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a b s t r a c t

Calculations based on density functional methods were carried out for the [Zn(phen)2(cnge)(H2O)](-
NO3)2$H2O complex taking into account the presence of two different conformers for the cyanoguanidine
ligand. The calculated geometrical parameters and the vibrational IR and Raman spectra were in
agreement with the experimental data. On the other hand, the activities of the complex, the ligands and
the metal against fungal strains have been measured. The complexation increased the antifungal activity
of the metal and the ligand cyanoguanidine, and slightly decreased the antifungal activity of the ligand
1,10-phenanthroline against Candida albicans, C. albicans ATCC 10231 and Candida krusei (not against the
others strains of Candida). The ligand 1,10-phenanthroline and the zinc complex showed in some cases
higher activity than the common antifungal drug fluconazole. The complexation also increased the post-
antifungal effect in the tested strains, except for Candida parapsilosis, even with a better efficiency than
those of some conventional antifungal agents. Antifungal studies were coupled with safety evaluations
using the Artemia salina and the Ames tests. The zinc complex behaved as a non-mutagenic and non-
toxic compound at the tested concentrations. Moreover, the zinc complex could be safer than the
ligand when used as an antifungal agent. Therefore, the interaction of zinc(II) with N-containing ligands
may provide a promising strategy for the development of novel and more secure drugs with antifungal
activity.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Cyanoguanidine (cnge) has beenwidely employed as a ligand of
the transition metals in the synthesis of coordination compounds
[1,2]. Its solid state structure has raised several theoretical and
experimental studies suggesting the coexistence of two tautomeric
forms: cyanoimine and cyanoamine [3] (Scheme 1).

Despite its biological importance, cnge has also commercial
applications as an intermediate in the formation of pharmaceuti-
cals, pesticides, fungicides, and various polymers. Some transition
metal ions (i.e. copper, platinum and nickel) are able to catalyze the
addition of alcohols to the nitrile group in cnge, forming n-alkyl-
guanylureas that coordinates the metal ions [4e7]. On the other
.M. Williams).
hand,1,10-phenanthroline (phen) can act as a strong field bidentate
ligand that forms very stable chelates with many transition metals
of the first row [8]. This molecule has antibacterial, antifungal and
antiviral properties [9]. Besides, it is well known that zinc is an
essential metal, widely distributed in cells, and is the most abun-
dant intracellular trace element. Catalytic, structural, and regula-
tory are the main biological roles played by the biometal [10].

The development of resistant strains is increasing as a result of
excessive antibiotic use. In this context, it is interesting to note the
enormous importance of developing novel antimicrobial drugs for
the treatment of infectious diseases [11,12]. The antimicrobial ac-
tion of phen has been demonstrated on several bacterial and fungal
strains [13,14]. Zinc is an essential element involved in many vital
cellular reactions at its low endogenous concentrations. When the
concentrations of Zn(II) ion became higher than the optimal range,
the ions can enter inside the microbial cells producing cytotoxic
effects on the prokaryotic cells. The antimicrobial activity of Zn(II) is
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Scheme 1. Structures of cyanoimine (A) and cyanoamine (B).
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essentially dependent on the microbial strain [15]. In this way,
Zn(II) might be able to display its antimicrobial activity acting as
either antibacterial or antifungal agent. Moreover, the antifungal
profile of some compounds can be modified upon complexation
with zinc ion [13,16e22]. These Zn(II) complexes exerts antifungal
action against some Candida and others fungal strains, whereas
other complexes like [Zn(Hz2DAP-2H)]$H2O (with Hz2DAP:
bis(phthalazine-1-hydrazone)-2,6-diacetylpyridine) promotes the
growth of Candida albicans [23].

In our previous paper [24], we reported the structural, spectral
and potentiometric characterization, and the antibacterial activity
of the [Zn(phen)2(cnge)(H2O)](NO3)2$H2O complex. The X-ray
structure of the complex reveals that the Zinc(II) ion is located in a
distorted octahedral environment, coordinated to two nearly
planar [rms deviation of atoms from the best least-squares plane
less than 0.055 Å] bidentate and mutually perpendicular phen
[dihedral angle of 88.82(3)�] [ZneN bond lengths ranging from
2.124(2) Å to 2.193(2) Å]. The remaining two cis-positions are
occupied by cyanide nitrogen of cnge [d(ZneN) ¼ 2.092(2) Å] that
enters coordination slightly bent [: (ZneNeC) ¼ 161.1(2)�] and a
water molecule [d(ZneOw) ¼ 2.112(2) Å]. To extend this study, we
report herein the calculations of the geometry and the vibrational
behavior based on density functional theory (DFT) [25e27] and
compared these results with the previous experimental data ob-
tained by X-ray, FT-IR and FT-Raman measurements. We have also
investigated the antifungal activity by the agar diffusion and the
agar dilution methods and the post-antifungal effect (PAFE) for the
Zn(II) ion, the ligands cnge and phen and the zinc complex against
seven strains of Candida. The antifungal studies were coupled with
the evaluation of the mutagenicity and acute toxicity of all
compounds.

2. Experimental

2.1. Materials

All chemicals were of analytical grade. Anhydrous Zinc(II)
chloride (ZnCl2) was obtained from Merck, solvents and all the
other analytical grade chemicals used were purchased from Sigma.
The growth media (Mueller Hinton Broth andMueller Hinton Agar)
and blank sterile discs were purchased from Britannia and Bioartis,
respectively. The zinc complex was prepared according to the
preparative technique described in our previous report [24]. Elec-
tronic absorption spectra were recorded on a spectrophotometer
Agilent Technologies (Cary 60 UVevis).

2.2. Methods

2.2.1. Computational methodology
The X-ray diffraction data was employed as the starting struc-

ture to optimize the geometry of the zinc complex using tools from
the DFT. Calculations were performed using the GAUSSIAN 09
program package [28]. Molecular structures of ligands and metallic
complexes were fully optimized at various levels. Geometry opti-
mization procedures were started from the experimental crystal-
lographic data using the Beck three-parameters hybrid exchange-
correlation functional, known as B3LYP [29] employing different
basis set for different atoms. Theoretical calculations were carried
out simulating water environment using the conducting polariz-
able continuous model (CPCM) as implemented in the software
package [30]. Basis sets of triple-zeta quality with polarized (TZVP)
functions for atoms of Zn, C and H, and a TZVP basis set with diffuse
functions (TZVPD) for oxygen and nitrogen atoms [31].

IR absorption and Raman spectra of cnge in different physical
states (crystalline, solutions and composition with porous glasses)
reveals the co-existence of two different structural cnge species:
cyanoimine and cyanoamine [3]. Theoretical studies of the cnge
isomers confirm that these two forms co-exist at the same time
[3,32]. Accordingly, it was suggested that the X-ray diffraction data
showing equivalent CeN and C]N bond lengths in the guanidine
fragment is a consequence of the superposition of both tautomers
that are present simultaneously in cnge samples. Taking into ac-
count these findings, the cation complex geometry optimization
was carried out considering both cyanoguanidine tautomers indi-
vidually, 1-cyanoguanidine (cyanoamine) and 2-cyanoguanidine
(cyanoimine). The structures of the zinc complexes optimized
with cyanoamine and cyanoimine were called (1) and (2),
respectively.

Vibrational spectroscopy is one of the most important and
promising tools for the characterization of the structural features of
molecules (backbone or functional groups). The combination of
theoretical calculations with IR and Raman spectroscopies provide
invaluable structural information [33]. Vibrational calculations at
the same level of theory were performed to determine the con-
sistency of the minimum in the potential energy surface and to
assign the theoretical vibrational spectra.

Orthogonal rotations are commonly used for comparing
macromolecular structures, and the root mean square deviation
(RMSD) is a natural metric for the quantization of the similarity of
two optimally rotated structures [34]. To test the validity of quan-
tum chemical calculations in reproducing the experimental struc-
ture of the zinc complex RMSD between the coordinates of both
macromolecules were calculated using Qmol package [35].

2.2.2. Stability studies
In order to evaluate that in the in vitro studies the effects

observed by the dissolved complex are due to the complex itself
and not to its dissociation products, stability studies of the zinc
complex under the same conditions of antimicrobial and toxico-
logical assays were performed. The dissolution has been carried out
in distilled water and in artificial seawater. Stability determinations
were followed spectrophotometrically (variation of the electronic
absorption spectra with time) at least for 30 min that is the time of
manipulation of the solid dissolved before it was employed in the
different assays.

2.2.3. Antifungal assays
The antifungal profile of the metal (ZnCl2), the ligands (cnge and

phen) and the complex have been studied against seven fungal
strains by two different microbiological methods (agar diffusion
and agar dilution methods). PAFE measurements were performed
by a spectrophotometric method [36].

Control strains for the agar diffusion and agar dilution methods
included seven strains of Candida namely: Candida parapsilosis
ATCC 22019, C. albicans ATCC 10231, and clinical isolates of Candida
tropicalis, Candida krusei, Candida glabrata, C. parapsilosis and C.
albicans. Mueller Hinton Broth (MHB) or Mueller Hinton Agar
(MHA) have been used for the cultivation/assay medium for all
strains. The inocula of fungal strains were prepared from 18 h-old
broth cultures. A McFarland 0.5 suspension was prepared for each
isolate (~108 colony forming units (CFU) per mL, CFU mL�1) and
employed in all assays [12,37].

Stock solutions were prepared at different concentrations for
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the different assays. For the agar diffusion method, the zinc com-
plex was dissolved in themixture H2O:DMSO (50:50) and themetal
and ligands were dissolved in distilled water to a final concentra-
tion of 250 mmol L�1. For the agar dilution method, all compounds
were dissolved in distilled water, to a final concentration of
15 mg mL�1. Serial two-fold water dilutions were performed from
the stock solutions of antimicrobial agents to give concentrations
ranging from 14.65 to 15000 mg mL�1. For the analysis of PAFE, the
ligand phen and the zinc complex were dissolved in distilled water
to a final concentration of 234.30 mg mL�1. For the toxicological
assays, the ligand phen and the zinc complex were dissolved in
artificial seawater to a final concentration of 1875 mg mL�1. All so-
lutions previously described were sterilized by filtration before use.

2.2.4. Agar diffusion method
As a preliminary screening, all compounds were tested against

fungi for their inhibitory activity. A fungal suspension of turbidity
equaled to 0.5 McFarland standard were uniformly spread using
sterile cotton swabs on sterile Petri dishes containing MHA. Blank
sterile discs of 6 mm in diameter were aseptically impregnated
with 8 mL of the sterile solutions of each compound. The zinc
complex was tested at a concentration of 1.34 mg/disc and phen, at
0.4 mg/disc. The discs were allowed to stand until complete solvent
evaporation and applied on the surface of previously inoculated
solid agar. The mixture H2O:DMSO (50:50) was used as negative
control. Fluconazole (0.04 mg/disc) was used as positive reference
standard. The plates were incubated aerobically at 37 �C for 48 h.
The diameters of inhibition zones were evaluated in millimeters.
The values reported are an average of at least three independent
experiments [12,37].

2.2.5. Agar dilution method
The minimum inhibitory concentration (MIC) of each com-

pound was determined by this method. After preparation of se-
rial two-fold water dilutions of the tested compounds, 0.5 mL of
each dilution were added to 4.5 mL of melted MHA and poured
into a Petri dish (45 � 15 mm). The final concentrations ranging
in the MHA were from 1.46 to 1500 mg mL�1. An agar plate
without antimicrobial agent was established as a sterility and
organism growth controls. After cooling and drying, the agar
surface was inoculated with 2 mL of the fungal suspensions and
incubated aerobically at 37 �C for 48 h. After incubation, MICs
were interpreted and the inhibition of microbial growth was
judged by comparison with growth in control plates. MIC values
of fluconazole (positive reference standard) were determined.
The MIC was defined as the lowest dilution of the complex that
inhibited the visible growth of the test organism. A single colony
or a faint haze caused by the inoculum should not be read as
growth. Each MIC experiment was repeated three times
[12,24,37e39].

2.2.6. Analysis of PAFE by spectrophotometry
Nevertheless, the MIC determination is an important antimi-

crobial assay to measure the susceptibility of somemicroorganisms
against antimicrobial agents but provides limited information of
the activity of the drug over time. In this context, the determination
of PAFE was considered relevant to establish the possible modifi-
cation of this pharmacodynamic parameter of themetal ion and the
ligands upon complexation. The PAFE is the period of inhibition of
fungal growth after the antifungal agent has been completely
removed. This period can also be a measure of the delayed
regrowth of fungi after a short period of antifungal exposure. The
presence of PAFE may be an important consideration in designing
antifungal dosage regimens and its determination is recommended
in pre-clinical evaluation of all new antimicrobial agents [36,37].
In this in vitro study, a spectrophotometric method was used to
investigate the PAFEs. Firstly, microcentrifuge tubes containing
900 mL of broth with the antimicrobial compound at twice the MIC
value (2� MIC) were inoculated with 100 mL of a fungal suspen-
sion adjusted to 0.5 McFarland standard. Secondly, inoculated
microcentrifuge tubes were placed in a water bath at 37 �C for an
exposure period of 1 h. Thirdly, the antimicrobial agent was
removed by dilution (1:1000) in a pre warmed antimicrobial-free
medium. Finally, the diluted cultures were reincubated at 37 �C
reading the transmittance at regular time intervals. Growth con-
trols with inoculum but without the antimicrobial compounds
were included with each experiment. These unexposed cultures
underwent the same “drug removal” procedures as the exposed
cultures. A 5% decrease in transmittance was used to define the
point at which detection of growth occurred. The duration of PAFE
was calculated by using the formula PAFE ¼ T�C where T was the
time required for a 5% decrease in transmittance for the
antimicrobial-exposed organisms and C was the time required for
the same inoculum in the control to decrease 5% in transmittance.
Transmittance readings (670 nm) were recorded at 5 min in-
tervals. Each PAFE measurement was carried out in duplicate
[36,37].
2.2.7. Ames test
It is very important to investigate the mutagenic potential of

the novel antimicrobial drugs because some chemical agents
which showmutagenicity can induce cancer [40]. Mutagenicity of
the ligand phen and the zinc complex was evaluated by the Sal-
monella/microsome assay that is based on the plate-incorporation
method proposed by Maron and Ames [41], using two strains of
Salmonella typhimurium (TA98 and TA100). The test strains were
obtained from frozen culture and were grown overnight for
12e14 h at 37 �C in Mueller Hinton broth. The different concen-
trations of the ligand phen and the zinc complex (47, 24 and 12 mg/
plate) were added to 2 ml of top agar mixed with 100 ml of bac-
terial culture (1e2 � 108 cells mL�1) adding this mixture to a plate
with minimal agar. These plates were incubated at 37 �C for 48 h
and the number of Hisþ revertant colonies was counted. The
concentrations employed in this assay were selected taking into
account the MIC values for antifungal activity. All experiments
were made in duplicate. The Mutagenic index (MI) was calculated
as the average number of revertants per plate divided by the
average number of revertants per plate from the negative control
for each dose.
2.2.8. Artemia salina test
For determining the acute toxicity of the ligand phen and the

zinc complex in brine shrimp, eggs of A. salinawere incubated in a
hatching chamber with artificial seawater at 20e30 �C (One liter of
seawater contains: NaCl, 23 g; MgCl2.6H2O, 11 g; Na2SO4, 4 g;
CaCl2.2H2O, 1.3 g; KCl, 0.7 g) [42] The pH was adjusted to 9.0 using
Na2CO3 to avoid risk of death to the Artemia larvae by decrease of
pH during incubation [43]. After 24 h, the larvae (nauplii) were
extracted and counted using a micropipette. For the ligand phen
and the zinc complex, five concentrations (in triplicate) were tested
in order to determine doseeresponse relationship and negative
(distilled water) and a positive (K2Cr2O7) controls were used.
Concentrations tested were 188, 94, 47, 24 and 12 mg mL�1. These
concentrations were selected taking into account theMIC values for
antifungal activity. Thewells containing the sample and 10 larvae of
brine shrimp, including the control groups, were filled to a total
volume of 100 ml with artificial seawater. After 24 h, live larvaewere
counted and the medium lethal concentration (LC50) value was
estimated.



Fig. 2. Optimized geometry of (2) [Zn(phen)2(cyanoimine)H2O]. The black ball repre-
sents N atom the gray ball represents O atom and the light gray ball represents C atom.
Atom 58 is Zn.
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3. Results and discussion

3.1. DFT calculations

The geometries of the zinc complexes formed with both cya-
noguanidine tautomers ((1) with cyanoamine and (2) with cya-
noimine) were optimized without any constrains. The structures
and atom labels of the [Zn(phen)2(cyanoamine)H2O] complex (1)
and the [Zn(phen)2(cyanoimine)H2O] complex (2) are depicted in
Figs. 1 and 2, respectively.

The selected optimized geometric parameters for the experi-
mental structure in comparison of both complexes, (1) and (2), are
gathered in Table 1. The whole data are listed in Supplementary
material (Table S1).

The DFT-optimized structures converged successfully, in good
agreement with the experimental X-ray one, implying the ade-
quacy of the theoretical method employed for the geometry opti-
mizations of this particular system. The ZneN (cnge) distances are
in agreement with the experimental values [24].

The general trends observed in the experimental data are well
reproduced in the calculations. However, the comparison of the
theoretical data with the experimental ones indicates that the
optimized angle values are slightly different with the experimental
determinations. It should be noted that the geometry of the solid
state structure is subjected to intra and intermolecular interactions,
such as hydrogen bonding and van der Waals interactions, whereas
the calculations have been performed for isolated molecules. The
optimized structures of the isolated complexes are superimposed
on the crystallographic structures in Fig. 3.

The close structural relationship between the calculated and
crystallographic observed structures is best illustrated with a RMS
overlay error of 1.156 Å and 1.155 Å for (1) and (2), respectively,
when the atoms of the coordination sphere of zinc are super-
imposed. The slightly higher values of RMS overlay error can be
assigned to the fact that the X-ray structures were measured in a
compacted crystalline form.

The theoretical IR and Raman spectra of the two complexes are
Fig. 1. Optimized geometry of (1) [Zn(phen)2(cyanoamine)H2O]. The black ball rep-
resents N atom the gray ball represents O atom and the light gray ball represents C
atom. Atom 58 is Zn.
shown in Fig. 4a, b and 5a, b and compared with the experimental
one (Figs. 4d and 5d). Both calculated spectra showed a single band
around 2200 cm�1 assigned to the C^N stretching mode. The
experimental stretching frequencies for the strong bands assigned
to the coordinated cyano group were found to be located at
2189 cm�1 and 2148 cm�1 and have been assigned to the contri-
bution of the two tautomers (1) and (2), respectively, present in the
solid state (see below) [24]. Our calculated values of 2170 cm�1

(intensity, 803) and 2150 cm�1 (intensity, 1704) for (1) and (2),
respectively, showed the same pattern than the experimental data.
These results are in accordance with previous reports [3,32,44] and
indicate the coexistence of two different complexes enclosing
different tautomeric forms of cnge coordinated to the zinc center in
the solid state, each one. The calculated bond lengths and angles are
compatible with a higher contribution of (2) (Zn-cyanoimine) and
the same behavior has been observed in the theoretical calculations
of the imino tautomer of isolated cyanguanidine, the predominant
form, which resulted energetically more stable by about 42e50 kJ
than the amino form [44]. The calculations presented herein indi-
cate that (2) (Zn-cyanoimine tautomer) is again more stable by
5.1 kJ/mol than the Zn-cyanoamine form (1). From Table 1 it is clear
that the calculated results for cnge in (2) showed higher agreement
with the experimental data than the theoretical values for (1).
Nevertheless, to reproduce the experimental FTIR and FT-Raman
spectra (in band position and intensities) a weight of the spectra
for (1) and (2) of 70.67% and 29.33%, respectively, must be applied
to show the doublet in the band corresponding to the C^N
stretching vibration (Figs. 4c and 5c). In summary, both, experi-
mental and theoretical data regarding the vibrational spectra of the
complex suggest the coexistence of both tautomeric forms of cnge
coordinated to the Zn ion in the crystalline state.

Moreover, the nitrate stretching band in the experimental
spectra of the complex, can be observed at 1380 cm�1 (FTIR, n3(E0)
mode) and 1055 cm�1 (Raman, n1(A0

1) mode). These bands are
absent in the calculated spectra because the DFT calculations were



Table 1
Selected bond lengths (Å) and angles (�), around Zn and for cnge, calculated for (1) [Zn(phen)2(cyanoamine)H2O] and (2) [Zn(phen)2(cyanoimine)H2O]. Experimental values are
reported for comparative purposes [24].

Bond lenghtsa Exp. Calc.b 1 Calc.c 2 Bond anglesa Exp. Calc.b 1 Calc.c 2

Zn(58)eN(53) 2.136 2.159 2.173 N(53)eZn(58)eN(51) 77.15 77.6 76.5
Zn(58)eN(51) 2.189 2.184 2.215 N(54)eZn(58)eN(55) 77.29 77.8 77.2
Zn(58)eN(55) 2.193 2.174 2.187 C(16)eN(50)eZn(58) 161.1 168.3 169.9
Zn(58)eN(54) 2.124 2.158 2.177 N(49)eC(14)eN(52) 119.1 130.0 119.1
Zn(58)eO(57) 2.112 2.278 2.308 N(49)eC(14)eN(56) 123.3 114.4 123.8
Zn(58)eN(50) 2.092 2.211 2.102 C(14)eN(56)eC(16) 119.2 125.7 122.6
C(14)eN(49) 1.342 1.362 1.337 N(52)eC(14)eN(56) 117.5 115.6 117.0
C(14)eN(56) 1.345 1.423 1.334 N(50)eC(16)eN(56) 174.2 178.9 174.9
C(14)eN(52) 1.320 1.271 1.334
C(16)eN(50) 1.164 1.155 1.166
C(16)eN(56) 1.296 1.312 1.286

a For the denomination of the atoms see Figs. 1 and 2.
b (1) Calculated at B3LYP/TZVPD.
c (2) Calculated at B3LYP/TZVPD.

Fig. 3. Overlayed structures of the solid state (gray) and calculated (light gray) structures of (1) (left) and (2) (right).

Fig. 4. Infrared spectra of (a) (1), (b) (2), (c) weighted spectrum ((1) and (2)) and, (d) experimental spectrum.
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Fig. 5. Raman spectra of (a) (1), (b) (2), (c) weighted spectrum ((1) and (2)) and, (d) experimental spectrum.
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only performed with the coordination complex in its cationic form.

3.2. Stability studies in solution

In a previous work [24], we have reported the stability of the
ligands in aqueous solution and the stability of the zinc complex in
the mixture H2O:DMSO (50:50). Its stability under the experi-
mental conditions of the antifungal and toxicological assays has
been measured herein. The complex was dissolved in distilled
water and in artificial seawater to a final concentration of
2.5 � 10�5 mol L�1. The electronic absorption spectra of the zinc
complex are displayed in Figs. 6 and 7. It can be seen that the so-
lutions remained stable for at least 2 h being the zinc complex the
only specie that contributes to the activity detected in the biological
tests. The presence of the same bioactive solution species in all the
tested dissolution media (H2O:DMSO (50:50) [24], distilled water
Fig. 6. Time variation of the electronic absorption spectra of the zinc c
and artificial seawater) has been established allowing the deter-
mination that the complex remained without decomposition dur-
ing the manipulation of the solutions for the biological tests (the
manipulation time for the biological determinations was 30 min).
This species corresponds to the complex named as [ZnA2LH]2þ

(A ¼ o-phen, LH ¼ cnge) (according to the species distribution
pattern) which is dominant in the pH range 4e9 [24].

4. Biological assays

4.1. Agar diffusion method

Results of this preliminary screening (Table 2) confirm the
antimicrobial activity of the ligand phen and showed a similar ef-
fect of the zinc complex against all strains of Candida at the tested
concentrations. The metal and the ligand cnge did not produce
omplex in distilled water (2.5 � 10�5 mol L�1), room temperature.



Fig. 7. Time variation of the electronic absorption spectra of the zinc complex in artificial seawater (2.5 � 10�5 mol L�1), room temperature.
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inhibition halos at the tested concentrations, suggesting no anti-
fungal activity for these compounds. The observed order of zone of
inhibition for the zinc complex decreased in the following order: C.
parapsilosis > C. tropicalis > C. albicans ATCC > C. glabrata > C.
krusei > C. parapsilosis ATCC > C. albicans.

The antifungal activity of several Zn(II) complexes against
different strains of Candida was previously reported in the litera-
ture [16,17,22]. A similar order of inhibition zones of C.
parapsilosis > C. tropicalis > C. albicans for the complex
[Zn(NAL)2(N3)2] [16] (NAL: N-phenyl-3-pyridinecarboxamide) and
C. glabrata > C. albicans for the complex [ZnCl2(3TTSCH)2] [17]
(3TTSCH: 3-thiophene aldehyde thiosemicarbazone), respectively,
has been reported. In addition, the halos produced by the zinc
complex were bigger than the halos reported by M. Montazer-
ozohori et al. for a series of zinc halide/pseudohalide complexes of a
bidentate Schiff base ligand against C. albicans [22].

4.2. Agar dilution method

The minimum inhibitory concentration (MIC) values of ZnCl2,
phen, the zinc complex and fluconazole as positive control are
displayed in Table 3. In vitro measurements of antimicrobial ac-
tivities with MIC values greater than 1000 mg mL�1 are considered
with no relevance from a clinical perspective [37e39]. In this
context, the antifungal activity of cnge against all tested strains
(MIC > 1500 mg mL�1) and the antifungal activity of the metal
against C. albicans, C. albicans ATCC, C. glabrata and C. krusei
Table 2
Preliminary screening of antimicrobial profile of the ligand phen, the zinc complex an
inhibition in mm. Diameters of zones of inhibition in mm. [phen]: 0.40 mg/disc [Zin

Phen

C. albicans 59.3 ± 1.1a

C. albicans ATCC 56.7 ± 2.9
C. parapsilosis 56.7 ± 5.8
C. parapsilosis ATCC 58.3 ± 1.5a

C. tropicalis 43.3 ± 1.1a

C. glabrata 44.7 ± 8
C. krusei 49.3 ± 1.1

a Taken from Ref. [37].
(MIC¼ 1500 mgmL�1) are no relevant. The antifungal activity of the
metal against C. parapsilosis, C. parapsilosis ATCC and C. tropicalis
was low (MIC ¼ 750 mg mL�1). These results were consistent with
those observed in the preliminary screening.

Phenanthroline and its derivatives (including its metal com-
plexes) are of great interest since they exhibit numerous biological
activities such those against cancer and infections caused by virus,
bacteria or fungi [9]. The MIC values of the free ligand phen against
C. albicans, C. albicans ATCC and C. krusei were lower than those of
the zinc complex. These results were consistent with those
observed in the preliminary screening. Some of the previously re-
ported MIC values of the ligand phen against different fungal
strains were in agreement with our data [37].

It can be seen from Table 3 that the complexation increased the
antifungal activity of the metal and the ligand cnge, and decreased
the antifungal activity of the ligand phen against C. albicans, C.
albicans ATCC and C. krusei. Nevertheless, the antifungal activity of
phenanthroline was slightly lower than that of the complex (one
order of magnitude in the dilution scale). The complexation didn't
decrease the antifungal activity of the ligand phen against the
others strains of Candida. The most interesting finding was that the
zinc complex showed higher activity (lower MIC values) than flu-
conazole against C. albicans, C. albicans ATCC, C. glabrata and C.
krusei. Taking into account the MIC values previously reported for
some Zn(II) complexes against similar strains of Candida, we
observed for the Zn/cnge/phen complex a better antifungal activity
[13,18e21]. In a previous paper [37], we have reported the
d fluconazole as positive control against the fungal strains. Diameters of zones of
c complex]: 1.34 mg/disc, [Fluconazole]: 0.04 mg/disc.

Zinc complex Fluconazole

13.7 ± 0.6 43.6 ± 1.5a

52.7 ± 2.5 48.7 ± 1.5
59.3 ± 1.1 50.7 ± 1.1
44.7 ± 2.5 39.6 ± 2.0a

55 ± 5 49 ± 1.0a

48.3 ± 3.5 36.3 ± 1.5
48 ± 2 15 ± 1



Table 3
Minimum inhibitory concentrations (MICs) of ZnCl2, phen, the zinc complex and fluconazole as positive control against selected fungal strains. MIC values in mg mL�1.

ZnCl2 Phen Zinc complex Fluconazole

C. albicans 1500 3a 6 >375a

C. albicans ATCC 1500 3 6 >375
C. parapsilosis 750 12 12 3
C. parapsilosis ATCC 750 12a 12 6a

C. tropicalis 750 12a 12 1.5a

C. glabrata 1500 6 6 47
C. krusei 1500 6 12 47

a Taken from Ref. [37].
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antifungal activity of the [Cu(o-phen) (cnge)(H2O)(NO3)2] complex.
The antifungal activity displayed by the copper complex resulted
lower (higher MIC values) than that of the zinc complex for C.
albicans, C. parapsilosis ATCC and C. tropicalis.

4.3. Analysis of the post antifungal effect (PAFE)

The values of PAFEs are given in Table 4. A PAFE of 20 min or less
was considered insignificant owing to the limitations of the testing
procedure and a value of zero has been assigned in this case [36].
The PAFEs of the metal and the ligand cnge were not determined
because they exerted low to moderate activity against all strains of
Candida and the determination of the PAFEs values could not be
performed without the MIC values.

The determinations showed that 2� MIC concentrations of the
ligand phen caused measurable PAFEs values on C. albicans ATCC, C.
parapsilosis, C. glabrata and C. krusei. The observed order of PAFEs of
the ligand phen was C. glabrata > C. krusei > C. albicans ATCC > C.
parapsilosis.

For the zinc complex, the observed PAFEs orderwas C. krusei> C.
glabrata > C. albicans ATCC > C. tropicalis > C. parapsilosis ATCC > C.
albicans. It is interesting to note that the complex exhibited longer
PAFEs than the ligand phen in all cases except in the strain inwhich
no post antifungal effect has been found, C. parapsilosis. The
enhanced PAFE values upon complexation can be explained on the
bases of Tweedy's chelation theory. In this theory, chelation re-
duces the polarity of the central metal atom because of the partial
sharing of its positive charge with the ligand. Further, it increases
the delocalization of p-electrons over whole chelate ring and en-
hances the lipophilicity of the complexes [45,46]. This increased
lipophilicity of the complex could be responsible for the longer
PAFE because the complex could remain more time in the lipidic
components of the cell membrane. The increased values of PAFEs
upon complexation are relevant in a clinical perspective because
the presence of this effect may be an important consideration in
designing antifungal dosage regimens. A prolonged PAFE should
allow extension of antifungal dosing intervals beyond the time that
Table 4
Post-antifungal effect (PAFE) of the ligand phen and the zinc complex against fungal stra
been included for comparative purposes.

Phen

C. albicans 0a

C. albicans ATCC 2.15 ± 0.49
C. parapsilosis 1.75 ± 0.35
C. parapsilosis ATCC 0a

C. tropicalis 0a

C. glabrata 2.90 ± 0.14
C. krusei 2.75 ± 0.35

a PAFEs determined at values of 2� MIC [37].
b PAFEs of Nystatin determined at values of 1� MIC [47].
c PAFE of Amphotericin B determined at values of 2� MIC [49].
d PAFE of Amphotericin B determined at values of 1� MIC [48].
antifungal concentrations fall below the MIC [36].
To our knowledge, there are no reports of PAFE values for other

zinc complexes, so we have performed the comparison of these
values with those reported previously, and determined under
similar experimental conditions, for some anifungal agents like
Nystatin [47] and Amphotericin B [48,49] (see Table 4). It can be
seen that the Zn complex displayed higher PAFEs against C. albicans
ATCC. On the other hand, 5-Fluorocytosine exerted measurable
PAFEs on C. albicans [48,50], while Fluconazole exerted no relevant
PAFEs on this fungal strain [48,50]. Ketoconazole exerted a
measurable PAFE on C. albicans at values of 4�MIC [50], but not on
C. albicans ATCC at values of 1� MIC [48]. The PAFE of the zinc
complex on C. albicans and C. albicans ATCC resulted similar to that
of 5-Fluorocytosine at values of 1� MIC [48], but lower at values
higher than 2� MIC [48,50]. Besides, the PAFEs values reported for
the [Cu(o-phen) (cnge) (H2O) (NO3)2] [37] complex resulted higher
for C. albicans and C. parapsilosis ATCC than those of the zinc
complex, but not for C. tropicalis.

The results of this study indicated that the complexation with
zinc could enhance the PAFE values of the phenanthroline even
with a better efficiency than those of some antifungal agents.

4.4. Toxicological assays

The Ames S. typhimurium assay has been used to identify sub-
stances that can produce genetic damage that leads to gene mu-
tations. The test uses Salmonella strains with preexisting mutations
that are not capable to synthesize histidine, and then are not able to
grow or form colonies in its absence. Compounds with mutagenic
potential may restore the genes function (reversion assay). Conse-
quently, a positive test indicates that the compound is mutagenic
and therefore may act as a carcinogen. A sample was considered
positivewhen themutagenic index (MI) was equal or greater than 2
for at least one of the tested doses and if it had a reproducible
doseeresponse curve [41]. It can be seen in Table 5 that the ligand
phen and the zinc complex did not exert mutagenic action on the
tested strains.
ins. PAFE values in h. PAFE values of Nystatin [47] and Amphotericin B [48,49] have

Zinc complex Nystatinb or Amphotericin Bc,d

0.55 ± 0.07 6.85b > 12c

2.35 ± 0.49 0.80d

0 15.17b

0.75 ± 0.35
1.85 ± 0.21 12.73b

3.80 ± 0.28 8.51b

5.85 ± 0.21 11.58b



Table 5
Induction of Hisþ revertants (Rev) in Salmonella typhimurium (TA98 and TA100) by the ligand phen and the zinc complex without metabolic activation (S9 mix).

Concentration (mg/plate) S. typhimurium TA98 S. typhimurium TA100

Rev/platea MIb Rev/platea MIb

Strain control 20 ± 4 e 128 ± 16 e

Phen 47 16 ± 4 0.80 48 ± 3 0.40
24 26 ± 1 1.30 129 ± 35 1.00
12 16 ± 1 0.80 156 ± 1 1.20

Zinc complex 47 23 ± 5 1.15 88 ± 12 0.70
24 27 ± 1 1.35 146 ± 8 1.10
12 26 ± 3 1.30 167 ± 46 1.30

a Number of revertants/plate: mean of two independent experiments ± SD.
b MI: mutagenic index (number of Hisþ induced in the sample/number of spontaneous Hisþ in the negative control).

Table 6
Mortality obtained and estimate of LC50 values using Artemia salina test.

Concentration (mg mL�1) Mortality (%) LC50 value (mg mL�1)

Phen 188 96.4 93.7
94 69.2
47 14.8
24 7.1
12 3.8

Zinc complex 188 3.8 e

94 0
47 0
24 0
12 0
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The mutagenic index was <2 in all the cases and this demon-
strate that the tested substances could not induce an increase in the
number of revertants. These results indicated that both phen and
the complex did not induce frameshift mutations (S. typhimurium
TA98) or base-pair substitution mutations (S. typhimurium TA100)
at the tested concentrations. C. Deegan et al. also reported non-
mutagenic action of phen on S. typhimurium TA 98 and TA102 [51].

The A. salina L. test is useful for the screening of novel drugs in
order to predict their toxicity and has shown a good correlation
(r¼ 0.85 p< 0.05) with the assays inmice, suggesting that the brine
shrimp bioassay is a useful alternative model [52]. The mortality of
brine shrimp for every concentration of the ligand phen and the
zinc complex is shown in Table 6.

For the ligand phen, the mortality increased in a doseeresponse
manner. This linearity in the doseeeffect relationship allowed us to
determine the median lethal concentration LC50 value
(93.70 mg mL�1), which is the dose required to kill half of the
members of the tested population. On the other hand, dead nauplii
were not observed for the zinc complex at the tested concentra-
tions (except at 188 mg mL�1). This important finding indicated that
the toxicity of the ligand phen decreased after complexation. In this
context, the zinc complex could be safer than the ligand to be used
as antifungal agent.
5. Conclusions

The DFT-optimized structures converged successfully to a
structure, which is in good agreement with the experimental one
determined by the X-ray diffractionmethod. The total theoretical IR
and Raman spectra averaged over the two complexes and weighted
by their relative stabilities, resulted in a good agreement with the
experimental vibrational spectra.

The complexation increases the antifungal activity of the metal
and the ligand cnge, but slightly decreases the antifungal activity of
the ligand phen against C. albicans, C. albicans ATCC and C. krusei.
The ligand phen and the zinc complex showed higher activity than
fluconazole against C. albicans, C. albicans ATCC, C. glabrata and C.
krusei. The complexation also increases the PAFE in all cases, except
for C. parapsilosis. The zinc complex exhibited longer PAFEs against
some strains of Candida than some conventional antifungal agents.

The ligand phen and the zinc complex were non mutagenic
agents at the tested concentrations. Nevertheless, a decrease in the
acute toxicity of the ligand after complexation was observed and
this could indicate that the zinc complex can be safer than phe-
nanthroline to be used as antifungal agent.

In this context, we can conclude that some biological properties
have been modified upon complexation with zinc and this
complexation may provide a promising strategy for the develop-
ment of novel and more secure drugs with antifungal activity.
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