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Abstract
Microbial contamination of plastic surfaces is a significant source of hospital-
acquired infections. To produce antimicrobial surfaces, chlorhexidine was
attached to nitrided acrylonitrile butadiene styrene (ABS). The uniformity of
chlorhexidine distribution on the plastic surfaces was revealed by time-of-flight
secondary ionmass spectrometry (TOF-SIMS) imaging. Its antimicrobial efficacy
was established against model pathogenic Gram-positive and Gram-negative
bacteria, fungi, and viruses. The stability of the bonded chlorhexidine was eval-
uated via a leaching test. The surfaces rapidly killed microbes: no viable colonies
of Escherichia coli, Staphylococcus aureus, or Candida albicans were recoverable
after 45 minutes. It was effective against SARS-COV-2, with no viable virions
found after 30 minutes. Additionally, the surfaces were as effective in killing
chlorhexidine-resistant strains of bacteria as they were in killing naïve strains.
The surface was stable; after 2 weeks of leaching, no detectable chlorhexidine
was found in the leachate. We believe that the technology is widely applicable to
prevent the spread of fomite infection.
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1 INTRODUCTION

Plastics are ubiquitous in the modern world due to
their low cost, ease of installation, durability, strength,
and versatility.[1] These materials have multiple appli-
cations in a healthcare environment in items such as
catheters, intravenous bags and devices, dialysis tub-
ing, disposable syringes, gloves, implanted devices,

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2023 The Authors. Nano Select published by Wiley-VCH GmbH.

and hospital beds.[2] Several microbial species can
survive in a hospital setting despite enhanced clean-
ing regimes, leading to an increased risk of patients
contracting a nosocomial infection.[3] As such, it is
critical that microbial survival in the clinic, including
the role that plastic surfaces play, is investigated and that
methods to eliminate this potential route of infection are
explored.
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Microorganisms can survive and remain infectious on
abiotic surfaces, including plastic surfaces, for extended
periods, sometimes up to several months. For example,
methicillin-sensitive and methicillin-resistant strains of
Staphylococcus aureus can survive on polyethylene for
more than 90 days,[4] and Escherichia coli can survive
for up to 11 days on polyethylene and up to 15 days on
polyurethane surfaces. In addition, species of the Acineto-
bacter genus have been found to remain viable on plastic
surfaces for over 2 months[5]; this is of grave concern, as
Acinetobacter species are associated with infections in the
hospital environment, andmultidrug resistance is increas-
ingly prevalent in these species.[6] Pathogenic fungi, such
as Candida albicans, can survive on polyurethane for
up to 6 days, while Aspergillus fumigatus can remain on
the surface for more than 30 days.[7] The capacity of
Cryptococcus species to persist and remain infectious on
plastic has not yet been assessed; however, their ability
to form biofilms on plastic surfaces, including medical
devices, has been described, presenting a possible route
for infection and persistence.[8,9] SARS-CoV-2, the virus
responsible for causing COVID-19, has been found to
remain infectious on plastic surfaces for up to 7 days.[10,11]
As such, the surfaces present in an environment can trans-
mit pathogenic microorganisms, which is of the utmost
concern in healthcare settings.
The COVID-19 pandemic has drawn increased attention

to hospital-acquired infections, as it has been estimated
that 20% of all patients hospitalized with COVID-19 con-
tracted the virus while already in hospital.[12] It has
been estimated that in 2016/2017, 4.7% of adult hospi-
tal inpatients contracted a nosocomial infection, with
22,800 patients dying due to these infections despite these
deaths being preventable. The most common pathogens
that cause hospital-acquired infections are E. coli, S.
aureus, and Clostridium difficile, with nosocomial infec-
tions typically manifesting as urinary tract, surgical site,
gastrointestinal, or bloodstream infections.[13] Outbreaks
of nosocomial infections in the clinic are frequently caused
by strains resistant to antimicrobial drugs, for example,
methicillin-resistant S. aureus (MRSA) and vancomycin-
resistant Enterococcus (VRE). MRSA infection rates rose
throughout the 1990s and into the early 2000s in theUnited
Kingdom. MRSA is now considered endemic in British
hospitals, with 1652 patients dying from MRSA infection
in 2006.[14,15] Reductions in the incidence of MRSA infec-
tion have been attributed tomandatory reporting practices,
public information campaigns, and enhanced cleaning
regimes.[16] Despite these improvements, research has
shown that contaminated surfaces, including plastic sur-
faces, can act as a reservoir of antimicrobial resistance
genes, encouraging the spread of antimicrobial resistance

across bacterial species through horizontal gene transfer
despite deep cleaning practices.[17] It is paramount that
new technologies are developed to prevent the spread
of pathogenic microorganisms to vulnerable patients and
address the ever-increasing threat of antimicrobial resis-
tance.
Antimicrobial surfaces have been developed to pre-

vent the contamination of abiotic surfaces by pathogenic
species, and some of these have been used in a clinical
setting with success. Some of these surfaces operate on
the principle of preventing microbial attachment to the
surface, such as using polyethylene glycol as an antifoul-
ing agent. When applied to a surface, polyethylene glycol
confers hydrophilicity to the material, repelling bacteria,
and preventing attachment and biofilm formation.[18,19]
Diamond-like carbon films are an alternative to polyethy-
lene glycol coating; these have been used to develop
antimicrobial surfaces, preventing bacterial adhesion and
biofilm formation through hydrophilic action.[20] Due to
their biocompatibility, durability, and resistance to friction,
their potential use for medical implants has been exten-
sively investigated.[21,22] Diamond-like carbon films are
especially attractive due to their ability to be ‘‘doped’’ with
antimicrobial compounds, for example, silver or copper,
conferring even greater antimicrobial efficacy.[23]
Other antimicrobial surfaces are designed to release

biocides to kill pathogenic microorganisms. For exam-
ple, triclosan, an antibacterial and antifungal agent, has
been used to coat surfaces in a clinical setting and is
highly effective at killing pathogens, although triclosan
has no antifouling activity.[24] Despite this, there are
concerns about triclosan resistance, which has previ-
ously been described in pathogenic bacteria,[25] especially
as triclosan resistance appears to be correlated with
cross-resistance to other antibiotics.[26] These findings
raise questions about the long-term usage of triclosan
coatings.
We have previously shown the possibility of grafting

peptides onto steel surfaces to confer antimicrobial prop-
erties to these materials.[27] We have also shown that steel
and air filters can be coated with the broad-spectrum bio-
cidal agent chlorhexidine digluconate (CHDG) to develop
antimicrobial surfaces that are efficacious against a range
of pathogenic bacteria, fungi, and viruses.[28,29] Unlike pre-
viously developed biocide-coated technologies, this does
not rely on biocide release for functional activity. In this
study, we demonstrate the ability to extend this coating
technology to plastic, creating surfaces that are highly
effective against Gram-positive (S. aureus) and Gram-
negative bacteria (E. coli), pathogenic fungi, and viruses,
including SARS-CoV-2 as well as displaying durability
against leaching.
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2 MATERIALS ANDMETHODS

Absolute ethanol was purchased from Fisher Scien-
tific. N,N-Diisopropylethylamine (DIEA) was obtained
from Alfa Aesar, and 2-(1H-benzotriazol-1-yl)−1,1,2,3-
tetramethyluronium hexafluorophosphate (HBTU) from
Cambridge Reagents. Phosphate-buffered saline (PBS)was
purchased from Gibco as tablets: a working solution was
prepared using deionized water per the manufacturer’s
instructions. Zirconium oxide beads (0.15 mm diameter)
were obtained from Thistle Scientific UK: 7−10 beads
would be placed in an autoclavable 15 mL centrifuge
tube (Eppendorf) and autoclaved to produce sterile beads.
Chlorhexidine (20% chlorhexidine digluconate in water),
Muller Hinton Broth (MHB), Luria-Bertani Broth (LB),
Dey-Engley Neutralizing Broth, yeast extract, peptone,
agar powder, and anhydrous glucose were all purchased
from SigmaAldrich UK. Nitride-treated acrylonitrile buta-
diene styrene (ABS) plastic and control ABSwere provided
by NitroPep Ltd.

2.1 Coating of polymer surfaces with
chlorhexidine

A saturated solution of HBTU was prepared by dispersing
2 g of HBTU in 10 mL ethanol. The plastic samples were
cut into pieces approximately 1 cm x 1 cm; they weighed
approximately 0.5 g. Individual nitrided or control plas-
tic pieces were placed in 15 mL polypropylene centrifuge
tubes and washed in 3 mL of ethanol. The ethanol was dis-
carded, and a fresh 3 mL aliquot was added. Then 600 µL
of DIEA, 1 mL of HBTU solution, and 200 µL of chlorhexi-
dine were added to the tube. The tube was capped, and the
samples were gently oscillated on a rotary shaker at room
temperature for 1 hour. The surfaces were then washed
using literature protocols to ensure no unbound mate-
rial remained on the surface.[30] Briefly, the samples were
washed 5 times in 3 mL of deionized water and 3 times in
3mL of PBS. Finally, the surfaces were air-dried and stored
in the dark at room temperature (18−22◦C) for analysis.

2.2 ToF SIMS

ToF-SIMS spectra were acquired using a ToF V (IONTOF
GmbH) instrument. A 30 keV Bi3+ primary beamwas used
to acquire liquid metal ion gun (LMIG) ToF-SIMS images.
The LMIG currentwas 0.05 pA, and the ToF imagewas run
on an area of 400 × 400 µm using random raster mode
with a 256 × 256-pixel density. The cycle time was set to
180 µs. The optimal target potential was set to −57.5 V.
Three separate areas were analyzed on each sample, and

each measurement lasted 15 scans; the total ion dose per
measurement was 9.44 × 1010.

2.3 Water contact angle measurements

The samples were prepared as previously described, and
the water contact angle (WCA) was measured by a CAM
200 Optical Contact Angel Meter (KSC Instruments Ltd.)
using a sessile drop method. Microliter droplets of deion-
ized water (resistivity = 18.2 MΩ cm−1) were used for the
measurements. Measurements were performed in 20 loca-
tions (five for each plastic piece). The WCA values were
obtained using Young-Laplace fitting.

2.4 Antimicrobial efficacy testing

2.4.1 Antibacterial efficacy testing

Both E. coli K-12 BW25113 and S. aureus ATCC6538 were
cultured in 5 mL LB broth overnight at 37◦C for≈18 h
with shaking (180 rpm) before being adjusted to≈1 ×

109 (colony-forming units) CFU mL−1. For each condition
assessed, three samples were placed in individual wells
of a 12-well plate and inoculated with the bacterial sus-
pensions arrayed in a 3 × 3 grid of 1 µL aliquots onto
the sample surfaces. The well plate lid was replaced, and
the samples were then incubated at room temperature for
either 1, 15, 30, or 45 minutes. Following incubation, the
samples were removed from the 12-well plate and placed
in 15 mL centrifuge tubes containing sterile zirconium
beads. To recover bacteria from the surfaces, 10 mL sterile
Dey-Engley Neutralizing Broth was added to the surfaces
and zirconium beads, and the mixture was vortex mixed
for 1 minute. The neutralizing broth suspension was then
serially diluted 1:3 eight times in sterile PBS utilizing a 96-
well plate, and three 10 µL spots from each dilution were
plated on LB agar plates. Survival was assessed by count-
ing CFU after incubation for 16−18 h at 37◦C. All dilutions
were accounted for and corrected when calculating CFU
by multiplying the colony number by the relevant dilution
factor. The limit of detection for the assay is 1 × 103 CFU.

2.4.2 Antifungal efficacy testing

C. albicans SC5314 samples were cultured in 5 mL YPD
broth (1% yeast extract, 2% bacto-peptone, and 2% glucose)
overnight at 30◦C for ≈18 hours with shaking (180 rpm)
before being adjusted to ≈1 × 108 CFU mL−1. For each
condition assessed, three samples were placed in individ-
ual wells of a 12-well plate and inoculated with the fungal
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suspensions. Fungal cultures were pipetted onto test sur-
faces as 9 × 1 µL drops in a simulated splash test (≈1 × 106
cells per surface). The lid of the well plate was replaced,
and surfaces were incubated at room temperature for
either 1, 15, 30, or 45 minutes. Following incubation, the
samples were removed from the 12-well plate and placed
in 15 mL centrifuge tubes containing sterile zirconium
beads. To recover fungi from the surfaces, 10 mL sterile
Dey-Engley Neutralizing Broth was added to the surfaces
and zirconium beads, and the mixture was vortex mixed
for 1 minute in neutralizing broth suspension was serially
diluted 1:3 eight times in sterile PBS utilizing a 96-well
plate. Three 10 µL spots from each dilution were plated on
YPD agar plates. Survival was assessed by counting CFU
after incubation at 30◦C for 18−24 hours. All dilutionswere
accounted for and were corrected when calculating CFU
by multiplying the colony number by the relevant dilution
factor. The limit of detection for the assay is 1 × 103 CFU.

2.4.3 Antiviral efficacy testing

Coated and control surfaces were placed in separate 15 mL
centrifuge tubes, and 10 µL of viral stock (SARS-CoV-2-
England 2 (Wuhan strain) virus at 106 IU mL−1 (GSAID
Accession ID EPI_ISL_407073)) was added to each. The
samples were incubated for 5 min at room temperature.
Two hundred µL of viral culture media (Dulbecco’s Mod-
ified Eagle’s Medium, DMEM, Gibco) was added to each
cryovial, and the vial was agitated gently to wash the sur-
faces. Fifty microliters of the supernatant was incubated in
separate wells in a black 96-well flat-bottomed polystyrene
imaging plate (Greiner) seeded with 4 × 104 Vero cells
per well. The Vero cells were cultured in DMEM supple-
mented with 10% fetal bovine serum, 2 mM l-glutamine,
100 U mL−1 penicillin, 10 µg mL−1 streptomycin, and 1%
non-essential amino acids (culture media) for 48 hours
at 37◦C. The cells were maintained at 37◦C and 5% CO2.
Finally, the media was removed and discarded, and the
cells were fixed in ice-cold methanol for 5 min. The
Vero cells were then washed in PBS, stained with rabbit
anti-SARS-CoV-2 spike protein, subunit 1 (CR3022, The
Native Antigen Company), and detected by Alexa Fluor
555-conjugated goat anti-rabbit IgG secondary antibody
(Invitrogen, Thermo Fisher Scientific). The cell nuclei
were counter-stained with Hoechst 33342 (Thermo Fisher
Scientific). The cells were given a final wash in PBS
and then imaged and analyzed using a Thermo Scientific
CellInsight CX5 high-content screening (HCS) platform.
Infected cells and cell viability were detected bymeasuring
perinuclear fluorescence above a threshold determined by
positive (untreated) and negative (uninfected) controls.

2.5 Generation of
chlorhexidine-resistant bacteria

The minimum inhibitory concentration (MIC) for
chlorhexidine digluconate (CHDG) against E. coli K12
BW25513 and S. aureus ATCC6538 was established by
a broth microdilution assay in Mueller-Hinton Broth
(MHB).[31] Briefly, the strains were cultured overnight for
≈16−18 hours in MHB at 37 ˚C and shaking set to 180 rpm.
The culture was diluted to 1 × 109 CFU mL−1, and the
above microdilution protocol was performed using six
wells of a 96-well plate, with a total of five repeats for each
strain. CHDG was diluted to a desired concentration in
MHB and serially diluted one in two in MHB. Each well
was inoculated with the diluted bacterial culture, and the
well plate was sealed with a breathable membrane and
incubated in a static incubator overnight at 37 ˚C. The
next day, the plate was removed from the incubator, and
the MIC was determined through reading absorbance at
600 nm; the MIC is the lowest concentration of CHDG
at which bacterial growth is completely suppressed. The
membrane was cut away from the first well showing
bacterial growth, and a 1:1000 dilution of this culture in
MHBwas obtained; a glycerol stock solution of this culture
was also created, so a fossil record of the experiment could
be maintained.
To continue with the evolution of resistance, CHDGwas

diluted in MHB to a concentration four times greater than
the MIC obtained earlier and was serially diluted one in
two in MHB in a 96-well plate, as described above. Each
test well was inoculated with the diluted culture obtained
following the reading of bacterial absorbance, and the
plate was sealed with a breathable membrane and incu-
bated in a static incubator overnight for ≈16−18 hours
at 37 ˚C. This protocol was continued until a signifi-
cantly elevated MIC value was obtained. At this point,
the MIC values could be confirmed for each generated
strain through the resurrection of the glycerol-preserved
strains. The antimicrobial efficacy of the chlorhexidine-
coated polymer surfaces against chlorhexidine-resistant E.
coli and S. aureus was determined as described in the
“Antibacterial Efficacy Testing” section.

2.6 Leaching of chlorhexidine from the
surface coating

Prior to testing, the surfaces were washed following lit-
erature protocols by Naderi et al. to ensure the unbound
coating solution was removed.[30] This was followed by
immersion of the surfaces in 10 mL of PBS. Samples
were stored at room temperature in the dark. At 24-hour
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intervals, 200 µL of each PBS solution was removed, and
the absorbance was measured at 280 nm. To assess if
the leachate had antimicrobial efficacy, the leachate was
diluted 1:10, and 9 µL of a culture of E. coli BW25113
diluted to OD = 1.0 (equivalent to 10−9 CFU) was added
to each solution and was incubated at room temperature
for 14 days. Prior to testing, the surfaces were washed
to ensure unbound coating solution was removed as
described above; this was followed by immersion of the
surfaces in 10 mL of PBS. Samples were stored at room
temperature in the dark. At 24-hour intervals, 200 µL of
each PBS solution was removed, and the absorbance was
measured at 280 nm on a Clariostar FLUOstar Omega,
BMGLabtechmicroplate reader. The assaywas sensitive to
chlorhexidine to a concentration of 2.2 µM. To assess if the
leachate had antimicrobial efficacy, the leachate was seri-
ally diluted 1:10 in sterile PBS utilizing 1.5 mL microfuge
tubes to a 10−9 concentration, and 9 µL of a culture ofE. coli
BW25113 diluted to OD = 1.0 was added to each solution.
Each inoculated solution was incubated at room temper-
ature for 1 hour. The inoculated leachate solutions were
serially diluted 1:3 in sterile PBS, and bacterial survival was
calculated following counting CFU following incubation
for 16−18 hours at 37 ˚C on LB agar. All dilutions were
accounted for and were corrected when calculating CFU
by multiplying the colony number by the relevant dilution
factor. The bacteria were sensitive to a concentration of
1 µM or greater chlorhexidine.
To assess if the plastic surfaces retained antimicro-

bial efficacy post-leaching, the surfaces were inoculated
with 9 × 1 µL of a culture of E. coli BW25113 diluted to
OD = 1.0 in a simulated splash test. Following incuba-
tion for 30 minutes, the bacteria were recovered from the
surfaces by transferring each surface to a tube containing
10 mL of Dey-Engley Neutralizing Broth and 7−10 ster-
ile zirconium beads and vortex mixed for 1 minute. The
bacterial suspension was then serially diluted 1:3 in ster-
ile PBS, and bacterial survival was calculated by counting
CFU following a 16−18 hours incubation at 37 ˚C on LB
agar.
Finally, the surfaces were imaged pre- and post-leaching

using white light microscopy to examine the effects of
the leaching protocol on the surface integrity. The sur-
faces were imaged using a Zeiss Axio Zoom V16 micro-
scope equipped with a Zeiss Axiocam 503 Mono cam-
era. The surfaces were imaged at 6.3×, 32×, and 56×
magnification.

2.7 Data analysis

All tests were performed three times in triplicate. Statisti-
cal analysis was performed using SPSS (Version 28.0.1.1[14];

IBM). Data were analyzed using an independent samples
t-test, and α was set to 0.05.

3 RESULTS

3.1 Surface coating characterization

The presence and uniformity of the chlorhexidine coating
across the polymer surfaces were monitored using ToF-
SIMS. Chlorhexidine was identified using the established
C7H4N2Cl− peak for molecular identification.[32,33] The
normalized ion intensity quantification averages for the
treated samples had a mean ion intensity of 0.031 ± 0.002,
significantly higher (p < 0.01) than the control samples,
which had a mean of 0.002 ± 0.0002 (Figure 1A). Scans
across the surfaces showed uniform distribution of the
C7H4N2Cl− ion across the treated samples (Figure 1B) and
little ion presence across the control surfaces (Figure 1C).
The surface water contact angle was measured to deter-

mine the effect of the coating on surface hydrophobicity
(Figure 2). Uncoated surfaces were hydrophobic with a
mean water contact angle of 83.5 ± 4.7◦. After coat-
ing, the water contact angle was significantly reduced to
46.8 ± 8.3◦, p < 0.001 (Figure 2).

3.2 Antimicrobial efficacy

With the presence of chlorhexidine on the surface estab-
lished, the ability of chlorhexidine to maintain biocidal
activity after surface binding was tested. To simulate the
real-world contamination of materials, a simulated splash
test was used to model low-volume, high bacterial load
contamination. Following 1- and 15-minute incubation
periods, there were no significant differences in the E. coli
CFU between the control and treated surfaces (Figure 3A).
However, following incubation for 30 minutes, the control
surfaces had 6.82 ± 0.04 Log10 CFU compared to treated
surfaces with only 1.13 ± 0.51 Log10 CFU. This demon-
strates that the surfaces can achieve a 3-log reduction at
30 minutes. At 45 minutes, the differences are even more
pronounced as control surfaces still had 7.27 ± 0.02 Log10
CFU, whereas treated surfaces had no countable surviv-
ing bacteria on the surfaces. These results were statistically
significant, with p < 0.001 after 30 minutes.
The antimicrobial effect against the model Gram-

positive organism S. aureus ATCC6538 was more pro-
nounced, with a 1-log reduction observed after 60 seconds
(Figure 3B). Control surfaces had 6.3 ± 0.15 Log10 CFU
detectable on the surfaces, whereas the treated surfaces
had dropped to 4.27 ± 0.51 Log10 CFU. Survival on the
control surfaces was consistent across the time course. In
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F IGURE 1 Surface characterization of treated polymer surfaces. A) Quantification of ion intensity across the surfaces comparing treated
and control surfaces, n = 3, error bars show standard deviation, ** denotes statistical significance <0.01. B) Scan across the treated surface
showing ion intensity relating to the C7H4N2Cl− peak. Image is representative of all images taken on all samples. C) Scan across the control
surface showing ion intensity relating to the C7H4N2Cl− peak. Image is representative of all images taken on all samples.

F IGURE 2 Water contact angle measurements of treated and control surfaces. Quantification showing the comparison of the mean of
all readings taken, n = 4, error bars show standard deviation and *** denotes that p < 0.001.
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F IGURE 3 Antimicrobial efficacy of control and treated surfaces. A) Time course showing E. coli survival at different time points
following incubation on untreated and CHDG treated surfaces. *** denotes statistical significance < 0.001, n = 9. Error bars show standard
error of the mean. B) Time course showing MRSA survival at different time points following incubation on untreated and treated surfaces. ***
denotes statistical significance < 0.001, n = 9. Error bars show standard error of the mean. C) Time course showing C. albicans survival at
different time points following incubation on untreated and treated surfaces. *** denotes statistical significance < 0.001, n = 9. Error bars
show standard error of the mean. D) Time course showing antiviral efficacy of the surfaces at SARS-CoV-2 inactivation at different time
points following incubation on untreated and CHDG treated surfaces. *** denotes statistical significance < 0.001, n = 9. Error bars show
standard error of mean.

contrast, the mean number of recoverable cells on treated
surfaces decreased to 1.51 ± 0.67 Log10 CFU at 15 minutes,
and there were no detectable surviving bacteria at 30 and
45minutes. These results were also statistically significant,
with p < 0.001 after 15 minutes.
This demonstrates that the surfaces showed antimi-

crobial efficacy against both Gram-negative and Gram-
positive bacteria, with the effect being more pronounced
for the Gram-positive organism.
Surfaces can also be contaminated with opportunis-

tic fungal pathogens; therefore, the antifungal efficacy of
surface-immobilized chlorhexidine was tested against C.
albicans SC5314 (Figure 3C). Cells were added to the sur-
face at ≈1 × 109 CFU mL−1 and recovered at intervals
throughout the time course. There was no significant dif-
ference between the treated surfaces (4.42 ± 0.49 Log10
CFU) and the control surfaces (5.49 ± 0.03 Log10 CFU)
after a 1-minute incubation. However, there were no
recoverable cells on the treated surfaces at other times.
In comparison, the control surfaces showed the stable
survival of C. albicans throughout the time course.

Having established that the treated polymer surfaces are
efficacious in rapidly killing bacterial and fungal species,
we then assessed the activity of the technology against the
causative agent of COVID-19: SARS-CoV-2 virus (Wuhan
strain) (Figure 3D). The simulated splash assay was mod-
ified by applying 5 × 104 infectious units (IU) to the test
surfaces and incubating for 5 minutes before virions were
removed from the surface. The remaining virus particles
from the treated or control surfaces were harvested using a
cell culture medium, which was then incubated with Vero
cells to determine infectivity. The antimicrobial-coated
plastic demonstrated excellent antiviral properties, with
the rate of infected cells dropping from 9.6% ± 3.2% cells
observed on the control surfaces to no detectable infected
cells on the antimicrobial-coated plastic surfaces.
Antimicrobial resistance is a significant issue when

employing antimicrobial technologies; therefore, it is vital
to determine the response of novel antimicrobial technolo-
gies to resistant bacteria. To ascertain the efficacy of the
AMS against resistant bacteria, we first evolved resistance
of our naïve strains of E. coli and S. aureus to chlorhexidine
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F IGURE 4 Generation of antimicrobial resistant bacteria and surface efficacy against them. A) Effect of passaging E. coli in sub-lethal
concentration of chlorhexidine on the minimum inhibitory concentration of chlorhexidine for the bacteria, n = 5, error bars show standard
deviation. B) Effect of passaging S. aureus in sub-lethal concentration of chlorhexidine on the minimum inhibitory concentration of
chlorhexidine for the bacteria, n = 5, error bars show standard deviation. C) Antimicrobial efficacy of control and treated surfaces against
chlorhexidine resistant E coli. *** denotes statistical significance < 0.001, n = 9. Error bars show standard error of the mean. D) Resistant S.
aureus survival following incubation on untreated and treated surfaces. *** denotes statistical significance < 0.001, n = 9. Error bars show
standard error of the mean.

in liquid growth media. The original MIC of each strain
was 1 µM. Next, bacteria were serially passaged 20 times
in the presence of 0.5× MIC chlorhexidine in MHB with
aeration. The E. coli cultures had a steady increase in MIC
until passage 14, after which a significant increase was
observed over the following four passages, with the MIC
plateauing at 32 µM,which was× times higher than that of
the naïve parent strains (give MIC of the original strains)
(Figure 4A). A similar patternwas observedwith S. aureus,
where little increase in theMICwas observed until passage
15, after which a significant increase was then seen over
the following three passages, with the MIC plateauing
again at 32 µM (Figure 4B). The surfaces were then tested
against these strains to determine the efficacy of the
surface against resistant bacteria. Control surfaces did not
affect the resistant E. coli strain, whereas no recoverable
CFU was observed following incubation of the resistant
strain on treated surfaces (Figure 4D). A similar effect was
observed for the resistant S. aureus strain, with the control
surfaces not affecting survival, whereas no cells were

recovered following incubation on treated surfaces. This
demonstrates that the surfaces are effective against both
naïve and chlorhexidine-resistant bacteria (Figure 4D).

3.3 Surface leaching

Once the antimicrobial efficacy of the surfaces was estab-
lished, the durability of the surfaces was examined to
determine their suitability for use. The surfaces were
immersed in PBS for 14 days, and at each timepoint, the
absorbance of the leachate from the surface wasmonitored
to determine the presence of chlorhexidine (Figure 5).
Chlorhexidine concentrations can be quantified by the
suppression of the background fluorescence of polystyrene
plates.[34] At day 0, a background reading of 33741 ± 762
a.u. was observed for the solution before adding the control
samples and 32084± 706 a.u. for the treated samples. There
was no significant increase for the treated samples up
to and including day 14, with the measurements remain-
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F IGURE 5 Durability of surfaces. A) Absorbance of leachate from treated and control surfaces to determine chlorhexidine leaching
from surfaces. N = 9, error bars show standard deviation. B) Antimicrobial efficacy of the leachate from control and treated samples. N = 9,
error bars show standard deviation. C–F) Light micrographs of the pre and post leaching surfaces. C) Control surface pre-leaching, D) control
surface post-leaching, E) treated surface pre-leaching, F) treated surface post leaching. Images are representative of all samples scale bar is
500 µm.

ing level across all days. With the control samples, the
absorbance remained level until day 12, when an increas-
ing trend with high variability began to emerge. However,
there was no significant difference between any time point
and day 0.
To confirm this result, the surface leachate was tested

against E. coli. While there was a slight decrease in the
leachate from the treated surfaces, this was not signifi-
cant, and no significant changes in bacterial growth were
observed across all the samples. Finally, both control and
treated surfaces were imaged pre- and post-leaching. Both
control and treated surfaces showed some surface dis-
ruption after being in the leaching solution for 14 days
(Figure 5C–F).

4 DISCUSSION

Plasma nitriding of surfaces is an established technique
that has previously been used to increase the hard-
ness and wear resistance of surfaces and enhance cell
attachment.[35,36] In this paper, we have reported utiliz-
ing this surface modification as the basis for attaching
chlorhexidine to the surface to incorporate novel prop-

erties. Chlorhexidine, as a broad-spectrum biocide, is
active against various organisms, including opportunis-
tic pathogens responsible for disease. Therefore, covering
the surface with a uniform chlorhexidine coating is key
to developing strong antimicrobial properties. ToF-SIMS
detection of the C7H4N2Cl− ion is a key indicator of the
presence of chlorhexidine in a system and demonstrates
even coverage of our surfaces with the biocide.
We have previously demonstrated that it is possible to

nitride metal surfaces and utilize the nitride layer as a
functionalized surface to attach biocides.[28] Plasmanitrid-
ing of polymers is uncommon because it does not confer
the same wear resistance properties seen in metals. The
process normally requires extreme temperatures to modify
steel surfaces. Therefore, we aimed to apply the nitrid-
ing process to thermally-sensitive polymers and attach
biocides in a manner analogous to metals.
The presence of the biocidal coating does not affect

the macrostructure of the material. However, it does alter
the hydrophobicity of the surface. This is key for bacte-
rial interactions with the surface, as hydrophobicity can
reduce bacterial attachment.[37] Studies have shown that
altering the surface to include more hydrophobic groups
reduces bacterial survival. However, adding chlorhexidine
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to the surfaces significantly reduced the water contact
angle despite increasing the biocidal activity. This is
thought to be due to the introduction of multiple cationic
groups across the surface, increasing the hydrophilicity,
and reducing bacterial attachment.[38]
Transmission of bacteria through fomites is a signif-

icant issue in healthcare, with up to 40% of nosoco-
mial infections occurring from infected healthcare oper-
atives’ hands and via high-touch environmental surfaces.
High-frequency touch surfaces require rapid antimicrobial
action, and this is not limited to healthcare environ-
ments as fomite transmission of pathogenic species rapidly
spreads in other environments.[39] This calls for technolo-
gies that can rapidly prevent the growth and survival of
a range of pathogenic species. This is essential as studies
have shown that as low as 15 CFU of S. aureus is required
to cause infection.[40] The results we describe in this work
demonstrate that chlorhexidine-coated surfaces show a
rapid reduction in bacterial numbers for both Gram-
negative (E. coli) and Gram-positive (S. aureus) organisms
after 45 minutes. The antimicrobial effect was stronger
againstC. albicans, with no recoverable cells obtained after
15 minutes. This is significantly quicker than compara-
tive technologies such as silver and copper, which reduce
microbial numbers over hours or even days.[41–43] Studies
have shown that, although SARS-CoV-2 is predominantly
transmitted through respiratory and air transmission, the
virus persists on surfaces, and fomite transmission is
possible.[44,45] While chlorhexidine in solution has shown
limited efficacy against the virus,[46] it has shown efficacy
against SARS-CoV-2 in vivo.[47] Additionally, studies have
shown that chlorhexidine attached to a surface can rapidly
inactivate the virus.[29] We have shown that chlorhexi-
dine immobilized on surfaces leads to a rapid reduction
in viable virions and that this technology is applicable to
polymer surfaces.
The development of chlorhexidine-resistant bacterial

inoculants as a result of progressive bacterial isolate sur-
vival in sub-inhibitory concentrations of chlorhexidine
was the result of permanent de novo genomic alter-
ations mutated in response to antimicrobial stress and
inherited by bacterial progeny following replication.[48,49]
Previous experimental studies[50,51] further support the
results obtained for developing chlorhexidine-resistant
bacterial inoculants. Gradually increasing sub-inhibitory
concentrations of chlorhexidine to E. coli and S. aureus
progenitors induces selective pressure, upregulating the
antimicrobial tolerance of repeat-specific isolates to a
statistically significant degree.
The results of surface efficacy tests conducted further

demonstrate that treated surfaces exhibit statistically sig-
nificant bactericidal efficacy. The lack of survival of both
naïve and resistant bacterial isolates after inoculation onto

the antimicrobial surface was significant. It should be
emphasized that this conclusion is limited to bacterial
isolates exhibiting a chlorhexidine tolerance equal to or
less than 32 µg mL−1; however, recent studies investigat-
ing the in situ development of chlorhexidine resistance
in bacterial isolates obtained from HCAI-patient wounds
and patient-care fomites have provided evidence sup-
porting the extent of healthcare-associated chlorhexidine
resistance to be ≤8 µg mL−1.[52]
While themajority of antimicrobial technologies used in

infrastructure materials work by leaching antimicrobials
from the surface,[53] the chlorhexidine used in the technol-
ogy reported here is bonded to the surface, and leaching of
the chlorhexidine was not observed. This lack of leaching
from the surface could potentially enhance the duration of
antimicrobial efficacy against bacteria, especially resistant
strains,which often rely on efflux pumps to remove antimi-
crobials. However, further studies will be required to test
this hypothesis. This suggests that the technology could
potentially be used for wet environments. However, fur-
ther studies would need to be carried out this as literature
sources suggest alternative detection methods and chang-
ingwashing conditionswould be important to confirm this
to its fullest extent.[54,55]

5 CONCLUSION

Using a simple process, we have demonstrated a method
for applying an established biocide to polymer sur-
faces. The coating of the surface is uniform across
the surface. It shows excellent efficacy against both
Gram-positive and Gram-negative bacteria, as well as
against pathogenic fungi and enveloped viruses. We have
developed two strains of chlorhexidine-resistant bacte-
ria and shown that the technology demonstrates the
same level of efficacy against chlorhexidine-resistant bac-
teria as naïve bacteria. We believe that the technology
is widely applicable to prevent the spread of fomite
infection.
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