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Hospital Associated Infections (HAI) are the most common complication 
of hospital care and one of the top 10 leading causes of death in the USA as 
reported by The Agency for Healthcare Research and Quality [1]. The most 
common pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsi-
ella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and 
Enterobacter spp), commonly known as the ESKAPE pathogens, are the 
leading causes of HAIs. Contracting a HAI can often lead to increased morbid-
ity and can have a devastating effect on physical, mental, and financial health. 
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In addition to this, HAIs cost the healthcare system billions of 
dollars a year in added expenditure. Recent research suggests 
that a growing number of HAIs are caused by pathogens that 

have become resistant to the antimicrobial medications typi-
cally used to control them. [2] The US Center for Disease Con-
trol and Prevention identifies that nearly 1.7 million hospital-
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ized patients annually acquire HAIs while being treated for 
other health issues, and that more than 98,000 patients (1 in 
17) die due to these. [3] 

This paper presents a protective nano-structured coating 
with the capability to rapidly kill microbes and pathogens, re-
sulting in a self-sanitizing surface which can be applied to high 
contact areas throughout hospital and healthcare settings. 

The patentend iC-nano™, Infection Control via Nanotech-
nology, material can be applied to both 2D and 3D surfaces. 
This work focuses on the technology when applied to obser-
vation machines in patient rooms, out-patient check-in kiosks, 
push plates leading onto various wards and lever door handles 
throughout the Royal Liverpool University Hospital in the Unit-
ed Kingdom. 

For the application on screens, the transparent coating is 
deposited on flexible polyethylene terephthalate substrates 
produced in an in-line industrial system. The coating technol-
ogy could easily be scaled up to a roll-to-roll (R2R) production, 
to result in a larger throughput of material for commerical use. 
A large batch coater at Gencoa produced the coatings on the 
push plates, pull handles and lever door handles.

A number of biochemical and biological tests are performed 
in order to qualify and quantify the antimicrobial efficacy. 

INTRODUCTION
This paper details the use of nanotechnology as a viable solu-

tion in the fight against the spread of infection through health-
care settings with the aim of reducing the need for antibiotics 
and associated antimicrobial resistance (AMR). Throughout 
a hospital setting, touch surfaces are manually cleaned with 
chemicals to reduce the microbes and bacteria that are pres-
ent. This way of sanitation has been shown to be essential in 
controlling the spread of infections but comes at a high finan-
cial cost due to labor as well as the environmental impact of 
such cleaning agents. [4] The frequency and effectiveness of 
this type of cleaning is also highly variable, and therefore the 
aim of this work is to replace this uncertainty with a means to 
target certain critical touch areas, guaranteeing a consistently 
'clean' surface which does not rely upon a human factor. This 
technology will be in the form of a thin, flexible adhesive pad 
that is adhered to the touch surface as well as direct coating 
onto parts. Some of the most common nosocomial pathogens 
can survive or persist on surfaces for months and therefore be 
a continuous source of transmission (see table 1). This is why it 

is imperative to develop a solution to rapidly kill the ESKAPE(e) 
pathogens without relying on manual cleaning. [5]

A novel copper-based surface coating has been developed 
which combines a broad-spectrum antimicrobial action with 
mechanical durability. Unlike other transparent biocidal coat-
ings, this new compound does not require UV light activation, 
and can therefore be used indoors. 

The technology has been applied in strategic locations 
within the Royal Liverpool University Hospital to study the 
effect of the antimicrobial surfaces in comparison with cur-
rent cleaning methods and the potential to reduce Hospital 
Associated Infections. 

The development of the coating and the production of the 
material by magnetron sputtering in an industrial batch system 
will be detailed. Focusing on the ESKAPE(e) pathogens, the an-
timicrobial coated surfaces are closely monitored and regularly 
sampled to determine if the copper-based material can in fact 
reduce the transmission of these common HAIs in a hospital 
environment.

EXPERIMENTAL SETUP
Cleaning Process & Coating Deposition
A large industrial batch Physical Vapor Deposition (PVD) sys-

tem was commissioned to produce the coatings on the handles 
and push plates. The system can house seven 1.4-1.5m length 
planar magnetrons. However, only two magnetrons were in use 
for this specific process. 

The system was comprised of the main process chamber 
connected to four turbomolecular pumps with average pump-
ing speeds of 1500 l/s which evacuate the chamber. Once the 
pressure reached ~5 x 10-5 mbar, a series of heaters were acti-
vated to raise the internal temperature of the chamber to ~30°C. 
The increase of heat aids the outgassing of the substrates and 
helped reduce the hydrogen and water vapor content present 
in the system. This stage was closely monitored with the Gen-
coa gas sensing unit, Optix [6].

The main process chamber is equipped with a Gencoa lin-
ear ion source and two Gencoa planar magnetrons (1500mm x 
125mm). The target materials were copper-based alloys. 

Before depositing the active coating, the substrates were 
rotated in front of a linear ion source. Substrate cleaning and 
surface preparation prior to the deposition can significantly im-
prove the quality of the coating and increase the coating adhe-
sion. By pretreating the substrate, the ion source activates the 
surface and liberates the moisture from the substate. By add-
ing a small amount of O2 during this stage any hydrocarbons are 
removed before the sputtering process.

To ensure good control and reproducibility of the reactive 
process, feedback control units were installed on the system. 
The Optix was used to analyze the reactive gas in the chamber, 
in this case oxygen (O2) and nitrogen. The Optix can measure 
the real time partial pressures of the gas composition in the 
chamber. This is achieved by generating a remote plasma in 
the head of the unit. A spectrometer housed in the unit looks 
at the remote plasma and displays the optical emission spec-
trum through the software in real time. A feedback loop is con-
trolled by pairing the Optix with the Gencoa Speedflo process 

Table 1 – Persistence of ESPAKE(e) bacteria on dry inanimate 
surfaces.
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control unit [7]. The mass flow controller (MFC), which delivers 
the reactive gas (O2) to the system, was operated by the Speed-
flo. The MFC was actuated based on a set point defined by the 
user. This set point is decided based on the amount of excess 
oxygen in the system. The voltage signal from the Optix, which 
is proportional to the excess amount of O2, is fed back to the 
Speedflo, and depending on the set point chosen, the amount 
of reactive gas being delivered is adjusted. The reactive sput-
tering feedback control loop maintained the same process 
conditions throughout the deposition and allowed for a fully 
reproducible process. 

Throughout the development phase, it was found that a 
lower deposition energy which resulted in a nano textured top 
surface was preferred. The deposition energy was controlled 
by limiting the plasma/substrate interaction. By implementing 
feedback control units, manipulating the gas chemistry, and 
controlling the deposition energy, we were able to engineer the 
optimal surface topography which yielded the best antimicro-
bial results.

Samples were sent to the University of Liverpool’s Open In-
novation Hub for Antimicrobial Surfaces for Atomic Force Mi-
croscopy (AFM) analysis. The results shown in Fig. 2 show the 
significant difference between the uncoated (a) and coated (b) 

surfaces. The uncoated sample (a) showed a smooth and fea-
tureless top surface which yielded poor results when tested for 
antimicrobial activity. The coated surface (b), however, depicts 
the nano textured topography which resulted in a LOG6 bio-
cidal effect. 

APPLICATION 
In-situ Testing 
Through a government-funded project, granted by Innovate 

UK (Project Number iUK 10026942), Gencoa worked in partner-
ship with Liverpool University Hospital NHS Foundation Trust, 
Liverpool School of Tropical Medicine (LSTM) and Diamond 
Coatings Limited. Access was granted to various locations 
throughout the Royal Liverpool University Hospital, including 
several wards and the main atrium. Secondary testing loca-
tions were also provided throughout the LSTM Accelerator 
Building. These secondary locations allowed for constant mon-
itoring and sampling by the biologists working at LSTM during 
the first phase of testing. 

Door panels and handles, similar to those used in the Royal 
Liverpool Hospital, were coated, and transported to Liverpool 
School of Tropical Medicine (LSTM). The coated surfaces were 
installed throughout the school. These were regularly cleaned 
using the standard cleaning protocol previously in place and a 
biologist at LSTM sampled both the coated and uncoated sur-
faces for comparison. 

A 10cm2 area on each door panel and handle was swabbed 
for 30 seconds in a side-to-side motion whilst slowly twirling 
the swab between the finger and thumb. The swab was then 
transferred into a stomacher bag containing 10 ml of buffered 
peptone water (BPW). This was then immediately taken to the 
microbiology laboratory where it was put in the stomacher with 
agitation for 1 minute and appropriate dilutions plated out on 
Mueller-Hinton Agar plates (for total CFU counts) and chromo-
genic agar to detect specific healthcare-associated pathogens 
including members of the Enterobacteriaceae. The agar plates 
were incubated over night at 37°C and colonies enumerated.

Table 2 details the total CFU/cm2 for various handles and 
push panels located throughout the school. There is a signif-
icant difference between the control and the coated iC-nano 
surfaces. The uncoated, control surfaces delivered a far higher 
CFU count per unit area compared to the coated handles. 

Fig. 1 – Schematic of industrial batch system equipped with Gencoa 
planar magnetrons, linear ion source and Speedflo & Optix units.

Fig. 2 – AFM imaging (a). Uncoated silicon substrate with a smooth top 
surface. (b) iC-nano coated silicon substate– nano textured top surface.

Table 2 – CFU/cm2 on control (uncoated) and iC-nano coated handles 
and push plates. 
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RESULTS
Antimicrobial Testing
The antimicrobial coatings detailed here work through elec-

trochemistry, and specifically, electrochemistry via oxidative 
catalysis. The copper ions released from the iC-nano coating 
can penetrate the bacterial cell wall, oxidizing and changing 
the cell membrane, causing cell death. In this case, the oxygen 
for the catalytic oxidation is supplied by the atmosphere. If the 
growth features of vacuum deposited layers have some degree 
of ‘separation’ to their neighbors, it will provide a subtle differ-
ence in electrochemistry. Once the growth features are bridged 
by an organic body, it creates a highly effective biocidal mech-
anism.

Antimicrobial tests were carried out in the laboratories LSTM 
by inoculating 2cm2 coupons, both uncoated and coated, with 
105 and 106 colony forming units (CFUs) of Staphylococcus au-
reus. 

Following a 4-hour incubation at room temperature, the re-
moval of all bacteria cells using a stomacher, dilution and plat-
ing out onto suitable agar plates was carried out and the total 
CFUs enumerated. The reference sample in this case was an 
uncoated coupon of PET. 

Sample A was the uncoated reference and showed the least 
biocidal activity of the various coatings tested. Sample D (BSM-
001) was the only coated coupon which did not result in a com-
plete kill of the Staphylococcus aureus. This was expected as it 
was the only coated sample without any copper content. This 
reiterated the fact that copper is the active antimicrobial agent. 

Further testing was carried out on the same samples with 
the remaining ESKAPE(e) pathogens. This secondary testing 
saw the samples inoculated with the bacteria for 1 hour as 
opposed to the primary 4-hour contact time. Apart from sam-
ple BSM-001, all samples resulted in a complete kill for all ES-
KAPE(e) pathogens. 

Through this work we have demonstrated that the coatings 
produced resulted in 100% cell death when incubated between 
1 to 4 hours. The International Standard for this type of anti-mi-
crobial test is conducted over a 24-hour period However, for 

Fig. 3 – Recovered Colony Forming Units of Staphylococcus aureus Col-
ony after 4 hours incubation for a range of coating types.

the application in a healthcare setting, we needed to prove the 
efficacy of the coated surfaces over a shorter period. 

A 2cm2 uncoated PET coupon and a 2cm2 coated sample, iCn-
003, were inoculated with 1010 CFUs of Staphylococcus aureus 
for various periods of time. Using the same method as before, 
the removal of all bacteria cells using a stomacher, dilution and 
plating out onto suitable agar plates was carried out and the 
total CFUs enumerated. The results are depicted in Fig. 4. Sam-
ple iCn-003 resulted in a LOG 5 reduction or 99.999% reduction 
after just 15 minutes relative to the control and a complete kill 
of all Staphylococcus aureus cells after 30 minutes. 

Further samples were produced in the industrial batch coat-
er to ensure the process was fully reproducible. The samples 
were tested in the laboratories at LSTM and, once again, yield-
ed the same results. The five samples tested (iCn-009 to iCn-
013) all resulted in complete cell death when inoculated with 
Staphylococcus aureus and incubated at room temperature for 
1 hour. The results are shown below in Fig. 5. 

Fig. 4 – Recovered Colony Forming Units of Staphylococcus aureus Col-
ony on uncoated reference (blue) and sample iCn-003 (red) after 15, 
30, 45, 60, 120 and 240-minute incubation.

Fig. 5 – Percentage of Staphylococcus aureus Colony Forming Units 
Recovered from Coatings after 1 hour Incubation Relative to Control
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Table 3 – ESKAPE(e) Colony Forming Units Recovered from Coatings 
Relative to Control excluding Staphylococcus aureus. 

Secondary testing was carried out on one of the samples, 
iCn-010, to quantify the efficacy of the film in 30 minutes. The 
percentage of growth relative to the control was measured 
between 5 and 30 minutes and measurements were taken in 
5-minute intervals. 

In just 5 minutes, the iCn-010 thin film killed 52.2% of the 
Staphylococcus aureus CFUs. Within 10 minutes only 12.7% 
growth was detected relative to the control and by 15 minutes, 
the coating had resulted in 100% cell death for the pathogen. 
(Fig. 6).

Two samples, iCn-010 & iCn-013, were tested against the re-
maining ESKAPE(e) pathogens. Table 3 numerically states the 
recovered colony forming units from the two coated samples 
and the reference coupon. Both coated samples, iCn-010 & 
iCn-013, displayed high level of biocidal activity when tested 
against most of the pathogens with an incubation time of 20 
minutes. The only pathogen which demonstrated some level of 
copper resistance was Enterococcus faecium.

Fig. 6 – Percentage of Staphylococcus aureus Colony Forming Units Re-
covered from iCn-010 Relative to Control

Fig. 7 – ESKAPE(e) Colony Forming Units Recovered from Coatings 
Relative to Control excluding Staphylococcus aureus. 

Fig. 8 – Percentage of Enterococcus faecium Colony Forming Units Re-
covered from Coatings Relative to Control.

Secondary testing was carried out with Enterococcus faecium 
which displayed only a 47.2% reduction after a 1-hour incuba-
tion. This can be seen in Fig. 8. 

We have seen through previous testing with all the ESKAPE 
pathogens, that the iC-nano coating did in fact completely 
eradicate Enterococcus faecium when incubated for 2 hours. 
These results draw the conclusion that Enterococcus faecium 
requires a longer contact time with the surface for the coating 
to be effective.

Mechanical Characterization
Throughout development it was central to maintain the bio-

cidal activity of the coatings as well as enhance the mechanical 
properties of the surface, most importantly the wear resistance 
of the handles. Copper is widely regarded as a good antimicro-
bial agent but can often fail when it comes to mechanical du-
rability. 

To calculate the wear resistance, an abrasion tester was uti-
lized to perform a reciprocating test on the sample (Fig. 9). The 
aggressive test allowed to determine the friction coefficient of 
the material. A 6mm diameter tungsten carbide cobalt alloy 
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ball was held within a pin holder. A mass of 50g was placed on 
top of the pin and remained constant throughout the test. The 
sample to be tested was fixed in place on the stage and the pin 
lowered so that it made contact and sat freely upon the top sur-
face of the sample. To simulate 40 years of wear through touch, 
800 cycles were programmed in. This was equivalent to 20 min-
utes total abrasion time, and once started, the pin and WC/Co 
ball moved linearly across the sample for the duration of the 
test. The number of cycles were chosen based on an estimated 
number of uses of the handle over a set period of time. 

The software for the apparatus measured the resistive force 
of friction, Fr, from which the friction coefficient, µ, of the coat-
ing could be calculated using the equation below. 

The first sample measured had a coating thickness of 40nm 
which was deposited on a brushed aluminium substrate. The 
coating failed after ~120 cycles with a coefficient of friction of 
0.24. The second sample had a coating thickness of 80nm de-
posited in the same way on a brushed aluminium substrate. 
Sample 2 failed after ~400 cycles with a coefficient of friction 
of 0.2. Once the layer had failed the coefficient of friction of the 
aluminium substrate measured 1.7 for both Sample 1 and Sam-
ple 2. The wear resistive properties of the film can be inferred 
from a lower coefficient of friction. For these samples, both co-
efficients were similar but the key takeaway from these tests is 
the idea that by doubling the thickness of the layer, the lifetime 
of the protective coating could be almost tripled. The results 
proved that the thin iC-nano coating provides a protective film 
for the original substrate, and by increasing the thickness of the 
layer it is possible to increase the wear resistive properties of 
the surface in a non-linear manner. 

Fig. 9 – Abrasion Tester to measure Wear Resistance

DISCUSSION
Copper is widely accepted as an antimicrobial material. 

However, when sputtered in its metallic form the thin film is not 
transparent and lacks the required mechanical properties for 
touch surfaces. For the visual display application, it is vital that 
the coatings are completely transparent. For handles and push 
plates, the coating needs enhanced mechanical properties to 
withstand wear. These were key factors to consider when de-
veloping the iC-nano coating detailed in this paper. 

Magnetron sputtering is an ideal choice when it comes to 
applying antimicrobial technology to a surface or substrate. 
By sputtering the antimicrobial material onto the surface, it 
provides a flexible manufacturing process, which when paired 
with reactive feedback control can create the nano textured 
films with enhanced mechanical properties which have been 
presented here. The reciprocating test proved that the wear re-
sistive properties of the film are high and can be improved by 
increasing the thickness of the layer. 

The antimicrobial results provided evidence that the 
coatings can be instrumental when it comes to combating 
the ESKAPE(e) pathogens on touch surfaces throughout a 
hospital setting. 

Through rigorous testing at LSTM, the surfaces proved to be 
effective against the ESKAPE(e) pathogens, resulting in com-
plete cell death in as little as 10 minutes. The nano structure is 
found to have enhanced the oxidative electrocatalysis of the 
microorganisms, without compromising the optical proper-
ties of the film. Throughout the testing phase, one pathogen, 
Enterococcus faecium, demonstrated some copper resistance 
when incubated for shorter time periods (< 2 hours). This 
proved that the iC-nano coating does not behave the same 
way for all the ESKAPE(e) pathogens. Further work will be car-
ried out to test the effectiveness of the coatings over time and 
the associated antimicrobial resistance of the pathogens. 

CONCLUSIONS
HAIs are a leading cause of death worldwide and with the 

need to reduce the spread of infection from surfaces, the de-
velopment of biocidal, self-sanitizing touch surface protection 
could revolutionize surface cleanliness in healthcare environ-
ments. The project has demonstrated that nano-structured 
copper-based layers offer the highest level of biocidal activity 
possible based upon standard testing methods.

Gencoa have developed very thin, mechanically en-
hanced, antimicrobial surface coatings which can be ap-
plied to 3D parts or flexible adhesive films. These new 
copper based thin film coatings have been proven to kill 
99.9999% (log 6) of the ESKAPE(e) pathogens in both light 
and dark environments as quickly as 10 minutes. The lay-
ers are solid state and hard wearing, and could last over 10 
years based on abrasions tests and simulation.

A R2R production is currently being explored which would 
allow for a larger throughput of material to be produced at a 
low cost. The coatings performed well throughout the initial 
testing and first phase of real-world application. The surfac-
es are currently installed throughout the Royal Liverpool Uni-
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versity Hospital and closely monitored to quantify the bio-
cidal activity and reduction of transmission of disease. Given 
the efficacy to kill the ESKAPE(e) pathogens, the developed 
iC-nano coatings should be able to reduce the spread of oth-
er pathogens and, when applied in healthcare and other pub-
lic settings, decrease the incidence of other known infections 
when applied to suitable common touch surfaces.

ACKNOWLEDGEMENTS
The authors would like to thank The University of Liverpool’s 

Open Innovation Hub for Antimicrobial Surfaces for conducting 
the AFM analysis and Innovate UK for the funding to complete 
the work presented here in this application (Project Number 
10026942). 

REFERENCES
1.  B. Allegranzi, S. Bagheri Nejad, C. Combescure, W. Graafmans, 

H. Attar, L. Donaldson, Prof. D. Pittet, “Burden of endemic 
health-care-associated infection in developing countries: system-
atic review and meta-analysis”, The Lancet, December 10, 2010. 
https://doi.org/10.1016/S0140-6736(10)61458-4

2.  Ahmad M, Khan AU. Global economic impact of antibiotic resis-
tance: A review. J Glob Antimicrob Resist. 2019 Dec;19:313-316. doi: 
10.1016/j.jgar.2019.05.024. Epub 2019 Jun 5. PMID: 31176071

3.  Haque M, Sartelli M, McKimm J, Abu Bakar M. Health care-as-
sociated infections - an overview. Infect Drug Resist. 2018 Nov 
15;11:2321-2333. doi: 10.2147/IDR.S177247. PMID: 30532565; PM-
CID: PMC6245375

4.  Han JH, Sullivan N, Leas BF, Pegues DA, Kaczmarek JL, Umscheid 
CA. Cleaning Hospital Room Surfaces to Prevent Health Care-As-
sociated Infections: A Technical Brief. Ann Intern Med. 2015 Oct 
20;163(8):598-607. doi: 10.7326/M15-1192. Epub 2015 Aug 11. PMID: 
26258903; PMCID: PMC4812669.

5.  Kramer A, Schwebke I, Kampf G. How long do nosocomial patho-
gens persist on inanimate surfaces? A systematic review. BMC In-
fect Dis. 2006 Aug 16;6:130. doi: 10.1186/1471-2334-6-130. PMID: 
16914034; PMCID: PMC1564025.

6.  J. Brindley, B. Daniel, V. Bellido-Gonzalez, F. Papa. Monitoring 
and Control of Vacuum Processes using a Remote Plasma Emis-
sion Spectroscopy based Sensor https://doi.org/10.14332/ svc17.
proc.42873

7.  V. Bellido-González, B. Daniel, J. Counsell, D. Monaghan Reac-
tive gas control of non-stable plasma conditions. https://doi.
org/10.1016/j.tsf.2005.07.230

About the Authors: 
Patricia Killen, Victor Bellido-Gonzalez, Lara Maroto-Diaz, Dermot Monaghan,  
Adam P. Roberts, Gavin Ackers-Johnson, Stacy Todd, Jason Eite, Rick Spencer

Patricia Killen holds a First-Class honours de-
gree in Mechanical Engineering. A Process De-
velopment Engineer within the R&D Department 
at Gencoa Ltd since 2019, Patricia is involved in 
product testing, process development, coating 
analysis and customer support activities. She 
has led projects related to the development and 

production of antimicrobial coatings for both the hospitality indus-
try and healthcare sectors.
 
Victor Bellido-Gonzalez received a BSc (Hons) 
degree in Chemistry from Basque Country Uni-
versity in 1986, and has been R&D Manager at 
Gencoa Ltd since joining the company in 1996. 
Victor's experience in vacuum technology ex-
tends back to the late-1980's, and alongside a 
series of international patents, he has several 
publications in the field of Inorganic Chemistry, Plasma Assisted 
Chemical Vapour Deposition (PACVD) and Physical Vapour Depo-
sition (PVD). Victor has been directing the biomedical application 
projects at Gencoa since 2014.

Lara Maroto-Díaz holds an Engineering degree 
in Telecommunication Technologies and a Mas-
ters degree in Biomedical Engineering from the 
Public University of Navarre (UPNA). For her 
master’s degree final year project, Lara conduct-
ed research at Gencoa on the development and 
characterization of antimicrobial and antiviral 
surfaces, before taking up a permanent role as 

an R&D Technologist, specializing in electronics and software for 
vacuum process monitoring and control.
 
Dermot Monaghan, PhD is the managing direc-
tor of Gencoa Ltd which he founded in 1994. Der-
mot gained a degree in Engineering Metallurgy in 
1988 from University of Salford, where he went 
on to receive a PhD on ‘the use of unbalanced 
magnetron sputtering for the formation of novel 
PVD films’ in 1992. Dermot was awarded the C.R. 
Burch Prize from the British Vacuum Council in 
1994 for ‘outstanding research in the field of Vacuum Science and 
Technology’ by a young scientist. He continues to present regularly 
at major international conferences related to vacuum and coating 
technology.

 




