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Abstract: Despite advances in the clinical and laboratory diagnosis, many bacterial and 12	  

fungal infections remain as a major cause of mortality and morbidity. This is largely due to 13	  

the resistance to commonly used antimicrobials. The objective of this study was to evaluate 14	  

the in vitro antibacterial and antifungal activities of metal-based azoles and silver 15	  

nanoparticles. Sixteen metal-based azoles (nine metal-based complexes derivatives of 16	  

azoles (8-16) and eight ligands (1-8)) were characterized by elemental analyses, 17	  

thermogravimetric analysis (TGA), fourier transform infrared spectroscopy (FTIR), nuclear 18	  

magnetic resonance (NMR), and mass spectra. Silver nanoparticles were characterized by 19	  

Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), and 20	  

Dynamic Light Scattering (DLS). In order to evaluate the biological activity of silver 21	  

nanoparticles, the azole ligands, and their metal complexes were studied. The antimicrobial 22	  

activity of azole derivatives and silver nanoparticles was determined in vitro by the agar-23	  

well diffusion method and broth microdilution method against nine bacteria strains and 24	  

seven fungal strains with clinical relevance. The azole derivatives were also evaluated for 25	  

their cytotoxic activities using Vero cells. In vitro assays showed that the azole complexes 26	  

exhibited moderate antibacterial and/or antifungal activities. The antimicrobial activity was 27	  

found to be more active for the metal complexes than the ligands. Metal complexes (15) 28	  

and (16) containing copper and cobalt, respectively, displayed antibacterial and antifungal 29	  

effects against all tested bacteria strains. Complex (15) showed activity against Candida 30	  

krusei and Aspergillus fumigatus while the standard drug (Fluconazole) did not inhibit 31	  

them. The 50 % Minimum Inhibitory Concentration (MIC50) values ranged from 5 to 0.039 32	  

mM. Metal complexes were more effective at inhibiting bacteria than they were at 33	  

inhibiting fungi, but they were toxic for the Vero cells at all concentrations tested. Silver 34	  

nanoparticles were not effective at inhibiting neither bacteria nor fungi. The results found in 35	  
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this study may provide potential solutions for the antimicrobial growing resistance in both 36	  

bacteria and fungi. 37	  

 38	  

Keywords: Zinc, Copper, Cobalt, Azole ligands, Silver nanoparticles, Antibacterial 39	  

activity, Antifungal activity.  40	  
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1. Introduction 42	  

Resistance to antimicrobial agents by pathogenic bacteria and fungi has been increasing 43	  

dramatically and is currently considered as a major global public health problem [1]. 44	  

Microorganisms, such as bacteria, molds, and yeasts associated with the surrounding 45	  

environment may be related to the development of severe infections in humans [2]. Each 46	  

year, an estimate of 700,000 deaths worldwide are related with drug-resistant bacteria and 47	  

fungal infections [3]. 48	  

Bacteria such as Staphylococcus aureus, Escherichia coli, and Pseudomonas 49	  

aeruginosa represent the most common pathogens hospital- and community-acquired, 50	  

which are responsible for diseases like urinary tract infections, pneumonia, and 51	  

bloodstream infections [4]. High rates of resistance in these bacteria result in prolonged 52	  

illness and high mortality rates [5]. Fungal infections are also responsible for the high rates 53	  

of mortality and morbidity mainly in immunosuppressed patients [6]. The most common 54	  

fungal pathogens are Candida spp., Cryptococcus neoformans, and Aspergillus spp., and 55	  

have been associated with a wide range of diseases ranging from acute pulmonary 56	  

manifestations and skin lesions to severe, potentially fatal, inflammatory diseases [7]. 57	  

Besides resistance of some fungal and bacterial strains, a limited number of compounds are 58	  

available for the treatment of fungal and bacterial infections [8].  59	  

In this context, azole derivates have shown antifungal and antibacterial activity. This is 60	  

due to the ability of azoles to readily bind to enzymes and receptors in biological systems. 61	  

In fungi, azoles bind to the heme cofactor located in the active site of cytochrome P450 62	  

14α-demethylase and inhibit the pathway of conversion of lanosterol to ergosterol, an 63	  

essential step in the synthesis of the fungal cell membrane. In bacteria, azoles have been 64	  

found to be inhibitors of the enoyl acyl carrier protein reductase (FabI), a protein involved 65	  
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in synthesis of fatty acids [9-16]. Azole ligand coordinated to Co(II), Cu(II), and Zn(II) 66	  

have higher antimicrobial activity than the free ligand. In some cases when combined to 67	  

these metals, it exceeds the activity of substances standardly used [17–22]. The increase in 68	  

antimicrobial activity is probably due to a better solubility, bioavailability, and interaction 69	  

with the DNA and proteins through intermolecular associations [23,24]. Increased 70	  

lipophilicity in the complexes reduces the permeability barrier of cells, and slows normal 71	  

cellular processes of the microorganism, resulting in an increased antimicrobial activity 72	  

[25–29].  73	  

With the advancement of nanotechnology, nanoparticle formulations and preparations 74	  

have revolutionized the process of creating new therapeutic solutions [30]. Nanoparticles 75	  

are clusters of atoms ranging in size from 1 to 100 nm. Different types of nanomaterials 76	  

such as copper, zinc, titanium, magnesium, gold, alginate, and particularly silver, have 77	  

shown effectiveness against bacteria, viruses, and eukaryotic organisms, due to their high 78	  

surface area to volume ratio and its unique chemical and physical properties [31].  79	  

With the aim of looking for new antifungal and antibacterial strategies, we report the 80	  

characterization, antibacterial, and antifungal activity of metal complexes derivatives of 81	  

azoles and silver nanoparticles. Four new zinc complexes (11-14) were tested along with 82	  

other two additional previously reported complexes that contain copper and cobalt. Their 83	  

structural properties, the interpretation of possible mechanisms responsible for the 84	  

inhibition, and their ability to inhibit mammal cell growth are discussed. 85	  

 86	  

2. Materials and Methods 87	  

 88	  

2.1 Characterization of ligands and their metal complexes 89	  
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Ligands and their respective metal(II) complexes derivatives of azoles were supplied by the 90	  

Research Group in Inorganic Chemistry, from Universidad de los Andes, Bogotá, 91	  

Colombia. Ligands and metal complexes were characterized by Elemental analysis, Fourier 92	  

transform infrared spectroscopy (FTIR), Thermogravimetric analysis (TGA), and Nuclear 93	  

magnetic resonance (NMR). Elemental analyses (C, H and N) were made with a Thermo 94	  

Scientific™ FLASH 2000 CHNS/O Analyzer. FTIR spectra were recorded on a Thermo 95	  

Nicolet NEXUS FTIR spectrophotometer using KBr pellets. NMR spectra were recorded 96	  

on a Bruker AscendTM -400 spectrometer. Chemical shifts are reported in ppm relative to 97	  

SiMe4 (1H) as internal standard. Melting points (MP) were determined on a Mel-Temp® 98	  

1101D apparatus in open capillary tubes and are uncorrected. 99	  

 100	  

2.2 Characterization of silver nanoparticles 101	  

Silver nanoparticles (AgNPs) were supplied by the Microelectronics Center, from 102	  

Universidad de los Andes. The stock solutions of AgNPs (1 mg mL-1) were prepared in 103	  

distilled water and were homogenized by two methods: ultrasonication and by the addition 104	  

of the dispersant polyvinylpyrrolidone (PVP) (50% w/v). The PVP was used to control 105	  

particle growth and prevent aggregation [32]. To characterize the AgNPs suspensions 106	  

Scanning Electron Microscopy (SEM; Electron Microscope S-3000H, Hitachi, CA, USA) 107	  

and Transmission Electron Microscopy (TEM; Electron Microscope FEG-VP, Zeiss Supra, 108	  

Cambridge, UK) were performed. The average size and size distribution of the prepared 109	  

AgNPs were determined by dynamic light scattering (DLS) using the Zetasizer Nano ZS 110	  

(Malvern Instruments Ltd., Malvern, UK). Data obtained were analyzed using the Zetasizer 111	  

software. 112	  

 113	  
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2.3 Biological activity 114	  

2.3.1 Strains and isolates 115	  

Reference strains and clinical isolates of bacteria: Staphylococcus aureus ATCC 25923, 116	  

Methicillin-Resistant Staphylococcus aureus (MRSA), Enterococcus faecalis ATCC 117	  

19433, Bacillus cereus ATCC 14579, Escherichia coli ATCC 25922, Pseudomonas 118	  

aeruginosa ATCC 28593, Enterobacter aerogenes ATCC 13048, Salmonella typhimurium 119	  

ATCC 14028, and Shigella flexneri ATCC 29903; yeasts: Candida albicans ATCC 10231, 120	  

Candida krusei ATCC 6258, and Candida parapsilosis ATCC 22019; and molds: 121	  

Aspergillus flavus, Aspergillus fumigatus ATCC MYA-3626, Fusarium oxysporum (FMR 122	  

9788), and Fusarium solani (FMR 4591), were used for the in vitro susceptibility test.  123	  

With the exception of Fusarium species, which were granted by the Mycology Unit of the 124	  

Universitat Rovira i Virgili, all other strains were obtained from the Laboratory of 125	  

Mycology and Plant Pathology of Universidad de los Andes. Bacteria were subcultured on 126	  

Nutrient agar (NA) (Oxoid, UK), yeast on Sabouraud dextrose agar (SDA) (Oxoid, UK), 127	  

and molds on Potato dextrose agar (PDA) (Oxoid, UK). Yeasts and bacteria were 128	  

maintained at 37 °C while molds were kept at 25 °C to assess the purity and viability of the 129	  

isolates. All strains used were characterized both phenotypically and genotypically . 130	  

 131	  

2.3.2 Phenotypic and genotypic characterization of strains 132	  

2.3.2.1 Phenotypic characterization  133	  

Yeasts were characterized using cultures grown on SDA medium to observe colony texture. 134	  

Colony color was observed on CHROMagar Candida Differential agar (CMA, 135	  

CHROMagar Company, Paris, France). Clamidospore formation germ-tube formation were 136	  

assessed on Corn Meal Tween 80 Agar (CMA) [33]. Aspergillus and Fusarium species 137	  



	  
	  
8	  

were characterized by observation of macro-morphological features such as colony 138	  

characteristics (surface and reverse color), texture, pigmentation, and growth rates after 7 139	  

days of incubation. The color of the colony and pigments were described by using the 140	  

Kuppers color chart. Microscopic analysis to examine the size and arrangement of conidia 141	  

on the conidial heads, conidiophores and vesicle structures, and the presence or absence of 142	  

chlamydospores was performed [34–36].  143	  

 144	  

2.3.2.2 Genotypic characterization  145	  

Fungal DNA was extracted using the phenol-chloroform method described by Köchl et. al 146	  

[37]. Ribosomal DNA (rDNA) 18S and 28S region were amplified using two universal 147	  

fungal primers ITS5 (5' - TCC GTA GGT GAA CCT GCG G - 3') and ITS4 (5'- TCC TCC 148	  

GCT TAT TGA TAT GC -3') [35]. Bacterial DNA was extracted using PureLink® 149	  

Genomic DNA Mini Kit (Life Technologies).  The 16S rDNA region was amplified using 150	  

primers 1492R (5'- TAC CTT GTT ACG ACT T -3') and 799F (5'- AGA GTT TGA TCC 151	  

TGG CTC AG-3'). PCR was carried out following the Alhussaini et al. protocol [38]. The 152	  

PCR products were subsequently sequenced at Universidad de los Andes using the Sanger 153	  

technology (Applied Biosystem-3500, ThermoFisher Scientific, Bogotá, Colombia). 154	  

Sequences were further analyzed using BLASTn with default parameters [39]. 155	  

 156	  

2.3.3 Antibacterial and antifungal activities of metal salts, ligands, and their metal 157	  

complexes 158	  

All the metal salts, ligands, and their respective metal(II) complexes were tested against the 159	  

strains using the agar-well diffusion method and the broth microdilution method. The test 160	  

procedure carried out for the agar-well dilution method was in accordance with the M02-A, 161	  
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M44-A, and M51-A methods recommended by the Clinical and Laboratory Standards 162	  

Institute (CLSI) [40–42]. Metal complexes, free ligands, and metal salts were dissolved in 163	  

dimethyl sulfoxide (DMSO; 1 % v/v, Panreac, E.U.) to a final concentration of 100 mM. 164	  

Bacterial and fungal inocula containing approximately 106 colony-forming units (CFU mL-165	  

1) or conidia were spread on the surface of the Mueller Hinton (CMO337, Oxoid, England) 166	  

agar plates with a sterile cotton swab. Wells (5 mm in diameter) were cut in the media with 167	  

a sterile metallic tube and 20 µL of each sample were placed in each well. 168	  

The plates were incubated at 37 °C (bacteria and yeasts) or 25 °C (molds) for 24 to 48 169	  

h. DMSO (1 %) was set as the negative control in order to determine any participating role 170	  

in the biological screening. Gentamicin (50 µM; g1264, Sigma–Aldrich Inc.) and 171	  

fluconazole (50 µM; f8929, Sigma–Aldrich Inc) were used as the standards for drug 172	  

reference. The antibacterial or antifungal activity was determined by measuring the 173	  

diameter of the inhibition zone around each well. The results were calculated as the mean 174	  

of three replicates. 175	  

For the broth microdilution method the procedure carried out was in accordance with 176	  

the M07-A, M27-A, and M38-A methods recommended by the CLSI [43–45]. Inocula 177	  

containing approximately 104 CFU mL-1 or conidia were incubated in the presence of serial 178	  

dilutions of the compounds in Luria-Bertani broth (LB, DifcoTM, USA) for bacteria or 179	  

RPMI 1640 (R65-04, Sigma–Aldrich Inc) medium for fungi in 96-wells plates. The plates 180	  

were incubated at 37 °C for 6 h, 24 h, and 48 h for bacteria, yeasts, and molds, respectively. 181	  

After the incubation time the absorbance of 600 nm for bacteria and 630 nm for fungi were 182	  

read in a microtiter plate spectrophotometer (Microplate reader, Biorad-680, BioTek 183	  

Instruments, Inc., USA). Gentamicin (10 µM) and fluconazole (10 µM) were also used as 184	  

the standards for drug reference.  185	  
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 186	  

2.3.4 Minimum inhibitory concentration (MIC) 187	  

Compounds containing high antibacterial or antifungal activity were selected for MIC 188	  

studies. MIC50 of the selected compound was determined in three replicates by the broth 189	  

microdilution method according to the CLSI guidelines [46–48]. Serial dilutions were 190	  

carried out from 5 mM to 2.5 µM to determine the concentration of the compound that 191	  

inhibits 50% of the microorganism’s growth as an inhibition value. 192	  

 193	  

2.3.5 Antibacterial and antifungal activities of silver nanoparticles 194	  

Biological activities of 300 and 100 nm AgNPs (1 mg mL-1) were performed by the agar-195	  

well diffusion method against all strains, in accordance with the CLSI methods M02-A, 196	  

M44-A, and M51-A, as previously described [40–42].  197	  

 198	  

2.4 Cytotoxic effect of azole derivatives  199	  

2.4.1 Cell line maintenance  200	  

Vero (normal African Green monkey kidney epithelial cells, ATCC CCL-81) were obtained 201	  

from the Laboratory of Human Genetics of Universidad de los Andes. The cells were 202	  

maintained in Dulbecco's modified Eagle's medium (DMEM, Gibco Life Technologies 203	  

Inc.) supplemented with 10 % fetal bovine serum (FBS, Gibco Life Technologies Inc.) and 204	  

1 % penicillin-streptomycin (Gibco Life Technologies Inc.). Cells were incubated at 37 °C 205	  

in 5 % CO2 atmosphere and media were replaced every 2 to 3 days [49]. 206	  

 207	  

2.4.2 Cytotoxicity assay 208	  
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Cells monolayers (1×105 mL-1) were added to each well in 96-well culture plates and 209	  

incubated overnight at 37 °C in 5 % CO2 atmosphere. Cells were treated with 100 µL of 210	  

DMEM with different concentrations of metal complexes; gentamicin (10 µM) or 211	  

fluconazole (10 µM) during 24 h, hydrogen peroxide 3 % was used as negative control. The 212	  

Live and Dead Cell Assay kit (Abcam, ab115347) was used following manufacturer's 213	  

instructions. After 10 minutes the number of live/dead cells were quantified and analyzed 214	  

by confocal microscopy (Olympus IX81, confocal module FV1000) to determine the 215	  

cytotoxic concentration values (CC50). 216	  

 217	  

3. Results and discussion 218	  

3.1 General synthesis of ligands and their metal complexes 219	  

The azole ligands and complexes studied are shown in Schemes 1-3. The ligands (2-7) 220	  

showed important chelating properties. This was evidenced by the immediate precipitation 221	  

of the complexes when the ligand was mixed with the Zn(II) salt to form the complexes (9-222	  

14), with the Co(II) to form the complex (15), and when mixed to the Cu(II) to form the 223	  

complex (16). All the zinc complexes were non-hygroscopic, white solids, and air stable at 224	  

room temperature. These complexes showed a very low solubility in organic solvents as 225	  

chloroform, dichloromethane, pentane, hexane, diethyl ether, methanol, acetone, and 226	  

ethanol. However, they were soluble in dimethylformamide (DMF) and DMSO.   227	  

 228	  

3.2 Characterization of ligands and their metal complexes 229	  

The results of spectroscopy, analytical data, and theoretical calculations were consistent 230	  

with the proposed formulation and allowed us to propose the 1:1 Metal:Ligand (M:L) 231	  

relative rate in the complexes (9-16) and their general form M(L)(Cl)2. Complex (8) 232	  
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showed a 2:1 (M:L) relative rate resulting in M(L)2(Cl)2 type. Melting points above 190 °C 233	  

for the complexes revealed their high stability. In most cases the complexes were very 234	  

stable resulting in a substantial percentage of residual mass after heating to up to 700 °C. 235	  

Complex (10) was particularly stable, with a loss of only 29.0 %. 236	  

A vibrational analysis by comparison between ligands and their complex showed that 237	  

the coordination of the ligand to the metal caused an absence or shift of the bands to higher 238	  

wave numbers. Those results indicate greater rigidity of the chemical bonds in the complex. 239	  

In general, the ultimate goal of the characterization of ligands and complexes was to ensure 240	  

that every compound was in concordance with the proposed chemical structure and that 241	  

they had the same biological activity as their azole derivative. 242	  

Ligands (1–7) and their metal complexes (8–16) were totally characterized. The 243	  

elemental analysis, theoretical calculations and NMR show that the complexes have 244	  

tetrahedral geometry. Chemical structures were also modeled. 245	  

 246	  

3.3 Characterization of silver nanoparticles 247	  

AgNPs suspensions without the dispersant PVP were examined by SEM (Figure 1). The 248	  

shapes of AgNPs were mostly cubes and spherical structures. The maximum size was 80 249	  

nm. Formation of aggregates composed of AgNPs was observed. DLS analysis showed the 250	  

size distribution of particles with intensity between 101 and 296 nm (Figure 2 (A) and (C)). 251	  

The zeta potential value – 5.6 mV and – 0.193 mV (Figure 2 (B) and (D)) suggest a 252	  

tendency to aggregate as well as a biocompatibility of the nanoparticles. In practice, 253	  

dispersion is stable if the zeta potential is higher than 30 mV or lesser than −30 mV [51].  254	  

Those results indicate that AgNPs could be forming aggregates hindering the entry of 255	  

nanoparticles to bacterial and fungal cells. Small size of nanoparticles or alternatively a low 256	  
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agglomeration increases the superficial area available for interactions with membranes and 257	  

solubilization of silver ions. This in turn provides a greater toxicity and antimicrobial effect 258	  

[52]. It is necessary to reduce the size of the nanoparticles and prevent aggregate formation, 259	  

as the PVP appears to be insufficient to achieve this goal. 260	  

 261	  

3.4 Phenotypic and genotypic characterization of strains 262	  

3.4.1 Phenotypic characterization  263	  

Phenotypic identification of the different Candida strains was done using conventional 264	  

phenotypic methods (Table S1). Colonies on SDA showed an efficient growth and were 265	  

white to cream color. Candida albicans and C. parapsilosis had a smooth appearance, 266	  

while C. krusei had a wrinkled appearance. On CHROMagar Candida C. albicans and C. 267	  

krusei showed the expected colors, green (N10C10A20) and pink (A10M50C20), respectively 268	  

(Figure S1). Candida albicans showed chlamydospore and germ tube formation (Figure 269	  

S2) and C. krusei showed pseudohyphae formation. All the characteristics reported are in 270	  

concordance with the features of Candida species [33]. 271	  

Table S2 summarizes the macroscopic and microscopic characteristics of A. flavus, A. 272	  

fumigatus, F. oxysporum, and F. solani. Based on the morphological characterization, 273	  

Aspergillus and Fusarium species were successfully identified and the evaluated features 274	  

were consistent with those previously reported for these isolates [34–36]. 275	  

 276	  

3.4.2 Genotypic characterization  277	  

After sequencing, the obtained sequences were analyzed using BLAST with the default 278	  

parameters [39]. The alignments with greater identity (higher than 97%) and E-value = 0 279	  

were chosen. Sequence alignment showed the validation of the expected species: C. 280	  
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albicans, Pichia kudriavzevii (C. krusei teleomorph), C. parapsilosis, A. flavus, A. 281	  

fumigatus, F. oxysporum and F. solani for fungi and S. aureus, MRSA, E. faecalis, B. 282	  

cereus, E. coli, P. aeruginosa, E. aerogenes, S. typhimurium, and S. flexneri (Table S3). 283	  

 284	  

3.5 Biological activity 285	  

The biological activity of metal salts, ligands and metal complexes were evaluated against 286	  

all the strains by three replicates. Combinations with ligands and metal salts did not 287	  

evidence any antimicrobial activity. The in vitro biological screening results are 288	  

summarized in Table 1. Figure 3 shows the inhibition zones of the complexes 8, 15, and 16 289	  

as a representative example.  290	  

 291	  

3.5.1 Antibacterial activity 292	  

The metal salts, ligands, metal complexes, standard drug gentamicin, and the DMSO  (1 293	  

%) solvent control were screened separately for their antibacterial activity; metal salts, 294	  

ligands, and metal complexes at a concentration of 100 mM, and standard drug at a 295	  

concentration of 50 µM (Figures 4 and 5). These effects were dose depended. The 296	  

antibacterial results suggested that all synthesized metal complexes showed to be effective 297	  

in at least one of the strains used including the four new zinc complexes (11-14). This is 298	  

probably due to the better solubility, bioavailability, and interaction with the DNA through 299	  

intermolecular associations [23,24]. Also, it is possible that an increase in the lipophilicity 300	  

of the complexes reduces the permeability barrier of the cells and slows normal cellular 301	  

processes of the microorganism, resulting in an increased antimicrobial activity [26].  302	  

Gram-positive strain tested showed to be susceptible to all metal complexes (Figure 303	  

5). However, some of the compounds in this series (9) were not effective against any Gram-304	  
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negative bacteria (Figure 5). Other studies have shown that pyrazoles, as complex inhibit 305	  

the DNA gyrase and topoisomerase IV in bacteria but are more efficient against Gram-306	  

positive than Gram-negative bacteria [53]. The presence of different metal ions in the 307	  

complexes caused a variation in their activity. In the compounds 9, 15, and 16 only changes 308	  

in the metal ion or the presence of copper and cobalt showed inhibitory activity against all 309	  

bacteria strains. However, complex (9) only inhibited four strains of bacteria, S. aureus, 310	  

MRSA, B. cereus, and S. flexneri. Compounds (10) and (13) were inactive against E. 311	  

faecalis but showed to be effective against the remaining bacteria strains probably due to its 312	  

ability to diffuse into the single cell membrane of the Gram-positive bacteria opposed to 313	  

Gram-negative bacteria that have two membranes. The outer membrane of Gram-negative 314	  

bacteria posses a negative charge which confers them resistance to hydrophobic 315	  

compounds, such as detergents, and therefore more stability and integrity [52]. 316	  

 The difference between the new zinc complexes lies in the ligand. In the complexes 317	  

(12) and (13) the presence of benzotriazole in their structures resulted in an increased 318	  

activity. Benzotriazole derivatives have shown to be able to induce alteration of 319	  

mitochondrial membranes in microorganisms [54]. 320	  

Analysis of the data further showed, that complex (14) was very similar to the activity 321	  

of complex (11), indicating that the more extended conjugation of the indazole rings on the 322	  

metal center does not increase the antibacterial activity. Complexes (9) and (11) differed by 323	  

the presence of toluene or methylene in the center (scheme 2). However, the activity in (11) 324	  

was effective against eight strains while for complex (9) it was only effective against four 325	  

(Figure 5). This is most likely due to the presence of toluene in the molecule. It is known 326	  

that toluene causes an increase in the membrane fluidity and therefore an increase in its 327	  

permeabilization [60,61]. In the case of complexes (8) and (9), it was found that (8) had 328	  
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activity against all strains while (9) only showed activity against four. On the basis of these 329	  

results we believe that the presence of hydrogen bonding generates an interaction with 330	  

proteins present in the cell membrane of the microorganisms, resulting in interference with 331	  

the normal cell process [62–64] presence of the chemical bond NH in (8) favors its 332	  

interaction with DNA through intermolecular associations as it bridges hydrogen, which 333	  

results in an increased antibacterial activity [21,23].  334	  

 335	  

3.5.2 Antifungal activity 336	  

The antifungal activity of the ligand and its complexes were studied against C. albicans, C. 337	  

krusei, C. parapsilosis, A. flavus, A. fumigatus, F. oxysporum, and F. solani. The metal 338	  

salts, ligands, metal complexes, standard drug fluconazole, and DMSO solvent control were 339	  

screened separately for their antibacterial activity at a concentration of 100 mM and 340	  

standard drug at concentration of 50 µM (Figure 7). As it was reported for bacteria, the 341	  

inhibition effects against fungi were dose dependent. 342	  

Fungal species were more resistant to treatments using the new complexes. However, 343	  

complex (12) showed activity against three fungal strains, C. albicans, C. krusei, and C. 344	  

parapsilosis. This compound containing a benzotriazole group uncoordinated to the zinc 345	  

can induce alteration of the mitochondrial membranes in the microorganisms or may inhibit 346	  

some of the many steps leading to the synthesis of ergosterol.  347	  

In Candida spp. the inhibition was completed as expected due to the susceptibility of 348	  

these fungi to the commercial azoles [55–56]. Candida albicans and C. krusei, both have 349	  

shown resistance to azoles [62] but, were inhibited by complexes 12, 15 and 16. Compound 350	  

(9) only inhibited A. fumigatus. Mishra et al. [29], reported that cobalt, copper, and zinc 351	  

azole complexes showed biological activity against Aspergillus niger and A. flavus and that 352	  



	  
	  
17	  

these complexes disturb the respiration process of the cell and thus blocks the synthesis of 353	  

proteins due to the destabilization of fungal metalloenzymes. This in turn, restricts the 354	  

growth of the organism. Candida krusei, Fusarium spp., and Aspergillus spp. were not 355	  

inhibited by the standard drug, fluconazole. However, A. fumigatus and C. krusei were 356	  

highly inhibited by compound (15).  357	  

Fusarium spp. were not inhibited by any complex. It is well know that Fusarium 358	  

species are highly resistant to a variety of antifungal treatment including azoles, particularly 359	  

fluconazole [63], and also that these strains are capable of resisting high concentrations of 360	  

metals such as zinc [64].  361	  

The complexes containing copper and cobalt showed greater antifungal activity 362	  

compared with zinc complexes. It seems that the fungi tested are zinc tolerant. It is well 363	  

known that zinc is an essential nutrient for fungi but it is toxic in high concentrations. 364	  

Therefore, the intracellular concentration of this metal is tightly regulated through zinc 365	  

transporters, which could be removing the zinc out of fungal cells [65,66].  366	  

In general, complex (15) showed the highest antifungal effect and inhibited the growth 367	  

of all Candida species tested and also of A. fumigatus. Singh et al. [26]  reported that the 368	  

small size of the Cu(II), compared to other metals such as Zn(II) and Cu(II), reduces 369	  

polarity and increases the lipophilicity of the fungal membrane interrupting normal cellular 370	  

processes which enhance the antifungal activity of Cu(II) complexes. 371	  

 372	  

3.5.3 Minimum Inhibitory Concentration (MIC50) 373	  

The MIC50 values suggest that the antimicrobial activity of complexes 8 to 16 were species-374	  

dependent (Table 2). The results showed a low antifungal and antibacterial activity against 375	  

all the evaluated strains as compared to the standard drug, gentamicin, and fluconazole. The 376	  
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MIC50 values of complexes were in the range of 39 µM to 5,000 µM and were slightly 377	  

higher for the Gram-negative than the Gram-positive bacteria. Gram-positive bacteria had a 378	  

MIC50 of 78 µM to 5,000 µM, Gram-negative bacteria had a MIC50 of 156 µM to 5,000 µM, 379	  

and fungi had a MIC50 of 39 µM to 2,500 µM. In general, S. aureus and S. flexneri were the 380	  

most susceptible strains. 381	  

The highest activity of the complexes for fungi was observed for complex (16) against 382	  

C. krusei with a MIC50 of 39 µM and for bacteria complex (15) against S. aureus, MRSA 383	  

and E. faecalis, with a MIC50 of 78 µM. Fungal species were the most resistant, particularly 384	  

Fusarium and Aspergillus species.  However, our data showed that complexes (15) and (16) 385	  

presented antifungal activity against C. albicans, C. parapsilosis, and the fluconazole 386	  

resistant strain C. krusei. Complexes (9) and (15) were efficient inhibiting the fluconazole 387	  

resistant strain, A. fumigatus. 388	  

It is clear that pirazole, imidazole, and indazoles derivatives combined with metals have 389	  

strong antibacterial activity against Gram-positive and Gram-negative bacteria including 390	  

MRSA, also against fungi species resistant to fluconazole as are C. krusei and A. fumigatus. 391	  

All bacteria species tested were inhibited by the metal complexes 8 to 16. Candida albicans 392	  

and C. krusei, both with resistance to azoles, were inhibited by complexes 12, 15, and 16. 393	  

Finally, A. fumigatus was efficiently inhibited by complexes 9 and 15. 394	  

 395	  

3.6 Antibacterial and antifungal activities of silver nanoparticles 396	  

Silver nanoparticles of 100, 300, and 1,000 nm had no inhibition effect against any of the 397	  

strains tested. It has been reported that AgNPs are effective in sizes <100 nm, particularly 398	  

between 5 to 20 nm, given that they are able to penetrate inside the microbial cells and 399	  

release metallic ions [52]. Furthermore bacteria and fungi present defense mechanisms of 400	  
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tolerance against nanoparticles such as the liberation of chelating agents such as 401	  

ethylenediaminetetraacetic acid (EDTA) that decrease the antimicrobial effect of metallic 402	  

ions [67]. Microorganisms can also avoid the oxidative stress changing the membrane 403	  

fluidity or inducing the expression of genes that are responsible for repairing the DNA and 404	  

factors related to stress control, as are katA and RpoS in P. aeruginosa [68–70].   405	  

To investigate the the structural changes of fungal samples exposed to AgNPs, which 406	  

could potentially explain why these compounds did not have an effect in the growth of 407	  

Candida spp., TEM analysis was employed. Figure 7 shows the blastospore with AgNPs 408	  

retained in the walls and vacuoles. The AgNPs solution had no effect on fungal 409	  

morphology. It is known that nanoparticles generate stress that can induce the production of 410	  

extracellular polymeric substances that are capable of absorbing nanoparticles on the cell 411	  

surface or bioaccumulate them intercellulary to decrease the effect of the metallic ions [47]. 412	  

 413	  

3.7 Cytotoxic effect of azole derivatives 414	  

Vero cells were used to screen the azole derivatives for cytotoxicity. In these essays, cells 415	  

were exposed to different concentrations of the metal complexes (39 µM, 78 µM, 156 µM, 416	  

313 µM and 625 µM) corresponding to the minimum concentrations that inhibited 90 % of 417	  

the growth of the tested strains. Monitoring cell numbers after 24 h of exposition to the 418	  

metal complexes revealed that they induced inhibition of cell growth. Cell viability was 419	  

lower to the 5 % for all the compounds and concentrations (Figure 8). 420	  

 421	  

4. Conclusions   422	  

In summary, we have characterized a series of complexes derivatives of azoles ligands and 423	  

silver nanoparticles. Elemental analyses, FTIR spectroscopy studies, and TGA for azole 424	  
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derivatives and SEM, TEM, and DLS for nanoparticles were used to confirm the nature and 425	  

possible antimicrobial proprieties of these compounds. 426	  

In vitro assays showed that the metal complexes exhibited decent antibacterial and 427	  

antifungal activities. We found that the metal complexes have higher antimicrobial activity 428	  

while the ligands themselves had no effect. Metal complexes were more effective at 429	  

inhibiting bacteria than they were at inhibiting fungi. However complexes 12, 15, and 16 430	  

efficiently inhibited azole resistant species, C. albicans and C. krusei, and complexes 9 and 431	  

15 inhibited the antifungal resistant strain A. fumigatus. The complex that contains copper 432	  

was active against most of the studied strains, except for Fusarium spp. and A. flavus. 433	  

Metal complexes showed to be toxic in Vero cell line. Silver nanoparticles had no 434	  

biological effect and we propose that particle size could be the key for inducing its 435	  

inhibitory activity.  436	  

 The broad-spectrum nature of these metal complexes makes them potential targets for 437	  

new antimicrobial agents. Further work is currently being conducted in order to find 438	  

chemical and structural modifications that increase the antimicrobial activity of these 439	  

compounds. 440	  
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Table 1. Antibacterial and antifungal activity (zone of inhibition, diameter in mm) of 656	  

ligands 1 through 7 and their complexes 8 through 16 analyzed by agar-well diffusion 657	  

method (concentration used 100mM) 658	  

Organism Compound 

  SD 1-7 8 9 10 11 12 13 14 15 16 

Bacteria 

           S. aureus 20.4 ± 0.58 − 15.4 ± 1.04 9.0 ± 0.66 13.0 ± 1.92 12.8 ± 1.92 15.6 ±1.37 16.4 ± 0.89 14.1 ± 1.09 16.7 ± 1.88 17.0 ± 0.18 

MRSA 20.8 ± 0.80 − 14.5 ± 3.10 11.7 ± 1.51 14.0 ± 0.62 14.5 ± 2.00 20.0 17.4 ± 0.35 13.5 ± 2.63 16.0 ± 4.22 14.5 

E. faecalis 20.1 ± 0.54 − 12.1 − − − 13.7 − − 22.5 ± 4.68 18.9 

B. cereus 22.3 ± 0.35 − 13.1 ± 0.43 9.4 8.9 ± 0.11 8.6 ±0.02 15.5 8.5 ± 0.57 9.2 ± 0.13 14.8 ± 0.21 12.02 

E. coli 20.1 ± 0.11 − 10.9 ± 0.43 − 8.8 ±0.65 9.5 7.5 11.8 ± 1.34 10.3 ± 3.49 10.7 ± 0.92 17.0 

P. aeruginosa 12.0 ± 0.59 − 11.0 ± 0.97 − 9.2 ± 0.26 8.1 ± 0.53 10.9 ± 0.12 9.7 ± 0.51 8.7 ± 0.12 13.3 ± 1.64 12.2 ± 0.07 

E. aerogenes 17.2 ± 0.11 − 9.5 ± 0.20 − 11.0 ± 0.07 10.9 ± 1.09 10.0 ± 0.12 12.3 ± 2.56 9.2 ± 2.51 8.2 ± 0.20 14.2 

S. typhimurium 16.8 ± 0.75 − 10.7 ± 2.09 − 7.9 ± 1.01 8.9 ± 0.49 11.6 11.5 ± 2.53 9.8 ± 2.05 8.2 ± 2.07 13.2 

S. flexneri 16.6 ± 0.11 − 14.2 ± 0.24 9.9 ± 1.19 13.0 ± 0.14 11.8 ± 0.93 13.8 13.1 11.5 ± 1.30 9.8 ± 0.61 28.0 

Fungi 

           C. albicans 24.5 ± 1.78 − − − − − 9.2 ± 0.77 − − 10.5 ± 1.07 12.7 ± 3.24 

C. krusei − − − − − − 7.8 ± 0.35 − − 12.0 ± 2.39 15.7 ± 2.61 

C. parapsilosis 31.9 ± 1.71 − − − − − 9.7 ± 0.66 − − 21.6 ± 2.26 18.5 ± 2.28 

A. flavus − − − − − − − − − − − 

A. fumigatus − − − 28.9 − − − − − 39.7 − 

F. oxysporum − − − − − − − − − − − 

F. solani − − − − − − − − − − − 
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 SD = Standard Drug; Gentamicin 50µM for bacteria and Fluconazole 50µM for fungi. 659	  

 660	  

  661	  
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 Table 2. MIC50 (µM) of ligands and metal complexes.  662	  

Organism Compound 

  SD 1-7 8 9 10 11 13 14 15 16 

Bacteria 

          S. aureus 0.20 − 156 313 625 625 313 625 78 625 

MRSA 0.20 − 625 625 1250 5000 5000 5000 78 625 

E. faecalis 6.25 − 313 1250 2500 1250 2500 2500 78 313 

B. cereus 0.40 − 625 1250 1250 1250 1250 2500 625 1250 

E. coli 1.60 − 2500 2500 2500 1250 2500 5000 5000 1250 

P. aeruginosa 0.80 − 1250 625 2500 2500 5000 5000 2500 625 

E. aerogenes 0.20 − 2500 1250 2500 5000 5000 5000 2500 1250 

S. typhimurium 3.13 − 1250 625 1250 2500 2500 5000 5000 1250 

S. flexneri 3.13 − 625 156 156 625 625 625 5000 156 

Fungi 

          C. albicans 2 − − − − − − − 2500 156 

C. krusei 50 − − − − − − − 313 39 

C. parapsilosis 13 − − − − − − − 156 156 

A. flavus >100 − − − − − − − − − 

A. fumigatus >100 − − 625 − − − − 1250 − 

F. oxysporum >100 − − − − − − − − − 

F. solani >100 − − − − − − − − − 

                         SD = Standard Drug; Gentamicin 50µM for bacteria and Fluconazole 50µM for 663	  

fungi. 664	  

 665	  

 666	  
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Scheme 1 Azole ligands. 667	  

 668	  

Scheme 2 Zinc(II) complexes. 669	  

 670	  

Scheme 3 Cu(II) and Co(II) complexes with ligand (9). 671	  

	  672	  

Figure 1. Micrographic images of AgNPs nanoparticles dispersed in water. 673	  

 674	  

Figure 2. Size distribution and zeta potential analysis of AgNPs. (A) Size distribution of 675	  

AgNPs with maximum intensity at 296 nm. (B) Stable AgNPs at −5.6 mV in zeta potential 676	  

analysis. (C) Size distribution of AgNPs with maximum intensity at 101 nm. (D) Stable 677	  

AgNPs at −0.193 mV in zeta potential analysis. 678	  

 679	  

Figure 3. TEM images of C. albicans with the treatment of AgNPs suspension. Arrows 680	  

indicate the accumulation of AgNPs in the wall (A) and vacuole (B). 681	  

 682	  

Figure 4. Inhibition zones of complexes 8, 15, and 16 against (A) Staphylococcus aureus, 683	  

(B) Escherichia coli, (C) Candida parapsilosis, and complexes 9, 15, and 16 against (D) 684	  

Aspergillus fumigatus. Positive controls used consisted of gentamicin (50 µM) for bacteria 685	  

and fluconazole (50 µM) for fungi 686	  
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 687	  

Figure 5. Comparison of antibacterial activity. SD = standard drug; Gentamicin 50 µM. 688	  

The antibacterial screening of all the synthesized compounds was carried out against Gram-689	  

positive: Staphylococcus aureus, MRSA, Enterococcus faecalis, and Bacillus cereus. 690	  

 691	  

Figure 6. Comparison of antibacterial activity. SD = standard drug; Gentamicin 50 µM. 692	  

The antibacterial screening of all the synthesized compounds was carried out against Gram-693	  

negative: Escherichia coli, Pseudomonas aeruginosa, Enterobacter aerogenes, Salmonella 694	  

typhimurium, and Shigella flexneri. 695	  

 696	  

Figure 7. Comparison of antifungal activity. SD= standard drug; Fluconazole 50µM. The 697	  

antifungal screening of all the synthesized compounds was carried out against C. albicans, 698	  

C. krusei, C. parapsilosis, A. flavus, and A. fumigatus. 699	  

 700	  

Figure 8. Cytotoxic effect of metal complexes (8 – 16) against Vero nells. Negative 701	  

Control= Hydrogen peroxide 3 %  702	  
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 703	  

 704	  

Scheme 1. Azole ligands 705	  

	   	  706	  
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	  707	  

	  708	  

Scheme 2. Zinc(II) complexes 709	  

  710	  
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 711	  

	  712	  

Scheme 3.	  Cu(II) and Co(II) complexes with ligand (9)	  713	  

  714	  



	  
	  
38	  

 715	  

 716	  

 717	  

Figure 1.  718	  

 719	  

  720	  
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(A)  721	  
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(D)  724	  

Figure 2.   725	  
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	  727	  

 728	  

	  729	  

Figure 3.   730	  
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 731	  

	  732	  

Figure 4.  733	  
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Figure 5.  738	  
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Figure 6.  743	  
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(A)          (B) 745	  

        746	  

Figure 7.  747	  
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Figure 8. 751	  
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Supporting Information 755	  

 756	  

Figure S1. Colony colors on CHROMagar Candida medium. (A) C. albicans, (B) C. 757	  

krusei, and (C) C. parapsilosis. 758	  

 759	  

Figure S2. Candida albicans germ tube formation. 760	  

 761	  

Figure S3. Macroscopic and microscopic characteristics of Aspergillus flavus (A, B, and 762	  

C), Aspergillus fumigatus (D, E, and F), Fusarium oxysporum (G, H, and I) and Fusarium 763	  

solani (J, K, and L). Colony features on PDA, upper surface	  (A, D, G, J, and M) and lower 764	  

surface	  (B, E, H, and K), respectively. Microscopic features (C, F, I, and L). 765	  

  766	  
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 767	  

 (A)   (B)    (C) 768	  

 769	  

Figure S1.  770	  

  771	  
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 772	  

 773	  

Figure S2.  774	  

 775	  

 776	  

  777	  
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 778	  

 779	  

Figure S3.  780	  
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 781	  

Table S1. Characteristics of yeasts cultured on Sabouraud Dextrose Agar, Corn Meal Agar, 782	  

and CHROMAgar Candida media. 783	  

Yeast Growth on SDA Cell type Color on CA 
Chlamydospores 

on CMA 

Germ tube 

formation 

C. albicans smooth blastospore Green + + 

C. krusei wrinkle blastospore and pseudohyphae Dark Pink _ _ 

C. parapsilosis smooth blastospore White _ _ 

 784	  
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Table S2. Macroscopic and microscopic characteristics of Aspergillus flavus, Aspergillus 785	  

fumigatus, Fusarium oxisporum and Fusarium solani. 786	  

Characteristic A. flavus A. fumigatus F. oxysporum F. solani 

Morphological characteristics of the colony 

Surface color  yellow to green 
white to dark 

green 
white to pink yellow to white 

Reverse side  white to yellow 
white to light 

green 
white to violet yellow 

Pigment - - - + 

Texture 
pulverulent-

cottony 

pulverulent-

velvety 
cottony-velvety cottony-velvety 

Growth in 7 days (mm) 79 63 62 66 

Microscopic characteristics 

Hyphae Branched septate  Branched septate  
Branched 

septate  

Branched 

septate  

Coniodiophore 	   	   	   	  

a. Length (µm) 500-600 250-350 200 200 

b. Diameter (µm) 15-20 2-6 2-4 2-4 

c. Vesicle globose dome shaped 	   	  

Conidia (µm) 3-5 2-3 	   	  

a. Microconidium 	   	   2-3 2-3 

b. Macroconidium 	   	   8-12 12-15 

Phialides bisetiate uniseriate 	   	  

Presence of 

chlamydospores 
- - - + 

 787	  
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Table S3. Molecular characterization of strains. 789	  

Sample Organism 

Query 

coverage Identity (%) 

Accession 

number 

1 Candida albicans 98% 99% KP131666.1 

2 Pichia kudriavzevii 99% 99% AB369918.1 

3 Candida parapsilosis 99% 100% KP131792.1 

4 Fusarium solani 100% 99% FJ719812.1 

5 Fusarium oxysporum 73% 99% KP267760.1 

6 Aspergillus flavus 100% 99% FJ878656.1 

7 Aspergillus fumigatus 100% 99% KP131566.1 

8 Staphylococcus aureus 100% 99% KF993676.1 

9 Pseudomonas aeruginosa 90% 98% HM439426.1 

10 Staphylococcus aureus 100% 100% KP696711.1 

11 Enterococcus faecalis 95% 99% KP730701.1 

12 Bacillus cereus 100% 100% KP699111.1 

13 Escherichia coli 100% 100% CP011495.1 

14 Enterobacter aerogenes 100% 99% KP410807.1 

15 Salmonella typhimurium 99% 99% CP009102.1 

16 Shigella flexneri 100% 99% CP007037.1 
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