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Ferrocenyl-L-amino acid copper(i) complexes
et oo 1 a0t a2 showing remarkable photo-induced anticancer
1988 - activity in visible lighty

Tridib K. Goswami,? Sudarshan Gadadhar,” Babu Balaji,® Bappaditya Gole,?
Anjali A. Karande*® and Akhil R. Chakravarty*?

Ferrocene-conjugated copper(i) complexes [Cu(Fc-aa)(aip)l(ClO,) (1-3) and [Cu(Fc-aa)(pyip)(ClO,4) (4-6)
of L-amino acid reduced Schiff bases (Fc-aa), 2-(9-anthryl)-1H-imidazol4,5-f][1,10]phenanthroline (aip)
and 2-(1-pyrenyl)-1H-imidazo[4,5-f][1,10]phenanthroline (pyip), where Fc-aa is ferrocenylmethyl-L-
tyrosine (Fc-Tyr in 1, 4), ferrocenylmethyl-L-tryptophan (Fc-Trp in 2, 5) and ferrocenylmethyl-L-methion-
ine (Fc-Met in 3, 6), were prepared and characterized, and their photocytotoxicity was studied (Fc = ferro-
cenyl moiety). Phenyl analogues, viz. [Cu(Ph-Met)(aip)l(ClO,4) (7) and [Cu(Ph-Met)(pyip)l(ClO,) (8), were
prepared and used as control compounds. The bis-imidazophenanthroline copper(i) complexes, viz.
[Cu(aip)2(NO=)I(NO3) (9) and [Cu(pyip)2(NO=)I(NO=) (10), were also prepared and used as controls. Com-
plexes 1-6 having a redox inactive cooper(i) center showed the Fc*-Fc redox couple at ~0.5 V vs. SCE in
DMF-0.1 mol [Bu"4NI(ClO,). The copper(i)-based d—d band was observed near 600 nm in DMF—-Tris-HCl
buffer (1:1 v/v). The ferrocenyl complexes showed low dark toxicity, but remarkably high photocytotoxi-
city in human cervical Hela and human breast adenocarcinoma MCF-7 cancer cells giving an excellent
photo-dynamic effect while their phenyl analogues were inactive. The photo-exposure caused significant
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morphological changes in the cancer cells when compared to the non-irradiated ones. The photophysical
processes were rationalized from the theoretical studies. Fluorescence microscopic images showed 3 and
6 localizing predominantly in the endoplasmic reticulum (ER) of the cancer cells, thus minimizing any
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Introduction

Photodynamic therapy (PDT) using metal complexes has
received considerable current interest as a potential alternative
to the organic dye-based PDT for the treatment of cancer.'>°
Porphyrin bases like FDA approved drug Photofrin® show
undesirable prolonged skin photosensitivity and hepatotoxi-
city.*" Additionally the efficacy of such organic dyes is depen-
dent on their ability to generate singlet oxygen species via the
type-II energy transfer process. In contrast, metal-based PDT
agents could follow the alternate type-I and/or photo-redox
process to generate other cytotoxic reactive oxygen species
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undesirable effects involving nuclear DNA.

(ROS).* A number of Pt(iv), Rh(n) and Ru(n) complexes are
reported to show a significant photo-induced cytotoxic effect
in a variety of cancer cells following different reaction
pathways.®*'> Sadler and co-workers reported photocytotoxic
Pt(iv) complexes that on photo-activation generate cytotoxic
Pt(un) species showing antitumor activity even for cisplatin
resistant cancer cells."> NO and CO releasing metal complexes
are shown to be highly effective in damaging cancer cells on
photo-activation.® We recently reported oxovanadium(iv) and
iron(m) complexes as potential metal-based photocytotoxic
agents showing visible light-induced cellular damage in
various cancer cells."®>° Porphyrin bases including Photo-
frin® are known to target the mitochondria to damage the
cancer cells, whereas cisplatin and its analogues are known to
induce cross-linking of nuclear DNA resulting in apoptotic cell
death,m'152324 Another possibility of cell death is by com-
pounds targeting the endoplasmic reticulum (ER) which is a
vital cellular component involved in key cellular functions like
correct folding of proteins and their transport to other orga-
nelles. The ER stress response (ERSR) caused by reactive
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oxygen species (ROS) damages the cancer cells via the intrinsic
pathway of apoptosis involving the mitochondria without
affecting the nuclear DNA.>>°

The present work stems from our continued interest in
designing ferrocenyl complexes as potent organometallic
photocytotoxic agents. Although organometallic complexes
were earlier investigated for their anticancer applications, their
utility in PDT is yet to be fully realized.**° Introducing classi-
cal organometallic moieties into known drugs or lead com-
pounds could provide a novel strategy towards designing
bioorganometallic anticancer agents. The ferrocene-appended
breast cancer drug tamoxifen is known to exhibit the desirable
activity in both hormone dependent and independent breast
cancers whereas the parent drug fails in the hormone indepen-
dent case.’® The organometallic PDT agents are of recent
origin.?**” 1t has been observed that ferrocene-appended
copper (i) and oxovanadium(iv) complexes provide a significant
improvement in the photocytotoxic activity when compared to
the controls that lack the ferrocenyl moiety. This has prompted
us to explore this chemistry further using copper(u) complexes
containing organometallic pendants.

Dark toxicity remained a major problem associated with
the metal complexes having redox active metal centers. Among
them, copper(u) complexes are known to show undesirable
high dark toxicity in cells.*®*° Cellular thiols can easily reduce
copper(u) to copper(i) and hence there is continuous gen-
eration of radicals that damage the cells. This poses a major
obstacle for their cellular applications in PDT. However, it is
possible to tune the redox activity of a metal center in a
complex by suitable ligand design. To this end, we have tried to
reduce the redox activity of the ferrocene-appended r-amino
acid reduced Schiff base copper(u) complexes by introducing
electron rich anthracenyl and pyrenyl imidazophenanthroline
ligands. These electron rich ligands are likely to stabilize the
copper(n) center to a great extent and hence its reduction to the
copper(1) species by cellular thiols gets significantly reduced.
Besides, our design for a ternary structure has resulted in steri-
cally constrained copper(n) complexes for which conversion to
the copper(1) species becomes unfavorable and this has reduced
the dark toxicity of the complexes while retaining their photo-
toxicity in the cancer cells. Being fluorescent, both anthracenyl
and pyrenyl imidazophenanthroline ligands enabled us to study
localization of the complexes in the cancer cells.

Herein, we describe the synthesis, characterization, DNA
binding affinity, photo-induced DNA cleavage activity and
photo-enhanced cytotoxicity of six ferrocene-appended
reduced Schiff base (Fc-aaH) copper(u) complexes of r-amino
acids and  (anthracenyl)/(pyrenyl)imidazophenanthroline
bases, viz. [Cu(Fc-aa)(aip)](ClO4) (1-3) and [Cu(Fc-aa)(pyip)]-
(ClO,) (4-6), where Fc-aa is ferrocenylmethyl-i-tyrosine (Fc-Tyr
in 1, 4), ferrocenylmethyl-i-tryptophan (Fc-Trp in 2, 5), and
ferrocenylmethyl-.-methionine (Fe-Met in 3, 6), aip is 2-(9-
anthryl)-1H-imidazo[4,5-f][1,10]phenanthroline (in 1-3) and
pyip is 2-(1-pyrenyl)-1H-imidazo[4,5-f][1,10]phenanthroline (in
4-6) (Fig. 1). Complexes [Cu(Ph-Met)(aip)](ClO,) (7), [Cu(Ph-
Met)(pyip)](CIO,) (8), [Cu(aip),(NO5)(NO;) (9) and [Cu(pyip).-
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Fig. 1 Schematic drawings of the complexes [Cu(Fc-aa)(aip/pyip)l-
(ClO4) and [Cu(Ph-Met)(aip/pyip)l(ClO,) (aip in 1-3, 7; pyip in 4-6, 8),
where Fc-aa is Fc-Tyr (in 1 and 4), Fc-Trp (in 2 and 5) and Fc-Met (in 3
and 6).

(NO3)](NO;) (10) were synthesized and used as control species
for cellular experiments. Significant results include high DNA
binding affinity of the complexes, low chemical nuclease
activity and DNA photocleavage activity in visible light at low
complex concentrations, and remarkable visible light-induced
cytotoxicity of the ferrocenyl complexes 1-6 in HeLa and
MCF-7 cancer cells through induction of apoptosis while
remaining less toxic in the dark. The control complexes 7-10
did not show any photocytotoxicity under similar assay con-
ditions. Our observation of the PDT effect of the ferrocenyl-
copper(n) complexes with unprecedented low dark toxicity is
novel and this is achieved from the rigid square-planar/square
pyramidal geometry of the copper(i) centers out of serendipity
with one or both axial sites blocked by the pendant groups. In
addition, fluorescence microscopy images of the complexes
having anthracenyl and pyrenyl imidazophenanthroline
ligands reveal significant cytosolic localization of 3 and 6 in
the cancer cells. The cytosolic localization which models the
cellular uptake of the successful PDT agents is preferred by the
oncologists to avoid any possible mutation of DNA in the case
of nuclear localization.** The fortuitous observation of selec-
tive localization of the complexes in the endoplasmic reticu-
lum (ER) and cellular damage by ROS is of novelty considering
this mode of apoptosis being preferred in PDT over the
nuclear DNA damage.’®>*

Results and discussion
Synthesis and general properties

Ternary copper(n) complexes having ferrocene-conjugated
t-amino acid reduced Schiff bases and the anthracenyl imid-
azophenanthroline (aip) or pyrenyl imidazophenanthroline
(pyip) ligand, namely, [Cu(Fc-aa)(aip)](ClO,4) (1-3) and [Cu(Fc-
aa)(pyip)](ClO,) (4-6), where Fc-aa is Fe-Tyr (1, 4), Fc-Trp (2, 5)
or Fc-Met (3, 6), were synthesized in high yield from the
reaction of the ferrocenylmethyl--amino acid ligand with
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copper(i) acetate monohydrate and aip or pyip in methanol
(Fig. 1, Fig. S1-S4, ESIt). Complexes 7 and 8 having the Ph-Met
ligand and binary copper(u) complexes of aip/pyip were pre-
pared as controls. The complexes were characterized from the
spectral and analytical data. Selected physicochemical data are
given in Table 1. The stability of the complexes in the solution
phase was studied from their ESI-MS spectra displaying essen-
tially the molecular ion peak as [M — (ClO,)]" in methanol
(Fig. S5-S10, ESIT). The IR spectra of the complexes showed
characteristic stretching bands at ~1640 and ~1360 cm ™" due
to asymmetric and symmetric COO stretch respectively along
with a ClO,~ stretching band at ~1085 cm™'. The complexes
are 1:1 electrolytic with the molar conductance value of
~80 S m* mol™" in DMF at 25 °C. The magnetic moment value
of ~1.8up at 25 °C suggests the presence of a one-electron para-
magnetic 3d°-Cu(u) center in the complexes. The electronic
spectra of the complexes in DMF-Tris-HCI buffer (1: 1 v/v) dis-
played a broad and weak copper-centered d-d band in the
range of 600-620 nm. The spectra of 1-3 having the anthra-
cenyl imidazophenanthroline (aip) ligand are characterized by
low intensity t—xn* bands at ~370 nm along with a shoulder at
~385 nm, whereas complexes 4-6 having the pyrenyl imidazo-
phenanthroline ligand displayed the rm—z* transition at
~372 nm along with a shoulder at ~400 nm. The high-energy
n—n* transitions corresponding to the phenanthroline moiety
of the ligands appeared at ~253 nm for 1-3 and ~245 nm and
~285 nm for 4-6 (Fig. 2, Fig. S11, ESI{).>® The anthracenyl and
pyrenyl ligand-centered bands with high extinction coefficient
values mask the relatively weak ferrocene-based band that gen-
erally appears near 450 nm. Complexes 1-3 having the anthra-
cenyl imidazophenanthroline ligand exhibited an emission
spectral band at 475 nm on excitation at 370 nm in DMF-Tris-
HCI buffer (1:1 v/v) at 25 °C with respective quantum yield ()
values of 0.07, 0.08 and 0.08 in DMF. The pyrenyl imidazophen-
anthroline complexes 4-6 showed an emission band at 450 nm
on excitation at 370 nm with a relatively higher quantum yield
(¢) value of 0.10, 0.10 and 0.12 in DMF under similar experi-

Table 1 Selected physicochemical data for the complexes [Cu(Fc-aa)-
(aip)1(ClO,) (1-3) and [Cu(Fc-aa)(pyip)l(ClO,) (4—6)

Amax/TIM E¢/V

IR/em™  (¢/dm®mol™ (AE,/mV)’ Ay Hert”!
Complex [¢(ClO,7)] em™)* (Fc'-Fc) Sm’mol™ g
1 1085 605 (145) 0.51(150) 85 1.82
2 1085 600 (150) 0.50 (100) 83 1.80
3 1087 600 (135) 0.52 (130) 79 1.79
4 1095 615 (140) 0.51(140) 78 1.81
5 1095 615 (130) 0.50 (120) 82 1.78
6 1090 620 (140) 0.50 (120) 79 1.77

“In DMF-Tris-HCI buffer (1:1 v/v). The d—d band at ~600 nm is
copper(u)-centered. The ferrocene-centered band at ~450 nm is
masked by strong ligand-centered bands. ? The Fc'~Fc redox couple in
DMF-0.1 M TBAP. Ef = 0.5(Epq + Epo), AE, = (Epa — Epc), where Ep,, and
E,. are the anodic and cathodic peak potentials, respectively. The
potentials vs. SCE. Scan rate = 50 mV s~ ". “The molar conductivity in
DMF. “The magnetic moment at 298 K using a DMSO-d solution of
the complexes.
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Fig. 2 (a) Electronic absorption and (b) emission (lex = 370 nm) spectra
of [Cu(Fc-aa)(pyip)l(ClO,) (Fc-aa = Fc-Tyr, 4; Fc-Trp, 5; Fc-Met, 6) in
DMF-Tris-HCl buffer (1:1 v/v).

mental conditions (Fig. 2). The emissive property of the com-
plexes was utilized for cellular localization study by
fluorescence microscopy. The complexes showed a quasi-
reversible response for the Fc'-Fc couple (Fe, ferrocenyl
moiety) at ~0.5 V vs. SCE in DMF-0.1 mol TBAP while being
redox inactive at the copper(u) center (Fig. S12, ESIT). A signifi-
cant positive shift of ~100 mV of the Fe(m)-Fe(i) potential is
observed in the ferrocenyl complexes compared to that of
ferrocene (0.43 V).

Energy optimized structures

We have performed optimization of the structures of the com-
plexes 1-6 from density functional theory (DFT) calculations
(Fig. S13, Tables S1 and S2, ESI{).”»*> The optimized struc-
tures showed similar structural characteristics to that observed
in the crystal structures of [Cu(Fc-Phe)(phen)](ClO,) (Fc-phe =
ferrocenylmethyl-.-phenylalanine), [Cu(Fc-Trp)(bpy)](ClO,)
(bpy = 2,2-bipyridine) and [Cu(Fc-Met)(phen)](PF,).”” The
copper(n) center in the Fc-tyr and Fe-trp complexes has a
square-planar geometry with a CuN;O coordination environ-
ment having two axial sites sterically blocked by the pendant
group of the amino acid and the ferrocenyl moiety. The Cu(u)
centre in complexes 3 and 6 has the Fc-met ligand in a square-
pyramidal geometry showing a CuN;OS coordination environ-
ment with the sulfur atom of the thiomethyl pendant moiety
of t-methionine occupying the fifth coordination site. There is
a large deviation from planarity in aip and pyip with the plane
of the anthracenyl or pyrenyl group making a respective di-

Complex 4 Complex 5 Complex 6
Sy .
2 ke i L TP -~ =" ..'. A
= "-“ﬂ"“ e T -rnﬂ AR
o =, Iy sk T
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Fig. 3 HOMO and LUMO of the complexes 4—6 with a contour value
of 0.03 a.u.
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hedral angle of ~50° and ~40° with the plane of the imidazo-
phenanthroline ring due to steric constraints.

The HOMO and LUMO of the complexes are shown in
Fig. 3 (Fig. S14, ESIt). The HOMO-LUMO energy gap in 1-6 is
~2.2 eV (Table S3, ESI}). It is evident that the HOMOs are
largely localized on the anthracene or pyrene moiety of the
complexes. The LUMOs are the vacant orbital largely localized
on the phenanthroline moiety and this could result in a
charge transfer on photo-excitation from the anthracene or
pyrene moiety to the phenanthroline which is coordinated to
the Cu(u) centre.

DNA binding and cleavage properties

DNA being a potential target for the mitochondria mediated
apoptosis, the affinity of the complexes to bind calf-thymus
(ct) DNA was studied using spectral, DNA melting and visco-
metric methods. Selected ct-DNA binding data are given in
Table 2. The results suggest that 1-6 are excellent binders to
ct-DNA probably through intercalation to the DNA base pairs.
The intrinsic DNA binding constant (K},) of the complexes
determined by the UV-visible absorption titration method
gives the Kj, values within (6.8 + 0.5) x 10° to (7.9 + 0.6) x 10°
mol ™" with the order of DNA binding strength as: 6 ~ 5 ~ 4 > 3
~ 2 ~ 1 (Table 2, Fig. S15, ESIf). The extended aromatic
n-system of the anthracenyl and pyrenyl imidazophenanthro-
line ligands seems to facilitate intercalation of the ligand to
the DNA base pairs through the groove resulting in higher
binding strengths.>® To further explore the DNA binding pro-
pensity of the complexes, the DNA melting experiments were
carried out. Complexes 4-6 having the pyrenyl imidazophen-
anthroline ligand stabilized ct-DNA to a significant extent
giving a ATy, value in the range of 2.6-5.7 °C. The extent of
increase in the AT, parallels the intercalative DNA binding
strength of the ligand. The classical DNA intercalator ethidium
bromide (EB) gave a ATy, value of ~15 °C under similar experi-
mental conditions due to its high intercalative binding affinity
to DNA (Table 2, Fig. S16, ESI).”” Viscometric titration experi-
ments were performed to further elucidate the mode and
affinity of the complexes for DNA binding by monitoring the
change in the relative specific viscosity of the ct-DNA in the
presence of the complexes. The plots of relative viscosity
(n/no)*", where 5 and 5, are the respective specific viscosity of
DNA in the presence and absence of the complex, vs.
[complex]/[DNA] ratio for 1-6 and their comparisons with EB
and the groove binder Hoechst dye show a significant change
in the relative specific viscosity of ct-DNA on treating with the
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complexes thus indicating an intercalative mode of DNA
binding of the complexes (Fig. S16, ESIT).*®

The ability of the complexes 1-6 (5 pmol) to cleave super-
coiled (SC) DNA was studied in the presence of glutathione
(GSH, 1.0 mmol) as an external reducing agent and hydrogen
peroxide (H,O,, 200 pmol) as an oxidizing agent using puC19
DNA (0.2 pg, 30 pM b.p. (base pairs)) in 50 mmol Tris-HCl-
50 mmol NaCl buffer (pH 7.2) (Fig. S17, ESI}). Electrochemical
data showed that the complexes are redox inactive at the
copper(u) center. This is evidenced from no apparent chemical
nuclease activity of the complexes in the presence of GSH.
Copper (i) complexes are generally known to show high chemi-
cal nuclease activity thus restricting their application in PDT
in a cellular medium having reducing thiols.*® For example, a
5 pmol solution of [Cu(phen),(NO;)](NO;) essentially comple-
tely converted SC DNA to its NC form for an incubation period
of 2 h under similar experimental conditions. In addition, the
present complexes did not show any significant nuclease
activity in the presence of H,0,. Thus by choosing suitable
ligand systems the undesirable chemical nuclease activity of
the copper(i1) complexes could be minimized to a significant
extent thus making the complexes suitable for potential cellu-
lar applications in PDT.

The DNA photocleavage experiments were performed using
complexes 1-6 and SC pUC19 DNA (30 pmol b.p., 0.2 pg) in
Tris-HCI-NaCl buffer (50 mmol, pH 7.2). Monochromatic blue,
green and red light of 454 nm (50 mW), 568 nm (50 mW) and
647 nm (50 mW) wavelengths was used from a tunable con-
tinuous-wave (CW) Ar-Kr mixed-gas ion laser for DNA photo-
cleavage studies (Fig. S18, ESIf). Control experiments showed
no apparent photocleavage of DNA alone in visible light. None
of the complexes gave any significant nicking of SC-DNA to its
NC-form in the dark, thus eliminating the possibility of any
hydrolytic damage of DNA or generation of any reactive species
that can damage DNA in the dark. A 10 pmol solution of the
anthracenyl imidazophenanthroline complexes 1-3 showed
significant DNA photocleavage activity in blue light of 454 nm
for an irradiation time of 2 h giving ~80% NC form. The
pyrenyl imidazophenanthroline complexes 4-6 showed better
photonuclease activity in blue light cleaving ~90% of SC DNA.
The higher activity of 4-6 can be rationalized on the basis of
their higher DNA binding strengths and/or higher photo-
activity at this wavelength in the presence of a larger planar
n-system of pyrene. The photonuclease activity of the com-
plexes at 454 nm blue light follows the order: 6 (Fc-Met-Cu-
pyip) > 5 (Fe-Trp-Cu-pyip) ~ 4 (Fe-Tyr-Cu-pyip) > 3 (Ph-Met-Cu-

Table 2 DNA binding data of the complexes [Cu(Fc-aa)(aip)l(ClO,4) (1-3) and [Cu(Fc-aa)(pyip)l(ClO,) (4-6)

1 2 3 4 5 6
Ky, “ /mol™" (6.8 +0.5)x 10° (7.5 +0.4) x 10° (7.7 £0.7) x 10° (6.3 + 0.4) x 10° (7.7 +0.6) x 10° (7.9 +0.6) x 10°
[s]? [0.16] [0.16] [0.19] [0.26] [0.30] [0.31]
ATy, €/°C 2.6 3.1 2.8 5.2 5.5 5.7

“The intrinsic equilibrium DNA binding constant from the UV-visible experiment. ” The MvH equation fitting parameter (ref. 73).  The change

in the calf thymus DNA melting temperature.

This journal is © The Royal Society of Chemistry 2014
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Table 3 Selected DNA (SC pUC19, 0.5 pg) cleavage data for [Cu(Fc-aa)-
(aip)l(ClO4) (1-3) and [Cu(Fc-aa)(aip)l(ClO4) (4-6) in visible light

%NC form %NC form %NC form
Reaction conditions®  (1=454nm) (1=568nm) (1=647 nm)
DNA control 2 3 2
DNA+1 78 67 62
DNA + 2 85 70 69
DNA + 3 82 76 68
DNA + 4 88 79 77
DNA +5 95 85 86
DNA +6 97 88 89

“In Tris-buffer medium (pH = 7.2). 1, laser wavelength. Photo-exposure
time (¢) = 2 h. The concentration of the complexes 1-6 was 10 pmol for
the 454 nm and 15 pmol for the 568 and 647 nm experiments.

aip) ~ 2 (Fc-Trp-Cu-aip) > 1 (Ph-Tyr-Cu-aip) (Table 3, Fig. S18,
ESIT). The complexes also showed photo-induced DNA clea-
vage activity in green light of 568 nm and red light of 647 nm
with red light having the maximum tissue penetration. A
15 pmol solution of 4-6 essentially completely damaged
plasmid DNA in red light for 2 h. Control experiments using
the copper(n) salts, the ferrocenyl amino acid reduced Schiff
bases, aip or pyip alone did not show any apparent DNA photo-
cleavage activity under similar reaction conditions (Fig. S19,
ESIT).

Various inhibitors were used and their effects on the DNA
cleavage activity were studied to elucidate the probable mech-
anism of the DNA cleavage by the complexes. The complexes
were found to be ineffective under an argon atmosphere
suggesting the involvement of oxygen dependent mechanistic
pathways. The reactions were studied in blue and red light of
454 and 647 nm wavelengths using the complex 6 as a rep-
resentative one and different additives (Fig. S20, ESIt). Singlet
oxygen ('0,) quenchers, namely NaN;, TEMP or L-His, did not
show any significant inhibition in the cleavage reactions elimi-
nating the possibility of a type-II pathway forming 'O, species.
The hydroxyl radical scavengers, namely DMSO, KI and cata-
lase, showed significant inhibition in the DNA cleavage
activity. This suggests the formation of a hydroxyl radical via a
photo-redox pathway. Superoxide dismutase (SOD) showed
partial inhibition of the DNA photocleavage activity suggesting
involvement of the superoxide radical anion which is known to
dismutate at a very rapid rate forming "OH radicals.®

Cytotoxicity study

The in vitro photo-induced cytotoxicity of 1-10 was evaluated
in human cervical carcinoma HeLa and human breast adeno-
carcinoma MCF-7 cancer cells using the MTT (3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) assay
(Fig. 4, Table 4, Fig. S21-S23, ESIf). A dose-dependent anti-pro-
liferative activity of the complexes was observed in both the
cells. The complexes showed low dark toxicity owing to their
redox inactivity at the copper(u) centre. Photo-irradiation with
a visible light of 400-700 nm, however, resulted in a significant
enhancement in the cytotoxicity of the complexes, while the
untreated control cells remained unaffected on light-exposure.

11992 | Dalton Trans., 2014, 43, 11988-11999
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Fig. 4 Cell viability plots showing the cytotoxic effect of (a) complex 3
in Hela cells, (b) complex 3 in MCF-7 cells, (c) complex 6 in Hela cells
and (d) complex 6 in MCF-7 cells [symbols: black for dark and red for
visible light (400-700 nm, 10 J cm™2)].

A remarkable increase of ~7-13 folds in cytotoxicity was
observed for HeLa cells treated with the complex in visible
light when compared to the non-irradiated samples. The
complex 6 gave an ICs, value of only 2.3 pmol in light while
remaining non-toxic at a much higher concentration with an
IC5, value of ~30 pmol in the dark. To evaluate the role of the
ferrocenyl moiety, phenyl analogues of the Fc-Met complexes 3
and 6 were tested for the photocytotoxic potential towards
HeLa cells in visible light. The Ph-Met complexes 7 and 8 did
not show any toxicity in HeLa cells under similar conditions to
those used for 3 and 6. The bis-imidazophenanthroline
copper(un) complexes, viz. [Cu(aip),(NO;)|(NO;z) (9) and [Cu-
(pyip)2(NO3)](NO;) (10), did not show any cytotoxicity upon
photoactivation in visible light. This indicated the vital role
played by the ferrocenyl moiety for induction of apoptosis in
the cancer cells upon photo-excitation in visible light. The
complexes 1-6 showed similar photo-enhanced anti-prolifera-
tive activity in MCF-7 cells. The ICs, values in light were in the
range of 3.2-6.1 pmol. Unlike most copper(u1) complexes, a very
impressive dark vs. light profile was observed for both HeLa
and MCF-7 cells. The pyrenyl imidazophenanthroline com-
plexes 4-6 were found to be more cytotoxic probably due to
their better cellular uptake and/or photo-activity. A comparison
of the ICs, values of the present complexes, Photofrin®,
cisplatin and relevant copper(u) complexes, is made in
Table 4.>***” Complexes 1-6 are unique among the copper()
complexes in showing an unprecedented photocytotoxic effect
possibly because of their unusual molecular structures with
the axial site(s) blocked by the pendants thus making the
copper(u) centre redox inactive in a rigid structure (Fig. S13,
ESIT). The observed photocytotoxicity is comparable to that of
Photofrin®. Cisplatin that lacks any photoactive moiety gave
an ICs, value of ~70 pmol in both dark and light under
similar assay conditions. The low dark toxicity and high photo-
induced cytotoxicity make the present complexes potent candi-
dates for photocytotoxic applications.

This journal is © The Royal Society of Chemistry 2014
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Table 4 The ICsq values of Photofrin®, cisplatin, [Cu(Fc-aa)(aip)l(ClO4) (1-3), [Cu(Fc-aa)(pyip)l(ClO,4) (4-6), controls and relevant copper(i) com-

plexes in HeLa and MCF-7 cells

HeLa MCF-7
Compound ICso (1M) dark” ICs, (uM) visible light” IC50 (uM) dark® ICs, (uM) visible light?
Cu(Fe-Tyr)(aip)](ClO,) (1) 36.2 (3.8) 4.8 (+0.4) >50 5 9 (0.8)
[Cu(Fe-Trp)(aip)|(ClO,) (2) 35.7 (+4.3) 4.3 (+0.4) >50 1 (+0.7)
"Cu(Fc Met)(aip)](Cl0,) (3) 33.1 (+4.1) 3.6 (+0.3) >50 5 3 (20.6)
Cu(Fe-Tyr)(pyip)|(ClO,) (4) 29.3 (£2.5) 3.5 (£0.4) 27.0 (+4.3) 9 (£0.8)
[Cu(Fe-Trp)(pyip)](ClO,) (5) 30.5 (+2.2) 3.3 (+0.5) 25.8 (+4.4) 4 3 (0.5)
’Cu(Fc Met)(pyip)](ClO,) (6) 30.3 (+2.1) 2.3 (+0.3) 24.8 (+3.6) .2 (+0.5)
Cu(Ph-Met)(aip)](ClO,) (7) >25 >25 — —
Cu(Ph-Met)(pyip)|(CIO,) (8) >25 >25 - -
Cu(aip),(NO,)(NO,) (9) >25 >25 — —
Cu(pyp)2(NOs)](NOs) (10) >25 11.9 (+1.1) - —
Cu(Fe-Tyr)(dppz)](Cl0,)° 2.31 (+0.19) 0.90 (+0.03) 2.7 (£0.3) 0.76 (+0.03)
Cu(Fe-Tyr)(nip)](Cl0,)* 4.07 (+0.16) 1.49 (+0.11) 5.73 (+0.31) 2.53 (+0.17)
[Cu(Fc- Trp)(dppz)](clo4) 8.95 (+0.20) 1.29 (+0.04) 2.99 (£0.08) 0.65 (+0.03)
[Cu(Fe-Met)( dppz)]( )° 2.61 (+0.16) 0.70 (£0.04) 4.08 (£0.39) 0.26 (+0.02)
[Cu(Fe- Met)gnlp (NO,)° 3.81 (+0.20) 1.54 (+0.13) 3.87 (£0.29) 1.37 (£0.21)
Photofr1n® >41 4.3 (0.2) — —
Cisplatin® 71.3 (£2.9) 68.7 (+3.4) — —

“The ICs, values for the complexes 1-10 correspond to 4 h of incubation in the dark.
dark followed by photo-exposure to visible light (400-700 nm, 10 J cm ). ¢
henazine and naphthyl imidazophenanthroline, respectlvely 4 The ICs, values are taken from ref. 47b. ¢ The ICs, values are taken from

dipyrido

5 The IC5, values correspond to 4 h of incubation in the
“The ICj;, values are taken from ref. 47a. Ligands dppz and nip are

ref. 47¢./ Photofrin® 1Cs, values (633 nm excitation; fluence rate: 5 J cm™>) are taken from ref. 23. It is converted to pmol using the approximate
molecular weight of Photofrin®, 600 ¢ mol ™. ¢ The IC5, values are taken from ref. 20 for 4 h of incubation. The ICs, value is 7.2 pmol on 24 h of

incubation in the dark.

Acridine orange-ethidium bromide dual staining

Acridine orange-ethidium bromide (AO-EB) dual staining was
performed in HeLa cancer cells treated with complexes 3 and 6
to gain an insight into the mechanistic aspects of the cell
death by looking at the changes in the nuclear morphology
upon photo-exposure (Fig. 5, Fig. 524, ESIt). Of the two stains,
only AO can cross the membrane to stain the DNA whereas EB
is excluded. When cells undergo apoptosis, the membrane

DMSO-dark 6 (10 ymol) dark 6 (20 ymol)-dark

6 (10 umol)-light 6 (20 umol)-light

DMSO-light

Fig. 5 Acridine orange (white arrow)—ethidium bromide (yellow arrow)
(AO—EB) dual staining of the Hela cells treated with the complex 6 (10
and 20 pmol) to study the nuclear morphology. Panels (a) and (d)
correspond to the cells treated with only DMSO in the dark and light
respectively, panels (b) and (c) correspond to the cells treated with the
complex 6 in the dark. Panels (e) and (f) correspond to the cells treated
with the complex 6 and irradiated with visible light (400-700 nm,
10 J cm™?) [scale bar: 20 pm].

This journal is © The Royal Society of Chemistry 2014

starts losing its integrity and during late apoptosis, cells take
up EB and fluoresce red.®* Cells treated with the complex in
the dark did not show any significant change in the nuclear
morphology and were evenly stained with AO and no EB stain-
ing (Fig. 5, panels (b) and (c)). But the HeLa cells treated with
complexes 3 and 6 (10 and 20 pmol), upon photo-irradiation,
showed a significant increase in the appearance of the apopto-
tic nuclear bodies wherein the nuclei had condensed, stained
intensely with EB and the AO staining was low (Fig. 5, panels
(e) and (f)). Cells cultured in the dark and the cells treated
with DMSO showed negligible nuclear condensation and no
EB staining (Fig. 5, panels (a) and (d)). The results indicate
that the photo-irradiated cancer cells are in the late stage of
apoptosis, and have lost membrane integrity, enabling ethi-
dium bromide to enter the cells and staining the DNA.

Cellular localization

The study on pharmacokinetics of an anticancer drug is of
importance to understand its mode of action, localization in
the cellular organelles and its target in the cellular
medium.®®*"®* Furthermore, imaging and therapeutic pro-
perties of a drug candidate are of importance to enhance its
efficacy.®>®” The present complexes are designed with
pendant fluorescent anthracenyl and pyrenyl moieties emitting
in blue to study their uptake and localization in the HeLa cells
by fluorescence microscopy. Complexes 3 and 6 were used as
two representative complexes for this purpose (Fig. 6, Fig. S25,
ESIT). The fluorescence intensity was found to increase with
time indicating an increased uptake of the complexes primar-
ily in the cytosol of the HeLa cells even after 4 h time without

Dalton Trans., 2014, 43, 11988-11999 | 11993
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Complex 6 PI Merge Bright Field

Fig. 6 A time-course collection of fluorescence microscopic images of
Hela cells treated with the complex 6 (10 pmol) and propidium iodide
(Pl). Panels (a), (e) and (i) correspond to the blue emission of the
complex 6 and the respective images were taken after 1, 2 and 4 h.
Panels (b), (f) and (j) correspond to the red emission of Pl. Panels (c), (g)
and (k) show the merged images of the first two panels. Panels (d), (h)
and (1) show the bright field images. The scale bar in the panels corres-
ponds to 20 pm.

any significant nuclear uptake (Fig. 6, panels (a), (e) and (i)).
The cells were stained with propidium iodide (PI), which
stains only the nucleus, in the presence of RNase by degrading
the cellular RNA (Fig. 6, panels (b), (f) and (j)). The merged
images do not show any nuclear localization of the complexes
and preferential localization in the cytosol of the HeLa cells
was observed (Fig. 6, panels (c), (g) and (k)). Cytosolic locali-
zation is preferred in PDT than nuclear localization to prevent
any unwanted mutation of the nuclear DNA.

Further studies were carried out to see if there is any selecti-
vity in cytosolic localization. Despite being in the cytosol, the
complexes appeared more punctate in their localization
(Fig. 7), indicating possible localization in particular orga-
nelles within the cells. To understand the same, HeLa cells
were treated with the complex 6 for different time intervals fol-
lowed by staining two specific organelles, namely the endo-

ER Tracker

Complex 6

Merge

Fig. 7 Fluorescence microscopic images of Hela cells treated with the
complex 6 (10 pmol) and endoplasmic reticulum (ER) Tracker Red.
Panels (a), (b) and (c) correspond to the blue emission of complex 6, red
emission of ER Tracker Red and the merged images respectively taken
after 4 h. Enlarged images are shown at the bottom. The scale bar in the
panels corresponds to 20 pm.

11994 | Dalton Trans., 2014, 43, 11988-11999

View Article Online

Dalton Transactions

plasmic reticulum (ER) and the mitochondria, which form
distinct punctate structures in the cells. Fluorescence
microscopy of these cells showed predominant co-localization
of the complex with the ER Tracker Red that was used to mark
the ER, indicating selective localization of the complex in the
ER (Fig. 7, panels (a)-(c), Fig. S26 and S27, ESI}). The locali-
zation did not change with time, although by 4 h, some of the
complex started diffusing to areas outside the ER, to the
cytosol (Fig. 7, panels (a)-(c)). Staining of cells, treated with
the complex 6, with MitoTracker Red indicated that the
complex barely localized to the mitochondria after 1 h of treat-
ment. Further analysis with MitoTracker was found to be
difficult as both the tracker and the complex started diffusing
out indicating a possible charge based competition between
the complex and the tracker (Fig. S28, ESIf). Furthermore, to
study whether incorporation of the ferrocenyl moiety makes
any difference in the localization behavior of the complexes,
the control complexes were tested for their localization in
HeLa cells in the presence of the ER tracker. The Ph-Met and
the bis-imidazo-phenanthroline complexes showed similar
localization behavior, although more diffused compared to the
ferrocenyl complexes, in HeLa cells (Fig. S29 and S30, ESIY).
This implies that the difference in cellular activities of the
ferrocenyl complexes with their non-ferrocenyl analogues is
probably not due to their localization behavior, but based on
their abilities to generate cytotoxic species upon photo-acti-
vation with visible light.

Conclusion

The ferrocene-conjugated r-amino acid reduced Schiff base
(Fe-Tyr, Fe-Trp and Fc-Met) copper(n) complexes containing
imidazophenanthroline derivatives having the anthracenyl or
pyrenyl moiety were designed and synthesized as new bioorgano-
metallics showing remarkable photocytotoxic activity in visible
light. Incorporation of the ferrocenyl moiety conjugated to a
copper(u) center through a reduced Schiff base linker provided
a broader spectral range of excitation to achieve the desired
photoactivity. The presence of the fluorescent anthracenyl and
pyrenyl moieties as pendants to the phenanthroline bases
allows imaging of the cells to study localization of the com-
plexes in the cellular medium. The aromatic n-system of the
complexes makes them excellent binders to ct-DNA with an
intercalative mode of DNA binding. Unlike most copper(u)
complexes the present ones were chemical nuclease inactive in
the presence of both reducing and oxidizing agents. The com-
plexes, however, displayed significant photo-induced DNA clea-
vage activity in blue, green and red light. The complexes
showed remarkable photocytotoxicity in HeLa and MCF-7
cancer cells with low dark toxicity because of the presence of
the redox inactive copper(u) center. The PDT efficacy of the
complexes is comparable to that of the FDA approved drug
Photofrin®. The evaluation of the photocytotoxic potential of
the non-ferrocenyl control complexes clearly demonstrates the
need for the ferrocenyl moiety to achieve remarkable photo-

This journal is © The Royal Society of Chemistry 2014
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cytotoxicity in low energy visible light. The AO-EB dual stain-
ing indicated significant morphological changes in the HeLa
cells treated with the test complexes. Fluorescence microscopy
showed the complexes primarily localizing in the cytosol of the
HeLa cells as is known for the porphyrinic drug Photofrin®.
The novel aspect of this work is the observation of the complex
localizing specifically in the endoplasmic reticulum. This work
exemplifies a new class of metal-based PDT agents that are
excellent DNA binders, efficient photocleavers of DNA and
photocytotoxic agents which are capable of localizing in the
cytosol, particularly in the endoplasmic reticulum (ER), of the
cancer cells thus minimizing the possibility of having any
mutation of nuclear DNA on photoactivation.

Experimental
Materials and methods

All the reagents and chemicals were obtained from commercial
sources (S.D. Fine Chemicals, India; Sigma-Aldrich, U.S.A.)
and were used as such. Solvents used were purified by reported
procedures.®® Supercoiled pUC19 DNA (cesium chloride puri-
fied) was purchased from Bangalore Genie (India). Tris-
(hydroxymethyl)Jaminomethane-HCI (Tris-HCI) buffer solution
of pH 7.2 was prepared using deionized and sonicated triple
distilled water. 9-Anthraldehyde, 1-pyrene-carboxaldehyde, calf
thymus (ct) DNA, agarose (molecular biology grade), KI, cata-
lase, NaNj, r-histidine, SOD (superoxide dismutase), 2,2,6,6-
tetramethyl-4-piperidone (TEMP), acridine orange (AO), ethi-
dium bromide (EB), bromophenol blue, xylene cyanol, Dulbec-
co’s modified Eagle’s medium (DMEM), propidium iodide (PI)
and MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide) were purchased from Sigma (U.S.A.). ER-Tracker Red
and MitoTracker Red were bought from Invitrogen (U.S.A.).
2-(9-Anthryl)-1H-imidazo[4,5-f][1,10]phenanthroline (aip) and
2-(1-pyrenyl)-1H-imidazo[4,5-f][1,10]phenanthroline (pyip)
were prepared following a literature procedure using 1,10-
phenanthroline-5,6-dione and 9-anthraldehyde or 1-pyrene-
carboxaldehyde in the presence of ammonium acetate and
glacial acetic acid.>® Ligands Fc-MetH, Ph-MetH, Fc-TrpH and
Fc-TyrH were
(Fig. $1-547).597°
The elemental analysis was carried out using a Thermo Fin-
nigan Flash EA 1112 CHN analyzer. The infrared and elec-
tronic spectra were recorded on Perkin-Elmer Lambda 35 and
Perkin-Elmer Spectrum one 55 spectrophotometers, respecti-
vely. "H NMR spectra were recorded at room temperature using
a Bruker 400 MHz NMR spectrometer. Molar conductivity
measurements were performed using a Control Dynamics
(India) conductivity meter. Room temperature magnetic sus-
ceptibilities of the ferrocenyl copper(i1) complexes in DMSO-d,
solution containing 1% TMS (v/v) as the internal reference
were obtained by the Evans method using a Bruker AMX-400
NMR spectrometer.””> The magnetic moments were calcu-
lated using the equation: peg = 0.0618((Af)T/fM), where Af is
the observed shift in the frequency of the TMS signal, T is the

prepared following literature procedures
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temperature (K), f is the operating frequency (MHz) of the
NMR spectrometer and M is the molarity of the complex in the
solution. Cyclic voltammetric measurements were made at
25 °C using a EG&G PAR Model 253 VersaStat potentiostat/
galvanostat using a three electrode set-up comprising of a
glassy carbon working electrode, a platinum wire auxiliary elec-
trode and a saturated calomel reference (SCE) electrode. Tetra-
butylammonium perchlorate (TBAP) (0.1 mol) was used as a
supporting electrolyte in DMF. The electrochemical data were
uncorrected for junction potentials. Electrospray ionization
mass spectral measurements were performed using an Esquire
3000 plus ESI (Bruker Daltonics) Spectrometer. The experi-
mental and calculated ESI-MS values for each complex were
identical to a significant last figure above the decimal point.

Synthesis

Preparation of [Cu(Fc-aa)(aip)](ClO,) (Fc-aa = Fe-Tyr in 1, Fc-
Trp in 2, Fe-Met in 3). Complexes 1-3 were prepared by a
general synthetic procedure in which 0.2 g (1.0 mmol) of
copper(u) acetate monohydrate in methanol was reacted with a
methanol solution of 2-(9-anthryl)-1H-imidazo[4,5-f][1,10]phen-
anthroline (aip, 0.29 g; 1.0 mmol) while stirring at room temp-
erature for 1 h followed by addition of the solid Fc-aaH (Fc-
aaH: Fc-TyrH, 0.38 g; Fc-TrpH, 0.40 g; Fc-MetH, 0.35 g,
1.0 mmol) in small portions with continuous stirring. The
reaction mixture was stirred for 2 h and the product was preci-
pitated on addition of a methanol solution of NaClO,
(1.0 mmol, 0.12 g). The product was washed with water, cold
methanol, diethyl ether and finally dried in a vacuum over
P,O;, to obtain a pale green solid in ~80% yield (yield: 0.73 g,
78% for 1; 0.77 g, 80% for 2; 0.74 g, 81% for 3) (Scheme S1,
ESIY).

Anal. Caled for C4;H36N50,ClFeCu (1): C, 59.56; H, 4.89; N,
7.39. Found: C, 59.31; H, 4.73; N, 7.65. Selected IR data (cm™"):
3470br, 2927w, 1639vs (COOuqm), 1552w, 1512m, 1442m,
1410m, 1360s (COOgyr,), 1310w, 1247w, 1085vs (ClO,™), 1050w,
898w, 810s, 726vs, 621s, 552w, 483s, 428m (vs, very strong; s,
strong; m, medium; w, weak; br, broad). ESI-MS in MeOH: m/z
837 [M — (ClO,7)]". UV-visible in DMF-Tris-HCl buffer (1:1
V) [Amaxnm (e/dm® mol™ em™")]: 605 (145), 386 (8750),
371 (9225), 352 (7960), 264sh (58490), 254 (86230). geg =
1.82up at 298 K. Ay = 85 S m® mol ™" in DMF at 25 °C.

Anal. Caled for C49H,4;NgO6ClFeCu (2): C, 60.62; H, 4.88; N,
8.66. Found: C, 60.35; H, 4.92; N, 8.49. Selected IR data (cm™):
3472br, 2921w, 1643vs (COOugm), 1552w, 1507w, 1442m,
1411m, 1359s (COOgm), 1340w, 1308w, 1250w, 1185w, 1085vs
(Clo,”), 900w, 810s, 738vs, 621s, 481s, 428m. ESI-MS in
MeOH: m/z 860 [M — (ClO,7)]". UV-visible in DMF-Tris-HCI
buffer (1:1 v/V) [Ama/nm (e/dm® mol™ em™)]: 600 (150),
386 (8300), 371 (8785), 352 (7715), 264sh (62 990), 254 (82 680).
Hege = 1.80up at 298 K. Ay = 83 S m® mol™" in DMF at 25 °C.

Anal. Caled for C43H36N506SClFeCu (3): C, 57.02; H, 4.01;
N, 7.73. Found: C, 56.75; H, 4.10; N, 7.87. Selected IR data
(em™): 3067br, 2921w, 1638vs (COOuqm), 1556w, 1506w,
1441m, 1409m, 1359s (COOSym), 1310m, 1251w, 1188w, 1087vs
(Clo,7), 894m, 810s, 729vs, 621s, 482s, 427m. ESI-MS in
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MeOH: m/z 805 [M — (ClO,7)]". UV-visible in DMF-Tris-HCl
buffer (1:1 v/v) [Ana/nm (¢/dm® mol™ em™)]: 600 (135), 386
(7905), 371 (8360), 352 (7155), 264sh (55 250), 254 (75 660). pess
=1.79ug at 298 K. Ay = 79 S m”> mol™" in DMF at 25 °C.

Preparation of [Cu(Fc-aa)(pyip)](ClO4) (Fc-aa = Fe-Tyr in 4,
Fe-Trp in 5, Fe-Met in 6). Complexes 4-6 were prepared follow-
ing a similar procedure to that described for 1-3 (1.0 mmol
scale) using 2-(1-pyrenyl)-1H-imidazo[4,5-f][1,10]phenanthro-
line (pyip) instead of aip. A greenish brown solid was isolated
on addition of a methanolic solution of NaClO,. The solid was
washed with water, cold methanol, diethyl ether and finally
dried in vacuo over P,O;, to obtain the product in ~85% yield
(yield: 0.8 g, ~83% for 4, 0.85 g, ~86% for 5, 0.79 g, ~85% for
6) (Scheme S1, ESIT).

Anal. Caled for C4oH36N50,ClFeCu (4): C, 61.20; H, 3.77; N,
7.28. Found: C, 60. 93; H, 4.01; N, 7.44. Selected IR data
(em™): 3085br, 2924w, 1630vs (COOuqm), 1507w, 1455m,
1435m, 1410m, 1360s (COOgm), 1230m, 1202w, 1095vs
(Clo,7), 1000m, 914w, 848m, 810s, 741vs, 662w, 621s, 532w,
481s, 428m. ESI-MS in MeOH: m/z 861 [M — (ClO,”)]". UV-visi-
ble in DMF-Tris-HCI buffer (1:1 v/v) [Amax/nm (¢/dm® mol™
em™)]: 615 (140), 400 (18 260), 372 (21 710), 288 (31 490), 277
(29 510), 244 (43 950). piegr = 1.81up at 298 K. Ay = 78 S m?
mol™" in DMF at 25 °C.

Anal. Calcd for C5;H3,;NsO¢ClFeCu (5): C, 62.21; H, 3.79; N,
8.53. Found: C, 62.01; H, 3.91; N, 8.37. Selected IR data (cm™):
3085br, 2921w, 1626vs (COOgem), 1506m, 1458m, 1430m,
1409m, 1359s (COOg,m), 1227m, 1095vs (ClO,7), 995w, 904w,
848m, 414s, 736s, 659w, 6175, 575w, 533w, 477s, 428m. ESI-MS
in MeOH: m/z 884 [M — (ClO,7)]". UV-visible in DMF-Tris-HCI
buffer (1:1 v/v) [Anax/nm (e/dm® mol™ em™)]: 615 (130), 400
(12 960), 372 (15 070), 288 (19 140), 277 (28 950), 247 (34 935).
tege = 1.78up at 298 K. Ay = 82 S m* mol ™" in DMF at 25 °C.

Anal. Caled for C,5H;36N506SClFeCu (6): C, 58.13; H, 3.90;
N, 7.53. Found: C, 57.88; H, 4.09; N, 7.31. Selected IR data
(em™"): 3482br, 2914w, 1626vs (COOugqym), 1506w, 1443m,
1409m, 13595 (COOgym), 1310w, 1227w, 1090vs (ClO,"), 904w,
848m, 807s, 723s, 6275, 4775, 428m. ESI-MS in MeOH: m/z 829
[M — (ClO,7)]". UV-visible in DMF-Tris-HCI buffer (1:1 v/v)
[Amax/nm (e/dm® mol™ em™)]: 620 (140), 400 (17 490), 372
(22 510), 288 (30 185), 277 (29 915), 244 (41 930). pregr = 1.77up at
298 K. Ay = 79 S m* mol ™" in DMF at 25 °C.

Preparation of [Cu(Ph-Met)(aip)](ClO,) (7) and [Cu(Ph-Met)-
(pyip)](Cl0O,) (8). Complexes 7 and 8 were prepared following
a similar procedure to that described for 1-3 and 4-6, respecti-
vely, and isolated as a pale green solid (yield: 74% for 7; 70%
for 8) (Scheme S2, ESIY).

Preparation of [Cu(aip),(NO;)](NO;) (9) and [Cu(pyip),-
(NO3)](NO3) (10). Complexes 9 and 10 were prepared by follow-
ing a general procedure in which 0.24 g (1.0 mmol) of
copper(u) nitrate trihydrate in methanol was reacted with a
methanol solution of 2-(9-anthryl)-1H-imidazo[4,5-f][1,10]phen-
anthroline (0.58 g; 2.0 mmol) or 2-(1-pyrenyl)-1H-imidazo[4,5-
fl[1,10]phenanthroline (0.84 g, 2.0 mmol) at room tempera-
ture. The reaction mixture was stirred for 2 h and the product
was isolated by concentration of the reaction mixture and

11996 | Dalton Trans., 2014, 43, 11988-11999

View Article Online

Dalton Transactions

recrystallization was done from methanol. The product was
washed with water, cold methanol, and diethyl ether and
finally dried in a vacuum over P,O;, to obtain a pale green
solid (yield: 76% for 9; 68% for 10) (Scheme S3, ESIT)

CAUTION! The perchlorate salts being potentially explosive,
only small quantities of the complexes were handled with
precautions.

Solubility and stability

The complexes were soluble in MeOH, DMF, DMSO, MeCN
and in the aqueous mixtures of these solvents; less soluble in
CHCIl; and CH,Cl,, and insoluble in hydrocarbon solvents.
They were stable in both solid and solution phases.

Computational methodology

The geometries of the complexes were optimized by the DFT
method using Gaussian 03.>* The B3LYP functional was used
for the calculation by employing two types of basis sets, viz.
6-31G for lighter elements (C, N, H, O and S) and LanL2DZ for
the heavier elements (Fe and Cu).>

DNA binding and cleavage experiments

The DNA binding and cleavage experiments were carried out
using calf thymus (ct) DNA and supercoiled (SC) pUC19 DNA,
respectively, by following reported procedures.”® For UV-visible
absorption titration, Tris-HCI buffer of pH 7.2 was used and
the ct-DNA concentration was 235 pmol. DNA thermal de-
naturation experiments were carried out in phosphate buffer
(pH 6.8) using 200 pmol ct-DNA and 20 pmol complexes by
varying the temperature from 40 to 90 °C. The ratio of the
complex and DNA concentration was 1:10. DNA viscometric
titrations were performed in Tris-HCI buffer using 160 pmol
ct-DNA. The SC pUC19 DNA cleavage activity of the complexes
1-6 was studied in blue, green and red light of 454, 568 and
647 nm wavelengths using a Spectra Physics Water-Cooled
Mixed-Gas Ion Laser Stabilite® 2018-RM (continuous-wave
(CW) beam diameter at 1/e* = 1.8 mm + 10% and beam diver-
gence with full angle = 0.7 mrad + 10%, laser power = 50 mW)
and in the dark. The chemical nuclease activity of the com-
plexes was studied using external additives like glutathione
(GSH) and hydrogen peroxide (H,O,). Mechanistic investi-
gations were carried out using various singlet oxygen quench-
ers and radical scavengers to detect formation of any reactive
oxygen species (ROS).

Cell culture

HeLa (human cervical carcinoma) and MCF-7 (human breast
adenocarcinoma) cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM), supplemented with 10% fetal
bovine serum (FBS), 100 IU ml™" of penicillin, 100 ug ml~* of
streptomycin and 2 mmol Glutamax at 37 °C in a humidified
incubator at 5% CO,. The adherent cultures were grown as
monolayers and were passaged once in 4-5 days by treatment
with 0.25% Trypsin-EDTA.
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Cell viability assay

HeLa and MCF-7 cancer cells were analyzed for viability post-
treatment using the MTT assay. The photocytotoxicity of the
complexes was based on the ability of mitochondrial dehydro-
genases in the viable cells to cleave the tetrazolium rings of
MTT to form dark blue membrane impermeable crystals of for-
mazan that were measured at 540 nm giving an estimate of the
number of viable cells.”* Approximately 15 x 10° HeLa cells or
2 x 10" MCF-7 cells were plated in a 96-well culture plate in
DMEM supplemented with 10% fetal bovine serum (10% FBS)
and cultured overnight. Different concentrations of the com-
plexes were added to the cells, and incubation was continued
for 4 h in the dark. After incubation, the medium was replaced
with 50 mmol phosphate buffer (pH 7.4) containing 150 mmol
NaCl (PBS) and cells were photo-irradiated for 1 h in visible
light of 400-700 nm using a Luzchem Photoreactor (Model
LZC-1, Ontario, Canada; light fluence rate: 2.4 mW cm™>; light
dose = 10 J cm™>). PBS was replaced with 10% DMEM after
irradiation and cells were incubated for a further period of
20 h in the dark. Post incubation, 25 ul of MTT (4 mg ml™" of
PBS) was added to each well and incubated for an additional
3 h. The culture medium was discarded and 200 pl of DMSO
was added to dissolve the formazan crystals. The intensity of
the dark blue color formed by the formazan complex was read
at an absorbance of 540 nm using an ELISA microplate reader
(BioRad, Hercules, CA, USA). The cytotoxicity of the test com-
pounds was measured as the percentage ratio of the absor-
bance of the treated cells over the untreated controls. The ICs,
values were determined by nonlinear regression analysis
(GraphPad Prism).

Cell death analysis by dual staining

HelLa cells (4 x 10" cells mm™>) cultured on cover slips were
photo-irradiated with visible light of 400-700 nm (light fluence
rate = 2.4 mW cm™?; light dose = 10 J em™) following 4 h of
incubation in the dark in the presence of 10 and 20 pmol of
complexes 3 and 6. The cells were then allowed to recover for
2 h, washed three times with PBS and stained with the acridine
orange-ethidium bromide (AO-EB) mixture (1:1, 10 pmol) for
15 min and observed at 20x magnification with a fluorescence
microscope (Carl Zeiss). The images were analyzed using the
“Image ]” image browser.””

Fluorescence microscopy

HelLa cells (4 x 10* cells mm™>) were incubated with complexes
3, 6, 7-10 (10 pmol) with time intervals 1 to 4 h in the dark
and fixed with 4% paraformaldehyde for 10 min at 25 °C and
washed with PBS. This was followed by incubation with PI
staining solution (50 pg ml~' RNase A, 20 pg ml~" PI in PBS)
for 1 h at 42 °C. The cells were washed free of excess PI and
mounted in 90% glycerol solution containing Mowiol, an anti-
fade reagent, and sealed. Images acquired using an Apotome.2
fluorescence microscope (Carl Zeiss, Germany) using an oil
immersion lens at 63x magnification were analyzed using
the AxioVision Rel 4.8.2 (Carl Zeiss, Germany) software.”®
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To understand the sub-cellular localization of the complexes,
HelLa cells (4 x 10* cells mm™?) were incubated with 10 pmol
of the complex 6 for different time intervals from 1 to 4 h in
the dark, following which, the cells were treated with 0.5 pmol
of ER-Tracker Red or 0.25 pmol MitoTracker Red in serum-free
medium for 20-30 min at 37 °C. The cells were then washed
with PBS, mounted on slides and sealed. The images were
acquired using the Apotome.2 fluorescence microscope at 63x
magnification and analyzed using AxioVision Rel 4.8.2 for sub-
cellular localization of the compound.
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