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ABSTRACT

Non antimicrobial touch surface materials such as stainless steel can act as a medium for transmitting
microbes, leading to the increase of hospital-acquired infections and antibiotic-resistant microbes.
Copper can be used to replace the current non-antimicrobial touch surfaces, however, the high cost of
solid copper hampers copper from being the ideal choice. Therefore, stainless steel touch surfaces coated
with copper can become the option for a low cost yet effective alternative. In this study, electrodeposition
technique was used to coat copper on 304 stainless steel surface using 0.01 M CuSO, solution, at pH 1.
The electrodeposition process was done using chronoamperometry by applying —0.25 V vs. Ag/AgCl for
15 min. Morphological observation revealed that 304 stainless steel surface was uniformly coated with
compact and dense copper. EDAX analysis showed the composition of copper of 98.9 wt. %, ranging
in diameter from 60-90 nm grain size. Thickness of the coating was approximately 105.8 nm. The
antibacterial property of copper coating was analysed by both Gram negative E. coli and Gram positive
S. aureus. Results indicated that copper coating has excellent antibacterial behaviour in destroying both
bacteria. E. coli was more sensitive to the biocidal action of the copper coating of which 100 % reduction
was observed within 5 min of exposure. As for S. aureus, a 100% reduction was achieved only after 10

min of exposure.
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antimicrobial active material and formed biofilm. The microbes can persist for extended periods
of time, acting as microbes’ reservoir, multiplying their pathways of transmission (Dancer,
2004; Page, Wilson, & Parkin, 2009). Bacteria in biofilms are drastically more resistance
to antibiotics and external forces that withstand host immune response (Beech et al., 2002).
One of the solutions to curb the problem is by preventing bacterial adherence onto the solid
surface and inevitable stop the formation of biofilms. The use of copper in surface engineering
represents an attractive solution due to the broad-spectrum biocide activity of copper towards
microbes. Copper can inhibit growth of microbial biofilms by interacting with the thiol groups
of bacteria proteins and enzymes (Gant et al., 2007; Sierra et al., 2013; Warnes et al., 2010).

From the literature, copper and its alloy surfaces have been thoroughly investigated for their
antimicrobial activity both in laboratory and in clinical environment (Airey & Verran, 2007;
Casey et al., 2010; Cassandra et al., 2013; Champagne & Helfritch, 2013; Michels, Noyce, &
Keevil, 2009; Michels et al., 2005; Noyce, Michels, & Keevil, 2006; Ojeil et al., 2013; Schmidt,
Attaway, & Fairey, 2013). Research shows that microbes’ survival on many copper surfaces is
limited to just a few hours or even minutes compared to stainless steel (Airey & Verran, 2007;
Ojeil et al., 2013). The findings indicated that copper surface is a promising material to replace
the contemporary use of stainless steel surfaces in the hospital and healthcare environment,
since bacterial placed in contact with the dry copper surface suffered the great impact (Espirito
etal., 2011). However, the use of pure solid copper is expensive (Elguindi et al., 2011; Nejad
et al., 2013), and to replace the currently stainless steel touch surfaces with solid copper is
very costly. Hence, one way to address the issue of material cost is by modifying the stainless
steel surface with copper via coating process.

There are various techniques available for the copper-based coating process on the
substrates such as vapour deposition, ion implantation, sputtering, sol-gel and electrodeposition
(Alam et al., 2015; Daniel et al., 2009; Dorogov et al., 2015; Jakupi et al., 2015; Triantou et
al., 2015; Zhang, An, & Chang, 2009). Recently, numerous research was found focusing on the
development of processing methods for the fabrication of copper-based coating in achieving
the desired structural and functional coating properties for limiting bacterial adhesion and
biofilm formation (Cloutier, Mantovani, & Rosei, 2015; Palza, Delgado, & Curotto, 2015;
Sharifahmadian et al., 2013; Wan et al., 2007). Despite a lot of studies revealed the available
techniques to prepare good copper-based coating, only a few have discussed about the copper-
based coating prepared by the electrodeposition technique for antimicrobial purpose.

Electrodeposition is a less expensive and straight-forward method with an ability to
control the coating properties by effectively adjusting the experiment parameters such as
applied potential or current, deposition time, source of metal ions and concentration, pH of
the electrolyte solution, temperature, as well as nature of the substrate. This present work is
aimed at evaluating and comparing the antimicrobial efficacy of the copper coating prepared
by electrodeposition technique with stainless steel (SS304) towards E. coli (gram negative)
and S. aureus (gram positive) bacteria.
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METHOD

Substrate Preparation for Coating

The substrate used in this study is 304 stainless steel coupons (20 mm x 20 mm x 1 mm). Prior
to electrodeposition process, the substrate was polished with SiC paper from P800 to P4000
grit, followed by ultrasonically cleaned in acetone, subsequently rinsed with ultrapure water
and dried at room temperature. An adhesive tape was used to mask off of the substrate except
for 20 mm? area on which deposition was desired.

Electrodeposition of Copper on Stainless Steel Substrate

The electrodeposition process was performed via chronoamperometry method on the polished
304 stainless steel as a working electrode, platinum rod as a counter electrode and Ag/AgCl
as a reference electrode. All the three electrodes were immersed into 0.01 M Cu* ions (pH 1)
solution. The electrodeposition process was controlled using an Autolab Potentiostat (Aut302
FRA?2), and interfaced with a PC running NOVA software. The copper coating on the 304
stainless steel substrate was deposited by applying a constant potential at —0.25 V vs Ag/AgCl
for 15 min.

Characterisation of Copper Coating. The surface morphology images of the uncoated
and coated 304 stainless steel were examined using a Field Emission Scanning Electron
Microscope (FESEM, Carl Zeiss SMT Supra 40VP) at various magnifications. An electron
accelerating voltage of 5 kV was used to observe the morphology of the prepared samples.
The elemental composition and mapping of the coated 304 stainless steel were determined by
Energy Dispersive X-ray (EDAX). The control software (the Oxford INCA X-max 51-XMX
0021), equipped with FESEM, was used for EDAX analysis. Si(Li), cooled to cryogenic
temperature with liquid nitrogen, was used as detector to convert X-ray energy into voltage
signals. Thickness of the prepared coating was measured on at least three random areas by
Surface profiler (P-6).

Antibacterial Test. The antibacterial activity of the prepared samples was tested using intimate
contact cell suspension test but modified according to the standard method, JIZ S 2801/ ISO
22196. Two bacterial species, Gram negative (E. coli) and Gram positive (S. aureus) were
selected as the test bacteria. The tested bacteria were cultured in nutrient agar overnight at 37°C,
and then diluted in 10 mL of saline (0.9 % of NaCl) to become an optical density ODy nm of
0.05, which is equivalent to 107 cells/mL. Subsequently, bacterial suspension of approximately
10° cells/mL was prepared.

Copper coated stainless steel was sterilised by immersing in 95% ethanol for a few seconds,
and dried at room temperature before placing it on sterile 90 mm diameter Petri dishes. The
uncoated stainless steel substrate was also tested and used as a negative control. An amount
of 20 uL of the diluted bacterial suspension was added onto each substrate and covered with
a sterile glass cover slip in order to maintain the same contact area of suspension on each
tested substrate surface during the designated contact time, to monitor the reduction rate. All
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the plates were incubated at room temperature at the designated contact time (i.e., 0, 5, 10,
15, 20, 25, 30 min).

After incubation, the substrate was transferred to 10 mL of sterile phosphate-buffered saline
(PBS) for 10 s to dislodge the cover slip and suspend the surviving bacteria in the PBS solution.
100 pL aliquots of the bacterial suspension was evenly spread onto nutrient agar using a sterile
glass spreader and incubated overnight at 37°C. The number of colony forming units (CFUs),
resulting from the growth of the viable bacteria at 37°C kept overnight, was calculated using
colony counter, while reduction of exposure time of bacteria was measured. The percentage
of reduction was calculated according to the following formula [1]:

reduction, % (ﬂ) =%% v 100 B (1]
mi N,
Where, N, is the mean CFU/mL for the same substrate at 0 hour, and N, is the mean CFU/mL
from a test substrate after a designated contact time. Metal samples were removed immediately
after inoculation at zero time to determine the initial number of viable bacteria.

RESULTS AND DISCUSSION

The authors have successfully deposit the copper element onto the 304 stainless steel surface
area under the laboratory set condition of, V =-0.25 V vs Ag/AgCl and t = 15 min, in 0.01
M Cu* ions (pH 1) solution. Figure 1 shows chronoamperometric curve of the deposition of
copper onto the 304 stainless steel surface, coating the 304 stainless steel surface (inset image).
From the curve, the current density shows an abrupt decrease for a short time (i.e., 5 s) at the
beginning of the process. This behaviour indicates that the double layer charging of non-faradaic
current has occurred. Right after, a plateau current density was observed until the end of the
process indicates the nucleation growth of the copper, coating onto the stainless steel surface.
The inset picture in Figure 1 exhibits the entire 304 stainless steel substrate surface that was
soaked in the 20 mm? solution during electrodeposition process, was coated with smooth and
uniform red-brown colour copper.
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Figure 1. Chronoamperometric curve of copper coating formed on 304 stainless steel substrate at —0.25 V for
15 min. (Inset: visual observation of the coating produced on the exposed 304 stainless steel surface)
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Figure 2 shows the surface morphologies of the polished 304 stainless steel (Figure 2(a))
and copper coating produced on the 304 stainless steel surface at different magnifications
(Figure 2(b) and Figure 2(c)). Polishing the stainless steel surface produced a flat surface
structure with relatively minor grooves in the polishing direction. After the deposition process,
the 304 stainless steel surface was coated with uniform, compact and dense copper on the
entire exposed surface. At a higher magnification (Figure 2(c)), the coating with compact and
homogeneous grain structure was obviously seen, ranging in 60-90 nm diameter.

(a) (b (c)
Figure 2. SEM images of: (a) 304 stainless steel; (b) copper coating prepared on 304 stainless steel substrate
from 0.01 M CuSO4 solution (pH 1) at —0.25 V for 15 min at magnification: (b) 5000x%; and (c) 50000x

The EDAX analysis on the FESEM image of the copper coating (Figure 3) shows the
composition of copper and oxygen is 98.9 wt.% and 1.10 wt.%, respectively. This indicates
that the high percentage of copper deposited on the stainless steel surface comprises only of
a minor distribution of oxide content. From the mapping images (Figure 4), it can be seen
that a uniform distribution of the nano-grains copper (Figure 4(a)) on the entire exposed 304
stainless steel surface comprises only of a minor distribution of oxygen content (Figure 4(b)).
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Figure 3. The elemental composition of copper coating prepared on 304 stainless steel substrate analysed by
EDAX
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@ (b)

Figure 4. The EDAX elemental mapping of: (a) copper; and (b) oxygen present on the coating prepared on
304 stainless steel substrate from 0.01 M CuSO, solution (pH 1) at —0.25 V for 15 min

Proper adhesion of coating on a substrate is one of the very important factor for determining
the mechanical behaviour and performance of the coated components (Okamoto, Wang, &
Watanabe, 2004). Metallic films electrodeposited on the metal substrates are commonly thought
to have a favourable adhesive strength since the electrodeposited films are usually bonded with
substrates metallically, without any interruption from hydrogen evolution reaction during the
electrodeposition process. The adhesion quality of the copper coating on the stainless steel was
observed at the cross section image by FESEM. The cross section image (Figure 5) exhibits
well intact between coating and substrate. There are no voids or gaps in between the coating
and substrate. In addition, nano-sized grain structures have filled-up the vacancies, of which
the same condition is not possible via conventional micro-structure coating. The thickness of
the coating was about 105.8 nm.

Figure 6 indicates the reduction rate of viable bacteria within the designated contact time
under ambient room temperature. E. coli was more sensitive to the inhibitory action of the
copper coating (100% reduction within 5 min of exposure), whereas 100% reduction of S.
aureus was achieved only after 10 min of exposure. On the other hand, no obvious reduction of
viable bacteria on the 304 stainless steel surface was observed even after 30 min of exposure.
These findings strongly showed that copper coating has an excellent antimicrobial property
than stainless steel in which there is no sign of antibacterial activity against both the tested
bacteria. It is suggested that copper accumulation within the cell, cell death and DNA damage
assays that copper has lethal effects towards bacteria, as stated by Ibrahim et al. (2011). Thus,
stainless steel surface exerted no lethal effect.
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steel

Figure 5. A cross-section image of copper deposited on 304 stainless steel substrate from 0.01 M CuSO,
solution (pH 1) at —0.25 V for 15 min at 25°C
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Figure 6. Viable bacterial reduction rate with contact time duration of: (a) E. coli; and (b) S. aureus (note: SS
= Stainless steel; Cu-SS = Copper coated stainless steel)

Figure 7 and Figure 8 show the colony forming unit (CFU) on nutrient agar from different
contact time of viable E. coli and S. aureus, respectively. On the stainless steel surface, there
is no significant reduction of CFUs after 30 min of exposure. However, all the bacteria were
destroyed on the copper coating surface after 5 min of exposure for E. coli (Figure 7). For S.
aureus (Figure 8), fewer CFUs (which indicate more bacteria were destroyed) can be seen on
the copper coating after 5 min of exposure, but after 10 min of exposure, no CFUs indicate
that all the bacteria were completely perished.
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(a) (b) ()
Figure 7. Colony forming unit of viable E. coli after being in contact with: (a) stainless steel for 0 min; (b)
stainless steel for 30 min; and (c) copper coating for 5 min

(@ (b)

(©) (d)

Figure 8. Colony forming unit of viable S. aureus after being in contact with: (a) stainless steel for 0 min; (b)
stainless steel for 30 min; (c) copper coating for 5 min; and (d) copper coating for 10 min

CONCLUSION

Copper coating was successfully deposited on the 304 stainless steel substrate through the
electrodeposition technique for antibacterial applications. The copper coating showed good
surface coverage with uniform distribution of copper nano-grains on the 304 stainless steel
surface. In addition, the copper coating showed a very good and intact adhesion property on the
304 stainless steel based on the observation of cross section image by FESEM. Viable bacteria
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on the copper coating were killed in a short period of time compared to on 304 stainless steel.
E. coli was found to be more sensitive to the biocidal action of the copper coating (100%
reduction within 5 min of exposure), whereas 10 min of exposure was required for 100%
reduction of S. aureus. Thus, composition and grain size of copper coating play an important
role in conferring the antibacterial properties, while adhesion property is an important point
to ensure the durability of the coating.
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