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SYNTHESIS, DNA-BINDING, AND PHOTOCLEAVAGE PROPERTIES

OF A SERIOUS OF PORPHYRIN-DAUNOMYCIN HYBRIDS

Ping Zhao,1 Jia-Zheng Lu,2 Juan He,1 Wan-Hua Chen,1 Pan-Pan Chen,1

Dian-Wen Chen,1 and Qian-Yun Bin1

1School of Chemistry and Chemical Engineering, Guangdong Pharmaceutical University,
Zhongshan, PR China
2School of Pharmacy, Guangdong Pharmaceutical University, Education Mega Centre,
Guangzhou, PR China

� It is widely accepted that the pharmacological activities of anthracyclines antitumor agents ex-
press when the quinone-containing chromophore intercalates into base pairs of the duplex DNA.
We have successfully synthesized and investigated the DNA-interactions of hybrids composed with
quinone chromophore and cationic porphyrin. Herein, a clinic anticancer drug, daunomycin, is
introduced to the porphyrin hybrids through different lengths of amide alkyl linkages, and their
interactions and cleavage to DNA were studied compared with the previous porphyrin-quinone hy-
brids. Spectral results and the determined binding affinity constants (Kb) show that the attach-
ment of daunomycin to porphyrin could improve the DNA-binding and photocleaving abilities.
The porphyrin-daunomycin hybrids may find useful employment in investigating the ligand-DNA
interaction.

Keywords Porphyrin-daunomycin hybrids; DNA binding; DNA photocleavage

INTRODUCTION

Anthracyclines represent an important class of antitumor agents. Dauno-
mycin (DNR), which is the lead compound in the series, is routinely used
in the clinic for the treatment of leukemia, as well as for ovarian and breast
carcinoma.[1, 2] Although DNR is highly efficient antineoplastic agent, its
clinical use is limited due to clinical and histopathologic evidence of car-
diotoxicity.[3–5] In the past years, numerous anthracyclines derivatives have
been synthesized with the aim of finding related compounds showing better
therapeutic efficacy together with fewer side effects.[6–8] Biochemical evi-
dence suggests that, in common with the anthracycline anticancer drugs,
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598 P. Zhao et al.

FIGURE 1 The structures of Por-AQ hybrids.

DNA is among the principal cell targets of these drugs and the pharmaco-
logical activities of DNR express when the quinone-containing chromophore
intercalates into base pairs of the duplex DNA. The intercalative efficiency
of drugs to DNA will remarkably influence the pharmacological activity. The
chemical modifications of DNR, which have commonly been considered,
concern either the nature or position of the aminoacyl side chains or the
chromophore unit.[9–11] The hope of finding noncardiotoxic yet active an-
thracycline antitumor antibiotics has spurred the search for new occurring
anthracycline and research in synthesizing new DNR analogues.

Porphyrins’ unique character of high accumulation in the cancer cells
gives us the inspiration of designing new porphyrin- DNR hybrid to facilitate
the accumulation of drugs in cancer cells and thus decrease the cardiotoxi-
city of the anthracycline. Specially, cationic porphyrins (Por) are preferen-
tially considered for its additional tight intercalation into DNA and thus are
expected to enhance the DNA binding abilities of the drugs additionally. We
have previously linked cationic porphyrin and anthraquinone (AQ), which
is the core chromophore unit of DNR, with various lengths of flexible alkyl
links (see structures in Figure 1), and found that these cationic water-soluble
Por-AQ derivatives bind with DNA and give rise to DNA photocleavage.[12,13]

So far no porphyrin-DNR hybrids have been reported. It remains uncer-
tainty that whether the biological activities will be different when clinic DNR
structure linked with porphyrin and whether the porphyrins could actually
increase the DNA binding and cleavage ability of DNR.

Our promising results encourage us to research further in this field. In
the present work, we attached the clinic DNR molecules to cationic por-
phyrin through different flexible carbochains and tested their DNA binding
and photocleavage abilities. Since the DNR structure has additional sugar
groups and positive charge compared with the single AQ chromophore unit,
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Synthesis, DNA-Binding, and Photocleavage Properties 599

it is expected that the modified Por-DNR hybrids will be more favorable in
biological activities and bring us new surprise.

RESULTS AND DISCUSSION

Synthesis

We have successfully obtained Por-AQ hybrids by attaching flexible car-
bochains to the anthraquinone molecules firstly and then linked to the por-
phyrin moiety.[13] However, this experience failed in synthesizing Por-DNR
hybrids because the DNR molecule has more active groups than AQ. Without
the complex and troublesome group protection process, the active OH and
NH2 groups in DNR molecules will form rings when react with brominated
carbon chains. However, many reports on the synthesis of DNR derivatives
have concluded that the NH2 group has much higher nucleophilicity than
OH groups and thus without group protection, nucleophilic reactions could
selectively occur on the NH2 group rather than on the OH groups of the
DNR molecules at room temperature.[16–18] Encouraged by these reports,
we firstly chemically modified the porphyrin part with dibromo alkanes and
porphyrin derivatives with an active Br at the end of the flexible carbon
chains were obtained. Then, this active Br could selectively react with the
NH2 group in DNR molecules at room temperature and Por-AQ hybrids
were successfully synthesized (see Scheme 1). In this synthetic process, no
group protection reactions were needed. This method has the advantages of
high productivity and effortlessness.

DNA-binding Properties

Absorption Titrations
The hybrids exhibit intense absorption band around 430 nm and weaker

bands from 500–600 nm, which are attributed to porphyrin ring, namely
Soret band and Q bands, respectively. Meanwhile, DNR’s characteristic
absorption, centered at 290 nm and 475 nm were also clearly observed.
With the increasing of DNA concentration, the absorption spectra of the
cationic Por-DNR hybrid 3 at both the porphyrin and DNR’s characteristic
absorption range are remarkably disturbed with large hypochromism and
bathochromism. This is an intuitional evidence of the drug-DNA binding
behavior. We gave the absorption spectral changes upon DNA addition of
compounds 1, 2 and 3 as Figure S3 in supplemental materials.

Table 1 summarizes the detailed titration data on DNA of all these three
Por-DNR compounds. From table 1, the porphyrin moieties for the Por-
DNR compounds 2 and 3 have comparable hypochromism and red shift at
around 430 nm with those of Por-AQ compounds B, C, and D, suggesting
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600 P. Zhao et al.

SCHEME 1 The synthetic scheme of cationic Por-DNR hybrids.

that the porphyrin parts in these two kinds of hybrids may have similar
DNA-binding behaviors.[13] Meanwhile, compound 1 exhibit similar DNA-
binding property with compound A. [12] However, the absorption spectral
ranges centered at 290 and 475 nm attributed to DNR for compounds 2
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Synthesis, DNA-Binding, and Photocleavage Properties 601

TABLE 1 Physical data of Por-DNR hybrids binding with CT DNA

Compound UV-Vis spectra ICD spectra �T m K b Por DNR Por-DNR

�λ(nm) H% �λ(nm) H% ◦C ×106 M−1

1 7 34.52 10 42.11 + - 7.9 5.8
2 13 46.31 9 47.52 + - + 11.1 8.2
3 16 51.38 11 52.88 + - + 13.2 9.3

and 3 have much larger hypochromism compared with those of AQ part for
corresponding Por-AQ hybrids. Since large degree of hypochromism is an
important signal for intense DNA-binding, we suppose the DNR moieties in
the studied hybrids have higher interactions than AQ moieties we reported
before. The sugar chain in DNR seems play a significant role in the DNA-
binding behavior, whereas a conclusion as to the specific binding mode of
these Por–DNR dyads cannot be made from this method alone.

Fluorescence Studies

Fluorescence Titration Studies
Fluorescence titration experiments of the compounds in the presence of

CT DNA were performed. When excited with 420 nm (porphyrin’s excitation
wavelength) or 475 nm (DNR’s excitation wavelength), the hybrids have
similar emission spectra, ranging from 520 to 670 nm. Fluorescence emission
spectra of these compounds with increasing DNA were given as Figure S4 in
the supplemental materials, from which we can find that the fluorescence
intensities of these cationic Por-DNR hybrids are remarkably enhanced with
the increase of DNA. Since the hydrophobic environment provided by DNA
can protect the compound from quenching by water molecules, the emission
increase is widely admitted as an indication of the interaction between drugs
and DNA.[19, 20] Thus, the large emission increase suggests that the hybrids
interact with DNA rather strongly.

Fluorescence Emission Quenching Studies
For drugs with positive charges, Steady-state emission quenching experi-

ment was often employed to evaluate the DNA binding of positively charged
compounds. Figure 2 gives 1 as an example to illustrate the quenching effect
of K4Fe(CN)6 on the fluorescence intensities of compound in the absence
and presence of CT DNA. From Figure 2, we can find that in the absence of
CT DNA, the weak fluorescence of 1 is completely quenched at the initial
stage of (K4Fe(CN)6) addition. However, in the DNA–drug system, there
is no substantial change on the fluorescence intensity of 1 with increas-
ing (K4Fe(CN)6) concentrations. This may be explained by the fact that the
bond cations of the compounds are protected from the anionic water-bound
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602 P. Zhao et al.

FIGURE 2 Emission quenching curves with K4Fe(CN)6 for free (dot line) and DNA-bound (solid line)
1 in buffer A. [Drug]/[DNA] = 0.25 (Color figure available online).

quencher by the array of negative charges along the DNA phosphate back-
bone.[21] Similar results were obtained in the case of 2 and 3, suggesting that
all these compounds can bind to the DNA rather strongly.

Competitive Binding Experiments with EB
In order to compare quantitatively, their binding affinity constants (K b)

to CT DNA have to be measured. For compounds with multiple binding
sites, traditional UV–Vis titration method is not suitable to determine K b

between compounds and DNA.[12, 22] Fluorescence spectrum was used to
measure K b by competition between EB and the studied compounds for
binding to DNA. This method measures the decrease of fluorescence of EB
bound to DNA in the presence of the compound of interest. It can be used
for all compounds having a good affinity for DNA whatever their binding
modes may be because it only measures the ability of a compound to prevent
intercalation of EB into DNA. [12, 19, 22]

The EB competitive binding experiments were carried out and quench-
ing plots are given in Figure S5 of supplemental materials. The quenching
plots of I0/I vs [Drug]/[DNA] are in good agreement with the linear Stern-
Volmer equation with slopes of 3.63, 5.16, and 5.78 for 1, 2, and 3, respec-
tively. We can also learn from Figure S5 that 50% of EB molecules were
replaced from DNA-bound EB at a concentration ratio of [Drug]/[EB] =
1.72, 1.21, and 1.08 for 1, 2, and 3, respectively. By taking K b of 1.0 × 107

M−1 for EB under this experimental condition [22], the K b of 1, 2, and 3 were
derived 5.8 × 106 M−1, 8.2 × 106 M−1, and 9.3 × 106 M−1 (K b(EB)/1.72,
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Synthesis, DNA-Binding, and Photocleavage Properties 603

K b(EB)/1.21, and K b(EB)/1.08), respectively.[23] The DNA binding affini-
ties of the Por-DNR hybrids with longer bridging links (2 and 3) are higher
than that with shorter bridging link (1). This can be explained by the fact that
both two moieties in the long-linked hybrids intercalate into DNA and both
can replace EB from DNA helix, leading to relatively high binding affini-
ties. Meanwhile, the K b of these Por-DNR hybrids are a little larger than
those of Por-AQ hybrids [12, 13], indicating that the additional positive charge
and the appending sugar chain are beneficial for the binding affinities of
hybrids.

ICD Spectra

The ICD spectrum experiment is widely accepted as one of the most
direct means in examining the binding modes of the small molecules to
DNA. [12, 13, 19–24] None of these compounds as well as DNA by themselves
displays any CD spectra signal in the visible region, but ICD spectra are
observed in these compounds with DNA titration. It is well known that a
positive ICD peak is due to groove binding and a negative ICD peak is due
to intercalative binding.[12,19]

Figure 3 illustrates the ICD spectra and Table 1 lists the ICD spectral
signals for these Por-DNR compounds bound to CT DNA. The observed
ellipticities ranging from 360 to 430 nm could be attributed to the Por
moiety while those from 450 to 500 nm are for DNR moiety. From Figure 3,
for hybrids 1 and 2, the ICD signal at porphyrin’s range show both positive
and negative peaks which become stronger with the titration of DNA. This
result indicates that the Por moieties in these two compounds employ both
intercalation and groove binding when bound to DNA. However, in the
presence of DNA, hybrid 3 exhibit predominantly negative signal. With the
addition of DNA, the negative signal of ICD spectra becomes stronger. Since
the negative ICD signal is diagnostic of intercalative binding, this result
confirms that the Por moiety of 3 mainly intercalate into the DNA duplex
under the experimental conditions. As to the DNR part, for hybrids 2 and
3, strong positive ICD peaks were observed, indicating the intensive DNA
groove binding of DNR in these two compounds. Combining with the large
hypochromism and bathochromism in DNR’s absorption of hybrids 2 and 3,
the ICD signals support the reported conclusion that DNR moiety is not just
simply lying in the minor groove with the functional group of sugar interact
with the base pairs of DNA, and the anthraquinone plane also intercalates
into the DNA double helix structure. [25–27]

One the other hand, no substantial ICD signal was found for hybrid
1 in DNR’s range, suggesting that the interaction between DNR moiety
of 1 with DNA is relatively weak, which possibly through electrostatic at-
traction between the positive charge of the DNR moiety and the negative
DNA phosphate backbones. It is likely that, because of the short linkage in
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604 P. Zhao et al.

FIGURE 3 ICD spectra of Por-DNR hybrids 1 (a), 2 (b), and 3 (c) in the presence of CT DNA in buffer
A. [Drug] = 10 μM, [Drug]/[DNA] = 0.3(—), 0.2(—), 0.15(—), 0.10(—), and 0.05.(—) (Color figure
available online).
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Synthesis, DNA-Binding, and Photocleavage Properties 605

hybrid 1, there is steric hindrance between the porphyrin and DNR moi-
eties and it is difficult for both the two moieties intercalate in DNA base
pairs. This conclusion is similar to that we got from the DNA binding of
Por-AQ hybrids and the effect of linkage lengths seems still exist in spite
of higher positive charge and sugar groups. [12,13] The distinct ICD signals
of these compounds are in good consistent with foregoing experimental
results.

Thermal Denaturation Studies

The thermal denaturation of double-helical polynucleotides from dou-
ble stranded to single stranded is manifested as hyperchromism in the UV
absorption. The melting temperature (T m) of DNA is sensitive to its double-
helix stability and the binding of compounds to DNA alters the T m value,
with dependence on the strength of the interactions. [25] Upon binding of
small molecules to DNA, the T m value of the B-form DNA should become
higher, as compared to that of unbound or free DNA. In addition, as the
small molecules bind more strongly to the DNA, the increase in the T m

value will become larger. Therefore, the T m value can be used as an indi-
cator of the binding properties and binding strengths of compounds with
DNA. [19, 28]

The melting curves of CT DNA in the absence and presence of com-
pounds are presented in Figure 4. Under the present experimental condi-
tions, the melting curve has a transition, and the T m value of free double-
stranded CT DNA is (60.4 ± 0.2)◦C; when mixed with the compounds, the
observed melting temperatures of CT DNA increase to different extents and
the increases of T m (�T m) are summarized in Table 1.

FIGURE 4 Melting curves of CT DNA at 260 nm in the absence (�) and presence of 1 (✩), 2 (�), and
3 (•), in buffer B. [Drug] = 10 μM, [DNA] = 100 μM (Color figure available online).
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606 P. Zhao et al.

From Table 1, we can find that the values of �T m in the presence of
1, 2, and 3 are relatively large, suggesting that the compounds have strong
DNA binding affinities. The much larger increases of 2 and 3 than 1 could
be understood by the intense interact of both Por and DNR moieties of
these two hybrids. It is reasonable if one concludes from this result that
1 mainly binds with DNA through its cationic Por moiety while the DNR
moiety may only bind with DNA through its sugar chains and positive charge
rather than the intercalate with anthraquinone chromophore. This result is
in consistent with the ICD spectra from which we could observe negligible
DNR signal of 1. However, for hybrids 2 and 3 with longer links, besides
the tight DNA interaction of their Por moieties, the higher �T m indicates
that their DNR moieties also intercalate into DNA duplex, too. Thus, the
results of thermal denaturation further argue for the DNA binding modes
we mentioned above.

Viscosity Analysis and Equilibrium Dialysis

Without X-ray structural data Hydrodynamic methods which are sensitive
to changes in the length of DNA are arguably the most critical test of the
classical intercalation model, and therefore they provide the most definitive
means of inferring the binding mode of DNA in solution. [19] Intercalation
mode is expected to lengthen the DNA helix as the base pairs are pushed
apart to accommodate the bound ligand, leading to an increase in the DNA
viscosity. In contrast, a partial, nonclassical intercalation of ligand could bend
(or kink) the DNA helix and reduce its effective length and, concomitantly,
its viscosity. When outside binding or groove binding occurs, the viscosity of
DNA will not change basically. [29, 30] The viscosity of the buffer solutions of
CT DNA increases with the addition of the compounds, 1, 2, and 3 (Figure 5).
Such an increase provides striking evidence for the intercalation of these
hybrids into the DNA duplex. As expected, hybrids 2 and 3 show relatively
higher viscosity than that of hybrid 1.

Red precipitations were observed visually when we attempted to research
the DNA viscosity change at higher drug concentrations, similar to what
happened in the Por-AQ hybrids study. This phenomenon is common in
the viscosity research of cationic drugs with DNA and can be ascribed to the
external binding mode between the positive macrocycles and the negative
phosphate backbone. [31, 32] Equilibrium dialysis experiments were thus also
carried out to investigate the DNA binding behaviors of these compounds at
a [Drug]/[DNA] ratio of 0.08 and the results are summarized in Figure 6 as a
histogram. As is shown in Figure 6, under identical experimental conditions,
the amounts of the hybrids bound to CT DNA decreased in the order of 3 >

2 > 1. This order is in good agreement with the results of spectra and
thermal denaturation studies above and should be closely correlated with
their DNA-binding affinities.[33]
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Synthesis, DNA-Binding, and Photocleavage Properties 607

FIGURE 5 Plots of the relative viscosity change of CT DNA in the presence of 1 (•), 2 (�), and 3 (�)
in buffer A at (30 ± 0.1)◦C. [DNA] = 0.5 mM (Color figure available online).

DNA Photocleavage

We compared the DNA photocleavage abilities of Por-DNR and Por-
AQ hybrids under identical irradiation by high pressure lamp, whose main
emission wavelengths centered at 253.65, 435, and 546 nm, and gave the
results in Figure 7. Without irradiation, no substantial cleavage of DNA was
observed for all the hybrids (data not shown). Under irradiation, these Por-
DNR hybrids show higher DNA photocleavage activities than Por-AQ hybrids.

FIGURE 6 The amounts of Por-DNR hybrids bound to CT DNA (Cb) in dialysate buffer (10 mM sodium
phosphate, pH 7.0). [DNA] = 0.5 mM, C t = 50 μM, dialyse for 24 hours at 25◦C.
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608 P. Zhao et al.

FIGURE 7 Photocleavage of pBR322 plasmid DNA after irradiated by high pressure mercury lamp (b).
Ten microliters reaction mixtures contained 1.0 μg of plasmid DNA in buffer C. [Drug] = 2 μM. Lane
0: untreated DNA, no irradiation; Lanes 1∼7: in the presence of A, B, C, D, 1, 2, and 3, respectively,
irradiation for 20 minutes.

We have investigated the DNA photocleavage abilities of a serious cationic
porphyrins with different positive charges and conclude that more positive
charges and smaller steric hindrance of porphyrin will lead to a higher DNA
photocleavage efficiency.[14] This expected result here further proved the
conclusion above and the Por-DNR hybrids were considered better potential
DNA photocleaving agents. These results are in high consistent with previous
reports on the relationship between DNA binding and photocleavage of
cationic porphyrins. [14, 34, 35]

We investigated the influence of different potentially inhibiting agents
on the DNA photocleavage of the Por-DNR hybrids with longer links. Figure 8
shows the DNA photocleavage by 1 in the presence of inhibiting agents
under irradiation with visible light. The percentage of Form II DNA after
photoirradiation in the presence of 1 was decreased by the addition of NaN3,
which is known to be a scavenger of 1O2.[35] When the sample solutions were
thoroughly degassed with nitrogen gas and maintained under N2 during the
experiment, the DNA photocleavage was greatly inhibited as compared with
that in air. In addition, the photocleavage ability was substantially enhanced
by replacing the reaction media H2O by 70% D2O which makes the life span
of 1O2 longer. These results suggest that the pathway to produce Form II
DNA is aerobic and 1O2 are the reactive species responsible for the DNA
photocleavage. On the other hand, hydroxyl radical is hardly involved in the
DNA photocleavage by 1 since the addition of ethanol, methanol and DMSO,
which are known as scavengers of hydroxyl radical, did not significantly affect
the percentage of Form II DNA. Similar cases were observed for 2 and 3.

FIGURE 8 Photocleavage of pBR322 plasmid DNA in the presence of 1 and different inhibitors after
irradiation by high pressure mercury lamp for 15 minutes. Ten microliters reaction mixtures contained
1.0 μg of plasmid DNA in buffer C. [Drug] = 1.5 μM. Lane 0: DNA control; lane 1: in the presence of 1,
no inhibitor; lanes 2–6: in the presence of 1 and inhibitor: (2) 70% D2O, (3) NaN3 (5 mM), (4) DMSO
(5 mM), (5) ethanol (5 mM), (6) methanol (5 mM), and (7) under an Ar atmosphere.
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Synthesis, DNA-Binding, and Photocleavage Properties 609

TABLE 2 The slopes of the plots of the consumption of DMFU by photosensition of hybrids

1 2 3 A B C D

Sa 2.8 2.4 2.6 1.3 1.9 1.5 1.8

a. S refers to the consumption of DMFU versus illumination time. [S] = ×10−4mol.min−1.

Photosensitized productivity of 1O2 was estimated quantitatively by mea-
suring the concentration consumption of DMFU.[36] The slopes of the plots
of the consumption of DMFU versus illumination time are listed in Table 2.
The specific changes were given in supplemental materials (Figure S6). We
could find from table 2 that the Por-DNR hybrids have higher 1O2 yields than
those Por-AQ hybrids. It was widely accepted that, the long-linked cationic
porphyrin-drug hybrids are much easily to form intermolecular dimmer
through self-aggregation in aqueous buffer. The dimmers are inactive in
yielding 1O2 since the generated 1O2 could be easily quenched by the ag-
gregated molecules.[37–39] The positive charges on DNR parts of Por-DNR
hybrids will relax the intermolecular self-aggregation because of the electro-
static repulsion. Thus, the Por-DNR hybrids have higher 1O2 yields which
finally result in higher DNA photocleavage efficiencies.

The experimental protocol used here is useful in the preliminary evalu-
ation of the mechanism of DNA photocleavage, although it lacks the accu-
racy to elucidate the mechanism of DNA photocleavage in some respects.[34]

Therefore, these conclusions will have to be checked by a more precise pro-
tocol with the use of end-labeled oligodeoxynucleotides in the future.[40]

CONCLUSION

Here, the authors introduced a series of cationic Por-DNR hybrids with
various bridging links and investigated their binding behaviors with CT DNA
as well as photocleavage activities to plasmid DNA. Spectral, thermodynamic
and hydrodynamic experiments indicate the Por and DNR units in hybrids
2 and 3 with longer linkages are sterically appropriate to bis-intercalation
through their porphyrin and anthraquione plane while those of 1 suffer
from severe steric strains in binding with DNA. Moreover, the Por-DNR
hybrids have higher DNA binding and photocleavage abilities than Por-AQ
hybrids which we reported previously. The additional positive charge and
sugar chain in DNR seems very beneficial in drug-DNA interactions. The
porphyrin-daunomycin hybrids may find useful employment in investigating
the ligand-DNA interaction. Further efforts on the biological research such
as cytotoxicity and cellular uptake are currently underway.
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610 P. Zhao et al.

EXPERIMENTAL

Materials and Chemicals

Por-AQ hybrids A, B, C, and D were synthesized by the methods
we reported before.[13] 5-(4-Hydroxyphenyl)-10,15,20-tris(4-Npyridiniumyl)
porphyrin (HTPyP) was previously synthesized. [14] Daunorubicin hy-
drochloride (Sigma), 1,3-dibromopropane, hexamethylene dibromide
and 1,9-dibromononane (Sigma), silica gel (Qingdao), and chloroform
(Guangzhou) were commercially available and of analytical grade. CT DNA
and pBR322 supercoiled plasmid DNA were obtained from the Shanghai
Sangon Biotech Co., Ltd. Buffer A (5 mM Tris-HCl, 50 mM NaCl, pH = 7.2,
Tris = Tris(hydroxymethyl)aminomethane) solution was used in spectral,
viscosity and EB competing experiments and buffer B (1.5 mM Na2HPO4,
0.5 mM NaH2PO4, 0.25 mM Na2H2EDTA, pH = 7.0, H4EDTA = N,N′-ethane-
1,2-diylbis[N-(carboxymethyl)glycine]) was employed for thermal denatura-
tion studies. Gel electrophoresis studies were carried out in buffer C (50 mM
Tris-HCl, 18 mM NaCl, pH = 7.2). 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
CT DNA was sufficiently free of protein. The CT DNA concentration per
nucleotide was determined by absorption spectroscopy using the molar ab-
sorption coefficient (6600 M−1 cm−1) at 260 nm.[15]

Element analysis (C, H, and N) was carried out with a Perkin-Elmer 240
Q elemental analyzer. 1H NMR spectra were recorded on a Varian-300 spec-
trometer. All chemical shifts are given relative to tetramethylsilane (TMS).
Electrospray Ionization mass spectra (ESI–MS) were recorded on a LCQ
DECA XP system (Thremo, USA). UV–Vis spectra were recorded on a Perkin-
Elmer-Lambda-850 spectrophotometer. Emission spectra were recorded on
a Perkin-Elmer L55 spectrofluorophotometer. CD spectra were recorded
on a JASCO-J810 spectrometer. Viscosity measurements were carried out
with an Ubbelohde viscometer maintained at a constant temperature of
(30 ± 0.1)◦C in a thermostatic bath. Flow time was measured with a digital
stopwatch.

For the gel electrophoresis experiment, supercoiled pBR322 DNA was
treated with the compounds in the buffer (50 mM Tris–HCl, 18 mM NaCl,
pH 7.2), and the solution was then irradiated at room temperature with a
high presser mercury lamp. The samples were analyzed by electrophoresis
for 1.5 h at 80 V on a 1% agarose gel in Tris–HCl buffer. The gel was stained
with 1 lg/mL ethidium bromide and photographed on an Alpha Innotech
IS–5500 fluorescence chemiluminescence and visible imaging system.

The yields of singlet oxygen were estimated by the reaction between
singlet oxygen and 2,5-diamethylfuran (DMFU). The reaction was carried
out in methanol solution which contains a hybrid (100 μM), DMFU (0.1M),
and pyridine (0.6 M). The reaction solution was illuminated by the mercury
lamp-light with a yellow light filter to get visible light (λ > 470 nm). The
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concentration of DMFU was monitored by Gas Chromatography (GC-
7890II) using nonane as an internal standard.

Synthesis and Characterization

Synthesis of Porphyrin Derivates
5-(1-bromopropylhydroxylphenyl)-10,15,20-tris(4-pyridiniumyl)-porphyrin

(BrPPTPyP) 5-(4-hydroxyphenyl)-10,15,20-tris(4-N -pyridiniumyl)porphyrin
(HTPyP) was dissolved in a mixture of N,N-dimethylformamide (DMF)
6 mL. Then, Na2CO3 (100 mg) and hexamethylene dibromide (68.7 mg,
0.26 mmol) were added. The reaction mixture was stirred at room tem-
perature for 20–28 hours. The progress of the reaction was monitored by
TLC. After the reaction was complete, the reaction mixture was diluted with
CHCl3 and poured into water. The organic layer was separated and washed
with water until neutral pH, dried over anhydrous Na2SO4, and evaporated
under diminished pressure. The crude product was purified by column
chromatography. The final product was isolated as the objective BrHPTPyP
to give a red solid (178 mg, 0.153 mmol) in 61.5% yield. ESI-MS m/z 753.2
([M-H]−, calcd for C44H32BrN7O: 754.3).

5-(bromohexylhydroxylphenyl)-10,15,20-tris(4-pyridiniumyl)-porphyrin (BrHPT-
PyP) and 5-(1-bromodecylhydroxylphenyl)-10,15,20-tris(4-pyridiniumyl)-porphyrin
(BrDPTPyP) were similarly prepared, replacing 1,3-dibromopropane by hex-
amethylene dibromide and 1,10-dibromononane, respectively.

BrHPTPyP. Yield: 63.2%. ESI-MS m/z 795.2 ([M-H]−, calcd for
C22H22BrNO3: 796.2).

BrDPTPyP. Yield: 68.6%. ESI-MS m/z 851.3 ([M-H]−, calcd for
C22H22BrNO3: 852.3).

Synthesis of Por-DNR Hybrids
The synthetic scheme of Por-DNR hybrids is shown in Scheme 1.
Synthesis of compound 1. Daunorubicin hydrochloride was firstly dis-

solved in double distilled water and 5% NaOH solution was added to ad-
just the pH to 10. The daunorubicin was then precipitated and extracted
by dichloromethane. The organic phrase was evaporated and the deproto-
nated daunorubicin was obtained after drying under vacuum. Deprotonated
daunorubicin (0.5 mmol, 0.272 g) and anhydrous K2CO3 (0.7 g) in dry DMF
(20 mL) were stirred for 2 hours at room temperature. Then BrPPTPyP
(0.5 mmol, 0.376 g) was added to the activated daunorubicin, and the mix-
ture was then stirred for 36 hours at room temperature. The progress of the
reaction was monitored by TLC. The reaction mixture was then diluted by
CHCl3 and DMF was washed out by water. The extracted crude material was
purified by chromatography. Evaporation of solvent afforded compound 1a
as a purple powder (yield: 0.394 g, 65%). 1a was methylated in 5 mL of DMF
with methyl iodide (0.8 ml) for 3 hours at room temperature. The solvent and
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612 P. Zhao et al.

methyl iodide were removed under vacuum. Subsequently, the residue was
dissolved in a 1 M solution of hydrochloride in methanol and then precipi-
tated with ethyl ether as hydrochloride salt, which was washed with ethyl ether
until neutral pH and dried under vacuum. Compound 1 was thus obtained
quantitatively. Yield: 0.384 g, 94%. (Found: C, 67.38; H, 6.13; N, 8.32%. Calc.
for C75H73I3O11N8.4H2O: C, 67.51; H, 6.07; N, 8.40%). ESI-MS m/z 319.3
(M4+, calcd for C75H73O11N8: 1262.4). 1H NMR (300 MHz, DMSO): chem-
ical shift δ 13.9 (s, 2H, cyclo-OH), 9.37(d, J = 5.9 Hz, 6H, 2, 6-pyridinium),
9.26(s, 4H, β-pyrrole), 9.03(d, J = 6.6 Hz, 4H, β-pyrrole), 8.90(s, 6H, 3,5-
pyridinium), 8.65(s, 2H, 2, 6-phenyl), 8.01(s, 2H, 3,5-phenyl), 7.08(s, 2H,
phenyl-OH), 5.49 (d, 8H, J = 3.4 Hz, cyclo-H), 5.09(s, 1H, NH), 4.73(s, 9H,
N+-Me), 4.68 (s, 2H, OH), 4.07 (s, 3H, OMe), 3.64 (s, 3H, DNR-phenyl), 2.4
(s, 6H, CH3), 1.18–1.90(m, 12H, -(CH2)3-), and -3.10(s, 2H, NH pyrrole).

Compounds 2 and 3 were similarly prepared, replacing BrPPTPyP by
BrHPTPyP and BrDPTPyP, respectively.

2, yield: 89%. (Found: C, 69.13; H, 6.22; N, 8.23%. Calc. for
C78H78I3O4N8.3H2O: C, 69.03; H, 6.19; N, 8.26%). ESI-MS m/z 330.3 (M4+,
calcd for C78H78O4N8:1304.2). 1H NMR (300 MHz, DMSO): chemical shift δ:
13.6 (s, 2H, cyclo-OH), 9.32(d, J = 5.9 Hz, 6H, 2, 6-pyridinium), 9.21(s, 4H,
β-pyrrole), 9.03(d, J = 6.6 Hz, 4H, β-pyrrole), 8.90(s, 6H, 3,5-pyridinium),
8.63(s, 2H, 2, 6-phenyl), 8.01(s, 2H, 3,5-phenyl), 7.02(s, 2H, phenyl-OH),
5.49 (d, 8H, J = 3.4 Hz, cyclo-H), 5.09(s, 1H, NH), 4.73(s, 9H, N+-Me), 4.68
(s, 2H, OH), 4.07 (s, 3H, -OMe), 3.64 (s, 3H, DNR-phenyl), 2.4 (s, 6H, CH3),
1.18–1.90(m, 12H, -(CH2)6-), and -3.13(s, 2H, NH pyrrole).

3, yield: 87% (Found: C, 68.44; H, 6.65; N, 7.78%. Calc. for
C82H86I3O11N8.4.5H2O: C, 68.38; H, 6.61; N, 7.78%). ESI-MS m/z 344.1
(M4+, calcd for C82H86O11N8:1360.3).1H NMR (300 MHz, DMSO): chemi-
cal shift δ: 13.4 (s, 2H, phenyl-OH), 9.31(d, J = 5.9 Hz, 6H, 2, 6-pyridinium),
9.22(s, 4H, β-pyrrole), 9.03(d, J = 6.6 Hz, 4H, β-pyrrole), 8.90(s, 6H, 3,5-
pyridinium), 8.63(s, 2H, 2, 6-phenyl), 8.01(s, 2H, 3,5-phenyl), 7.01(s, 2H,
cyclo-OH), 5.44 (d, 8H, J = 3.4 Hz, cyclo-H), 5.09(s, 1H, NH), 4.73(s, 9H,
N+-Me), 4.65 (s, 2H, OH), 4.07 (s, 3H, -OMe), 3.64 (s, 3H, DNR-phenyl), 2.4
(s, 6H, CH3), 1.18–1.90(m, 20H, -(CH2)10-), and -2.92(s, 2H, NH pyrrole).

All the data of NMR (Figure S1) and MS (Figure S2) was provided as
supplementary materials.

SUPPLEMENTAL DATA

Supplementary data for this article can be accessed at [publisher’s
weblink].
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