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Abstract

Some novel water-soluble polymer—copper(Il)—phenanthroline complex samples, [Cu(phen),(BPEI)]Cl,-4H,0 (phen = 1,10-phenanthro-
line, BPEI = branched polyethyleneimine), with different degrees of copper complex content in the polymer chain have been prepared by ligand
substitution method in water—ethanol medium and characterized by infrared, UV—visible, EPR spectral and elemental analysis methods. The
binding of these complex samples with DNA has been investigated by electronic absorption spectroscopy, emission spectroscopy and gel retar-
dation assay. Electrostatic interactions between DNA molecule and polymer—copper(Il) complex molecule containing many high positive
charges have been observed. Besides these ionic interactions, van der Waals interactions, hydrogen bonding and other partial intercalation bind-
ing modes may also exist in this system. The polymer—copper(II) complex with higher degree of copper complex content was screened for its

antimicrobial activity and antitumor activity.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Deoxyribonucleic acid (DNA) is the primary target mole-
cule for most anticancer and antiviral therapies according to
cell biology [1]. Investigations of the interactions of DNA
with transition metal complexes are basis to design new types
of the pharmaceutical molecules to elucidate the mechanism
involved in the site specific recognition of DNA and to deter-
mine the principles governing the recognition [2,3]. Various
types of interaction of these metal complexes with DNA
have been reported. An electrostatic interaction that extends
the negatively charged phosphates outside the DNA double he-
lix, interaction with grooves of DNA, and intercalation model
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in which the base pairs of DNA unwind to accommodate the
intercalating agent are some important binding modes.
Copper is a physiologically important metal element that
plays an important role in the endogenous oxidative DNA
damage associated with aging and cancer [4]. Among the cop-
per complexes explored so far, attention has been mainly
focused on the copper(Il) complexes of 1,10-phenanthroline li-
gand due to their high nucleolytic efficiency [5] and numerous
biological activities such as antitumor [6], anti-candida [7],
and antimicrobial [8,9] activities, etc. These complexes have
also been widely utilized as foot printing agents of both pro-
teins and DNA [10], probes of the dimensions of the minor
groove of duplex structures [11], and identifiers of transcrip-
tion start sites [12]. Recently, it has been reported that a binu-
clear copper(Il) complex containing 1,10-phenanthroline and
a trinuclear copper(Il) complex containing di-(2-picolyl)amine
bind strongly with DNA and cleave more effectively than their
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corresponding monomeric complexes [13—16]. The bis-(phen)
copper complex is proposed to bind to DNA by partial interca-
lation of one phenanthroline ring, while the other makes favor-
able contacts in the minor groove [17]. The reports by Burrows
et al. [18] advocate design studies on metal complexes with
nitrogen-donor ligands that can participate in both hydrogen
bonding and mw—7t interactions for molecular recognition and
crystal engineering applications. We envisioned that coopera-
tive effect arising from such non-covalent interactions would
be a valuable principle in the development of new metal based
probes which recognize biomolecular targets with high
specificity.

It has been noticed that drug—polymer conjugates are po-
tential candidates for the selective delivery of anticancer
agents to tumor tissue [19] and only a very few reports are
available for the use of drug—polymers as anticancer drugs
[20]. Polyethyleneimine (PEI) is a cationic polymer exhibiting
the highest positive charge density potential [21] and, recently,
PEI has appeared as a possible alternative to viral and liposo-
mal routes of gene delivery [22]. PEI possesses quite a number
of advantages as polymer chelating agent, such as good water
solubility, high content of functional groups, good physical
and chemical stability, etc. [23].

We are interested in the synthesis of polymer—copper(II)—
phenanthroline complex composed of polymeric ligand and
copper complex units in which the copper complex units are
linked to the polymeric ligand by a coordinate bond. The
linker might provide additional favorable interactions, such
as hydrogen bonding and van der Waals forces, within the
groove to further enhance DNA binding and specificity. Re-
cently, we have reported interesting results on the various in-
teraction nature of some polymer—cobalt(Ill) and copper(Il)
complexes containing amino acids [24,25]. In this paper we
report the synthesis and DNA binding studies of some
polymer—copper complex (containing 1,10-phenanthroline)
samples with varying amounts of copper complex units in
the polymer chain. Also, we report the antitumor and antimi-
crobial activities of a sample of this complex.

2. Results and discussion
2.1. Degree of coordination

The structure of the polymer—copper(Il) complex is
shown in Fig. 1. In this figure ‘x’ represents the degree of
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coordination. The degree of coordination (x) means the
number of moles of copper(Il) chelate per mole of the re-
peating unit (amine group) of polymeric ligand. If all the
repeating units (amine groups) in the polymer are coordi-
nated to copper, then the value of x is 1. The degree of
coordination (x) of the copper chelate in the polymer—
copper(Il) complex was calculated either from the carbon
content [26,27] or copper content [28]. The degree of
coordination (x) thus obtained for the polymer—copper(Il)
complex samples synthesized are 0.094, 0.103 and 0.143.
The x value of the polymer—copper(Il) complex was found
to reach a constant level of about 0.143. Even if the copper
chelate was added in large excess or the reaction mixture
was warmed for more than 12 h, we could not obtain poly-
mer—copper(I) complex samples with degree of coordina-
tion more than 0.143. This may be ascribed to the steric
hindrance between metal complex units in the polymer
chain which prevents further coordination [26].

2.2. Spectral characterization

The IR bands, » (C—H) 853 cm ™! and 737 cm™ ", observed
for phenanthroline are redshifted to 848 cm ™' and 729 cm ™'
in the complex. This shift can be explained by the fact that
the two nitrogen atoms of phenanthroline ligands donate
a pair of electrons each to the central copper metal, forming
a coordinate covalent bond [29]. Besides, it is also confirmed
by the shift of » (C—N) of phenanthroline from about
1670 cm ™" in the free ligand to 1621 cm ™" after coordination
[30]. The bands around 2925 cm™ ! and 2853 cm ™! can be as-
signed to C—H asymmetric and symmetric stretching vibration
of aliphatic CH, of BPEI. The broad band observed around
3433 cm ™' is assigned to the N—H stretching of BPEI [23].

In the UV—visible region, the intense absorption bands ap-
peared from 220 to 270 nm are attributed to ligand based tran-
sitions. Another band which appeared around 654 nm is
assigned to ligand field transitions.

The EPR spectrum of the polymer—copper(Il) complex
(x=10.143) was recorded in X-band frequencies in frozen so-
Iution (77 K) and is shown in Fig. 2. The complex exhibits
well-defined single isotropic feature near g =2.0914. Such
isotropic lines are usually a result of intermolecular spin ex-
change, which broadens the lines. This intermolecular type
of spin exchange is caused by the strong spin coupling which
occurs during a coupling of two paramagnetic species.

NH-CH,-CH,

1-x

Fig. 1. Structure of [Cu(phen),(BPEI)]Cl,-4H,0.
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Fig. 2. EPR spectrum of [Cu(phen),(BPEI)]Cl,-4H,O (x=0.143) in
DMSO at liquid nitrogen temperature.

2.3. DNA-binding studies

2.3.1. Absorption spectral studies

The application of electronic absorption spectroscopy in
DNA binding studies is one of the most useful techniques.
The absorption spectra of polymer—copper(Il) complex
(x=0.143) in the absence and presence of calf thymus DNA
are shown in Fig. 3. In the UV region, the complex shows
two bands at 225 and 266 nm, which can be attributed to the
m—t* transition of the coordinated phenanthroline ligand.
Upon the addition of incremental amounts of DNA, the ab-
sorption band of the complex exhibits hyperchromism and
blue shift. A similar hyperchromism has been observed for
the Soret bands of certain porphyrins when interacted with
DNA but has not yet been clearly explained [31].

The polymer—copper(Il)—phenanthroline complex can
bind to the double stranded DNA in different binding modes
on the basis of their structure and charge and type of ligands.
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Fig. 3. Absorption spectra of [Cu(phen),(BPEI)]Cl,-4H,0 (x =0.143) in the
absence (a) and in the presence of increasing amounts of DNA (b—f), [Com-
plex] = 15 pM, [DNA] = 0.5—2.6 uM. Arrow shows the absorbance changes
upon increasing DNA concentrations. Inset: plot of [DNA]/(e, — &) vs [DNA].

Our polymer—copper(Il) complexes containing several methy-
lene groups in the branched polyethylene (BPEI) can bind to
DNA by van der Waals interactions between the methylene
groups and the thymine methyl groups [32]. On the other
hand, since DNA possesses several hydrogen bonding sites
which are accessible both in minor and major grooves, it is
likely that the amine groups of BPEI form hydrogen bonds
with N-3 of adenine or O-2 of thymine in the DNA, which
may contribute to the hyperchormism observed in the absorp-
tion spectra. The hyperchromic effect may also be due to the
electrostatic interaction between positively charged polymer
(BPEI) and the negatively charged phosphate backbone at
the periphery of the double helix CT DNA [33].

Structurally, intercalation with DNA may be one of the
binding patterns, since our polymer—copper(Il) complexes
contain phenanthroline ligands which should provide aromatic
moiety extending from the metal centre through which over-
lapping occurs with base pairs of DNA by intercalation. It
has been reported that simple bis(1,10-phenanthroline) cop-
per(Il) complexes apparently bind to DNA by intercalation
[17,34]. Recently, Zhang et al. [13] have indicated that a binu-
clear copper(Il) complex containing 1,10-phenanthroline li-
gand intercalatively binds into the base pairs of DNA. In our
complexes the copper(Il)—phenanthroline complex moieties
are randomly coordinated to the branched polymer, hence
complete intercalation of the phenanthroline ligand between
a set of adjacent base pairs is sterically impossible, but some
type of partial intercalation can be envisioned [35].

Viscosity and circular dichroism measurements could have
been helpful to us to confirm the intercalative behaviour. But
as our systems are polymeric and DNA being another polymer,
we were not able to use viscosity method, because not only
changes in the structure of DNA but also the changes in the
structure of the polymer—copper(Il) complex would change
the viscosity of the solution. So it will not be possible to re-
solve the changes in the viscosity behaviour if at all there is
a change in the viscosity behaviour. Also, we could not do cir-
cular dichroism measurements due to the same problem of
precipitation at the necessary concentrations of complex and
DNA.

The intrinsic binding constant, K, for the interaction of
polymer—copper(Il) complex samples with DNA was obtained
from absorption titration data at 266 nm where only polymer—
copper(II) complex absorbs in the concentration range used.
No absorption could be observed for DNA. Our attempts to de-
termine the binding constant for the polymer—copper(Il) com-
plex samples using the visible region of the spectrum were
unsuccessful due to the necessity of using very high concentra-
tion of the polymer—copper(Il) complex at which the com-
plex—DNA adduct precipitates out of the solution. The
intrinsic binding constant, K}, has been determined using the
equation [36]:

[DNA]/ (. — &) = [DNA]/(e» — &) + 1/Ky (e — &),

where [DNA] is the concentration of DNA in base pairs, &,, &
and ¢, correspond to Agpsg/[total copper complex units], the
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extinction coefficient of the complex in its free form and the
extinction coefficient of the complex in the fully bound
form, respectively. A plot of [DNA]/(e, — &) vs [DNA] gives
K, as the ratio of the slope to the intercept.

The K, values of polymer—copper(Il) complex with differ-
ent degrees of coordination of copper(Il)-chelate content are
shown in Table 1 which indicates that complex with highest de-
gree of copper complex content has highest K}, value. The sig-
nificant difference in DNA binding affinity of the three
polymer—copper(Il) complex samples can be understood as
a result of the fact that the complex with highest degree of cop-
per content shows strongest binding with DNA. This may be
due to the high positive charges and large number of phenan-
throline moieties present in the complex which cooperatively
act to increase the overall binding ability of the polymer—cop-
per(Il) complex molecule to DNA. The K}, values obtained for
our polymer—copper(Il) complex samples are very much higher
than any other known mononuclear and binuclear copper(Il)
complexes containing 1,10-phenanthroline (Cu(phen),Cl,
(Ky, 2.75x10°M™") [16], Cuy(phen),Cl, (K, 4.75 %
10* M1 [13]) and higher than known association constant of
PEI to DNA (K,, 1.2 x 10° M~ 1) [37].

2.3.2. Fluorescent spectral studies

No fluorescence was observed for the polymer—copper(Il)
complexes at room temperature in aqueous solution or in the
presence of calf thymus DNA. So the binding of polymer—
copper(Il) complexes and DNA cannot be directly presented
in the emission spectra. Hence, competitive ethidium bromide
(EB) binding studies were undertaken to gain support for the
extent of binding of polymer—copper(Il) complex with
DNA. The molecular fluorophore, EB, emits intense fluores-
cence light in the presence of CT DNA due to its strong inter-
calation between the adjacent DNA base pairs [38]. It has been
previously reported that the fluorescent light can be reduced by
the addition of a second molecule [39], indicating the compe-
tition of second molecule with EB in binding to DNA. Two
mechanisms have been proposed to account for this reduction
of EB emission, the replacement of the molecular fluorophore
and/or electron transfer. The non-replacement based quench-
ing has been correlated with DNA-mediated electron transfer
from the excited EB to an acceptor (i.e., metal ion). Recently,
Ni et al. [14] found that fluorescence reduction of fluorophore
NR (neutral red dye) in the presence of DNA by Cu(phen)3 "
may be due to the replacement of the DNA intercalator, i.e.,
NR. This means that the complex interacts with the same
site as NR does. Zhang et al. [13] have also reported that

Table 1
The intrinsic binding constants (Ky,) of [Cu(phen),(BPED)]CI,-4H,0 with calf
thymus DNA

Complex X Amax> M Ky, M™h
(e, Mtem™)
[Cu(phen),(BPEI)]Cl,-4H,0 0.094 264 (50,853) 5.95 x 10°
0.103 265 (51,993) 6.86 x 10°
0.143 265 (53,685) 7.96 x 10°

binuclear copper(Il) complex of 1,10-phenanthroline ligand
can competitively bind to the EB—DNA system by intercala-
tion. On the other hand, Bronich et al. [40] have reported
that the addition of a copolymer (i.e. polyethyleneglycol—pol-
yethyleneimine (PEI)) to EB—DNA complex can result in
quenching of the fluorescence due to the displacement of EB
by the copolymer. Xiao and Zhan [33] have studied the effect
of polymeric Schiff base—nickel complexes on the fluores-
cence of EB—DNA system and they have suggested that a por-
tion of the metal complex possessing a planar aromatic moiety
can intercalate with adjacent base pairs, which in turn can in-
hibit EB binding to calf thymus DNA competitively. In our
studies the addition of the polymer—copper(Il) complex to
DNA pretreated with EB causes appreciable reduction in the
emission intensity (Fig. 4), indicating that the replacement
of the EB fluorophore by the polymer—copper(Il) complex
results in decrease in the emission intensity. The polymer—
copper(Il) complex with higher degree of coordination has
led to a larger reduction in emission intensity in the presence
of DNA. This may be due to the larger number of copper(Il)
chelates (containing phenanthroline ligands) present in the
polymer chain which hinders intercalation of EB into DNA
and thus decreasing the binding ability between EB and calf
thymus DNA.

2.3.3. Gel electrophoresis

Preliminary results from the absorption and fluorescence
spectral studies show that the polymer—copper(Il) complex
with high copper(Il)-chelate content binds strongly to DNA.
Binding of this complex with DNA was also studied by gel
electrophoresis using plasmid pBR322 DNA. This DNA
moves on agarose gel under the influence of electrical field.
This movement is retarded when they are bound to other mol-
ecules. Many polycationic polymer molecules interact with
DNA through electrostatic interactions between phosphate
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Fig. 4. Emission spectra of EB bound to DNA in the absence (---) and in the
presence of [Cu(phen),(BPEI)]Cl,-4H,0 (—) (x=0.143), [EB]=4 uM,
[DNA] =4 puM, [Complex] = 0—4 uM.
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groups of the DNA and oppositely charged groups of polymer
[41,42]. Forrest et al. [43] and Vinogradov et al. [44] have re-
ported that the polymer, polyethyleneimine (PEI), retards the
DNA migration in agarose gel electrophoresis and they sug-
gest that the binding between DNA and polyethyleneimine
(PED) is thought to occur mainly through electrostatic interac-
tions among the participating species. Recently, Annaraj et al.
[45] observed that phenanthroline containing mixed ligand
copper(Il) complexes retard the mobility of DNA due to the
intercalation of the planar phenanthroline groups. Similar re-
tardation in the DNA mobility has also been observed due to
the intercalation by ruthenium complexes [46]. In order to sub-
stantiate the ionic binding of our polymer—copper(Il) complex
to DNA, gel retardation assay was performed on pBR322
DNA (Fig. 5). Lane 1 is pure DNA not treated with the com-
plex. Lanes 2—8 represent the DNA treated with increasing
amounts of the polymer—copper(Il) complex. As seen from
the figure (lanes 2 and 3), the DNA band migrates completely
with increasing the complex concentration (10 and 20 uM),
but at higher complex concentration (30—50 puM), the migra-
tion of DNA band diminishes (lanes 4—6) and in lanes 8
and 9, due to very high concentration (60 and 70 uM), and
complete retardation of the DNA band has been observed.
This clearly demonstrates that the cationic segments of the
polyethyleneimine neutralize the negative charges of DNA
which could have facilitated further due to the increased inter-
calation of the planar phen groups of copper(II) complex moi-
eties. The same behaviour in the electrophoresis has been
observed earlier by us in the case of some polyethyle-
neimine—copper(Il)/cobalt(IIl) complexes [24,25].

2.3 4. Antibacterial and antifungal screening

The polymer—copper(Il) complex (x = 0.143) was screened
in vitro for its anti microbial activity against certain patho-
genic bacterial and fungal species using disc diffusion method.
The complex was found to exhibit considerable activity
against Gram positive and Gram negative bacteria and the
pathogenic yeast Candida albicans. The test solutions were
prepared in dimethyl sulfoxide (1%) and the results of the an-
timicrobial activities are summarized in Table 2.

Zoroddu et al. [9] have reported that neither phenanthroline
ligand alone nor copper(Il) chloride itself showed any signifi-
cant activity against the Gram negative and Gram positive bac-
teria but the copper(Il)—phenanthroline complex exhibited
considerable activity against Gram positive Staphylococcus au-
reus and Gram negative Escherichia coli, but inactive against

Fig. 5. Gel retardation assay of pBR322 DNA by [Cu(phen),(BPEID)]Cl,-4H,0O
(x=0.143). Lane 1: DNA alone, lanes 2—8: DNA + polymer—copper(1l)
complex in the concentration of 10, 20, 30, 40, 50, 60, 70 uM.

Table 2
Antimicrobial activities of [Cu(phen),(BPEI)]Cl,-4H,0 (x =0.143)

Test organisms Diameter of inhibition zone (mm)

BPEI [25] Standard [Cu(phen),(BPEI)]
Cl,-4H,0
Staphylococcus aureus 7 16 25
Bacillus subtilis 9 17 23
Escherichia coli 8 16 20
Pseudomonas aeruginosa 7 17 14
Candida albicans 6 12 25

Standard — ciprofloxacin for bacteria and clotrimazole for fungus. Solvent —
DMSO (showed nil effect against the microorganisms under test).

Gram negative Pseudomonas aeruginosa. In our biological ex-
periments, using polymer—copper(Il) complex (x = 0.143), we
have observed high antimicrobial activity against Gram posi-
tive bacteria S. aureus and Bacillus subtilis and Gram negative
bacteria E. coli and P. aeruginosa. The polymer—copper(Il)
complex has shown high activity against Gram positive than
Gram negative bacteria. The polymer—copper(Il) complex is
also very active against the yeast C. albicans. In all the cases ex-
cept Gram negative P. aeruginosa, the polymer—copper(Il)
complex has shown very high activity than the standard antibac-
terial and antifungal agents, ciprofloxacin and clotrimazole,
respectively (Fig. 6). In our early study we have reported the an-
timicrobial activity of the polymer (BPEI) alone [25]. It showed
some activity against all microorganisms but the effect was very
small compared to polymer—copper(Il)—phenanthroline com-
plex. It may be concluded that our polymer—copper(Il) com-
plex inhibits the growth of bacteria and fungi to a greater
extent compared to the standard drugs.

2.3.5. Cytotoxicity assay

We examined the effects of the polymer—copper(Il) com-
plex (x=0.143) on cultured NCI-H460 human lung cancer
cells by exposing cells for 24 and 48 h to the medium contain-
ing the complex at 10—80 pg/mL concentration. Bright field
microscopic analysis with control (Fig. 7a) and treated cells
(Fig. 7b) revealed that the complex produced dose- as well
as duration-dependent cytotoxic effect in the cells. The results
of MTT assay (Fig. 8) indicated that the complex inhibited the
growth of the lung cancer cells significantly in a dose- and
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Fig. 6. Graphs showing diameter inhibition zone vs test organisms (standard —
ciprofloxacin for bacteria and clotrimazole for fungus).
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w

Fig. 7. Detection of nuclear changes by triple comparative staining preparation of NCI-H460 cells treated for 24 h with 10 uM CPY. Bright field microscopy of
untreated cells (a); treated cells (b). Fluorescent microscopy of Hoechst 33258 stained untreated cells (c); treated cells (d). Fluorescent microscopy of acridine
orange/ethidium bromide stained untreated cells (e); treated cells (f). Light microscopy of Leukostat stained untreated cells (g); treated cells (h). Arrow heads

indicate dot-like chromatin (apoptotic cells).

duration-dependent manner. For 24 h treatment period, higher
concentrations of the complex were required to kill the cells
whereas for 48 h treatment the cell killing occurred at lower
concentrations. The ICso value of the complex was slightly
higher for the 24 h treatment groups, i.e., in the range of
17.5—19.5 pg/mL, whereas for the 48 h treatment groups the
ICs( value fell in the range of 11.5—13.2 ug/mL (Fig. 8).

2.3.6. Hoechst 33258 staining

After the cells were treated with ICs concentrations of pol-
ymer—copper(Il) complex (x =0.143) (10—40 pg/mL) for 24
and 48 h the cells were observed for cytological changes
adopting Hoechst 33258 staining. The observations revealed
that the complex brought about cytological changes such as
chromatin fragmentation, binucleation, cytoplasmic vacuola-
tion, nuclear swelling, cytoplasmic blebbing and late apoptosis
indication of dot-like chromatin and condensation (Fig. 7d)
whereas untreated cells did not show such changes (Fig. 7c).
Data collected from the manual counting of cells with normal
and abnormal nuclear features are shown in Fig. 9. Both apo-
ptotic and necrotic cells increased in dose-dependent manner.

2.3.7. Special staining for cell death assessment

To quantify cell death, we adopted Leukostat as well as
AO/EB staining. Treatment of cells with polymer—copper(Il)
complex (x = 0.143) for 24 and 48 h induced apoptosis. Using
Leukostat triple staining, apoptosis was inferred based on the
changes in the overall profile of the cell, and with special ref-
erence to chromatin condensation and apoptotic body forma-
tion. Normal cells were uniformly stained, both in respect of
nuclei and cytoplasm (Fig. 7g) whereas cells in early apoptosis
had normal profile of the cell membrane but the chromatin was

condensed and the nuclei were irregularly shaped, cells in late
apoptosis had intensely stained cell membrane with blebs and
darkly stained highly condensed nuclei, and cells undergoing
necrosis had lost the nuclear basophilia and, in their final
stage, usually appeared as “‘ghosts” due to cell lysis (Fig. 7h).

AO/EB staining adopting fluorescence microscopy also re-
vealed apoptosis from the perspective of fluorescence. After
H460 cells were exposed to various concentrations of poly-
mer—copper(Il) complex (x = 0.143) for 24 and 48 h, the cells
were classified into four types according to the fluorescence
emission and the morphological feature of chromatin conden-
sation in the stained nuclei. (1) Viable cells had uniformly
green fluorescing nuclei with a highly organized structure
(Fig. 7e). (2) Early apoptotic cells (which still had intact

IC5, Value
24 h-17.5t0 19.5 ug/mL

100 48 h-11.5t0 13.2 ug/mL

% inhibition

0 T T T T T T T |
Control 10 20 30 40 50 60 70 80

pg/mL

Fig. 8. Graphs showing % inhibition vs different concentrations for NCI-H460
cancer cells exposed to the complex Cu(phen),(BPEI)CI|Cl,-4H,0. The
treatment with the complex affects viability of cells in dose- as well as dura-
tion-dependent manner. The ICsy range of [Cu(phen),(BPEID)]Cl,-4H,0O for
NCI-H460 cells is shown on top right. The values are indicated in range.
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Fig. 9. Stacked column of 100% for comparison of percent cells in normal,
necrosis and apoptosis as revealed by AO/EB, Leukostat and Hoechst 33258
staining followed by manual counting. All staining techniques reveal similar
data, indicating that all are efficient, though morphological and cytological
manifestations differ.

membranes but had started undergoing DNA fragmentation)
had green fluorescing nuclei, but perinuclear chromatin con-
densation was visible as bright green patches or fragments.
(3) Late apoptotic cells had orange to red fluorescing nuclei
with condensed or fragmented chromatin. (4) Necrotic cells
had uniformly orange to red fluorescing nuclei with no indica-
tion of chromatin fragmentation and the cells were swollen to
large size (Fig. 7f). The results suggest that polymer—cop-
per(Il) complex (x=0.143) treatment caused more cells to
take to death in NCI-H460 cells.

Data from the three staining methods were compared. Data
on cells indicating cell death morphologies, induced on treat-
ment with various concentrations of polymer—copper(Il) com-
plex (x =0.143) for 24 and 48 h, followed by staining with
Hoechst 33258, Leukostat and AO/EB, collected from manual
counting of cells, are presented in Fig. 9, which indicates that
all the three staining methods are efficient in revealing the in-
cidence of both apoptosis and necrosis.

2.3.8. Efficiency of the complex in killing cancer cells

Thus, polymer—copper(Il) complex synthesized by us was
tested in NCI-H460 cancer cell line adopting antiproliferation
and cell morphological assays to find the efficiency in killing
the cells and the underlying specific mechanism. Our poly-
mer—copper(Il) complex has a dose- and duration-dependent
relationship in dealing with the cancer cell. Exposing NCI-
H460 cells to polymer—copper(Il) complex (x=0.143) led
to severe disruption of cellular morphologies such as nuclear
abnormalities, membrane ‘blebbing’ and chromatin fragmen-
tation, which are characteristic of cells dying through specific
cell death mechanism. These morphological features were
classified based on nuclear as well cytoplasmic features, which
reveal that a higher percentage of cell death is produced in
48 h with a lesser concentration than 24 h and also response
to dosage. At 40 ng/mL is higher percentage of necrosis
than other lower doses.

3. Conclusion

Some new water-soluble polymer—copper(Il) complexes
with different degrees of copper(Il)—phenanthroline complex
moieties on the polymer chain have been synthesized and
characterized by infrared, UV—visible, EPR spectral and ele-
mental analysis methods. The DNA binding studies of these
polymer—copper(Il) complexes with different percentage of
copper(Il)—phenanthroline complex moieties have been exam-
ined by absorption spectroscopy, fluorescence spectroscopy
and gel retardation assay. We conclude that the presence of
multiple copper(Il)—phenanthroline complex moieties and
free NH groups, in a single big size polymer molecule, can en-
hance the various binding abilities of such systems with DNA.
The electrostatic interaction between DNA molecule and pol-
ymer—copper(I) complex molecule containing many high
positive charges has been observed. Besides this ionic interac-
tion, van der Waals interaction, hydrogen bonding and other
partial intercalation binding modes may also exist in this sys-
tem. The polymer—copper(Il) complex showed good antimi-
crobial activity against Gram positive and Gram negative
bacteria and fungi than the standard antibiotic and antifungal
drugs, ciprofloxacin and clotrimazole, respectively. The anti-
proliferative and morphological effects of polymer—copper(II)
complex sample with high degree of coordination appear to be
specific on killing of cells. In future, this complex might prove
to be of application in target-based cancer therapy since the
mechanism of cell death appears to be essentially apoptosis
but necrosis also is one of the desired endpoints in cancer ther-
apy. From these perspectives, it would be pertinent to confirm
the mechanisms of cell killing in the present context by adopt-
ing appropriate molecular techniques including expression of
pro- and anti-apoptotic genes and caspases in the case of apo-
ptosis, and oxidative damage in the case of necrosis.

4. Experimental

Copper chloride hexahydrate and 1,10-phenanthroline were
purchased from Merck, India. Calf thymus DNA and branched
polyethyleneimine (BPEI) (M, ca. 25,000) obtained from Sig-
ma—Aldrich, Germany, were used as such. Plasmid pBR322
DNA was purchased from Genei, India. The complex
[Cu(phen),CI]Cl] was prepared as reported earlier [47]. The car-
bon, hydrogen and nitrogen contents of samples were deter-
mined at SAIF, Lucknow, India. Absorption spectra were
recorded on an UV—VIS-NIR Cary300 Spectrophotometer us-
ing cuvettes of 1-cm path length, and emission spectra were re-
corded on a JASCO FP 770 spectrofluorimeter. FT-IR spectra
were recorded on an FT-IR Perkin—Elmer spectrophotometer
with samples prepared as KBr pellets. EPR spectra were re-
corded on Varian E-112 EPR spectrometer at LNT (77 K), the
field being calibrated with diphenylpicryl hydrazyl (DPPH,
g =2.0037) at SAIF, I.L.T., Chennai, India. The antimicrobial
screening studies were carried out at Periyar College of Pharma-
ceutical Sciences, Tiruchirappalli, India and the bacteria and
fungus species were obtained from National Chemical
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Laboratory (NCL), Pune, India. Ciprofloxacin and clotrimazole
discs were purchased from HiMedia Laboratories Pvt. Ltd.,
India.

4.1. Synthesis of polymer—copper(Il) complex samples

To a solution of BPEI (0.15 g, 3.40 mmol of monomer unit)
dissolved in ethanol (15 mL), [Cu(phen),CI]Cl1 (1.5g,
2.82 mmol) in water was added slowly with stirring. The mix-
ture was heated between 50 and 60 °C for 12 h in a water bath.
After being warmed enough, the dark blue solution was dia-
lysed approximately at 15 °C against distilled water for 4—5
days. Afterwards the solvent was evaporated by a rotary evap-
orator under reduced pressure at room temperature. A dark
bluish filmy substance was obtained. It was pulverized and
dried (the scanning electron micrograph of the complex is
shown in Fig. 10). Yield, 0.2 g (Calcd C 46.15, H 7.47, N
17.83, found: C 46.15, H 7.51, N 17.07 and x = 0.143).

The polymer—copper(Il) complex samples with various
amounts of copper(Il) complex units bound to the polymer
chain were synthesized by some modifications in the above ex-
perimental procedure. That is the amount of [Cu(phen),Cl]Cl
in the reaction solution was varied between 0.6 and 1.0 g. Also
the reaction period has been kept between 6 and 10 h.

4.2. Copper analysis

Copper content in the polymer chain of the polymer—cop-
per(Il) complex was estimated by a slight modification of the
reported procedure [28]. A known weight of the complex
(0.02 g) was dissolved in 2 mL of concentrated nitric acid.
The solution was gently warmed. After being cooled, the pH
of the solution was adjusted to >5 with 6 M NaOH. The solu-
tion was transferred into 10 mL volumetric flask and made
upto the mark with aqueous NHj. The absorbance of this so-
lution was measured against a reagent blank. From the absor-
bance, the concentration of copper was calculated. Knowing
the concentration of copper present in a given weight of the

SE 06-0ct-06

Fig. 10. Scanning electron micrograph of [Cu(phen),(BPEI)]Cl,-4H,0
(x=0.143).

polymer—copper(Il) complex, the ratio of the number of moles
of amine groups coordinated to the copper chelate to the total
number of moles of amine groups in the polymer chain was
calculated.

4.3. DNA-binding experiments

A solution of calf thymus DNA in the aqueous buffer solu-
tion (50 mM NaCl/5 mM Tris—HCI, pH 7.1) gave a ratio of
UV absorbance at 260 and 280 nm of ~1.8—1.9:1, indicating
that the DNA was sufficiently free of protein [48]. Milli-Q wa-
ter was used to prepare the solutions. The DNA-binding exper-
iments were performed at 30.0+£0.2°C. The DNA
concentration per nucleotide was determined by electronic
absorption spectroscopy using the known molar extinction co-
efficient value of 6600 M ™' cm™" at 260 nm [49]. Electronic
absorption titration of the polymer—copper(Il) complex sam-
ples in the aqueous buffer solution (50 mM NaCl/5 mM
Tris—HCI, pH 7.1) was performed by using a fixed complex
concentration (15 pM) with increasing amounts of DNA
over a range of 0.5—2.6 uM.

For fluorescence experiments, DNA was pretreated with
ethidium bromide (EB) for 30 min. The polymer—copper(II)
complexes were then added to this mixture and their effect
on the emission intensity was measured. The samples were ex-
cited at 450 nm and emission was observed between 500 and
700 nm. These experiments were carried out in 50 mM NaCl/
5 mM Tris—HCI at pH 7.1 in aqueous media.

For the gel electrophoresis experiments, super-coiled
pBR322 DNA (0.1 pg) was treated with the polymer—
copper(Il) complex in 50 mM Tris—HCI, 18 mM NaCl buffer,
pH 7.2. The samples were electrophoresed for 3 h at 50 V on
a 0.8% agarose gel in Tris—acetic acid—EDTA buffer. The
gel was stained with 0.5 pg/mL of ethidium bromide and pho-
tographed in UV light.

4.4. Microbial assay

The in vitro antimicrobial screening of the polymer—cop-
per(Il) complex (x = 0.143) was tested for their effect on cer-
tain human pathogenic bacteria and a fungus by disc diffusion
method [50]. The complex was stored dry at room temperature
and dissolved in DMSO (1%). Both the Gram positive (S. au-
reus and B. subtilis) and Gram negative (E. coli and P. aerugi-
nosa) bacteria were grown in nutrient agar medium and
incubated at 37 °C for 48 h followed by frequent subculture
to fresh medium and were used as test bacteria. The yeast
C. albicans grown in Sabouraud dextrose agar medium, incu-
bated at 27 °C for 72 h followed by periodic subculturing to
fresh medium and was used as test fungus. Then the Petri
dishes were inoculated with a loop full of bacterial or fungal
culture and spread throughout the Petri dishes uniformly
with a sterile glass spreader. To each disc the test samples
(10 pg/mL) and reference ciprofloxacin (1 pg/disc for bacte-
ria) or clotrimazole (10 pg/disc for fungus) were added with
a sterile micropipette. The plates were then incubated at
35+ 2 °C for 24—48 h and 27 & 1 °C for bacteria and fungus,
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respectively. Plates with disc containing respective solvents
served as control. Inhibition was recorded by measuring the
diameter of the inhibitory zone after the period of incubation.
All the experiments were repeated thrice and the average
values are presented.

4.5. Cell culture

NCI-H460 human lung cancer cells were obtained from
National Centre for Cell Science (NCCS), Pune, India. The
cells were cultured in RPMI 1640 medium (Sigma—Aldrich,
St. Louis, MO, USA), supplemented with 10% fetal bovine se-
rum (Sigma, USA) and 100 U/mL of penicillin and 100 pg/mL
of streptomycin as antibiotics (HiMedia, Mumbai, India), in
96-well culture plates, at 37 °C, in a humidified atmosphere
of 5% CO,, in a CO, incubator (Heraeus, Hanau, Germany).
All the experiments were performed using cells from passage
15 or less.

4.6. Cytotoxicity assay [51]

The [Cu(phen),(BPEI)]Cl,-4H,O complex was first dis-
solved quantitatively in dimethyl sulfoxide (DMSO, Sigma,
USA) to make the stock solution. This solution was diluted
to get various concentrations of the complex in the range of
10—80 pg/mL. Two hundred microliters of this solution was
added to a series of wells containing 5 x 10° NCI-H460 cells
per well. DMSO solution was used as the solvent control. Af-
ter 24 and 48 h of treatment, the gross morphological changes
in NCI-H460 cells were observed and photographed using an
inverted microscope (Carl Zeiss, Jena, Germany). Immediately
thereafter, 20 pL. of MTT solution (5 mg/mL in phosphate-
buffered saline (PBS)) was added to each well and the plates
were wrapped with aluminum foil and incubated for 4 h at
37 °C. The purple formazan product was dissolved by the ad-
dition of 100 pL of 100% DMSO to each well. The absorbance
was monitored at 570 nm (measurement) and 630 nm (refer-
ence) using a 96-well plate reader (Bio-Rad, Hercules, CA,
USA). Data were collected for four replicates each and used
to calculate the respective means. The percentage inhibition
was calculated, from this data, using the formula:

Mean absorbance of untreated cells (control) — Mean absorbance of treated cells

observed in a fluorescent microscope (Carl Zeiss, Germany) fit-
ted with a 377—355 nm filter and observed at 400 magnifica-
tion, and the percentage of cells reflecting pathological changes
was calculated. Data were collected for four replicates and used
to calculate the mean and the standard deviation.

4.8. Acridine orange (AO) and ethidium bromide (EB)
staining [52]

Acridine orange and ethidium bromide staining was per-
formed as described by Spector et al. [52]. Twenty-five micro-
liters of cell suspension of each sample (both attached,
released by trypsinization, and floating), containing 5 x 10°
cells, was treated with AO and EB solution (one part of
100 pg/mL AO and one part of 100 pg/mL EO in PBS) and
examined under a fluorescent microscope (Carl Zeiss, Ger-
many) using an UV filter (450—490 nm). Three hundred cells
per sample were counted in tetraplicates for each dose point.
Cells were scored as viable, apoptotic or necrotic as judged
by the staining, nuclear morphology and membrane integrity,
and percentages of apoptotic and necrotic cells were then cal-
culated. Morphological changes were also observed and
photographed.

4.9. Leukostat staining [52]

Leukostat staining was performed as described by Spector
et al. [52]. Smears of cells (attached, released by trypsiniza-
tion, and floating were pooled) were fixed by dipping the slide
for 10s in Leukostat fixative solution (2 mg/mL malachite
green in 100% methanol). The cytoplasm was stained by dip-
ping for 10 s in Leukostat staining solution 1 (0.1% eosin Y,
0.1% formaldehyde, 0.4% sodium phosphate dibasic, and
0.5% potassium phosphate monobasic) and counterstained
by dipping for 10 s in Leukostat staining solution 2 (0.04%
azure, 0.04% methylene blue, 0.4% sodium phosphate dibasic,
and 0.5% potassium phosphate monobasic). The preparations
were examined at 400x magnification in a light microscope
(Carl Zeiss, Germany). The cells were scored as normal, apo-
ptotic or necrotic as judged by staining and nuclear/cell mor-
phology. Percentages of apoptotic cells and necrotic cells were
then calculated. The morphological changes were also ob-
served and photographed.

x 100.

Mean absorbance of untreated cells (control )

4.7. Hoechst 33258 staining [52]

The cell pathology was detected by staining the nuclear chro-
matin of trypsinized cells (5.0 x 10%/mL) with 1 pL of Hoechst
33258 (1 mg/mL, aqueous) for 10 min at 37 °C. A drop of cell
suspension was placed on a glass slide and a coverslip was laid
over to reduce light diffraction. At random 300 cells were
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