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: Chapter 1

Photodynamic Therapy



1-1. Cancer treatments

Medical science is progressing by leaps and bounds, however one in three is said to be death by
cancer in mortality rate. While early cancer diagnostic technology or surgical treatment has been progressed
in recent years, the eﬂ’ectilve treatment for cancer has been not found yet [1-6]. The cancer treatments can
be classified into operative treatment, endoscope treatment, radiotherapy, laser treatment, thermotherapy,
chemotherapy, endocrineﬂlcrapy and immunotherapy (Table 1-1) [6]. In addition, the combined treatment
is also performed. Chemotherapy, endocrinetherapy and immunotherapy are applied for the medical
treatment of metastatic tumor. Operative treatment, endoscope treatment, radiotherapy, laser treatment
and thermotherapy are used for the medical treatment for early cancer [6]. In photodynamic thefapy
(PDT), photosensitizers generate reactive singlet oxygen ('O,) which are able to damage tumor cells.
Because photosensitizers tend to accumulate in tumor tissues rather than in normal tissues, PDT can
potentially destroy unwanted tissue selectively [1-4,7]. Photosensitizer, which is administrated to .the
patient usvally by injection, is harmless and has no effect on either healthy or abnormal tissue. When
light (often from a laser) is directed onto tissue containing photosensitizers, however, the photosensitizers
* are activated and the tissue is rapidly destroyed. Then PDT can destroy the abnormal tissue selectively
by careful irradiation of light. This treatment is excellent also from the point of quality of life (QOL).

/

1-2. Photodynamic therapy (PDT)
1-2-1. History [1-4,8-12)

Phototherapy is generally considered to have originateddto Finsen who treated lupus vulgaris, a
tubercular condition of the skin with irradiation using a carbon arc lamp equipped with heat-filter in
1890’s. The history of PDT was old and Raab found out the fatality-effect to paramecium candatum
ehrenberg by combination use of acridine dye and light in 1900. Tappeiner and others reported eosin
dye, sunlight and lamp light have made tumor necroses in 1903. Policard discovered the affinity of
porphyrin to cancer cells in 1924. He discovered that the cancer of human and laboratory animals
emitted fluorescence by irradiation with Wood light. He pointed out that the endogenous porphyrin
produced by bacteria infection accumulated in cancer cells and emits red fluorescence. Figge et al.
reported the affinity of hematoporphyrin (Hp) in various mouse céncer cells in 1948. However, the
cancer diagnosis using these porphyrin derivatives did not atiract much attention. The technology of

-
endoscope diagnosis progressed in the 1960’s. Consequently, people came to have the concern about



.Table 1-1 Cancer treatment

treatment

tumors

1. operative treatment

2. endoscop treatment

3. radiotherapy

4. laser treatment

5. thermotherapy

6. chemotherapy

7. endocrinetherapy

8. immunotherapy

brain tumor, tongue cancer, pharyngeal cancei', esophageal
cancer, stomach cancer, colon cancer, ‘liver cancer, biliary
tract carcinoma, spleen cancer, lung cancer, malignant tumor,
eosinophilic granuloma of soft tissue, skin cancer, .lymphoma,
breast cancer, cervical cancer, cancer of uterine body, ovarian
cancer, prostate gland cancer, thyroid gland cancer, endocrine

gland tumor

esophageal cancer, stomach cancer, bladder carcinoma, adrenal

fumor

brain tumor, Sharyngéal cancer, nasal cavity cancer, esophageal
cancer, colon cancer, spleén cancer, lung cancer, skin cancer,
Hodgkin disease, - cervical cancer, cancer of uterine body,
testicular tumor, bladder carcinoma, thyroid gland cancer,

tongue cancer
brain tumor, oral pharyngeal tumor, cervical cancer (early cancer)

brain tumor,. oral pharyngeal tumor, eosinophilic granuloma of

soft tissue, cervical-cancer (early cancer)

brain tumor, nasal cavitj cancer, esophageal cancer, spleen
cancer, lung cancer, malignant tumor, eosinophilic granuloma
of soft tissue, - skin cancer, Hodgkin-disease, leukemia, breast
cancer, cervical cancer, cancer of uterine body, ovarian cancer,
prostate gland cancer, testicular tumor, bladder carcinoma, renal

cancer, thyroid gland cancer, infantile cancer
breast cancer, cancer of uterine body, prostate gland cancer

renal cancer, malignant melanoma, lymphoma, leukemia
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fluorescence diagnosis of cancer. Lipson and Baldes reported hematoporphyrin derivatives (HpD) which
were prepared by the. treatment of Hp Wwith H,SO, in acetic acid at room temperature, These HpD were
a mixture containing hydrox':yethyl(vinyI)deuteroporphyrin as a main ingredient. Hydrdxyéthyl(vinyl)-
deuteroporphyrin showed photocytotoxicity higher than HpD. Lipson et al. performed local diaghosis
for human bronchus cancer and esophagus cancer by HpD in 1961. This experiment was the first
application to the diagnosis and medical treatment of cancer by HpD. However, it was not effective to
diagnose early cancer, because fluorescence from dye was hardly distinguish from private fluorescence
and excitation light. In 1966, Lipson et al. firstly demonstrated the modern “photodynamic therapy” by
use of HpD, in which cancer cells were destructed by irradiation with light. Dougherty et al. performed
PDT treatment using Xenon lamp after injection of HpD in 1975. They reported that only cancer cells
could be disappeared selectively without destroying normal cells. The clinical test using porphyrin
derivatives and white light was extensively studied by many researchers. In 19807, totally new light
source, i.e., “light amplification by stimulated emission of radiation (Laser)” was developed. Alot of
study on photodynamic therapy using HpD and laser had been performed. On the other hand, novel
photosensitizers were also synthesized to improve the PDT treatment. Several first generation
photosensitizers including rose bengal (Royster et al., 1988; Huang et al., 1989; Corrent et al., 1989) and
dihematoporphyrin ethcr/estjer (Packer et al., 1984, Obana et al., 1996) were developed. However they
were inai)propﬂate for the clinical use because of either prolonged cutaneous photosensitivity resulting
from slow-rate excretion or low photodynamic activity. Recently, Sakata et al. synthesized a water-
soluble photosensitizer ATX-S10 with a longer abs;)rption wavelength, greater absorption coefficient,
lower slgm photosensitivity, stronger photooxygenation activities and a lower value of LD, (Nakajima et
al., 1992, 1995) as compared to the first generation photosenl‘itizeré. The agents possessing these
advantages are classified as second generation photosensitizers. The second generation photosensitizers
under clinical trial are 5,10,15,20-tetra(p-hydroxyphenyl)porphyrin (berenbaum et al., 1986), chloro-
aluminium sulfonated phthalocyanine (Miller et al., 1991; Pallikaris et al., 1993; Kliman et al., 1994;
Tsilimbaris et al., 1994), benzoporphyrin derivative (Schmidt-Erfurth et al., 1995; Miller et al., 1995;
Kramer et al., 1996; Husain et al., 1996), tin ethyl etiopurpurin (Bauma et al., 1996; Soliman et al., 1997,
Peyman et al., 1997), mono-L-aspartyl chlorin ¢6 (Mori et al., 1997), 5,10,15,20-tetra(m-
hydroxyphenyl)chlorin (Bonnet et al., 1989, 1995, and 1999), 5-aminolevulinic acid (Kennedy et al.,
1990, 1992 and 1996), hexy] ether of pyropheophorbide-a (Potter et al., 1999, Henderson et al., 1997,

)
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Pandy et al., 1996), boronated protoporphyrin (Tibbitts et al., 1999, Kahl et al., 1990, Spizzirri et al.,
1996), motexafin luteium (Young et al., 1996, Woodbum et al., 1998, Rockson et al., 1999, Grossweiner
etal., 1999). Now, photosensitizers to have high tumor selectivity have béen developed as third generation
photosensitizers, Photofrin® is an only photosensitizer approved in Japan in 1994. The research and
development of laser equipment (light source) and photosensitizer (drug) have been actively made in

every country in the world.

1-2-2. Mechanisms of photodynamic therapy [1-3,9-16]

The PDT treatment is carried out in the following steps (Schemé 1-1). At first, the solution of
photosensitizers injects.to the diseased part of patient. The tumor cells are allowed to accumulate
photosensitizers. In some case, the concentration of photosensitizers in the tumor cells become higher
than that in normal cells in 24 ~ 72 h after injection. The diséased part is irradiated with an appropriate
dose of visible light (600 ~ 800 nm). In the tumor cells, the activation of the photosensitizers and
subsequent photoreactions occurs within few hours (2 ~ 3 h) after irradiation. The PDT action at deeper

cells occurs within 12 to 18 h. After 2 ~ 3 weeks necrosis of the tumor cells takes place.

(i) administration of photc it (i} photo imadiation ' (iii) necrosis of tumors
Scheme 1-1

1-2-3. Photochemistry of photodynamic therapy [1-3,9-16]

In photodynamic therapy (PDT), photosensitizer generates reactive singlet oxygen (O,) which are
able to damage tumor cells. The photochemical reaction that generates 'O, from ground state oxygen is
shown by the Jablonski diagram (Figure 1-1). The photosensitizer is ir;adiated by light of the proper
wavelength (i.e., 600 ~ 800 nm) to excited singlet states (S,) (A). The photosensitizer can relax back to

¢
the ground state by emitting a fluorescent photon (B} or to excited triplet states by way of intersystem
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Figure 1-1 Jablonski diagram showing the various modes of excitation and relaxation in a photosensitizer
(e.g., porphyrin derivatives): (A) excitation; (B) fluorescence; (C) intersystem crossing; (D)
phosphorescence; (E) non-radiative transfer of energy to 'O,; (G) internal conversion.

crossing (ISC) (5, = T)) (C). From triplet excited states (T)) the photosensitizer can relax back to the
ground state by emitting a phosphorescent photon (D) or trﬁnsferring energy to another molecule by way
of a radiationless transition (G). As one of the radiationless transition, in addition, the photosensitizer
can also lose energy though the collisions with other molecules (E). In oxygenated environmgnts the
éhromophore readily transfers its energy to ground state molecular oxygen (*0,) to produce singlet oxygen
('0,) which can reacts with organic substrates. The triplet state of photosensitizer easily interact with30,
because *0, has a unique, tr%plet ground state and low-lying excited states. The transition between triplet
fb singlet states in *0, requires 92 kcal-mol'!, which corresponds to a wavelength of 1274 nm. Thus

relatively low energy is needed to produce 'O,. There are two mechanisms by which the triplet state

Type-I photoreactions

hy 0 0z
1]3 SP* P

Figure 1-2 Type I and Type II photoreactions. photosensitizer (‘P) is in a singlet ground state; *P* is in
a triplet excited state; S is a substrate molecule, P is reduced photosensitizer molecule; S* is an oxidized
substrate molecule; oxygen molecule (0,) is triplet ground state, O, is the superoxide anion, P is the
oxidized photosensitizer, *0, is triplet ground state O,, 'O, is O, in a singlet excited state. ~

’
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photosensitizer can react with biomolecules; these are known as the Type I and Type II reactions (Figure
1-2). In Type I reactions, the excited photosensitizers CP") can react directly with organic compounds
(S) by electron exchange to produce an oxidized compound (S*) and reduced photosensitizer (P) in
hypoxic environments. The reduced P can react with O, to produce superoxide anions (O,) which can
then form the highly reactive hydroxyl radical (OH"). The *P* can also produce superoxide anions (O,)
which can then create hydroxyl radical (OH’). These radicals attack tumor cells aS described below. On
the other hand, it is well-known that Type II photoreactions dominate in PDT action. This reaction
produces the electronically excited and highly reactive state of oxygen known as'O,. Diréct interaction
of the ’P* with molecular 30, results in the deactivation of photosensitizer and the formation of'0,. The
photodynamic effect depends on the 'O, quantum yield (denoted as ¢,) of photosensitizers. If'O, generates
only from triplet state of the photosensitizers, ¢, must be less than triplet quantum yield (¢;). Oxygen
molecules are very efficient quenchers for triplet states, hence, ¢, values are often not far from ¢,. The. ¢,

values for some organic and some porphyrinoids are listed in Table 1-2. PDT treatment usually requires

Table 1-2 'O, quantum yields (¢,) values of photosensitizers

SIoups photosensitizers solvent 'R
General acridine benzene 0.83
benzophenone benzene ‘ - 035
eosinY H,0 0.61
8-methoxypsoralen D,0 0.009
methylene blue MeOH 0.51
: rbse bengal MeOH o 0.87
rose bengal H,O 0.76
Porphyrins porphyrins CCl, 0.75
hematoporphyrins MeOCH 0.52
TPP benzene 0.66
Zn complex benzene 072
Phthalocyanines (Pc) Mg Pc complex CJHN 0.40
sulphonate Pc of -
Cl Al complex _ -~ HO0 0.34
Cu complex H,O 0.0
Zn complex H,0 0.45




the ¢, values over 0.3. The values listed in Table 1-2 are satisfactory for PDT treatment in almost
compounds quoted. The aluminium and zinc phthalocyanine derivatives listed have appreciable ¢, values

(ca. 0.4), the corresponding copper (1) complex has a ¢, value of zero.

1-2-5. Photosensitizers [1-4, 9-10, 12-18]

In PDT treatment, photosensitizers should meet several criteria: (1) chemical purity (2) tumor
selectivity (3) fast accurnulation in target tissues and rapid clearance (4) activation at wavelengths which
reaches deeper cells (600 ~ 800 nm) (5) high photocytotoxicity and (6) no dark toxicity. Porphyrins,
purpurins, benzoporphyrins, chlorins and bacteriochlorins are the most useful photosensitizers for PDT
treatments, although other classes of porphyrinoides such as phthalocyanines, naphtalocyanines, and
texaphyrins are also used. Porphyrin skeletons (i.e., porphyrins, purpurins, benzoporphyrins,'chlorins
and bacteriochlorins) have Q, band of absorption maxima in the red region of the electronic absorption
siaectrum and generate '0, efficiently. Red absorption maxima (600 ~ 800 nm) allow activating light to
reach deeper tumor cells (Figure 1-3). Porphyrin skeleton is generally planar-aromatic structure composed
of four symmetrically arranged pyrrol units linked by methine bridges. On the other hand, texaphyrins
have three pyrrol units and phthalocyanines and naphtalocyanines are linked by azone bridges, while
these photosensitizers are planar-aromatic molecules and have similar photophysical properties as
porphyrin skeleton compounds. Porphyrins, chlorins and bacteriochlorins are alli fully conjugated, but

chlorins have one pyrrolic double bond reduced (i.e., dihydro-porphyrins) and bacteriochlorins have two

naphthalocyanine (~ 770 nm)
10! - ' phthalocyanine __l J——
(~ 680 nm) - -I'
-2
g 10 = ,‘I bactenochlonn
~ 730 nm
2 109 - & 7 ~” chlorin ( nm)
g1 .&@/ (~ 670 nm)
5 . 8*', A
= 107 '\/‘9} porphyrin Q;
{,'»j&; (~ 630 nm)
10~5 - g
| : l
500 600 700 800

A/lnm

Figure 1-3 Photochemical propeties of photosensitizers and transmission of light in tissues. /
J
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porphyrin chlorin ‘ bacteriochlorin

Figure 1-4  Structure of porphyrin ring, chlorin ring and bacteriochlorin ring.

pyrrolic double bonds reduced (i.e., tetrahydro-porphyrins) (Figure 1-4). Hence, porphyrins, chlorins,
and bacteriochlorins have 22~, 20-, and 18-z electrons in their porphyrin skeletons, in which similar ring
current effect occurs. All porphyrin skeleton groups (i.e., porphyrin, chlorin, and bacteriochlorin) have a
strong absorption band (e~2x iDs M--cm?) about at 400 nm called the Soret band. However Soret band
is not useful for PDT treatment since biue light can not reach the deeper tumor cells. Hence the Q band
between 600 ~ 800 nm is used for PDT treatment, although the band has relatively weak absorption.
Porphyrins exhibit Q, band with maiimurn absorption wavelength (A__) of about 630 nm, while chiorins
and bacteriochlorins have Q, bands with A___of about 650 nm and 710 nm, respectively. Chlorins and
bacteriochlorins have stronger Q, band than that of porphyrins. The difference in Q, band of electronic
absorptidn spectra can be explained by unstabilization of highest occupied mole>cular orbital (HOMOQO)
due to reduction of pyrrole units in the porphyrin skeleton [2]. Most porphyrinoides exhibits highly
efficient 'O, producing ability. The porphyrinoides which is approved or under clinical trial is briefly

reviewed as follows (Figure 1-5):

(1) Hematoporphyrin derivatives (HpD, Photofrin®, Photosan®)

The absorption maximum wavelength of Photofrin® is 630 nm in PBS. The PDT treatment is
applied via intravenous injection of 2 mg/kg followed by a subsequent irradiation with light (630 3 nm)
at the light dose (200 ~ 300 J/cm?) in 48 h after injection. The residual photosensitivity usually lasts for
30 days after injection. The photosensiﬁzer has béexi investigated for use against esophageal cancer and
endobroncheal cancer. The purified oligohematoporphyrin derivative (Photosan®) has also been used for

PDT treatment. This photosensitizer shows a very excellent PDT effect to skin cancer.
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(BPD-MA, verteporfin, Visudynem) (CASPc, Photosens)
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Figure 1.5 The porphyrinoides which are approved or under clinical trial.
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(2) 5-Aminolevulinic acid (Levulan®)

5-Aminolevulinic acid (ALA) is not photosensitizers, is a precursor for endogenous protoporphyrin
IX (PpIX) in biosynthesis. So that the PDT treatment using Levulan® is conceptionally different from
the conventional treatment. In the treatment, this product (i.e., PpIX) shows an excellent effect as a
photosensitizer. The PDT treatment is applied via intravenons injection of 30 mg/kg, while the oral drug
is 60 mg/kg followed by a subsequent irradiation with Wood’s light (635 nm) in 24 h after injection. The

photosensitizer has been investigated for use against bladder cancer photodiagnosis, acne and hair removal.

(3) Tetrasodium tetraphenyl porphine sulfonate (TPPS4)

Tetrasodium tetraphenyl porphine sulfonate (TPPS4) is a synthetic pophyrin with high potency of
photosensitization. Even though early reports indi;:ated its neurotoxicity, further study revealed that its
neurotoxicity comes form imperfect purification procedures. The PDT treatment is applied via intravenous
injection of 75 pg/mL of PBS followed by a subsequent irradiation with light (630 nin) in 24 h after

injection. However, the low potency of photosensitizer were found.

(4) meta-Tetrahydroxyphenylchlorin (m-THPC, Foscan™, Temoporfin)
meta-Tetrahydroxyphenylchlorin (Foscan™) exerts efficacious PDT treatment with very low drug
(as little as 0.1 mgkg™) and low light doses (as low as 10 J-cm?), which means 100-fold more active than
Photofrin®. The photosensitizer has been investigated for use in esophageal, lung, laryngeal, thoracic
and skin cancers. Phase III clinical trials of Foscan™have begun in Europe and the US against head and
neck cancers. The absorption maximum wavelength of Foscan™ is 652 nm in mixture of water,
polyethylene glycol 400 and ethanol (5 : 3 : 2). The time between intravenous injection and irradiation is
96 hours. Foscan™ has short clearance time of 20 days after, injection. The reason§ behind this

exceptionally high activity are not fully understand.

(5} Hexyl ether of pyropheophorbide-a (HPPH, Photochlor®)

The absorption maximum wavelength of Photochlor®is 665 nm. The photosensitizer has been
investigated for use in obstructive esophageal tumors, early stage esophageal cancer, skin cancer, and
locally recurring breast cancer on the chest wall following mastectomy. The use of the photosensitizers

can avoid the long-lasting photosensitivity such as Photofrin®. Under typical condition, the PDT treatment

11



is applied via intravenous injection of 0.3 mg/kg with a subsequent irradiation with monochromatic laser
light (660 nm) at the light dose of 2 J/cm?. The residual photosensitivity usually lasts for 28 days after

injection.

(6) Tin ethyl etiopurpurin, (SRET2, Purlytin™)

The PDT treatment is applied via intravencus injection of 0.8 ~ 1.6 mg/kg followed by a subsequent
irradiation with monochromatic laser light (660 nm) in 24 h after injection. The residual photosensitivity
usually lasts for 30 days after injection. The photosensitizer has been investigated for application in

many different fields including oncology, dermatology, ophthalmology and cardiology.

(7) mono-L-aspartyl chloriﬁ ed (NPe6)

The PDT treatment is applied via intravenous injection of 0.5~3.5 mg/kg followed by a subsequent
irradiation with monochromatic laser light (664 nm) in 4 h after injection, The photosensitizer has been
investigated for use against adenocarcinoma of the breast, basal cell carcinoma and squamous cell

carcinoma.

(8) Benzoporphyrin derivative-monoacid ring A (BPD-MA, verteporfin, Visudyne™)

The PDT treatment is applied via intravenous injection of 0.2 ~ 0.5 mg/kg followed by a subsequent
irradiation with monochromatic laser light (690 nm) in 30 ~ 150 min after injection. The photosensitizer
has been investigated for use against age-related macular degeneration, skin cancer, psoriasis, arterial

restenosis, rheumatoid arthritis and autoimmune disorders.

(9) Phthalocyanine groups (Photosens etc)

Chlorc-aluminum sulfonated phthalocyanine (CASPc, Photosens) and silicon-based phthalocyanines
(Pc4, Pc10, Pc12 and Pc18) are a new group of synthetic photosensitizers whichare still under investigation.
These substances are activated about 700 nm light which penetrates deeper into tissues than 630 nm
light. Irradiation times can use within several minutes (in ophthalmology) up to 3 h (in oncology). In the
case of Photosens, The PDT treatment is applied via intravenous injection of 0.5 ~ 1.5 mg/kg followed by
a subsequent irradiation with monochromatic laser light (675 nm) at the light dose of 150 ~ 600 J/cn?.

The photosensitizer has been investigated for use against skin cancer, breast cancer and oropharyngeal

12 .



cancer.

(10) Texaphyrin groups (Lu-Tex Motexafin Iutetium, Antrin® / Lutrin Optrin™ and Motexafin gadolinium,
Xcytrin®) r

Texaphyrins has been investigated for use against breast cancer This photosensitizer can be excited
by longer wavelength light (720 ~ 760 nm) to irradiate deeper tumor cells. Motexafin lutetium (Lutrit®,
Antrin®) and motexafin gadolinium (Xcytrin®) are still under clinical research. Lutrin® has a broad peak
between 720 and 760 nm (centred at 732 nm) in the electronic absorption spectrum. The PDT treatment
is applied via intravenous injection of 0.6 ~ 7.2 mg/kg followed by a subsequent irradiation in 2 ~ 4h
after injection. It is expected that these photosensitizers can be applicable to atherosclerosis, subcutanecus
metastases of malignant melanoma, Kaposi’s sarrcoma and epithelial skin cancer.

Today, several next generation photosensitizers have been actively developed to enable them to
accumulate in targeted tumor tissue selectively, BOPP (boronated protoporphyrin), ATX-$10, chlorophyll
derivatives, porphycens, antracens, purpurins, hypericin, hypocrellin and brominated rhodamines are

examined on phase I/II clinical trials of PDT treatment.

1-2-6. Glycoconjugated porphyrin derivatives [(1)-(38)]

Even though second generation photosensitizers exerts high photocytotoxicity for PDT treatment,
they must be improved the tumor selectivity to avoid side effect such as photosensitivitiy [2-4]. For this
reason, the development of third generation photosensitizers which have high accumulation in tumeor
tissue is challenging field in PDT study. One of the pron;lising strategies is conjugation of molecular
recognition elements such as sugar unit. Hence, the glycoconjugated porphyrin derivatives have been
synthesized as third generation photosensitizers not only to improve watersolubility but also to take
advantage of the biological activity of the sugar unit. Synthesis of glycoconjugated porphyrin derivatives
and evaluation of its photocytotoxicity has been reported since 1990 (Figure 1-6) [(1)]. Most
glycoconjugated porphyrins has either structure of tetraphenylporphyrin [(1)-(4),(7)-(13),(15)-
(17),(19),(21),(23)-(28),(30)-(32),(34)] or protoporphyrin IX [(5)-(6),(14),(20),(32),(35)]. As very rare
examples, glycoconjugated porphyrins with structure of tetraphenylporphyrin dimer has been also

synthesized [(21),(25)]. These glycoconjugated porphyrins are combined with most monosaccaharaides
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(e.g., p-glucose, p-galactose and p-glucosamine), disaccaraides (e.g., maltose and lactose) [(8),(10)-
(12),(14),(21),(23),(26)] and oligosaccaraide groups [(30),(31)]. In addition, the glycoconjugated
porphyrins having not only sugar units but also alkyl chain with various length has been synthesized to
give it amphiphilic properties [(2),(7),(11),(12),(14),(15),(21),(23),(25),(26),(30)-(32)].
Glycoconjugated chlorins and bacteriochlorins have been also reported since 1997 [(14)]. These
photosensitizer are gAencrally synthesized by means of diimide reduction [(18),(37),(38)] or 1,3-dipolar
cycloadition [(33)]. Z:heng et al. reported to synthesis of glycoconjugated purpurinimides [(29)]. Although
a lot of glycoconjugated porphyrin derivatives have been synthesized, the sugar unit effect on their
pharmaceutical nature and photocytotoxicity for PDT treatment is not studied systematically and it is

still not fully understood.
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1-3. Object and outline of the thesis

In this study, glycoconjugated tetrapheynylporphyrins (TPPs) and tetrapheynylchlorins (TPCs) were
synthesized, and the sugar unit effect on pharmaceutical nature and photocytotoxicity by HeLa cells
were investigated for these photosensitizers. The outline of the thesis is as follows:

In chapter 2, élycoconjugated porphyrins were synthesized by a modification of Lindsey method in
the presence of Zn(OAc),-2H,0 as a template. The resulting zinc porphyrins readily afford the
corresponding free-base porphyrins in moderate yield upon treatment with HCI, even in the case of meta-
substituted glycoconjugated porphyrins. The versatility of this method for the synthesis of para- and
meta-substituted glycoconjugated porphyrins was examined with p-glucose, p-galactose, D-xylose and
p-arabinose. All of glycoconjugated porphyrins have been characterized by'H and *C NMR, electronic
absorption, IR, ESI-TOF and FAB mass spectra.

in chapter 3, the hydrophobicity parameters of glycoconjugated porphyrins were estimated by Shake-
Flask method and reversed phase high performance liquid chromatography (RP-HPLC). In additioxi,
binding equilibrium of some glycoconjugated porphyrins to bovine serum albumin (BSA) were also
studied by fluorometric titration. These glycoconjugated porphyrins were subjected to test the cellular
uptake by HeLa cells and the photocytotoxicity in vitro. These cellular uptake behavior and photocytotoxity
were discussed on the basis of hydrophobicity, binding properties to BSA and photochemical study in
aqueous media such as cytoplasm for these photosensitizers.

In chapter 4, glycoconjugated chlorins were synthesized by means of the Whitlock method with
diimide reduction and purified by reversed phase thin layer chromatography (RP-TLC). The versatility
of this method for the synthesis of para- and meta-substituted glycoconjugated chlorins was examined
with p-glucose, p-galactose, D-xylose and p-arabinose. All of glycoconjugated chlorins have been
characterized by 'H NMR, electronic absorption, IR and ESI-TOF mass spectra.

In chapter 5, the hydrophobicity parameters of glycocenjugated chlorins were estimated by Shake-
Flask method and reversed phase high performance liquid chromatographjﬂ (RP-HPLC). These
glycoconjugated chlorins were subjected to test the cellular uptake by HeLa cells and the photocytotoxicity
in vitro. These cellular uptake behavior and photocytotoxicity were discussed on the basis of
hydrophobicity, and photochemical study in cytoplasm and aqueouns media for these photosensitizers.

Finally, chapter 6 summarized the results of the systematic study of glycoconjﬁgated porphyrins

3

and chlorins for PDT photosensitizers.
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Synthesis of Glycoconjugated Porphyrins
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2.1. Introduction

meso-tetraphenylporphyrin (;I'PP) is synthesized by condensation between pyrrole and benzaldehyde
using Rothemund-Adler method [1-3] or Lindsey method [1-3]. The Rothemund-Adler method uses a
relatively small volume of solvents (propionic acid) and short reaction time. However this method
requires harsh condition (high temperature over 150 °C) and affords quite low yield (less than 20 %). In
the Lindsey method, on the other hand, the reaction condition is quite mild and yield is relatively high
(over 45 %). Glycoconjugated porphyrins have been synthesized generally from glycosylated
benzaldehyde with pyrrole by means of the Lindsey method [4-9]. The Lindsey method affords relatively
low yield in the condensation of m-substituted glucosylated benzaldehyde and pyrrole [4,6], presumably
because of steric hindrance of the sugar moiety. Metal ions are frequently used as a “template” for hardly
constructed molecules such as phthalocyanine [10]. This chapter describes a Zn?* ion-templated
condensation to the synthesis of glycoconjugated porphyrins. The resulting zinc porphyrins readily
afford the corresponding free-base porphyrins in moderate yield upon treatment with HCI, even in the
case of 5,10,15,20-tetrakis[3-(2,3,4,6-tetra-O-acetyl-B-p-glucopyranosyloxy)phenyl]porphyrin., The
versatility of this method for the synthesis of para- and meta-substituted glycoconjugated porphyrins
was examined with p-glucose, p-galactose, D-xylose énd D-arabinose. All of photosensitizers have been

characterized by "H and "*C NMR, electronic absorption, IR, ESI-TOF and FAB mass spectra.

2-2. Results and Discussions
2-2-1. Synthesis of glycoconjugated porphyrins

The glycoconjugated benzaldehydes 4 were prepared according to the literature (Scheme 2-1) [7,11].
The peracetylated 1-bromoglycopyranosides 3a and 3d were prepared from sugar 1a and 1d, respectively,
and acetyl bromide with 56 % and 82 % yields. On the other hand, the peracetylated 1-
bromoglycopyranosides 3b and 3¢ were prepared from peracetylated sugar 2b and 2c¢, respectively, and
HBr with 83 % and 87 % yields. The glycoconjugated benzaldehydes 4 were prepared from p- or m-
hydroxybenzaldehyde and peracetylated 1-bromoglycopyranosides 3 according to the Halazys or Knorrs
methods in ca. 50 % yield. Glycoconjugated porphyrins 5 were synthesized as shown in Scheme 2-2.
The condensations of 4 with pyrrole were conducted using BF,-OFEt, in the presence of Zn(OAc),-2H,0.
After addition of BF,-OEt, to initiate the condensation, the reaction mixture slowly became pale red,

indicating chelation with Zn?* ion. This suppressed the formation of polymeric by-products (e.g.,
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R=Acfor4, 5and? s o ) - -
R=Hfor6and 8 RO OoR porphyrin RO OR
OR 4 OR 4
porphyrin
d: p-arabinose ‘:(:\’L [O/\E
R=Acford 5and7 o X =
R=Hfor6and 8 RO Y OR porphyrin RO" Y "OR
OR 4 OR 4
Scheme 2-2
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oligopyrroles) at the porphyrinogen formation stagé. The oxidation of the porphyrinogen with p-chloranil
gave zinc porphyrins 5 in 53 ~ 93 % yield. The yield of zinc porphyrin 5 depends on the amount of zinc
acetate used. In order to synthesize the zinc porphyrin 5, hence, the large excess amount of zinc acetate
was used to suppress the formation of free-base porphyrin. The detailed condition on the synthesis of the
glycoconjugated porphyrin 5 was slightly depends on the glycoconjugated benzaldehyde used. The
amount of BF,-OFEt, and p-chloranil was determined by repeating trial. The Zn** ion in 5 was easily
removed by washing with 4 M HCl to give the free-base porphyrins 7 in 36 ~ 86 % yield (Table 2-1). For
the synthesis of porphyrins 7, however, the excess amount of zinc acetate reduced the overall yield,
probably due to the careful purification. Porphyrins 7 were easily obtained by demetalation with 4 M
HCL. The Zn™ ion template strategy improved the yield about 3-fold in the case of 5,10,15,20-tetrakis[3-
(2,3,4,6-tetra-0-acetyl-B-p-glucopyranosyloxy)phenyl]porphyrin [4,6] using modified Lindsey method
in spite of the additional step. Deprotection of 5 and 7 was carried out .using NaOMe in THF or in a
mixture of MeOH and CH,CI, [4-9]. Eventually, 16 deacetylated glycoconjugated porphyrins 6 and 8
were obtained in moderate yield. All glycoconjugated porphyrins were confirmed by 'H and *C NMR,
ESI-TOF and FAB mass, IR, and electronic absorption spectroscopy. The purity of all photosensitizers

was >95 % as evaluated by HPLC using an octadecylsilyl-supported silica gel column.

Table 2-1 Synthesis of glycoconjugated tetraphenylporphyrins 7

yield / % yield / % )
BE,OEt, . BF,OEt,/Zn* .~ BF,OE BF,-OEt, / Zn**
p-Ta 53.27 64 . p-Te - D64
mTa 26.0° 68 mTe - 86
p-7b 20° 62 p-7d - : 36
m-Th - 57 m-7d A 37

“ Kohata ¢ét. al. Bull. Chem. Soc. Jpn. 1994, 67, 668-679. b Oulmi et. al. J. Ofg. .Chem. 1995,
60, 1554-1564. ‘ '
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2-2-2. Electronic absorption spectra of glycoconjugated porphyrins ‘

The absorption of longer wavelength light is one of the important performances for PDTdrugs. The
electronic absorption spectra of glycoconjugated porphyrins were recorded in DMSO (Figure 2-1). The
maximum absorption wavelength (4__ ) and molar extinction coefficient (&) are listed in Table 2-2 and 2-
3. The free-base porphyrins 7 and 8 have a strong Soret band (sometimes called as a B band) at ca. 420
nm and four weak Q bands at ca. 520 nm (Q,,), 550 (Q,;), 600 (Q,), and 650 nm (Q,) with etioporphyrin-
like shape [1,4,6,8,12-14] owing to the D, symmetry. The zinc porphyrins 5 and 6 show the electronic
absorption spectra of typical metalloporphyrins, i.e., a strong Soret band at ca. 430 nm and two weak Q
bands at ca. 560 nm (Q,) and 600 nm (Q)) owing to the D, symmetry [12-14]. Both Soret and Q bands
of meta-substituted porphyrins shifted toward shorter wavelength (i.e., blue shift) than those of para-
substituted porphyrins. Aﬁd, both Soret bands of zinc porphyrins shifted longer wavelength (i.e., red
shift) than one of free-base porphyrins. ‘Electronic absorption spectra measured in DMSO did not depend
on the sugar unit attached. The Q, band (630 nm) of porphyrin derivatives is known to be useful for the

PDT treatment because of its skin cell permeability [1,4,14].

(a) i T T (b) 60 T ! ] I ]
I -1 - 2 f T I
5 i -
s 15 BTN E 4 |
: R 1

a 3 500 600 700

0 ; N P | L
500 600 700 400 500 600 700

Alnm Alnm

Figure 2-1 EIectromc absorpt1on spectra of p-Sa (solld line) and m-5a (broken line) (a), p-7a (sohd line)
and m-7a (broken line} (b) in CDC]3
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Table 2-2 Electronic absorption spectral data of 7 and 8

A / M (£% 10°*/ Mcm™)

Soret Band " Q Bands
v I i I
p-Ta 421 (45.4) 517(1.75)  552(1.03)  591(0.53)  648(0.56)
p-8a 423 (46.2) 518(1.74)  555(1.17) 594 (0.54) 647 (0.67)
mTa - 419 (44.0) 513(1.79)  547(0.59)  587(049) 643 (0.37)
m-8a 420 (40.0) 514 (2.05)  548(096)  589(0.76) 644 (0.54)
p-Tb 421 (40.8) 517(1.59)  553(097) 593 (049)  648(0.52)
p-8b 421 (45.2) 517 (1.75)  553(1.18) 593 (0.56) 649 (0.65)
m-Th 419 (38.0) 513(1.67) . S48(0.68)  589(0.54) 646 (0.39)
m-8b 420 (44.1) 515(1.81)  548(0.68) 589 (0.55) 645 (0.43)
p-Te 422 (47.0) 517(1.61)  555(087)  593(036) 648 (0.43)
p-8c 422 (46.1) 517 (1.61) ~ 555(0.88) 593 (0.87) 648 (0.44)
m-Te 419.(41.1) 513 (1.61) 553 (0.39) 580 (0.40) 643 (0.29)
m-8c 419 (37.9) 513(1.51) - 553(0.38)  589(041) 643 (0.30)
p-7d 422 (47.0) 517(1.67)  555(093)  594(0.43) 648 (0.50)
p-8d 421 (46.2) 517(1.58)  555(0.85)  594(0.34) 648 (0.41)
m-7d 419 (37.9) 514(1.55)  550(0.57)  589(0.42) 646 (0.27)
m-8d 419 (44.1) 515(1.80)  S550(071)  589(0.55) 645 (0.41)
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Table 2-3 Electronic absorption spectral data of 5 and 6

A/ nm (X 107 Mem)

Soret Bands Q Bands
Il _ 1
p-5a 430 (45.6) 561 (1.56) 602 (0.90}
p-6a 430 (52.1) 562 (1.54) 603 (1.04)
m-5a 428 (58.4) 560 (1.76) 599 (0.57)
m-6a 429 (50.3) 560 (1.46) 600 (0.53)
p-5b - 430 (58.7) 563 (1.87) 602 (1.14)
p-6b 431 (54.1) 559 (1.73) 602 (1.17)
m-5b 428 (36.3) ' 559 (1.43) 598 (0.59)
m-6b 428 (40.1) 561 (1.49) 599 (0.59)
p-5¢ 430 (45.5) 561(1.41) 601 (0.75)
p-6¢ 431 (42.9) 562 (1.18) 601 (0.76)
m-5¢ 428 (40.9) 560 (1.30) 600 (0.45)
m-6¢ 429 (42.5) 560 (1.19) 600 (0.39)
p-5d 430 (58.7) 560 (1.80) 604 (1.02)
p-6d 431 (54.0) 561 (1.57) 604 (1.07)
m-5d 428 (40.8) 559 (1.42) 598 (0.50)
m-6d 429 (40.7) 559 (1.26) o . 598 (0.34)
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2-2-3. NMR spectra of glycoconjugated porphyrins

Figure 2-2 shows the representative 'H NMR spectra of zinc(IT) 5,10,15,20-tetrakis{4-(2,3,4,6-tetra-
O-acetyl-B-p-arabinopyranosyloxy)phenyl]porphyrin (p-5d), zinc(1l) 5,10,15,20-tetrakis[4-(B-p-
arabinopyranosyloxy)phenyl]porphyrin (p-6d), 5,10,15,20-tetrakis[4-(2,3,4,6-tetra-O-acetyl-B-p-
arabinopyranosyloxy)phenyl]porphyrin (p-7d) and 5,10,15,20-tetrakis[4-(B-p-arabinopyranosyloxy)-
phenyl]porphyrin (p-8d). All photosensitizers were fully assigned using 2D NMR technique (COSY and
HMQC). The peak due to B-pyrrole proton are found around 8<9I ppm for all glycoconjugated porphyrins.
The peaks attributable to the phenyl protons are ranged from 8.1 to 7.0 ppm. After demetalation, the
characteristic peak attributable to the inner proton appears at ca. -2.9 ppm for.frec—base compoundp-7d
and p-8d. Figure 2-3 shows the *C NMR spectra of p-5d, p-6d, p-7d and p-8d. In the *C NMR spectra
of all porphyrins, the characteristic peaks for porphyrin ring were found at 150.47, 132.06 and 120.46
ppm which can be assigned to o position, B-pyirole and meso positions, respectively. In the case of m-5
and m-7, HMQC spectra indicated that the peaks owing to acetyl groups were divided into two regions,
ie., 2.1 ~2.0 ppmand 1.5 ~ 1.3 ppm (Figure 2-4) [6]. This is plausibly caused by atropisomeric forms of
meta-substituted porphyrins. All glycoconjugated porphyrins were fairly caracterized by 'H and BC

NMR spectroscopy.
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Figure 2-2 'H NMR spectra of p-5d (a) and p-7d (c) in CDCI, and p-6d (b) and p-8d (d) in DMSO-d,.
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Figure 2-3 13C NMR spectra of p-5d (a) and p-7d (c) in CDC], and p-6d (b) and p-8d (d) in DMSO-d,.
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Figure 2-4 HMQC spectrum of m-5a in CDCI, (a) and its expanded spectrum (b)
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2-2-4. ESI-TOF mass spectra of glycoconjugated porphyrins (p-8a and p-8¢)
Figure 2-5 shows the electron-spray ionization time-of-flight (ESI-TOF) mass spectroscopy of p-8a
and p-8¢ in MeOH. In ESI-TOF mass, porphyrins 8 were detected as [M+Na]* species in the positive

mode. The results obtained by this measurement agree closely with calculated isotope pattern.

(a) , , by
found U v found Lj

caled. U\ “ A caled.

L 3 1 1 | 1 I 1 3 { ] L 1 : L |
1350 1355 1230
m/z m/z

1 i 1 1

Figure 2-5 ESI-TOF mass spectra of p-8a (a) and p-8c. [M+Na]* species were found.
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2-2-5. IR spectra of glycoconjugated porphyrins

The infra-red absorption spectra of glycoconjugated porphyrins were recorded using ATR instrument
(Figure 2—6). The band assignments and wavenumbers (crr!) are listed in Table 2-4, 2-5, 2-6, 2-7, 2-8, 2-
9, 2-10 and 2-11. All porphyrins show absorption in the regions from 3000 to 2900 cnr' due to C-H
stretch in the phenyl ring (v, ;) and the pyrrole ring B-carbon (VCPH) (Figure 2-6) [14-16]. In addition,
the characteristic absorption for tetraphenylporphyrin was found at 666.5 cnr! due to out-of-plane C-H
bending in the pheny! ring (opd,, ) for all glycoconjugated porphyrins [14-16]. All para-substituted

porphyrins show one peak around 1600 cm’ due to C=C stretch (v__.) and C=N stretch (v__) in the

C=C
porphyrin ring (Figure 2-6a, b and d) [14-16]. On the other hand, the top of this peak was splitted in all
meta-substituted porphyrins. (Figure 2-6¢). This may reflect that the porphyriﬁ ring is distorted in the
meta-substituted porphyrins. In the case of acetylated photosensitizers, all zinc porphyrins5 and all free-
base porphyrins 7 show absorption aréund 1490 cm* and 1470 cmr', respectively, due to asymmetric CH,
bending (8,,CH,) in the acetyl groups (Figure 2-6a and b) [14-16]. In addition, all zinc porphyrins5 and
free-base porphyrins 7 show absorption around 1750 cm! and 1370 cm® due td symmetric CH; scissoring
(Vo) and C-O-CH, stretchiflg (Veo.omp)s TESpectively (Figure 2-6a-c) [14-16]. After deprotection, the
absorption band attributable to the acetyl group disappeared completely, and then huge absorption due to
O-H stretch (V) of alcohol groups emerges around 3380 cm! for all deacetylated porphyrins 6 and 8

(Figure 2-6d) [14-16].
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Figure 2-6 IR spectra of p-5a (a), p-7a (b), m-7a (c) and p-8a (d).
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Table 2-4 IR spectral data of p-5°

assignment’ p-5a p-5b p-Se p-5d assignment’
Van 3800 ~3300 3800~ 3300 - 3800~3300 3800~ 3300 . Vo
Voo , 3036.33 Ven
2959.16 2082.32 2939.87 202348
2934.09 2932.16
Vicn 2844.38 2864.64 2862.71 2850.17
2279.17 ) 2338.97
Veoo 1755.44 1751.58 1755.44 1747.72
Vee 1604.97 1605.93 1605.93 1605.93 Voo Vo
Veon 1523.95 1523.95 1524.91 1524.91
1508.52 1507.55 1507.55 1506.59
8uscs 1491.16 1491.16 1491.16 1493.09
VeosVean 142943 - 1430.39 142043 VenOcen
8, 1368.66 1369.63 1370.59 1371.55 VeesScpn
1339.73 1339.73 1339.73 1339.73 Sconn
Veo.cns 1224.95 1224.95 1224.95 1223.98
Ve.o.cns ' 1179.61 1178.65 1169.00
1125.60 1121.74
ipdcy 1068.69 1077.37 1071.59 1087.98
103879 - T 1039.76 104747 SeprVec
Ring deform. 997.32 997.32 996.35 996.35 VeoVec
/ | 954.88
907.62 916.30 905.69
0PSeiian 876.75 nCH
853.60 853.60 nCH
810.20. 810.20 '
798.63 799.59 798.63  798.63
Ting) . 73497 734.97 735.93
: 700.25 L
666.49 666.49 666.49 666.49
598.97 _
42536 425.36 ‘ 425.36
413.78
406.07

“ ATR method. ° Empirical assignment from Caughey et al [16]. The abbreviations are as

follows: ip, in plane; op, out of plane; a, asymmetric; s, symmetric; p, pyrrole B-carbon (Cp).

Assignments are made from normal coordinate analysis of 18 E, bands [16].
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Table 2-5 IR spectral data of m-5°

assignment” m-5a m-5b m-5c m-5d assignment’
Vau 3800 ~ 3300 3800~3300 3800~3300 3800~ 3300 ViH
Voo 2927.33 2926.37 2923.48 2922.51 Ve
2848.24 284824 2850.17 2848.24
Ve 2364.05
Veeo 1756.40 1751.58 < 1752.54 1747.72
Voo 1600.15 1600.15 1605.93 1600.15 VesoiVemy
1583.75
' 1502.73 -
Scms 1479.58 © 1480.55 © 1473.80 1479.58
VeesVon 1431.36 1432.32 : 1432.32 VousSeciv
&, s 1368.66 1370.59 1370.59 1371.55 Ve=o:dcpn
1338.76 1337.80 ’ Ocpar -
Veo.crs 1223.98 1221.09 1223.98 1221.09
Ve.ocH3 1160.32
1124.64 :
ipBey 1041.69 1071.37 1071.59 1087.98
' 1041.69 1048.44 . BcpanVesc
Ring deform. 1001.18 1001.18 ‘ VeoVeo
: 954.88 ’
935.59 935.59 967.42 937.52
0PScuian 877.72 TCH
820.81 819.85 819.85 nCH
796.70 79573 802.49 . 795.73
Riog . 73593 73497
721.46 ' 721.46
702.17 666.49 666.49
666.49 666.49
417.97 413.78

¢ ATR method. * Empirical assignment from Caughey et al [16]. The abbreviations are as

follows: ip, in plane; op, out of plane; a, asymmetric; s, symmetric; p, pyrrole B-carbon (Cp).

Assignments are made from normal coordinate analysis of 18 E, bands [16].
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Table 2-6 IR spectral data of p-6°

assignment’ p-ba p-6b p-6c p-6d assignment’
Vou 3363.30 3383.21 3387.41 - 338259 . Vox
VacH : 2965.92 Ven
2924.44 292348 2924.07 2916.72
Veon 2847.28
2363.09 S 2359.23 2364.05
2341.87
Veec 1604.97 1604.01 1604.97 1604.97 VeeoVosn
Vean 1522.99 1522.99
1507.55 1505.62 1504.66- 1505.62
Ve—csVean 1406.28 1401.46 1400.49 1400.49 VeansOcen
1338.76 1339.73 1338.76 Scpn
1227.84 1227.84 1226.88 1226.88
1178.65 1177.69 1177.69
Veo 1142.00
ipOey 1072.55 1074.48 1071.59
' 1039.76 104747 ScpnVesc
Ring deform. 997.32 996.35 998.28 998.28 Voo Voo
949.09
913.41
0POcriag 889.29 895.08 nCH
870.97 nCH
796.70 797.66 796.70 795.73
T sing) ‘ 772.58
71857
666.49 666.49 666.49 666.49
425.36 42921 425.36 421.50
413.78 413.78 413.78
409.92

@ ATR method. ° Empirical assignment from Caughey et al [16].  The abbreviations are as

follows: ip, in plane; op, out of plane; a, asymmetric; s, symmetric; p, pyrrole B-carbon (Cp).

Assignments are made from normal coordinate analysis of 18 E, bands [16].
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Table 2-7 IR spectral data of m-6°

assignment” m-6a m-6b m-6¢ m-6d assignment
Vou 3380.66 3398.02 3365.23 3320.86 Vou
VicH 2924.80 2023.48 2917.69 2912.87 Vex
Veon 2846.31 2846.31 2844.38
2370.80 2362.12 2364.05
2340.90
Voo 1599.18 1602.08 1600.15 1598.22 VeeoVoux
Veuy : ' 1580.86
Onn 1468.97 . 1477.65 1469.94
Vo Vo 1425.57 1439.07 1422.67 1425.57 VeonsSeen
1353.23 1339.73 1336.83 1349.37 Scpn
: 1251.95° E
1181.54 1165.15
1425.57
. . ‘ 1349.37
Vco s 1165.15
ipOcy 1071.59 1073.52 1073.52 :
1039.76 1044.58 ScpnVee
Ring deform. 919.19 999.25 ' VeoVec
' 931.73 92209
0pBcnian ’ 892.19 nCH
820.81 877.72 nCH
795.73 794.77 795.73 797.66
Rng 72050 ’
666.49 666.49 666.49 666.49
421.50 425.36 42536 428.25
413.78 409.92
' 406.07 406.07

* ATR method. * Empirical assignment from Caughey et al [16].. The abbreviations are as

follows: ip, in plane; op, out of plane; a, asymmetric; s, symmetric; p, pyrrole -carbon (Cp).

Assignments are made from normal coordinate analysis of 18 E, bands [16].
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Table 2-8 IR spectral data of p-7°

assignment® p-Ta " p7b p-Te p-7d assignment’
Vaig 3800 ~ 3300 3800 ~3300 3800 ~3300 3800 ~ 3300 Ve
Veon 3037.29 Ven
2959.16 298231 - 292541 2923.48
. 2866.57  2868.50 2850.17  2847.28
Vien 2706.46
2535.74
2522.23 .
2347.65 2350.55 2363.09 2351.51
2119.06
Vewo 1755.44 1755.44 1755.44 . 1748.68 .
Ve 1605.93 1606.90 1605.93 1605.93 VeuosVen
1580.60
‘ o 1558.67
- 1507.55 1506.59 - 1503.70 1505.62
Buscits 1473.80 1472.83 1473.80 1473.80
VeeoVon : 1429.43 VeawOcen
8 1368.66 1370.59 1370.59 1371.55 Ve-e:Ocpn
1226.88 1225.91 1223.98 122591 Scpit
Voo 1180.58 1179.61 1169.00
" Voo 1165.15 '
o 1125.69
ipdeir 1068.69 1078.34 1071.59 1088.95
1039.76 1041.69 1048.44 ScprVouc
1025.29
Ring deform. 982.85 993.46 992.50 993.46 VeoVee
982.85 Lo
967.42 967.42 967.42 966.45
907.62 916.30 |
0PBesau 899.90 871.72  873.86 nCH
847.82 847.82 nCH™
803.45 804.41 801.52 803.45
Ty 735.93 . 713593 734.97 736.90
666.49 666.49 666.49 666.49
42536 621.15 421.50
409.92 \ 41378

¢ ATR method. * Empirical assignment from Caughey et al [16]. The abbreviations are as
follows: ip, in plane; op, out of plane; a, asymmetric; s, symmetric; p, pyrrole B-carbon '(Cp). €

Assignments are made from normal coordinate analysis of 18 E, bands [16].
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Table 2-9 IR spectral data of m-7°

assignment® m-Ta m-Th m-T¢ m-7d assignment’
Vo 3800~300  3800-~3300 3800~3300 3800 ~ 3300 Var
Voo 2947.59 2937.94 2924.44 2921.55° Ven
2852.10 2860.78 2850.17 2852.10
Vecn 2360.19 2360.19 2346.69 2359.23
2339.94
Vewo 1758.33 1751.58 175640 174868 :
Ve 1599.18 1599.18 1601.11 1600.15 VecVoon
1577.96
Sru ) 1523.95
. 1479.58
Buscars 1473.80 1472.83 1468.01
VeeoVeon 1431.36 1431.36 1432.32 1432.32 VeonScen
8, s 1368.66 1369.63 1371.55 1371.55 VeeSepn
' 1338.76 Bcpn
Veocus 1227.84 1220.12 1224.24 1220.12
Veo.cus ' 116032 1221.09
, 1125.60 1185.40
ipSey - 1076.41 1071.59 1088.95
1041.69 1042.65 1049.40 ScpmVooc
Ring deform. 978.03 1002.14 VeoVoc
954.84
920.16 923.05 935.59
0PScran 877.72 , nCH
802.49 815.99 82178 801.51 nCH
796.70
Reing 734.97 735.93 734.97
72146 73497
701.21 700.25 666.49
666.49 666.49 666.49
445.61
411.85 413.78

“ ATR method. » Empirical assignment from Caughey et al [16]. The abbreviations are as
follows: ip, in plane; op, out of plane; a, asymmetric; s, symmetric; p, pyrrole B-carbon (Cp). ©

Assignments are made from normal coordinate analysis of 18 E, bands [16].

0
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Table 2-10 IR spectral data of p-8°

assignment” p-8a p-8b p-8c p-8d assignment’
Vou 3379.70 3378.73 3382.59 3382.59 Vou
Vac ' 2968.81 Ver
2896.47 2915.76
Vicn 2889.72 2882.00
2360.19 2363.09 2360.19 " 235151
Ve 1604.97 1604.01 1604.97 1604.97 VeeeVoun
Sun 1502.73 1502.73 1503.70 1505.62
- 1473.80 1472.83 1471.87
VeeVon 1400.49 1401.46 1407.24 1400.49 VeanOcon
' 1398.56
1350.34 1348.41 Scpst
1230.73 1229.77 1227.84 1226.88
1178.65 1177.69 1177.69.
ipSen 1073.52 1073.52 1101.49 1070.62
1037.83 ScpiVore
Ring deform. 992.50 1011.79 VeoVee
967.42 967.42 966.45 966.45
949 09
0P8cian 896.04 ©CH
846.85 870.00 ©CH
796.70 795.73 796.70 795.73
Mg 730.15 771.62
729.18
666.49 666.49 666.49 666.49
429.21 42921 425.36 42536
‘ 413.78 413.78
409.92
403.17
¢ ATR method. * Empirical assignment from Caughey et al [16]. The abbreviations are as

follows: ip, in plane; op, out of plane; a, asymmetric; s, symmetric; p, pyrrole B-carbon (Cp).

Assignments are made from normal coordinate analysis of 18 E, bands [16].
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Table 2-11 IR spectral data of m-8°

assignment’ m-8a m-8b m-8¢ m-8d assignment’
Vou 3374.87 3382.59 3377.77 3383.55 Vou
Vicn 2975.56 - 2914.80 Ven
2923.48 2915.76 -
Vicn ' 2878.14 2846.31
2359.23  2361.16
Ve 1599.18 1601.11 1587.61 1597.25 Ve—osVeen
Veon 1577.96
Sn 1478.62 1468.01 1473.80
VeeosVeen 1425.57 - 1430.39 1427.50 1438.11 VeanrOcen
1336.83 1349.37 1349.37 Scpnr
1253.88 . 124231 1260.63
1235.56
1206.62 1205.66
1183.47 1178.65 1178.65
Veo 1155.50 1136.21 1100.52
ipOcx 1070.62 1081.23 1038.79 1070.62
1039.76 SCP-vaC_—C
Ring deform.  1001.18 VeoVee
951.02 919.19
932.70 917.26
OPBcran 874.82 . nCH
819.85 TCH
794.77 798.63
776.44 77741
Tging) 719.54 72146 -
666.49 666.49 666.49 666.49
425.36 425.36 42921 421.50
413.78 - 406.07
406.07 406.07

“ ATR method. * Empirical assignment from Caughey et al [16]. The abbreviations are as
follows: ip, in plane; op, out of plane; a, asymmetric; s, symmetric; p, pyrrole B-carbon (Cp). ¢

Assignments are made from normal coordinate anaiysis of 18 E, bands [16].
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2-3. Summary

Thirty-two glycoconjugated porphyrins were synthesized by a modification of Lindsey method in
the presence of Zn(OAc),-2H,O as a template, and fully characterized by 'H and '*C NMR, ESI-TOF and
FAB mass, IR and electronic absorption spectroscopy. The Zn?* ion temperate strategy improved the
yield about 3-fold in the case of 5,10,15,20-tetrakis [3-(2,3,4,6-tctra-0-acctyl;B-D-
glucopyranosyloxy)phenyl]porphyrin (n-7a). In addition, free-base porphyrins 7 were obtained almost
quantitatively by demetaration of correspondingbzinc porphyrin5 precursor with 4 M HCL. This provides
an efficient means to prepare wide variety of glyceconjugated porphyrins, which can be used as a precursor
for glycoconjugated chlorins having similar structures to tetrakis(3-hydroxyphenyl)chlorin, i.e., FoscarP.
In electronic absorption spectroscopy, the free-base porphyrins 7 and 8 have a strong Soret band at ca.
420 nm and four weak Q bands at ca. 520, 550, 600 and 650 nm with etioporpﬁyﬂn-like shape. The zinc
porphyrins § and 6 show the electronic absorption spectra of typical metalloporphyrins, 1.e., a strong
Soret band at ca. 430 nm and two weak Q bahds at ca. 560 and 600 nm. The Q, band (about 630 nm) of
porphyrin derivatives is known to be useful for the PDT treatment because of its skin cell permeability.
All porphyrins 7 and 8 have a Q, band at ca. 650 nm which is almost same as that of Foscan® and is longer
than that of Photofrin®. Hence the porphyrins 7 and 8 are potential PDT drugs in terms of the availability

. of the long wavelength region for excitation.

2-4. Experimentals
"Materials and Measurements
'H NMR spectra were recorded on Bruker AVANCE 800 (800 MHz) (National Food Research
Institute), Bruker DRX600 (600 MHz) (National Food Research Institute), JEOL JNM-AL400 (400
MHz) (Nara Women’s University) and VARIAN GEMINI 2000 (300 MHz) (Nara Women’s University)
instruments. NMR assignment appears with following abbreviations; “P” is porphyrin ring, “R” is
saccharide residue, and “Ar” is aromatic group or bridging phenylene group between P and R. Electronic
absorption spectra in dimethyl sulfoxide (DMSO) were recorded on a JASCO V-570 spectrophotometer
(Nara Women’s University). IR spectra were recorded on FI/IR-8900 JASCO (Osaka Prefectural ‘College
of Technology) using an ATR-500/M instrument. Mass spectra in methanol were recorded on JMS
T100LC JEOL (Nara Women’s University), JEOL JMS-700 (Nara Institute of Science and Technology)
and JMS-100L.C JEOL (National Food Research Institute) instruments. The purity of the acetylated
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compounds 5 and 7 was estimated by liquid chromatography (SHIMADZU, CLASS-VP ver 5.02 syster)
(Nara Women’s University) equipped with a silica gel-ODS (Kanto, Mightysil RP-18 4.6 mm¢ x 200
mm) column and a UV-vis detector (SPD-M10A VP) using MeOH / HL,O = 8 / 2 as an eluent. The purity
of the deacetylated compounds 3 was determined by high performance liquid chromatography (HPLC,
HITACHI, L-6000) (Osaka Prefectural College of Technology) equipped with an octadecylsilyl-bounded
silica gel (HITACHI, HITACHI GEL 4 mm¢ x 150 mm) column and a diode array detector (HITACHI

L-4000) using acetonitrile / water = 1 / 1 as an eluent.

2-4-1. Glucopyranosylated Compounds (a)
2,3,4,6-Tetra-O-acetyl-o-p-glucopyronosyl Bromide (3a)

Procedure A: 1,234 6-penta-O-acetyl-oa-p-glucose (25.8 g, 66.1 mmol) and 30 % HBr/AcOH
(300 mL) were stirred for 1 h in room temperature. ‘After 1 h, the solution was added to CHCI, (600 mL).
The solution was washed with ice water (600 mL x 2), saturated cold NaHCO,(aq) (600 mL x 2) and
dried over Na,SO,. The filtered solution was evaporated to dryness and pure product was crystallized
from CH,CL/Et,0 to give a white solid (17.7 g, 64.9 %).

Procedure B: Anhydrous p-glucose (39 g, 236 mimol) and acetyl bromide (98 mL, 577 mmol) were
stirred. This mixture was stirred for 12 h in ice water bath.. After 12 h, the solution was added Et,0 (390
mL). The solution was washed with ice water (400 mL X 2), saturated cold NaHCO,(aq) (400 mL x 2),
and dried over Na,SO,. The filtered solution was evaporated to dryness and pure product was crystal!jied
from CH2C12/Et26 to give'a white solid (53 g, 56 %). '"H NMR (CDCl,, 300.07 MHz): § (ppm) = 6.62
(14, d, %/ =3.9 Hz, 1-R), 5.57 (1H, t, /= 9.3 MHz, 3-R), 5.17 (1H, t, *J= 10.05 MHz, 4-R), 4.85 (1H, dd,
3J=10.2 Hz,%J = 3.9 Hz, 2-R), 4.32 (2 H, m, 6-R), 4.13 (1H, dd, */=12.6 Hz, 2J= 2.1 Hz, 5-R), 2.10, 2.08,
2.07,2.05 ((3H, s, Mc) x 4). | | "

4-(2,3,4,6-Tetra-O-actyl-f-p-glucopyranosiloxy)benzaldehyde (p-4a)
p-Hydroxyenzaldehyde (1.5 g, 12 mmol), quinoline {15 mL} and 3a (10.1 g, 25 mmol) were stirred.
Silver oxide(I) (5.8 g, 25 mmol) was added to the stirred solution. This mixture was stirred for 15 min at
room temperature. To the solution was added 25 % acetic acid (aq) (100 mL), and then was stirred for 1
hin ice water bath. The reaction mixture was filtered, and resulting solid was poured in hot MeOH (150
|

mL). The insoluble silver oxide was removed by celite filtration. The filtrate was evaporated to dryness
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and crude product was crystallized from hot MeOH to give a white solid (2.7 g, 50 %). 'H NMR (CDCIL,
300.07 MHz): & (ppm) = 9.94 (1H, s, aldehyde), 7.86 (2H, d, 3/ = 6.6 Hz, 2,6-ArH), 7.01 (2H, d, 3/ = 6.9
Hz, 3,5-ArH), 5.33 (2H, m, 1,2-R), 5..16 ~5.24 (2H, m, 3,4-R), 4.30 (1H, dd,*/=12.6 Hz, 2/ = 5.1 Hz, 6-
R),4.18 (1H, dd, *J=12.3 Hz, ’/ = 2.4 Hz, 6-R), 3.94 (1H, m, 5-R), 2.10, 2.08, 2.07, 2.05 ((3H, s, Me) x
a. |

3-(2,3,4,6-Tetra-O-actyl-B-p-glucopyranosiloxy)benzaldehyde (m<a)

The similar procedure for p-4a was applied to m-hydroxyenzaldehyde (1.5 g, 12 mmol) and 3a
(10.1 g, 25 mmol) to give m-4a as a light yellow solid (3.4 g, 63 %). 'H NMR (CDCl,, 300.07 MHz): 8
(ppm) = 9.99 (1H, s, aldehyde), 7.61 ~ 7.58 (1H, m, 2-ArH), 7.52 ~ 7.47 (2H, m, 5,6-AtH), 7.29 ~ 7.25
(1H, m, 4-ArH), 5.30 (2H, m, 1,2-R), 5.20 ~ 5.12 (2H, m, 3,4-R), 4.24 (2H, m, 6-R), 3.94 (1 H, m, 5-R),
2.11, 2.10, 2.07, 2.05 ((3H, s, Me)} x 4).

Zinc(l) 5,10,15,20-tetrakis[4-(2,3,4,6-tetra-O-acetyl-B-p-glucopyranosyloxy )phenyl Jporphyrin (p-5a)

p-4a (1.9 g, 3.9 mmol), pyrrole (0.27 mL, 3.9 mmol) and dry CHCI, (430 mL) were stir_rc;d with Ar
flushing for 30 min. BF,-OEt, (0.2 mL, 0.10 mmol) and Zn(OAc),-2H,0 (3.8 g, 17 mmol) were added,
and ;ile mixture was stirred for 24 h at room temperature. To the solution was added chloranil (0.73 g,29
mmol), and the-whole was refluxed for.1 h, The solution was evaporated under reduced pressure. The
crude product was purified by column chromatography (silica gel, CHCl/acetone (15/1 ~ 8/1)); followed
by n;:rystallization from CHCL/EtOH to give p-5a (1.1 g, yield 87 %) as a red solid. Purity (HPLC):
>99 %. 'H NMR (CDCL, 600.13 MHz): 8 (ppm) = 8.89 (8H, s, B-P), 8.12 (8H, d, 3J = 8.7 Hz, 2,6-Ar),
7.38 (8H, d, */ = 8.4 Hz, 3,5-Ar), 548 ~ 5.42 (12H, m, 1,2,3-R), 5.30 (4H, 1, 3] =9,6 Hz, 4-R), 4.40 (4H,
dd, *J=12.3 Hz, %7 = 5.4 Hz, 6-R), 431 (4H, dd, *J = 12.3 Hz, %/ = 2.4 Hz, 6-R), 4.06 (4H, m, 5-R), 2.21,
2.11, 2.10, 2.09 ((12H, s, Me) X 4). *C NMR (CDCl,, 75.46 MHz): § (ppm) = 170.80, 170.49, 169.65
(CO x 3), 156.63 (4-Ar), 150.45 (&-P), 137.88 (1-Ar), 135.47 (2,6-Ar), 132.09 (B-P), 120.39 (meso-P),
114.99 (3,5-Ar), 99.18 (1-R), 72.81 (3-R), 72.23 (5-R), 71.29 (2-R), 68.35 (4-R), 62.04 (6-R), 20.70,
20.65, 20.55, 20.52 (Me x 4). ESI-HRMS (m/z) = [M+Na]* calcd for C,, H, N,O ZnNa, 2083.5103;
found, 2083.5117.
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Zinc(Il) 5,10,15,20-tetrakis{3-(2,3,4,6-tetra-O-acetyl-f-p-glucopyranosyloxy Jphenyl Jporphyrin (m-5a)

The similar procedure for p-5a was applied to m-4a (1.2 g, 2.4 mmol) to give m-5a as a red solid
(0.89 g, 93 %). Purity (HPLC): 96.1 %. 'H NMR (CDCL, 300.07 MHz): 8 (ppm) = 8.97 (8H, br, B-P),
7.97 ~ 7.85 (8H, m, 2,6-Ar), 7.72 ~ 7.62 (4H, m, 5-Ar), 7.47 ~ 7.21 (4H, m, 4-Ar), 5.40 ~ 5.25 (12H, m,
1,2,3-R), 5.20 ~ 5.25 (4H, m, 4-R), 4.25 ~ 4.12 (4H, m, 6-R), 4.12 ~ 4.00 (4H, m, 6-R), 3.89 ~ 3.77 (4H,
m, 5-R), 2.16 ~ 1.99 + 1.53 ~ 1.34 (48H, m, Me). “C NMR (CDCl,, 75.46 MHz): 6 (ppm) = 170.56,
170.37, 169.52 (CO x 3), 155.32 (3-Ar), 150.11 (a-P), 144.37 (1-Ar), 132.17 (B-P), 129.90 (5-Ar),
127.67 (6-Ar), 122.93 (4-Ar), 120.39 (meso-P), 116.31 (2-Ar), 99.20 (1-R), 72.65 (3-R), 72.00 (5-R),
71.21 (2-R), 68.20 (4-R), 61.87 (6-R), 20.57, 20.44, 20.38, 19.83 (Mex 4). ESI-HRMS (m/z) = [M+Na]*

4740

caled for C,, H,, N,O, ZnNa, 2083.5103; found, 2083.5090.

5,10,15,20-Tetrakis{4-(2,3,4,6-tetra-O-acetyl-B-p-glucopyranosyloxy)phenyl ]porphyrif:, (p-7a)

p-4a (1.9 g, 3.8 mmol), pyrrole (0.27 mL, 3.8 mmol) and dry CHCL, (430 mL) were stirred with Ar
flushing for 30 min. BF,-OFEt, (0.06 mL, 0.48 mmol) and Zn(OAc),-2H,0 (2.5 g, 11 mmol) were added,
and the mixture was stirred for 24 h at room temperature. To the solution was added chloranil (0.44 g, 1.7
mmol), and the whole was refluxed for 1 h. The solution was washed wit>h 4 M HCI (100 mL X 3),
distilled water (100 mL x 2) and saturated NaHCO, (aq) (100 mL x 2}. The solution was dried over
Na,S0,, and the solvent was taken off under reduced pressure. The crude product was purified by
column chromatography (silica gel, CHCL/acetone (15/1 ~ 8/1)), followed by recrystallization from
CHCL/EtOH to give p-7a (1.2 g, 64 %) as a red solid. Purity (HPLC): 99.7 %. 'H and '*C NMR

spectrum of p-7a was agreed with the literature [4,6,8].

5,10,15,20-Tetrakis[3-(2,3,4,6-tetra-O-acetyl-B-p-glucopyranosyloxy)phenyl Jporphyrin (m-7a)
The similar procedure for p-7a was applied to m-4a (1.2 g, 2.4 mmol) to give m-7a as a red solid

(1.3 g, 68 %). Purity (HPLC): >99 %. 'H and *C NMR spectrum of m-7a was agreed with the literature
[4.6,8].

Zinc(Il) 5,10,15,20-tetrakis{4 -(B-p-glucopyranosyloxy)phenylJporphyrin (p-6a)
P-5a (0.25 g, 0.12 mmol) was dissolved in THF (30 mL). To the solution, sodium methoxide was

added until pH 9. This mixture was stirred for 24 h at room temperature, then 25 % acetic acid (aq) was
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added to neutralize it. The solvent was evaporated, and the crude product was purified by gel filtration
on a Sephadex LH-20® column eluted with methanol. The solvent was evaporated. The precipitate was
washed with water and lyophilized to give p-6a as a purple red powder (0.15 g, 94 %). Purity (HPLC):
>99 %. 'H NMR (CD,0D, 300.07 MHz): § (ppm) = 8.83 (8H, s, §-P), 8.10 (8H, d, *J = 8.4 Hz, 2,6-Ar),
7.49 (8H, d, *J = 8.4 Hz, 3,5-Ar), 5.26 (4H, d,3J = 4.5 Hz, 1-R), 4.01 (4H, dd, 3/ = 1.8 Hz, 2/ = 12.0 Hz,
6-R), 3.80 (4H, dd, 3/ = 5.1 Hz, 2f = 11.7 Hz, 6-R), 3.69 ~ 3.48 f16H, mi, 2,3,4,5-R). '"H NMR (DMSO-
d,, 300.07 MHz): & (ppm) = 8.81 (8H, s, B-P), 8.08 (8H, d, *J = 8.1 Hz, 2,6-Ar), 7.44 (8H, d,3/ = 7.8 Hz,
3,5-Ar), 5.51 (4H, d,°J = 5.1 Hz, 2-ROH), 5.21 (4H, m, 2-R), 5.21 (4H, br, 1-R), 5.11 (8H, br, 3,4-ROH),
4.88 ~ 4.64 (4H, m, 6-ROH), 3.80 (4H, m, 6-R), 3.62 ~ 3.42 (20H, m, 2,3,4,5,6-R). *C NMR (DMSO-
d,, 75.46 MHz): 8 (ppm) = 157.54 (4-Ar), 149.95 (o-P), 136.62 (1-Ar), 135.43 (2,6-Ar), 131.95 (B-P),
120.24 (meso-P), 114.52 (3,5-Ar), 100.97 (1-R), 77.54 (3-R), 77.02 (5-R), 73.77 (2-R), 70.10 (4-R),
61.09 (6-R). ESI-HRMS (m/z) = [M-HF calcd for C, ;H_N,0,,Zn, 1387.3437; found, 1387.3391.
Zinc(1l) 5,10,15,20-tetrakis{ 3-(B-p-glucopyranosyloxy)phenylJporphyrin (m-6a)

The similar procedure for p-6a was applied to m-5a (91 mg, 43.7 pmol) to give m-6a as a red solid
(54.0 mg, 89 %). Purity (HPLC): >99 %. THNMR (CD,0D, 600.13 MHz):  (ppm) = 8.90 ~ 8.84 (8H,
m, B-P), 7.95 ~ 7.85 (8H, m, 2,6-Ar), 7.68 ~ 7.64 (4H, m, 5-Ar), 7.53 ~ 7.49 (4H, m, 4-Ar), 5.22 ~ 5.20
' (4H, m, 1-R), 3.82 ~ 3.81 (4H, m, 6-R), 3.68 ~ 3.66 (4H, m, 6-R), 3.56 ~ 3.43 (12H, m, 2,3,5-R), 3.39
(4H, m, 4-R). 1H NMR (DMSO-d6, 300.07 MHz): 8 (ppm) = 8.84 (8H, m, §-P), 7.81 ~ 7.79 (8H, m, 2,6
Arn),7.73 ~7.70 (4H, m, 5-Ar), 7.51 ~ 7.48 (4H, m, 4-Ar), 5.42 (4H, d,37 =4.2 Hz, 2-ROH), 5.19 (4H, m,
3 or 4-ROH), 5.11 (4H, m, 1-R), 5.01 (4H, br, 3 or 4-ROH), 4.60 (4H, m, 6-ROH), 3.82 (4H, d, 27 = 12.0
Hz, 6-R), 3.67 (4H, dd, 3/ = 5.4 Hz, *J = 13.2 Hz, 6-R), 3.62 ~ 3.31 (16H, m, 2,3,4,5-R). *C NMR
(DMSO-d,, 75.46 MHz): & (ppm) =155.12 (3-Ax), 149.60 (a-P), 144.41 (1-Ar), 132.06 (B-P), 128.87 (5-
Ar), 127.84 (6-Ar), 122.79 (4-Ar), 120.22 (meso-P), 115.48 (2-Ar), 100.85 (I-R), 77.31(3-R), 76.85 (5-
R), 73.72 (2-R), 69.95 (4-R), 60.91 (6-R). ESI-HRMS (m/z) = [M+H}* caled for C, ;H N,O

68" 4T 24

Zn,
1389.2845; found, 1389.2853.

35,10, 15,20-Tetrakis[4-( B-p-glucopyranosyloxy)phenyl Jporphyrin (p-8a)
The similar procedure for p-6a was applied to p-7a (203 mg, 102 umol) to give p-8a as a red solid
(123 mg, 91 %). Purity (HPLC): 96 %. 1H and 13C NMR spectrum of p-8a was agreed with the
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literature [4,6,8].

5,10,15,20-Tetrakis{ 3-( B-p-glucopyranosyloxy)phenyl jporphyrin (m-8a) -

The similar procedure for p-6a was applied to m-7a (510 mg, 255 umol) to give m-8a as a red solid
(325 mg, 96 %). Purity (HPLC): 98 %. 'H and *C NMR spectrum of m-8a was agreed with the literaturé
[4,6,8].

2-4-2. Galactopyranosylated Compounds (b)
2 3,4,6-Tetra-O-acetyl-o-p-galactopyronosyl bromide (3b)

1,2,3,4,6-penta-O-acetyl-oi-p-galactose (10.3 g, 26.4 mmol) and 25 % HB1/AcOH (50 mL) were
stirred for 1 h in room temperature. After 1 h, the solution was added CHCL, (600 mL). The solution was
washed with ice water (200 mL x 2}, saturated cold NaHCO, (aq) (200 mL x 2), and dried over Na,SO,.
The filtered solution was evaporated to dryness and pure product was crystallized from CH,CL/Et,O to
give white solid (9.0 g, 83.3 %). 'H NMR (CDCL, 300.07 MHz): & (ppm) =6.70 (1H, d, 3/ =3.9 Hz, 1-
R), 5.52 (1H, d, /= 3.3 MHz, 4-R), 5.41 (1H, dd, 3.‘]: 10.5 MHz, 2J = 3.00 Hz, 3-R), 5.06 (1H, dd, %=
10.5 Hz, 2J = 3.9 Hz, 2-R), 4.49 (1H, t, /=54 Hz, 5-R), 4.15 (2H, m, 6-R),-2.16, 2.12,2.07,2.02 ((3H,
s, Me) x 4).

4-(2,3,4,6-Tetra-O-actyl-B-p-galactopyranosiloxy }benzaldehyde (p-4b)

p-Hydroxybenzaldehyde (1.5 g, 12 mmol) was dissolved into the mixture of CH,CL, (14 mL) and 5
% NaOH (aq) (20 mL). Tetrabutylammonium bromide (0.66 g, 2.0 mmol) was added to the solution with
stirring, To the solution was added CH,Cl, solution (8 mL) of 3b (3.5 g, 8.4 mmol). The mixture was
stirred for 2 days at room temperature. The solution was washed with NaOH (aq) (5 %, 20 mL x 3},
saturated NaHCO, (aq) (20 mL x 1), water (20 mL x 1). After drying over Na,SO,, the filtrate was
evaporated to dryness and give colorless oil (2.3 g, 41 %). "H NMR (CDCL, 300.07 MHz): 8 (ppm) =
9.94 (1H, s, aldehyde), 7.86 (2H, d,3J = 6.9 Hz, 2,6-AtH), 7.14 (2H, d,*J = 6.9 Hz, 3,5-ArH), 5.56 ~ 5.48

(2H, m, 4,3-R), 5.21 ~ 5.13 (2H, m, 1,2-R), 4.24 ~ 4.15 (3H, m, 5,6-R), 2.19, 2.09, 2.08, 2.03 ((3H, 5, Me)
X 4),
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3-(2,3,4,6-Tetra-O-actyl-B-p-galactopyranosiloxy)benzaldehyde (m-+b)

The similar procedure for p-4b was applied to m-hydroxyenzaldehyde (1.5 g, 12 mmol) and 3b (3.6
g, 8.6 mmol) to give m-4b as colorless oil (2.2 g, 39 %). "HNMR (CDCI,, 300.07 MHz): 8 (ppm) = 9.93
(1Y, s, aldehyde), 7.62 ~ 7.57 (1H, m, 2-ArH), 7.57 ~ 7.51 (2H, m, 6,5-ArH), 7.32 ~ 7.25 (1H, m, 4-
ArH), 5.57 ~5.41 (2H, m, 4,3-R), 5.18 ~ 5.12 (2H, m, 1,2-R), 4.27 ~ 4.04 (3H, m, 5,6-R), 2.20, 2.08,
2,06, 2.03 ((3H, s, Me) x 4).

- Zine(Il) 5,10,15,20-tetrakis[4-(2,3,4,6-tetra-O-acetyl-B-p-galactopyranosyloxy)phenyl Jporphyrin (p-5b)
The similar procedure for p-5a was applied to p-4b (3.3 g, 6.9 mmol) to give p-Sb as a red solid (1.4
g, 53 %). Purity (HPLC): >99 %. "H NMR (CDCL, 300.07 MHz): 6 (ppm) =8.81 (8H, s, B-P), 8.13 (8H,
d, 3/ =8.6 Hz, 2,6-Ar), 8.74 (8H, d,*J = 8.1 Hz, 3,5-Ar), 5.86 (4H, m, 4-R), 5.33 (8H, m, 1,3-R), 4.62 ~
4.56 (4H, m, 2-R), 4.28 ~ 4.08 (12H, m, 5,6-R), 2.27, 2.23, 2.20, 2.04 ((12H, s, Me) x 4). BC NMR
. (CDCl,, 75.46 MHz): 8 (ppm) = 170.51, 170.32, 169.69 (COx 3), 156.57 (4-Ar), 150.39 (o-P), 137.81
© ) (1-Ar), 135.44 (2,6-Ar), 132.02 (B-P), 120.31 (meso-P), 114.92 (3,5-Ar), 99.57 (1-R), 71.10 (53-R), 70.87
(2-R), 68.72 (3-R), 66.86 (4-R), 61.34 (6-R), 20.70, 20.65, 20.55, 20.52 (Me x 4). ESI-HRMS (m/z) =
[M+Naj* calcd for C,( H N, O, ZnNa, 2083.5103; found, 2083.5083.
Zinc(H) 5,10,15,20-tetrakis{ 3-(2,3,4,6-tetra-O-acetyl--p-galactopyranosyloxy )phenyl Jporphyrin (m-5b)
The similar procedure for p-5a was applied to m-4b (2.1 g, 4.4 mmol) to give m-5b as a red solid
(1.6 g, 72 %). Purity (HPLC): 96.9 %. 'H NMR (CDC,, 600.13 MHz): 6 (ppm) = 8.95 (8H, br, B-P),
7.91 ~ 7.88 (8H, m, 2,6-Ar), 7.68 ~ 7.64 (4H, m, 5-Ar), 7.44 (4H, m, 4-Ar), 5.59 ~ 5.57 (4H, m, 4-R),
542 ~5.40 (4H, m, 1-R), 5.34 ~'5.32 (4H, m, 3-R), 5.14 ~ 5.12 (4H, m, 2-R), 4.14 ~ 4.01 (12H, m, 5,6-
R), 2.15 ~ 2.00 + 1.37 ~ 1.28 (48H, m, Me). *C NMR (DMSO-d,, 75.46 MHz): 8 (ppm) = 170.38,
170.28, 169.62 (CO x 3), 155.40 (3-Ar), 150.17 (0-P), 144.25 (1-Ar), 132.25 (B-P), 129.81 (5-Ar),
127.72 (6-Ar), 122.70 (4-Ar), 120.55 (ﬁgso-P), 116.33 (2-Ax), 99.80 (1-R), 71.10 (5-R), 70.79 (3-R),
68.68 (2-R), 66.89 (4-R), 61.40 (6-R), 20.72, 20.50, 19.71 (Mex 3). ESI-HRMS (m/z) = [M+Na]* caled
for C, H ,N,0,,ZnNa, 2083.5103; found, 2083.5110.
5,10,15,20-Tetrakis[4-(2,3,4,6-tetra-O-acetyl-B-p-galactopyranosyloxy)phenyl Jporphyrin (p-7b)
The similar procedure for p-7a was applied to p-4b (1.5 g, 3.12 mmol) to give p-7b as a red solid
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(0.98 g, 62 %). Purity (HPLC): >99 %. 'H and *C NMR spéctrurn of p-Tb was agreed with the literature

[4,6.8].

5,10,15,20-Tetrakis{ 3-(2,3,4,6-tetra-O-acetyl-f-p-galactopyranosyloxy)phenyl Jporphyrin (m-7b)

The similar procedure for p-7a was applied to m—4B (0.6 g, 1.6 mmol) to give m-7b as a red solid
(0.69 g, 57 %). Purity (HPLC): 98 %. 'H NMR (CDCL, 300.07 MHz): 3 (ppm) = 8.89 (8H, br, 3-P), 7.95
~7.84 (8H, m, 2,6-Ar), 7.73 ~ 7.62 (4H, m, 5-Ar), 7.50 ~ 7.42 (4H, m, 4-Ar), 5.68 ~ 5.54 (4H, m, 4-R),
5.54 ~ 5.38 (4H, m, 3-R), 5.38 ~ 5.20 (4H, m, 1-R), 5.20 ~ 4.93 (4H, rh, 2-R), 4.16 ~ 4.04 (12H, m, 5,6-
R), 2.17 ~ 2.01 + 1.29 ~ 1.22 (48H, m, Me), -2.88 (2H, b, NH). 3C NMR (CDCI,, 75.46 MHz): 8 (ppm)
=170.37, 170.27, 169.60 (CO x 3), 155.45 (3-Ar), 150.13 (0-P), 143.54 (1-Ar), 131.42 (B-P), 129.84 (5-
Ar), 127.85 (6-Ar), 122.59 (4-Ar), 119.52 (meso-P), 116.59 (2-Ar), 99.76 (1-R), 71.11 (S-R)-, 70.76 (3-
R), 66.64 (2-R), 66.87 (4-R), 61.40 (6-R), 20.68, 20.49, 20.43, 19.62 (Me x 4). ESI-HRMS (m/z) = [M-
H] caled for C, H ( N,O, , 1997.5992; found, 1997.5996.

Zinc(ll) 5,10,15,20-tetrakis{4-(B-p-galactopyranosyloxy)phenyl [porphyrin (p-6b)

The similar procedure for p-6a was applied to p-5b (510 mg, 245 umol) to-give p-6b as a red solid
(306 mg, 90 %). Purity (HPLC): >99 %. 'H NMR (CD,0D, 300.07 MHz): & (ppm) = 8.84 (8H, s, B-P),
8.10 (8H, d, 3/ = 8.4 Hz, 2,6-Ar), 7.49 (8H, d, 3/ = 8.4 Hz, 3,5-Ar), 5.20 (4H, d,*/ = 7.8 Hz, 1-R), 4.02 ~
3.80 (20H, m, 2,4,5,6-R), 3.74 ~ 3.70 (4H, m, 3-R). 'TH NMR (DMSO-d,, 300.07 MHz): 6 (ppm) = 8.81
(8H, s, B-P), 8.08 (8H, d, *J = 8.4 Hz, 2,6-Ar), 7.45 (8H, d,*J = 8.1 Hz, 3,5-Ar), 5.37 (4H, d,*J=5.1 Hz,
2-ROH), 5.11 (4H, 4,37 = 7.5 Hz, 1-R), 4.99 (4H, d,J = 5.4 Hz, 3-ROH), 4.77 (4H, m, 6-ROH), 4.63
(4H, d,*J = 4.5 Hz, 4-ROH), 3.83 ~3.77 (12H, m, 4,2,6-R), 3.77 ~ 3.63 (8H, m, 6,5-R), 3.63 ~ 3.50 (4H,
m, 3-R). *C NMR (DMSO-d,, 75.46 MHz): 8 (ppm) = 157.64 (4-Ar), 149.95 (a-P), 136.54 (1-Ar),
135.43 (2.6-Ar), 131.93 (B-P), 120.25 (meso-P), 114.57 (3,5-Ar), 101.66 (1-R), 76.00 (5-R), 73.71 (3-
R),70.79 (2-R), 68.56 (4-R), 60.81 (6-R). ESI-HRMS (m/z) = [M-H} calcd for C H_N,0,,7Zn, 1387.3437;
found, 1387.3418.

Zinc(Il} 5,10,15,20-tetrakis[ 3-(B-p-galactopyranosyloxy)phenyl Jporphyrin (m-6b)
The similar procedure for p-6a was applied to m-5b (77 mg, 37.0 umol) to give m-6b as a red solid
(462 mg, 90 %). Purity (HPLC): 98 %. 'H NMR (CD,0D, 300.07 MHz): § (ppm) = 8.87 (8H, br, B-P),
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7.96 (4H, br, 2-Ar), 7.60 (4H, m, 6-Ar), 7.81 (4H, m, 5-Ar), 7.56 (4H, m, 4-Ar), 5.17 (4H, 4,/ = 7.5 Hz,
1-R), 3.93 ~ 3.87 (8H, m, 2,4-R), 387 ~ 3.71 (8H, m, 6-R), 3.71 ~ 3.59 (8H, m, 3,5-R). 'H NMR
(DMSO-d,, 300.07 MHz): & (ppm) = 8.84 (8H, br, 8-P), 7.83 ~ 7.72 (8H, m, 2,6-Ar), 7.72 ~ 7.61 (4H, m,
5-At), 7.49 ~ 7.47 (4H, m, 4-Ar), 5.28 (4H, d,%J = 4.8 Hz, 2-ROH), 5.13 (4H, d, %/ = 6.6 Hz, 1-R), 5.01
~4.72 (4H, d,%J = 2.7 Hz, 3-ROH), 4.58 ~ 4.52 (8H, m, 4,6-ROH), 3.73 ~ 3.32 (24H, m, 2,3,4,5,6-R).
5C NMR (DMSO-d,, 75.46 MHz): 8 (ppm) =156.15 (3-Ar), 149.62 (0-P), 144.39 (1-Ar), 131.95 (B-P),
128.79 (5-An), 127.81 (6-Ar), 122.68 (4-Ar), 120.27 (meso-P), 115.69 (2-Ar), 101.40 (1-R), 75.70 (5-R),
73.58 (3-R), 70.79 (2-R), 68.27 (4-R), 60.44 (6-R). ESI-HRMS (m/z) = [M-H calcd for C,;H,,N,0,Zn,

1387.3437; found, 1387.3433.

5,10,15,20-Tetrakis{4-( B-p-galactopyranosyloxy)phenyl Jporphyrin (p-8b)
The similar procedure for p-6a was applied to p-7b (257 mg, 123 umol) to give p-8b as a red solid
(142 mg, 87 %). Purity (HPLC): >99 %. 'H and 3C NMR spectrum of p-8b was agreed with the

literature [4,6,8].

5,10,15,20-Tetrakis{3-( ﬁ-D-ga}\acropymnosyloxy)phenyl Iporphyrin (m-8b)

i The similar procedure for p-6a was applied to m-7b (172 mg, 86.1 umol) to give m-8b-as a red solid
(86.8'mg, 76 %). Purity (HPLC): >99 %. 'H NMR (CD,0D, 300.07 MHz): § (ppm) = 8.92 (8H, br, f-
P), 7.97 (4H, br, 2-Ar), 7.85 (4H, m, 6-Ar), 7.67 (4H, m, 5-Ar), 7.57 (4H, m, 4-Ar), 5.17 (4H, d,3/ = 7.5
Hz, 1-R), 3.93 ~ 3.87 (8H, m, 2,4-R), 3.71 (8H, m, 6-R), 3.65 ~ 3.58 (8H, m, 3,5-R). H NMR (DMSO-
d, 300.07 MHz): 3 (ppm) = 8.89 (8H, br, -P), 7.89 (4H, br, 2-Ar), 7.82 (4H, br, 6-Ar), 7.73 (4H, m, 5-
Ar),7.51 (4H, m, 4-Ar), 5.29 (4H, d, %/ = 4.8 Hz, 2-ROH), 5.14 (4H, d,*J = 7.5 Hz, 1-R), 4.88 (4H, d,*] -
=5.4 Hz, 3-ROH), 4.55 ~ 4.53 (8H, m, 4,6-ROH), 3.68.(8H, br, 2,4-R), 3.64 ~ 3.44 (16H, m, 3,5,6-R), -
2.97 (2H, br, NH). C NMR (DMSO-d,, 75.46 MHz): 8 (ppm) =156.35 (3-Ar), 142.74 (o-P and 1-Ar),
131.56 (B-P), 128.71 (5-Ar), 128.24 (6-Ar), 122.65 (4-Ar), 119.94 (meso-P), 116.26 (2-Ar), 101.23 (1-
R), 75.700 (5-R), 73.53 (3-R), 70.68 (2-R), 68.34 (4-R), 60.51 (6-R). ESI-HRMS (m/z) = [M-H} calcd
for C,HN,0,,, 1325.43027; found, 1325.4304.
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. 2-4-3. Xylopyranosylated Compounds (c)
2,3,4-Tri-O-acetyl-0-p-xylose (2¢)

Sodium acetate (3.0 g, 35.8 mmol) and Ac,0 (36 mL) were stirred in 130 °C. p-Xylose (5.0g, 33.3
mmol) was added carefully to the mixture. After dissolving completely, reaction solution was cooled to
room temperature. The solution was poured into ice water (150 g), and then was stirred for overnight.
The filtered solid was crystallized from hot MeOH to give a white solid (5.6 k, 53 %). '"H NMR (CDCL,
300.07 MHz): 8 (ppm) = 5.72 (1H, d, 3/ = 6.6 Hz, 1-R), 5.57 (1H, t, %= 8.4 MHz, 3-R), 5.05 (1H, t,%/=
6.6 MHz, 2-R), 4.98 (iH, m, 5-R),4.16 (1H, dd,3/=11.7 Hz, 2/ = 4.8 Hi, 5-R), 3.53 (1H, dd,3/=12.0 Hz,
1j= 8.4 Hz, 5-R), 2.12, 2.07, 2.06 ((3H, s, Me} x 3).

2,3,4-Tri-O-acetyl- o-p-xylopyronosyl bromide (3c)

The similar procedure for 2b was applied to 2¢ (5.0 g, 15.7 mmol) and 30 % HBr/AcOH (25 mL) to
give 3c as white solid (4.6 g, 87 %). '"H NMR (CDCL, 300.07 MHz): & (ppm) = 6.59 (1H, d,*/ = 3.9 Hz,
1-R), 5.57 (11, t, /= 9.6 MHz, 3-R), 5.04 (1H, m, 4-R), 4.78 (1H, dd,*/= 9.8 Hz, 2/ = 3.9 Hz, 2-R), 4.06
(1H, dd, 3*/=11.1 Hz, 27 = 6.3 Hz, 5-R), 3.88 (1H, t,>J= 11.1 Hz, 5-R), 2.26, 2.13, 2.09 ((3H, s, Me) X 3).

4-(2,3,4-Tri-O-acetyl-f-p-xylopyranosyloxy)benzaldehyde (p4c)

p—Hydroxybenzaldehyde (4.7 g, 38 mmol) was dissolved into the mixture of CH,CL, (70 mL) and 5 |
% NaOH (aq) (70 mL). Tetrabutylammonium bromide (1.2 g, 3.8 mmol) was added to the solution with
stirring. To the solution was added CH,CI, solution (10 mL) of 3¢ (8.5 g, 27 mmol). The mixture was
stirred for 15 h at room temperature. The solution was washed with NaOH (aq) (5 %, 70 mL x 3),
saturated NaHCO, (aq) (70 mL x 1) and water (70 mL X 1). After drying over Na,SO,, the filterate was
evaporated to dryness and the residue was crystallized from CH,CL/Et,O to give white solid (2.1 g, 21
%). '"HNMR (CDCL,, 300.07 MHz): 8 (ppm) =9.91 (1H, s, CHO), 7.84 (2H, d,J = 8.4 Hz, 2,6-Ar), 7.11
(2H, d,3J = 8.7 Hz, 3,5-Ar), 5.32 ('H, d, *J = 4.8 Hz, 1-R), 5.25~5.18 (2H, m, 2,3-R), 5.00~4.99 (1H, m,
4-R),4.22 (1H, dd, *J = 4.2 Hz, 2/ = 12.3 Hz, 5-R), 3.59 (1H, dd, 3/ = 6.6 Hz, 2] = 11.7 Hz, 5-R), 2.08 (9H,
s, Me). C NMR (CDCl,, 75.46 MHz): & (ppm) = 190.94 (CHO), 169.94; 169.48 (COx 2), 161.18 (4-
An), 131.68 (1-Ar), 131.67 (2,6-Ar), 116.72 (3,5-Ar), 97.39 (1-R), 69.96 (3-R), 69.48 (2-R), 68.09 (4-R),
61.68 (5-R), 20.55, 20.65 (Me X 2).
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3-(2,3,4-Tri-O-acetyl-B-p-xylopyranosyloxy)benzaldehyde (m<c)

The similar procedure for p-d¢ was applied to m-hydroxybenzaldehyde (4.3 g, 35 mmol) and 3¢
(6.1 g, 19 mmol) to give m-4c (0.99.g, 14 %). 'H NMR (CDCl,, 300.07 MHz): & (ppm) = 9.99 (1H, s,
CHO), 7.60 (1H, m, 2-Ar), 7.57~7.46 (2H, m, 6,5-Ar), 7.29~7.25 (1H, m, 4-Ar), 5.29~5.17 (3H, m,
1,2,3-R), 5.06~4.99 (1H, m, 4-R), 4.24 (1H, dd, 3/ =4.8 Hz,2/ = 12.3 Hz, 5-R), 3.59 (1H, dd,*J = 7.8 Hz,
3J =123 Hz,5-R), 2.12 (3H, 5, Me), 2.10 (6H, s, Me x 2). *C NMR (CDCl,, 75.46 MHz): & (ppm) =
191.75 (CHO), 169.98, 169.49 (CO x 2), 157.12 (1-Ar), 130.39 (3,5-Ar), 125.28 (6-Ar), 123.40 (4-Ar),
116.91 (2-Ar), 98.11 (1-R), 70.34 (3-R), 69.83 (2-R), 68.231 (4-R), 61.78 (5-R), 20.62 (Me).

Zinc(1I) 5,10,15,20-tetrakis[4-(2,3,4-tri-O-acetyl-f-p-xylopyranosyloxy)phenyl Jporphyrin (p-5¢)
The similar procedure for p-5a was applied to p-de (1.0 g, 3.1 mmol) to give p-5¢ as a red solid (1.3
2, 84 %). Purity (HPLC): >99 %. 'H NMR (CDCL, 300.07 MHz): & (ppm) = 8.96 (8H, s, -P), 8.14 (8H,
d,3J=8.7 Hz, 2,6-Ar), 7.39 (8H, d,37 = 8 4 Hz, 3,5-Ar), 5.54 (4H, ¢,3J = 6.0 Hz, 2-R), 5.39 ~ 5.37 (8H,
m, 1,3-R), 5.15 (4H, m, 4-R), 4.43 (4H, dd,*/ = 4.8 Hz,2J = 12.3 Hz, 5-R), 3.73 (4H, dd,*/ = 7.8 Hz,%J
=12.3 Hz, 5-R), 2.22, 2.17, 2413 ((9H, s, Me) x 3). *C NMR (CDCl,, 75.46 MHz): & (ppm) = 170.22,
170.09, 169.72 (CO x 3), 156.40 (4-Ar), 150.47 (a-P), 137.64 (1-Ar), 135.53 (2,6-Ar), 132.07 (B-P),
12047 (meso-P), 114.91 (3,5-Ar), 98.63 (1-R), 70.76 (3-R), 70.25 (2-R), 68.54 (4-R), 62.04 (5-R), 20.76,
20.72 (Me x2). Fast atom bombardment (FAB)-HRMS (m/z) = [M]* caled for C, H, ,N,0,,Zn, 1772.436;

found, 1772.4304.

Zinc(Il) 5,10,15,20-tetrakis{3-(2, 3,4-?ri -0-acetyl-B-p-xylopyranosyloxy)phenylJporphyrin (m-5¢)

The similar procedure for p-5a was applied to m-4e (1.5 g, 3.9 mmol) to give m-5c as a red solid
(1.6 g, 84 %). Parity (HPLC): >99 %. 'H NMR (CDCL, 300.07 MHz): & (ppm) = 8.97 (8H, br, B-P),
7.93~7.87 (8H, m, 2,6-Ar), 7.68 (4H, m, 5-Ar), 7.43 (4H, m, 4-Ar), 5.38 (4H, m, 2-R), 5.25 (8H, m, 1,3~
R), 5.05 (4H, m, 4-R), 4.26 (4H, m, 5-R), 3.57 (4H, m, 5-R), 2.12, 2.06, 2.04 ((9H, s, Me)x 3). BC NMR
(CDCl,, 75.46 MHi): & (ppm) = 170.07, 169.96, 169.59 (CO x 3), 155.03 (3-Ar), 150.14 (x-P), 144.37
(1-Ar), 132.14 (B-P), 129.76 (5-Ar), 127.67 (6-Ar), 123.16 (4-Ar), 120.42 (meso-P), 116.09 (2-An),
98.63 (1-R), 70.58 (3-R), 70.09 (2-R), 68.36 (4-R), 61.81 (5-R), 20.59 (Me). FAB-HRMS (m/z) = [M]*

caled for C,H, N, O, 7Zn, 1772.436; found, 1772.4303.
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5,10,15,20-Tetrakis[4-(2,3,4-tri-O-acetyl-B-D-xylopyranosyloxy)phenyl [porphyrin (p-7¢c)

The similar procedure for p-7a was applied to p-4e (284 mg, 738 pmol) to give p-7c as a red purple
solid (202 mg, 64 %). Purity (HPLC): >99 %. 'H NMR (CDCl,, 800.03 MHz): & (ppm) = 8.85 (8H, br,
B-P), 8.13 (8H, d, *J = 8.7 Hz, 2,6-Ar), 7.39 (8H, d, *J = 8.4 Hz, 3,5-Ar), 5.53 ~ 5.55 (4H, m, 1-R), 5.40
~5.38 (8H, m, 2.3-R), 5.17 ~ 5.15 (4H, m, 4-R), 4.44 (4H, dd, *J = 4.5 Hz, 2/ = 11.9 Hz, 5-R), 3.74 (4H,
dd, 3J = 7.6 Hz, 2J = 11.9 Hz, 5-R), 2.23, 2.18, 2.14 ((9H, s, Me) x 3), -2.815 (2H, br, NH). 3C NMR
(CDCl,, 75.46 MHz): 6 (ppm) = 170.22, 170.11, 169.73 (CO x 3), 156.55 (4-Ar), 136.99 (a-P and 1-Ax),
135.71 (2,6-Ar), 130.10 (B-P), 119.45 (meso-P), 115.02 (3,5-Ar), 98.58 (1-R), 70.752 (3-R), 70.24 (2-
R), 68.52 (4-R), 62.04 (5-R), 20.71 (Me). FAB-HRMS (m/z) = [M+H]* caled for C_H_N,O,,, 1711.52979;
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found, 1711.53108.

5,10,15,20-Tetrakis{3-(2,3,4-tri-O-acetyl-f-p-xylopyranosyloxy)phenyl Jporphyrin (m-7c)

The similar procedure for p-7a was applied to m-dc (882 mg, 2.32 mmol) to give m-7c¢ as a red
purple solid (854 mg, 86 %). Purity (HPLC): >99 %. UV-vis (DMSO): A,__ (nm) (€x 10?/M".cm™) =
420 (41.2), 514 (2.72), 549 (1.46), 589 (1.28), 644 (1.09). "H NMR (CDCl,, 300.07 MHz): 3 (ppm) =
8.88 (8H, s, B-P), 7.94 (4H, m, 2-Ar), 7.87 (4H, m, 6-Ar), 7.68 ~ 7.43 (8H, m, 4,5-Ar), 5.38 (4H, m, 2-R),
5.25 (8H, m, 1,3-R), 5.05 (4H, m, 4-R), 4.26 (4H, m, 5-R), 3.57 (4H, m, 5-R), 2.10, 2.06,.2.04 ((9H, s,
Me) x 3), -2.87 (2H, br, NH). "*C NMR (CDCl,, 75.46 MHz): 8 (ppm) = 170.10, 169.98, 169.60 (CO X
3), 155.16 (3-Ar), 143.65 (a-P, 1-Ar), 132.20 (B-P), 129.83 (5-Ar), 128.25 (6-Ar), 123.22 (4-Ar), 11948
(meso-P), 116.28 (2-Ar), 98.66 (1-R), 70.59 (3-R), 70.28 (2-R), 68.38 (4-R), 61.86 (5-R), 20.61 (Me).

FAB-HRMS (m/z) = [M+H]* calcd for C H_N,0,,, 1711.52979; found, 1711.52702.

1
Zinc(1l) 5,10,15,20-tetrakis(4-(B-p-xylotopyranosyloxy)phenyl Jporphyrin (p-6¢)

The similar procedure for p-6a was applied to p-5¢ (201 mg, 113 umol) to give p-6¢ as a red purple
solid (141 mg, 98 %). Purity (HPLC): >99 %. 'H NMR (CD,0D, 300.07 MHz): & (ppm) = 8.81 (SH, S
B-P), 8.05 (8H, d, 3 = 8.4 Hz, 2,6-Ar), 7.37 (8H, d,%/ = 8.7 Hz, 3,5-Ar), 5.18 (4H, d, %/ = 7.5 Hz, 1-R),
4.06 ~ 4.00 (8H, m, 5-R), 3.76 ~ 3.43 (12H, m, 2,3,4-R). 'H NMR (DMSO-d,, 300.07 MHz): § (ppm) =
8.82 (8H, s, B-P), 8.10 (8H, br, 2,6-Ar), 7.45 (8H, br, 3,5-Ar), 5.54 (4H, br, 2 or 4-ROH), 5.23 (8H, br, 1-
R, 3-ROH), 5.17 (4H, br, 2 or 4-ROH), 3.91 (8H, br, 5-R), 3.91 ~ 3.58 (12H, m, 2,3,4-R). *C NMR
(DMSO-dﬁ, 75.46 MHz): 8 (ppm) =157.20 (4-Ar), 149.94 (&-P), f36.67 (1-Ar), 135.44 (2,6-Ar), 131.90
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(B-P), 120.20 (meso-P), 114.56 (3,5-Ar), 101.26 (1-R), 76.88 (3-R), 73.56 (2-R), 69.78 (4-R), 66.12 (5-
R). FAB-HRMS (m/z) = [M]* calcd for C,H N0, Zn, 1268.30869; found, 1268.30900.

Zinc(Il) 5,10,15,20-tetrakis{ 3-(B-p-xylotopyranosyloxy)phenyl J[porphyrin (m-6¢} -

The similar pro¢edure for p-6a was applied to m-5¢ (183 mg, 103 pmol) to give m-6¢ as a red purple
solid (120 mg, 92 %). Purity (HPLC): 95 %. 'H NMR (CD,0D, 300.07 MHz): & (ppm) = 8.88 (8H, s, B-
P), 7.94 ~ 7.87 (8H, m, 2,6-Ar), 7.70 ~ 7.65 (4H, m, 5-Ar), 7.51 ~ 7.49 (4H, m, 4-Ar), 5.15 4H, d,*J =
7.5 Hz, 1-R), 3.94 ~ 3.89 (4H, m, 5-R), 3.63 ~ 3.36 (16H, m, 2,3.4,5-R). 'H NMR (DMSO-d,, 300.07
MHz): & (ppm) = 8.81 (8H, s, B-P), 7.79 (8H, br, 2,6-Ar), 7.70 ~ 7.67 (4H, m, 5-Ar), 7.48 ~ 7.45 (4H, m,
4-Ar), 5.47 (4H, br, 2-ROH), 5.14 (8H, br, 1-R, 3-ROH), 5.05 (4H, m, 4-ROH), 3.82 ~ 3.66 (4H, m; 5-R),
3.51 ~3.17 (16H, m, 2,3,4,5-R). *C NMR (DMSO-d,, 75.46 MHz): § (ppm) =155.88 (3-Ar), 149.57 (a-
P), 144.36 (1-Ar), 132.01 (B-P), 128.81-(5-Ar), 127.82 (6-Ar), 122.82 (4-Ar), 120.22 (meso-P), 115.79
(2-Ar), 101.42 (1-R), 76.65 (3-R), 73.56 (2-R), 69.65 (4-R), 65.94 (5-R). FAB-HRMS (m/z) = [M]*
calcd for C, H,N,0,7n, 1268.30869; found, 1268.30957.

5,10,15,20-Tetrakis[4-( B-p-xylotopyranosyloxyphenyl Jporphyrin (p-8c)

‘The similar procedure for p-6a was applied to p-7c¢ (118 mg, 68.9 mmol) to give p-8c as a red solid
(78.1.mg, 94 %). Purity (HPLC): 98 %. 'H NMR (CD,0OD, 300.07 MHz): 8 (ppm) = 8.85 (8H, b, §-P),
8.10 (8H, d, *J = 8.4 Hz, 2,6-Ar), 7.48 (8H, d, *J = 8.4 Hz, 3,5-Ar), 5.24 (4H, d,3/ = 7.2 Hz, 1-R), 4.11 ~
4.05 (4H, m, 5-R), 3.81 ~3.51 (1'6H, m, 2,3,4,5-R). 'THNMR (DMSO-d,, 300.07 MHz): 8 (ppm) = 8.86
(8H, s, B-P), 8.14 (8H, m, 2,6-Ar), 7.52 ~ 7.43 (8H, m, 3,5-Ar), 5.24 (4H, d,*J =7.2 Hz, 1-R), 5.77 ~ 4.80
(124, m, 2,3,4-ROH), 3.90 (4H, d, *J = 6.3 Hz, 5-R), 3.77 ~ 3.34 (16H, m, 2,3,4,5-R), -2.92 (2H, by, NH).
BC NMR (DMSO-d,, 75.46 MHz):  (ppm) = 157.61 (4-Ar), 135.64 (0-P and 1-Ar), 135.09 (2,6-A1),
131.18 (B-P), 119.94 (meso-P), 114.91 (3,5-Ar), 101.24 (1-R), 76.86 (3-R), 73.55 (2-R), 69.74 (4-R),
66.15 (5-R). FAB-HRMS (m/z) = [M+H]+ caled for C H_N,0,;, 1207.40302; found, 1207.40263.

5,10,15,20-Tetrakis[3-( ﬂD-xylotopyranosylo@ )phenyl Jporphyrin (m-8c)

The similar procedure for p-6a was applied to m-7¢ (105 mg, 61.3 mmol) to give m-8c as a (67.3
mg, 91 %). Purity (HPLC): 95 %. '"H NMR (DMSO-d,, 300.07 MHz): 6 (ppm) = 8.88 (8H, br, B-P), 7.85
(8H, m, 2,6-Ax), 7.77 ~ 7.71 (4H, m, 5-Ar), 7.56 ~7.46 (4H, m, 4-Ar), 5.17 (4H, d,°J = 6.9 Hz, 1-R), 3.75
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~3.73 (4H, m, 5-R), 3.73 ~ 3.25 (16H, m, 2,3,4,5-R), -2.96 (2H, br, NH). “C NMR (DMSO_—dﬁ, 75.46
MHz): 8 (ppm) = 156.12 (3-Ar), 124.80 (o-P, 1-Ar), 131.72 (B-P), 128.76 (5-Ar), 128.27 (6-Ar), 122.82
(4-Ar), 119.91 (meso-P), 116.35 (2-Ar), 101.45 (1-R), 76.64 (3-R), 73.46 (2-R), 69.65 (4-R), 65.99 (5-
R). FAB-HRMS (mvz) = [M+H]* caled for C H N 40;0, 1207.40302; found, 1207.40359.

2-4-4. Arabinépymnosylated Compounds (d)
2,3,4-Tri-O-acetyl-a-p-arabinopyronosyl bromide (3d)

Anhydrous p-arabinose (6.5 g, 43 mmol) and acetyl bromide (31 mL, 177 mmol) were stirred. This
mixture was stirred for 2 ~ 3 h in ice water bath. After 2 ~ 3 h, the solution was added CHC), (100 mL).
The solution was washed with ice water (150 mL x 2), saturated cold NaHCO; (aq) (150 mL x 2), and
dried over Na,SO,. The filtered solution was evaporated to dryness and pure product was crystallized
from CH,CL/Et,O to give a white solid (12 g, 82 %). 'H NMR (CDCL, 300.07 MHz): S (ppm) = 6.71
(1H, d, 3/ = 3.6 Hz, 1-R), 541 (2H, m, 3, 4-R), 5.09 (2H, ddd,*/= 13.2 MHz, */= 13.2 MHz, /=114
MHz, 2J= 3.9 MHz, 2-R), 4.22 (1H, d, */= 13.2 Hz, 5-R), 4.13 (1H, dd, */=13.5 Hz, %J= 1.8 Hz, 5-R),
2.16,2.13, 2.11, 2.05 ((3H, s, Me) x 4).

4-(2,3,4-Tri-O-actyl-B-p-arabinopyranosiloxy)benzaldehyde (p-4d)

The similar procedure for p-4b was applied to p-hydroxybenzaldehyde (2.2 g, 18 mmol) and 3d
(4.0 g, 12 mmol) to give p-4d as colorless oil (1.9 g, 43 %). 'H NMR (CDCL, 300.07 MHz):  (ppm) =
9.93 (1H, s, CHO), 7.86 (2H, d, *J = 8.4 Hz, 2,6-Ar), 7.13 (2H, d, *J = 8.4 Hz, 3,5-Ar), 5.45 (1H, dd,*J =
6.0 Hz,%J = 8.1 Hz, 3-R), 5.43 (1H, br, 4-R), 5.24 (1H, d, > = 6.0 Hz, 1-R), 5.20 (1H, dd,*/ = 3.6 Hz,
=8.7Hz, 2-R), 4.13 (1H, dd, ¥/ = 4.5 Hz, 2] = 12.6 Hz, 5-R), 3.80 (1H, dd,*J = 2.4 Hz, %/ = 12.6 Hz, 5-
R),2.15,2.12,2.10 ((3H, s, Me) x 3). 3C NMR (CDCl,, 75.46 MHz): 3 (ppm) = 190.70 (CHO), 169.96,
169.83, 169.22 (CO x 3), 161.01 (4-Ar), 131.57 (1-Ar), 131.26 (2,6-Ar), 116.38 (3,5-Ar), 97.34 (1-R),
69.09 (3-R), 68.28 (2-R), 66.47 (4-R), 62.25 (5-R), 20,33, 20.20, 19.13 (Mex 3).

3(2,3,4-Tri-O-actyl-B-p-arabinopyranosiloxy)benzaldehyde (m<4d)

The similar procedure for p-4b was applied to m-hydroxybenzaldehyde (2.2 g, 18 mmol) and 3d
(4.0 g, 12 mmol) to give m-4d as colorless oil (1.4 g, 32 %). 'HNMR (CDCL, 300.07 MHz): 6 (ppm) =
9.96 (1H, s, CHO), 7.58~7.44 (3H, m, 2,5,6-Ar), 7.27 (1H, m, 4-;\r), 5.42 (1H, m, 3-R), 5.32 (1H, m, 4-
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R), 5.16 (1H, m, 1;2-R), 4.10 (1H, dd,*/ =4.2 Hz, %/ = 129 Hz, -g-R), 3.78 (1H,dd,*/=2.1Hz, W/ =12.6
Hz, 5-R), 2.13, 2.09, 2.07 ((3H, s, Me) x 3). *C NMR (CDCl,, 75.46 MHz): 8 (ppm) = 191.67 (CHO),
170.14,.170.01, 169.36 (CO x 3), 157.02 (1-Ar), 130.19 (3,5-Ar), 125.07 (6-Ar), 123.21 (4-Ar), 11541
(2-Ar), 98.19 (1-R), 69.40 (3-R), 68.52 (2-R), 66.79 (4-R), 62.55 (5-R), 20.47, 20.36 (Me x 3).

Zinc(1l) 5,10,15,20-tetrakis{4-(2,3,4-tri-O-acetyl-B-p-arabinopyranosyloxy)phenyl Jporphyrin (p-5d)
The similar procedure for p-5a was applied to p-4d (2.9 g, 7.6 mmol) to give p-5d as a red solid (1.6
g, 63 %). Purity (HPLC): 96 %. "H NMR (CDCL, 300.07 MHz): 3 (ppm) = 8.85 (8H, s, B-P), 8.14 (8H,
d,3J =84 Hz, 2,6-Ar), 7.41 (8H, d,%J = 8.7 Hz, 3,5-Ar), 5.58 (4H, dd, >/ = 6.3 Hz,’J = 8.7 Hz, 3-R), 5.44
(8H, m, 1,4-R), 5.15 (4H, dd, */ = 9.0 Hz, 2-R), 4.32 (4H, dd, *J = 3.6 Hz, %] = 11.4 Hz, 5-R), 3.96 (41,
d,3/ = 11.4 Hz, 5-R), 2.28, 2.24, 2.17 ((SH, s, Me) x 3). ®C NMR (CDCL, 75.46 MHz): 3 (ppm) =
170.53, 170.40, 169.77 (CO x 3), 156.47 (4-Ar), 150.47 (a-P), 137.62 (1-Ar), 135.50 (2,6-Ar), 132.06
(B-P), 120.46 (meso-P), 114.89 (3,5-Ar), 98.87 (1-R), 69.88 (3-R), 69.09 (2-R), 67.25 (4-R), 62.96 (5-
R), 20.83, 20.65 (CH, x 2). FAB-HRMS (m/z) = [M]* caled for C;;H_,N,0,,Zn, 1772.436; found,

84" 4732

1772.4337.

Zinc(Hl) 5,10,15,20-tetrakis[3-(2,3,4-tri-O-acetyl-B-p-arabinopyranosyloxy)phenyl Jporphyrin (m-5d)

The similar procedure for p-5a was applied to m-4d (1.7 g, 4.3 mmol) to give m-5d as a red solid
(1.1 g, 60 %). Purity (HPLC): >99 %. ‘H NMR (CDCL, 300.07 MHz): 8 (ppm) = 8.97 (8H, br, B-P),
7.90 (8H, m, 2,6-Ar), 7.67 (4H, m, 5-Ar), 7.43 (4H, m, 4-Ar), 5.54 (4H, m, 3-R), 5.34 (8H, m, 1,4-R),
5.16 (4H, m, 2-R), 4.12 (4H, m, 5-R), 3.73 (4H, m, 5-R), 2\;.44 ~3.40 (4H, m, 5-R), 2.11, 2.09, 2.03 ((SH,
s, Me) x 3). *C NMR (CDCl,, 75.46 MHz): & (ppm) = 170.40, 170.25, 169.60 (CO x 3), 155.19 (3-Ar),
150.17 (0-P), 144.30 (1-Ar), 132.15 (8-P), 129.69 (5-Ar), 127.65 (6-Ar), 123.09 (4-Ar), 120.49 (meso-
P), 116.07 (2-Ar), 98.95 (1-R), 69.80 (3-R), 68.98 (2-R), 67.05 (4-R), 62.81 (5-R), 20.72 (Me). AB-
HRMS (m/z) = [M]* calcd for C,H, N,O,,7Zn, 1772.436; found, 1772.4303.

5,10,15,20-Tetrakis[4-(2,3,4-tri-O-acetyl-B-p-arabinopyranosyloxy)phenylporphyrin (p-7d)

The similar procedure for p-7a was applied to p-4d (2.10 g, 5.52 mmol) to give p-7d as a red solid
(0.63 g, 36 %). Purity (HPLC): >99 %. 'H NMR (CDCL, 300.07 MHz): & (ppm) = 8.85 (8H, s, §-P),
8.14 (8H, d, 3 = 8.4 Hz, 2,6-Ar), 7.41 (8H, d,*J = 8.7 Hz, 3,5-Ar), 5.58 (4H, dd, >/ = 6.3 Hz, *J = 8.7 Hz,
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3-R), 5.44 (8H, m, 1,4-R), 5.15 (4H, d,J = 9.0 Hz, 2-R), 4.32 (4H, dd, *J = 3.6 Hz,%/ = 11.4 Hz, 5-R),
3.96 (4H, dd, 2/ = 11.4 Hz, 5-R), 2.28,2.24, 2.17 (SH, 5, Me) X 3), -2.82 (2H, br, NH). “CNMR (CDCl,,
75.46 MHz): 8 (ppm) = 170.53, 170.41, 169.77 (CO x 3), 156.61 (0-P and 1-Ar), 136.96 (4-Ar), 135.68
(2,6-A), 131.12 (B-P), 119.47 (meso-P), 115.02 (3,5-Ar), 98.84 (1-R), 69.88 (3-R), 69.09 (2-R), 67.23
(4-R), 62.96 (5-R), 20.88, 20.85, 20.68 (Me x 3). FAB-HRMS (m/z) = [M+HJ* caled for CoH, N0,
1711.52979; found, 1711.53042, w

5,10,15,20-Tetrakis[3-(2,3,4-tri-O-acetyl-B-p-arabinopyranosyloxy jphenyl Jporphyrin (m-7d)

The similar procedure for p-7a was applied to m-4d-(1.62 g, 4.2 mmol) to give m-7d as a reddish
purple solid (493 mg, 37 %). Purity (HPLC): >99 %. 'H NMR (CDCL,, 300.07 MHz): 4 (ppm) = 8.88
(8H, s, B-P), 7.95 (8H, m, 2,6-Ar), 7.68 (4H, m, 5-Ar), 7.48 (4H, m, 4-Ar), 5.70 (4H, t,>/ = 8.7 Hz, 3-R),
5.37 (8H, m, 1,4-R), 5.16 (4H, m, 2-R), 4.16 (4H, m, 5-R), 3.79 (4H, m, 5-R), 2.14, 2.09, 2.06 ((9H, s,
Me) x 3), -2.78 (2H, br, NH). *C NMR (CDCL, 75.46 MHz): é (ppm) = 170.27, 170.12, 169.52 (CO x
3), 155.16 (3-Ar), 143.51 (@-P and 1-Ar), 131.21 (B-P), 129.63 (5-Ar), 127.75 (6-Ar), 123.11 (4-Ar),
119.42 (meso-P), 116.27 (2-Ar), 98.86 (1-R), 69.69 u(;’a-R), 68.85 (2-R), 67.05 (4-R), 62.81 (5-R), 20.62,
20.44, 20.30 (Me x 3). FAB-HRMS (m/z) = [M+HJ* calcd for C,;H_,N,O,,, 1711.52979; found,
1711.52918.

Zinc(II) 5,10,15,20-tetrakis[4-(B-p-arabinopyranosyloxy)phenyl Jporphyrin (p-6d)

The similar procedure for p-6a was aﬁplicd to p-5d (106 mg, 59.8 pmol) to give p-6d as a red solid
(74.3 mg, 98 %). Purity (HPLC): 99 %. '"H NMR (DMSO-d,, 300.07 MHz): § (ppm) = 8.81 (8H, s, B-P),
8.09 (8H, d, 3J = 8.4 Hz, 2,6-Ar), 7.42 (8H, d, 3J = 8.4 Hz, 3,5-Ar), 5.39 (4H, d,*/ = 4.8 Hz, 2-ROH), 5.19
(4H, d,%J = 6.9 Hz, 1-R), 4.95 (4H, d, % = 5.4 Hz, 3-ROH), 4.76 (4H, d, *J = 3.9 Hz, 4-ROH), 3.92~3.89
(4H, m, 5-R), 3.81 (12H, br, 2,4,3-R), 3.60 (4H, br, 5-R). "*C NMR (DMSO-d,, 75.46 MHz): 3 (ppm) =
157.28 (4-Ar), 149.94 (0-P), 136.56 (1-Ar), 135.48 (2,6-Ar), 131.88 (B-P), 120.20 (meso-P), 114.61
(3,5-An), 101.32 (1-R), 73.01 (3-R), 70.83 (2-R), 68.06 (4-R), 66.27 (5-R). FAB-HRMS (m/z) = [M+Na]*
caled for C, H,N,0,ZnNa, 1291.29846; found, 1291.29604. |

Zinc(Il) 5,10,15,20-tetrakis[3-( B-p-arabinopyranosyloxy)phenyl Jporphyrin (m-6d)

The similar procedure for p-6a was applied to m-5d (100 mg, 56.4 mol) to give m-6d as a red solid -
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(67.3 mg, 96 %). Purity (HPLC): 99 %. 'H NMR (CD,OD, 300.07 MHz): & (ppm) = 8.86 (81, s, B-P),
7.92 (4H, br, 2-Ar), 7.87 ~ 7.84 (4H, m, 6-Ar), 7.69 ~ 7.64 (4H, m, 5-Ar), 7.52 ~ 7.49 (4H, m, 4-Ar), 5.13
(4H, d,3J =7.2 Hz, 1-R), 3.96 ~ 3.34 (20H, m, 2,3,4,5-R). '"H NMR (DMSO-d,, 300.07 MHz): & (ppm)
=8.83 (8H, s, B-P), 7.81 (8H, br, 2,6-Ar), 7.73 ~ 7.68 (4H, m, 5-Ar), 7.49 ~ 7.46 (4H, m, 4-Ar), 5.53 ~
4.54 (124, br, 2,3,4-ROH), 5.13 (4H, d, 3J = 6.6 Hz, 1-R), 3.76 ~ 3.17 (20H, m, 2,3,4,5-R). “C NMR
(DMSO-d,, 75.46 MHz): & (ppm) = 155.96 (3-Ar), 149.63 (o-P), 144.39 (1-Ar), 132.05 (B-P), 128.70 (5-
Ar), 127.84 (6-Ar), 122.84 (4-Ar), 120.30 (meso-P), 115.88 (2-Ar), 101.39 (1-R), 72.78 (3-R), 70.78 (2-
R), 67.93 (4-R), 66.07 (5-R). FAB-HRMS (m/z) = [M+Na} calcd for C ;H, N0, ZnNa, 1291.29846;
found, 1291.29759. - '

5,10,15,20-Tetrakis{4-( B-p-arabinopyranosyloxyphenyl Jporphyrin (p-8d)

_ The similar procedure for p-6a was applied to p-7d (86 mg, 50.2 mmol) to give p-8d as a red solid
(58.1 mg, 96 %). Purity (HPLC): 99 %. 'H NMR (CD,0D, 300.07 MHz): 3 (ppm) = 8.89 (8H, s, B-P),
8.11 (8H, d, *J = 8.7 Hz, 2,6-ArH), 7.51 (8H, d, 3/ = 8.1 Hz, 3,5-Ar), 5.21 (4H, d,*J = 6.0 Hz, 1-R), 4.11
~3.77 (20H, m, 2,4,3,5-R). ﬂlH NMR (DMSO-d,, 300.07 MHz): 8 (ppm) = 8.87 (8H, s, B-P), 8.14 (8H,
~ d,37=8.1Hz, 2,6-Ar), 7.45 (8H, d,*J = 8.4 Hz, 3,5-Ar), 541 (4H, br, 2-ROH), 5.21 (4H, d,*J =72 Hz,
l‘—FR), 4.98 (4H, m, 3-ROH), 4.77 (4H, m, 4-ROH), 3.92 ~ 3.50 (20H, m, 2,3,4,5-R), -2.92 (2H, br, NH).
3C NMR (DMSO-d,, 75.46 MHz): 8 (ppm) =157.72 (4-Ar), 135.67 (o-P and 1-Ar), 134.96 (2,6-Ar),
131.80 (B-P), 119.99 (meso-P), 114.98 (3,5-Ar), 101.26 (1-R), 72.93 (3-R), 70.75 (2-R), 68.08 (4-R),
66.33 (5-R). FAB-HRMS (m/z) = [M+H]* calcd for C_H_N,O,,, 1207.40302; found, 1207.40339.

5,10,15,20-Tetrakis{3-(-p-arabinopyranosyloxy)phenyl [porphyrin ( m-8d)

The similar procedure for p-6a was applied to m-7d (72 mg, 42.0 mmol) to give m-8d as a red solid
(49.7 mg, 98 %). Purity (HPLC): 99 %. 'H NMR (CD,0D, 300.07 MHz): & (ppm) = 8.9 (8H, br, p-
P), 7.94 (4H, br, 2-Ar), 7.85 (4H, m, 6-Ar), 7.70 (4H, m, 5-Ar), 7.56 (4H, m, 4-Ar), 5.13 (4H,d,’J =7.2
Hz, 1-R); 3.94 ~3.84 (12H, m, 2,4,5-R), 3.69 ~ 3.63 (8H, m, 3,5-R). 'H NMR (DMSO-d,, 300.07 MHz):
3 (ppm) = 8.89 (8H, s, 3-P), 7.84 (4H, br, 2-Ar), 7.74 (4H, br, 6-Ar), 7.60 (4H, m, 5-Ar), 7.49 (4H, m, 4-
Ar), 5.30 (4H, d, 3/ =4.5 Hz, 2-ROH), 5.14 (4H, d, 3/ = 7.2 Hz, 1-R), 4.87 (4H, d,J = 5.4 Hz, 3-ROH),
4.67 (4H, d, 3J =4.2 Hz, 4-ROH), 3.71 (8H, m, 2,5-R), 3.66 ~ 3.50 (12H, m, 3,4,5-R), -2.98 (2H, by, NH).
13C NMR (DMSO-d;, 75.46 MHz): 8 (ppm) = 156.17 (3-Ar), 142.77 (0P and 1-Ar), 131.46 (B-P),
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128.65 (5-Ar), 128.21 (6-Ar), 122.81 (4-Ar), 119.98 (meso-P), 116.39 (2-Ar), 101.26 (1-R), 72.75 (3-R),

70.73 (2-R), 67.87 (4-R), 66.04 (5-R). FAB-HRMS (in/2) = [M+H]* caled for C,H,N,0,;, 1207.40302;

found, 1207.40118.
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Chapter 3

In Vitro Study of Glycocojugated Porphyrins
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3-1. Introduction

In photodynamic therapy (PDT), photosensitizers generate reactive singlet oxygen (O,) which are
able to damage tumor cells [1-6]. Hence the quantum yield of 'O, generation is fundamental performance
for photosensitizers. However the photodynamic effect depends on not only 'O, generation ability but
also (1) cellular uptake, (2) subcellular localization and (3} aggregation properties in cytoplasm. Cellular
uptake generally depends on hydrophobicity to pass through a hydrophobic cell membrane [7,8].
Hydrophobicity of pharmaceuticals is usually characterized by a partition coefficient (Log P) between
water and n-octanol [9]. Zheng et al. investigated the importance of lipophilicity to the photodynamic
effect for purpurin derivatives [10]. On the other hand, the water soluble porphyrin derivative complex
with serum albumin, which are most abundant proteins of blood plasma, to penetrate in the cell membranes
7.8,11]. Ii was reported that (bovine or human) serum albumin has two distinctive binding sites, usually
called as site I and site II [11]. Fluorescence energy transfer experiment indicates Hematin and other
porphyrin derivatives binds in the vicinity of Trp-214 in human serum albumin. Rosenberger and Margalit
reported that the binding constants of hematoporphyrin derivatives whose photocytotoxicity was discovered
by Lipson and Schwartz in 1960s [1,12,13]. The binding to serurh albumin should play an important role
to cellular uptake especially for less hydrophobic porphyrins, while hydrophobic porphyrins strongly
interacts with cell membrane [13]. The photodynamic effect is also highly dependent on the localization
in cytoplasm [14-20]. Photosensitizers usually distributes in plasma membrane, mitochondria and in
some cases lysosomes [14-20]. In addition, photosensitizer such as porphyrin derivatives tends to make
an aggregation form in cytoplasm [21-23]. These aggregation forms reduces the fluorescence life time
and '0, quantum yields [21] to diminish the photocytotoxicity.

In chapter 2, the author designed and synthesized glycoconjugated porphyrins (Chart 3-1). In this
chapter, the hydrophobicity parameters of glycoconjugated porphyrins were estimated by Shake-Flask
method and reversed phase high pérformance liquid chromatography (RP-HPLC). In addition, binding
equilibrium of some photosensitizers to bovine serum albumin (BSA) were also studied by fluorometric
titration. These glycoconjugated porphyrins were subjected to test the cellular uptake by Hela cells and
the photocytotoxicity in vitro. These cellular uptake behavior and photocytotoxicity were discussed on
the basis of hydrophobicity, binding properties to BSA and photochemical study in aqueous media such

as cytoplasm for these photosensitizers.
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Chart 3-1

3-2. Results and discussion
3-2-1. Hydrophobicity parameters of acetylated glycocbnjugated porphyrins S and 7

Log P values have been usually determined by the conventional Shake-Flask method. However,
this method requires trace quantitative analysis, which is diﬂ‘iéult for hydrophobic or hydrophilic species
and/or strongly aggregating species. An alternative method is reversed phase high performance liquid
chromatography (RP-HPLC) [24-26]. The partition ratio can be correlated with the capacity factork’.
Figure 3-1 shows typical chromatograms obtained by RP-HPLC. Under the experimental conditions
used, the chromatograms and retention times (r,) of the acetylated giycoconjugated porphyrins 5 and 7

Were independent of sample concentration in the range from 1 to 0,01 uM. Hence, value obtained should
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Figure 3-1 Chromatograms of p-5 on RP-HPLC.

be those of the monomeﬁc form of the glycﬁconju gated porphyrins. This represents an advantage of the
RP-HPLC method over the Shake-Flask method. The capacity factor £’ can be calculated by means of
the following equation, in which 7, aﬁd 1, are the retention time of the photosensitizers and the dead time,
respectively. A good linear relationship between Log &’ and Log P was found as follows, where a and b

are constants for a given HPLC system. Pyridine [9], benzaldehyde [25], quinoline [25], chlorobenzene

| T | f | ' |
LogP=290Logk’ +2.84
4 p biphenyl
diphenylamine——¢
3 benzophenone——) —

chlorobenzene

Log P

2| quinoline—O

benzaldehyde

Log k&’

Figure 3-2 Calibration curve of Log P versus Log k’.
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Figure 3-3 Summary of Lég P values of 5 and 7.

[9], benzophenone [25], diphenylamine [25] and biphenyl [25] were used as standards to calibrate our
HPLC system. Figure 3-2 illustrates the calibration curve, which shows good linearity of Log P values
against Log &’ values. The Log P values of the porphyrins 5 and 7 were determined on the basis of the
calibration. Figore 3-3 summarizes the results. The Log P values ranged from +4.8 to +7.8, so that most
of the photosensitizers are less hydrophobic (Table 3—1). The hydrophobicity increases in the order of p-

5 <m-5 < p-7 < m-7 for every sugar unit attached. The Zn** jon clearly reduces the hydrophobicity (5 <

Table 3-1 Retention times (#z) and Log P values of 5 and 7

compounds tr / min k° Log P
p-5a 30.86 8.82 : 5.69
p-5b - 18.23 4.80 491
p-5¢ 42.20 12.67 6.15
p-5d 16.84 436 ' 479
m-5a 39.32 11.51 6.03
m-5b 2546 7.10 B 541
m-5c¢ _ 7572 ©23.09 6.91
m-5d 34.17 - 9.87 5.83
p-Ta 34.85 10.09 5.86
p-7b 34.50 9.97 5.85
p-Tc 95.66 20.43 ' 722
p-1d 39.23 11.48 6.02
m-Ta 38.35 11.20 5.99
m-7h 97.15 29.90 7.24
m-Tc 15.11 - 47.05 7.82
m-7d 68.81 20.89 6.79

K=t - to) / ty. The t, value was determined as 3.14 min using vrasil. ”Log P = 2.90 Log
K +2.84, calibration curve is shown in Fig. 3-2.
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7). In addition, the sugar units at meta position are less effective to gain hydrophilicity, probably due to
the intramolecular interaction between vicinal sugar units. Interestingly, glucopyranosyl groups (a) seem

to negate the chracteristics of the porphyrin ring to keep the Log P values constant.

3-2-2. Hydrophobicity parameters of deacetylated glycoconjugated porphyrins p-6 and p-8

The partition coefficients (Log P value) of monomeric form of deacetylated glycoconjugated
porphyrins p-6 and p-8 (¢ = 0.00695 nM) between phosphate buffered saline (PBS) and n-octanol were
determined by the conventional Shake-Flask method [9,27-29]. After equilibrating between PBS with n-
octanol for 18 h, the concentration of photosensiﬁzers in each phase was determined by the HPLC system
equipped with UV-vis detector at 420 nm. The avefage Log P values of si'x.replicate eXperiments rangéd
from -0.66 to -0.74, hence all photos'ensliﬁzérs are hydrophiﬁc (Table 3-2). Because of the large standard
deviation, hbWeveﬁ the Shake-Flask method is not suitable to clarify the dilfercnces in Log P values
between glycoconjugated porphyrins. The extremely low concentration condition {c = 0.00695 pM) was
;;equired to measure the concentration because of strongly aggregating tendency of glycoconjugétéd
porphyrins. This may cause the low sigﬁal-to-noise ratio and the large standard deviation. The
hydorophobicity of porphyrins p-6 and p-8 was also determined by the RP-HPLC method. Chromatogram
';of porphyrins p-6 and p-8 were independent of Sample concentration in the rangé rfrom 0.1 to 0.01 uM
under the RP-HPLC condition used. The retention time #, reflects the nature of the monomeric form of
these photosensitizers. The z, value varies ranged from 5.84 to 6.50 min and reflects the hydrophobicity

(lipophilicity) of porphyrins p-6 and p-8. The order of ¢, value indicates the hydrophobiéity increases in

Table 3-2 Log P values and RP-HPLC retaintion time (#g) of6 and 8 ,

Shake Flask method RP-HPLC
compounds - LogP* tg / min
p-6a -0.74 £ 0.05 5.88
p-6b -0.71 £0.03 5.84
p-6¢ - -0.70 £ 0.03 6.19
p-6d -0.70 £ 0.03 6.10
p-8a -0.71 £0.03 ‘ 6.18
p-8b -0.71 £ 0.02 6.16
p-8¢ -0.69 = 0.06 ' 6.50
p-8d -0.70 £ 0.02 6.42

“ The Log P value of deacetylated glycoconjugated porphyrins was determined after incubation

for 18 h. The values represent the means + s.d. of six replicate experiments.
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the order of p-6 < p-8 regardless of the sugar unit attached. In addition, the porphyrins having xylopyranosy1
(c) and arabinopyranosyl (d) groups (i.e., pentose groups) showed higher hydrophobicities than those of
glucopyranosyl (a) and galactopyranosyl (b) groups (i.e., hexose groups). The orders of hydrophobicity
of glycoconjugated photosensitizers can be determined easily by RP-HPLC method, even though the

Shake-Flask method is hardly performed.

3.2-3. Binding properties of deacetylated glycoconjugated porphyrins p-8 to BSA

Most of the deacetylated glycoconjugated porphyrins p-8 might bounds abundant proteins such as
serum albumin in in vitre experiments. Some water-soluble porphyrins complex with serum albumin to
penetrate in cellular membranes [30-33]. Hence binding properties to albumin may affect the interaction
with cells. The binding behavior of porpﬁyrins p-8 to BSA was studied by electronic absorption and
fluorescence spectrometry. Each photosensitizers (¢ = 5 uM) was stirred gently with various concentration
of BSA (c =0~ 35 uM) in PBS for 24 h at 37 °C. Figure 3-4 and 3-5 shows the electronic absorption and
fluorescence spectra of porphyrins p-8a after equilibration with various concentration of BSA. The peak

area of Soret band of p-8a increased with an increase of the concentration of BSA, and this peak shows
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{Figure 3-4 Electronic absorption spectra of p-8a (¢ = 5 pM) in PBS containing 1 % DMSO, in the
Présence of BSA at 37 °C. The BSA concentration ranged from 0 to 20 pM.
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Figure 3-5 Luminescence spectra of p-8a (¢ = 5 pM) in PBS containing 1 % DMSO, in the presence of
BSA at 37 °C. The BSA concentration ranged from 0 to 20 uM. 4_ =420 nm.

a bathochromic shift from 417 to 422 nm (Figure 3-4). The porphyrins p-8b-d showed the similar
phot&chemical behavior of p-8a. The maximum absorption wavelength (4, ) of Soret band of BSA-free
porphyrins are 417 nm (p-8a), 416.5 nm (p-8b), 416 nm (p-8c¢) and 416.5 nm (p-8d), while the A__ of
Soret band of BSA—porphyrin complexes are 422 nm (p-8a), 422.5 nm (p-8b), 423 nm (p-8¢) and 423.5
nm (p-8d). The fluorescence spectra for each reaction fnixture were recorded from 500 to 800 nm using
excitation wavelength of A___ in corresponding BSA-porphyrin complex. Figure 3-5 shows that the
fluorescence intensity of p-8a increased with an increase of the concentration of BSA, and the maximum
emission wavelength shows a bathochromic shift from 653 to 658 nm. The porphyrins p-8b-d showed
the similar luminescence behavior of p-8a. The maximum emission wavelength of BSA-free porphyrins
are 653 nm (p-8a), 652.5 nm (p-8b), 654 mﬁ {(p-8c) and 653.5 nm (p-8d), while those of BSA-porphyrin
complexes are 658 nm (p-8a), 658 nm (p-8h), 658.5 nm (p-8c) and 659.5 nm (p-8d). Figure 3-6 shows
the fluorescence intensity as a function of BSA concentration. The plot can be fitied well with Langmuir
isotherm for single high-aﬂ‘"mitj binding site. The number of binding site per protein n and the equilibrium
binding constant X are summarized in Table 3-3: The n and K values varied from 0.41 £+ 0.04 t0 1.57

0.11 and from (0.25 £ 0.02) x 10°to (1.57 = 0.11) X 10° M owing to sugar unit attached. The number of
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Figure 3-6 Fluorometric titration of p-8 (c = 5 {{M) in PBS containing 1 % DMSO for p-8a (a), p-8b (b),

p-8¢ (c) and p-8d (d). The solid curves are best-fit with eq. 7. The fitting parameters are listed in Table
3.3, . :

Table 3-3 The equilibrium constants of p-8 (5 pM) binding to bovine serum albumin (BSA) at
37°C inPBS ' I

ey T

n Kx10°/M ax 10° a, x 10°
o p-8a 0.41 £0.04 1.1£05 020l 1.23 +0.05
be. . p-8b 0.25 +0.01 2.1%13 017002 . 139008
b p-8¢ 1.10+0.09 16£05 0 1252002
p-8d 1.57 £0.11 1.3+03 “0.17+001 - 122+001
ol LT o
i | G ‘
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binding site (r) of BSA increases in the order of p-8b < p-8a < p-8d < p-8¢. The porphyrins having
xylopyranosyi and arabinopyranosyl groups (i.e., pentose groups) showed the greater number of binding
sites than those having glucopyranosyl and galactopyranosyl groups (i.e., hexsose groups). Figure 3-7
shows the n value as a function of #, value. The n value of porphyrins p-8 to BSA increased with an
increase of 1, value, i.e., hydrophobicity. While the n value of porphyrins p-8 depends on sugar unit

attached, no significant difference was found in binding constant X.
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Figure 3.7 The plots of number of bounded porphyrins () as a function of retention time t, on RP-
HPLC.

3-2-4. C ellular uptaké of glycoconjugated porphyrins .

The cellular uptake of all glycoconjugated porphyrins by Hel.a cells was examined after incubétion
with photosensitizers (¢ =5 ].LM) for 24 h. After incubation, hoWe‘Qer, the pfecipitétes were found by
optical microscopy in the case of all acetylated glycocohjugated porphyrins 5 and 7 and the deacetylated
glycoconjugated porphyrins m-8c and p-8b (Figure; 3-_8). Since the precipitates were hérdiy removed
from the well, cellular uptake of all porphyrins 8, 7, m-8c and p-8b could not be determined. ﬁe ubtake

amount of photosensitizer was estimated on the basis of calibration data for each photosensitizer in
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Figure 3.9 Calibration curve of the fluorescence intensity versus the concentration of 6 ((a) and (b)), 8
((¢) and (d)) and TPPS (d).
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DMSO. The good linearity was found between the fluorescence intensity and the concentration in each
photosensitizer as follows, wheré a and b are cbnstams for a given plate reader using excitation and
emission wavelengths of 430 and 635 nm (Figure 3-9). Figure 3-10 shows the relative value of the
cellular uptake against tetraphenylporphyrin tetrasnlfonic acid (TPPS) as a standard. All porphyrins 6
and 8 showed higher uptake than TPPS. The order of the cellular uptake amount was determined as p-8d
> p-8a > m-8a > m-8d >p-6d > m-8b, p-8¢ > m-6d > m-6¢ > p-6¢ > m-6a > p-6b > p-6a > m-Gl; > m-8b
~ TPPS. Interestingly, p-8d showed an uptake 18-fold greater than that of TPPS. The porphyrins having
xylopyranosyl (c) and arabinopyranosyl (d) groups (i.e., hexose groups) are much more effective to
improve cellular uptake than those of glucopyranosyl (a) and galactopyranosyl (b) groups (i.e., pentose
groups). This may reflect the lack of one hydroxymethyl group. In addition, para-substituted porphyrins
p-8 showed higher uptake than meta-substituted ones m-8, and free-base porphyrins 8 showed higher
uptake than corresponding zinc porphyrins 6. These differences might be related to the shape of the
species in water, namely, the globular structure of meta-substituted porphyrins and the dimeric form of
zinc porphyrins [34]. These findings indicate that glycopyranosyl groups modulate the hydrophobicity
parameter (lipophilicity).

relative uptake amount (arb )

Figure 3.10 The cellular uptake of 6 and 8 by Hel a cells after incubation for 24 h. The values represent
the mean + 5.d. of three replicate experiments. The values for m-8c and p-8b could not be quantified
because of precipitation. *¥*The value of p-8d was statistically sigr;iﬁcantly (p < 0.01) different from that
of p-8a. .
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3-2-5. Light dose-dependence of the effect of deacetylated glucosylated porphyrin p-8a
The above results indicate a unique effect of the sﬁgar units on the interaction with HeLa cells. A
very interesting question then arises, namely, whether the differences in cellular uptake of photosensitizers
‘affect their photocytotoxicity. In order to examine this issue, the photocytotoxicity of p-8a, p-8d and
TPPS was assayed in vitro. First of all, the photocytotoxicity of p-8a was examined using a halogen
lamp (100 W, A > 500 nm) and a thermostated stage in order to find an appropriate light dose. Figure 3-
11 shows the light dose dependency of the photocytotoxicity of p-8a. The cell survival decreased from
110.5 to 17.9 % as the light dose increased, and the lethal dose to 50 % of the population (LD,)) was

around 16 J/fcm?.
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Figure 3-11 Light dose-dependent photocytotoxicity of p-8a in HeLa cells. [p-8a] =35 pM. The light
intensity applied was 24 mW/cm? using a halogen lamp (100 W, A > 500 nm). The percentage cell
survival was determined by Cell Titer-Glo™ Luminescent assay after 24 h incubation. The values represent
the means = s.d. of six replicate experiments.
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3-2-6. In vitro study of relationship between cellular uptake and photocytotoxicity

The cytotoxicity of deacetylated glycoconjugated porphyrins p-8a, p-8d and TPPS to HeLa cells in
the dark was examined. Figure 3-12 shows the percentage of cell survival after 48 h incubation without
light irradiation. These photosensitizers (p-8a, p-8d and TPPS) showed no cytotoxicity in the dark
(Figure 3-12a). The photocytotoxicity of p-8a, p-8d and TPPS was examined with HeLa cells. The
above results show that the light dose of 16 J/cm? was appropriate to examine differences of
photocytotoxicity between p-8a, p-8d and TPPS. Figure 3-12b shows the percentage cell survival after
24 h incubation. Photocytotoxicity of p-8a (36 %) and p-8d (28 %) is significantly higher than that of
TPPS (70 %). Interestingly, the order of photocytotoxicity (p-8d > p-8a > TPPS) seems to be in accord
with the order of cellular uptake. The low photocytotoxicity of TPPS could thus be attributable to the
lower cellular uptake as compared with p-8a and p-8d. The difference in photocytotoxicity between p-
8d and p-8a was small, even though the cellular uptake of p-8d was almost twice as that of p-8a. This
may reflects from the differences in aggregation states or in the subcellular iocalization between p-8a
and p-8d. This suggests other feature besides cellular uptake plays an important role for photodynamic

effect,
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Figure 3-12 Cytotoxicity in the dark () and photocytotoxicity (b) of p-8a, p-8d, and TPPS in HeLa
cells. [Photosensitizer] = 5 pM. The light intensity applied was 24 mW/en? usin galOOW halogeh lamp
(A > 500 nm). The percentage cell survival was determined by Cell Titer-Glo™ Luminescent assay after
48 h incubation. The values represent the means =+ s.d. of of six replicate experiments. *Significant

difference, p < 0.05.
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3-2-7. Spectroscopic properties of p-8a and p~8¢i’ in aqueous media

Porphyrin derivatives are strongly hydrophobic species and it is easy tc make an aggregate in aqueous
media such as cjrtoplasm [21-23]. It is well-known that the aggregation states causes the shorter life-
time of the excited state [21]. Hence, one of the reasons to make difference in photodynamic effect
between p-8a and p-8d is a formation of aggregates. The electronic absorption and fluorescence spectra
of deacetylated glycoconjugated porphyrins p-8a and p-8d (c = 4.97 uM) were measured in various
composition of DMSO and PBS to investigate the effect of aggregation state on photochémical properties
(Figure 3-13, 3-14 and Table 3-4, 3-5). The porphyrins p-8a and p-8d showed strong Soret band, which
is typical spectra of monomeric form of porphyrin in DMSO (Figure 3-13) [35]. On the other hand, the

Soret band decreased significantly in PBS. The Soret band widfh of p-8d is broader than those of p-8a.
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Figure 3-13 Electronic absorption spectra of p-8a émd p-8d in DMSO (a) and PBS (b) at 37 °C.
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Figure 3.14 Fluorescence spectra of p-8a and p-8d in DMSO (a) and in PBS (b) at 37 °C.
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The Soret bands of these photosensitizers shifted toward shorter wavelength. This results suggest the
aggregation forms of glycocojugated porphyrins depends on sugar unit attached. The aggregation forms
of these photosensitizers are H-type sfructure, i.e. face-to-face m-stacked aggregates [22,36]. Figure 3-
14 shows fluorescence spectra of glycoconjugated porphyrins p-8a and p-8d in DMSO using a excitation
wavelengths of 430 nm at 37 °C. The spectral data are listed in Table 3-4. There are no difference in
fluorescence intensities between monomeric forms of porphyrins p-8a and p-8d. However the fluorescence
intensities of p-8a were about 5-fold greater than those of p-8d in PBS (Figure 3-14 and Table 3-5). This
suggests that the photochemical properties of aggregates and/or the quantity of remaining monomeric

species are different between porphyrins having glucopyranosyl and arabinopyranosyl groups.

Table 3-4 Electronic absorption and fluorescence spectral data of p-8a and p-8d in DMSO at
37°C*

Electronic absorption specira Fluorescence spcetra®
Ay (n11) Doy (00)
Soret = IV m 10| I 0,0 {0,1)
-p-8a 422 - 5185 554 . 5935 . 649 658 722
p-8d 422 518.5 . 554 593 . 651 , 658 722.5

Tc=497uM, °A,=430nm, .

Table 3-5 Electronic absorption and fluorescence spectral data of p-8a and p-8d in PBS at
37°C” '

Electronic absorption spectra Fluorescence spcetra’

_ Amax (D) A (nM)
Soret v 0l I I 0,0) ©,1)
p-8a 416 522 566 592 649.5 663 724.5

p-8d 406 5255° 563 5945 - 651.5 664 725
1e=497uM, * A, =430nm. N

3-3. Summary

The hydrophobicity parameter (Log P) of glycoconjugated porphyrins was evaluated by the Shake-
Flask and the RP-HPLC methods. RP-HPLC method is ﬁery useful to estimate the order of hydrophobicity
The Log P values of acetylated glycoconjugated porphyrins 5 and 7 were ranged from +4.8 to +7.8, so
that most of the photosensitizers are less hydrophobic. On the other hand, :the LogP values of deacetylated

glycoconjugated porphyrins p-6 and p-8 were ranged from -0.68 to -0.74, hence all photosensitizer are

86



hydrophilic. Zinc porphyrins 5 and 6 exerted higher hydrophilicity regardless of the sugar unit attached.
The porphyrins having hexose groups are more hydrophilic than those having pentose groups. The each
sugar unit attached has unique effect on the hydrophobicity. The binding equilibrium of the porphyrins
p-8 with BSA were investigated by means of fluorometric titration. The n and K values varied from 0.41
+0.04 to 1.57 £ 0.11 and from (0.25 + 0.02) x 10° to (1.57 + 0.11) X 10° M-! owing to sugar units attached.
The number of binding porphyrin to BSA (n) increases monotonically with an increase of retention time
t on RP-HPLC. Hence the formation of glycoconjugated porphyrins p-8 - BSA complex is simply
driven by hydrophobic interaction. Except for m-8c and p-8b, the cellular uptake of porphyrins 6 and 8
was evaluated in HeLa cells. All these photosensitizers showed higher cellular uptake than TPPS. The
uptake amount of p-8d showed about 2-fold higher cellular nptake than that of p-8a. The photocytotoxicity
of p-8a, p-8d, and TPPS was examined with HeLa cells, using a light dose of 16 J/cm?. These
photosensitizers had no cytotoxicity in the dark, but their photocytotoxicity increased in the order of
TPPS < p-8a < p-8d. However the difference in photocytotoxicity between p-8d and p-8a was small in
contrast with the cellular upfake difference. The electronic absorption and fluorescence spectra of the
porphyrins p-8a and p-8d were measured in DMSO and PBS to explore the photochemical behavior of
glycoconjugated porphyrins in aqueous media such as cytoplasm. The fluorescence intensities of p-8a
were about 5-fold greater than those of p-8d in PBS. This suggests that the photochemical propérties of
aggregates and/or the quantity of remaining monomeric species are different between porphyrins having
glucopyranosyl and arabinopyranosyl groups. It may make difference in photodynamic effect in HeLa

cells between p-8a and p-8d.

3-4. Experimental
Materials and Measurements
Measurements

Electronic absorption spectra were recorded on a JASCO V-570 spectrophotometer (Nara Women’s
University). Fluorescence spéctra were recorded on a JASCO FP-6300 spectrofluorometer (NafaWomen’s
University). Fluorescence intensity and luminescence intensity were determined by a plate reader
(SPECTRA Fluor Plus, TECAN} (Nara Institute of Science and Technology). Image analysis was
accomplished with the CLSM (Model LSM 510, Zeiss) (Nara Insti_‘tute of Science and Technology). The
Acetylated photosensitizers 5 and 7 was estimated by liquid chromatography (SHIMADZU, CLASS-VP
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ver 5.02 system) (Nara Women’s University) equipped with silica gel-ODS (Kanto, Mightysil RP-18 4.6
mmé¢ X 200 mm) colurmn and a UV-vis detector (SPD-M10A VP) using MeOH/ H,O = 8 / 2 as an eluent.
The deacetylated photosensitizers 6 and 8 was estimated by liquid chromatography (HITACHI, L-6000)
(Osaka Prefectural College of Technology) equipped with silica gel-ODS (HITACHI, HITACHI GEL 4
mm¢ X 150 mm) column and a diode array detector (HITACHI L-4000) using acetonitrile / water=1/1
as an eluent.
Photosensitizers

Stock solutions of photosensitizers (TPPS, glycoconjugated porphyrins 5, 6, 7 and 8) were prepared
by weighing the dried photosensitizers and dissolving them in dimethyl sulfoxide (DMSO, Wako Pure
Chemical Industries, Ltd.). Stock solutions of photosensitizers were kept in the freezer (-30 °C).
Materials

Te;traphenylporphyrm tetrasulfonic acid (TPPS) and BSA (fraction V) were purchased from Sigma

Aldrich Japan Corporation. All other reagents were of analytical 'gradc.

3-4-1. Hydrophobicity parameters of 5 and 7 determined by RP-HPLC method

RP-HPLC was performed using an octadecylsilyl silica gel ODS column as a stationary phase and
MeOH / H,O = 8 / 2 mixture as the mobile phase (flow rate, 0.85 mL-min”) on a HPLC system equipped
with[UV—vis detector. All samples w:;re dissolved in the eluent {1 ~ 0.001 pM), and the solution was
filtered just before use. The dead time 1, was determined using urasil. The capacity factor ' is correlated

with Log P values as follows:
LogP=alogk’+b ¢y

where @ and b are constants for a given HPLC system. The k’ value is calculated as follows:

, tp—t,
k =RTO « 2

where #, and ¢, are the retention time of sample and uracil (dead time), respectively. Pyridine (Log P =

0.65), benzaldehyde (1.48), quinoline (2.03), chlorobenzene (2.84), benzophenone (3.02), diphenylamine
(3.40) and biphenyl (4.00) were used as standards for calibration of Log P and Log ¥’ values.
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3-4-2. Partition coefficient of p-8 between PBS and n-octanol

The hydropilobicity was characterized by the Log P, the logarithm of partition coefficient, between
the two immiscible solvents n-octanol (Wako Pure Chemical Industries, Ltd.} and Dulbecco’s PBS (13.7
mM NaCl, 2.7 mM KCl, 8.1 mM NaZI-[P04-12HzO, and 1.5 mM KH,PO, pH 7.4) (Nacalai tesque) [9,27-
29]. Partition coefficients were determined as follows: DMSO solution (7 uL) of photosensitizer was
added to n-octanol (0.5 mL) in sampling tube (2 mL). An equal volume of PBS was added to the solution.
The sampling tube containing the mixture was vortexed vigorously for 1 min, and was centrifuged for 5
min. The sample tube was kept in standing at room temperature for 18 h. The concentration of each
phase was determined by HPLC equipped with an octadecylsilyl silica gel ODS column (acetonitrile /
H,0 =1/1; flow rate, 0.25 mL-min; UV-vis detect_or). lThe concentration of photoscnsitiiers was
calculated on the basis of the peak area of the chromatogram recorded at 420 nm. The Log P values were

calculated as follows: -

LogP= Log& | | '(3)
7 Cy :

where C, and C, are the concentrations of n-octanol and PBS phases, respectively. The Log P value

reported was determined by six replicate experiments.

3-4-3. Hydrophobicity parameter of p-8 detremined by RP-HPLC method

RP-HPLC was performed using an octadecylsilyl silica gel ODS column as the stationary phase
and acetonitrile / H,O = 1/ 1 mixture as the mobile phase (flow rate, 0.25 mL-min'I‘) on a HPLC system
equipped with UV-vis detector. All samples were dissolved in the eluent (0.1 ~ 0.01 pM), and the

sofution was filtered just before use.

3-4-4. Fluorometric titration of p-8 to BSA

~ Photosensitizers {c=5uM (1 % DMSO)) and BSA (¢ = 0 ~ 35 uM) were dissolved in Dulbecco’s
PBS (Nacalai tesque). This solution were stirred and shaken in a water bath with slow stirring for 24 h
(37 °C, ambient atmosphere). The electronic absorption spectra of these solutions were measured at 37
°c [30-33]. And the fluorescence intensity of these solution were measured using a maximum excitation
| §Wavelengths of BSA binding porphyrin at 37 °C. The luminescence intensity was analyzed on the

assumption of single high-affinity binding site:
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M-S )

M+ S

in which M, S and M-S represent the BSA-free porphyrin, free binding site and occupied binding site of
BSA, respectively. According to the Langmuir isotherm, the ratio of porphyrin bounded on BSA([M],)

. over total BSA concentrations ([A],) r can be expressed as follows:

_[Ml, __nKIMJ;

Al, 1+KM]; . ®)

in which 8, n and K means the occupancy of the binding site, the number of binding site per protein and
the binding constant, respectively. The luminescence intensity is combination of two contributions,

namely BSA-free porphyrin [M], and BSA-porphyrin complex [M],.

in which a, and a, are constants in fluorometric titration. By using eq. 4, the luminescence intensity can

be expressed as follows:

K(IM]o —n[Aly)—1+ \/017[{2[2]0 - K[M]; + 1)2 +4K[M], +a,[Mlo ¢))

F=(af —ab)

The plots of luminescence intensity as a function of BSA concentration ([A]) was fitted with eq. 5 to

afford the number of binding site # and binding constant K.

3-4-5. Cellular uptake by Hela cells

HeLa cells v;ere kindly provided by Professor Jun-ya Kato (Graduate School of Biological Science,
Nara Institute of Science and Technology, Japan). They were grown in Dulbecco’s modified Eagle’s
medium (DMEM) with phenol red and 10 % fetal calf serum (FCS) (Hyclone Laboratories, Inc.) [20,23,37-
41]. Cellular uptake of glycoconjugated porphyrins 6 and 8 was determined as follows: HeLa cells (5 x -
10* cells/well) were plated in a 24-well plate (Nalge Nunc International K.K.) in.500 pL. per well of
DMEM with phenol red and 10 % FCS, and the plates were incubated for 24 h (37 °C, 5 % CQ,). To each
well was added 500 pL of 10 uM (2 % DMSO) photosensitizers in DMEM with phenol red and 10 %
FCS (hence the concentration of photosensitzers was 5 UM (1 % DMSO0)). In order to estimate the
background in fluorometry, in addition, to three wells was added 500 pL. of DMEM with phenol red and
10 % FCS (1 % DMSO)) without photosensitizers. The cells were further incubated for 24 h. The

medium was removed and the cells were then washed twice with Dulbecco’s PBS (Wako Pure Chemical
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Industries, Ltd.). The cells were lysed in 100 uL of DMSO to extract the photosensitizers. The fluorescence
intensity due to the extracts was measured with a plate reader (TECAN SPECTRA Fluor Plus) using
excitation and emission wa\;elengths of 430 and 635 nm, respectively [23]. The fluorescence intensity of
photosensitizers were estimated by removing the averaged background from the averaged fluorescence
intensity of extracts. The uptake amount of photosensitizer was calculated on the basis of calibration
data for each photosensitizer in DMSQO in the range from 500 to 7.81 nM. The fluorescence intensity in
each concentration wa;s corrected by removing the scattering contribution from empty wells to give a
calibration curve. The fluorescence intensity of each photosensitizer can be correlated with the
concentration of each photosensitizer as follows, where a and b are constants for a given plate reader
using excitation and emission wavelengths of 430 and 635 nm, respectively. The uptake z;lmount of

photosensitizers reported was determined by three replicate experiments,

3-4-6. In vitro photocytotoxicity test against HeLa cells
HeLa cells (5 x 10° cells/well) were plated in 100 uL. of DMEM containing 10 % FCS, and incubated
overnight (37 °C, 5 % CO,) in a 96-well plate. To each well was added 100 uL of 10 pM (2 % DMSO)
photosensitizers in DMEM with phenol red and 10 % FCS (hence the concentration of photosensitzers
was 5 UM (1 % DMSO)). In order to estimate the background in fluorometry, in addition, to three wells
was added 100 L of DMEM with phenol red and 10 % FCS (1 % DMSO)) without photosensitizers.
The cells were further incubated for 24 h. The medium was removed and the cells were then washed
twice with Dulbecco’s PBS , and 100 pL of DMEM containing 10 % FCS waé added. The cells were
then exposed to light from a 100 W halogen lamp (Ushio, KBEX-102A), equipped with a water jacket
and a Y-50 cut-off filter (A > 500 nm, Toshiba) for an appropriate time (0 min for evaluation of cytotoxicity
in the dark) [39-41]. For all experiments, the light intensity was varied from 0 to 24.5 mW/cn? by using
an UV-vis power meter (OPHIR, ORION/TH). The light dose was calculated as the product of light
intensity (mW/cm?) and irradiation time. Cell viability was measured after 24 h using a CellTiter-Glo™
Luminescent Assay kit (Promega Corporation) according to the instructions. Then, the 96-well plate was
Subjected to luminescence measurement using the plate reader. At first, the fluorescence intensity in
¢ach wells was estimated by removing the averaged fluorescence intensity from three wells containing
. Gell Titer-Glo™ only (no cells). The percentage cell survival was calculated by normalization with

1
“Tespect to the value for no drug treatment.
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3-4-7 Statistical analysis

All statistical evaluations were petformed using Student’s #-test. All values for cellular uptake and

cytotoxicity are expressed as mean + standard deviation.
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; Chapter 4

Synthesis of Glycoconjuga'ted Chlorins
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4-1. Introduction .

5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin (Foscan®, hereinafter referred as m-THPC), a second
generation photosensitizer, is undergoing clinical trials for use in photodynamic treatment of gynecological,
respiratory and head and neck cancers in the USA, Europe and the UK [1- 5] m-THPC appears to have
many advantages in companson w1th Photofrm® In partlcular 1t is approximately 200 times more effective
than Photofrin® at the same photodynamlc dose (i.e., drug dose x light dose), allowing the use of lower
photosensitiser doses and shorter illumination times to achieve similar resolts [5]. Several glycoconjugated
porphyrins have been synthesized for evaluation of their photocytotoxicity, but there have been few
reports on glycoconjugated chlorins, despite their poterrtial utility as photosensitizers. Chlorin derivatives
are generally synthesized through reduction of.porphyrilr derlj\rati\:'es with diirrride photosensitizers, ie.,
the Whitlock method [6,7]. However, the instability of chlorin macrocycles makes it hard to remove the
concormtantly formed porphyrms and bacteriochlorins. This leads to considerable dlfﬁculty in the synthesis
of glycocon_]ugated chlorms [8-11]. This chapter, glycocon_]ugated chlorins were synthesrzed by means
of the Whitlock method with diimide reduction and purified by reversed phase thin layer chromatography
(RP-TLC) as 'sh'o"vin in scheme 4-1. The versatility of this method for the synthesis of para- and meta-
substituted glycoconjugated chlorins was examined with p-glucose, p-galactose, D-xylose and D-arabmose
All of photosensmzers have been characterized by 'H NMR, electronic absorption, IR and ESI-TOF

mass spectra.

4-2. Results and Discussion
4-2-1, SJrnthesis of deacet)zlatéd glycoconjugar‘ed chlorins 9

Accordmg to chapter 2, the acetylated glycoconjugated porphynns7 were prepared by condensation
of pyrrole with p- or m—glycocon]u gated benzaldehydes 4 using a modification of the Lmdsey method in
the presence of Zn(OAc)z-ZH O as a template, followed by demetalation with 4 MHClin ca. 36 ~ 86 %.
Chlorin derivatives are generally synthesized through reduction of porphyrin derivatives wrth diimide
photosensitizers (1 e., the Whitlock method) [10 11] The deacetylated glycoconjugated chlorms 9 were
Synthesized from the correspondmg porphyrms 7 as shown in Scheme 4-1. The diimide reduction of
Porphyrins 7 gave a mixture of dlhydro- (1 e. chlorm) and tetrahydro -porphyrin (i.e. bactenochlorm) [7-
1. After the diimide reduction of porphyrins p-7, the electronilc absorption spectrum of the reaction

Mixture showed the Q, band at 650 nm for chlorin and at 740 nm for bacteriochlorin. After the diimide
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reduction of porphyrins m-7, on the other hand, the electronic absorption spectrum of the reaction mixture
showed only a peak at 740 nm due to bacteriochlorin. These suggest that the macrocycles of porphyrins
m-7 are much easier to be reduced than those of porphyrins p-7. Dehydrogenation with o-chloranil
cleanly removed the bacteriochlorin (M= 740 nm) to afford glycoconjugated chlorins. It was found
that some of acetyl groups of sugar unit were cleaved in this diimide reduction. The crude product was
used for the synthesis of deacetylated glycoconjugated chlorins 9 without further purification. The
saponification of the resulting product was carried out using NaOMe in a mixture of MeOH and CHL
to give chlorins 9. The crude product was successfully purified by RP-TLC (Table 4-1 and Figure 4-1).
The chlorins 9 were obtained in the yields of 14 ~ 49 % with the purities of >95 % evaluated by HPLC

using an octadecylsilyl-supported silica gel column. The chlorins 9 were characterized by 'H NMR,

Figure 4-1 The preparative reversed phase thin layer chromatography of p-9a.

Table 4-1. The relative hydrophobicity of 9 evaluated by reversed phase TLC”

Compound R,
p-9a 0.66
P-9b 0.69
p-9¢ 0.14
p-9d 0.44
m-9a 0.43
m-9b 0.49
m-9c¢ 0.20
m-9d 0.25
TPPS 0.91

i stationary phase, octadecylsilyl bounded silica gel, mobile pahse, MeOH / H,0 =8/ 2.
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ESI-TOF mass, IR and electronic absorption spectroscopy.

4-2-2. Electronic absorption spectra of deacetylated glycoconjugated chlorins9
- The absorption of longer wavelength light is one of the important performances for PDTdrugs. The
electronic absorption spectra of deacetylated glycoconjugated chlorins9 were recorded in DMSO (Figure

4-2). The wavelength (A_, ) and molar extinction coefficient (€) of maximum absorption are listed in

50

30

20—

ex 104/ M cm?

10 —

0
350 400 450 500 550 600 650 700
A/l nm

Figure 4-2 Electronic absorption spectra of p-8a (¢ = 4.97 M, solid line) and p9a (c = 4.97 UM, broken
line) in DMSO at 20 °C.

Table 4-2 Electronic absorption spectra data of 9 (4.97 M) in DMSO at 20 °C.

Ao /nm (€ x 10 / cm®mmol™)

Soret Q Bands
I\ II I I
m-9a 421 (13.8) 520 (1.40) 546 (0.92) 598 (0.58) 652 (3.22)
m-9b 421 (14.4) 517 (1.46) 546 (0.98) 602 (0.62) 651 (2.42)
m-9c 421 (14.9) 518 (1.43) 545 (0.94) 597 (0.54) 651 (3.28)
m-9d 421 (16.3) 516 (1.62) 547 (0.90) 602 (0.52) 651 (2.22)
p-9a 424 (13.1) 522 (1.32) 550 (1.18) 599 (0.66) 652 (2.50)
p-9b 421 (15.1) 522 (1.66) 550 (1.54) 598 (0.90) 651 (2.32)
p-9¢ 423 (14.6) 522 (1.34) 550 (1.14)" 602 (0.58) 651 (2.56)
p-9d 423 (13.6) 521 (1.28) 551 (L.14) 596 (0.60) 650 (2.48)
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Table 4-2. All chlorins 9 have a strong Soret band (sometimes called the b band) at ca. 420 nm and four
weak Q bands at ca. 520(Q,,), 550 (Qp), 600 (Q,) and 650 nm (Q)) [7.8,10]. The Q, band of all chlorins
9 is greater than that of pofphyrins 8. Eor example, the Q, band of chlorin p-9a (2.79 X 10* M-cm!) were
about 3-fold greater than that of corresponding porphyrinp-8a (0.64 x 10* M'-cm™) (Figure 4-2). Because
the Q, band is usually used for PDT treatment, it is expected that that chlorins have higher photodynamic

effect than that of porphyrins.

4-2-3. 'H NMR spectra of deacetylated glycoconjugated chlorins 9

Figure 4-3 shows the '"H NMR spectra of 5,10,15,20-tetrakis [3-(B-p-glucopyranosyloxy)phenyl]-
porphyrin (m-8a) and 5,10,15,20—tctrakis[3—(B-D-gluc0pyranosyloxy)phényl}chlorin (m-9a) in CD,OD.
The peak at 8.8 ppm due to the B-pyrrole proton of porphyrins 8 disappeared completely in corresponding
chlorins 9 except for 7-9b and m-9d [8,10,12]. On the other hand, the peaks due to the B-pyrrole protons
of chlorins 9 appeared at 8.6, 8.4, 8.2 and 4.2 ppm [8,10,12]. The’ peaks at 8.6, 8.4,8.2 and 4.2 ppm are
assigned to those of 8,17-B-pyrrole, 12,13-B-pyrrole, 7,18-B-pyrrole and 2,3-B-pyrrole protons, respectively
(13-16]. The phenyl i)rotons were found at 8.0-7.4 ppm [13-16]. The anomeric proton of sugar unit was

found at 5.2-5.1 ppm. The peaks around 4.1-3.5 ppm are assignéd to those of sugar moieties. The

B-pyirole . anomeric proton
’I ’ \L LJM sugar unit
7,18-B-pyrrole 2,3-B-pyrrole
12,13-B-pyrrole
anomeric proton

-8,17-B-pyrrole

sugar unit

[ I | I |
10 ‘ 8 6 : 4 2
Figure 4-3 '"H NMR spectra of m-8a and m-9a in CD,0D.
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assignment of sugar units was carried out using "H NMR spectra of the porphyrins and 2D NMR techniques

(COSY and HMQC). . : P

4-2-4, ESI-TOF mass spectra of deacetylated glycoconjugated chlorins 9

Mass spectra of deacetylated glycoconjugated chlorins 9 were recorded using the electron-spray
ionization time-of-flight (ESI-TOF) mass spectrometry in MeOH. The small difference in the molecular
weight between chlorins 9 and corresponding porphyrins 8 was also clearly evidenced by ESI-TOF mass
spectrémetry as shown in Figure 4-4. All glycoconjugated porphyrins 8 and chlorins 9 were detected as
a [M + Na]* species in the positive mode [10,17]. Figure 4-5a shows the ESI-TOF mass spectrum of
crude product of chlorin p-9¢. The spectrum can be dividedlinto two contribution of porphyrin p-8c and
chlorin p-9¢ (Figure 4-5b). The peaks due to porphyrin p-8c dramatically decreased after RP-TLC

purification (Figure 4-5¢). The mass spectra of all chlorins 9 fairy. agreed with the calculated spectra.

L m -

. m p9a p—9b p-9c p-9d
Lﬁ -9a (caicd) -9b (calcd) Z-!’c (calcd) S-S’d (calcd)
Tt LWL, IR l=4=¢=a=A=I=J_  SRERRVERER
1350 1”)60 ]350 1360 1230 1240 1230 1240
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Figure 4-4 ESI-TOF mass spectra of 8 and 9, calculation spectrum of 9. [M-+Na]* species were observed
on positive mode ’
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Figure 4-5 ESI-TOF mass spectral analysis of purification of p-9¢. The ESI-TOF mass of p-9¢ before
purification (a) and after RP-TLC purification (c). The crude product can be divided into two contributions

of p-8¢ and p-8¢ (b). All peaks was found as [M+Na]*.

4-2-5. IR spectra of deacetylated glycoconjugated chlorins 9

The infra-red absorption spectra of deacetylated glycoconjugated chlorins 9 were recorded using
attenuated total reflection (ATR) me;hod (Figuire 4-6). The band assignments and wavenumbers (cm'!)
are listed in Table 4-3 and 4-4. All chlorins 9 showed absorptions in the regions from 3000 to 2900 crm
! due to C-H stretch in the phenyl ring (v,,,,) and the pyrrole ring B-carbon (V) (Figure 4-6) [18-20]. In
addition, the characteristic absorption for tetraphenylchlorin was found at 666.5 cnt’ due to out-of-plane -
C-H bending in the phenyl ring (opd,,,) for all chlorins 9 [19-21]. All porphyrins p-8 showed one peak
around 1600 cm! due to C=C stretch (v._.) and C=N stretch (\JC » in the porphyrin ring (Figure 4-6a)
[19-21]. On the other hand top of this peak sphtted in all chlorms p-9 (Flgure 4-6b). This may be
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reflected from asymmetric structure of chlorin ring. While all porphyrins m-8 showed splitted peak
around 1600 cm! due to C=C stretch (v_.) énd C=N stretch (V) in the porphyrin ring, these peaks of
all chlorins m-9 broaded (Figure 4-6¢ and 4-6d). All_chlon'ns 9 showed the peak at 3380 cm due to O-
H stretch (v,,,,) of hydroxyl groups. (Figure 4—6)‘ [19-21].

opdc.y

: ' ' - opd
Vox POch

Vo-H opde.p

| 1 I

[
4000 - 3000 2000 1000 400

v/coml

Figure 4-6 IR spectra of p-8a (a), p-9a (b), m-8a (c) and m-9a (d).
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Table 4-3 IR spectral data of p-9°

assignment’ p-9a p-9b p-9¢ p-9d assignment”
Vor 3355.58 3354.62 3355.58 3367.16 Vo
VacH 2923.48 2918.65 2917.69 2920.58 Veu
2840.53
Vicn 2848.24 2846.31 2844.38
2354.41 2362.12 2355.37
. 1718.78
Ve 1604.97 1604.01 1604.01 1602.08 Ve Voo
1578.93 1580.86 o
Sy 1503.70 1504.66 150370  1500.80
Sun 1468.01 1449.68
VeeeVen 1413.03 1406.28 VeuOcon
1229.77 1230.73 1227.84 1225.91
1177.69 1177.69 1176.72
ipSeu 1073.52 1074.48 1070.62 ScpmVec
Ring deform.  1018.54 1038.79 ' VeeVeo
947.16
opScraw 878.68 nCH
794.77 793.80 795.73 ' nCH
TMiring) 769.69
' 666.49 666.49 666.49 666.49
42921 42921 421.50 421.50
409.92 41378 :
409.92
402.21

® ATR method. ® Empirical assignment from Caughey et al [16]. The abbreviations are as

follows: ip, in plane; op, out of plane; a, asymmetric; s, symmetric; p, pyrrole B-carbon (Cp).

Assignments are made from normal coordinate analysis of 18 E, bands [16].
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Table 4-4 IR spectral data of m-9°

1

assignment” m-9a -~ m-9b m-9c m-9d assignment’
Vou 3355.58 3356.55 3355.58 3342.08 Vou
VacH' Ve
2924.44 2918.65 2925.41 2923.48
Vicu 2851.14 2853.07
- 2353.44 2360.19 2363.09 2606.15
2498.12
Ve=c 1655.13 Ve Voun
1582.79 1577.96
Vean 1578.93 1577.96 '
- 1469.94 1468.97 1467.04
Voo Voo 1425.57 1425.57 1426.53 : VosScon
1308.86 Scps
1262.56 1262.56 1261.60 1257.74
1182.51 1181.54 1183.47
Veo 1142.96 1105.35
ipBey - 1073.52 1071.59 1071.59 1070.62
1044.58 1038.79 BepimVouc
Ring deform. VeoVeco
947.16 946.20 946.20 947.16
927.87 927.87
oPOenan 818.88 wCH
nCH
792.84 790.91 782.23 77451
Tsing)
666.49 666.49 666.49 666.49
42536 42921 425.36 42536
' 413.78 406.07
41378 402.21

¢ ATR method. ° Empirical assignment from Caughey et al [16]. The abbreviations are as

follows: ip, in plane; op, out of plane; a, asymmetric; s, symmetric; p, pyrrole B-carbon (Cp).

Assignments are made from norrhal coordinate analysis of 18 E, bands [16].
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4-3. Summary

Eight deacetylated glycoconjugated chlorins 9 were synthesized by mearis of the Whitlock method
with diimide reduction, and then this crude product by NaOMe in a mixture of MeOH and CH,CL,. The
crude deacetylated product was successfully purified by RP-TLC. The chlorins 9 were obtained in the
yields of 14 ~ 49 % with the purities of >95 % after evaluation by HPLC using an octadecylsilyl-supported
silica gel column. These photosensitizers were fully characterized was by 'H NMR, ESI-TOF mass, IR
and electronic absorption spectroscopy. - The electronic absorption spectra of chlorins 9 were recorded in
DMSO. The chlorins 9 have a strong Soret band at ca. 420 nm and four weak Q bands at ca. 520 (Q,),
550 (Qy), 600 (Q,), and 650 (Q,) nm. In this result, the Q, band of all chlorins 9 is greater than that of
porphyrins 8. The Q, band of chlorin p-9a were about 3-fold greater than that of corresponding porphyrin
p-8a. Because the Q, band is usually used for PDT treatment, it is expected that that chlorins have higher
photodynamic effect than that of porphyrins. In CD,0D, the peak at 8.8 ppm in 'H NMR spectra due to
the B-pyrrole proton of porphyrins 8 disappeared completely in of chlorins 9 except for m-9b and m-9d.
On the other hand, the peak at 8.6, 8.4, 8.2 and 4.2 ppm in 'H NMR spectra due to the 8,17-3-pyrrole
proton, 12,13-3-pyrrole proton, 7,18-B-pyrrole proton and 2,3-f-pyrrole proton of chlorins 9 appeared
completely in of corresponding porphyrins 8. The ESI-TOF mass spectroscopy, all porphyrins 8 and
chlorins 9 were detected as a [M + Na]* species in the positive mode. The small difference in the
molecular weight between chlorins 9 and corresponding porphyrins 8 was also clearly evidenced by ESI-

TOF mass spectrometry.

4-4, Experimentals
Materials and Measurements

IH NMR spectra were recorded on Bruker AVANCE 800 (800 MHz) (National Food Research
Institute), Bruker DRX600 (600 MHz) (National Food Research Institute), JEOL JNM-ALA400 (400
MHz) (Nara Women’s University) and VARIAN GEMINI 2000 (300 MHz) (Nara Women’s University)
instruments. NMR assignment appears with following abbreviations; “P” is chlorin ring, “R” is saccharide
residue, and “Ar” is aromatic group or bridging phenylene group between P and R. Elecironic absorption
spectra.in dimethyl sulfoxide (DMSOQ) were recorded on a JASCO V-570 spectrophotometer (Nara
Women’s University) and HITACHI U-2000 spectrophotometer (Osaka Prefectural College of
Technology). IR spectra were recorded on FT/IR-8900 JASCO (Osaka Prefectural College of Technology)
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using an ATR-500/M instrument. Mass spectra in methanol were recorded on JMS T100LC JEOL (Nara
Women’s University), JEOL TMS-700 (Nara Institute of Science and Technology), and JMS-100LC
(National Food Research Institute) instruments. The reversed phase thin layer chromatography (RP-
TLC) was carried out using R-18F 55 (Merck Japan Ltd.) eluted with mixture of methanol and water
The purity of the chlorins 9 was determined by high performance liquid chromatography (HPLC,
HITACHI, 1.-6000) (Osaka Prefectural College of Technology) equipped with octadecylsilyl-bounded
silica gel (HITACHI, HITACHI GEL 4 mm¢ x 150 mm) column and a diode array detector (HITACHI

L-4000) using acetonitrile / water = 1/ 1 as an eluent.-

4-4-1. 5,10,15,20-Tetrakis{4-( B-D-glucopyranosyloxy)phenyljchlorin (p-9a)

p-Ta (99 mg, 50 pmol), K,CO, (0.59 g, 3.8 mmol), p-toluenesulfonylhydrazide (0.27 g, 1.4 mmol)
and dry pyridine (20 mL) were stirred with N, flushing for 20 min. The mixture was heated at 110 ~ 120
°Cfor6.5h under N,,. p-Toluenesulfonylhydrazide (0.43 g, 2.3 mmol) dissolved in dry pyridine (2 mL)
was added to the mixture twice at intervals of 2 h. The reaction mixture was added in benzene (100 mL)
and distilled water (50 mL), and heated at 100 °C for 1 h to decompose remaining p-
toluenesulfonylhydrazide. The organic layer was separated and washed with cold 2 M HCl (aq) (150 mL
X 'l)l‘distilled water (150 mL x 1) and saturated NaHCO; (aq) (150 mL x 1), successively. To minimize
the excess amount of tetrahydro-porphyrin (i.c., bacteriochlorin), o-chloranil (0.10 g, 0.41 mmol) was
added slowly to the resulting mixture at room temperature until the absorption at 740 nm, that is due to
tetrahydro—porphyrm had just disappeared. The solution was washed with 5 % NaHSO, (aq) (150 mL x
2), distilled water (150 mL x 1), 5 % NaOH (aq) (150 mL x 1) and sat. NaHCO, (aq) (150 mL.x 1). The
solution was dried over Na,SO,, and the solvent was removed under reduced pressure. This crude powder
was dissolved into the mixture of CH,Cl, (10 mL) and methanol (10 th). To.the solution, sodium
methoxide was added until pH 9. This mixture was stirred for 24 h at room temperature, then 25 % acetic
acid (aq) was added to neutralize it. The solvent was evaporated, and the crude product was purified by
gel filtration on a Sephadex LH-20® column eluted with methanol. The solvent was evaporated. In order
to remove minor analogues, i.¢., porphyrin and bacteriochlorin derivatives, the crude product was fully
purified by reversed phase thin layer chromatography (RP-TLC, RP-18 E,,,, Merck Japan Litd.) using an
octadecylsilyl-bounded silica gel eluted with mixture of methanol and water (7/1, v/v). The éxtracted

solution was neutralized by adding NH,(aq), then evaporated. The precipitate was washed with . water
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and dried under vacuo to give p-9a as a dark red powder (31 mg, 47 %). R 0.53 (methanol/water, 20/1).
Purity (HPLC): >99 %. 'H NMR spectrum of p-9a was agreed with the literature [8].

4-4-2. 5,10,15,20-Tetrakis4-( §-p-galactopyranosyloxy)phenyljchlorin (p-9b)
The similar procedure for p-9a was applied to p-7b (226 mg, 113 umol) to give p-9b as a dark red
powder (48 mg, 32 %). Rf 0.25 (methanol/water, 7/1). Purity (HPLC): 98 %. 'H NMR spectrum of p-9b

was agreed with the literature [8].

4-4-3. 5,10 15,20-Tetrakis[4-(B-p-xylopyranosyloxy )phenylchlorin (p-9c)

The similar procedure for p-9a was applied to p-7¢ (189 mg, 110 wmol) to give p-9¢ as a dark red
powder (40 mg, 30 %). R, 0.45 (methanol/water, 7/1). quity (HPLC): 97 %. 'H NMR (CD,0D, 800.03
MHz): & (ppm) = 8.60 (2H, d, 3J = 4.7 Hz, 8,17-B-P), 8.39 (2H, 5, 12,13- B-P), 8.22 (2H, d,*/=4.7 Hz,
7,18- B-P), 8.00 (2H, br, 37 = 8.1 Hz, 10,15-(0-Ar)), 7.79 (2H, br, *J = 8.2 Hz, 5,20-(0-Ar)), 7.42 (2H, d,
37 = 8.4 Hz, 10,15-(m-Ar)), 7.40 (2H, d, *J = 8.4 Hz, 5,20-(m-Ar)), 5.19 (2H, d, *J = 7.5 Hz, 10,15-(1-R)),
5.14 (2H, d,3J = 7.5 Hz, 5,20-(1-R)), 4.17 (4H, brs, 2,3-B-P), 4.06 (2H, dd, *J = 11.7 Hz,%J = 5.4 Hz,
10,15-(5-R)), 4.04 (2H, dd, 3/ = 11.7 Hz, 2J = 5.4 Hz, 5,20-(5-R)), 3.69 (2H, ddd,*/ = 10.3 Hz, */ = 8.6
Hz, % =5.4 Hz, 10,15-(4-R)), 3.62 (2H, ddd,*/ = 10.2 Hz,*/ = 8.6 Hz, 2] = 5.2 Hz, 5,20-(4-R)), 3.62 (2H,
dd, 3/ =9.2 Hz, *J = 7.5 Hz, 10,15-(2-R)), 3.60 (2H, dd,*/ = 9.2 Hz, 2J = 7.5 Hz, 5,20-(2-R)), 3.55 (ZH,
dd, 3/ =9.2 Hz, 2J = 8.6 Hz, 10,15-(3-R)), 3.52 (2H, dd,*/ = 9.2 Hz, J = 8.6 Hz, 5,20-(3-R)), 3.52 (2H,
dd, 37 = 11.7 Hz, 2J = 10.3 Hz, 10,15-(5-R)), 3.50 (2H, dd,3J = 11.7 Hz, *J = 10.2 Hz, 5,20-(5-R)). Fast
atom bombardment high resolution mass spectrometry(FAB-HRMS) (m/z) = [M+H]* calcd for
C,,H,N,0,,, 1209.41867; found, 1209.41837.

4-4-4. 5,10,15,20-Tetrakis[4-( B-pD-arabinopyranosyloxy)phenylchlorin (p-9d)

The similar procedure for p-9a was applied to p-7d (408 mg, 239 pumol) to give p-9d as a dark red
powder (49 mg, 17 %). Rf0.75 (methanol/water, 10/1). Purity (HPLC): 96 %. 'H NMR (CD,0D,
800.03 MHz): & (ppm) = 8.60 (2H, d, *J = 4.7 Hz, 8,17-B-P), 8.37 (2H, 5, 12,13-8-P), 8.20 (2H, d, *J =
4.7 Hz, 7,18- p-P), 7.97 (2H, brd, 3J = 6.8 Hz, 10,15-(0-Ar)), 7.72 (2H, brd, °J = 8.4 Hz, 5,20-(0-A1)),
7.42 (2H, d, *J = 6.8 Hz, 10,15-(m-Ar)), 7.37 (2H, d, %/ = 8.4 Hz, 5,20-(m-An)), 5.16 (2H, d,*/ =7.2 Hz,
10,15-(1-R)), 5.10 (2H, d, *J = 7.2 Hz, 5,20-(1-R)), 4.10 (4H, br:e., 2,3-B-P), 4.06 (2H, dd, *J = 12.6 Hz,

109



2y =72.5 Hz, 10,15-(5-R)), 4.05 (2H, dd, *J = 12.5 Hz, ¥/ = 2.4 Hz, 5,20-(5-R)), 3.99 (2H, dd,*/ = 9.2 Hz,
2J =7.2 Hz, 10,15-(2-R)), 3.97 (2H, brs, 10,15-(4-R)), 3.96 (2H, dd,®J = 9.2 Hz, 2J = 7.1 Hz, 5,20-(2-R)),
3.96 (2H, brs, 5,20-(4-R)), 3.85 (2H, brd, *J = 11.6 Hz, 10,15-(5-R)), 3.83 (2H, brd, *J = 11.6 Hz, 5,20-(5-
R)), 3.76 (2H, dd, *J = 9.2 Hz, % = 3.5 Hz, 10,15-(3-R)), 3.74 (2H, dd, */ =9.2 Hz, %J = 3.4 Hz, 5,20-(3-
R)). FAB-HRMS (ny/z) = [I.\'I+Na]+ caled for C_H,N,0, Na, 1231.40061; found, 1231.40045.
4-4-5. 5,10,15,20-Tetrakis{3-(B-p-glucopyranosyloxy)phenyl Jchlorin (m-9a)

The similar procedure for p-9a was applied to -7a (419 mg, 210 pmol) to give m-9a as a dark red
powder (103 mg, 37 %). Rf 0.54 (methanol/water, 8/1). Purity (HPLC): 96 %. '"H NMR spectrum of m-

9a was agreed with the literature [10].

4-4-6. 5,10,15,20-Tetrakis{3-( ﬁ-D-galactopyranosylo)cy Jphenyl]chlorin (m-9b)

The similar procedure for p-9a was applied to m-7b (669 mg, 335 umol) to give m-9b as a dark red
powéder (218 mg, 49 %). Rf 0.77 (methanol/water, 20/1). Purity (HPLC): 99 %. 'H NMR (CD,0D,
300.07 MHz): & (ppm) = 8.64 (2H, m, 8,17-3-P), 8.41 (2H, m, 12,13-§-P), 8.26 2H, m, 7,18-B-P), 7.97
~7.39 (8H, m, Ar), 5.17 ~ 5.08 (2H, m, 10,15-(1-R)), 5.08 ~ 5.05 (2H, m, 5,20-(1-R})), 4.20 (4H, m, 2,3-
B-P); 3.93 ~ 3.83 (8H, m, 2,4-R), 3.67 ~ 3.53 (16H, m, 3,5,6-R). ESI-HRMS (m/z) = [M+Na}* calcd for

C_H_N,O, Na, 1351.4434; found, 1351.44276.
4-4-7. 5,10,15,20-Tetrakis[3-( B-b-xylopyranosyloxy)phenyl ]chloriﬁ {m-9c)

| The similar procedure for p-9a was applied to m-7e (121 mg, 70.9 pmol) to give m-9¢ as a dark red
powder (30 mg, 35 %). Rf0.76 (methanol/water, 10/1). Purity (HPLC): >99 %. 'H NMR (DMSO-d,,
300.07 MHz): 8 (ppm) = 8.60 (2H, m, 8,17-B-P), 8.33 (2H, s, 12,13-3-P), 8.21 (2H, m, 7,18-B-P), 7.86 ~
7.15 (8H, m, Ar), 5.45 (4H, m, 2-ROH), 5.20 ~ 5.03 (12H, m, 1-R, 3,4-ROH), 4.14 (4H, m, 2,3-3-P), 3.73
~3.14 (20H, m, 2,3,4,5-R), -1.65 (2H, br, NH). ESI-HRMS (m/z) = [M+Nal"* calcd for C,H N0, Na,
1231.4011; found, 1231.3962.

4-4-8. 5,10,15,20-Tetrakisf 3-( -p-arabinopyranosyloxy)phenyljchlorin (m-9d)
The similar procedure for p-9a was applied to m-7d (192 mg, 112 pmol) to give m-9d as a dark red
powder (19 mg, 14 %). Rf 0.38 (methanol/water, 10:1). Purity (HPLC): >.99 %. UV-vis (DMSO): 4__
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(nm) {£x 103/ M.cm!) =421 (16.3), 516 (1.62), 547 (0.90), 602 (0.52), 651 (2.22). '"H NMR (CD,0D,

300.07 MHz): & (ppm) =8.53 (2H, m, 8,17-8-P), 8.31 (2H, s, 12,13-B-P), 8.15 (2H, m, 7,18-B-P), 7.81 ~

7.21 (8H, m, Ar), 5.03 ~ 4.98 (2H, m, 10,15-(1-R)), 4.98 ~ 4.91 (2H, m, 5,20-(1-R)), 4.11 (4H, m, 2,3-B-

P), 3.85 ~ 3.71 (8H, m, 2,5-R), 3.61 ~ 3.26 (12H, m, 3,4,5-R). ESI-HRMS (m/z) = [M+Na}* calcd for

C H,N,0,Na, 1231.401161; found, 1231.40061.
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Chapter 5

In Vitro Study of Glyconjugated Chlorins
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5-1. Introduction

Photodynamic therapy (PDT) is a kind of anti-cancer therapy which uses photosensitizers and light
to generate cytotoxic singlet oxygen molecule ('0,) in tumor cells [1-6]. In the foregoing statements
(chapter 3), the cellular uptake and photocytotoxicity of the glycoconjugated porphyrins8 were examined:
using HeLa cells in vitro. The sugar-dependent cellular uptake and the photocytotoxicity were observed.
And the results indicated that the photocytotoxicity is not related simply to cellular uptake. The
photochemical properties of aggregates and/or the quantity of remaining monomeric species are different
between glycoconjugated porphyrins having sugar units behavior in aqueous media such as cytoplasm.
It may make difference in photodynamic effect in HeLa cells between glycoconjugated porphyrins having
sugar units behavior.

In chapter 4, the author designed and synthesized deacetylated glycoconjugated chlorins9 (Chart 5-
1). In this chapter, the chemical properties of chlorins 9 estimated by Shake-Flask method and reversed
phase high performance liquid chromatography (RP-HPLC). These chlorins 9 were subjected to test in
vitro the cellular uptake by HeLa cells and the photocytotoxicity. These cellular uptake behavior and
photocytotoxicity were discussed on the basis of hydrophobicity, and photochemical study in cytoplasm

and aqueous media for these photosensitizers.

5-2. Results and discussion
5-2-1. Hydrophobicity parameters of deacetylated glycoconjugated chlorins p-9

It was reported that the cellular uptake amount of some porphyrin derivatives is closely related to
lthcir hydrophobicity parameters [7,8]. At first, the partition coefficients (Log‘P value) of monomiric
form of deacetylated glycoconjugated chlorins p-9 (¢ = 0.00695 uM) between phosphate buffered saline
(PBS) and n-octanol were determined by conventional Shake-Flask method which reported in Chapter 3.
The average Log P values of six replicate experiments ranged from -0.68 to -0.72, hence all photosensitizers
are hydrophilic (Table 5-1). Because of the large standard deviations as same as case in porphyrins p-8,
however, the Shake-Flask method could not clarify the differences in Log P values between chlorins p-9.
The hydorophobicity of chlorins p-9 was also determined by the RP-HPLC method reported in chapter 3.
However, the meta-substituted chlorins m-9 could not be determined by RP-HPLC because of their
atropisomeric mixture. The chromatograms of chlorins p-9 were independent of sample concentration in

the range from 0.1 to 0.01 pmol-L"! under the RP-HPLC condition used. The retention time , reflects the
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Substitution Position
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(denoted as p-)
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o) PP o PC
a: p-glucose HO
PP ar PC HO" Y~ “OH ‘
4 OH 4
0. 0. PPor PC
b: D-gatactose HO
PP o PC HO' “OH
4 OH 4
. Q.0 PP o PC
c: D-xylose
PP or PC . HO" Y "oH
4 OH 4
d: p-arabinose r\i:
HO" OH PP or PC :
4
Chart 5-1

Table 5-1 Log P values and RP-HPLC retaintion time (#z) of p-9

Shake Flask method RP-HPLC
compounds Log P* tp / min
p-9a -0.69 = 0.03 6.18
p-9b -0.69 £0.04 6.18
p-9¢ -0.68 £0.05 6.73
p-9d -0.72 + 0.03 6.58

“ The Log P value was determined after 18 h. The values' represent the means x s.d. of six

replicate experiments.
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nature of the monomeric form of these photosensitizers. The #, value varies ranged from 6.18 to 6.73
min and reflects the hydrophobicity (lipophilicity) of chlorins p-9. As with the porphyrin derivatives,

chlorins p-9a and p-9b have shorter retention time than chlorins p-9¢ and p-9d.

5-2-2. The '0, producing ability of deacetylated glycoconjugated chlorins m-9

The 'O, producing ability of deacétylated glycoconjugated chlorins m-9 was examined using
degradation of 1,3- dlphenyhsobenzofuran (DPBF) by '0, [9-13]. The maximum absorption wavelength
of DPBF in BMSO (418 nm) was used to detect the photolysis of DPBF under O, saturated conditions.
The plot of In(fAbs, J/[Abs, 1) versus time shows linearity, indicating the degradation is pseudo 1st
order reaction (Figure 5-1). The slope of the plot is proportional with the quantum yield of '0,. Table 5-
2 lists the relative quantum yield of 'O, (P ) to tetraphenylporphyrin tetrasulfonic acid (TPPS) as a
standard. The @, values slightly depended on sugar units attached in DMSO (i.e., monomeric form), and

varied from 1.3 to 0.6.

0.0m
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-—; 0.2
=
A
e
= 03
g
<
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A 1m-9c
05 v :m9d
e :TPPS
06 L 1 I
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Figure 5-1 Degradation of DPBF by m-9 and TPPS under O, saturated condition at 37 °C.
[Photosensitizer] = 0.08 uM. [DPBF] = 36.7 pM. The light intensity applied was 40 mW/cn? using a

100 W halogen lamp (A > 500 nm).
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Table 5-2 Relative quantum yield (&,) of 'O, in DMSO (c = 0.08 pM)

| @,
TPPS 1
m-9a | 1.29
m-9b 0.79
m-9¢ 1.17
m-9d : 0.62

5-2-3. Cellular uptake of deacetylated glycocoﬁjugated chlorinsi’

The cellular uptake of deacetylated glycoconjugated chlorins 9 by HeLa cells were determined
using the same protocol reported in‘chapter 3. The uptake amount of photosensitizer was estimated on
the basis of calibration data for each photosensitizer in DMSO (Figure 5-2). Eigure 5-3 shows the
relative cellular uptake éf chlorins 9 as well as corresponding porphyrins 8 (chapter 3) in comparison
with that of TPPS as a reference. All chlorins 9 show higher uptake than TPPS. The chlorins 9 show
cellular uptake equal to or greater than those of the corresponding porphyrins8. The order of the cellular
uptake amount was m-9¢ > p-9d > m-9d > p-9a > p-9b > p-9¢ > m-9a > m-9b > TPPS. Note that chlorin
m-9c¢ showed an uptake 50-fold greater than that of TPPS. At first, the lipophilicity of chlorins 9 and
TPPS is roughly evaluated by the Rf values on RP-TLC (Table 5-3). Increase in lipophilicity of the
photosensitiser decreases the R); value on RP-TLC because of the octadecylsilyl-modified surface. All

chlorins 9 showed much higher lipophilicity than that of TPPS. The R, values of chlorins 9c and 9d (i.e.,

I T :
1000 — - — —
B @) 1000 = gy | _
s S 800- o :mYa =
3 3 O : m9b
2 2 | A :m9c |
‘@ ‘B 600 v :m-9d
5 5
g E 4001
i £ A
- 200 _
Y | | |
_ 0 1 2 3 4
c/ M . cluM

Figure 5-2 Calibration curve of the fluorescence intensity versus the concentration of photosensitizer
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Figure 5-3 The cellular uptake of porphyrins 8 and chlorins 9 by HeLa cells after incubation for 24 h.
The values represent the mean =+ s.d. of three replicate experiments., The values for m-8¢c and p-8b could
not be quantified because of precipitation.. ***The value of m-9¢ was statistically significantly (p <
0.001) different from that of m-9a.

Table 5-3 Electronic absorption and fluorescence spectral data of p-8a and m-9 in DMSO (¢
=4.97 uM, 37 °C)

Electronic absorption specira _ Fluorescence speelra’
Ay (M) g (N1
Sorét” vV 11 I I - (0,0) (0,1)
p-8a = 422 (407) 518.5 554 595 - 649.5 658 722
m-9a 421 (408.5) 519.5 545 598 652.5 657 721
m-9b 420 (408.5) 516.5 545 596.5 652.5 657 719
m9¢ ~ 420.5 (408) 519 545 598 652 - 657 720
m-9d 420 (408.5) 516 545 595.5 651 656.5 . 718

5 The value in parenthesis is a shoulder peak by Soret band. * A, =430 nm.

pentose groups) are smaller than those of chlorins 9a and §b (i.e., hexose groups) regardless of the
substituent position, indicating enhanced lipophilic character of 9¢ and 9d (i.e., pentose groups). In
general, a significant lipophilicity is required for a drug to interact with the hydrophobic cell membrane
and pass through it, i.e., to show effective cellular uptéke [14,15]. Except for chlorin p-9¢, xylopyranosyl
(c) and arabinopyranosyl (d) groups (i.e., pentose groups) are much more effective to imprbve the cellular
uptake than glucopyranosyl (a) and galactopyranosyl (b) groups (i.e., hexose groups). This may reflect

the lack of one hydroxymethyl group.
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Figures 5-4 shows the plot of cellular uptake amount of porphyrins p-6, porphyrins p-8 and chlorins p-9
as a function of retention time f, on RP-HPLC. For same sugar conjugated phtosensitizers, the cellular
uptake amount increased with an increase of ¢, value, i.e., in the otder of p-6 < p-8 < {or =) p-9. (Figure
5-4a). This indicates the porphyrin ring affects the hydrophobicity and results in variation of the cellular
uptake. On the other hand, Figure 5-4b shows the sugar unit effects on cellular uptake and ¢, values for
each porphyrinoids. The hydrophobicity change due to the sugar unit is not simply connected to the

- cellular uptake. Hence, the sugar unit affects the nature of cellular uptake by another fashion besides of

hydrophobic interaction.
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Figure 5-4 The plots of cellular uptake as a function of RP-HPLC retention time #, showing the effect of
porphyrin ring (a) and sugar unit {(b).

5-2-4. Drug dose-dependence in the photodynamic effect of m9a

The above results indicate a unique effect of sugar units on the interaction with HeLa cells. Among
the deacetylated glycoconjugated chlorin m-9¢ shows the highest uptake by HeLa cells. Hence, m-9¢
and its related B, m-9a, were investigated for photocytbtoxicity in comparison with TPPS. The in vitro
assessment of photocytotoxicity was carried out under the same protocol reported in chapter 3. HeLa
cells were almost completely killed by chlorin m-9a at the concentration of 1 WM. The cell survival was
33.6 % when the drug concentration was 0.2 uM. From these results, the photosensitizer dose inducing
a 50 % death rate (LD,,) was estimated as around 0.2 uM. In chal?ter 3, the LD, value of porphyrin p-8a

is determined to be 5 UM under the same conditions. Thus, the photocytotoxicity of chlorin m-9a is
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almost 25-fold greater than that of porphyrin p-8a. This is impressive, because the cellular uptake of
chlorin m-9a is almost the same as that'of porphyrin p-8a. It is well known that there is no difference in
the quantum yield of 'O, between porphyrin and cﬁlorin derivatives [5]. Bonnett reported the photophysical
properties and photocytotoxicity of 5,10,15,20-tetrakis(m-hydroxyphenyl)porphyrin (m-THPP) and
5,10,15,20-tetrakis(m-hydroxyphenyl)chlorin (m-THPC) [5], and noted that the photocytotoxicity of -
THPC is-almost 10-fold higher than that of m-THPP, although the 'O, quantum yield for m-THPC is
almost the same as that for m-THPP in methanol. In this case, the photocytotoxicity was almost proportional
to the absorbance at the Q, band [S]. A difference in the transition probability may account for the
difference in photocytotoxicity between the chlorin and porphyrin rings. Form-9a and p-8a, however,
the difference in the molar extinction coefficient at the Q, band is too small to explain the difference in
the photocytotoxicity (3.22 X 10* M'.cm! for m-9a and 0.64 x 10* M!-cm’! for p-8a in DMSO) (Figure
5-5). Hence, there is no doubt that the glycopyranosyl group inﬂuencgs not only cellular uptake, but also

the phdtodynamic effect, although the reason for this remains to be established.
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Figure 5-5 Electronic absorption spectra of p-8a- (¢ = 4.97 uM, solid line) and m-9a (¢ = 4.97 pM,
broken line) in DMSO at 20 °C.
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5-2-5. In vitro study of the relationship between cellular uptake and photocytotoxicity

The photocytotoxicity of glycoconjugated chlorins m-9a, m-9¢ and TPPS was evaluated by irradiation
of cells with a2 100 W halogen lamp (A > 500 nm, 24 mW/cm?) at a light dose of 16 J/cm? after incubation
with photosensitizer for 24 h. Figure 5-6a shows the percentage cell survival after 24 h incubation
without light irradiation. These photosensitizefé showed no cytotoxicity in the dark.. Figure 5-6b shows
the percentage cell survival after 24 h incubation. The photocytotoxicity of m-9a (27.8 %) is significantly
higher than that of m-9¢ (96.5 %) or TPPS (110.8 %). Surprisingly, n;19a exerted higher piiotocytotoxicity
than m-9¢, although the cellular uptake of m-9a was only about 5-fold of that of m-9¢. This result clearly
shows that the amount of cellular uptake is not related simply to the photodynamic effect. The absorbance
at the Q, band of m-9a (3.22 x 10* M''-cm") is almost the same to that of m-9¢ (3.28 X 10* M-t.em?) in
DMSO. As reported previously, in general, the sugar unit does not affect the '0,-producing ability of
glycoconjugated chlorins in an organic solvent [5]. Hence, the physical properties of m-9a and m-9c¢ in
organic solvents can not explain the difference in in vitro photocytotoxicity. In organic solvents such as
DMSO, m-9a and m-9¢ are in monomeric form, so these physical properties reflect those of the monomeric
state. One possible explanation of the results is that the photosensitizers aggregate inside or on the
surface of the cells. . The stacking interaction of porphyrins reduces the fluoréscence life time and 'O,
quantum yield [16]. Because p-9¢ is much hydrophobic than p-9a, the hydrophobic interaction may

facilitate aggregate formation of p-9¢, leading to quenching of the 'O, production. Another possibility is
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Figure 5-6 Cytotoxicity in the dark (a) and photocytotoxicity (b} of m-9a, m-9¢ and TPPS in HeLa cells.
[Photosensitizer] = 0.2 uM. The light intensity applied was 25 mW/cre using a 100 W halogen lamp (A
> 500 nm). The percentage cell survival was determined by Cell Titer-Glo™ Luminescent assay after 48
hincubation. The values represent the means =+ s.d. of six replicate‘ experiments. ***Significant difference,
p <0.001.
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a difference of subcellular localization between the photosensitizers.
5-2-6. Confocal fluorescence images éf glycoconjugated porphyrin p-8a, p-8d and chlorins m-9

The above result clearly shows that the amount of cellular uptake is not related simply to the
photodynamic effect on HeLa cells. In order to explore the subcellular localization of photosensitizers,
hence, deacetylated glycoconjugated chlorins m-9 as well as porphyrins p-8a and p-8d were investigated
by confocal laser scan microscope (CLSM) in comparison with TPPS. Figure 5-7 shows the confocal -
fluorescence images of photosensitizers uptaken by HeLa cells without glutaraldehyde. These
photosensitizers were diffusively distributed throughout the cytoplasm except form-9b. No fluorescence
was detected in nuclear area, this is agreed with the results reported previously [17]. The chlorins m-9
excited the stronger fluorescence than porphyrins and TPPS. The fluorescence of m-9a was the strongest
in all photosensitizers. In the case of m-9a, it should be noted that the apoptosis was induced immediately
by the laser of the microscope (Figure 5-8). Figure 5-9 shows the confocal fluorescence images of -9
with glutaraldehyde to fix HeLa cells.- Interestingly, the fluorescence increased by addition of
glutaraldehyde, especially for m-9¢ and m-9d. Hence the m-9¢ and m-9d were fairly uptaken by HeLa
cells. However, the excited m-9¢ and m-9d could be quenched efficiently in the cytoplasm environment
to reduce the photocytotoxicity. Hence, sugar moieties of glycoconjugated photosensitizers influenced

not only cellular uptake by HeLa cells but also photochemical behavior in cytoplasm.
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Figure 5-7 Confocal laser scanning microscope images of fluorescence from
chlorins m-9a (a), m-9b (b), m-9¢ (c), m-9d (d), p-8a (e), p-8d (f) and TPPS (g)
uptaken by Hel a cell.
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Figure 5-8 Confocal laser scanning microscope images of fluorescence from
chlorin m-9a uptaken by HeLa cell at the early stage (a) and after 10 min (b) of
observation.
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Figure 5-9 Confocal laser scanning microscope images of fluorescence from
chlorins m-9a (a), m-9b (b), m-9c (c), m-9d (d), p-8a (e), p-8d (f) and TPPS (g)
uptaken by Hel a cell fixed by glutaraldehyde.
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5-2-7. Spectroscopic properties of deacetylated glycoconjugated chiorins m-9 in aqueous solution

In chapter 3, it is reported that the photochemical properties of aggregates and/or the quantity of
remaining monomeric species are different between porphyrins having sugar unit attached in aqueous
media such as cytoplasm. The electronic absorption and fluorescence spectra of deacetylated
- glycoconjugated chlorins m-9 (¢ = 5 uM) were measured fn various composition’of DMSO and PBS to
investigate the effect of aggregation state on photochemical properties. The electronic absorption spectra
of m-% in DMSO are resemble to each other as same as porphyrin p-8a (Figure 5-10a). On the other
hand, the Soret band decreased significantly in PBS (Figure 5-10b). The Soret band widths of m-9¢ and
m-9d (i.e., pentose groups} are broader than those of m-9a and m-9b (i.e., hexose groups). And the Soret
bands of #-9a and m-9b (i.e., hexose groups) shifted toward shorter wavelength, while the Soret band of
m-9c¢ and m-9d (i.e., pentose groups) shows a bathochloromic shift. These results suggest the aggregation

form of m-9 depends on sugar unit attached, especially héxose or pentose. The aggregation form of

chlorins having hexose is H-type structure, i.e. face-to-face m-stacked aggregates, while the chlorins

having pentose forms J-type aggregation state, i.c. side-by-side aggregates [18,19].
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Figure 5-10 Electronic absorption spectra of m-9a and m-9b (a) and m-9¢ and m-9d (b) in DMSO
(broken line) and PBS (solid line} (c = 4.97 pM) at 37 °C. - '
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Figure 5-11 shows fluorescence spectra of chlorins -9 and porhyrin p-8a in DMSO using an excitation
wavelengths of 430 nm at 37 °C. The spectral data are listed in Table 5-4. In DMSO, the fluorescence
intensities of m-9 were about 4-fold greater than that of p-8a. There are no differences in fluorescence
intensities between chlorins -9 in DMSO (i.e., monomeric form). However the fluorescence intensities
of m-9a and m-9b (i.e., chlorins having heiose groups) were about 20-fold greater than those of m-9¢ and
m-9d (i.e., chlorins bearing pentose groups) in PBS (Figures 5-12 and Table 5-5). This suggests that the
photochemicai properties of aggregates and/or the quantity of remaining monomeric species are different

between chlorins having hexose and pentose groups.
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Figure 5-11 Fluorescence spectra of porphyrin p-8a and chlorins m-9 in DMSO (c = 4.97 uM) at 37 °C.
A_=430nm.

Table 5-4 Electronic absorption and fluorescence spectral data of p-8a and chlorins m-9 in

PBS (¢ =4.97 uM, 37 °C).

Electronic absorption spectra Fluorescence spcetra’
Ay (Tim) Ay (011

Soret® ) v i I I (0,0) {0,1)
p-8a 4155 521 561.5 608 652 663 - 714
m-9a 414.5 (401.5) 519.5 551.5 599 651.5 653.5 714
m-9b 415 (401.5) © 5195 549 598.5 650.5 653.5 7155
m-9¢ 429.5 (405.5) 524 549 602 655 661.5 730
m-9d 428 (403.5) 524 552.5 600 = 655 - 656.5 731.5

“The value in parenthesis is a shoulder peak by Soret band. b Aex =430 nm.
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Figure 5-12 Fluorescence spectra of m-9a and m-9b (a) and chlorins m-9¢ and m-9d (b) in PBS (¢ =4.97
UM) at 37 °C. 4_ =430 nm.

Table 5-5 Elcctfonic absorption and fluorescence "spectral, data of p-8a and m-9 in PBS
containing 1 % glutaraldehyde (¢ = 4.97 uM, 37 °C)

Electronic absorption spectra Fluorescence speetra®
Amax (NM) Anax (M)

Soret” v IIX 1 I - (0,0 (0,1)
p-8a 416 518.5 560 589 6475 659 720
m-9a 415.5 (398.5) 521 549 594 6495 654 714
m-9b 415 520.5 5475 594 648 653.5 712
m-9c¢ 429.5 (413.5) 522 552 601.5 656 656.5 723
m-9d 417.5 521.5 552 603 654 654.5 723.5

“ The value in parenthesis is a shoulder peak by Soret band. b Aex = 430 nm.

5-2-8. Concentration dependence in the fluorescence of the deacetylated glycoconjugated chlorins

* The results in the previous section suggest the aggregation behavior of m-9¢ deteriorate the '0,
production. In order to control the aggregation behavior, the fluorescence intensities of m-9a and m-9¢
were measﬁreq in the lower concentration region. Figure 5-13 shows the plots of the flnorescence intensities
in the conc_éﬁtratian fahge from 5 to 0008 [.LM in PBS usihg gxt‘:"itz”lt_ion wavelengths of 430 nm at 37 °C.
The fluorescence intensities were increase with an increase of the drug concentration until 3 uM for m-9a
and 0.2 p,M for m-9c, respectively, and reached a platean level. In order to break an aggregate up, m-9c¢
requires lower concentration (i.e., < 0.2 uM) than m-9a. The fluorescence intensity difference between

m-9a and m-9¢ decreased with a-decrease of concentration in this region.
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Figure 5-13 Fluorescence intensity of #-9a and m-9¢ in PBS as a function of the concentration at 37 °C.
A =430mm. A_ =657 nm.
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5-2-9. Drug dose-dependence of the photodynamic effect of m%a and m-9¢

The photocytotoxicty of m-9a, m-9¢, and TPPS was examined against HeLa cells in the concentration
range from 0.2 to 0.04 uM. The cytotoxicity of these photosensitizers to HeLa cells were carried out
under the same protocol reported in chapter 3. As reported previously, these photosensitizers showed no
dark cytotoxicity. Figure 5-14 shows the plot of cell survivals as a function of drug concentration. The
photocytotoxicity of m-9a decreased with a decrease of dmg concentration from 0.2 to 0.04 uM. In the
case of m-9¢, on the other hand,vthe cell survival slightly decreased from 96.5 to 85.6 % with a decrease
of the drug concentration from 0.2 to 0.16 pM. The cell survival was around 100 % within the drug
concentration less than 0.16 uM.

In above results, the cellular uptake of m-9¢ was about 5-fold greater than that of m-9a [3,16]. The
uptake amount of m-9a at the concentration of 0.2 uM, in which the cell survival was 27.8 %, can be
equal to that of m-9c at the concentration of 0.04 pM. However, the cell survival in the case of m-9c at
the concentration of 0.04 pM was 99.8 %. This indicates the sitnation of #-9¢ in HeLa cells was totally
different from that of m-9a. Interestingly, it seems that the photocytotoxicity of m-9e slightly increased
with decrease of drug concentration from 0.2 to 0.16 uM. The 'O, generation from photosensitizers
should decreases with a decrease of the drug concentratibn. At the same time, however, the monomeric -
form of photosensitizers, which is more active to form 'O,, increases with the decrease of the drug
concentration. These two contributions should make the photocytotoxicity cbmplicated. These finding

4
suggest the sugar moieties of chlorins affects not only cellular uptake behavior but also subcellular
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photochemical behavior.
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Figure 5-14 Photocytotoxicity of m-9a, m-9¢ and TPPS in HeLa cells as a function of the drug
concentration. The dose applied was 16 J/cm? using a 100 W halogen lamp (4> 500 nm). The percentage
cell survival was determined by Cell Titer-Glo™ Luminescent assay after 48 h incubation. The values
représent the means + s.d. of of six replicate expen'ments. *xSjonificant difference, p <0.01.

5-3. Summary

The hydrophobicity parameter (Log P) of deacetylated glycoconjugated chlorins p-9 was evaluated
by the Shake-Flask and the RP-HPLC methods. The Log P values of chlorins p-9 were ranged from -
0.68 to -0.72, hence all photosensitizers are hydrophilic. The 'O, producing ability of chlorins m-9 was
examined using degradation of DPBF by '0,. The relative quantum yield of 10, (@) slightly depended
on sugar units attached in DMSO (i.e., monomeric form), and varied from 1.3 to 0.6 toTPPS as a standard.
The cellular uptake of chlorins 9 was evaluated in HeLa cells. All chlorins 9 showed higher cellular
uptake than TPPS, and corresponding porphyrins 8. The order of the cellular uptake amount was m-9¢ >
p-9d > m-9d > p-9a > p-9b > p-9¢ > m-9a > m-9b > TPPS. m-9c showed an uptake 50-fold greater than
that of TPPS. The plot of cellular uptake amount of porphyrins p-6, p-8 and chlorins p-9 as a function of

retention time #, on RP-HPLC. For same sugar conjugated photosensitizers, the cellular uptake amount
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increased with an increase of #, value, i.c., in the order of p-6 < p-8 < (or =) p-9. This indicates the
porphyrin ring affects the hydrophobicity and results in variation of the cellular uptake. On the other
hand, the sugar unit effects on céllular uptake and #, values for each porphyrinoids. The hydrophobicity
change due to the sugar unit is not simply connected to the cellular uptake. The photocytotoxicity of
towards HeLa cells was examined at the concentration of 0.2 WM. The photocytotoxicity of the chlorin
m-9a is almost 25-fold greater than that of porphyrin p-8a. These photosensitizers had no cytotoxicity in
the dark, but their photocytotoxicity increased in the order of TPPS < m-9¢ < m-9a. However these result
clearly shows that the amount of cellular uptake is not related simply to the photodynamic effect on HeLa
cells. Hence, p-8a, m-9, and TPPS were investigated by CLSM with and without glutaraldehyde. These
photosensitizers were diffusively distributed throughout the cytoplasm except for m-9b. No fluorescence
was detected in nuclear area. The chlorins m-9 exerted the stronger fluorescence than the corresponding
porphyrin p-8a and TPPS without glutaraldehyde. The flnorescence of chlorin m-9a was the strongest in
all photosensitizers. In addition, the electronic absorption and fluorescence spectra of the chlorins rn+9
and corresponding porphyrin p-8a were measured in DMSO and PBS to explore the photochemical
behavior of glycoconjugated photosensitizers in aqueous media such as cytoplasm. In DMSO, the
fluorescence intensities of chlorins m-9 were about 4-fold greater than that of porphyrin p-8a. There is
no difference in fluorescence intensities between chlorins m-9 in DMSO (i.e., monomeric form). However
the fluorescence intensities of m-9a and m-9b (i.e., chlorins having hexose groups) were about 20-fold
greater than those of m-9c¢ and m-9d (i.e., chlorins bearing pentose groups) in PBS. This suggests that the
photochemical propertiés of aggregates and/or the quantity of remaining monomeric species are different
between chlorins having hexose and pentose groups. It may make difference in photodynamic effect in
HelL.a cells between m-9a and m-9¢. In addition, the photocytotoxycity of m-9¢, the cell survival slightly
decreased from 96.5 to 85.6 % with a decrease of the drug concentration from 0.2 to 0.16 MUM. These
finding suggest the sugar moieties of chlorins affects not only cellular uptake behavior but also subcellular

photochemical behavior.
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5-4, Experimental
Materials and Measurements
Measurements
Electronic ébsorption spectra were recorded on a JASCO V-570 spectrophotometer (Nara Women’s

University). Fluorescence spectra were recorded on a JASCO FP-6300 spectro fluorometer (NaraWomen’s
University). Fluorescence intensity and luminescence intensity were determined by a plate reader
(SPECTRA Fluor Plus, TECAN) (Nara Institute of Science and Technology). Image analysis was
accomplished with the confocal laser scanning microscope (CLSM) (Model LSM 510, Zeiss) (Nara
Institute of Science and Technology). The deacetylated chloriﬁs 9 was estimated by liquid chromatography
(HITACHI, L-6000) (Osaka Prefectural College of Technology) equipped with silica gel-ODS (HITACHI,
HITACHI GEL 4 mm¢ X 150 mm) column and a diode array detector (HITACHI L-4000) using acetonitrile
/ water = 1/ 1'as an eluent. | N
Photosensitizers |

- Stock solutions of-photosensi_tizers (TPPS, glycoconjugated chlorins 9, porphyrin p-8a and p-8d)
were prepared by weighing the dried photosensitizers and dissolving them in dimethyl suifoxide (DMSO,
Wako Pure Chemical Industries, Ltd.). The stock solutions were kept in the freezer (-30 °C).
Materials

' “1,3-Diphenylisobenzofuran (DPBF) and tetraphenylporphyrin tetrasulfonic acid (TPPS) were

purchased from Sigma Aldrich Japan Corporation; All other reagents were of analytical grade.

5-4-1. Partition coeffient between phosphate buffered saline (PBS) and n-octanol

The measurement was carried out under the same protocol reported in chapter 3.

5-4-2. Hydrophobicity parameter determined by RP-HPLC method

The measurement was carried out under the same protocol reported in chapter 3.

5-4-3. 0, Producing Ability
The singlet oxygen ('0,) producing ability of deacetylated glycoconjugated chlorins m-9 for the
formation of 'O, studied using 1,3-diphenylisobenzofuran (DPBF) as 'O, quencher [9-13]. Photosensitizers

{c= 0.08 uM) and DPBF (c = 36.7 uM) were dissolved in DMSO. All measurements were carried out in
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a square quartz cell (1 cm) at 37 °C. Solution of photosensitizers and DPBF were freshly prepared and
kept in the dark before measurement. Prior to irradiation, oxygen gas was bubbled through the solution
in a square quartz cell for 1 min. The solut@gn were then exposed to light from a 100 W halogen lamp
(USHIO, KBEX-102A) equipped with a Y-50 cut-off filter (A > 500 nm, Toshiba). The light intensity
was determined to be 40 mW/cm? by using an UV-vis power meter (OPHIR, ORION/TH). The solution
was stirred during photolysis. The DPBF concentration was determined by the absorption of DPBF at

418 nm. TPPS was used as calibrating standard.

5-4-4. Cellular uptake by HelLa cells
The cellular uptake measurement of deacetylated glycoconjugated chlorins9 by HeLa cells were

carried out under the same protocol reported in chapter 3.

5-4-5. In vitoro photocytotoxicity test against HeLa cells

The in vitro assessment of photocytotoxicity was carried out under the same protocol reported in
chapter 3. For all experiments, the drug concentration was varied from 5 to 0.2puM in DMEM containing
10% FCS (1 % DMS0)).

5-4-6. Confocal fluorescence images
HeLa cells were gfown in Dulbecco’s modiﬁed Eagle’s medium (DMEM) with phenol red and 10
% fetal calf serum (FCS) (Hyclone Laboratories, Inc.). Confocal fluorescence images of TPPS, m-9, p-
8a and p-8d were taken as follows: HeLa cells (5 x 107 cells/well) were plated in a 24-well plate (Nalge
| Nunc International K.K.) in 500 uL per well of DMEM with phenol red and 10 :% FCS, and the plates
were incubated for 24 h (37 °C, 5 % CO,). To each well was added 500 L of 10 uM (2 % DMSO)
photosensitizersmin DMEM with phenol red and 10 % FCS (hence the concentration of photosensitzers
wasS UM (1 % DMSO)). The medium was removed and the cells were then washed twice with Dulbecco’s
PBS (13.7 mM NaCl, 2.7 mM KCl, 8.1 mM Na,HPO,12H,0, and 1.5 mM KH,PO, pH 7.4) (Wako Pure
Chemical Industries, Ltd.), and 100 pL of PBS or PBS containing 1 % glutaraldehyde (fixation agent) .
was added. Image analysis were accomplished the confocal laser scanning microscope (CL.SM) (Model
LSM 510, Zeiss). The excitation wavelength was set at 543 nm, and the fluorescence image was then

\

scanned and recorded.
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5-4-7. Statistical analysis

All statistical evaluations were performed using Student’s #-test. All values for cellular uptake and

cytotoxicity are expressed as mean + standard deviation.
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In this study, glycoconjugated tetraphenylporphyrins (TPPs) and tetraphenylchlorins (TPCs) were
synthesized, and the sugar unit effect on pharmaceutical nature and photocytotoxicity by HeLa cells
were investigated systematically for these photosensitizers.

Thirty-two glycoconjugated porphyrins were synthesized by a modification of Lindsey method in
the presence of Zn{OAc),-2H,O as a template. Yields of acetylated zinc porphyrins were given in 53 ~ 93
%. The Zn* ion in these photosensitizers was easily removed by washing with 4 MHCl to give free-base
porphyrins in 36 ~ 86 % yield. The Zn* ion template strategy improved the yield about 3-fold in the case
of 5,10,15,20-tetrakis[3-(B-p-glucopyranosyloxy)phenyl]porphyrin. This provides an efficient means to
prepare wide variety of glycoconjugated porphyrins, which can be used asa precursor for glycoconjugated
chlorins having similar structures to Foscan®. Deprotection of these acetylated photosensitizers was
carried out using NaOMe in THF or in a mixture of MeOH and CHzClz;l Evéntually, sixteen deacetylated
glycoconjugated porphyrins were obtained in moderate yield. In addition, eight deacetylated
glycoconjugated chlorins were synthesized by means of the Whitlock method with diimide reduction,
and then this crude product by NaOMe in a mixture of MeOH and CH,Cl,. The crude deacetylated
pfoduct was successfully purified by RP-TLC. The deacetylated chlorins were obtained in the yields of
14 ~ 49 %. All glycoconjugated porphyrins and chlorins were obtained in the purities of >95 % after
evaluation by HPLC using an octadecylsilyl-supported silica gel column. These photosensitizers were
fully characterized by 'H NMR, ESI-TOF mass, IR, and electronic absorption spectroscopy. In the
electronic absorption spectra, these photosensitizers have a strong Soret band at ca. 420 nm and four
weak Q bands at ca. 520 (Q,), 550 (Q,), 600 (Q,), and 650 (Q) nm in DMSO. The Q, bands of all
chlorins were about 4-fold greater than those of corresponding porphyrins.

The hydrophobicity parameter (Log P) of glycoconjugated porphyrins was evalvated by the Shake-
Flask and the reversed phase hight performance liquid chromatography (RP-HPLC) methods. The RP-
HPLC method is very useful to estimate the order of hydrophobicity. The Log P valies of acetylated
porphyrins were ranged from +4.8 to +7.8, so that most of the photosensitizers are less hydrophobic. On
the other hand, the Log P values of p-substituted deacetylated porphyrins and chlorins were ranged from
-0.68 to -0.74, hence all photosensitizer are hydrophilic. Zinc porphyrins exerts higher hydrophilicity
regardless of the sugar unit attached. These photosensitizers having hexose groups are more hydrophilic
than those having pentose groups. Tﬁe each sugar unit attached has unique effect on the hydrophobicity.

The binding equilibrium of the p-substituted deacetylated igorphyrins with bovine serum albumin
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(BSA) was investigated by means of fluorometric titration. The n and X values varied from 0.41 + 0.04
to 1.57 = 0.11 and from (0.25 = 0.02) x 10%to (1.57 £ 0.11) x 10° M- owing to sugar unit attached. The
number of binding porphyrin to BSA (n} .increases monotonically with an increase of retention time z; on
RP-HPLC. Hence the formation of potphyrins - BSA complex is simply driven by hydrophobic interaction.

The '0, producing ability of m-substituted chlorins was examined using degradation of DPBF by
10,. The relative quantum yield of 'O, ((D;) slightly depended on sugar units attached in DMSO (e,
monorneﬁc form), and varied from 1.3 to 0.6 to TPPS as a standard.

Except for 3, 10,15,20—tet1'akis[3-(B-D-xylopyranosyloxy)phenyl]porphyrin and 5,10,15,20-tetrakis[4-
(B-D-galactopyranosyloxy)phenyl]porphyrin, the cellular'uptake of deacetylated porphyrinsand chlorins
was evaluated in HeLa cells. All these photosensitizers showed higher cellular uptake thah TPPS. The
ﬁptake armount of 5,10,15,20-tetrakis[4-(B-p-arabinopyranosyloxy)phenyl] porphyrin (p-8d) showed about
2-fold higher cellular uptake than that of 5,10,15 20-tetrakis[4-(B-p-glucopyranosyloxy)phenyljporphyrin
(p-8a). And, the uptake amount of 5,10,15,20—tetrakis[3-(ﬁ-D-xylof»yranosyloxy)phenyl]ch]on'n (m-9c)
showed about 5-fold higher cellular uptake than that of 5,10,15,20-tetrakis{3-(3-D-glucopyranosyloxy)-
phenyi]chlorin (m-9a). The cellular uptake amount of p-substituted porphyrins and chlorins by HeLa
cells increased with an increase of £, value on RP-HPLC method, i.e., in the order of zinc porphyrins <
free-base porphyrins < (or =) chlorins regardless of the sugar unit attached. This indicates the porphyrin
ring affects the hydrophobicity and results in variation of the cellular uptake. On the other hand, the
sugar unit effects on cellular uptake and £, values for each porphyrinoids. The hydrophobicity change
due to the sngar unit is not simply connected to the cellular uptake. '

In porphyrins, the photocytotoxicity of p-8a, p-8d and TPPS was examined with HeLa cells, using
a light dose of 16 J/cm? and the drug concentration of 5 pM. These photosensitizers had no cytotoxicity
in the dark. Their photocytotoxicity increased in the order of TPPS < p-8a < p-8d. However the difference
in photocytotoxicity between p-8d and p-8a was small in contrast with the cellular uptake difference. In
chlorins, on the other hand, the photocytotoxicity of m-9a, m-9¢ and TPPS was examined with HeLa

 cells, using a light dose of 16 J/cm® and the drug concentration of 0.2 M. Hence, the photocytotoxicity
of m-9a is almost 25-fold greater than that of porphyrin p-8a (i.e., chlorin is lower drug dose than
porphyrin). These photosensitizers had no cytotoxicity in the dark, but their photocytotoxicity increased
in the order of TPPS <m-9¢ < m-9a. However, these results of glycocnjugated porphyrins and chlorins

clearly shows that the amount of cellular uptake is not related simply to the photodynamic effect on HeLa
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cells. Hence, the confocal fluorescence images of p-8a p-8d and m-substituted chlorins and TPPS with
and without glutaraldehyde. The all glycoconjugated photosensitizers were diffusively distributed
throughout the cytoplasm except for 5,10,15,20-tetrakis[3-(B-p-galactopyranosyloxy)phenyl]chlorin (-
9b), and no fluorescence was detected in nuclear area. The m-substituted chlorins exerted the stronger
fluorescence than p-8a and TPPS without glutaraldehyde. The fluorescence of m-9a was the strongest in
all photosensitizers.

In addition, the electronic absorption and fluorescence spectra of the chlorins and corresponding
porphyrin p-8a and p-8d were measured in DMSO and PBS to explore the photochemical behavior of
glycoconjugated photosensitizers in aqueous media such as cytoplasm. In DMSO, the fluorescence
intensities of m-substituted chlorins were about 4-fold greater than that of p-8a. There is no difference in
fluorescence intensities between each chlorins or each porphyrins in DMSO (i.e., monomeric form). In
porphyrins, the fluorescence intensities of p-8a (i.e., hexose group) were about 5-fold greater than those
of p-8d (pentose group) in PBS. And the fluorescence intensities of chlorins having hexose groups were
about 20-fold greater than those of chlorins bearing pentose groups in PBS. These glycoconjugated
photosensitizers (i.e., porphyrins and chlorins) suggests that the photochemical properties of aggregates
and/or the quantity of remaining monomeric species are different between photosensitizers having hexose
and pentose groups. It may make difference in photodynamic effect in HeLa cells between photosensitizers
having hexose and pentose groups. In addition, the photocytotoxycity of m-9¢, the cell survival slightly
decreased from 96.5 to 85.6 % with a decrease of the drug concentration from 0.2 to 0.16 UM. These
finding suggest the sugar moieties of photosensitizers affects not only cellular uptake behavior but also
subcellular photochemical behavior. ;

Finally, the author clarified that sugar unit on the porphyrinoids effects on the hydrophobicity,
cellular uptake, serum albumin binding and photocytotoxicity. These pharmaceutical properties can
affect on the photodynamic effect on PDT treatment. Hence the vast diversity of#s&gar chamistry may

afford us mean to control the nature of photosensitizers.
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