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Seven polyamine conjugates of a tri(p-carboranylmethylthio)tetrafluorophenylporphyrin were prepared
in high yields by sequential substitution of the p-phenyl fluoride of tetrakis(pentafluorophenyl)porphyrin
(TPPF), and investigated as boron delivery agents for boron neutron capture therapy (BNCT). The poly-
amines used were derivatives of the natural-occurring spermine with different lengths of the carbon
chains, terminal primary amine groups and, in two of the conjugates, additional aminoethyl moieties.
A tri(polyethylene glycol) conjugate was also synthesized for comparison purposes. The polyamine con-

gﬁ{gords; jugates showed low dark cytotoxicity (ICso >400 M) and low phototoxicity (ICso >40 puM at 1.5 J/cm?). All
Polyamine polyamine conjugates, with one exception, showed higher uptake into human glioma T98G cells (up to
PDT 12-fold) than the PEG conjugate, and localized preferentially in the cell ER, Golgi and the lysosomes.
Carborane Our results show that spermine derivatives can serve as effective carriers of boronated porphyrins for
Porphyrin the BNCT of tumors.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Boron-containing porphyrins are promising boron delivery
agents for the boron neutron capture therapy (BNCT) of tumors,
due to their ability for selective delivery of high amount of boron
(>20 pg/g) to target tissues with low dark toxicity, and their long
retention times in tumors."? BNCT is a binary cancer treatment
that involves the irradiation of '°B-containing tumor cells with
low energy thermal or epithermal neutrons to produce high linear
energy transfer (high-LET) alpha and lithium-7 particles, and
releasing 2.4 MeV of kinetic energy, according to the equation
below:3->

0B 4+ 'n — "Li*" +“He?" + 7y + 2.4 MeV

The '°B nucleus has a much higher neutron capture cross sec-
tion (3838 barns, 1 barn=10"2%cm?), than '2C (0.0034 barn), 'H
(0.33 barn) and N (1.8 barns), which make up approximately
96% of tissues, thus minimizing damage to normal cells.
Indeed, BNCT has the potential to be highly selective, able to
destroy '°B-containing malignant cells in the presence of normal

Abbreviations: PDT, photodynamic therapy; BNCT, boron neutron capture
therapy; TPPF, 5,10,15,20-tetrakis(2,3,4,5,6-pentafluorophenyl)porphyrin; DMSO,
dimethylsulfoxide; THF, tetrahydrofuran; TFA, trifluoroacetic acid; LET, linear
energy transfer; PBS, phosphate buffered saline; FBS, fetal bovine serum; ER,
endoplasmic reticulum.
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boron-free cells, due to the limited path range (5-9 um) of the
high-LET cytotoxic particles in tissues. The only two boron com-
pounds currently in BNCT clinical trials in Japan, Finland and Swe-
den are BSH (sodium mercaptoundecahydro-closo-dodecaborate)
and BPA (L-4-dihydroxy-borylphenylalanine), used either alone
or in combination; although improved patient survival has been
reported using these drugs,®™ high doses of these agents, particu-
larly BPA, are typically required to achieve a therapeutic response,
and both BSH and BPA have only low selectivity for tumor cells and
low retention times in tumors. On the other hand, boronated por-
phyrins have shown increased tumor selectivity and retention
times compared with BSH and BPA. Furthermore, boron-containing
porphyrins retain the fluorescence and photosensitizing properties
characteristic of this type of macrocycle, allowing the use of photo-
dynamic therapy (PDT) as adjuvant treatment for BNCT, and facil-
itating the detection of tissue-localized boron and treatment
planning.>'° PDT involves the activation of a tumor-localized pho-
tosensitizer with red light, producing reactive oxygen species, such
as '0,, that cause irreversible photodamage to malignant tis-
sues.'"'2 Two porphyrin derivatives, Photofrin and Visudyne, are
FDA-approved for the PDT treatment of cancer of the lung, diges-
tive tract, genitourinary tract, melanoma, Barrett’'s esophagus
and, in the latter case, the wet form of age-related macular degen-
eration.’>'* On the other hand, BNCT has been investigated for tu-
mors that are difficult to treat by PDT, such as glioblastoma
multiforme, due in part to limited light penetration and/or insuffi-
cient tissue oxygenation. Due to the large amount of '°B in tumor
(20-35 pg/g, depending on the boron microdistribution) required
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for effective BNCT, recent research has centered on the synthesis of
boron-containing porphyrins of high boron content, containing
stable boron clusters and a tumor-targeting moiety, such as a pep-
tide.’>!® Among the boron clusters, the negatively charged closo-
Bi,H;2%~ anion, the carborane derivatives closo-CB;;H;»~ and
nido-C,BgH;;~, and metallo-bis(dicarbollides) such as [3,3'-
Co(1,2-C;BgH11)2]~, have been the most common clusters used
for attachment to porphyrins because of their high boron content,
known chemistry, amphiphilic properties, and their high photo-
chemical, kinetic and hydrolytic stabilities. As a result, most of
the boron-containing porphyrin derivatives reported to date are
negatively charged,? although positively charged boronated agents
potentially target the most sensitive tumor cell organelles, for
example, mitochondria and nuclei, and important biomolecules
such as DNA and RNA.!” Furthermore, the amount of '°B required
for effective BNCT can be substantially reduced if it localizes near
or within the cell nucleus.!® Herein we report the synthesis and
investigation of a series of amphiphilic closo-carboranylmethyl-
thioporphyrins containing fluoride and conjugated to various poly-
amines, which are protonated under physiologic conditions.
Fluorinated porphyrins have been previously shown to have in-
creased photodynamic activities compared with their non-
fluorinated analogs,'®?° and could facilitate imaging (using '°F
NMR and/or !'8F-PET in addition to porphyrin fluorescence) and
treatment outcome.?! On the other hand, polyamines are known
to be essential for cell growth and differentiation, and are found
in high concentrations in rapidly proliferating tumor cells, due to
an up-regulated polyamine transport system.?’24 As a
consequence, polyamine conjugation to porphyrins' and other
drugs?®~4 is an attractive strategy for increasing tumor selectivity,
uptake and overall biological efficacy. Several boron-containing
polyamines have been synthesized and shown to bind to
DNA;*5-4! although significant toxicity was observed for some of
these polycationic molecules, new low cytotoxicity derivatives
were synthesized but no additional biological investigations are
yet reported. Therefore, conjugation of polyamines to a boron-
containing porphyrin could potentially increase boron uptake into
tumor cells, favor DNA binding and overall BNCT efficacy. In this
paper seven polyamines were selected for conjugation to a pre-
formed carboranylporphyrin, containing between 3 and 5 amine
groups and 2, 3 or 4 carbon spacers between the nitrogens. The up-
take and toxicity of the polyamine-porphyrin conjugates were
evaluated in human glioma T98G cells and compared with those
of a tripegylated analog.

2. Experimental section
2.1. Chemistry

Reactions that are sensitive were conducted under argon atmo-
sphere in oven-dried glassware. Commercially available reagents
and solvents (HPLC grade) were purchased from Sigma-Aldrich,
Acros Organics and used without further purification. p-Carborane
was purchased from Katchem, Inc. Anhydrous methanol was pre-
pared by distillation from magnesium turnings and was stored un-
der nitrogen over 3 A molecular sieves. Anhydrous THF was
prepared by distillation from sodium and benzophenone. Analyti-
cal thin-layer-chromatography (TLC) was performed on polyester
backed TLC plates 254 (pre-coated, 200 pm, Sorbent Technologies).
Silica gel 60 (70-230 mesh, Merk) used for column chromatogra-
phy and silica gel TLC plates (0.2 mm thickness) were purchased
from Sorbent Technologies. "TH NMR and '>C NMR spectra were ob-
tained using a Bruker AV-4 400 MHz spectrometer; chemical shifts
are expressed in ppm. '°F NMR spectra were obtained using a Bru-
ker DPX-250 250 MHz spectrometer; chemical shifts are expressed

in ppm. Electronic absorption spectra were measured on a Perkin
Elmer Lambda 35 UV-Vis spectrophotometer. Mass analysis was
conducted at the LSU Mass Spectrometry Facility on a Bruker
Omniflex MALDI-TOF mass spectrometer and exact masses were
obtained from HRMS-ESI on an Applied Biosystems QSTAR XL.
Melting points were measured on a Thomas hoover melting point
apparatus. Reversed-phase HPLC was performed on a Waters sys-
tem including a 2545 quaternary gradient module pump with a
2489 UV-Vis detector and a fraction collector IIl. An analytical col-
umn (4.6 x 250 mm-XBridgeTM BED300 C18 5 um) was used for
the purification of all polyamine conjugates (2-8) and a stepwise
gradient from 0% to 100% Buffer B in the first 10 min to 50% B
and 50% C in next 10 min to 100% B in next 10 min. A stepwise gra-
dient 10-90% Buffer B with Buffer A was used for the PEG conju-
gate 9. Buffer A (0.1% TFA, H,0), Buffer B (0.1% TFA, acetonitrile),
Buffer C (0.1% TFA, acetone). All Boc-protected polyamines were
synthesized as previously described.*? 1-Mercaptomethyl-p-carbo-
rane was prepared from p-carborane, as described in literature.*

2.1.1. 5,10,15-Tri(p-carboranylmethylthiotetrafluorophenyl)-
20-pentafluorophenylporphyrin (1)

To a solution of TPPF (19.52 mg, 0.02 mmol) in 2 ml of dry DMF
was added anhydrous K,CO3 (16.6 mg, 0.12 mmol), mercaptom-
ethyl-p-carborane (15.2 mg, 0.08 mmol). The reaction mixture
was stirred at room temperature for 48 h. The resulting solution
was diluted with ethyl acetate (50 mL) and washed with brine
(2 x 50 mL). The organic layer was dried over anhydrous sodium
sulfate, the solvents evaporated under reduced pressure and the
resulting residue was dissolved in dichloromethane (10 mL). A sat-
urated solution of Zn(OAc), in methanol (10 mL) was added and
the resulting mixture stirred at room temperature for 24 h. The sol-
vents were evaporated under reduced pressure and the resulting
residue was purified by prep-TLC using chloroform/petroleum
ether 1:1 to give 23.3 mg (30%) of desired zinc(Il) porphyrin, mp
>300 °C. UV-Vis (DMSO) Amax (¢/M~1cm™') 426 (444,400), 555
(43,800). "H NMR (CDCls, 400 MHz): & 8.93 (s, 8H, p-H), 3.45 (s,
6H, -SCH;), 2.19-3.33 (m, 33H, BH, CH). MS (MALDI-TOF) m/z
1550.789 [M], calcd for ZnCs3H47F17N4B30S3 = 1550.494. The ZH(H)
porphyrin (23.3 mg, 0.015 mmol) was dissolved in 2 mL of TFA/
chloroform 1:1 and stirred at room temperature overnight. After
removal of the solvents under vacuum, the title porphyrin was ob-
tained in quantitative yield, mp >300 °C. UV-Vis (DMSO) /max (&/
M~'cm™!) 416 (468,900), 511 (45,900), 555 (18,700), 585
(11,200), 650 (8300). 'H NMR (CDCl;, 400 MHz): 6 9.02 (s, 2H, B-
H), 8.90 (s, 6H, B-H), 3.46 (s, 6H, -SCH,), 1.78-2.96 (m, 33H, BH
& CH), —2.87 (s, 2H, NH). 3C NMR (CDCls, 100 MHz): § 147.82,
145.34, 143.62, 141.07, 138.89, 136.35, 120.85, 115.54, 104.64,
81.88, 59.23, 14.13. '°F NMR (acetone-dg, 233.3 MHz): § —135.7
(m, 6F), —139.8 (m, 6F), —140.4 (d, J=15.7 Hz, 2F), —-156.2 (t,
J=19.0 Hz, 1F), —165.0 (d, J = 16.1 Hz, 2F). MS (MALDI-TOF) m/z
1485.672 [M], calcd for C53H49F17N4B3053 =1485.565.

2.1.2. Conjugate 2

To porphyrin 1 (14.9 mg, 0.01 mmol) were added (N1,N3,N6-
tri-tert-butoxycarbonyl)-1,8-di-amino-3,6-diazaoctane*?> (6.7 mg,
0.015 mmol) and NMP (2 mL)***#* and the mixture was heated at
100 °C for 4 h. After cooling to room temperature, the solution
was diluted with ethyl acetate (50 mL) and washed with brine
(5 x 50 mL). The organic layer was dried over anhydrous sodium
sulfate, the solvents removed under vacuum and the resulting red-
dish brown residue purified by silica gel column chromatography
using dichloromethane for elution, followed by dichloromethane/
ethyl acetate 9:1. The Boc-protected conjugate was obtained
(18.6 mg) in 96% yield, mp = 292-294 °C. UV-Vis (DMSO) Amax (€/
M~ 'cm™') 416 (401,700), 510 (28,400), 555 (22,000), 585
(11,000), 650 (10,500). '"H NMR (CDCls, 400 MHz): 6 9.06 (s, 2H,
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B-H), 8.91 (s, 6H, B-H), 3.33-3.53 (m, 16H, SCH;, NCH;), 2.72-2.79
(m, 2H, CH3), 1.89-2.71 (m, 33H, BH and CH), 1.58 (s, 9H, ‘Bu), 1.52
(s, 9H, Bu), 1.46 (s, 9H, ‘Bu), —2.86 (s, 2H, NH). '3C NMR (CDCls,
100 MHz): & 155.92, 155.61, 147.54, 146.84, 143.23, 142.87,
137.89, 136.15, 119.85, 115.44, 103.84, 81.58, 79.78, 79.67, 78.54,
59.43 52.67, 49.96, 47.19, 46.35, 45.43, 40.34, 38.98, 30.78, 28.14,
14.23. 'F NMR (acetone-ds, 233.3 MHz): 6 —135.8 (m, 6F),
—139.9 (m, 6F), —144.2 (d, ] = 14.8 Hz, 2F), —162.3 (d, J=15.6 Hz,
2F). The Boc-protected conjugate was dissolved in TFA/dichloro-
methane 1:1 (2mL) and stirred at room temperature for 6 h.
After removal of the solvent under vacuum, the resulting residue
was purified by HPLC to give conjugate 2 (14.7 mg) in 95% yield,
mp >300°C. HPLC tg=27.01 min. UV-Vis (DMSO) /max
(¢/M~Tecm™') 416 (591,400), 510 (52,600), 555 (21,900), 585
(11,400), 650 (10,000). 'TH NMR (CDCls, 400 MHz): & 8.75-9.75
(br s, 8H, B-H), 3.33-3.69 (m, 16H, SCH, & CH,), 2.35-3.11 (m,
35H, CH,, BH, CH). 'F NMR (acetone-dg, 233.3 MHz):  —135.6
(m, 6F), —139.8 (m, 6F), —144.2 (d, J=15.4 Hz, 2F), -162.4 (d,
J=15.9 Hz, 2F). HRMS (ESI-TOF) m/z found 1612.7414 [M+H"],
806.3720 [M+2H+]2+, calcd for CsoHg4F16NgB30S3 = 1612.7008,
[C59H64F1 GNSB?,()S:g]ZJr =806.3504.

2.1.3. Conjugate 3

A similar procedure was used to that described above for conju-
gate 2, using porphyrin 1 (14.9 mg, 0.01 mmol), (N1,N3,N6,N9-tet-
ra-tert-butoxycarbonyl)-1,11-di-amino-3,6,9-triazaundecane*?
(8.85 mg, 0.015 mmol) and NMP (2 mL).#>*** The Boc-protected
conjugate was obtained (20 mg) in 96% yield, mp =292-295 °C.
UV-Vis (DMSO) /max (e/M~Tcm™!) 416 (592,500), 510 (21,200),
555 (18,000), 585 (9400), 650 (8600); 'H NMR (CDCls, 400 MHz):
5 9.05 (s, 2H, B-H), 8.90 (s, 6H, B-H), 3.25-3.45 (m, 20H, SCH,,
NCH,), 1.75-2.98 (m, 33H, CH,, BH, CH), 1.57 (s, 9H, ‘Bu), 1.50 (s,
18H, ‘Bu), 1.43 (s, 9H, ‘Bu), —2.86 (s, 2H, NH). '3C NMR (CDCls,
100 MHz): § 156.92, 156.16, 155.39, 147.64, 145.60, 143.30,
141.16, 138.06, 135.68, 120.86, 115.30, 103.94, 81.89, 80.69,
79.14, 77.24, 60.41, 59.22, 50.21, 47.45, 47.36, 45.42, 40.62,
39.47,29.71, 28.43, 28.21, 24.83, 21.06, 14.21. '°F NMR (acetone-
de, 233.3 MHz): 6 —135.9 (m, 6F), —139.8 (m, 6F), —144.3 (d,
J=15.3 Hz, 2F), —162.5 (d, J = 16.0 Hz, 2F). The Boc protected con-
jugate was deprotected using TFA in dichloromethane, as described
above, and conjugate 3 was obtained (15.1 mg) in 95% yield after
HPLC purification; mp >300°C; HPLC tg=26.68 min. UV-Vis
(DMSO) Amax (¢/M~'cm™!) 416 (596,900), 510 (54,500), 555
(24,400), 585 (12,500), 650 (10,900). "H NMR (CDCls, 400 MHz):
5 8.88-9.60 (br s, 8H, B-H), 3.33-3.72 (m, 20H, SCH,, CH;), 2.22-
3.35 (m, 35H, CH,, BH, CH). '°F NMR (acetone-dg, 233.3 MHz): ¢
—135.9 (m, 6F), —139.9 (m, 6F), —144.4 (d, J=15.1Hz, 2F),
—162.3 (d, J = 16.4 Hz, 2F). HRMS (ESI-TOF) m/z found 1656.8000
[M+H+], 828.4016 [M+2H]2+, caled for [C51H68F16N9B3053]=
16567418, [CelHssF](5NgB3oS?,]2Jr =828.3709.

2.1.4. Conjugate 4

A similar procedure was used to that described above for
conjugate 2, using porphyrin 1 (14.9mg, 0.01 mmol),
(N1,N3,N6,N9,N12-penta-tert-butoxycarbonyl)-1,14-di-amino-3,6,
9,12-tetraazatetradecane*? (11.0mg, 0.015mmol) and NMP
(2 mL).**** The Boc-protected conjugate was obtained (21.4 mg)
in 96% yield, mp = 293-296 °C; UV-Vis (DMSO) Amax (6/M~! cm™1)
416 (456,000), 510 (24,000), 555 (21,000), 585 (12,500), 650
(10,300). '"H NMR (CDCl5, 400 MHz): & 9.06 (s, 2H, B-H), 8.91 (s,
6H, B-H), 3.22-3.56 (m, 24H, SCH,;, NCH,), 2.72-2.79 (m, 2H,
CH,), 1.8-3.15 (m, 35H, CH,, BH, CH), 1.58 (s, 9H, ‘Bu), 1.48-1.51
(m, 27H, ‘Bu), 1.43 (s, 9H, ‘Bu), —2.86 (s, 2H, NH). 1*C NMR (CDCls,
100 MHz): 6 156.99, 156.14, 155.33, 147.64, 145.49, 145.16,
143.53, 138.09, 137.90, 121.06, 120.88, 115.31, 103.94, 81.90,
80.95, 80.63, 80.23, 80.04, 79.12, 60.41, 59.23, 47.39, 45.43,

39.45, 38.76, 37.65, 28.91, 21.06, 14.21. '9F NMR (acetone-dg,
2333 MHz): 6 —-135.8 (m, 6F), —139.6 (m, 6F), —144.0 (d,
J=15.4Hz, 2F), —162.2 (d, ] = 16.1 Hz, 2F). The Boc protected con-
jugate was deprotected using TFA in dichloromethane, as described
above, and conjugate 4 was obtained (15.5 mg) in 95% yield after
HPLC purification, mp >300°C; HPLC tg=26.14 min. UV-Vis
(DMSO) Zmax (¢/M~'cm™') 416 (552,300), 510 (45,900), 555
(18,400), 585 (14,100), 650 (5700). "H NMR (CDCls, 400 MHz): 6
8.78-9.61 (br s, 8H, B-H), 3.25-3.87 (m, 24H, SCH,, CH,), 2.09-
3.18 (m, 35H, CH,, BH, CH). '®F NMR (acetone-dg, 233.3 MHz): ¢
-135.4 (m, 6F), —139.7 (m, 6F), —144.3 (d, J=15.8 Hz, 2F),
—162.5 (d, J = 16.3 Hz, 2F). HRMS (ESI-TOF) m/z found 1698.8939
[M+H'], 849.9461 [M+2H']*", 566.9658 [M+3H']**; calcd for
C53H72F16N10B3053 = 16987639, [C63H72F]6N]0B3053]2+ = 8493819,
[Ce3H72F16N10B30S3]3* = 566.2546.

2.1.5. Conjugate 5

A similar procedure was used to that described above for
conjugate 2, using porphyrin 1 (14.9 mg, 0.01 mmol), (N1,N3,N7-
tri-tert-butoxycarbonyl)-1,9-di-amino-3,7-diazanonane*? (6.7 mg,
0.015 mmol) and NMP (2 mL).**** The Boc-protected conjugate
was obtained (18.7 mg) in 96% yield, mp = 280-283 °C. UV-Vis
(DMSO) Zmax (¢/M~'em™') 416 (512,300), 510 (35,900), 555
(16,700), 585 (12,100), 650 (9000). '"H NMR (CDCls, 400 MHz): 6
9.06 (s, 2H, B-H), 8.91 (s, 6H, B-H), 3.47 (s, 6H, SCH;), 3.3-3.45
(m, 10H, NCH,), 1.73-3.09 (m, 37H, CH,, BH, CH), 1.58 (s, 9H,
'Bu), 1.51 (s, 9H, ‘Bu), 1.45 (s, 9H, ‘Bu), —2.86 (s, 2H, NH). '3C
NMR (CDCl3, 100 MHz): 6 156.07, 147.63, 145.30, 143.01, 135.67,
130.73, 120.86, 115.29, 103.94, 81.88, 80.63, 80.12, 79.28, 60.41,
59.22, 47.08, 45.59, 40.62, 39.62, 28.06, 14.21. '°F NMR (acetone-
ds, 233.3 MHz): 6 —135.9 (m, 6F), —139.4 (m, 6F), —144.6 (d,
J=15.2 Hz, 2F), —162.6 (d, ] = 15.8 Hz, 2F). The Boc protected con-
jugate was deprotected using TFA in dichloromethane, as described
above, and conjugate 5 was obtained (14.8 mg) in 95% yield after
HPLC purification; mp = 292-294 °C. HPLC tg = 26.80 min; UV-Vis
(DMSO) Zmax (¢/M~'cm™') 416 (482,600), 510 (41,800), 555
(17,696), 585 (10,863), 650 (6763). '"H NMR (CDCls, 400 MHz): 6
8.90-9.70 (br s, 8H, p-H), 3.60 (s, 6H, SCH;), 3.33-3.53 (m, 10H,
CH,), 2.24-3.11 (m, 37H, CH,, BH, CH). '9F NMR (acetone-ds,
2333 MHz): 6 —-1354 (m, 6F), —139.6 (m, 6F), —144.8 (d,
J=15.4Hz, 2F), —162.1 (d, J=15.9 Hz, 2F). HRMS (ESI-TOF) m/z
found 1626.7602 [M+H'], 813.8820 [M+2H']**, calcd for
C50H66F16N883053 = 16267262, [C50H65F16N883053]2+ =813.3631.

2.1.6. Conjugate 6

A similar procedure was used to that described above for conju-
gate 2, using porphyrin 1 (14.9 mg, 0.01 mmol), (N1,N4,N8-tri-tert-
butoxycarbonyl)-1,11-di-amino-4,8-diazaundecane*? (7.34 mg,
0.015 mmol) and NMP (2 mL).**** The Boc-protected conjugate
was obtained (19.0 mg) in 96% yield, mp = 270-274 °C; UV-Vis
(DMSO) Zmax (¢/M~'ecm™') 416 (496,100), 510 (39,600), 555
(18,600), 585 (10,800), 650 (9300). 'H NMR (CDCls, 400 MHz): &
9.04 (s, 2H, B-H), 8.91 (s, 6H, B-H), 3.47 (s, 6H, SCH;), 3.14-3.33
(m, 10H, NCH,), 1.71-3.05 (m, 41H, CH,, BH, CH), 1.56 (s, 9H,
Bu), 1.51 (s, 9H, ‘Bu), 1.45 (s, 9H, Bu), —2.85 (s, 2H, NH). '3C
NMR (CDCl3, 100 MHz): § 156.05, 147.63, 145.15, 142.43, 141.09,
135.65, 130.95, 121.05, 115.30, 103.94, 81.89, 80.05, 79.88, 60.41,
59.22, 44.99, 40.62, 38.78, 36.54, 31.89, 31.76, 30.78, 21.06,
14.21. 'F NMR (acetone-ds, 233.3 MHz): 5 —135.3 (m, 6F),
—139.7 (m, 6F), —144.5 (d, J= 15.4 Hz, 2F), —-162.3 (d, J= 15.9 Hz,
2F). The Boc protected conjugate was deprotected using TFA in
dichloromethane, as described above, and conjugate 6 was ob-
tained (15.0 mg) in 95% yield after HPLC purification, mp = 284-
287 °C. HPLC tg=26.35 min. UV-Vis (DMSO) /max (¢/M~1cm™1)
417 (453,300), 510 (37,500), 555 (14,600), 585 (11,000), 650
(9700). 'TH NMR (CDCls, 400 MHz): ¢ 8.81-9.82 (br s, 8H, p-H),
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3.33-3.83 (m, 16H, SCH,, NCH,), 2.06-3.29 (m, 41H, CH,, BH, CH).
19F NMR (acetone-dg, 233.3 MHz): 6 —135.6 (m, 6F), —139.4 (m,
6F), —144.4 (d, J=15.6 Hz, 2F), —162.3 (d, J= 16.0 Hz, 2F). HRMS
(ESI-TOF) m/z found 1654.7848 [M+H'], 827.8940 [M+2H']*",
calcd for [C52H70F15N3B3OS3] =1654.7577, [C52H70F]6NgB3os3]2+=
827.3788.

2.1.7. Conjugate 7

A similar procedure was used to that described above for conju-
gate 2, using porphyrin 1 (14.9 mg, 0.01 mmol), (N1,N4,N9-tri-
tert-butoxycarbonyl)-1,12-di-amino-4,9-diazadodecane*? (7.5 mg,
0.015 mmol) and NMP (2 mL).*>*** The Boc-protected conjugate
was obtained (19.1 mg) in 96% yield, mp = 276-278 °C. UV-Vis
(DMSO) Amax (¢/M~'cm™!) 416 (490,800), 510 (39,600), 555
(18,600), 585 (11,900), 650 (9900). 'H NMR (CDCls, 400 MHz): §
9.04 (s, 2H, B-H), 8.91 (s, 6H, B-H), 3.47 (s, 6H, SCH;), 3.33-3.43
(m, 10H, CHy), 1.57-3.13 (m, 43H, CH,, BH, CH), 1.55 (s, 9H, ‘Bu),
1.50 (s, 9H, ‘Bu), 1.45 (s, 9H, ‘Bu), —2.86 (s, 2H, NH). '>*C NMR
(CDCl3, 100 MHz): § 156.10, 147.77, 145.64, 143.30, 139.15,
137.01, 121.05, 115.30, 103.94, 81.89, 79.90, 77.28, 59.22, 49.42,
46.82, 40.62, 30.68, 29.72, 29.58, 17.66. '°F NMR (acetone-dg,
2333 MHz): § -1354 (m, 6F), —1394 (m, 6F), —-144.5 (d,
J=15.3 Hz, 2F), —162.1 (d, J = 16.2 Hz, 2F). The Boc protected con-
jugate was deprotected using TFA in dichloromethane, as described
above, and conjugate 7 was obtained (15.2 mg) in 95% yield after
HPLC purification; mp = 284-287 °C. HPLC tg = 26.17 min. UV-Vis
(DMSO) Zmax (¢/M~'cm™') 416 (491,875), 510 (40,656), 555
(15,991), 585 (10,700), 650 (6500). 'H NMR (CDCls, 400 MHz): &
8.90-9.24 (br s, 8H, B-H), 3.61 (s, 6H, SCH;), 1.89-3.47 (m, 53H,
NCH,, CH,, BH, CH). 'F NMR (acetone-dg, 233.3 MHz): 5 —135.5
(m, 6F), —139.8 (m, 6F), —144.4 (d, J=15.4Hz, 2F), —162.2 (d,
J=15.9Hz, 2F). HRMS (ESI-TOF) m/z found 1668.8031 [M+H"],
834.9022 [M+2H+]2+, caled for [C63H72F]6N8B3053] =1668.7734,
[Cs3H72F16NgB3S3]*" = 834.3867.

2.1.8. Conjugate 8

A similar procedure was used to that described above for con-
jugate 2, using porphyrin 1 (14.9 mg, 0.01 mmol), (N1,N4,N7-
tri-tert-butoxycarbonyl)-1,10-di-amino-4,7-diazaoctane*? (7.1 mg,
0.015 mmol) and NMP (2 mL).**** The Boc-protected conjugate
was obtained (18.8 mg) in 96% yield, mp = 289-292 °C. UV-Vis
(DMSO) Amax (¢/M~'cm™!') 416 (480,800), 510 (41,500), 555
(18,900), 585 (11,600), 650 (8900). 'H NMR (CDCl;, 400 MHz):
4 9.03 (s, 2H, B-H), 8.90 (s, 6H, B-H), 3.33-3.68 (m, 14H, SCH,,
NCH,), 1.6-3.1 (m, 41H, CH,, BH, CH), 1.56 (s, 9H, ‘Bu), 1.52 (s,
9H, ‘Bu), 1.45 (s, 9H, ‘Bu), —2.86 (s, 2H, NH). *C NMR (CDCl;,
100 MHz): 6 156.10, 155.89, 147.63, 145.15, 143.65, 140.89,
137.78, 121.04, 115.29, 103.94, 81.87, 80.19, 79.87, 77.89,
60.40, 59.22, 45.76, 45.34, 44.95, 40.62, 36.78, 36.54, 31.56,
28.96, 28.65, 28.50, 21.05, 14.20. '5F NMR (acetone-ds,
2333 MHz): § -1354 (m, 6F), —139.8 (m, 6F), —-144.2 (d,
J=15.5Hz, 2F), —162.3 (d, J=16.1 Hz, 2F). The Boc protected
conjugate was deprotected using TFA in dichloromethane, as de-
scribed above, and conjugate 8 was obtained (15.0 mg) in 95%
yield after HPLC purification; mp=295-298°C. HPLC
tg=26.77 min. UV-Vis (DMSO) Amax (e/M~'ecm™!) 417
(438,225), 510 (40,593), 555 (19,538), 585 (12,560), 650
(9800). 'TH NMR (CDCl3, 400 MHz): & 8.78-9.24 (br s, 8H, p-H),
3.60(s, 6H, SCH,), 3.33-3.53 (m, 8H, NCH,), 2.13-3.29 (m, 41H,
CH,, BH, CH). 'F NMR (acetone-dg, 233.3 MHz): 6 —135.6 (m,
6F), —139.6 (m, 6F), —1444 (d, J=15.6Hz, 2F), -162.4 (d,
J=16.1Hz, 2F). HRMS (ESI-TOF) m/z found 1640.7763 [M+H'],
820.8882 [M+2H+]2+, caled for [C61H57F15N3B3053]=1640.7323,
[C61H67F16NgB3OS3] =820.3661.

2.1.9. Conjugate 9

A similar procedure was used to that described above for conju-
gate 2, using porphyrin 1 (14.9 mg, 0.01 mmol), tert-butyl-12-ami-
no-4,7,10-trioxadodecanoate (4.1 mg, 0.015 mmol) and NMP
(2 mL).**** The Boc-protected conjugate was obtained (16.8 mg)
in 95% yield, mp = 289-292 °C; UV-Vis (DMSO) Zmax (¢/M~'cm™1)
416 (460,800), 510 (38,450), 555 (16,700), 585 (10,200), 650
(8100). 'TH NMR (CDCls, 400 MHz): ¢ 9.02 (s, 2H, p-H), 8.90 (s,
6H, B-H), 3.89 (s, 4H, CH,), 3.68-3.82 (m, 12H, CH;), 1.67-3.10
(m, 33H, BH, CH), 1.43 (s, 9H, ‘Bu), —2.88 (s, 2H, NH). '3C NMR
(CDClI;, 100 MHz): & 171.23, 149.78, 149.51, 145.42, 145.28,
143.77, 131.17, 125.50, 12045, 120.07, 119.23, 118.86, 114.49,
101.13, 100.60, 80.16, 79.93, 53.45, 46.56, 35.85, 27.41. 1°F NMR
(acetone-ds, 233.3 MHz): 6 —1354 (m, 6F), —139.6 (m, GF),
—144.8 (d, J = 15.5 Hz, 2F), —162.3 (d, ] = 16.1 Hz, 2F). HRMS (MAL-
DI—TOF) m/z found 1747.822 [Mr, calcd for CegH75F16N5B30S3 Os
[M]*=1747.746. The Boc protected conjugate was deprotected
using TFA in dichloromethane, as described above, and conjugate
9 was obtained (15.4 mg) in 95% yield after HPLC purification;
mp =295-298 °C; HPLC tgr =51.21 min. UV-Vis (DMSO) Amax (€/
M- 'em™!) 417 (430,200), 510 (36,700), 555 (18,500), 585
(10,500), 650 (8800). 'TH NMR (CDCls, 400 MHz): 6 8.88-9.32 (br
s, 8H, B-H), 3.92 (s, 4H, CH;), 3.68-3.82 (m, 18H, CH,, SCH,),
2.01-3.31 (m, 33H, BH, CH). 'F NMR (acetone-dg, 233.3 MHz): §
—135.5 (m, 6F), —139.8 (m, 6F), —144.6 (d, J=15.6 Hz, 2F),
-1624 (d, J=16.2Hz, 2F). HRMS (MALDI-TOF) mjz found
1691.758 [M]+, calcd for Ce2Hg7F16N5B30S305 [Mr =1691.684.

2.2. Octanol-water partition coefficients

The partition coefficients (logP) were measured at room tem-
perature by adding 0.3 mL of a porphyrin stock solution in DMSO
(0.333 mM) to a 4 mL volumetric tube containing 2.0 mL of HEPES
buffer (50 uM, pH 7.4), followed by addition of 2.0 mL of 1-octa-
nol.*% After vortexing for 5 min, the phases were separated by cen-
trifugation. An aliquot of 0.3 mL from each layer was diluted with
2 mL of methanol and the absorbance was read on a Perkin Elmer
Lambda 35 UV-Vis spectrophotometer with 10 mm path length
quartz cuvettes.

2.3. Cell studies

All tissue culture medium and reagents were purchased from
Invitrogen (Carlsbad, CA). Human glioma T98G cells were pur-
chased from ATCC and cultured in ATCC-formulated Eagle’s Mini-
mum Essential Medium containing 10% FBS and 1% antibiotic
(Penicillin Streptomycin). The cells were split twice weekly to main-
tain a sub-confluent stock. All compound solutions were filter-
sterilized using a 0.22 pm syringe filter.

2.3.1. Dark cytotoxicity

Ten thousand T98G cells were plated per well in a Costar 96
well plate and allowed to grow 36 h. Porphyrin stock solutions
(32 mM) were prepared in DMSO and then diluted into final work-
ing concentrations (25, 50, 100, 200, 400 uM). The cells were ex-
posed to increasing concentrations of porphyrin up to 400 uM
and incubated overnight. The loading medium was removed and
the cells washed with 100 pL PBS. Then medium containing Cell Ti-
ter Blue (Promega) 120 pL was added as per manufacturer’s
instructions. After incubating for 4 h the cytotoxicity was then
measured by reading the fluorescence at 520/584 nm using a
BMG FLUOstar plate reader. The signal was normalized to 100%
viable (untreated) cells and 0% viable (treated with 0.2% saponin
from Sigma) cells.
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2.3.2. Phototoxicity

The T98G cells were prepared as described above for the dark
cytotoxicity assay and treated with porphyrin concentrations of
0, 6.25, 12.5, 25, 50, and 100 pM. After compound loading, the
medium was removed and replaced with medium containing
50 mM HEPES pH 7.4. The cells were exposed to a NewPort light
system with 175 W halogen lamp for 20 min, filtered through a
water filter to provide approximated 1.5 J/cm? light dose. The cells
were kept cool by placing the culture on a 50C Echotherm chilling/
heating plate (Torrey Pines Scientific, Inc.). The cells were returned
to the incubator overnight and assayed for viability as described
above for the dark cytotoxicity experiment and adding medium
containing Cell Titer Blue to determine the toxicity of the
compounds.

2.3.3. Time-dependent cellular uptake

The T98G cells were prepared as described above for the dark
cytotoxicity assay. The cells were exposed to 10 UM of each conju-
gate for 0, 1, 2, 4, 8, and 24 h. At the end of the incubation time the
loading medium was removed and the cells were washed with
200 pL PBS. The cells were solubilized upon addition of 100 pL of
0.25% Triton X-100 (Calbiochem) in PBS. To determine the porphy-
rin concentration, fluorescence emission was read at 415/650 nm
(excitation/emission) using a BMG FLUOstar plate reader. The cell
numbers were quantified using the CyQuant cell proliferation as-
say (Invitrogen) as per the manufacturer’s instructions, and the up-
take was expressed in terms of nM compound per cell.

rt, 48 h

H

K,COg, DMF

3. TFA, CHCljg, rt, 4h
(30% overall)

2. Zn(OAC),, CHClg, rt, 24 h

2.3.4. Microscopy

The HEp2 cells were incubated in a glass bottom 6-well plate
(MatTek) and allowed to grow for 48 h. The cells were then ex-
posed to 10 M of each porphyrin conjugate for 6 h. Organelle trac-
ers were obtained from In-vitrogen and used at the following
concentrations: LysoSensor Green 50 nm, MitoTracker Green
250 nm, ER Tracker Blue/white 100 nm, and BODIPY FL C5 Cera-
mide 1 mm. The organelle tracers were diluted in medium and
the cells were incubated concurrently with porphyrin conjugate
and tracers for 30 min before washing 3 times with PBS and
microscopy. Images were acquired using a Leica DM RXA2 upright
microscope with 40 times NA 0.8dip objective lens and DAPI, GFP
and Texas Red filter cubes (Chroma Technologies).

3. Results and discussion
3.1. Synthesis and characterization

TPPF is a commercially available porphyrin that can easily be
synthesized in multi-gram scale using a published procedure,*’
and functionalized via nucleophilic substitution of the p-fluoro
phenyl groups.*®->° The boron cluster used for attachment to TPPF
was the 1,12-dicarba-closo-dodecaborane, also designated p-carbo-
rane, rather than the most common 1,2-dicarba-closo-dodecabo-
rane or o-carborane analog, because of the lower reactivity and
higher stability of p-carboranes toward base deboronation and
degradation.'®! The reaction of TPPF with 1-mercaptomethyl-p-

1. H,N-PEG or -polyamine
NMP, 100 °C, 4h
2. TFA, CHCly, rt, 4h
(91% overall)

2:R=R",
3:R=R1,
4:R=R",
5:R=R?,
6:R=R2
7:R=R2
8: R=R?,
9:R=R3

5D 3 3 3 3 335

2
1=
3 R A
4
0m=1 | R
1, m=1
1,m=2 0
3 =
1,m=0 R_\MOMOH

Scheme 1.
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Table 1
Partition coefficients (logP) values for polyamine-porphyrin and PEG-porphyrin
conjugates 2-9

Conjugate 2 3 4 5 6 7 8 9
LogP 1.86 1.48 1.46 1.60 1.53 1.06 1.72 1.84
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Figure 1. Dark cytotoxicity of conjugates 2 (red), 3 (dark blue), 4 (purple), 5 (dark
green), 6 (orange), 7 (light blue), 8 (light green) and 9 (black) toward human glioma
TI98G cells using a Cell Titer Blue assay.
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Figure 2. Phototoxicity (1.5 J/cm?) of conjugates 2 (red), 3 (dark blue), 4 (purple), 5
(dark green), 6 (orange), 7 (light blue), 8 (light green) and 9 (black) toward human
glioma T98G cells using a Cell Titer Blue assay.
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Figure 3. Time-dependent uptake of conjugates 2 (red), 3 (dark blue), 4 (purple), 5

(dark green), 6 (orange), 7 (light blue), 8 (light green) and 9 (black) at 10 uM by
human glioma T98G cells.

carborane® in the presence of K;CO3 in DMF at room temperature
gave a mixture of p-carboranyl-containing porphyrins that were
very difficult to separate. The highest yields of the tri-substituted
porphyrin 1 were obtained when 4 equiv of 1-mercaptomethyl-p-
carborane were used relative to TPPF. To facilitate purification,
Zn(Il) was inserted by reaction with Zn(Il) acetate in methanol,
and after purification by preparative TLC the zinc metal was quan-
titatively removed using TFA in chloroform. Tri(mercaptomethyl-
p-carboranyltetrafluorophenyl)pentafluorophenylporphyrin 1 was
obtained in 30% overall yield.

The p-fluoro phenyl group of porphyrin 1 underwent nucleo-
philic substitution with the primary amino group of Boc-protected
polyamines*? and commercially available tert-butyl-12-amino-
4,7,10-trioxadodecanoate,*>*4 as shown in Scheme 1. Deprotection
of the Boc and tert-butyl protecting groups using TFA in dichloro-
methane, gave conjugates 2-9 in 91% overall yields, after

Figure 4. Subcellular fluorescence of conjugate 2 in HEp2 cells at 10 pM for 6 h. (a)
Phase contrast, (b) overlay of the 2 fluorescence and phase contrast, (c) ER Tracker
Blue/White fluorescence, (e) MitoTracker Green fluorescence, (g) BODIPY Ceramide,
(i) LysoSensor Green fluorescence, and (d, f, h, j) overlays of organelle tracers with 2
fluorescence. Scale bar: 10 pum.
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Figure 5. Subcellular fluorescence of conjugate 3 in HEp2 cells at 10 uM for 6 h. (a)
Phase contrast, (b) overlay of the 3 fluorescence and phase contrast, (c) ER Tracker
Blue/White fluorescence, (e) MitoTracker Green fluorescence, (g) BODIPY Ceramide,
(i) LysoSensor Green fluorescence, and (d, f, h, j) overlays of organelle tracers with 3
fluorescence. Scale bar: 10 pm.

reversed-phase HPLC purification. This methodology affords the
targeted polyamine-porphyrin conjugates in higher yields than
those normally obtained via solid-phase coupling and other meth-
odologies used to conjugate polyamines to porphyrins.?>~?® The
polyamines chosen for conjugation to porphyrin 1 contain between
2 and 4 secondary amine groups and terminal primary amine
groups, with various lengths of the intermediate carbon chains.
Conjugate 7 contains a spermine group, which is a naturally-occur-
ring polyamine with a 3-4-3 carbon backbone; all other poly-
amines are derivatives of spermine with different lengths of the
carbon chains, of the 2-2-2 (2), 2-3-2 (5), 3-2-3 (8) or 3-3-3
(6) types, and conjugates 3 and 4 contain one or two additional
aminoethyl moieties, respectively. It has been observed that slight
changes in the chemical structure of polyamines can induce large
changes in their biological efficacy, and that spermine-type com-
pounds with a 3-3-3 or a 3-4-3 carbon skeleton are particularly

Figure 6. Subcellular fluorescence of conjugate 4 in HEp2 cells at 10 uM for 6 h. (a)
Phase contrast, (b) overlay of the 4 fluorescence and phase contrast, (c) ER Tracker
Blue/White fluorescence, (e) MitoTracker Green fluorescence, (g) BODIPY Ceramide,
(i) LysoSensor Green fluorescence, and (d, f, h, j) overlays of organelle tracers with 4
fluorescence. Scale bar: 10 pm.

effective anti-tumor agents.?® The PEG-conjugate 9 was prepared
for comparison purposes, since a PEG group normally increases
the solubility and cellular uptake of porphyrin macrocycles,>
and it is often used as a spacer in cell-targeted porphyrin-peptide
and porphyrin-antibody conjugates.!®

All porphyrin conjugates were structurally characterized by
NMR, MS, fluorescence, and UV-Vis spectroscopy. The partition
coefficient (logP) values between 1-octanol and HEPES buffer
(pH 7.4) were obtained using the shaking-flak method®® and are
shown in Table 1. The hydrophobic character for the conjugates
follows the order 7 <4 ~ 3 <6 <5 <8 <2 ~ 9, depending on
the number of amine groups and the carbon skeleton of the poly-
amine. The most hydrophobic polyamine conjugate was found to
be 2 with a log P value similar to that of the PEG conjugate 9,
whereas 7 bearing a spermine group was the least hydrophobic
of this series.
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Figure 7. Subcellular fluorescence of conjugate 5 in HEp2 cells at 10 pM for 6 h. (a)
Phase contrast, (b) overlay of the 5 fluorescence and phase contrast, (c) ER Tracker
Blue/White fluorescence, (e) MitoTracker Green fluorescence, (g) BODIPY Ceramide,
(i) LysoSensor Green fluorescence, and (d, f, h, j) overlays of organelle tracers with 5
fluorescence. Scale bar: 10 pum.

3.2. Cell culture

3.2.1. Cytotoxicity

The concentration-dependent dark and phototoxicity of all con-
jugates 2-9 were investigated in T98G cells and the results are
shown in Figures 1 and 2, respectively. All conjugates showed
low cytotoxicity in the dark, with determined ICso (50% inhibition
of cell proliferation based on dose-response curves) >250 pM; of all
conjugates, the PEG-porphyrin 9 showed the highest dark toxicity
with determined ICso =296 uM. Upon exposure to 1.5 J/cm?, the
spermine derivatives 7, 8, 6 and 5 were found to be the most toxic
with ICsg = 40, 41, 64 and 87 puM, respectively. Compound toxicity
is a key limiting factor that can prevent potential new boronated
drugs from becoming practically useful in a clinical setting because
of the high boron concentration requirement in BNCT. Significant
toxicities (ICso <25 UM in F98 rat glioma cells) were reported for

Figure 8. Subcellular fluorescence of conjugate 6 in HEp2 cells at 10 pM for 6 h. (a)
Phase contrast, (b) overlay of the 6 fluorescence and phase contrast, (c) ER Tracker
Blue/White fluorescence, (e) MitoTracker Green fluorescence, (g) BODIPY Ceramide,
(i) LysoSensor Green fluorescence, and (d, f, h, j) overlays of organelle tracers with 6
fluorescence. Scale bar: 10 pm.

o-carborane-containing derivatives of spermidine and spermine,
and in particular for the terminally (rather than internally) N-
substituted derivatives.>® In contrast all our conjugates showed
very low cytotoxicity in human glioma T98G cells, maybe as a re-
sult from attachment of the carborane clusters to the porphyrin
macrocycle rather than directly to the polyamine chain, and the
use of closo-1,12-(para) rather than closo-1,2-(ortho) dicarbadodec-
aboranes; in the o-carborane clusters the boron atoms bound to
both carbons are highly susceptible to nucleophilic attack by amine
groups, producing the corresponding negatively charged nido-1,2-
dicarbaundecaboranes, therefore changing the overall charge and
lipophilicity of the conjugates.!

3.2.2. Time-dependent uptake
The time-dependent uptake of porphyrin conjugates was evalu-
ated at a concentration of 10 UM over a time period of 24 h and the
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Figure 9. Subcellular fluorescence of conjugate 7 in HEp2 cells at 10 pM for 6 h. (a)
Phase contrast, (b) overlay of the 7 fluorescence and phase contrast, (c) ER Tracker
Blue/White fluorescence, (e) MitoTracker Green fluorescence, (g) BODIPY Ceramide,
(i) LysoSensor Green fluorescence, and (d, f, h, j) overlays of organelle tracers with 7
fluorescence. Scale bar: 10 um.

results obtained are shown in Figure 3. The extent of cellular uptake
followed the order7>6 >3 ~4>5>8>2 ~ 9, generally increasing
with the hydrophilicity of the conjugates. All polyamine conjugates
with the exception of 2 showed better plasma membrane perme-
ability and uptake into T98G cells compared with the PEG conjugate
9; the compound taken up the most by cells at all time points inves-
tigated was spermine conjugate 7, about 12 times more than 9. This
result might be due to active transport via the polyamine trans-
porter system, particularly for conjugates 7 and 6 containing a 3-
4-3 and 3-3-3 carbon backbone, and for 3 and 4 due to their larger
number of nitrogens; such derivatives have been found in struc-
ture-activity studies to accumulate in cells via the polyamine trans-
port system,2>>* although recent studies found no effects in the
cellular uptake of polyamine-substituted phthalocyanines upon
addition of spermidine or a-difluoromethylornithine.>* Neverthe-
less, the protonation of polyamines under physiological conditions

Figure 10. Subcellular fluorescence of conjugate 8 in HEp2 cells at 10 uM for 6 h.
(a) Phase contrast, (b) overlay of the 8 fluorescence and phase contrast, (c) ER
Tracker Blue/White fluorescence, (e) MitoTracker Green fluorescence, (g) BODIPY
Ceramide, (i) LysoSensor Green fluorescence, and (d, f, h, j) overlays of organelle
tracers with 8 fluorescence. Scale bar: 10 pm.

(the pK; of the amine groups are in the range 7-10)°° likely favors
interactions with membrane-containing phosphate groups induc-
ing higher cellular uptake compared with the PEG conjugate. The
plasma membrane of tumor cells usually contains higher net nega-
tive charge compared with normal cells, due to the over-expression
of polysialic acid residues.>® In the polyamine-porphyrin conju-
gates the cationic polyamine groups likely facilitate binding to the
negatively charged tumor cell plasma membranes, while the hydro-
phobic nature of the fluorinated porphyrin and carborane moieties
additionally favor penetration of the conjugate through the lipid
membrane. Our results suggest that polyamines, in particular
derivatives of spermine, can serve as carriers of boronated porphy-
rins for BNCT, enhancing boron transport across plasma mem-
branes and delivery into tumor cells. Furthermore, a polyamine
group might be more effective than a PEG as a linker, in the synthe-
sis of porphyrin-peptide conjugates.!®



494 N. V. S. Dinesh K. Bhupathiraju, M. Graga H. Vicente/Bioorg. Med. Chem. 21 (2013) 485-495

3.2.3. Subcellular localization

Fluorescence microscopy was used to examine the intracellular
localization of all conjugates in live cells. Human HEp2 rather than
T98G cells were used in these studies because they adhere and
spread nicely on glass cover slips, thus facilitating the imaging pro-
cess. The organelle specific fluorescent probes ERTracker Blue/
White (ER), MitoTracker Green (mitochondria), BODIPY-FL Cera-
mide (Golgi), and LysoSensor Green (lysosomes) were used in over-
lay experiments, as shown in Figures 4-10. Figure S9 of the
Supplementary data shows the corresponding images for the
PEG-conjugate 9. All conjugates were found to preferentially local-
ize in the cell ER, as seen by the purple color in Figures 4d-10d. In
addition, the polyamine conjugate 2 and the PEG conjugate 9 were
also found to localize in mitochondria. We have previously ob-
served that a porphyrin containing one PEG group localized subcel-
lularly in the ER and mitochondria.> Minor sites of localization for
the polyamine conjugates were the Golgi and the cell lysosomes.
Both negatively and positively charged carboranylporphyrins have
been observed to localize mainly in the cell lysosomes, probably as
aresult of an endocytic mechanism of uptake.!®>” However, we be-
lieve that the presence of the polyamine and PEG groups favors
localization of conjugates 2-9 in the ER, an important target in
PDT>® and probably also in BNCT. Although the cell nuclei were
apparently not targeted by the polyamine conjugates, the delivery
of boron to their vicinity, localized in the ER, Golgi and lysosomes,
might enhance the biological efficacy of these agents.

4. Conclusions

A series of fluorinated porphyrin—-polyamine conjugates con-
taining para-carborane clusters were synthesized in high yields
via nucleophilic substitution of the p-phenyl fluorides of TPPF,
and investigated as boron carriers for BNCT. para-Carborane clus-
ters were used rather than the most common ortho-carboranes,
due to their higher stability in the presence of nucleophilic amine
groups. The hydrophobic character of the conjugates was investi-
gated by determining the logarithm of their partition coefficient
(logP) between 1-octanol and buffered water (pH = 7.4). The most
hydrophilic spermine-porphyrin conjugate 7 (logP = 1.06) accu-
mulated the most within human glioma T98G cells of all conju-
gates studied, about 12-fold more than a pegylated—porphyrin
derivative. This might be due to the target of the polyamine trans-
port system, in spite of the bulky carboranylporphyrin, and/or to
favorable interactions between the cationic polyamine chain and
the negatively charged plasma membranes, and the overall lipo-
philic character of the conjugates. All polyamine conjugates
showed very low dark toxicities (ICso >400 puM, lower than the
PEG conjugate with determined ICso = 296 uM), a critical feature
for potential boron delivery agents because of the very high boron
concentration requirement in BNCT (20-35 pg/g). In addition all
polyamine-porphyrin conjugates showed relatively low phototox-
icity, the most phototoxic were the spermine derivatives 5, 6, 7 and
8 with determined ICso =87, 64, 40 and 41 puM, respectively, at
1.5 J/cm?, further indicating their usefulness as boron carriers for
BNCT. In contrast to most currently known carboranylporphyrins,
the main intracellular sites of localization for all conjugates were
the ER; in addition, the polyamine conjugates were also observed
in the Golgi and lysosomes. Among the polyamines, the spermine
derivatives containing a 3-4-3 or 3-3-3 carbon skeleton are the
most efficient at increasing cellular uptake and therefore are the
most promising as boron delivery agent for BNCT.
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