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ARTICLE INFO ABSTRACT

Keywords: Infections represent a significant challenge in joint replacements, often leading to the need for high-risk revision
Supported lipid bilayer surgeries. There is an unmet need for novel technologies that are triggered by pathogens to prevent long-term
Novobiocin

joint replacement infections. The use of supported lipid bilayers (SLBs) with encapsulated antimicrobial
agents, which are responsive to bacterial virulence factors, offers an exciting approach to achieving this goal. In
this study, Ti was functionalised using octadecylphosphonic acid (ODPA) to form an SLB with an encapsulated
antibiotic (novobiocin), effective against methicillin-resistant Staphylococcus aureus. Using the solvent-assisted
method, the SLB with encapsulated novobiocin was developed on the surface of ODPA-modified Ti quartz
crystal microbalance (QCM) sensors. QCM monitoring and fluorescence microscopy supported the successful
formation of a planar SLB with encapsulated novobiocin. Incorporation of novobiocin in the SLB resulted in
significantly reduced attachment and viability of S. aureus NCTC 7791, with no significant reduction in human
bone marrow stromal cell viability. Additionally, in the presence of varying concentrations of a-haemolysin, a
virulence factor from S. aureus, the SLB demonstrated a dose-dependent release pattern. The findings indicate the
possibility of creating a biocompatible implant coating that releases an antimicrobial in the presence of a bac-
terial virulence factor, in a dose-dependent manner.

Quartz crystal microbalance
Bacterial virulence factors
Joint replacement infection
Responsive implant coatings

1. Introduction Staphylococcus aureus and Staphylococcus epidermidis are the main

pathogens associated with PJIs [8,9], with S. aureus accounting for a

Hip and knee replacements are currently the only effective in-
terventions for end-stage osteoarthritis, with the number of these pro-
cedures increasing year-on-year. In Europe, there are approximately 3.1
million hip and 2.5 million knee replacement procedures performed
each year [1,2]. Approximately 6 % of these will require revision sur-
gery after 5 years, with this number increasing to 12 % after 10 years
[3]. Prosthetic joint infection (PJI) remains one of the most challenging
complications following total hip and knee replacements. Treatment of
PJI requires invasive revision surgery to remove the infected device,
exposing patients to greater surgical risks and prolonged hospital stays
and recovery time [4,5]. As the frequency of joint replacement pro-
cedures rises each year, there will be a corresponding surge in PJI cases,
resulting in a substantial economic and human burden [6,7].

greater percentage of PJIs (around 19-29 %) [10,11]. Treatment re-
quires prolonged high-dose antibiotic therapy [12], however as S. aureus
is capable of forming biofilms on the implant surface, this prevents the
penetration of antibiotics and inhibits eradication by the host immune
system. The efficacy of systemic antibiotic therapy in treating PJI is
therefore limited [11]. Alternative strategies to prevent PJI involve the
use of coatings on titanium (Ti) orthopaedic implants to locally deliver
antimicrobials [13,14], a domain that intersects with biological surface
science [15]. Preclinical animal studies and clinical trials showed
promising results in preventing PJI using antimicrobial-containing
coatings [16-22]. Local delivery of antimicrobials results in lower sys-
temic concentrations to achieve minimum inhibitory concentrations at
the infection site, thus reducing systemic side effects, such as
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nephrotoxicity, often associated with aminoglycoside antibiotics used in
orthopaedics. Existing coatings however deliver a high initial dose
release of antimicrobials, which over time becomes depleted, reducing
protection and potentially encouraging resistance through exposure to
sub-inhibitory antimicrobial concentrations.

Recently, stimuli-responsive release of antimicrobials has emerged
as an improved strategy for controlled site-specific antimicrobial de-
livery that can hinder early biofilm formation whilst offering long-term
protection and minimising the risk of developing resistance mechanisms
[23]. Stimuli-responsive implant coatings provide an on-demand release
of antimicrobials in response to changes to the implant microenviron-
ment. Chemical (pH, ionic strength), physical (temperature, light) and
bacterial metabolites (acid, enzyme, redox) [24] have been previously
used as stimuli to trigger the release of therapeutic cargoes, predomi-
nantly from nanoparticles and micelles [23,25-27]. Ding et al. devel-
oped a responsive Ti nanoplatform by encapsulating silver nanoparticles
within mesoporous silica nanoparticles, coating them with poly(l-
glutamic acid) and polyallylamine hydrochloride using the layer-by-
layer assembly technique (LBL@MSN-Ag), and depositing the resulting
LBL@MSN-Ag nanoparticles onto polydopamine-modified Ti implants
for treating implant-associated bacterial infection and promoting tissue
regeneration [28]. The poly(l-glutamic acid) was degraded by glutamyl
endonuclease, produced by S. aureus, in order to release the antimicro-
bial silver. Micelles were developed by Chen and colleagues, which
release D-tyrosine and azithromycin in response to bacterial lipases and
changes in the pH microenvironment caused by Pseudomonas aeruginosa
[29]. D-tyrosine was used for decomposing the biofilm matrix whilst
azithromycin inhibited bacterial growth. Poly vinyl caprolactam (PCL)-
polyethylene glycol (PEG) copolymer micelles were formulated by
Albayaty et al., which successfully released chlorhexidine in response to
lipases/esterases produced by S. aureus and P. aeruginosa [30]. Whilst
these approaches appear effective, lipases and esterases are also pro-
duced by healthy tissues, which may result in non-specific release of
antimicrobials. A study by Pornpattananangkul et al. used a more spe-
cific bacterial virulence factor, alpha haemolysin (a-haemolysin) pro-
duced by S. aureus, as a trigger to release vancomycin from liposomes
stabilised with gold nanoparticles to inhibit the growth of S. aureus [31].
a-Haemolysin is a protein and virulence factor with a molecular weight
of 34 kDa that is secreted by S. aureus in order to form pores in
mammalian cell membranes. The toxin inserts into the phospholipid
bilayer of cell membranes, forming heptameric mushroom-shape pores
with a diameter of 14 — 46 A causing cell lysis and death [32-34].
S. aureus a-haemolysin has also been shown to be an important virulence
factor in a range of diseases, such as arthritis [35] and leukocyte in-
flammatory responses [33].

To date there are limited studies demonstrating bacterial toxin-
triggered release of antimicrobials from the surface of metals. Such an
approach can potentially be achieved using planar solid supported lipid
bilayers (SLBs) on metals. SLBs are cell membrane-mimicking platforms
composed of a phospholipid bilayer. The polar head groups of the
phospholipids render the SLB surface hydrophilic, whilst the hydro-
phobic core, consisting of the fatty acid chains of phospholipids, can be
used as a reservoir to encapsulate hydrophobic or lipophilic therapeu-
tics. One candidate antimicrobial that can be employed in this is system
is novobiocin, a hydrophobic aminocoumarin antimicrobial that inhibits
ATPase activities of the GyrB subunit of DNA gyrase and ParE subunit of
topoisomerase IV and has previously been shown to be effective against
methicillin resistant S. aureus [36].

This study will therefore develop a novel responsive Ti implant
coating, using a SLB to encapsulate an antimicrobial, novobiocin, which
is released by a-haemolysin, an S. aureus virulence factor. The a-hae-
molysin produced by S. aureus is expected to create pores in the SLB
coating, resulting in a dose-dependent antimicrobial release. A cova-
lently bound, robust, self-assembled monolayer (SAM) consisting of
octadecylphosphonic acid (ODPA) will act as the binding site for the SLB
to the Ti surface [37], which is typically covered by a TiOx film [38].
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This ODPA SAM is based on previous research which optimised the
grafting conditions to achieve consistent and robust ODPA SAMs on the
TiOs-covered surface of Ti [39].

2. Materials and methods
2.1. Materials

Propanol-2, cyclopentyl methyl ether (CPME; 99.9 % pure), tris base,
sodium dodecyl sulfate (SDS), phosphate buffered saline (PBS) tablets
and defibrinated horse blood were purchased from Fisher Scientific
(Loughborough, UK). Cholesterol, novobiocin, sodium chloride, a-hae-
molysin from S. aureus, cell counting kit-8, 6-carboxyfluorescein (6-
FAM), accutase cell detachment solution, antibiotic-antimycotic solu-
tion with 100 U/mL penicillin, 0.1 mg/mL streptomycin and 0.25 pg/mL
amphotericin B were purchased from Sigma Aldrich (St. Louis, USA).
Alpha minimum essential medium, fetal bovine serum (FBS) was pur-
chased from Thermofisher Gibco (UK). L-a-Phosphatidylcholine (PC)
and 1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hex-
anoyl}-sn-glycero-3-phosphocholine (PC-NBD) were obtained from
Avanti Polar Lipids (Birmingham, USA). AT cut, 14 mm TiO,-coated
QCM sensors (Ti-QCM, Ti/Au metallization with a TiO, coating and
resonant frequency of 5 MHz) used in this study were fabricated by
MicroVacuum Ltd (Budapest, Hungary). The fabrication strategy
involved the deposition of a 5 nm Ti adhesion layer followed by the e-
beam evaporation of a 50 nm TiO; layer onto the surface of the Au-QCM
sensors. ODPA/Ti discs (14 mm diameter) and AT cut, 14 mm ODPA/Ti-
coated QCM sensors were prepared as previously described [39]. Briefly,
the Ti-QCM sensors were modified using 0.5 mM ODPA in CPME at room
temperature (21 °C). CPME was selected for its favourable dielectric
properties and eco-friendliness. This specific ODPA concentration was
established after initial solubility tests in CPME. The ODPA powder was
then dissolved in this solvent for the preparation. The ODPA modifica-
tion was conducted within a flow cell setup. Before injecting the ODPA-
containing solvent, the QCM sensors were stabilised with washing buffer
(solvent) for 15 min at a flow rate of 100 uL/min using a peristaltic
pump. ODPA-containing solutions were then injected through the QCM
cell at a flow rate of 100 uL/min. Throughout the experiment, solutions
were maintained at room temperature. Experiments were concluded 20
min after injection with the ODPA solution, followed by calcination of
the samples at 120 °C for 1 h. Ti discs (grade 2, 14 mm diameter, 2 mm
thickness) from Goodfellow (Cambridge, UK) were polished to a mirror
finish using a Kemet polisher (Maidstone, UK) with 360, 600 and 1200
silicon carbide grit abrasive (agar scientific, Essex, UK). The polished Ti
discs were then sonicated in methanol for 30 min and blown dry with a
stream of nitrogen (N») gas. The surfaces were cleaned using ultraviolet
(UV)/ozone cleaning for 15 min (Ossila UV Ozone Cleaner, Sheffield,
UK) prior to modification with ODPA using the same protocol as the Ti-
QCM sensors [39].

2.2. Minimum inhibitory concentration (MIC) of novobiocin

To determine the effective antimicrobial concentration of novobi-
ocin to encapsulate within the SLB, MIC measurements of novobiocin
against S. aureus NCTC 7791 were determined using a broth dilution
assay. 100 pL of an S. aureus suspension (inoculum density of ~ 10°
CFU/mL) was added to the wells of a 96 well plate. Then 100 pL of
different concentrations of novobiocin ranging from 0.0078 to 4 ug/mL
was added to the S. aureus suspension and mixed by pipetting. A well
containing 200 pL of bacterial suspension was used as a positive growth
control whilst a well containing 200 pL of sterile tryptone soya broth was
used as a negative growth control. The 96-well plate was incubated at
37 °C, 5 % COx for 12 h with the optical density (OD) measured at 620
nm every hour using a FLUOstar Omega plate reader (BMG Labtech,
Ortenberg, Germany).
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2.3. Solvent-assisted preparation of supported lipid bilayers

A QCM system with impedance measurement and dissipation (QCM-
I, MicroVacuum Ltd, Budapest, Hungary) was used to develop the SLB
with encapsulated novobiocin on the surface of octadecylphosphonic
acid (ODPA)-modified Ti-QCM sensors, which featured a TiO layer
thickness of 50 nm. ODPA, which has an affinity for the TiO layer, was
initially grafted onto the Ti-QCM surface. Following this modification,
the SLB was formed using the solvent-assisted method on these ODPA-
modified Ti-QCM surfaces [40]. The QCM technique was used to mea-
sure the change in mass of a viscoelastic film adsorbed on the surface of a
coated quartz crystal via changes in the resonance frequency (AF) and
energy loss (measured as dissipation change, AD). Following initial
surface modification with ODPA as described in the Materials section, a
tris—NaCl buffer was injected into the QCM flow cell at a flow rate of 100
uL/min for at least 10 min using a Rheodyne MXP injection system with
a semiautomatic switching valve (MXP9960-000) and peristaltic pump
(Ismatec RS232 IN) in order to establish a stable baseline signal for
frequency and energy dissipation responses. After establishing the
baseline, isopropanol (IPA) was injected into the flow cell at a flow rate
of 100 uL/min for 10 min. A freshly prepared phosphatidylcholine (PC,
1.38 mmol/L) solution with cholesterol (197 umol/L) and novobiocin
(1.58 mmol/L) in IPA (herein referred to as NVB/SLB/Ti) was then
injected into the flow cell at a flow rate of 100 ul/min for at least 10 min
until the measurement signal stabilised. The same procedure was
repeated using solutions of PC/cholesterol (1.38 mmol/L and 197 pmol/
L respectively) in IPA without novobiocin (herein referred to as Lipid/
Ti) in order to determine whether novobiocin plays a vital role in SLB
formation. The same procedure was also repeated using a solution of
novobiocin in IPA (1.58 mmol/L) without PC and cholesterol (herein
referred to as NVB/Ti) to determine whether novobiocin itself binds to
the surface of the ODPA-modified Ti. Finally, the lipid/novobiocin so-
lutions were gradually exchanged with tris-NaCl buffer at a flow rate of
100 pL/min for 20 min to form a complete planar lipid bilayer. During
the experiments, the QCM cell temperature was maintained at 25 +
0.02 °C using a high precision built in Peltier driver to avoid tempera-
ture drifts. After completion of the experiment, the QCM instrument was
cleaned by sequentially flushing with 1 % w/v sodium dodecyl sulfate
(SDS) solution for at least 15 min, water for 10 min, and ethanol for at
least 15 min at a flow rate of > 500 pL/min.

2.4. Water contact angle measurements

Water contact angle measurements were performed to monitor
changes in hydrophobicity during SLB formation. The water contact
angles of the SLB-modified Ti-discs were measured using an Attension
Theta Lite Optical Tensiometer (Biolin Scientific, Manchester UK). A 4
pL droplet of ultrapure water (18 MQ) was deposited on the sample
surface and the contact angle was measured within 10 s and analysed
using OneAttension software (Biolin Scientific, Manchester, UK). Three
measurements were taken across different locations on the Ti discs and
the average contact angle calculated.

2.5. Fluorescence microscopy

To visualise the surface coverage of the coating, an SLB was formed
using the solvent-assisted method with the addition of 1 mol % NBD-PC
(FITC-conjugated PC) on both ODPA/Ti QCM sensors and Ti discs. Im-
ages were captured using a Provis AX-70 fluorescent microscope
(Olympus, Tokyo, Japan) with a FITC-fluorescence filter cube. After
imaging, surfaces were washed using a 2 % w/v SDS solution for 10 min
to assess background fluorescence and removal of the SLB. Three sam-
ples from each group were imaged to generate the data.
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2.6. Atomic force microscopy (AFM)

AFM was used to study the surface morphology and roughness of
ODPA/Ti QCM sensors over an area of 2x2 um?2. High-resolution images
were taken at room temperature and atmospheric pressure. A XE-100
AFM system (Park Systems, Mannheim, Germany) was used to image
the surface topography. The AFM measurements were performed in non-
contact mode using commercial NSG30 probes obtained from NT-MDT
(Moscow, Russia). XEP software (Park Systems, Germany) was used
for data acquisition and Gwyddion software was employed for the post-
processing of the AFM data. Three samples were analysed per group.

2.7. Cytotoxicity of SLB-coated Ti

A Cell Counting Kit-8 colorimetric assay (CCK-8, Sigma Aldrich,
Dorset, UK) was used to evaluate cell viability on the surfaces of SLB-
coated Ti discs. Human bone marrow stromal cells (hBMSCs, Lonza,
Slough, UK) were cultured at 37 °C, 5 % CO3 in «-MEM medium sup-
plemented with 10 % foetal bovine serum (Thermofisher Scientific,
Paisley, UK) and subsequently seeded on the surface of bare Ti, ODPA/
Ti, Lipid/Ti and NVB/SLB/Ti discs in 24-wells plates at 5,000 cells/cm?.
Cells were incubated for 24, 48, 72 and 96 h. After each time point, 100
uL of CCK-8 reagent was added to the wells and incubated for 2 h at
37 °C. 100 pL of the assay medium was transferred to a new 96-well
plate, and the absorbance at 450 nm was measured using a FLUOstar
Omega microplate reader (BMG Labtech, Aylesbury, UK). Cells on un-
treated Ti discs were used as controls. Cell viability was calculated using
the following equation: Cell viability = 100 x (absorbance of cells on
sample surfaces / absorbance of cells on untreated surfaces). Experi-
ments were repeated in triplicate.

2.8. Antimicrobial activity of SLB-coated Ti

To determine whether SLB-modified Ti discs demonstrated antibac-
terial properties, S. aureus was cultured on the surface of the samples. A
single colony of S. aureus NCTC 7791 (UK Health Security Agency Cul-
ture Collections, Salisbury, UK) was inoculated into 10 mL of tryptone
soya broth and incubated overnight at 37 °C, 5 % CO2 with shaking. The
overnight culture was centrifuged at 5,000 g for 5 min and the pellet
resuspended in sterile PBS to give an absorbance at 600 nm of 0.08-0.1
(approximately 1x107 CFU/mL). The bacterial suspension was serially
diluted to 1x10® CFU/mL in PBS and 1 mL was applied to the surface of
bare Ti, ODPA/Ti, Lipid/Ti and NVB/SLB/Ti discs in a 24-well plate. The
samples were incubated for 1 h at 37 °C, 5 % COs. Following incubation,
the Ti discs were transferred into a sterile 24-well plate and gently
washed with 1 mL of 0.85 % NacCl to remove non-adherent bacteria. 20
uL of LIVE/DEAD™ BacLight™ Bacterial Viability stain (Thermofisher
Scientific, Paisley, UK) was applied to the surface of each of the Ti discs.
Ti discs were covered with a sterile glass coverslip and left at room
temperature for 1 min. S. aureus on bare Ti disc surfaces were used as
live controls, whilst dead controls consisted of treating S. aureus on bare
Ti surfaces with 70 % propanol-2 for 1 h. Three random images of the
sample surfaces were taken using a Provis AX-70 fluorescent microscope
(Olympus, Tokyo, Japan) at 10x, x20 and x40 magnifications, and
emission/excitation wavelengths of 485/530-630 nm respectively. The
percentage area coverage and live/dead ratios were quantified using
ImageJ software (US National Institutes of Health, Bethesda, Maryland,
USA) as described previously [41] and the experiment was performed in
triplicate.

2.9. a-haemolysin haemolytic activity

To establish the concentration at which a-haemolysin penetrates
lipid bilayers, haemolytic activity was tested against defibrinated un-
diluted horse blood (without centrifugation, washing or other treat-
ment). Horse blood was mixed with different concentrations of
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a-haemolysin dissolved in tris-buffered saline (TBS) to achieve final
concentrations of 0.1, 1 and 10 pg/mL and incubated at 37 °C for 3, 4
and 6 h. Blood incubated with 2 % Triton X-100 was used as a positive
control, whilst blood incubated with TBS was used as a negative control.
After incubation, the blood samples were centrifuged at 10,000 g for 10
min and supernatants transferred to flat bottom 96-wells plates. The
optical density was measured at 540 nm using a FLUOstar Omega plate
reader (BMG Labtech, Ortenberg, Germany). The haemolysis ratio (HR)
was calculated using the following equation: HR = [(OD; — OD,) / (OD,,
— ODy)] x 100 %; where ODy is the optical density of the sample tested,
and OD, and OD,, are the optical density values of negative and positive
controls, respectively.

2.10. a-haemolysin-triggered release of a fluorescent probe encapsulated
in the SLB

To study the a-haemolysin-triggered release of a model antimicrobial
from the SLB, a fluorescent probe, 6-carboxyfluorescein (6-FAM), was
used. The SLB was formed on the Ti disc surface as previously outlined,
however novobiocin was replaced with 6-FAM (4.9 mol/L). The 6-FAM
encapsulated SLB samples were incubated with different concentrations
of a-haemolysin in TBS (0.1, 1, 10 ug/mL) at 37 °C for 24, 48, 72 and 96
h. After each time point, the fluorescence signal from the incubation
solution was measured using a FLUOstar Omega plate reader (BMG
Labtech, Ortenberg, Germany) with the excitation (Aex) and emission
(hem) wavelengths set to 485 + 10 nm and 520 + 10 nm, respectively.
The SLB was also removed from the Ti surface by incubating in 2 % w/v
SDS for 10 mins and fluorescent measurements performed to assess the
total amount of 6-FAM encapsulated within the SLB. To monitor the
leakage of 6-FAM from the SLB, samples were also incubated in TBS
without a-haemolysin and the fluorescence signal was monitored at each
time point. Experiments were performed in triplicate.

2.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.5
(GraphPad Software, San Diego, California USA). P-values < 0.05 were
considered as statistically significant. Data was assessed for normality
using a Shapiro-Wilk test and subsequently statistical significance was
determined by a one-way ANOVA followed by Tukey’s post hoc
multiple-comparison test. Data in the figures were presented as means
+ standard deviation. All experiments in this study were performed in
triplicate.

3. Results and discussion

The MIC of novobiocin against S. aureus was evaluated to determine
the novobiocin concentration required to be encapsulated in the SLB.
The lowest concentration of novobiocin that completely inhibited the
growth of S. aureus 7791 was 125 ng/mL (Supplementary Figure 1). This
is in line with MIC values obtained in the literature; a study by Chushnie
et al. found that the MIC of novobiocin against S. aureus NCTC 6571 was
62.5 ng/mL as determined by an agar dilution assay [42]. The S. aureus
NCTC 7791 strain was chosen as the bacterial model in this study as it is
an o-haemolysin producing strain, isolated from an osteomyelitis
patient.

Having established the MIC of novobiocin against S. aureus, the SLB
implant coating was then developed to incorporate novobiocin. Firstly,
an ODPA SAM was deposited on the surface of titanium, which naturally
has an oxide layer [38], using previously optimized protocols [39]. Both
titanium discs and titanium-quartz crystal microbalance (Ti-QCM) sen-
sors, the latter with a TiO, layer thickness of 50 nm, were used for SLB
fabrication and QCM studies, respectively. An SLB with encapsulated
novobiocin was subsequently formed on the surface of the ODPA SAM
(NVB/SLB/Ti) using the solvent assisted bilayer formation method as
proposed by Ferhan and co-authors [40]. While several other methods
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exist for fabricating supported lipid bilayers, such as vesicle rupture,
Langmuir-Blodgett, and Langmuir-Schaefer, these alternative methods
come with various limitations [43,44]. The success of the vesicle fusion
technique relies on factors such as vesicle size, lipid composition, and
substrate properties, making it unsuitable for all lipid types and sub-
strates. The Langmuir-Blodgett method demands specialized equipment
and technical expertise, hindering its scalability for industrial applica-
tions. Similarly, the Langmuir-Schaefer technique necessitates meticu-
lous attention to maintaining leaflet asymmetry and substrate
orientation during deposition. Consequently, the SALB method emerges
as the preferred choice for fabricating SLBs with encapsulated novobi-
ocin on the ODPA SAM-modified Ti surface. SALB offers straightforward
sample preparation, compatibility with a wide range of lipid composi-
tions and substrates and eliminates the need for vesicle preparation. The
efficacy of this method is demonstrated in applications involving
nanoporous gold, which has shown potential in drug encapsulation, as
has been demonstrated by Losada-Pérez and co-authors in their study
using QCM-D [45]. For this study, the SLB was formed by sequential
solvent changes: the tris-NaCl buffer was changed to propanol-2 (IPA,
Fig. 1A, step 1), then the phospholipid/novobiocin solution in IPA was
introduced (Fig. 1A, step 2) and finally, the buffer was changed back to
tris-NaCl (Fig. 1A, step 3). After stabilisation in the tris-NaCl buffer, the
solution was exchanged with IPA, resulting in AF and AD fluctuations
due to differences in density and viscosity between tris-NaCl and IPA
(Fig. 1, step 1). Upon addition of the PC/cholesterol/novobiocin solu-
tion in IPA (Fig. 1A, step 2), a -6 Hz change in AF and no change in AD
was observed. This is in good agreement with previous QCM values
obtained for a high quality, robust and consistent SLB [40,46]. Finally,
after addition of tris-NaCl buffer (Fig. 1A, step 3), a final value of AF =
-68 Hz and AD = 2.8 x 10” was obtained, confirming formation of the
SLB [40,47]. The low drop in AD indicates a rigid formation of an SLB on
the ODPA-modified Ti and is indicative of a good-quality SLB, which is
highly resistant to mechanical stresses. A larger AF decrease indicates
greater mass adsorption due to a thicker or denser SLB forming [47].

Injection with a solution of PC/cholesterol with no novobicin (Lipid/
Ti) resulted in a small decrease in AF (Fig. 1, step 3) and almost no
change in AD. These values indicate the adsorption of PC and cholesterol
to the ODPA-modified Ti surface. Notably, there is a significant increase
in AF (final value of 100 Hz) and drop in AD (—2.1 x 10'5) after changing
back to the tris-NaCl buffer. The positive AF and negative AD values
indicate that the lipids were washed off the surface of ODPA-modified
Ti-QCM disc by the tris-NaCl solution; in the absence of novobiocin [46].

The control experiment with injection of novobiocin in IPA (NVB/Ti,
Fig. 1A) showed that there were fluctuations in the AF and AD due to
adsorption/desorption of novobiocin from the surface. The increase in
the final AF value and the negative AD value after the IPA was changed
to tris-NaCl buffer solution reveals no permanent attachment of novo-
biocin to the surface. These control experiments demonstrate the need
for an SLB, supported by ODPA SAMs on the surface of Ti, in order to
functionalise the surface with novobiocin. Interestingly, this data also
demonstrates the need for novobiocin to form an SLB on ODPA-
functionalised Ti, which was unexpected [48-50]. The data supports
the idea that the hydrophobic ODPA SAMs on Ti require a hydrophobic
intermediate, such as novobiocin, to effectively support the formation of
a functional lipid bilayer. The high drop of AF and small increase in AD
after exchange of isopropanol with the tris buffer provides evidence of
complete planar lipid bilayer formation on the surface [40].

Recent advances in SLB development underscore the critical role of
substrate properties in membrane functionality. A study by Villanueva
et al. showed the significant impact of nanoscale surface roughness on
SLB formation and dynamics [51]. The authors note that surface
roughness influences vesicle behavior, leading to either homogeneous or
patchy SLBs, with divalent cations playing a key role. On smoother SiO,
surfaces, vesicles rupture and form uniform SLBs, whereas on rougher
surfaces, they tend to remain intact, creating patchy, inhomogeneous
layers. The presence of divalent Ca?* cations aids in forming



L. Azizova et al.

A NVB/Ti

200 rrrrrrrrr S SR —

Applied Surface Science 665 (2024) 160337

Lipid/Ti VB/SLB/Ti

..... | B N N e TTTT T T T T T T T T T T T T T T T T T T T

Time (min)

B
Ti ODPA/TI
6.3:0.1 114.5:2.2
[—
Lipid/Ti ~ NVB/SLB/Ti
92.5:2.1 102.1:0.9
D

x10

Before SDS wash

After SDS wash

Time (min) Time (min)
++4+
c 160
++++ +++
_ 140+ | B
5 1204 iy
K
m1oo_ *kkk
c
& 804
Q
8 60+
S 40
(&)
20
0'_* T T
N S\ .\bé\ Qé\
MR
S
x20 x40

100 uym

(caption on next page)



L. Azizova et al.

Applied Surface Science 665 (2024) 160337

Fig. 1. (A) QCM-I data for novobiocin without PC/cholesterol (NVB/Ti), PC/cholesterol SLB without novobiocin (Lipid/Ti) and novobiocin encapsulated within a
PC/cholesterol SLB (NVB/SLB/Ti). The top blue line represents frequency and the bottom red line represents energy dissipation. (1) Tris-NaCl buffer to isopropanol
change, (2) addition of PC/cholesterol/novobiocin in isopropanol and (3) exchange back to a tris-NaCl buffer. Representative data for three independent experi-
ments. (B) Water contact angles of the modified Ti disc surfaces immediately after UV/ozone cleaning (Ti); after modification with ODPA (ODPA/Ti); after a PC/
cholesterol SLB (Lipid/Ti) was deposited on the ODPA-coated Ti surface; and the Ti disc modified with a SLB with encapsulated novobiocin (NVB/SLB/Ti). (C) Water
contact angle values and statistical analysis. Data representative of three experiments (**** p < 0.0001 compared to Ti, """ p < 0.001, **** p < 0.0001). (D)
Fluorescence microscopy images of SLB developed on the surface of ODPA-modified Ti-QCM sensors before and after 10 min of incubation in SDS solution at

magnifications of x10, x20 and x40. Data representative of three experiments.

homogeneous SLBs across all surfaces, although increased roughness
still raises the energy barrier for vesicle fusion and rupture. It has also
been shown that osteointegration of titanium implants can be signifi-
cantly improved by engineering a rough or ideally porous surface, where
porosity within the optimal range of 100 to 300 pm, coupled with
excellent biocompatibility, allows new bone tissue to integrate firmly
[38]. Specifically, for Ti implants used in medical applications,
achieving a precisely defined nanoscale roughness is crucial for opti-
mising tissue interaction and enhancing implant functionality and
longevity.

To further verify and study ODPA deposition on the surface of Ti,
AFM was employed. In Fig. 2, the AFM images and the corresponding 2D
height profiles derived from these scans indicate that the ODPA-
modified Ti-QCM samples were quite rough.

The wettability of the sample surfaces was compared before and after
ODPA modification and after the formation of the SLB (Fig. 1B). It was
expected that the unmodified Ti surface would be highly hydrophilic
due to the surface oxide layer [52] and upon coating with ODPA, an
increase in hydrophobicity would be observed due to exposure of the
hydrophobic acyl chains on the surface [53]. Formation of an SLB would
result in a slight drop in contact angle and hydrophobicity due to the
hydrophilic nature of the phospholipid head groups. As expected, the
grafting of ODPA significantly increased the hydrophobicity of the Ti
surface (Fig. 1C, ODPA/Ti water contact angle of 114.5 + 2.2°, p <
0.0001 compared to Ti) [39]. The deposition of the SLB on the surface of
ODPA/Ti significantly lowered the contact angle to 92.5 + 2.1° for the
SLB without novobiocin (Lipid/Ti, p < 0.0001 compared to ODPA/Ti).
Similarly, for the SLB with novobiocin (NVB/SLB/Ti) the contact angle
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was also significantly lowered to 102.1 £ 0.9° (p < 0.0001 compared to
ODPA/Ti). The relatively high contact angles observed for the hybrid
bilayers indicate that the SLB formation might not be entirely homo-
geneous. This could be attributed to an incomplete or patchy upper lipid
leaflet, which would account for the unexpectedly high water contact
angles. Additionally, the inclusion of cholesterol in the lipid formulation
may further contribute to these high water contact angles. Cholesterol,
known for its hydrophobic properties, can disrupt the regular arrange-
ment and exposure of hydrophilic head groups to water, thus affecting
the overall wettability of the bilayer. Usually, in a fully homogeneous
SLB, the exposure of hydrophilic head groups to water would typically
result in a significant reduction in the water contact angle.

Finally, the formation of a SLB on the surface of OPDA/Ti was further
confirmed by fluorescence microscopy using fluorescently-labelled
phosphatidylcholine (1 mol % NBD-PC, Fig. 1D). Fluorescent signals
were observed on the sample surface and experimental repeats
confirmed a consistent SLB coating was formed in the presence of
novobiocin (NVB/SLB/Ti). Confirmation that the fluorescent signal was
obtained from the SLB was shown by SDS washes of the sample surfaces.
The fluorescence microscopy images of NVB/SLB/Ti samples obtained
after incubation with SDS showed no fluorescence, indicating the SLB
was washed from the surface (Fig. 1D).

To evaluate the cytotoxicity of the developed SLB with encapsulated
novobiocin, a CCK-8 assay was performed using hBMSCs. No significant
cytotoxicity was observed for the SLB with encapsulated novobiocin
(NVB/SLB/Ti) compared to cells on culture plastic, Ti and ODPA/Ti
(Fig. 3). There was a significant decrease in viability (p < 0.01) for the
titanium discs modified with ODPA and lipids (Lipid/Ti) at 72 h when
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Fig. 2. (A) AFM images of ODPA deposited on the Ti-QCM sensor (ODPA/Ti). (B) Histogram of height distribution on the ODPA-coated Ti surface (ODPA/Ti). (C)
AFM height images of ODPA-modified Ti. (D) Height profiles of the horizontal white lines in C for ODPA deposited on the Ti-QCM sensor (ODPA/Ti).
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Fig. 3. (A) CCK-8 assay to determine the cytotoxicity of hBMSCs cultured for
24, 48, 72, 96 h on culture plastic, Ti, ODPA-modified Ti (ODPA/Ti), lipid
coated Ti (Lipid/Ti), Ti coated with supported lipid bilayer encapsulating
novobiocin (NVB/SLB/Ti). Data representing three independent experiments
(**p < 0.01 compared to Ti).

compared to Ti, however the viability was still above 70 %, which is the
threshold for cytotoxicity when compared to control samples (cell cul-
ture plastic) [54]. Although only cytotoxicity was investigated in this
study, there is potential to also incorporate bioactive phospholipids into
the SLB, such as phosphatidylserine and phosphatidylethalonamine, in
order to encourage bone formation around the orthopaedic implant.
Previous studies have demonstrated that phosphatidylserine in partic-
ular on the surface of Ti implants can significantly enhance bone mineral
deposition in vitro [55,56] and in vivo in a rabbit femoral model [57].

As a-haemolysin, the pore-forming a-toxin of S. aureus, was being
used as the trigger to release novobiocin from the SLB, an initial hae-
molytic assay was performed to determine the effective concentration of
the virulence factor. Since a-haemolysin causes lysis of erythrocytes
[33], haemolytic concentrations were determined using horse blood,
which contains erythrocytes. A concentration of 10 pg/mL of «-hae-
molysin resulted in 100 % haemolysis of horse erythrocytes whilst 0.1
pg/mL and 1 pg/mL caused negligible haemolysis (Fig. 4A), although
this was significantly different from control samples at 4 and 6 h (p <
0.05). a-Haemolysin concentrations in serum samples from 41 patients
with septicaemia caused by S. aureus ranged from 0.25-2.4 pg/mL
(mean 1.14 pg/mL), which is lower than the effective haemolytic con-
centration found in this study [58], however it is possible that a-hae-
molysin concentrations at the site of an infected implant can be higher
than those found in serum samples. Similarly, a study has shown horse
erythrocytes to be more resistant to haemolytic agents when compared
to human erythrocytes [59].

Having determined the effective concentration of o-haemolysin
capable of lysing cell membranes, this concentration was used in an
attempt to trigger antibiotic release (novobiocin) from the SLB. Initial
measurements using HPLC were not able to detect the release of novo-
biocin from the SLB due to the low sensitivity of the technique (limit of
quantification = 0.0125 pg/mL). In order to demonstrate a-haemolysin-
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triggered release from the SLB, a fluorescent probe, 6-FAM, was used as
a model hydrophobic drug. A negligible amount of 6-FAM was detected
in the incubation solution when 6-FAM-loaded SLB-modified Ti samples
were incubated in TBS in the absence of a-haemolysin (Fig. 4B). This
indicates minor leakage of 6-FAM from SLB-modified samples. In
contrast, much higher release of 6-FAM was detected in the solutions
after incubation with different concentrations of a-haemolysin, thus
implying that 6-FAM was solely released due to a-haemolysin pore
formation in the SLB [60,61]. It was also found that a-haemolysin
(0.1-10 pg/mL) caused a dose-dependent release of 6-FAM from the SLB
at 37 °C (Fig. 4B). Similar studies investigating a-haemolysin insertion
into phospholipid bilayers using AFM and QCM not only demonstrated
that a-haemolysin at concentrations less than 50 pg/mL forms pores in
phosphatidylcholine-containing bilayers [62], but that increasing con-
centrations of a-haemolysin results in greater numbers of pores in the
bilayer. Additionally, although studies have demonstrated a-haemolysin
triggered release from lipid nanoparticles (liposomes) [31,63], this is the
first study to demonstrate triggered release by a SLB from the surface of
an implant metal. Although triggered release of a fluorescent probe was
demonstrated, further research is required to quantify the concentration
of novobiocin released to ensure therapeutic concentrations above the
MIC are achieved. More sensitive methods are required for detection in
the low ng/mL range, such as mass spectrometry, however there is no
established and validated mass spectrometry protocol in place at the
time of this publication to be able to undertake the work and developing
and validating such a protocol is outside the scope of the current study.

The ability of the triggered release of novobiocin from the SLB to
inhibit the attachment and viability of S. aureus was subsequently
assessed in vitro. SLB-modified samples were incubated with S. aureus
NCTC 7791 (1x10°® CFU/mL) for 1 h at 37 °C, 5 % CO,. As shown in
Fig. 5A, there was a visible reduction in bacterial attachment on the
surface of lipid-modified Ti discs (Lipid/Ti) and novobiocin SLB-
modified Ti discs (NVB/SLB/Ti) when compared with untreated Ti
discs (Fig. 5A). Semi-quantifying the percentage area covered by bac-
teria showed a significant reduction in bacterial attachment when
compared to Ti for both Lipid/Ti and NVB/SLB/Ti samples (Fig. 5B, p <
0.01). This finding agrees with previous studies that have demonstrated
reduced S. aureus attachment on Ti due to phosphonic acids and phos-
pholipids [39,41]. Moreover, the novobiocin containing Ti discs (NVB/
SLB/Ti) also exhibited antibacterial activity as demonstrated by the
increased red fluorescence signal and the positive control for bacterial
cell death, 70 % propanol (Fig. 5A). When semi-quantifying the ratio of
live to dead bacteria, a significant reduction in bacterial viability was
observed for the NVB/SLB/Ti samples when compared to both the Lipid/
Ti and Ti samples (Fig. 5B, p < 0.0001), however not to the extent of the
70 % propanol-treated samples. These results show that under in vitro
conditions, an SLB encapsulating novobiocin on the surface of Ti can
provide antibacterial activity against PJI associated pathogens, such as
S. aureus. Although antibacterial activity against a single strain of
S. aureus was observed, further research is required to determine
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Fig. 4. (A) Horse blood haemolysis test using different concentrations of a-haemolysin (0.1-10 pg/mL) demonstrates 10 pg/mL of purified a-haemolysin is required
to lyse horse erythrocytes. The negative control was horse blood treated with PBS whilst the positive control was horse blood treated with triton x-100. Data
representing three experiments (*p < 0.05, ***p < 0.001, ****p < 0.0001 compared to 0 pg/mL). (B) Release of 6-FAM from SLBs on the surface of Ti discs triggered

by different concentrations of a-haemolysin (0.1-10 pg/mL) at 24, 48, 72, 96 h (*p < 0.05, **p < 0.01, ***p < 0.001 compared to 0 pg/mL). Data representing three

experiments.
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Fig. 5. A. Fluorescent live/dead images of S. aureus attached to sample surfaces. The green signal indicates viable bacteria whilst the red signal indicates non-viable
bacteria. S. aureus on the surface of Ti samples (Ti), S. aureus on the surface of SLBs without novobiocin on the surface of ODPA-modified Ti discs (Lipid/Ti), SLB with
encapsulated novobiocin on the surface of ODPA-modified Ti discs (NVB/SLB/Ti) and Ti samples treated with 70 % propanol at a magnification x10, x20 and x40. B.
Semi-quantification of percentage area covered by bacteria (**p < 0.01 compared to Ti). C. Ratio of live to dead bacteria on the surface of samples (****p < 0.0001
compared to Ti and """ "p < 0.0001). Data representing three independent experiments.

whether serum factors, such as albumin, would hinder such a process
and whether the approach was effective against several clinically iso-
lated strains of S. aureus. Further research is also required to determine
the shelf-life and stability of the SLB both due to dry ambient storage and
due to in vivo conditions and whether the SLB is effective against non-
haemolytic bacteria (e.g. S. epidermidis). Alternative triggers could be
exploited, such as phospholipases [64,65], to ensure a broad spectrum of
activity against non-haemolytic pathogens.

The stability of the SLB on ODPA-modified titanium is influenced by
various factors, such as the physical properties of the lipids used, the
method of SLB formation, and environmental conditions such as tem-
perature and humidity. A SALB method has been utilised for the fabri-
cation of hybrid SLBs, which generally promotes the formation of
uniform, defect-free lipid layers by allowing for controlled solvent
evaporation and lipid assembly. The SALB technique improves the
physical stability and uniformity of the lipid bilayer.

Hybrid bilayers, consisting of a lipid monolayer on top of the SAM,
display different stability characteristics on ODPA-modified titanium
surfaces compared to purely hydrophilic or hydrophobic surfaces due to
the specific interactions between the lipid tails and the underlying SAM.
The hydrophobic nature of ODPA effectively anchors the lipid tails,
potentially leading to a more stable arrangement [66]. To enhance
stability, cholesterol has been incorporated to increase the rigidity and
decrease the permeability of the bilayer [67], thus improving stability
both in vitro and in vivo. Further experimental studies are necessary to
specifically evaluate the stability of these SLBs under dynamic and
complex in vivo conditions. Such studies will provide insights into the
viability of these systems for medical implants or other biomedical
applications.

4. Conclusions

In this study, a bacterial toxin-triggered antimicrobial coating was
developed on the surface of Ti. The coating consisted of a layer of ODPA
covalently bound to the surface of Ti upon which an antimicrobial
(novobiocin) and an SLB was formed. The SLB was shown to be triggered
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to release its content by a-haemolysin, a pore forming protein produced
by S. aureus, which is widely implicated in PJIs. Although similar studies
with liposomes have demonstrated this mechanism of release, this is the
first study to achieve a triggered release from a SLB on the surface of an
implant metal. Furthermore, this study demonstrated that the SLB-
modified Ti containing novobiocin was not cytotoxic to hBMSCs and
also reduced the attachment and viability of S. aureus in vitro. The
findings indicate the possibility of creating a biocompatible metal
implant coating that only releases an antimicrobial in the presence of
haemolytic pathogens and in a dose-dependent manner. Further
research is required to determine whether therapeutic levels of antimi-
crobial release can be sustained and whether serum factors may interfere
with release mechanisms. Nevertheless, this responsive approach to
deliver antimicrobials locally has the potential to reduce implant in-
fections, whilst preventing cytotoxicity associated with high initial burst
release kinetics (achieved with existing coatings) and reducing the
likelihood of antimicrobial resistance due to prolonged exposure to sub-
inhibitory antimicrobial concentrations.
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