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A cationic porphyrin–anthraquinone hybrid and its Zn(II), Cu(II), Co(III), and Mn(III)
complexes were synthesized and their interactions with duplex DNA were studied using a
combination of absorption, fluorescence titration, circular dichroism spectroscopy, thermal
DNA denaturation, viscosity measurements, gel electrophoresis, and gas chromatography.
Metal coordination induces intermolecular steric hindrance and thus the metal hybrids have
smaller DNA binding affinities than the free base hybrid; the steric hindrance could relax the
intermolecular aggregation and increase 1O2 generation of the metal hybrids. The DNA
photocleavage abilities of these hybrids were investigated.

Keywords: Porphyrin–anthraquinone hybrid; DNA-binding; Steric hindrance; DNA
photocleavage

1. Introduction

The design of small complexes that bind and react with DNA becomes important as we
begin to delineate the expression of genetic information at a molecular level. An
understanding of how to target DNA sites with specificity will lead to novel
chemotherapeutics and also to a greatly expanded ability to probe DNA and develop
highly sensitive diagnostic agents [1–5]. Transition metal complexes are at the forefront
of these efforts. Stable, inert, and water-soluble complexes containing spectroscopically
active metal centers are valuable in research of biological systems. Such metal
complexes have been applied to probe both the structural and functional aspects of
nucleic acid chemistry [6–8].

Porphyrin (Por) and anthraquinone (AQ) have become important molecules for
nucleic acid research. A number of metalloporphyrins have been used in various fields
of DNA study, such as DNA breaks [9, 10], probes of DNA structure [11], enhancement
of restriction enzyme activity [12], and photoactive insecticides [13]. Research on AQ is
increasing with the development of anthracycline antitumor antibiotics [14–16].
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Biochemical evidence suggests that, in common with the anthracyclines, DNA is among
the principal cell targets of these drugs and the pharmacological activities of some of
these drugs (such as adriamycin and daunomycin) occur when a quinone-containing
chromophore intercalates into the base pairs of the duplex DNA [17–19].

Covalently linked Por–quinone hybrids have been frequently reported to have rich
photophysical character and are ideal biomimetic models for photosynthesis [20]. Our
laboratory recently linked Por and AQ moieties with different lengths of flexible alkyl
chains and found that these Por–AQ (Por–AQ) hybrids could bind and photocleavage
duplex DNA efficiently [21]. Moreover, hybrids with long linkages could bis-intercalate
into DNA base pairs with both Por and AQ moieties and especially have high DNA-
binding affinities. Thus, these hybrids may have potential in designing new, highly
efficient, anthracycline antitumor antibiotics.

As our continuing research, we synthesized the zinc(II) (2), copper(II) (3), cobalt(III)
(4), manganese(III) (5) complexes of a cationic Por–AQ hybrid linked by an octanoyl
group (1) (see molecular structures in figure 1) and investigated their binding behaviors
with calf thymus DNA (CT DNA) and photocleavage properties with pBR322
plasmid DNA.

2. Experimental

2.1. Materials and chemicals

The free base Por–AQ hybrid 1 was prepared according to the literature method [21].
The metal complexes 2, 3, 4, and 5 were prepared by mixing 1 with corresponding
acetate salts in the dark [22]. The formation of the metal complexes was confirmed by
TLC and UV-Vis absorption spectra.

The spectroscopic results obtained from 2: ES-MS [EtOH, m/z]: 544 ([M]2þ),
363 ([M]3þ). (Found (%): C, 50.84; H, 4.17; N, 7.16. Calcd for ZnC66H55I3O4N8 � 5H2O
(%): C, 50.80; H, 4.20; N, 7.18). 1H NMR (300MHz, DMSO): chemical shift �: 11.88
(s, 1H, NH–C¼O), 9.51 (d, J¼ 5.9Hz, 6H, 2, 6-pyridinium), 9.38 (s, 4H, �-pyrrole),

Figure 1. The molecular structures of 1–5.

1978 P. Zhao et al.
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9.07 (s, 4H, �-pyrrole), 8.92 (d, J¼ 9.4Hz, 6H, 3,5-pyridinium), 8.86 (s, 2H, 2, 6-phenyl),
7.83 (s, 2H, 3,5-phenyl), 7.65 (t, 4H, AQ-phenyl), 7.33 (d, J¼ 8.2Hz, 2H, AQ-phenyl),

5.05 (s,1H, AQ-phenyl), 4.67 (s, 9H, Nþ-Me), 4.25 (s, 2H, –CH2–O), 2.22 (s, 2H, –CH2–

C¼O), 1.18–1.89 (m, 10H, –(CH2)5–). �max (nm) (log "): 266 (4.9), 428 (3.72), 565 (3.48),
612 (3.04).

The spectroscopic results obtained from 3: ES-MS [EtOH, m/z]: 542 ([M]2þ), 362

([M]3þ). (Found (%): C, 52.09; H, 4.05; N, 7.38. Calcd for CuC66H55I3O4N8 � 3H2O

(%): C, 52.07; H, 4.04; N, 7.36). �max (nm) (log "): 267 (4.85), 429 (3.68), 547 (3.51),
594 (3.01).

The spectroscopic results obtained from 4: ES-MS [EtOH, m/z]: 541 ([M]2þ), 361

([M]3þ). (Found (%): C, 52.15; H, 3.74; N, 7.61. Calcd for CoC66H55I3ClO4N8 � 3H2O
(%): C, 52.10; H, 3.78; N, 7.64). �max (nm) (log "): 267 (4.85), 431 (3.72), 527 (2.96).

The spectroscopic results obtained from 5: ES-MS [EtOH, m/z]: 538 ([M]2þ), 359

([M]3þ). (Found (%): C, 52.18; H, 3.75; N, 7.68. Calcd for MnC66H55I3ClO4N8 � 3H2O

(%): C, 52.24; H, 3.79; N, 7.66%). �max (nm) (log "): 269 (4.87), 430 (3.72), 561 (3.48),
595 (3.02).

Buffer A (5mmol L�1 Tris-HCl, 50mmol L�1 NaCl, pH¼ 7.2, Tris¼Tris (hydro-

xymethyl)aminomethane) solution was used in all the experiments except for thermal
denaturation studies in which buffer B (1.5mmol L�1 Na2HPO4, 0.5mmol L�1

NaH2PO4, 0.25mmol L�1 Na2H2EDTA (H4EDTA¼N,N0-ethane-1,2-diylbis

[N-(carboxymethyl)glycine]), pH¼ 7.0) was used. Gel electrophoresis studies were
carried out in buffer C (50mmol L�1 Tris-HCl, 18mmol L�1 NaCl, pH 7.2). CT DNA

and pBR322 supercoiled plasmid DNA were obtained from the Sigma Company. A

solution of CT DNA in buffer A gave a ratio of UV absorbance at 260 and 280 nm of
1.85 : 1, indicating that the DNA was sufficiently free of protein. The DNA

concentration per nucleotide was determined by absorption spectroscopy using the
molar absorption coefficient (6600 (mol L�1)�1 cm�1) at 260 nm [23]. Unless otherwise

stated, reagents were commercially available and of analytical grade.

2.2. Measurements

UV-Vis spectra were recorded on a Perkin-Elmer-Lambda-850 spectrophotometer.
Fluorescence spectra were recorded on a Perkin-Elmer L55 spectrofluorophotometer at

room temperature. CD spectra were recorded on a JASCO-J810 spectrometer. Thermal

denaturation studies were carried out with a Perkin-Elmer-Lambda-850 spectro-
photometer equipped with a Peltier temperature-controlling programmer (�0.1�C).

Melting curves were obtained by measuring the absorbance at 260 nm for solutions of

CT DNA (100 mmolL�1) in the absence and presence of the hybrids (10 mmolL�1) as a
function of temperature. The temperature was scanned from 40�C to 90�C at a speed of

1�Cmin�1. The melting temperature (Tm) was taken as the mid-point of the

hyperchromic transition.
For the gel electrophoresis experiment, a pencil-type high-pressure mercury lamp-

light filter assembly was used. Yellow-light filter was used for visible light (�4470 nm)

and purple filter for UV light (�5350 nm) [24]. The samples were analyzed by
electrophoresis for 2.5 h at 80V in Tris-acetate buffer containing 1% agarose gel.

The gel was stained with 1 mgmL�1 ethidium bromide (EB) and photographed under

Porphyrin–anthraquinone hybrids 1979
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UV light. The integrated density values (IDV) were given by FluorChem 5500 software.

The percentage of cleavage (C) was calculated according to equation (1)

C ¼
DII þ 2DIII

DI þDII þ 2DIII
, ð1Þ

where DI, DII, and DIII are the IDVs of form I (supercoil form), form II (nicked form),

and form III (linear form), respectively.
For the measurement of photosensitized production of singlet oxygen, the amount of

singlet oxygen generated by photosensitization of the hybrid was determined by the

measurement of the rate of reaction between singlet oxygen and 1,3-diphenylisobenzo-

furan (DPBF). The buffered solution containing a hybrid (1 mmolL�1) and DPBF

(100 mmolL�1), prepared in the dark, was illuminated at the �Soretmax and 25�C, and a loss

of absorbance at 415 nm was followed spectrophotometrically. No DPBF bleaching in

the absence of the hybrids and no hybrid decomposition on illumination were observed.
Yields of singlet oxygen were estimated by reaction between singlet oxygen and

1,5-dimethylfuran (DMFU). The reaction was carried out in methanol solution which

contains a hybrid (100 mmolL�1), DMFU (0.1mol L�1), and pyridine (0.6mol L�1).

The reaction solution was illuminated by the mercury lamp with a yellow light filter to

get visible light (�4470 nm). The concentration of DMFU was monitored by Gas

Chromatography (GC-7890II) using nonane as an internal standard.

3. Results and discussion

3.1. DNA-binding studies

3.1.1. Absorption titrations. Association of the metal hybrids with CT DNA was
examined by absorption titration in the UV-Vis range. DNA titration absorption

spectroscopy of hybrid 2 is exampled in figure 2 to show the spectral change of these

hybrids and analogous spectra were obtained in the case of 3, 4, and 5. All physical data

about the change of hybrids’ absorption spectra in the presence of increasing amounts

of CT DNA are given in table 1.
From figure 2 and table 1, one finds that with increasing DNA concentration,

absorption spectra of the compounds in the Pors’ Soret band are remarkably disturbed,

with a hypochromism from 32.7% to 50.2% and a bathochromism from 5–12 nm. The

magnitude of absorption spectral perturbation is an intuitional evidence for the DNA

binding of Pors. The intercalation of Por into DNA base pairs is characterized by a red

shift (410 nm) and intensity decrease (up to 40%) in the Soret band of UV-Vis spectra;

groove binding mode shows no (or minor) change in UV-Vis spectra while outside

binding mode also exhibits red shift and intensity decrease in the Soret band of Pors

[25, 26]. The large bathochromism and hypochromism of 3 (11 nm and 50.2%) indicate

that its Por plane may intercalate into DNA, similar to the DNA-binding behavior of

the free base 1. However, the moderate or minor changes in the Soret band of 2, 4, and

5 suggest that the Por planes of these three hybrids may employ non-intercalative

binding modes.

1980 P. Zhao et al.
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The spectral changes of the AQ’s characteristic absorption bands (ranging from 250
to 300 nm) were also monitored and the physical titration data for the AQ moiety are
given in table 1. Upon addition of DNA, for all the metal hybrids, absorption spectra in
this range have similar extent of change (large bathochromism and substantial
hypochromism) with that of the free base hybrid 1, which is a good DNA bis-
intercalator. The large spectral perturbation indicates that the AQ planes in all these
hybrids bind to DNA in a classic intercalative mode. It seems that the different metals
in the Por core have no obvious effect on the DNA-binding behaviors of the AQ
moiety. This result is consistent with the conclusion we made that the long bridging
chain lengths of the Por–AQ hybrids decrease the steric hindrance between Por and
AQ planes in the hybrid molecules and both the two moieties could bind with DNA
freely [21].

3.1.2. Fluorescence titration. In a previous study, the fluorescence emission intensity
of the free base hybrid 1 increased remarkably at both the Por’s and AQ’s characteristic

Figure 2. Absorption spectra of 2 in buffer A at 25�C in the presence of increasing amounts of CT DNA.
[Hy]¼ 10 mmolL�1 ([Hy] refers to the concentration of the hybrid). [DNA]¼ 0, 2, 4, 6, 8, 10, 12 mmolL�1.
Arrows indicate the change in absorbance upon increasing DNA concentration.

Table 1. Physical data of Por–AQ hybrids binding with CT DNA.

Hybrid

UV titration

CD signal DTm (�C) Kb

Por moiety AQ moiety

D� (nm) H%a D� (nm) H%

1 12 49.3 13 35.6 – 10.1 7.4� 106

2 7 36.7 9 33.2 þ 3.9 4.3� 106

3 11 50.2 10 40.3 – 8.7 6.8� 106

4 6 39.3 12 35.6 þ – 4.7 5.0� 106

5 5 32.7 11 35.8 þ – 5.1 5.7� 106

aH% refers to the hypochromism percentage.

Porphyrin–anthraquinone hybrids 1981
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emission bands in the presence of CT DNA [21], which could be ascribed to DNA
protection of the molecules from being quenched by water [27, 28]. Fluorescence
titration experiments for the metal Por–AQ hybrids in the presence of CT DNA were
performed. Large increases in fluorescence emission intensities are seen for 2 in the
presence of increasing DNA (figure 3), which implies that Zn(II) hybrids can be
protected by the hydrophobic environment inside the DNA helix.

Cu(II), Co(III), and Mn(III) hybrids 3, 4, and 5 show negligible luminescence in
buffer A when excited at Por’s or AQ’s characteristic bands and negligible changes were
found with the addition of DNA. The behaviors are closely related to the paramag-
netism of these metal ions since they destroy the conjugated structure of the molecules
[29–32]. For complexes exhibiting weak or no emission intensity in the presence of
DNA, competitive binding to DNA with EB provides information regarding the nature
of DNA binding [33, 34]. EB emits intense fluorescence in the presence of DNA, due to
its strong intercalation between adjacent DNA base pairs [35]. The emission
fluorescence of EB can be quenched by replacing the intercalated EB with other
intercalating compounds, or it can occur indirectly by changing the DNA conformation
as a result of binding with non-intercalating compounds. The quenching extent of direct
EB replacement is always larger than the indirect DNA change [33–35].

With the increasing concentrations of the metal hybrids, the emission spectra of
DNA-bound EB solution significantly quenched (figure 4). From figure 4, we find that
3 quenches the emission of EB to a greater extent than 4 and 5. The much larger EB
quenching of 3 suggests that the former may involve more intercalation in binding with
DNA. Since the absorption titration results proved AQ of all these hybrids intercalate
into DNA duplex, it is suggested that the Cu(II) hybrid 3 bis-intercalates into DNA
duplexes while the Co(III) and Mn(III) hybrids 4 and 5 may only intercalate DNA
with AQ.

Figure 3. Emission spectra for Por moiety of 2 upon increasing CT DNA in buffer A. Inset: the emission
spectra for AQ moiety of 2. [Hy]¼ 10 mmolL�1. [DNA]¼ 0–22mmolL�1 from bottom to top. Arrows show
the intensity change upon increasing DNA concentrations. �ex¼ 449 nm for the Por moiety and �ex¼ 280 nm
for AQ moiety.

1982 P. Zhao et al.
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3.1.3. CD studies. CD spectra in the Soret region of Pors are well-defined and the
least ambiguous indicators for the binding modes of Por compounds toward DNA.
A positive CD peak is due to groove binding and a negative CD peak is due to
intercalative binding, whereas a CD signal with both positive and negative peaks is
ascribed to outside binding of Pors to DNA [25, 36].

Figure 5 illustrates the CD spectra and table 1 lists physical signals of the metal
hybrids bound to CT DNA. None of these compounds by themselves as well as DNA
displays any CD spectra signal in the visible region, but CD spectra are observed in the
Soret band of these compounds with DNA titration.

The CD signal of 2 is dominantly positive and becomes stronger at higher DNA
concentration, suggesting that the DNA binding of its Por moiety is primarily groove
binding. The ellipticities of CD spectrum observed for Cu(II) hybrid 3 in the presence of
DNA are predominantly negative in character and the negative signal becomes stronger
with the addition of DNA. Since the negative CD signal is diagnostic of intercalative
binding, this confirms that the Por of 3 intercalates into the DNA duplex under the
experimental conditions. The substantial CD peaks with both positive and negative
signals for 4 and 5 suggest that their Pors bind to DNA in an outside binding mode. The
result of CD experiment proves the binding modes we proposed in the absorption and
fluorescence experiments.

We have previously shown that the free base Por–AQ hybrid 1 bis-intercalates into
DNA with its Por and AQ moieties [21]. From the foregoing CD results, we find that
Cu(II) complexes of Por–AQ hybrid intercalate into DNA bases with its Por plane,
while the Por moieties of Zn(II), Co(III), and Mn(III) only employ groove or outside
binding modes when interacting with DNA. This may result from the four-coordinate
structure of Cu(II) with no extra ligands on the axial position of the Por plane; Zn(II)
has five-coordination with a water molecule as the axial ligand; Co(III), Mn(III) have
six-coordination with a water molecule and a Cl� as axial ligands [25, 37, 38]. The axial
ligands of these hybrids increase the steric hindrance of the Por plane and thus, only the
Por plane of the Cu(II) derivative, hybrid 3, is sterically appropriate to bind with DNA
in intercalative mode while the metal hybrids 2, 4, and 5 are not.

Figure 4. Fluorescence quench of DNA-bound EB with increasing concentration of 3 (—), 4 (- - -) and
5 (- - -) in buffer A. [DNA]¼ 50 mmolL�1, [EB]¼ 8mmolL�1, �ex¼ 340 nm. [Hy]¼ 0, 2, 4, 6, 8mmolL�1.
Arrows show the intensity change upon increasing concentrations of hybrids.
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3.1.4. Thermal denaturation studies. The melting temperature (Tm) of DNA is
sensitive to its double helix stability and the binding of compounds to DNA alters
the Tm depending on the strength of interactions. Therefore, it can be used as an
indicator of binding properties of Pors to DNA and their binding strength. Tm will
considerably increase when intercalation occurs [39].

The melting curves of CT DNA in the absence and presence of hybrids are presented
in figure 6. The Tm of CT DNA is (61.1� 0.2)�C in the absence of the hybrids. When
mixed with the hybrids at a concentration ratio [Hy]/[DNA] of 1 : 10 ([Hy] refers to the
concentration of the hybrids), the observed melting temperatures of CT DNA increase
to different extents. The differences, DTm, are given in table 1. Here, DTm¼Tm�To

m,
Tm, and To

m refer to the melting temperature of DNA in the presence and absence of
hybrids, respectively.

The large increases of Tm in the presence of 1 and 3 (DTm¼ 10.1�C and 8.7�C,
respectively) indicate that intercalation occurs in the DNA binding of these two
hybrids. Por and AQ planes of 1 intercalate into the DNA duplex and the similar large
DTm of 3 suggests that it also bis-intercalates with DNA. The increases of Tm in the
presence of 2, 4, and 5 (DTm¼ 3.9�C, 4.7�C, and 5.1�C, relatively) are smaller than

Figure 5. CD spectra at Por’s Soret band in the absence (dashed lines) and presence (solid lines) of CT DNA
in buffer A. [Hy]¼ 10 mmolL�1. [Hy]/[DNA]¼ 0.3, 0.2, 0.15, 0.10, 0.05. Arrows indicate the change in CD
spectra upon increasing DNA concentration.

1984 P. Zhao et al.
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those of 1 and 3, indicating that DNA intercalation occurs in these hybrids but through
only one plane. According to the results of CD experiment, the Por planes of 2, 4, and 5

do not intercalate into DNA. Thus, it could be concluded that the AQ planes of these
metal hybrids intercalate into DNA duplex. These results are in good agreement with
the absorption, fluorescence titration experiments given above.

3.1.5. Viscosity measurement. In the absence of X-ray structural data, viscosity
measurement is regarded as a critical test of DNA binding in solution and provides
strong arguments for intercalative DNA binding. Intercalation lengthens the DNA
helix as the base pairs are pushed apart to accommodate the bound ligand, leading to an
increase in DNA viscosity. In contrast, partial, non-classical intercalation of ligand
could bend (or kink) the DNA helix and reduce its effective length and, concomitantly,
its viscosity. When outside binding occurs, the viscosity of DNA will not change [40].

Figure 7 shows the effects of 1–5 on the viscosity of rod-like DNA, which is very
sensitive to the binding modes of the ligands. On increasing the amounts of 1 and 3, the
relative viscosity of DNA increases steadily and significantly. The increases of 2, 4, and
5 also affect the relative viscosity of DNA. Similar to the results of DNA thermal
denaturation, the DNA viscosity increase for 2, 4, and 5 are smaller than that of 1 and
3, consistent with 1 and its Cu(II) derivative bis-intercalating between base-pairs of
DNA, while the Zn(II), Co(III), and Mn(III) complexes only intercalate to DNA with
the AQ. The results of viscosity experiments are consistent with the conclusion above.

3.1.6. The measurement of DNA binding constants. To quantitatively compare the
DNA binding affinities of these hybrids, their binding constants (Kb) to CT DNA were
measured. UV-Vis titration has several limitations in dealing with such compounds and
fluorescence spectra were thus used to measure Kb of these hybrids by competition with
EB to bind with DNA [21, 41, 42].

Figure 6. Melting curves of CT DNA at 260 nm in the absence (g) and presence of 1 (m), 2 (˙), 3 (�), 4 (*),
and 5 (H) in buffer B. [Hy]¼ 10 mmolL�1, [DNA]¼ 100mmolL�1.

Porphyrin–anthraquinone hybrids 1985
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EB competitive binding experiments were carried out and quenching plots are given
in figure 8. The quenching plots of I0/I versus [Hy]/[DNA] are in good agreement with
the linear Stern–Volmer equation with slopes of 4.51, 2.65, 4.28, 3.08, 3.65 for hybrids
1–5, respectively. From figure 8 50% of EB molecules were replaced from DNA bound
EB at a concentration ratio [Hy]/[EB]¼ 1.35, 2.32, 1.47, 2.0, and 1.75 for hybrids 1–5,
respectively. By taking Kb of 1.0� 107mol L�1 for EB under this experimental condition
[43], the Kb of the studied compounds were obtained (table 1) [44].

Kb of 1 and 3 are much larger than those of 2, 4, and 5, because that both moieties in
the long-linked hybrids intercalate into DNA and both can replace EB from the DNA
helix, leading to relatively high binding affinities.

Figure 7. Plots of the relative viscosity change of CT DNA in the presence of 1 (g), 2 (�), 3 (˙), 4 (m), and
5 (H) in buffer A at (30� 0.1)�C. [DNA]¼ 0.5mmol L�1. � is the viscosity of DNA in the presence of the
compounds and �0 is the viscosity of DNA alone. r¼ [Hy]/[DNA].

Figure 8. Fluorescence quenching plots of DNA-bound EB by Por–AQ hybrids, 1 (g), 2 (H), 3 (�), 4 (*),
and 5 (m) in buffer A. [DNA]¼ 100mmolL�1, [EB]¼ 16.0mmolL�1, �ex¼ 537 nm.
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This research on DNA binding indicates that the metal coordinated with Por
significantly influences the binding behavior of these Por–AQ hybrids to DNA.

3.2. DNA photocleavage experiment

Mehta et al. [45] reported that some non-charged Por–AQ hybrids are capable of
displaying wavelength-dependent DNA cleavage and are valuable DNA photonu-
cleases. To better understand the wavelength-dependent DNA photocleavage properties
of these positively charged Por–AQ hybrids, we investigated the photocleavage of
pBR322 plasmid DNA by 1–5 under irradiation with visible light (at Por’s excitation
wavelength) or UV light (at AQ’s excitation wavelength), and the results are given in
figure 9. The photocleavage percentages of 1–5 are shown in figure 10.

Without irradiation, no substantial DNA cleavage was observed for all the
compounds (data not shown). Under irradiation with either visible or UV light, the

Figure 10. Photocleavage of pBR322 plasmid DNA after irradiation by (a) visible light in air or (b) UV light
under an Ar atmosphere. Columns 1–5 for hybrids 1, 2, 3, 4, and 5, respectively. The reaction conditions are
the same as those in figure 9.

(a)
Form I 

Form II 

(b)
Form I 

Form II 

0   1   2  3   4  5 

0  1   2   3   4   5 

Figure 9. Photocleavage of pBR322 plasmid DNA after irradiation by (a) visible light (�4470 nm) in air or
(b) UV light (�5350 nm) under an Ar atmosphere. Ten-microliter reaction mixtures containing 1.0 mg of
plasmid DNA in buffer C. [Por]¼ 2 mmolL�1. Lane 0: DNA controlled; Lanes 1–5: in the presence of hybrids
1, 2, 3, 4, and 5, respectively, irradiation for 20min.
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difference of DNA photocleavage efficiencies for these cationic hybrids was not so
large, with 1 and 2 showing a little higher cleavage percentage than those of 3, 4, and 5.
DNA photocleavage activities of small molecules are closely related to their DNA
binding modes and binding affinities. Intercalative mode and high DNA binding
affinity are more advantageous in DNA cleaving [46–48]. The photocleavage efficiency
obtained from figures 9 and 10 somewhat conflict with the above conclusion since 1 and
3 have higher DNA binding affinities and intercalative DNA binding. This could be
explained by the following research.

Our previous study proved that 1O2 was responsible for DNA photocleavage by the
Por moiety of this kind of hybrid [21]. Photosensitized production of 1O2 was estimated
quantitatively by measuring the decomposition of DPBF and the concentration
consumption of DMFU [49, 50]. The slopes of the plots of bleached absorption of
DPBF and the consumption of DMFU versus illumination time are listed in table 2.
Specific changes are given in ‘‘Supplementary material’’ (figures S1 and S2). From table
2 Zn(II) complexes show higher 1O2 yields than Cu(II), Co(III), and Mn(III) complexes,
consistent with previous reports and closely related to the lifetimes of the first excited
triplet state of these metal complexes [51]. Moreover, the 1O2 yields of the metal
complexes are larger than that of the free base hybrid, indicating that the insertion of
metal ions into the cationic Por enhanced 1O2 production. It is widely accepted that
long-linked cationic Por–drug hybrids easily form intermolecular dimer through self-
aggregation in aqueous buffer. The dimers are inactive in yielding 1O2 since the
generated 1O2 could be easily quenched by the aggregated molecules [52, 53]. Metal ions
in the Por cores could induce severe steric hindrance between molecules which will
efficiently relax the intermolecular self-aggregation and thus increase 1O2 generation.
Here, the steric hindrance derived from the insertion of metals into Por acts as a
‘‘double-edged sword’’ in the DNA photocleavage reaction, bringing less advantageous
DNA binding but higher 1O2 productivity for the hybrids than the metal-free one.

4. Conclusions

Based on absorption, fluorescence, circular dichroism spectroscopy, thermal denatur-
ation, and viscosity measurements, the binding modes of Zn(II), Cu(II), Co(III),
Mn(III) Por–AQ to CT DNA were compared with the free hybrid, which could bis-
intercalate DNA duplex with both Por and AQ moieties. Among the four metal
complexes, only Cu(II) hybrid could bis-intercalate into DNA, while the other three

Table 2. Slopes of the plots of bleached absorption of DPBF and
consumption of DMFU by photosensitization of hybrids.

1 2 3 4 5

S1
a 0.24 0.35 0.29 0.34 0.33

S1
b 1.3 3.8 2.2 2.5 2.1

aS1 refers to the slopes of the plots of bleached absorption of DPBF vs.
illumination time. [S1]¼min�1.
bS2 refers to the consumption of DMFU vs. illumination time.
[S2]¼� 10�4molmin�1.
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complexes, Zn(II), Co(III), and Mn(III) hybrids, bind to DNA with both intercalative
mode (AQ plane) and groove or outside mode (Por plane) (figure 11). This can be
understood by Cu(II) having no axial ligands when coordinating with the Por plane
while Zn(II), Co(III), Mn(III) have H2O or Cl� in axial positions. The metal complexes
have higher singlet oxygen (1O2) production than 1, because insertion of metals into Por
planes could induce steric hindrance between molecules, efficiently relaxing the
intermolecular aggregation. These results are helpful in understanding DNA interac-
tions of small molecules and may facilitate the design of new anticancer drugs.
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