
Quim. Nova, Vol. 47, No. 6, e-20240002, 1-6, 2024 http://dx.doi.org/10.21577/0100-4042.20240002

*e-mail: ppcorbi@unicamp.br; farnogueira@uniara.edu.br

EVALUATION OF THE CYTOTOXICITY AND GENOTOXICOLOGICAL SAFETY PROFILE OF BIOACTIVE 
SILVER(I) COMPLEXES WITH AMINOADAMANTANE LIGANDS

Igor Henrique Cerqueiraa, Maria Julia Mielia, Anna Karla dos Santos Pereirab, Pedro Paulo Corbic,* and Flavia Aparecida 
Resendea,*,

aDepartamento de Ciências Biológicas e da Saúde, Universidade de Araraquara (UNIARA), 14801-340 Araraquara − SP, Brasil
bUniversidade Federal do Tocantins (UFT), 77402-970 Gurupi − TO, Brasil
cInstituto de Química, Universidade de Campinas (UNICAMP), Caixa Postal 6154, 13083-970 Campinas − SP, Brasil

Recebido em 27/08/2023; aceito em 27/10/2023; publicado na web 05/12/2023

Silver(I) complexes of amantadine (atdH), memantine (mtnH) and rimantadine (rtdH), named Ag-atd, Ag-mtn and Ag-rtd, respectively, 
were recently synthesized and described in the literature as promising antibacterial agents. In the present study, the cytotoxicity of 
such complexes was evaluated against cultures of primary epidermal keratinocytes (HaCaT) and murine melanoma tumor cells 
(B16-F10), and mutagenicity was studied by the Ames test to investigate their abilities to induce gene mutations. The Ames test was 
performed using Salmonella Typhimurium strains (TA98, TA100, TA102 and TA97a) capable of detecting frameshift and base pair 
substitution gene mutations, in experiments with and without metabolic activation (microsomal fraction S9). This study revealed 
significant cytotoxic activity against tumor cells and selectivity of Ag-atd and Ag-rtd complexes when compared to non-tumor human 
keratinocyte cells. Moreover, the Ag(I) complexes did not induce a significant growth in the number of revertant colonies when 
comparing with the negative control, both in the experiments without and with metabolic activation, indicating absence of mutagenic 
activity. The results are encouraging and collaborate in the genotoxicological investigations necessary for understanding the interaction 
and ability of the silver complexes to induce mutations and contribute to ensure their uses as future antibacterial or antitumor agents. 
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INTRODUCTION

The discovery of penicillin in the early 1920’s and the growth of 
synthetic and analytical methods of characterization of organic and/or  
inorganic compounds led to an extraordinary advance of medicinal 
chemistry worldwide. Today, synthetic drugs with antibacterial, 
antifungal, and antiviral activities, among others, are well established 
in the clinics.1,2 In special, medicinal inorganic chemistry encompass 
the synthesis of new metal-based drugs, which can be used for 
diagnostic or treatment of several diseases. Some examples are the 
platinum(II) complexes, such as cisplatin, carboplatin and oxaliplatin, 
which have been used for the treatment of head and neck, testicular 
and ovarian cancers, among others,3-5 gold complexes as antiarthritic 
drugs,6 technetium and gadolinium complexes in diagnostics,5,7 and 
so on.

In this context, silver-based compounds deserve a special 
attention mainly due to their promising antibacterial activity. The 
best example is silver sulfadiazine (SSD), which has been used to 
treat skin infections in burns and wounds since the 1970’s.8-11 Silver 
is a non-essential metal, and it can be toxic to humans depending on 
its form of application and dosage.12-14 Nevertheless, the effects of 
metals may be distinct when mammalian and microorganisms’ targets 
are compared. This enables the synthesis of compounds based on 
this metal as therapeutic agents for external uses with little negative 
effects to the host.13,14

Due to the growth of bacterial resistance, a renewed interest has 
been observed in the study about how the antimicrobial activities of 
silver-based compounds can be improved and directed to the treatment 
of bacterial infections as, for example, in skin lesions.15 According 
to the literature,16-18 Ag(I) ions are able to form pores and puncture 
the bacterial cell wall or enter the bacterial cell inhibiting cellular 

respiration and disrupting metabolic pathways. Inside the bacterial 
cell, Ag(I) ions can also attach to DNA and block the bacterial 
replication. Considering the relevance of silver and its compounds 
in medicinal chemistry, it becomes necessary evaluate and describe 
the genotoxicological evaluation of such compounds, to guarantee 
the safety of its use in therapy. 

Mutations in the genetic material can occur spontaneously or 
induced by physical, chemical and/or biological factors.19,20 The 
Ames test is one of the most used to detect mutagens among pure 
substances, mixtures and environmental samples and uses Salmonella 
Typhimurium strains that are sensitive to substances capable of 
inducing different types of mutation. Each type of bacterial strain has 
different mutations in the histidine operon, which makes it possible to 
differentiate the mechanisms of action. Mutations can be substitutions 
of bases or of the frameshift type.21,22 The Ames test is used as an 
initial screening and is widely accepted by the scientific community, 
governmental agencies, and corporations for regulatory approval.23

Here, the cytotoxicity of three silver complexes with the 
aminoadamantane ligands amantadine (atdH), memantine (mtnH) 
and rimantadine (rtdH) was evaluated for the first time in the present 
manuscript against cultures of primary epidermal keratinocytes 
(HaCaT) and murine melanoma tumor cells (B16-F10), in addition 
to silver nitrate (AgNO3) and free ligands. The mutagenicity of the 
three silver-based compounds was evaluated by the Ames test to 
investigate their abilities to induce gene mutations. AgNO3 and free 
ligands were also evaluated since they were used as precursors in the 
synthesis of the complexes and served as controls. 

The silver complexes with amantadine (Ag-atd) and memantine 
(Ag-mtn), of compositions C20H34AgN3O3 and C24H42AgN3O3‧H2O, 
respectively, had structural characterizations determined by single-
crystal X-ray diffraction24 and are presented in Figures 1a and 1b, 
while the structure of the silver complex with rimantadine (Ag‑rtd, 
Figure 1c), of composition C24H42AgN3O3‧H2O was proposed 
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by a combination of nuclear magnetic resonance spectroscopic 
measurements and molecular modeling.25 The previous biological 
assays showed the promising antibacterial action of the complexes 
against Gram-negative and Gram-positive strains, with minimum 
inhibitory concentration (MIC) values in the micromolar range.24,25

EXPERIMENTAL 

Materials

Dimethylsulfoxide (DMSO), potassium chloride (KCl), 
magnesium chloride (MgCl2), resazurin sodium salt, nicotinamide 
adenine dinucleotide phosphate sodium salt (NADP), D-glucose-
6-phosphate disodium salt, L-histidine monohydrate, D-biotin, 
4-nitro-o-phenylenediamine (NPD), mitomycin C (MMC), 
2-aminofluorene (2-AF), sodium azide (SA) and 2-anthramine (2‑AA)  
were purchased from Sigma Chemical Co. (St. Louis, MO, USA). 
D-Glucose, magnesium sulfate, citric acid monohydrate, anhydrous 
dibasic potassium phosphate, sodium ammonium phosphate, 
monobasic sodium phosphate, dibasic sodium phosphate and 

sodium chloride were purchased from Merck (Whitehouse Station, 
NJ, USA). 

Bacto Agar (BD Bacto™, Sparks, MD, USA) and Oxoid Nutrient 
Broth No. 2 (Oxoid, Basingstoke, HAM, UK) were purchased and 
applied for bacterial medium. Microsomal fraction (S9 fraction) was 
purchased from Moltox Molecular Toxicology Inc. (Boone, USA). 
Fetal bovine serum (FBS), Dulbecco’s Modified Eagle’s Medium 
(DMEM), trypsin-EDTA 5X, L-glutamine, antibiotic-antimycotic 
mix 100X were acquired from Gibco-Invitrogen® Thermo Fisher 
Scientific (Waltham, MA, USA). 

The  s t ra ins  TA98,  TA100,  TA102 and  TA97a  of 
Salmonella Typhimurium were provided by Dr. B. N. Ames (Berkeley, 
CA, USA). AgNO3, amantadine hydrochloride (atdH) and rimantadine 
hydrochloride (rtdH) were obtained Sigma-Aldrich laboratories, while 
memantine hydrochloride (mtnH) was obtained from Acros Organics. 

Ag-atd, Ag-rtd and Ag-mtn were synthesized following the 
synthetic procedures developed by our group and recently described 
in the literature.24,25 Briefly, the complexes were prepared as follows: 
first, the chloride ions from atdH, mtnH and rtdH ligands were 
removed preventing interferences in the preparation of the complexes. 
Afterwards, the aminoadamantanes were suspended in water and a 
diluted solution of nitric acid was added to a complete solubilization 
of the ligands. After 1 h of constant stirring, AgNO3 (aqueous solution) 
was added to the respective aminoadamantane solution in a metal: 
ligand molar proportion of 1:1. Finally, a diluted potassium hydroxide 
solution was added to the reaction, leading to the formation of light 
grey solids. The silver complexes were filtered off, washed with water, 
dried, and stored for biological analysis. 

Cytotoxicity 

Cytotoxicity tests were carried out by standard resazurin reduction 
method.26 The primary epidermal keratinocytes (HaCaT) and murine 
melanoma tumor cells (B16-F10) were maintained in DMEM with 
10% v/v of FBS in a humidified atmosphere of 5% CO2 and 95% air, at 
37 ºC, in a 75 cm2 culture flask (Corning). For the test, the cells were 
seeded into the wells of a 96-well microplate (1.0 × 104 cells well-1) 
and incubated for 24 h for adhesion. 

Complexes and ligands were evaluated, for 24 h, in concentrations 
from 0.9 to 100 µmol L-1, while AgNO3 was tested at concentrations of 
0.7 to 25 µmol L-1. Cells were also treated with DMSO 0.1% (v/v) to 
control the solvent of the complexes and cells without any treatment 
were used for negative control of the experiments. After incubation, 
50 μL of resazurin (0.01% m/v) was added to each well, and the plates 
were incubated for 4 h, at 37 °C, in the dark. The fluorescence reading 
was performed as reported in the literature.27 Data were checked 
for normality using the K-S test (Kolmogorov-Smirnov test) and 
submitted to analysis of variance (ANOVA) followed by Dunnett’s 
comparison post-test, with the negative control as a reference. 
Statistical analysis was performed using the GraphPad Prism 7.0 
program (Intuitive Software for Science, San Diego, CA, USA),28 as 
well as the calculation of the IC50 (inhibitory concentration), which 
represents the concentration required to reduce the viability of cells to 
50%. The selectivity indices (SI) were calculated using the following: 
SI = IC50 [non-cancer cells]/IC50 [cancer cells].27 

Mutagenicity (Ames test)

The Salmonella Typhimurium strains TA98, TA97a, TA100 and 
TA102 were used for mutagenic analysis of the three new Ag(I) 
complexes (Ag-atd, Ag-mtn and Ag-rtd), in experiments with and 
without metabolic activation (S9 mix), according to the preincubation 
method described in Maron and Ames.21 

Figure 1. Crystal structures of the silver(I) complexes with (a) amantadi-
ne, (b) memantine, and (c) proposed structure for the silver complex with 
rimantadine based on DFT studies (adapted from Santos Pereira et al. and 
Sucena et al.)24,25
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The strains from frozen cultures were grown overnight for 
12‑14 h in Oxoid Nutrient Broth No. 2. The metabolic activation 
mixture (S9) was freshly prepared before each test and consisted of 
4% of S9 fraction, 1% of 0.4 mol L-1 MgCl2, 1% of 1.65 mol L-1 KCl,  
0.5%  of 1 mol L-1 D-glucose-6-phosphate disodium and 4% of 
0.1 mol L-1 NADP, 50% of 0.2 mol L-1 phosphate buffer and 39.5% 
sterile distilled water.21

Five different doses of silver-based compounds (1.25 to 
10 µg plate-1), diluted in DMSO, were assayed. The concentrations 
were selected based on a preliminary toxicity test with strain 
TA98. Toxicity was apparent either as a reduction in the number of 
His + revertants, or as an alteration in the auxotrophic background 
(i.e., background lawn). The various concentrations of compounds 
to be tested were added to 0.5 mL of 0.2 mol L-1 phosphate buffer 
(pH 7.4) or with 0.5 mL of 4% S9 mixture and 0.1 mL of bacterial 
culture and then incubated at 37 °C for 20-30 min. AgNO3 and the 
ligands atdH, mtnH and rtdH were also tested separately only at the 
maximum concentration of 10 µg plate-1. 

After this time, 2 mL of top agar supplemented with L-histidine 
and D-biotin was added to the mixture and poured onto a plate 
containing minimal agar. The plates were incubated at 37 °C for 
48 h and the revertant colonies were counted manually. The assay 
was performed in triplicate. Salanal statistical software package was 
applied as reported in the literature.29 The data (revertants/plate) 
were assessed by analysis of variance (ANOVA), followed by linear 
regression. Calculation of the mutagenic index (MI) was performed 
for each concentration. Compounds are considered mutagenic when 
a dose-response relationship is detected and a MI ≥ 2 is observed 
with at least one concentration.22 

Mutagens NPD (24 µmol L-1, for TA98 and TA97a), SA (7 µmol L-1, 
for TA100) and MMC (0.53 µmol L-1, for TA102) were the positive 
controls used in the experiments without metabolization, while for 
the experiments with metabolic activation, 2-AA (2.3 µmol L-1) was 
used for the strains TA98, TA97a, TA100, and 2-AF (20 µmol L-1) 
for TA102. DMSO served as the negative (solvent) control 
(100 µL plate-1). 

RESULTS

The cytotoxic activities of the complexes of Ag(I) with 
aminoadamantanes, their respective ligands and AgNO3 were tested 
against the tumor cell line B16F10 (metastatic mouse melanoma) 
and non-tumor cell line HaCaT (human keratinocyte cells). The IC50 
and SI values are presented in Table 1.

The results showed that the free ligands did not induce a reduction 
in cell viability against the examined cell lines (IC50 > 100 µmol L-1), 
but the Ag(I) complexes have potential cytotoxic activities 
against tumor cells. IC50 values were 39.9 ± 1.4, 47.4 ± 3.0 and 
51.2 ± 2.3 µmol L-1 for Ag-atd, Ag-rtd and Ag-mtn, respectively.

Despite inducing high cytotoxicity against B16F10 cells with a 
IC50 of 2.4 ± 0.3 µmol L-1, AgNO3 showed its lack of selectivity. The 
IC50 value against HaCaT cells was 2.5 ± 0.1 µmol L-1 and SI = 1.07. 
It is important to note that Ag-atd and Ag-rtd complexes are less 
active against normal cells (HaCaT), which is of high significance in 
the search for new chemotherapeutic agents. The IC50 values against 
HaCaT cells were 83.0 ± 3.8 (SI = 2.08), 71.9 ± 3.4 (SI = 1.52) 
and 49.8 ± 2.5 µmol L-1 (SI = 0.97) for Ag-atd, Ag-rtd and Ag-mtn, 
respectively.

On Ames test, the Ag(I) complexes did not induce direct 
mutagenicity (Table 2), since an increase in the number of revertants 
in relation to the negative control was not observed in any of the 
concentrations and strains of S. Typhimurium analyzed. When tested 
in experiments with the S9 fraction (xenobiotic metabolization 

system), the mutagenic response of the complexes was also negative 
(Table 3).

The highest MI obtained (another parameter evaluated in the 
test) was 1.43 for Ag-atd and 1.39 for Ag-rtd, both in the TA98 
strain (-S9); for Ag-mtn, maximum MI was 1.36 in the TA102 strain 
(-S9), that is, values lower than 2 prove the absence of mutagenic 
activity of the tested complexes, in the experimental conditions 
used in this study. 

The ligands (atdH, mtnH and rtdH) also did not show mutagenic 
potential. MtnH tested at higher concentration (50 μg plate-1; 
85.83 µmol L-1), as previously reported,30 also was not able to induce 
genetic mutations. Finally, AgNO3 which was used in the synthesis 
of the complexes, was evaluated at a concentration of 10 μg plate-1. 
This salt completely inhibited bacterial growth in the strains TA98, 
TA100 and TA97a, and caused a substantial reduction in the revertant 
colonies of strain TA102, proving to be toxic to Salmonella strains 
in experiments without S9. In the evaluation with the metabolic 
activation system, the mean number of revertants was close to the 
value obtained from the negative control, showing that AgNO3 does 
not indirectly induce genetic mutations by the Ames test.

DISCUSSION

Metals provide chemical functionalities that are not accessible 
to purely organic compounds, in addition to several other promising 
characteristics and, therefore, they have been used in drug therapies 
and as diagnostic agents.31,32 Silver is a metal used to treat human 
diseases since ancient times. Although its use has been empirical for 
a long time, nowadays, the applications of this metal in medicine 
are mainly related to its antibacterial activity.33 Studies also show 
the antitumor potential of both the Ag(I) ion and its complexes,34,35 
which is associated with oxidative stress-induced apoptosis of several 
cancer cells.36 This feature is highly relevant since opportunistic 
bacteria and fungi usually develop during cancer treatments due to 
the immunosuppressive effects of anticancer drugs.14

However, silver has a side effect of changing skin color, which 
is unpleasant, reaching bluish or grayish tones,37 in addition to 
blood and lymphatic system disorders, gastrointestinal and allergic 
reactions.38 These effects can be explained by the toxicity of the metal, 
which when internalized inside cells can release Ag(I) ions causing 
oxidative stress, resulting in cell death.39 Therefore, it is necessary 
to investigate the beneficial and harmful effects of new molecules, 
before considering them as promising drugs.40

In the present study, we confirmed the lack of selectivity of 
AgNO3, which, despite being highly active against tumor cells, also 
induces high cytotoxic activity against non-tumor cells. It has already 
been mentioned that this salt is toxic to tissues at concentrations 
above 1%,35,41 but it was possible to observe that when combined 
with aminoadamantanes, the toxicity of the metal was reduced in 
mammalian cell lines (in vitro tests).

Table 1. Mean and standard deviation of IC50 values and selectivity indexes 
(SI) for B16F10 and HaCaT cells 

Compound
IC50 B16F10 / 

(µmol L-1)
IC50 HaCaT / 

(µmol L-1)
SI

Ag-atd 39.9 ± 1.4 83.0 ± 3.8 2.08

Ag-mtn 51.2 ± 2.3 49.8 ± 2.5 0.97

Ag-rtd 47.4 ± 3.0 71.9 ± 3.4 1.52

AgNO3 2.4 ± 0.3 2.5 ± 0.1 1.07

IC50: inhibitory concentration required to reduce the viability of cells to 50%. 
Each value represents the mean derived from at least three individual experi-
ments in triplicate (mean ± SD).
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The Ag-atd and Ag-rtd complexes showed antitumor potential and 
selective characteristic, which confers less toxicity to the molecules, 
which is important to avoid side effects. The lowest cytotoxic effect 
against HaCaT cells showed positive gesture for moving ahead to the 
next level of screening. Although it also has antitumor activity, HaCaT 
cells were more sensitive to Ag-mtn than B16F10 cells. This behavior 
seems to be dependent on the type of the ligand coordinated to the 
Ag(I) ions, which can modulate the hydrophilicity-lipophilicity of the 
complexes. Adamantane derivatives are known for their antibacterial, 
antifungal, antiviral, trypanocidal and anti-Parkinson properties,42-46 
and here we show new antiproliferative agents combining the drug 
with Ag(I) ions.

On mutagenicity, a preliminary toxicity test without metabolization 
by the pre-incubation method21 for the future Ames test of the 
complexes was carried out using the strain TA98 of S. Typhimurium in 
experiments without metabolic activation, to know the concentrations 
capable of killing prokaryotic cells. The TA98 strain has a mutation 
in the hisD gene (hisD3052) that codes for histidinol dehydrogenase, 
presenting as a preferential point for the reversal of eight repetitive 
residues of G:C. This behavior can be of high importance for 
detection of mutagenic compounds that cause displacement of the 
DNA reading frame.22

The toxicity of the three complexes was confirmed by the absence 
of revertant colonies at concentrations of 22.5  and 30 μg plate-1 
and by a substantial reduction (approximately 2 times less) in the 

number of colonies compared to the negative control (DMSO) 
caused by treatment with 15 μg plate-1 of Ag-atd. A similar drop 
in the mean number of revertants was not observed after treatment 
with Ag-mtn and Ag-rtd (15 μg plate-1). Based on these data and to 
guarantee the testing of non-cytotoxic concentrations, the Ames test 
was performed with treatments ranging from 1.25 to 10 μg plate-1 
of the complexes. The absence of mutagenic potential of the 
Ag‑atd, Ag-mtn and Ag-rtd complexes, evaluated in this study by 
the Salmonella/microsome system, is a positive and encouraging 
point aiming at the continuity of the investigation in pre-clinical 
and clinical studies.

All strains used in the assay are histidine-dependent due to 
mutations in several genes in the histidine operon. These mutations 
act as “hot spots” for mutagens that cause DNA damage through 
different mechanisms. In addition, other mutations made the strains 
even more sensitive to chemical mutagens, such as, for example, the 
deletion mutation through the uvrB-bio genes, the mutation (rfa) 
that leads to a defective layer of lipolysaccharide (LPS) and the 
introduction of plasmid pKM101 that increases chemical and UV-
induced mutagenesis.22

In the literature, other works show the absence of mutagenicity 
of silver(I) complexes by the Ames test, such as the complex 
with antibacterial and antitumor activities obtained from Ag(I) 
with 4-aminobenzoic acid (Ag-pABA) tested in assays with and 
without metabolic activation.35 Manzano et al.47 evaluated three 

Table 2. Mean (M) and standard deviation (SD) of the number of revertants/plate and mutagenicity index (MI) in S. Typhimurium strains TA98, TA100, TA102 
and TA97a for the Ag-atd, Ag-mtn and Ag-rtd complexes after treatment with variable concentrations, in experiments without (-S9) metabolic activation

Number of revertants (M ± SD)/plate and MI

TA98 TA100 TA102 TA97a

C− 14 ± 4 104 ± 8 221 ± 26 168 ± 15

C+ 628 ± 87*,a 1776 ± 102*,b 1406 ± 99*,c 1118 ± 153*,a

AgNO3 toxic toxic 34 ± 8 (0.15) toxic

Ag-atd

μmol L-1 µg plate-1

1.0 1.25 20 ± 3 (1.43) 114 ± 15 (1.10) 262 ± 26 (1.18) 177 ± 12 (1.05)

2.0 2.5 14 ± 0 (1.00) 102 ± 10 (0.98) 286 ± 18 (1.29) 166 ± 22 (0.99)

4.0 5.0 14 ± 1 (1.00) 93 ± 8 (0.89) 254 ± 32 (1.15) 173 ± 16 (1.03)

5.9 7.5 19 ± 4 (1.32) 105 ± 14 (1.00) 213 ± 20 (0.96) 160 ± 10 (0.96)

7.8 10.0 18 ± 1 (1.25) 112 ± 11 (1.08) 170 ± 15 (0.77) 155 ± 8 (0.93)

atdH 14 ± 2 (0.96) 107 ± 5 (1.03) 194 ± 12 (0.88) 139 ± 11 (0.83)

Ag-mtn

μmol L-1 µg plate-1

0.9 1.25 15 ± 2 (1.07) 83 ± 2 (0.79) 282 ± 14 (1.28) 207 ± 9 (1.24)

1.7 2.5 18 ± 6 (1.25) 98 ± 8 (0.94) 300 ± 29 (1.36) 208 ± 12 (1.24)

3.5 5.0 17 ± 9 (1.18) 101 ± 18 (0.97) 295 ± 33 (1.33) 177 ± 5 (1.06)

5.1 7.5 18 ± 3 (1.29) 93 ± 6 (0.89) 281 ± 26 (1.27) 179 ± 25 (1.07)

6.8 10.0 12 ± 3 (0.86) 92 ± 4 (0.88) 247 ± 16 (1.12) 158 ± 18 (0.94)

mtnH 15 ± 1 (1.04) 116 ± 4 (1.11) 255 ± 25 (1.15) 190 ± 21 (1.13)

Ag-rtd

μmol L-1 µg plate-1

0.9 1.25 18 ± 4 (1.25) 93 ± 5 (0.89) 279 ± 19 (1.26) 171 ± 9 (1.02) 

1.7 2.5 14 ± 1 (1.00) 106 ± 9 (1.01) 282 ± 23 (1.28) 180 ± 18 (1.07) 

3.5 5.0 20 ± 4 (1.39) 93 ± 4 (0.89) 272 ± 37 (1.23) 174 ± 11 (1.03) 

5.1 7.5 13 ± 0 (0.93) 94 ± 2 (0.90) 243 ± 20 (1.10) 170 ± 11 (1.01) 

6.8 10.0 15 ± 1 (1.07) 85 ± 7 (0.82) 209 ± 12 (0.95) 157 ± 14 (0.93) 

rtdH 12 ± 2 (0.82) 102 ± 8 (0.98) 216 ± 28 (0.98) 152 ± 15 (0.90)

Ag-atd: silver(I) complex with amantadine (atdH, 10 μg plate-1 = 24.5 µmol L-1). Ag-mtn: silver(I) complex with memantine (mtnH, 10 μg plate-1 = 20.7 µmol L-1).  
Ag-rtd: silver(I) complex with rimantadine (rtdH, 10 μg plate-1 = 20.7 µmol L-1). AgNO3: silver nitrate (10 μg plate-1 = 21.8 µmol L-1). *p < 0.05 (ANOVA).  
M ± SD: mean and standard deviation. MI: mutagenicity index. C−: Negative control: dimethylsulfoxide (DMSO, 100 μL plate-1). C+: Positive control: a4-nitro-
o-phenylenediamine (TA98 and TA97a, 24 µmol L-1). bSodium azide (TA100, 7 µmol L-1). cMitomycin (TA102, 0.53 µmol L-1). Values in parentheses (MI) ≥ 2 
indicate mutagenicity.
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Ag(I) complexes with fluoroanthranilic acid (fa) isomers, named 
Ag4fa, Ag5fa, and Ag6fa, which were also not mutagenic by 
the Ames test. As well as a complex of Ag(I) with cycloserine 
obtained by Ciol et al.,34 active against Mycobacterium tuberculosis 
(minimum inhibitory concentration of 79.1 μmol L-1), and 
bacterial strains of Staphylococcus  aureus, Escherichia coli and 
Pseudomonas  aeruginosa, in addition to presenting antitumor 
potential and selectivity against breast cancer and leukemia cells, had 
no mutagenic effect on Salmonella strains by the Ames test.

In view of the genotoxicological context and the various 
applications of silver-based complexes and materials in general, 
health and industrial products, such as medical devices, dressings, 
food storage materials, cosmetics, among others, the data from the 
present study have implications, important for the analysis of Ag risks 
associated with its use as potential metallopharmaceuticals. 

CONCLUSIONS

The Ag-atd, Ag-mtn and Ag-rtd complexes did not induce gene 
mutations by Ames test and, therefore, can be considered safe under 
the experimental conditions tested, increasing its acceptance, and 
minimizing the risks associated with its use. Moreover, the tested 
Ag(I) complexes expressed cytotoxic activity against B16-F10 cells 
(murine melanoma tumor), and Ag-atd and Ag-rtd were less toxic 
toward nontumor cells. The promising in vitro results obtained in 

this work support future studies in the design of more effective 
metal-based aminoadamantane complexes as antiproliferative agents 
over tumor cells.
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Number of revertants (M ± SD)/plate and MI

TA98 TA100 TA102 TA97a

C− 19 ± 5 118 ± 15 279 ± 47 173 ± 6

C+ 1134 ± 73*,a 1488 ± 68*,a 1645 ± 89*,b 2158 ± 97*,a

AgNO3 20 ± 4 (1.05) 159 ± 18 (1.35) 251 ± 28 (0.90) 212 ± 18 (1.23)

Ag-atd

μmol L-1 µg plate-1

1.0 1.25 23 ± 8 (1.18) 140 ± 28 (1.18) 268 ± 36 (0.96) 183 ± 16 (1.06)

2.0 2.5 21 ± 5 (1.08) 129 ± 19 (1.09) 256 ± 28 (0.92) 185 ± 11 (1.07)

4.0 5.0 21 ± 1 (1.11) 134 ± 15 (1.13) 264 ± 32 (0.95) 177 ± 15 (1.02)

5.9 7.5 19 ± 3 (1.00) 133 ± 16 (1.13) 284 ± 41 (1.02) 184 ± 26 (1.07)

7.8 10.0 23 ± 9 (1.18) 124 ± 22 (1.05) 275 ± 15 (0.99) 190 ± 21 (1.10)

atdH 21 ± 4 (1.11) 107 ± 10 (0.91) 275 ± 17 (0.99) 163 ± 9 (0.94)

Ag-mtn

μmol L-1 µg plate-1

0.9 1.25 20 ± 4 (1.05) 114 ± 12 (0.97) 270 ± 21 (0.97) 180 ± 22 (1.04)

1.7 2.5 22 ± 4 (1.13) 116 ± 8 (0.98) 251 ± 15 (0.90) 176 ± 31 (1.02)

3.5 5.0 22 ± 6 (1.16) 106 ± 20 (0.90) 276 ± 28 (0.99) 183 ± 15 (1.06)

5.1 7.5 19 ± 8 (1.00) 107 ± 14 (0.91) 230 ± 14 (0.83) 163 ± 17 (0.94)

6.8 10.0 18 ± 2 (0.92) 92 ± 5 (0.78) 194 ± 26 (0.69) 132 ± 9 (0.77)

mtnH 17 ± 1 (0.89) 88 ± 16 (0.74) 268 ± 20 (0.96) 176 ± 18 (1.02)

Ag-rtd

μmol L-1 µg plate-1

0.9 1.25 26 ± 7 (1.37) 133 ± 15 (1.13) 353 ± 29 (1.26) 205 ± 12 (1.18) 

1.7 2.5 26 ± 3 (1.37) 123 ± 9 (1.04) 344 ± 13 (1.23) 183 ± 14 (1.06) 

3.5 5.0 24 ± 0 (1.26) 94 ± 14 (0.80) 322 ± 25 (1.15) 218 ± 11 (1.26) 

5.1 7.5 20 ± 4 (1.05) 107 ± 12 (0.91) 321 ± 17 (1.15) 160 ± 5 (0.92) 

6.8 10.0 21 ± 2 (1.10) 118 ± 7 (1.00) 349 ± 25 (1.25) 149 ± 11 (0.86) 

rtdH 17 ± 4 (0.89) 90 ± 13 (0.76) 256 ± 37 (0.92) 184 ± 13 (1.06)

Ag-atd: silver(I) complex with amantadine (atdH, 10 μg plate-1 = 24.5 µmol L-1). Ag-mtn: silver(I) complex with memantine (mtnH, 10 μg plate-1 = 20.7 µmol L-1).  
Ag-rtd: silver(I) complex with rimantadine (rtdH, 10 μg plate-1 = 20.7 µmol L-1). AgNO3: silver nitrate (10 μg plate-1 = 21.8 µmol L-1). *p < 0.05 (ANOVA).  
M ± SD: mean and standard deviation. MI: mutagenicity index. C−: Negative control: dimethylsulfoxide (DMSO, 100 μL plate-1). C+: Positive control:  
a2-antramine (TA98, TA100 and TA97a, 2.3 µmol L-1). b2-aminofluorene (TA102, 20 µmol L-1). Values in parentheses (MI) ≥ 2 indicate mutagenicity.
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