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Interaction of metal ions with biologically active molecules like 5-nitroimidazoles modulates their
electronic environment and therefore influences their biological function. In the present work, an
antiparasitic drug tinidazole (tnz) was selected and a Cu(II) complex of tnz [Cu2(OAc)4(tnz)2] was
prepared. A dinuclear paddle-wheel [Cu2(OAc)4(tnz)2] was obtained by single-crystal XRD and
further characterized by spectroscopic techniques and cyclic voltammetry. To understand the
biological implications of complex formation, interaction of tnz and its complex was studied with calf
thymus DNA, bacterial and fungal cell lines. Results of calf thymus DNA interaction using cyclic
voltammetry indicate the overall binding constant (K*) of Cu2(OAc)4(tnz)2 [(59 ± 6) × 104 M−1] is

Tinidazole, a 5-nitroimidazole is active on protozoan and bacterial infections. This study made an
attempt to see if a Cu(II) complex of tinidazole had comparable efficacy on chosen bacteria and
fungi. The prepared complex was characterized by XRD, spectroscopy, elemental analysis cyclic
voltammetry. DNA interaction was studied using cyclic voltammetry and fitted by non-linear
analysis.
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~17 times greater than that of tnz [(3.3 ± 0.4) × 104 M−1]. Minimum inhibitory concentration values
suggest that [Cu2(OAc)4(tnz)2] possesses better antibacterial activity than tnz on both bacterial strains,
while the activity on a fungal strain was comparable.

Keywords: X-ray diffraction; Cyclic voltammetry; Calf thymus DNA; Binding constant; MIC

1. Introduction

Binding of metal ions help to regulate and control biological functions [1–4].
Conformations of several biologically active molecules change upon complex formation
with metal ions that help to improve their function. 5-Nitroimidazoles and their deriva-
tives are of considerable interest owing to interesting chemical and pharmacological
properties [5–13]. The compounds are broad spectrum antibiotics with potential toward
control and cure of diseases like amoebiasis, giardiasis, human trichomoniasis, bacterial
meningitis/vaginosis, and other closely related infections [7, 14–17]. However, a major
drawback of these molecules is that on prolonged use they tend to be neurotoxic,
established with animal model studies and also understood from post-application reports
of patients administered with these drugs [18, 19]. Tinidazole (tnz) [1-(2-ethyl-sulfonyl-
ethyl)-2-methyl-5-nitroimidazole] belonging to this class is an effective drug [14–17,
20] used in the treatment of protozoan and bacterial infections [5]. Compared to metro-
nidazole (mnz), the first generation 5-nitroimidazole, some reports suggest that tnz has
less toxic side effects although others differ [21–23]. Pharmacological actions of mnz
and tnz are comparable but in some cases, like in giardiasis, tnz is better [22].

In spite of 5-nitroimidazoles showing efficacy in treating different infections, the
pronounced toxic side effects [18, 19, 24] are a hindrance to their use. Lack of suitable alter-
natives that match their efficacy still allow them to be used [25, 26]. Since 5-nitroimidazoles
are so important for several infections, suitable structural modifications that do not affect
drug efficacy but are able to minimize the formation of radicals responsible for toxic side
effects would be important. Coordinating 5-nitroimidazoles to metal ions could be one such
alternative since their introduction would affect the electronic environment of the drug [1–4].
The result could be that formation of radicals and/or anions by 5-nitroimidazoles responsible
for toxic side effects could either be stopped or controlled. Since these same radicals or ions
are involved in drug action, such modifications could also affect the beneficial aspects of
these molecules, i.e. cytotoxic actions could get jeopardized. Nevertheless, complex
formation offers an opportunity to explore how they compare with 5-nitroimidazoles.

A very recent study on 5-nitroimidazoles shows that these drugs bind to proteins involved
in the thioredoxin-mediated redox network and disrupt the redox equilibrium inhibiting
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thioredoxin reductase and depleting intracellular thiol pools in micro-aerophilic parasites,
Entamoeba histolytica, Trichomonas vaginalis, and the human parasite Giardia lamblia
[27]. Several such molecules act as effective drugs by targeting the DNA of the target
organism [2, 10, 28]. In our case, we examine if a metal complex of tnz is a better binder
of DNA than tnz [28]. Although reports on DNA interaction of 5-nitroimidazoles exist [29,
30], work on their metal complexes is scarce. However, some recent reports show copper
complexes of other ligands interact with DNA or proteins [28, 31–33], which is why there
is a constant effort to prepare Cu(II) complexes [34]. In our case, the purpose behind pursu-
ing a DNA interaction study for tnz and its Cu(II) complex was to see if the possibility for
a decrease in cytotoxic action upon complex formation owing to decreased nitro radical
anion generation was suitably compensated by increased DNA interaction that could
eventually make the complexed form of tnz better [28].

2. Experimental setup

2.1. Materials

Tnz was purchased from Sigma–Aldrich, USA. The compound was dissolved in hot
methanol and crystalline forms were obtained by slow evaporation of the solvent, isolated by
filtration. Copper(II) acetate [Cu(OAc)2·H2O] was obtained from E. Merck, India. Calf
thymus DNA was purchased from Sisco Research Laboratories, India, and dissolved in
phosphate buffer (pH ~7.4) containing 120 mM NaCl (AR grade, Merck, Germany). The
purity of DNAwas checked from the absorbance ratio A260/A280. The value being in the range
1.8 < A260/A280 < 1.9 suggested no further de-proteinization was required. The concentration
of calf thymus DNA in terms of nucleotide was determined by taking ε260 = 6600M−1 dm3

cm−1. The quality of calf thymus DNA was also verified from the characteristic CD band at
260 nm. Physiological condition (pH ~7.4) was maintained using phosphate buffer that con-
tained 120 mM NaCl, 3.5 mM KCl, 1 mM CaCl2, and 0.5 mM MgCl2. Reagents required for
preparation of the buffer were obtained from E. Merck, India. NaCl (0.500M dm−3) (AR
grade, Merck, Germany) was used to maintain ionic strength. For cyclic voltammetric
experiments, tetrabutyl ammonium bromide (AR grade) from Spectrochem (India) Pvt. Ltd.
was used as supporting electrolyte in non-aqueous medium, while KCl (E. Merck, India) was
used as supporting electrolyte in aqueous medium. Stock solutions of tnz and
[Cu2(OAc)4(tnz)2] (10

−4 M dm−3) were prepared by weighing exact amounts. Subsequently,
solutions were diluted for use. All solutions were prepared in triple distilled water.

Bacterial and fungal strains: Staphylococcus aureus (ATCC 29213), Escherichia coli
(ATCC 25922), and Candida albicans (CAF 2-1) were used in this study [35–37]. These
strains were stored at −70 °C in 15% (vol/vol) glycerol until subcultured onto respective
media. Bovine heart infusion media were used for culturing bacterial cells, whereas yeast
extract-peptone-dextrose media were used for culturing fungal cells. Both media were
purchased from High Media Laboratories, India.

2.2. Methods

2.2.1. Preparation of [Cu2(OAc)4(tnz)2]. The complex of tnz, [Cu2(OAc)4(tnz)2], was
prepared according to the methods described for mnz [38, 39]. Tnz (0.494 g, 2.00 mM) was
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added to a solution of Cu(OAc)2·H2O (0.399 g, 2.00 mM) in hot methanol (25 mL). The
mixture was heated under reflux at ~50 °C for 8 h. After a week, a green crystalline compound
was obtained by slow evaporation of the solvent which was filtered and recrystallized.

Yield: 70%. Anal. Calcd (%) for [Cu2(OAc)4(tnz)2], i.e. C24H38N6O16S2Cu2: C, 33.58;
H, 4.43; N, 9.80. Found: C, 33.31; H, 4.44; N, 9.89. Cu(II) present in the complex was esti-
mated using a standard procedure [40] and the result obtained was 14.66% (Anal. Calcd
14.80%).

2.2.2. Crystallographic data collection and refinement. A suitable green single crystal of
[Cu2(OAc)4(tnz)2] was mounted on a thin glass fiber with the help of commercially available
super glue. X-ray single-crystal data collection was done at room temperature (298 K) using
a Bruker APEX II diffractometer, equipped with a normal focus, sealed tube X-ray source
with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). The data were integrated
using SAINT [41] and absorption corrections were made with SADABS. Structures were
solved by SHELXS 97 [42, 43] using the Patterson method followed by successive Fourier
and difference Fourier synthesis. Full-matrix least-squares refinements were performed on
F2 using SHELXL 97 [42, 43] with anisotropic displacement parameters for all non-hydro-
gen atoms. During refinement of the complex, all calculations were carried out using SHEL-
XL 97, SHELXS 97, PLATON v1.15 [44], ORTEP-3v2 [45], and WinGX system Ver-1.80
[46]. Data collection, structure refinement parameters, and crystallographic data for the com-
pound are provided in table 1. Selected bond lengths and angles are given in table 2.

Table 1. Crystallographic and structural refinement para-
meters for [Cu2(OAc)4(tnz)2].

Empirical formula C24H38N6O16S2Cu2
Formula weight 857.84
Cryst. syst. Monoclinic
Space group P21/c
a (Å) 14.1124(9)
b (Å) 8.9616(6)
c (Å) 14.0024(9)
α (°) 90
β (°) 100.880(2)
γ (°) 90
V (Å3) 1739.1(2)
Z 2
DCalcd g cm

−3 1.638
μ (Mo-Kα), mm−1 1.422
F (0 0 0) 884
θ range (°) 1.5–27.6
No. of reflns. collected 23428
No. of independent reflns. 4035
Rint 0.035
No. of reflns. I > 2σ(I) 3618
Goodness-of-fit (F2) 1.05
R1 (I > 2σ(I))a 0.0291
wR2

a 0.0865
Residuals (e/Å3) −0.50, 0.38

aR1 = Σ∣∣Fo∣ – ∣Fc∣∣/Σ∣Fo∣; wR2 = [Σ (w(Fo
2 – Fc

2) 2 )/Σw (Fo
2)2] 1/2.
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2.2.3. Physical measurements. A CD spectropolarimeter J815, JASCO, Japan, was used to
determine the quality of calf thymus DNA. UV–Vis spectra of tnz and [Cu2(OAc)4(tnz)2]
were recorded from 200 to 800 nm on a Shimadzu UV-1700 Pharmaspec, Shimadzu, Japan.
FT-IR data of solid samples in KBr pellets were recorded using a Perkin Elmer RX-I
spectrophotometer. Mass spectrum was recorded on a Micromass Q-Tof microTM, Waters
Corporation. Elemental analysis of the complex was carried out using a Perkin-Elmer 2400
Series-II CHN analyzer. Magnetic susceptibility measurements of powdered samples at 303 K
were recorded by the Gouy method using a Magway MSB MK1, Sherwood Scientific Ltd.
EPR was recorded on a JEOL JES-FA 200 ESR spectrophotometer. Fluorescence experiments
were done using a fluorescence spectrophotometer (model JOBIN YVON Fluoromax 3).

2.2.4. Cyclic voltammetry of tnz and [Cu2(OAc)4(tnz)2]. Cyclic voltammetric studies
were carried out using a potentiostat/galvanostat Model 263A, Princeton Applied Research
supported by EG & G software. A conventional three-electrode system was used. A glassy
carbon electrode of surface area 0.1256 cm2 served as the working electrode, a platinum
wire was the counter electrode, while Ag/AgCl, satd. KCl was the reference electrode
(0.199/V). Before each scan, the solution was degassed for 30 min using high-purity argon.
Temperature was maintained using a circulating water bath. A pH meter (Elico Li 613,
India) was used for recording pH. Results were analyzed by the Randles–Sevcik equation
[equation (1)] [47, 48] followed by simulation using esp24b software [49–51];

ipc ¼ ð2:69� 105Þ � n3=2 � D1=2
0 � A � C � v1=2 (1)

where ipc refers to the current at the cathodic peak potential in amperes, n indicates total
number of electrons involved in electrochemical reduction, D0 was the diffusion coefficient
of the species, A refers to area of the electrode in cm2, C is the concentration of the
substance in M cm−3, and ν refers to scan rate in V s−1.

2.2.5. Interaction of the compounds with calf thymus DNA. Interaction of the
compounds with ct DNA was not done using UV–Vis spectroscopy as the difference
between λmax of tnz (317 nm) and λmax of ct DNA (260 nm) was less than 60 nm. This
minimum difference needs to be kept in order to avoid interference between the spectrum

Table 2. Selected bond lengths (Å) and angles (°) for [Cu2(OAc)4(tnz)2].

Bond lengths (Å)
Cu1–O1 1.9860(15) Cu1–O2 1.9594(15)
Cu1–O3 1.9713(16) Cu1–O4 1.9686(15)
Cu1–N1 2.1750(16)
Bond angles (°)
O1–Cu1–O3 168.43(7) O1–Cu1–O4 89.05(7)
O1–Cu1–N1 93.00(6) O2–Cu1–O3 90.00(7)
O2–Cu1–O4 168.14(6) O2–Cu1–N1 96.90(6)
O3–Cu1–O4 89.67(7) O3–Cu1–N1 98.57(6)
O4–Cu1–N1 94.87(6) Cu1–O1–C11a 120.08(14)
Cu1–O2–C9 124.11(13) Cu1–O3–C11 126.20(14)
Cu1–O4–C9a 122.17(13) Cu1–N1–C1 132.98(13)
Cu1–N1–C3 120.30(12) O1–Cu1–O2 88.91(7)

Notes: Symmetry code: a = 1 − x, 2 − y, 1 − z.
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of the compound under study with that of DNA [28]. For the complex, the molar extinction
coefficient at 713 nm was so low (ε = 210M−1 cm−1) that DNA interaction could not be
followed by UV–Vis spectroscopy as the chances of error for low ε values are very high.
For these two reasons, we chose to follow the interaction of the compounds with ct DNA
by cyclic voltammetry [28]. Reduction of the –NO2 group was monitored for electrochemi-
cal activity. Results of the titration of each compound with ct DNA were analyzed by
monitoring the reduction peak potential of tnz and that of the complex. The cyclic
voltammetric data were analyzed by different equations considering the compound–DNA
equilibrium [equation (2)] [52–55].

Lþ D ¼ L� D (2)

Kd ¼ CLCD

CLD
(3)

where CL represents the concentration of free tnz or [Cu2(OAc)4(tnz)2], while CD and CLD

represent the concentration of free ct DNA and the formed DNA–tnz or
DNA-[Cu2(OAc)4(tnz)2] adducts, respectively. Kd was the dissociation constant equal to
1/Kapp; Kapp indicates the apparent binding constant for each compound to ct DNA. For
each compound, the cathodic peak current (Ipc) was linearly proportional to concentration,
so that the decrease could be used to create binding isotherms. Using the linear relationship
between cathodic peak current and concentration of the compounds, equations (4–6) were
derived [55].

Kd ¼
C0� DI

DImax

� �
C0

h i
CD� DI

DImax

� �
C0

h i
DI

DImax

� �
C0

(4)

C0
DI

DImax

� �2

� C0 þ CD þ Kdð Þ DI
DImax

� �
þ CD ¼ 0 (5)

1

DI
¼ 1

DImax
þ Kd

DImaxðCD � C0Þ (6)

ΔI was the change in cathodic peak current (Ipc) for tnz or [Cu2(OAc)4(tnz)2] for each point
of their respective titration curves. ΔImax was the same parameter that provided the maxi-
mum change in ΔI when either compound was totally bound to ct DNA. C0 indicates initial
concentration of the compounds. The double reciprocal plot [equation (6)] provided a value
for ΔImax as the inverse of the intercept, while the slope of the plot provided an estimate of
Kd. Using ΔImax from equation (6), Kd could also be evaluated using non-linear curve fit
analysis [equations (4) and (5)]. Knowing values for Kd from both approaches, the apparent
binding constant of the molecules to ct DNA was evaluated. Since Kapp provided the bind-
ing constant of a molecule binding to an isolated site, in order to calculate overall binding
constant (K*), Kapp was multiplied with the site size n; n denoting the number of nucleotide
bases bound to a molecule of each compound interacting with ct DNA.

Considering the interaction of tnz and [Cu2(OAc)4(tnz)2] with ct DNA to be non-specific
and non-cooperative, the relation between the ratio, r, of the concentration of each bound
compound Cb [represented in the equilibrium, equation (1) as CLD] to the total
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concentration of ct DNA CD, r =
Cb
CD
, and Cf, concentration of the free compound was fitted

to equation (7) [56].

r

Cf
¼ Kð1� nrÞ 1� nr

ð1� ðn� 1ÞrÞ
� �n�1

(7)

Cf was obtained from the Ipc at the cathodic peak potential for each compound with “n” indi-
cating binding site size in the nucleotide bases for each bound molecule interacting with
double-stranded ct DNA. An advantage of using equation (7) over the ones described earlier
was that both overall binding constant and site size of interaction could be obtained directly.

In order to establish the mode of interaction of [Cu2(OAc)4(tnz)2] with ct DNA, a qualita-
tive study was performed where 195 μM ct DNA was saturated with ethidium bromide
(EtBr) [taken ~20 times more] and allowed to stand for 1 h [53]. The solution was then
excited at 510 nm and emission maxima measured at 610 nm. Thereafter, [Cu2(OAc)4(tnz)2]
was added to this solution and its concentration was 47.62 μM. Immediately after addition
of [Cu2(OAc)4(tnz)2], the solution was again excited at 510 nm and emission measured at
610 nm. Thereafter, excitation at 510 nm was done at regular intervals of 10 min for 30 min.

2.2.6. Biological assay with two bacterial and a fungal cell line. The in vitro antimicro-
bial activities of these compounds with gram-positive bacteria S. aureus (ATCC 29213),
gram-negative bacteria E. coli (ATCC 25922), and the fungus C. albicans (CAF 2–1) were
studied by performing minimum inhibitory concentration (MIC) assay. This was determined
in Mueller Hinton Broth (MHB, HiMedia Laboratories, India) by a micro-dilution technique
using a 96-well round-bottomed microtitre plate (Corning Incorporated, Corning, NY)
according to Clinical Laboratory Standards Institute (CLSI 2006b, formerly NCCLS)
guidelines with a final inoculum of 2 × 105 CFU/mL. MIC was defined as the lowest drug
concentration preventing visible turbidity after 18 h of incubation at 37 °C.

Figure 1. Atom labeling diagram of [Cu2(OAc)4(tnz)2].
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3. Results and discussion

3.1. Structure description of [Cu2(OAc)4(tnz)2]

The compound crystallizes in a monoclinic P21/c space group. Single-crystal X-ray diffrac-
tion analysis reveals a dimeric complex of copper(II) with coppers bridged by acetates and
each connected to monodentate tnz (figure 1). Each five-coordinate Cu(II) with CuO4N
chromophore shows exactly square pyramidal geometry with an Addison parameter (τ)
value of 0.00 [57]. Each Cu(II) was linked to four oxygens (O1, O2, O3, and O4) of
acetates in equatorial positions, bond length lying between 1.959(15) and 1.986(15) Å. The
axial site was occupied by N1 of the imidazole ring of tnz with bond distance 2.175(16) Å.
Other selected bond lengths and angles are reported in table 2.

In the crystal packing, two different acetates connect the Cu(II) centers to form a
paddle-wheel Cu2(CO2)4 dinuclear secondary building unit [58–61] separated by 2.625 Å
representing a moderately strong Cu(II)⋯Cu(II) interaction. The dimers are associated
through intermolecular C–H⋯O interaction between O8 of nitro and the methylene hydrogens
(H5a and H5b) located at the side chain of the imidazole ring with C5–H5A⋯O8 of 2.40 Å,
150° and C5–H5B⋯O8 of 2.27 Å, 124°, respectively (figure 2). This C–H⋯O interaction is
responsible for the supramolecular 3-D arrangement oriented along the c-axis (figure S1, see
online supplemental material at http://dx.doi.org/10.1080/00958972.2013.879647).

Figure 2. C–H⋯O interaction in [Cu2(OAc)4(tnz)2] (cyan line) along the c-axis.
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3.2. Spectroscopic studies

3.2.1. UV–Vis spectra. Both tnz and [Cu2(OAc)4(tnz)2] were dissolved in pure ethanol
(1 × 10− 3M) and spectra were recorded at different time intervals. No change was observed;
10 mL of the above solution was then taken and a 100 mL aqueous solution was prepared
by adding 90 mL water containing Tris buffer and 120 mM NaCl. The solution thus
prepared was stable and spectra were taken at different time intervals showing no change.
Hence, the complex was stable in an aqueous solution containing Tris buffer and 10%
ethanol. Tnz and [Cu2(OAc)4(tnz)2] show intense UV bands at 300–330 nm (ε = 18540M−1

cm−1) with a shoulder at 235 nm. Bands in this region for the complex were very similar to
that of tnz and attributed to intra-ligand (IL) transitions with some orbital overlap from
Cu(II). The band at 713 nm (14,084 cm−1) for the complex was assigned to the
characteristic Cu(II) d–d transition (dxy, dyz → dx2 − y2) [59] as a very weak absorption
(ε = 210M−1 cm−1).

3.2.2. IR spectra. The IR spectrum of tnz (figure S2) shows a band at 1522 cm−1 assigned
to ν(C=N) imidazole ring stretch which shifts to higher wave numbers (1545–1561 cm−1) for
the Cu(II) complex (figure S3), indicating coordination of the imidazole nitrogen (N3) to
copper. The two NO2 stretches, νas = 1465 cm−1 and νs = 1367 cm−1, in [Cu2(OAc)4(tnz)2]
were similar to tnz. The splitting of the NO2 bands, Δν(NO2) ~100 cm

−1, in case of tnz and
[Cu2(OAc)4(tnz)2] clearly indicates that the nitro did not participate in coordinating copper
[39]. Similarly, the splitting of the SO2 stretching vibrations, 1303 cm−1 (νas) and 1122
cm−1 (νs), (Δν = ~180 cm−1), was similar for tnz and [Cu2(OAc)4(tnz)2], indicating SO2 did
not take part in binding. IR spectrum of [Cu2(OAc)4(tnz)2] shows two intense bands at
1627 and 1428 cm−1, respectively, that were not found for tnz (figure S2), characteristic of
νas(CO2) and νs(CO2) and the difference between both values (Δν(CO2) = 199 cm−1),
generally observed for bridging acetates [39].

3.2.3. Mass spectrum of [Cu2(OAc)4(tnz)2]. According to the crystal data, the molecular
ion peak for the compound should be at m/z = 856.6 (63Cu and 63Cu) or 858.6 (63Cu and
65Cu) or 860.6 (65Cu and 65Cu). However, indications for such peaks were not prominent
(figure S4). The acetate ions depart as radicals from the complex leaving behind an electron
on the metal center as evidenced by the nature of the mass spectrum. When one acetate ion
departs, theoretical values of m/z for the species should occur at 797.6 (63Cu and 63Cu) or
799.6 (63Cu and 65Cu) or 801.6 (65Cu and 65Cu). The peak at m/z = 798.7 along with other
peaks in the vicinity (isotopic distribution) indicates formation of such species. Small peaks
with m/z = 676.63 and 678.65 were due to species where two Cu(II) atoms, each linked to a
tnz, joined to each other by one acetate bridge. Experimental peaks at m/z = 615.79, 617.79,
618.81, and 619.80 indicate the formation of Cu2(tnz)2 for which the theoretical m/z values
were 620.6 (63Cu and 63Cu), 622.6 (63Cu and 65Cu), and 624.6 (65Cu and 65Cu), respec-
tively. Difference in m/z values between those theoretically expected and experimentally
found was due to loss of one or more hydrogen atoms from the structure. From Cu2(tnz)2,
if one Cu departs, then the species obtained should have m/z = 557.6 (63Cu) or 559.6
(65Cu). Experimental peaks at 556.82 and 558.8 agree. Indications for Cu–tnz were
obtained at 309.87 (theoretical m/z = 310.3 for 63Cu) and 311.88 (theoretical m/z = 312.3
for 65Cu).
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3.3. EPR spectrum and magnetic property of [Cu2(OAc)4(tnz)2]

The effective magnetic moment recorded at 303 K for [Cu2(OAc)4(tnz)2] (1.34 BM) was
significantly lower than the normal value expected for d9 configuration of Cu(II) and
indicated reasonably strong antiferromagnetic coupling between the Cu(II) compounds. The
value was close to μeff values reported for Cu(II) acetates and other binuclear Cu(II)
compounds [39, 62] and suggests the existence of a dimeric structure with an interaction
between Cu(II) centers by super exchange involving the bridging acetates. This super
exchange in addition to Cu–Cu interaction is believed to play a part in the magnetic interac-
tion resulting in subnormal magnetic moments.

The EPR spectrum at X-band frequency for powdered [Cu2(OAc)4(tnz)2] taken from 0 to
800 mT at 25 °C showed three signals at 28 mT(Hz1), 460 mT (H┴2), and 600 mT (Hz2) as
expected for acetate-bridged dinuclear Cu(II) complexes (figure S5). The spin Hamiltonian
for the triplet state of dimeric copper(II) compounds is given by [63],

H ¼ b HgSþ DSz2 þ EðSx2 � Sy2Þ � 2=3D

where D and E are the zero-field splitting parameters, β is the Bohr magneton, and x, y, and
z are principal axes coordinate system fixed with respect to the Cu–Cu bond. However, in a
powder sample, it is impossible to align the magnetic field along a given direction and the
observed spectrum is the sum over all possible orientations. Three resonance fields observed
for such axially symmetric complexes and the g values (g|| and g⊥) at room temperature for
a powdered sample are related by the following equations:

H?2¼ ðge=g?Þ2½H0ðH0 þ D0Þ�

Hz1 ¼ �ðge=gzÞðH0 � D0Þ

Hz2 ¼ ðge=gzÞðH0 þ D0Þ

where H0 = hν/geβ and D′ =D/geβ. The g values obtained as 2.36 (g||) and 2.04 (g⊥)
compare well with previous data [64–68].

3.4. Cyclic voltammetric studies

The cyclic voltammogram of tnz in methanol obtained at a scan rate of 0.1 V s−1 shows a
reduction peak at −0.850 V against Ag/AgCl, satd. KCl (E½ = −0.835 V) [figure 3(a)]. The
peak was assigned to reduction of the –NO2 group [13, 69, 70] on the imidazole ring of
tnz. The cyclic voltammogram of [Cu2(OAc)4(tnz)2] having similar concentration and scan
rate shows a reduction peak at −0.890 V against Ag/AgCl, satd. KCl (E½ = −0.85 V) [figure
3(b)]. The metal-centered reduction peak of [Cu2(OAc)4(tnz)2] for Cu(II)/Cu(I) was
obtained at 0.120 V against Ag/AgCl, satd. KCl (E½ = 0.161 V) (figure S6). Voltammograms
for the reduction of the nitro group were also obtained at various scan rates for both
compounds. Thus, possible chemical reactions that could accompany electrochemical
processes were obtained.

For both compounds, Ipc was plotted against the square root of the scan rate (figure 4).
Straight lines were obtained passing through the origin, clearly demonstrating the
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compounds undergo reduction in a diffusion-controlled pathway and that there was no
adsorption on the electrode surface. Although the entire process of reduction in aqueous
medium was not completely reversible, a rough estimate of the diffusion coefficient (D0)
for each compound could be obtained from figure 3 using the Randles–Sevcik equation
[equation (1)] [47, 48]. For this, the number of electrons involved in reduction was taken as
four. Values were 2.41 × 10−6 and 9.89 × 10−6 for tnz and [Cu2(OAc)4(tnz)2], respectively.

Previous studies on mnz in aqueous DMF showed that the nitro group initially undergoes
a reversible one-electron reduction to a radical anion, followed by an irreversible
three-electron reduction (of the nitro radical anion) to hydroxylamine derivatives [9, 13].

1.20.90.60.30

0.0012

0.0008

0.0004

0

V/s1/2

I pc
, A

B

A

Figure 4. Dependence of cathodic peak current on square root of scan rate for the reduction of tnz (A) and
[Cu2(OAc)4(tnz)2] (B) in pure methanol; T = 25 °C.

Figure 3. Cyclic voltammogram of 1 mM tnz (curve a) and 1 mM [Cu2(OAc)4(tnz)2] (curve b) in pure methanol,
scan rate = 0.1 Vs−1; T = 25 °C.
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These studies also showed, as the percentage of DMF in aqueous DMF (solvent) decreased,
that the two separate peaks gradually got closer and eventually merge to a single irrevers-
ible four-electron reduction wave. Previous workers also reported the absence of two peaks
for the reduction of the –NO2 group in aqueous solution (buffer, pH ~7.4) or methanol [9,
13]. The electrochemical process in such solvents is most likely a “one-electron reduction”
followed by a “three-electron reduction”. We made an attempt to check this by using
simulations with the help of esp24b software [49–51]. Using the voltammograms obtained
at different scan rates for both compounds, the simulation was carried out for a “one-elec-
tron reduction” step followed by a “three-electron reduction” as well as for one-step “four-
electron reduction” [13, 69]. We found that the former approach provided a better fit to the
experimental data, thus supporting a two-step process. Figure 5 shows a typical cyclic
voltammogram of tnz at a scan rate of 0.1 V s−1 along with the simulated curve shown by a
dotted line that followed scheme 1.

Incorporation of a homogenous chemical reaction in the simulation while considering
interaction of the “one-electron reduction” product (T −) with the four-electron (T 4−) to cre-
ate new species A and B was important since considering it the fit of the simulated curve to

Figure 5. Cyclic voltammogram of 1000 μM tnz (–––) recorded at 0.4 Vs−1 potential sweep rate in 0.1M KCl as
supporting electrolyte in aqueous solution (buffer, pH ~7.4) using a glassy carbon electrode at 298 K. In case of
experiment and simulation 235 Ω was included. Dotted (- - - - - -) line is the simulated curve for the process as
represented in scheme 1. Simulation parameters: Ke,1 = 1.0 × 10

−3 cm s−1, α1 = 0.51, E1 =−0.70V vs. Ag/AgCl
saturated KCl; Ke,2 = 1.0 × 10

−2 cm s−1, α2 = 0.0001, E2 =−0.85 V vs. Ag/AgCl saturated KCl, D0 = 1.0 × 10
−4 cm2 s−1,

5.0 × 10−6 cm2 s−1, 1.0 × 10−5 cm2 s−1, 1.0 × 10−5 cm2 s−1 and 3.0 × 10−5 cm2 s−1 for T, T−, T 4−, A and B, respectively
(scheme 1). Kf and Kb for the homogenous reactions were 3000 and 10, respectively. A (surface area of the electrode)
= 0.1256 cm2. Cathodic currents were taken as positive.

Electrochemical reaction in aqueous medium:  T   +    e   =   T−

T− +  3e   =    T4−

Homogeneous chemical reaction: T− + T4− =   A + B (Products) 

Scheme 1.
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the experimental improved substantially. The homogeneous chemical reaction considered
during the simulation also explains why oxidation peaks were not obtained and the cyclic
voltammograms were irreversible. This behavior in aqueous solution (buffer, pH ~7.4) and
methanol was unlike that reported for mnz in aqueous DMF, where the “one-electron reduc-
tion” step was almost completely reversible [13]. At very high scan rates, however, there
were some signs of an oxidation peak indicating that the reduced species T− and T 4− did
not get sufficient time to interact before they were oxidized in the reverse scan. This implies
that at higher scan rates the electrochemical reaction outweighs the homogeneous chemical
reaction by not providing sufficient time for the reduced species to interact. Hence, a varia-
tion of scan rate for both compounds, along with simulations performed on each, enabled
us to understand the mechanism of the electrochemical reduction of tnz and
[Cu2(OAc)4(tnz)2]. Simulation parameters and diffusion coefficient D0 determined through

Figure 6. Cyclic voltammogram for DNA titration of (a) 50 μM tnz in absence (1) and presence of different
concentrations of ct DNA: 10.48 μM (2), 26.15 μM (3), 43.48 μM (4), 86.42 μM (5), 137.25 μM (6), 170.73 μM (7)
and (b) 25 μM [Cu2(OAc)4(tnz)2] in absence (1) and presence of different concentrations of ct DNA: 32.20 μM (2),
39.39 μM (3), 48.93 μM (4), 54.88 μM (5), 60.82 μM (6), 72.65 μM (7). For each case pH 7.4; [NaCl] = 120 mM;
T = 25 °C.
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simulation for all species considering scheme 1 were in the same range as that obtained
experimentally (figure 5).

Comparing the voltammogram of tnz with [Cu2(OAc)4(tnz)2], we found a two-fold
increase in reduction peak current (Ipc) for complex (358 μA) as compared to tnz (170 μA)
(figure 3). Since equal concentrations of tnz and [Cu2(OAc)4(tnz)2] were used to study the
electrochemical behavior, this doubling of peak current for the complex indicated the
presence of two tnz units in the complex, suggesting their –NO2 groups underwent
reduction simultaneously.

3.5. Interaction of tnz and [Cu2(OAc)4(tnz)2] with calf thymus DNA: determination of
binding parameters

The interaction of tnz and [Cu2(OAc)4(tnz)2] with ct DNA was studied with the help of
cyclic voltammetry in aqueous solution (buffer, pH ~7.4) containing 120 mM NaCl,
3.5 mM KCl, 1 mM CaCl2, and 0.5 mM MgCl2 to maintain the physiological conditions.
Under the experimental conditions, tnz shows a reduction peak at −710 mV, while
[Cu2(OAc)4(tnz)2] shows a peak at −857 to −865 mV. Solutions were prepared having a
constant concentration of either tnz or [Cu2(OAc)4(tnz)2] to which different concentrations
of ct DNA were added. Cyclic voltammetry of each solution was performed and the change
in cathodic peak current (ΔI ) at −710 mV for tnz and −857 mV for [Cu2(OAc)4(tnz)2] were
used to construct binding isotherms. Cyclic voltammograms of tnz and [Cu2(OAc)4(tnz)2]
in the absence and presence of different amounts of ct DNA are shown in figure 6(a) and
(b), respectively.

Upon addition of ct DNA, the reduction peak current of each compound gradually
decreased. Whereas for tnz, there was no shift in reduction potential during titration, for
[Cu2(OAc)4(tnz)2], there was an initial shift by ~6–8 mV to more negative potential that
was later restored to the original reduction potential of [Cu2(OAc)4(tnz)2] in aqueous

Figure 7. Variation of fluorescence intensity of a solution of ct DNA that was saturated with ethidium bromide in
the absence of [Cu2(OAc)4(tnz)2] (1) and presence of 47.62 μM [Cu2(OAc)4(tnz)2] at different time intervals; 0 (2),
10 (3) and 30 min (4). pH 7.4; [NaCl] = 120 mM and [DNA] = 195 μM.
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solution. Looking at the nature of the two voltammograms [figure 6(a) and (b)], as ct DNA
was added the compounds interacted with it in a manner that the bound form was rendered
redox inactive. For this reason, all successive reduction peak currents recorded during titra-
tion of each compound with ct DNA corresponds to that of the free compound (Cf) [28].
Studies on DNA interaction followed by cyclic voltammetry suggests if a compound gets
bound to DNA and yet remains redox active with regard to the same functional group, then
there should be a distinct shift in its reduction peak potential depending on the change
brought about on the functional group upon binding with DNA [28, 56, 71]. On the
contrary, a no shift in reduction peak potential implies, either the functional group responsi-
ble for electrochemical response was encaged or encapsulated upon binding to DNA, or that
upon interaction the redox active unit present in the molecule underwent structural changes
that made it electrochemically inactive [28].

In our case, since no new peak developed for both compounds during the course of
titration with ct DNA, we have reason to believe that –NO2 of the bound forms was not
electrochemically active. For this reason, all subsequent peak currents for tnz [figure 6(a)]
and [Cu2(OAc)4(tnz)2] [figure 6(b)] obtained upon addition of ct DNA could be assigned to

0.050.0250

1.5

1

0.5

0

0.20.150.10 50.0

0.2

0.15

0.1

0.05

0

(b)

(a)

Figure 8. Double reciprocal plot for the interaction of (a) tnz and (b) [Cu2(OAc)4(tnz)2] with ct DNA; pH 7.4;
[NaCl] = 120 mM; T = 25 °C.
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that of the free compound (Cf) [56]. For DNA titrations, such lack of electrochemical
response of the bound form is an indication of intercalation since it leads to the molecule
being locked between the strands of DNA [56]. On the contrary, other forms of binding (to
DNA) keeps open the option of the bound form remaining electrochemically active.

Hence, in order to establish the mode of binding of the complex with ct DNA,
experiments were performed where [Cu2(OAc)4(tnz)2] was allowed to interact with ct DNA
that was earlier saturated with EtBr. The fluorescence maxima of the EtBr–DNA adduct
obtained at 610 nm decreased considerably with increase in incubation time (figure 7),
suggesting displacement of EtBr by [Cu2(OAc)4(tnz)2], EtBr being an established DNA
intercalator, this experiment proves that [Cu2(OAc)4(tnz)2] must also be an intercalator.

Although mentioned in section 3.4, all electrochemical processes in aqueous solution (buf-
fer, pH ~7.4) were purely diffusion controlled with no adsorption on the electrode surface.
This was checked for DNA titration data as well by plotting Ipc versus the square root of the
scan rate [71]. Results of the titrations were analyzed according to equations (4)–(7) as
described under methods (section 2.2.5). From the cathodic peak current (Ipc) being linearly
proportional to the concentration of either free tnz or free [Cu2(OAc)4(tnz)2] (Cf), ΔI was
calculated. By plotting 1/ΔI against 1/(CD−C0) for tnz [figure 8(a)] and [Cu2(OAc)4(tnz)2]
[figure 8(b)], ΔImax, i.e. maximum change in current for the interaction of the compounds
with ct DNA, was obtained as the inverse of the intercept. The apparent binding constant
(Kapp), obtained as the reciprocal of Kd, was evaluated from the slope of the double reciprocal
plots [figure 8(a) and (b)]. Apparent binding constants were 1.6 × 104M−1 for tnz [figure
8(a)] and 2.2 × 105M−1 for [Cu2(OAc)4(tnz)2] [figure 8(b)] (table 3). The data obtained from
the titrations were analyzed by non-linear square fit analysis using equations (4) and (5),
where ΔI/ΔImax was plotted against total DNA concentration (CD). Figure 9(a) and (b) shows
plots of the normalized increase of ΔI/ΔImax as a function of the concentration of ct DNA for
tnz and [Cu2(OAc)4(tnz)2], respectively. Kapp was determined from these plots as the
reciprocal of Kd and the values were 1.57 × 104 M−1 and 2.4 × 105 M−1 for tnz and
[Cu2(OAc)4(tnz)2], respectively (table 3). Values for Kapp for both the compounds indicate
excellent agreement between the methods of analysis.

Another very important parameter connected with studies on DNA interaction is the site
size (n), i.e. the number of nucleotide bases linked to a molecule of the compound. While
the binding constant indicates the strength of binding with DNA, site size n is indicative of
the number of bases affected by a single molecule. Together, these two parameters indicate
the level of distortion or modification on the DNA backbone following interaction with a
compound. This is manifested in the efficacy of one drug over another in distorting the
DNA structure. Site size of interaction was determined from the plot of normalized increase
of ΔI/ΔImax as a function of the mole ratio of DNA to either compound. The insets of
figures 9(a) and (b) are typical plots of ΔI/ΔImax versus mole ratio of [DNA]/[tnz] and

Table 3. Binding constant and site size values of tnz and [Cu2(OAc)4(tnz)2] interacting with ct DNA.

Compounds

Kapp × 10−4

(M−1) from
double-

reciprocal plot
[equation (6)]

Kapp × 10−4

(M−1) from
nonlinear curve

fitting
[equation (5)]

Site size of
interaction
from mole
ratio plot n

Overall
binding
constant

K* =Kapp × n
[10−4 (M−1)]

Overall
binding

constant K* ×
10−4 (M−1)
[equation (7)]

Site size of
interaction

n
[equation

(7)]

Tinidazole 1.60 ± 0.06 1. 57 ± 0.07 1.8 ± 0.55 3.2 ± 0.05 3.35 ± 0.39 1.40 ± 0.10
[Cu2(OAc)4(tnz)2] 22.0 ± 3.80 24.0 ± 2.25 1.8 ± 0.60 46.0 ± 1.80 59.0 ± 6.29 1.60 ± 0.05
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[DNA]/[Cu2(OAc)4(tnz)2], respectively. In each case, the point of intersection of the two
straight lines drawn using points before and after saturation gives the stoichiometry or the
binding site size (n). The value of n was 1.8 (~2.0) for both compounds binding to ct DNA.

The overall binding constant for the compounds was evaluated by multiplying Kapp with
the site size n (table 3). What needs mentioning is that the overall binding constant K*

for tnz interacting with ct DNA in this study was close to that of mnz binding to ct DNA
[K = (2.2 ± 1.3) × 104 M−1] that was evaluated by cyclic voltammetry [29].

The DNA titration results of both compounds were also fitted to equation (7) to calculate
the overall binding constant (K*) and site size of interaction (n) in yet another way [figures
10(a) and (b)]. Values obtained were 3.4 × 104 M−1 (K*) and 1.4 (n) for tnz, while for the
complex it was 5.9 × 105 M−1 (K*) and 1.6 (n) (table 3). The results for binding parameters
evaluated using equation (7) are in agreement with that determined using equations (4)–(6).
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Figure 9. Binding isotherm for (a) tnz and (b) [Cu2(OAc)4(tnz)2] interacting with ct DNA; the line is the fitted
data corresponding to a non-linear fit that follows equation (6). Inset: Plot of normalized increase of peak current
as a function of mole-ratio of ct DNA to the compounds respectively; pH 7.4; [NaCl] = 120 mM; T = 25 °C.
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The value obtained for [Cu2(OAc)4(tnz)2] was also quite close to the binding constant
value of another reported Cu(II) complex having a benzimidazolyl unit [72]. The study
therefore demonstrates complex formation of tnz with Cu(II) was able to cause a substantial
increase in overall binding constant of tnz with ct DNA.

3.6. Interaction of tnz and [Cu2(OAc)4(tnz)2] with bacterial and fungal cell lines

Susceptibility of bacterial and fungal cells to tnz and [Cu2(OAc)4(tnz)2] was checked by
performing MIC assay as described under methods (section 2.2.6) and presented in table
S1. Control experiments were also done taking free Cu(II) as copper(II) nitrate, copper(II)
acetate, a non-toxic ligand EDTA in the form of Na2EDTA, and a complex of EDTA with
Cu(II). Data reveal that [Cu2(OAc)4(tnz)2] was more effective than tnz against bacterial
cells showing lower MIC compared to tnz. In case of the fungal cells, efficacy of tnz and
[Cu2(OAc)4(tnz)2] was the same and showed similar MIC values. However, MIC of tnz
was lower in case of C. albicans, the fungal cell as compared to the two bacterial cells.
While the complex could improve the action of tnz toward bacterial cells, the same was not
observed for the fungal cell (table S1). This suggests that complex formation of Cu(II) with
tnz enabled tnz to target and kill bacterial cells more effectively than when present alone,
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Figure 10. Voltammetric titrations of (a) tnz and (b) [Cu2(OAc)4(tnz)2] with ct DNA, plotted as r/Cf vs. r; pH 7.4;
[NaCl] = 120 mM; T = 25 °C; line represents the fitted data according to equation (7).
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while the same was not true for fungal cells. Control experiments clearly showed that free
Cu(II) was not active against the three types of cells with very high MIC. Experiments
carried out with a Cu(II) complex of a non-toxic ligand (EDTA), i.e. Cu(II)-EDTA did not
show any significant activity and results were similar to that of EDTA. Therefore,
association of Cu(II) with tnz was unique in carrying out antibacterial and/or antifungal
activity.

4. Conclusion

A binuclear paddle-wheel complex of Cu(II) with tnz was prepared where each tnz
was linked to one Cu(II), while the Cu(II) ions were connected by four acetate bridges. The
complex was characterized by single-crystal X-ray diffraction, IR, mass, EPR, elemental
analysis, and cyclic voltammetry. Interaction of tnz and [Cu2(OAc)4(tnz)2] with ct DNA
was followed by cyclic voltammetry to check whether complex formation increased DNA
interaction. Results were analyzed by three different methods, leading to the determination
of binding parameters. Values obtained from all three were in agreement and indicate that
[Cu2(OAc)4(tnz)2] bound ct DNA an order of magnitude higher than tnz. The study on
DNA interaction suggests [Cu2(OAc)4(tnz)2] could have improved action on a biological
target that could help to maintain the efficacy of tnz even if generation of a nitro radical
anion is reduced following complex formation. In order to verify this, compounds were
treated with two bacterial cells S. aureus and E. coli and a fungal cell C. albicans. The
findings suggest performance of [Cu2(OAc)4(tnz)2] on two bacterial cells was better than
tnz, while in case of the fungal cell both had similar effects. Hence, coordination of Cu(II)
to tnz brings about a change in its electronic environment that influenced the biological
function on bacterial cells, with improved activity.

Abbreviations

tnz tinidazole
[Cu2(OAc)4
(tnz)2] Cu(II) complex of tinidazole
ct DNA calf thymus DNA
MIC minimum inhibitory concentration
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The CIF can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Center, 12 Union Road, Cambridge CB2 1EZ,
UK; Fax: +44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk) mentioning CCDC No.
845775.
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