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A comparative study of the photodynamic and antioxidant activities of methyl pheophorbide-a (MPa, 1) and
its transition metal(Il) complexes (2-5) is described. Four transition metal complexes (palladium(II): 2, zinc(II):
3, cobalt(II): 4 and copper(II): 5) of MPa were prepared by reaction between the corresponding transition metal
and 1, respectively, and were characterized by 'H-NMR and UV-vis spectroscopic and mass spectrometric
analyses. In vitro results show a photodynamic therapy (PDT) efficacy with A549 cells might be attributed to
a heavy atom effect of the transition metal complexes of MPa. Among them, 4 and 5 showed higher
photodynamic activity than that of 1 at the concentration of 5 M at 24 h incubation after photoirradiation. The
images of morphological change for 2-5 show evidence for the PDT effect with A549 cells. And the all
transition metal complexes of MPa showed higher antioxidant activity than that of MPa, in which 4 showed the
highest antioxidant activity.
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Introduction

Photodynamic therapy (PDT) has much attention in recent
years due to noninvasive therapy in many kinds of human
diseases through a combination of light, photosensitizer (PS)
as a light-absorbing molecule and oxygen.! Methyl pheo-
phorbide-a* (MPa) (1 in Figure 1) is a widely used starting
compound to synthesize new chlorin derivatives in PDT.
Recently the chlorin derivatives with various functional
groups have been synthesized by us® and by many other
groups, and have been investigated for in vitro study to find
out potential PSs.

It is of great interest that introduction of transition metal
can afford a photoactivated biological activity, for example,
highly effective anticancer drugs.® Some transition metal
complexes were developed in PDT as good candidates of PS
containing metalloporphyrin,” metallochlorin,® metallobac-
teriochlorin,” and metallophthalocyanine'® (Pc) derivatives.
Addition of a transition metal (heavy atom) generally in-
creases the efficiency of the singlet-triplet intercrossing (the
so-called heavy atom effect) due to the enhanced spin-orbital
perturbations,'! which results in an increased efficacy in PDT
corresponding to an improvement of the singlet oxygen
(10,) quantum yield.®>%12

Recently, Obata, Hirohara and Yano groups developed®®
an in vitro heavy atom effect of the palladium(Il) and
platinum(IT) complexes of pyrrolidine-fused chlorin in PDT.
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And Fukuzumi, Pandey and Kadish groups have shown’
that the palladium(II) and zinc(II) bacteriochlorin complexes
act as good PS candidates result in formation of 'O, with a
high quantum yield and in occurrence of the intermolecular
photoinduced electron transfer to make both radical cation
and radical anion due to the small HOMO-LUMO gap,
respectively. In addition, the zinc(IT) Pcs showed good 'O,
quantum yield'®® and phototoxicity.'*®

In addition, some of transition metal complexes have been
shown interesting biological activities as model systems that
artificial metallopeptidases, enzyme inhibitors, and free
radical scavengers.”® The free radical species may give oxi-
dative DNA damage'* leads to a wide variety of conditions,
including cardiovascular disease, cancer, neurodegenerative
diseases, and aging.'® Therefore antioxidant supplementation
is of interest to prevent or ameliorate those diseases.'

So far, several transition metal complexes of MPa, for
example, palladium(II),"” zinc(II),"® copper(II),'$*18¢1? nickel
(I1), 821820 jron(11),>! manganese(I11),** and tin(IV)'”* have
been synthesized and characterized. Ol'shevskaya group
reported'”® the low dark cytotoxicity of the palladium(II) and
tin(IV) complexes of MPa. However, to our knowledge,
there is no more report for in vitro study of the transition
metal complexes of MPa have been published. Furthermore,
there is no report of comparative study of the photodynamic
and antioxidant activities of MPa and its transition metal
complexes.

In this report a comparative study of the photodynamic
activity of MPa and its transition metal complexes was de-
scribed by in vitro study with A549% (human lung carcin-
oma) cells. In addition, the antioxidant activity of 1-5 was
shown by DPPH** (2,2-diphenyl-1-picryl hydrazyl) assay.
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Experimental Section

General. The UV-vis absorption spectra were recorded on
Scinco S-3100 spectrophotometer using CHCI; as a solvent.
Thin layer chromatography (TLC) was performed on silica
gel 60 Fps4 (E. Merck). Preparative TLC was performed on
silica gel 60 Fass (Atlantic Scientific Co., Inc.). Melting
points (uncorrected) were measured on an Electrothermal
IA9000 Series digital melting point apparatus. Routine
nuclear magnetic resonance (NMR) spectra were recorded at
25 °C on a Varian liquid chromatography-nuclear magnetic
resonance spectrometer, with working frequencies of 500
MHz for 'H nucleus. Chemical shifts are quoted in ppm on
the d scale and coupling constants (J) are expressed in Hertz
(Hz). Samples for NMR spectroscopic studies were prepared
using solvents purchased from Aldrich. High resolution fast
atom bombardment mass (HRFABMS) spectra were obtained
with a Jeol IMS700 high resolution mass spectrometer at the
Daegu center of KBSI, Kyungpook National University,
Korea.

Materials. DPPH (2,2-diphenyl-1-picryl hydrazyl) was
purchased from Aldrich. Ascorbic acid was purchased from
Samchun pure chemical. Compound 1 (MPa) was obtained
from an extraction of chlorophyll-a paste (excrementum
bombycis) in acidic methanol. Chlorophyll-a paste (100 g)
was dissolved in 500 mL of 5% sulfuric acid in methanol
and stirred at room temperature for 50 h under nitrogen
atmosphere in dark. Following the standard workup, MPa
was obtained in 5% yield. The analytical data are identical
with those reported previously.*

Preparation of Compound 2: Compound 1 (50 mg, 0.082
mmol) and palladium acetate (92.5 mg, 0.412 mmol) were
dissolved in dichloromethane (10 mL). The mixture was
stirred for 2 h at room temperature, and then the mixed
solution was evaporated. The product was purified by column
chromatography on silica gel followed by preparative TLC in
2% acetone/dichloromethane as a greenish black powder 2 (23
mg, y1€1d 40%) mp 183-185 OC; HRFABMS Cs¢H36N4OsPd
[M]* caled 710.1721, obsd 710.1719; UV-vis (CHCls): A
(10° e/M"-em™) = 422 (156), 493 (14.4), 532 (14.7), 599
(32.9), 644 nm (168); 'H-NMR (500 MHz, CDCl;, 25 °C,
TMS): 8 9.71 (s, 1H, 10H), 9.49 (s, 1H, 5H), 8.63 (s, 1H,
20H), 7.96 (dd, J= 18 and 12 Hz, 1H, 3'H), 6.21 (d, J= 19
Hz, 1H, 3%H), 6.09 (d, J = 12 Hz, 1H, 3*H), 5.40 (s, 1H,
13°H), 4.57 (m, 1H, 17H), 4.21 (m, 1H, 18H), 3.76 (g, J=8
Hz, 2H, 8'H), 3.71 (s, 3H, O13°CHs), 3.70 (s, 3H, 12'H),
3.63 (s, 3H, 017°CHs), 3.32 (s, 3H, 2'H), 3.27 (s, 3H, 7'H),
2.57-2.54 (m, 2H, 17'H), 2.28-2.22 (m, 1H, 17°H), 2.04 (d, J
=7Hz, 3H, 18'H), 1.71 (t,J = 8 Hz, 3H, 8H).

Preparation of Compound 3-5: Compound 1 (101 mg,
0.166 mmol) was dissolved in dichloromethane (5 mL) and
the corresponding metal acetate (0.166 mmol) was dissolved
in methanol (5 mL). The reaction mixture was refluxed for
30 min-1 h, and then the mixed solution was poured into
water (200 mL), and extracted with dichloromethane (2 x 50
mL). The organic layer was dried over anhydrous sodium
sulfate. After evaporating the product was purified by column
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chromatography on silica gel with hexane/ethyl acetate (v/v
2:1) as an eluent to give the corresponding metal complex,
respectively. 3 (95 mg, yield 85%): mp 144-145 °C; HRFABMS
C36H36N4OsZn [M]" caled 668.1977, obsd 668.1981; UV-vis
(CHCL): A (10° /M -em™) = 426 (77.1), 521 (3.92), 568
(5.94), 611 (10.8), 661 nm (51.5); 'H-NMR (500 MHz,
CDCl;, 25 °C, TMS): 8 9.23 (s, 1H, 10H), 9.21 (s, 1H, 5H),
8.40 (s, 1H, 20H), 7.94 (dd, J= 18 and 12 Hz, 1H, 3'H), 6.16
(d, J=19 Hz, 1H, 3°H), 6.05 (d, J= 12 Hz, 1H, 3°H), 4.74
(m, 1H, 17H), 4.49 (m, 1H, 18H), 4.17 (s, 1H, 13°H), 3.70
(s, 3H, O13°CHj3), 3.52 (q, J = 8 Hz, 2H, 8'H), 3.47 (s, 3H,
12'H), 3.39 (s, 3H, O17°CH3), 3.32 (s, 3H, 2'H), 3.07 (s, 3H,
7'H), 2.49-2.42 (m, 2H, 17'H), 2.31-2.23 (m, 1H, 17°H),
1.83 (d, /=7 Hz, 3H, 18'H), 1.58 (t,J= 8 Hz, 3H, 8°H). 4 (97
mg, yield 88%): mp 142-143 °C; HRFABMS CssH37N405Co
[M + H]" caled 664.2096, obsd 664.2093; UV-vis (CHCL;):
A (10° e/M-em™) = 412 (51.6), 490 (4.53), 540 (4.48), 595
(9.33), 645 nm (23.9). 5 (106 mg, yield 96%): mp 107-
108 OC; HRFABMS C36H36N405Cu [1\/[]+ caled 667.1982,
obsd 667.1987; UV-vis (CHCL): A (10° &/M"-cm™) = 426
(147), 508 (6.23), 550 (7.24), 609 (16.2), 652 nm (71.7).

Cell Culture and Photoirradiation: A549 cells (human
lung carcinoma) were obtained from the cell line bank at
Seoul national university’s cancer research center (Korea).
They were grown in a mixed medium of RPMI-1640 (Sigma-
Aldrich) containing 10% fetal bovine serum (FBS), penicillin-
streptomycin and sodium pyruvate at 37 °C in a humidified
atmosphere of 5% CO in air. The PDT was carried out using
a diode laser generator apparatus (BioSpec LED, Russia)
equipped with a halogen lamp, a band-pass filter (640-710
nm), and a fiber optics bundle. The duration of light irradi-
ation, under PDT treatment, is calculated taking into account
the empirically found effective dose of light energy in J-cm®.

Morphological Changes Induced by PDT: A549 cells
(10 x 10* cells/well) in 200 pL of the mixed medium were
placed in a 48-well plate and incubated for 24 h (37 °C, 5%
CO3). And the PS (5 uM) in 200 pL of the mixed medium
was added in each well. After 24 h incubation, the mixed
solution in each well was discarded. And the cells were
washed with phosphate buffered saline (PBS) (Sigma-Aldrich)
(200 pL x 3), and 200 pL of the mixed medium was added.
The cells were irradiated with the LED (2 J-cm™) for 15
min, and incubated for 24 h. The images of morphological
changes were obtained by an optical microscopy (Olympus,
CK40-32 PH, Japan), and compared with those in the cells
with no irradiation.

WST-1 Assay and Cell Viability: A549 cells (10 x 10*
cells/well) in 100 pL of the mixed medium were placed in a
96-well plate (Falcon®, Becton Dickinson, USA) and
incubated for 24 h (37 °C, 5% CO;). And the PS (5 uM) in
100 uL of the mixed medium was added in each well. After
24 h incubation, the mixed solution in each well was
discarded. And the cells were washed with PBS (100 pL x
3), and 100 pL of the mixed medium was added. The cells
were irradiated with the LED (2 J-em™) for 15 min. And
absorbance of the cells was measured after 3 h, 24 hand 48 h
incubation using WST-1 reagent (10 uL) by fluorescence
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multi-detection reader (BioTek, Synergy HT, USA) at 450
nm, respectively. Cell viability was calculated by normaliza-
tion with respect to the value for no PS treatment. Standard
deviation of the cell viability was calculated from the three
replicate experiments.

DPPH Radical Scavenging Assay: The antioxidant
activity was measured using DPPH free radical absorption at
a characteristic wavelength (517 nm), where the intensity of
the absorbance decreases upon reduction by an antioxidant.
0.1 mM DPPH solution in methanol was prepared by dilu-
tion of 1 mM DPPH solution in methanol. 5 mM ascorbic
acid (AA) and each PS solution were prepared by using
dimethyl sulfoxide (DMSO). Each PS solution or AA
solution in DMSO at 50 uM is mixed with 0.1 mM DPPH
solution in methanol in 96-well plate. After 1 h incubation at
room temperature, the absorbance was measured by fluores-
cence multi-detection reader. The DPPH scavenging activity
(%) was calculated by the following equation (We modified
the method in ref. 24b): DPPH scavenging activity (%)
[1—(As— Acs)/(Ac—Awv)] x 100, where As is the absorbance
of sample (DPPH with PS or AA) and A is control sample
(PS or AA only), the absorbance of the control (DPPH only)
is A, and control blank (solvent only) is Ac.

Results and Discussion

Synthesis. Figure 1 shows the structures of MPa (1) and
its transition metal complexes (palladium(Il): 2, zinc(Il): 3,
cobalt(Il): 4 and copper(Il): 5) where the transition metal is
inserted in the MPa macrocyclic ring system, respectively.

MPa was obtained from extraction of chlorophyll-a paste
(excrementum bombycis) in an acidic methanol followed by
column chromatography in 2% acetone/dichloromethane as

7 /4
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Scheme 1. Preparation of the transition metal complexes (2-5) of MPa.
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Figure 1. Representative structures of MPa (1) and its transition
metal complexes (2-5).

an eluent in 5% yield. Characterization data of MPa were
same with the previous report.*

In general, some transition metal complexes have been
synthesized by using the direct and transmetalation ap-
proaches.” In this paper, we have used the direct method for
preparation of the transition metal complexes of MPa, which
has shown in Scheme 1. Palladium(II) complex (2) was pre-
pared®® by the reaction of 1 with palladium acetate in di-
chloromethane in 40% yield. And the other metal complexes
(3-5) were prepared by reaction of 1 with the corresponding
metal acetate in methanol and dichloromethane in reasonable
(85-96%) yield, respectively. Compound 2 was purified by
column chromatography on silica gel followed by preparative
TLC (2% acetone/dichloromethane as eluent). Compounds
3-5 were purified by column chromatography on silica gel
(hexane/ethyl acetate (v/v 2:1) as eluent). The structures of
2-5 were confirmed by 'H-NMR (Figures S1-S3 in the Sup-
porting Information) and UV-vis spectroscopies, and high
resolution fast atom bombardment mass (HRFABMS) spec-
trometry (Figures S4-S7 in the Supporting Information), re-

Pd(OAc),
dichloromethane

M(OAc), (M=2Zn(ll), Co(ll), Cu(ll))
MeOH/dichloromethane

reflux/30 min-1 h
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Figure 2. UV-vis absorption spectra of 1 and its transition metal
complexes 2-5 in CHCl; at 25 °C.

Table 1. Spectral data of MPa (1) and its transition metal com-
plexes (2-5) in CHCI; at 25 °C.

Amax/nm (107 &/M":cm™)

Q bands
539 (4.98) 611 (4.22)
532 (14.7) 599 (32.9)
568 (5.94) 611 (10.8)

540 (4.48) 595 (9.33)
550 (7.24) 609 (16.2)

Soret band

413 (53.6)
422 (156)
426 (77.1)
412 (51.6)
426 (147)

508 (5.24)
493 (14.4)
521 (3.92)
490 (4.53)
508 (6.23)

669 (23.8)
644 (168)
661 (51.5)
645 (23.9)
652 (71.7)

N AW -

spectively.

UV-vis Spectroscopic Investigation. Figure 2 shows UV-
vis absorption spectra of compounds 1-5 in chloroform at
25 °C and Table 1 summarizes the spectral data. Addition of
the transition metal into MPa, compounds 2-5, allowed
hypsochromic shifts of the Q bands and bathochromic shifts
of the Soret band.”’

Photodynamic Activity and Morphological Change In-
vestigations. Photocytotoxicity and cytotoxicity in the dark
of MPa (1) and its transition metal complexes (2-5) were
investigated in A549 cells using a halogen lamp equipped
with band-pass filter (640-710 nm) as a light source. A549
cells (10 x 10* cells/well) were incubated with PSs for 24 h
and photoirradiated for photocytotoxicity test. At 3 h, 24 h
and 48 h incubation after photoirradiation, the cell viability
(%) was estimated based on the mitochondrial activity of
NADH dehydrogenase using WST-1?® (4-[3-(4-iodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate)
assay.

Figure 3 shows images of morphological change of A549
cells from an optical microscope for 1-5 at the concentration
of 5 uM at 24 h incubation after photoirradiation. A549 cells
without PS treatment as a control (Figure 3a) showed no
morphological changes. But A549 cells with PSs (Figures
3b-f) showed cell shrinkage, indicating cell death processes
commenced, resulted in loss of cell viability (Figure 4). This
result suggests that 1-5 induced apoptosis.”

Figure 4 shows cytotoxicity in the dark and photocytotoxi-
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Figure 3. Images of morphological change in A549 cells without
PS treatment as a control (a) and treatment with 1 (b), 2 (¢), 3 (d), 4
(e) and 5 (f) at 24 h incubation after photoirradiation. The con-
centration of each PS was 5 uM.
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Figure 4. Cytotoxicity in the dark (left bar) and photocytotoxicity
(right bar) of MPa (1) and its transition metal complexes (2-5) in
A549 cells. The concentration of PS was 5 uM. The percentage of
cell viability was determined by WST-1 assay at 3 h (a), 24 h (b)
and 48 h (c) incubation after photoirradiation. Error bars represent
the standard deviation of three replicate experiments.
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city of 1 and its transition metal complexes 2-5 at the con-
centration of 5 uM at different incubation time (3 h, 24 h and
48 h) after PDT (Table S1 in the Supporting Information).

In all the compounds, upon photoirradiation, the cell via-
bility was decreased corresponding to the increased incuba-
tion time after PDT, for example, 13% at 3 h, 6% at 24 h and
5% at 48 h incubation for compound 5 (Table S1 in the
Supporting Information). At 3 h and 24 h incubations, in the
cobalt(Il) (4) and copper(Il) (5) complexes the cell viability
for photocytotoxicity was decreased than that of MPa (1).

And in the zinc(II) (3) complex the cell viability for photo-
cytotoxicity was almost the same with that in 1. Otherwise,
in the palladium(II) (2) complex the cell viability for photo-
cytotoxicity was increased than that of 1 at those incubation
times. The increased photocytotoxicity in 4 and 5 might be
attributed to the heavy atom effect of the transition metal,
respectively. And at 48 h incubation after PDT, the cell via-
bility for photocytotoxicity was almost the same in 1 and 3-
5.

All compounds 1-5 showed low dark cytotoxicity, and the
cytotoxicity also increased corresponding to the increased
incubation time after PDT. In the zinc(Il) (3) and cobalt(II)
(4) complexes the cytotoxicity was higher than that in 1. But
in the copper(Il) (5) complex the cytotoxicity was lower
than that in 1. And in the palladium(II) (2) complex the cyto-
toxicity was almost the same with that in 1.

Zinc(I) complexes of Pcs showed comparable PDT activities
with that of 3 against the employed cells.'” Photocytotoxi-
city of 2 was higher than those of the metalloporphyrins, but
lower than those of the pyrrolidine-fused metallochlorins®
(palladium(Il) and platinum(II) complexes) which showed
appreciable photocytotoxicity even at the low concentration
(0.5 uM) in HeLa cells. Copper(Il) complex of the porphyrin
derivative’™ exhibits inferior PDT effect corresponding to its
lower singlet oxygen yield. But in this work, copper(Il) com-
plex of the chlorin, 5 showed good PDT effect. In addition, a
theoretical study of the transition metal bacteriochlorin com-
plexes® (cobalt(IT), copper(Il) and zinc(II)) has been carried
out by density functional theory (DFT), where the cobalt(II)
and copper(Il) complexes showed stronger interaction with
the bacteriochlorin than that of the zinc(Il) complex.

Antioxidant Activity Investigation. For antioxidant activ-
ity test we have used DPPH free radical scavenging assay
which is one of the short methods for investigation of the
hydrogen donating potency.”* DPPH is a purple-colored stable
free radical that becomes reduced to the yellow-colored
diphenyl picryl hydrazine.

Ascorbic acid (AA) has been used as control standard. AA
is a common reference of antioxidant activity test due to its
high antioxidant activity.>" It was expected that AA showed
excellent antioxidant activity (72.6%) in DPPH radical
scavenging assay.

Each PS solution or AA solution in DMSO at 50 uM is
mixed with 0.1 mM DPPH solution in methanol. After 1 h
incubation at room temperature, the reduction of the DPPH
free radical is measured by reading the absorbance at 517
nm. The DPPH results are shown at Figure 5 and compared
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Figure 5. DPPH scavenging activity(%) of 1-5 and ascorbic acid
(AA) as control standard.

with the control standard AA (Table S2 in the Supporting
Information). All the transition metal complexes 2-5 (9.0-
35.3%) showed better DPPH scavenging activity than that of
1 (6.1%), free base MPa. Among them, cobalt(Il) complex
of MPa, 4 showed the highest antioxidant activity.

Copper(IT) complex has many interest'>*!3¢ and its antioxi-
dant activity contains experimental and theoretical results, in
which the antioxidant activity is related to stable coordin-
ation ability of copper(Il). Petrovi¢ and Hadjipavlou-Litina
have shown'*¢ palladium(IT) complexes afforded high anti-
oxidant activity is related to Lewis acidic site of palladium(II)
ion, as an electrophile, reacts as free radical scavengers’! by
trapping radical intermediate, which is supported by DFT
calculation results. Asayama and Kawakami have reported'*"
manganese (Mn) porphyrin derivatives conjugated with a
peptide showed good antioxidant activity.

For the highest antioxidant activity of the cobalt(Il) com-
plex of MPa, 4, it is related to its significant biological pro-
perties. For example, cobalt was shown to have a strong
antioxidant effect on iron-induced lipid peroxidation and
subsequent biochemical changes in tissues that comparable
with vitamin E.3? Also it was shown, as it is expected, that
the cobalt(Il) complex of quercetin is much more effective
antioxidant than the free quercetin.’'® Consequently, it is
noted that the biological activity of transition metal com-
plexes of free base is higher than that of the free base because
of its ability to act as free radical acceptor.’' This results of
stronger photocytotoxicity of the higher antioxidant metal
complexes may support Type 11 mechanism* (modified Type
I) which suggests combined activities of radical scavengers
(acceptors) and PDT through the interactions between the
long-lived triplet PS and the native free radicals in the tumor
cells.

Conclusions

The transition metal complexes (palladium(II): 2, zinc(II):
3, cobalt(Il): 4 and copper(I): 5) of MPa (1) were prepared
by reaction between MPa and the corresponding transition
metal, respectively, and were characterized by 'H-NMR and
UV-vis spectroscopies and HRFABMS spectrometry. UV-
vis absorption spectra for 2-5 showed hypsochromic shifts
of the Q bands and bathochromic shifts of the Soret band
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relative to those for 1. /n vitro results showed increased PDT
effect for the cobalt(Il) (4) and copper(I) (5) complexes
resulted in decreased cell viability than that for 1, which
might be attributed to the heavy atom effect. The copper(1l)
(5) complex showed the lowest dark cytotoxicity. The images
of morphological change of A549 cells for 1-5 confirmed
the loss of cell viability. All the transition metal complexes
2-5 showed higher antioxidant activity than that of free base
MPa (1) due to their ability to act as free radical acceptor.
The cobalt(Il) (4) complex showed the highest antioxidant
activity. These results could be useful for understanding of
the transition metal complexes of chlorin and its heavy atom
effect both in PDT and in antioxidant activity as well as for
developing design of new transition metal complexes as
good candidates of PS and antioxidants for reactive oxygen
species (ROS).
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