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Reactions of closo-1-Me-2-lodobutyl-1,2-closo-dicarborane, 1-Me-2-1(CH,)4-C2B1oH;0, with r-dopa methyl ester
can produce carboranyl i-dopa methyl esters in 54% yield in the presence of sodium hydroxide. The appended
closo-carboranes can be decapitated with sodium hydroxide in a mixed solvent of ethanol and deionized water to
produce highly water-soluble carboranyl levodopa in 64% yield. All the new compounds were characterized by
'H, 3¢, B NMR, FT-IR spectroscopy and elemental analysis. The highly water soluble carboranyl levodopa 4

shows promising efficacy of anti-tumors in vitro in the presence of slow neutron beams.

1. Introduction

Gliomas are a broad category of brain tumors that arise from the
brain tissue itself. Based on histological characteristics, gliomas can be
classified as World Health Organization (WHO) grades I-IV.
Glioblastoma multiforme (GBM) is a WHO grade IV glioma, which is
well recognized as the most malignant grade [1]. Although the causes
of gliomas are not so far clear, it is believed that a prior radiation to the
brain is one established environmental risk factor identified for the
majority of malignant gliomas [2]. Thus, the GBM remained virtually
untreatable and it is, therefore, inevitably lethal. These tumors tend to
grow and infiltrate into the normal brain tissues. They infiltrate the
brain so aggressively that surgeons are rarely able to remove all the
cancerous tissues. These types of tumors are resistant to standard ra-
diation treatment and chemotherapy and that complicates the treat-
ment [3]. Therefore, a significant development of new effective drugs
and therapy technologies are needed urgently for the treatment of
malignant gliomas.

Boron Neutron Capture Therapy (BNCT) is a binary form of cancer
treatment, in which a compound containing B-10 is selectively deliv-
ered to tumor tissues prior to irradiation by neutrons. Upon irradiation
with thermal neutrons, interaction of a boron-10 atom with thermal
neutron produces an a-particle, high energy Li-7 ion and low energy
gamma vy rays (Eq. (1)). The linear energy transfer (LET) of these
heavily charged particles has a range of one cell diameter which con-
fines the radiant energy to the cell within which they arise, hence
minimizing the damage to surrounding tissue. The capture cross section
of boron for neutrons is more than three orders of magnitude higher
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than for other nuclei common to living tissue, so the target region can
be dosed with neutrons at a sizeable flux and still have only minimal
effect on boron-free regions in the beam path. Additional advantages of
using B-10 compared to other nuclides (?®5U, °Li) are that the fission
products have high LET and the boron compounds can be synthesized
having hydrolytically stable linkages between boron and other elements
such as C, O and N. If boron can be transported to the target tissue with
sufficient specificity using tumor selective agents and in sufficient
quantity, tumor cell death may be accomplished [4,5]. The required
boron concentration is generally estimated at ~ 10° 1°B atoms (natural
abundance 19.9%) per cell, which translates to approximately 35 ug °B
per gram of tissue. To prevent damage to healthy tissue in the path of
the neutron beam, the surrounding tissue should contain no more than
5 ug of boron-10/g of tissue.

108 + n — [11B] = *He? " (a) + "Li®* + 2.31 Mev (¢}

The BNCT is an innovative treatment that should provide opportu-
nities and hope to patients and their doctors. Besides the treatment of
difficult brain tumors, it has been found that BNCT treatment has an
excellent response with patients’ recurrent head and neck cancers, for
whom there is no other treatment option available [6,7]. The BNCT is a
potentially powerful form of radiotherapy involving the preferential
incorporation of boron-10 containing compounds into tumor cells,
followed by irradiation of the tumor by thermal neutrons. Several re-
quirements must be met in order for this therapy to be effective: (i) a
concentration of ~20-50 ug '°B atoms/g of tumor must be achieved;
(ii) a tumor/normal tissue (T/N) ratio of the boron delivery agent
greater than 3 and tumor/blood (T/N) ratio of greater than 5 are
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Fig. 1. Molecular structures of BPA (left) and BSH (right).

necessary; and (iii) the agent should be of low toxicity.

The primary focus of BNCT has been the treatment of malignant
brain tumors because these tumors have little history for metastasizing
to other organ sites and if tumor eradication could be achieved in the
brain, then there should be a significant increase in life expectancy.
Only two compounds NayB;,H;;SH (BSH) and boronophenylalanine
(BPA) (structures are shown in Fig. 1) are currently used in clinical
trials. The two compounds use different mechanisms to enter the ma-
lignant cells. The BSH passively diffuses from the blood stream into
malignant cells in the brain because these cells disrupt the blood-brain
barrier (BBB). Meanwhile, BPA is a boron-labelled amino acid which
can be transported through cell membranes to the tumor at much
higher rates than those for healthy cells. The BPA concentration in
malignant cells is about 2-4 times higher than in blood and other
healthy cells. Unfortunately, neither BSH nor BPA show perfect se-
lectivity and a uniform distribution in malignant cells. The overall re-
sults are not promising with these compounds, hence there is an urgent
need for potential precursor molecules and more sophisticated tech-
nologies that can selectively destroy tumor cells and lead to the de-
velopment of BNCT. A variety of carrier molecules have been used to
deliver boron to tumor cells and these include carbohydrates, poly-
amines, nucleosides, antibodies, porphyrins, liposomes and amino acids
[5,8-12]. Unfortunately, none of these has been used in clinical trials
despite the voluminous literature development and, clinically, still only
two FDA approved drugs, BSH and BPA, are being used worldwide.
Therefore, more research efforts are necessary in the specific area
seeking to develop novel boron agents with high therapeutic capacity.

Dopamine is an organic chemical of the catecholamine family and it
also belongs to the phenethylamine family. As an important neuro-
transmitter, dopamine plays several important roles in the brain and
body, such as memory, movement, and mood, and it is found in many
locations throughout the body [13]. The .-DOPA, also known as levo-
dopa, is an amino acid that is well recognized as one of the required
biomolecules which are made and used as part of the normal biology of
humans, as well as with some animals and plants. The .-DOPA is a
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precursor of dopamine. Unlike dopamine, 1.-DOPA shows high capacity
to cross the protective blood-brain-barrier (BBB). It has been used as a
delivery agent and/or precursor to increase drug concentrations in
brain tumor and Parkinson’s disease treatments [14-16]. The molecular
structure of 1.-DOPA is very similar to that of BPA, and the conjugation
of 1-DOPA with carborane could be a feasible option for developing
boron carrier agent [17]. Application of these new boron delivery
agents could allow for high concentrations of boron to be taken up by
the tumor cells; while decreasing side effects because the agents would
exclude the possibility of the formation of disulfide bridges [17].
However, enzymes such as 1-DOPA decarboxylase and monoamine
oxidase can break down .-DOPA and thus limit the amount that is able
to enter the central nervous system even though L-DOPA can cross the
BBB and enter the brain very quickly [18]. Therefore, to develop a
successful BNCT treatment, optimal doses of the carboranyl 1-DOPA
would be required. In this work, a carborane cluster has been attached
to 1-DOPA by forming a covalent C—O bond so as to enhance its pe-
netration capability towards tumor cells. Thus, new type of conjugated
boron agents are expected to demonstrate high potential for future
application in BNCT. Herein, we report the synthesis, characterization
and in vitro anti-tumor activity.

2. Results and discussion

The carboranyl 1-DOPA compounds were synthesized according to
the reaction routes shown in Scheme 1. Following literature procedures,
commercially available closo-carborane, 1-H-2-Me-closo-C5B1oH1g (1) is
deprotoned by n-butyllithium to form a carboranyl anion, and the in situ
generated anion subsequently reacts with 1,4-diiodobutane to form the
precursor, iodobutyl carboranes, 1-Me-2-I(CH,)4-closo-CoB1oHig (2)
[19]. The carboranyl iodides react with :-DOPA methyl acetate hy-
drochloride, in a mole ratio of 2:1, to produce closo-carborane-ap-
pended 1-DOPA methyl acetate, L-3,4-Di(1’-Me-2’-(CH,)4-closo-
C,B10H10)-phenylalanine methyl ester (3) in 54% yield. The closo-car-
borane cage in (3) can be decapitated by NaOH in 90% ethanol under
reflux condition. After neutralization, the nido-carborane-appended -
DOPA, L-3,4-Di(7’-Me-8’-(CH,)4-nido-C,BgH;oNa)-phenylalanine (4) is
obtained as an off-white solid in 64% yield.

The compounds 3 and 4 were characterized by elemental analysis,
NMR spectra and FT-IR spectra. All data are consistent with the for-
mulations shown in Scheme 1. The 'H and '*C NMR spectra of com-
pounds 3 and 4 show normal absorptions of methyl, butylene, ester,
carboxylic functional groups and carborane cages. The '>C NMR spectra
of 3 show the absorptions of the carbons of carborane cage at § = 75.66
and 74.25 ppm, which are in the range of the reported Ccage resonances
of the C,B, systems [19,20]. The !B NMR spectra are also consistent
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Scheme 1. Syntheses of carboranyl .-DOPA agents.
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Fig. 2. A plot of surviving fraction vs. irradiation time.

with literature data [19,20] with the chemical shifts of § = -33.73 and
—40.27 ppm as observed for nido-carborane clusters of 4. In FT-IR
spectra, the B—H bond stretching absorptions (v y) are found at 2591
and 2529 cm ~ ! for 3 and 4, respectively. In addition to NMR and FT-IR
spectroscopy, chemical analysis was carried out to further characterize
the new products, and the results were consistent to support their
molecular structures.

It has also been observed that compound 4 can easily dissolve in
highly polar solvents such as DMSO and water to form clear and
transparent solutions. The water solubility of the carboranyl .-DOPA
has been dramatically improved when compared with the pristine
carborane clusters, closo-1-Me-1,2-closo-dicarborane and closo-1-Me-2-
Iodobutyl-1,2-closo-dicarborane.

The preliminary in vitro killing effects and ICs, of compound 4 were
examined by using C6 gliosarcoma cells. An in vitro survival study was
completed with a thermal neutron fluence ranging from 0 to
4.2 x 10"?n/cm? The y-ray dose presented in the experiment was
monitored by thermoluminescent dosimeters (TLDs) attached to the
tubes and ranged from O to 5Sv. As shown in Fig. 2, compound 4 de-
monstrated significantly improved Kkilling effects for tumor cells. A
lowest surviving fraction of 0.03 was reached by compound 4 after ir-
radiation for 75 min. Compared with the current clinically used BNCT
drug, BSH, the killing effects has been approximately doubled under the
same operating conditions.

Testing of boron uptake of 4 was conducted by using rat glioma cells
(C6). Clinically used BSH and 4-borono-L-phenylalanine (.-BPA) were
employed as comparative examples. The fractional amounts delivered
to cells were found to be 1.53, 2.14 and 0.67 ug/107 cell, for 4, BSH and
BPA respectively. According to the results, 4 could permeate C6 tumor
cells and showed good bio-availability in vitro. Despite there are very
limited studies in the mechanism of the carboranyl compounds crossing
the BBB, anionic nido-carboranyl compounds such as cesium N-(nido-
7,8-carboranylmethyl)-2-chloro-5-methoxybenzamide, have been re-
ported to provide high in vivo bio-availability for central nervous system
[21,22], our results are consistent with the literature, and thus com-
pound 4 may be potentially applicable to BNCT.

3. Conclusions
The work has demonstrated that it is a feasible option to conjugate

nido-carborane clusters to 1-DOPA. The resulting water-soluble car-
borane-appended complex has been found to be an effective C6 tumor
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cells-killing agent. These results indicate that such compounds should
be further investigated as effective boron carriers for BNCT treatment.
Since boron-10 isotope is active for BNCT only, the °B-enriched com-
pound 4 will be investigated in the future for clinic tests. Additional
bioassessments such as biodistribution and cytotoxicity studies, are
currently being investigated in our laboratories.

4. Experimental section
4.1. General

All reactions were carried out under an argon atmosphere using
standard Schlenk techniques. Tetrahydrofuran and diethyl ether were
heated over sodium/benzophenone until a blue color was sustained,
and distilled under nitrogen just before use. The 1,4-Diiodobutane, N-
butyllithium (1.6 M in hexanes), .-DOPA methyl ester hydrochloride,
and other reagents and organic solvents, were used as received. The 1-
Methyl-closo-1,2-C;B,oH;; was purchased from KatChem Ltd. and used
as received. The FT-IR spectra were measured using a BIO-RAD spec-
trophotometer with KBr pellets or organic solvent films. Elemental
analyses were measured using a EURO EA equipment. The 'H, *3C, and
1B NMR spectra were recorded using a Bruker 400 analyzer at 400.13,
100.62, and 128.38 MHz, respectively. Inductively coupled plasma-
optical emission spectroscopy (ICP-OES) measurements were made
using a VISTA-MPX machine.

4.2. Synthesis of 2

A literature procedure [19] was adopted to synthesize compound 2.
Accordingly, 1.05 g (6.64 mmol) of 1-Me-closo- C5B1oH1; was added to
a 250-mL three-necked round-bottom flask equipped with a magnetic
stirring bar, and the compound was dissolved in 60 mL of THF. The
solution was cooled to —78 °C, and then 4.35 mL (6.96 mmol) of n-BuLi
(1.60 M in hexanes) solution was added dropwise. The resulting reac-
tion mixture was continuously stirred for 30 min at —78 °C before al-
lowing to warm to room temperature. After 4-h, the mixture was cooled
to 0°C, and then 0.98 mL (~7.0 mmol) of 1,4-diiodobutane was care-
fully added using a syringe. After this addition, the reaction mixture
was stirred for 30 min at 0 °C, slowly allowed to warm to room tem-
perature, stirred for an additional 1h, and then refluxed for 3h. The
mixture was then cooled to 0 °C and quenched with sufficient quantity
of deionized water. The reaction mixture was dried in vacuum and the
residue was purified by thin-layer chromatography (using silica gel),
developed with an n-pentane/ethyl acetate (v/v = 6/1) solvent mixture
to isolate product (2) as a colorless oil. The product was identified by
comparing its '"H NMR spectrum with that published in the literature
[19].

4.3. Synthesis of 3

Carboranyl butyl groups were appended to .-DOPA molecule using a
classical Williamson ether synthesis between iodide (2) and 1-DOPA
salts. To prepare compound 3, .-DOPA methyl ester hydrochloride
(123.8mg, 0.50mmol) and sodium hydroxide powder (62.0mg,
1.55 mmol) were added to a 100-mL three-necked round-bottom flask
containing 60 mL dimethylacetamide (DMA) and the resulting mixture
was stirred for 0.5h before adding 1-methyl-2-iodobutyl-o-carborane
(423.3 mg, 1.00 mmol) to the flask. The reaction mixture was heated to
90°C and allowed to react for 40 hrs with continuous stirring. The
solvent was then removed under reduced pressure and the residue was
purified by flash chromatography (SiO,, DCM/THF/Hexane) to isolate
the off-white powder product (3), L-3,4-Di(1’-Me-2’-(CH,)4-closo-
CoB1oH10)-phenylalanine methyl ester (172.4mg) in 54% yield.
Elemental Anal: Caled for Co4Hs3BooNO4: C, 45.33; H, 8.40; N2.20.
Found: C, 45.10; H, 8.52; N 2.15. 'H NMR (CDCls, relative to SiMey,
ppm): § 7.31-7.22 (m, 3H, —CgH3—), 3.95 (t, 4H, 2 CH,0), 3.82 (s, 3H,
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OCHs), 3.64 (m, 1H, CHN), 3.41-1.18 (m, 42H, CH,—C¢H3, 6CH,,
2CH3-Ceages NHa, 2 CeageB1oHio). '*C NMR (CDCls, relative to SiMey,
ppm): § 172.22 (1C, CO,), 146.09, 145.64, 127.78, 125.83, 120.71,
117.53 (6C, C¢Hs), 75.66, 74.25 (2C, Ccage), 67.78 (2C, OCHy), 56.14,
55.89 (2C, OCHj3, CeH3—CH,—), 39.70 (1C, CH—N), 33.04 (2C, Ccage-
CH,—), 31.27, 29.36, (4C, 4 CHy), 22.25 (2C, 2 Ccage-CH3). 1B NMR
(CDCl3, relative to BF5-OEt,, ppm): & —4.64 (1B, 'Jpy = 158 Hz);
—4.76 (1B, Yy = 166 Hz); —9.17 (2B, Jpy = 97 Hz); —10.26 (2B,
g = 112Hz); —11.72 (4B, 'Jpy = 146 Hz). IR (film on KBr, cm ™)
3469 (s, s), 3225 (s, s), 2897 (s, m), 2976 (s, s), 2864 (m, s), 2591 (vs, s,
ver), 1962 (w, s), 1845 (w, s), 1753 (s, vs), 1722 (s, vs), 1708 (s, s),
1552 (s, s), 1410 (s, s), 1375 (s, s), 1355 (m, s), 1291 (m, s), 1258 (s, s),
1219 (s, m), 1199 (s, m), 1170 (s, w), 1010 (br, m), 834 (s, s), 784 (m,
br), 733 (s, s), 673 (m, s), 646 (s, w), 591 (s, s).

4.4. Synthesis of 4.

A 1.00 g sample of sodium hydroxide was dissolved in 50 mL of 90%
ethanol in water, and the resulting solution was added to 0.20g
(0.31 mol) of 3 with constant stirring for 40 min. The resulting mixture
was heated to reflux for 12 hrs and allowed to cool to 0°C and then
neutralized with aqueous HCl to a pH of about 5.0 and stirred further
for 5 hrs and removed unreacted NaOEt. Removal of volatiles under
reduced pressure produced a residue that was recrystallized from
ethanol and then dried in vacuo to give compound 4 as pale yellow
waxy solid (135.4mg) in 64% yield. Elemental Anal: Caled for
Co3Hs55B1gCINO4Nay: C, 40.46; H, 7.68; N2.05. Found: C, 40.18; H,
7.33; N 2.10. 'H NMR (D0, relative to SiMey, ppm): 8 7.20-7.08 (m,
3H, —Ce¢H3z—), 4.39 (m, 1H, CHN), 3.87 (t, 4H, 2CH,0), 3.35-0.09 (m,
38H, CH,—CgHs, 6 CHy, 2CH3-Ceqge, 2CcageBoHg), —2.30- —3.50 (br,
2H, 2BHpyigge). '*C NMR (D0, relative to SiMey, ppm): § 171.30 (1C,
CO,), 145.07, 144.87, 126.18, 123.66, 120.51, 115.47 (6C, CgHs),
64.74 (4C, OCH>), 61.78 (br), 56.14 (br) (4C, 4Ccage); 55.39, 53.76 (4C,
2CH—N, 2CgH3—CH,—), 38.62 32.17 (2C, Ccage-CH>—), 30.21, 28.37,
(4C, 4CH,), 23.15 (2C, 2Cage-CHz). "B NMR (D;0, relative to
BF5-OEt,, ppm): & —12.44, —18.35, —33.73, —40.27 (br). IR (film on
KBr, em ™) 3584 (s, br), 3356 (s, s), 3215 (s, s), 2921 (s, s), 2887 (s, s),
2529 (vs, s, vpy), 1955 (m, s), 1839 (m, s), 1742 (s, s), 1713 (s, s), 1621
(s, s), 1544 (m, s), 1437 (s, br), 1360 (m, s), 1347 (s, s), 1287 (s, s),
1265 (m, s), 1191 (m, s), 1159 (s, s), 1024 (m, br), 827 (m, s), 796 (w,
br), 750 (w, s), 653 (m, s).

4.5. Evaluation of the bioactivity

4.5.1. In-vitro survival study

The C6 gliosarcoma cells were incubated in subconfluent condition
in standard minimum essential medium (MEM) supplemented with
10% fetal calf serum (FCS), at 36 °C, 5% CO,, atmosphere for overnight.
Aliquots of the boron sample solutions were added over a period of 6
hrs into the respective Petri dishes for uptaking of tumor cells in dose-
dependent manners. The boron concentrations in the media were
planned to be 20 ppm of '°B and were confirmed by prompt v spec-
troscopy (PGA). The tumor cells were washed twice after boron loading.
Aliquots containing 5 X 10 cells/mL were pipetted into cylindrical
Teflon tubes of 1 cm in diameter and 3 cm high which did not generate
any secondary radiation when subjected to thermal neutrons. The in-
ability of cells to adhere to Teflon allows precise quantitative manip-
ulation of cells without trypsinization. The thermal neutron fluence was
determined by averaging the activity of two gold films symmetrically
attached to the Teflon tube surface along the thermal neutron axis. The
thermal neutron fluence ranged from 0 to 4.2 X 10'? n/cm?. For esti-
mation of the neutron energy spectra, 8 kinds of activation films and 14
kinds of nuclear reactions were used: '°”Au(n, y)'°®Au for the thermal
neutron regions; 151 (n, y)lmmln, 197 Au(n, y)lgSAu, 58Fe(n, y)SQFe and
53Cu(n, v)®*Cu for the epithermal neutron region; and ***In(n, n")**°In,
S4Fe(n, p)54Mn, 27Al(n, p)27Mg, 27A1(n, o)?*Na, *’Ti(n, p)47Sc, 48Ti(n,
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p)*8Sc, 2*Mg(n, p)**Na, **Cu(n, a)®°Co, *®Ni(n, p)*®Co and **’Au(n,
2n)*?®Au for the fast-neutron region. The neutron absorbed dose (Gy)
was calculated using the flux-to-dose conversion factor [23,24]. The
elemental composition of the tumors was assumed to be 10.7% hy-
drogen, 12.1% carbon, 2% nitrogen, 71.4% oxygen and 3.8% others
[23,24]. The y-ray dose was monitored by thermoluminescent dosi-
meters (TLDs) attached to the tubes and it ranged from 0 to 5 Sv. Im-
mediately after irradiation, 500 cells were seeded in 6-cm Petri dishes
(Corning, NY, USA) and incubated for 10 days in a humidified 37 °C
atmosphere of 95% air/5% carbon dioxide to allow colony formation.
The colonies were fixed and stained with a 10% formaldehyde/1%
toluidine blue solution and then counted microscopically.

4.5.2. Cytotoxicity

The ICso (moles/liter, M), that is the concentration that inhibited
the growth of C6 gliosarcoma cells by 50% after 3 days of continuous
exposure, was determined. Suspensions of 10° C6 cells/200 ul MEM
containing 20% FCS were incubated for 3 days using 96-well culture
plates with various concentrations of the samples. The damaged cells
were detected at 490 nm optical absorbance by AQueous One Solution
Cell Proliferation Assay. The ICsq for compound 4 is 8.93 x 1074 M.

4.5.3. Uptake of boron by tumor cells

The 1.7 x 107 rat glioma cells (C6) were seeded and cultured at
room temperature (37 °C., 5% CO) for 24 hrs. This culture fluid was
removed therefrom by suction, culture fluids containing 1.5 mM of each
boron agent (4, BSH and 1.-BPA) were added and continued culturing for
24 hrs under same conditions. These culture fluids were removed by
suction and the cells were washed three times with PBS and treated
with trypsin to recover the cells. The number of the cells recovered was
counted, and HNO;3 (2N, 1.5 mL) was added and the resulting mixture
was heated at 80 °C for 12 hrs. After filtering with a membrane filter,
the boron concentration was determined by ICP-AES.

4.5.4. Statistics

The in vitro BNCT was carried out in triplicate. Values are the
mean * SEM from three independent experiments. The significance of
differences in survival was assessed by Student’s t test. The statistical
analyses were performed using Prism 3.0 (GraphPad Software Inc., CA,
USA).

Declaration of Competing Interest
The authors declare that they have no conflict of interest to disclose.
Acknowledgement

This work was supported by an FDCT grant from the Science and
Technology Development Fund of Macau (Project code 0030/2018/
Al).

References

[1] D.N. Louis, H. Ohgaki, O.D. Wiestler, W.K. Cavenee (eds.), WHO Classification of
Tumors of the Central Nervous System, IARC Press, Lyon, 2007.

[2] J.L. Fisher, J.A. Schwartzbaum, M. Wrensch, J.L. Wiemels, Epidemiology of brain
tumors, Neurol. Clin. 25 (2007) 867-890.

[3] M.E. Davis, Glioblastoma: overview of disease and treatment, Clin. J. Oncol. Nurs.
20 (5 Suppl) (2016) S2-S8.

[4] A.H. Soloway, W. Tjarks, B.A. Bauman, F.G. Rong, R.F. Barth, .M. Codogni,
J.G. Wilson, The chemistry of neutron capture therapy, Chem. Rev. 98 (1998)
1515-1562.

[5] N.S. Hosmane, J.A. Maguire, Y. Zhu, M. Takagaki, Boron and Gadolinium Neutron
Capture Therapy for Cancer Treatment, World Scientific Pub Co Inc., NJ, 2012.

[6] A. Haapaniemi, L. Kankaanranta, R. Saat, et al., Boron neutron capture therapy in
the treatment of recurrent laryngeal cancer, Int. J. Radiat. Oncol. Biol. Phys. 95
(2016) 404-410.

[7] L.-W. Wang, Y.-W. Liu, F.-I. Chou, et al., Clinical trials for recurrent head and neck
cancer at the Tsing-Hua Open-Pool Reactor (THOR) in Taiwan, Cancer Commun. 38


http://refhub.elsevier.com/S0045-2068(19)30527-9/h0010
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0010
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0015
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0015
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0020
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0020
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0020
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0025
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0025
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0030
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0030
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0030
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0035
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0035

Y. Zhu, et al.

[8]

[91
[10]

[11]

[12]

[13]

[14]

[15]

[16]

(2018) 37.

Y. Zhu, X. Lin, H. Xie, J. Li, N.S. Hosmane, Y. Zhang, The current status and per-
spectives of delivery strategy for boron-based drugs, Curr. Med. Chem. 26 (2018),
https://doi.org/10.2174/0929867325666180904105212.

Y. Zhu, N.S. Hosmane, Nanostructured boron compounds for cancer therapy, Pure
Appl. Chem. 90 (2018) 653-663.

R.F. Barth, P. Mi, W. Yang, Boron delivery agents for neutron capture therapy of
cancer, Cancer Commun. 38 (2018) 35.

E.M. Heber, P.J. Kueffer, M.W. Jr Lee, M.F. Hawthorne, M.A. Garabalino,

A.J. Molinari, et al., Boron delivery with liposomes for boron neutron capture
therapy (BNCT): biodistribution studies in an experimental model of oral cancer
demonstrating therapeutic potential, Radiat. Environ. Biophys. 51 (2012) 195-204.
E.M. Heber, M.F. Hawthorne, P.J. Kueffer, M.A. Garabalino, S.I. Thorp, E.C. Pozzi,
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 111 (2014) 16077-16081.

T.L. Lemke, D.A. Williams, Foye’s Principles of Medicinal Chemistry, Lippincott
Williams & Wilkins, Jan 24 2014.

D.H. Pafundi, N.N. Laack, R.S. Youland, L.F. Parney, et al., Biopsy validation of 'F-
DOPA PET and biodistribution in gliomas for neurosurgical planning and radio-
therapy target delineation: results of a prospective pilot study, Neuro Oncol. 15
(2013) 1058-1067.

K. Ulbrich, K. Hol4, V. Subr, A. Bakandritsos, J. Tu¢ek, R. Zbofil, Targeted drug
delivery with polymers and magnetic nanoparticles: covalent and noncovalent ap-
proaches, release control, and clinical studies, Chem. Rev. 116 (2016) 5338-5431.
T. Simuni, H. Hurtig, Levadopa: a pharmacologic miracle four decades later, in: S.A.
Factor, W.J. Weiner (Eds.), Parkinson's Disease: Diagnosis and Clinical Management

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Bioorganic Chemistry 90 (2019) 103090

(Google eBook)., Demos Medical Publishing, 2008.

Y. Hattori, S. Kusaka, M. Mukumoto, K. Uehara, T. Asano, M. Suzuki, S. Masunaga,
K. Ono, S. Tanimori, M. Kirihata, Biological evaluation of dodecaborate-containing
L-amino acids for boron neutron capture therapy, J. Med. Chem. 55 (2012)
6980-6984.

J. Laterra, R. Keep, L.A. Betz, G.W. Goldstein, Blood —Brain — Cerebrospinal Fluid
Barriers, in: G.J. Siegel, B.W. Agranoff, R.W. Albers, S.K. Fisher, M.D. Uhler (eds.),
Basic Neurochemistry: Molecular, Cellular and Medical Aspects, Lippincott-Raven,
Philadelphia. 6 (Ch. 32), 1999, pp. 671 —689.

Y. Zhu, T.P. Ang, K. Carpenter, J.A. Maguire, N.S. Hosmane, T. Masao, Substituted
carborane-appended water-soluble single-wall carbon nanotubes: new approach to
boron neutron capture therapy drug delivery, J. Am. Chem. Soc. 127 (2005)
9875-9880.

J. Plesek, T. Jelinek, S. Hermanek, B. Stibr, Synthesis and reactions of 1,2-dicarba-
closo-dodecarborane-1-yl tetrahydroborate (1-), Collect. Czech. Chem. Commun. 51
(1986) 81-89.

P.M. Hawkins, P.A. Jelliss, N. Nonaka, X. Shi, W.A. Banks, Permeability of the
blood-brain barrier to a rhenacarborane, J. Pharmacol. Exp. Ther. 329 (2009)
608-614.

S.M. Wilkinson, H. Gunosewoyo, M.L. Barron, A. Boucher, M. McDonnell, P. Turner,
et al., The first CNS-active carborane: a novel P2X7 receptor antagonist with anti-
depressant activity, ACS Chem. Neurosci. 5 (2014) 335-339.

D.W.O. Rogers, Fluence to dose equivalent conversion factors calculated with EGS3
for electrons from 100 keV to 20 GeV and photons from 11 keV to 20 GeV, Health.
Phys. 46 (1984) 891-914.

R.L. Maughan, P.J. Chuba, A.T. Porter, E. Ben-Josef, D.R. Lucas, The elemental
composition of tumors: kerma data for neutrons, Med. Phys. 24 (1997) 1241-1244.


http://refhub.elsevier.com/S0045-2068(19)30527-9/h0035
https://doi.org/10.2174/0929867325666180904105212
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0045
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0045
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0050
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0050
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0055
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0055
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0055
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0055
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0060
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0060
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0060
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0060
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0065
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0065
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0070
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0070
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0070
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0070
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0075
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0075
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0075
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0085
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0085
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0085
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0085
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0095
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0095
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0095
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0095
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0100
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0100
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0100
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0105
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0105
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0105
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0110
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0110
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0110
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0115
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0115
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0115
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0120
http://refhub.elsevier.com/S0045-2068(19)30527-9/h0120

	Synthesis and in vitro anti-tumor activity of carboranyl levodopa
	Introduction
	Results and discussion
	Conclusions
	Experimental section
	General
	Synthesis of 2
	Synthesis of 3
	Synthesis of 4.
	Evaluation of the bioactivity
	In-vitro survival study
	Cytotoxicity
	Uptake of boron by tumor cells
	Statistics


	mk:H1_14
	Acknowledgement
	References




