
Citation: Vital, V.G.; Silva, M.R.;

Santos, V.T.; Lobo, F.G.; Xander, P.;

Zauli, R.C.; Moraes, C.B.;

Freitas-Junior, L.H.; Barbosa, C.G.;

Pellosi, D.S.; et al. Micro-Addition of

Silver to Copper: One Small Step in

Composition, a Change for a Giant

Leap in Biocidal Activity. Materials

2024, 17, 917. https://doi.org/

10.3390/ma17040917

Academic Editor: Dilyana Paneva

Received: 30 November 2023

Revised: 1 February 2024

Accepted: 8 February 2024

Published: 16 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Micro-Addition of Silver to Copper: One Small Step in
Composition, a Change for a Giant Leap in Biocidal Activity
Vitor G. Vital 1 , Márcio R. Silva 2, Vinicius T. Santos 2, Flávia G. Lobo 2, Patrícia Xander 1, Rogéria C. Zauli 1 ,
Carolina B. Moraes 3,4, Lucio H. Freitas-Junior 4, Cecíla G. Barbosa 4, Diogo S. Pellosi 5 , Ricardo A. G. Silva 1,
André Paganotti 1,* and Suzan P. Vasconcellos 1,*

1 Instituto de Ciências Ambientais, Químicas e Farmacêuticas—ICAQF, Universidade Federal de São
Paulo—UNIFESP, Diadema 09913-030, Brazil; patricia.xander@unifesp.br (P.X.); rczauli@unifesp.br (R.C.Z.)

2 Department of Research and Development, Termomecanica São Paulo S.A.,
São Bernardo do Campo 09612-000, Brazil

3 Faculdade de Ciências Farmacêuticas, Universidade de São Paulo, São Paulo 05508-000, Brazil
4 Departamento de Microbiologia, Instituto de Ciências Biomédicas, Universidade de São Paulo,

São Paulo 05508-900, Brazil
5 Instituto de Química, Universidade Federal do Paraná, Curitiba 81531-980, Brazil
* Correspondence: andre.paganotti@unifesp.br (A.P.); suzan.pantaroto@unifesp.br (S.P.V.)

Abstract: The use of copper as an antimicrobial agent has a long history and has gained renewed
interest in the context of the COVID-19 pandemic. In this study, the authors investigated the
antimicrobial properties of an alloy composed of copper with a small percentage of silver (Cu-0.03%
wt.Ag). The alloy was tested against various pathogens, including Escherichia coli, Staphylococcus
aureus, Candida albicans, Pseudomonas aeruginosa, and the H1N1 virus, using contact exposure tests.
Results showed that the alloy was capable of inactivating these pathogens in two hours or less,
indicating its strong antimicrobial activity. Electrochemical measurements were also performed,
revealing that the small addition of silver to copper promoted a higher resistance to corrosion and
shifted the formation of copper ions to higher potentials. This shift led to a slow but continuous
release of Cu2+ ions, which have high biocidal activity. These findings show that the addition of small
amounts of silver to copper can enhance its biocidal properties and improve its effectiveness as an
antimicrobial material.

Keywords: copper; silver; biocidal; H1N1 virus; alloys

1. Introduction

Copper has been recognized for its antimicrobial properties since ancient times [1].
This versatile element is a key constituent of many metalloenzymes and proteins that play
important roles in electron transport and other metabolic processes [2]. As such, copper
is considered an essential micronutrient for most, if not all, living organisms. Regarding
microorganisms, their demand for copper is usually around 1–10 µmol/L. On the other
hand, excess of copper ions is highly toxic to microorganisms.

In addition to its essential biological functions, copper exhibits potent antimicrobial
activity. This property has been exploited for centuries, using copper to fabricate vessels
and surfaces for water and food storage, and more recently, for the production of various
medical instruments [3]. Recent studies have confirmed the efficacy of copper as an
antimicrobial agent, with research indicating that copper surfaces can reduce bacterial
contamination by up to 99.900% [1]. This is due to the ability of copper ions to disrupt
the cell membranes of microorganisms, ultimately leading to their death [4]. Moreover,
copper’s antimicrobial properties have been found to be particularly effective against
antibiotic-resistant bacteria, making it an attractive alternative to traditional antibiotics in
the fight against infections [5]. Copper is a remarkable element with intrinsic antimicrobial
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properties and essential biological functions. Its potential as an antimicrobial agent makes it
a valuable tool in the fight against infectious diseases, especially those caused by antibiotic-
resistant bacteria [1,3]. Although some microorganisms can develop come sort of copper
resistance, prolonged exposure to copper is toxic to microorganisms [6].

With the emergence of new drug-resistant pathogens and increasing antibiotic re-
sistance, metals and metal nanoparticles are being investigated as a potential solution
to the problem of superbugs [7]. Among metal-based antimicrobial agents, silver-based
compounds have been extensively studied. Silver ions have broad-spectrum antimicrobial
activity against a wide range of bacteria, fungi, and viruses [8]. Additionally, silver nanopar-
ticles (AgNPs) have been shown to exhibit enhanced antimicrobial activity compared to
their bulk counterparts.

The mechanism of action of silver-based compounds against microorganisms is not
fully understood, but it is thought to involve the release of silver ions from the metal
(bulk or nanoparticle) to its proximities [9]. These ions can interact with the bacterial cell
membrane, damaging it and disrupting cellular processes [10]. Additionally, silver ions can
interact with cellular components such as DNA and proteins, leading to further damage
and ultimately cell death.

The addition of silver to copper to create an alloy has been shown to enhance the
biocidal activity of copper, making it a more effective antimicrobial material. This syner-
gistic biocidal effect [11] has been demonstrated in several studies, in which copper-silver
alloys can effectively reduce the viability of a variety of bacterial pathogens, including
multidrug-resistant strains [1,3]. Additionally, the use of copper–silver alloys as antimi-
crobial materials has several advantages over traditional materials coated with antibiotics,
including a reduced risk of inducing bacterial resistance and a lower potential for toxic-
ity [12]. The antimicrobial properties of copper and silver have also been shown to reduce
the rate of healthcare-acquired infections in hospital environments [3].

It is important to note that while the addition of silver to copper has been shown
to enhance its biocidal properties, there is no current research on the effects of micro-
additions of silver (<0.1%) to copper. Most studies on copper–silver alloys have focused
on compositions containing large amounts of silver, typically 5–10% [1,11]. Therefore, the
potential biocidal benefits of very low levels of silver in copper are not yet fully understood
and warrant further investigation. Nevertheless, the effectiveness of copper-silver alloys
against a wide range of pathogens has been well documented [13], and they remain a
promising material for use in various applications, including in healthcare settings and
water purification systems [3].

2. Materials and Methods

The copper alloys used in this study were kindly donated by Termomecanica S.A. (São
Bernardo do Campo, Brazil), presenting 0.03 wt.% of silver. This alloy is defined by the
Unified Numbering System for copper and copper alloys as C-10400 and classified by the
U.S. Environmental Protection Agency as antimicrobial [14,15]. It was manufactured by
casting in industrial induction furnaces, having been hot- and cold-rolled and heat-treated
to the mentioned specifications. To evaluate their biocidal activity of the alloy, the alloys
were tested under pathogens loads in established protocols. Metallic salts were used a
control group. More details are available in the following topics.

The biocidal activity of the alloy against pathogens was determined by adapting an
international protocol [16] and using the Japanese test method [17] as a foundation. The
latter mentioned method is based on the recovery of viable cells after the exposure of
the metallic surface to the microorganism. The copper alloy was exposed to four model
pathogens, those being Escherichia coli (ATCC 8739), Staphylococcus aureus (ATCC 6538),
Pseudomonas aeruginosa (ATCC 9027), and Candida albicans (CA INCQS 40006). The alloys
samples were sterilized using ultraviolet light for thirty minutes after being submerged in
ethanol (70% purity). After the sterilization of both sides, the disc-shaped samples were
placed in Petri dishes then inoculated with 200 µL of a solution containing 108 CFU/mL,
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with CFU an anacronym for colony-forming unit. The samples were then covered with
a thin film of sterilized polyethylene. Immediately after the contract and at 0.5, 2, 4 and
24 h, samples were collected following the protocol to be described; during this time, the
dishes were maintained at 35 ◦C and a relative humidity of 90% or higher to avoid death by
dehydration of the cells. To collect the sample, the plastic film was removed from the alloy
and the sample was washed with 10 mL of 0.1% peptone water. This washing water was
then diluted to the desired concentrations to be cultivated in a solid, agar-based medium;
finally, the viable cells were counted. To evaluate if the exposure to the surface affected the
growth of the bacteria, a one-Sample t-test between the tested value and positive control
was conducted using OriginPro® 2021, and the value was considered to be statistically
different with a p-value criterion of p ≤ 0.01.

The C. albicans cells’ viability and death were determined using flow cytometry before
and after contact with the alloys. After the different treatments, the fungus was labeled with
propidium iodide (Invitrogen, Waltham, MA, USA). Then, the yeasts were analyzed with a
FACSCalibur flow cytometer (BD). A total of 10,000 events were counted, and labeling data
were acquired. Analysis of the data was performed using FlowJo v8 software (BD).

To evaluate the minimal inhibitory activity (MIC) of the salts, a solution containing
the same proportion of copper and silver was prepared using pentahydrate Copper sulfate
and silver nitrate in sterile water. As a control for these solutions, pure copper and silver
salt solutions were prepared, being that the silver solution was proportionally diluted
(in comparison with the copper solution) so that its composition was close to that of the
alloy. The salt solutions were tested against the pathogen Escherichia coli (ATCC 8739). The
samples were than serially diluted between concentrations of 450 mmol/L and 3.3 pmol/L.
This dilution was caried out using Luria Bertani broth bought from Invitrogen. The final
inoculum volume tested was 106 CFU/ mL. The MIC test was then carried out in a 96-well
microplate from Corning Incorporated COSTAR® (Corning, NY, USA) at 37 ◦C for 16 h.
The growth was then measured by means of the optical density of the medium using a
UV–visible spectrophotometer (Biotek, Winooski, VT, USA) with a fixed wavelength of
600 nm every 10 min.

To measure the MIC of the alloy samples, the samples were dissolved in nitric acid and
then diluted with acetate buffer (pH = 7.0) Then, the solution was tested against Escherichia
coli. The metallic solution was diluted between 8 and 0.06 µg/mL, with a cell concentration
of 106 CFU/mL at 37 ◦C for 16 h.

For metallurgical characterization, the alloy was received as strips and was cut and
embedded into resin to obtain images by optical microscopy using an Olympus optical
microscope. A D8 Discover diffractometer (by Brucker, Billerica, MA, USA) with Cu
radiation was utilized to obtain the X-ray diffraction patterns. An Autolab PGSTAT204
potentiostat/galvanostat from Metrohm (Herisau, Switzerland)was used to carry out the
electrochemical characterization using a three-electrode cell. The electrodes used were as
follows: a Ag/AgCl reference electrode, a platinum counter-electrode, and the sample as a
working electrode. The assays were carried out using saline with 3.5% NaCl and a pH of
~6.3 at room temperature.

The American standard [18] was used as a reference for a quantitative method to
assess the treated product’s ability to inactivate H1N1 virus particles at contact times of
1 min, 30 min, and 2 h. Briefly, MDCK cells (Madin–Darby Canine Kidney cells, catalog
number CCIAL 068—Instituto Adolfo Lutz) were seeded in 96-well plates. After 24 h, the
virus suspension was serially diluted in culture medium and transferred to the 96-well
plate. After 1 h of viral adsorption, DMEM high-glucose medium supplemented with
2.5% fetal bovine serum was added to infected wells. The plate was incubated for 72 h.
After incubation, the monolayers were fixed and stained with Naphthol Blue Black (Sigma-
Aldrich Co., Deisenhofen, Germany) dissolved in sodium acetate–acetic acid. The viral titer
is expressed in TCID50/mL and calculated using the Spearman and Kärber algorithm, as
described [19].
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3. Results

Evaluation of the antimicrobial capacity of the copper alloy surface was carried out
using a modification made by the group in the ISO 22196/2011 [16], since microbiological
test standardization on metal surfaces is still in the early stages. This modification assured
that the microorganisms would stay viable and not dry out during the test, as described in
the Methods section of this paper. It can be applied to any non-porous material.

The first stress test was carried out using E. coli and S. aureus; both are model bacteria,
as the first is a well-known method of quality checking for water contamination and the
latter is a well-known commensal of human skin [20–23]. Figure 1 shows the results of the
stress test. It is possible to notice that both bacteria are no longer viable after 24 h of contact,
and S. aureus is no longer viable just after 30 m of contact. So, the E. coli presents a higher
resistance to the copper ion; this is due to the fact that Gram-positive bacteria demonstrate
an elevated uptake of metal ions when compared to Gram-negative bacteria due to the
presence of glycoproteins, and the presence of both phospholipids and lipopolysaccharides
(LPS) diminishes metal absorption [24]. To aggravate this effect, to regulate the periplasmic
space, Gram-negative bacteria present transport structures such as porins, efflux pumps,
and transenvelope machines, leading to better adaptation to metal-rich environments. This
metal transport can lead to higher metal resistance in Gram-negative bacteria [25,26]. This
type of behavior is observed in wild strains of metal-resistant bacteria [27,28] and even in
normal bacteria regarding metals with micronutrient importance such as Cu [29,30]. These
factors allow for the higher viability of E. coli during the first couple of hours in contact
with the alloy in comparison with S. aureus. It is important to note that the positive control
is the same for every time stamp because due to the high pathogen concentration of the
inoculum, without any biocidal agent, the load extrapolates the colony count per Petri dish.
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Figure 1. Contact test using E. coli and S. aureus on the surface of the alloy. All samples were sanded
down to 600 grit before the test to expose a fresh surface. * Denotes significant statistical difference
according to a one-sample t-test between the tested value and positive control, considering p ≤ 0.01.

As mentioned, the most accepted theory regarding the metal surface’s biocidal activity
is that the ions released in solution interact with the microorganism’s metabolism, thus
killing it [9]. So, to investigate if the addition of silver to the alloy is sufficient to promote
higher toxicity, a metallic ion solution from metal sulphate salts was prepared at the same
concentration as the alloy. The MIC for E. coli in the Cu-Ag solution was determined to
be 870 µg/mL. As a reference, the researchers also determined the MIC for a pure Cu
solution and a pure Ag solution (with the same concentration as the mixture). For the silver
solution, the MIC was determined to be 0.26 µg/mL, and the MIC for the copper solution
was 870 µg/mL.

This result shows that silver only increases the antimicrobial activity of the copper in
the alloy, not in the solution, as the mixture of Cu2+ and Ag+ presented the same MIC as
the pure Cu2+ solution. As the tested alloy is a commercial product, it has trace elements
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inherent to its metallurgical process. To rule out these trace elements affecting the higher
biocidal activity, a sample of the alloy was dissolved in aqueous sulfuric acid and corrected
to a neutral pH. The MIC for this solution was determined to be 870 µg/mL, the same as
that of a pure copper solution. Therefore, this proves that the alloy’s higher biocidal activity
is due to the solid-state interactions between Cu and Ag.

Therefore, it is necessary that we take a metallurgical approach to better understand
the effects of the addition of Ag to the system.

Figure 2 shows the morphological characterization of the alloy, and Figure 2a shows
the alloy XRD pattern and a typical pattern for pure Cu available from the Inorganic Crystal
Structure Database (ICSD) with number 7954. It is important to note that the experimental
and the reference diffractograms for copper present the same peaks, indicating that the Ag
atoms replace the copper atoms. This is important, as the Cu-Ag alloy presents low solid
solubilities [31–33]; however, in the studied concentration, the silver appears to substitute
copper atoms in the α phase. It is possible to notice a pronounced preferential direction due
to the lamination of the alloy during its manufacture, as expected [34,35]. Figure 2b shows
the optical microscopy of the etched alloy. Both characterizations show that structurally,
the sample is very similar to pure Cu, indicating no significant structural modifications
introduced by the silver micro-addition.
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Figure 2. (a) XRD patterns of the studied alloy and pure Cu as well as the (b) optical microscopy
obtained for the alloy.

To better assess the ion release capability of the alloy, electrochemical assays were
conducted for the alloy and the pure metallic elements, thus determining their corrosion
resistance. Figure 3a shows the open circuit potential (OCP), which determines the corrosion
potential of the material, showing how susceptible the material is to the start of the corrosion
process [36]. The result shows that a 0.03% Ag addition promotes a 5% decrease in the
OCP. Figure 3b shows the linear polarization measurements obtained, which determine
the current density as a function of the applied potential, showing the corrosion rate and
resistance tendencies. These can be expressed as the current (Icorr)and potential of corrosion
(Ecorr), respectively, as shown in Table 1. The results shown in Table 1 corroborate previous
observations showing an increase in corrosion resistance and indicating a decrease in the
corrosion rate.

Table 1. Corrosion current and potential determined for the pure elements and the studied alloy.

Samples Ag Cu CuAg

Icorr (A) 3.46 × 10−8 9.57 × 10−6 4.42 × 10−6

Ecorr (V) −0.09 −0.28 −0.24
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Figure 3. (a) Open circuit potential and (b) linear polarization for the CuAg alloy and pure Cu and
Ag samples.

Figure 4 shows the cyclic voltammetry obtained for the pure metals and the alloy. This
measurement is a powerful method of determining the mechanism behind the reduction
and corrosion of metals. Figure 4a shows the obtained voltammetry, showing that the
profile for the CuAg alloy is very similar to that of the Cu sample. Figure 4b shows the
oxidation of the pure Cu and CuAg in more detail. This figure shows that the oxidation
peaks are shifted to higher potentials than those verified in the pure Cu. In addition,
the current densities of the oxidation peaks in the CuAg alloy decrease compared to
the pure copper. Electrochemical measurements indicate that the silver addition at low
concentrations induced a higher resistance of copper oxidation in comparison to the pure
Cu [32,37–39].
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Figure 4. (a) Cyclic voltammetry obtained for the studied alloy and the pure metals Cu and Ag, as
well as (b) the oxidation process for pure Cu and the CuAg alloy studied.

To test the effect the micro-addition of Ag, the alloy sample was tested against more
resistant pathogens. The contact test was carried out using P. aeruginosa and C. albicans. The
first mentioned pathogen is a well-known opportunistic bacterium that apart from causing
serious infections is known for its ability to form biofilms. The second pathogen is also
an opportunistic microorganism, being the yeast responsible for causing candidiasis. The
contact test results can be seen in Figure 5; these results show that the alloys were effective
against C. albicans and initially against P. aeruginosa. However, P. aeruginosa is a famous
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for its ability to form biofilms; this exopolysaccharide matrix isolates the bacteria from the
copper, allowing its growth.
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Figure 5. Contact test using C. albicans and P. aeruginosa on the surface of the alloys. All samples
were sanded down to 600 grit before the test to expose a fresh surface. * denotes significant statistical
difference in a one-sample t-test between the tested value and positive control, considering p ≤ 0.01.

To confirm that the alloys not only make the bacteria on their surfaces unviable but
also promote bacterial death, flow cytometry curves were obtained. Figure 6 shows the
flow cytometry results obtained for the alloy exposed to C. albicans marked with propidium
iodide (PI). Figure 6a shows the unmarked viable C. albicans, which presents a lower
intensity reading of PI; this indicates that the cells are still viable, with a peak of 5 in
fluorescence and more than 96% viability. After initial contact, as shown by the curve in
Figure 6b, there is a very pronounced decrease in viability and a very high PI count of
about 2 × 103; as a result, more than 94% of the cells lost their membrane integrity and
were therefore considered dead.

Figure 6c,d show the flow cytometry results obtained after 2 and 24 h of contact with
the pathogenic solution. These results show an initial increase in viable cells (at around 40%
in Figure 6c) and a further decrease (to 15%) in Figure 6d. At a certain point, the remaining
cells are no longer capable of replicating, leading to the low viable count seen in Figure 6d.

Due to the positive results in bacterial inhibition, the researchers also tested the alloy
against a virus. The chosen virus was the swine flu virus (H1N1), a subtype of influenza
and a model virus due its genetic diversity, human adaptation, pathogenicity, and antiviral
response.

To test the alloy, its surface was exposed to a viral solution. This solution was then
tested to determine the 50% tissue culture infectious dose (TCID50/mL) by infecting
monkey cells to determine the viral load remaining in the suspension.

The tissue culture was carried out with samples of the suspension after 1 min, 30 min,
and 2 h of exposure to the alloy surface. These results are shown in Figure 7, which shows
that after only one minute of contact, 90% of the viral load was decreased, and after 2 h,
99.999% of the viral load was eliminated.
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4. Discussion

Both silver and copper are known for their biocidal capabilities and potential as
antimicrobial surfaces [40–43]. Although the addition of silver is a consolidated strategy
for promoting the aesthetic and biocidal activity of copper, few studies evaluating the
micro-addition of this element to copper can be found in the literature [39]. This study
focused on the the micro-addition of Ag to copper to create Ag/Cu alloys.

Besides being a small addition (0.03 wt.%), this modification is enough to enhance
bacterial inactivation (Figures 1 and 5). The micro-addition of silver did not modify
the material’s morphological properties (Figure 2) but enhanced its corrosion resistance
(Figures 3 and 4) due to a slower release of Cu2+ ions from the alloy when compared
with pure copper. Initially, this may seem like an adverse modification as the ion release
occurring in the corrosion process is responsible for the biocidal activity of both copper and
silver. However, the slow but constant release of Cu2+ is enough to kill the pathogen on its
surface.

Flow cytometry results (Figure 6) confirmed these results, showing that the cells
remaining after the contact (Figure 6b) try to replicate, initially forming new vi-able cells
(Figure 6c). However, the slow and continuous release of copper ions from the alloy keeps
killing these new cells, which shows the importance of silver in the alloy’s composition.
Therefore, our biocidal and electrochemical results suggest that a slow release of Cu2+ due
to the presence of silver in the alloy improved the biocidal activity of the material.

These observations show that even in very small concentrations, the addition of silver
to copper can enhance its antimicrobial properties, even being able to inactivate model
viruses such as the H1N1 virus. This is a very important finding that has been brought
back into the limelight by the SARS-CoV-2 pandemic [44,45]. Despite the advances in
vaccine and antiviral treatments seen in recent years, there is still an urgent need for the
development of new antiviral agents including novel strategies for reducing viral exposure
from surfaces. The obtained results demonstrate the capacity of the studied alloy to be
used as an effective antimicrobial and antiviral surface.

These results show the importance of a slow and controlled release of copper ions that
ensure pathogen death even after long periods. If the exposure is very high and short, the
material will kill almost all pathogens, but if the ion release is not constant, the remaining
viable cells can replicate. Thus, slow release provoked by the micro-addition of silver
ensures a higher availability of ions in the long run (and a greater biocidal effect), thereby
keeping the material’s original properties longer, since the process of corrosion consumes
the material surface. Regarding the virus, in the first minute of contact, the alloys were
capable of reducing the viral load by 90%.

In summary, the addition of silver enhances the material biocidal effect and maintains
the product’s mechanical and visual aspects for longer. As this alloy is already fabricated in
many forms by metallurgic industries, it is a very compelling material to use as a biocidal
surface. In addition, the results show that a small addition of Ag is required to enhance the
material’s activity and the alloy’s properties.

5. Conclusions

The present study of the Ag/Cu alloy shows that even a small concentration of
silver can enhance the biocidal properties of copper while keeping the original material’s
mechanical properties. This alloy can slowly release copper ions in a controlled way
due to the silver’s ability to protect against copper corrosion, which promotes a constant
antimicrobial effect over time. The slow and constant release of Cu2+ ions ensures that
surviving pathogens are also inactivated and prevents their replication. The results of this
study demonstrate the importance of the slow and controlled release of ions in ensuring
long-lasting antimicrobial properties. The studied alloy was effective in inactivating the
model pathogens E. coli, S. aureus, and C. albicans, representing Gram-negative and -positive
bacteria and fungi. The alloy was also capable of inactivating the H1N1 virus in a matter of
minutes, showing its potential in pandemic scenarios [44,45]. This functional material is
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a compelling option as a biocidal surface due to its previously established fabrication in
various shapes and its low cost compared to other alloys with higher Ag contents.

Author Contributions: Conceptualization, S.P.V., D.S.P., R.A.G.S., M.R.S., V.T.S. and F.G.L.; methodol-
ogy, V.G.V., C.B.M., L.H.F.-J., C.G.B., P.X. and R.C.Z.; writing—original draft preparation, V.G.V. and
S.P.V.; writing—review and editing, A.P., S.P.V., D.S.P., M.R.S., V.T.S. and F.G.L.; visualization, M.R.S.,
V.T.S. and F.G.L. All authors have read and agreed to the published version of the manuscript.

Funding: This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de
Nível Superior—Brasil (CAPES)—finance code 001 and project no. 88887.505029/2020-00. This study
was also financed in part by Fundação de Amparo à Pesquisa do Estado de São Paulo—FAPESP,
grant numbers 2022/04262-9 and 2021/11443-7. The authors would also like to thank Embrapii CIM
Unity and Termomecanica for their financial support during the project.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare that they received materials from Termomecanica SA
to study the biocidal effects of the studied alloys. The outcome of this research does not benefit
the authors in any financial or political aspect. Additionally, the present paper is published with
authorization of the aforementioned company.

References
1. Grass, G.; Rensing, C.; Solioz, M. Metallic Copper as an Antimicrobial Surface. Appl. Environ. Microbiol. 2011, 77, 1541–1547.

[CrossRef]
2. Hood, M.I.; Skaar, E.P. Nutritional Immunity: Transition Metals at the Pathogen–Host Interface. Nat. Rev. Microbiol. 2012, 10,

525–537. [CrossRef] [PubMed]
3. Salgado, C.D.; Sepkowitz, K.A.; John, J.F.; Cantey, J.R.; Attaway, H.H.; Freeman, K.D.; Sharpe, P.A.; Michels, H.T.; Schmidt, M.G.

Copper Surfaces Reduce the Rate of Healthcare-Acquired Infections in the Intensive Care Unit. Infect. Control Hosp. Epidemiol.
2013, 34, 479–486. [CrossRef] [PubMed]

4. Caro-Lara, L.; Vargas, I.T.; Ramos-Moore, E.; Galarce, C.; Diaz-Droguett, D.; Pizarro, G.E. Enhancing the Contact-Killing Effect of
Copper by Surface Laser Texturing. J. Environ. Chem. Eng. 2022, 10, 108497. [CrossRef]

5. Rai, M.; Yadav, A.; Gade, A. Silver Nanoparticles as a New Generation of Antimicrobials. Biotechnol. Adv. 2009, 27, 76–83.
[CrossRef] [PubMed]

6. Cervantes, C.; Gutierrez-Corona, F. Copper Resistance Mechanisms in Bacteria and Fungi. FEMS Microbiol. Rev. 1994, 14, 121–137.
[CrossRef]

7. Wolrd Health Organization. Antimicrobial Resistance. Available online: https://www.who.int/en/news-room/fact-sheets/
detail/antimicrobial-resistance (accessed on 9 April 2023).

8. Lara, H.H.; Ayala-Nuñez, N.V.; Ixtepan-Turrent, L.; Rodriguez-Padilla, C. Mode of Antiviral Action of Silver Nanoparticles
against HIV-1. J. Nanobiotechnol. 2010, 8, 1. [CrossRef]

9. Durán, N.; Durán, M.; de Jesus, M.B.; Seabra, A.B.; Fávaro, W.J.; Nakazato, G. Silver Nanoparticles: A New View on Mechanistic
Aspects on Antimicrobial Activity. Nanomedicine 2016, 12, 789–799. [CrossRef]

10. Morones-Ramirez, J.R.; Winkler, J.A.; Spina, C.S.; Collins, J.J. Silver Enhances Antibiotic Activity Against Gram-Negative Bacteria.
Sci. Transl. Med. 2013, 5, 190ra81. [CrossRef]

11. Mitra, D.; Kang, E.-T.; Neoh, K.G. Antimicrobial Copper-Based Materials and Coatings: Potential Multifaceted Biomedical
Applications. ACS Appl. Mater. Interfaces 2020, 12, 21159–21182. [CrossRef]

12. Casey, A.L.; Adams, D.; Karpanen, T.J.; Lambert, P.A.; Cookson, B.D.; Nightingale, P.; Miruszenko, L.; Shillam, R.; Christian,
P.; Elliott, T.S.J. Role of Copper in Reducing Hospital Environment Contamination. J. Hosp. Infect. 2010, 74, 72–77. [CrossRef]
[PubMed]

13. Michels, H.T.; Noyce, J.O.; Keevil, C.W. Effects of Temperature and Humidity on the Efficacy of Methicillin-Resistant Staphylococcus
Aureus Challenged Antimicrobial Materials Containing Silver and Copper. Lett. Appl. Microbiol. 2009, 49, 191–195. [CrossRef]
[PubMed]

14. Unified Numbering System (UNS) for Copper and Copper Alloys Wrought Copper Alloys: Coppers (C10100-C15999). Available
online: https://www.unscopperalloys.org/wrought/coppers.php (accessed on 8 January 2024).

15. Termomecanica Rolled Products. Available online: https://www.termomecanica.com.br/EN/download/conteudo_tecnico/
Rolled_Products.pdf (accessed on 8 January 2024).

https://doi.org/10.1128/AEM.02766-10
https://doi.org/10.1038/nrmicro2836
https://www.ncbi.nlm.nih.gov/pubmed/22796883
https://doi.org/10.1086/670207
https://www.ncbi.nlm.nih.gov/pubmed/23571364
https://doi.org/10.1016/j.jece.2022.108497
https://doi.org/10.1016/j.biotechadv.2008.09.002
https://www.ncbi.nlm.nih.gov/pubmed/18854209
https://doi.org/10.1111/j.1574-6976.1994.tb00083.x
https://www.who.int/en/news-room/fact-sheets/detail/antimicrobial-resistance
https://www.who.int/en/news-room/fact-sheets/detail/antimicrobial-resistance
https://doi.org/10.1186/1477-3155-8-1
https://doi.org/10.1016/j.nano.2015.11.016
https://doi.org/10.1126/scitranslmed.3006276
https://doi.org/10.1021/acsami.9b17815
https://doi.org/10.1016/j.jhin.2009.08.018
https://www.ncbi.nlm.nih.gov/pubmed/19931938
https://doi.org/10.1111/j.1472-765X.2009.02637.x
https://www.ncbi.nlm.nih.gov/pubmed/19413757
https://www.unscopperalloys.org/wrought/coppers.php
https://www.termomecanica.com.br/EN/download/conteudo_tecnico/Rolled_Products.pdf
https://www.termomecanica.com.br/EN/download/conteudo_tecnico/Rolled_Products.pdf


Materials 2024, 17, 917 11 of 12

16. ISO 22196:2011; Measurement of Antibacterial Activity on Plastics and Other Non-Porous Surfaces. ISO (International Organiza-
tion for Standardization): Geneva, Switzerland, 2011.

17. JIS Z 2801:2010; Assessment of Antimicrobial Activity of Hard Non-Porous Surfaces. Japanese Standards Association: Tokyo,
Japan, 2010.

18. ASTM E1052-11; Standard Test Method to Assess the Activity of Microbicides against Viruses in Suspension. American Society
for Testing and Materials: West Conshohocken, PA, USA, 2020.

19. Hierholzer, J.C.; Killington, R.A. Virus Isolation and Quantitation. In Virology Methods Manual; Elsevier: Amsterdam, The Nether-
lands, 1996; pp. 25–46.

20. Krishna, S.; Miller, L.S. Host–Pathogen Interactions between the Skin and Staphylococcus Aureus. Curr. Opin. Microbiol. 2012, 15,
28–35. [CrossRef]

21. Ondusko, D.S.; Nolt, D. Staphylococcus Aureus. Pediatr. Rev. 2018, 39, 287–298. [CrossRef] [PubMed]
22. Odonkor, S.T.; Ampofo, J.K. Escherichia Coli as an Indicator of Bacteriological Quality of Water: An Overview. Microbiol. Res. 2013,

4, e2. [CrossRef]
23. Petkovsek, Z.; Elersic, K.; Gubina, M.; Zgur-Bertok, D.; Erjavec, M.S. Virulence Potential of Escherichia Coli Isolates from Skin and

Soft Tissue Infections. J. Clin. Microbiol. 2010, 48, 3462–3463. [CrossRef]
24. Shamim, S. Biosorption of Heavy Metals. In Biosorption; InTech: London, UK, 2018. [CrossRef]
25. Bondarczuk, K.; Piotrowska-Seget, Z. Molecular Basis of Active Copper Resistance Mechanisms in Gram-Negative Bacteria. Cell

Biol. Toxicol. 2013, 29, 397–405. [CrossRef]
26. Biswas, R.; Halder, U.; Kabiraj, A.; Mondal, A.; Bandopadhyay, R. Overview on the Role of Heavy Metals Tolerance on Developing

Antibiotic Resistance in Both Gram-Negative and Gram-Positive Bacteria. Arch. Microbiol. 2021, 203, 2761–2770. [CrossRef]
27. Giovanella, P.; Cabral, L.; Costa, A.P.; de Oliveira Camargo, F.A.; Gianello, C.; Bento, F.M. Metal Resistance Mechanisms in

Gram-Negative Bacteria and Their Potential to Remove Hg in the Presence of Other Metals. Ecotoxicol. Environ. Saf. 2017, 140,
162–169. [CrossRef]

28. Trajanovska, S.; Britz, M.L.; Bhave, M. Detection of Heavy Metal Ion Resistance Genes in Gram-Positive and Gram-Negative
Bacteria Isolated from a Lead-Contaminated Site. Biodegradation 1997, 8, 113–124. [CrossRef]

29. Murdoch, C.C.; Skaar, E.P. Nutritional Immunity: The Battle for Nutrient Metals at the Host–Pathogen Interface. Nat. Rev.
Microbiol. 2022, 20, 657–670. [CrossRef] [PubMed]

30. Paulsen, I.T.; Park, J.H.; Choi, P.S.; Saier, M.H. A Family of Gram-Negative Bacterial Outer Membrane Factors That Function in
the Export of Proteins, Carbohydrates, Drugs and Heavy Metals from Gram-Negative Bacteria. FEMS Microbiol. Lett. 2006, 156,
1–8. [CrossRef] [PubMed]

31. Zhevnenko, S.N.; Vaganov, D.V.; Podgornyi, D.A. Direct Method for Determining the Segregation in Silver-Copper Solid Solutions
Not Prone to Brittle Breakage of Grain Boundaries. J. Surf. Investig. X-ray Synchrotron Neutron Tech. 2011, 5, 683–686. [CrossRef]

32. Subramanian, P.R.; Perepezko, J.H. The Ag-Cu (Silver-Copper) System. J. Phase Equilibria 1993, 14, 62–75. [CrossRef]
33. Cao, W.; Chang, Y.A.; Zhu, J.; Chen, S.; Oates, W.A. Thermodynamic Modeling of the Cu–Ag–Au System Using the Cluster/Site

Approximation. Intermetallics 2007, 15, 1438–1446. [CrossRef]
34. Dey, S.; Gayathri, N.; Bhattacharya, M.; Mukherjee, P. In Situ XRD Studies of the Process Dynamics During Annealing in

Cold-Rolled Copper. Metall. Mater. Trans. A 2016, 47, 6281–6291. [CrossRef]
35. Heidelbach, F.; Wenk, H.-R.; Chen, S.R.; Pospiech, J.; Wright, S.I. Orientation and Misorientation Characteristics of Annealed,

Rolled and Recrystallized Copper. Mater. Sci. Eng. A 1996, 215, 39–49. [CrossRef]
36. Leslie, N.; Mauzeroll, J. Spatially Resolved Electrochemical Measurements. In Reference Module in Chemistry, Molecular Sciences and

Chemical Engineering; Elsevier: Amsterdam, The Netherlands, 2023.
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