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Abstract: In response to the occurrence of antibiotic resistance, there has been rapid developments
in the field of metal-based antimicrobials. Although it is largely assumed that metals provide
broad-spectrum microbial efficacy, studies have shown that this is not always the case. Therefore,
in this study, we compared the susceptibilities of 93 clinical isolates belonging to the species
Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus against six metals, namely aluminum,
copper, gallium, nickel, silver and zinc. To provide qualitative comparative information, the resulting
zones of growth inhibition were compared to the minimal inhibitory concentrations of three indicator
strains E. coli ATCC 25922, P. aeruginosa ATCC 27853 and S. aureus ATCC 25923. Here, we demonstrate
that the metal efficacies were species- and isolate-specific. Only several isolates were either resistant
or sensitive to all of the six metals, with great variability found between isolates. However, the
greatest degree of similarity was found with the E. coli isolates. In contrast, the susceptibilities of
the remaining two collections, S. aureus and P. aeruginosa, were more highly dispersed. Using this
information, we have shown that metals are not equal in their efficacies. Hence, their use should
be tailored against a particular microorganism and care should be taken to ensure the use of the
correct concentration.

Keywords: metals; metal antimicrobials; Escherichia coli; Staphylococcus aureus; Pseudomonas aeruginosa;
metal ions

1. Introduction

In our modern era, the rising incidence of antibiotic resistance is a familiar concern that continues
to provide challenges in infection control and disease prevention [1,2]. In response, in the last
several decades, we have seen an increase in the development of alterative antimicrobials, including
peptides [3] and polymers [4] and modifications to traditional therapeutic regimes, such as combination
treatments [5]. Metals and metal-based antimicrobials are among these alternative agents that are
presently being investigated (see review [6] for more information).

As their name suggests, essential metals, such as zinc, copper and iron, are essential to the
biochemistry of life. It has been estimated that at least one-third of all proteins require metals [7–9].
Despite this, elevated concentrations of these proteins can cause microbial toxicity. Non-essential
metals, including silver, gallium and tellurium, result in a similar fate but at considerably lower
concentrations [10,11]. Presently, advancements in the biomedical applications of metals primarily
take the form of diagnostic procedures and the prevention of diseases following the discovery that
metals can disrupt antibiotic resistant biofilms [11–14] and kill multidrug resistant bacteria [15–18] at
low concentrations. For example, metals are now being impregnated into textiles, including socks
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and wound bandages [19,20]; coated onto surfaces, such as medical devices [21–23]; and incorporated
into liquid formulations [24]. Metal-based antimicrobials, such as nanoparticles, generally highlighted
for their elevated toxicity, are seeing an increase in development and use [15,25–27]. A number of
metal infused hydrogels and polymers, which provide slow and concentrated release, have been
developed and tested against microorganisms [28,29]. Moreover, metals are being combined with
existing antimicrobials, such as antibiotics, as a means of improving their efficacy and repurposing
agents that are no longer useful against multidrug resistant bacteria [30,31].

Metals and metal-based antimicrobials target shared biomolecules and are thus generally regarded
as being broad-spectrum [32]. However, a number of studies have shown that metal ions [13,33],
similar to metal nanoparticles [34,35] are not equivalent in their toxicity towards different strains. This
is problematic, particularly since metal-based antimicrobials are being used in consumer products,
such as activewear, deodorant and washing machines [36]. There is now strong evidence that metal
resistance exists [37–43] and this increase is likely to drive antibiotic resistance further [44–48] since the
mechanisms of antibiotics resistance, such as reduced toxin import, drug inactivation and mutation
of toxin targets among others, are also common mechanisms of metal resistance (refer to review [46]
for more detailed information). As a result, it is imperative that the precise toxicity of metals against
microorganisms is identified to ensure that the correct concentrations of metal ions are utilized against
the appropriate organism.

In this study, the antimicrobial efficacies of six metals, namely aluminum, copper, gallium, nickel,
silver and zinc, were tested against 34 Staphylococcus aureus, 27 Pseudomonas aeruginosa and 32 Escherichia
coli clinical isolates using the disk diffusion assay. The results were compared to the minimal inhibitory
concentrations of the corresponding indicator strains S. aureus ATCC 25923, P. aeruginosa ATCC 27853
and E. coli ATCC 25922 in order to normalize and provide context to the zones of growth inhibition
measured. We found the efficacies of the metals to be strain- and isolate-specific. The E. coli collection
revealed the greatest degree of similarity although disparities were observed between a number of
isolates. There were great differences in the susceptibilities of the S. aureus and P. aeruginosa isolates
to aluminum, copper, gallium and silver and these observations were variable. Silver displayed the
greatest efficacy, followed by aluminum and gallium. In contrast, the least efficacious metal was nickel.
In this work, we demonstrated that metals are not equivalent in their antimicrobial abilities and isolates
of the same species have varying susceptibilities. As a result, the use of metal-based antimicrobials
should be tailored to a specific organism at a precise concentration.

2. Results

The efficacies of six metals, namely aluminum, copper, gallium, nickel, silver and zinc, were
tested against 93 bacterial isolates using the disk diffusion assay, which allows for high-throughput
susceptibility testing. In order to account for independent variables and provide reference, the zones
of growth inhibition were normalized against the three pathogenic indicator strains, S. aureus ATCC
25923, P. aeruginosa ATCC 27853 and E. coli ATCC 25922, for which the MICs in chemically simulated
wound fluid (CSWF) are known (Appendix A, Table A1). Since the MICs of the indicator strains were
known, a qualitative concentration—to which we refer to as the breakpoint value—can be given to
each isolate. A score of 1.0 is equal to the MIC of the reference indicator strain under the given metal
stress. In contrast, a score <1.0 means that the breakpoint value is >MIC and a score >1.0 means that
the breakpoint value <MIC (see Section 4—Materials and Methods).

Less variability between the E. coli isolates was observed when compared to the P. aeruginosa and
S. aureus collections (Figure 1a–f). The three E. coli isolates, namely CFTO73, O127:H6 and O157:H7
(the latter noted as multidrug resistant [MDR] [49]), displayed resistance to all the metals except silver.
When examining the E. coli collection in more detail, there were a number of isolates, including E009,
E011, E012 and E056, that presented scores distant from the normalized score when grown in the
presence of gallium, nickel, silver and zinc, respectively (Figure 1c–f). The scores of these isolates were
below 1.0. Therefore, the breakpoint values were >31.25 mM, >625 mM, >0.50 mM and >650 mM,
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respectively (Supplementary Materials, Table S1). It is important to note that Supplementary Materials,
Tables S1–S3 report the average diameters and the standard deviations in order to show the variability
in the data set. Therefore, our reasoning for normalizing the values is justified. Figure 1 is not entirely
comparable to Supplementary Materials, Tables S1–S3.
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Figure 1. Bar plots signifying the normalized score for each isolate against the corresponding indicator 
strain, for which the value is 1.0 (grey line). This score represents the MIC of the indicator strain under 
the given metal stress. Orange denotes a resistant isolate. For these isolates, the zone of growth 
inhibition was less than the corresponding indicator strain (<1.0). Purple represents the isolates that 
fall above the normalized score since the zones of growth inhibition were larger. These are noted as 
sensitive isolates (>1.0). The scores represent the mean of three biological trials, with each having two 
technical replicates. The MICs have the following order: E. coli ATCC 25922, P. aeruginosa ATCC 27853 
and S. aureus ATCC 25923: (a) aluminum: 250 mM, 1.95 mM and >250 mM; (b) copper: 12.5 mM, 6.25 
mM and 12.5 mM; (c) gallium: 31.25 mM, 15.63 mM, 15.62 mM; (d) nickel: >625 mM, >650 mM and 
>625 mM; (e) silver: >0.5 mM, >0.5 mM and >0.5 mM; and (f) zinc: >650 mM, >375 mM and 23.44 mM. 
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Figure 1. Bar plots signifying the normalized score for each isolate against the corresponding indicator
strain, for which the value is 1.0 (grey line). This score represents the MIC of the indicator strain
under the given metal stress. Orange denotes a resistant isolate. For these isolates, the zone of growth
inhibition was less than the corresponding indicator strain (<1.0). Purple represents the isolates that
fall above the normalized score since the zones of growth inhibition were larger. These are noted as
sensitive isolates (>1.0). The scores represent the mean of three biological trials, with each having two
technical replicates. The MICs have the following order: E. coli ATCC 25922, P. aeruginosa ATCC 27853
and S. aureus ATCC 25923: (a) aluminum: 250 mM, 1.95 mM and >250 mM; (b) copper: 12.5 mM,
6.25 mM and 12.5 mM; (c) gallium: 31.25 mM, 15.63 mM, 15.62 mM; (d) nickel: >625 mM, >650 mM and
>625 mM; (e) silver: >0.5 mM, >0.5 mM and >0.5 mM; and (f) zinc: >650 mM, >375 mM and 23.44 mM.

In general, the P. aeruginosa isolates were sensitive to all six metals. Several isolates were found
to have scores that were two-fold higher than the normalized score of the indicator strain, such as
PCF5 under gallium exposure; TB161 and DK122B07 under nickel exposure; PT56593 under silver
exposure; and KR080603 under zinc exposure. The sensitivities of these isolates were pronounced in
the presence of these metals but not with the other metal antimicrobials. Gallium was found to be
efficacious against the P. aeruginosa isolates although this metal demonstrated variable efficacy against
the S. aureus and E. coli isolates (Figure 1c). Within the concentrations tested, the efficacy of silver
was the greatest against the Pseudomonas collection (Figure 1e). All but three isolates had breakpoints
values that were <0.50 mM (Supplementary Materials, Table S2).

In the presence of aluminum and copper, a number of the S. aureus isolates, such as MER155,
ME101T and MES92, presented scores that were nearly 1.5-fold greater than S. aureus ATCC 25923
(Figure 1a,b). The breakpoint values were >250 mM and >12.50 mM, respectively (Supplementary
Materials, Table S3). This trend was not met by the other metals. In fact, many of the aforementioned
isolates were resistant to the concentration of silver tested in this study. Nearly all the MRSA (methicillin
resistant) and MSSA (methicillin sensitive) isolates were resistant to aluminum, nickel and silver. Thus,
the breakpoint values were >250 mM, >625 mM and >125 mM, respectively (Supplementary Materials,
Table S3).

The clustering of Escherichia and the dispersity of Pseudomonas and Staphylococcus are shown in
Figures 2 and 3. These plots demonstrate that the susceptibilities of the P. aeruginosa isolates were
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more dispersed than the S. aureus isolates in the presence of aluminum, a trend that was inverted
for the metal gallium (Figure 2a,c). However, the overall spread of the two species is the same in
the presence of copper. Upon comparison between the overall scatterings of the three species, the
scores of the Pseudomonas collection dispersed to a greater degree (Figure 3). When considering all six
metals together, the E. coli isolates clustered closely although this did not occur for the P. aeruginosa
and S. aureus isolates (Figure 3).

Antibiotics 2019, 8, 51 5 of 12 

for the metal gallium (Figure 2a and 2c). However, the overall spread of the two species is the same 
in the presence of copper. Upon comparison between the overall scatterings of the three species, the 
scores of the Pseudomonas collection dispersed to a greater degree (Figure 3). When considering all six 
metals together, the E. coli isolates clustered closely although this did not occur for the P. aeruginosa 
and S. aureus isolates (Figure 3). 

   

 

(a) Aluminum (b) Copper (c) Gallium  

   

 

(d) Nickel (e) Silver (f) Zinc  

Figure 2. Dot plots illustrating the dispersity between the normalized scores of the E. coli (red), P. 
aeruginosa (green) and S. aureus (blue) isolates; (a) aluminum; (b) copper; (c) gallium; (d) nickel; (e) 
silver; and (f) zinc. The zones of growth inhibition for the isolates were normalized against the zones 
of the indicator strains. A value of 1.0 signifies the minimal inhibitory concentration corresponding 
to the indicator strain. Isolates with scores >1.0 were considered sensitive and those with scores <1.0 
were noted as resistant. Each score represents the mean of three biological trials, with each having 
two technical replicates.  

 

Figure 3. Clustering of the 93 isolates belonging to the E. coli (red), P. aeruginosa (green) or S. aureus 
(blue) species using principle component analysis. Collections were highlighted to show positioning 

0.5

1.0

1.5

2.0

N
or

m
al

iz
ed

 S
co

re

0.5

1.0

1.5

2.0

)

0.5

1.0

1.5

2.0

)

0.5

1.0

1.5

2.0

N
or

m
al

iz
ed

 S
co

re

)

0.5

1.0

1.5

2.0

0.5

1.0

1.5

2.0

−0.2

−0.1

0.0

0.1

0.2

0.3

−0.3 −0.2 −0.1 0.0 0.1
PC1 (57.14%)

PC
2 

(1
6.

42
%

)

E scherichia coli P seudom onas aeruginosa S taphylococcus aureus

Sensitive 
R

esistant 

Figure 2. Dot plots illustrating the dispersity between the normalized scores of the E. coli (red), P. aeruginosa
(green) and S. aureus (blue) isolates; (a) aluminum; (b) copper; (c) gallium; (d) nickel; (e) silver; and (f)
zinc. The zones of growth inhibition for the isolates were normalized against the zones of the indicator
strains. A value of 1.0 signifies the minimal inhibitory concentration corresponding to the indicator strain.
Isolates with scores >1.0 were considered sensitive and those with scores <1.0 were noted as resistant.
Each score represents the mean of three biological trials, with each having two technical replicates.
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Figure 3. Clustering of the 93 isolates belonging to the E. coli (red), P. aeruginosa (green) or S. aureus (blue)
species using principle component analysis. Collections were highlighted to show positioning of each
isolate with respect to the remaining collection. Each isolate was normalized against the corresponding
indicator strain in the presence of the six metals, namely aluminum, copper, gallium, nickel, silver and
zinc. Data were collected from the mean of three biological trials, with each having two replicates.
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Overall, all the isolates varied in their sensitivity to the six metals (Figure 3). However, the
working metal solutions in this study were not equal. To account for these differences, the scores
were normalized against the respective concentrations (Supplementary Materials, Figure S1). Here,
the metals can only be compared to each other. Regardless, the overall trends between the isolates
of a given metal remain the same. In general, the scores were found to be the highest for the metal
silver, followed by aluminum and then gallium. In contrast, the metal nickel had the lowest scores
(Supplementary Materials, Figure S1).

3. Discussion

In this study, the efficacies of six metals, namely aluminum, copper, gallium, nickel, silver and
zinc, against 93 bacterial isolates were compared using the disk diffusion assay. To our knowledge, no
breakpoint values have been reported for the three indicator strains, E. coli ATCC 25922, P. aeruginosa
ATCC 27853 and S. aureus ATCC 25923, under a metal challenge. Using a preceding study completed by
our group, the same MICs were used to provide breakpoint values. A rich growth medium, chemically
simulated wound fluid (CSWF), containing bovine serum albumin among other components was used
to simulate a wound environment. Finally, the zones of growth inhibition were measured, normalized
and compared to the indicator strains.

Metal antimicrobials are generally regarded as broad-spectrum [6]. Nonetheless, studies have
demonstrated that this is not always the case. We have shown that metal antimicrobials vary in their
efficacy against different species and different isolates of the same species, with these differences not
being uniform. For example, the isolate with the highest gallium sensitivity was P. aeruginosa KR080603
although this microorganism presented substantially less copper sensitivity compared to the remaining
P. aeruginosa isolates. In fact, the most sensitive copper isolate was MES192, a S. aureus isolate. If metals
behaved similarly in the presence of different microorganisms and their mechanisms of action were
similar or the same, a gallium sensitive isolate would display comparable copper sensitivity. We have
demonstrated that this was not the case since variable sensitivities were observed.

Intraspecies variability may be a result of a number of factors, including the presence of inherent
or acquired metal resistant elements [50]. Some of these mechanisms include toxin export, reduced
uptake [37] and changes to the extracellular biofilm [32]. The source of an isolate, such as an antibiotic
exposed wound versus the lungs of a cystic fibrosis patient, likely plays a large role in mediating the
aforementioned factors. For example, isolates obtained from a burn wound undergoing treatment are
conditioned and therefore present elevated resistance when compared to those obtained elsewhere,
such as a urine sample. Studies have demonstrated that agents other than antibiotics, such as
metals, can select for antibiotic resistance [46,51,52] and the opposite may also hold true. As a result,
isolates obtained from the wound sample may demonstrate greater metal resistance, regardless of the
species, since it has undergone selective pressures that permit the expression of antimicrobial resistant
factors [53]. Furthermore, if an isolate was extracted from a multispecies consortium, horizontal
gene transfers and changes in the metabolic profile of an organism may have large effects on the
susceptibility of an organism to an external challenge [54]. For instance, our group has shown that in
the presence of metals, a dual-species biofilm composed of P. aeruginosa and S. aureus demonstrates
elevated resistance when compared to a single species biofilm and other microbe combinations [53].

Differences among interspecies susceptibility may be a result of the same factors that influence
intraspecies variability, including genetic differences, thereby causing alterations in the proteomic
and metabolic profile of the organism. Additional influences are likely to exist, such as differences
in the LPS (or lack thereof in the case of Gram-positive organisms); substantial changes in the
surrounding biofilm, its constituents and the biomolecules exerted by the organism [37]; and varying
ratios of lipids. For example, whereas both E. coli and P. aeruginosa are Gram-negative bacteria, inner
membrane lipid ratios differ. Within the membrane of P. aeruginosa and not E. coli, three additional
lipids are found as the foremost components, including phosphatidylcholine ornithine lipid and
alanyl-phosphatidylglycerol [55].
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Finally, to account for differences in the metal concentrations, the isolate scores were normalized
against the working stock solutions (Supplementary Materials, Figure S2). Our data conveys that if the
working concentration of silver increased from 0.5 M to 1.0 M, 100% of the isolates would have sensitive
profiles, as observed in Supplementary Materials, Figure S2. This concentration would guarantee
the prevention of the growth of the organism tested under the conditions used. To no surprise, we
determined that silver was the most efficacious metal. The utilization of this metal for both commercial
and medical use is far greater than the remaining metals [56–58] for valid reasons. Copper is also
finding its way into healthcare settings and is currently being used for commercial purposes [59].
Nonetheless, under the concentration of copper used in this study, only approximately 50% of the
microorganisms tested were marked as sensitive. We conclude that whilst it is still a useful metal
antimicrobial, greater care must be taken when using this metal in comparison to silver. Nickel was
found to be the least effective metal and not surprisingly since the use of nickel as an antimicrobial is
not acclaimed [13,60]. This is likely due to the efficient and regulated uptake, trafficking and storage
of this metal [61]. Copper, which is also tightly regulated in the cell, displays higher binding affinity
to biomolecules, based on the Irving-Williams series [62], when compared to nickel and zinc. In fact,
intracellular metal concentrations are generally inversely correlated with Irving-Williams series in
that a greater binding affinity of a cation results in lower intracellular concentration and subsequently
greater toxicity when present.

In this work, we asked whether the efficacies of metal antimicrobials were comparable between
species and amongst isolates of the same species. Using the standard method of testing, namely the
disk diffusion assay, we were able to validate that the species respond dissimilarly to metal stress
and isolates of the same species display different metal susceptibilities. Despite the perception that
metals are broad-spectrum antimicrobials, certain metals perform better against particular isolates
and species. In summary, great care must be taken when using metal-based antimicrobials both in
healthcare, industrial and consumer settings due to their variable efficacies.

4. Materials and Methods

4.1. Bacterial Strains and Storage

All organisms, including those identified as strains, such as P. aeruginosa PAO1, are referred to as
isolates in this work for ease. The strains, namely S. aureus ATCC 25923, P. aeruginosa ATCC 27853
and E. coli ATCC 25922 are distinguished as indicator strains, which was noted by the American Type
Culture Collection.

The Pseudomonas aeruginosa isolates and uropathogenic Escherichia coli CFTO73 were generous gifts
from Dr. J. Harrison (University of Calgary). All bacterial stains and isolates were stored in Microbank™
vials at −80 ◦C as described by the manufacturer (ProLab Diagnostics, Richmond Hill, ON, Canada).
Prior to the disk diffusion assay, the strains and isolates were streaked out on Luria-Bertani (LB) media
agar (1.5%) plates and grown overnight at 37 ◦C. Our choice of growth medium is reflected in other
works that have also used this medium to monitor the susceptibility of microorganisms to metals.

4.2. Determination of the Effective Metal Concentrations and Metal Storage

The minimal planktonic bactericidal concentrations of the indicator strains, namely S. aureus
ATCC 25923, P. aeruginosa ATCC 27853 and E. coli ATCC 25922, were determined in a previous report by
Gugala et al. [13]. These concentrations, which were determined under identical conditions as in this
study, were used as a means of normalizing and providing context to the zones of growth inhibition.

Silver nitrate (AgNO3), copper sulfate (CuSO4), gallium nitrate [Ga(NO3)3] and nickel sulfate
(NiSO4·6H2O) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Aluminum sulfate
[Al2(SO4)3·H2O] was obtained from Matheson Colman and Bell (Norwood, OH, USA) and zinc
sulfate (ZnSO4·7H2O) was obtained from Fisher Scientific (Fair Lawn, NJ, USA). The working stock
solutions of each metal are as follows: silver nitrate—0.5 M, copper sulfate—2.0 M, gallium nitrate—
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1.0 M, nickel sulfate—2.5 M, aluminum sulfate—1.0 M and zinc sulfate—1.5 M. All stock solutions were
stored in distilled and deionized water (dd)H2O at 21 ◦C. Finally, to ensure that microbial growth was
not impeded by the accompanying counter ions, the stock solutions of sodium nitrate (NaNO3) and
sodium sulfate (Na2SO4), with a concentration of 1.5 M and 2.5 M, respectively, were made, tested and
stored for no longer than two weeks in (dd)H2O at 21 ◦C. Neither the blank disks nor the counterion
loaded disks were found to influence the measured zones of growth inhibition.

4.3. Bacterial Growth and the Agar Disk-Diffusion Method

All chemicals were obtained from VWR international, Mississauga, Canada. Bacterial growth and
susceptibility testing using the disk diffusion assay followed the Clinical and Laboratory Standards
Institute’s guidelines for bacterial testing [63]. Firstly, the bacterial isolates were grown for 16 hours
in filter-sterilized chemically simulated wound fluid (CSWF) modified from Werthén et al. [64] (50%
peptone water (0.85% NaCl, 0.1 g/L peptone): 50% bovine serum albumin (66 g/L)]. Mueller Hinton
media is commonly the medium used for disk diffusion assays. Despite this, we predicted that the
supplemented acid hydrolysate of casein may lead to increased metal chelation due to the high level of
amino acids found in this ingredient. In other works, amino acids are used as a means of sequestering
metal ions when performing susceptibility testing [13,53,65]. Therefore, the rich medium, CSWF, was
selected as it closely mimics a wound environment. The following day, sterile 6 mm filter disks were
soaked in each metal for 30 minutes. Any remaining metal solution was removed to ensure that the
disks were not oversaturated. Moreover, to prevent crystallization, the disks were not permitted to
dry. After this, 250 µL of inoculum, standardized to an optical density of 1.00 (A600), was added onto
fresh LB agar (1.5%) plates, spread uniformly and allowed to dry. The metal loaded and control disks
were placed on the plates and incubated overnight at 37 ◦C. The following day, the zones of growth
inhibition were measured to the nearest millimeter.

Each biological trial included two technical replicates and the indicator strain corresponding to
the isolate tested. In total, three biological trials were completed, with a total of six replicates.

4.4. Normalization and Statistical Analyses

As aforementioned, the indicator strains, namely E. coli ATCC 25922, P. aeruginosa ATCC 27853
and S. aureus ATCC 25923, were included as a means of normalizing and providing context to the
zones of growth inhibition. This was largely due to the variability between trials and the lack of clinical
breakpoint information for the given strains under metal ion challenge.

First, the technical replicates within the same biological trial were averaged and these means were
used for subsequent analyses. After this, working within a biological trial, the means of the isolates
were normalized against the mean of reference indicator strain and finally, the scores of each isolate
under a given metal challenge were averaged. Below is an example for one isolate normalized against
the values of the indicator strains, with each having two technical replicates in the same biological trial:

E. coli ATCC 25922 (indicator strain)

Biological trial 1 diameters for zinc (mm): 26, 27 mean: 26.5
Biological trial 2 diameters for zinc (mm): 26, 27 mean: 26.5
Biological trial 3 diameters for zinc (mm): 25, 26 mean: 25.5

E. coli E057

Biological trial 1 diameters for zinc (mm): 25, 25 mean: 25
Biological trial 2 diameters for zinc (mm): 25, 25 mean: 25
Biological trial 3 diameters for zinc (mm): 22. 23 mean: 22.5
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Normalization:

Biological trial 1, zinc: 25/26.5 = 0.943
Biological trial 2, zinc: 25/26.5 = 0.943
Biological trial 3, zinc: 22.5/25.5 = 0.882

Final score: (0.943 + 0.943 + 0.882)/3 = 0.923

A score of 1.0 indicated no difference in susceptibility when compared to the indicator strain.
Isolates with scores <1.0 were noted as resistant since the zones of growth inhibition for these isolates
were less than the corresponding indicator strain. Those with scores >1.0 were regarded as sensitive
since the zones of growth inhibition were larger than the indicator strain. Furthermore, since the MICs
of the indicator strains were known and these strains were used to normalize the dataset, a qualitative
concentration—referred to as the breakpoint value—can be attributed to each isolate. As a result, a
score of 1.0 is equal to the MIC of the reference indicator strain under the given metal stress. A score
<1.0 means that the breakpoint value is >MIC and a score >1.0 means that the breakpoint value is
<MIC.

Finally, to account for the different metal concentrations used, the scores were normalized against
the working stock solutions, which subsequently disclosed the most efficacious metal. Here, the
efficacies are only compared between each metal and the breakpoint value is no longer applicable.
This normalization is based on the assumption that the metals diffuse through the agar equivalently.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6382/8/2/51/s1,
Table S1: Escherichia coli zones of growth inhibition (mm) and corresponding breakpoint values, Table S2:
Pseudomonas aeruginosa zones of growth inhibition (mm) and corresponding breakpoint values, Table S3:
Staphylococcus aureus zones of growth inhibition (mm) and corresponding breakpoint values. Figure S1: Heatmap
signifying the normalized zones of growth inhibition, Figure S2: Heatmap representing the zones of growth
inhibition normalized against the concentration of metal.
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Appendix A

Table A1. Minimal inhibitory concentrations previously determined by Gugala et al. in chemically
simulated wound fluid [13].

Metal Escherichia coli
ATCC 25922

P. aeruginosa
ATCC 27853

S. aureus
ATCC 25923

Aluminum [Al2(SO4)3·H2O] 250 mM 1.95 mM > 250 mM

Copper (CuSO4) 12.5 mM 6.25 mM 12.5 mM

Gallium [Ga(NO3)3·H2O] 31.25 mM 15.63 mM 15.63 mM

Nickel (NiSO4) >625 mM >625 mM >625 mM

Silver (AgNO3) >0.50 mM 1 >0.50 mM 1 >0.50 mM 1

Zinc (ZnSO4·7H2O) >650 mM > 375 mM 1 23.44 mM
1 Maximum concentration of silver reached before significant precipitation occurred, see [13] for more information.
This observation was also demonstrated to be organism-specific since the MIC were found for some organisms but
not for others under the same metal antimicrobial.

http://www.mdpi.com/2079-6382/8/2/51/s1
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