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ABSTRACT ARTICLE HISTORY
Antimicrobial nanocoatings may be a means of preventing nosocomial infections, which account for ~ Received 26 March 2024
significant morbidity and mortality. The role of hospital sink traps in these infections is also /Fie‘”sed d4 ;“JIVI 2(;20‘; .
increasingly appreciated. We describe the preparation, material characterization and antibacterial cepte e
activity of a pipe cement-based silver nanocoating applied to unplasticized polyvinyl chloride, a KEYWORDS

material widely used in wastewater plumbing. Three-dimensional surface topography imaging and Antimicrobial; nanocoating;
scanning electron microscopy showed increased roughness in all surface finishes versus control, 165; wastewater; biofilm
with grinding producing the roughest surfaces. Silver stability within nanocoatings was >99.89% in

deionized water and bacteriological media seeded with bacteria. The nanocoating exhibited potent

antibiofilm (99.82-100% inhibition) and antiplanktonic (99.59-99.99% killing) activity against three

representative bacterial species and a microbial community recovered from hospital sink traps.

Hospital sink trap microbiota were characterized by sequencing the 16S rRNA gene, revealing the

presence of opportunistic pathogens from genera including Pseudomonas, Enterobacter and

Clostridioides. In a benchtop model sink trap system, nanocoating antibiofilm activity against this

community remained significant after 11days but waned following 25days. Silver nanocoated disks

in real-world sink traps in two university buildings had a limited antibiofilm effect, even though in

vitro experiments using microbial communities recovered from the same traps demonstrated that

the nanocoating was effective, reducing biofilm formation by >99.6% and killing >98% of planktonic

bacteria. We propose that conditioning films forming in the complex conditions of real-world sink

traps negatively impact nanocoating performance, which may have wider relevance to development

of antimicrobial nanocoatings that are not tested in the real-world.

1. Introduction involving surfaces, or by airborne transmission of
droplets and bioaerosols (Darouiche 2001). Treating
bacterial infections with antimicrobial products,
including antibiotics, is associated with the emerg-

_ F ) ing major threat of antimicrobial resistance, the
tions (Koch et al. 2015; Cassini et al. 2016; National  ragy|t of selection for mutations allowing bacteria

Institute for Health and Care Excellence 2016).  to evade drugs intended to kill them or inhibit their
Besides human-to-human transmission, these infec-  growth. Infections caused by antibiotic resistant

tions may result from invasive medical devices such  bacteria killed 1.27 million people in 2019 (Murray
as dental implants, indwelling catheters, mechanical et al. 2022) and antimicrobial resistance has been
heart valves, contact and droplet transmission  exacerbated by the COVID-19 pandemic (CDC 2022).

Significant morbidity and mortality in healthcare
can be attributed to nosocomial infections, also
known as healthcare- or hospital-associated infec-
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If growth in resistant infections continues at current
rates, by 2050 they are expected to kill 10 million
people globally per year (O'Neill 2016). There were
834,000 nosocomial infections and 28,500 resulting
patient deaths reported in the period 2016-2017
across all NHS hospitals in England (Guest et al. 2020),
with the cost of these potentially preventable infec-
tions calculated at between £1 billion (Mackley, Baker,
and Bate 2018) and £2.7 billion (Guest et al. 2020).
Sink traps (with configurations including U-bends,
P-traps and bottle traps) connect sink drains to
waste in both domestic and commercial wastewater
plumbing systems. They are designed to trap water
during use to create a seal, preventing flow of gases
from the sewer to the sink and surrounding envi-
ronment. In hospitals, most wards and individual
patient rooms contain sinks to encourage good
hand hygiene and achieve infection prevention and
control (Rashid 2006). However, sink traps can
become heavily colonized with opportunistically
pathogenic bacteria such as Pseudomonas aerugi-
nosa, Acinetobacter baumannii, Klebsiella spp.,
Citrobacter spp., Enterobacter spp. and Serratia mar-
cescens (Lowe et al. 2012; Landelle et al. 2013;
Loveday et al. 2014; Regev-Yochay et al. 2018;
Volling et al. 2020; Franco et al. 2020; Jamal et al.
2020; De Geyter et al. 2021; Nurjadi et al. 2021; Kehl
et al. 2022), and act as a reservoir for pathogens
causing nosocomial infections (Volling et al. 2020;
Quick et al. 2014; Walker et al. 2014; Gormley et al.
2017; Halstead et al. 2021). While augmented envi-
ronmental cleaning measures have been shown to
reduce nosocomial infection rates (Mitchell et al.
2019), bacteria are able to persist long-term in
wastewater plumbing systems through biofilm for-
mation (Vickery et al. 2012; Burgos-Garay et al.
2021). Biofilm development is the process where
bacteria attach to surfaces, orchestrate their com-
munal activities via quorum sensing, and produce
extracellular polymeric substances to bind and pro-
tect cells from disinfection (Flemming et al. 2016).
When a sink is used, bacteria residing in the sink
traps can also be dispersed into the plumbing pipe-
work and escape encapsulated in droplets and aero-
sols (Hota et al. 2009; Kotay et al. 2017; Hajar et al.
2019; Yui et al. 2019), moving on airflows within
wastewater plumbing systems between different
floors of the same building (Gormley et al. 2017).
In order to combat antimicrobial resistance, there
is a need to reduce excessive use of antibiotics and
conduct research to discover new antibiotics. It is also
important that parallel actions to improve water, san-
itation and hygiene and infection prevention and

control are taken (Global and Public Health Group
(Emergency Preparedness and Health Protection
Policy Directorate) 2019). To widen infection preven-
tion and control measures outside the more routine
and traditional approaches such as hand hygiene, use
of personal protective equipment, respiratory and
cough hygiene and waste management, a range of
novel antibacterial strategies are being sought, includ-
ing ways to reduce the bacterial impact on wastewa-
ter plumbing systems. A major breakthrough would
be the inhibition of biofilm formation, which would
interrupt the persistence of potentially pathogenic
bacteria by preventing the formation of a mature
community before it becomes more difficult to erad-
icate (Singh et al. 2017). Certain metal or metal oxide
nanoparticles (silver, zinc, copper, titanium dioxide),
as well as composite nanomaterials (e.g., Cd-Se quan-
tum dots) are known to have strong antimicrobial
properties (Allaker 2010) and have been used for
infection prevention and control (Parani et al. 2016).
The application of such nanomaterials with intrinsic
antimicrobial properties has previously been investi-
gated to inhibit biofilm development on surfaces
(Qayyum and Khan 2016; Butler et al. 2023). Previous
studies have demonstrated that silver (Ag) nanopar-
ticles (NPs) applied directly to human dentin in the
form of nanocoatings resulted in strong bactericidal
activity and inhibited bacterial adhesion far better
than traditional clinical antiseptics (Besinis et al.,
2014a). Similar Ag nanocoatings were also found to
have very strong antibacterial and antibiofilm activity
in medical implant applications (Besinis et al. 2017)
and inhibit fungal growth in vitro when applied to
silicone maxillofacial prostheses (Meran et al. 2018).

The hypothesis of this study was that developing
a novel Ag nanocomposite coating could reduce bac-
terial biofilm formation on polymer pipe surfaces.
The rationale of the study was based on previous
work (Besinis et al., 2014a; Besinis et al. 2017; Meran
et al. 2018; Besinis et al., 2014b) where application
of antimicrobial nanomaterials to various substrates
showed strong antiplanktonic effects and biofilm
inhibition. The first objective was to characterize the
nanocoating under investigation and confirm its sta-
bility. The second objective was to test the antibac-
terial efficacy of the applied nanocoating in vitro
against certain pathogens known to cause nosoco-
mial infections: Pseudomonas aeruginosa, Enterococcus
faecalis and Acinetobacter baumannii. The real-world
performance of the nanocoating was then evaluated
under controlled laboratory conditions using a
benchtop sink trap model system to test its efficacy
against a bacterial community derived from hospital



sinks. Finally, the antibiofilm activity was also inves-
tigated in situ against sink trap pathogenic commu-
nities in a real-world environment that involved sink
traps in workplace toilets.

2. Methods and materials

The broad experimental design is summarized by a
schematic as shown in Figure 1.

2.1. Disk and nanocoating preparation

Round disks with a diameter of 15mm and thick-
ness of 1mm were waterjet cut (Waterjet Profiles
Ltd., Plymouth, UK) from an unplasticized polyvinyl
chloride (uPVC) sheet (Pure Plastics Ltd., Bristol, UK).
The preparation of the Ag nanosolutions was per-
formed based on the method previously described
by Besinis et al. (2014a). The Ag NPs used were
identical to those previously characterized in detail
by Besinis et al. (2014b). In this study, Ag nanopow-
der with a particle size less than 100nm
(Sigma-Aldrich, MO, USA) was mixed with acetone
to a concentration of 20g L' (i.e., two times the
final intended Ag concentration), vortexed for 30s
and sonicated (35kHz, Fisherbrand FB 11010,
Germany) in a glass vial for 4h in the dark to ensure
dispersion of the NPs. The Ag-acetone mixture was
then mixed at a 1:1 ratio by weight with pipe
cement (PC) (PVC solvent cement, Aquaflow, UK)
and vortexed for an additional 30s. A no particle
control solution was prepared by mixing acetone
with PC at the same ratio, but with no Ag NPs
added. The disks were randomly divided into three
groups. The specimens of the first group were left
uncoated and assigned as ‘uPVC’ disks. The disks in
the second group were fully coated by carefully
pipetting 100 uL of the PC-acetone mixture onto
the surface of each face using wide orifice pipette
tips; these are referred to as ‘PC’ disks. The mixture
was applied in the form of a very thin layer and
was left to air-dry for 10 min between coating each
face. The disks in the third group, referred to as
‘Ag-PC’ disks, were coated with the Ag-acetone and
PC mixture using the same technique. The coatings
of each Ag-PC disk carried a total mass of 2mg of
Ag (100uL of a 10g L' Ag nanosolution applied to
each disk face). Both faces of the Ag-PC disks were
subsequently ground with a FEPA 800 silicon car-
bide paper (22 um grain size, Struers, Denmark)
using a Buehler EcoMet 250 grinder-polisher to
ensure that Ag NPs were bioavailable and not fully
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embedded within the PC matrix. Each face was
ground for 30s and surface finish was assessed visu-
ally to ensure consistency across the surface. The
PC specimens were also ground so that their surface
nanotopography matched that of the Ag-PC disks.
All specimens were sterilized by immersion in a 2%
NaOClI solution in sterile 50mL centrifuge tubes on
a roller mixer at room temperature for 15min, fol-
lowed by triple rinses with sterile deionized water
to remove residual hypochlorite.

Further specimens were prepared following the
same techniques to be used in the benchtop sink
trap model and in situ sink trap experiments. For
those, an additional hole was created in the center
of each disk using a heated nichrome wire (Figure
S1). Nichrome wires were then inserted through the
disk holes and sections of plastic tubing were used
as spacers to ensure exposure of the disk surfaces
(Figure S2). The setup allowed disks to remain
securely in place when left in the sink traps during
the exposure studies.

2.2. Disk surface characterization

Surface topography is known to affect early stages
of biofilm development (Crawford et al. 2012) and
thus the surface roughness of specimens was deter-
mined, following the method previously reported by
Besinis et al. (2017). The surface roughness of the
control and coated disks was quantified by measur-
ing the mean deviation of the roughness profile (R,)
and the maximum primary height of roughness pro-
file (R, using an Olympus LEXT OLS 3000 confocal
laser scanning microscope equipped with a 408nm
laser diode class 2 laser. Measurements were con-
ducted using an optical zoom of 1x and a total mag-
nification of 50x. Profiles were Gaussian filtered with
a cutoff wavelength value of 85.2 um. Surface rough-
ness was measured at three different locations on
the surface of each disk (n=6 disks/group). Surface
nanotopography was further investigated by 3D anal-
ysis using the Olympus LEXT OLS 6.0.7 software.
Additional specimens were prepared (n=3 disks/
group) for scanning electron microscopy (SEM) analysis
to verify the successful application of the coatings and
examine the surface morphology of the control and
coated disks. Specimens were gold sputtered to
increase conductivity and improve image resolution
before they were examined with SEM using JOEL
JSM-6610 LV equipped with Oxford Instruments Aztec
X-Ray analytical system. Low vacuum energy dispersive
X-ray spectroscopy (EDS) was also employed to
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Figure 1. Schematic showing a general overview of the workflow from preparation of nanocoatings, material characterization,

disk exposure experiments both in vitro and in situ and assessment of antibacterial activity by culture-dependent and -indepen-
dent means. Created with BioRender.com.



analyze the elemental composition of the coatings
and confirm the presence of Ag NPs. Identical oper-
ating conditions and scanning parameter settings were
used for all EDS scans (spot size: 10um; accelerating
voltage: 10kV; working distance 10mm). Data and
spectra analysis were achieved using Aztec 2.2 soft-
ware (Oxford Instruments, Abingdon, UK).

2.3. Dissolution of Ag and stability of the
antibacterial nanocoatings

The stability of the Ag nanocoatings was initially
assessed by measuring the total concentration of dis-
solved Ag released in ultrapure water by performing
a 24h dialysis study based on the method published
previously (Besinis et al., 2014b; Handy, Eddy, and
Romain 1989). Additional control and coated disks
identical to those used in the exposure experiments
were prepared as described above. All glassware,
magnetic stirrer bars and dialysis tubing had been
acid washed in a 5% nitric acid bath overnight and
then triple rinsed in ultrapure Milli-Q water (18.2
MQ-cm, Elga, France) prior to the experiment. Dialysis
tubing (D9777, cellulose membrane with molecular
weight cut off at 12,000 Da, Sigma-Aldrich Ltd, Dorset,
UK) with an approximate exclusion size of 2.5nm was
used to make 70mm long x 25mm wide dialysis bags
which were each filled with 8 mL of Milli-Q water.
Disks were individually placed in separate dialysis
bags, which were sealed with Medi-clips to prevent
any leakage, and then suspended from retort stands
such that they were fully immersed in identical glass
beakers each containing 492mL Milli-Q water. Care
was taken to select beakers of identical size and
shape, and each group was tested in triplicate. The
solutions in the beakers were gently agitated with a
multipoint magnetic stirrer for 24 h at room tempera-
ture. Samples of the external media (4.5mL) were
taken from each beaker at 0, 0.5, 1, 2, 3, 4, 6, 8, and
24h. Samples were immediately acidified by addition
of 100uL 68% (v/v) nitric acid (AnalaR NORMAPUR’
analytical reagent, VWR, PA, USA), vortexed for 30s,
and stored in sterile plastic containers at 4°C in the
dark. At the end of the experiment, the remaining
contents of the dialysis bags were also collected, acid-
ified and stored as above. All dialysis samples were
analyzed within 24h to quantify total Ag concentra-
tions using inductively coupled plasma mass spec-
trometry (ICP-MS) (XSeries, Thermo Scientific, UK)
against matrix-matched standards. Sample runs
included blanks to correct for instrument drift and
procedural blanks to correct for background metal
concentrations.
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The stability of the Ag-PC nanocoatings was also
assessed by measuring the total concentration of
Ag in the media at the end of the in vitro bacterial
exposure studies. Media samples were transferred
from the 24-well plates to separate plastic bijou
tubes, mixed 1:1 with 2% (v/v) nitric acid, and stored
overnight at 4°C in the dark before being analyzed
using inductively coupled plasma optical emission
spectroscopy (ICP-OES) (iCAP 7000 series, Thermo
Scientific, UK). Suitable blanks and matrix-matched
standards were used as above.

2.4. Collection and enrichment of hospital sink
trap samples

The sink traps (n=3) from handwashing sinks located
in acute care wards were swabbed using eSwabs
with TmL liquid amies preservation medium.
Specimens were stored immediately at 4°C and trans-
ferred to the laboratory within 24 h. Each of the three
swabs and the total volume of the preservation
medium from each swab were then transferred to
separate 5mL tubes containing 3mL Dulbecco A
phosphate-buffered saline (Thermo Scientific Oxoid,
UK) and swabbed material was liberated. All three
swab samples were pooled, and the total pooled
volume was added to a 250 mL Erlenmeyer flask con-
taining 50mL Reasoner’s 2A broth (prepared in-house
identically to Oxoid CM0906, except omitting agar).
The flask was incubated at 20°C with shaking at
100rpm for 3days under normal atmosphere to
enrich bacterial numbers. After three days, the culture
was scaled up to 200mL in a 1000mL flask in
Reasoner’s 2A broth and growth continued at 20°C
with shaking at 100rpm for 3 additional days. At the
end of enrichment, aliquots of the mixture were pre-
pared for storage having a final concentration of 25%
(v/v) glycerol, which were later used for the disk
exposure experiments (Section 2.5). The remaining
culture was made up to 900 mL by addition of auto-
claved tap water from a laboratory cold tap, and the
mixture was later used to inoculate the laboratory
benchtop sink trap model system (Section 2.6).

2.5. Experimental design for in vitro disk
exposure studies

Single-species cultures of representative bacteria and
the mixed-species hospital sink trap cultures were
used to assess the antibacterial efficacy of the Ag
nanocoating in vitro. Pseudomonas aeruginosa NCIMB
10817 (ATCC 25619), Enterococcus faecalis NCTC 12697
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(ATCC 29212), and a clinical isolate of Acinetobacter
baumannii were cultured on lysogeny broth (LB)
media (Fisher Bioreagents™, UK) at 37°C. The strains
of P. aeruginosa and E. faecalis were derived from a
collection curated by Mr Matthew Emery at the
University of Plymouth, while A. baumannii was
obtained from University Hospitals Plymouth NHS
Trust. These strains were selected as they are among
the most common pathogens known to cause nos-
ocomial infections and these bacteria have previously
been reported as having been recovered from sink
trap samples. Mixed-species cultures consisted of the
pooled and enriched mixtures from hospital sink
traps (Section 2.4) and a sample of the university
building’s sink traps (Section 2.7). Generally, the
experimental design involved exposing P. aeruginosa,
E. faecalis, A. baumannii, or the mixed-species cultures
in 24-well microplates for 24h to the Ag-PC coated
disks in comparison to the uncoated uPVC disks (neg-
ative control), PC disks (no particle control) and blank
controls (no disk in the well). The 24-well microplate
was used as the unit of replication (n=3 disks/treat-
ment). Each disk was placed on the bottom of a well
acting as the substrate for biofilm formation.
Overnight cultures were centrifuged three times at
4,700xg for 20min, each time removing the super-
natant and resuspending in fresh 1% LB. After the
third centrifugation, suspensions were adjusted to
an optical density at 600nm (ODq,,) of 0.1 and used
immediately. Each well was inoculated with 150puL
of bacterial suspension and 1.35mL of 1% LB broth
to a final volume of 1.5mL, resulting in a starting
bacterial density of 10° colony-forming units (CFU)
mL~" in each well. Serial dilutions and Miles and
Misra drop counts (Miles, Misra, and Irwin 1938) of
inocula were performed on LB agar to confirm initial
bacterial density. The microplates were incubated at
37°C for 24h in the dark on a rotary shaker (120rpm).
At the end of the 24h exposure, the antiplanktonic
and antibiofilm activities of the nanocoatings were
assessed by quantifying the viability of bacteria in
the media as well as bacteria adhered to the surface
of the disks. Briefly, bacterial viability in the media
in the microplates was measured by performing serial
dilutions and Miles and Misra drop counts on LB
agar. The total Ag concentration in the media was
measured by ICP-OES to investigate the stability of
the nanocoatings applied to the Ag-PC disks (Section
2.3). The disks were then removed from the micro-
plates to assess the extent of biofilm development.
That was achieved using the Miles and Misra method
as well as running turbidity and resazurin assays
(Section 2.8).

2.6. Experimental design for evaluating the
nanocoatings’ antibiofilm efficacy using a
laboratory benchtop sink trap model system

New bottle-style sink traps (n=3; McAlpine, UK)
were cleaned with 70% industrial methylated spirits,
and securely set up in an upright position using
retort stands on a laboratory bench (Figure S3). The
900 mL of enriched hospital sink trap culture in
autoclaved tap water prepared previously (Section
2.4) was used to fill each sink trap with 300 mL,
which was the maximum volume they could accom-
modate. The inlet and outlet ports of the sink traps
were sealed with parafilm, and the sink traps were
left on the bench for three days at room tempera-
ture to allow bacterial attachment and colonization
to occur. Following colonization, sink traps were
subjected to flushing conditions simulating sink
usage by pouring 1L of autoclaved tap water into
each sink trap by the top inlet port and allowing
it to flow out from the bottom outlet port. At that
stage, disks mounted on nichrome wires (see Section
2.1) were introduced to the sink traps, which marked
the baseline for this experiment. Each sink trap con-
tained disks from all experimental groups (uPVC,
PC, Ag-PC) mounted on separate nichrome wires so
that each sink trap was effectively an experimental
replicate. The bacterial densities of sink trap media
were routinely monitored every 1-2days by sam-
pling from the bottom of the trap using a sterile
serological pipette inserted through the top inlet
port and performing serial dilutions and Miles and
Misra drop counts on agar. To maintain a relatively
constant bacterial density during the experiment,
and to mimic sink usage, sink traps were flushed
with 1L of autoclaved tap water as above when
their bacterial densities began to increase. At each
endpoint (4, 11 and 25days), disks (n=3/treatment)
were retrieved aseptically from the wires in the sink
traps and the antibiofilm efficacy of the nanocoat-
ings was quantified (Section 2.8).

2.7. Experimental design for the in situ testing of
the nanocoating antibiofilm efficacy in real-world
sink traps

The study was conducted in sink traps located
across two university buildings (A and B) between
October and December 2021. Building A consisted
of staff offices, teaching facilities, a café, and labo-
ratories. Building B consisted of offices but was
largely dominated by laboratory space. Four hand-
washing sinks were identified across buildings A
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and B and their sink traps replaced with identical
new bottle-style sink traps (McAlpine, UK) which
were assembled and cleaned with 70% industrial
methylated spirits upon receipt. Sink trap 1 (ST1)
and ST2 were in building A, located in two male
toilets on different floors (ST2 was directly above
ST1) with a layout including 3 urinals and 2 cubicles
(see Figure S4). ST3 and ST4 were in building B, in
neighboring male and female toilets respectively,
with a single toilet each (see Figure S5). ST1-4 were
all fitted to handwashing sinks during periods of
active building use. Disks were mounted on
nichrome wires and placed in ST1-4 following the
same experimental design as in the study using the
laboratory benchtop sink trap model system (above).
At baseline, and after the collection of disks at each
endpoint (1, 2, 7, 14, 28days), the tap was left to
run for 30s to refill the traps with water. Disks were
analyzed by detachment and enumeration of
biofilm-derived cells and resazurin assay as described
below. After the final endpoint, T0mL samples and
swabs were collected from ST1-4 and pooled for in
vitro disk exposure experiments (Section 2.5), and
for DNA extractions and 16S rRNA gene sequencing
(Section 2.9).

2.8. Assessment of antibiofilm efficacy

The viability of the bacteria adhered to the control
and coated uPVC disks was assessed by following
the protocol described by Besinis et al. (2017). In
brief, disks were removed from the 24-well plates
or sink traps at the end of the in vitro or in situ
exposure studies, respectively. Each face of the disks
was aseptically rinsed with 3mL of sterile saline
(0.85% NaCl) to remove non-adherent bacteria. Each
disk was then transferred to a separate glass vial
containing 2mL sterile saline. Vials were vortexed
for 55, sonicated by immersion in an ultrasonic bath
(35kHz, Fisherbrand FB 11010, Germany) for 60s
and then vortexed for an additional 5s. Afterwards,
0.5mL of the media from the sonicated disks from
each vial was added to 4.5mL LB broth and incu-
bated for 5h at 37°C with 120rpm agitation. At the
end of the 5h incubation, turbidimetric values were
measured to quantify the regrowth of biofilm-derived
bacteria using a spectrophotometer (BioPhotometer,
Eppendorf, Germany) at 600 nm. Aliquots of the
contents of each vial containing detached biofilm
were serially diluted and bacterial density enumer-
ated by Miles and Misra drop counts on LB agar to
determine antibiofilm efficacy. The resazurin assay
was also employed for the in situ assessment of the
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biofilm development on the surface of the disks
without the need of using sonication to remove
attached bacteria. The method followed was as pre-
viously described (Travnickova et al. 2019); resazurin
stock solutions were prepared at 20mM using sterile
0.85% NaCl and stored at —20°C until use, when
they were thawed and diluted in 0.85% NaCl to
20 uM. Control and coated disks were rinsed as
described above to remove non-adherent bacteria
and then each immersed in 2mL of 20 uM resazurin
solution in a 24-well plate and incubated statically
in the dark at 37°C. After 4h, 200 uL aliquots in
triplicate were transferred to 96-well microtitre
plates, which were analyzed by a FLUOstar Omega
microplate reader (BMG Labtech, UK) applying an
excitation wavelength of 544nm, emission wave-
length of 590nm, and gain set at 700. A pilot study
was initially conducted to confirm that in situ bio-
film could be quantified by resazurin (Figure S6)
and that the production of fluorescence was pro-
portional to the bacterial load (Figure S7). Tenfold
serial dilutions of an A. baumannii culture were
prepared in 20 uM resazurin solution and 200 uL per
well transferred to a 96-well microtitre plate in sex-
tuplicate per dilution. The plate was incubated in
the FLUOstar Omega microplate reader at 37°C and
assessed by a kinetic measurement every 30 min for
13 h using the settings described above.

2.9. 165 rRNA gene amplicon sequencing

Sequencing of 16S rRNA gene amplicons following
PCR of extracted DNA was performed to characterize
the bacterial community present in sink traps.
Aliquots were taken after the pooling and enrich-
ment steps following receipt of the hospital sink trap
swabs and these were archived at —80°C. Samples
of the contents of ST1-4 were also taken, pooled,
and archived at —80°C. Metagenomic DNA was
extracted from 250puL of each sample using the
DNeasy” PowerSoil” Pro kit (Qiagen, Germany) accord-
ing to the manufacturer’s instructions. Extraction
yield was quantified using the Qubit” dsDNA HS
assay kit (Invitrogen, MA, USA) and purity was deter-
mined using a Nanodrop™ spectrophotometer
(Thermo Fisher Scientific, UK). DNA samples that met
the quality criteria were provided to Novogene
(China) for PCR amplification, product quantification,
purification, library preparation and Illlumina sequenc-
ing. The target hypervariable regions were V3-4
using primers 341F and 806R (Takahashi et al. 2014;
Muyzer, de Waal, and Uitterlinden 1993; Caporaso
et al. 2011; Hiergeist, Reischl, and Gessner 2016)
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(341 F: CCTAYGGGRBGCASCAG and 806R:
GGACTACNNGGGTATCTAAT) and V4-5 using primers
515F and 907R (Caporaso et al. 2011; Edwardson
and Hollibaugh 2018; Armitage et al. 2012; Chen
et al. 2017; Hugerth et al. 2020), (515F:
GTGCCAGCMGCCGCGGTAA and 907 R:
CCGTCAATTCCTTTGAGTTT). Degenerate bases were
universal, as follows: Y=C/T, B=C/G/T. S=C/G,
N=A/C/G/T, M=A/C. Novogene used a proprietary
bioinformatic pipeline to merge and filter data and
conduct operational taxonomic unit clustering.

2.10. Statistics

All data are presented as mean +standard deviation
values. Statistical analysis was performed using
GraphPad Prism version 8.4.3 for Mac (GraphPad
Software, Inc., USA). The Shapiro-Wilk normality test
was used prior to applying parametric testing.
Differences between control and test groups were
evaluated using one-way analysis of variance
(one-way ANOVA, Tukey’s post hoc test). Differences
among the control and coated specimens (treatment
effect) over time, at different temperatures or
against different pathogens were evaluated using
two-way analysis of variance (two-way ANOVA,
Tukey’s post hoc test). All statistical analysis used a
95% confidence limit, so that p values = 0.05 were
not considered statistically significant.

3. Results
3.1. Surface characterization

Prior to assessing the antibacterial properties of the
nanocoatings applied to the uPVC disks, surface
roughness measurements of the control and different
test groups were taken using confocal microscopy
(Table 1) as surface topography is known to affect
early stages of biofilm development (Crawford et al.
2012). Application of the PC coating did not result

Table 1. Surface roughness values of the uncoated control
and coated disks.

Type of nanocoating R, (um) R, (um)

Uncoated uPVC control 0.327+£0.0522 2.352+0.6452
PC control (unground) 0.474+0.237% 3.004 +0.984°
PC control (ground) 2.009 +0.344¢ 12.684+2.328°
Ag-PC (unground) 0.659+0.101° 4514+ 1.238¢

Ag-PC (ground) 1.552+0.369¢ 10.867 £2.1724

Measurements from three different sites on the surface of each disk (n=6
disks/treatment) were taken (total magnification 50x). uPVC, unplasti-
cized polyvinyl chloride; PC, pipe cement coating; Ag-PC, Silver-pipe
cement coating. Data are expressed as mean=+S.D. Different letters
indicate significant differences between the test groups within each
metric (one-way ANOVA with Tukey’s post hoc test, p <0.05).

in significantly higher surface roughness values com-
pared to the uncoated controls (p>0.05). Addition
of Ag NPs to the PC coatings (Ag-PC) did not cause
an increase in R, values (p>0.05) but both R, and
R, values were significantly higher compared to the
uncoated controls (p<0.05). The highest surface
roughness values were recorded for the ground sur-
faces with differences being significant compared to
unground coatings and uncoated controls (p <0.05).
The three-dimensional images of the surface mor-
phology confirmed these findings (Figure 2). The
surface of the uncoated uPVC disks appeared to be
visually flat and smooth (Figure 2A). Images indi-
cated that application of the coatings produced
rougher surfaces, but the surfaces of the PC and
Ag-PC disks appeared very similar (Figure 2B,C).
However, the grinding process introduced scratches
and grooves, which was expressed by an evident
increase in surface roughness (Figure 2D).

SEM images were also obtained to verify the sur-
face topography of the specimens (Figure 3). The
SEM analysis confirmed the successful application
of the coatings showing the surface of all specimens
fully and evenly covered, without any discontinu-
ities. The surfaces of the uPVC, PC and Ag-PC spec-
imens were relatively featureless, but grooves and
scratches were introduced as a result of the grinding
process used in order to expose the Ag NPs embed-
ded within the pipe cement matrix (Figure 3A-E).
The backscattered SEM images revealed the distri-
bution of Ag NPs in the coatings. Agglomerates of
Ag NPs were visible within the PC matrix but also
on the surface of the Ag-PC specimens following
surface grinding (Figure 31,J). Those Ag NPs clusters
appeared as bright areas in the images because of
the higher atomic number of Ag compared to the
other chemical elements present in the coatings.
The EDS spectra obtained confirmed the elemental
composition of the coatings and the presence of
Ag NPs in the Ag-PC nanocoatings (Figure 3F-J).
Quantitative analysis showed that the weight per-
centages of Cl, Si, Ti and Ag were 30, 5, 2 and 3%
respectively, when the frame scan mode was
selected. The weight percentage of Ag increased to
30% when the spot scan mode was selected tar-
geting the bright areas shown in Figure 3l,J.

3.2. Nanocoating stability and dissolution of
silver in ultrapure water

A 24h dialysis study was conducted to assess the
stability of the Ag nanocoatings by measuring the
release of Ag when specimens were immersed in
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Figure 2. Representative three-dimensional images showing the surface topography of uncoated unplasticized polyvinyl chloride
(uPVCQ) disks (a), uPVC disks coated with pipe cement alone as a no particle control (B), uPVC disks coated with pipe cement and
silver nanoparticles (Ag NPs) without a grinding step (C), and uPVC disks coated with pipe cement and Ag NPs followed by a
grinding step with FEPA 800 silicon carbide paper (D). Images acquired by an olympus LEXT OLS 3000 confocal laser scanning
microscope equipped with a 408 nm laser diode class 2 laser (total magnification: 50%). In each image, the limit of the x-axis is
256 um, the y-axis is 192um, and the z-axis is 27 ym.

Figure 3. Representative scanning electron micrographs (x2.0k magnification) showing the surface topography of (A) uncoated
unplasticized polyvinyl chloride (uPVC) disks, (B) uPVC disks coated with pipe cement, (C) uPVC disks coated with pipe cement
following surface grinding, (D) uPVC disks coated with pipe cement containing silver nanoparticles (Ag NPs), (E) uPVC disks coated
with pipe cement containing Ag NPs following surface grinding. Backscattered images (F-J) demonstrate elements with different
atomic numbers present in the coatings and align vertically with scanning electron micrographs. Black arrows indicate the loca-
tions of Ag NPs within the pipe cement matrix appearing as brighter areas (I). White arrows indicate the locations of Ag NPs
within and on the surface of the Ag-PC coating following surface grinding (J). The spectra shown in the insets in panels F-J were
obtained by energy dispersive x-ray spectroscopy (EDS) and show the elemental composition of the uncoated uPVC (F), unground
pipe cement coating (G), ground pipe cement coating (H), unground pipe cement with Ag NPs coating (I) and ground pipe
cement with Ag NPs coating (J).
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ultrapure (Milli-Q) water. ICP-MS measurements
showed that the total release of Ag from the Ag-PC
nanocoatings at the end of the 24 h study was very
low and not discernible from the uPVC and PC
groups, which were employed as no particle con-
trols. Therefore, Ag dissolution was negligible, sug-
gesting very high stability of the Ag-PC nanocoatings
(Figure 4).

The final (24 h) Ag concentration measurements
for the Ag-PC (unground) and Ag-PC (ground)
groups were 0.115+0.036 and 0.098+0.037 ug L',
respectively. The theoretical maximum Ag concen-
tration that could have been recorded, if the total
amount of Ag present in the Ag-PC nanocoatings
(2mg) applied to both sides of each uPVC disk
was fully dissolved or dislodged, would equate to
4mg L7 (4,000 ug L7"). Therefore, the total release
of dissolved Ag in Milli-Q water after 24h were
just 0.003% and 0.002% for the Ag-PC (unground)
and Ag-PC (ground) coatings, respectively. Higher
Ag concentrations were measured when the con-
tents of the dialysis bags (8 mL volumes) were
analyzed at the end of the dialysis experiment;
1.360+0.876 and 1.838+1.348ug L' for Ag-PC
(unground) and Ag-PC (ground) nanocoatings,

Dissolution rate of Ag NPs in Milli-Q water

Ag-PC (unground)
Ag-PC (ground)

Concentration of ionic silver (ug I")

Time (h)

Figure 4. Dialysis curves showing the total release of dissolved
silver (Ag) from the control and coated uPVC disks over a 24h
period in Milli-Q ultrapure water. Concentrations were deter-
mined by inductively coupled plasma mass spectrometry
(ICP-MS) expressing stability of the coatings. uPVC, unplasti-
cized polyvinyl chloride; PC, pipe cement coating; Ag-PC,
silver-pipe cement coating. Data are means+S.D., n=3 repli-
cates per group. Curves were fitted using SigmaPlot 14.5 (systat
Software, Inc.) applying the hyperbolic decay two parameter
equation on the raw data. (uPVC) y = (3.27-1.90)/(1.90 +x), (PC)
(3.12-1.68)/(1.68+x), (Ag-PC unground) (2.76:1.17)/(1.17 +x),
(Ag-PC ground) (1.50-1.32)/(1.32+x). All four curves are practi-
cally superimposed since silver ion release was very low.

respectively. These increased values reflected the
amount of Ag that remained trapped inside the
dialysis bags, presumably in particulate form.
However, the sum of the amount of Ag released
inside the dialysis bags as well as the external
compartment of the beakers was 0.063 ug, which
means that the percentage of Ag release in the
total volume of ultrapure water in the beaker
remain virtually unchanged, at 0.003% for both
Ag-PC (ground) and Ag-PC (unground) groups. In
practice, Ag leaching from the nanocoatings was
negligible with no significant differences when
compared to the uPVC or PC controls.

3.3. Silver nanocoating stability in bacterial
culture media

During the in vitro bacterial exposures, specimens
were immersed in 1% LB media and therefore
exposed to a variety of ions, proteins and bacterial
metabolites that could affect the stability of nano-
coatings differently compared to ultrapure water.
Samples were collected from the media in the
microplates at the end of the exposure studies and
analyzed with ICP-OES to quantify the Ag release
from the Ag-PC nanocoatings into the surrounding
media (Table 2).

The Ag release from the Ag-PC nanocoatings was
relatively consistent across experiments with differ-
ent bacterial species. The total concentrations of Ag
leaching from the Ag-PC nanocoatings after 24h
were 1.308, 0.999 and 1.365mg L' for the coated
disks exposed to P. aeruginosa, A. baumannii and E.
faecalis, respectively (Table 2). The levels of Ag
detection for the groups not containing Ag (Media
only, uPVC, PC) were very low, around the detection
limit of the ICP-OES instrument (0.009mg L7"). In
the 24-well microplate setup (media volume of
1.5 mL/well), the theoretical maximum concentration
of Ag in each well following complete dissolution
of the Ag present in the Ag-PC nanocoatings (2mg)
would equate to 1,333mg L=". Using this value as
a reference, the total release of dissolved Ag when
Ag-PC specimens were exposed to the media was
0.098%, 0.075% and 0.102% of the total Ag present
on disks for P. aeruginosa, A. baumannii and E. fae-
calis, respectively.

Analysis of the media following sonication of the
nanocoated disks to remove bacteria adhered to
the surfaces as part of the enumeration of
biofilm-derived cells also demonstrated low Ag con-
centrations (0.308 +0.044, 0.376+0.040 and
0.344+0.028 mg L' for Ag-PC specimens exposed



Table 2. Silver release following exposure of disks to bacterial
inocula.

Concentration of silver in 1% LB media after 24h (mg L™")

Type of Pseudomonas Acinetobacter Enterococcus
coating aeruginosa baumannii faecalis

Media only 0.011+0.002° 0.007 £0.005° 0.014+0.002°
uPvC 0.012+0.002* 0.009 +0.0052 0.016 +0.004*
PC 0.012+0.001° 0.009+0.005° 0.014+0.001°
Ag-PC 1.308+0.069° 0.999+0.372° 1.365+0.089°

Concentration of silver in 1% lysogeny broth (LB) media as measured by
inductively coupled plasma optical emission spectrometry (ICP-OES)
following 24 h exposure to bacterial inocula at 37 °C. uPVC, unplasticized
polyvinyl chloride; PC, pipe cement coating; Ag-PC, Silver-pipe cement
coating. Data are expressed as means+S.D., n=3 biological replicates.
Different letters indicate significant differences at p <0.05 for all com-
parisons (two-way ANOVA followed by Tukey’s post hoc test).

to P. aeruginosa, A. baumannii and E. faecalis, respec-
tively), which further confirmed nanocoating stabil-
ity. Ag release as a result of the sonication process
remained less than 0.04% of the total Ag present
in the coatings. This step was performed to ensure
that the sonication process was not liberating sig-
nificant additional Ag that could then affect the
enumeration of biofilm-derived cells, as well as to
give an additional indication of stability.

3.4. Potent antibiofilm and antiplanktonic
activity in vitro against P. aeruginosa, A.
baumannii, E. faecalis and hospital sink trap
bacteria

The extent of in vitro antibiofilm and antiplanktonic
activity against three representative single-species
inocula, and a multispecies hospital sink trap bac-
terial community (see section about characterization
of this community below), was quantified by enu-
meration following biofilm detachment (Figure
5A-D), by regrowth comparison of detached biofilm
cells in broth (Figure 5E-H), biofilm development
measured in situ using the resazurin assay (Figure
5I-L), and planktonic bacteria enumerated from the
media (Figure 5M-P).

The log,, reductions in culturable biofilm-derived
cells between the uPVC and Ag-PC groups were 3.9
for P. aeruginosa (Figure 5A), 7.2 for A. baumannii
(Figure 5B), 2.9 for E. faecalis (Figure 5C), and 7.3
for hospital sink trap bacteria (Figure 5D). In all
cases, the number of bacteria attached to the Ag-PC
nanocoatings were significantly less compared to
the uPVC controls (p<0.0001). As an additional
assessment of the extent of biofilm formation on
the surface of the disks, detached biofilm cells were
reinoculated in broth and incubated for 5h followed
by quantification of ODy,, (Figure 5E-H). Significantly
reduced regrowth was observed for the Ag-PC
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nanocoatings for all three bacterial species and the
hospital bacterial community (p <0.0001).

The extent of biofilm formation on disks was fur-
ther determined by application of the resazurin
assay, wherein actively metabolizing cells reduce
resazurin to the fluorescent product resorufin. This
assay was conducted by directly immersing the
disks in a resazurin solution, without prior biofilm
removal, and incubating for 4h before measurement
of fluorescence in order to quantify in situ biofilm.
The results of the pilot experiments showing the
production of resorufin from in situ A. baumannii
biofilms and a kinetic measurement of fluorescence
from varying starting bacterial inocula can be found
in Figures S6 and S7, respectively. While fluorescent
measurements (relative fluorescence units, RFU)
obtained from the uncoated control uPVC surfaces
for P. aeruginosa (Figure 5l), E. faecalis (Figure 5J)
and hospital sink trap bacteria (Figure 5L) were rel-
atively similar to each other (1743, 2605 and 2343
RFU, respectively), A. baumannii (Figure 5J) gave far
higher readings (9389 RFU). Resazurin assay results
showed there was significantly increased biofilm
development on the surfaces of uPVC and PC spec-
imens for all three bacterial species and the hospital
bacterial community tested compared to the Ag-PC
coated disks (p<0.0001). The level of detected flu-
orescence from the Ag-PC coated disks was not
significantly elevated (p>0.05) above the assay con-
trol (resazurin only, to account for background flu-
orescence and reduction to resorufin in the absence
of bacteria), indicating that no biofilm formation
was detected on Ag-PC coated disks.

In addition to examining the antibiofilm efficacy
of the Ag nanocoatings, their antiplanktonic activity
was also investigated with the Ag-PC nanocoatings
exhibiting significantly lower CFU counts compared
to the other groups. The log,, reductions in cultur-
able planktonic cells between the uPVC and Ag-PC
groups were 2.4, 4.5, 2.9 and 4.4 for P. aeruginosa
(p<0.0001), A. baumannii (p<0.0001), E. faecalis
(p<0.01) and hospital sink trap bacteria (p<0.0001),
respectively (Figure 5M-P). Therefore, Ag-PC nano-
coatings were found to have not only strong anti-
biofilm activity, but also significantly reduce bacterial
viability in proximity to the coated surfaces.

3.5. Characterization of hospital sink trap swabs
by 16S rRNA gene amplicon sequencing

In preparation for experiments using real-world sam-
ples, the microbial community in hospital sink traps
was examined using 16S rRNA gene amplicon
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Figure 5. Antibacterial efficacy of silver nanocoated disks in an in vitro plate-based model against three representative bacterial
species (P. aeruginosa, A. baumannii, E. faecalis) and an enriched hospital sink trap bacterial community. Extent of biofilm for-
mation after 24h was measured by enumeration of detached biofilm cells (A-D), by re-inoculating detached biofilm bacteria in
broth and measuring optical density at 600nm (OD,,,) after 5h incubation (E-H), and by the resazurin assay to detect biofilm on
disks in situ (I-L). Antiplanktonic effect was measured by enumeration of planktonic bacteria (M-P). CFU, colony-forming units;
uPVC, unplasticized polyvinyl chloride; PC, pipe cement coating; Ag-PC, silver-pipe cement coating. Data presented as means+S.D.,
n=3 biological replicates. Different letters indicate significant differences between the test groups (one-way ANOVA with tukey’s
post hoc test, p<0.05).



sequencing for identification of the taxa present.
The genus-level identities, determined by sequenc-
ing of two different hypervariable regions (V3-4
and V4-5) of pooled samples without and with
enrichment can be found in Figure 6 (full 16S rRNA
gene amplicon sequencing results for the pooled
group can be found in Table S1). The total number
of reads for the V3-4 region were 125,980 and
130,724, and for the V4-5 region were 104,371 and
112,785, for ‘pooled’ and ‘pooled and enriched,
respectively.

The pooled hospital sink trap community was
clearly dominated by Citrobacter (31.3% and 28.9%),
Pseudomonas (19.8% and 33.0%), Serratia (15.6%
and 17.5%), and Azospira (6.6% and 6.9%).
Enrichment led to significant increases in the pro-
portion of Serratia and Delftia and corresponding
reductions in Citrobacter and Pseudomonas.
Sequencing of the V3-4 region also indicated
expansion of the proportions of Enterobacter,
Vicinamibacteraceae and Elizabethkingia (Figure 6
and Table S1).

3.6. Antibiofilm efficacy against a hospital sink
trap biofilm community using a benchtop sink
trap model

The longer term antibiofilm efficacy of the nano-
coatings was investigated by quantifying biofilm

Pooled and

enriched
Citrobacter
Pseudomonas
Serratia
Azospira
Enterobacter
Glutamicibacter
Clostridioides
Delftia
Bacillus
Sporosarcina
Alcaligenes
Dechlorosoma
Arthrobacter
Vicinamibacteraceae
Stenotrophomonas
Elizabethkingia
Rhodanobacter

Pooled

Figure 6. Classification of the taxa present in pooled hospital
sink trap swab samples alone and following enrichment in

reasoner’s 2A broth, as determined by sequencing of two dif-
ferent 16S rRNA gene hypervariable regions (V3-4 and V4-5).
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formation on disks incubated for up to 25days in
benchtop sink traps inoculated with the hospital
sink trap bacterial community (Figure 7).

Resazurin assay results and CFU counts (Figure
7) confirmed that biofilm development on the
Ag-PC disks remained significantly lower com-
pared to the uncoated uPVC disks Ag-PC disks
after 4 and 11days (p<0.01). However, measure-
ments taken after 25days showed that the anti-
biofilm effect of the Ag-PC nanocoatings
diminished over time with differences not being
significant between groups at the final endpoint
(p>0.05). The gradual weakening of the antibio-
film activity exhibited by the Ag-PC nanocoatings
was corroborated by CFU counts of biofilm-derived
bacteria taken on day 25.

The density of planktonic bacteria within the
benchtop sink traps was routinely monitored by
enumeration during this study. The mean density
at baseline was 2.0x 108 CFU mL™", and the mean

108+
107 b b
106+
105
104
103
102
1074
100

CFU/disc

4 days 11 days 25 days
H uPVC
m PC

B Ag-PC

Relative fluorescence units (RFU) @

4 days

11 days
Time point

25 days

Figure 7. Antibiofilm efficacy of silver nanocoated disks in a
benchtop sink trap model inoculated with a hospital sink trap
bacterial community. Biofilm formation was quantified by col-
ony counts of detached biofilms from disks (A) and by
resazurin assay in situ on disks without requiring biofilm
removal (B). CFU, colony-forming units; uPVC, unplasticized
polyvinyl chloride; PC, pipe cement coating; Ag-PC, silver-pipe
cement coating. Data presented as means+S.D. from n=3
independent sink traps. Different letters indicate significant
differences at p<0.05 for all comparisons between the test
groups across endpoints (two-way ANOVA followed by Tukey’s
post hoc test).
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densities were 6.5x 107, 1.1x 108 and 2.6 x 107 CFU
mL~" on days 4, 11 and 25, respectively.

3.7. Characterization of the university building
sink trap bacterial community

To further evaluate the utility of the Ag-PC coated
surfaces for prevention of biofilm formation, sites
were selected that would allow deployment of disks
in sink traps in routine use. In preparation for this,
samples were recovered from four university build-
ing sink traps (ST1-4). These were pooled and sub-
jected to 16S rRNA gene amplicon sequencing for
identification of the taxa present (Figure 8). The
total number of reads shown in the graphs in Figure
8 were 70,364 for V3-4 and 120,657 for V4-5.

The university building sink traps were largely
dominated by Citrobacter (65.6% and 87.7% for
V3-4 and V4-5 regions, respectively), with V3-4
sequencing indicating other genera such as
Desulfovibrio (11.7%), Dethiosulfovibrio (7.6%) and
Anaerophaga (3.5%) also being present while V4-5

16S V34
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Bacillus
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Sphaerochaeta
Alkalibacter
Enterococcus
Desulfococcus
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Thermovirga
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Figure 8. Classification of the taxa present in pooled samples
from university building sink traps used for in situ testing of
nanocoatings in real-world sink traps. Classification was
achieved by conducting 16S rRNA gene amplicon sequencing
of V3-4 and V4-5 hypervariable regions.

sequencing indicated that Kluyvera (8.2%) was also
present (Figure 8). Overall, when considering gen-
era with >50 reads, diversity compared to the hos-
pital sink trap samples was reduced with 4.8-fold
fewer total genera represented (n=86 for hospital
sink traps versus n=18 for university building
sink traps).

3.8. Antibiofilm and antiplanktonic activity of
nanocoatings against the university building sink
trap bacterial community tested in vitro

The efficacy of the Ag-PC nanocoatings against the
specific bacterial community from sink traps in the
university building was determined by running addi-
tional 24h exposure studies. These experiments
were conducted at both room temperature and
37°C to investigate whether an elevated tempera-
ture would affect the antibacterial action of the
nanocoatings (Figure 9). Microplates hosting disks
from the control and test groups were inoculated
with contents from the sink traps and measure-
ments were taken 24 h later using the resazurin
assay and CFU enumeration. Regardless of the test
temperature, results showed that Ag nanocoatings
had evident antibiofilm and antiplanktonic activity
which was expressed by significantly reduced bio-
film development on the Ag-PC disks (p<0.0001)
and significantly reduced bacterial viability in the
surrounding media (p<0.001) when compared to
the uncoated (uPVC) and no particle (PC) controls.
The mean log,, reductions in biofilm formation con-
ferred by the Ag nanocoatings were 3.6 (room tem-
perature) and 2.4 (37°C) (Figure 9A). In situ
investigation of biofilm development using the
resazurin assay showed that complete biofilm inhi-
bition was achieved on the surface of the Ag-PC
disks for both temperatures tested (Figure 9B). The
mean log,, reductions in culturable planktonic bac-
teria were 4.3 (room temperature) and 1.8 (37°C)
(Figure 9C) suggesting that the antimicrobial action
of the Ag-PC specimens was not limited to the very
surface of the nanocoatings, presumably due to the
small amount of Ag release that was detected.

3.9. Antibiofilm activity of nanocoatings in
real-world sink traps tested in situ

Additional disks were placed in real-world sink traps
(n=4, ST1-4) across two university buildings to
investigate the antibiofilm efficacy of the Ag nano-
coating under realistic usage and conditions
(Figure 10).
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Figure 9. Antibacterial efficacy of silver nanocoated disks in an in vitro plate-based model where wells were inoculated with the
bacterial community from the buildings’ sink traps (ST1-4) and disks were exposed for 24 h at room temperature and 37°C. Extent
of biofilm formation was measured by enumeration of detached biofilm bacteria (a), by the resazurin assay to detect biofilm on
disks in situ (B), and by enumeration of planktonic bacteria (C). ‘Control’ line in (B) indicates fluorescence in wells containing
resazurin solution alone, to account for background fluorescence and background reduction of resazurin in these conditions. CFU,
colony-forming units; uPVC, unplasticized polyvinyl chloride; PC, pipe cement coating; Ag-PC, silver-pipe cement coating. Data
presented as means+S.D., n=3 biological replicates. Different letters indicate significant differences at p <0.05 for all comparisons
between the test groups at room temperature and 37°C (two-way ANOVA followed by Tukey’s post hoc test).

The extent of biofilm development on different
control and test groups was quantified by classical
enumeration of CFUs following detachment of bac-
terial biofilms (Figure 10A-D), as well as by applica-
tion of the resazurin assay to quantify biofilm
formation on the surface of the disks in situ (Figure
10E-H). Results of both assays for ST1 and ST2 in
building A showed no biofilm inhibition on the sur-
face of the Ag-PC coated disks for the first 48h.
Results of the remaining endpoints were not as con-
sistent across all the sink traps tested. However,
resazurin measurements for ST1 taken on days 7 and
14 clearly demonstrated significantly reduced biofilm
formation on Ag-PC coated disks compared to uPVC
and PC groups (p<0.0001). Any antibiofilm effect
observed earlier for the Ag-PC nanocoatings was not
confirmed at the final endpoint (day 28) of this in

situ study by CFU counts (p>0.05), although resazurin
assay data from ST1 indicated that the antibiofilm
activity of the Ag-PC nanocoatings remained strong
even after 28days (p <0.01). Resazurin assay data for
ST2 also showed reduced biofilm development on
the surface of the Ag-PC disks on days 7, 14 and 28,
but any differences were statistically significant only
for day 7 (p<0.0001). For those Ag-PC disks exposed
to the conditions in ST3 located in building B (Figure
10C,G), no antibiofilm effect was observed compared
to the control groups (p>0.05). In situ assessment
of biofilm development by the resazurin assay
showed that Ag-PC disks in ST4 exhibited reduced
bacterial attachment on their surface when com-
pared to uPVC and PC groups on days 7 and 14
(Figure 10H), but with differences being statistically
significant only for day 7 (p<0.0001).
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Figure 10. Antibiofilm efficacy of surfaces following in situ testing in real-world sink traps under normal usage and conditions.
Biofilm on disks was quantified by colony counts following detachment (A-D) and by the resazurin assay without biofilm detach-
ment (E-H). uPVC, unplasticized polyvinyl chloride; PC, pipe cement coating; Ag-PC, silver-pipe cement coating. Data presented
as means+S.D., from one experimental run. Different letters indicate significant differences at p <0.05 for all comparisons between
the test groups across endpoints (two-way ANOVA followed by Tukey's post hoc test).



4, Discussion

In this study, a novel nanocomposite was prepared
by successfully dispersing Ag NPs in a matrix made
of an inexpensive commercially available pipe
cement product. This Ag nanocomposite was then
applied to the surface of uPVC specimens as a thin
film, before it was fully characterized, and its anti-
bacterial properties tested. This Ag nanocoating was
envisaged for application to the surface of polymers
commonly used in wastewater plumbing systems
— chiefly sink traps - in hospitals and with the aim
to reduce nosocomial infections, which often orig-
inate in these locations. The Ag nanocoating was
confirmed to be highly stable both in water and
culture media, in line with previous studies (Besinis
et al. 2017; Meran et al. 2018; Stebounova et al.
2011). The Ag-PC nanocoating was found to have
strong antibiofilm and antiplanktonic activity in vitro
when tested against three representative bacterial
species in monoculture, and bacterial communities
derived from sink traps located in hospital and uni-
versity buildings. These communities were analyzed
using targeted 16S rRNA gene sequencing to char-
acterize the ‘microbiome’ present. Further in situ
experiments demonstrated strong medium-term
antibiofilm activity for the Ag-PC nanocoatings in a
benchtop sink trap rig over 11days but with more
variable findings in real-world sink traps in the uni-
versity buildings, where protection was either not
evident or lasted up to 28days.

4.1. Use of 16S rRNA gene sequencing to
characterize sink trap bacterial communities

Despite the fact that hospital sink traps have his-
torically been reported to contain a dense bacterial
community with 10-10"° CFU mL™" of predomi-
nantly Gram-negative rods (Doring et al. 1991), and
a variety of bacteria have been isolated from hos-
pital sinks (Lowe et al. 2012; Landelle et al. 2013;
Loveday et al. 2014; Regev-Yochay et al. 2018;
Volling et al. 2020; Franco et al. 2020; Jamal et al.
2020; De Geyter et al. 2021; Nurjadi et al. 2021; Kehl
et al. 2022), little previous work has been published
applying 16S rRNA gene sequencing to hospital sink
trap communities. It is widely acknowledged that
culture-dependent methods do not reflect the true
microbial diversity present in natural or built envi-
ronments (Schleifer 2004; Donachie, Foster, and
Brown 2007).

Next generation sequencing methods based on
the 16S rRNA gene have previously been applied
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to characterize biofilms from domestic shower
hoses, finding that culture-based methods detected
<1% of the flora actually present (Moat et al. 2016).
Sequencing especially helps in detecting
difficult-to-culture organisms, which may be pre-
dominant members of the microbial community
(Chan, Naphtali, and Schellhorn 2019; Boers, Jansen,
and Hays 2019). To the best of our knowledge, very
few previously published studies have performed
16S rRNA gene sequencing surveys of hospital sink
traps. One such study sampled two sink traps from
patient rooms in a hospital and sequenced the 16S
V4 region (Burgos-Garay et al. 2021), while another
sampled sinks (although the authors did not specify
which part of the sink) and other surfaces across
three hospitals, sequencing the 16S V3-4 region
(Yano et al. 2017). The use of the Oxford Nanopore
Technologies MinlON platform for long-read 16S
rRNA gene sequencing has been applied as proof-of-
concept on hospital sink trap samples, with a pro-
posal to introduce more widespread ‘point-of-care’
characterization of microorganisms dwelling in
wastewater plumbing systems (Butler and Upton
2023). Other related studies (which did not employ
16S rRNA gene amplicon surveys) include use of
culturomics to explore viable microbiota in hospital
drain samples (Pirzadian et al. 2020) and an inves-
tigation of surface sanitization protocols in the hos-
pital environment, including the ceramic part of
sinks (Klassert et al. 2022). There has also been a
16S rRNA gene sequencing study of a communal
sink trap on a university campus, describing taxa
at the family level (Withey et al. 2021), and an inves-
tigation of domestic sink traps (McBain et al. 2003).

Our findings showing that hospital sink traps were
dominated by commonly pathogenic genera such as
Pseudomonas, Citrobacter, Serratia, Enterobacter and
Clostridioides (Figure 6) are consistent with previous
reports in the literature, though these were mostly
culture-based studies (Regev-Yochay et al. 2018;
Volling et al. 2020; Franco et al. 2020; Jamal et al.
2020; De Geyter et al. 2021; Nurjadi et al. 2021; Kehl
et al. 2022; Butler and Upton 2023; Wolf et al. 2014;
Zhou et al. 2016; Decraene et al. 2018; de Jonge et al.
2019; Kotay et al. 2020; Park et al. 2020; Jamal et al.
2021). The findings emphasize the need to identify
new solutions to address the presence of potentially
pathogenic bacteria in sink traps in clinical areas. We
also characterized the microbiome of university build-
ing toilet (i.e., non-clinical) handwashing sink traps,
demonstrating predominance of environmental bac-
teria including Citrobacter, Desulfovibrio,
Dethiosulfovibrio, Kluyvera, Anaerophaga, Bacillus, and
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Staphylococcus (Figure 8). Staphylococcus and Bacillus
have previously been identified in domestic sink traps
(McBain et al. 2003), while Kluyvera has previously
been identified from a hospital sink (Liu et al. 2020).
The contrasting data further demonstrate that waste-
water plumbing systems in clinical areas are more
likely to be colonized with (opportunistic) pathogens
than wastewater plumbing systems in other locations.
Larger scale studies of this nature may indicate that
interventions targeting sink trap microbial communi-
ties could be effectively deployed strategically, rather
than used in all settings.

Particularly for the university building sink trap
characterization, sequencing of the 16S rRNA gene
targeting the V3-4 region revealed significantly
higher diversity than was revealed by the V4-5
region. Table S1 indicates a large number of genera
(n=76) were detected by V3-4 sequencing but not
by V4-5 sequencing, even though the same sample
was used. This demonstrates that primer pair selec-
tion can significantly skew the analysis of complex
microbial communities, potentially leading to mis-
representation of community composition or lack
of resolution to detect certain taxa. The reliance of
amplicon sequencing on PCR introduces a degree
of bias due to the fact that DNA from some bacteria
is amplified more efficiently during PCR (amplifica-
tion bias) than DNA from others (Silverman et al.
2021; Kennedy et al. 2014) and the ability to lyse
different bacteria may vary (extraction bias) leading
to differences in the contribution of bacteria from
different genera to the ‘pool’ of DNA available for
sequencing (Salonen et al. 2010; Brooks et al. 2015;
Gill et al. 2016). It is important for researchers to
define the optimal gene regions to amplify and
sequence, as this varies based on the environment
being studied and can significantly affect the results
(Yu et al. 2008; Klindworth et al. 2013; Yang, Wang,
and Qian 2016; Bukin et al. 2019), as has also been
demonstrated here.

4.2. Characterization of coating surface
roughness and topography

The surface roughness was expressed quantitatively
by R, and R, measurements (Table 1), and further
illustrated by representative 3D topography images
(Figure 2). The surface of uncoated uPVC was flat
and smooth, but application of the Ag-PC nano-
coatings increased the surface roughness moder-
ately. Grinding of the nanocoatings to expose the
Ag NPs increased the surface roughness twofold,
mainly due to the scratches and grooves introduced

during the process. Additional analysis by SEM con-
firmed the above findings and offered a clear pre-
sentation of the surface nanotopography for the
different control and test groups (Figure 3A-E).
Surface roughness and topography are known to
be key modulating factors in bacterial adhesion and
biofilm formation, with an increase in roughness
generally leading to greater ability for adherence
due to increased specific surface area, as well as
protection from shear forces and abrasion against
other surfaces (see review by Crawford et al. (2012)).
There is conventional wisdom that surfaces intended
to minimize bacterial attachment should be designed
to be smooth (Mitik-Dineva et al. 2008; Xing et al.
2015), however there is further ongoing debate
concerning how smooth a surface must be to lend
true anti-adhesion properties, as even nanoscale
surface roughness can be exploited by bacteria to
provide a platform for attachment (Mitik-Dineva
et al. 2008). In addition, bacterial appendages such
as flagella are able to facilitate attachment of appar-
ently smooth surfaces by exploring surface ‘hum-
mocks and hollows’ smaller than the bacteria
themselves (Friedlander et al. 2013). In this study,
while the uncoated uPVC appeared to be the
smoothest compared to the alternative surfaces,
biofilm formation clearly occurred as shown by the
uPVC controls in Figures 5, 7, 9 and 10, reflecting
common biofilm formation on polymer surfaces in
wastewater plumbing systems. The surface rough-
ness of the nanocoatings described here was not
intentionally designed, rather the data are presented
for the sake of characterization. The grinding pro-
cess introduced significant additional roughness but
was deemed necessary to ‘activate’ the nanocoating,
presumably by exposing Ag NPs which were other-
wise embedded within the pipe cement matrix.
EDS analysis confirmed the elemental composi-
tion of the different surfaces and coatings, with Cl,
Si, Ca, Ti, and Ag being the main elements detected
(Figure 3F-H). The strong signal of Cl detected was
from the uPVC ((C,H,Cl),) disks used as substrates.
The presence of Si can be explained by the use of
silicon carbide paper for the grinding process. Ti
and Ca were only detected in the uPVC control
specimens (Figure 3F). Titanium dioxide (TiO,) is
commonly added to uPVC to protect against ultra-
violet light degradation and to give a bright white
color (Burn 1992; Gao, Bolt, and Feng 2008). Similarly,
Ca (in the form of CaCO,) is added to uPVC to
increase its mechanical strength (Luo and Pan 2021).
The grinding process did not seem to increase the
amount of Ag detected by EDS and the
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backscattered images showed clusters of Ag NPs
both in the unground and ground Ag-PC nanocoat-
ings (Figure 3l,J). However, that was not a surprise
since the information depth of the backscattered
electron signal can be up to a few microns below
the surface (Pearce and Nelson 1989) and therefore
the Ag NPs shown in the backscattered SEM images
were located at different depths within the pipe
cement matrix. Backscattered electron imaging was
employed here as a tool to confirm the presence
of Ag NPs in the coatings as well as illustrate the
particle distribution in the matrix, rather than ver-
ifying whether Ag NPs were exposed to the surface
following the grinding process. Once Ag nanocoat-
ings were applied to the uPVC substrates, there was
some precipitation of the Ag NPs during the few
minutes it took for the pipe cement to start setting.
A pilot study was conducted, which showed that
unground Ag nanocoatings had no antibacterial
properties (data not shown). This could only be
explained by absence or limited presence of Ag NPs
on the very surface of the coatings and lack of
bioavailability of those NPs that had precipitated
within the pipe cement. Surface grinding exposed
a sufficient amount of evenly distributed Ag NPs,
previously embedded within the matrix, and resulted
in strong antibacterial and antibiofilm performance
(Figures 5, 7 and 9).

4.3. Nanocoating stability

There was negligible Ag release from the Ag-PC
specimens during the 24 h dialysis study (less than
0.003% material loss in Milli-Q water; Figure 4). The
amount of ionic Ag leaching from the Ag-PC nano-
coatings when specimens were exposed to 1% LB
broth in the 24-well microplates during the expo-
sure studies was comparatively higher, ranging from
1.499 to 2.048 ug. These amounts corresponded to
a 31-fold, 24-fold and 32-fold increase in Ag release
for the Ag-PC specimens immersed in LB inoculated
with P. aeruginosa, A. baumannii or E. faecalis in LB,
respectively, compared to the dialysis study in ultra-
pure water. Despite that increase, the Ag release
remained very limited (0.075-0.102%).

Besinis et al. (2017) have also reported very low
dissolution of Ag from nanocoatings applied to tita-
nium alloy medical implants (<0.07%), while Meran
et al. (2018) found that loss of Ag as a result of
dissolution from Ag nanocoatings applied to silicone
maxillofacial prostheses was at levels below the
detection limit of the ICP-OES instrument.
Stebounova et al. (2011) also showed very limited
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dissolution of nanosilver in simulated biological flu-
ids over 24h (<0.1%), which matches the findings
of the current study for LB broth. It has previously
been suggested that Ag dissolution remains reduced
in physiological saline compared to ultrapure water
due to the formation of a sparingly soluble AgCl
precipitate in the presence of millimolar concentra-
tions of chloride ions (Besinis et al, 2014b; Salaie
et al. 2020). While this point cannot be reinforced
by the data presented here, it should be noted that
our assessment of Ag release in dilute bacteriolog-
ical media (1% LB) was conducted during bacterial
exposure experiments, not as part of a controlled
dialysis experiment as was conducted with ultrapure
water. Certain factors aside from media type -
chiefly temperature (37°C versus room temperature),
presence of bacteria, and total liquid volume (1.5mL
versus 500 mL) — differed between the assay meth-
odologies and therefore a direct comparison should
be made cautiously. Far greater Ag NP dissolution
in biological media compared to inorganic salt solu-
tions has previously been reported (Zook et al.
2011). In another study, Salaie et al. (2020) reported
almost 200-fold greater Ag dissolution when nano-
coatings were immersed in Dulbecco’s Modified
Eagle’s medium (DMEM) with fetal bovine serum
(FBS) compared to DMEM without FBS, indicating
that the proteins in FBS may enhance Ag release.
This effect has also been reported with TiO, NPs
(Shi et al. 2012). While FBS was not used in this
study, there are some commonalities with LB, such
as the presence of macromolecules including pro-
teins. Our dilution of LB to 1%, while maintaining
osmotic balance, resulted in a composition of
0.1g L' tryptone, 0.05g L' yeast extract, and 10g
L=" NaCl. It is possible that the proteins present in
the 1% LB provided -SH groups on amino acids and
proteins for Ag* binding while the colloidal struc-
ture of proteins could have provided steric hin-
drance, entrapping AgCl particulates (Loza et al.
2014; Lead et al. 2018). This may have accounted
for some of the increase in Ag release. In addition,
the raised temperature in plate-based assays com-
pared to the dialysis assay (37°C versus room tem-
perature) may have accelerated Ag NP dissolution
(Steinmetz et al. 2020). Finally, the presence of bac-
terial metabolites may have further driven the
increase in Ag release, although there is little men-
tion of this in the available literature since the
majority of studies describe how Ag NPs affect bac-
teria, but not vice versa.

The sonication method that was employed to
liberate biofilm-derived cells from the surfaces of
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the different test groups for the purposes of enu-
meration, no matter how mild, posed a risk of caus-
ing damage to the nanocoatings. Therefore, the Ag
release as a result of sonication was quantified to
confirm that the integrity of the Ag-PC nanocoatings
was not compromised, which also served as an addi-
tional measure of their stability. The extent of Ag
release in saline did not exceed 0.038% of the total
amount of Ag available in the nanocoatings for any
of the exposures studies, demonstrating that the
Ag-PC nanocoatings were highly stable and resilient.
The Ag nanocoatings presented here were 6-fold
more resilient to sonication when compared to a
previous study by Besinis et al. (2017) who reported
up to 0.23% metal release from pure Ag nanocoat-
ings applied to titanium alloy substrates. The
increased stability of the Ag-PC nanocoatings was
most likely due to the protective action of the pipe
cement matrix.

The relatively low dissolution of Ag NPs when
applied as nanocoatings to the surface of medical
implants and maxillofacial prostheses can justify their
use in vivo, since low levels of Ag release suggest low
levels of exposure of the surrounding tissues and
therefore potentially low levels of resulting inflamma-
tion and toxicity (Meran et al. 2018; Stebounova et al.
2011). For the purposes of the Ag nanocoating
described here, low levels of Ag release are highly
desirable to alleviate concerns over Ag escaping into
the wastewater plumbing systems and subsequently
causing toxicity to the aquatic environment (Salaie
et al. 2020; Lead et al. 2018). Meanwhile, achieving a
low controlled dissolution also suggests increased
longevity of the antibacterial and antibiofilm activity
of the nanocoating since the Ag NPs available on the
surface of the coating will not be rapidly depleted.
The microbes in this study were killed by Ag NPs, in
conditions where release of free Ag* in the media
remained very low. One possible mode of action is
direct contact of the particles with the bacterial cell
wall as previously described by Besinis et al. (2014b).

4.4. Antibiofilm and antiplanktonic activity of
nanocoatings in vitro against three
representative bacterial species and a hospital
sink trap bacterial community

Overall, the Ag-PC nanocoating exhibited significant
antibiofilm properties resulting in log,, reductions of
2.9-7.2 in culturable biofilm-derived cells (equivalent
to reductions of 99.82-100%) compared to the
uncoated uPVC controls (Figure 5). The Ag nanocoat-
ing was also found to be highly potent exhibiting

reproducible reductions in the viability of planktonic
bacteria, with log,, reductions of 2.4-4.5 (equivalent
to reductions of 99.59-99.99%) compared to wells
containing uncoated uPVC disks. Results showing
antibiofilm activity were confirmed in all cases using
a regrowth assay in broth and through application
of the resazurin assay. All three representative bac-
terial species and the hospital sink trap bacteria were
able to form biofilms on the uncoated uPVC and PC
disks, with consistent bacterial numbers of 105-107
CFU/disk measured by enumeration following detach-
ment of biofilms by sonication. Any differences in
the numbers of cultured biofilm-derived bacteria
between the uPVC and PC groups were either not
significant (e.g., for P. aeruginosa and A. baumannii;
Figure 5A,B), or very small (e.g., log,, reduction of
0.15 for E. faecalis biofilm formed on PC surfaces;
Figure 5C) indicating that pipe cement had no effect
on biofilm development.

The use of dilute (1% LB broth) rather than full
strength bacteriological media was intended to more
closely mimic the nutrient-poor conditions experi-
enced in wastewater plumbing systems. Previous
studies have utilized minimal media such as
Reasoner’s 2 A broth to simulate sink trap conditions
(Kotay et al. 2020; Garratt et al. 2021; Butler et al.
2022), and here we propose that the use of 1% LB
broth (with care taken to maintain appropriate
osmotic balance) achieves similar aims. The use of a
defined minimal medium is favorable as it ensures
consistency to controlled experiments over what
could have been achieved by use of, for example,
autoclaved tap water or autoclaved sink trap con-
tents. However, there is no perfect laboratory model
to mimic real-life sink traps or wastewater plumbing
systems because use of the sink, and the disposal of
liquids and solids, will result in variable nutrient con-
ditions (Garratt et al. 2021; Grabowski et al. 2018).

4.5. Antibiofilm activity and discord between
laboratory-based in vitro and real-world in situ
experiments

The main objective of developing the Ag-PC nano-
coating was to inhibit biofilm formation, as it is
well-established that once biofilms form they harbor
pathogens, resist disinfection (Flemming et al. 2016;
Ledwoch et al. 2020) and provide a platform for
horizontal transfer of antibiotic resistance genes
(Hennequin et al. 2012; Savage, Chopra, and O'Neill
2013). In fact, disk exposure experiments performed
in vitro under controlled laboratory conditions using
a panel of nosocomial pathogens, a hospital sink



trap bacterial community (Figure 5), and a university
building sink trap bacterial community (Figure 9)
showed that Ag-PC nanocoatings had a very strong
antibiofilm performance, inhibiting biofilm develop-
ment by at least 99.82%. However, when disks were
placed in real-world sink traps, data were less con-
sistent, showing limited or medium-term antibiofilm
performance (e.g., significantly reduced biofilm
development on Ag-PC disks between 7 and 28days
for ST1; on day 7 for ST2 and ST4), or in the case
of ST3 no treatment effect at all (Figure 9). The fact
that Ag-PC nanocoatings did confer antibacterial
activity against the bacteria present in the sink traps
in vitro, but these findings were not equally con-
firmed by the in situ experiments, suggests it was
due to other confounding factors. When disks were
collected from sink traps during the in situ experi-
ments, a build-up of physical contaminants was
visually evident on the disk surfaces, fully covering
the applied nanocoatings. We suggest that this layer
of foreign matter was the main reason for the lim-
ited antibiofilm efficacy of the Ag-PC nanocoatings.
The formation of a conditioning film is well-
documented in aqueous conditions, where biomol-
ecules adsorbing to surfaces modify their surface
properties, paving the way for microbial attachment
and biofilm formation (Bhagwat et al. 2021; Marsh
et al. 2016; Rummel et al. 2021; Francius et al. 2017).
Sink traps contain a wide variety of microscopic and
macroscopic ‘debris, which may include organic mat-
ter from drinking water (Francius et al. 2017), dead
or sloughed skin cells, hair and dirt from handwash-
ing, or less frequently a variety of substances such
as discarded food and drink (Balm et al. 2013), that
may introduce unexpected variables. Handwashing
sink activities have previously been characterized in
a hospital intensive care unit, demonstrating that
handwashing represented only 4% of total behav-
iors, with further analysis indicating 56 activities
which could introduce nutritional substances for
microbes into the sink (Grabowski et al. 2018). It is
therefore likely that these substances, along with
any dead bacteria, would form a film on the surface
of the Ag-PC nanocoatings rendering Ag NPs not
bioavailable, and thus reducing or even masking
their antibiofilm effect. There is currently little infor-
mation in the published literature concerning the
impact of the variety of inert debris found in waste-
water on biofilm formation and fouling of surfaces,
but it is highly likely that any future work to develop
antimicrobial nanocoatings for such challenging
environments would require additional mechanisms
to reduce that impact.
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There are various examples in the literature of
previous studies that have sought to simulate the
conditions in real-world sink traps, for example by
transplanting a hospital sink trap into an automated
model sink drain system to study the effect of
long-term exposure of sink trap bacteria to the dis-
infectant octenidine (Garratt et al. 2021). The labo-
ratory model system consisted of 12 individual sinks
with associated pipework and bottle-style sink traps
built to simulate a clinical setting (Aranega-Bou
et al. 2019). Other work has employed an artificial
‘sink gallery’ composed of five identical adjacent
sinks linked to a common drainpipe to study
Escherichia coli dispersal from handwashing sink
traps during use (Kotay et al. 2017) and the dynam-
ics of carbapenemase-producing Enterobacterales
in response to nutrient exposure (Kotay et al. 2020).
However, these studies primarily focused on mod-
eling bacterial dispersal from sink traps, persistence
in biofilms, and the effect of nutrient and disinfec-
tant exposure on persistence and antimicrobial resis-
tance, rather than attempting to test antimicrobial
strategies in situ, as was performed in our work.
Formation of a conditioning film or deposition of
other inhibitory compounds is expected to be an
issue for any antimicrobial nanocoating or surface
that relies on direct exposure of bacteria to an
active substance in order to prevent biofilm devel-
opment. This needs to be considered as a limiting
factor affecting not just wastewater plumbing sys-
tems applications, but also any type of antimicrobial
nanocoatings developed for other settings in med-
icine such as medical implants, prostheses and bio-
materials. Any future research endeavors within the
realm of developing antimicrobial coatings should
always seek to include realistic, preferably ‘real-world’
or ‘in situ’ testing, because the performance of those
coatings cannot otherwise be confidently verified.

5. Conclusion

The development of an Ag nanocomposite applied
as a coating rendered the surface of uPVC highly
antibacterial against the representative nosocomial
pathogens P. aeruginosa, A. baumannii, and E. faecalis,
as well as against polymicrobial communities from
sink traps in a university building and a hospital. The
strong antibacterial activity of the Ag nanocoating
was expressed both as inhibition of bacterial growth
in the surrounding media and as reduction of biofilm
formation on the coated surfaces in vitro. The nano-
coating was found to have increased surface rough-
ness compared to the uncoated uPVC control and
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was highly stable in the conditions tested. Sequencing
of 16S rRNA gene amplicons was used to character-
ize the bacterial taxa present in university and hos-
pital sink traps, identifying a number of known
nosocomial pathogens. Data presented indicate that
the developed nanocoating was effective against
clinically-relevant bacteria in these consortia. More
realistic experimental conditions, based on a novel
benchtop sink trap model system, indicated signifi-
cant antibiofilm efficacy up to 11days but not after
25days. However, antibiofilm efficacy in real-world
sink traps indicated no clear overall effect despite
examples of 28-day antibiofilm activity in some
cases. It is suggested that the complex real-world
conditions encountered led to formation of a con-
ditioning film that masked the antibacterial perfor-
mance of the Ag nanocoating. This has wider
relevance to antimicrobial nanocoating development
across fields including medicine, dentistry, and
plumbing systems in healthcare settings.
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