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ABSTRACT

Calculations based on density functional methods are carried out for two Cu(Il) complexes with
cyanoguanidine (cnge) and o-phenanthroline (o-phen): [Cu(o-phen),(cnge)](NOs),-2H,0 (1) and
[Cu(o-phen)(cnge)(H,0)(NOs),] (2). The calculated geometrical parameters are in agreement with the
experimental values. The results of Atoms in Molecules (AIM) topological analysis of the electron density
indicate that the Cu-N(phen) bonds in complex (1) have lower electron density, suggesting that those
bonds are stronger in complex (2). Moreover, the ionic character of the Cu-N bond in the complex (1) is
slightly stronger than that in the complex (2) and this situation would explain the fact that only complex
(2) was stable in water solution. For this reason, the antimicrobial and enzymatic assays were performed
using complex (2). It is well known that the increased use of antibiotics has resulted in the development of
resistant bacterial and fungal strains. In this context, the study of novel antimicrobial agents has an enor-
mous importance and metal complexes represent an interesting alternative for the treatment of infectious
diseases. The aim of this work is to prove the modification of some biological properties like antimicrobial
activity or alkaline phosphatase inhibitory activity upon copper complexation.

The antimicrobial profile of the metal, the ligands and complex (2) was studied against several bacterial
and fungal strains by different microbiological methods. The values of MIC indicate that the complexation
increases the antibacterial activity against Enterococcus faecalis, but decreases this activity against Pseudo-
monas aeruginosa. The complex (2) exhibited longer PAEs/PAFEs than copper and o-phen against Esche-
richia coli and all fungal strains, and longer PAEs/PAFEs than some antibiotics or antifungal agents
against E. coli, Staphylococcus aureus and Candida albicans. Complexation also improves the alkaline
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phosphatase inhibitory effect of copper and cnge. Therefore, the interaction of copper(Il) with N-contain-
ing ligands may provide a promising strategy for the development of novel drugs with enhanced antimi-
crobial activity or alkaline phosphatase inhibitory activity.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cyanoguanidine (cnge) has been recently recognized as nitroge-
nase substrate. The dimer functions as a dehydration coupling
agent that links glucose and adenosine to phosphoric acid and then
forms  glucose-6-phosphate and  adenosine-5’-phosphate,
respectively [1]. Despite its biological importance, cnge also has
commercial applications as intermediate in the formation of phar-
maceuticals, pesticides, fungicides, and various polymers. Some
transition metal ions (cf. copper, platinum and nickel) are able to
catalyze the addition of alcohols to the nitrile group in cnge, form-
ing n-alkylguanylureas that coordinates the metal ions [2-5].

In our previous paper [6], we report the molecular structure,
bioavailability and bioactivity of two Cu(ll) complexes with cnge
and o-phenanthroline (o-phen), [Cu(o-phen),(cnge)](NO3),-2H,0
(1) and [Cu(o-phen)(cnge)(H,0)(NOs3),] (2). The X-ray structure
of the complex (1) reveals that the copper(Il) ion is in a trigonal
bipyramidal environment, coordinated to two o-phenanthroline
groups acting as bidentate ligands through their N-atoms and to
the cyanide N-atom of a cyanoguanidine molecule that enters
coordination with a bent Cu-N-N angle. In the complex (2), the
metal ion is at the center of a strongly elongated octahedral envi-
ronment, equatorially coordinated to an o-phenanthroline ligand
through its N-atoms, to the cyanide N-atom of a cyanoguanidine
molecule that enters coordination radially and to a water molecule
along the oxygen electron lone pair. The distorted octahedral coor-
dination around copper is completed with two nitrate ions at the
axial positions. As part of a continuing investigation on these
complexes, in this paper we report calculations based on density
functional theory (DFT), together with AIM analysis for the interac-
tions between metal and the ligands. A charge density analysis will
provide significant insight into the properties of the molecule as
the total electron density distribution defines all the molecular
properties in the ground state [7].

It is well known that copper is an essential trace element for
many biological functions; however, in certain amounts copper
can have toxic effects against microorganisms [8,9]. Besides, the
antimicrobial action of o-phen has been demonstrated on several
species of bacteria and fungus in some previous reports [10,11].
Moreover, the antimicrobial profile of some compounds can be
modified upon complexation with copper ion and some copper
complexes with antimicrobial activity have been studied [8,12-
14]. Additionally, the increased use of antibiotics has resulted in
the development of resistant strains. In this context, it is interest-
ing to note the enormous importance of developing novel antimi-
crobial drugs for the treatment of infectious diseases [12,15]. In
view of this, we have investigated the antimicrobial activity of cop-
per, cnge, o-phen and complex (2) by agar diffusion and agar dilu-
tion methods for Gram-positive bacteria (Staphylococcus aureus
and Enterococcus faecalis), Gram-negative bacteria (Escherichia coli
and Pseudomonas aeruginosa) and fungus (Candida parapsilosis
ATCC 22019, Candida tropicalis and Candida albicans of clinical
isolates).

On the other hand, persistent suppression of bacterial growth
following short antibiotic exposure has been well documented
with a variety of microorganisms; this phenomenon is known as
post-antibiotic effect (PAE) [16]. The PAE is the lag phase or recov-
ery period of bacterial growth after brief exposure to an antibiotic.
The PAE is a pharmacodynamic parameter and the presence of this

effect may be an important consideration in designing antibiotic
dosage regimens [17,18]. Determination of the PAE is recom-
mended in pre-clinical evaluation of all new antimicrobial agents
because it is a factor that influences optimal antimicrobial dosing
intervals [19]. Also, the post-antifungal effect (PAFE) was previ-
ously defined as the time in which the antifungal agent was capa-
ble of causing growth suppression of the organism following
limited exposure to the tested agents [20]. In the present study,
the PAE for three strains of bacteria and the PAFE for three strains
of fungi were studied. The PAEs/PAFEs were induced by exposure
to twice the MIC (2 x MIC) of all compounds (metal, ligand and
complex 2) for 1 h at 37 °C. The point at which microbial growth
occurred was determined using a spectrophotometric method.

Alkaline phosphatase (ALP), as a group of ubiquitous enzymes,
catalyzes the non-specific hydrolysis of phosphate monoester.
ALP activity in serum is usually correlated with bone and liver dis-
eases in vivo and is a marker of osteoblastic differentiation. The
analysis of serum ALP has been extensively applied in routine clinic
diagnosis [21]. It is demonstrated that some copper(Il) complexes
inhibits ALP activity [22,23]. The effect of the complex (2) on ALP
activity has also been tested in order to determine a possible
mechanism of the antimicrobial action of the compounds, by
means of enzymatic inhibition.

2. Materials and methods
2.1. Reagents and instrumentation

All chemicals were of analytical grade. Copper(Il) chloride dihy-
drate (CuCl,-2H,0) was obtained from Merck, para-nitrophenyl
phosphate (p-NPP), bovine intestinal ALP, solvents and all the other
analytical grade chemicals used were purchased from Sigma. The
growth media (Mueller Hinton Broth and Mueller Hinton Agar)
and blank sterile discs were purchased from Brithania and Bioartis,
respectively. [Cu(o-phen)(cnge)(H,0)(NO3),] complex was pre-
pared according to the preparative technique described in our pre-
vious report [6]. Electronic absorption spectra were recorded on a
spectrophotometer Agilent Technologies (Cary 60 UV-Vis).

2.2. Computational methodology

Calculations were performed using the GAUSSIAN 03 program
package [24]. Molecular structures of ligands and metallic
complexes were fully optimized at various levels. Geometry opti-
mization procedures were started from the experimental crystallo-
graphic data employing the HF level with the 3-21G* basis set, and
later, the effect of electron correlation on the molecular geometry
was taken into account by using Becke’s three-parameter hybrid,
and the gradient corrected Lee-Yang-Parr correlational functional
(B3LYP) [25] employing 6-31G(d,p) and 6-31+G(d,p) basis set.

Orthogonal rotations are commonly used for comparing macro-
molecular structures, and the root mean square deviation (RMSD)
is a natural metric for quantitating the similarity of two optimally
rotated structures [26]. To test the validity of quantum chemical
calculations in reproducing the experimental structure of metal
complexes RMSD between the coordinates of both macromolecules
were calculated using Qmol package [27].
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AIM topological analysis of electron density [28] has been elab-
orated using the PROAIM package [29] and the results have been
evaluated in terms of electron density (p), density Laplacian (V2p):

Vzp =M+A+13
and bond ellipticity (¢):
E=M //12 -1

at bond critical points (BCP) where ;< ;<0< /3 are the eigen-
values of the Hessian of the BCP electron density. Calculated prop-
erties of electronic density at the BCP are labeled with the subscript
‘b’ throughout this work.

In AIM theory, atomic interactions are classified according to
two limiting behaviors, namely, shared interactions and closed-
shell interactions. Shared interactions are characteristic of covalent
and polarized bonds and their main features are large values of py,
V2py, <0 and E, < 0, E;, being the local electronic energy density of
the system calculated at the BCP and defined as the sum of the lo-
cal kinetic energy density and the local potential energy density,
both computed at the BCP. In contrast, closed-shell interactions,
useful to describe ionic bonds, hydrogen bonds, and van der Waals
interactions, are characterized by small values of py, V2p;, > 0 and
Ey> 0.

2.3. Stability study of the dissolved complex

In our previous paper [6], we report that no appreciable changes
occur in the position of very broad d-d bands upon dissolution of
the complex (2) in water and conclude that there are not signifi-
cant differences between the environment around the metal in
the solid state and the solution. However, complex (1) may expand
its coordination sphere upon dissolution, as suggested by the ob-
served shift to the blue of the electronic band. Therefore, all micro-
biological and enzymatic determinations were carried out with the
complex [Cu(o-phen)(cnge)(H,0)(NOs),] (2).

Moreover, in order to determine the stability of the complex (2)
during the preparation of the solutions for the enzymatic and anti-
microbial measurements, the variation of the electronic spectra
with time was performed. Because of the low solubility of the com-
plex (2) in water (at concentrations tested in agar dilution and dif-
fusion methods), the dissolution has been carried out in 1/1 water/
DMSO mixtures. Stability determinations were followed spectro-
photometrically at least for 30 min that is the time of manipulation
of the solid dissolved in the mixture during the ALP reaction or be-
fore its addition to the melted Mueller Hinton Agar (MHA) and
transference to the square plate. For the analysis of PAE and PAFE,
the complex (2) was dissolved in water at low concentrations and
the stability determinations were followed spectrophotometrically
at least for 120 min that is the time of manipulation of the solid
dissolved in water before and during the exposure of the complex
against the microorganism.

2.4. Antimicrobial assays

The antimicrobial profile of the metal (CuCl,-2H,0), the ligands
(cnge and o-phen) and the complex (2) have been studied against
bacteria and fungi by two different microbiological methods (agar
diffusion and agar dilution methods). Also, the PAE and PAFE were
determined by a spectrophotometric method [17].

2.4.1. Bacterial and fungal strains

Control strains for the agar diffusion and agar dilution methods
included: four strains of bacteria derived from the American Type
Culture Collections (E. coli ATCC 35218, P. aeruginosa ATCC 27853,
S. aureus ATCC 25923and E. faecalis ATCC 29212) and three strains

of fungus (C. parapsilosis ATCC 22019, C. tropicalis and C. albicans of
clinical isolates). The cultivation/assay medium for all strains was
Mueller Hinton Broth or Agar (MHB, MHA) [30,31].

2.4.2. Preparation of inoculum

The inocula of bacterial and fungal strains were prepared from
18 h-old broth cultures. A McFarland 0.5 suspension was prepared
for each isolate (~10% colony forming units (CFU) per milliliter).
Except for the agar dilution method with bacteria, in which a
1:10 dilution (~107 CFU per mL) was made prior to inoculation,
other assays were directly inoculated with this suspension
[15,32-34].

2.4.3. Preparation of stock solutions

For the agar diffusion method, the metal and ligands were dis-
solved in water, whereas the complex (2) was dissolved in 50%
aqueous dimethylsulfoxide (DMSO) to a final concentration of
100 mmol L.

For the agar dilution method, the metal and ligands were dis-
solved in water, whereas the complex (2) was dissolved in 50%
aqueous DMSO to a final concentration of 15 mg mL~". Serial two-
fold water dilutions were performed from the stock solutions of
antimicrobial agents to give concentrations ranging from 14.65
to 15,000 ug mL~".

For the analysis of PAE and PAFE, the metal, the ligand o-phen
and the complex (2) were dissolved in water. All solutions previ-
ously described were sterilized by filtration before use.

2.4.4. Agar diffusion method

As a preliminary screening, all compounds were tested against
bacteria and fungi for their inhibitory activity using the disc diffu-
sion method. A microbial suspension of turbidity equaled to 0.5
McFarland standard were uniformly spread using sterile cotton
swabs on sterile Petri dishes containing MHA. Sterile filter paper
discs of 6 mm in diameter were aseptically impregnated with
60 pL of the sterile solutions of each compound. The discs were al-
lowed to stand until complete solvent evaporation and applied on
the surface of previously inoculated solid agar. The plates were
incubated aerobically at 37 °C for 18 and 48 h for bacteria and fun-
gi, respectively. The diameters of inhibition zones were evaluated
in millimeters. Values reported are an average of at least three
independent experiments [15,35-37].

2.4.5. Agar dilution method

The minimum inhibitory concentration (MIC) of each com-
pound against all strains of bacteria and fungi was determined
by the agar dilution method. After preparation of serial twofold
water dilutions of tested compounds, 0.5 mL of each dilution were
added to 4.5 mL of melted MHA and poured into a square
(45 x 15 mm) plate. The final concentrations ranging in the MHA
were from 1.46 to 1500 ug mL~"'. An agar plate without antimicro-
bial agent and containing the same volume of DMSO was estab-
lished as a sterility and organism growth controls. After cooling
and drying, the agar surface was inoculated with 2 pL of the germ
suspensions and incubated aerobically at 37 °C for 24 h and 48 h
for bacteria and fungi, respectively. After incubation, MICs were
interpreted and the inhibition of microbial growth was judged by
comparison with growth in control plates. 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 was considered to be no growth. Each MIC exper-
iment was repeated three times [15,33,34,38-43].

2.4.6. Analysis of PAE and PAFE by spectrophotometry
For PAE and PAFE testing, Eppendorfs containing 900 pL of
broth with the antimicrobial compound at 2 x MIC were
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inoculated with 100 puL of a germen suspension adjusted to 0.5
McFarland. Growth controls with inoculum but no antimicrobial
compounds were included with each experiment. Inoculated Ep-
pendorfs were placed in a thermostatic water bath at 37 °C for
an exposure period of 1 h [18,20]. At the end of the exposure period
the antimicrobial agent was removed by dilution [44,45]. The drug
was inactivated by a 1:1000 dilution of the cultures in a pre
warmed antimicrobial-free medium and reincubated at 37 °C
[16,18]. The unexposed control cultures underwent the same “drug
removal” procedures as the exposed cultures [44]. A 5% decrease in
transmittance was used to define the point at which detection of
growth occurred. The duration of PAE or PAFE was calculated by
using the formula PAE/PAFE = 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 [17,18,20]. Transmit-
tance readings (670 nm) were recorded at 5 min intervals [46].
Each PAE or PAFE measurement was carried out in duplicate
[17,46].

2.5. Alkaline phosphatase specific activity

The effect of cooper, o-phen, cnge and the complex (2) on ALP
activity was determined by UV-vis spectroscopy. The experimental
conditions for ALP specific activity measurement were as follows:
1 pg/mL of bovine intestinal ALP and 5 mM of p-NPP were dis-
solved in the incubation buffer (pH =10.5) and held for 10 min.
The effects of the compounds were determined by addition of dif-
ferent concentrations (1-500 ptM) of each one to the pre-incubated
mixture. The solution of the complex was prepared in water/DMSO
(50/50) before adding the buffer to obtain the desired final concen-
trations. The reaction was started by the addition of the substrate
p-nitrophenyl phosphate (p-NPP) and the product p-nitrophenol
was monitored by the absorbance changes at 405 nm. The effect
of each concentration was tested at least in triplicate in three dif-
ferent experiments [22].

3. Results and discussion
3.1. DFT calculations

The geometries of the complexes were optimized without any
constraints. The structures and atom labels of the complexes are
depicted in Figs. 1 and 2.

The selected optimized geometric parameters for complexes 1
and 2 are gathered in Tables 1 and 2, respectively. The whole data
for both complexes are listed in Supplementary material (Tables S1
and S2).

The DFT-optimized structure converged successfully to a struc-
ture, which is in well agreement with the experimental X-ray
structure thus implying the adequacy of the theoretical method
employed for the geometry optimizations of this particular system.
The Cu-N(cnge) distances are in agreement with the experimental
values and correlate with the shifts observed in the CN stretching
bands in the FTIR experimental spectra of both complexes [6].

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 opti-
mized angle values are slightly different with the experimental re-
sults. 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 are performed for isolated molecules.

The close structural relationship between the calculated and
crystallographic observed structures is best illustrated with a

Fig. 1. Optimized geometry of [Cu(o-phen),(cnge)](NOs),-2H,0 (1). Hydrogen
atoms have been omitted for clarity, the black ball represents N atom and the
gray ball represents C atom. Atom 1 is Cu.

Fig. 2. Optimized geometry of [Cu(o-phen)(cnge)(H,0)(NOs3),] (2). Hydrogen atoms
have been omitted for clarity, the black ball represents N atom, the white ball
represent O atom and the gray ball represents C atom. Atom 7 is Cu.

RMS overlay error of 0.106 A and 0.234 A for complexes 1 and 2,
respectively, when the atoms of the coordination sphere of copper
are superimposed. The optimized structures of the isolated com-
plexes are superimposed on the crystallographic structures in
Fig. 3. The increased RMS overlay error of complex 2 is most prob-
ably due to solid state interactions as described above. The slightly
higher value of RMS overlay error can be assigned to the fact that
the X-ray structures were measured in a compacted crystalline
form.

Details of the electron density topology at the CP can provide
more insight into the nature of metal-ligand bonds. The results
of AIM topological analysis of the electron density of complex (1)
and complex (2) are collected in Tables 3 and 4, respectively. Topo-
logical analyses of the selected bonds of the isolated ligands are
also shown for comparative propose.

The most important bonds to analyze within the AIM theory are
obviously metal-ligands bonds. In particular, the attention is
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Table 1
Selected bond lengths (A) and angles (°) calculated for complex (1). Experimental
values are reported for comparison purposes [6].

Table 3
Topological properties of selected bonds of the [Cu(o-phen),(cnge)](NO3),-2H,0
complex (1).*°

Bond lenghts®  Calc.” Exptl. Bond angles®  Calc. Exptl. Bond path Db V2pp I3 Ep
CulN28 2.0235 2.0045 N28Cul1N32 135.194 122.206 Cul-N28 0.0793 0.2753 0.02854 0.0688
N28C2 1.1775 1.1465 N28Cu1N33 93.299 95.889 Cul-N32 0.0687 0.2066 0.0355 0.0517
CulN34 2.0265 2.0015 N28CulN34 91.811 90.408 Cul-N33 0.0853 0.2629 0.0466 0.0658
N34C13 1.3335 1.3215 N28CulN35 117.662 121.227 Cul-N34 0.0855 0.2615 0.0663 0.0653
C13C14 1.4055 1.3985 N32Cu1N33 80.461 80.806 Cul-N35 0.0616 0.1936 0.0433 0.0484
C25N35 1.3305 1.3265 N32CulN34 96.170 96.031 C23-N33 0.3252 —0.9496 0.1144 -0.2373
N35C26 1.3605 1.3525 N32CulN35 107.144 116.490 [0.3366] [-1.1164] [0.1009] [-0.2791]
C26C27 14385  1.4265 N33CulN34 174.874  173.699 C23-C24 0.2986 —0.8083 0.1767 —0.2020
C26C19 1.4165 1.4015 N33CulN35 97.349 95.843 [0.2857] [-0.7462] [0.1614] [-0.1866]
C27C16 14175 1.4075 N34CulN35 79.885 80.635 N33-C22 38 0.3397 —0.8072 0.1129 —0.2018
C27N34 13615 13505  C14C13N34 122.250  122.207 [0.3529] [-0.9936] [0.1289] [-0.2482]
CulN35 2.1835 2.095 C12C22N33 122.097 122.007 C10-C23 0.3048 —0.8191 0.1792 —0.2048
CulN33 2.0265 1.9845 C7C24N32 123.026 122.979 [0.2993] [—0.7841] [0.1764] [-0.1961]
CulN32 2.131 2115 C23C24N32 117.282 117.236 C2-N28 0.4466 —0.1681 0.0146 —0.0420
C4N32 13315 13295  C21C25N35 122839  121.717 [0.4531) [0.0226] [0.0174] [0.0056]
N32C24 1.3615 1.3605 CulN28C2 167.366 154.004 C2-N29 0.3699 —1.2101 0.0593 —0.3025
C23N33 1.3605 1.3605 CulN32C4 130.791 131.911 [0.3470) [-1.1947] [0.0446] [-0.2987]
C3-N29 0.3488 -1.2471 0.1575 -0.3117
¢ For the denomination of the atoms see Fig. 1. [0.3673) [~1.321] [0.2290] [~0.3303]

b Calculated at B3LYP/6-31+g(d,p).

Table 2
Selected bond lengths (A) and angles (°) calculated for complex (2). Experimental
values are reported for comparison purposes [6].

Bond lenghts®  Calc."  Exptl.  Bond angles®  Calc.” Exptl.
C1-N2 1.289 1.292 N2C1IN6 172.704 173.961
C1-N6 1177 1.151 N2C3N4 114.796 123.357
N2-C3 1.335 1.345 CIN6Cu7 163.925 177.668
C3-N4 1.360 1.326 N6Cu7N11 140.800 93.045
C3-N5 1.336 1317 N6Cu7N19 88.899 171.477
N6-Cu?7 1.950 1.945 N6Cu7034 87.741 92.409
Cu7-N11 1.944 1.990 N6Cu7041 101.702 95.2
Cu7-N19 1.939 2.002 N11Cu7N19 83.787 82.584
Cu7-034 1.971 1.966 N11Cu7034 85.612 174.360
Cu7-041 1.969 2.570 N11Cu7041 116.683 87
C8-N11 1.337 1.324 N19Cu7034 158.742 91.82
N11-C12 1.355 1.362 N19Cu7041 112.573 773
C15-N19 1.359 1.357 034Cu7041 88.656 91.1
N19-C20 1.338 1.325 Cu7N11C8 129.050 130.139
041-N42 1.389 1.251 Cu7N11C12 112.355 111.921
N42-043 1.267 1.241 C8N11C12 118.544 117.928
035-N38 1.350 1.251 Cu7N19C15 112.318 112.259
N38-039 1.282 1.237 Cu7N19C20 129.040 129.403
N38-040 1314 1.241 Cu7041N42 111.983 1123

2 For the denomination of the atoms see Fig. 2.
b Calculated at B3LYP/6-31+g(d,p).

focused on py, and V2py, and their comparison with the reference
values given by Trujillo and Bader to help in the characterization
of a given bond [47]. All Cu-N BCP in both complexes display a

¢ All quantities are in a.u.
b The values in square brackets are for the isolated ligands.

lower concentration of electronic charge with p, ranging from
0.0936 to 0.1026 a.u. and positive values of Vzpb (0.3482 a.u. and
0.3756 a.u., respectively). The energy densities, E,, values at the
BCP are positive in all cases indicating close-shell interactions.
Same features shows Cu-O (water molecule) and Cu-O (nitrate
ion) bonds.

The topological properties at critical points of the Cu-N bond
are in good agreement with the corresponding values reported
for Cu(Il)-N donor ligand complex [pp=0.08-0.10 a.u., V2p, =
0.31-0.43 a.u., £ =0.06] [48].

The C-C and C-N bonds correspond to covalent interactions,
namely, a relatively large values for p, and negative values for
V2py,. The ellipticities of bonds forming the phenanthroline rings
have relatively large numerical values (c.a.: 0.1666 in C12-C15
bond), revealing their partial double bond character due electronic
charge delocalization over the ring surface. These values are
comparable to similar types of bonds found for other molecules
[49-51]. The E, values are negative as expected for covalent bonds.
The topologic properties computed on C-C and C-N BCPs show
very small changes with respect to their values in the isolated
molecule of ligands.

We have previously reported that the complex (1) is unstable in
water and the equilibrium is displaced towards complex (2), as
suggested by the observed shift to the blue of the electronic band

Fig. 3. Overlayed structures of the calculated (grey) and solid state (light grey) structures of 1 (left) and 2 (right).
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Table 4
Topological properties of selected bonds of the [Cu(o-phen)(cnge)(H;0)(NOs3);]
complex (2).*°

Bond path Db V2pp & Ey
Cu7-N6 0.0936 0.3482 0.0423 0.0870
Cu7-0 (water) 0.0828 0.3611 0.1054 0.0903
Cu7-0 (nitrate) 0.0880 0.3818 0.0421 0.0954
Cu7-N11 0.1025 0.3661 0.0292 0.0915
Cu7-N19 0.1026 0.3756 0.0153 0.0939
C15-N19 0.3288 —1.0000 0.1035 —0.2500
[0.3366] [~1.1164] [0.1009] [~0.2791]
C12-C15 0.3087 —0.8686 0.1666 -0.2171
[0.2857] [-0.7462] [0.1614] [~0.1866]
N19-C20 0.3382 -0.8779 0.1133 -0.2195
[0.3529] [~0.9936] [0.1289] [~0.2482]
C12-C13 0.3109 -0.8517 0.1804 -0.2129
[0.2993] [~0.7841] [0.1764] [~0.1961]
C1-N6 0.4462 -0.1587 0.0188 —-0.0397
[0.4531) [0.0226] [0.0174] [0.0056]
C1-N2 0.3674 —1.1508 0.0504 -0.2877
[0.3470] [~1.1947] [0.0446] [~0.2987]
C3-N2 0.3463 -1.2249 0.1614 —0.3062
[0.3673) [-1.3211] [0.2290] [-0.3303]

¢ All quantities are in a.u.
b The values in square brackets are for the isolated ligands.

[6]. The longer Cu1-N32 (o-phen) bond calculated and the experi-
mental distances in complex (1) determined by X-ray measure-
ments may be the cause of the instability of this ligand in
aqueous solution. Moreover, the Cu-N(cnge) bond in complex (2)
is slightly stronger than Cu-N(cnge) bond in complex (1), accord-
ing to the calculated py,and V2py, values (Tables 3 and 4). Also,
the Cu-N(phen) bonds in complex (1) have lower electron density,
suggesting that those bonds are stronger in complex (2). According
to this trend, it is possible to affirm that the ionic character of the
Cu-N bond in the complex (1) is slightly stronger than that in the
complex (2). This situation would explain the different stability of
both complexes.

3.2. Stability studies

In order to evaluate that in the in vitro studies the effects ob-
served by the dissolved complex are due to the complex itself
and not to its dissociation products, stability studies of complex
(2) under the same antimicrobial experimental conditions were
performed. This complex was dissolved in water and in a mixture
of water/DMSO (50/50). The electronic visible spectra of the com-
plex (2) are displayed in Figs. 4 and 5. It can be seen that the solu-
tions remained stable for 3 h being the only species that contribute
to the antimicrobial and enzymatic activities. In a previous work
we have reported the stability of the ligands in aqueous solution
[52].

3.3. Antimicrobial assays

It has previously been determined that complex (1) was not sta-
ble in water solution, being transformed in the [CuAL]" cation
(A =o-phen, L =cnge) upon dissolution at physiological pH values
[6]. For this reason, the antimicrobial assays were only performed
using complex (2).

3.3.1. Agar diffusion method

As a first screening, all compounds were tested against bacteria
and fungi using the discs diffusion method. Water/DMSO (50/50)
mixture was used as negative control. Gentamicin and Ampicillin
were used as positive reference standards for E. coli, S. aureus and
P. aeruginosa, and E. faecalis, respectively. For all strains of Candida,
Fluconazole was used as positive reference standard. Results of this
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Fig. 4. Time variation of the electronic spectra of complex (2) in water
(15 mmol L™ 1).
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Fig. 5. Time variation of the electronic spectra of complex (2) in water/DMSO
(20 mmol L 1).

preliminary screening (Table 5) suggest antimicrobial activity of
copper and o-phen against all bacterial and fungal strains at the
tested concentrations. Our data indicate that the free ligand o-phen
could exert a greater antimicrobial activity than copper. Taking
into account the different measured inhibition zones, this ligand
may have low values of minimum inhibitory concentration (MIC)
against the strains of Candida, S. aureus and E. coli. The ligand cnge
did not produce halos of inhibition at the tested concentrations,
suggesting no antimicrobial activity of cnge. Our results also indi-
cate that the complex (2) exerts antimicrobial activity against all
tested strains (except P. aeruginosa). The observed order of zone
of inhibition was C. albicans > C. tropicalis > E. faecalis > E. coli, S.
aureus > C. parapsilosis.

3.3.2. Agar dilution method

The minimum inhibitory concentration (MIC) determinations of
CuCl,.2H,0, o-phen and the complex (2) are displayed in Table 6.
MIC values of Gentamicin and Ampicillin (positive reference stan-
dards) were determined against E. coli, S. aureus and P. aeruginosa,
and E. faecalis, respectively. MIC values of Fluconazole (positive ref-
erence standard) were determined against all strains of Candida. In
vitro measurements of antimicrobial activities with MIC values
greater than 1000 pg mL~" are considered with no relevance from
a clinical perspective [53,54]. In this context, the antimicrobial
activity of cnge against all tested strains (MIC > 1500) and the anti-
bacterial activity of the ternary complex against P. aeruginosa
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Table 5

Preliminary screening of antimicrobial profile of CuCl,-2H,0, o-phen and the complex (2) against bacterial and fungal strains. Diameters of zones of inhibition in mm.

Bacterial strains

Fungal strains

E. coli S. aureus E. faecalis P. aeruginosa C. albicans C. tropicalis C. parapsilosis
CuCl,-2H,0 10.3+0.6 11.3+0.6 15.6+0.6 9+1.0 9+1.0 123+0.6 15+£1.0
o-phen 36+1.0 40+1.0 28.3+0.6 19.6 £0.6 59.3+1.1 433+1.1 583 %15
Complex (2) 23+1.0 23.6+0.6 29+1.0 0 43.3+06 41+1.0 143+ 1.1
Gentamicin 23£1.0 24.6+0.6 24.6+0.6
Ampicillin 21+1.0
Fluconazole 436+1.5 49+1.0 39.6+2.0

Table 6

Minimum inhibitory concentrations (MICs) of CuCl,, o-phen and the complex (2) for bacterial and fungal strains. MIC values in pig mL™".

Bacterial strains

Fungal strains

E. coli S. aureus E. faecalis P. aeruginosa C. albicans C. tropicalis C. parapsilosis
CuCl,-2H,0 375 375 375 375 >1500 >1500 >1500
o-phen 12 24 94 375 3 12 12
Complex (2) 94 24 24 >1500 12 47 47
Gentamicin 0.8 0.2 1.5
Ampicillin 0.4
Fluconazole >375 1.5 6

(MIC > 1500) are considered insignificant. These results are in con-
cordance with the preliminary screening.

Copper is an essential element that functions as a cofactor dur-
ing aerobic metabolism; however, in low or excessive amounts
copper can have deleterious effects [9]. As expected [55], our data
indicate that copper exerts moderate antibacterial effects toward
the tested strains. Nevertheless, the antifungal activity of this me-
tal is clinically irrelevant (MIC > 1500), in contraposition with the
results expected by the preliminary screening. C. albicans and C.
tropicalis have been previously described as a fungi higher resistant
to elevated concentrations of copper [56,57]. Weissman et al. re-
ported the isolation of two genes involved in copper detoxification
in C. albicans (a copper-transporting P-type ATPase, CaCrp1 and a
metallothionein, CaCup1). Both genes are induced by extracellular
copper but CaCrp1l is more effective than CaCupl, because an
extrusion pump functions catalytically, whereas a chelating agent
(metallothionein) functions stoichiometrically [57]. Our data also
indicate that the antimicrobial activity of this metal was enhanced
by complexation. Some MIC values of copper(Il) salts against dif-
ferent strains of bacteria and fungi have been previously reported
in the literature including our previous report [55]. Patel et al. re-
port MIC values of 460 ug mL™', 410 uygmL~! and 580 pug mL™!
against S. aureus, P. aeruginosa and E. coli, respectively [58-60]. Re-
cio Despaigne et al. report MIC values of >112pgmlL~,
>214 ugmL~! and >285 pg mL™! against S. aureus, P. aeruginosa
and C. albicans, respectively [12]. Chen et al. report a MIC of
256 ug mL™! against S. aureus [61]. Suksrichavalit et al. report that
32 ug mL~! of CuCl,-2H,0 shows no activity against C. albicans
[31]. These reports are in accordance with our results. Neverthe-
less, previously studies determine a MIC of >396 ug mL~! against
E. faecalis ATCC19433 [12] and 64 ug mL~! against C. albicans ATCC
18804 [14] using the macro dilution test.

On the other hand, o-phen and its derivatives (including metal
complexes) are of interest due to their potential activity against
cancer, and viral, bacterial, and fungal infections [62]. The free li-
gand o-phen shows the lowest MIC values against E. coli and S. aur-
eus [52,55] and against all strains of Candida, as expected by the
results obtained on the preliminary screening. Some MIC values
of o-phen against different bacterial and fungal strains were previ-
ously reported (MIC=3.31pgmlL™! against C. albicans [63],
MIC=32 pgmL™' against S. aureus [64], MIC=32 pgmL,
256 pgmL ! and 128 pg mL~! against S. aureus, P. aeruginosa and

E. faecalis, respectively [10]. Our data are in agreement with these
reports. Nevertheless, Creaven et al. report MIC values of
51.34 ug mL~! and 99.11 pg mL~! against S. aureus and E. coli of
clinical isolates, respectively [63]. Efthimiadou et al. report MIC
values of 32 pg mL™! against E. coli and P. aeruginosa using broth
dilutions method [64]. Roy et al. report a MIC of 25 pug mL™~'against
E. coli ]M109 [62]. Kalia et al. report MIC values of 32 pug mL™!
against E. coli NCTC 10418 and C. albicans of clinical isolates [10].
The differences between the reported MIC values and our data
could be attributed to the use of different microbial strains and dif-
ferent microbiological methods.

Currently, the antimicrobial properties of different copper com-
plexes are being tested against numerous pathogens [8,12-14].
Our results indicate that the complexation is lower than the anti-
bacterial activity of the metal and the ligand o-phen against P.
aeruginosa. Moreover, the inhibitory activity of the complex (2)
against all strains of Candida occurs at higher concentrations than
o-phen. Interestingly, the inhibitory activity of the complex (2)
against E. faecalis occurs at lower concentrations than copper(II)
salt and o-phen.

In a previous paper we have demonstrated by fluorescence
spectroscopy that the coordination of o-phen to Cd (|Cd(o-phen),(-
S04)(H,0)](cnge)-5H,0) increased the conformational rigidity of
phenanthroline and that the delocalization of the ligand may be
higher than in the chelate complex [65]. It is a well known fact that
complexation increases the liposolubility of ionic metals [8,58]. In
this study we have demonstrated by Atoms in Molecules analysis
that the electronic density of phenanthroline diminishes by a li-
gand to metal charge transfer process having the complex more
liposolubility and the cell permeability (Overtone’s concept) may
be higher [66] than the metal. It was previously shown that o-phen
is a good antimicrobial agent. This ligand produces a synergic effect
on the ternary complex through charge redistribution improving
the activity of the metal and cnge in the ternary complex (in most
of the tested strains).

For E. Faecalis, the passage of lipid-soluble materials through the
membrane that surrounds the cell would be higher being more po-
tent the antibacterial activity of the complex (a different mecha-
nism will govern the other bacterial and fungal strains because
of its different behavior with the compounds).

We have also investigated the antibacterial profile of
[Zn(phen),(cnge)(H,0)](NOs),-H,0 complex [52]. In our previous
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reports the antimicrobial measurements were performed using
agar diffusion and agar dilution methods for cadmium [65] and
zinc [52] complexes, respectively. The complex (2) and the cad-
mium complex show an improved activity against E. faecalis,
whereas zinc complex shows less antibacterial activity than the li-
gands and the metal against this bacterial strain. The complex (2)
and the zinc complex show less antibacterial activity than the li-
gands and the metal against P. aeruginosa, whereas cadmium com-
plex shows an enhanced activity against this bacterial strain.

3.3.3. Analysis of PAE and PAFE by spectrophotometry

The PAE and PAFE are usually defined as the period of inhibition
of bacterial or fungal growth after the antibiotic has been com-
pletely removed. This period can also be a measure of the delayed
regrowth of bacteria/fungi after a short period of antibiotic/anti-
fungal exposure [20,44]. A PAE or PAFE of 20 min or less were con-
sidered insignificant owing to the limitations of the testing
procedure and were assigned a value of zero [17]. In this in vitro
study, a spectrophotometric method was used to investigate the
PAEs and PAFEs of the metal, the ligand and the complex (2) on
strains of bacteria and fungi. The PAE and PAFE were induced by
the exposure of the microorganism to twice the MIC of all com-
pounds for 1 h at 37 °C. The PAEs of the metal and ligand o-phen
on P. aeruginosa were not determined because the complex (2) ex-
erts no activity against this bacterial strain (MIC > 1500). The li-
gand cnge against all strains and the metal against fungal strains
exert no activity (MIC > 1500). The PAE or PAFE cannot be deter-
mined without MIC values. The values of PAEs and PAFEs are given
in Table 7.

The experiment showed that 2 x MIC of copper caused measur-
able PAEs on the bacterial strains studied. The metal exhibited
longer PAEs than the ligand o-phen in all cases. The observed order
of PAEs of copper(Il) chloride salt was S. aureus > E. coli > E. faecalis.
Previously reported data [67] showed that the capacity of copper
silicate to cause post antibiotic effect in S. aureus (ATCC 29213, at
twice the MIC) of 2.1 h are in agreement with our present results.

The ligand o-phen exhibited a relevant PAE on E. faecalis. For the
complex (2), the observed order of PAEs and PAFEs was E. coli > S.
aureus > E. faecalis and C. parapsilosis > C. albicans > C. tropicalis,
respectively. For E. coli, the complex exhibited longer PAEs than
copper and o-phen. The complexation increases the PAE of the
complex (2) against E. coli, but decreases the PAE against E. faecalis.
For S. aureus, the complexation not modified the PAE. The en-
hanced PAE upon complexation for E. coli can be explained on
the bases of Tweedy'’s chelation theory. On this theory, chelation
reduces the polarity of the central metal atom because of partial
sharing of its positive charge with the ligand. Further, it increases
the delocalization of m-electrons over whole chelate ring and en-
hances lipophilicity of the complexes [8,58]. This increased lipo-
philicity of the complex (2) could be responsible for the longer
PAE on Gram-negative bacteria (E. coli) because the complex could
remain more time in the lipopolysaccharide and other lipidic com-
ponents of the cell wall.

Table 7

Post-antibiotic effect (PAE) and post-antifungal effect (PAFE) of CuCl,-2H,0, o-phen
and the complex (2) at 2 x MIC for bacterial and fungal strains. PAE and PAFE values
in h.

CuCl,-2H,0  o-phen Complex (2)
Bacterial strains  E. coli 2.54+0.04 054+004 3.87+0.04
S. aureus 3.04+0.21 0 3.04+£0.29
E. faecalis 1.87+0.04 158+0.17 1.04+0.12
Fungal strains C. albicans - 0 0.79 £0.04
C. tropicalis - 0 0.54 +£0.04
C. parapsilosis - 0 5.46 £ 0.29

For the three fungal strains the complex exhibited longer PAEs
than o-phen. The increased values of PAE on E. coli and PAFE on
all fungal strains upon complexation are relevant in a clinical per-
spective because the presence of this effect may be an important
consideration in designing antibiotic dosage regimens. A prolonged
PAE should allow extension of antibiotic or antifungal dosing inter-
vals beyond the time that antibiotic concentrations fall below the
MIC [17]. Alovero et al. demonstrated that the PAE on E. coli (in-
duced by an exposure of 10 times the MIC during 1 h) for the com-
plex CIPX-Al was a bit longer than that of CIPX with values of 1.75
and 1.44 h, respectively [68]. Nevertheless, to our knowledge there
are no PAE or PAFE reports for copper complexes.

The PAEs and PAFEs of the complex (2) were compared with the
PAEs or PAFEs reported in the literature for antibiotic or antifungal
agents (determined under similar experimental conditions against
similar bacterial and fungal strains). The PAE of complex (2) on
E. coli is longer than the PAE induced by Ampicillin [17,45], Cipro-
floxacin [17,69,70], Tobramycin [17,71], Gentamicin [45,69], Gare-
noxacin [18], Enrofloxacin and Tetracycline [45], Chloramphenicol
and Rifampicin [70]. The PAE of complex (2) on S. aureus is longer
than the PAE induced by Gentamicin and Ciprofloxacin [69], Gare-
noxacin [18], Tobramycin [71], Ampicillin, Enrofloxacin [45]. This
PAE is shorter than the PAE induced by Gentamicin (in contraposi-
tion with Dominguez et al. [69]) and Tetracycline [45], Daptomy-
cin, Vancomycin and Nafcillin (against Methicillin-Susceptible
and Methicillin-Resistant S. aureus Strains except MRSA-1) [72].
The PAE of complex (2) on E. faecalis is similar to that induced by
Garenoxacin [18] and Penicillin G at 12xMIC against strain 4
[73]. This PAE is shorter than the PAE induced by Gentamicin at
twice the MIC against all strains (except Strain 4) [73] and Penicil-
lin G [72,73], Daptomycin and Vancomycin [72]. The PAFE of com-
plex (2) on C. albicans is similar than Amphotericin B (1 x MIC)
[74]. This PAFE is longer than 5-Fluorocytosine (1 x MIC) [74],
Ketoconazole [74,75] and Fluconazole [74-76]. This PAFE is shorter
than the PAFE induced by Amphotericin B [74-76] and 5-Fluorocy-
tosine [74,75] at values higher than twice the MIC, MK-0991 and
LY303366 [76], and Nystatin [75,77]. The PAFE of complex (2) on
C. tropicalis is shorter than the PAFE induced by Nystatin (1xMIC)
[77]. The PAFE of complex (2) on C. parapsilosis is shorter than
the PAFE induced by Anidulafungin, Caspofungin and Micafungin
[78], and Nystatin [77].

3.4. Alkaline phosphatase assays

Many microorganisms make enzymes in order to degrade com-
plex substrates. The fact that the inorganic phosphate anion (Pi)
cannot be synthesized by microbes makes alkaline phosphatases
(ALPs) crucial for their survival. Cells must obtain phosphate from
nucleic acids, phosphorylated sugars, proteins, etc., which hydroly-
sis provide Pi [79]. A diversity of phosphatases among different life
forms is being discovered. Alkaline phosphatase monomers rang-
ing from 15.5kDa to 160 kDa have been reported for different
strains. Some of them are trimeric and they also vary in their sub-
strate specificities, pH ranges, and metal ion requirements. There is
also diversity in the location of the enzymes being periplasmic in
E. coli, membrane associated and extracellular in other strains
[79]. Taking into account that we are studying enzymatic inhibi-
tion in bacteria and fungi herein, we have selected the ALP from
bovine intestinal mucose for our inhibitory determinations. This
ALP is a homodimeric metalloenzyme containing two zinc (Zn?*)
jons and one magnesium (Mg?*) ion in each active site. When
ALP catalyzed the hydrolysis of phosphomonoester, serine 102
coordinated to a zinc atom formed the phosphoseryl intermediate.
This intermediate was hydrolyzed through nucleophilic attack by a
water molecule activated by a second zinc atom [21].
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The effect of the metal, the ligands and the complex (2) on ALP
activity was evaluated (Fig. 6). As expected [22,23,55,80], the results
show that the metal did not display significant inhibitory effect
namely that copper(Il) is not involved in the different mechanisms
for enzymatic inhibitions (binding residues in proteins, coulombic
or electrostatic interactions with the active site, inducement of pro-
tein aggregations or reversible inactivation due to a metal ion ex-
change). In addition, o-phen exerts strong inhibitory effect on ALP
activity, cyanoguanidine behaves in a similar manner than the me-
tal ion and complex (2) exerts inhibitory effects.

It has been determined that apo-bovine intestinal ALP, prepared
using the ion-chelating agent EDTA exhibited a dramatic decrease
of its hydrolase activity, concomitant to conformational changes in
its quaternary structure and the total recovery of enzyme activity
by divalent ion addition to the enzyme was not obtained using
EDTA. This behavior is different using the enzyme from E. coli. In
this case, the loss of the divalent ions induced protein monomer-
ization and a total recovery of enzyme activity by divalent ion
addition. Besides, the chelator o-phenanthroline also produced
inhibition of the bovine intestinal enzyme. This effect was ex-
plained through a time dependent mechanism in which Zn?*,
which is required by ALP, is slowly removed, rendering the enzyme
inactive. The effect was found to be reversible in discrepancy to the
behavior of the more potent chelator EDTA [81].

A different mechanism of ALP inhibition was postulated for
coordination complexes. In this case an interaction at the catalytic
site of the enzyme was suggested as competitive inhibitors due to
their binding at or near the active sites [23,80]. However, it was
also proposed that the inhibitory effect on the activity of the en-
zymes that catalyze phosphoryl group transference can be attrib-
uted to a better bioavailability rather than to the increased
potency at the phosphatase enzyme active sites caused by metal
complexes [82].

In this work, we demonstrate that the complexation increases
the inhibitory effect of the metal and the ligand cnge. The effect
of o-phen on the enzymatic activity remains higher than that of
the other compounds, as expected, due to the chelation effect ex-
erted by the compound on the metallic sites of the enzyme, similar
to the effect of EDTA.

In this context it can be seen that the antimicrobial effects of o-
phen and the complex (2) could be due to their inhibition of the
ALP enzyme and this interaction occurs by different mechanisms
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Fig. 6. Effect of CuCl, (Filled inverted triangle), o-phen (Filled circle), cnge (Filled
square) and the complex 2 (Filled triangle, grey) on ALP activity from bovine
intestinal mucose. Initial rate was determined by incubation of the enzyme at 37 °C
for 10 min in the absence or presence of variable concentrations of the inhibitors.
Basal activity was 5.2 + 0.2 nmol pNP min~' ug~! protein.

of action. In the copper(Il) complex the higher interaction with
the catalytic site because of the improvement of the bioavailability
of copper(ll) ion by complexation (higher liposolubility and cell
permeability, see antimicrobial section) may be the causes of the
inhibition of the enzymatic action. In the o-phen ligand the mech-
anism of the inhibiting power of the enzyme was different produc-
ing a chelation of the metals of the active site and rendering the
apo-enzyme [80].

4. Conclusions

The calculated geometrical parameters for the two Cu(Il) com-
plexes with cyanoguanidine (cnge) and o-phenanthroline (o-phen),
[Cu(o-phen),(cnge)](NOs3),-2H,0 (1) and [Cu(o-phen)(cnge)(Hs-
0)(NOs);] (2) can be compared fairly well with the experimental
values. The analysis of the interactions between metals and the li-
gands and an interpretation of the electronic structure of these
complexes performed by the Atoms in Molecules analysis shows
the nature of the main interactions between the metal and the li-
gand. The analysis of the topological properties calculated at the
BCP shows that the character of the C-N and C-C bonds is covalent
while the Cu-N chemical bonds have a closed-shell character. The
topologic properties computed on C-C and C-N BCPs of cnge and o-
phen are similar revealing that only very small changes are caused
by the binding of ligand to metal to form the complex.

The stability study of the complex (2) in water or in the mixture
water/DMSO indicates that the dissolved complex remained stable
for 3 h being the only species that can contribute to the antimicro-
bial and enzymatic activities. On the other hand, complex (1) is
unstable in water and the equilibrium is displaced towards the for-
mation of complex (2). Therefore, we have undertaken the in vitro
studies using only complex (2).

We have previously determined the inhibition of ALP activity by
o-phenanthroline that uses a similar mechanism than EDTA. In this
paper, we report that the complexation increases the antibacterial
activity of the metal and the ligands against E. faecalis, but de-
creases their activity against P. aeruginosa. The complex (2) im-
proves the alkaline phosphatase inhibitor activity of metal and
cyanoguanidine and this may be one of the reasons of its higher
antibacterial and antifungal activities (higher interaction with the
active site of the enzyme because of its higher bioavailability than
copper and cnge). Nevertheless, the MIC is an important antimicro-
bial assay to determine the susceptibility of some microorganisms
against antimicrobial agents but provides limited information on
the activity of the drug over time. In this context, the determina-
tion of PAE at 2 x MIC of all compounds was considered relevant
to determine the modification of these pharmacodynamic parame-
ter upon complexation. The complex (2) exhibited longer PAEs/
PAFEs than copper and o-phen against E. coli and all fungal strains.
Also, the complex (2) exhibited longer PAEs/PAFEs against E. coli, S.
aureus and C. albicans than some antibiotics or antifungal agents. In
this context, we can conclude that some biological properties are
modified upon complexation with copper. Copper complexation
may provide a promising strategy for the development of novel
drugs with enhanced antimicrobial or alkaline phosphatase inhib-
itory activities.
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