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Chapter 1

Introduction

1.1. Cancer therapy

Cancer has become one of the major diseases with high rate of crisis. [1] In general,
surgery, chemotherapy, and radiotherapy as three major treatments are widely used for
cancer patients. The cancer cells in the human body are unable to remove completely at
all time by surgery, chemotherapy and radiotherapy. These therapies have limited

specificity to cancer cells along with side effects to normal tissues.

Three major treatments for cancer therapy

e Surgery: directly removal of the tumor from human body
o Chemotherapy: the use of medicines or drugs to kill cancer cells
e Radiation therapy: the use of high-energy particles or waves to destroy cancer

cells

However, cancer treatment has dramatically changed for the purpose of reducing the
side effects. Development of a noninvasive therapy is now emerging requirement in
terms of quality of life (QOL) for cancer patients. In this regards, much attention has
been focused on BNCT (Boron Neutron Capture Therapy), PDT (Photodynamic
Therapy) and Heavy ion radiotherapy as a next generation therapy of cancers. In this
thesis, I focused on BNCT and PDT and studied the development of new therapeutic

agents based on the technology of liposomal drug delivery system.

Noninvasive treatment for cancer

e BNCT: radiation therapy using nonradioactive '°B and thermal neutrons
o PDT: the use of photosensitizer and light induced ROS to kill cancer cell

o Heavy ion radiotherapy: the use of massive particles such as carbon ions


http://www.cancercenter.com/treatments/surgical-oncology/
http://www.cancercenter.com/treatments/chemotherapy/
http://www.cancercenter.com/treatments/radiation-therapy/
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1.2. DDS (Drug Delivery System)

Drug delivery systems (DDS) are systems for the delivery of drugs to target sites of
pharmacological actions. The technologies of DDS modify drug release, absorption,
distribution and elimination for the benefit of improving product efficacy and safety, as
well as patient convenience and compliance. DDS carrier having these functions such as
liposomes, micelles, and nanogel particles can be designed to improve the
pharmacological and therapeutic properties of drugs administered parenterally. The
clinical applications of particulate DDS carrier have been overcome many of the early
problems, and several DDS formulations of anticancer and antifungal drugs now

approved for clinical use. [3]

1.3. Liposome

A liposome is a spherical vesicle like biomembrane composed of a lamellar phaselipid
bilayer. [4] Liposomes as DDS carrier have three major advantages accrued from their
demonstrated ability: (i) to reduce serious side effects and undesirably absorption of drug,
(i1) to enhance significantly the accumulation of drug into liposome, (iii) to encapsulate a
various drug of hydrophilic and hydrophobic. Liposomes are also non-toxic,
biodegradable and are readily prepared on a large scale. Therefore, the liposome can be
used as drug carriers for improving the delivery of therapeutic agents. Due to new
developments in liposome technology, several liposome-based drug formulations are
currently in clinical trial, and recently some of them, such as DOXIL®(Janssen Pharma),
Ambisome®(Sumitomo Dainippon Pharma), Visudyne® ( Novartis Pharma) have been
approved for clinical use. [5] Reformulation of drugs in liposomes has provided an
opportunity to enhance the therapeutic indices of various agents mainly through alteration

in their biodistribution.


http://en.wikipedia.org/wiki/Vesicle_(biology_and_chemistry)
http://en.wikipedia.org/wiki/Lamellar_phase
http://en.wikipedia.org/wiki/Lamellar_phase
http://en.wikipedia.org/wiki/Lipid_bilayer
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1.4. EPR effect (Enhanced Permeability and Retention)

The enhanced permeability and retention (EPR) effect have the property that tend to
accumulate a certain size particles as liposomes in tumor tissue. [6] Therefore, the EPR
effect is important for liposomal drug delivery to cancer tissue.

In this thesis, I focused on a liposome as a drug delivery system and developed liposomal

agents for BNCT and PDT.
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Chapter 2

2.1. Introduction

The development of minimally invasive cancer therapy is one of the most pressing issues
at hand to improve the quality of life of cancer patients receiving treatment. Boron neutron
capture therapy (BNCT) has been attracting growing interest as a candidate therapy for
this purpose. [1-3] BNCT is a bimodal approach to cancer treatment. It is reliant on the
selective uptake and/or retention of sensitizing '’B molecules by tumor cells and the
activation of those sensitizers by thermal neutrons from an external radiation source. The
nuclear reaction of essentially nontoxic '’B species and low-energy thermal neutrons
(0.025 eV) yields high linear energy transfer (LET) particles, 'Li nuclei and *He (a-
particles), bearing energy of approximately 2.4 MeV, which travel a distance within one
cell diameter (approximately 5—9 um) with destroying cells. Therefore, tumor cells can
be selectively killed by thermal neutron irradiation if B molecules are selectively
delivered to them. [4] Mercaptoundecahydrododecaborate (Nax[Bi2H11SH]; NaxBSH) [5-
7] and L-p-boronophenylalanine (L-BPA) [8, 9] have been used for the treatment of brain
tumor and melanoma, respectively, for BNCT. L-BPA has been widely used for the
treatment of not only melanoma but also brain tumor [10] and head and neck cancer [11-
13] because tumor cells can take in it selectively through an amino acid transporter. [14-
17] The accelerator-based BNCT with the use of L-BPA is now undergoing phase I
clinical study for the treatment of brain tumor patients in Japan. [18,19]

The successful treatment of cancer patients by BNCT relies on the selective delivery of
1B to tumor cells and its high accumulation therein. In general, 20-35 pg '°B/g tumor
tissue is required to realize fatal tumor cell damage while keeping '°B concentrations low
in surrounding normal tissues and blood to minimize damage to those tissues. Although
Na>BSH and L-BPA have been utilized for BNCT, effective concentrations of '°B are not
observed in some patients. Therefore, the development of new '°B carriers is still an
important task to widen the alternatives for cancer treatment in BNCT.

In recent years, a liposome as DDS (Drug Delivery System) carrier has attracted attention
as one of the efficient boron delivery systems in BNCT. The liposomal '°B carriers can

transport their contents to various tumors in a manner that is essentially independent of
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their contents by means of the enhanced permeability and retention (EPR) effect [20, 21]
that relies on the abnormal architectures of newly formed tumoral blood vessels. [22]
Various '°B-encapsulating liposomes have been developed, including passive targeting
liposomes and tumor-specific ligand-conjugating active targeting liposomes. [23, 24] In
the last decade, several efficient in vivo BNCTs have been demonstrated. Maruyama and
co-workers developed transferrin-conjugating liposomes for active targeting. [25]
Na,BSH was used as the '°B molecule and encapsulated in the liposomes. Although they
succeeded in completely inhibiting tumor growth in mice after neutron irradiation, the
concentration of '°B encapsulated in liposomes inner side was limited due to osmotic
reasons. Approximately 743 mg/kg of 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) is necessary to administer a boron dose of 35 mg [!°B]/kg in this case. This total
liposome dose is quite high for clinical use. The pre-injection of liposomes at a high dose
was conventionally done for targeting via saturation of the liver’s scavenging capacity.
The injection of such a high liposome dose, however, may be toxic to liver because the
liver’s normal scavenging function is impaired. Therefore, the development of high !B
content liposomes is necessary for clinical use. Hawthorne and coworkers developed
liposomes incorporating Nas[1-(2-BioHo)-2-NH3B1oHg] in the internal aqueous interior
and K[nido-7-CH3(CH2)15-7,8-C2B9oH11] in the bilayer membrane. [26] Biodistribution
studies indicated that two identical injections given 24 h apart resulted in tumor boron
levels exceeding 67 ng/g tumor at 54 h. Significant suppression of tumor growth was
observed in mice that received a double injection (a total of 35 mg ['°B]/kg) and neutron
irradiation (1.6 x 10'2 neutrons/cm?), and an approximately 25% increase in tumor
volume compared to that of untreated controls was noted at 14 days post irradiation. [27]
We previously developed Na;BSH-encapsulating 10% distearoyl boron lipid (DSBL)
[28,29] liposomes having high boron content (boron/phosphorus (B/P) ratio: 2.6), which
enabled us to prepare liposome solution containing 5,000 ppm boron. The Na,BSH-
encapsulating 10% DSBL liposomes displayed excellent boron delivery to tumor: boron
concentrations reached 174, 93, and 32 ppm at doses of 50, 30, and 15 mg B/kg,
respectively. Significant antitumor effect was observed in mice that received a single
injection even at the dose of 15 mg [B[/kg; the tumor completely disappeared three weeks

after thermal neutron irradiation ((1.5—1.8) x 10'% neutrons/cm?), revealing that the total
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amount of DSPC necessary for administration can be reduced to approximately 147
mg/kg, which is less than one-fifth of the amount used in NaxBSH-encapsulating
liposomes. [30]

In this work, I studied the effects of the counter cations of boron clusters for the liposome

formation. I was able to develop high boron content liposomes for BNCT by overcoming

osmotic pressure limitations.
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2.2. Results

2.2.1. Synthesis and cytotoxicity of sodium closo-dodecaborates

Na[Bi2H11NH3] and Nay[B12H11OH] were synthesized from Na[Bi2Hi2] according to
procedures modified from those in the literature, [31, 33] as shown in Scheme 1.
Nay[Bi2Hi12] (1) was treated with [NH4]2[SO4] in the presence of MesNCl in water to give
[NMes][B12H11NH3] (2) in 80% yield, and [NMes][B12H11NH3] was transformed into its
sodium form Na[Bi2H11NH3] (3) by an ion-exchange resin (Amberlite IR120). On the
other hand, Na[B12H12] was treated with H>SO4 followed by CaCOs in the presence of
[PMePhs]Br to afford [MePPhs]o[Bi2H11OH] (4) in 50% yield. Ion exchange of
[PMePhs]2[B12H11OH] with Amberlite IR120 gave Nax[B12H11OH] (5) in 85% yield. The
cytotoxicity of NaBSH, Na[B12H11NH3], Nay[B12H11OH] toward mouse colon 26 cells is
shown as the concentration necessary to inhibit cell growth by 50% (Glso) in Table 1.
These four boron clusters are relatively non-toxic and Glso values are higher than 2.4 mM
(252 ppm B). Na[B12H11NH3] displayed the lowest cytotoxicity among the four clusters;
its Glso is 32.9 mM (3948 ppm B). Since NaxBSH has been utilized for the clinical
treatment of brain tumor in BNCT, [34] the other three clusters, Na[Bi2H11NH3],
Nay[B12H11OH], and Naz[Bi2Hi2], are also considered to have sufficiently low toxicity

for clinical use.

Table 1. Growth inhibition of colon 26 cells

Glso (mM) (ppm B)

Na,BSH 2.1£0.2 252
Na[B12H11NH3] 32.94+0.6 3948
Nay[B12H11OH] 7.7£0.6 924

Nay[B12H12] 5.1+0.8 612




Chapter 2

2.2.2. Physical characterization of liposomes containing closo-dodecaborates associated

with sodium and various ammonium cations

Liposomes containing various closo-dodecaborates were prepared from DSPC,
cholesterol, and DSPE-PEG2000 by the reverse phase evapolation method (REV) method,
and particle sizes and zeta potentials were measured with an electrophoretic light
scattering spectrophotometer. B/P ratios were calculated from data obtained by the
simultaneous measurement of boron and phosphorus concentrations by ICP-AES. We
prepared liposomes (approximately 100 nm in diameter) containing various sodium
closo-dodecaborates and examined the effects of functional groups on the liposome
formation. The results are summarized in Table 2. Liposome containing Na,BSH, which
was prepared from DSPC, cholesterol, and DSPE-PEG2000 (1: 1: 0.11, molar ratio)
according to the reported conditions, [25, 30] showed the zeta potential of -27.3 = 13.4
mV. The final boron and phosphorus concentrations of the liposome solution were 3,438
+ 2.0 and 2,864 £18.3 ppm, respectively, and B/P ratio was 1.2. Liposome yield was
58.2% based on the total phospholipids used in the preparation. Zeta potentials of
liposomes encapsulating NaoBSH, Na[Bi2H11NH3], Nay[B12H11OH], and Nay[Bi2Hi2]
were similar with a range of -29.9~-24.9 (entries 1-4). The B/P ratio of liposome
containing Na[B12H11NH3] was 2.2 (entry 2), which was slightly higher than those of
liposomes containing NaxBSH, Na;[B12H11OH], and Na;[Bi2Hi2] (1.2~1.6, entries 1, 3,
and 4). Then, we examined the effects of counter cations on liposome formation. The B/P
ratio of liposome containing the n-C3H7NH;3" salt of BSH was 1.3, which was similar to
that of liposome containing Na,BSH (entry 1 vs. 5). In the case of liposome containing
the H3N"C4HsNH;3" salt of BSH, B/P ratio was increased to 2.6 and boron concentration
was 4,711 ppm; those values were higher than those of liposome containing
Na[Bi2H11NH3] (entry 2 vs. 6). Interestingly, the B/P ratio dramatically increased to 3.4
when spd cation was employed (entry 7). In addition, liposome yield was markedly
increased to 97.9%, zeta potential was elevated to -14.7 mV, and final boron

concentration of the liposome solution reached 13,867 ppm. In contrast, the B/P ratio of
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liposome containing spd-BSH dropped to 2.7, although liposome yield was still high
(86.5% yield) and final boron concentration of the liposome solution was high at 9,759
ppm (entry 8). Liposome containing spd-[BioH11NH3] showed the highest B/P ratio (3.5);

boron concentration of the liposome solution reached 13,790 ppm and liposome yield was

95.4% (entry 9).
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Table 2. Physical characteristics of liposomes containing closo-dodecaborates associated

with sodium and various ammonium cations?®

Particle size Zeta potential Boron conc. Phosphorus  B/P ratio Liposome yield
Entry Boron cluster

(nm) (mv)° (ppm)®e conc. (ppm)°® (%) (%)°
1 NayBSH 10240.2 -27.3¥13.4 3,438 £2.0 2864+18.3 1.2 58.2
2 Na[BiH11NHs] 105+1.0 -24.9+16.6 4,072 +22.8 1835+38.5 2.2 443
3 Nay[Bi2H1;0H] 110+1.2 -29.9485.5 2,635 +£184.2 1600499.0 1.5 38.7
4 Nay[BiyHi12] 98+0.7 -25.8+11.9 3,133 £10.3 1932+13.3 1.6 46.7
5  (n-C3H;NHs),BSH 11040.7 -23.6119.1 2,874 £47.7 2224.8+15.8 1.3 53.8
6  (H3NC4HgNHs)BSH 116+0.7 -25.4+18.3 4,711 +17.4 1833.3+43.4 2.6 44.3
7  spd-BSH 99+0.2 -14.7+14.1 13,867 +185.8 4046.0+18.3 3.4 97.9
8  (sperminium)BSH 101.2+1.7 -5.4+11.5 9,759 £139.6  3558.8+44.5 2.7 86.5
9  spd-[Bi2H11NH;s] 100+0.2 -10.7+21.7 13,970 £216.5 3943.0+43.4 3.5 95.4

In all case, liposomes were prepared from DSPC, cholesterol, and DSPE-PEG2000 (1:
1: 0.11, molar ratio) by the REV method. Liposome diameter was approximately 100 nm
as measured with an extrusion apparatus.

®Data are expressed as means =+ standard deviation.

‘Boron and phosphorus concentrations were calculated for 1.5 mL of liposome solution.
dLiposome yields were calculated from the phosphorus concentration of liposome

solution based on the total phospholipids used in preparation.

11
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2.2.3. Effect of spd cations on formation of BSH-encapsulating liposomes

The osmotic pressures of various spd cation concentrations with/without [BSH]* in
solutions were measured by the osmometer (Advanced™ Osmometer Model 3D3). The
osmotic pressures of the solutions were dependent on the total ion concentrations of both
spd cation and [BSH]* (data not shown). For instance, the osmotic pressures of Na,BSH
solution (125 mM) and spd chloride solution (125 mM) were 305 and 355 mOsm/kg H>O,
respectively, whereas that of a mixed solution of Na;BSH and spd chloride (125 mM of
each) was 592 mOsm/kg H>O. Next, the viscosity of various spd cation concentrations
with/without [Bi2H2]*>" in solutions were measured by the viscometer (DV-1 +
Viscometer, Brookfield, USA). The viscosities of water and saline (approximately 125
mM NacCl solution) were 1.23 and 1.28, respectively, whereas those of Nax[Bi2Hi2], spd
cation, and spd-[Bi2Hi2] solutions at 125 and 250 mM ranged from 1.23 to 1.29. The
results indicate that the spd cation of [B12H12]* does not affect the viscosity of internal
aqueous solution of liposomes, although the osmotic pressure of the internal aqueous
solution of liposomes is strongly dependent on the concentration of the contents. We
measured liposome yields and B/P ratios under the condition of various ratios of BSH to
spd cations (Na2BSH: [spermidine + HCI] = 1: X, X =0, 0.25, 0.5, 1, and 2). As shown
in Figure 1, B/P ratio reached a maximum of 3.4 when the BSH: spd ratio was 1:1.
Liposome yields showed a similar tendency to B/P ratios. The highest liposome yield was

observed at the BSH to spd cation ratio of 1:1.

12
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Table 3. Viscosities of sodium and spermidinium cations of [B12H12]* solution

Sample Viscosity (cp)
water 1.23
Naz[B12H12] (125 mM) 1.27-1.29
Naz[Bi12H12] (250 mM) 1.23
Spermidine (125 mM) 1.23
Spermidine (250 mM) 1.23-1.25
spd-[B12H12] (125 mM) 1.23-1.24
spd-[B12H12] (250 mM) 1.22-1.24
NaCl solution (125 mM) 1.28
4

£ 35

(o]

@ 3

2 25

£ 2

o 15 ¢

8 q

O

>~ 05

0
0 0.5 1 1.5
spd/BSH ratio

Figure 1. Effect of amount of spd cation on B/P ratio of liposomes encapsulated spd-BSH.

Boron/phosphorus (B/P) ratios of (spd)x-closo-dodecaborate-encapsulating liposomes are

shown in the vertical axis.
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2.2.4. Effect of spd cations on stability of closo-dodecaborate-encapsulating liposomes

The stability of various closo-dodecaborate-encapsulating liposomes in saline was
analyzed by measuring the time-dependent B/P ratios of liposome solutions. The results
are shown in Figure 2. In the case of NaxBSH-encapsulating liposomes, B/P ratio
decreased to 1.2, 14 days after the preparation of liposomes. On the other hand, the B/P
ratios of liposomes containing spd-BSH and spd-Bi2H11NH3 were higher than 2.5, 14

days after liposome preparation.

—4—spd-B5H

. —8—spd-[B12H11NH3]
- Na2BSH
5 —-<—Na[B12H11NH3]
o 3~ 5
Sy
o 15
B o1
o o5
= B

0 2 4 7 8 10 12 14

Days

Figure 2. Time-dependent leakage of encapsulated c/oso-dodecaborates from liposomes
in saline. Boron/phosphorus (B/P) ratios of spd- and sodium-closo-dodecaborate-
encapsulating liposomes are shown in the vertical axis. (@, spd-BSH; M, spd-

[Bi2H11NH3]; 4, Na;BSH; X, Na[Bi2H11NH3])
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2.2.5. Transmission electron microscopy analysis

Transmission electron microscopy (TEM) analysis of spd-BSH-encapsulating liposomes
(left) and Na;BSH-encapsulating liposomes (right) was carried out with Cryo-TEM. As
shown in Figure 3, both liposomes displayed the formation of unilamellar vesicles
measuring 80-150 nm in diameter. It is notable that the liposomes interact with each other
in the case of Na;BSH-encapsulating liposomes, whereas the liposomes disperse in
solution without interacting with each other in the case of spd-BSH-encapsulating

liposomes.

Figure 3. TEM images of spd-BSH-encapsulating liposomes (left) and Na,BSH-

encapsulating liposomes (right). Scale bar represents 200 nm.
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2.2.6. Boron accumulation of spd-BSH-encapsulating liposome in colon 26 cells

The accumulation of the BSH cluster, BPA, NaBSH and spd-BSH encapsulating
liposome in the mouse colorectal carcinoma cell line, colon 26, was examined. Colon 26
cells were incubated with 100 uM at 37°C for 1 h and then digested with perchloric
acid/hydrogen peroxide (2/1 volume ratio) at 70°C for 6 h. Boron concentration in the
resulting clear solution was measured by ICP-AES. As shown in Figure 4, a boron
accumulation in colon 26 cells (1.0 x 10° cells) treated with spd-BSH-liposomes was
twice of that of BSH liposomes, although a boron accumulation in the cancer cells by
BSH liposomes similar to that of BSH(Na;BSH) solution. The results indicate a boron
accumulation in colon 26 cancer cells depend on B/P ratio as a boron concentration in a

liposome.

Boron Uptake for CT26 cells
0.8 -

0-F =
0.6 -
0.5 -
04 -
03 4
{3 =
i

Boron Conc. (ppm)/ 1% 10°cell

BSH BSH Lipo  spdBSH Lipo BPA

Drug

Figure 4. Boron Uptake in colon 26 cells (1.0 x 10° cells) incubated with each BSH
(Orange), BSH liposomes (Green), spd-BSH (Blue) liposomes and BPA (purple). Data of

triplicate experiments are expressed as means +standard deviation.
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2.2.7. Boron distribution in tumor-bearing mice injected with spd closo-dodecaborate

encapsulating liposomes

Colon 26 tumor bearing mice were injected with spd-closo-dodecaborate-encapsulating
liposomes at doses of 15, 30, and 100 mg [B]/kg body weight via the tail veins (five mice
in each group). NaxBSH- and Nay[B12H11NH3]-encapsulating liposomes at the dose of 30
mg [B]/kg were used as controls. At 24, 36, and 48 h after injection, the mice were lightly
anesthetized, bled via the retro-orbital sinus, killed by cervical dislocation, and dissected.
Both distribution and tumor accumulation of boron were determined by ICP-AES. Figure
5-A(a) shows the time courses of boron blood clearance after injection of BSH-
encapsulating liposomes. Blood boron concentrations of 460.7, 104.0, and 33.2 ppm were
detected 24 h after injection of spd-BSH-encapsulating liposomes (100, 30, and 15 mg
[B]/kg), respectively. Blood boron concentration in mice injected with 100 mg [B]/kg of
spd-BSH-encapsulating liposomes did not decrease notably during the 48-h period,
whereas those in mice injected with 30 and 15 mg [B]/kg of spd-BSH-encapsulating
liposomes gradually decreased in a time-dependent manner. Figures 5-A(b-d) show the
time courses of boron concentrations in liver, kidney, and spleen, respectively. Time-
dependent boron accumulation was observed in liver; boron concentrations of 528.47,
144.17, and 74.41 ppm were detected 48 h after the injection of 100, 30, and 15 mg [B]/kg
of spd-BSH-encapsulating liposomes, respectively. In contrast, maximum boron
accumulation in tumor was observed 36 h after injection; boron concentrations reached
202.7 and 82.4 ppm at doses of 100 and 30 mg [B]/kg, respectively. Even at the low boron
dose of 15 mg [B]/kg, tumor boron concentration was 34.0 ppm and tumor/blood ratio
was approximately 2 at 36 h after injection (Figure 4e). Since the required tumor boron
concentration for BNCT is 30 ppm, these tumor boron concentrations are considered
sufficient for BNCT. We also demonstrated the boron distribution of Na;BSH-
encapsulating liposomes in tumor-bearing mice for comparison. Although blood and liver
boron concentrations after injection of Na,BSH-encapsulating liposomes at the dose of

30 mg [B]/kg were similar to those after injection of spd-BSH-encapsulating liposomes
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at the dose of 30 mg [B]/kg, kidney and spleen boron concentrations after injection of
Na;BSH-encapsulating liposomes were lower than those after injection of spd-BSH-
encapsulating liposomes until 48 h. Tumor boron concentration at 36 h after injecting
NaxBSH-encapsulating liposomes was 31.9 ppm. However, the clearance rate of
Na;BSH-encapsulating liposomes was lower than that of spd-BSH-encapsulating
liposomes (Figure 5-A(e)). A similar tendency was observed in spd-[Bi2Hi1NH3]-
encapsulating liposomes (Figure 5-B). Blood, kidney, and spleen boron concentrations
gradually decreased after injecting spd-[Bi2H11NH3]-encapsulating liposomes (Figures 4-
B(a, 5c, and 5d)). Time-dependent boron accumulation was observed in liver at doses of
100 and 30 mg [B]/kg (Figure 5-B(b)). Maximum tumor boron accumulation was
observed at 36 h after injection; tumor boron concentrations were 242.2, 88.7, and 35.4
ppm at doses of 100, 30, and 15 mg [B]/kg, respectively. Interestingly, significant tumor
boron accumulation was also observed in the case of Na[Bi2Hi1NH;s]-encapsulating
liposomes; tumor boron concentration was 25.4 ppm at the dose of 15 mg [B]/kg.
Needless to say, acute toxicity was not observed even at such high doses as 50 and 100

mg [B]/kg.
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Figure 5-A. Time courses of distribution of spd-BSH- and Na;BSH-encapsulating

liposomes (ABlue, spd-BSH: 15 mg[B]/kg; @ Green, spd-BSH: 30 mg[B]/kg; MRed,

spd-BSH: 100 mg[B]/kg;

Orange, Na;BSH: 15 mg[B]/kg). Each liposome was

injected into tumor-bearing mice (Balb/c, female, six weeks old, 14-20 g) via the tail vein.
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Figure 5-B. Time courses of distribution of spd-[Bi2Hi11NH3]- and Na[Bi2Hi1NH3]-
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Na[B12H11NH3]: 15 mg[B]/kg). Each liposome was injected into tumor-bearing mice

(Balb/c, female, six weeks old, 14-20 g) via the tail vein.
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2.2.8. BNCT for tumor-bearing mice injected with liposomes containing spd closo-

dodecaborates

The antitumor effect of liposomes containing spd c/oso-dodecaborates in colon 26 tumor
bearing mice exposed to thermal neutron irradiation was examined at the Kyoto
University Reactor (KUR). Thermal neutron irradiation of the tumor-transplanted left
thighs of mice was carried out 36 h after injection while shielding mouse bodies with an
acrylic mouse holder (five mice in each group). The tumor growth curves of mice injected
with spd-['°’BSH]- and Na,['°BSH]-encapsulating liposomes exposed to thermal neutron
irradiation are shown in Figures 6A. Figure 6B shows the tumor growth curves of mice
injected with spd-['°Bi2H;iNHs]- and Na['°Bi,H11NH3]-encapsulating liposomes and
exposed to thermal neutron irradiation. “Hot control (-O-)" and “Cold control (-3 -)”
represent tumor volumes of mice injected with saline with and without thermal neutron
irradiation, respectively. Significant inhibition of tumor growth was observed in mice
treated with spd-['°’BSH]- and spd-['°B1,H;1NH3]-encapsulating liposomes at doses of 15,
30, and 100 mg ['°B]/kg and exposed thermal neutron irradiation, and the tumor
disappeared within three weeks even the dose of 15 mg [1°B]/kg. Liposomes encapsulated
with Nay['’BSH] and Na['°B1>H;1NH3] also showed inhibition of the tumor growth at the
dose of 30 mg ['°B]/kg, however, the regrowth of the tumor was observed four weeks
after thermal neutron irradiation. Tumor growth was suppressed in mice treated with
Nay['°BSH] solution (100 mg ['°B]/kg) at least after thermal neutron irradiation. However,
the tumor started to grow thereafter (Figure 6A). In contrast, tumor growth was not
suppressed in mice treated with Na['°Bi2H;1NH3] solution (100 mg ['°B]/kg) even
thermal neutron irradiation (Figure 6B). In the case of lower neutron fluxes (0.48-0.96 x
10'? neutrons/cm?), where the mice were irradiated for 12 min, the tumor growth was
significantly suppressed only at the dose of 30 mg ['°B]/kg of liposomes encapsulated
with spd-['°BSH].

Figure 7 shows the survival curve of tumor-bearing mice after thermal neutron irradiation.

The mice was irradiaed 36 h after injection of liposomes containing spd-[!°BSH] and spd-
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['°B12H11NH;] at doses of 15 and 30 mg['°B]/kg. All untreated mice without thermal
neutron irradiation died in two weeks. Thermal neutron irradiation enhanced mouse
survival and all mice exposed to theirmal neutron irradiation died within 78 days.
Prolonged survival was observed in mice injected with spd-['’BSH]- and spd-
['°B12H11NH3]-encapsulating liposomes; 72% of the mice that received the dose of 15 mg
['°B]/kg survived up to 100 days after the thermal neutron irradiation. Furthermore,
remarkable antitumor effect was observed in the mice injected with spd-[!°BSH]-
encapsulating liposomes at the dose of 30 mg ['°B]/kg; 100% of the mice survived up to

100 days after the thermal neutron irradiation.
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Figure 6-A. Tumor volumes in mice (Balb/c, female, six weeks old, 14-20 g) bearing

colon 26 solid tumor, exposed to thermal neutron irradiation (hot) for 50 min (1.3-2.2 x

102 neutrons/cm?) or not exposed to thermal neutron irradiation (cold). (A) Irradiation

was performed 36 h after injection of liposomes containing spd-[\’BSH] (@Blue, 15; @

Green, 30; @Red, 100 mg ['°B]/kg) and Naz['’BSH] (< Orange, 30 mg ['°B]/kg), or 1

h after injection of Nay[!°BSH] solution (4 Orange, 100 mg ['°B]/kg). O, hot control;

%, cold control.
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(B) Na[!°B12H;NH3] and spd-['°B12H11NH3] encapsulating liposomes
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Figure 6-B. Tumor volumes in mice (Balb/c, female, six weeks old, 14-20 g) bearing
colon 26 solid tumor, exposed to thermal neutron irradiation (hot) for 50 min (1.3-2.2 x
102 neutrons/cm?) or not exposed to thermal neutron irradiation (cold). (B) Irradiation
was performed 36 h after injection of liposomes containing spd-['°B12H;1NH3] (@Blue,
15; @Green, 30; @®Red,100 mg ['°B]/kg) and Na[!°Bj,H;iNH3] (¢ Orange, 30 mg
['°B]/kg), or 1 h after injection of Na['°B1,H;1NH3] solution (4 Orange, 100 mg ['°B]/kg).

O, hot control; *, cold control. Data are expressed as means + sem (n = 7).

24



Chapter 2

2500
2000 -
mM
&=
E 1500 -
et}
=
o |
S 1000 -
3]
£ .
= a0l =
—

0] 2 k| 2 12 15 19
Days After Irradiation (days)

25 -
@ 20 - * i & & i
B 15
@
g 10 2l
=
o
2 5 -

0

0 2 5 8 12 15 19
Days after Irradiation

Figure 6-C. Tumor volumes in mice (Balb/c, female, six weeks old, 14-20 g) bearing
colon 26 solid tumor, exposed to thermal neutron irradiation (hot) for 12-24 min (0.48-
0.96 x 10'? neutrons/cm?) or not exposed to thermal neutron irradiation (cold). (C)
Irradiation was performed 36 h after injection of liposomes containing spd-['’BSH] (@
Blue, 15; @Green, 30 ['°B]/kg : 0.96 x 10'2 neutrons/cm?; ABlue, 15; AGreen, 30
['"B]/kg : 0.48 x 10" neutrons/cm?;). *, cold control.
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Figure 7. Survival curve of tumor-bearing mice after thermal neutron irradiation. The
irradiation was performed 36 h after injection of c/loso-dodecaborates (—Green, spd-BSH:
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2.3. Discussion

Liposomes are one of the most attractive boron delivery vehicles because they can
encapsulate a large number of '°B atoms and transport them to tumor even though the
boron compounds have low affinity to the tumor. The preparation of high boron content
liposomes, however, is hampered by osmotic pressure limitations. To overcome this
problem, we have developed various boron cluster lipids for the embedment of boron
atoms into the liposomal membrane. [35-38] We have developed Na;BSH-encapsulating
10% DSBL liposomes that have a B/P ratio of 2.6 and display excellent boron delivery to
tumor. The total dose of Na2BSH-encapsulating 10% DSBL liposomes could be reduced
to less than one-fifth of that of BSH-encapsulating liposomes without lowering the
efficacy of BNCT. [30] In the current study, we focused on three closo-dodecaborates,
Na[B12H11NH3], Naz[B12H11OH], and Nax[B12Hi2], in addition to Na;BSH, as the boron
compounds to be encapsulated in the internal aqueous core of liposomes. As shown in
Table 1, the cytotoxicity of those three closo-dodecaborates is lower than that of Na, BSH
(5.1~32.9 mM vs. 2.1 mM). Among the c/loso-dodecaborates, Na|B12H11NH3] is the most
highly encapsulated in DSPC liposomes; final boron concentration of the liposome
solution was 4,072 ppm and B/P ratio was 2.2 in the 125 mM closo-dodecaborate solution
(entry 2 in Table 2). In the case of Na[Bi2H11NH3], an ammonium ion group served as
one of the two counter cations of the c/oso-dodecaborate dianion. We speculated that
ammonium counter cations would affect the encapsulation of closo-dodecaborates in
liposomes. Recently, Detlef and coworkers reported that Na2BSH induces aggregation
and membrane rupture, increasing wall thickness of the liposome and triggering the
release of liposome contents. [39, 40] They suggested that the aggregation would be
caused by the interaction of Na;BSH with the phosphatidylcholine moiety of DSPC in
the liposomes. We predicted that encapsulation as well as liposome yield would be
increased if we could reduce this interaction in the preparation of closo-dodecaborate-
encapsulating liposomes. Thus, we prepared various ammonium salts of BSH and

examined their encapsulation into liposomes (entries 5-9 in Table 2). We found that spd
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closo-dodecaborates were the most easily encapsulated (entries 7 and 9). Final boron
concentrations of the spd-BSH- and spd-[Bi12H11NH3]-encapsulating liposome solutions
were 13,867 ppm and 13,790 ppm, respectively, and these high boron content liposome
solutions enabled us to increase the injection dose to 100 mg [B]/kg while limiting the
total volume of one injection to 200 pL/mouse. Indeed, the B/P ratios of spd-BSH- and
spd-[B12H11NH3]-encapsulating liposomes were approximately three times higher than
those of Na;BSH-encapsulating liposomes. It has been reported that doxorubicin could
be efficiently loaded into liposomes with a transmembrane (NH4)HPO4 gradient and
retained in the liposomes at physiological pH. [41] We surmised that osmotic pressure
and/or viscosity of the solution of spd-closo-dodecaborates in the internal aqueous core
of liposomes would affect the high B/P ratios. However, as shown in Table 3, the
spermidinium cation neither decreased the osmotic pressure nor increased the viscosity
of the solution of spd-closo-dodecaborates in the internal aqueous core of liposomes.
Interestingly, Cryo-TEM images showed that liposomes interacted with each other in the
case of Na;BSH-encapsulating liposomes, whereas liposomes dispersed in solution
without interacting with each other in the case of spd-BSH-encapsulating liposomes,
indicating that the spd cation prevented the interaction of anionic c/oso-dodecaborates
with the phosphatidylcholine moiety of DSPC in the liposomes (Figure 3). As a result,
the aggregation observed in the Na;BSH-encapsulating liposomes was diminished and
liposome yield was dramatically increased (entry 7 in Table 2). The spd cation not only
enhances encapsulation efficiency but also maintains the high boron content in liposomes
(Figure 2). Spd-BSH-encapsulating liposome with a high boron concentration resulted
in a high boron accumulation in tumor cells. The high boron content of the spd-closo-
dodecaborate-encapsulating liposomes enabled us to inject doses of up to 100 mg [B]/kg
into tumor-bearing mice (Figures 5-A,B ). The liposomes showed excellent boron
delivery to tumor: tumor boron concentrations reached 203 and 242 ppm 36 h after
injection with 100 mg [B/]kg of spd-BSH- and spd-[Bi2H11NH3]-encapsulating liposomes,
respectively. Such high boron accumulations are probably due to the high blood boron

concentrations (315 and 353 ppm 36 h after injection with 100 mg [B]/kg of spd-BSH-
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and spd-[Bi2Hi1NHz]-encapsulating liposomes, respectively). Whereas tumor boron
concentrations of 34.0 and 35.4 ppm were noted 36 h after injecting 15 mg [B]/kg of spd-
BSH- and spd-[B12H11NH3]-encapsulating liposomes, tumor boron concentrations of 20.6
and 25.4 ppm were observed 36 h after injecting the same dose of the corresponding
sodium salts of closo-dodecaborate (Na2BSH and Na[Bi2Hi1NH;3]) encapsulating
liposomes, revealing that the currently investigated high boron content liposomes show
approximately 1.5 times higher accumulation in tumor than conventional liposomes
containing sodium salts of closo-dodecaborates. We also observed the efficient antitumor
effect of spd-['°’BSH]- and spd-['°Bi2H1NH3]-encapsulating liposomes in combination
with thermal neutron irradiation in tumor-bearing mice even at the dose of 15 mg ['°B]/kg,
and the complete suppression of tumor growth 19 days after BNCT, as shown in Figure
6. It should be noted that the injection of NaBSH solution also suppressed tumor growth,
whereas the injection of Na['°Bi2H;1NH3] solution had no effect on tumor growth. The
difference is probably due to the functional groups of closo-dodecaborate: a mercapto
(SH) group could form an S-S bond with cysteine residues in organs to trigger
accumulation in cells,[42] whereas no such interaction would occur for an ammonium
(NH3") group. The survival curves indicated that 100% of mice injected with 30 mg
[1°B]/kg of spd-BSH-encapsulating liposomes survived up to 100 days after the thermal
neutron irradiation, whereas 72% of mice injected with 15 mg ['°B]/kg of spd-['°BSH]-
and spd-['°B12H11NHs]-encapsulating liposomes survived up to 100 days after the thermal
neutron irradiation. B/P ratios reached 3.4 and 3.5 in the case of spd-[!’BSH]- and spd-
[1°Bi,H1NH3]-encapsulating liposomes, respectively, indicating that the total amount of
DSPC liposomes necessary for injection could be reduced to approximately 112 and 109
mg/kg, respectively. Meanwhile, approximately 743 mg/kg of DSPC liposomes is
necessary to administer a boron dose of 35 mg [!°B]/kg in the case of NaBSH-
encapsulating liposomes that have a B/P ratio of 1.2. Therefore, the spd-['’BSH]- and
spd-['°Bi2H;1NHs]-encapsulating liposomes enabled us to reduce the total amount of
phospholipids to less than one-seventh of those used to prepare Na['’BSH]-

encapsulating liposomes.
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2.4. Conclusion

Liposomal boron carriers are one of the most efficient strategies for the delivery of the
required amount of boron atoms to tumor. We succeeded in the preparation of high boron
content liposomes. The use of spd cation as an alternative counter cation of closo-
dodecaborates was essential for the preparation of high boron content liposome solutions
(up to approximately 14,000 ppm boron concentration) having high B/P ratios (up to 3.5).
The spd cation prevented the interaction of anionic closo-dodecaborates with the
phosphatidylcholine moiety of DSPC in the liposomes, thereby suppressing the release
of liposome contents and increasing liposome yield. Significant antitumor effect was
observed in mice that received a single injection. The tumor completely disappeared three
weeks after thermal neutron irradiation ((1.5—-1.8) x 10'% neutrons/cm?) and was locally
controlled for 100 days after the irradiation even at the dose of 15 mg ['°B]/kg. The results
indicate that the total amount of phospholipids could be reduced to less than one-seventh
of those used to prepare Na2BSH-encapsulating liposomes. We believe that the spd-closo-
dodecab orate- encapsulating liposomes are a promising candidate for clinical use in

BNCT.
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2.5. Materials and Methods
2.5.1. Chemicals

DSPC (MC-8080) and DSPE-PEG (SUNBRIGHT DSPE-020CN) were purchased from
Nippon Oil and Fats (Tokyo, Japan). Cholesterol was purchased from Kanto Chemical
(Tokyo, Japan). (EtsNH)2[B12Hi2] and Nay[Bi12H11SH] (Na2BSH) were purchased from
Katchem Ltd. (Praha, Czech Republic). Naz['°B12H12] and Nay[°B1oH11SH] (Naz!°BSH)
were kindly supplied by Stella Chemifa Co. (Osaka, Japan). Closo-dodecaborates,
Na[Bi2Hi1NH3], Nay[Bi2H;;OH], and Na[!°BiH;1NH3] were synthesized from
(EtsNH)2[B12H12] and Nay[!°Bi2H)2] according the literature procedures [31, 32] and
transformed into their sodium forms by an ion-exchange resin (Amberlite IR-120). All
other chemicals were of the highest grade commercially available. Spermidinium chloride

solution was prepared from spermidine and aqueous 1N HCI solution (1:3 molar ratio).

] NH | X NH; |
— —
2- + +
< (Me4N) Na
2 3
2Na 2 2
A N
+
2(MePPhs) 2Na

Scheme 1. Synthesis of Na!’B;,H;1NH3 and Na,'°B1>H;;OH.

Reagents and conditions: a. H3NO4S, MesNCl, H>O, 80%. c. H2SO4, CaCO3, MePPh;Br,
H>0, 50%. b and d. Ton exchange with Amberlite IR120 (Na" form), 3: 95%, 5: 85%.

31



Chapter 2

2.5.2. Cytotoxicity of sodium closo-dodecaborates toward cancer cells

Each sodium closo-dodecarborate (Na;BSH, Na[Bi2H11NH3], Na[Bi2H11OH] and
Nay[Bi12H12]) was dissolved in 1 mL of Phosphate buffered saline (PBS), and the solution
was diluted with RPM1640 (1% penicillin and streptomycin, 10% fetal bovine serum
(FBS). In 96 well plates, mouse colon 26 cells (5x10° cells/well) were cultured with the
medium containing closo-dodecaborates at each concentration (0.1, 0.3, 1, 3, 10 and 30
mM) and incubated for 72 h at 37°C in a CO; incubator. Then the cell growth was
determined by MTT Assay. Cell growth inhibition (Glso) by concentration of each sodium
closo-dodecarborate was determined from semi-logarithmic dose-response plots, and

results represent the mean + standard deviation (SD) of triplicate experiments.

2.5.3. Preparation of liposomes encapsulated with various ammonium salts of closo-

dodecaborates

An aqueous solution of various ammonium chloride salts (1,4-diaminobutane, spermidine,
and spermine) of closo-dodecaborates were prepared by adding sodium closo-
dodecaborates to a mixture of each amine and aqueous 1IN HCI solution (1:2, 1:3, 1:4
molar ratio, respectively PH=6-8). These ammonium closo-dodecaborates encapsulating
liposome were prepared from DSPC, cholesterol and DSPE-PEG (1:1:0.11, molar ratio)
by the reverse-phase evaporation (REV) method.[33] A mixture of DSPC (158 mg),
cholesterol (77.3 mg), and DSPE-PEG-20CN (63.8 mg) were dissolved in 5 mL of a
chloroform/ diisopropylether mixture (1 : 1, v/v) in a 50 mL round-bottom flask. An
ammonium cation forms solution (1,4-diaminobutane, spermidine, and spermine) of
closo-dodecaborates (125 mM, 5 mL) was added to the mixture to form a w/o emulsion.
The emulsion was sonicated for 3 min, and then, the organic solvent was removed under
vacuum in a rotary evaporator at 55 °C to obtain a suspending liposome solution. The

liposomes obtained were subjected to extrusion 10 times through a polycarbonate
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membrane of 100 nm pore size (Whatman, 110605, FILTER, 0.1 UM, 25 MM, Gentaur
Molecular Products, Belgium), using an extruder device (LIPEX™ Extruder, Northern
Lipids, Canada). Purification was accomplished by ultracentrifuging at 200,000 g for 60
min at 4°C (himac cp 80 wx, Hitachi Koki, Japan), and the pellets obtained were
resuspended in saline. Particle size and zeta potential of these liposomes were measured
with an electrophoretic light scattering spectrophotometer (Nano-ZS, Sysmex, Japan).
B/P (boron concentration / phosphorus concentration) ratio was calculated from data
obtained by the simultaneous measurement of boron and phosphorus concentrations by

inductively coupled plasma atomic emission spectroscopy (ICP-AES, HORIBA, Japan).

2.5.4. Effect of spermidinium cations on the formation of closo-dodecaborates

encapsulating liposomes

The osmotic pressure of (spd)x-BSH solutions (Na;BSH: spermidine: HCI molar ratios =
1: X:3X; X=0.1,0.5, 1, 2, and 10) was measured with an osmometer (Advanced Model
3250 Single-Sample Osmometer, Advanced Instruments, Inc.). The viscosity of spd-
[B12H12] solution at various concentrations was measured by the viscometer (DV-1 +
Viscometer, Brookfield, USA). Yields and B/P ratios of liposomes prepared from
Na;BSH, spermidine, and HCI (Na;BSH: spermidine: HCI = 1: X: 3X; X =0.5, 1.0, 1.5,
and 2.0) were calculated from data obtained by the simultaneous measurement of boron

and phosphorus concentrations by ICP-AES.
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2.5.5. Leakage of encapsulated closo-dodecaborates from liposomes in saline

Spd-BSH- and spd-[Bi2Hi1NH3]-encapsulating PEG-liposomes were prepared from
DSPC, cholesterol and DSPE-PEG (1:1:0.11, molar ratio) in 1 : 1 and 2 : 1 mixtures of
the corresponding sodium closo-dodecaborates (125 mM) and spermidinium
hydrochloride in solusion. A pellet of the liposomes obtained after ultracentrifugation was
resuspended in saline and the resulting liposome solutions were allowed to stand for one
day at 25 °C. The B/P ratios of the liposomes were calculated from data obtained by
measurement of boron and phosphorus concentrations by ICP-AES after
ultracentrifugation at 200,000 x g for 60 min at 4 °C. The resulting liposome solutions
were left to stand for another six days (seven days after preparation) at 25 °C and B/P
ratios were calculated in a similar manner. This analysis was repeated 14 days after the

preparation of liposomes.

2.5.6. Transmission electron microscopy analysis

Vitrified specimens were prepared by placing 3 uL of the studied sample suspension on
a 400 mesh copper grid with a holey carbon support. Each sample was blotted to a thin
film and immediately plunged into liquid ethane in the Leica CPC cryoworkstation. The
grids were viewed on a JEOL 2011 transmission electron microscope operating at an
accelerating voltage of 200 kV. The microscope was equipped with a Gatan cryoholder
and the samples were maintained at -177°C during imaging. Electron micrographs were
recorded with the Digital Micrograph software package under low electron dose
conditions, to minimize electron bean radiation. Images were recorded on a Gatan 794

MSC 600HP cooled charge-coupled device (CCD) camera.
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2.5.7. Boron accumulation in colon 26 cells treated with liposomes encapsulated spd-

closo-dodecarborate

The mouse colon 26 were cultured at 37°C under 5% CO; atmosphere in RPMI 1640
medium supplemented with RPM1640 (1% penicillin and streptomycin, 10% fetal
bovine serum (FBS). For subsequent experiments, the cells were seeded at a density of
1 x 10° cells in a 60 mm diameter dish (Greiner) and incubated at 37 °C for 24 h. Three
dishes were used for cell counting (1.6 x 10° cells/dish). The cells in other dishes were
incubated at 37°C in the presence of 100 uM of BSH cluster, BPA, Na,BSH and spd-
BSH-encapsulating liposomes for another 1 h and then washed three times with PBS.
The cells were digested with 2 mL of perchloric acid/hydrogen peroxide at 70°C for 1
h and and then the digested samples were diluted with distilled water. After filtering
through a hydrophobic filter (0.5 UM, 13JPOSOAN, ADVANTEC, Japan), the boron

concentration was measured by ICP-AES.

2.5.8. Boron distribution of liposomes encapsulated spd-closo-dodecarborate in tumor-

bearing mice

Tumor-bearing mice (Balb/c mice, female, 5-6 weeks old, 16-20 g, Sankyo Labo
Service, Japan) were prepared by transplanting a suspension (1.0 x 10° cells / mouse)
of colon 26 cells into subcutaneously (s.c.) of the right thigh. The mice were kept on a
regular chow diet and water and maintained under 12 h light / dark cycle in an ambient
atmosphere. Biodistribution experiments were performed when the tumor on mouse
diameter grew 7 to 9 mm. The mice were injected via the tail vein at a dose of 15, 30,
100 mg ['°B]/kg (1,500, 3,000, 10,000 ppm '°B concentration; 200 pL of spd-closo-
dodecarborate encapsulating liposomes solution) and 15 mg ['°B]/kg (1,500 ppm '°B
concentration; 200 pL of sodium closo-dodecarborate encapsulating liposome solution).

At selected time intervals (24, 36, 48, and 72 h) after administration, the mice were
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lightly anesthetized and blood samples were collected from the retro-orbital sinus. The
mice were then sacrificed by cervical dislocation and dissected. Liver, kidney, spleen,
and tumor were excised, washed with 0.9% NaCl solution, and weighed. The excised
organs were digested with 1 mL of conc. HNOj (ultratrace analysis grade, Wako, Japan)
at 90°C for 1 h, and then the digested samples were diluted with distilled water. After
filtering through a hydrophobic filter (0.5 UM, 13JPOS0AN, ADVANTEC, Japan),

boron concentration of each organ was measured by ICP-AES.

2.5.9. BNCT effect on tumor-bearing mice treated with spd-closo-dodecarborate

encapsulating liposomes.

Each spermidinium and sodium closo-dodecarborate encapsulating liposome was
prepared from DSPC, cholesterol, and DSPE-PEG in a solution of '°B-enriched closo-
dodecaborates (spd-['°BSH], spd-['°Bi2H11NH3], Na['°BSH], or Na[!°B;,H;1NH;]), by
the REV method, and injected into colon 26 tumor-bearing mice (female, 5-6 weeks old,
16-20 g, Sankyo Labo Service, Japan) via the tail vein at a dose of 15, 30, 100 mg ['°B]/kg
(1,500, 3,000, 10,000 ppm !B concentration; 200 pL of spd-closo-dodecarborate
encapsulating liposomes solution) and 30 mg ['°B]/kg (3,000 ppm '°B concentration;
200 pL of sodium closo-dodecarborate encapsulating liposome solution). The sodium
closo-dodecarborate solutions at a dose of 100 mg ['°B]/kg (10,000 ppm of '°B
concentration; 200 uL) were used as a control experiments. The mice were anesthetized
with isoflurane (Forane, Abbott, Japan) and placed in an acrylic mouse holder 36 h after
1.v. injection based on biodistribution. The mice were irradiated in the KUR atomic
reactor for 50 min at a rate of 1.3-2.2 x 10'? neutrons/cm®. The BNCT effects were
evaluated on the basis of the changes in tumor volume of the mice. Mortality was
monitored daily and tumor volume was measured at intervals of a few days. To determine

tumor volume, two perpendicular diameters of the tumor were measured with a slide

36



Chapter 2

caliper and calculation was carried out using the formula 0.5(4 xB2), where 4 and B are
the longest and shortest dimensions of the tumor in millimeters, respectively. All
protocols were approved by the Institutional Animal Care and Use Committee of

Gakushuin University.

Statistical analysis.

The statistical significance of the results was analyzed using the Student’s ¢ test for

unpaired observations and Dunnett’s test for multiple comparisons.
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3.1. Introduction

Photodynamic therapy (PDT) is an effective tumor treatment that uses a combination of
photosensitizer (PS), oxygen, and proper weavelength light exciting PS. [1-4] Reactive
oxygen species (ROS) generated from light to molecular oxygen by energy transfer (Type
I reaction; single oxygen) and electron transfer (Type II reaction; superoxide, hydrogen
peroxide and hydroxyl radicals) of photosensitizer induce significant oxidative damage
of cellular biomolecules, leading to cell death in PDT. [5] Therefore, selective
accumulation of PS in the target cells are important elements for successful application
of PDT. Currently, Hematoporphyrin®, Photofrin® (QLT Photo Therapeutics Inc.),
Visudyne® (Verteporfin™QLT Photo-Therapeutics Inc.), Levulan® (5-aminolevulinic
acid, 5-ALA) have been approved as PDT drugs by the Food and Drug Administration in
the US. [6] Hematoporphyrin (HpD) [7] is used for the treatment of cervical,
endobronchial, esophageal, bladder, and gastric cancers. [2] Photofrin is used for the
treatment of non-small-cell lung cancer (NSCL) and esophageal cancer. Visudyne
(Verteporfin) is a second-generation photosensitizer that has a longer wavelength for its
activation than Photofrin. [8] Visudyne is a liposomal formulation of Verteporfin and has
been used for the treatment of age-related macular degeneration. [9] 5-ALA is a pro-drug
that can be converted into PpIX in the biosynthetic pathway to allow a selective
accumulation of PpIX in tumor after administration of 5-ALA. [10] However, in the
adequate clinical treatment, high doses of 5-ALA is necessary in administration to be
administered to reach therapeutic effect levels of PpIX. [11] So far, PpIX cannot be
directly injected intravenously due to its low water solubility. Also, almost of clinically
approved PDT drugs based on a porphyrin skeleton are hydrophobic and low water
soluble. [12,13] Therefore, much attention has been focused on drug-delivery vehicles as
nanoscale drug-delivery platforms such as liposomes. [14], dendrimers [15], and micelle
[16,17] . Two types of strategy for liposomal delivery of photosensitizers have been
mainly developed: (1) encapsulation of water-soluble photosensitizers in aqueous inner

of liposomes (Figure 1A), and (2) accumulation of hydrophobic photosensitizers in
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liposomal bilayer (Figure 1B). Our interest is the development of a water-soluble PpIX
having amphiphilic property. Therefore, we focused on the vinyl and carboxylic acid
groupss on PpIX and designed PpIX lipids having long alkyl chains and lithium
carboxylates on PpIX, expecting their micelle formations in water. Recently,
porphysomes that are liposome-like nanoparticles self-assembled by porphyrin lipids in
a 100 nm-diameter, have been reported for biophotonic imaging and therapy. [18-19] In
this chaper, I describe the synthesis of PpIX lipids and their micelle formations. I
developed an alternative strategy for liposomal delivery of photosensitizers: post-
insertion of PpIX-lipids in liposomal bilayer (Figure 1C). The advantage of PpIX-lipid
post-inserted liposomes is able to prevent aggregation, which may interfere with PDT
effect and decrease the fluorescence of the porphyrin dye. I describe the synthetic
approach of PL-liposomes and their distribution and ROS function in the cells. The
investigation would contribute to the fundamental understanding of PDT effects by
porphyrin liposomes, which will facilitate the implementation of these nano

photosensitizers for cancer therapy.
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Figure 1. Photosensitizer liposome; (left) Encapsulation of water-soluble
photosensitizers in the aqueous interior of liposomes. (center) Accumulation of
hydrophobic photosensitizers in the liposomal bilayer. (right) Post-insertion of PpIX

lipids into liposomal bilayer (the approach used in this study).
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3.2. Results and Discussion

3.2.1. Synthesis of PplX-lipids.

The synthetic route of PpIX-lipids is shown in Scheme 1. Acid esterification of
protoporphyrin IX (PpIX; 1) in the presence of H>SO4 in MeOH at -10 °C gave
protoporphyrin IX dimethyl ester 2 in 95% yield. The vinyl groups of 2 were
hydrobrominated with HBr/AcOH (25%) to yield the corresponding bis(a-methyl-p-
bromo) protoporphyrin IX dimethyl ester 3, which was then immediately treated with 1-
tridecanol, 1-pentadecanol, and 1-heptadecanol in the presence of cesium carbonate
(Cs2CO0O3) for 2 h at room temperature to give the corresponding ethers 4a-c¢ in 18-23%
yields. Finally, hydrolysis of 4a-c¢ with LiOH*H>Oin a mixed solvent system of
THF/MeOH/H>O (1:1:1) for 6 h afforded PpIX-lipids (PL-C13, PL-C15, and PL-C17)

in high yields.
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Scheme 1. Synthesis of PpIX lipids
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Reagents and conditions: a. HoSO4, MeOH, -10 °C, 18 h, 95%; b.HBr, AcOH, r.t., 2h; c.
ROH, CHxCl,, K>COs, r.t., 2h, 3a; 23%, 3b; 18%, 3¢; 21% in two steps; d. (i) LiOH,
MeOH/H,O/THF (1:1:1), r.t., 6h; (i) HCI (1N), 4a; 90%, 4b; 90%, 4c¢; 93%.
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3.2.2. Characterization and cytotoxicity of PpIX lipid micelles

To an aqueous lithium hydroxide solution was added PpIX-lipids, such as PL-C13, PL-
C15, or PL-C17, dissolved in THF and methanol solution, and the mixture was stirred
until the hydrolysis was completed. THF was removed under the reduced pressure and
the resulting lithium salts (5a-c) of PpIX-lipids were dissolved in water (1 mL) to form
micelles. Particle size distributions, zeta potentials and cytotoxicity of these PpIX-lipid
micelles are summarized in Table 1. PpIX-lipid micelles were distributed in the rage of
78.8-745.6 nm with average sizes of 585.3, 510.3, and 588.1 nm and peak sizes of 712.4,
615.1, and 615.1 nm for PL-C13, PL-C15, and PL-C17 micelles, respectively. These
results indicate that PpIX-lipid micelles forms relatively large aggrigates in water. PpIX-
lipids micelles exhibited similar average zeta potentials of -8.51 to -6.54mV, revealing
that PpIX-lipid micelles are negatively charged due to two carboxylate moieties in their
molecules. Cytotoxicity of PpIX-lipid micelles toward HeLa cells without light
irradiation was indicated as a half maximal (50%) inhibitory concentration of cell growth.
As shown in Table 1, PpIX-lipid micelles are relatively low toxic and their ICso values

toward HeLa cells are 379.9, 151.7, and 355.1 uM, respectively.
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Table 1. Characterization of PpIX-Lipid Micelles”

PpIXlipid Average size Peak size Zeta ICso®
(nm) (nm) Potential(mV) (M)
PL-C13 5853+74 712.4 -6.54 £ 11.8 379.9 £ 54.9
PL-C15 510.3 +12.8 615.1 -8.51+18.9 151.7+4.1
PL-C17 588.1 +£15.8 615.1 -6.86 £12.0 355.1+£20.9

“Particle size (diameter)distributions and zeta potentials of PpIX-lipid micelles were
measured by an electrophoretic light scattering spectrophotometer (Nano-ZS, Sysmex,
Japan). “HeLa cells (5%10° cells per well of a 96-well plate) were incubated at 37°Cfor
72 h in RPMI-1640 medium (100 pL) containing various concentrations of the PpIX-lipid
micelles. After the incubation, the cell viability was determined by the MTT assay. The
drug concentration required to reduce cell viability by 50% (ICso) was determined from

semilogarithmic dose-responseplots.

3.2.3. Preparation and characterization of PL-C17 liposomes.

PL-C17 micelles were selected for preparation of PL-C17 liposomes by a post insertion
method, because PL-C17 micelle showed low cytotoxicity and two long alkyl chain
similar to DSPC having higher phase transition. PEG-liposomes were prepared from
DSPC, Cholesterol and DSPE-PEG (1:1:0.11, molar ratio) by the reverse-phase
evaporation (REV) method. The liposomes were purified by ultracentrifuging at 200,000
g for 60 min at 4 °C after through a polycarbonate membrane of 100 nm pore size. The
PL-C17 micelle solution was added to the liposome solutionwith DSPC/PL-C17 molar
ratios of 1:0.05-0.2 to generate PL-C17 liposomes. Figure 2A shows the liposome
solution mixed with the PL-C17 micelles. After ultracentrifuging at 200,000 g for 60 min
at 4 °C, the supernatant obtained was colorless as shown in Figure 2B, revealing that all
PL-C17 lipids were inserted in the liposomes at the DSPC/PL-C17 molar ratio of 1:0.2.

The particle size and zeta potential of PL-C17 liposomes were measured by the
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electrophoretic light scattering spectrophotometer. As shown in Figure 2C, the size of
liposomes increased with the molar ratio: the original liposome size was 113 nm whereas
the sizes of PL-C17 liposomes with molar ratios of 1:0.05-0.2 were average diameters of
138.5 to 176.9 nm. These results indicate that the post insertion of PL-C17 lipids increases
liposome sizes with increasing PL-C17 contents. PL-C17 liposomes with molar ratios of
1:0.05-0.2 showed similar zeta potentials of -32.6 to -45.8 mV, although the zeta potential
of the original liposomes was -16.8 mV. A concentartion of PL-C17 post-inserted into
PEG-liposome was determined by a standard curve of the concentration-dependent PL-

C17 fluorescence intensity (Figure 4.).

©)
DSPC/PL- Size (nm) Zeta (mV)
C17
1:0 113.5+0.9 -16.8 £ 18.1
1:0.05 1385+ 1.4 -32.6+13.5
1:0.1 149.9+2.6 -46.0+£10.9
1:0.2 176.9+1.3 -45.8+16.2

Figure 2. The liposome solutions mixed with the PL-C17 micelles before
ultracentrifuging (A) and after ultracentrifuging (B). Sizes and zeta potentials of the
liposomes in various ratios of DSPC/PL-C17 (C).
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3.2.4. Absorbance of PplX, PL-C17 micelles, and PL-C17 liposomes.

UV/V is absorbance of PpIX, PL-C17 micelles, and PL-C17 liposomes were measured
over the 300-700 nm wavelength range. The UV/Vis spectra of PpIX, PL-C17 micelles,
and PL-C17 liposomes in H>O (10 pM) are shown in Figure 3. Each spectrum contains a
high-energy Soretband (peak position=ca. 409 nm) and lower-energy Q bands (peak
positions=ca. 512, 546, 584, 637 nm) arising from p—p* transitions, typical for the PpIX

(1) framework. [20] Although a maximum absorbance peak of PpIX was observed at 409
nm, the maximum absorbance peaks of PL-C17 micelles and liposomes was lower and

wider than that of PpIX probably due to the aggregation of PL-C17. [21]
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Figure 3. Absorbance of PpIX, PL-C17 micelles, and PL-C17 liposomes. UV/Vis spectra

of PpIX, PL-C17 micelles, and PL-C17 liposomes were measured over the 300-700 nm

wavelength range in H>O at 10 uM concentration.
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Figure 4. A standard curve of the fluorescence of PL-C17 micelle solution in the 0-50

uM range.
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3.2.5. Time-dependent localization and accumulation of PL-C17 micelles and liposomes

in cells

Next, I examined the localization of PpIX, PL-C17 micelles and liposomes in HeLa cells
and colon 26 cells. The cells were incubated with PL-C17 micelles, liposomes and PpIX
for 1-6 h at 100 uM. Fluorescence images of each porphyrin derivative in colon 26 cancer
cells were photographed by a fluorescent miscroscopy immediately (Figure 5-1) and 5 h
after incubation at 37 °C in RPMI-1640 medium (Figure 5-3). As shown in Figure 5-1,
Each porphyrin derivative distributed in both the membrane and cytoplasm of cells.
Interestingly, PL-C17 micelle and liposomes translocated from membrane to a certain
organelle in the cells, whereas PpIX stayed in both the membrane and cytoplasm of cells
(Figures 5-2 vs. 5-3). Therefore, we examined that Golgi apparatus were stained with
green-fluorescence probes (Golgi-ID, a Golgi apparatus-selective dye suitable for live
cell) and confirmed whether PL-C17 micelles and liposomes were localized in Golgi
apparatus or not. Figure 5-2 shows fluorescence images of PL-C17 liposomes (red) and
Golgi apparatus (green) in colon 26 cells. The merged image indicates the orange
fluorescence, revealing that the PL-C17 micelles and liposomes are accumulated in the
Golgi apparatus after 2 h incubation (Figure 5-4).

In cellular accumulation study of PL-C17 micelle, liposome and PpIX, HeLa cells were
incubated with PL-C17 micelle, liposomes and PpIX for 1-6 h at 100 pM cells, removed
from the dishes with 0.25 w/v % Tripsin-1 mmol/L EDTA (WAKO), and collected with
PBS, and then the fluorescent intensity of the cells was measured by flow cytometry
analysis. As shown in Figure 5-5, the cellular uptake of each porphyrin derivative
increased along with the incubation time (Figure 5-5 A), besides the each porphyrin

derivative in the cells didn’t decrease in 5 h (Figure 5-5 B).
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(A)

(B)

PL-C17 micelle

©

PL-C17 Liposome

Figure 5-1. Colon 26 cells were incubated with PL-C17 micelles, PL-C17 liposomes, and
PpIX for 1h at 100 uM. Fluorescence images of PpIX (A), PL-C17 micelles (B) and PL-
C17 liposomes (C) in the cells are visualized immediately by confocal fluorescence
microscopy after PBS wash. The cell nuclei were stained with DAPI and Golgie apparatus
were stained with Golgi-ID, a Golgi apparatus-selective dye suitable for live cells (Green

Assay Kit, Enzo Life Sciences, Inc.). Scale bars indicate 30 um.
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Figure 5-2. CT26 cells were incubated with the cells for 1 h at 100 uM concentration of

PPIX or PL-C17 micelle and liposomes. After cells were washed with PBS, the cells
incubated 2 h at 37°Cin RPMI-1640 medium. Fluorescence images of PpIX (A) and PL-
C17 micelles (B) and PL-C17 liposomes (C) in Colon 26 cells. PL-C17 (red) was
visualized with confocal fluorescence microscopy. The cell nuclei were stained with
DAPI. Golgies were stained with Golgi-ID, a Golgi apparatus-selective dye suitable for

live cell (Green Assay Kit, Enzo Life Sciences, Inc.). Scale bars indicate 30 pm.
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(A)

(B)

PL-C17 micelle

©

PL-C17 Liposome

Figure 5-3. Colon 26 cells were incubated with PL-C17 micelle, liposomes and PpIX for
1h at 100 uM. Fluorescence images of each porphyrin in the cells are shown 5h incubated
at 37°Cin RPMI-1640 medium after washing each porphyrin. PpIX (A), PL-C17 micelles
(B) and PL-C17 liposomes (C). PL-C17 (red) was visualizedwith confocal fluorescence
microscopy. The cell nuclei were stained with DAPIL. Golgies were stained with Golgi-
ID, a Golgi apparatus-selective dye suitable for live cell (Green Assay Kit, Enzo Life

Sciences, Inc.). Scale bars indicate 30 um.
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Figure 5-4. Colon 26 cells were incubated with PL-C17 liposomes for 1h at 100 uM.
Fluorescence images of each porphyrin in the cells are shown Oh (A), 2h (B) and 5h (C)
incubated at 37°C in RPMI-1640 medium after washing each porphyrin. PL-C17
liposome was visualized with confocal fluorescence microscopy. Golgies were stained
with Golgi-ID, a Golgi apparatus-selective dye suitable for live cell (Green Assay Kit,

Enzo Life Sciences, Inc.).
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Figure 5-5. Cellular accumlation of PL-C17 micelles (Black bar) and PL-C17 liposomes
(White bar) in HeLa cells. The fluorescent intensity was measured by flow cytometry
analysis. (A) For timecourse cellular uptake studies, cells were incubated with 100 uM
PL-C17 micelle or liposome solution for times ranging from 0.5 to 6 h. (B) For timecourse
cellular keeping studies, cell were incubated in medium for times ranging from 0 to 5 h

after incubated with 100 uM PL-C17 micelle or liposome solution for 1 h.
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3.2.6. Incubation-time dependent PDT effects of PL-C17 micelles and liposomes

Phototoxicity of PL-C17 micelles and liposomes toward HeLa cells was examined under
light irradiating conditions. HeLa cells were incubated at 37 °C for 1 h (Methods A and
C) or 6 h (Method B) in RPMI-1640 medium containing various concentrations of the
PL-C17 micelles, PL-C17 liposomes or PpIX. Methods A and B: the light irradiation was
carried out immediately after removal of the PpIX-lipid micelles-containing medium.
Method C: the light irradiation was carried out after removal of the PL-C17 micelles-
containing medium followed by 5h incubation in RPMI-1640 medium. (light irradiation;
88 mW/cm?, 2 min.) After incubation for 72 h, viable cells were determined by MTT
assay. The results are summarized in Table 2. PpIX itself significantly inhibited cell
growth under light irradiated conditions with ICso of 1.4-4.5 uM. In contrast, the cell
growth inhibition of PL-C17 micelles was one-fold less than that of PpIX and ICso was
16.5-17.3 uM as Method A and Method B. PL-C17 liposomes showed approximately
twice as potent as PL-17 micelles and the IC50 values were in the range of 6.3-7.9 uM.
On the other way, as shown in Table 2. (Method C.), PL-C17 micelles and liposomes
indicated the decrease of PDT effect. These results are probably due to more
heterogeneous distribution as well as lower absorbance of PL-C17 micelles and
liposomes in comparison with PpIX. (Figure 5-2, 3). These results indicates that
phototoxicity of PL-C17 micelles and liposomes toward cancer cells is not dependent on
their quantity but highly dependent on their localization in the cells. Therfore, next we
examined cellular membrane defect on HeLa cells by LDH assay. LDH assay has been
widely used to evaluate the damage of tissues and cells. In this study, fifty percent
cytopathic damage of HeLa cells incubated with PL-C17 micelle and liposomes for 1 h
were about 23.2-35.6 uM (Table 3). On the other hands, cytopathic damage of HeLa cells
after 1h incubation with PL-C17 followed by 5 h incubation in RPMI-1640 medium was
one—fold less than that after 1 h incubation with PL-C17. These results indicate that PDT

effect is highly dependent on the localization of porphyrin derivatives in the cells
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Table 2. PDT effect of PpIX, PL-C17 micelles, and PL-C17 liposomes

Method A Method B Method C
PL-C17 Liposome 6318 79 *0.9 73.5 £ 4.2
PL-C17 Micelle 17.3%£2.2 16.5 £1.2 > 100
PpIX 3.5 £ 0.1 14 = 02 45 +0.7

HeLa cells (5x10° cells per well of a 96-well plate) were incubated at 37 °C for 1 h
(Methods A and C) or 6 h (Method B) in RPMI-1640 medium containing various
concentrations of each porphyrin derivative . Methods A and B: the light irradiation was
carried out immediately after removal of the PpIX-lipid micelles-containing medium.
Method C: the light irradiation was carried out after removal of the PL-C17 micelles-
containing medium followed by 5h incubation in RPMI-1640 medium. The cell viability
was determined by the MTT assay 72 h after irradiation. The drug concentration required
to reduce cell viability by 50% (ICso) was determined from semilogarithmic dose-

response plots.
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Table 3. LDH Assay toward HeLa cells treated with PpIX, PL-C17 micelles, and PL-C17

liposomes at various concentrations.

50% C.P. (uM) Method A Method B
PL-C17 Liposome 23.2 324.6
PL-C17 Micelle 35.6 106.8
PpIX 1.4 4.7
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Drug Concentration (uM)

Methods A: the light irradiation was carried out immediately after removal of the each
porphyrin derivative-containing medium. Method B: the light irradiation was carried out
after removal of the each porphyrin derivative-containing medium followed by 5h
incubation in RPMI-1640 medium. HeLa cells were incubated for 1h with PL-C17
micelles(@), PL-C17 liposomes (@), or PpIX (@), and followed by 5 h in RPMI-1640
medium with PL-C17 micelles(®), PL-C17 liposomes (@), or PpIX (7).
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3.2.7. Detection of reactive oxygen species (ROS)

The production of reactive oxygen species (ROS) is crucial for efficient PDT. It has been
studied that the first ROS formed during PDT is singlet molecular oxygen ('O,) and that
other ROS are formed downstream including superoxide anion radical (*CO>"), hydrogen
peroxide (H202) and hydroxyl radical (*OH). [22] Therefore, we next examined
intracellular ROS imaging and assay generated by PL-C17 micelles and liposomes in cells
after light irradiation. Detection of ROS was investigated by molecular green fluorescent
probe CM-H>DCFDA. Figure 6A and 6B show intracellular ROS imaging. The
generation of ROS was dependent on concentration of PL-C17 micelles and PL-C17
liposomes in the cells after the light irradiation for 2 min. Both PL-C17 micelles and
liposomes effectively induced the ROS in HeLa cells. The ROS production induced by
PL-C17 micelles and liposomes resulted in inhibition of the cell growth as indicated in
Table 2.

Furthermore, these results displayed that not the quantity but localization of PL-C17 is
essential for cytototoxicity induced by ROS in the cells. Next, we examined HeLa cells
were incubated with 100 uM PL-C17 micelle or liposome solution for 1 h and after PBS
wash incubated in RPMI-1640 medium for times ranging from 0 to 5 h. After irradiation,
the intensity of DCF into HeLa cells measured by fluorescence plate reader. As shown in
Figure 7, the fluorescence intensity of DCF measured similar over time, respectivery. The
results indicated there is no correlation between the amount of ROS and PDT effects, the
most important of PDT effect toward cells is localization of ROS generated from PL-C17

micelle and liposmes in cell membrane. (Table 3)
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(A)

Figure 6. Concentration-dependent generation of reactive oxygen species (ROS) after the
light irardiation with a xenon lamp in the 400 to 800 nm range for 2 min. in the presence
of PL-C17 micelles (A) and PL-C17 liposomes (B). After PBS washes, cells were stained
with H2DCFDA (10uM) for 30 min. Scale bars indicate 40 pm.
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Figure 7. The generation of reactive oxygen species (ROS) after irradiation with a
xenon lamp in the 400-800 nm range for 2 min in the presence of PpIX (slash bar), PL-
C17 micelles (cross bar) and PL-C17 liposomes (white). After irradiation, the cells were
cultured in RPMI-1640 for 0-5 h and stained with H2DCFDA (10 uM) for 30 min. The
cells were lysed and then the fluorescent intensity was measured by fluorescence plate

reader (Thermo Fisher). None (no drug and irradiation) was used as a positive control.
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3.2.8. ROS-induced oxidation of DOPC with in PL-C17 micelle solution

PL-C17 micelle solution was added to a methanol solution of DOPC
(dioleoylphosphatidylcholine) and the mixture was stirred for 1 min. Then, the mixture
was irradiated with a xenon lamp in the 400—800 nm range for 2 min. and Mass Spectra
of the mixture was measured by LCMS (Shimadzu). The Mass spectra of the mixture

appeared at 817.6 and 850.6, that were assigned the adducts of two and four oxygen atoms

to DOPC, respectively. The result indicated singlet oxygen oxidized to double bond with
DOPC. [23]

B)

Figure 8. Mass spectra of the mixture of DOPC and PL-C17 micelle in methanol before
(A) and after (B) light irradiation.
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3.2.9. Ros-induced disruption of calcein-encapsulating DOPC liposomes post-inserted

with PL-C17 as a cell membrane model

As a cell membrane model, the liposomes were prepared from DSPC, DOPC, cholesterol
and DSPE-PEG (0.75:0.25:0.1:0.11, molar ratio) in a 100 mM calcein solution by the
reverse-phase  evaporation (REV)  method. PL-C17  micelle  solution
(Phosphatidylcholine : PL-C17=1 : 0.1) was added to the liposome solution to generate
calcein-encapsulating DOPC liposomes with PL-C17 (the post-inserted liposomes). The
liposome were irradiated with a xenon lamp (88 mW/cm?, average) in 96-well plate in
the 400—-800 nm range for 2 min, and the intensity of released calcein was measured at 0,
30, 90, and 180 min after irradiation by fluorescence plate reader. As shown in Figure 8§,
the intensity of the calcein-encapsulating liposome with PL-C17 irradiated (@) increased
in a time-dependent manner, whereas the intensity of the liposome treated with 1% triton
x100 (O) and control (without irradiation) did not increased. The intensity of calcein
released from the liposome was similar to that treated with 1% triton x100 at 150 min
after irradiation. Furthermore, the average particle size of calcein-encapsulating liposome
post-inserted with PL-C17 was changed from 126.8 nm to 164.7 nm after light irradiation
(Figure 9). These results indicated that oxidization of double bond in DOPC ruptured the
liposomal membrane and calcein was released from the inner of the liposomes, revealing
that the rupture of cell membrane by addition of single oxygen may induce additional

effects of phototoxicity toward cancer cells.
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Figure 9. Intencity of calcein release from calcein encapsulated liposome with PL-C17

after irradiation. O, 1% triton X100; @, with irradiation; 2\, Control (without

irradiation)
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Figure 10. Particle size of encapsulating DOPC liposome with PL-C17 (A) before (B)

after irradiation
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3.2.10. Biodistribution of PL-C17 micelles and liposomes in colon 26 tumor bearing mice

PL-C17 micelles and liposomes were injected into the colon 26 tumor bearing mice via
the tail vein and the tumor tissue section was prepared for their biodistribution analysis
by a fluorescence microscopy. Because of the poor water-solubility of PpIX, 5-
aminolevulinicacid (5-ALA) was used as a control experiment. It is known that 5-ALA is
converted to PpIX in biosynthetic pathway, thus 5-ALA has been used for PDT and
photodiagnosis. [23] Fluorescence images of the tumor tissue of mice 36 h after injection
of PL-C17 micelles and liposomes are shown in Figure 5A and 5C, respectively, and each
tissue section stained with HE (Hematoxylin-Eosin) is shown in Figure 5B and 5D,
respectively. Although the red fluorescence was observed in the tumoral tissue of mice
injected with PL-C17 micelles (Figure 5A), the stronger fluorescence was detected in
those injected with PL-C17 liposomes (Figure 5C). On the other hand, the fluorescence
of PpIX derived from 5-ALA by in vivo biosynthesis was not clearly observed in Figure
5E. These results indicate that the PL-C17 liposome is an effective delivery vehicle of

PpIX-based photosensitizers to tumor in vivo.
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Figure 11. Biodistrubution of PL-C17 micelles (A) and PL-C17 liposomes (C) in colon

26 tumor bearing mice. 5-ALA was used a control experiment (E). (B), (D), and (F) show

each tissue section stained with hematoxylin-eosin (HE), respectively.
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3.3. Conclusion

PpIX lipids (PL) were synthesized by attaching two long alkyl chain, such as C13, C15,
and C17, on PpIX. The PpIX lipids having amphiphilic property are water soluble by
forming their micelle formations in water and relatively low cytotoxic toward colon 26
cells (ICso =151.7 — 379.9 uM) without light irradiation. PL-C17 liposomes were readily
prepared by post-insertion of PL-C17 into outer membrane of the liposomes. PL-C17
micelles homogeneously-dispersed on membrane of the liposomes prevent the
aggregation of porphyrins that is considered to diminish the PDT effect. These PL-C17
micelles, liposomes and PpIX distributed in the membrane and cytoplasm of cells 1 h
after incubation. However, PL-C17 micelles and liposomes were translocated into Golgi
apparatus after 2h and into a certain organelle in the cells after 5 h, whereas PpIX was
located in the both membrane and cytoplasm. Furthermore, PDT effect of each porphyrin
derivative on HeLa cells was highly dependent on the intracellular localization. A
significant cytotoxicity was observed in the porphyrin derivatives localized in plasma
membrane, whereas low cytotoxicity was observed in the porphyrin derivatives
accumulated into the cytoplasm. In order to clarify the mechanism of phototoxicity, we
examined the LDH assay to analyze cellular membrane defect. LDH assay has been
widely used to evaluate the presence of damage and toxicity of tissue and cells,
Cytopathic damage of the cell membrane is highly dependent on the localization of
porphyrin derivatives. Furthermore, the intracellular ROS generation was detected by
molecular green fluorescent probe CM-H,DCFDA, revealing that the localization of
porpyrin derivatives is more important than the accumulation for the PDT effect on HeLa
cells. Indeed, the experiment using calcein-encapsulating DOPC liposome with PL-C17
for the cell membrane model suggested the possibility of phototoxicity caused by
disruption of cellular membrane by the oxidation of unsaturated phospholipids by ROS.
Finally, PL-C17 liposomes were observed in tumor tissue 36 h after i.v. administration
in tumor-bearing mice. Since PL-C17 liposomes are still vacant in their interior aqueous

core, drugs including photosensitizers or antitumor agents are able to be encapsulated in
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the liposomes. In this regard, we can envision the combination therapy of PDT and

chemotherapy using the current photosensitizer lipid liposome system.
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3.4. Materials and Methods

3.4.1. General.

"H NMR and '3C NMR spectra were measured with Jeol INM-AL 300 (300 MHz) and
Varian Unity-Inova 400(400 MHz) spectrometers. 'H NMR and '*C NMR chemical shifts
are expressed in parts per million (ppm, o units), and coupling constants are expressed in
hertz (Hz). IR spectra were measured with a Shimadzu FTIR-8200 A spectrometer.
UV/Vis spectra were measured with a Shimadzu 2450 PC spectrophotometer over
the300-700 nm wavelength range. Elemental analyses were performed with a Perkin—
Elmer 2400 automatic elemental analyzer. The fluorescence (excitation and emission)
spectra were determined with a Jasco FP-6500 PC spectrophotometer. Electron spray
ionization (ESI) mass spectra were recorded with a Shimadzu LCMS-2010 eV
spectrometer. Analytical thin-layer chromatography (TLC) was performed on glass plates
(Merck Kieselgel 60 F254, layer thickness 0.2 mm). Samples were visualized with the
aid of UV light (254 nm), I, or KMnOs. Column chromatography was performed on
silica gel (Merck Kieselgel 70-230 mesh). Preparative thin layer chromatography (TLC)
was carried out with 0.75 mm layers ofsilica gel G (Merck, GF254) made from water
slurries on glass plates of dimensions 20x20 cm?, followed by drying in air at 100°C. All
reactions were performed with shielding from light in dry solvents under nitrogen
atmosphere using standard Schlenk techniques. Distearoylphosphatidylcholine (DSPC),
Dioleylphosphatidylcholine (DOPC) and DSPE-PEG (SUNBRIGHT DSPE-020CN)
were purchased from Nippon Oil and Fats (Tokyo, Japan).All chemicals were of

analytical grade and were used without further purification.
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3.4.2. Synthesis of PpIX Lipids

Dimethyl 3,3'-(7,12-bis(1-tridecanoxyethyl)-3,8,13,17-tetramethylporphyrin-2,18-
diyl)dipropionate (3a).

Compound 1 (590 mg, 1.0mmol), which was prepared from protoporphyrin IX (PpIX)
under acid esterification condition, [24] was dissolved in HBr/acetic acid (25%, 30 mL)
under nitrogen atmosphere and the mixture was stirred for 2 h. All volatile solvents were
evaporated under vacuum to yield dimethyl 3,30-(7,12-bis(1-bromoethyl)-
3,8,13,17-tetramethylporphyrin-2,18-diyl)dipropionate (2) as a green colored liquid. The
resulting liquid was directly dissolved in dichloromethane (50 mL), and 1-tridecanol(2.2
mmol, 441 mg) and Cs2CO3 (2.2 mmol, 304 mg) were added to the dichloromethane
solution. The reaction mixture was again stirred under nitrogen atmosphere for 2 h and
filtered. The resulting filtrate was concentrated under the reduced pressure and the residue
was purified by preparative TLC on silica gel with CH2CI2/MeOH (20:1) to give
compound 3a (218 mg, 23% yield) as a dark violet crystal. Rf= 0.8 (CH2Clo/MeOH 20:1);
1H NMR (400 MHz, CDCl3, TMS) 610.63 (s, 1H), 10.61 (s, 1H), 10.11 (s,1H), 10.08 (s,
1H), 6.09 (m, 2H), 4.41-4.45 (m, 4H), 3.73 (s, 3H),3.71 (s, 3H), 3.70 (s, 3H), 3.69 (s, 3H),
3.68 (s, 3H) 3.67 (s, 3H), 3.65 (m, 4H), 3.28-3.32 (m, 4H), 2.25-2.27 (d, ] = 7.0 Hz,
6H),1.09-1.80 (m, 42H), 0.84 (t, J] = 12.9 Hz, 6H); 13C NMR (75 MHz,CDCl3, TMS)
0173.7 (2C; C=0), 140.6, 140.4, 138.4, 138.2, 137.2,136.8, 136.5 (16C; C pyrrole), 98.8,
98.6, 96.8, 96.1, 73.3 (2C,OCH) 69.6 (2C, OCH»), 51.74 (2C; CO>CHz3), 37.0 (2C,
CH3CH), 31.9(2C; CH.COOMe), 30.3, 29.5, 29.3, 26.4, 25.5, (24C; -CHz»-), 22.6(2C;
CH>CH2COO0), 21.9, 14.1 (2C, CH3C pyrrole), 11.7 ppm (2C;CH3C pyrrole); IR (NaCl
disc) 3311, 2924, 2853, 1739, 1435,1100 cm™'; MS (ESI, positive): m/z (%): 991; HRMS
(ESI, positive)m/z Caled for Ce2Ho4N4Og [M+H]+; 991.7252, found: 991.7252.
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Dimethyl 3,3'-(7,12-bis(1-pentadecanoxyethyl)-3,8,13,17-tetramethylporphyrin-
2,18-diyl)dipropionate (3b).

This compound was synthesized from compound 1 (590 mg,1.0 mmol) and 1-
pentadecanol (503 mg, 2.2 mmol) using the procedure described for 3a to give 3b (200
mg 18% yield) as a dark violet solid: Rf= 0.8 (CH2Clo/MeOH 20:1); 1H NMR (400 MHz,
CDCI3,TMS) 610.61 (s, 1H), 10.59 (s, 1H), 10.10 (s, 1H), 10.07 (s, 1H), 6.10 (m, 2H),
4.40-4.44 (m, 4H), 3.71 (s, 3H), 3.70 (s, 3H), 3.69 (s,3H), 3.68 (s, 3H), 3.67 (s, 3H), 3.65
(s, 3H), 3.64 (m, 4H), 3.27-3.31 (m, 4H), 2.24-2.25 (d, J = 3.4 Hz, 6H), 1.07-1.80 (m,
50H),0.84 (t,J =7.0 Hz, 6H; CH3); 13C NMR (75 MHz, CDCl3, TMS) 8173.6 (2C; C=0),
140.4, 138.3, 137.3, 137.0 (16C; C pyrrole), 98.8,98.5, 96.8, 96.1, 73.3 (2C; OCH), 69.6
(2C; OCH»), 51.7 (2C;COOCH3), 37.0, 31.9 (2C; CH.COOMe), 30.3, 29.6, 29.5, 29.3
26.4,25.5 (26C; -CH»-), 22.7 (2C;CH2CH2COOMe), 21.9 (2C;-CHz-),14.1 (2C; CH3C
pyrrole), 11.8 (2C; CH3C pyrrole) ppm; IR (NaCl disc) 3311, 2923, 2853, 1739, 1457,
1166 cm™'; MS (ESI, positive):m/z (%): 1047; HRMS (ESI, positive) m/z Caled for
Cs6H102N4Og[ M+H]+; 1047.7878, found: 1047.7878.

Dimethyl 3,3'-(7,12-bis(1-heptadecanoxyethyl)-3,8,13,17-tetramethylporphyrin-
2,18-diyl)dipropionate (3¢c).

This compound was synthesized from compound 1 (590 mg,1.0 mmol) and 1-
heptadecanol alcohol (564 mg, 2.2 mmol) using the procedure described for 3a to give 3¢
(210 mg 21% yield) as a dark violet solid: Rf= 0.8 (CH2Clo/MeOH 20:1); 1H NMR(400
MHz, CDCl3;, TMS) 610.62 (s, 1H), 10.60 (s, 1H), 10.11 (s, 1H),10.07 (s, 1H), 6.08 (m,
2H), 4.04—4.44 (m, 4H), 3.74 (s, 3H), 3.72(s, 3H), 3.70 (s, 3H), 3.69 (s, 3H), 3.68 (s, 3H),
3.67 (s, 3H), 3.65(m, 4H), 3.28-3.31 (m, 4H), 2.24-2.26 (d, J = 6.4 Hz, 6H), 1.08-1.77
(m, 58H), 0.86 (t, J = 6.8 Hz, 6H; CH3); 13C NMR (75 MHz, CDCl3, TMS) 6173.6 (2C;
C=0), 140.4, 138.3, 137.1, 136.7 (16C; C pyrrole), 98.82, 98.54, 97.73, 96.04, 73.3 (2C;
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OCH), 69.6 (2C;0CH»), 51.7 (2C; COOCH3s), 36.9, 31.9 (2C; CH2COOMe), 30.3,
29.7,29.6, 29.6, 29.5, 29.5, 29.3, 26.4, 25.5 (30C; -CH»-), 22.7 (2C;CH2CH2COOMe),
21.9 (2C;-CHz-), 14.1 (2C; CH3C pyrrole), 12.5(2C; CH3C pyrrole) ppm; IR (NaCl disc):
3311,2924,2852,1739,1435, 1166 cm™'; MS (ESI, positive): m/z (%): 1103; HRMS (ESI,
positive) m/z Caled for C7oH110N4Os [M+H]+; 1103.8504, found:1103.8504.

3,3'-(7,12-Bis(1-tridecanoxyethyl)-3,8,13,17-tetramethylporphyrin-2,18-
diyl)dipropionic acid(4a: PL-C13).

Compound 3a (99.1 mg, 0.1 mmol) was dissolved in a THF/MeOH/H20 mixture (15 mL,
1:1:1). LiOH*H>0 (9.23 mg, 0.22mmol) was added and the reaction mixture was stirred
for6 h at room temperature. The reaction mixture was filtered and the volume of the
filtrate was reduced under vacuum (5 mL). HCI (1 N, 2 mL) was slowly added to this
solution with stirring to precipitate the dark violet solid, which was filtered off and the
washed with water (5 mL) to give 4a (86.8 mg, 90% yield) as a dark violet solid. Rf= 0.8
(CH2Cl2/MeOH 20:1); 1HNMR (400 MHz,CDCl3, 25 C, TMS) 610.67 (brs, 1H), 10.65
(br s, 1H), 10.11 (br s,2H), 6.08 (m, 2H), 4.45 (m, 4H), 3.73 (s, 3H), 3.69 (s, 3H), 3.67
(s,3H) 3.65 (s, 3H), 3.63 (m, 4H), 3.36-3.37 (m, 4H), 2.23-2.24 (d, ] = 2.4 Hz, 6H), 1.08—
1.80 (m, 42H), 0.83 (t, J = 7.0 Hz, 6H); 13CNMR (300 MHz, CDCIl3, TMS) 6179.6 (2C;
C=0), 145.2, 140.8,140.1 (16C; C pyrrole), 99.2, 98.8, 97.2 (4C; porphine), 73.3
(2C,0CH), 69.6 (2C, OCH»), 37.5 (2C, CH3CH), 31.8 (2C; CH.COOMe),30.3, 29.7, 29.5,
29.3, 26.4, 25.5 (24C; -CHz-), 22.6 (2C; CH2CH2COO0), 14.1 (2C, CHsC pyrrole), 11.7
ppm (2C; CH3C pyrrole); IR (NaCl disc): 3309, 2923, 2853, 1713, 1456, 1100 cm™';MS
(ESIL, positive): m/z (%): 963.7, HRMS (ESI, positive) m/z Calcd for CsoHooN4Os
[M+H]+; 963.6939, found: 963.6939.
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3,3'-(7,12-Bis(1-pentadecanoxyethyl)-3,8,13,17-tetramethylporphyrin-2,18-
diyl)dipropionic acid (4b: PL-C15).

This compound was synthesized from compound 3b (105.0 mg,0.1 mmol) and
LiOH*H>0(9.23 mg, 0.22 mmol) using the procedure described for 4a to give 4b (91.8
mg, 90% yield) as a dark violet solid; Rf= 0.8 (CH2Clo/MeOH 20:1); 1H NMR (400 MHz,
CDCl3,TMS) 610.67 (br s, 2H), 10.11 (br s, 2H), 6.10 (m, 2H), 4.43 (m,

4H), 3.74 (s, 3H), 3.72 (s, 3H), 3.68 (s, 3H), 3.66 (s, 3H), 3.62 (m,4H), 3.34 (m, 4H), 2.24
(m, 6H), 1.09-1.78 (m, 50H), 0.83-0.87(m, 6H); 13C NMR (300 MHz, CDCl3, TMS)
8179.9, 179.6 (2C;C=0), 140.8, 138.0, 136.7 (16C; C pyrrole), 99.2, 98.8, 97.2, 95.7(4C,;
porphine), 73.3 (2C; OCH), 69.6 (2C; OCH>), 37.5 (2C, CH3CH),31.9 (2C; CH.COOMe),
30.3, 29.7, 29.5, 29.6, 29.3, 26.4, 25.5 (26C; -CH»-), 22.7 (2C; CH2CH2COOMe), 22.0
(2C; -CH»y-), 14.1 (2C; CHsCpyrrole), 11.7, 11.6 (2C; CH3C pyrrole) ppm; IR (NaCl
disc): 3311,2923, 2853, 1739, 1455, 1165 cm™'; MS (ESI, positive): m/z(%):1019; HRMS
(ESI, positive) m/z Caled for CesHosN4Os [M+H]+;

1019.7565, found: 1019.7568.

3,3'-(7,12-Bis(1-heptadecanoxyethyl)-3,8,13,17-tetramethylporphyrin-2,18-
diyl)dipropionic acid(4c: PL-C17).

This compound was synthesized from compound 3¢ (110 mg,0.1 mmol) and LiOH*H>O
(9.23 mg, 0.22 mmol) using the procedure described for 4a to give 4¢ (100 mg, 93%
yield) as a dark violet solid; Rf= 0.8 (CH2Cl,/MeOH 20:1); 1H NMR (400 MHz, CDCls,
TMS)5810.67 (br s, 1H), 10.65 (br's, 1H), 10.12 (br s, 1H), 10.10 (br s, 1H),6.12 (m, 2H),
4.45-4.51 (m, 4H), 3.77 (s, 3H), 3.75 (s, 3H), 3.73 (s,3H), 3.70 (s, 3H), 3.64 (m, 4H),
3.41-3.42 (m, 4H), 2.24-2.27 (m,6H), 1.10-1.84 (m, 58H), 0.85-0.90 (m, 6H); 13C NMR
(300 MHz,CDCl3, TMS) 6180.1 (2C; C=0), 140.6, 137.9, 137.0, 136.5 (16C; C pyrrole),
99.1, 98.8, 96.9, 95.5 (4C; porphine), 73.3 (2C; OCH),69.6 (2C; OCH»), 37.6 (2C,
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CH;CH), 31.9 (2C; CH2COOMe), 30.3,30.2, 29.7, 29.6, 29.5, 29.3, 26.5, 26.4, 25.5, 25 .4
(30C; -CH2-), 22.7 (2C; CH:CHCOOMe), 22.0 (2C; -CHz-), 14.1 (2C; CHsC
pyrrole),11.8 (2C; CH3C pyrrole) ppm; IR (NaCl disc): 3311, 2923,2852, 1709, 1463,
1099 cm™; MS (ESI, positive): m/z (%):1075;HRMS (ESI, positive) m/z Calcd for
C70H106N4O¢ [M+H]+;1075.8191, found: 1075.8183.

3.4.3. Preparation and characterization of PpIX-lipid micelle

PpIX-lipids (PL-C13, PL-C15, or PL-C17; 0.01 mmol) dissolved in THF and methanol
solution (4 mL, THF : methanol = 3 :1) was added to an aqueous lithium hydroxide
solution (0.02 M, ImL) and the mixture was stirred for 1h. THF was removed under the
reduced pressure and the resulting lithium salts (5a-¢) of PpIX-lipids were dissolved in
water (1mL) to form micelles. PpIX lipids micelle solution was filtrated 3 times through
a filter with 0.45 um pore size (Sigma Aldrich, 16555K, Minisart Filter, 0.45um). Particle
sizes of these micelles were measured with an electrophoretic light
scatteringspectrophotometer (Nano-ZS, Sysmex, Japan). UV/Vis spectra were measured

with a Shimadzu 2450 PC spectrophotometer over the 300—700 nm wavelength range.

3.4.4. Cytotoxicity of PpIX-lipid micelles without light irradiation

Human cervical carcinoma HeLa cells were used for these cell viability assay. These cells
(5x10° cells per well of a 96-well plate) were incubated at 37 °C for 72 h in RPMI-1640
medium (100 pL) containing various concentrations of the PpIX-lipid micelles. After the
incubation, 3’-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma) in PBS (5 mg/mL, 10puL) was added to each well, and the cells were further
incubated at 37 °C for 2h. After the removal of the medium, DMSO (100 mL) was added

and the absorbance at 570 nm was determined with a microplate reader. The drug
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concentration required to reduce cell viability by 50% (ICs0) was determined from

semilogarithmic dose-response plots.

3.4.5. Preparation and characterization of PL-C17 liposomes

Polyethyleneglycol (PEG)-liposomes were prepared from DSPC, Cholesterol and DSPE-
PEG (1:1:0.11, molar ratio) by thereverse-phase evaporation (REV) method. [25] Briefly,
amixture of DSPC (158mg, 0.2mmol), cholesterol (77.3mg, 0.2 mmol), and DSPE-PEG
(63.8mg, 0.02mmol) were dissolved in SmL of chloroform/ diisopropylether mixture (1:1,
v/v) in a round-bottom flask. Saline was added to the lipid solution to form an emulsion.
The emulsion was sonicated for 3 min., and then, the organic solvent was removed under
vacuum in a rotary evaporator at 55 °C for 30 min. to obtain a suspension of liposomes.
The liposomes obtained were subjected to extrusion 10 times through a polycarbonate
membrane of 100 nm pore size (Whatman, 110605, FILTER, 0.1UM, 25MM, Gentaur
Molecular Products, Belgium), using an extruder device (LIPEX™ Extruder, Northern
Lipids, Canada) thermostated at 55 °C. Purification was accomplished by
ultracentrifuging at 200,000 g for 60 min. at 4 °C (himac cp 80 wx, Hitachi Koki, Japan),
and the pellets obtained were resuspended in saline. PL-C17 micelle solution (DSPC :
PL-C17=1 : 0.05-0.2 molar ratio) was added to the liposome solution to generate PL-
C17 liposomes (the postinserted liposomes). Purification was accomplished by
ultracentrifuging at 200,000 g for 60 min at 4 °C, and the pellets obtained were
resuspended in saline. Particle size and zeta potential of PL-C17 liposomes were
measured with the electrophoretic light scatteringspectrophotometer. The concentartion
of PL-C17 post-inserted into PEG-Liposome was determined by a standard curve of PL-
C17 fluorescence. Fluorescence is linearly proportional to dye concentration in dilute
samples. However, if the concentration is too high self-quenching occurs and the

relationship between fluorescence and concentration is not linearly.
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3.4.6. Time-dependent localization and accumulation of PL-C17 micelles and liposomes

in cells

HeLa cells and colon 26 cells (1x10* cells) plated on 35 mm glass bottom dishes were
incubated either with PL-C17 micelles, PL-C17 liposomes or PpIX at 100 puM
concentration for 1-6 h. After cells were washed with PBS, the cells were cultured in
RPMI-1640 medium for 0-5 h, fixed with paraformaldehyde (4%) for 15 min., and stained
with 4',6-diamidino-2-phenylindole (DAPI; 100 nM) and Golgi-ID (50 nM, Green Assay
Kit, Enzo Life Sciences, Inc.) for 10 min. The cells were observed and photographed with
an Olympus IX71 microscope. To quantify the intracellular concentration of PL-C17
micelle and liposome, cells were washed with PBS, removed from the dishes with 0.25
w/v % Tripsin-1 mmol/L EDTA (WAKO), and collected with PBS. The fluorescent

intensity was measured by flow cytometry analysis.

3.4.7. PDT effect of PL-C17 micelles and liposome toward HeLa cells

The phototoxicity of PpIX, PL-C17 micelles, and PL-C17 liposomes toward HeLa cells
was examined under light irradiated condition. The cells were incubated for 1-6 h in
medium containing various concentrations of PpIX, PL-C17 micelles, or PL-C17
liposomes. After PBS wash, the cells were cultured in RPMI-1640 medium for 0-5 h and
irradiated with a xenon lamp (88 mW/cm?, average) in the 400-800 nm range for 2 min.
After incubation for 72 h, cell viability was determined by the MTT assay. In additoion,
the defect of cellular membrane of HeLa cells was determined by LDH assay

(Cytotoxicity Detection Kit™*US, Roche).
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3.4.8 Reactive oxygen species (ROS) imaging and assay

HeLa cells (5x10° cells) were incubated for 1 h in medium containing various
concentrations of the PL-C17 micelles and PL-C17 liposomes. Then the cells were
cultured in RPMI-1640 medium for 0-5 h and irradiated with a xenon lamp in the 400—
800 nm range for 2 min. The cells were stained with 5-(and-6)-chloromethyl-20,70-
dichlorodihydrofluorescein diacetate (H2ZDCFDA; 10 uM, Invitrogen, Carlsbad, CA) for
30 min. The cells were photographed with the microscope after PBS washes. Furthermore,
the cells were lysed with 1 % triton X100, and the fluorescent intensity of DCF was

determined by a microplate reader.

3.4.9. Detection of oxidation of ROS-induced DOPC

PL-C17 micelle solution (I mM, ImL) was added to methanol solution of DOPC
(dioleoylphosphatidylcholine, 2.5x10*mmol) and the mixture was stirred for 1 min. Then,
the mixture was irradiated with a xenon lamp (88 mW/cm?, average) in the 400—-800 nm

range for 2 min and Mass Spectro of the mixture was measured by LCMS (Shimadzu).

3.4.10. Morphology change of cell-membrane-model liposomes by ROS

Dioleoylphosphatidylcholine (DOPC)-liposomes as cell model were prepared from
DOPC, DSPC, Cholesterol and DSPE-PEG (X:1-X:1:0.11, molar ratio; X= 0, 0.1, 0.25,
0.5, 1) by the reverse-phase evaporation (REV) method. [25] Briefly, a mixture of DOPC,
DSPC, cholesterol, and DSPE-PEG were dissolved in 5 mL of chloroform/
diisopropylether mixture (1:1, v/v) in a round-bottom flask.100 mM Calcein solution was
added to the lipid solution to form an emulsion. The emulsion was sonicated for 3 min.,

and then, the organic solvent was removed under vacuum in a rotary evaporator at 55 °C
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for 30 min. to obtain a suspension of liposomes. The liposomes obtained were subjected
to extrusion 10 times through a polycarbonate membrane of 100 nm pore size (Whatman,
110605, FILTER, 0.1UM, 25MM, Gentaur Molecular Products, Belgium), using an
extruder device (LIPEX™ Extruder, Northern Lipids, Canada) thermostated at 55 °C.
Purification was accomplished by ultracentrifuging at 200,000 g for 60 min. at 4 °C
(himaccp 80 wx, Hitachi Koki, Japan), and the pellets obtained were resuspended in saline.
PL-C17 micelle solution (10% phospholipid) was added to the liposome solution to
generate PL-C17 liposomes (the postinserted liposomes). Purification was accomplished
by ultracentrifuging at 200,000 g for 60 min at 4 °C, and the pellets obtained were
resuspended in saline. Particle size of the liposomes were measured with the
electrophoretic light scatteringspectrophotometer. The calcein encapsulated DOPC
liposome with PL-C17 diluted in 96 well plate. The solution was irradiated were
irradiated with a xenon lamp (88 mW/cm?, average) in the 400-800 nm range for 2 min,
then intensity of calcein (Ex=485 nm, Em=525 nm)was measured by fluorescence plate
reader (Thermo Fisher). Particle size of calcein encapsulated DOPC liposomes after

irradiation were measured with the electrophoretic light scatteringspectrophotometer.
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Figure 1. Image of morphology change of cell-membrane-model liposomes composed of

25% DOPC and calcein inner solution

81



Chapter 3

3.4.11. Biodistribution of PL-C17 micelles and liposomes in tumor bearing mice.

Tumor-bearing mice (female, 5-6 weeks old, 16-20 g, Sankyo Labo Service, Japan) were
prepared by injecting subcutaneously (s.c.) a suspension (1.0 x 10° cells/mouse) of colon
26 cells directly into the right thigh. The mice were kept on a regular chow diet and water
and maintained under 12 h light/dark cycle in an ambient atmosphere. Biodistribution
experiments were performed when the tumor diameter was 7 to 9 mm. The tumor-bearing
mice were injected via the tail vein with PL-C17 micelles and PL-C17 liposomes
(10mg/kg based on PL-C17), or 5-amino-levulinic acid (5-ALA; 9.7 mg/kg)At selected
time intervals 5 h (5-ALA) and 36 h (PL-C17 micelles and liposomes) after administration,
the mice were lightly anesthetized, sacrificed by cervical dislocation and dissected. The
tumor tissue samples were frozen in O.C.T. embedding compoundat -20 °C, and a cryostat
section was prepared for further analysis under a fluorescence microscope (FV100D IX81,
OLYMPUS, Japan). After photographed, the tissue section was stained histologically
with hematoxylin-eosin (HE). All experiments using mice were performed in compliance
with the relevant laws and institutional guidelines approved by the Institutional Animal

Care and Use Committee in Gakushuin University.
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Chapter 4

Conclusion

Recentry, cancer treatment has dramatically changed. Development of a noninvasive
therapy is now emerging requirement in terms of quality of life (QOL) for cancer patients.
In this regards, I focused on BNCT and PDT and studied the development of new
therapeutic agents based on the technology of liposomal drug delivery system. Drug
delivery systems (DDS) is delivery of drugs using nanocarrier to target sites selectivery,
liposome can be used as drug carriers for improving the delivery of therapeutic agents.

The successful treatment of cancer patients by BNCT relies on the selective delivery of
198 to tumor cells and its high accumulation therein. Therefore, the development of high
1B content liposomes is necessary for clinical use. In this work, we studied the effects of
the counter cations of boron clusters for the liposome formation. We were able to develop
high boron content liposomes for BNCT by overcoming osmotic pressure limitations. The
use of spermidiniumcation (spd) as an alternative counter cation of closo-dodecaborates
was essential for the preparation of high boron content liposome solutions; final boron
concentration in the liposome solutions was approximately 14,000 ppm and B/P ratio was
3.5. The spd cation prevented the interaction of anionic closo-dodecaborates ([B12Hi2]*)
with the phosphatidylcholine moiety of 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) in the liposomes, thereby suppressing the release of liposome contents and
increasing liposome yield. Tumor boron concentrations reached 203 and 242 ppm 36 h
after injecting colon 26 tumor bearing mice with 100 mg B/kg of spd-[Bi2H11SH] and
spd-[B12H11NH3] encapsulating liposomes, respectively. Tumor boron concentrations of
34.0 and 35.4 ppm were noted 36 h after injecting 15 mg B/kg of spd-[B12H11SH]- and
spd-[B12H11NH3]- encapsulating liposomes, respectively. Significant antitumor effect
was observed in mice that received a single injection. The tumor completely disappeared
three weeks after thermal neutron irradiation ((1.5—1.8) x 10'? neutrons/cm?) and was
locally controlled for 100 days after the irradiation even at the dose of 15 mg B/kg. The
total amount of liposomes was reduced to less than one-seventh of the amount of

liposomes used to prepare Na;BSH-encapsulating liposomes. We believe that the spd-
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closo- dodecaborate-encapsulating liposomes are a promising candidate for clinical use
in BNCT.

Also, the successful treatment of PDT relies on the selective delivery of photosensitizer
to tumor tissue. Therefore, we synthesized PpIX lipid (PL) attaching two long alkyl chain,
such as C13, CI15, and C17, on PpIX. The PpIX lipids having amphiphilic property
exhibited a water solubility by forming their micelle formations in water and relatively
low cytotoxicity toward HeLa cells without light irradiation. PL-C17 liposomes were
readily prepared by post-insertion of PL-C17 into outer membrane of the liposomes. Also,
PL-C17 micelle homogeneously-dispersed on membrane of the liposomes prevent the
aggregation of porphyrins that is considered to diminish the PDT effect. These PL-C17
micellles, liposome and PpIX distributed evenly in the membrane and cytoplasm of cells
treated with each porphyrin at 100 uM concentration for 1 h. However, PL-C17 micelles
and liposome translated to Golgi after 2h and to a certain organelle in the cells after 5 h,
whereas PpIX remained in the membrane and cytoplasm. Furthermore, PDT effect of
each porphyrin derivative on HeLa cells was highly dependent on the intracellular
localization. A significant cytotoxicity was observed in the porphyrin derivatives
localized in plasma membrane, whereas low cytotoxicity was observed in the porphyrin
derivatives accumulated into the cytoplasm. In order to clarify the mechanism of
phototoxicity, we examined the LDH assay to analyze cellular membrane defect.
Cytopathic damage of the cell membrane is highly dependent on the localization of
porphyrin derivatives. Furthermore, the intracellular ROS generation was detected by
molecular green fluorescent probe CM-H,DCFDA, revealing that the localization of
porpyrin derivatives is more important than the accumulation for the PDT effect on HeLa
cells. Indeed, the experiment using calcein-encapsulating DOPC liposome with PL-C17
for the cell membrane model suggested the possibility of phototoxicity caused by
disruption of cellular membrane by the oxidation of unsaturated phospholipids by ROS.
Finally, PL-C17 liposomes were observed in tumor tissue 36 h after i.v. administration in
tumor-bearing mice. Since PL-C17 liposomes are still vacant in their interior aqueous

core, drugs including photosensitizers or antitumor agents are able to be encapsulated in
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the liposomes. In this regard, we can envision the combination therapy of PDT and

chemotherapy using the current photosensitizer lipid liposome system.
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