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ABSTRACT

Forsuccessful boronneutron caputre therapy,itisessential todevelop aborondrugwithaselective accumulation

capacity for tumors. In particular, in order to apply boron neutron caputre therapy to brain tumors, drugs with
good blood-brain barrier penetration are required. In this study, two low-molecular-weight boron compounds
were introduced as brain tumor boron neutron caputre therapy drugs, and their physical and biological efficacy
were evaluated. Among them, B2 showed good blood-brain barrier permeability and a high brain/blood ratio.
From these results, it is expected that B2 can be used as a useful boron drug for boron neutron caputre therapy

in brain tumors.
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SHAE 2Ycte AR F4E AMESHE B4
FAAZ 8 X & (Boron Neutron Caputre Therapy,
BNCT)E "“B(n,e)'Li HEY ¥13-2 1 Y= i} of

714 5% B YAt @3RS 2ot dEY §hE
< 4ozl FH LurHHe™), HEUYRHL) E L7 2t
A 5o SHEH. ojnf WEH dubAAe} ZE YA
HAAZ = F 5 ~ 7 mfo] A 20]E HLQld], ol= °F 10
ofo|Z &g H7]|Q1 A|3e] A7) siFstns, AxHA
=2 o] =T FAA QAT FFA| T
-2 54A HeH3 4]

I8 2 & BNCT+= F=°| ¢ og: A HES
(Glioblastoma Multiforme, GBM)oJt 24 = HQF
(melanoma), 18|31 3}5tQ o i} BEARA @ Hof| &3k7t
e FAAY HEY 5ol 2 H&E L UAH5-71. 12y
BNCTOf| thet &2 ¥4lof vls dA7HA] Aol 285
HEAQl HA%ES BPA (borono-L-phenylalanine)
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@} BSH (mercaptoundecahydrododecaborate) & 7}
A] "ro] gleH8).

A Epo] 241 FEAQ] BPAE F/AlaEo] Bls g%
St HE FYAET} opu| At T2 5]
5 ofu|licit FEAE Tk FAAZ= AW SFolA
FAE ot i4te] FHIE QS 558 oE Al Y2 &
ojZ 4= qltt. olet g, S4YA 12717} polyhedral
TZ2E 24%H BSHE 7129 Y dAet FAFSHA
EPR(enhanced permeability and retention) S3}&
sl #5HoE FYRA | HEEA HrH8-12]. 7]
Al EPRA = $F 229 A8 o] Ad ol Bls|
AH o2 &gt 7SS FAdsto] o=l Tt 8ol

s13L gmzao] ° PAslojgle] ool QT A%
Sho Eake Witk et oA AF T OFB(BPA

BSH)2 HFFol it dei/do] wom @iz
(blood-brain barrier, BBB) £3}-&0] W2 thyo] x|
313,141,

JE=E, oA Bt 434
UFE2 1) B2 54,2 FY
£ (20~35 pg “B/g tumor), 3)
€ (<5 pg '"B/g tissue) 59 &
251}9,15]. o7t oA
T2 I3 A QJoRE o] Wol 3-8
oFF FEAl= SUOlA Eol TAE= ofd sfo]
£ 584 &l SFA| 2ol AFHE 5t obv2t BBB £
2lo] o} &2 BNCT 29 SHEARE Agd 4 it
(16-18]. wehA] & A4H-E 437] BBB £4E& F-AIst
wA) HEF AES) AeHE £ 4 9 BNCTS §igt
$okEE pel] Sistol WAool e £ AT
e A U SASIAL, Eet o5 Seko) $4
W2 91 =4 AT A Aol e Sasia
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Materials and Methods

1. General remarks

E A9FEL Sigma-Aldrich (St. Louis, MO, USA)
oA st or F=7F FA glo] At 4 o
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= Bl, B29| &% 242 145 AA ARvE L]
(high-performance liquid chromatography, HPLC,
Agilent, 1200 Infinity series)E ©]-&5}o] o]Fo{H 1, C18
ZF(Merck, LiChroCART, 4.6 x 250 mm, 5 pm particle
size)& AH&SIR LM, o]E 42 solvent A : solvent B
=6 : 4 (solvent A : 0.1 % TFA in water, solvent B :
acetonitrile) H[ &2 20 59 1 mL/min 492 &
2t 7+ 3FHE (1 mg)& MeOH (1 mlL) o =] 20
uL F4ske] 254 nmo| IFOA Ao E 4 5, 7 o
A9 WA g s BASIH A% 242 A&
H o]23} A% B A (electrospray ionization mass
spectrometer, BESI-MS, Thermo Scientific, ISQ EM)
2 olgste] olRolH T, BE SBAYS FRUAYY
tel SEaE91Y3]olA SA(KIRAMS 2020-0067)%t
ol wet Sasigc

Lo

)

2. Synthesis and Characterization

2-(4-bromophenyl)-6-methoxybenzothiazole
(1). Round-bottom flasko] 2-Bromo-6-methoxy-
1,3-benzothiazole (30.0 g, 122.9 mmol),
4-bromophenylboronic acid (24.7 g, 122.9 mmol),
Pd(PPhs)s (5.7 g, 4.9 mmol), 123l K2CO3 (34.0 g,
245.8 mmol)S ¥olF 1! toluene (522.0 g} SF
(600.0 g)& 713l 13 AIZE &< refluxdtdet. 4371 vHS
EEE 2714 A5]|1L, celite filter §F &, EtOAcE
gobfitt, F&(extraction)std] 7152 93 Na:SO«
padE FHAA FEE A4 AASHH. Silica-gel
flash column chromatography(50% CH:Cl2/hexane)
£ £33k 1, 15.20 g (white solid, 39%)S A3ich.
'H NMR (500 MHz, CDCL); ¢ 7.94 (d, ] = 9.0 Hz, 1
H), 7.90 (@1, ] = 8.5, 2.5 Hz, 2 H), 7.61 (@, ] = 8.5 Hz,
2 H),7.35(, ] = 2.5 Hz, 1 H), 7.10 (dd, ] = 9.0, 3.0
Hz, 1 H), 3.90 (s, 3 H). ESI-MS (m/z): calculated for
CusHuBNOS = 320.0 [M+H]"; found, 320.1 [M+H]".

B1l. Ar(g)3dlolA 2-(4-bromophenyl)-6-
methoxybenzothiazole (10.0 g, 31.2 mmol)< F
4= THF (124.5 g)°ll =o]a -78TolA 5 7t wrhgh
t}. Cyclohexane (2.0 M)°ll %91 n-BuLi (13.3 g, 34.4



Scheme 1. Synthesis of B1
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Pd(PPhj)s, K,CO4

e -
»—Br + B —QB!
N HO

n-BuLi, B(OMe),
THF, -78°C - r.t.,
15 h, 69%

B1

toluene, water, reflux,
13 h, 39%

P S pH
N OH

P S
T
N

1

Scheme 2. Synthesis of B2

n-BuLi, B(OMe),

O

THF, -78°C - r.t,,
15 h, 80%

mmol)& 10 &3t golFaL -78 T oA 2 AZF 52t 1
A TE Trimethyl borate (4.9 g, 46.9 mmol)E 10
27t gol & = 2004 15 AIZF %F mEtskeleh 1
Flofl HCl 4~8-H(1.0 M) A7gsto] 8HS| pHE 4-5 4
TR 9T 30 81 F7H o wRkelylth vheE F
=3t 0o]& 8IS separatory funnel2 %7]3L, EtOAc
= o] FE5t] B2 77132 NaxSOs W 0] A
71 & 7} Axst. EtOAcZ Aoj5H dEsto] Bl
(pale yellow solid, 6.1 g (69.0%)E 98.7% & ¢
itk 'H NMR (500 MHz, DMSO-ds); 8 8.28 (s, 2 H),
8.00 (d, ] = 8.0 Hz, 2 H), 7.96-7.94 (m, 3 H), 7.72 (d,
J=3.0Hz, 1 H), 7.14 (dd, ] = 9.0, 2.5 Hz, 1 H), 3.85
(s, 3 H). ESI-MS (m/7): calculated for C1sHi3BNOsS =
286.1 IM+HI"; found, 286.2 [M+H]".

B2. Ar(g)stollA] 2-(4-Bromophenyl)benzothiazole
(10.0 g, 34.5 mmol)& ¥4 THF (80.0 g)oll =°]iL -78
T oA 5 E7F wHelE}. Cyclohexane (2.0 Mol &
ol n-Buli (14.69 g, 37.9 mmol)& 10 £7F dojF1
-78 CollA 2 A7t B3t vkg-5tct. Trimethyl borate
(5.4 g, 51.7 mmoDE 10 £3F Yo] & & 2004 15

S}t F7HH o R wRkekgl. HCl +84(1.0 M)

o] A9 pHE 4-5 A== 511 30 B3 &+
7F4o 2 wytetlrt. ¥hg F8 ¥ 8N separatory
funnelo] %7 ©1, EtOAcS go] F&31o] 715
ol Na:SOs &5 A & A Axs3ith. o]
3, BtOAcE AMoj31 ™Estoe] B2 (beige solid, 7.1 g
(80.0%)E 99.5% «=== At 'H NMR (500 MHz,
DMSO-ds); 8 = 8.30 (brs, 2 H), 8.16 (d, ] = 8.0 Hz,
1H), 807 J=80Hz 1H), 807, J]=80Hz 2
H), 7.97 (d, ] = 8.5 Hz, 2 H), 7.56 (id, ] = 8.0, 1.0 Hz,
1 H), 7.47 (td, J = 8.0, 1.0 Hz, 1 H). ESI-MS (m/2):
calculated for Ci3HiBNO:S = 256.1 [M+H]"; found,
256.2 [M+H]".

3. Cell viability
96 well plated] 1 well & 1x10* /A2 F [ 4l
ATZE AZ(C6)E 10% FBS(Fetal bovine serum)@}t

1% A7} E0190= DMEM (Dulbecco’s modified
Fagle’s medium)of] ot AlZE 24417 &2t £

www.ksramp.or.k 5
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2F 9 QFYSE ARl &, ZF welld F @3 viA] 100 ploll
Bl == B2£ 0, 1, 5, 10, 50, 100, 200 uMe] === 3]
Alsto] A2stal 22417 B2t v st o] % 7t wello]
CCK-8 (Cell Counting Kit-8, Dojindo Laboratories,
Kumamoto, Japan) &4 10 pl& H7}sto] 2417F
F7F vjFolt. wjgo] #= 9 plate= microplate
reader”]& ©]-85t% 450 nmolA FFEE ST
Zh sEoA9 FBE 2 AAtste] Al AEE (cell
viability)2 F+oFal GraphPad Prism T2 13-& o]&
sto] 2 E IR

4. In vivo biodistribution of BNCT drugs

B1¥ B2 & 1 mgd SW(DMSO 0.03 ul,
Tween80 0.045 ul, saline 0.225 pl)o] o SFH=2
BALB/c W-A(male, 6W, 25 g BW)oll £45AKi.p.)
T2 FWFAHLy.) SHATE FAF S, AR A7 A
= otal BYAFSE o8t IR &, ], A, 1

AEsto] e 2% Ed20t A% 4 (Inductively
coupled plasma mass spectrometry, ICP-MS)S &
off mef 7t A71of| E2Ach= §4Y F= SHsHAH. #
FAL 3, 5, 10, 20, 40, 60 ppb B o]-8ste] 1311,
AET RE HZE 290 10 ppb Y (Yttrium)2] HH H#
TEAE o] 451l on AHl= ICP-MS (NexION
350D, Perkin Elmer)& AH&-5}i T}

el J

ftfo

A

150-

==

=1

(=]
1

Cell viability (%)

Concentration (uM)

Results and Discussion

HEd2 BBBO 95l k=9 W2 T 9 #3235}
2 o A7loA st gl vHlsiA e 2 A=
7F ol & AHE 5ol shuelth. I1dol= &5, oF
== W7 ALst7] 954 BBBO] St F4AolH,
o|F {Ft T & th3o] 24 5o 87H 1) o]
3} =4 b= BkghEo]ofof gt 2) log P g2 291 717t
Jof 3t} 3) EAFFS 400 Da ugto]ofof gir}, 4) St
e W 4282 8~10 7IE HA] gotof gtk(19). &
Aol A ZidE dES2(Scheme 1, 2) 5 EAEF
°] 300 Da m|FFe] A&Ao]1L, o]&52] CLogP 4t 2+t
B1, 3.92 9} B2, 3.6% &5Ad& HojFqint. of23t At
+ Bl 33t=E0] 01+ methoxy(CH;O-) I&9] A=k
o oJ8f| F-=aHinductive effect)”} TAYSIHA] Bl O]
B2 Hr} o] 2317} dojubA] gk A& o] TH(20). ©]
g3 272 EYE, 47 3RES =2 BBB F1E]
A gEo] NE=Y 9@ A5EANS Z27F I35l

Figure 12 54950 AlZ54 AY 275 HojEoh
B1Z 1 ~ 200 uM9] FEF oA 70% o] Al A3
28& B9} B2 1 ~ 50 uMe] SFE5ofA 70% ©]
3o AlaE &S Hel Bhdo], 100 ~ 200 pMe] oF&
FEoA= AE FEHo| 65~45% 2 Ao FFS
Heloh

150+

2

Cell viability (%)

L)
N
o LI

Concentration (uM)

2
%

Figure 1. Cell viability of C6 glioma cell for (A) B1 and (B) B2 at various concentrations.
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Figure 2= U2 A7) ¥ B17} B29] 54 58 H
otk B3 oS FUYSHA & mheA 719 Ba
ST UESl=Hl, B4 vhA] A710lE Ao &
A(Blood, 0.16 £+ 0.01; Brain, 0.12 + 0.01; Kidney,
0.53 + 0.01; Liver, 0.14 + 0.01 pg/g tissue)7} AR
tt. B1E 500 mg/kg EFAMLp.)SE & 1A17H9] &
2% %= Blood, 2.00 £ 0.14; Brain, 1.46 + 0.01;
Kidney, 4.01 + 0.66; Liver, 4.28 + 0.42 ng/g tissue
23, B2E 500 mg/kg B4 Hi.p)gt & 1A &

Onone
EB1.500 mg/kg (i.p.)
®@B2_500 mg/kg (i.p.)

B ppm (ng/g tissue)

Figure 2. Boron concentrations in organs of Balb/C
mice (n = 3, mean & SD) after i.p. injection of 500
mg/kg dose of B1 or B2.

A

45
BB2_125 mg/kg (i.p.)

0 B2_250 mg/kg (i.p.)
®B2_500 mg/kg (i.p.)

40
35
30
25
20

15 -

B ppm (ug/g tissue)
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AL+ Blood, 10.12 + 1.45; Brain, 37.24 + 4.26;
Kidney, 19.54 + 1.65; Liver, 17.82 + 5.45 ug/g
tissue 3Tt B2+= B19] HSjA AAHO R &2 A7 &
ZE BT brain9 E4%5EE B27t B1o] H|GA] oF
254 =4t

BNCT == AREE7| flsiA #7119 oFE 5=
£ 20 ~ 35 ug "“B/g olAfol ==t B29] T4
(brain)®] BA%EE 37.24 + 4.26 ng/g= BNCT =
2 ARHIE 7| 5= ok 3 BNCT HEZ A
=7] fJeiAE w719 FEsEE 5 ug “B/g oI5kt
8==d, B29] 747 ](blood)?] B4aEEE 10.12
* 1.45 pg/g= 7Ids s 28 A= &9 &
T S wiFG719] FEsert 71d gk olstE Hol A=
AlZbof] TRt 5 A+L7F B ] stk

B13} B29] brain/blood H|+= B1, 0.73 + 0.57: B2,
3.68 + 0.12 & B2 7} B1 9| B|3]| < 5 v &Skt}h. BNCT
of aFAQl BA%ES A7 tiet =2 AEA
I} v 7o iRt E A"Ago] @ FH T 53 X
ol tiet BNCTS X529l 0|55 fIsiA= B3]
of tist wi34719] k= s XH|(e.g. tumor to normal
tissue ratio, T/N)7} 29235} 1 Zlo] 3 Bt} & Zo| &
ot g3t=o]c}21,22]. 23 2Ju]ofA] B2 & brain/blood
H|7} 3 oY 2 & BNCTA & F=2A 9 7Fs/d<e 71

o

45
[ B2_250 mg/kg (i.p.)

mB2_250 mg/kg (i.v.)

40
35
30
25
20

15

B ppm (ug/g tissue)

S @
¢ & &

Figure 3. Boron concentrations in organs of Balb/C mice (n =3, mean % SD) (A) after i.p. injection of 125 or 250 or
500 mg/kg dose of B2 (B) after i.p. or i.v. injection of 250 mg/kg dose of B2.
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t}. 9Hd B19] brain/blood Hl& B4 FES FUSHA

oliL, B2 250 mg/kg & BROR FAL T A 4] E

&2 wl9-~9] brain/blood ¥1(0.74 + 0.01)2} #2] & 549 ¥ =% Blood, 5.85 + 0.41; Brain, 10.93 +
4 ghs 2 1.15; Kidney, 11.82 + 1.01; Liver, 7.46 +1.21 pg/
352 BNCTE siAE #4719t vi33719] 2 g tissue ©|9, B2 500 mg/kg & EFo2 FA 3 7

ot

oOFE9] B E FAISH= Aol "% Fasitth 18
A4gt oF29] B E FASH] HsiAE k=Y F
Y 4 W= HHs] AeE|ojof gt o] & flsfiA
B2E FAF(125 mg/kg ~ 500 mg/kg)Tt FAYHE
FFAL T2 FUFADE DEoto] AT FY F 14]
7] A7) 8 B4 5 E IS TH(Figure 3).

B2 125 mg/kgS B30 FA S A A7) EH &
49 5% = Blood, 2.96 + 1.40; Brain, 2.97 + 1.63;
Kidney, 6.56 + 3.26; Liver, 3.58 + 1.42 pg/g tissue

d
k=

% 7] ¥ 549 H&E Blood, 10.12 + 1.45; Brain,
37.24 + 4.26; Kidney, 19.54 + 1.65; Liver, 17.82
+ 5.45 pg/g tissue °Jt}. eFES 125 mg/kgolA 500
mg/kg2 2 48] Z715t9S w, brain € %7](blood,
3.41; kidney, 2.98; liver, 4.97)= 2F 3~58] Z7}3t 4t
Hof| brain? B4sE== °F 128) F7151%tt. Brain/
Blood H]&= 125 mg/kg, 0.97 + 0.14; 250 mg/kg, 1.87
+ 0.18; 500 mg/kg, 3.68 + 0.12 02 °FZ &8FS 5
7kA17]1H Brain/Bloods A2 H|S:gE H[&Z Fobxltt.

Table 1. Brain and tumor °B concentrations in various BNCT drugs

Injection route G °B mg/g (tissue)  ICP time tlssue/!) — Reference
amount ratio
B1 Balb/c i.p. 500 mg/kg 1.46 +0.01 pg/g” 1h 0.73 -
mouse (brain)
B2 Balb/c i.p. 125 mg/kg 2.97 +1.63 pg/g” 1h 0.97 -
mouse (brain)
i.p. 250 mg/kg 10.93 + 1.15 pg/g” 1h 1.87 -
(brain)
i.p. 500 mg/kg 37.24+4.26 g/g” 1h 3.68 -
(brain)
iV 250 mg/kg 26.04 +2.88 ug/g” 1h 3.47 -
(brain)
BPA Wistar rat i.p. 300 mg/kg 3+ 2 pg/g (brain”) 6h 3 [23]
600 mg/kg 5+ 3 pg/g (brain”) 6h 2.5
1200 mg/kg 21 + 4 pg/g (brain”) 6h 1.16
BSH Wistar rat i.p. 100 mg/kg 13.9+2.5ug/g 25h 0.39 [24]
(brain tumor)
100 mg/kg 54+09ug/g 6h 1.47
(brain tumor)
300 mg/kg 17.3+2.2ug/g 6h 0.53
(brain tumor)
BSH NMRI i.p. 200 mg/kg 1.0+0.8 pg/g(brain) 2.5h 0.06 [25]
nude mouse
BPA-FY NMRI i.p. 700 mg/kg 54+26ug/g(brain) 1.5h 0.47 [25]
nude mouse
BPA-F?  GS-9Lrat iv. infusion 125 mg/kg/h? - 1h° 37 [26]
for2h 250 mg/kg/h? - 1he 37
500 mg/kg/h? - 1h° 3.6

ND; not determined, i.p.; intraperitoneal, i.v.; intravenous. ?Assuming that *°B enriched was used. ”Brain gray matter. °(BPA-F)
p-boronophenylalanine-fructose complex. “(mg/kg/h) injection amount per bodyweight per hour. ©1 h after the end of
intravenous infusion of drug.

8 J Radiopharm Mol Probes Vol. 7, No. 1, 2021



B2 250 mg/kge AHWOoE F9) ¢ B F7] & %i
9] #k+= Blood, 8.09 + 3.55; Brain, 26.04 +
Kidney, 20.60 + 1.18; Liver, 17.44 + 4.00 ug/g
tissueE 9= B E YUY wet B W SHH brain
) ‘:‘iil:._ﬂ oF 1.48] A% S7F5lAtHFigure 3B). ©]
2 EFFYC R Qg B29 A ¢¥to] HHFYE

1’% Lo, Aol A9 A ofz g AET At
(boric acid)e] 2FetA o= ZAkd 7|37 7] yjEo s
HojZldt,

Table 1-& TRt F72] BNCT oF&°] gt 54

T2 HojEth23-26]. k=2 FHloll wabA oF=9] F

?J% 9 Q) W0l 211, oo wEhA] oFE9] AU &
I /o] EEpAlnt. wEbA |70 B4 R 5k
7t AHo2 47 B 4 Qe WHe Folop 53, 154
of Br= oF=9] AA7F a5tk BNCTE 93t 642
_4 7H1:ﬂ-o] Z(_]'Gﬂﬂ_]_ 1;(]1:1]— O]A ] X—LQ_E] o]:g oq;ﬁ-g
BPA (BPA-F 223H)e} BSH7} - oteHS8] :LEi 22 33
AsHA AHEE = Q= oFE Sk A
tﬂ ol ¥ _1,]-/311—7]01] _Q_EX‘] oz é]x%o] = _/,:
= /Nsh= Ao 23S HWSolof & Ao]

oA B 13L9] B2= BPA &2 BSH & l
EHT} g =2 B o 2AET} WA
7] & HolFqloh vk, & A9 %i%
BA(ByE AHESHA] ¢l M 84S
FE ISA ot AU Agais 4d40
ot7] 9IeiA 55 54(°B) AH&ol 8 E I, ES Al
oFEc] izt AW oF= FEHIE #E 7T I8A
715)ell thet A+7F §EEA] SREE]ofof g,

OO

5915

—

g;;
¥
_[O OZ’I.,
ME i)

)

;%. ‘ﬂ* i
W
o pq
= 1o
=

>1E

=)

o,
Moo O,

mﬁ
rlo
(o)

Conclusion

G4 %52 71 ARE M Aol BHo
3, & Efe MRAoltE ARAS tes 4
B B 3, 19 B0l

FARG BASREE 255 A5

5t faAdS Brbolelth &3] ol FolA B2= =2
BBB £33} 7 v]w 4 &2 Brain/Blood B]&S Y
ERiQITE. olget A= R 2 AtEo] Zidet B2 &
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