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Due to the emergence of multi-drug resistant strains, development of novel antibiotics has become
a critical issue. One promising approach is the use of transition metals, since they exhibit rapid and
significant toxicity, at low concentrations, in prokaryotic cells. Nevertheless, one main drawback of
transition metals is their toxicity in eukaryotic cells. Here, we show that the barriers to use them as
therapeutic agents could be mitigated by combining them with silver. We demonstrate that synergism
of combinatorial treatments (Silver/transition metals, including Zn, Co, Cd, Ni, and Cu) increases up
to 8-fold their antimicrobial effect, when compared to their individual effects, against E. coli and B.
subtilis. We find that most combinatorial treatments exhibit synergistic antimicrobial effects at low/
non-toxic concentrations to human keratinocyte cells, blast and melanoma rat cell lines. Moreover, we
show that silver/(Cu, Ni, and Zn) increase prokaryotic cell permeability at sub-inhibitory concentrations,
demonstrating this to be a possible mechanism of the synergistic behavior. Together, these results
suggest that these combinatorial treatments will play an important role in the future development of
antimicrobial agents and treatments against infections. In specific, the cytotoxicity experiments show
that the combinations have great potential in the treatment of topical infections.
In the past three decades, global usage of antibiotics has become disproportionate, and, in the majority of instances, unsuitable1. This has led to the emergence of multi-drug resistant strains. Highly resistant
Gram-negative bacteria, such as P. aeruginosa, Acinetobacter, Klebsiella and Escherichia species, have become
worldwide relevant pathogens2 and are part of the ESKAPE list which includes the most current deadly pathogens3. In addition, some Gram-positive bacteria, such as methicillin-resistant Staphylococcus aureus1, 4, 5, and
vancomycin-resistant Streptococcus pneumonia4, are pathogens also very difficult to treat. The spreading of
antibiotic-resistant strains embodies an issue in which international health institutions spend millions of dollars
annually5. As a result, increasingly significant attention has been paid to the development of novel antibiotics;
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particularly metallo-pharmaceuticals, which are compounds that involve metals due to their therapeutic action,
and currently belong to a class of promising antimicrobial compounds aimed to overcome resistant strains6–13.
Transition metal species, and remarkably silver compounds, lie among the most studied
metallo-pharmaceuticals14, 15. Silver compounds have been used as antimicrobial agents since ancient times. It
has been reported that Greek and Roman civilizations used silver as a disinfectant for water and food, as well as
a wound-healing enhancer. Moreover, silver species had been widely applied in traditional Chinese medicine6–10,
and lately, as disinfectants for water, fruits, and vegetables in several Latin American countries16. Hereafter, during
the last decade, several health supplies, such as textile materials17, 18, implants, catheters, and gauze pads7, 8, have
made extensive use of silver species and engineered delivery systems involving silver derivatives as antimicrobial
agents6, 7, 10, 16. Recently, these antimicrobial developments have been focused to combat multi-drug resistant
bacteria19. Nonetheless, silver is not the only transition metal widely used as an antimicrobial agent; zinc20, 21 and
copper22 species are known to also exhibit antimicrobial effects. More interestingly, these metals are also considered as essential metals since they have been found to play key roles in many cellular processes23. However, even
essential metals, when present in relatively high concentrations, become harmful24–27.
In bacteria, metal ions can inhibit growth completely at mM nominal concentrations28. In different E. coli
strains this effect has been observed at >1 mM of total Co, and for sulfur-oxidizing bacteria isolated from concrete, complete growth inhibition can be observed at 5 mM Ni29. In addition, ROS stress responses have been
observed at lower concentrations when using CuO nanoparticles with an E. coli biosensor at 0.1 mM Cu30.
However, it is a well-documented fact that one of the main limitations in using transition metals as therapeutic
agents is their toxicity to eukaryotic cells. The cytotoxicity of transition metals has been reported in the literature
for human gingival fibroblast (HGF)31, TC50s of 78.7, 344, 705.8 and 872.9 µM, for Cd, Cu, Co, Ni respectively, and
for HeLa cells32 the TC50 of Zn has been reported to be 600 µM.
To overcome the cytotoxicity drawbacks of using transition metals as antimicrobial agents, it has been suggested that the overall minimum inhibitory concentration can be lowered by the formulation of proper combinations of metals, resulting in effective therapies under the toxicity threshold10, 33. In this work, we hypothesized that
this approach was suitable for silver/transition metal combinations, and used Escherichia coli and Bacillus subtilis
as the Gram-negative and Gram-positive models, respectively, to test the synergistic effect of these combinatorial
treatments. Our results support the effectiveness of this approach. When combinatorial treatments, composed of
transition metals (zinc, copper, nickel, or cadmium) and silver, are tested against E. coli and B. subtilis, the combinations exhibit up to an 8-fold enhancement in their antimicrobial properties, compared to the individual treatments. We analyzed the combined antimicrobial effects and found them to be synergistic against E. coli and B.
subtilis. Furthermore, we show that the minimum inhibitory concentrations of the transition metals are lowered
significantly. We assessed the cytotoxicity of the treatments and found low cytotoxic effects for most combinatorial silver-transition metal treatments in three different cell lines (blasts and melanoma rat cell lines and a human
keratinocyte cell line). The latter as a representation of the major cell line type found in the epidermis, which is
reported to be a promising screening tool for predicting irritant and toxic skin effects34.

Materials and Methods

Minimum Inhibitory Concentration.

Minimum Inhibitory Concentrations (MICs) were assessed in
96-well plates (Costar, Corning) based on a modified methodology reported by Andrews35 and NCCLS36. Stocks
of transition metal salts, NiSO4·6H2O, CoCl2·6H2O, 3CdSO4·8H2O, CuSO4·5H2O, ZnSO4·7H2O, were prepared
at final concentration of 100 mM using distilled water as the vehicle. A stock solution of 5 mM AgNO3 was also
prepared under similar conditions. To perform the MIC tests, we added in the top well the necessary volume
from our stocks to reach a 16 mM concentration of the transition metal within a final volume of 200 µL. Next,
serial dilutions were performed by taking 100 µL from every next well into 100 µL of culture media and discarding
the last 100 µL from the last dilution. This way, the tested concentrations ranged from 8 to 0.0156 mM for the
transition metals after the bacteria inoculum is added. A similar procedure was performed with the silver stock,
where the top well was prepared to achieve a final concentration of 3840 µM, after addition of the inoculum. The
nominal concentrations of Ag ranged from 1920 to 3.75 µM.
To inoculate each test well in the MIC assay, an overnight culture (20 hours culture incubated at
37 °C–150 rpm) for each strain (Escherichia coli, ATCC-11229, or Bacillus subtilis ATCC 23857) was diluted 1:250
in fresh medium and incubated until a critical optical density (OD600 of 0.2 ± 0.02) was reached; adjusting with
fresh medium if necessary in order to reach a cell concentration range between 107–108 cells/mL. Cell number was
monitored by the plate-counting method measured by serial dilutions. From this, a 1:100 dilution was made with
fresh medium in a 1.5 mL tube, then 100 µL of this dilution was added to each test well in order to achieve a final
concentration of 105 cells/mL, following incubation at 37 °C–150 rpm.
After 20 h of incubation at 37 °C, the ODs of the control and the treated inoculum were measured. We next
determined that the MIC for each of the transition metals corresponded to the concentration at which no significant growth was observed (OD600 < 0.05). All tests, and their respective control samples, were performed in
replicates of 3.

MIC determination through Checkerboard assays for the silver/transition metal combinations
(STMCs). Checkerboard assays37, 38 were performed in 96-well polystyrene plates, in order to unveil the syn-

ergistic effects of silver and transition metals. The assays tested the MIC of each transition metal and the STMCs
corresponding to 0, 0.5, 0.25, and 0.125 of their respective individual MIC (Supplementary Figure S1). The MIC
fractions of silver were prepared along the abscissa axis of the plate and the transition metal MIC fractions were
placed along the ordinate axis of the plate. Concentrated metal solutions were prepared in culture media, so that
when added to the culture the needed volume of metal and inoculum MICs fractions was reached.
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Bacterial cultures were grown for 16 h at 37 °C and 150 rpm, from which a dilution (1:250) was prepared in fresh Luria Bertani broth (LB) medium, and incubated until it reached a critical optical density
(OD600 = 0.20 ± 0.02), adjusting with fresh medium if necessary. This allowed us to obtain a concentration range
between 107–108 cells/mL. A 1:20 dilution of this culture was adjusted in LB medium, followed by the addition of
20 µL (1:10) of the inoculum, this resulted in an estimated concentration of ~105 cells/mL within a final volume of
200 µL. The 96-well plates were incubated at 37 °C and 150 rpm for 20 h. After incubation, the ODs of the control
and the treated inoculums were measured, and the respective values were recorded. Each STMC, and their corresponding control samples, were tested in triplicates per plate.
STMCs at lower concentrations were made to emulate an isobologram analysis39, 40 in 96-well plates. MIC
fractions of 0.25, 0.125 and 0.062 of silver and each transition metal (M) nominal concentrations were combined
to achieve final ratios of: 0.062:0, 0.062:0.25, 0.062:0.125, 0.062:0.062, 0.125:0.062, 0.25:0.062, 0:0.062 of Ag:M in a
final volume of 200 µL, including the bacteria inoculum. These combinations were diluted 2-fold and 100 µL were
transferred each time after a thorough mixing and discarding the last 100 µL from the 5th dilution.
The inoculation of these wells was performed using the same procedure described in the MIC section. The
96-well plates were incubated at 37 °C and 150 rpm for 20 h. After incubation, the ODs of the control and the
treated inoculums were measured, and the respective values were recorded. Each STMC additional dilutions, and
their corresponding control samples, were tested in triplicates.

Antibacterial effect of STMCs. One STMC per transition metal used was selected to assess its bactericidal
activity at 1 h. The antimicrobial effect was tested in an overnight culture of E. coli ATCC 11229 that was diluted
(1:250) in 250 mL of LB medium, followed by incubation at 37 °C-150 rpm until it reached exponential phase at a
critical optical density (OD600 = 0.10–0.20). From this medium, 25 mL were transferred to 250 mL flasks, with the
addition of their corresponding amount of STMC solution, and incubated at 37 °C and 150 rpm for 1 h. This time
point was chosen in order to observe if there was a short-time exposure bactericidal effect. After incubation CFU/
mL were determined through the drop-count method. 10-fold diluted aliquots were obtained and, three 10 µL
drops of each of the diluted samples were placed on LB agar plates. The plates were incubated at 37 °C during 24 h
and at that time the viable bacterial colonies were counted. All tests, and their respective control samples, were
performed in replicates of three.
Flow cytometry analysis. STMCs were prepared as described in the checkerboard methodology. The bacteria inoculum was incubated at 37 °C and 150 rpm for 20 h. After the incubation time, the bacteria were chilled
on ice until they were analyzed. Flow cytometry with a propidium iodide dye was used to detect differences in
membrane permeability10. A double-stain procedure with two fluorescent nucleic acid stains was followed as
previously described41. Briefly, 106 bacteria were directly labeled and incubated (15 min, dark, room temperature) with propidium iodide 4 μg (PI, Sigma Aldrich, St. Louis, MO., USA) and SyBR-G 1X (Life Technologies,
Carlsbad, CA., USA) in 250 μL PBS. For calibration purposes a sample of each bacteria was heated for 10 min at
96 °C as a positive control. Analysis was performed in a BD FACS Canto II cytometer (BD, San Jose, CA., USA)
configured with channel PerCP (670 LP nm band-pass filter) and FITC (530/30 nm band-pass filter) for PI and
SyBR-G fluorescence acquisition, respectively. A total of 10,000 events per sample were collected at low flow rate.
Signals were collected in a logarithmic scale in FSC and SSC and bacteria were double discriminated on green
(live) and red (dead-permeable) fluorescence; double negative signals (debris) were also evaluated. Data were
analyzed with the FlowJo software v.8.8.6 (Tree Star, Inc., Ashland, OR., USA) and the experiment was independently replicated three times.
Cytotoxicity assay in mammalian cells. HaCaT cells, a spontaneously transformed human keratinocyte

cell line, (kindly provided by Dr. Pablo Ortiz, CIBO, Mexico) were cultured in DMEM medium supplemented
(sDMEM) with 1 g/L glucose, 4 mM L-alanyl-glutamine, 10% heat-inactivated fetal bovine serum (FBS; Gibco,
NY, US), 50 IU/penicillin and 50 μg/ml streptomycin (Sigma, Israel) at 37 °C and 5% CO2. To measure mitochondrial activity as a viability marker, the MTT assay was performed in triplicates, as described previously42 with little
modifications. To expose the cultures to the individual metals and the STMC treatments, 96-well microplates were
seeded with 4 × 104 cells in 100 μl of sDMEM and left to attach overnight. Next, the old medium was replaced
with 200 μl of sDMEM previously formulated with the different concentrations of transition metals. 10% DMSO
was used as a positive control and medium alone as the negative control. After a 24 h exposure, the medium was
discarded and 100 μl of fresh MTT solution (0.5 mg/ml of MTT in DMEM medium without FBS) was added to
the cells and they were incubated for 4 h at 37 °C and 5% CO2. The MTT solution was substituted with 100 μl of
Isopropanol-0.04 N HCl, in order to dissolve the formazan crystals and the optical density (OD595nm) (655 nm in
the reference) was measured in an iMark microplate reader (Bio-Rad, Tokyo, Japan). Viability was calculated as
the ratio of the mean between the OD595nm of the treated groups and the OD595nm of the negative control.
H9c2 cells (Rat cardiomyoblast, CRL-1446, ATCC, Manassas, VA, USA) were maintained at 37 °C in a 5%
CO2 humid atmosphere in 25 cm2 culture flasks in DMEM media supplemented with 10% fetal bovine serum
(FBS), penicillin (100 U/mL) and streptomycin (100 µg/mL). Cytotoxicity of transition metals was analyzed
on H9c2 cells. Briefly, once H9c2 cells reached 70–80% confluence in the 25 cm2 flasks, cells were plated into
96 wells trays at a density of 2 × 103 cells per well in 100 µL medium. Mouse skin melanocytes (B16F10 cells,
CRL-6475, ATCC, Manassas, VA) were maintained at the same culture conditions described above, except that
they were in a DMEM/F12 culture medium supplemented with 10% FBS and 1X antibiotic-antimitotic (all from
ThermoFisher Scientific, Waltham, MA) and plated into 96 wells plates at a cell density of 5 × 103 cells per well
in 100 µL of medium. For these cell lines, twenty-four hours after they were plated, the different treatments were
added and then the treated cells were incubated for 48 h. Cytotoxicity was assessed, for both cell lines, by the
AlamarBlue assay (Invitrogen, Eugene, OR) according to the manufacturer instructions. The half maximal
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Transition Metal

E. coli Nominal (Free
ion)

B. subtilis Nominal
(Free ion)

Ag

60 µM (22.8 nm)

60 µM (22.8 nm)

Zn

2 mM (980.1 µM)

0.25 mM (118.7 µM)

Cd

2 mM (229.3 µM)

0.015 mM (0.16 µM)

Ni

2 mM (531.6 µM)

2 mM (531.6 µM)

Cu

4 mM (163.9 µM)

2 mM (2.4 µM)

Co

1 mM (656.4 µM)

1 mM (656.4 µM)

Table 1. Nominal (Free Ion) Minimum Inhibitory Concentrations of Individual Transition Metals. MICs for
each of the individual transition metals and Ag were determined under identical culture conditions.
inhibitory concentration (IC50) was determined using the software Origin (Northampton, MA), as previously
reported43. All experiments, and their respective controls, were performed in triplicates.

Data analysis and Calculations of Free Ions in Solution.

To estimate the significance of the observed
differences between the treatments employed, all collected data was subjected to an analysis of variance (ANOVA)
and Fisher’s least significant difference (LSD) tests, using Microsoft Excel 2013.
The interaction of silver with transition metals was analyzed using the Bliss independence model described by
Hegreness et al.4, which states that the interaction can be considered as synergistic when the combined effect of
the antimicrobial agents is greater than the predicted effect of its individual components. Therefore, the S value;
the difference between the predicted value of individual components x and y (fx0 and f0y, respectively) and the
combined treatment xy (fxy) is denoted in the form:
 f  f0y 
fxy
S =  x 0   −
f00
 f00  f00 

Bliss Independence Model

(1)

where: fx0 = treatment with Ag, f0y = treatment with the transition metal, fxy = treatment Ag + metal, f00 = growth
control of a culture that has not been treated with the transition metals. The value of S describes the interaction
between combinatorial treatments as follows: S > 0 Synergistic; S = 0 Additive; S < 0 Antagonistic.
Speciation for metals and STMCs was performed using the Visual MINTEQ 3.1 program designed and developed by Jon Petter Gustafsson at KTH in Sweden44. Metal species were calculated using medium formulations as
reported by manufacturers (BD, ThermoFisher Scientific, Sigma-Aldrich) at 37 °C, and pH of 6.8 and 7.0 for LB
and DMEM mediums, respectively.

Results and Discussion

Microbial Toxicity of Transition Metals in Prokaryotic Cells.

Since the times of the first human
civilizations, society has taken advantage of the antimicrobial properties exhibited by different metals22, 45, 46.
Nowadays, there is a wide variety of compounds and materials that exhibit antimicrobial activity due to their
transition metal content, such as Ag, Zn and Cu21. We here hypothesize that treatments involving silver salts
and transition metal combinations (STMCs) will exhibit synergistic antimicrobial effects, when compared to the
effect of the individual compounds. To evaluate the properties of the different STMCs, we analyzed the synergistic effects of antimicrobial activity in E. coli (Gram-negative microorganism) and B. subtilis (Gram-positive
microorganism).
We first tested Zn, Cd, Ni, Co, Cu and Ag at different concentrations to determine their individual MIC values.
The summary of the observed MIC values is displayed in Table 1. Most of the metals tested in E. coli, Zn, Cd, Ni,
Co, and Cu, Ni, Co and those in the assays for B. subtilis have MICs between 1 and 2 mM. Only Cu, with an MIC
of 4 mM in E. coli assays, and Ag with an MIC of 60 µM for both microorganisms, were found apart from the
range previously mentioned. All of these MICs correlate with those found in the literature10, 47, 48. Moreover, the
available free metal ions in the medium may vary due to its composition; therefore, total free ions were calculated
and are reported in parenthesis in Table 1 and also in Supplementary Tables S1 and S2. As can be observed in
Tables 1, S1 and S2, the percentage of the total metal available as free ions varies depending on the metal and its
concentration.

Synergistic effect of silver/transition metal STMCs. We tested combinations of Ag with different tran-

sition metals (Cu, Co, Zn, Ni and Cd) via a checkerboard assay, a widely used methodology to test synergistic
effects between antimicrobial agents38, 49–51. The inhibitory effect of the different transition metal combinations
with silver against E. coli is shown in Fig. 1. It can be observed that a reduction to 0.25 of the MIC of silver is
achieved when combined with Zn, Cd, Ni, and Cu. Moreover, a reduction to 0.5 of the MIC of each of the transition metals is shown, respective to the values when tested alone (Fig. 1A–D). Cd, Ni, and Cu were able to enhance
the antimicrobial activity of silver at both: 0.5 and 0.25 of their individual MICs (Fig. 1A,B,D), whereas similar
behavior was observed in the case of Zn, when present at 0.5 of its MIC, albeit in a lower extent (Fig. 1C). All the
STMCs, with inhibitory activities above 80%, exhibited statistically significant differences when compared to
the treatments with individual transition-metal salts (p < 0.05). Only the STMCs made with Co were not able to
increase the inhibitory effect of the silver MIC fractions.
Figure 2 shows that the transition metal that best enhanced the inhibitory activity of Ag against Bacillus subtilis was Zn, since it decreased its MIC to 0.125 and 0.25 when combined with 0.5 of the MIC of Ag. For the rest
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Figure 1. Inhibitory Effect of the MIC dilutions of Ag potentiated by transition metals against E. coli.
Inhibitory percentage by sub-inhibitory combinations of Ag-transition metals in Escherichia coli ATCC 11229.
Experiments with combinatorial treatments of Ag with (A) Ni, (B) Cu, (C) Zn and (D) Cd. Each combinatorial
treatment with inhibition >80% is significantly different to the effects of the individual treatments. Each
checkerboard treatment was performed in triplicates.
of the metals, when combining 0.5 MIC of each individual transition metal, the experiments show that >80%
inhibition can be achieved with each of the fractional Ag MICs tested. For the case of Cu the data shows that at 0.5
and 0.25 of the Cu MIC, the MICs of Ag can be decreased four and two-fold, respectively, to achieve >80% inhibition in B. subtilis. Ni and Co at 0.5 MIC can enhance by two-fold the inhibitory effect of Ag. The calculated free
ions of the STMCs tested in both bacteria are reported in Supplementary Tables S3 (E. coli) and S4 (B. subtilis).
The results described here have also been observed with different transition metals in the form of complexes
against Gram-positive bacteria52 and fungi53, 54. In this work, we observed that four of the five metals used, when
combined with silver, were able to increase the inhibitory effect of silver MIC fractions in E. coli. Only Co did
not show this effect significantly. Similarly, in the assays made with B. subtilis, four of the five metals were able to
increase the effects of Ag. Only for the case of Cd we did not observe the phenotype. Previously, different reports
have used transition metals (primarily in nanoparticle or polymeric systems) in combination with silver to take
advantage of its inhibitory effects; such is the case of Cu55, Zn56 and Co57.
The nature of the interactions between the components of the STMCs, in virtue of their antimicrobial effect
against E. coli, were assessed as a function of their individual and combined activities using the Bliss Mathematical
Model represented in Equation 1. These results are displayed in Fig. 3 and they show that the overall response
appears to be synergistic. Even in the samples with inhibitory activities below 80%, the effect was slightly higher
than the individual counterparts (Fig. 3A–D). In the case of Ni and Cu, an antagonistic interaction with Ag can
be observed (Fig. 3A,B), however, this behavior is not present when one of the concentrations of the components
increases, particularly in Ni, which exhibits synergistic effects when the concentration of Ag is found at 0.5 of its
MIC (Fig. 3A).
Figure 4 shows the interactions between components in the B. subtilis assays. The interaction between Ag-Ni
can be classified as synergistic, especially in the combinations of 0.125, 0.25 and 0.5 MIC of Ni with a 0.25 MIC
of Ag. However, we can see that in combinations with high concentrations of Ag the interaction is antagonistic,
changing with the increase of Ni. In the same manner, at low concentrations of Ag and Cu the interactions are also
antagonistic, but they switch to synergistic with combinations of 0.25 and 0.5 MIC of Ag with 0.5, 0.25 and 0.125
MIC of Cu. The same synergistic effect can be observed with Ag-Zn at 0.25 and 0.5 MIC of Ag with 0.5, 0.25 and
0.125 MIC of Zn. With Co the only combinations that can be classified as synergistic are 0.5 MIC of Ag with 0.5
MIC of Co and 0.5 MIC of Ag with 0.25 and 0.5 of Co.
To explore a possible hormesis effect, exhibited in some biological systems where effects (such as growth) are
accentuated in the presence of low concentrations of a compound58, we performed treatments at lower concentrations of the STMCs. The results demonstrated that no significant inhibitory or enhanced growth effects where
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Figure 2. Inhibitory Effect of the MIC dilutions of Ag potentiated by transition metals against Bacillus subtilis.
Inhibitory percentage by sub-inhibitory combinations of Ag-transition metals in Bacillus subtilis ATCC 23857.
Experiments with combinatorial treatments of Ag with (A) Ni, (B) Cu, (C) Zn and (D) Co. Each combinatorial
treatment with inhibition >80% is significantly different to the effects of the individual treatments. Each
checkerboard treatment was done in triplicates.
shown for most of the STMCs. Only for the case of Ag-Ni and Ag-Co a slight hormesis effect was observed in B.
subtilis. (Supplementary Tables S5 and S6).
Even though there is a wide array of literature focused on combination of antimicrobial agents and their
enhanced effects as a combined treatment, the nature of the interaction of the combined components has not
been widely explored. Different works have reported conditions where both synergistic and antagonist effects
have been observed between Ag-Cu, the interaction depends on the bacterial species treated59. In this work, it
can be observed that for the case of Gram-negative E. coli, most of the STMCs showed strong synergistic effects.
In Gram-positive B. subtilis, the same combinations, although exhibited synergistic behavior, most of them are
closer to an additive behavior. As can be seen in Figs 3 and 4, most of the synergistic interactions are found at
combinations between the higher MIC fractions, and as the MICs fractions decrease, the interactions shift to
an antagonist nature. This effect, although stronger for our experiments with Gram-positive bacteria, was also
observed in our assays with Gram-negative bacteria. A very similar behavior has been previously reported for
combinations with Ag-Cu tested in L. pneumophila60. In other cases, as shown in Fig. 4, an STMC can exhibit synergistic behavior, but when the concentration of one of the components decreases the synergistic effects increases.
A reason for this could be that, since some of the STMCs have similar cellular targets, when high concentrations
are present one of the components could be acting in an overlapping target, but when lowering the concentration,
both can exert its antimicrobial activity separately27.

Enhanced bactericidal activity of Ag in silver/transition metal STMCs.

To determine the ability of
each transition metal and the STMCs to kill both Gram-negative and Gram-positive bacteria, we studied their
bactericidal effects by exposing exponentially growing bacteria to different treatments. Figure 5 provides a representation of the bactericidal activity found for each STMC in E. coli. Evidently, Cd, Cu and Zn (Fig. 5B–D) were
found to significantly enhance the bactericidal activity of Ag against viable E. coli in exponential phase (p < 0.5).
In addition, the measured data demonstrates that the enhanced activity of silver reduces cell concentration (CFU/
mL) between 2 and 4-log, compared to the decrease associated with the individual Ag treatment. However, Ag-Ni
combinatorial treatments exhibited activities resembling that of the individual Ag antimicrobial effect (Fig. 5A),
even though Ni was found to enhance the inhibitory activity of Ag (Fig. 2A). The same assays were performed
with B. subtilis and the inhibitory STMCs; however, the results show no significant enhanced bactericidal effect
(Supplementary Figure S2A–D).

Flow cytometry analysis.

The mechanism of antimicrobial synergy between silver and transition metals
was explored by running cytometry assays using propidium iodide to determine changes in permeability. The
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Figure 3. Analysis of Ag-Transition Metal Interactions. Classification of the different interactions between
Ag-transition metal in Escherichia coli ATCC 11229. The interactions of Ag with (A) Ni, (B) Cu, (C) Zn and (D)
Cd, are classified as synergistic, additive or antagonistic, value >0, =0 and <0, respectively. Each checkerboard
treatment was done in triplicates.

Figure 4. Analysis of Ag-Transition Metal Interactions. Classification of the different interaction between Agtransition metal in Bacillus subtilis ATCC 23857. The interactions of Ag with (A) Ni, (B) Cu, (C) Zn and (D)
Co, are classified as synergistic, additive or antagonistic, value >0, =0 and <0, respectively. Each checkerboard
treatment was done in triplicates.
Scientific Reports | 7: 903 | DOI:10.1038/s41598-017-01017-7
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Figure 5. Bactericidal Effect of Ag Potentiated by Transition Metals. Log change in CFUs/mL with respect
to time zero, in Escherichia coli ATCC 11229 after 1 hour treatment with: LB (control), Ag, specific transition
metal and their combination. As nominal concentrations: (A) Ag 30 µM, Ni 0.5 mM and the combination; (B)
Ag 30 µM, Cd 1 mM and the combination; (C) Ag 15 µM, Cu 1 mM and 2 mM, and the respective combinations;
(D) Ag 30 µM, Zn 0.5 mM and the combination. ***Corresponds to a p < 0.05, tested with an ANOVA, that
there is a difference with respect to the control and each of the individual treatments. Error bars correspond to
the standard deviation from experiments performed in triplicates.

Ag-Cu, Ag-Ni and Ag-Zn STMCs were selected since they showed inhibitory effects in both, Gram-positive
and Gram-negative bacteria. At high Ag concentrations (30 μM) with the different transition metals at 1 mM
(Cu, Ni, or Zn), cell death (Supplementary Fig. S3A,D) and lysis was clearly observed for both microorganisms.
These STMCs also showed a high percentage of debris (Supplementary Fig. S3C,F) and in addition, an increased
permeability was noticed (Supplementary Fig. S3B,E). Lower doses at half the lethal dose concentrations (Ag
15 μM) in combination with 0.5 mM (Cu, Ni, or Zn) show that across the range of concentrations, none or very
slight cell death is observed for both E. coli (Fig. 6A) and B. subtilis (Fig. 6C). However, the permeability of the
cells increases significantly between 20 to 50% for both microorganisms (Fig. 6B,D). Since bacterial membranes
contain polymers with highly electronegative chemical groups, these can serve as sites for metal cation adsorption. Because of their ability to coordinate metals, it has been postulated that the membrane is the site at which
some metals exert bactericidal toxicity. For Ag treatments, there are reports that show that Gram-negative and
Gram-positive bacteria exhibit morphological changes, like the formation of a big cap between the cytoplasm
membrane and the cell wall, causing serious damage on the latter61, as well as induction of OH· production10.
Additional works have also shown that Zn, as ZnO nanoparticles, can cause disruption of membrane morphology
and induce oxidative stress62 in both Gram positive and Gram negative bacteria, similar to the effects shown with
Ag treatments. On the other hand, Ni, Cu and Cd have been reported to cause disruption of biological processes
within the cell, causing DNA alterations63, and increased lipid peroxidation22, 64, 65. Therefore, our results show
that one possible mechanism of synergy between the STMCs, in both B. subtilis and E. coli, could be an initial
increase in permeability and damage of the cell wall followed by disruption of different internal cellular processes.

Toxicity Data for the Different Transition Metals.

A data analysis was performed to compare the total
MICs and the effective bactericidal total concentrations of the individual transition metal treatments with those
concentrations of transition metals previously reported as toxic in the literature. Table 2 shows the different toxic
concentrations of transition metals and their effects reported in the literature for rats/mice and humans. As can
be seen, some of the total MICs used here are within or slightly higher than the range of doses reported as lethal
to rats/mice. For the case of E. coli the total concentration MICs of Co, Cd and Ni at 1 mM (59 ppm), 2 mM
(225 ppm) and 2 mM (117 ppm), respectively, meet the above criteria. Meanwhile with B. subtilis only MICs of Co
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Figure 6. Viability and cell permeability assay of B. subtilis and E. coli treated with STMCs. Nominal
concentrations of Ag/Cu Ag/Ni and Ag/Zn (15 μM/0.5 mM) by 24 h (37 °C). (A) SyBR-G B. subtilis positive cells
represented as a measure of % of viability; whereas (B) B. subtilis PI positive cells are represented as a measure
of % of permeability. (C) SyBR-G E. coli positive cells represented as a measure of % of viability; whereas (D)
E. coli PI positive cells are represented as a measure of % of permeability Values represent mean ± SD (n = 3
experiments for each treatment). P values *P < 0.05 vs. Control, **P < 0.01 vs. Control.

and Ni at 2 mM (118 ppm) and 2 mM (117 ppm), respectively, can be considered within the range of the reported
non-lethal doses.
However, as previously described in this work, when testing the metals in combinations with Ag, the MICs
were reduced by different fractions, depending on the metal and the microorganism. In E. coli, the total concentrations used for the combinations were Cu 1 mM (64 ppm), Zn 1 mM (65 ppm), Cd 0.5 mM (56 ppm) and
Ni 0.5 mM (59 ppm). In B. subtilis these concentrations were Cu 0.5 mM (32 ppm), Zn 0.03 mM (16 ppm), Co
0.25 mM (15 ppm) and Ni 1 mM (59 ppm). Interestingly, the final concentrations used for the combinatorial treatments are all lower than those reported as lethal for mice and rats. However, these concentrations are still higher
than those reported as harmful in human oral cases.
To explore the cytotoxic effects of the transition metals and STMCs tested in this work, we first performed viability experiments in human keratinocytes (HaCat cells). Supplementary Figure S4 shows the viability for HaCat
cells in culture treated with the transition metals used in this work, at the concentrations reported as the E. coli
nominal metal MICs. Across the range of concentrations we observed no significant viability (p < 0.05). Most of
the metals exhibited an average toxicity of 90%, except Ni with 55% at 24 h of treatment.
Toxicity experiments were performed in another cell line, H9c2 cells, to explore an additional toxicity assay.
Figure 7A shows a calculated IC50 value of 3.12 µM for the treatment with individual Ag. This result indicates a
strong cytotoxicity of the individual metal. Additional toxicity assays were performed, in H9c2 cells, for the rest
of the transition metals, at the nominal concentrations at which they showed antibacterial activity (1 mM). As
can be observed in Fig. 7B, Ni and Co did not produce important effects, showing only 15% and 38% cytotoxicity
values, respectively. However, Cu and Zn showed about 60% cytotoxicity at the same concentration. Cd, on the
other hand, showed to be moderately toxic with about 50% cytotoxicity. Additional concentrations were tested
for each of the metals and, with exception of Cd, a typical dose-response effect was observed (Fig. 7C). IC50s were
calculated and the results show that for all the metals, except Zn and Cd, values are higher (Table 2) than the
respective MIC values reported in this work for the transition metals (Table 1). Ni showed to be the less toxic for
H9c2 cells, as it needed about 16.5-fold concentration increase in order to reach its IC50. Co reaches its IC50 with
a 20-fold concentration increase. Zn IC50 is similar to its MIC value. Due to the similar cytotoxicity of Cd at all
tested concentrations, it was not possible to adjust a typical curve to calculate its IC50 value, but according to the
trend observed, it is lower than 0.1 mM.
Even though the individual metals and STMCs showed cytotoxicity against some of the different cell lines, one
explanation could be the difference in the concentrations of free ions available in the medium used in the experiments to calculate MICs (LB), compared to the concentration of free ions in the medium used to calculate the
IC50 cytotoxic dose (sDMEM and DMEM). Therefore, the free ion concentrations needed to be correlated in both
Scientific Reports | 7: 903 | DOI:10.1038/s41598-017-01017-7
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Concentration
(mg/Kg)

Effect

Reference

Rats/Mice
Cu

300–794

LD50

66, 67

Zn

337–1710

LD50

67, 68

Co

42.4

LD50

69

Cd

100–300

LD50

70

Ni

39–46

LD50

71

0.091–6

Gastrointestinal1

66

0.5–6.7

↓Cortisol, ↑LDL,
gastrointestinal

68

Human (oral)
Cu
Zn
Co

0.18–1

Gastrointestinal

69

Cd

0.07

Gastrointestinal

70

Ni

7.1–35.7

Gastrointestinal

71

Human (dermal)*
Cu

2–5% as CuSO4
(20 000–50 000)

Irritation

66, 67

Zn

1–2.5% as ZnSO4
(10 000–25 000)

May present irritation

67, 68

Co

1% as CoCl2 (10
000)

Contact allergy

69

Cd

2% as CdCl2 (20
000)

Irritation

70

Ni

0.01–0.4% as
NiSO4 (100–4
000)

Contact/allergy dermatitis

71

H9C2 cells
Cu

2

IC50

This work

Zn

3

IC50

This work

Co

20

IC50

This work

Cd

0.1

IC50

This work

Ni

33

IC50

This work

Table 2. Toxicity data of transition metals. 1Gastrointestinal effects may include nausea, vomiting, diarrhea,
abdominal cramps. *Dermal exposures expressed the metals salt reported in each case.
experiments to correctly determine the effect of the different metals and the STMCs. Supplementary Table S7
shows the calculated free ion concentrations corresponding to the nominal concentrations for each of the different media used. As can be observed, some metals, at equivalent nominal concentrations, show differences in
the calculated free ion concentrations for the different culture medium. Based on this data, the STMCs for three
transition metals were adjusted to perform additional cytotoxicity assays at equivalent free ion concentrations.
Table 3 shows the new nominal concentrations used. A comparative of the free ions calculated for these mediums
is reported in Supplementary Table S7.
Experiments on HaCat cells involving 24 h treatments with transitions metals at the equivalent free metal ions
concentrations were performed. It was observed that the percentage of viability significantly increased above 90%
for all of the metals (p < 0.01) except for Co at 750 μM where the toxicity was maintained (44.00 ± 1.24%) (Fig. 8).
The same phenotype was noticed for the STMCs, all of them showed viabilities above 90%, with the exception of
the Ag-Co STMC, with 750 μM Co, which showed a viability of 60%, and the Ag-Cu STMC at the highest concentration of 300 μM Cu, which showed a viability of 50% (Fig. 9). A positive cytotoxicity control treatment with 10%
DMSO was used in both experiments, and a viability of 16.32 ± 3.54% was obtained.
As a complementary test to the MTT assay, the cells were evaluated qualitatively with an optical microscope
(200X) (Figures S5 and S6). Compared to the control group, notable changes in the monolayer confluence and
cell morphology, as well as an increase in the number of floating cells, were markedly seen in groups such as Co
750 μM (Fig. S5F) and also in the positive control (10% DMSO) (Fig. S5B). These results correlate well with the
MTT results. On the other hand, groups such as Ag 15μM-Co 750 μM (Fig. S6C) showed a lesser change in monolayer confluence and cell morphology compared to the Co 750 μM treated group (Fig. S5F), but a considerable
number of floating cells were observed as compared to control. This was also noted in the MTT assay, where
viability of these groups decreased but it was not statistically significant. The rest of the treatments did not seem
to suffer changes in the features assessed optically. In an interesting way, some of the groups that showed a higher
viability than the control (p < 0.001) in the MTT assay, looked optically similar to the control group. Therefore,
such increment can be related more to a higher metabolic activity than to a higher number of cells.
As well as with HaCat cells, STMCs at the adjusted free metal ion concentrations were performed in both
H9c2 and B16F10 cells. Ag cytotoxicity on H9c2 cells is significantly inhibited when used in combination with
Cu (Fig. 10B). When Ag concentration is 15 µM the cytotoxicity is about 50%, but when 80 µM of Cu is added,
the cytotoxicity is reduced to about 17%. Combination of Co or Zn does not block Ag cytotoxicity on these
Scientific Reports | 7: 903 | DOI:10.1038/s41598-017-01017-7
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Figure 7. Cytotoxicity effects of Ag and transition metals on H9c2 and B16F10 cells. (A) H9c2 and B16F10
cells were treated with Ag at the indicated concentrations for 24 h and viability was determined. (B) Effect of
transition metals on the viability of cells H9c2. Cells were treated with each transition metal at a concentration
of 1 mM for 48 h and viability was determined. Bars represent means of three independent experiments and
their respective standard deviations. (C) Dose-response effect of transition metals on the viability of H9c2 cells.
Cells were treated with transition metals at the stated concentration for 48 h before viability was determined.
Indicator points represent means of three independent experiments and their respective standard deviations.
Values are mean ± SD (n = 3 experiments at least for each treatment).

cells (Fig. 10B). Cytotoxic effects were also analyzed on melanocytes (B16F10 cells), to observe the effect at the
same total concentrations as the experiments with HaCat and H9c2 cells. The results obtained can be compared
to those observed in the highly sensitive H9c2 cell line. Ag alone was not found to be cytotoxic to melanocytes
(Fig. 7A). In addition, Ag/Zn or Zn alone had not significant cytotoxic effects on B16F10 cells and the combinations of the rest of the metals with Ag did not potentiate their toxicity (Fig. 10A). Taken together, these results
suggest that one of the most promising combination is that of Ag with Cu since it shows potential to treat bacterial
infections with limited cytotoxic effects on mammalian cells.
The differences in the Ag and STMCs cytotoxic concentrations observed between the different cell lines tested
in this work could be explained by the nature of the cells. H9c2 cells are blasts, which normally are sensitive to a
variety of insults and they are programmed to die to avoid passing mutations or damage to the progeny. On the
Scientific Reports | 7: 903 | DOI:10.1038/s41598-017-01017-7

11

www.nature.com/scientificreports/
Transition
metal
Ag

Cu
Co

Nominal
concentration

DMEM
free ions*

LB equivalent
concentrations

15 µM

11.4 nM

30 µM

7.5 µM

5.7 nM

15 µM

3.75 µM

2.8 nM

7.5 µM

0.3 mM

2.79 µM

2 mM

0.08 mM

123 nM

1 mM

0.75 mM

319 µM

0.5 mM

0.4 mM

170 µM

0.25 mM

Table 3. Correction to metal nominal concentration in DMEM. *Free ions calculated with VMINTEQ
software.

Figure 8. Cytotoxicity of Individual Transition Metals on HaCat cells. Effect of transition metals on the viability
of HaCat cells. Cells were treated with individual treatments of transition metals at different concentrations for
24 h and viability was determined. Data are expressed as percent of control mean ± SEM and analyzed by oneway ANOVA, with a Tukey post hoc test. **p < 0.01 vs. control; N = 3.

Figure 9. Cytotoxicity of STMCs on HaCat cells. Effect of STMCs on the viability of HaCat cells. Cells were
treated with STMCs at different concentrations for 24 h and viability was determined. Data are expressed as
percent of control mean ± SEM and analyzed by one-way ANOVA, with a Tukey post hoc test. **p < 0.01 vs.
control; N = 3.
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Figure 10. Cytotoxicity effects of Ag and transition metals at concentrations adjusted for speciation on
melanocytes and myoblast cells. Effect of transition metals, alone or in combination, with Ag on the viability of
(A) B16F10 and (B) H9c2 cells. Cells were treated with each transition metal (in nominal µM: Cu 80; Co 400;
Zn 31.2) alone or in the combination with Ag (15 µM), for 24 h. Values are mean ± SD. *p < 0.05 vs. Control; (a)
vs. Ag. (n = 3 experiments at least for each treatment).

other hand, B16F10 and HaCaT cells are skin melanoma and keratinocytes respectively. These cells are more
resistant to different conditions as they have mutations in genes that control cell cycle, DNA repair, and apoptosis
pathways72.
The MIC values obtained for each metal on both Gram-negative and Gram-positive microorganisms and the
IC50s obtained in this work, although promising for the development of future therapeutics, cannot be directly
compared to their reported LD50 values, as our work was made in vitro while LD50s are calculated from in vivo
experiments. Even though these in vitro studies set the basis for pharmacological applications, as it has been
shown in several reports73, 74, both bioavailability and biodistribution of the transition metals used here need to
be obtained in animal models in order to determine their safety.
Although these concentrations were found to be higher than reported as cytotoxic in human cells and harmful
in humans cases by oral administration, an additional important application of these treatments can be found
in topical treatment, as seen in Table 2. Skin and soft tissue infections have a great incidence in communities
and hospitals75, 76 and about 30% of diabetic patients have cutaneous disorders77. These kind of infections, like
cellulitis, abscesses, diabetic foot infections and surgical site infections caused by multidrug-resistant pathogens,
recently have become more common and alternatives to the current treatments are needed78–80. Therefore, here
we open an area of opportunity for the use of transition metals in dermal treatments. The use of copper as a
potential therapeutic in dermal wound healing was reported by Sen et al.81 noting copper sensitive pathways that
regulate wound healing mediators. Some other authors reported the use of transition metals, especially silver,
as antimicrobial agents in wound dressing materials and regeneration materials82–84. The STMCs reported here
can be considered as potential antimicrobial agents in the manufacture of these kind of materials, since we show
STMCs to be capable of inhibiting bacterial growth at lower concentrations than each metal as a separate treatment. Furthermore, as shown in this work, the use of STMCs has the advantage of achieving a synergistic effect,
allowing the use of lower transition metal doses, and delaying the emergence of resistance to either85. Thus, these
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combinations could be used as a platform to develop novel combinatorial treatments against antibiotic resistance
strains. Due to the increments in permeability shown in this work the combinations of metals and silver have
potential to be combined with commonly used antibiotics to re-sensitize resistant bacteria. These would allow
the decrease in doses of both, antibiotics and transition metals, and at the same time mitigate the possibility of a
toxic effect on human cells.

Conclusions

In correlation with the results provided in this work, we conclude that transition metals, Zn, Cd, Ni and Cu,
are able to enhance the inhibitory and bactericidal activities of silver salts against Escherichia coli and B. subtilis; under the conditions implemented in this study. Nevertheless, the extent to which each STMC affected the
behavior of Ag differed significantly. Ag/Ni STMC showed significant potentiation of bactericidal activity when
compared to Ag in E. coli assays, however no significant effects were observed for treatments in B. subtilis. Cu, Ni,
and Cd were able to enhance Ag inhibitory activity at 0.25 and 0.5 of their respective MICs, whereas Zn exhibited
similar behavior only at 0.5 of its MIC. Meanwhile, Cu, Zn and Co were able to enhance Ag inhibitory activity
at these fractions of their respective MICs in B. subtilis assays. We demonstrate that STMCs Ag-Cu, Ag-Ni and
Ag-Zn exhibit their antimicrobial effect through an increase in cell permeability. The findings described herein
provide significant advances in understanding the interactions and effects of combined transition metals and set
the basics for future design of metallo-pharmaceutical treatments. In addition, most STMCs tested in this work
exhibit antibacterial effects at non-toxic concentrations for human keratinocyte cells. Based on this data, we can
conclude that dermic therapeutic applications could be possible, although further investigation need to be taken
regarding non-cytotoxic concentrations. Taken together, our results suggest that due to the inherent complexity
related to the synergistic effects observed in the systems studied, this work provides a platform for further investigations focused on unveiling deeper correlations to support the use of metallo-pharmaceuticals in future design
of therapeutic strategies.

References

1. Smith, P. A. & Romesberg, F. E. Combating bacteria and drug resistance by inhibiting mechanisms of persistence and adaptation.
Nature chemical biology 3, 549–556, doi:10.1038/nchembio.2007.27 (2007).
2. Boucher, H. W. et al. Bad bugs, no drugs: no ESKAPE! An update from the Infectious Diseases Society of America. Clinical Infectious
Diseases 48, 1–12, doi:10.1086/596722 (2009).
3. Pendleton, J. N., Gorman, S. P. & Gilmore, B. F. Clinical relevance of the ESKAPE pathogens. Expert review of anti-infective therapy
11, 297–308, doi:10.1586/eri.13.12 (2013).
4. Hegreness, M., Shoresh, N., Damian, D., Hartl, D. & Kishony, R. Accelerated evolution of resistance in multidrug environments.
Proceedings of the National Academy of Sciences 105, 13977–13981, doi:10.1073/pnas.0805965105 (2008).
5. Coates, A., Hu, Y. M., Bax, R. & Page, C. The future challenges facing the development of new antimicrobial drugs. Nature Reviews
Drug Discovery 1, 895–910, doi:10.1038/nrd940 (2002).
6. Morones, J. R. et al. The bactericidal effect of silver nanoparticles. Nanotechnology 16, 2346–2353, doi:10.1088/0957-4484/16/10/059
(2005).
7. Morones-Ramirez, J. R. El uso de la Plata en los antibióticos del futuro. Revista Digital Universitaria 10, 69–81 (2009).
8. Morones-Ramirez, J. R. P. metal precioso con amplio espectro de aplicaciones. Revista Ciencia y Desarrollo 36, 56–62 (2010).
9. Morones-Ramirez, J. R. Historia de la plata: Su impacto en las antiguas civilizaciones y la sociedad moderna. Revista Digital
Universitaria 11, 70–79 (2010).
10. Morones-Ramirez, J. R., Winkler, J. A., Spina, C. S. & Collins, J. J. Silver enhances antibiotic activity against gram-negative bacteria.
Science translational medicine 5, 190ra181–190ra181, doi:10.1126/scitranslmed.3006276 (2013).
11. Pal, S., Yoon, E. J., Park, S. H., Choi, E. C. & Song, J. M. Metallopharmaceuticals based on silver (I) and silver (II) polydiguanide
complexes: activity against burn wound pathogens. Journal of antimicrobial chemotherapy 65, 2134–2140, doi:10.1093/jac/dkq294
(2010).
12. Pal, S., Tak, Y. K., Han, E., Rangasamy, S. & Song, J. M. A multifunctional composite of an antibacterial higher-valent silver
metallopharmaceutical and a potent wound healing polypeptide: a combined killing and healing approach to wound care. New
Journal of Chemistry 38, 3889–3898, doi:10.1039/C4NJ00160E (2014).
13. Rigo, C. et al. Characterization and evaluation of silver release from four different dressings used in burns care. Burns 38, 1131–1142,
doi:10.1016/j.burns.2012.06.013 (2012).
14. Ray, S. et al. Anticancer and antimicrobial metallopharmaceutical agents based on palladium, gold, and silver N-heterocyclic
carbene complexes. Journal of the American Chemical Society 129, 15042–15053, doi:10.1021/ja075889z (2007).
15. Mjos, K. D. & Orvig, C. Metallodrugs in medicinal inorganic chemistry. Chemical reviews 114, 4540–4563, doi:10.1021/cr400460s
(2014).
16. Morones-Ramirez, J. R. & Gallegos-López, S. Plata, Metal con Brillante Futuro en la Medicina. Ciencia y Desarrollo 2014, 8 (2014).
17. Jiang, S. Q., Newton, E., Yuen, C. W. M. & Kan, C. W. Chemical silver plating and its application to textile fabric design. Journal of
Applied Polymer Science 96, 919–926, doi:10.1002/(ISSN)1097-4628 (2005).
18. Tweden, K. S. et al. Silver modification of polyethylene terephthalate textiles for antimicrobial protection. Asaio Journal 43,
M475–M481, doi:10.1097/00002480-199703000-00088 (1997).
19. Rai, M., Deshmukh, S., Ingle, A. & Gade, A. Silver nanoparticles: the powerful nanoweapon against multidrug-resistant bacteria.
Journal of applied microbiology 112, 841–852, doi:10.1111/jam.2012.112.issue-5 (2012).
20. Xu, F. F. & Imlay, J. A. Silver(I), mercury(II), cadmium(II), and zinc(II) target exposed enzymic iron-sulfur clusters when they toxify
Escherichia coli. Applied and Environmental Microbiology 78, 3614–3621, doi:10.1128/AEM.07368-11 (2012).
21. Stanić, V. et al. Synthesis, characterization and antimicrobial activity of copper and zinc-doped hydroxyapatite nanopowders.
Applied Surface Science 256, 6083–6089, doi:10.1016/j.apsusc.2010.03.124 (2010).
22. Grass, G., Rensing, C. & Solioz, M. Metallic copper as an antimicrobial surface. Applied and environmental microbiology 77,
1541–1547, doi:10.1128/AEM.02766-10 (2011).
23. Volesky, B. & Holan, Z. R. Biosorption of Heavy-Metals. Biotechnol Progr 11, 235–250, doi:10.1021/Bp00033a001 (1995).
24. Finney, L. A. & O’Halloran, T. V. Transition metal speciation in the cell: insights from the chemistry of metal ion receptors. Science
300, 931–936, doi:10.1126/science.1085049 (2003).
25. Nies, D. H. Microbial heavy-metal resistance. Applied microbiology and biotechnology 51, 730–750, doi:10.1007/s002530051457
(1999).
26. Harrison, J. J., Ceri, H., Stremick, C. A. & Turner, R. J. Biofilm susceptibility to metal toxicity. Environmental Microbiology 6,
1220–1227, doi:10.1111/j.1462-2920.2004.00656.x (2004).

Scientific Reports | 7: 903 | DOI:10.1038/s41598-017-01017-7

14

www.nature.com/scientificreports/
27. Lemire, J. A., Harrison, J. J. & Turner, R. J. Antimicrobial activity of metals: mechanisms, molecular targets and applications. Nature
Reviews Microbiology 11, 371–384, doi:10.1038/nrmicro3028 (2013).
28. Majtan, T., Frerman, F. E. & Kraus, J. P. Effect of cobalt on Escherichia coli metabolism and metalloporphyrin formation. BioMetals
24, 335–347, doi:10.1007/s10534-010-9400-7 (2011).
29. Maeda, T., Negishi, A., Nogami, Y. & Sugio, T. Nickel inhibition of the growth of a sulfur-oxidizing bacterium isolated from corroded
concrete. Bioscience, biotechnology, and biochemistry 60, 626–629, doi:10.1271/bbb.62.1087 (1996).
30. Bondarenko, O., Ivask, A., Käkinen, A. & Kahru, A. Sub-toxic effects of CuO nanoparticles on bacteria: kinetics, role of Cu ions and
possible mechanisms of action. Environmental pollution 169, 81–89, doi:10.1016/j.envpol.2012.05.009 (2012).
31. Issa, Y., Brunton, P., Waters, C. & Watts, D. Cytotoxicity of metal ions to human oligodendroglial cells and human gingival fibroblasts
assessed by mitochondrial dehydrogenase activity. dental materials 24, 281–287, doi:10.1016/j.dental.2007.09.010 (2008).
32. Dally, H. & Hartwig, A. Induction and repair inhibition of oxidative DNA damage by nickel (II) and cadmium (II) in mammalian
cells. Carcinogenesis 18, 1021–1026, doi:10.1093/carcin/18.5.1021 (1997).
33. Cottarel, G. & Wierzbowski, J. Combination drugs, an emerging option for antibacterial therapy. Trends in biotechnology 25,
547–555, doi:10.1016/j.tibtech.2007.09.004 (2007).
34. Kyadarkunte, A., Patole, M. & Pokharkar, V. In Vitro Cytotoxicity and Phototoxicity Assessment of Acylglutamate Surfactants Using
a Human Keratinocyte Cell Line. Cosmetics 1, 159–170, doi:10.3390/cosmetics1030159 (2014).
35. Andrews, J. M. Determination of minimum inhibitory concentrations. Journal of antimicrobial Chemotherapy 48, 5–16, doi:10.1093/
jac/48.suppl_1.5 (2001).
36. Cavaleri, J. et al. Manual of antimicrobial susceptibility testing. American Society for Microbiology, Seattle, Washington 12, 53–42
(2005).
37. Pillai, S. K., Moellering, R. & Eliopoulos, G. M. Antimicrobial combinations. Antibiotics in laboratory medicine 5, 365–440 (2005).
38. Orhan, G., Bayram, A., Zer, Y. & Balci, I. Synergy tests by E test and checkerboard methods of antimicrobial combinations against
Brucella melitensis. Journal of clinical microbiology 43, 140–143, doi:10.1128/JCM.43.1.140-143.2005 (2005).
39. Tallarida, R. J. An overview of drug combination analysis with isobolograms. Journal of Pharmacology and Experimental Therapeutics
319, 1–7, doi:10.1124/jpet.106.104117 (2006).
40. Fivelman, Q. L., Adagu, I. S. & Warhurst, D. C. Modified fixed-ratio isobologram method for studying in vitro interactions between
atovaquone and proguanil or dihydroartemisinin against drug-resistant strains of Plasmodium falciparum. Antimicrobial agents and
chemotherapy 48, 4097–4102, doi:10.1128/AAC.48.11.4097-4102.2004 (2004).
41. Salinas‐Salazar, C. et al. Inhibitory Activity of Avocado Seed Fatty Acid Derivatives (Acetogenins) Against Listeria Monocytogenes.
Journal of Food Science 82, 134–144, doi:10.1111/jfds.2017.82.issue-1 (2016).
42. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: application to proliferation and cytotoxicity assays. Journal
of immunological methods 65, 55–63, doi:10.1016/0022-1759(83)90303-4 (1983).
43. Silva-Platas, C. et al. Antineoplastic copper coordinated complexes (Casiopeinas) uncouple oxidative phosphorylation and induce
mitochondrial permeability transition in cardiac mitochondria and cardiomyocytes. Journal of bioenergetics and biomembranes 48,
1–12, doi:10.1007/s10863-015-9640-x (2016).
44. Gustafsson, J. Visual MINTEQ Version 3.1, Department of Sustainable Development. Environmental Science and Engineering, KTH,
Stockholm (2013).
45. Rai, M., Yadav, A. & Gade, A. Silver nanoparticles as a new generation of antimicrobials. Biotechnology advances 27, 76–83,
doi:10.1016/j.biotechadv.2008.09.002 (2009).
46. Magner, L. (Marcel Dekker, Inc., New York, 1992).
47. Beard, S. J., Hashim, R., Membrillo-Hernandez, J., Hughes, M. N. & Poole, R. K. Zinc (II) tolerance in Escherichia coli K-12: evidence
that the zntA gene(o 732) encodes a cation transport ATPase. Molecular microbiology 25, 883–891, doi:10.1111/mmi.1997.25.issue-5
(1997).
48. Grass, G. & Rensing, C. Genes involved in copper homeostasis in Escherichia coli. Journal of Bacteriology 183, 2145–2147,
doi:10.1128/JB.183.6.2145-2147.2001 (2001).
49. Bajaksouzian, S., Visalli, M. A., Jacobs, M. R. & Appelbaum, P. C. Activities of levofloxacin, ofloxacin, and ciprofloxacin, alone and
in combination with amikacin, against acinetobacters as determined by checkerboard and time-kill studies. Antimicrobial agents and
chemotherapy 41, 1073–1076 (1997).
50. Sweeney, M. T. & Zurenko, G. E. In vitro activities of linezolid combined with other antimicrobial agents against staphylococci,
enterococci, pneumococci, and selected gram-negative organisms. Antimicrobial agents and chemotherapy 47, 1902–1906,
doi:10.1128/AAC.47.6.1902-1906.2003 (2003).
51. Lima, D. A. Fd. S., Nascimento, M. M. Pd, Vitali, L. H. & Martinez, R. In vitro activity of antimicrobial combinations against
multidrug-resistant Pseudomonas aeruginosa. Revista da Sociedade Brasileira de Medicina Tropical 46, 299–303, doi:10.1590/00378682-0012-2013 (2013).
52. Kasuga, N. C. et al. Synthesis, structural characterization and antimicrobial activities of 4-and 6-coordinate nickel (II) complexes
with three thiosemicarbazones and semicarbazone ligands. Journal of inorganic biochemistry 84, 55–65, doi:10.1016/S01620134(00)00221-X (2001).
53. Chohan, Z. H., Supuran, C. T. & Scozzafava, A. Metalloantibiotics: synthesis and antibacterial activity of cobalt (II), copper (II),
nickel (II) and zinc (II) complexes of kefzol. Journal of enzyme inhibition and medicinal chemistry 19, 79–84, doi:10.1080/14756360
310001624939 (2004).
54. Bagihalli, G. B., Avaji, P. G., Patil, S. A. & Badami, P. S. Synthesis, spectral characterization, in vitro antibacterial, antifungal and
cytotoxic activities of Co (II), Ni (II) and Cu (II) complexes with 1, 2, 4-triazole Schiff bases. European journal of medicinal chemistry
43, 2639–2649, doi:10.1016/j.ejmech.2008.02.013 (2008).
55. McLean, R. J. et al. Antibacterial activity of multilayer silver-copper surface films on catheter material. Canadian journal of
microbiology 39, 895–899, doi:10.1139/m93-134 (1993).
56. Jia, H., Hou, W., Wei, L., Xu, B. & Liu, X. The structures and antibacterial properties of nano-SiO 2 supported silver/zinc–silver
materials. Dental Materials 24, 244–249, doi:10.1016/j.dental.2007.04.015 (2008).
57. Alonso, A. et al. Characterization of fibrous polymer silver/cobalt nanocomposite with enhanced bactericide activity. Langmuir 28,
783–790, doi:10.1021/la203239d (2011).
58. Christofi, N., Hoffmann, C. & Tosh, L. Hormesis responses of free and immobilized light-emitting bacteria. Ecotoxicology and
environmental safety 52, 227–231, doi:10.1006/eesa.2002.2203 (2002).
59. Huang, H.-I. et al. In vitro efficacy of copper and silver ions in eradicating Pseudomonas aeruginosa, Stenotrophomonas maltophilia
and Acinetobacter baumannii: implications for on-site disinfection for hospital infection control. Water research 42, 73–80,
doi:10.1016/j.watres.2007.07.003 (2008).
60. Lin, Y.-S. E., Vidic, R. D., Stout, J. E. & Victor, L. Y. Individual and combined effects of copper and silver ions on inactivation of
Legionella pneumophila. Water Research 30, 1905–1913, doi:10.1016/0043-1354(96)00077-2 (1996).
61. Feng, Q. et al. A mechanistic study of the antibacterial effect of silver ions on Escherichia coli and Staphylococcus aureus. Journal of
biomedical materials research 52, 662–668, doi:10.1002/(ISSN)1097-4636 (2000).
62. Xie, Y., He, Y., Irwin, P. L., Jin, T. & Shi, X. Antibacterial activity and mechanism of action of zinc oxide nanoparticles against
Campylobacter jejuni. Applied and environmental microbiology 77, 2325–2331, doi:10.1128/AEM.02149-10 (2011).

Scientific Reports | 7: 903 | DOI:10.1038/s41598-017-01017-7

15

www.nature.com/scientificreports/
63. Alexiou, M. et al. High nuclearity nickel compounds with three, four or five metal atoms showing antibacterial activity. Journal of
inorganic biochemistry 93, 256–264, doi:10.1016/S0162-0134(02)00591-3 (2003).
64. Hong, R., Kang, T. Y., Michels, C. A. & Gadura, N. Membrane lipid peroxidation in copper alloy-mediated contact killing of
Escherichia coli. Applied and environmental microbiology 78, 1776–1784, doi:10.1128/AEM.07068-11 (2012).
65. Howlett, N. G. & Avery, S. V. Induction of lipid peroxidation during heavy metal stress in Saccharomyces cerevisiae and influence of
plasma membrane fatty acid unsaturation. Applied and environmental microbiology 63, 2971–2976 (1997).
66. Registry, A. f. T. S. a. D. Toxicological profile for copper, http://www.atsdr.cdc.gov/toxprofiles/tp132.pdf (2004).
67. Review, C. I. Safety Assessment of Inorgnic Sulfates as Used in Cosmetics, http://www.cir-safety.org/sites/default/files/inorgs032014slr.
pdf (2013).
68. Registry, A. f. T. S. a. D. Toxicological profile for zinc, http://www.atsdr.cdc.gov/toxprofiles/tp60.pdf (2005).
69. Registry, A. f. T. S. a. D. Toxicological profile for cobalt, http://www.atsdr.cdc.gov/ToxProfiles/tp33-p.pdf (2004).
70. Registry, A. f. T. S. a. D. Toxicological profile for cadmium, http://www.atsdr.cdc.gov/ToxProfiles/tp5.pdf (2012).
71. Registry, A. f. T. S. a. D. Toxicological profile for nickel, http://www.atsdr.cdc.gov/toxprofiles/tp15.pdf (2005).
72. Hseu, Y.-C. et al. In vitro and in vivo anti-tumor activity of CoQ0 against melanoma cells: inhibition of metastasis and induction of
cell-cycle arrest and apoptosis through modulation of Wnt/β-catenin signaling pathways. Oncotarget 7, 22409–22428, doi:10.18632/
oncotarget.7983 (2016).
73. Bouchoucha, A., Terbouche, A., Zaouani, M., Derridj, F. & Djebbar, S. Iron and nickel complexes with heterocyclic ligands: Stability,
synthesis, spectral characterization, antimicrobial activity, acute and subacute toxicity. Journal of Trace Elements in Medicine and
Biology 27, 191–202, doi:10.1016/j.jtemb.2012.12.001 (2013).
74. Feng, W. et al. In vitro and in vivo toxicity studies of copper sulfide nanoplates for potential photothermal applications.
Nanomedicine: Nanotechnology, Biology and Medicine 11, 901–912, doi:10.1016/j.nano.2014.12.015 (2015).
75. Weigelt, J. et al. Linezolid versus vancomycin in treatment of complicated skin and soft tissue infections. Antimicrobial agents and
chemotherapy 49, 2260–2266, doi:10.1128/AAC.49.6.2260-2266.2005 (2005).
76. Stulberg, D. L., Penrod, M. A. & Blatny, R. A. Common bacterial skin infections. American family physician 66, 119–128 (2002).
77. Romano, G. et al. Skin lesions in diabetes mellitus: prevalence and clinical correlations. Diabetes research and clinical practice 39,
101–106, doi:10.1016/S0168-8227(97)00119-8 (1998).
78. Grosse, E. E., Babinchak, T., Dartois, N., Rose, G. & Loh, Ef The efficacy and safety of tigecycline in the treatment of skin and skinstructure infections: results of 2 double-blind phase 3 comparison studies with vancomycin-aztreonam. Clinical infectious diseases
41, S341–S353, doi:10.1086/cid.2005.41.issue-s5 (2005).
79. Nichols, R. L. & Florman, S. Clinical presentations of soft-tissue infections and surgical site infections. Clinical infectious diseases 33,
S84–S93, doi:10.1086/cid.2001.33.issue-s2 (2001).
80. Wilson, S. E. Clinical trial results with linezolid, an oxazolidinone, in the treatment of soft tissue and postoperative gram-positive
infections. Surgical infections 2, 25–35, doi:10.1089/109629601750185334 (2001).
81. Sen, C. K. et al. Copper-induced vascular endothelial growth factor expression and wound healing. American Journal of PhysiologyHeart and Circulatory Physiology 282, H1821–H1827, doi:10.1152/ajpheart.01015.2001 (2002).
82. Ul-Islam, M., Khan, T., Khattak, W. A. & Park, J. K. Bacterial cellulose-MMTs nanoreinforced composite films: novel wound dressing
material with antibacterial properties. Cellulose 20, 589–596, doi:10.1007/s10570-012-9849-3 (2013).
83. Maneerung, T., Tokura, S. & Rujiravanit, R. Impregnation of silver nanoparticles into bacterial cellulose for antimicrobial wound
dressing. Carbohydrate polymers 72, 43–51, doi:10.1016/j.carbpol.2007.07.025 (2008).
84. Wu, J. et al. Silver nanoparticle/bacterial cellulose gel membranes for antibacterial wound dressing: investigation in vitro and in vivo.
Biomedical materials 9, 035005, doi:10.1088/1748-6041/9/3/035005 (2014).
85. Rahal, J. J. Novel antibiotic combinations against infections with almost completely resistant Pseudomonas aeruginosa and
Acinetobacter species. Clinical infectious diseases 43, S95–S99, doi:10.1086/504486 (2006).

Acknowledgements

The authors would like to thank the 2012–2015 and 2015–2017 Paicyt research program, from Universidad
Autónoma de Nuevo León. In addition, the CONACyT Basic Science Funding Grant No. 221332 also supported
this work.

Author Contributions

J.A.G.C., A.C.R., E.C.C., G.G.R., O.A.O.R., E.S., S.L.G.F., J.A.P.M., A.P.M. and J.R.M.R. designed and performed
the experimental data and wrote the manuscript. M.T.T.G. helped in the design of some experimental data and
helped with the format of the manuscript. X.Z., M.E.C.C. and C.E.E.G. helped with the format and writing of
the manuscript. M.O.M. helped in the initial stage of the project determining the different MICs of a range of
individual transition metals.

Additional Information

Supplementary information accompanies this paper at doi:10.1038/s41598-017-01017-7
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2017

Scientific Reports | 7: 903 | DOI:10.1038/s41598-017-01017-7

16

