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ARTICLE INFO ABSTRACT

Keywords: In this work, a slippery liquid-infused silver-polytetrafluoroethylene (AgFP) coating was fabricated via a spon-
Silver taneous polycondensation of 1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFOTES) onto an electroless AgF
Polytetrafluoroethylene sublayer. The AgFP coating demonstrated great stability and superior repellence against liquids with a wide

szt;:a range of surface tensions. The anti-biofouling properties were investigated by adsorption of Escherichia coli,
Bioﬁlmg Staphylococcus aureus, fibrinogen, and bovine serum albumin. Owing to the self-cleaning property, the AgFP
Protein demonstrated enhanced anti-adhesion activity against both bacteria and proteins relative to traditional elec-

troless coatings, despite the fibrinogen deposition significantly promoting bacterial binding. While its ultra-low
surface energy was not within the optimum surface energy region for minimum bacterial or protein adhesion, the
AgFP coating still displayed excellent anti-biofilm capability in a protein-bacteria co-deposition model, reducing
over 80% of BSA-supplemented biomass coverage on Ag surfaces and over 60% of Fgn-supplemented biomass
coverage on AgF surfaces, respectively. To understand the anti-adhesion mechanism, the XDLVO model was used
to explain the adhesion behaviour of both bacteria and proteins. Cytotoxicity assays confirmed that the AgFP
coating had good biocompatibility with fibroblast cells. The results from this research provide attractive pros-
pects for the application of the AgFP coating in biomedical devices to combat infections.

1. Introduction

Medical device-associated infections (MDIs) remain a major concern
globally. As a basic survival strategy, microorganisms tend to colonise
and grow on surfaces rather than exist as individual organisms in a
’planktonic state’ [1]. Current strategies to prevent MDIs mainly include
antimicrobial, anti-adhesive, and combinatorial approaches, all of
which have achieved great success over recent decades [2-4]. The
antimicrobial approach works through killing or inhibiting the growth
of microbes using various types of antimicrobial agents [5-10], but only
silver and a few types of antibiotics have entered clinical use to date,

where their limited long-term efficacy and the emergence of silver/
antibiotic-resistant pathogenic bacteria remain to be addressed [11].
Anti-adhesion surfaces prevent microbial adhesion and retard biofilm
formation by incorporating topographical features or low surface energy
chemistry to enhance surface repellency. These surfaces are generally
considered superhydrophobic or superoleophobic and are super-
repellent to liquids (water and oil, respectively). However, their long-
term use in biomedical applications remains challenging because of
the fragile micro/nanostructures involved [12,13].

Theoretically, initial adhesion of bacteria to surfaces can be pre-
dicted and explained by the extended Derjaguin-Landau-Verwey-

Abbreviations: SLIS, slippery liquid-infused surface; PFOTES, 1H,1H,2H,2H-perfluorooctyltriethoxysilane; OSE, optimum surface energy; Ag-PTFE or AgF, silver-
polytetrafluoroethylene; AgFP, PFOTES modified silver-polytetrafluoroethylene; Fgn, fibrinogen; BSA, bovine serum albumin; XDLVO, extended Derjaguin-Landau-

Verwey-Overbeek; CA, contact angle; CAH, contact angle hysteresis.
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Overbeek (XDLVO) theory [14]. Bacteria, seen as inert colloidal parti-
cles, reach the proximity of a surface and become reversibly attached,
the process being governed by a range of distance-dependent physico-
chemical interactions [15]. According to the XDLVO model, the surface
free energy and its components of a solid surface can significantly in-
fluence van der Waals and acid-base interactions, affecting bacterial
adhesion at both long- and short-range [16]. Baier first reported that
there exists an optimum region of surface energies where bacterial
adhesion is minimal and this finding has been extensively verified over
subsequent decades [17-19]. Inspired by this, Zhao developed an elec-
troless silver-polytetrafluoroethylene (Ag-PTFE or AgF) coating with
tailored surface energy for medical devices and reported that the opti-
mum surface energy (OSE) for minimum bacterial adhesion was about
24.5 mN/m [20,21]. However, on exposure to a complex physiological
environment, proteins may rapidly adsorb onto device surfaces and
redefine the surface properties, acting as a conditioning film and regu-
lating subsequent bacterial adhesion through specific protein-bacterial
interactions [22,23]. The deposition of certain types of host serum
proteins can even promote bacterial colonisation and biofilm formation
[24]. Despite PTFE being a well-known non-stick material, serum pro-
teins have been shown to rapidly saturate the surfaces of PTFE via hy-
drophobic interactions and spread their hydrophobic core over the
surface, resulting in high protein retention [25,26]. To date, the anti-
protein adsorption performance of Ag-PTFE coatings has not been re-
ported and their anti-biofilm properties in the presence of proteins
remain to be investigated.

On the other hand, the emergence of slippery liquid-infused surfaces
(SLIS) has attracted considerable interest due to their excellent self-
cleaning properties. Compared with traditional surfaces, the SLIS
inspired by Nepenthes pitcher plants can eliminate pinning of the liquid
contact line and enhance drop mobility, providing enhanced repellence
towards a range of liquids and biomolecules, thus showing great promise
in preventing protein adsorption [27,28]. However, recent studies
revealed that the passive liquid-infused surface alone was unable to
provide long-term protection against bacterial contamination as certain
types of bacteria can form ‘beachheads’ colonies within the lubricant
layer, enabling bacterial colonisation, proliferation, and biofilm for-
mation [29]. To account for the above limitations, the combination of
SLIS and the antibacterial AgF could exhibit a synergy resulting in
medical devices with enhanced anti-biofilm and anti-protein adsorption.

According to Aizenberg [30], the two primary features that are
required to create SLIS include the capacity for physical entrapment of a
lubricating film within a nanostructured solid substrate and high
chemical affinity between the film and solid. 1H,1H,2H,2H-perfluorooc-
tyltriethoxysilane (PFOTES) is a fluorinated alkyl silane that can
hydrolyse and develop into a silane-based film through continuous
polycondensation, which has been widely used in synthesising liquid-
repelling surfaces due to its ultralow surface energy [31-33]. In our
design, benefiting from the incorporated PTFE particles, a lubricating
fluoropolymer layer derived from self-assembling polycondensation of
PFOTES was infused into the surface texture of the AgF coating to
strengthen the anti-protein adsorption activity. The association between
the wettability of the liquid-infused AgF coating (AgFP) and surface
topography was investigated in detail. The stability and durability of the
AgFP coatings were assessed under dynamic conditions for up to 7 days.
Protein and bacterial attachment to the fabricated coatings was exam-
ined and compared with uncoated stainless steel (SS), Ag, and AgF
coatings using a protein-bacteria co-deposition model. The relationship
between protein adsorption and biofilm formation is discussed and
explained using the XDLVO model.

2. Materials and methods
2.1. Materials

Medical grade 304 stainless steel sheets were purchased from
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Goodfellow Ltd. (Cambridge, UK) and cut into disks with a diameter of 1
cm. LIVE/DEAD BacLight Bacterial Viability Kit L13152, Alexa Fluor™
488 Phalloidin, and DAPI (4/,6-Diamidino-2-Phenylindole, Dihydro-
chloride) were purchased from Thermo Fisher Scientific (Paisley, UK).
Escherichia coli NCTC 11560 (E. coli) and Staphylococcus aureus NCTC
12,493 (S. aureus) were obtained from the School of Biological Sciences,
Queen’s University Belfast (Belfast, UK). Other chemicals used in this
study were purchased from Merck Life Science UK Ltd. (Dorset, UK)
without further purification.

2.2. Coating preparation

Prior to electroless plating, the disks were electrochemically polished
followed by surface activation using our previously reported method
[34,35]. The obtained disks were vertically immersed in a plating bath
for 30 min at room temperature. The silver plating bath comprised
AgNO3 3.0 g/L, KNaC4H4046-4H20 25 g/L, C4HeOg 0.5 g/L, CoHsOH 5
mL/L and NH3-H20 0.1 M. To incorporate PTFE into the coating matrix,
PTFE emulsion (60 w/w%) with suitable surfactants was added into the
plating bath at concentrations of 5 to 20 mL/L. The obtained Ag coatings
and AgF coatings were sequentially rinsed with 2.0% (v/v) HNOg,
deionised water, and ethanol and air-dried at room temperature. To
prepare AgFP coatings, the prepared samples were immersed in PFOTES
solution (0-30 v/v%) for 48 h at 60 rpm at room temperature. The
samples were then removed and sequentially rinsed with ethanol,
deionised water, and acetone, and stored at room temperature before
use.

2.3. Characterisation

Scanning electron microscopy (FE-SEM, JSM-6500F, JEOL, Tokyo,
Japan) and atomic force microscopy (AFM, Cypher, Oxford Instruments,
Oxford, UK) were used to examine the morphological features of the
coatings. Surface chemistry composition was analysed by energy-
dispersive X-ray spectrometry (EDX, X-Stream-2/micsF+, Oxford In-
struments, Oxford, UK). ImageJ (LOCI, University of Wisconsin, Wis-
consin, USA) was used to identify the PTFE particles and their size
distribution was calculated from three random SEM images. The ab-
sorption spectra of the coatings were obtained using Fourier transform
infrared spectroscopy (FTIR) using a Spectrum Two spectrometer (Per-
kinElmer, Shelton, USA) with the wavenumber ranging from 650 to
4000 cm™!. Contact angles (CAs) were measured using a sessile drop
method at room temperature with a tensiometer (Theta Flow, Bolin
Scientific, Sweden) and the surface free energy was calculated using the
van Oss method [36]. The advancing and receding CAs were also ob-
tained while the probe fluid was added to and withdrawn from the drop,
respectively. The release profile of silver ions (Ag™) was monitored by
immersing each sample in 1 mL PBS for up to 7 days and the concen-
tration of free Ag" was determined using inductively coupled plasma
optical emission spectrometry (ICP-OES, Agilent 5100, Santa Clara,
USA).

2.4. Stability tests

To investigate the durability of the coatings in an aqueous system,
the samples (n = 3) were vertically immersed in PBS at 100 rpm for up to
7 days at 37 °C. To assess their stability under shear stress, the samples
were spun from 500 to 6000 rpm in PBS for 1 min. The change in contact
angle hysteresis (CAH) was monitored and the coating integrity was
assessed by optical microscopy.

2.5. Protein adsorption assay
The samples (n = 3) were immersed into 2 mL of Fgn (1 mg/mL) and

BSA solutions (50 mg/mL) at 37 °C at 100 rpm. After 24 h, the samples
were removed from the solutions and gently washed three times with
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PBS followed by ultrasonication (60 kHz) in 1 mL of 5 wt% sodium
dodecyl sulfate (SDS) for 60 min. Complete removal of protein was
confirmed by SEM. The protein concentration was determined by the
Bicinchoninic acid (BCA) method [37]. Briefly, 25 pL of the obtained
protein solution was thoroughly mixed with 200 pL working reagent and
incubated at 37 °C for 30 min. The absorption at 562 nm was determined
by UV-vis spectrophotometry and the amount of adsorbed protein on
each sample was calculated. Six measurements were performed for each
sample.

2.6. Bacterial adhesion and anti-biofilm assays

A single bacterial colony of E. coli or S. aureus was inoculated into 20
mL tryptic soy broth (TSB) and grown overnight in a shaking incubator
at 150 rpm at 37 °C. To achieve the best adhesion, 100 pL of the bacterial
culture was transferred to 10 mL fresh TSB and grown to the mid-
logarithmic phase, and subsequently centrifuged and diluted to ~107
CFU/mL with PBS. The samples (n = 3) were immersed in 2 mL of the
above bacterial suspension and incubated at 100 rpm at 37 °C for 24 h.
The number of attached bacteria was quantified by plate counting [38].
To investigate the influence of protein adsorption on biofilm formation,
the samples (n = 3) were incubated with 2 mL of protein-supplemented
bacterial suspension (~10% CFU/mL, 50 mg/mL BSA or 1 mg/mL Fgn)
for 24 h and the sample surfaces directly examined using a fluorescence
microscope. A LIVE/DEAD Baclight bacterial viability kit L13152
comprising green-fluorescent SYTO® 9 stain and red-fluorescent pro-
pidium iodide was used to stain the living (green) and dead (red)
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bacteria, respectively. The surface coverage of biofilm on each surface
was determined and calculated using Image J.

2.7. Cytotoxicity assays

In vitro cytotoxicity against mouse fibroblast cells L929 (ECACC
85011425) and human foetal osteoblasts (hFOBs 1.19) was assessed by a
direct contact approach and the cell viability was determined via an MTT
method. In brief, the 1929 cells at a density of 5 x 10* cells/well were
seeded in a 48-well plate and cultured in supplemented EMEM (10%
FBS, 100 mg/mL penicillin, and 100 mg/mL streptomycin) for 24 h to
enable cell adhesion. The media in each well were then removed and the
sterilised samples (n = 6) were carefully placed in the wells followed by
adding 1 mL of fresh media. After 1 and 3 days, the media and samples
were removed, and 100 pL of 3-(4,5-dimethylthiazol-2-y1)-2,5-diphe-
nyltetrazolium bromide was added to each well and incubated for 4 h
followed by the addition of 1 mL of isopropanol to dissolve the for-
mazan. The absorbance was measured at 570 nm and relative cell
viability was measured by comparison with the negative control (wells
containing no samples). Cells in additional wells (n = 3) on day 3 were
stained with Alexa Fluor 488 phalloidin and DAPI according to manu-
facturer’s instructions and their morphologies were observed using a
fluorescence microscope (Nikon 6D Live Cell Imaging Inverted Micro-
scope, Nikon, Tokyo, Japan).
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Fig. 1. Typical SEM images of (a) Ag, (b) AgF, and (c) AgFP coatings (scale bars correspond to 1 pm); typical EDX spectrum of the (d-1) AgF and (d-2) AgFP coatings;
(e) size distribution of the PTFE particles; (f) surface roughness (Ra); (g) FTIR spectra (n = 3, bars represent standard deviation of the mean).
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2.8. Statistical analysis

All data are presented as the means + standard deviation. A one-way
ANOVA (Tukey’s post hoc) was performed to determine statistical sig-
nificance where values of p < 0.05 were considered significant and p <
0.01 were considered highly significant.

3. Results and discussions
3.1. Surface characterisation

Fig. 1a, b, and c show the typical surface morphologies of the Ag,
AgF, and AgFP coatings, respectively. In comparison with the AgF
coating, the neat Ag coating showed a dense and smoother surface with a
silver grain size in the range of ~70 nm to 150 nm. The weak reducer
(KNaC4H406-4H20) in the plating bath effectively reduced the growth
rate of silver crystal particles and produced a fine-grained silver coating
with low porosity. The co-deposition of PTFE particles resulted in the
formation of large polygonal silver hillocks (Fig. 1b-1 and Fig. 1b-2) as
the PTFE particles disrupted the silver crystal lattice and impeded the 3D
growth of surrounding silver islands, leading to continuous crystal
accumulation in other directions. Owing to the presence of surfactants,
the PTFE particles were uniformly distributed within the silver matrix
with an average particle size of ~100 to 150 nm (Fig. 1e). The increased
PTFE concentration (from 5 to 20 mL/L) in the plating bath did not
induce aggregation of PTFE particles but resulted in a significant in-
crease in surface roughness (Fig. 1f). As shown in Fig. 1c, the AgFP
coating exhibited the smoothest surface with an arithmetical mean
roughness (Ra) value of ~6 nm. The void gaps were occupied and
covered by a flat layer, and the chemical composition of the overlayer
was analysed by EDX and FTIR. As seen in Fig. 1d-1, the EDX spectrum of
the AgF coating showed three main peaks (Ag, C, and F) with the
maximum peak intensity for Ag while that of the AgFP coating
demonstrated additional peaks (O and Si) and significantly higher levels
of C and F (Fig. 1d-2). The loss of the Ag peak indicated that the AgF
coating was fully covered with the lubricating layer and the O, Si, C, and
F originated from the PFOTES and/or its hydrolysates. It could be
speculated that its thickness was at least 1 pm considering the pene-
tration depth of the electron beam under 10 keV [39]. Fig. 1g shows the
FTIR spectra of the PFOTES, AgFP, and AgF coating. Both PFOTES and

water

diiodomethane ethylene glycol
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the AgFP coating exhibited characteristic C-F, CF, and CF3 peaks at
1240, 1143, and 1165 cm ™. The bare PFOTES displayed clear Si-O-C
peaks at 1044 and 1086 cm ™, but these two peaks were not evident
in the AgFP coating. Instead, the AgFP coating exhibited two new peaks
at 1074 and 1120 cm™!, respectively, which were attributed to the
polymerised siloxane network Si-O-Si [40]. Upon hydrolysis, the ethoxy
group of the PFOTES can react with water to form hydrolysed siloxanes
and bond with other molecules comprising hydrolysed siloxanes,
forming a larger fluoro-molecule via continuous condensation. These
fluoro-molecules could be locked within the surface textures of the AgF
coating due to the high chemical affinity to PTFE.

The wetting behaviour of the coatings was investigated by measuring
the static CA, advancing angle, and receding angle, as well as the CAH on
different surfaces with diverse liquids. As seen in Fig. 2, the Ag coating
was readily wetted by all types of liquids. The incorporation of PTFE into
the Ag coating significantly reduced its surface energy (Table 1),
resulting in increased repellency against water (72.8 mN/m), diiodo-
methane (50.8 mN/m), and ethylene glycol (48 mN/m) but not low-
surface-tension liquids such as ethanol (21.8 mN/m). This is because
the rough surface texture of the AgF coating in fact allows for wetting
behaviour in the Wenzel state despite the AgF-3 coating having even
lower surface energy (17.2 mN/m) according to Young’s equation
(Table 1). Similar results were also obtained with the AgFP coating,
suggesting that its smooth surface morphology and ultralow surface
energy (12.8 mN/m) did not inhibit wetting by ethanol. As shown in
Fig. 1g, the peaks at 894 and 962 cm™! indicated the unreacted silanol
groups Si-OH on the AgFP coating, which could absorb ethanol through
hydrogen-bonding interactions and promote surface wetting [33].
Nonetheless, the AgFP coating exhibited broad liquid repellency as
signified by very low contact angle hysteresis (CAH, 2.6 ° to 5.8 °)
(Fig. 3a) against liquids of surface tensions ranging from 21.8 mN/m
(ethanol) to 72.8 mN/m (water). The low values of CAH further confirm
a lack of pinning, consistent with a slippery and defect-free surface
(Fig. 1c). Based on the measured advancing/receding angle and droplet
volume (3 pL), the estimated liquid retention force [41] for the above-
mentioned liquids on the AgFP coating is 2.67 + 0.39 pN, which is
more than an order magnitude less than that on the AgF-3 coating (30.82
=+ 5.14 pN). To verify this, the mobility of water droplets (20 pL) on the
AgF and AgFP coatings was investigated. As shown in Movie 1, the AgFP
coating exhibited outstanding water repellency as evidenced by

ethanol

AgF-3

AgFP

PP) P

.S
-
S
.

Fig. 2. The repellency of different surfaces to diverse liquids.
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Table 1

Contact angle and surface free energy of different surfaces.

Applied Surface Science 616 (2023) 156463

Samples Particle conc. (g/L) Contact angle, 0 (deg) Surface free energy (mN/m)
PTFE ew QD eE YLW ,Y+ ,Y- YTOT
ss 65.2 + 1.0 54.9 + 0.5 71.0 + 2.1 31.50 0.98 16.46 39.52
Ag 30.4 £ 1.8 32,5 £ 0.1 51.5 £ 1.1 43.16 1.47 37.71 58.03
AgF-1 5.0 77.9 + 1.6 63.3 + 2.2 76.1 + 1.7 26.68 0.41 10.90 30.92
AgF-2 10.0 98.8 + 2.0 725+ 2.5 82.0 £ 3.1 21.49 0.00 3.22 21.58
AgF-3 20.0 113.8 £ 1.9 80.9 + 2.7 89.8 + 1.5 17.03 0.05 0.07 17.15
AgFP 20.0 115.4 & 2.4 90.2 + 1.8 89.4 + 0.6 12.61 0.53 0.01 12.77
BSA 50.2 + 3.7 348+ 1.1 14.8 + 2.9 42,12 0.59 25.56 49.86
Fgn 68.7 £ 1.2 319+ 15 48.2 +£ 0.6 43.42 0.01 13.07 44.34
E. coli 16.5 + 1.1 47.6 £ 0.5 229+ 0.7 35.60 0.14 67.68 41.76[56]
S. aureus 16.6 + 1.8 54.8 + 0.7 22.3+1.2 31.56 0.43 68.32 42.40[56]
a 10 b 50
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Fig. 3. (a) the CAHs (A6) of diverse liquids on the AgFP coating; (b) variations of the water CAH (A60) on the AgFP coating and the corresponding amount of PFOT;
comparison of the CAHs (A0) of water measured on the AgFP coatings after (c) immersing in PBS for up to 28 days and (e) spinning in PBS for 1 min with shear stress
(CAH: contact angle hysteresis, n = 3, bars represent standard deviation of the mean).

immediate flowing away of the water droplet whilst the AgF coating
displayed significant water retention due to the microtextural roughness
(Movie 2). The adhesion and retention of liquid droplets might indicate
a potential cause of bacterial contamination [42].

Fig. 3b shows the influence of PFOTES concentration on water
repellence, and the CAH values were calculated and used as a qualitative
indicator. PFOTES could self-assemble into complex fluorinated struc-
tures via self-polycondensation reactions and occupy the hierarchical
microscale structures and void gaps, leading to a flat and smooth liquid-
like surface (Fig. 1c). The increased PFOTES level in the coating bath in
fact led to a higher surface coverage over the AgF sublayer, exhibiting
lower resistance to water mobility. To investigate the stability and
durability, the samples were subjected to long-term immersion in PBS
and high centrifugal forces. For the immersion test, the samples were
vertically immersed in PBS and flushed at an estimated speed of 6 cm/s
for up to 28 days. The water CAHs slightly decreased with time but
remained at a low value of ~6.5 ° (Fig. 3c). Microscopic observations
confirmed that the AgFP surface retained its integrity after 28 days. For
the centrifuge test, the samples were centrifuged by increasing spin rates

from 500 to 6000 rpm for 1 min. As seen in Fig. 3d, following centri-
fugation below 1000 rpm (i.e., a shear stress of 8.4 Pa according to
Newton’s law [43]), the CAH values remained about 5 °. With increased
spinning rate, the CAHs gradually increased due to the loss of the liquid
layer, reaching ~10 ° at 4000 rpm (33.5 Pa). Under high spin rates over
5000 rpm, exposure of the underlying nanostructures was observed and
the CAH values increased to ~16 ° at 6000 rpm (50.3 Pa). Compared
with the AgF surface (CAH ~44 °), these results indicate that AgFP
surfaces possess excellent stability and durability in an aqueous system
even under high shear conditions. According to literatures [44,45], for
indwelling urinary catheters, the flow-induced shear stress ranges from
0.3 to 0.5 Pa in the urethra, and for vascular stents, the maximum time-
averaged levels of shear stress are around 3.0 Pa in the arterial circu-
lation. Taken together, the AgFP coating was shear stable and nearly no
difference in CAH was noticed below 4 Pa, indicating the AgFP coating
could be potentially applied for medical devices (e.g., urinary catheters
and vascular stents).
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3.2. Bacterial adhesion

Despite Ag-releasing coatings gaining popularity in preventing MDIs,
neat Ag coatings often fail to provide long-term protection against
bacterial adhesion due to insufficient Ag" release. In an attempt to
overcome this limitation, the AgF coating combines both active anti-
bacterial silver and passive anti-adhesive PTFE to impede bacterial
adhesion. Upon immersing in PBS, the AgF coating (AgF-2) demon-
strated a lower but similar Ag™ release profile as compared with the Ag
coating (Fig. 4a). This is because the smaller silver particles within the
Ag coating (Fig. 1a) enabled faster oxidative dissolution of Ag" and the
enhanced surface hydrophobicity of AgF coating impeded water-surface
interactions. After 3 days’ release, a new stable surface state was built
with subvalent silver, yielding a slower but sustained Ag™" release [46].
In comparison, the AgFP coating exhibited a nearly constant but
significantly lower level of Ag™ release over the whole test period,
presumably because the liquid-like overlayer impeded water to pene-
trate and contact with the underlying silver matrix. To determine the
total loading amount of silver in coatings, the coated samples were
immersed in 5% HNOj3 until the coating was fully dissolved. The solution
was filtered, the silver concentration was determined by ICP and the
total amount of silver was calculated. For the neat Ag coating, the silver
loading was ~0.76 mg/cm?. For the AgF-2 coating, the silver loading
was ~0.63 mg/ cm?. Combined with the silver release data (Fig. 4a), the
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neat Ag and AgF-2 coatings released 0.47 % and 0.36 % (w/w) of the
total silver after 7 days, respectively. For the AgFP coating, only 0.13%
of the total silver was released after 7 days.

However, it should be noted that the released Ag™ even at the highest
concentration was unable to kill all the bacteria in the suspensions. As
evident after 24 h of co-culture with E. coli or S. aureus, the Ag and AgF
surfaces still demonstrated extensive bacterial adhesion (Fig. 4b). The
incorporation of PTFE particles altered the anti-adhesion efficacy after
and minimum bacterial adhesion was observed when the PTFE con-
centration reached 10 mL/L (AgF-2), reducing 60.6% and 30.3% of
E. coli adhesion, 51.9% and 22.1% of S. aureus adhesion, respectively,
when compared with SS and Ag coating. These results are consistent
with our previous findings [20]. Notably, a further ~70% reduction in
CFU was observed on the AgFP coating regardless of its weakest anti-
bacterial activity. Generally, 24 h is the early time point of biofilm
formation [47] and the results suggest that the liquid-like AgFP surface
could effectively reduce bacterial accumulation and inhibit biofilm
formation.

3.3. Protein adhesion

For medical devices such as catheters, stents, and orthopaedic im-
plants, protein-surface interactions are the first step when they come in
contact with biological fluids. Protein adsorption can often lead to
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Fig. 4. (a) Silver release profiles from different coatings over time; (b) quantitative counts of viable bacterial cells adhering to different surfaces after 24 h of in-
cubation; (c) the influence of total surface energy on bacterial adhesion; (d) BSA adsorption on different coatings after 24 h; (e) the influence of total surface energy
on BSA adsorption; (f) Fgn adsorption on different coatings after 24 h; (g) the influence of total surface energy on Fgn adsorption; (h) comparison of surface coverage
of biofilm on different coatings after 24 h (n = 6, bars represent standard deviation of the mean).



S. Zhang et al.

profound alterations in the surface properties, inhibiting or facilitating
attachment of bacteria, or other surface-active species [48]. In this
study, the protein adhesion on different surfaces was examined at pH 7.4
with two common plasma proteins, BSA and Fgn. BSA is the most
abundant protein in the circulatory system with a concentration of about
50 mg/mL in blood plasma [49]. As seen in Fig. 4d, Ag and AgFP had the
highest and lowest BSA absorption of 114.9 + 4.9 and 7.0 + 2.7 pg/cm?,
respectively. As evident from the surface energy analysis (Table 1), BSA
(-18e at pH 7.4) would not favourably absorb onto the negatively
charged Ag coating if only considering the electrostatic interactions.
However, the high ionic strength of PBS (0.16 M) may screen the surface
charges of both the BSA and Ag coating, reducing long-range electro-
static repulsion [50]. Previous studies also reported that BSA could
strongly bind to Ag forming sulphur-silver complexes [51]. After
incorporating PTFE, the coating showed overall less BSA adsorption, and
a higher PTFE content resulted in increased protein adhesion. Similar
phenomena were also found with Fgn while the AgF-3 had the highest
Fgn attachment (Fig. 4f). The presence of PTFE enhanced the hydro-
phobic interactions between the hydrophobic groups of the protein and
the coating, which in turn may facilitate protein binding and contribute
to a higher equilibrium adsorbed amount of proteins. Moreover, the
deposition of protein resulted in a dramatic decrease in silver release
(Fig. 4a) with both Ag and AgF-3. The level of released Ag" after 24 h
was nearly equal to that from the AgFP in pure PBS, indicating that
absorbed protein hindered silver release and this may further block the
interaction of antibacterial Ag" with bacteria.

3.4. Effect of surface energy on biofouling adhesion

Similar to bacterial adhesion, the process of protein adsorption also
involves a range of long- and short-range physical interactions [49], and
so the influence of surface energy of the coatings on bacterial adhesion
and protein adsorption was investigated. Complied with the Baier curve,
Fig. 4c shows that there exists an OSE (AgF-2, 21.58 mN/m) where
adhesion is minimal. This OSE value is nearly equal to the dispersive
component (vaw) for water (21.8 mN/m), which may enable water to
rewet the surface at the minimised energy cost, thereby reducing the
likelihood of bacterial adhesion. Interestingly, bacterial adhesion on Ag
and AgFP coatings was much lower than estimations from the Baier’s
curve. As evident from the ICP analysis (Fig. 4a), the Ag coating released
a higher level of Ag™ that may kill the adhered bacteria given that only
viable cells were counted. With regard to the AgFP coating, its ultra-low
CAH may inhibit initial bacterial attachment and the liquid-like over-
layer with ultra-low surface energy (12.8 mN/m) could eliminate the
strong interactions with bacteria, enabling ease of detachment in the
presence of shear stress. Similar results were also observed with protein
adhesion (Fig. 4e and g), but the OSE value in the case of BSA and Fgn
extended to a higher and wider region (30-40 mN/m). Zhao et al. [18]
derived the optimum surface free energy for minimum protein adhesion
force using the XDLVO (equation (1)):

or 1
T0T __ LW LW
Y! _Z<,/Yp + /1 )2
N RN AT RN s
p s f s fip
Loy :r < P f f P o)
+ -+
A /Yf — 1 /Yp
where Y™T Y'% v+ and Y~ are the total surface energy, Lifshitz-van
der Waals (LW) apolar component, electron donor, and electron
acceptor subcomponents (s: surface; p: protein; f: fluid). To verify the
obtained OSE values with protein adsorption, the surface energy and its

components of proteins were measured and calculated according to
Neumann et. al [52]. By combing eq. (1) and the data from Table 1, the

theoretical value of YV for minimum protein adhesion in pure water is
about 32 mN/m, which is nearly equal to the YW of SS. Following this,
the theoretical value of OSE value is about 41 mN/m. On the other hand,
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considering the screening of surface charges due to the high ionic
strength, the eq. (1) may be further simplified to eq. (2):

1
TOT LW LW LW
= =1 *1(\/% VY @

and this may explain the wide distribution of OSE for protein
adsorption.

3.5. Effect of protein co-deposition on bacterial adhesion

Recent findings in biliary stents [53] and urinary catheters [24] have
revealed that certain types of host-derived proteins can promote bac-
terial colonisation and the subsequent establishment of biofilms. To
mimic the complexities of the biological environment, the antibiofilm
performance of the coatings was challenged with a protein-bacteria co-
deposition model. The AgF-2 coating with verified best anti-adhesion
performance (Fig. 4b) was used as a reference. As seen in Fig. 5, for
both strains, the AgFP exhibited the best anti-adhesion efficacy in PBS
with nearly no bacterial attachment. For either SS, Ag, or AgF-2 coating,
only isolated bacteria were found on the surfaces, indicating biofilm was
not formed at this stage. The Ag coating demonstrated a stronger
bactericidal activity than the AgF-2 coating as evidenced by the greater
ratio of dead cells. After introducing proteins into the media, all the
surfaces experienced a dramatic increase in biofilm coverage (Fig. 4h).
For E. coli, bacteria in large cell aggregates or clusters were observed on
the SS, Ag, and AgF-2 surfaces while only sparse and isolated cells were
seen on the AgFP surface. The AgFP coating reduced ~80% and ~87%
of BSA-supplemented biomass coverage on Ag and AgF-2 surfaces,
respectively. Interestingly, as evidenced by fluorescence results, the Fgn
at a lower concentration (1 mg/mL) demonstrated a stronger capability
in promoting bacterial binding than BSA (50 mg/L). For E. coli, the AgFP
coating could still reduce ~61% and ~68% of Fgn-supplemented
biomass coverage on Ag and AgF-2 surfaces, respectively. Early
studies on mouse urinary catheterisation indicated that the binding of
Gram-negative bacteria (such as E. coli) to Fgn is critical for efficient
bacterial colonisation and biofilm formation as their chaperone-usher
pathway (CUP) pili could bind specifically to the glycosylated portion
of Fgn. Similar results were also obtained with S. aureus, as recent
findings showed that the clumping factor A (CIfA) on the surface of
S. aureus could promote binding to Fgn [54]. Protein co-deposition also
reduced the antibacterial activities of the Ag and AgF-2 as dead cells
were not found on surfaces. This is consistent with the ICP results. Taken
together, these data suggest that (1) bacterial interactions with host-
derived proteins, particularly Fgn, increased the ability of bacterial
adhesion and biofilm formation; (2) the antibacterial activity of Ag-
based coatings was reduced due to protein adsorption; (3) the AgFP
can effectively inhibit biofilm formation even in the presence of proteins
due to its superior surface repellence.

3.6. XDLVO modelling

To gain more insight into the adhesion behaviour of bacteria and
proteins on different surfaces, the interaction energy (AE™T) as a
function of separation distance (H) was calculated using the XDLVO
model (see Supporting Information for details) [18,55]. In the case of
E. coli, Fig. 6a shows that the XDLVO predicted a clear attractive sec-
ondary minimum at about 8 nm for the SS, Ag, and AgF-1 surfaces prior
to entering a strongly repulsive region, which could allow bacteria to
adhere reversibly. Similar results were also obtained with S. aureus.
However, the AE™T values of the AgF-2, AgF-3, and AgFP remained
positive regardless of H. Bacteria at a large distance are attracted to-
wards the surfaces mainly via Lifshitz-van der Waals (LW) forces, while
the presence of PTFE resulted in a significant decrease in the YV, and
this consequently led to a positive value of the Lifshitz-van der Waals
interaction energy (AEM™) according to eq. (3):
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AgF-2
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Fig. 5. Live/dead assay: fluorescence microscope images of E. coli and S. aureus on the SS, Ag, AgF-2, and AgFP after 1-day co-culture in different media. Typical
images are shown from one of several examinations (scale bars correspond to 40 pm).
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where Hy is the minimum equilibrium distance (0.157 nm) between
the two interacting surfaces [55]. This indicates that incorporating PTFE
into the Ag coating could reduce the likelihood of bacteria attachment as
more bacteria would be trapped within a deeper secondary energy
minimum. Upon close approach (<1 nm), the Lewis acid-base (AB) in-
teractions, which describe attractive hydrophobic or repulsive hydro-
philic repulsions, become dominant, and the (AE*8) as a function of H is
shown in Fig. 6b. Despite the primary minimum not being shown, the
AgF and AgFP coatings with a higher hydrophobic character exhibited a

lower energy barrier at close contact, suggesting that the reversibly
attached bacteria on the AgF or AgFP coating would likely become
irreversibly attached due to hydrophobic attraction. This was verified by
the adhesion results since more bacteria became attached to the AgF-3
than AgF-1 and AgF-2 (Fig. 4b). However, this finding does not
comply with the AgFP as cell clusters or biofilm were not observed using
fluorescent microscopy (Fig. 5).

As for protein adsorption (e.g., BSA), Fig. 6¢c shows both primary
minimum and secondary minimum, suggesting that BSA could easily
escape the barrier and become irreversibly attached. Similar to bacterial
adhesion, the presence of hydrophobic PTFE or the liquid-like overlayer
increased the energy barrier at the secondary energy minimum for
reversible protein adhesion but enhanced irreversible adsorption at
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Fig. 6. XDLVO modelling of bacterial adhesion and protein adsorption. Effects of separation distance (H) on (a) total interaction energy and (b) Lewis acid-base
interaction energy between E. coli and surfaces; Effects of H on (c) total interaction energy and (d) Lewis acid-base interaction energy between BSA and surfaces.

close contact (Fig. 6d). For the Ag coating, despite its hydrophilic feature
predicting a strong repulsion against protein within 1 nm, its deep sec-
ondary energy minimum allowed more reversible protein adsorption
and the proteins may rearrange or adjust their structures to attach to the
surfaces as protein has both hydrophilic and hydrophobic segments.
Taken together, the XDLVO model could be used to predict and explain
the adhesion of bacteria and protein to traditional surfaces, whereas the
interaction between the AgFP coating and bacteria/protein was more
complicated due to its self-cleaning feature. Other factors such as surface
chemistry, surface roughness, and environment have also been exten-
sively reported to influence protein adsorption, making it an open field
for extensive research in the future.

3.7. Cytotoxicity assay

The cytocompatibility of the coatings was assessed with L929 mouse
fibroblasts. As shown in Fig. 7, the SS group showed the highest cell
viability (CV) over the test period demonstrating no significance (p >
0.05) relative to the control after 1 day of immersion. A slight decrease
was noticed after 3 days of co-incubation, which could be ascribed to the
release of a trace amount of metal ions such as chromium and nickel
considering that the electropolishing step destroyed the oxidative film
on SS surfaces. In comparison, the Ag and AgF-2 coating showed a sig-
nificant decline in CV when compared with the control (p < 0.05) and
the values of CV decreased with immersion time, suggesting that the use
of traditional Ag or AgF coating for indwelling devices with a large
surface may lead to compromised biocompatibility despite only trace
amounts of silver being released. In comparison, the AgFP group
exhibited a higher CV as compared with the Ag and AgF-2 groups and
cumulative toxicity was not observed with immersion time. Combined
with the ICP results (Fig. 4a), the AgFP demonstrated a significant
advantage as the coating functions mainly via the liquid-like layer
instead of releasing silver, and this could account for the improved
cytocompatibility.

The cell morphologies after incubating with different samples were

120

1day m3days
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80
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40
20
Control Ag AgF-2 AgFP
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Fig. 7. Cell viability after contacting with samples (n = 6, bars are standard
error of the mean).

compared by confocal microscopy (Fig. 8). The cells in control, SS, and
AgFP groups displayed healthy spindle-like morphology and the cell
nuclei indicated by DAPI staining showed full integrity. In comparison,
cells after incubating with the Ag and AgF-2 surfaces were induced to
round up, but no obvious morphological damage was noticed. A slight
decrease in cell density was noticed as compared with the control, which
is consistent with the MTT result. These findings suggested that the AgFP
coating exerted no significant toxicity at this stage. However, further
evaluation may be required to understand the long-term cell responses
toward the coatings.



S. Zhang et al.

Control

o - - - - -

Applied Surface Science 616 (2023) 156463

AgF-2 AgFP

- -----

Merge ----!

Fig. 8. Fluorescence images of L929 cells after 72 h of incubation with different samples (scale bar corresponds to 200 pm). Typical images are shown from one of

several examinations.

4. Conclusions

In summary, we have described a simple procedure to fabricate a
liquid-like AgF-based coating for medical devices and demonstrated its
feasibility to prevent bacteria-protein-associated biofilm formation. This
procedure is based on the hydrolysis and polycondensation of PFOTES in
combination with a capillary lock-in action, which leads to the forma-
tion of a smooth and slippery layer over the AgF coatings. The prepared
AgFP coating exhibited outstanding repellence against liquids with a
broad range of surface tensions and maintained good long-term stability
in aqueous conditions. Compared with traditional Ag and AgF coatings,
the AgFP coating showed ultralow adhesion for both bacteria and pro-
teins. Protein-bacteria co-deposition experiments showed that the AgFP
coating was able to significantly inhibit biofilm formation in near-real
conditions. The cytotoxicity assay also demonstrated that the AgFP
was non-toxic with fibroblast cells. Taken together, the results indicate
that the liquid-like AgFP coating with excellent self-cleaning properties
could be a promising candidate for use in medical devices to combat
infections. However, it should be noted that the self-cleaning function of
the coating should be tested in a complex physiologically relevant
environment (e.g., an animal model) to further confirm its function.
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