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The new copper hexamethyleneimino-ethoxy substituted phthalocyanine (pc) (2) and its quaternized
derivative (2Q) were synthesized. The interaction of quaternized copper (2Q), quaternized cobalt (3Q)
and zinc (4Q) phthalocyanines (pcs) with calf thymus (CT) DNA was investigated by UV/Vis spectro-
photometric methods and gel electrophoresis. With the addition of pcs, the change in the thermal
denaturation profile of DNA was observed. The results indicated that these molecules exhibit efficient

DNA binding activity. Generation of singlet oxygen by 2 and 2Q and photocleavage of CT-DNA were
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determined. All the experimental data proved that these water soluble pcs can act as active components
in the photocleavage of DNA.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Design and development of nucleic acid targeting drugs are very
powerful means in the search for new potent drugs. Although many
synthetic compounds have been developed to explore a variety of
DNA/RNA structures, few molecules can be used to photocleave
DNA in the concept of photodynamic therapy (PDT) [1]. The inter-
action and reaction of metal complexes with DNA have long been
the subject of intense investigation in relation to the development
of new reagents for biotechnology and medicine [2]. Metal
compounds have also been used as antitumor agents due to cyto-
toxic effects of metals [3,4].

Since they possess a great planar area and extended m system,
pcs are one of the largest classes of macromolecules which can be
modified easily according to target. The properties that make pc
dyes particularly attractive as potential bioassay reagents include
their high molar absorptivity, resistance to chemical and photo-
chemical degradation, absorption and emission in the deep red
region of the electromagnetic spectrum, long lifetimes with high
quantum yields [5—7]. A particularly attractive feature of pcs is the
possibility of tuning its electrical, optical, catalytic and photo-
chemical properties through slight changes on the nature of the
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peripheral substituents or using different central metal ions in the
pc core [8,9].

Pcs can coordinate a variety of metals in their central cavity, which
further enables tailoring their spectral and photophysical properties
because the metal can affect the pathways of the excited MPc
returning to the ground state, in particular the rate of intersystem
crossing resulting from metal—ligand spin-orbit coupling [10,11].

In order to overcome the insolubility of unsubstituted pc parent
molecule, peripheral groups have been extensively used to enhance
solubility [12—14]. Water soluble pcs have appeared as attractive
compounds for biomedical applications.It is known that cationic
pcs form complexes with nucleic acids [15—20]. The binding of
positively charged oligonucleotide substituted pcs with single- and
double-stranded DNA was investigated. It was shown that these pcs
interact with nucleic acids through an outside binding mode [21].

On the other hand, several pc systems such as the zinc pcs or
silicon (IV) pcs have also been introduced for PDT in research and
clinical trials [22]. Due to their high molar absorption coefficient in
the red part of the spectrum, photostability and long lifetimes of
the photoexicited triplet states, pcs are known to be useful
photosensitizers [23—25].

Our group have been engaged with the synthesis of phthalo-
cyanines and porphyrazines with different functional moieties
serving for many different purposes. Among the many, we may cite
the substituents which include heterocyclic groups, porphyr-
azine—phthalocyanine hybrid units and quaternized amino groups
[26—32]. The use of an inactive precursor is an important strategy
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in drug targeting [33]. In this perspective, we decided to study with
copper, cobalt and zinc incorporated pcs which have the potential
use for cancer treatment.

Among the different pcs employed for DNA binding studies, the
positively charged pcs are the most efficient ones in terms of
binding and cleaving DNA as compared with either the neutral or
negatively charged pcs. In this context, our previous photochem-
ical studies on the hexamethyleneimino substituted pcs [10] lead
us to examine the interaction of copper (2Q), cobalt (3Q) and zinc
(4Q) MPcs with CT-DNA. To clarify the binding mode of MPcs
(Fig. 1) to CT-DNA, UV/Vis-titration experiments, DNA gel elec-
trophoresis were performed and the changes in CT-DNA thermal
denaturation profiles were determined. Afterward, we experi-
enced the photo-induced DNA cleaving abilities of these
macrocycles.

2. Experimental
2.1. Materials

All reagents and solvents were of reagent grade quality and were
obtained from commercial suppliers. N-(2-hydroxyethyl) hexame-
thyleneimine was purchased from Aldrich.1,3-diphenylisobenzo-
furan (DPBF) and 9,10-Antracenediyl-bis(methylene)dimalonoic
acid (ADMA) were purchased from Fluka. All solvents were dried
and purified as described by Perrin and Armarego [34].
4-Nitrophthalonitrile was synthesized according to [35]. The
compounds 1, 3, 4, 3Q and 4Q were prepared with similar methods
prior to previous work [10].

2.2. Equipment

TH NMR spectra were recorded on a Varian Mercury 200 MHz
spectrometer in CDCl3 and DMSO-dg. Chemical shifts were reported
(8) relative to Me4Si as internal standard. Mass spectra were
measured on a Micromass Quatro LC/ULTIMA LC—MS/MS
spectrometer.

IR spectra were recorded on a Perkin—Elmer Spectrum One FT-
IR spectrophotometer and electronic spectra on Scinco Neosys
2000 double beam UV/Vis Spectrophotometer with 1 cm path
length quartz cuvettes in the spectral range of 300—800 nm.
Elemental analysis and mass spectra were performed by the
Instrumental Analysis Laboratory of TUBITAK. Melting temperature
study was carried out using a thermostated Shimadzu-1901 UV/Vis
spectrophotometer. All reagents and solvents were of reagent grade
quality obtained from commercial suppliers.

Photo-irradiations were done using a General Electric quartz
line lamp (300 W). A 600 nm glass cut off filter (Schott) and a water
filter were used to filter off ultraviolet and infrared radiations,
respectively. An interference filter (Intor, 670 nm with a band width
of 40 nm) was additionally placed in the light path before the
sample. Light intensities were measured with a THORLABS power
meter.

Photocleavage of pBR322 was performed with 600—700 nm
diode laser. The products were run by gel electrophoresis on 1%
agarose gel in phosphate buffer solution (pH 7.4), stained with SYBR
Green I and analyzed photographically under UV illumination.

2.3. Synthesis

2.3.1. Synthesis of 2,9(10),16(17),23(24)-tetrakis-
(2-hexamethylenimino-ethanoxy) phthalocyaninato copper (II) (2)
Anydrous copper (II) chloride (0.024g, 0185 mmol) was dis-
solved in dry n-pentanol (5 mL) and 1 (0.1 g, 0.37 mmol) were
refluxed in the presence of DBU (3 drops) under nitrogen. After 24h,

15 mL of acetone was added to the mixture and centrifuged
(4000 x g) for 3 min. The precipitate was filtered and washed with
acetone till the filtrate was colorless. The crude product was dis-
solved in 5 mL THF and added dropwise into 20 mL of cold hexane.
The precipitate was filtrated and washed with hexane (10 mL x 5)
and dried under vacuum. Yield: 52.92 mg, (49.97%). (Found: C,
67.41; H, 7.09; N, 13.98%. (1140.91) Cg4H76CuN1,04 requires C, 67.37;
H, 6.71; N, 14.73%). IR vmax/cm™': 2917, 2949 (Aliph C—H), 1645,
1522, 1456, 1405 (Arom—C—H), 1339, 1235, 1120-1061 (C—0—C),
850, 820,750. MS [m)/z]: 1140.95 [M]". UV/Vis Amax (nm) DMF: 682
(4.58), 625 (4.36), 336 (4.51).

2.3.2. Synthesis of quaternized 2,9(10),16(17),23(24)-tetrakis-
(2-hexamethylenimino-ethanoxy )phthalocyaninato copper (II) (2Q)

These complexes were prepared according to the method
previously reported [36]. Compound 2 (70 mg, 0.061 mmol) was
heated to 120 °C in freshly distilled DMF (5 mL) and excess
dimethyl sulfate (0.1 mL) was added dropwise. The mixture was
stirred at 120 °C for 12 h. After this time, the mixture was cooled to
room temperature and the product was precipitated with hot
acetone and collected by filtration. The blue solid product was
washed successively with hot ethanol, ethyl acetate, THF, chloro-
form, n-hexane and diethylether. The resulting hygroscopic product
was dried over phosphorous pentoxide. Yield: 42.5 mg, % 49.6. IR
vmax/(cm™1): 2928; 2858; 1599; 1506; 1456; 1402; 1342; 1286;
1227; 1189; 1134; 1093; 1004; 956; 821; 745. MS [m/z]: 1394.95
[M]*. Found: C, 58.52; H, 6.29; N, 12.15%. CggHggCuN12012S;
requires C, 58.62; H, 6.37; N, 12.06%.

2.4. Singlet oxygen quantum yields

Singlet oxygen quantum yield (®5) determinations were carried
out using the experimental set-up described in literature [37,38].
Typically, a 3 cm? portion of the respective substituted copper (2)
(Fig. 2) and 2Q (Figs. 3 and 4b) phthalocyanine derivatives,
(concentration = 1 x 107> M) containing the singlet oxygen
quencher was irradiated in the Q band region with the photo-
irradiation set-up described in references [37,38]. Singlet oxygen
quantum yields (@) were determined in air using the relative
method with unsubstituted ZnPc (in DMSO) or ZnPcSpix (in
aqueous media) as references. DPBF and ADMA were used as
chemical quenchers for singlet oxygen in DMSO and aqueous
media, respectively. Eq. (1) was employed for the calculations:

Std
std Rl alt)s (1)
A RSt Lbs

Dy = @

where @itd is the singlet oxygen quantum yields for the standard
unsubstituted ZnPc ((Pztd = 0.67 in DMSO) [39] and ZnPcSp;ix
(QDZtd = 0.45 in aqueous media) [40]. R and Rsyq are the DPBF
(or ADMA) photobleaching rates in the presence of the phthalo-
cyanine derivatives and standards, respectively. I;ps and Iglggl are
the rates of light absorption by phthalocyanine derivatives and
standards, respectively. To avoid chain reactions induced by DPBF
(or ADMA) in the presence of singlet oxygen [41], the concen-
tration of quenchers (DPBF or ADMA) was lowered to
~3 x 107> M. Solutions of sensitizer containing DPBF (or ADMA)
were prepared in the dark and irradiated in the Q band region
using the set-up described above. DPBF degradation at 417 nm
(in DMSO) and ADMA degradation at 380 nm (in water) were
monitored. Singlet oxygen quantum yields of 2, 2Q, 3 [10], 4 [10],
3Q [10] and 4Q [10] were given in Table 1. Singlet oxygen
quantum yields are the arithmetic average of 5 experiments with
the average standard deviations of 0.20 in DMSO and 0.21 in
water for 2Q (Table 1).
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Fig. 1. The synthesis of new metallophthalocyanines (MPcs). For the synthesis of 2 i) Anhydrous copper (II) chloride, dry n-pentanol, reflux, DBU, 24 h, N, [10] ii) [10].

2.5. Binding studies of quaternized zinc and cobalt phthalocyanine
complexes to DNA

2.5.1. Determination of binding of 2Q, 3Q and 4Q to DNA using UV/
Vis titrations

All titrations of pcs with CT-DNA were performed at room
temperature in phosphate buffer (pH 7.40). The concentrations of
CT-DNA per nucleotide phosphate ([DNA]) were calculated from the
absorbance at 260 nm using DNA = 6600 M~ 'cm~! [42]. CT-DNA
was stored at 4 °C overnight and used within 2 days. Absorption
spectra were collected from 300 nm to 800 nm. The titrations were
carried out until MPcs’ Q bands remained at a fixed wavelength
upon successive additions of CT-DNA. 10 successive injections
(each contained 5 pL 0.62 mM CT-DNA) were added manually to
0.035 mM, 1.5 mL buffer solution of 2Q, 3Q or 4Q. The decrease in
absorbance continued until a stable dye—Pc complex formed. After

25 pL (5 x 5 pL) 0.62 mM CT-DNA addition to 2Q and 3Q, negative
and positive charge neutralization between DNA and dye occurred
(Figs. 5 and 6). However, 35 uL (7 x 5 uL) 0.62 mM CT-DNA required
for a stable dye—pc complex formation in case of 4Q (Fig. 7). The
binding constant K; was determined by [42] given in Eq. (2):

C/Aeq = C/Aeq +1/(AeKy) 2)

Cis the concentration of DNA, Agq = [eq — &f], Ae = [ep — &f], and
€a, €p and er correspond to the apparent extinction coefficient of 2Q,
3Q or 4Q, the extinction coefficient of the bound form of 2Q, 3Q or
4Q and that of free of 2Q, 3Q or 4Q, respectively.

2.5.2. Determination of the change in thermal denaturation profile
of DNA

Melting temperatures were determined for CT-DNA (0.62 mM,
0.9 mL) and 2Q, 3Q or 4Q (0.065 mM, 0.1 mL) in buffer (pH 7.4) by
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Fig. 2. Electronic spectrum of photodegradation of DPBF in DMSO indicating the singlet oxygen generation by complex 2 (1 x 10> M). The more the intensity of the absorbance at

415 nm decrease, the more singlet oxygen produced.

heating from 25 to 90 °C at a rate of 0.6 °C/min, recording the UV
absorbance at 260 nm every 10 s (Fig. 8). The absorbances were the
means of 5 repeats. The average standard deviations were of 0.22,
0.20 and 0.17 for 2Q, 3Q and 4Q respectively.

2.5.3. Determination of binding 2Q, 3Q and 4Q to DNA using gel
electrophoresis

36 uM DNA (dissolved in 1 mL PBS), 2Q, 3Q and 4Q solutions
were used. R refers to the ratio of [MPc|/[DNA] indicated in Table 2.
The products were run by gel electrophoresis on 1% agarose gel in
phosphate buffer solution (pH 7.4), stained with SYBR Green I and
analyzed photographically under UV illumination (Fig. 9). Migra-
tion conditions were optimized to 20 min and 120V. 5 pL loading
dye and 5 pL DNA was loaded then MPcs were loaded in wells with
different R values.
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2.6. Determination of photocleavage of plasmid DNA using gel
electrophoresis

The experiments were performed in 0.5 mL plastic eppendorf
microcentrifuge tubes. Each tube contained 10 pL (0.2 pg) of
supercoiled DNA (pBR322) and 5 uM 2Q, 3Q and 4Q solutions were
prepared in phosphate buffer (pH = 7.4). Tubes were illuminated
from top and in air at room temperature with 600—700 nm diode
laser which was placed 5 cm away from the tested tubes. Irradiation
time changed from 1 to 5 min without changing the concentrations
of the reactants in each tube. After irradiation, conversion of
supercoiled DNA (form I) to nicked circular DNA (form II) was
visualized by agarose gel electrophoresis and subsequent SYBR
Green [ staining. Results of DNA cleavage by 2Q, 3Q and 4Q were
illustrated in Fig. 10.
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Fig. 3. Electronic spectrum of photodegradation of DPBF in DMSO indicating the singlet oxygen generation by complex 2Q (1 x 10> M). The more the intensity of the absorbance at

415 nm decrease, the more singlet oxygen produced.



C. Uslan, B. Sebnem Sesalan / Dyes and Pigments 94 (2012) 127—135 131

a

0.3
° 0.2 l
o
c
©
2
o
0
<

0.1

0
300 400 500 600 700
Wavelength (nm)
b
0 sec
3600 sec

o
o
c
©
2
o
a
E-]
<

0

300 400

800

600 700

Wavelength (nm)

Fig. 4. Electronic absorption spectrum of (a) 2Q in buffer; (b) photodegradation of ADMA in buffer (pH = 7.4) indicating the singlet oxygen generation by complex 2Q (1 x 10> M).
The more the intensity of the absorbance at 380 nm decrease, the more singlet oxygen produced.

3. Results and discussion
3.1. Synthesis and characterization

The synthesis and characterization of the compounds 1, 3, 3Q, 4
and 4Q were given in the previous work [10]. The synthetic proce-
dure of the phthalocyanine complexes 2 and 2Q was given in Fig. 1.
The new copper pc was prepared according to the similar previous
method [10]. Briefly, (2-hexamethylenimino-ethoxy) substituted

Table 1
Spectral data and singlet oxygen quantum yields (®a) for copper (2Q), cobalt (3Q)
and zinc (4Q) phthalocyanines in DMSO and water.

Compound Solvent Q band Amax, (Nm) log ‘2N
2Q° DMSO 667 4.50 0.010°
H,0 625,668 421,414 0.80°
3Q* DMSO 668 4.53 0.012°
H,0 627, 669 4.22,4.15 0.84%
4Q° DMSO 683 4.77 0.36°
H,O 639, 678 4.30, 4.19 0.26%

2 Detailed experimental data for 3Q and 4Q was given previously [10].
b Average standard deviations for singlet oxygen quantum yields of 2Q in DMSO
and in H,0 are 0.20 and 0.21 respectively.

phthalonitrile derivative (1) was synthesized through base-
catalyzed aromatic displacement of 4-nitrophthalonitrile with
N-(2-hydroxyethyl) hexamethyleneimine using K;COs3 as the base in
dry DMF. The reactions were carried out at 50 °C under N, atmo-
sphere for 48 h. Cyclotetramerization of the phthalonitrile deriva-
tive (1) to the tetra-substituted copper pc was accomplished in the
presence of anhydrous copper (II) chloride in dry n-penthanol and
the crude product was purified column chromatography using
alumina filled column. Quaternized copper pc (2Q) was obtained
from the reaction of corresponding phthalocyanine (2) with excess
of dimethyl sulfate in DMF for 12h in order to reach complete qua-
ternization [36]. The structures of the target compounds were
confirmed using IR, mass spectra and elemental analysis.

For 2 and 2Q the elemental analyses results are consistent
with the expected ones. Cyclotetramerization of the dinitrile
derivative (1) to copper (II) pc (2) was confirmed by the disap-
pearance of the sharp C=N vibration of 2229 cm~! which was
attributed to 1 [10]. The mass spectrum of 2 showed molecular
ion peaks at m/z = 1140.95 [M]" supporting the proposed formula
for the compound. Quaternized copper pc (2Q) was soluble in
water, DMF and DMSO. No major change in the IR spectra was
found after quaternization. Molecular mass of 2Q was calculated
as 1393.18 g. The mass spectra of quaternized copper pc (2Q)
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Fig. 5. Electronic spectrum of 2Q upon increasing amounts of CT-DNA. 10 Successive
injections (each contained 5 pL 0. 62 mM CT-DNA) were added to 0.035 mM, 1.5 mL
buffer solution of 2Q. Line 1: spectrum of the solution which contained 0.035 mM,
1.5 mL of 2Q. Line 2—6: The decrease in absorbance continued (Line 2 (5 pL) to line
6 (25 pL)) until a stable dye—Pc complex formed. Line 7 (30 pL)—Line 11 (50 pL)
(bold black lines): A stable dye—Pc complex formed when 25 pL (5 x 5) 0.62 mM
CT-DNA was added to 2Q; Q band absorbance remained constant after 5th addition.

confirmed the proposed structure, with the molecular ion being
easily identified at 1394.95 [M]*.

3.2. Singlet oxygen quantum yields

The singlet oxygen quantum yields (®,), indicates the potential
of the complexes as photosensitizers in PDT applications where
singlet oxygen is required. The @5 values were determined using
a chemical method (using DPBF in DMSO and ADMA in water as
quenchers). The production of 10, by 2 and 2Q was determined
indirectly by monitoring the decomposition of DPBF and ADMA.
Fig. 2 showed the decrease in the absorbance intensity of DPBF in
DMSO for complex 2. The singlet oxygen generated by complex 2Q
was indicated as the disappearance of the absorbances of ADMA
(Fig. 3) at 380 nm and DPBF (Fig. 4b) at 415 nm. There was no
decrease in the Q band of formation of the studied phthalocyanine
complexes during ¢ determinations (Figs. 2—4b).

In water, quaternized complex 2Q showed cofacial aggregation,
and was proved by the presence of two non-vibrational peaks in the
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Fig. 6. Electronic spectrum of 3Q upon increasing amounts of CT-DNA. 10 succesive
injections (each contained 5 pL 0. 62 mM CT-DNA) were added to 0.035 mM, 1.5 mL
buffer solution of 3Q. Line 1: spectrum of the solution which contained 0.035 mM,
1.5 mL of 3Q. Line 2—6: The decrease in absorbance continued (Line 2 (5 pL) to line
6 (25 pL)) until a stable dye—Pc complex formed. Line 7 (30 pL)—Line 11 (50 pL)
(bold black lines): A stable dye—Pc complex formed when 25 pL (5 x 5) 0.62 mM
CT-DNA was added to 3Q; Q band absorbance remained constant after 5th addition.

0.9
05 ——0 L DNA
' ——5 uL DNA
07 ——10 I DNA
——15 ul DNA
g 06 ¥
5 ——20 pl DNA
5 05 25 il DNA
Qo
30 pL DNA
< 04 H

e 35-50 UL DNA

300 400 500 600 700
Wavelength(nm)

Fig. 7. Electronic spectrum of 4Q upon increasing amounts of CT-DNA. 10 successive
injections (each contained 5 pL 0. 62 mM CT-DNA) were added to 0.035 mM, 1.5 mL
buffer solution of 4Q. Line 1: spectrum of the solution which contained 0.035 mM,
1.5 mL of 4Q. Line 2—6: The decrease in absorbance continued (Line 2 (5 pL) to line
8 (35 uL)) until a stable dye—Pc complex formed. Line 9 (40 pL)—Line 11 (50 pL)
(bold black lines): A stable dye—Pc complex formed when 35 pL (7 x 5) 0.62 mM
CT-DNA was added to 4Q; Q band absorbance remained constant after 7th addition.

Q band region (Table 1). The lower energy (red-shifted) band at
668 nm for 2Q is due to the monomeric specie, while the higher
energy (blue-shifted) band at 625 nm for 2Q is due to aggregated
specie (Fig. 4a). The same case was also discussed for 3Q and 4Q
[10]. Aggregation is usually depicted as a coplanar association of
rings progressing from monomer to dimer and higher order
complexes. It is dependent on the concentration, nature of the
solvent, nature of the substituents, complexed metal ions and
temperature [43].

The @, value of quaternized ionic zinc phthalocyanine complex
(4Q) is higher in DMSO than in water. However, the @, value of
quaternized ionic cobalt phthalocyanine complex (3Q) is the
highest among the others in water than in DMSO. The @4 value of
quaternized ionic copper phthalocyanine (2Q) complex is higher
than 4Q but less then 3Q. Many factors are responsible for the
magnitude of the determined quantum yield of singlet oxygen
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Fig. 8. The thermal denaturation profiles of CT-DNA in the absence and presence of 2Q,
3Q and 4Q. Absorbances are the means of 5 experiments with an average standard
deviation of 0.22, 0.20 and 0.17 for 2Q, 3Q and 4Q respectively.
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Table 2
Explanation for the samples shown in Lanes 1—6 of gel electrophoresis (agarose 1%)
results in Fig. 8, indicating the interaction of 2Q, 3Q and 4Q with DNA.

Lane number R [MPc]/[DNA]

0

0.25
0.50
1.00
1.50
2.00

AU N WN =

including; triplet excited-state energy, ability of substituents and
solvents to quench the singlet oxygen, the triplet excited-state
lifetime and the efficiency of the energy transfer between the
triplet excited state and the ground state of oxygen [10,44]. In the
presence of quaternary ammonium salts the equilibrium
monomer-dimer is shifted to the monomeric form of the
complexes, the photocatalytic activity being enhanced in this case
(Fig. 4a) [45]. While due to their paramagnetic nature, generally
copper and cobalt species deactivate excited states, reducing the
excited-state lifetime and preventing photochemical reactions
from taking place [46]. Thus, cobalt and copper metallated pcs are
not used as photosensitizers. However, after 5 repetition, we
concluded that the compound 2Q can also produce singlet oxygen.
Actually, there are well-known examples to this case, including
copper octaethyl-benzochlorin [47]. The copper (II)-o-meso-N,N-
dimethyl-octaethyl-benzochlorin iminium chloride has a triplet
state lifetime which is much too short to allow efficient energy
transfer to oxygen with the subsequent generation of singlet
oxygen. However, the effectiveness of this compound as a photo-
sensitizing agent for the treatment of urothelial tumors in rats has
been clearly demonstrated [47]. Suggestions for this unusual
behavior, have pointed to interactions between the cationic imi-
nium group and biomolecules. Such interactions may allow
electron-transfer reactions to take place via the short-lived excited
singlet state and lead to the formation of radicals [48,49]. With the
support of published data [47—49], we decided to test the use of
these compounds for photocleavage of supercoiled DNA.

The next step was the determination of binding of water soluble
2Q, 3Q and 4Q to CT-DNA. Since mostly biological reactions take
place in water, not the compounds (2, 3, 4) soluble in organic
solvents like DMSO but water soluble 2Q, 3Q and 4Q complexes
were subjected in this work.

3.3.1. Determination of binding of 2Q, 3Q and 4Q to DNA using UV/
Vis titrations

Intercalative binding of small molecules to a DNA helix has been
characterized by an appreciable red shift due to the interaction of
a DNA mt-stack with the m-system of the drug. In general, for a given
DNA, intercalation results in large changes in wavelength, whereas

1 2 3 4 5 6

Fig. 9. Gel electrophoresis (1% agarose) results indicating the interaction of DNA with
2Q, 3Q and 4Q. Lane 1 represents control sample which there is no MPc. Lanes 2—6 are
the mixtures of CT-DNA with either 2Q, 3Q or 4Q at concentration ratios (R) given in
Table 2.

groove binding or stacking are reflected by small changes in the UV/
Vis spectrum [1,42].

The more increase in aggregation, the more decrease in absor-
bance of pc derivative and the more interaction with DNA-pc were
observed. Thick black lines in Figs. 5 and 6 (lines from 7 to 11 in
Figs. 5 and 6 and lines from 9 to 11 in Fig. 7 were running together
which means after addition of 25 uL CT-DNA to 2Q and 3Q, 35 puL CT-
DNA to 4Q, the Q band absorbance remained constant) showed the
end of titration which means maximum interaction between pcs
and DNA occurred. At a final concentration of 0.0344 mM 2Q and
3Q were interacted with DNA while 0.00342 mM 4Q did. According
to Fig. 5, 2Q displayed neither blue nor red shift around Q band
(674 nm) region, but a small blue shift at the Soret band (from
330 nm to 328 nm) was observed. In Soret band region of 3Q
(Fig. 6), a shift from 317 nm to 309 nm in Soret region and a red shift
from 671 nm to 676 nm indicated that the cationic pcs started to
stack at the outside of the DNA stem [1]. Small red shifts at 682 nm
(5 nm) and 349 nm (2 nm) for compound 4Q showed that the
occurrence of some form of m stacking interaction [50] further
supporting a non-intercalative binding mode with CT-DNA as well
as 2Q and 3Q. The apparent binding constants (K;) of 2Q, 3Q and 4Q
with DNA were determined as 12 x 10° M~} 11 x 10° M},
1.08 x 10° M~ for 2Q, 3Q and 4Q respectively. These values are
lower than the apparent binding constant normally associated with
intercalation (K, < 10%). They can be attributed to non-intercalative
binding mode [1]. However, the decrease in absorption of MPcs’ can
be assigned to electrostatic attraction between DNA backbone and
positive MPcs.

3.3.2. Determination of the change in thermal denaturation profile
of DNA

The DNA thermal melting is a measure of the stability of the
DNA double helix with temperature an increase in the thermal
melting temperature (Ty,) indicates an interaction between DNA
and the metal complex [42]. In the present case, thermal melting
studies were carried out and Ty, values were determined by
monitoring the absorbance of DNA at 260 nm as a function of
temperature. The melting temperature of DNA (Ty,) in the presence
of a binding molecule or metal can also be used to distinguish
between intercalative and external binding modes. Usually, clas-
sical intercalation gives rise to higher ATy, values than either groove
binding or outside stacking [42]. The T, of DNA in the absence of
any added pc was found to be 80 °C + 0.20, under our experimental
conditions. Under the same set of conditions, double helix DNA
structure degraded at 82.5 °C 4 0.22, 82.5 °C + 0.20 and
815 °C + 0.17 in the presence of complexes 2Q, 3Q and 4Q
respectively. The observed ATy, value of 2.5 °C for 2Q and 3Q, 1.5 °C
for 4Q indicates a moderate binding strength between MPcs and
CT-DNA. These are consistent with the determined K, values of
12 x 10° M1, 11 x 10° M, 1.08 x 10° M~! for 2Q, 3Q and 4Q
respectively, further stressing that no classical intercalation took
place (Fig. 8).

3.3.3. Determination of binding 2Q, 3Q and 4Q to DNA using gel
electrophoresis

The image of the agarose gels of a series of dye/DNA complexes
of different ratios (Table 2) are shown in Fig. 9. It was important to
see whether CT-DNA would prefer MPcs to SYBR Green 1. Thus, the
gels were stained by SYBR Green I upon electrophoretic run. It was
observed that at low ratios of MPc to DNA, an excess of uncom-
plexed CT-DNA was present as shown by the migration of the DNA
bands. The migration of CT-DNA in the gel was retarded as the ratio
of dye to DNA increased, indicating that MPcs were capable of bind
to CT-DNA, neutralizing its charges. However, to clarify the differ-
ence between 2Q, 3Q and 4Q; the retardation of CT-DNA was
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Fig. 10. Agarose (1%) gel electrophoresis pattern for the photocleavage of pBR322 by 2Q, 3Q and 4Q. Reaction mixtures contained 10 pL (0.2 pg) pBR322. Lane 1, 7, 13: pBR322 only.
Lane 6, 12, 18: pBR322 + 5 min irradiation (A > 650). Lane 5: pBR322 + 2Q. Lane 11: pBR322 + 3Q. Lane 17: 4Q + pBR322. Lane 2: 2Q + pBR322 + 1 min irradiation. Lane 3:
2Q + pBR322 + 3 min irradiation. Lane 4: 2Q + pBR322 + 5 min irradiation. Lane 8: 3Q + pBR322 + 1 min irradiation. Lane 9: 3Q + pBR322 + 3 min irradiation. Lane 10:
3Q + pBR322 + 5 min irradiation, Lane 14: 4Q + pBR322 + 1 min irradiation. Lane 15: 4Q + pBR322 + 3 min irradiation. Lane 16: 4Q + pBR322 + 5 min irradiation.

examined in an increased number of trials. Fig. 9 indicated that 2Q
and 3Q had slightly more affinity to bind CT-DNA than 4Q did with
expected R values of 1.5, 1.5 and 2.0 respectively. These results
indicate that the cationic unit of pcs is neutralizing the negative
charges of CT-DNA, thereby resulting in the formation of a stable
complex. In Fig. 9, complexation of dye-DNA compound was
observed clearly; the dye was stuck in the well together with DNA
at the top of the gel at high R values (data not shown).

3.4. Determination of photocleavage of plasmid DNA using gel
electrophoresis

DNA cleavage was monitored by reaction of supercoiled circular
pBR322 (form I) into nicked circular (form II). No DNA scission was
observed when the photosensitizer was kept in the dark even
though 2Q, 3Q and 4Q were present. When plasmid DNA was
subjected to electrophoresis, fast migration was observed for the
supercoiled (form I). If scission occurred on one strand (nicking),
the supercoils would relax to generate a slower-moving open
circular form (form II). A concentration-dependent DNA scission
was experienced for all water soluble MPcs (Fig. 10). The binding of
Pcs were tested without irradiation at different concentrations
(Fig. 9). Thus, the effect of irradiation was evaluated at a constant
concentration of reactants with changing irradiation time. As
shown in Fig. 10, longer time of irradiation exhibited greater pho-
todamage and formed nicked form DNA. (Lane 2—4 for 2Q; 8—10 for
3Q; 14—16 for 4Q). The binding of pcs to supercoiled DNA was
proved with control groups (Lane 5, 11 and 17). There was no effect
of irradiation on supercoiled DNA (Lane 6, 12, and 18). These
observations correlate well with high singlet oxygen generating
efficiency of 2Q, 3Q and 4Q. Therefore, these water soluble pcs have
the ability for DNA scission.

4. Conclusion

The main goal of the present work is to address the possible use
of water soluble MPcs for biological and biomedical applications. As
known, cationic moieties can bind to DNA either intercalatively or
electrostatically [51,52] and water soluble nature of drugs enhances
the cellular uptake for PDT. Thus we decided to study with a group
like seven-membered aza cycle moiety which can be quaternized.
Since metals have cytotoxic effects [3,4], copper, cobalt and zinc
metals were subjected to test both binding to CT-DNA and
producing cytotoxic species. Metals present in pc structure given in
Fig. 1 could increase the antitumor effect. Toward this end, metals
which are mostly used in biological reactions like copper was
incorporated to the pc structure. The binding of all three
compounds to CT-DNA was determined by using K binding
constants, agarose gel electrophoresis and thermal profiles of DNA.
According to results, all new pcs bind to DNA electrostatically.
When compared with zinc (4Q), binding abilities and singlet

oxygen quantum yields of cobalt (3Q) and copper (2Q) are closer to
each other. The most attractive result of our experiments was that
the singlet oxygen quantum yields of 2Q and 3Q were higher than
4Q in water (Table 1). It was determined that newly synthesized pcs
efficiently exhibit reactive oxygen species as singlet oxygen which
can damage cellular components, including DNA, proteins and
other macromolecules. This leads to the destruction of cells
through apoptosis and/or necrosis. Photocleavage of pBR322 to
nicked form II by 2Q, 3Q or 4Q was observed after irradiation
(Fig. 10). The longer irradiation time caused greater photodamage
on pBR322. In conclusion, we present three water soluble MPcs
which bind to CT-DNA electrostatically and have the ability to
cleave DNA via Type Il mechanism in PDT. Further research on the
phototoxicity of these pcs on cell cultures is worthwhile.
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