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Abstract—A water-soluble nido-carboranyl-tetrabenzoporphyrin has been synthesized in 43% overall yield, by condensation of
butanopyrrole with a carboranylbenzaldehyde, followed by metal insertion, oxidation, demetallation and deboronation reactions.
This compound accumulated within human glioblastoma T98G cells to a significant higher extent than a structurally related
nido-carboranylporphyrin, and localized preferentially in the cell lysosomes. Animal toxicity studies using male and female
BALB/c mice revealed that both compounds are non-toxic even at a dose of 160 mg/kg, administered intraperitoneally as a single
injection at a concentration of 4 mg/mL. It is concluded that the tetra(carboranylphenyl)-tetrabenzoporphyrin is a promising new
sensitizer for the treatment of malignant tumors.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Boron neutron capture therapy (BNCT) is a binary
modality for cancer treatment that involves the irradia-
tion of 10B-rich tumors with low energy (thermal,
�0.025 eV) neutrons, resulting in the release of highly
cytotoxic particles, 4He2+ (a-particle) and 7Li3+, with
approximately 2.4 MeV of kinetic energy.1,2 These ener-
getic ions are capable of causing severe damage to
organic materials and since they display limited paths
of travel in tissue (5–9 lm, i.e., about one cell diameter),
the toxic effect is highly localized to 10B-containing
tissue. Therefore BNCT has the potential for selectively
targeting and destroying malignant cells in the presence
of normal cells, provided a tumor-selective 10B-delivery
drug is available.3,4 Such localized cancer therapies are
particularly attractive for the treatment of high-grade
gliomas and metastatic brain tumors, which are usually
highly infiltrative of normal brain and where selective
tumor destruction could dramatically increase patient
life quality and expectancy. Among all BNCT agents
proposed in the literature, porphyrins are particularly
promising because of their selectivity for tumor cells,
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persistence within tumors, and easy synthesis with high
boron content.5,6 Furthermore, the photosensitizing
properties of porphyrin-type macrocycles allows their
application as dual sensitizers in the BNCT and the
photodynamic therapy (PDT) treatment of tumors.7–10

PDT involves the activation of a tumor-localized photo-
sensitizer with red light, which generates singlet oxygen
and other cytotoxic species that cause photo-oxidative
damage to tumors.11,12 The PDT treatment of malignant
brain tumors using Photofrin�, an FDA-approved
derivative of hematoporphyrin IX, has provided moder-
ate palliation of recurrent brain tumors and an increase
in patient survival time.13,14 Boron-containing tetra-
benzoporphyrins (TBPs) are potentially promising sensi-
tizers for dual application in BNCT and PDT, because
of their stronger absorptions in the red region of the
optical spectrum, where light penetration is considerably
deeper, compared with porphyrins.15–18 Furthermore,
due to the extension of their p-conjugated systems, TBPs
display high chemical stability, red-shifted absorption
bands, increased basicity and decreased oxidation
potentials compared with the parent porphyrins.19–21

In addition to their medical applications, TBPs and their
metallo-derivatives have been extensively studied as
near-IR dyes, O2-sensors and as nonlinear optical mate-
rials.22–25 Herein we report the total synthesis of a
water-soluble meso-tetra(carboranylphenyl)-TBP, and
compare its uptake by human glioblastoma T98G cells
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in culture and its toxicity in BALB/c mice with a struc-
turally related nido-carboranylporphyrin. We have
recently reported that these compounds were non-toxic
in the dark toward V79 hamster lung fibroblasts, up to
300 lM concentrations.18
2. Results

2.1. Synthesis

The water-soluble nido-carboranyl-TBP 5 was synthe-
sized in 43% overall yield from butanopyrrole 126 and
carboranylbenzaldehyde 2,9 as shown in Scheme 1.
Porphyrin 3wasobtained in 60%yield underLindsey con-
densation conditions and metallated with Cu(II) quanti-
tatively, using copper(II) chloride in refluxing toluene.18

Cu(II) acetate gave lower yield of the metalloporphyrin
because of partial deboronation of the carborane cages
to the corresponding nido-carborane derivatives. Oxida-
tion of the porphyrin Cu(II) complex with excess DDQ
Scheme 1.
followed by demetallation gave closo-carboranyl-TBP 4
in 75% overall yield. The water-soluble TBP 5 was ob-
tained in 95% yield by deboronation of the closo-carbora-
ne cages of 4, using tert-butylammonium fluoride in
THF,27 followed by cation exchange on a Dowex
50WX2-100 resin in the sodium form.9 In the presence
of pyridine/piperidine9 the deboronation reaction was
incomplete, even after 48 h at room temperature.

2.2. Cell culture studies

The concentration-dependent uptake of TBP 5 and car-
boranylporphyrin 69 (Fig. 1) was investigated in human
glioblastoma T98 G cells exposed to concentrations of
these compounds up to 200 lM for a period of 3 h.
The results obtained are shown in Figure 2. We ob-
served a consistent increase in the uptake of 5 and 6 with
increase concentration, and TBP 5 accumulated within
cells to a much higher extent (�30% more) than porphy-
rin 6, under the same experimental conditions. The
uptake of compounds 5 and 6 by T98G cells is also



Figure 2. Concentration-dependent uptake of TBP 5 (full line) and

porphyrin 6 (dashed line) by human glioma T98G cells, after a 3 h time

period.

Figure 1. Structure of tetra(nido-carboranylphenyl)porphyrin 6.
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time-dependent, as shown in Figure 3. Both TBP 5 and
porphyrin 6 at a concentration of 10 lM consistently
accumulated within cells over time, and TBP 5 was tak-
en up faster and to a much higher extent than porphyrin
6 at all time points studied.
Figure 3. Time-dependent uptake of TBP 5 (full line) and porphyrin 6

(dashed line) at 10 lM by human glioma T98G cells.
The intracellular localization of TBP 5 was evaluated by
fluorescence microscopy upon exposure of HEp2 cells to
50 lMof 5 for 24 h, as shown in Figure 4. The HEp2 cells
were used rather than T98G for the imaging experiment
since the former are smaller and spread nicely on the glass
cover slips. The punctate fluorescence pattern observed
for TBP 5 (Fig. 4B) is characteristic of localization in
the cell lysosomes. Co-localization studies using the lyso-
some-specific probe Lysosensor confirmed the preferen-
tial localization of TBP 5 in the lysosomes (Fig. 4D).

2.3. Animal toxicity

As described in the experimental section, all mice
received intraperitoneal (ip) injections of 0.16–0.72 mL.
The maximum dosage administered (groups 9 and 10)
was 160 mg/kg, and represented maximum saturation
of 4 mg/mL. No serum chemistry changes occurred
which were attributable to either compound or vehicle
administration, as suggested by the clinical and histolog-
ic values shown in Tables 1–4. Tables 1 and 2 summarize
the clinical data obtained for mice receiving TBP 5 while
Tables 3 and 4 summarize the results obtained with
porphyrin 6.
3. Discussion

3.1. Synthesis

The synthesis of water-soluble nido-carboranyl-TBP 5,
the first reported boronated tetrabenzoporphyrin, was
accomplished in six steps and 43% overall yield, from
readily available starting materials (Scheme 1). Conden-
sation of butanopyrrole 126 with carboranylbenzalde-
hyde 29 gave porphyrin 3, which was metallated with
Cu(II), oxidized to tetrabenzoporphyrin and demetallat-
ed to give closo-carboranyl-TBP 4. Metallo-benzopor-
phyrins have been previously prepared from DDQ
oxidation of dihydrobenzo-28–30 and tetrahydrobenzo-
porphyrins,31,32 making this an effective and mild
method for the preparation of this type of compound.
The direct oxidation of porphyrin 3 under the same
conditions gave only traces of tetrabenzoporphyrin 4;
the main products obtained were ring-opened
compounds, mainly partially aromatized benzoylbiliver-
dins.33 Although TBPs typically display low solubilities
due to their planar p-conjugation systems and
pronounced tendency for p–p stacking, TBP 4 is soluble
in organic solvents, such as dichloromethane and
acetone, as a result of its non-planar structure due to
the steric crowding about the macrocycle periphery.18

Conversion of 4 to the water-soluble TBP 5 was
accomplished using tert-butylammonium fluoride in
THF,27 followed by cation exchange. TBP 5 is highly
soluble in polar organic solvents, such as acetone,
methanol and DMSO, and sparingly soluble in water.

Porphyrins 3, 4 and 5 were characterized by MS, UV–vis
and 1H NMR. Compounds 4 and 5 display absorption
spectra characteristic of tetrabenzoporphyrins, with
red-shifted bands compared with porphyrin 3. The 1H
NMR spectra of TBPs 4 and 5 show two distinctive



Figure 4. Intracellular localization of TBP 5 in human HEp2 cells. (A) Phase contrast; (B) TBP 5 fluorescence; (C) LysoSensor Green fluorescence;

(D) overlay of lysosensor and TBP5 fluorescence. Scale bar: 20 lm.

Table 1. Serum chemistry values for six BALB/c mice administered TBP 5 (groups 1, 3, and 5) or 4% Cremophore (vehicle: group 11), by ip injection

Group 1 3 5 11

Glucose (mg/dl) 153.5a (0.5) 219.5c (5.5) 229.5c (6.5) 188.0b (10.0)

AST (U/L) 177.5 (121.5) 455.5 (406.5) 454.5 (411.5) 83.0 (33.0)

ALT (U/L) 151.5 (131.5) 96.5 (73.5) 120.0 (101.0) 31.0 (6.0)

AP (U/L) 189.5a,c (0.5) 201.0b,c (31.0) 138.0a (8.0) 128.5a (1.5)

Bilirubin (mg/dL) 0.15 (0.05) 0.20 (0.10) 0.20 (0) 0.15 (0.05)

Total prot. (g/dL) 4.65 (0.15) 4.7 (0) 5.1 (0) 4.5 (0.20)

Albumin (g/dL) 2.85 (0.05) 2.8 (0) 2.75 (0.05) 2.75 (0.15)

Globulin (g/dL) 1.8a (0.1) 1.9a (0) 2.35b (0.05) 2.3b (0.1)

BUN (mg/dL) 28.0 (0) 27.0 (3.0) 25.5 (2.5) 29.0 (1.0)

The values represent mean (SEM) serum chemistry levels. For individual analytes measured, rows with superscripts in common are not different from

one another (p > 0.05).

Table 2. Serum chemistry values for four BALB/c mice administered TBP 5 (groups 7, 9) or 6% Cremophore (vehicle: group 12), by ip injection

Group 7 9 12

Glucose (mg/dL) 224.5 (12.5) 172.0 (19.0) 206.5 (12.5)

AST (U/L) 73.0 (16.0) 498.0 (410.0) 774.0 (149.0)

ALT (U/L) 29.0 (3.0) 206.0 (176.0) 411.5 (123.5)

AP (U/L) 161.0a (3.0) 223.5b (0.5) 169.0c (0)

Bilirubin (mg/dL) 0.2 (0) 0.25 (0.05) 0.2 (0)

Total prot. (g/dL) 5.1a (0.10) 4.35b (0.05) 4.65b (0.05)

Albumin (g/dL) 2.75a (0.05) 2.4b (0) 2.6c (0)

Globulin (g/dL) 2.35a (0.05) 1.95b (0.05) 2.05b (0.05)

BUN (mg/dL) 15.5a, b (1.5) 22.5b,c (2.5) 33.0c (3.0)

The values represent mean (SEM) serum chemistry levels. For individual analytes measured, rows with superscripts in common are not different from

one another (p > 0.05).
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doublets for the ortho- and meta-phenyl protons around
8 ppm, broad signals for the a and b benzo protons
around 7 ppm, a singlet for the CH-carborane protons,
and broad signals for the BH and NH protons. In addi-
tion, the four protons on the open-face of the carborane
cages of TBP 5 appear as a broad singlet centered at
�2 ppm. The MS obtained for porphyrins 3, 4, and 5
are also in agreement with the proposed structures.
3.2. Cell culture

The concentration- and time-dependent uptake of TBP
5 and the structurally related carboranylporphyrin 69

by human glioblastoma T98 G cells was investigated.
We previously showed that 5 and 6 are non-toxic in
the dark up to 300 lM concentrations.18 As seen in
Figure 2, the uptake of both 5 and 6 consistently



Table 4. Serum chemistry values for four BALB/c mice administered

porphyrin 6 (groups 8, 10) or 6% Cremophore (vehicle: group 12), by

ip injection

Group 8 10 12

Glucose (mg/dL) 239.5 (8.5) 214.5 (29.5) 206.5 (12.5)

AST (U/L) 774.0 (690.0) 981.0 (837.0) 774.0 (149.0)

ALT (U/L) 968.0 (918.0) 1096.0 (1041.0) 411.5 (123.5)

AP (U/L) 160.5a (7.5) 223.0b (7.0) 169.0a (0)

Bilirubin (mg/dL) 0.25 (0.05) 0.25 (0.05) 0.2 (0)

Total prot. (g/dL) 4.9 (0.20) 4.5 (0.20) 4.65 (0.05)

Albumin (g/dL) 2.5 (0.1) 2.5 (0.1) 2.6 (0)

Globulin (g/dL) 2.4a (0.1) 2.0b (0.1) 2.05a,b (0.05)

BUN (mg/dL) 16.0a (3.0) 25.5a,b (2.5) 33.0b (3.0)

The values represent mean (SEM) serum chemistry levels. For indi-

vidual analytes measured, rows with superscripts in common are not

different from one another (p > 0.05).

Table 3. Serum chemistry values for six BALB/c mice administered porphyrin 6 (groups 2, 4, 6) or 4% Cremophore (vehicle: group 11), by ip

injection

Group 2 4 6 11

Glucose (mg/dL) 159.5a (1.5) 188.0b (3.0) 153.5a (9.5) 188.0b (10.0)

AST (U/L) 146.0 (36.0) 202.0 (144.0) 258.0 (181.0) 83.0 (33.0)

ALT (U/L) 98.5 (25.5) 94.0 (71.0) 340.0 (296.0) 31.0 (6.0)

AP (U/L) 167.5a (11.5) 132.0a,c (4.0) 148.0a,c (12.0) 128.5b,c (1.5)

Bilirubin (mg/dL) 0.2 (0.10) 0.25 (0.05) 0.25 (0.05) 0.15 (0.05)

Total Prot. (g/dL) 4.3a (0.10) 4.6a,b (0) 5.0b (0.10) 4.5b (0.20)

Albumin (g/dL) 2.7 (0) 2.6 (0) 2.8 (0) 2.75 (0.15)

Globulin (g/dL) 1.6a (0.1) 2.0b (0) 2.35c (0.05) 2.3c (0.1)

BUN (mg/dL) 26.5 (2.5) 24.0 (2.0) 27.5 (1.5) 29.0 (1.0)

The values represent mean (SEM) serum chemistry levels. For individual analytes measured, rows with superscripts in common are not different from

one another (p > 0.05).
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increased with the concentration in an almost linear fash-
ion, and TBP 5 accumulated within cells to a significant
higher extent than porphyrin 6. This may be a result of
the higher hydrophobicity of TBP 5 compared with 6,
due to the presence of the four b,b 0-fused benzene rings.
Our results are in agreement with previous studies show-
ing that the cellular uptake of nido-carboranylporphyrins
increases with increasing hydrophobic character.34,35 The
cellular uptake of compounds 5 and 6 is also time-depen-
dent (Fig. 3), as it is characteristic of porphyrin com-
pounds. Both TBP 5 and porphyrin 6 consistently
accumulated within cells over time, and TBP 5 was taken
up faster and to a much higher extent than porphyrin 6 at
all time points studied. In fact after 24 h, we found
approximately three times more 5 than 6 accumulated
within T98G cells. These results are in agreement with
reported studies using nido-carboranylporphyrins,34–36

and are probably a consequence of the higher hydropho-
bicity of TBP 5 compared with porphyrin 6 and conse-
quently a more efficient cellular uptake of the former
compound.

The intracellular localization of TBP 5 was evaluated by
fluorescence microscopy, as can be seen in Figure 4. The
punctate fluorescence pattern observed for TBP 5
(Fig. 4B) is very similar to that observed for Lysosensor
(Fig. 4C), and characteristic of localization in the cell
lysosomes. The overlay between the TBP 5 and Lysosen-
sor fluorescences (Fig. 4D) further confirms that the two
compounds co-localize in the lysosomes. These results
are in agreement with previous reports showing that
negatively charged carboranylporphyrins preferentially
localize subcellularly within the cell lysosomes.34,36–38

3.3. Animal toxicity

No signs of toxicity were observed in any of the mice in
this experiment. With TBP 5 (Tables 1 and 2) the glucose
levels were increased, likely due to excitement and in-
creased corticosteroid release. The serumAST levels were
all similar and although generally higher than normal for
somemice, theywere not considered elevateddue to either
5 or vehicle administration, because the increases were
inconsistent and the values found for mice in group 7
(receiving 120 mg/kg and 6%Cremophore) had the lowest
of the groupmeans.This result suggests thatmuscle injury
or exertion may have contributed to increased AST levels
in several of the mice. The serum ALT levels were also
similar and although higher than normal in some mice,
they were not considered elevated due to either 5 or vehi-
cle administration, because the elevationswere not consis-
tent among mice in the same treatment groups.
Furthermore, serum ALT is not specific for hepatocellu-
lar injury in mice. The serum AP levels differed by group,
but were all within the normal range, as were the serum
bilirubin levels. The serum TP levels differed by group,
but were generally within the normal range. The levels
for mice in group 9were low, likely due to decreased albu-
min and globulin levels. The serum albumin levels for
mice in group 9 were lower than for other mice; this
may be due to decreased synthesis resulting from hepato-
cellular injury, or increased loss through renal or intesti-
nal disease. However, tissue injury was not evident
histopathologically. Likewise, the serum globulin levels
were lower than expected, or lower than for control mice
in groups 1, 3, and 9. These findings likely represented a
stress response, rather than compound or vehicle effects.
The serum BUN levels differed among groups, but were
also within normal limits. For porphyrin 6 (Tables 3
and 4) the glucose levels were increased, likely due to
excitement and increased corticosteroid release. The ser-
umAST levels were all similar and although slightly high-
er than normal, they were not considered elevated due to
either 6 or vehicle administration; muscle injury or exer-
tion might have contributed to increased AST levels in
several mice. Likewise, the serumALT levels were all sim-
ilar and although in some mice higher than normal, these
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elevations were not consistent among mice in the same
treatment groups and therefore were not attributed to
either 6 or vehicle administration. The serum AP and bil-
irubin levels were within the normal range. The serum TP
levels were alsowithin the normal range, and only differed
from controls for group 2, which received the lowest dose
(20 mg/kg) of 6. The serum albumin levels were all similar
and within normal limits. Likewise, serum globulin levels
were only lower than vehicle controls for mice in group 2,
which received the lowest porphyrin dose. These results
were likely due to stress-related increases in serum corti-
costeroid levels. The serum BUN levels differed among
groups but were also within normal limits. The histopa-
thologic examination revealed no lesions attributable to
compound administration. Extramedullary hematopoie-
sis in the spleen was observed in all mice, and may repre-
sent mild levels of stress, typical of mice under
manipulative experimental conditions.

The non-toxicity of TBP 5 and porphyrin 6 up to a dose of
160 mg/kg is in agreement with the low toxicity reported
for hydrophobic carboranylporphyrins.39,40 However,
compounds 5 and 6 are significantly less toxic than other
negatively charged carboranyl-containing porphyrins,
such as BOPP, MnBOPP, BTPP, NiNTCP-H, ZnDPE
andNiDPE.40–43Ourresultsshow,aspreviouslyobserved,
that nido-carboranylporphyrins can have lowmice toxici-
ties,evenathighcompounddosesoftenrequiredtoachieve
therapeutic levels of boron in tumors.40,44,45
4. Conclusions

The total synthesis of awater-solubleTBP (5), with poten-
tial application in the BNCT and PDT treatment of
tumors, was accomplished in 43% overall yield. In com-
parison with a structurally related carboranylporphyrin
(6), TBP 5 showed a significantly higher uptake in human
glioblastomaT98Gcells in vitro, probably as a result of its
higher hydrophobic character due to its four b,b 0-porphy-
rin fused benzene rings. The cellular uptake of TBP 5 and
porphyrin 6 were concentration- and time-dependent,
systematically increasing with both the concentration
and time of exposure to T98G cells. The preferential sites
of subcellular localization of TBP 5 are the lysosomes, as
has been previously observed for negatively charged
carboranylporphyrins. Both TBP 5 and porphyrin 6were
non-toxic to BALB/c mice, even at the high dose of
160 mg/kg administered in a single ip injection. No
clinical, biochemical, or histopathological effects were
observed which could be attributed to the administration
of TBP 5, porphyrin 6 or the vehicle used. Our results sug-
gest that TBP 5 is a promising new sensitizer for the treat-
ment of malignant tumors by BNCT and/or PDT.
5. Experimental

5.1. Chemistry

Commercially available starting materials were pur-
chased from Sigma–Aldrich and used without further
purification. All solvents were purchased from Fisher
Scientific (HPLC grade) and either directly used or dried
and distilled according to literature procedures. Silica
gel 60 (70–230 mesh, Merck) and alumina grade III
(70–230 mesh ASTM) were used for column chromatog-
raphy. Analytical thin-layer chromatography (TLC) was
performed on Merck 60 F254 silica gel (precoated
sheets, 0.2 mm thick). 1H NMR spectra were obtained
using a Bruker DPX 250 MHz or 300 MHz spectrome-
ter; chemical shifts are expressed in ppm relative to
TMS (0 ppm). Electronic absorption spectra were mea-
sured on a Perkin Elmer Lambda 35 UV–vis spectro-
photometer and fluorescence spectra on a Perkin
Elmer LS55 instrument. Low resolution MS analyses
were conducted at the LSU Mass Spectrometry Facility
on a Bruker Prolix III MALDI-TOF mass spectrometer,
and the HRMS were conducted at the Ohio State Uni-
versity Mass Spectrometry and Proteomics Facility.
Melting points were measured on an Electrothermal
MEL-TEMP instrument. HPLC purity analysis was
performed on a LCMS-2010 Shimadzu system equipped
with an Acclaim 300 C18 300 Å column, 3 lm,
4.6 · 150 mm (Dionex, USA) and Shimadzu SPD-ICA
UV–vis detector, using a stepwise gradient from 60%
water/40% acetonitrile to 30% water/70% acetonitrile.

5.1.1. 5,10,15,20-Tetra[4-(o-carboranyl)phenyl]-2:3,7:8,12:13,
17:18-butanoporphyrin (3). 3:4-Butanopyrrole 1 (0.13 g,
1.06 mmol) and of 4-(o-carboranyl)benzaldehyde 2 (0.26 g,
1.06 mmol) were dissolved in dried, freshly distilled dichloro-
methane and the solution was stirred at room temperature
under argon for 15 min. The reaction flaskwas shielded from
ambient light and BF3 ÆOEt2 (0.02 mL, 0.106 mmol) was
added. This solution was stirred for 1 h at room temperature
beforeDDQ(0.36 g,1.59 mmol)wasaddedandthefinalmix-
ture refluxedunderargonfor1 htogiveadarkgreensolution.
After cooling to roomtemperature, the solventwas evaporat-
ed under vacuum and the resulting residue was purified by
alumina grade III column chromatography using dichloro-
methane for elution. Recrystallization from methanol gave
purple crystals of the title porphyrin (0.20 g, 60% yield). mp
>300 �C; 1H NMR (CDCl3, drop of d-TFA, 300MHz): d
8.36 (d, 8H, J = 8.27 Hz, o-PhH), 8.03 (d, 8H, J = 8.27 Hz,
m-PhH), 4.33 (s, 4H, carborane-CH), 3.5–1.3 (br, 40H,
BH), 2.55–2.40 (m, 8H, CH2), 2.00-1.85 (m, 8H, CH2),
1.80-1.65 (m, 8H, CH2), 1.20-1.05 (m, 8H, CH2), �0.47 (s,
4H, NH). UV–vis (CH2Cl2): kmax (log e) 466 (4.52), 617
(3.36), 674 (3.60) nm. HRMS (MALDI) m/z 1401.1681
(M+H+), calculated for C68H94N4B40 1401.1682.

5.1.2. 5,10,15,20-Tetra[4-(o-carboranyl)phenyl]-tetrabenzo-
porphyrin (4). To a solution of porphyrin 3 (150 mg,
0.11 mmol) in toluene (20 mL) was added an excess of
copper(II) chloride (143 mg, 1.06 mmol). The mixture was
refluxed until the reaction was complete, for about 2 h, as
evidenced by TLC and UV–vis spectrophotometry. The sol-
vent was evaporated under vacuum, the residue dissolved in
dichloromethane (150 mL) and washed once with aqueous
saturated NaHCO3 and once with water before being dried
over anhydrous Na2SO4. After removal of the solvent under
vacuum the remaining residue was purified by alumina
grade III column chromatography using dichloromethane
for elution. The Cu(II)-porphyrin was recovered in quanti-
tative yield upon precipitation using dichloromethane/
ethanol. To a solution of this Cu(II)-porphyrin (150 mg,
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0.102 mmol) in toluene (20 mL) was added excess DDQ
(185 mg, 0.82 mmol) and the final mixture was refluxed
for 15 min. During reflux the color of the solution changed
from red to deep green. The mixture was then allowed to
cool down to room temperature, diluted with chloroform
(150 mL) and washed once with aqueous saturated
NaHCO3 and once with water. The solvent was removed
under vacuum, and the remaining residue was purified by
alumina grade III column chromatography using chloro-
form for elution. Recrystallization from methanol afforded
Cu(II)-tetrabenzoporphyrin (110 mg, 75% yield) as dark
green crystals. The Cu(II)-tetrabenzoporphyrin (110 mg,
0.076 mmol) was dissolved in concentrated sulfuric acid
and stirred at room temperature for 5 min. The solution
was poured into water/ice and extracted with chloroform
(4 · 150 mL). The organic layers were collected, dried over
anhydrous Na2SO4 and the solvent evaporated under vacu-
um. The resulting residue was recrystallized from methanol
to give green crystals of the title compound (105 mg) in
quantitative yield from Cu(II)-tetrabenzoporphyrin. mp
>300 �C; 1H NMR (acetone-d6, 250 MHz): d 8.34
(d, J = 8.35 Hz, 8H, o-PhH), 8.17 (d, J = 8.35 Hz, 8H,
m-PhH), 7.49–6.93 (br m, 16H, benzoH), 5.55 (s, 4H, carbo-
rane-CH), 3.5–1.4 (br, 40H, BH), �1.04 (br s, 2H, NH).
UV–vis (CH2Cl2): kmax (log e) 467 (10.10), 553 (3.80), 593
(4.00), 643 (4.37), 698 (3.90) nm. HRMS (MALDI) m/z
1385.0347 (M+H+), calculated for C68H78N4B40 1385.0326.

5.1.3. 5,10,15,20-Tetra[4-(nido-carboranyl)phenyl]-tetra-
benzoporphyrin tetrasodiumsalt (5).Tetrabenzoporphyrin
4 (25.0 mg, 0.018 mmol) was added to a 1 M solution of
Bu4NF Æ 3H2O in THF (1.08 mL, 1.08 mmol) and the
solution was refluxed for 6 h. After cooling to room tem-
perature, the solvent was removed under vacuum, the res-
idue dissolved in dichloromethane and washed once with
waterbeforebeingdriedover anhydrousNa2SO4.The sol-
vent was evaporated under vacuum, the residue redis-
solved in methanol and purified on a Sephadex LH-20
column, usingmethanol for elution. The resulting residue
was dissolved in 40% aqueous acetone and passed slowly
through a Dowex 50WX2-100 resin in the sodium form.
The porphyrin fraction was collected, dried under vacu-
um, redissolved in 60% aqueous acetone and passed twice
through the ion-exchange resin. Removal of the solvent
under vacuum gave the title tetrabenzoporphyrin
(25.8 mg) in quantitative yield as a green powder. mp
>300 �C; 1H NMR (acetone-d6, 300 MHz): d 8.04 (d,
J = 8.22 Hz, 8H, o-PhH), 7.82 (d, J = 8.22 Hz, 8H, m-
PhH), 7.48–7.28 (br m, 16H, benzoH), 2.69 (s, 4H, carbo-
rane-CH), 2.9–1.3 (br, 36H, BH), �1.13 (s, 2H, NH),
�1.80 to �2.25 (br s, 4H, BH). UV–vis (CH2Cl2): kmax

(log e) 464 (5.2), 542 (3.73), 585 (3.97), 637 (4.27), 694
(3.60) nm. MS (MALDI-TOF) m/z 1433.619 (M+H+).
HPLC (water/acetonitrile): tR = 42.15 min.

5.2. Cell culture

Human glioblastoma T98G cells and cervical carcinoma
HEp2 cells were obtained from ATCC. Both cells were
maintained in 50% of a-MEM/advanced MEM supple-
mented with 5% fetal bovine serum (FBS). Phosphate-
buffered saline (PBS), FBS and trypsin were purchased
from Gibco, Cyquant reagent and Lysosensor from
Molecular Probes, and Triton X-100 from Calbiochem.
Microscopy was performed on a Zeiss Axiovert 200 M
inverted fluorescent microscope fitted with a standard
Texas Red and FITC filter sets (Chroma Technology
Corp.). The images were aquired with a Zeiss Axiocam
MRM CCD camera fitted to the microscope and
pseudo-colored with Adobe Photoshop� CS version
8.0. Compounds 5 and 6 were dissolved in DMSO
(Sigma–Aldrich) prior to being diluted into cell medium;
the final DMSO concentration never exceeded 1%. All
medium solutions were filter sterilized (22 lm pore size)
prior to use. All data obtained in the FLUOstar plate
reader was analyzed using Prism 3.0 graphing software.

5.2.1. Concentration-dependent cellular uptake. Human
T98G cells were sub-cultured on 96-well plates at the
concentration of 10,000 cells/100 lL a-MEM/advance
medium per well, and incubated for 48 h. A 200 lM
stock solution of TBP 5 in DMSO was diluted with
a-MEM/advance medium and added to the cells to
achieve TBP final concentrations of 200, 100, 50, 25,
12.5, 6.25, 3.125 and 0 lM. After incubation for 3 h,
the medium was removed, the cells washed with PBS,
and 100 lL of 0.25% Triton X-100 in PBS added to each
well. A TBP standard graph was obtained by diluting a
10 lM stock solution in 0.25% Triton X-100 in PBS to
achieve 10, 5, 2.5, 1.25, 0.625, 0.3125 and 0 lM TBP
concentrations. The TBP fluorescence was measured
on a FLUOstar plate reader using 570 nm excitation
and 720 nm emission filters. The standard curve for
different cell numbers was obtained by placing
100,000, 80,000, 60,000, 40,000, 20,000, 10,000 and 0
cells in the wells followed by incubation for 3 h. The
known cell numbers for the standard graph and the
unkown cell numbers from the experiment were
determined by first adding 100 lL/well of 5 lM stock
solution of Cyquant reagent in PBS and then reading
the plate on the FLUOstar plate reader using 480 nm
excitation and 520 nm emission filters. The same proce-
dure was followed for determination of the concentra-
tion-dependent cellular uptake of porphyrin 6, using
570 nm excitation and 650 nm emission filters.

5.2.2. Time-dependent cellular uptake. Human T98G
cells were sub-cultured and incubated for 48 h as de-
scribed above. A filter sterilized 10 lM stock solution
of TBP 5 in 1% DMSO/medium was added and the cells
incubated for 24, 16, 8, 4, 2, 1, 0.5, and 0 h. The medium
was removed, the cells washed with PBS and 100 lL of
0.25% Triton X-100 in PBS was added to each well. The
known and the unknown concentrations of TBP 5 were
determined using the same methodology as described
above for the concentration-dependent uptake. The
same procedure was also followed for the time-depen-
dent uptake of porphyrin 6.

5.2.3. Intracellular localization. Human HEp2 cells were
sub-cultured on Lab-Tek II chamber cover slips with
a-MEM/advance medium for 48 h. TBP 5 was added to
each chamber to reach a final concentration of 50 lM.
The cells were incubated for 24 h, washed twice with
50 mM Hepes to remove unbound TBP, new medium
containing 50 mMHepes, pH 7.4 was added and the cells
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examined immediately by fluorescence microscopy. For
the co-localization experiments 100 nM of Lysosensor
was added to the TBP-containing cells 30 min before
the completion of the incubation time.

5.3. Animal toxicity

Themice were obtained from the breeding colony operat-
ed by the Division of Laboratory Animal Medicine,
School of VeterinaryMedicine, Louisiana StateUniversi-
ty. The animal studies were conducted under an animal
use protocol approved by the LSU Institutional Animal
Care and Use Committee, fully accredited by the Associ-
ation for the Assessment and Accreditation of Laborato-
ry Animal Care, International. Twelve groups of two
BALB/c mice, 4–6 weeks of age and weighing 12–24 g
(mean = 19 g), were used; among these 8 were female
and 16 were male. Mice in groups 1, 3, 5, 7, and 9 were
administered TBP 5 once via ip injection, at increasing
dosages: group 1 (20 mg/kg of a 2 mg/mL solution), group
3 (40 mg/kg of a 2 mg/mL solution), group 5 (80 mg/kg of
a 4 mg/mL solution), group 7 (120 mg/kg of a 4 mg/mL
solution), and group 9 (160 mg/kg of a 4 mg/mL solu-
tion). Mice in groups 2, 4, 6, 8, and 10 were administered
porphyrin 6 once via ip injection at increasing dosages:
group 2 (20 mg/kg of a 2 mg/mL solution), group 4
(40 mg/kg of a 2 mg/mL solution), group 6 (80 mg/kg of
a 4 mg/mL solution), group 8 (120 mg/kg of a 4 mg/mL
solution), and group 10 (160 mg/kg of a 4 mg/mL solu-
tion). Two groups ofmice served as vehicle controls.Mice
in group 11 received sterile 4% Cremophor EL (Fluka) in
PBS and served as controls for mice receiving 20, 40, and
80 mg/kg compound while mice in group 12 received 6%
Cremophor EL and served as controls for mice receiving
120 and 160 mg/kg compound.

For each compound, groups were dosed sequentially
and each group evaluated daily for signs of toxicity,
including hunched posture, rough hair coat, and
decreased responsiveness. Mice were anesthetized with
CO2 48 h after compound administration, and blood
collected by cardiocentesis for clinical chemistry evalua-
tion. The serum chemistry performed included glucose,
aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), alkaline phosphatase (AP), bilirubin, total
protein (TP), albumin, globulin, and blood urea nitro-
gen (BUN). The mice were exsanguinated and a necrop-
sy performed. Tissues, including lung, kidney, thymus,
heart, harderian gland, spleen, stomach, small intestine,
and colon were fixed in 10% neutral buffered formalin.
The fixed tissues were processed and examined by a
board-certified pathologist.

5.4. Statistical analyses

The clinical chemistry values were compared using the
Number Cruncher Statistical System software (NCSS,
Kaysville, UT). Variables of interest were statistically
evaluated for group effect, using one-way ANOVA.
When the overall F statistic was significant (p < 0.05),
the Fisher�s least significant differences test was
performed to compare the groups. Significant differences
existed when p > 0.05.
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