35%–45% boron by weight (see example
in Fig. 4), with the potential to deliver a high amount of
boron to tumor cells.78–80 Despite the bulkiness of the boron
clusters at the periphery of porphyrin macrocycles, some
of these compounds were shown to interact with DNA and
thereby produce in vitro DNA damage following light acti-
vation, making them highly promising as BNCT/PDT dual
sensitizers.81,82

With the goal to further increase the tumor uptake of
boronated porphyrins, the Vicente group investigated the
conjugation of a boronated porphyrin to the cell-penetrating
peptide from the human immunodeficiency virus I tran-
scriptional activator HIV-1 Tat (48–60) with the sequence
GRKKRRQRRRPPQ. This sequence was found to signifi-
cantly enhance the uptake of the boronated porphyrin into

FIG. 2. Tumor-selective peptides as highly selective
GPCR agonists with meta-carborane derivatives facilitate
targeted delivery of high amounts of boron to specific tumor
cells. GPCR, G protein-coupled receptor.

NEW BORON DELIVERY AGENTS 163



FIG. 3. Design of cRGD-MID-albumin conjugates (A), their ex vivo imaging (B), and BNCT effect in U87MGxenograft
model (C). BNCT, boron neutron capture therapy.

FIG. 4. Molecular structure of a porphyrin-bearing multiple cobaltabis (dicarbollide) groups.
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T98G tumor cells.83 Similar observations were found upon
the conjugation of polyamines, due to upregulation of the
polyamine transport system in tumor cells.84 However, all
boronated porphyrins investigated were found to have low
BBB permeability using hCMEC/D3 brain endothelial cells,
in part due to their high molecular weights and high degree
of hydrophobicity, which could jeopardize their use for
glioblastoma treatment unless delivered via CED.

On the contrary, boron dipyrromethenes, known as
BODIPYs, have lower molecular weight, higher solubility,
and lower toxicity compared with porphyrin derivatives,
while displaying high fluorescence quantum yields (uf *
0.50). The Vicente group recently reported a series of
BODIPYs bearing one or two boron clusters and investi-
gated their tumor cell uptake, toxicity, and BBB perme-
ability.85,86 These studies showed that boronated BODIPYs
exhibited low toxicity, high cellular uptake, and moder-
ate BBB permeability, in part, due to their low molecular
weight (<400 Da) and favorable hydrophobic properties (log
P* 1.50).

In summary, porphyrin derivatives are an important class
of pharmacological agents for application in a variety of
cancer treatments. The ability of boronated porphyrin deriv-
atives for generation of singlet oxygen upon light activa-
tion makes them suitable for tumor treatment by PDT as
adjuvant therapy to BNCT. In addition, their fluorescence
properties and unique ability for metal complexation and
functionalization allows the detection of tumor-localized
boron before irradiation, via optical imaging, SPECT, and/or
PET. On the contrary, boronated BODIPYs are emerging
as very promising BNCT agents due to their low molecular
weights, low toxicity, high tumor cellular uptake, high fluo-
rescence, and moderate BBB permeability.

Boron-Rich Liposomes as Nanoscale Delivery
Agents for BNCT

Another approach to boron agent development leverages
nanotechnology, as explored by Jalisatgi’s group. Through
this protocol, nanoparticles are targeted to cancerous tissue,
with each particle carrying many boron atoms. Nanopar-
ticles of optimal composition are widely observed to accu-
mulate selectively in tumor tissue due to the EPR effect.
Furthermore, the surface of each nanoparticle may be mod-
ified to enhance stability, plasma circulation time, and tis-
sue specificity. As demonstrated in Jalisatgi’s laboratories,
liposomal nanoparticles of varying compositions are prom-
ising boron agents for BNCT.6,87–90 These agents selectively
deliver large quantities of boron to tumor tissues.

Liposomes are spherical nanoparticles composed of a
lipid bilayer shell encapsulating an aqueous core. The lipo-
some formulations investigated in the laboratories are small
unilamellar vesicles, or SUVs and range in size between 100
to 130 nm in diameter. As liposomes possess both hydro-
phobic and hydrophilic environments (lipid bilayer and aque-
ous core), two modes of boron incorporation are available.
Hydrophilic, water-soluble species may be encapsulated in
the aqueous vesicle interior, and hydrophobic (lipophilic or
amphiphilic) species may be embedded within the lipid
bilayer.

The liposome project was initiated at UCLA by Professor
M. Frederick Hawthorne in the 1990s and continued at the

University of Missouri International Institute of Nano and
Molecular Medicine (MU-I2NM2). This work has shown
that small unilamellar liposomes (MAC-TAC liposomes)
are very promising boron delivery agents since they are
targeted to the cancer cell interior and or endothelial cells
in the tumor vascular supply. This results in high selectiv-
ity for tumor as opposed to blood and normal tissue. This
mechanism provides a long therapeutic time window. These
MAC-TAC liposomes selectively accumulate in tumor tis-
sue over a period of 30 to 48 h giving sufficient time for
neutron irradiation procedures.6,89 These exquisite tumor-
targeting materials are nontoxic to mice, hamsters, dogs, and
cats. Hopefully this will also be true in the case of humans.

Nearly all therapeutic applications of liposomes rely on
the stability of the liposome bilayer. This bilayer protects
the encapsulated compounds from physiological degrada-
tion, thereby providing boron agents with a prolonged circu-
lation lifetime. Liposomes constructed from pure, saturated
phospholipids are particularly notable for their high stability
and long survival half-lives in human plasma. Because of
the similarity of liposomes to biological membranes and
their construction from natural body constituents, they exhi-
bit extremely low toxicity and may be safely administered
without serious side effects.

Extensive research was conducted at MU-I2NM2 opti-
mizing liposome formulation in conjunction with animal
biodistribution studies. This work made use of liposomes,
which contain a water-soluble [B20H17NH2R]-2 polyhedral
borane anion derivative and/or an amphiphilic nido-
carborane anion species, [nido-7-CH3(CH2)15–7,8-C2B9H11]-,
embedded in the bilayer. These liposomes contain 3–5
weight percent boron and are able to deliver therapeutic
doses of 30 ppm, or greater, selectively to tumor tissues.
Figure 5 is a graph representing a typical biodistribution
experiment in BALB/c mice bearing subcutaneous EMT6
mammary adenocarcinoma.

Liposomes are prepared by the probe ultrasonication of a
dried lipid film composed of equimolar quantities of distea-
roylphosphatidylcholine and cholesterol (CH) in the pres-
ence of a hydrating solution (buffer or aqueous borane salt
solution) incorporating K[nido-7-CH3(CH2)15–7,8-C2B9H11]
in the lipid bilayer, and encapsulating Na3[1-(2’-B10H9)-2-
NH3B10H8]. The liposome suspension is purified by gel
filtration on Sephadex and sterilized by microfiltration
through a 0.2 lm membrane. The boron content of the
liposome suspension is determined preinjection by ICP-
AES, and the liposomal size distribution determined by
dynamic light scattering.

Microwave-assisted digestion followed by inductively
coupled plasma-optical emission spectroscopy was utilized
to determine the biodistribution of boron in various tissues.
Single- and double-injection protocols were explored to
optimize boron content in the tumor 48 to 72 h subsequent to
the initial injection. Significant tumor response for a single
BNCT treatment was demonstrated by growth curves versus
a control group. Vastly diminished tumor growth was wit-
nessed at 14 d in mice.6

Toxicity issues were not apparent in these experiments
and therapeutic boron concentrations were retained in tumor
for many hours. In these experiments, tumor boron con-
centration surpasses that of blood between 10 and 20 h
postinjection, with the maximum measured tumor boron

NEW BORON DELIVERY AGENTS 165



concentration after 30 h. This produces a significant con-
centration of boron in the tumor (up to 60 ppm at 48 h) with
very favorable T/B and T/N ratios (> 5.5). Results similar to
these were obtained using Fisher rats with subcutaneous
RG2 tumors. Hamsters bearing chemically induced tumors
were treated in Argentina in collaboration with DOE/
Argentina Atomic Energy Commission using MAC-TAC
liposomes and the nuclear facilities available there.

As in the case of mice, hamsters tolerated the therapy
very well with no loss due to toxicity or radiation effects
in both the mouse and hamster cases. Many remissions were
observed. All in all, approximately one hundred hamsters
were treated in this manner.91 Furthermore, to establish the
viability of liposomes as a drug delivery system in a large
animal, a preparation of blank (boron-free) liposomes was
administered to a canine subject at a dose comparable to
those proposed. During this experiment, the dog appeared
normal and healthy. Likewise, the blood chemistry analyses
(16 factors measured) indicated no significant impact.

The University of Missouri Veterinary School initiated a
series of distribution studies using dogs with head-and-neck
carcinoma treated with MAC-TAC liposomes. A small num-
ber of cases involving tumor-bearing dogs and MAC-TAC
liposomes exhibited clinical symptoms resembling CARPA
syndrome (complement activation-related pseudoallergy).
These dogs developed a marked fever 4 h after liposome
infusion followed by profound neutropenia. After 12 h, the
temperature of these animals had normalized and blood
work demonstrated a rebound leukocytosis.

In vitro biodistribution studies of these liposomes in the
EMT6 murine mammary carcinoma cell line show the
localization of TAC in cytoplasm specifically in lysosomes
and localization of MAC in the cell membrane. These bio-
distribution studies were done by incubating MAC/TAC
liposomes with EMT6 cells for 24 h. After 24 h, the cells
were washed to remove any excess of liposomes present in
the culture media. The cells were then lysed and cell com-
ponent separated by filtration. Cell membrane components
and the cytoplasm components were separately analyzed for
boron by ICP-OES and mass spectrometry methods. Mass
spectrometry analysis showed that TAC remains in the cy-
toplasm and MAC in cell membrane.

Targeted NanoBoron for BNCT

Polymalic acid (PMLA) is naturally derived, biodegrad-
able, nontoxic, and nonimmunogenic nanoplatform and is
used as the backbone carrier for the newly developed nano-
drugs. PMLA contains pendant carboxylic groups for the
covalent attachment of numerous functional units and has
been extensively used as a carrier for chemotherapeutic
agents, antibodies, oligonucleotides, imaging agents (optical
and MRI) that cross the BBB, and demonstrated high
potential for clinical application. Patil’s research strategy
utilizes active targeting by a synthetic peptide Angiopep-2
(Ap2). This peptide has been successfully used for BBB
transport by several laboratories to shuttle a variety of na-
nodrugs based on different carriers, including PMLA-LLL
across the BBB.92 In the authors’ earlier studies, their carrier
has been successfully used not only to efficiently cross BBB
but also avidly bound to glioma while demonstrating essen-
tially no binding to normal brain tissues.93,94

While better selectivity is highly desirable to reduce tox-
icity to healthy brain tissue, a higher 10B concentration in
tumor could be highly useful for superior BNCT response.
Clinical studies using a high concentration of L-BPA
(excess of 250 mg/kg) have shown that the concentration of
L-BPA in tumor versus surrounding healthy brain hovers
around 3:1 T/N (Fig. 6A), while the concentration in the
blood remains very high. This may cause potential toxicity
to the patient receiving BNCT treatment. In addition, high
background concentration of BPA in the blood or healthy
tissues also limits the dosage of neutrons for higher effici-
ency of capture reaction. In Patil’s animal studies (U87MG
xenografts) using a significantly smaller dosage (50 mg/kg
BPA dose), they have improved the selectivity from 3:1 to
over 16:1 ratio using NanoBoron (Fig. 6B).

Moreover, NanoBoron’s long drug retention in tumor
by virtue of active targeting along with the ability of high
tumor selectivity and accumulation allows lager time win-
dow for neutron irradiation, while minimizing the potential
toxicity due to significantly lower background BPA con-
centration in the blood and healthy organs. The authors have
used similar nanodrug showing sustained ratio of tumor to
healthy brain selectivity over extended periods of time.95

FIG. 5. Murine biodistribution of boron in BALB/c mice bearing subcutaneous EMT6 tumors, incorporating Na3[a2-
B20H17NH3] and Na[C2B9H11(CH2)15CH3] anion species in liposomes, injected dose 349 lg B (17 mg B/kg body weight).
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Based on the above data, Patil’s group hypothesizes that
their novel, PMLA-based proposed nanodrug (NanoBoron)
will achieve enhanced and localized intracellular delivery of
10B rich BPA selectively to glioma cells. They expect higher
DNA damage and prolonged survival in the treated cohort
with the NanoBoron followed by irradiation with thermal
neutrons, compared to the saline or BPA-injected cohorts.
They also expect to observe high molecular changes in the
tumor microenvironment in the nanodrug-treated group in
correlation with the survival outcome. This method of drug
delivery will in turn make BNCT a practical and highly
successful treatment strategy for GBM treatment.

Carborane-Bearing Matrix Metalloproteinase
Inhibitors as Ligands for BNCT

Matrix metalloproteinases (MMPs) are calcium- and
zinc-dependent endopeptidases, which function to degrade
the extracellular matrix. Under normal physiological con-
ditions, the activity of MMP enzymes are well regulated,
however, elevated levels of MMP-2, MMP-9, and MMP-13
have been identified and observed in cancer and arthritis
patients.96 To combat these maladies, the design and syn-
thesis of MMP inhibitors have been widely explored
with the emergence of potent and selective a-sulfone- and
sulfonamide-based MMP inhibitors: SC-78080 (SD-2590)97

(MMP-2 = <0.1 nM, MMP-9 = 0.2 nM, MMP-13 = 0.1 nM),
SC-7627695 (MMP-2 = 0.2 nM, MMP-9 = 1.5 nM, MMP-13 =
0.1 nM), SC-7796495 (MMP-2 = <0.1 nM, MMP-9 = 0.1 nM,
MMP-13 = 0.1 nM), and CGS-27023A98 (MMP-2 = 11 nM,

MMP-9 = 8 nM, MMP-13 = 6 nM). The goal of the Becker
research group is to synthesize carborane-containing
hydroxamates-based MMP inhibitors for use in BNCT.

The first series of carborane-containing a-sulfonate
hydroxamate-based MMP inhibitors was previously descri-
bed by the Becker research group.99 The analogs were syn-
thesized via thermal Huisgen 1,3-dipolar cycloaddition or
copper-mediated azide-alkyne cycloaddition (CuAAC), or
ruthenium-catalyzed azide alkyne cycloaddition (RuAAC)
to afford 1,4-triazole 1 and 1,5-triazole 2 compounds con-
taining ortho-closo-carboranes (Fig. 7). Selectivity of 1,4-
and 1,5-triazole carborane-containing a-sulfone agents
toward MMP-2 and MMP-9 was evaluated through MMP
inhibition. Both 1,4-triazole and 1,5-triazoles exhibited low
nM potency at MMP-2 (37 and 9.8 nM) and at MMP-9
(46 lM and 13 nM). These compounds show a robust BNCT
effect in in vitro experiments with the D37 (dose used to
inhibit 63% colony formation) values of 0.27 Gy and 0.32
for the analogs 1 and 2, respectively; 0.82 Gy for BPA, and
1.55 Gy for boron-free control.

The Becker research group’s current work focuses on
the synthesis of a second series of carborane-containing
sulfonamide-based BNCT agents based on the broad-
spectrum MMP inhibitor CGS-27023A. Through molecular
docking experiments, two areas were identified for incor-
poration of the carborane, isosteric replacement of pyridine
in the S2’ subsite of the enzyme and replacement of the
isopropyl group, which extend into the solvent and allow for
incorporation of larger moieties. Two novel BNCT agents
have been synthesized utilizing incorporation of a carborane

FIG. 7. MMP inhibitor BNCT agents: 1,4-triazole a-sulfone 1, 1,5-triazole a-sulfone 2, enriched 10B analog 3, and 1,4-
triazole sulfonamide 4.

FIG. 6. (A) Traditional BNCT
drug has a 3:1 ratio of BPA in tu-
mor (dark blue) versus normal
brain (blue) at L-BPA dose of
250 mg/kg (patients data); (B) pro-
posed nanodrug has a 16:1 ratio of
BPA in tumor versus healthy brain
with L-BPA at a dose of 50 mg/kg
(animal study).
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via reaction of 10B-enriched complex B10H12(CH3CN)2 with
an alkyne resulting in BNCT agent 3, or via a CuAAC-
catalyzed reaction yielding BNCT agent 1,4-triazole isomer
4 (Fig. 7).

Both BNCT agents exhibit low nM potency toward
MMP-2, MMP-9 and MMP-13. The enriched 10B analog 3
and 1,4-triazole isomer 4 exhibited the following values:
MMP-2 (5.4 and 5.2 nM), MMP-9 (125 and 5.1 nM), and
MMP-13 (64 and 3.1 nM). Similar to the first series of
carborane-containing a-sulfone BNCT agents, the second
series of BNCT agents are currently being explored in
in vitro and in vivo. In summary, novel BNCT agents have
been synthesized with excellent potency toward MMP en-
zymes that are overexpressed in cancer and show promise in
in vitro testing on SCCVII cell line for BNCT in the first
series of carborane-containing BNCT analogs.

Biologically Oriented Boron Chemicals for BNCT

The Das research group develops biology oriented boron
chemicals as potential probes and pharmacological agents
for different diseases that target mitochondrial metabolic
and oxidative pathways and also targeting different proteins,
as shown in Figure 8.100–103 Their main focus is glioblas-
tomas and neurodegenerative diseases.104 The systematic
approach of the Das group to design and synthesize boron-
based compounds that target different oncological pathways
and proteins opens a new avenue to provide new pipeline
compounds to the BNCT community for boron delivery.

Conclusions and Outlook

BNCT is a radiotherapeutic modality for cancer treat-
ment which has been investigated for decades since the
beginning of its conceptional establishment. In addition to a
high-quality and stable neutron beam, two challenging tasks
of drugs of high selectivity and high loading amount in
tumor tissues need to be completed simultaneously for a
successful BNCT treatment. Nevertheless, clinically used
BPA and BSH cannot fulfill all criteria of the treatment.
Therefore, great efforts are being made on the development
of the next generation of boron drugs, and various boron en-
tities, including small molecules and macro-/nanocomposites
for the definitive success of BNCT. However, all work is still

in preclinical stage, and none of the new boron drugs are yet
approved, let alone related investigational new drugs, which
need to be evaluated and approved by the FDA.

Similar to BPA production, new drugs also need to be
produced in the Good Manufacturing Practices facility for
clinical usage. In this regard, a feasible, sustainable, and
commercially available boron source is becoming much
more important. Furthermore, it is highly desired to develop
boron drugs for theranostic application because in vivo
determination of boron distribution is crucial in BNCT
treatment. In this article, the authors discussed the latest
research results of new boron drugs for BNCT. Some critical
issues must still be addressed, which include the need for
more efficient and reliable boron delivery agents, the crea-
tion of novel techniques to quantitatively investigate the
boron content in tumors after administration, and the impro-
vement of boron delivery agents. Innovative methods devel-
oped herein and in the near future may open up new venues
for more widespread application of new boron-containing
drugs for BNCT treatment.

From the works collected in the previous pages, it can be
appreciated that chemists undertook the challenge of discov-
ering new and more effective boron delivery agents for
BNCT by conjugating boron clusters to various carriers,
including peptides, peptidomimetics, proteins (such as al-
bumin), porphyrin derivatives, and liposomes. In some
cases, the boron agents have the ability to bind to DNA and
localize in close proximity to cell nucleus, which can en-
hance their biological efficacy. Preclinical studies suggest
that alternative administration methods of boron agents,
such as CED, could be used for the delivery of large
amounts of boron to tumors, and that the combination of
different boron carriers can lead to higher BNCT efficacy,
compared with the use of a single boron agent.

Furthermore, to facilitate treatment planning and maxi-
mize the tumor killing effect with minimal damage to nor-
mal tissues, the neutron irradiation treatment should be
applied at the highest T/N and T/B boron concentration
ratios. Therefore, promising BNCT agents containing easily
detectable moieties, such as a fluorescence label, or a PET,
SPECT, or MRI agent, play a prominent role in tracking and
quantifying tissue-localized boron, treatment planning, and
outcome.

FIG. 8. Development of
boron-based potential probes and
pharmacological agents in the Das
group.
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17. Nuñez R, Romero I, Teixidor F, et al. Icosahedral boron
clusters: A perfect tool for the enhancement of polymer
features. Chem Soc Rev 2016;45:5147–5173; doi:
10.1039/C6CS00159A

18. Cioran AM, Musteti AD, Teixidor F, et al.
Mercaptocarborane-capped gold nanoparticles: Electron
pools and ion traps with switchable hydrophilicity. J Am
Chem Soc 2012;134:212–221; doi: 10.1021/ja203367h

19. Grzelczak MP, Danks SP, Klipp RC, et al. Ion transport
across biological membranes by carborane-capped gold
nanoparticles. ACS Nano 2017;11:12492–12499; doi:
10.1021/acsnano.7b06600

20. Oleshkevich E, Teixidor F, Rosell A, et al. Merging ico-
sahedral boron clusters and magnetic nanoparticles:
Aiming toward multifunctional nanohybrid materials.
Inorg Chem 2018;57:462–470; doi: 10.1021/acs.
inorgchem.7b02691

21. Oleshkevich E, Morancho A, Saha A, et al. Combining
magnetic nanoparticles and icosahedral boron clusters in
biocompatible inorganic nanohybrids for cancer therapy.
Nanomedicine 2019;20:101986–101996; doi: 10.1016/
j.nano.2019.03.008

22. Saha A, Oleshkevich E, Vinas C, et al. Biomimetic
inspired core–canopy quantum dots: Ions trapped in
voids induce kinetic fluorescence switching. Adv Ma-
ter 2017;29:1704238–1704245; doi: 10.1002/adma.
201704238

23. Couto M, Alamón C, Garcı́a MF, et al. Closo-carboranyl-
and metallacarboranyl[1,2,3]triazolyl-decorated Lapatinib-
scaffold for cancer therapy combining tyrosine kinase
inhibition and boron neutron capture therapy. Cells 2020;9:
1408–1426; doi: 10.3390/cells9061408

24. Couto M, Alamón C, Nievas S, et al. Bimodal therapeutic
agent against glioblastoma, one the most lethal cancer.
Chem Eur J 2020;26:14335–14340; doi: 10.1002/chem.
202002963

NEW BORON DELIVERY AGENTS 169



25. Alamón C, Dávila B, Garcı́a MF, et al. Sunitinib con-
taining carborane pharmacophore with ability to inhibit
tyrosine kinases receptors, FLT3, KIT, and PDGFR-b,
exhibits powerful in vivo anti-glioblastoma activity.
Cancers 2020;12:3423–3444; doi: 10.3390/cancers12
113423

26. Teixeira RG, Marques F, Robaloc MP, et al. Ruthenium
carboranyl complexes with 2,2’-bipyridine derivatives for
potential bimodal therapy application. RSC Adv 2020;10:
16266–16276; doi: 10.1039/D0RA01522A

27. Grimes R.N. Carboranes. Elsevier: New York, NY; 2016.
28. Bauduin P, Prevost S, Farràs P, et al. A theta-shaped
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