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Abstract  

Transfer and growth of pathogenic microorganisms must be prevented in many areas such as the 

clinical sector. One element of transfer is the adhesion of pathogens to different surfaces and the 

purpose of the present study was to develop and investigate the antibacterial efficacy of stainless 

steel electroplated with a copper-silver alloy with the aim of developing antibacterial surfaces for 

the medical and health care sector. The microstructural characterization showed a porous 

microstructure of electroplated copper-silver coating and a homogeneous alloy with presence of 

interstitial silver. The copper-silver alloy coating showed active corrosion behavior in chloride-

containing environments. ICP-MS measurements revealed a selective and localized dissolution of 

copper ions in wet conditions due to its galvanic coupling with silver. No live bacteria adhered to 

the copper-silver surfaces when exposed to suspensions of S. aureus and E. coli at a level of 10
8
 

CFU/ml whereas 10
4
 CFU/cm

2
 adhered after 24 hours on the stainless steel controls. In addition, 

the Cu-Ag alloy caused a significant reduction of bacteria in the suspensions. The coating was 

superior in its antibacterial activity as compared to pure copper and silver electroplated surfaces. 

Therefore, the results showed that the electroplated copper-silver coating represents an effective 

and potentially economically feasible way of limiting surface spreading of pathogens. 
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1. Introduction 

Healthcare-associated infections (HCAIs) are one of the major causes of patient morbidity during 

hospitalization [1]. The European Centre for Disease Prevention and Control estimated that, on 

any given day in 2011-12, 81 089 patients were affected by HCAIs in European acute care 

hospitals, and the total annual number of patients with an HCAI was estimated at 3.2 million [2]. 

In 2014, 8% of the patients hospitalized for more than two days in an intensive care unit (ICU) in 

one of the 15 European countries reporting data, had at least one ICU-acquired healthcare-

associated infection [3]. In 2015, the percentage of patients affected by ICU-HCAIs increased to 

8.3% [4]. 

High frequency of HCAIs such as urinary tract infections, pneumonia, post-surgical 

complications is often associated with the use of invasive devices [1], but also a range of items 

including hospital furniture (bedrails, frames, door handles) can easily carry pathogenic 

microorganisms and be a vehicle of proliferation and transmission. Live bacteria adhere easily to 

different surfaces [5] and this can lead to the formation of structured and specialized bacterial 

communities (biofilms), which are often less sensitive to antimicrobial agents, such as 

disinfectants and surfactants. Thus, surfaces that minimize or even prevent bacterial adhesion 

could be a leading strategy in the control of HCAIs. 

Surface treatments with antibacterial activity are receiving increasing attention and scientific 

interest since this could be a way of limiting transfer of bacteria and other infectious agents. 

Copper surfaces appear to be one of the best candidates due to their inherent biocidal properties 

[6], [7], [8], especially in environments where normal sanitization techniques are not sufficient to 

control the presence (or proliferation) of microorganisms or when the pathogenic agents have 

developed resistance against the compounds used  [7], [9]. When exposed to dry air, copper will 
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be oxidized, however, this does not affect its biocidal properties, which makes it suitable for 

prolonged exposures under those conditions [10]. 

On the other hand, copper is also a fundamental trace element present in human body and it is 

necessary in a number of biological processes in most living organisms. More than 30 types of 

copper-containing proteins have been discovered as far [7]. 

The biocidal properties of copper are due to combination of several mechanisms that involve the 

redox couple Cu
+
/Cu

2+
 [8], [11]. Copper ions have the ability to cycle between Cu

2+
 and Cu

+
 at 

biologically relevant redox-potentials and Cu
+ 

is considerably more toxic to bacteria than Cu
2+ 

[6], [12]. Cu
+
 ions are Fenton active, i.e. they can generate highly reactive oxygen species (ROS) 

when the further oxidization from Cu
+
 to Cu

2+
 occurs, and ROS can cause peroxidation and 

oxidation of proteins [13], [14]. Free copper ions in high concentrations can also damage Fe-S 

clusters in metallo-proteins by occupying the metal site and therefore inactivating the protein 

[15]. In Escherichia coli, Fe-S clusters are specific target for copper toxicity, however, copper 

ions decrease oxidative DNA damage when E. coli cells were exposed to hydrogen peroxide  

[14], [15], [16]. Therefore, this suggests that in vivo copper ion toxicity in bacteria is not 

mediated by oxidative DNA damage and membrane proteins or membrane lipids are probably the 

major targets of copper toxicity [14], [16].  

Copper and copper alloys like bronze and brass are widely used in applications that foresee skin 

contact such as jewelry, electronics and hydraulic systems. Furthermore, copper or copper alloys 

items such as door knobs, bathroom fixtures, tables, armrests, etc., are already available on the 

market and had recently received more interest [6].  

One concern of such surface alloys could be the development of bacterial Cu-resistance and 

cross-resistance to antibiotics. It had been demonstrated [23] that especially resistant strains, such 
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as Gram-positive staphylococci and micrococci, Kocuria palustris, and Brachybacterium 

conglomeratum can survive on dry copper surfaces for 48 h or more. However, when these dry-

surface-resistant strains were exposed to moist copper surfaces, resistance levels were close to 

those of control strains. This suggested that resistance mechanisms against dry metallic copper 

differ from those responsible for defense against wet surfaces or dissolved copper ions. 

Furthermore, the investigated staphylococci did not exhibit increased levels of resistance to 

antibiotics [23]. 

Copper surfaces obtained by deposition of copper through cold spray exhibit high killing efficacy 

against methicillin-resistant  Staphylococcus aureus (MRSA) due to the copper microstructure 

that enhances the ionic diffusivity [24]. Both laboratory tests and clinical trials [25] have 

confirmed the superior effectiveness of copper alloys in killing bacteria when compared to 

components made of standard materials in hospital rooms (58% reduction in the infection rates). 

In vitro testing using the USA Environmental Protection Agency (EPA) approved testing 

protocols [26] have demonstrated the antibacterial efficacy of copper (I) oxide impregnated 

polymeric solid surfaces [10]. 

As for copper, the antimicrobial effect of silver has been known for centuries and silver is used as 

an antibacterial agent in different biomaterials such as urinary catheters, wound dressings and 

bone cement [27], [28], [29]. Also, silver has in vitro antimicrobial activity against MRSA [30]. 

Silver is inherently toxic to bacteria and it can inhibit bacterial growth by deactivation of 

membrane proteins, as Ag
+
 can bind to the thiol groups present in proteins [31]. However, silver 

and in particular silver nanoparticles due to their physicochemical properties, may also cause 

cytotoxicity and mitochondrial damage, although more targeted studies are still required to 

elucidate the role of mitochondrion in silver nanoparticles-induced toxicity [32]. 
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The antibacterial effects of silver and copper have led to several studies combining these two 

antimicrobial components. Thus, copper and silver ions in combination can inactivate Legionella 

pneumophila in water distribution systems [33] and multi-layer silver-copper surface films 

sputter-coated on polymers for urinary catheters are efficient against Pseudomonas aeruginosa 

biofilm formation [34]. Silver-copper alloys, best known as sterling silver (92.5 wt.% Ag and 7.5 

wt.% Cu), have been widely employed in jewelry and mint facilities, due to their superior 

strength conferred by the presence of copper [35]. However, copper-silver cast alloys with copper 

content between 50% and 94% [36] have only received limited attention, due to the limited solid 

solubility of the system (8.8 wt.% Cu in the silver-rich phase and 8.0 wt.% Ag in the copper-rich 

phase at the eutectic point), according to the copper-silver phase diagram [37]. 

However, one study has demonstrated that a copper-silver alloy with 10 wt.% Ag obtained by 

intermixing of copper and silver on stainless steel through laser cladding process had a higher 

biocidal activity against Escherichia coli as compared to the pure elements [38]. 

Based on the above studies, we decided to investigate the antibacterial potential of an 

electroplated copper-silver alloy coating. Electroplating is one of the predominant surface 

technologies in Europe that aim at enhancing or providing various substrates with wear and 

corrosion protection, electrical conductivity and self-cleaning properties. Electroplating links and 

comprises a number of different sectors, thus it is one of the most significant manufacturing 

branches in the European economy [39].  Electroplating on different low-cost bulk materials 

characterized by various and complicated shape is easily feasible especially in a large-scale 

production. In fact, a number of key industries employ electroplating for reasons of economical  

and/or convenience factors, although other methods such evaporation and sputtering CVD 

(chemical vapor deposition) are an option [40]. Moreover, this process allows a regenerative 
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design approach to recycle remaining coatings by stripping processes and further electroplate the 

items when the coating is worn off.    

The purpose of the present study was to develop an antibacterial electroplated copper-silver alloy 

coating for stainless steel. The coating microstructure, chemical and electrochemical nature was 

characterized in detail by scanning electron microscopy, energy dispersive X-ray spectrometry, 

X-ray diffraction analysis and potentiodynamic polarization in different electrolyte solutions. The 

antibacterial properties of the copper-silver alloy coating and the ion release were investigated 

through bacterial adhesion tests and inductively coupled plasma mass spectroscopy (ICP-MS). 

 

2. Materials and methods 

2.1. Materials 

The specimens were cut into 60×20×1 mm and 10×20×1 mm size coupons from AISI 316 and 

AISI 316L cold rolled sheet of steel having 2B surface finish, respectively. For the corrosion 

studies, cylindrical shape specimens were used according to ASTM G5-14 [41]. The chemical 

composition of AISI 316 and AISI 316L from supplier data sheet is presented in Table I. 

 

2.2. Surface preparation method 

The AISI 316 and AISI 316L specimens were electroplated at a current of 4 A dm
-2

 for 1 min in a 

commercially modified copper-silver bath at Elplatek A/S Galvanord. To achieve the desired 

layer thickness i.e. 10 ± 0.8 µm, this process was repeated four times on each specimen.  
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AISI 316L specimens were electroplated at a current of 5 A dm
-2

 for 10 min in a commercial 

acidic copper bath and at a current of 1 A dm
-2

 for 15 min in a commercial silver bath. Current 

density and time were chosen in order to achieve a coating thickness of 10 ± 0.5 µm. 

Prior to the electroplating process, the specimens were cathodically degreased in a cyanide bath 

keeping the voltage at 3 ± 0.5 V for 2 min followed by rinsing with deionized water. After the 

rinsing, an activation step for the stainless steel substrate through a Wood’s nickel strike was 

carried out at a current of 4.5 ± 0.5 A dm
-2

 for 2 min in order to ensure good adhesion between 

the electroplated coatings and the substrate. In the case of silver electroplating, a strike bath was 

performed at a current of 0.5 A dm
-2

 for 1 min to prevent immersion deposit and poor adhesion. 

2.3. Microstructural characterization 

2.3.1. Scanning electron microscopy and energy dispersive X-ray spectrometry 

The microstructure and the chemical composition of the copper-silver alloy coated specimens 

were analyzed by scanning electron microscopy (SEM) (JEOL JSM 5900 Instrument operated at 

13kV) which was equipped with Oxford EDS detector and Oxford Inca software. 

2.3.2. X-ray diffraction analysis  

The crystalline structure of the deposited layer was determined by using X-ray diffraction. 

Chromium radiation (Kα = 2.29 Å) was chosen with a step time of 576 s and the scanning was 

performed from 32° to 78° values of 2θ angles with steps of 0.060° θ. 

2.4. Potentiodynamic polarization  

Potentiodynamic polarization scans were recorded according to ASTM G5-14 standard test 

method with an ACM (GillAC) potentiostate. A saturated calomel electrode and an iridium-oxide 
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coated titanium electrode were used as reference and counter electrodes, respectively. The 

electrolytes used for polarization scans were EN 1811 artificial sweat media (NaCl 5.00±0.01 g/l, 

CH4N2O 1.00±0.01 g/l, CH3CHOHCOOH 940 ± 20 µl, DI H2O 900 ml, pH 6.5 at 19°C), 0.1 M 

Na2CO3 solution and phosphate-buffered saline buffer solution (PBS; Dulbecco A; Oxoid). Prior 

to the polarization scans, the OCP was monitored for 24 h. The measurements were performed on 

copper-silver alloy coated and AISI 316 specimens and conducted in replicas for consistency. 

2.5. Antibacterial test 

The bacterial adhesion to AISI 316L and copper-silver alloy coated coupons were tested using 

Staphylococcus aureus 8325 [42] and Escherichia coli MG1655 [43]. 

The bacterial adhesion to AISI 316L, pure copper, pure silver and copper-silver alloy 

electroplated coupons were tested using Staphylococcus aureus 8325 [42] 

The bacteria were revived from -80˚C storage and grown on Brain Heart Infusion (BHI) agar 

plates (Oxoid, CM1135) at 25˚C overnight. The bacteria were inoculated in BHI broth (Oxoid, 

CM1135) and grown for two days at 25˚C. Ten-fold serial dilutions were made and bacterial cells 

transferred to phosphate-buffered saline solution (PBS; Dulbecco A; Oxoid) to an initial level of 

approx. 10
6
 CFU/ml. In the test with the four different materials S. aureus at an initial level of 

approx. 10
7
 CFU/ml was used. 

The AISI 316L and copper-silver alloy coated coupons for testing with S. aureus and E. coli were 

cathodically degreased and sterilized by autoclaving. The AISI 316L, pure copper, pure silver 

and copper-silver alloy electroplated coupons (Fig. 1) live adherent bacteria for testing with S. 

aureus were sterilized by dry heat in order to avoid conditions for oxide formation on copper. 

Bacteria suspensions were added to sterile polystyrene tubes (Sterikin LDT; Bibby Sterin LDT; 

Stones; UK) containing the coupons and 2 ml of phosphate-buffered saline buffer solution (PBS; 
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Dulbecco A; Oxoid). The tubes were incubated at 25 °C for ½, 4 and 24 hours. The incubation 

time for the test with the four different materials against S. aureus was ½ hour only. 

Following the incubation time, the coupons were rinsed with 2 ml of sterile buffer solution and 

moved into new sterile tubes containing 2 ml of sterile buffer solution. These tubes were 

sonicated for 4 min at 25 °C (28-kHz, 2 × 150 W sonication bath, Delta 220, Deltasonic, Meaux, 

France) and vortexed at maximum speed for 15 s to further facilitate the detachment of bacteria 

from the surfaces [44]. The number of live bacteria attached on surfaces and the cell 

concentration in the suspension was determined by serial dilution and plating on BHI agar 

(Oxoid, CM1135) [45]. In order to enumerate the total number of live bacteria per unit of surface 

(CFU/cm
2
), CFU/ml

-1
 values were recalculated taking into account the area (4 cm

2
) and the 

volume of solution (2 ml).  

For S. aureus, the antimicrobial test above was also performed with an initial diluted culture of 

10
8
 CFU/ml in PBS and an initial diluted culture of 10

6
 CFU/ml in growth medium, BHI. 

Experiments with AISI 316L and copper-silver coated coupons against S. aureus and E. coli 

included technical triplicates and all experiments were conducted in three biological replicates.  

2.6. Ion release analysis and pH measurement 

The instrument used to perform the ICP-MS analysis of copper and silver ion release was an 

ICAPq ICPMS (Thermo, Fisher Scientific GmbH, Bremen, Germany). The analysis was 

performed using the isotopes 
63

Cu and 
107

Ag, respectively, and was done using KED mode with 

helium as cell gas. External calibration with matrix matched calibrants and internal 

standardization (
103

Rh) was done for the quantification and a x100 dilution with milli-q water was 

carried out prior to the analysis. The bacterial (S. aureus) suspensions of PBS and BHI media 

where copper-silver alloy coated coupons were tested ½, 4 and 24 hours, respectively, were 0,2 
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µm filtered and stored at -20 °C prior the analysis. PBS and BHI sterile solutions were analyzed 

as controls. The pH measurement of the test suspensions were carried out with a Radiometer 

PHM 95 pH/Ion-Meter calibrated before each set of measurement. 

2.7. Statistical analysis 

Bacterial cell numbers were log transformed and the average values among the triplicates of 

copper-silver coated and stainless steel coupons were calculated for each testing time. Statistical 

significance (P < 0.05) of the difference between the two surfaces was tested using the t-test. 

Numbers of live bacteria attached on surfaces and suspended bacteria in the testing solutions 

were compared by testing for the equality of the means assuming equal or unequal variance 

following the F-test. 

 

3. Results and Discussion 

3.1. Microstructural characterization 

3.1.1. Surface morphology, composition and cross-sectional analysis of copper-silver 

surfaces  

The surface morphology of the copper-silver alloy coating showed a rather uniform globular 

microstructure characterized by a marked distributed porosity in comparison with the stainless 

steel AISI 316 substrate (Fig. 2), which displayed a grain morphology typical of a 2B finished 

steel surface [46]. 

The deposition of the copper-silver alloy took place on grains and grain boundaries and the 

coating growth showed columnar morphology while the intrinsic porosities were present in 

between the columns (Fig. 3). 
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The presence of grooves and flat areas (marked in Figs. 3a and 3b) represents an artifact 

generated during the mechanical polishing of the coated surface. The cross-sectional analysis of 

the coating (Fig. 3c) showed that the porosities present at the coating surface did not penetrated 

down to steel substrate and  the coating was well adherent with the steel substrate at microscopic 

scale. The composition of the copper-silver coating was 59±2 wt. % of copper and 39±2 wt. % of 

silver, as displayed by the surface EDS analysis (Fig. 3d). 

Since the exposed area of the copper-silver alloy coating was larger with respect to a non-porous 

flat surface, bacteria that meet the surface would face a higher net contact with copper and silver. 

In fact, the surface roughness also influenced the contact killing [6] and it was demonstrated [47] 

that rough electroplated copper surfaces were more antibacterial than polished or rolled copper, 

since the release of copper ions per time was higher. 

In addition, an aqueous layer could be more easily retained at the surface due to capillary forces 

[48] and in such wet conditions, a galvanic cell would be established between copper and silver 

in the electroplated deposit. Consequently, the morphological features of the copper-silver alloy 

coating could play a key role in its antiadhesive and antibacterial properties. 

3.1.2. Phase analysis of copper-silver surfaces 

The X-ray diffractogram of the copper-silver alloy coating detected  Ag (111) and Ag (200) 

peaks at near 38° and 45° angle (blue dotted lines) (Fig. 4). 

There were two characteristic peaks at 42° and 49° (marked by the red solid line) corresponding 

to the crystallographic directions of Cu (111) and Cu (200), respectively.  These peaks were 

shifted towards lower angles in comparison with the position of the characteristic peaks of pure 
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copper (marked by the red dashed line) suggesting that a certain amount of silver atoms had 

entered the copper crystal lattice and therefore had warped the unit cell, causing the observed 

shift of the diffraction peaks. The variation of the lattice parameters is estimated to approx. 2% 

according to the multiplying factor used by DIFFRACT.EVA software to simulate an isotropic 

dilatation of the crystal lattice [49]. 

The two elements were not expected to be soluble at room temperature according to the copper-

silver phase diagram [37], however it has been reported [50] that the atomic solubility of silver 

atoms in bulk copper resulted of about 0.08 atom% at room temperature. Therefore, on the base 

of the present x-ray diffraction analysis, the copper-silver alloy coating can be defined as a 

homogenous mixture (alloy) of the two metals where a small amount of Ag atoms had diffused 

into the copper crystal structure. 

3.2. Individual thermodynamic behavior of copper and silver  

Potential-pH diagrams (Pourbaix diagrams) allowed a thermodynamic evaluation of the behavior 

of metals in aqueous environments at different electrochemical conditions. Here, the diagrams 

were calculated by means of HSC Chemistry software [51] for pure copper and pure silver in 

three different environments which resembled the solutions of interest: EN 1811 artificial sweat, 

phosphate-buffered saline buffer solution (PBS; Dulbecco A; Oxoid) (Fig. 5) and 0.1 M Na2CO3 

(Fig. 6). 

The purpose was to provide the experimental polarization measurements with a thermodynamic 

basis, which gave information about regions of metal stability, oxide formation and metal 

dissolution at potential and pH of interest. The calculated diagrams showed that around neutral 

pH conditions 7±0.5  a protective AgCl layer was likely formed on silver in a chloride-containing 

environment above 250 mV (Figs. 5a and 5b) and Cu was dissolved in the form CuCl2
-
 between 
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100 and 400 mV (Figs. 5c and 5d). However, in presence of a solution containing 0.1 M Na2CO3, 

the pH raised up to 11. Under these strong alkaline pH conditions at 100 mV, silver (Fig. 6a) 

remained in its stability region, whereas Cu2O and CuO formed on the copper surface (Fig. 6b). 

In dry environmental conditions the formation of Cu2O was favored, while in humid conditions 

during long aging periods CuO was formed [6], [10]. In addition, it was reported [52] that the 

presence of chloride ions shifted the formation of Cu2O to more alkaline pH. Cuprous oxide 

showed the same antibacterial efficacy as pure copper, while cupric oxide exhibited much slower 

antibacterial killing [6], [10] and this was correlated to the higher solubility of Cu2O, i.e. higher 

ionic release, as compared to CuO. Therefore, this suggested that the long exposure of copper to 

humid atmosphere would reduce its antibacterial activity due to the formation of CuO. 

Under oxidizing conditions or at high pH above 500 mV silver oxides would form and it has been 

suggested [6] that AgO was probably main responsible of observed antimicrobial effect of silver, 

since it has high solubility, even greater than Cu2O. 

3.3. Polarization behavior of copper-silver surfaces 

The anodic behavior of AISI 316 and copper-silver alloy coating was studied in different 

electrolytes i.e. EN 1811 artificial sweat media, 0.1 M Na2CO3 solution and phosphate-buffered 

saline buffer solution (PBS), respectively (Fig. 7). 

In all the electrolytes, AISI 316 displayed its typical passive nature. However, the change in the 

type of electrolyte shifted the corrosion potential values, i.e. +20 mV (vs. SHE) for artificial 

sweat, -100 mV (vs. SHE) for 0.1 M Na2CO3 and -75 mV (vs. SHE) for PBS.  A similar 

phenomenon was also observed for the copper-silver alloy coating where the corrosion potential 

was +80 mV (vs. SHE) for artificial sweat, +100 mV (vs. SHE) for 0.1 M Na2CO3 and +50 mV 

(vs. SHE) for PBS. Overall, the corrosion potential values for copper-silver alloy coating 
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exhibited higher shift towards the noble side when compared to stainless steel, regardless of 

electrolyte type. The copper-silver alloy coating showed active behavior by exhibiting higher 

values of anodic current density when compared to stainless steel surface. In contrast, the copper-

silver alloy coating showed passive nature in 0.1 M Na2CO3 solution and lower anodic current 

density values when compared the chloride-containing environments (artificial sweat and PBS). 

The higher anodic current density of the copper-silver alloy coating in comparison with stainless 

steel was probably due to the presence of copper, which speeded up the corrosion rate. On the 

other hand, the copper-silver alloy coating displayed a higher corrosion potential than stainless 

steel and this was likely because silver possessed higher cathodic potential than stainless steel. 

Moreover, the natural formation of the protective chromium oxide on the stainless steel surface 

conferred it the typical passive nature [53].    

In accordance with previous studies [54], [55] and consistent with the calculated Pourbaix 

diagrams (Figs. 5c and 5d), potentiodynamic polarization tests confirmed that copper dissolved 

from the surface of the coating in presence of a chloride-containing environments as the more 

toxic Cu
+
 [12] in the form of soluble cuprous chloride ion complex CuCl2  .  

Therefore, since the formation of copper oxides responsible for a passivation state was prevented 

in presence of chlorides at pH near neutrality, the corrosion rates increased in comparison with 

the case of 0.1 M Na2CO3 solution. In the latter case, a passivation state was likely reached due to 

the formation of copper oxide at potentials greater than 100 mV (Fig. 6b). 

3.4. Bacterial adhesion and survival to copper-silver alloy coating and AISI 316L 

3.4.1. Antibacterial effect against S. aureus 
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S. aureus, at a level of 10
6
 CFU/ml buffer, adhered to the AISI 316L coupons at a level of 10

4
 

CFU/cm
2
 whereas the number on the copper-silver alloy coated coupons was lower than 10 

CFU/cm
2
 (Table II). 

The differences were, at all time points, statistically significant (P = 0.0001). The copper-silver 

alloy surfaces maintained its efficacy in repelling the attachment of live bacteria when the initial 

concentration of S. aureus culture was approx. 10
8
 CFU/ml (Table II). The difference in numbers 

of bacteria was, again, clearly statistically significant (P = 0.0004).  

The antibacterial effect of the copper-silver alloy coating was less pronounced when S. aureus 

was allowed to grow in BHI broth during attachment. The number of live adherent bacteria on 

the copper-silver alloy surfaces and the AISI 316L was initially approx. 10
2 

and 10
3
 CFU/cm

2
 

respectively. The number of live adherent bacteria increased from approx. 10
2
 CFU/cm

2
 to 10

5
 

CFU/cm
2
 on the copper-silver alloy surfaces over 24 hours and the number on the stainless steel 

controls was constantly 1-2 log units above (Table II). The difference in numbers of live adherent 

bacteria on the two types of surfaces was not statistically significant (P = 0.522). 

The numbers of S. aureus decreased from 10
6
 CFU/ml to 10

2
 CFU/ml in the PBS suspension in 

the presence of copper-silver alloy coupons whilst remaining constant where the AISI 316L 

coupons were immersed (P = 0.042) (Table III). 

 

There was a slight decrease in S. aureus numbers in BHI broth in the presence of copper-silver 

alloy coated coupons as compared to the AISI 316L (Table III) but this was not statistically 

significant (P = 0.963). 
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S. aureus, at an initial level of 10
7
 CFU/ml buffer, adhered to the AISI 316L and silver coupons 

at a level of approx. 10
5
 CFU/cm

2
 whereas the number on the copper coupons was approx. 10

3
 

CFU/cm
2
 and on the copper-silver alloy coated coupons was lower than 10 CFU/cm

2
 after 30 

minutes (Table IV). These results confirmed that metallic silver is not antibacterial in test 

conditions where the silver ions release is not occurring, as it can be seen from the Pourbaix 

diagram (Fig. 5) and as stated previously [6]. On the other hand, copper had antibacterial activity 

with approx. two-log reduction in S. aureus attachment compared to stainless steel. The copper-

silver alloy coating had the highest antibacterial efficacy in these test conditions, with approx. a 

four-log reduction after 30 minutes of exposure to S. aureus.  

3.4.2. Antibacterial effect against E.coli 

E.coli, at a level of 10
6
 CFU/ml buffer, adhered to the AISI 316L surfaces at a level of approx. 

10
2
 CFU/cm

2
 whereas the number on the copper-silver alloy coated coupons was lower than 10 

CFU/cm
2
 (Table V). 

A similar investigation [38] reported in literature has demonstrated the high antibacterial activity 

of a CuAg clad alloy (with 10 wt.% Ag) against E. coli with six logs reduction in 180 min 

through wet plating testing [56], which was followed by pure copper (4 log reduction), silver and 

stainless steel that did not exhibit significant antimicrobial effect [38].  

Even though the initial cell concentration was not indicated in the study [38], our results 

confirmed the reported findings within a six-time lower exposure time, as we observed a six logs 

reduction within 30 minutes. These results suggests that the killing activity of the copper-silver 

alloy electroplated coating may be faster than the CuAg clad alloy. 

Besides, the study [38] addressed that the increased antimicrobial properties of the CuAg clad 

alloy may be primarily due to the higher release of copper ions, which in turn is governed by the 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

19 

 

surface electrochemistry. This also explained the faster efficacy observed in the copper-silver 

alloy electroplated coating, since the higher amount of silver in the coating (approx. 40 wt.%) 

increased the cathodic and anodic areas ratio, which controlled the speed of the anodic reaction. 

Moreover, the electroplated copper-silver surface  had a higher roughness (Fig. 2 and 3), which 

increased the bacteria-metal contact area and the release of copper ions per time [6], [47], [57]. 

The numbers of E.coli decreased from 10
6
 CFU/ml to approx. 10

3
 CFU/ml in the PBS suspension 

in the presence of copper-silver alloy coupons whilst remaining constant where the AISI 316L 

coupons were immersed, but the difference in numbers was not statistically significant (P = 

0.221) (Table V).  

3.5 Ion release and pH variation during the bacterial adhesion tests 

Copper ion concentration in the PBS suspensions where the copper-silver alloy coated coupons 

were immersed with an initial concentration of S. aureus of approx. 10
6
 CFU/ml increased over 

time and reached 3,500 µg/l after 24 hours (Table VI). 

When the initial concentration of S. aureus culture was 10
8
 CFU/ml, the copper ion concentration 

was significantly increased and reached a level of almost 88,000 µg/l after 24 hours. This can be 

attributed to the higher bacterial load but also to the media carry-over from the initial diluted 

bacterial suspensions.  

Copper ions in aqueous solutions easily form coordination compounds with organic species such 

as proteins and carbohydrates, therefore medium composition and pH influences greatly the 

sensitivity of bacteria towards copper ions [58].  

Under the same conditions, the release of silver ions was negligible compared to copper (Table 

VI) in accordance with previous results [38]. From the stainless steel controls, the release of 
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copper ions was lower but in the same order of magnitude in comparison with the copper-silver 

alloy coated surfaces immersed in suspension with the initial concentration of S. aureus of 

approx. 10
6
 CFU/ml (Table VI). We did not expect copper ion release from the stainless steel, 

however copper is often added to stainless steel during the metallurgical process in order to 

enhance its resistance to corrosion (increase the pitting potential) [59], even if not always 

indicated by the supplier, as in the present case. 

Copper ion concentration in the BHI suspensions with an initial concentration of S. aureus of 

approx. 10
6
 CFU/ml increased over time with values in between the concentrations measured in 

the PBS suspensions. In this case, the ion release increased to almost 49,000 µg/l after 24 hours 

and the release of metal ions from the stainless steel controls was negligible (Table VI). The 

presence of complex medium speeded up the release of copper ions compared to the buffer 

solution with the same initial cell concentration (Table VI). 

The pH increased linearly from 7.3±0.1 to 7.7±0.1 over the 24 hours where the copper-silver 

alloy coated coupons were immersed in buffer with S. aureus.  In contrast, pH remained stable at 

about 7.3±0.1 in buffer with stainless steel surfaces emerged (Table VII). 

The pH of the BHI suspensions were lower and no significant difference was between the 

copper-silver surfaces and the stainless steel was observed after ½ hour and 4 hours (Table VII). 

After 24 hours, the pH increased in both the stainless steel and the copper-silver suspensions, but 

more markedly in the latter. 

The concentration of copper ions increased in all the suspensions, whereas in comparison silver 

was released only in negligible amounts. This further indicates that in presence of a chloride-

containing environment silver is protected by the selective corrosion, i.e. dissolution, of copper 

induced by the galvanic coupling. The increase of pH in the PBS suspensions was probably due 
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to the progressive precipitation of CuCl2¯ (Figure 5c and 5d) following the overtime dissolution 

of copper ions. Therefore, the shift towards a more alkaline environment could add a further 

damaging effect to the biocidal action of the copper ions. 

The charged amino acids of the meat extracts in BHI, acting as cation “sink,” could have reduced 

the amount of free ions accessible to bacteria and the ions complexation could have also 

maintained the pH of the suspension more stable to lower values, protecting in this way the 

bacteria in their growing environment [60]. 

4. Conclusions 

In this study, an electroplated copper-silver alloy coating was developed and characterized in its 

microstructure, chemical and electrochemical nature. The copper-silver alloy coating (59±2 wt. 

% Cu and 39±2 wt. % Ag) had a significant antibacterial effect against S. aureus and E. coli as 

compared to AISI 316L stainless steel. The coating was also superior in antibacterial activity 

against S. aureus when compared to pure copper electroplated surfaces.  

The electrochemical mechanism, the copper and silver areas ratio and the porous microstructure 

were believed responsible. In presence of a chloride-containing environment, bacteria would be 

exposed to metallic copper at the interface, Cu
+
 ions in the surroundings and metallic silver 

where the pH raises locally. Therefore, the galvanic coupling would allow the copper-silver alloy 

electroplated coating to maintain its antibacterial efficiency in the intended working conditions. 

The electroplated copper-silver alloy coating could therefore be an effective coating solution for 

reasons of economy and convenience in the burdensome struggle against the proliferation and 

transmission of pathogens in hospitals and intensive care units. However, further investigations 

are required to assess the behavior of the coating in dry environmental conditions and the kinetics 

of the bacterial inactivation.  
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Tables 

Table I. The chemical composition of AISI 316 and AISI 316L from the supplier (LGM) data 

sheet. 

EN10088-0 W.nr. ASTM C. % Max Cr. % Ni. % Mo. % 

X5CrNiMo17-12-2 1.4401 316 0.07 16.50-18.50 10.00-13.00 2.00-2.50 

X2CrNiMo17-12-2 1.4404 316L 0.03 16.50-18.50 10.00-13.00 2.00-2.50 
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Table II. Attachment of S. aureus to copper-silver alloy coated and uncoated stainless steel AISI 

316L surfaces. Numbers are mean values ± standard deviations of six total biological replicates 

performed in two technical replicates. LOD = limit of detection (1 CFU). 

 

  

Dilution 

media 

Average 

initial cell 

concentration 

Log (CFU  

ml
-1

) 

 

 

 

Time 

(h) 

Attachment (Log (CFU cm
-2

) ) of S. aureus 

copper-silver AISI 316L 

PBS 6.3 ± 0.5 

0.5 0.7 ± 1.0 3.9 ± 0.1 

4 <LOD 4.4 ± 0.1 

24 <LOD 4.1 ± 0.0 

PBS 8.1 ± 0.3 

0.5 0.7 ± 0.5 4.9 ± 0.2 

4 0.3 ± 0.4 5.8 ± 0.1 

24 0.1 ± 0.2 6.5 ± 0.2 

BHI 

broth 
6.6 ± 0.1 

0.5 2.5 ± 0.4 3.2 ± 0.2 

4 2.6 ±1.1 4.1 ± 0.0 

24 5.8 ± 0.3 6.8 ± 0.3 
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Table III. Survival of S. aureus in suspension with copper-silver alloy coated and uncoated 

stainless steel AISI 316L surfaces. Numbers are mean values ± standard deviations of three 

biological replicates each performed in two technical replicates. *Only three replicates were 

considered. LOD = limit of detection (1 CFU). 

  

Dilution 

media 

Average 

initial cell 

concentration 

Log (CFU  

ml
-1

) 

 

 

 

Time 

(h) 

Survival Log (CFU ml
-1

) of S. aureus in suspension 

copper-silver AISI 316L 

PBS 6.3 ± 0.5 

0.5 3.6 ± 2.9 6.4 ± 0.0 

4 0.8 ± 1.1 6.2 ± 0.0 

24 0.9 ± 1.3 5.8 ± 0.1 

PBS 8.1 ± 0.3 

0.5 6.7 ± 0.5 7.6 ± 0.1 

4 3.5 ± 1.0 7.3 ± 0.6 

24 2.0 ± 0.3 8.0 ± 0.1 

BHI 

broth 
6.6 ± 0.1 

0.5 6.6 ± 0.1 6.5 ± 0.0 

4 7.2 ± 0.2* 6.7 ± 0.6 

24 8.6 ± 0.1 9.3 ± 0.1 
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Table IV. Attachment of S. aureus to pure copper, pure silver, copper-silver alloy electroplated 

and uncoated stainless steel AISI 316L surfaces. Numbers are mean values ± standard deviations 

of three biological replicates. 

  

Initial cell 

concentration 

Log (CFU  ml
-1

) 

Time (h) 

Attachment (Log (CFU cm
-2

) ) of S. aureus 

AISI 316L copper silver copper-silver 

7.3 0.5 4.7 ± 0.1 2.5 ± 0.7 4.9 ± 0.1 0.1 ± 0.1 
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Table V. Attachment of E. coli to copper-silver alloy coated and uncoated stainless steel AISI 

316L surfaces and survival in suspension. The average initial cell concentration was 5.8 Log 

(CFU ml
-1

). Numbers are mean values ± standard deviations of three biological replicates. LOD = 

limit of detection (1 CFU). 

 

  

 

 

 

Time (h) 

Attachment and survival of E. coli on surfaces and in suspension  

copper-silver AISI 316L 

Adhesion 

Log (CFU cm
-2

) 

Suspension 

Log (CFU ml
-1

) 

Adhesion 

Log (CFU cm
-2

) 

Suspension 

Log (CFU ml
-1

) 

0.5 <LOD 5.6 ± 0.1 2.5 ± 0.5 5.6 ± 0.0 

4 <LOD 4.6 ± 0.2 2.7 ± 0.2 5.7 ± 0.0 

24 <LOD 3.4 ± 0.7 2.5 ± 0.4 5.0 ± 0.3 
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Table VI. Copper and silver ion concentrations released in PBS and BHI by the copper-silver 

alloy electroplated surfaces and the stainless steel controls at the different times measured by 

ICP-MS. Sterile (PBS and BHI) and filtered media that had been in contact only with bacteria 

were also tested as further controls. 

  

Material 

Average 

initial cell 

concentration 

Log (CFU ml
-

1
) 

Metal ions concentration [µg  l
-1

] 

after ½ hour after 4 hours after 24 hours 

Cu  Ag  Cu  Ag  Cu  Ag  

Copper-silver  

6.3 ± 0.5 

3041 9 3108 15 3539 11 

AISI 316L  1749 <5 2168 <5 3236 13 

PBS filtered     220 <5 

PBS sterile     169 <5 

Copper-silver  

8.1 ± 0.3 

80511 29 87954 70 87789 31 

AISI 316L  2264 <5 3567 <5 3931 <5 

PBS filtered     387 <5 

PBS sterile     174 <5 

Copper-silver  

6.6 ± 0.1 

13994 7 41201 13 48648 26 

AISI 316L  <10 0 139 <5 <10 <5 

BHI filtered     <10 <5 

BHI sterile     <10 <5 
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Table VII. Values of pH measured in PBS and BHI where the copper-silver alloy electroplated 

surfaces and the stainless steel controls were tested at the different times. The pH was also 

measured in sterile (PBS and BHI) and filtered media that had been in contact only with bacteria. 

 

 

  

Material Average initial cell 

concentration Log 

(CFU ml
-1

) 

pH 

after ½ hour after 4 

hours 

after 24 

hours 

Copper-silver  

6.3 ± 0.5 

7.3±0.1 7.5±0.1 7.7±0.1 

AISI 316L  7.3±0.1 7.3±0.1 7.3±0.1 

PBS filtered   7.2±0.1 

PBS sterile   7.2±0.1 

Copper-silver  

8.1 ± 0.3 

7.2±0.1 7.3±0.1 7.7±0.1 

AISI 316L  7.2±0.1 7.2±0.1 7.2±0.1 

PBS filtered   7.2±0.1 

PBS sterile   7.2±0.1 

Copper-silver  

6.6 ± 0.1 

6.1±0.1 6.1±0.1 6.5±0.1 

AISI 316L  6.1±0.1 6.1±0.1 6.2±0.1 

BHI filtered   6.1±0.1 

BHI sterile   6.9±0.1 
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List of figure captions 

Fig. 1. From left to right: copper electroplated coupon, silver electroplated coupon, AISI 316L 

coupon and copper-silver alloy electroplated coupon after sterilization by dry heat. 

Fig. 2. Scanning electron microscopy of uncoated (a) and copper-silver coated (b) AISI 316 at 

2000× magnification. 

Fig. 3. Scanning electron microscopy of copper-silver coating. The same area was captured at 

different magnifications: 4000× (a) and 6000× (b). Cross-section of the copper-silver coating 

electroplated on AISI 316 substrate (1000× magnification) (c). Scanning electron microscopy and 

energy dispersive x-ray spectrometry on the inspected copper-silver coated plate (d). 

Fig. 4. XRD diffractogram of copper-silver coating. Cu (111) and (200) peaks were marked by a 

red solid line, instead the Cu (111) and (200) peaks representative of pure Cu were marked with a 

dashed red line. Ag (111) and (200) peaks were marked with a blue dotted line [49]. 

Fig. 5. Pourbaix diagrams (E-pH) of (a), (b) pure silver and (c), (d) pure copper (Cl
—

H2O system 

at 25 °C) in the presence of 5 g/l of NaCl correspondent to the artificial sweat solution (a), (c) and 

8 g/l of NaCl correspondent to phosphate-buffered saline buffer solution (b), (d). 

Fig. 6. Pourbaix diagrams (E-pH) of (a) pure silver and (b) pure copper (Cl
—

H2O system at 25 

°C) in the presence of 0.1 M Na2CO3 solution. 

Fig. 7. Polarization curves of copper-silver coated AISI 316 and AISI 316 specimens tested in 

EN 1811 artificial sweat, and 0.1 M Na2CO3 solution and phosphate-buffered saline buffer 

solution. Potential (mV) values in ordinate are recalculated against the standard hydrogen 

electrode (SHE).  
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Fig. 1  
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Fig. 2.   
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Fig. 3.  
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Fig. 4.   
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Fig. 5.   
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Fig. 6.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

45 

 

 

Fig. 7.  
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Highlights 

 Development of an electroplated copper-silver alloy coating for stainless steel. 

 Demonstration of the antibacterial properties of the copper-silver alloy coating. 

 Dissolution of copper ions is controlled by the galvanic coupling with silver. 
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