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Abstract

The use of antibacterial coatings on bone biomaterial has attracted interest from various fields such
as orthopaedics, dentistry and veterinary medicine. However, the process of attaching suitable
compounds to biomaterial surfaces in a stable manner presents a significant challenge. One pragmatic
approach is to utilise approved antibiotics that have been shown to remain effective when
immobilised. One such antibiotic is teicoplanin (Teic), a glycopeptide that was discovered in the 1990s
to be useful as a chiral selector in chromatographic enantiomeric separations. Importantly, Teic works
at the level of the bacterial cell wall making it a potential candidate for biomaterial functionalisations.
Intial investigations attempted to functionalise titanium (Ti) with polydopamine and use this platform
to capture Teic. However, Teic was found to have a natural affinity for the oxide layer of Ti. Whilst Teic
demonstrated a robust adsorption to Ti, it was found that the presence of phosphate compromised
this interaction, resulting in the antibiotic eluting from the oxide. Before attempting to covalently
attach the Teic to Ti, a commercially available Teic stationary phase was exposed to S. aureus to
evaluate its antibacterial capabilities. Unfortunately, it was found that the Teic stationary phase had
no impact on the viability of S. aureus, despite its ability to bind to N-Acetyl-L-Lys-D-Ala-D-Ala,
indicating that covalent attachment of the glycopeptide antibiotic to a biomaterial surface does not
result in the generation of an antibacterial surface. Yet, as expected, Teic has consistently displayed
great antibacterial activity and was also able to enhance the maturation of osteoblasts and so work
moved toward controlling the elution of Teic by encapsulating the antibiotic in a composite hydrogel
made from chitosan and gelatin and crosslinking with genipin. This composite hydrogel scaffold
demonstrated a sustained release of Teic over the course of a week and the same observations were
made when the hydrogel was injected into a cancellous bone model, demonstrating the potential of
this composite scaffold in reducing the incidence of periprosthetic joint infection (PJI). Overall, this
thesis has demonstrated the potential of using Teic in orthopaedic applications but has also

highlighted the difficulty in generating a stable, Teic-coated Ti surface finish.
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Chapter 1 Introduction and Literature Review

This thesis explores the development of an antibacterial titanium surface to help minimise total joint
arthroplasty (TJA) infections. A leading cause of TJA is osteoarthritis (OA) and whilst prosthetic knee
and hip joints have very successful outcomes, approximately 1-2% get infected and will need replacing.
Coating titanium with suitable antibiotics could be one way of realising an antibacterial technology to
help minimise infection risk. The following introduction provides a comprehensive account of TJA,
periprosthetic joint infection (PJI), current research to prevent PJI and the glycopeptide antibiotic,
teicoplanin. A potential route towards the development of an antibacterial titanium coating is also

presented.
1.1 Overview

TJA is a surgical procedure that removes and replaces parts of arthritic or damaged joints with a
prosthesis made of a biocompatible material. It is one of the most successful and cost-effective
orthopaedic procedures for alleviating pain and disability associated with advanced joint disease and
the number of primary TJAs being performed, per annum in the UK is currently rising and is predicted
to increase by as much as 40% (~268,107) by 2060 (Matharu et al., 2021). Historically, TJAs have been
reliable orthopaedic interventions for end-stage joint disease and improving quality of life, with a
90% implant survival at 13 years. Although the implant integrates well into the host tissue,
approximately 10% fail over the lifetime of the patient. Around 30% of these TJA failures are due to a
process known as aseptic loosening and a further 1-2% of failures are attributed to periprosthetic joint
infection (PJI) with the most common aetiological agent being Staphylococcus aureus followed by
coagulase-negative staphylococci (Arcioloa et al., 2018; National Joint Registry, 2022). In England and
Wales alone, the NHS carries out approximately 200,000 TJAs per annum with prosthesis costs ranging

between £400 and £1,200. It is estimated that PJI-related revisions cost the NHS around £1.5 billion



yearly (Hamish & Simpson, 2022). Therefore, reducing PJI risk for TJA is of great importance for both

the patient and the provider.
1.2 Total Joint Arthroplasty

Arthroplasty is defined as the essential surgical replacement of a joint, with an artificially produced
material, such as metal, plastic, or ceramic, that is fixed in the bone (Bleb & Kip, 2018). In the UK, TIA
is one of the most common elective surgical procedures. The annual incidence of total joint
replacements grew steadily throughout the 1990s and has continued to rise since the year 2000.
According to the National Joint Registry (NJR), around 241,467 and 237,924 primary hip and knee
replacement procedures were performed, respectively, between 2019 and 2021 (NJR 19 Annual
Report, 2022). In 2021 alone, 84,998 and 77,830 primary hip and knee replacement procedures,
respectively, were performed in the UK. This number is predicted to increase drastically due to ageing

as well as the growing prevalence of risk factors, such as obesity (Liddle et al., 2014)

Hip and knee arthroplasties are the most frequently performed replacement surgeries, however
arthroplasty can also be performed on other joints, such as the ankle, wrist, shoulder, and elbow (Bleb
& Kip, 2018). The most common reason for arthroplasty is joint surface destruction from the wear and
tear of the cartilage lining due to advanced joint diseases, such as OA, fractures and other changes in
bone and connective tissue structures. These degenerative diseases could lead to permanent loss of
function, pain, and impaired mobility of the affected joint, as well as a decrease in the quality of life
(Seidlitz & Kip, 2018). If non-surgical treatments, like medications, physical therapy and activity
modifications do not relieve the symptoms, then arthroplasty is the necessary option to avoid

secondary complications and to sufficiently restore the patient’s quality of life.



1.3 Implant Structure and Function

Biomaterials are employed to restore the function of compromised joints. They were first defined as
non-viable materials used in a medical device, with the intention to interact with biological systems
(Katti, 2004). Further, Black (2005) defined the term biomaterials as materials of natural or manmade

origin that are used to direct, supplement, or replace the functions of living tissues.

Material scientists have investigated a variety of materials such as metals, ceramics, polymers, and
composites as biomaterials for total joint replacements. The main criterion for a material’s selection

of bone implant materials are:

e It is biocompatible and does not cause an immunological or cytotoxic response beyond an
acceptable level.
e It has appropriate mechanical properties that are close to bone.

e Manufacturing and processing methods are viable, economically.

Ideally, a bone implant, such as a hip prosthesis, should exhibit an identical response to loading as real
bone. The average load on a hip joint is estimated to be up to three times body weight and the peak
load can be as high as ten times, when doing strenuous activities, such as jumping (Katti, 2004). The
bone biomaterial must also be surface and mechanically compatible, as well as display
osteocompatibility. Historically, a hip replacement, for instance, aims to simulate the articulation of
the hip joint with the use of two components, a cup and long femoral type element. The head of the
femoral element fits inside the cup to enable sufficient articulation of the human joint (Fig. 1.1). These
two parts of the implant have been made using a variety of materials such as the ones mentioned
above. Currently, the main materials used in joint arthroplasty procedures are titanium, cobalt-
chromium, polyethylene, and ceramics (Hu and Yoon, 2018). Titanium and its alloys (such as Ti6Al4V)
have been the most commonly used metals for stem and acetabular components of hip implants due

to its low density, high mechanical strength, great corrosion resistance and biocompatibility with the



bone (Hu and Yoon, 2018; Head et al., 1995). However, during the last two decades, vanadium free
titanium alloys, like Ti6AINb, have been employed in hip implants, with improved biocompatibility in
comparison to Ti6Al4V, by incorporating biocompatible elements such as niobium (Mindroiu et al.,
2014; Miura et al., 2011). This is due to the potential toxicity of vanadium within the Ti alloy. Other
replacement procedures, such knee arthroplasties, also use titanium, however cobalt chromium alloys
are more common for this type of replacement (Kim et al., 2021). A major limitation of using titanium
is that it does not directly bond to the bone, and this could result in loosening of the implant. In order
to achieve effective osseointegration with the bone prosthesis and reduce the risk of loosening,
porous metals and coatings have been developed. In particular, hydroxyapatite (HA) and
polymethylmethacrylate (PMMA) has been successfully employed as a coating for titanium implants

and has greatly improved osseointegration of the implant (Landor et al., 2007; Gibon et al., 2017).
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Figure 1.1 Total Hip Arthroplasty. A hip joint prosthesis (right) that typically consists of an acetabular component and a
femoral stem (left). The head of the femoral element fits inside of the acetabular component to allow sufficient

articulation of the human joint. These two parts of the implant have been made using a variety of materials such as the
ones mentioned in 1.3. Created with Biorender.com.
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1.4 Implant Placement and Maintenance

The rise in primary hip and knee arthroplasties has important implications for healthcare costs as well
as capacity. As such, it is important that the patients are carefully selected and that the procedures
are well timed in order to achieve the best possible outcomes and reduce the risk of a revision
procedure, reducing future costs and worse outcomes (Gademan et al., 2016). The placement of a
bone joint prosthesis begins with a diagnosis which helps the clinician in choosing the most
appropriate treatment option for the patient. According to Pivec et al. (2012) and the National Joint
Registry (2022) the primary reason for an elective total joint procedure is due to OA, which accounts
for over ~93% of all total hip and knee replacement procedures. Surgical indications for TJIA are usually
guided by severity of pain, functional impairment, physical examination, and radiographic findings.
However, conservative therapy should always be attempted with analgesia, steroid injections, activity
modification, ambulatory aids, and weight loss prior to surgical consideration (Hunter and Lo, 2008;
Pivec et al., 2012). If conventional treatment options fail to alleviate pain or the disease is significantly

impacting the patient’s day-to-day life, then surgical intervention is necessary.

Prior to surgery, patients are provided with comprehensive preoperative instructions to ensure they
are prepared mentally and physically. Once the preoperative assessment is complete, the patient is
then taken to the operating room and is provided with an anaesthetic. The most common option
provided is a spinal anaesthetic, however, the patient can also be given an epidural or be put under
general anaesthetic. Once the patient has been provided the appropriate anaesthetic, the surgical
team carefully turn the patient from a supine position (laying horizontally, face up) to either an
anterior (front), lateral (side) or posterior (back) position, depending on the type of surgical approach
being performed (John Hopkins Medicine, 2022; NHS, 2019; Branson and Goldstein, 2003). For total
hip arthroplasty, there are a variety of surgical approaches that might be used, such as posterior,
lateral (Hardinge), direct anterior and supercapsular percutaneous assisted total hip (superPATH)

(Palan & Manktelow, 2018). Posterior and Hardinge are the most common surgical approaches,



accounting for ~73% and ~26% of all primary hip arthroplasties performed in 2021, respectively (NJR
19" Annual Report, 2022). However, despite the Hardinge technique being the second most
commonly used surgical approach, it has been found to be associated with worse outcomes, including
more deaths and revisions, in comparison to the posterior technique. It has been suggested that the

posterior technique be the standard approach used in total hip arthroplasties (Blom et al., 2020).

After the incision has been made, the surgeon opens the hip capsule to expose the femoral head. The
femoral head is dislocated, and an osteotomy is performed on the femoral head to remove it. Femoral
instrumentation, such as broaches and reams, are used to hollow out the femoral canal and prepare
it for the artificial stem. Once the femur has been prepared for stem implantation, the surgeon
inspects the acetabulum (the socket component of the joint), clears the area of any soft tissue and
osteophytes (bony spurs) and proceeds to remove the damaged cartilage in order to restore its
original centre (John Hopkins Medicine, 2022; Branson and Goldstein, 2003). The surgeon places a
shell into the acetabular cavity, followed by a liner made with either polyethylene, ceramic, or metal.
The artificial stem is then placed into the femoral canal with or without cement and the femoral head
is placed onto the stem, completing the femoral implant insertion. The surgeon will bend and move

the leg to ensure that it functions appropriately and will then close the incision.

For total knee arthroplasty, the surgical approaches used are either medial parapatellar, midvastus or
subvastus (Varacello et al., 2022). The most used approach is the medial parapatellar, accounting for
~95% of all total knee arthroplasties performed in 2021 (NJR 19'" Annual Report, 2022). However, it
has been noted that other surgical approaches, such as the midvastus approach, could provide
significant benefits in short term pain and range of movement (ROM) when compared to parapatellar
technique and the subvastus approach provided better outcomes for short-term ROM and earlier
straight leg raise in comparison to the parapatellar technique (Liu et al., 2014). Yet, there are no
differences in long-term clinical outcomes between these surgical techniques. After incision, the

damaged ends of the femur (thigh bone) and tibia (shin bone) are cut away. The ends of the femur



and tibia are then carefully measured and shaped to fit the replacement prosthetic (NHS 2022;
Williams et al., 2010). Prior to fitting the final prosthetic, a mock joint is positioned to ensure that the
joint is working properly. Once the final adjustments are made, the ends of the tibia and femur are
cleaned, and the final prosthesis is fitted and is usually fixed into place with cement (NHS 2022).
Generally, the prosthetic is comprised of three components, the tibial component, to resurface the
top of the tibia, the femoral (thigh) component, which resurfaces the end of the femur, and the

patellar component, to resurface the bottom of the kneecap (John Hopkins Medicine, 2022) (Fig. 1.2).
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Figure 1.2 Total Knee Arthroplasty. Damaged bone is removed and resurfaced with metal implants on the femur and
tibia, as described in 1.3. A plastic spacer is placed in between then implants. The patellar component is not shown for
clarity. Created with Biorender.com



After total joint replacement procedures have been performed, patients are in hospital for around 3-
5 days, depending on the progression made and the type of joint replacement. However, movement
of the newly replaced joint is often encouraged within 12-24 hours post-surgery (NHS, 2022). Physical
therapy is usually prescribed after arthroplasty in order to reduce the risk of post-operative
complications or dislocation of the new joint. It has been found that physical therapy can promote
early ambulation and can decrease the patients’ stay at the hospital. Moreover, it can even improve
the range of movement (ROM) and function of the new joint in the short term (< 1 year). However,
these beneficial outcomes have not been assessed long term (Pivec et al., 2012; Chen et al., 2012;
Liebs et al., 2012; NHS, 2022). In the UK, care for patients with total hip and knee arthroplasty is often
provided with long-term follow up appointments in order to ensure the joint has not failed. According
to the British Orthopaedic Association Guidelines (2012), it is recommended that patients have a
follow-up at one and seven years, post-implantation. Recently however, many hospitals face pressure
to reduce outpatient appointments due to longer waiting lists for orthopaedic treatment and a
reduction in follow-up services (Smith et al., 2022). This could potentially impact on patient safety and
increase the risk of revision arthroplasty if no follow-up is provided. Despite the post-operative care
issues mentioned above, TJA of the hip and knee, when managed sufficiently, has a > 95% and > 80%

survivorship at 10- and 25-years, respectively (Pivec et al., 2012).

1.5 PJI

1.5.1 Overview

Although the implant integrates well into the host tissue approximately 10% of implants fail, and the
patient will need additional surgery at some point over the lifetime of the implant (Arciola et al., 2018;
Tande & Patel, 2014). A TJA can fail for a variety of reasons including, aseptic loosening at the bone-
cement interface, periprosthetic fracture, fracture of the prosthesis material itself, malposition,

instability, material fatigue or PJI (Tande & Patel, 2014; Kapadia et al., 2015). Despite the incidence of

10



PJI being lower than aseptic loosening (which accounts for around a third of all implant failures), it is

a serious and more complex problem following arthroplasty (Li et al., 2018).

A majority of Plls are speculated to occur during implantation and are usually attributed to
endogenous skin microbes or external sources from the operating theatre. Usually, PJIs that develop
within three months after the procedure are classified as early postoperative infections. The other
classifications are delayed (or subacute) infections, which develop around 3-24 months after surgery
and finally, late infections, which occur more than 24 months after post operatively (Arciola et al.
2018). This highlights that PJI could happen at any time during the patient’s life post-surgery (Li et al.,
2018). Further to needing additional procedures, patients who have developed PJI often require
extended antibiotic therapy. However, the advancement of antimicrobial resistance (AMR) is a
concern, especially since the development of new antimicrobials has slowed down over the last few
decades, which has subsequently restricted the options in combatting resistant organisms (Kapadia et
al., 2015; Finley et al., 2013; Arciola et al., 2018). Despite therapeutic intervention, eradication of
established Plls can fail and although rare, PJls can result in severe pain, poor quality of life and death

(Kunutsor et al., 2016; Hickok & Shapiro, 2012; Jose et al., 2005; Arcioloa et al., 2018).

In orthopaedic implant-associated infections, the most common aetiological agent isolated are Gram-
positive cocci, such as Staphylococcus aureus, coagulase-negative staphylococci (CNS) and
enterococci. However, more recently there has been a notable increase in the isolation of methicillin-
resistant Staphylococcus aureus (MRSA) and methicillin-resistant CNS, with around 46.7% of S. aureus
strains and 85.7% CNS strains being resistant in the US, conversely, only around 6% of S. aureus strains
that are isolated, are methicillin resistant in the UK (European Centre for Disease Prevention and
Control (ECDC), 2022; Kapadia et al., 2015). Despite this discrepancy, the clarity between west-to-east
gradients remains unclear for Gram-positive infections and underlines the need for concerted action
to combat antimicrobial resistance throughout the European Union (ECDC, 2022). Overall, the

emergence of these resistant organisms is alarming and highlights the need for new drugs with novel
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mechanisms of action, as these PJIs can result in increased morbidity and mortality for patients with

joint arthroplasties (Parvizi et al., 2010; Kapadia et al., 2015).

1.5.2 Epidemiology and Economic Impact

PJl is estimated to occur in ~1% of hip arthroplasty failures and ~2% for knee, annually (Dale et al.,
2009; Kurtz et al., 2010; Kapadia et al., 2016). Nevertheless, findings from an analysis of individuals
who underwent initial hip or knee arthroplasty procedures from 2006 to 2009 revealed that the rates
of PJI may be greater than what was previously documented. (Kapadia et al., 2016; Yokoe et al., 2013).
Interestingly, infection is the most likely reason that a joint is revised after the first year however, after
~7 years or more, infection is less likely in comparison to other reasons such as aseptic loosening or
periprosthetic fracture (Kapadia et al., 2015). Furthermore, PJl in the UK is more prevalent in a second
revision than in a first revision, with ~14% of hip and ~24% of knee re-revisions resulting from infection
(NJR 19" Annual Report, 2022; Kapada et al., 2015). This highlights the increased risk of instability and
infection following the first revision of a hip or knee replacement compared to that of a primary hip

or knee arthroplasty.

Interestingly, the incidence of a revision procedure due to infection is higher in the elbow region, with
infection frequencies ranging from around 2-10% (Li et al., 2018). It is suggested that the reason for
this higher incidence of infection is due to the more frequent occurrence of rheumatic disorders,
trauma or multiple constructive procedures, when compared to hip and knee arthroplasty (Li et al.,
2018; Achermann et al., 2011). However, shoulder revisions due to infection, carry infection rates

similar to that of hip and knee arthroplasty (Tande & Patel, 2014).

The economic impact of PJl is serious. In the US, the overall cost to the US healthcare to treat PJI was
$566 million in 2009 alone, and it is projected to increase to as much as $1.85 billion by 2030 (Tande
& Patel, 2014; Premkumar et al., 2021). Revision procedures continue to inflict substantial economic
burdens in the European Union, with revision projected to be as high as €80,000 per case (Pavizi et

al., 2010). The costs for treating individual PJI cases depends on the treatment option used. The cost
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of a single revision procedure for PJl is significantly higher than for non-infectious reasons and is
estimated to be as high as £71,000 per case. One study even noted a cost of up to £84,000 per PJI
case, which is five times higher than the cost of a primary arthroplasty (Parvizi et al., 2010; Kapadia et
al., 2014; Kapadia et al., 2016). These higher costs have been attributed to longer procedure durations,
increased blood loss, longer rehabilitation time, extended use of antibiotics and analgesics, and

increased complications (Vanhegan et al., 2012; Tande & Patel, 2014).

1.5.3 Pathogenesis of PJI

1.5.3.1 Initiation of Infection

Most Plls that occur within one year of implantation usually begin through the introduction of
microorganisms at the time of surgery. They can either be through direct contact or aerosolised
contamination of the prosthesis or periprosthetic tissue. Once the microorganisms come into contact
with the implant surface, they start to colonise it. A significant factor during the initiation of the
infection is the inoculum size. For instance, in a rabbit model study it was found that fewer than 102
CFU of S. aureus was needed to establish an infection if inoculated at the time of an arthroplasty in a
rabbit model, in comparison to a 10* CFU inoculum when no prosthesis was implanted (Southwood et
al., 1985; Tande & Patel, 2014). The second mechanism which contributes to the initiation of infection
is the spread of infection from an adjacent site to the prosthesis. Shortly after the procedure, a surgical
site infection (SSI) could progress to involve the implanted prosthetic, due to incomplete healing of
the incision area. However, the spread of infection from adjacent surfaces could also occur later on if
the normal tissue is impacted through trauma or surgery at a location next to the implant. Erosion of
the implant through a damaged soft tissue envelope may also put patients at an increased risk of late-
onset infection (Tande & Patel, 2014). A third mechanism which contributes towards PJI, is
haematogenous seeding (bacteria which are carried to the implant site through the blood). However,
PJl resulting from haematogenous seeding is uncommon. In a study by Uckay et al. (2009) it was found
that out of 553 remote infections which occurred in 6,101 arthroplasties, only 7 resulted in PJI. Despite
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this, the overall proportion of haematogenous PJI accounts for approximately 20-35% of all PJI
infections. The number of PJI with haematogenous origins are likely to be underestimated as most
reports do not specify the route of infections and if it involves highly virulent organisms, the incidence
of haematogenous PJI maybe even higher (Rakow et al., 2019). For instance, from a cohort of patients
with S. aureus PJl, over 70% had PJI which were of a haematogenous origin (Sendi et al., 2011). This
risk, in comparison to the 3-10% risk of S. aureus infection in native joints, highlights the importance

of the implant material in haematogenous PJI.

1.5.3.2 Propagation of Infection

A useful way of observing the progression of PJI infection, is through animal models. A study
conducted by Belmatoug et al. (1996) observed the progression of PJI by infecting a rabbit model with
S. aureus and assessed the evolution of the infection microbiologically, histologically, by magnetic
resonance imaging (MRI) and radiological analysis. The model is comparable to PJI seen in humans,
although the inoculum density is higher in the animal model. It was found that the infection was
initially confined within the joint. Between weeks one to eight, histological analysis demonstrated
large granuloma formation, filled with neutrophils, abscess formation and the presence of Gram-
positive cocci in the bone tissue. Over time, the infection spreads both proximally (close) and distally
(far) to the neck of the metaphysis after three weeks of infection. The infection, if left untreated, can
eventually involve the entire metaphysis and part of the bone shaft (diaphysis), leading to progressive
osteomyelitis in the tibia and femur. Yet, it is uncertain if this process is the same as haematogenous
PJI. It is thought that haematogenous osteomyelitis initiates at the metaphysis and can progress to a
diffuse osteomyelitis, however the organism does not usually reach the bone by a haematogenous
route (Cremleux & Carbon, 1997). Moreover, it is difficult to design experimental models that simulate
haematogenous infection, as the few studies that have tried to simulate haematogenous seeding

resulted in excessive mortality rates and lower infection rates (Gatin et al., 2015).
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1.5.3.3 Race to the Surface Theory

Recently, the concept of “race to the surface” has been introduced to describe the competition
between host cells and the contaminating organisms to occupy the implant surface. If the race is won
by host cells, the implant is coated by tissue and less vulnerable to bacterial colonisation. Whereas if
the bacteria win, the implant will become rapidly covered in a biofilm. As a result, the tissue cell
functions are hampered by bacterial virulence factors and toxins. Therefore, quick integration of the
implant into the host tissues is paramount for the success of implantation (Arciola et al., 2018;

Subbiahdoss et al., 2009; Gristina & Myrvik, 1988).

In orthopaedics, bone tissue healing around the implant results in appositional bone growth and
integration of the prosthesis into the bone tissue. This process is known as osseointegration (Fig. 1.3).
However, in vitro observations with osteosarcoma cells have found that pre-colonising bacteria can
drastically impact osseointegration of the implant, compromising host cell adhesion to the biomaterial
surface (Gristina & Myrvik, 1988; Arciola et al., 2018). Yet, these studies did not evaluate bacterial
adhesion in the presence of eukaryotic cells, as stated by the “race to the surface” theory. A more
recent study used a co-culture method in order to assess the impact of eukaryotic cells on the
pathogenesis of PJI. It was found that clinical isolates adhered to the material surface at lower
concentrations, in comparison to collection strains. Moreover, a destructive effect of bacteria on
preosteoblastic cells was also detected, especially with higher concentrations of bacteria (Martinez-

Perez et al., 2017).

Despite in vitro models providing an informative insight into how bacteria interact with host cells and
biomaterial surfaces, they often lack more than one host cell type and only observe the phenomena
for a short time (Arciola et al., 2018). In vivo models are needed to gain more insight into symptomatic

and delayed low-grade infections.
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1.5.3.4 Role of Biofilm in PJI

Bacteria that contaminate prosthetics are generally not sparsely distributed, single adherent cells.
Most often, they form biofilms, which are bacterial aggregates that tightly adhere to the biomaterial
surface, encased in a matrix of extracellular polymeric substances (EPS) (Gristina & Costerton, 1985;
Li et al., 2018; Arciola et al., 2018). The EPS of biofilms is comprised of polysaccharides, proteins,
teichoic and lipoteichoic acids, and extracellular DNA. However, the composition and amount vary
between organism types (Tande & Patel, 2014). The community within the biofilm may be
polymicrobial or monomicrobial, however, even if the biofilm is monomicrobial, it may consist of sub-
populations of the same organism with different phenotypic and genotypic attributes (Tande & Patel,
2014). The development of a biofilm is not a static process, it consists of several stages including
microbial adhesion to a surface, initial growth on the biomaterial surface, formation of microcolonies
from cellular aggregation, EPS formation, biofilm maturation and finally, dispersal (Fig. 1.4). When
matured, biofilms occur in a multicellular, nonhomogeneous system which comprises of microbial
cells that communicate with one another through chemical or electrical signalling in a process known
as quorum sensing. These separate subpopulations within the biofilm may have different functions,
which supports the biofilm as a whole, making biofilms akin to a multicellular organism (Tande & Patel,

2014). However, once a biofilm is established on the implant surface, it is very difficult to eradicate.

Biofilms are usually responsible for the persistence of PJI and are a source of bacterial spread into
other sites of the body. When in a biofilm state, bacteria are protected from conventional
antimicrobial therapies and the host immune system, making treatment of the infection difficult
(Donlan & Costerton, 2002). In fact, the minimum biofilm eradication concentration (MBEC) can be up
to 1000 times greater than the minimum inhibitory concentration (MIC) of their planktonic
counterpart (Davidson et al., 2019). A major factor that makes bacteria in a biofilm more resistant to
antimicrobial agents is their slow growth rate and the presence of resistant subpopulations (referred

to as persistors) (Costerton et al., 1999; del Pozo & Patel, 2007). Moreover, the high cell density of a

17



biofilm aids in increased rates of horizontal gene transfer between organisms, which permits the
sharing of virulence genes and antibiotic resistance genes (Sorensen et al., 2005; Davidson et al., 2019;

McConoughey et al., 2014).

18



wod°Japualolg Yum paleal) "pastadsip
9Je §||92 pue papea3ap sI wyiyolq ainlew ay3 ‘Ajjeniuani ‘dojanap saie3a.433e |elua3oeq Jadie| pue dn spjing AjaAissau3oud
Xllew wiyolq syl ‘Sd3 WJoj 01 1els pue 3depns ayl 03 yoeyle AjqisisAsudl sJssiuojod |eljiul ayy ‘awr jo pouad
10ys e 43}y ‘22egns jueidwi ayl 0luo qJospe A|qiSIaAal BlI91IE] JlUOPUR|d "uollew.o4 wiiyolg jo sadels 'T a4nSi4

oguedald UoRBINEN uoIsaypy |elv1oeg
18 [essadsiq wjyolg 3 uoljeunio4 wijyolig : .
ajoko mau mm.m_mwwn BlI810B] JO uononpoud 90B4INS 3y} 0}
| ey, : xujew pue uonebaibbe |20 Bunoyoue aAiRoe pue uondiospy

asea|jal pue uonepelbap wjyolg

( @oepnguedw )

S (4

aseyd a|qIsi1anaLl] aseyd a|qIsianay

19



Biofilms are also proficient at inhibiting the host’s immune response. The presence of a foreign body
(in this case, the prosthesis) within the patient, along with postoperative scar tissue is already hard to
access for the immune response, given the lack of blood supply to the area (Davidson et al., 2019;
McConoughey et al., 2014). This compromises the immune cell’s ability to reach the surface and clear
the infection (McConoughey et al., 2014). For instance, a study by Vaudaux et al. (1985) found that >
95% of the S. aureus that adhered to PMMA survived exposure to neutrophils, in comparison to < 10%
planktonic S. aureus when exposed to the same conditions. It was also found that polymorphonuclear
leucocytes failed to sufficiently phagocytose S. aureus cells within the EPS, despite the leucocytes

penetrating into the biofilm (Leid et al., 2002).

Interestingly, whilst biofilms have been implicated in PJI, some of the evidence is suggested to be
anecdotal as a result of inconsistencies in culturing and clinical symptoms (Stoodley et al., 2008).
However, culturing and identification of biofilm bacteria is usually difficult, as they are in a
metabolically dormant state, especially when trying to diagnose infection in delayed- and late-onset
PJls. Moreover, mixed population biofilms will not have their components in equal proportions, and
subpopulations within the biofilm will have different reactions to antimicrobial agents and the host
immune system, making it difficult to detect in a clinical setting (Tande & Patel, 2014). The success of
identifying biofilm bacteria using classical culturing techniques can be a little as 30% (Hall-Stoodley et
al., 2006). However, viable bacteria from a biofilm have been identified using ex vivo techniques. By
using fluorescent in situ hybridisation (FISH), confocal microscopy and polymerase chain reaction
(PCR), Stoodley et al. (2008) were able to identify metabolically active S. aureus from explanted tissues
and cement from a patient who underwent the removal of a total elbow arthroplasty. In addition, they
also demonstrated the presence of live cocci on both the fibrous tissue and the prosthesis, indicating
that an established biofilm can adhere to both the implant and the fibrous tissue that envelops the
implant. Moreover, it was suggested that the tissue that envelops the prosthesis may also act as a

source for pathogenic biofilms (Stoodley et al., 2008). In the context of PJI, biofilm formation and

20



development are usually discussed in relation to growth that occurs on the prosthetic and not the

surrounding tissue.

1.5.3.5 Aetiological agents of PJI

In order to choose the most appropriate antimicrobial treatment prior to culturing results, the
common aetiological agents of PJI should be examined within the available literature. Tande & Patel
(2014) examined 14 studies, which collectively looked at around 2,400 patients with hip or knee PJI. It
was found that most infections were largely driven by S. aureus and coagulase-negative staphylococci,
which accounts for around 50-60% of all PJls, whilst streptococci and enterococci combined only

account for approximately 10% of the knee and hip PJI cases.

1.5.3.5.1 Staphylococcus aureus

S. aureus is a significant pathogen in PJI due to its frequency and virulence. It is the leading aetiological
agent of PJl in the US and the second-leading cause in Europe (Arciola et al., 2018). Along with being
one of the foremost aetiological agents in PJl it is also a major cause of severe invasive infections, such
as nosocomial, community-acquired and healthcare-associated bloodstream infections (Wisplinghoff
et al., 2004; Kaasch et al., 2014). These types of infection could lead to hematogenous PJI. In addition,
implanted medical devices, obesity, diabetes and native colonisation of S. aureus, along with other co-
morbidities can lead to an increased risk of invasive S. aureus infection (NJR 19*" Annual Report, 2022;
Jacobsson et al., 2007). Treatment of S. aureus Pll is often difficult, mostly due to the organism’s ability
of forming small colony variants (SCV), which allow the bacteria to persist in a metabolically slowed
state, biolfilm formation and the emergence of antibiotic resistance (Riberio et al., 2012). In particular,
MRSA has emerged as a significant problem in implant-related infections and has subsequently
received more attention than its methicillin sensitive counterpart (MSSA). MRSAs are resistant to most
B-lactam antibiotics, such as oxacillin, amoxicillin and penicillin. They are also resistant to tetracycline

and other antibiotic classes such as third generation cephalosporins and upon exposure to vancomycin
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(Vanc) and other glycopeptide antibiotics, MRSA strains can become less susceptible to these

antibiotics (Riberio et al., 2012; Teterycz et al., 2010).

1.5.3.5.2 Coagulase-negative staphylococci

Coagulase negative staphylococci (CNS) comprise of a variety of microorganisms that are mostly
ubiquitous members of the human microbiome. Historically, identifying specific species within this
group has been challenging as much of the literature does not refer to one species, and the
pathogenicity of these organisms remains uncertain (Tande & Patel, 2014). CNS species have been
found to be the second most common cause of early-onset PJI as well as being one of the most
frequent causes of delayed- and late-onset PJI (Tande & Patel, 2014). However, one particular species
from this group, Staphylococcus epidermidis has become a prevalent issue within PJI. It is the most
isolated member of CNS from implant-associated infections and are also associated with nosocomial
and hospital-associated infections. In Europe, S. epidermidis is the leading cause of PJI, followed by S.
aureus (Arciola et al., 2018). Interestingly, some strains of S. epidermidis have been found to be more
resistant to antibiotics than S. aureus (Riberio et al., 2012; Harris et al., 2010; Tande & Patel, 2014).
Despite S. epidermidis being a ubiquitous member of the skin flora, if given the opportunity, it can
become pathogenic and is known as an opportunistic pathogen. S. epidermidis often causes PJI
through its ability to efficiently attach to the prosthetic surface and form a biofilm. In particular, S.
epidermidis is known to produce polysaccharide intercellular adhesion (PIA), which is paramount for
biofilm formation. In addition, the PIA is known to protect S. epidermidis from phagocytosis and from
other host immune defence mechanisms (Riberio et al., 2012; Tande & Patel, 2014; Fey & Olson,
2010). Other virulence mechanisms formed by S. epidermidis, such as phenol-soluble modulins and
poly-Y-DL-glutamic acid have also been found to help mediate resistance to the innate immune system

(Fey & Olson, 2010).

Other species from the CNS group that have been implicated in PJl include, Staphylococcus simulans,

Staphylococcus capitis, Staphylococcus caprae, and Staphylococcus lugdunensis (Razonable et al.,
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2001; Allignet et al., 1999; Sampathkumar et al., 2000; Lourtet-Hascoet et al., 2018). Interestingly,
whilst S. capitis has been shown to cause pneumonia, urinary tract infections (UTI), bloodstream
infections and endocarditis, very few osteomyelitis infections have been reported in the literature
(Lourtet-Hascoet et al., 2018). However, in a study that looked into PJI cases, caused by CNS species,

around 11% were caused by S. capitis (Lourtet-Hascoet et al., 2018).

Another CNS species which is distinctive from the rest of the group, is S. lugdunensis. Unlike, the other
species which cannot produce coagulase, S. lugdunensis produces a bound coagulase, which can be
misidentified as S. aureus when using a latex agglutination assay and other identification systems, such
as biochemical strip tests (Mateo et al., 2005; Tan et al., 2008; Askar et al., 2018). S. lugdunensis is
capable of causing serious systemic infection, similar to that of S. aureus (Sampathkumar et al., 2000;
Tande & Patel, 2014). Interestingly, S. lugdunensis seems to infect knees arthroplasties rather than hip
arthroplasties. A study by Askar et al. (2018) found that out of 84 Plls, 58 (69.9%), 24 (28.6%) and 2
(2.4%) episodes were in knee, hips and other arthroplasty sites, respectively. Moreover, this
observation was made by two other studies that looked into S. lugdunensis PJI (Shah et al., 2010;

Lourtet-Hascoet et al., 2016).

1.5.3.5.3 Other Organisms

Enterococcus species, whilst a rare cause of PJI, have been implicated in around 12-15% of patients
with early-onset PJI. Traditionally, Enterococcus species have been associated with UTI, bloodstream
infections and endocarditis, however recently, it has been reported that Enterococcus species have
been found in PJI with increasing frequency (El Helou et al., 2008). For instance, a study conducted by
Cobo et al. (2011) found that out of 139 early-onset-PJI cases, around 17 of them had isolated
enterococci. Moreover, these enterococci are often found as part of a polymicrobial infection (Peel et
al., 2012). However, if found during late-onset PJI they are usually found in a monomicrobial state (El
Helou et al., 2008; Tande & Patel, 2014). Despite this, enterococci are the cause of only around 3% of

PJls and due to its rarity, it remains poorly understood.
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Other organisms, such as aerobic Gram-negative bacilli has also been implicated in PJI over the years.
Despite Gram-positive cocci being the most isolated organism from PJI, Gram-negative bacilli
constitute around 10-23% of all PJI cases, most of them during early-onset PJI. Some studies have even
found Gram-negative bacilli in up to 45% of PJI cases (Cobo et al., 2011; Peel et al., 2012; Rodriguez-
Pardo et al., 2014). Interestingly, a small study found that Gram-negative bacilli, specifically
Enterobacteriaceae, were more likely to occur in hip, rather than knee implants, however this could
be due to the hip joints closer proximity to the gastrointestinal tract (Tande & Patel, 2014; Aboltins et
al., 2011). Anaerobic bacteria have also been isolated from PllIs including, Cutibacterium acnes,
Clostridium species, Peptostreptococcus species and Bacteroides fragilis (Tande & Patel, 2014;
Marculescu & Cantey, 2008). However, most anaerobic bacteria implicated in PJI are normally found

in polymicrobial PJI.

Polymicrobial PJI can account for 6 to 37% of all PJI (Li et al., 2021). In early-onset infections around
35% of PJI are polymicrobial, whereas < 20% of PJI are polymicrobial at any time after prosthesis
implantation (Bozhkova et al., 2016; Tande & Patel, 2014). In one instance, it was found 56% of all
polymicrobial infections occurred 90-days post implantation, whereas only 29% of the monomicrobial
infections occurred during this timeframe (Marculescu & Cantey, 2008). Some studies have suggested
that patients with polymicrobial PJI have a reduced recovery rate in comparison to monomicrobial PJI
(Li et al., 2021; Marculescu & Cantey, 2008; Tan et al., 2016). In addition, the management of
polymicrobial PJI is difficult and can result in repeated revisions and long-term administration of
broad-spectrum antibiotics to help combat polymicrobial PJI. However, studies on polymicrobial PJI
remain limited due to the low occurrence of polymicrobial PJI and there are still uncertainties

regarding the risk factors of polymicrobial PJI (Li et al., 2021; Bozhkova et al., 2016).

1.5.3.6 Diagnosis and Treatment of PJI

Diagnosis of PJl is determined by a variety of clinical findings, such as results from peripheral blood,

synovial fluid, histological analysis of periprosthetic tissue and microbiological analysis. In some cases,
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radiography may be used if the infection has already caused damage to bone, however, radiography
is very limited in its ability to diagnose PJI (McConoughey et al., 2014; Tande & Patel, 2014). Early
diagnosis of PJl is an important factor to save the prosthesis and function of the joint. The progression
of PJI is often accompanied by signs such as, fever, swelling and purulent discharge. However, in the
absence of physical signs of infection, it can be difficult to ascertain if the failure is due to aseptic
loosening or infection (McConoughey et al., 2014). Moreover, determining whether the aetiological
agent is growing in a planktonic or biofilm state is especially challenging. Even if the aetiological agent
can be isolated from the infected site and identified through in vitro culturing methods, this technique
does not necessarily represent the in vivo growth state, as most bacteria can occur in both planktonic
and biofilm states (McConoughey et al., 2014). Traditionally, acute infections have been defined as
having “signs and symptoms lasting < 14-28 days” and are considered to be caused by rapidly growing
planktonic bacteria. As a result, they are usually present in periprosthetic tissue and fluids in high
concentrations and can be diagnosed clearly using histopathological and microbiological techniques
(McConoughey et al., 2014; Widmer, 2001). However, delayed- and late-onset infections are harder
to diagnose and is most likely attributed to the bacteria being in a biofilm state. This makes them
difficult to treat for two main reasons, biofilms are difficult to remove from the implant surface,
especially when in a mature state, and the reduced growth rate of biofilm bacteria makes it difficult

to culture (Arciola et al., 2018; McConoughey et al., 2014; Tande & Patel, 2014).

In addition, the diagnosis of PJI has been proven difficult due to the lack of standardised clinical
techniques and has resulted in the formation of organisations known as the Musculoskeletal Infection
Society and European Bone and Joint Infection Society, which aimed to define specific guidelines for
diagnostic purposes which could be utilised by physicians, surveillance authorities (such as the Centre
for Disease Control) and all others involved in the management of PJI. The guidelines outline three

major criteria that aid in the diagnosis of PJI and include:

e Asinus tract communicating with the implant
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e Pathogen(s) are isolated by culture from at least two separate tissue or fluid samples obtained
from the affected prosthetic joint
e That four of the following sub-criteria are met:
o Elevated serum erythrocyte and serum C-reactive protein
o Elevated synovium leucocyte count and neutrophil percentage
o Presence of pus in the affected joint
o Isolation of an organism from periprosthetic tissue or synovial fluid
o Greater than five neutrophils per high power field when observing histological

samples of periprosthetic tissue at x 400 magnification.

However, PJI may also be present even if fewer than four of these sub criteria are met (McConoughey

et al., 2014; Parvizi et al., 2011).

When a patient develops a PJI that cannot be cleared by conventional antibiotic therapy, surgical
intervention and medical therapy are the best options in a majority of cases. One way of retaining the
implant whilst trying to clear the infection is by performing a debridement, taking antibiotics and
implementing an implant retention procedure (DAIR). To reduce the risk of re-infection, the
debridement must be thorough and complete. Prosthesis stability is assessed during surgery and
usually followed by the replacement of exchangeable components such as the polyethylene liner or
adjustable femoral head. The prosthesis and the periprosthetic tissue are then aggressively irrigated
and closed over a drain (Koyonos et al., 2011; Byren et al., 2009; Tande & Patel, 2014). However, this
treatment is often advised against due to the difficulty of controlling the infection, even when treating
acute infections. One study found that out of 138 patients who underwent the DAIR procedure,
infection control failed in 90 (65%) joints (Koyonos et al., 2011). Moreover, the risk of failure using this
strategy rises after stopping oral antibiotics and lengthening the antimicrobial therapy may only
postpone the risk of failure, rather than preventing it (Byren et al., 2009). Therefore, revision surgery

for PJI seems to be the most suitable option.
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Prosthesis removal in PJI cases is performed by using either a one-stage or two-stage revision
procedure. One-stage revision involves removal of the original prosthesis and replacement with a new
implant in a single surgical procedure. This involves the debridement of the surrounding tissue to clear
the area of infection and secondary damage. Typically, the new implant is put in place with
antimicrobial loaded PMMA. The antimicrobial loaded into the PMMA will depend on which causative
agent is identified preoperatively. After surgery, the patient is treated with IV antibiotics for 4-6 weeks,
followed by a course of oral antibiotics for 3-12 months (Tande & Patel, 2014; McConoughey et al.,

2014; Callaghan et al., 1999).

A two-stage arthroplasty is considered the best option to preserve joint function and ensure
eradication of the infection and involves two surgeries. During the first surgery, infected tissue is
debrided and all prosthesis components, including the PMMA is removed, and cultures are taken away
for clinical analysis. An antimicrobial PMMA spacer is usually placed into the joint after debridement
in order to provide local antimicrobial treatment and maintain the joint space, and subsequently
closed up. The period between the first and second stages allows for sufficient antimicrobial therapy
and surveillance prior to going forward with the final phase. A second prosthesis is then implanted
after completion of antimicrobial therapy (Tande & Patel, 2014; McConoughey et al., 2014; Zimmerli

& Ochsner, 2003).

However, despite the high success rate of a two-stage revision procedure, revision arthroplasty can
increase the risk of reinfection, prosthetic complications, other revisions and high costs (Kunutsor et
al., 2016; Orapiriyakul et al., 2018). With an increase in primary arthroplasties being undertaken, life
expectancy and a growing healthcare burden due to OA, there is a need to find solutions that improve
the longevity of primary TJAs (Patel et al., 2015; Kunutsor et al., 2016). This issue, which is addressed

in this thesis could be realised by biologically modifying the biomaterials used in prosthetics.
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1.5 Current Research to Prevent PJI

1.5.1 Overview

Surface modification of the implanted prosthesis is an effective means of reducing the risk of PJI.
Altering biomaterial surface topography to deter bacterial attachment and the design of coatings that
elute antimicrobial agents (AMAs) into the surrounding area have been explored (Thakur, 2017; Green
et al., 2011; Singha et al., 2017). Steps to permanently immobilise bioactive molecules on the implant
surface to prevent long-term bacterial adhesion have also been considered. Current research has
primarily focused on controlled-release systems with the aim of eluting antibiotics and other AMAs
from the surface itself to reduce the need of a two-stage revision procedure (Hickok & Shapiro, 2012).
Porous materials like collagen sponges and bone cement have been loaded with antibiotics, aiming to
keep the implant sterile, whilst eliminating bacterial contamination of the surrounding tissue.
Biodegradable coatings and multilayer films have been developed for implants to further control
antibacterial release (Buttaro et al., 2005; Billon et al., 2005; Ambrose et al., 2004; Guan et al., 2016).
Although these systems are effective at preventing contamination of the implant, they do have
limitations. For instance, high antibiotic concentrations are only sustained for a short amount of time.
Gimeno et al. (2015) found that when fixation pins were loaded with cefazolin and linezolid, > 75% of
the loaded antibiotic elutes within 120 hours. Whilst these antibiotics may reach therapeutic levels
initially, the antibiotic concentrations could drop to sub-therapeutic levels over time, leaving the
implant surface susceptible to re-attachment by surviving bacteria. Silver-coated fixation pins have
also been explored and are successful in reducing the number of bacteria from the implant surface
and surrounding medium (Furkert et al., 2011). However, research is yet to address the cytotoxicity of
eluted silver ions, implant efficacy and acquisition of silver resistance. Despite the overall potential of
controlled-release systems, the limitations of these surfaces have stimulated research towards the

design of coatings that are antimicrobial over the lifetime of the implant.
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The development of immobilised antimicrobial implant coatings is an ongoing theme to address the
lack of longevity found with controlled-release systems and to prevent bacterial attachment over the
lifetime of the implant. A variety of AMAs have been successfully immobilised including, antiseptics
(i.e., chlorhexidine, quaternary ammonium compounds), antibiotics, antimicrobial peptides (AMPs)

and other AMA:s (i.e., antifungals, enzymes).

1.5.2 Immobilisation Strategies

Various techniques have been developed in order to functionalise the biomaterial surface for AMA
attachment. In particular, four main surface modification strategies have attracted considerable

attention in recent years to immobilise AMAs and are described in the sections below.

1.5.2.1 Surface Grafting

Grafting-to is an indirect chemical grafting process that anchors molecules such as silanes, and
polydopamine (PDA) (which possess desirable functional groups) onto the surface, allowing for further
modification with various molecules (Chouirfa et al., 2019). In addition, the reaction is often specific,
and the bond-effect is stable (lvanova & Crawford, 2015). Silanisation is commonly used when
immobilising AMAs as it is a low-cost and effective covalent coating technique and is rich in hydroxyl
groups. Silanes have been used to functionalise a variety of biomaterials such as HA, titanium (Ti),
bioglass and other metal oxides (Chouirfa et al., 2019; Ivanova & Crawford, 2015). Often, the newly
hydroxylated surface requires a reaction with a cross-linking agent such as glutaraldehyde, or
carbodiimide to ensure chemical reactivity and stability with the desired AMA (Chouirfa et al., 2019).
Binoy et al. (2005) employed this technique to attach Vanc, a glycopeptide antibiotic, to the surface
of titanium. These surfaces were functionalised with 3-aminopropyltriethoxysilane (APTES), followed
by a reaction with aminoethoxyethoxyacetate (AEEA), a flexible linker, to yield an aminopropyl-
functionalised surface. They purportedly attached Vanc using this technique by taking advantage of

the antibiotic’s carboxylic acid group as it has been shown that it was not required for antimicrobial
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activity (Binoy et al., 2005). More recently, Armenia et al. (2018), combined a silanisation technique
with N’-ethylcarbodiimide hydrochloride (EDC)-N-hydroxysuccinimide (NHS) chemistry to attach
teicoplanin, a lipoglycopeptide antibiotic, to the surface of iron oxide nanoparticles (IONPs). However,
despite their efficacy there are issues pertaining to the use of silanes. Silanisation requires the use of
noxious substances and often involves time-consuming functionalisation steps. In addition, silanes can
suffer from hydrolytic instability under physiological conditions (Chouirfa et al., 2019; lvanova &

Crawford, 2015).

A different and more recent strategy for grafting molecules onto the surface of biomaterials is through
the application of PDA. The modification of surfaces using PDA has become increasingly attractive as
it can avidly bind to virtually all inorganic and organic substrates through oxidation and self-
polymerisation of dopamine hydrochloride (DHC) under mildly alkaline conditions (Wang et al., 2017,
Lee et al., 2007). Deposited PDA platforms are highly versatile in that they can react with a diverse
array of molecules by virtue of PDA reactive catechol, quinone, amine and imine groups. For instance,
He et al. (2014) used this simple method to covalently attach the antibiotic cefotaxime sodium, to the
surface of Ti. The quinone/catechol groups of PDA-modified Ti purportedly reacted with the amino
groups on cefotaxime via Michael addition and Schiff base reactions in order to successfully
immobilise the antibiotic to the surface. Other groups have also used this polymer functionalisation
technique to immobilise other antimicrobials such as chlorhexidine and AMPs (Mohd Daud et al.,

2016, Browne et al., 2022, Trzcinska et al., 2020).

1.5.2.2 Surface-Initiated

The surface-initiated (also known as “graft-from”) approach, is another chemical technique used to
modify surfaces and allows for polymer generation in situ by either chain growth polymerisation or
surface-initiated polymerisation (Thakur, 2017). Interestingly, the immobilised AMA is essentially
synthesised from the initiator groups on the surface (Green et al., 2011). Indeed, AMAs can also be

incorporated into these polymer coatings to further increase antibacterial efficacy. Recently, the
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polymer brush coating technique has gained significant interest due to its mechanical stability and
controllable brush thickness (Tang et al., 2016). Furthermore, when compared to silanisation, polymer
brush technologies can increase the spatial density of various functional groups, therefore increasing
the number of AMAs that can covalently attach to the surface (Godoy-Gallardo et al., 2014). For
example, Godoy-Gallardo et al. (2014), used a copolymer brush technique to immobilise the AMP
hLf1-11. Atom transfer radical polymerisation (ATRP) initiator (an emerging technique used in the
preparation of polymer brushes) was used to prepare the surface for copolymerisation with N, N-
dimethylacrylamide (DMA) and N-(3-aminopropyl) methacrylamide hydrochloride. This reaction was
followed by the functionalisation of a cross-linker which was used to attach the AMP to the surface.
More recently, zwitterionic polymers have been gaining traction in polymer brush coating
technologies for their intrinsic antifouling properties and improved biocompatibility (Tang et al., 2016;
Zhao et al., 2014; Hsiao et al., 2014). Tang et al. (2016) took advantage of this and created a
zwitterionic poly-(sulphobetaine methacrylate) brush coating functionalised with Triclosan, a broad-
spectrum antiseptic. The polymer brush was also surface initiated using ATRP, and triclosan was

subsequently attached to the polymer coating using a sulphonic ester.

Chemical vapour deposition (CVD) is another graft-from method that can be used to immobilise AMAs
whereby vaporised solid material can be deposited onto a heated substrate to form a stable solid film
(Chouirfa et al., 2019; Park & Sudarshan, 2001). Xiao et al. (2018) used this approach to coat glass
slides with a polymer (dibrimomaleimide) in order to immobilise a cecropin-melittin hybrid AMP and
Ozkan et al. (2016) used a two-step aerosol-assisted CVD process to immobilise copper nanoparticles.
However, the CVD technique has limitations such as high costs and the use of elevated temperatures

that can compromise the biomaterial (Creighton & Ho, 2001; Affatato, 2012).

1.5.2.3 Antimicrobial Inclusion

Unlike the previous methods, the antimicrobial inclusion (also known as “as-formed”) modification

involves incorporating the AMA into the coating itself, with the AMA either cross-linked or entangled
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within the coating substrate (Green et al., 2011; Mendez-vilas, 2011; Singha et al., 2017). Otari et al.
(2013) created a silver-alginate biohydrogel using the as-formed method that was not only cost-
effective, but environmentally friendly. Hydroxyapatite/gold nanoparticle/ argon nanocomposites
have also been designed using this method aiming to improve the overall biocompatibility and
antimicrobial properties of biomaterials (Vukomanovic et al., 2014). However, most as-formed
methods to date are mostly utilised to create controlled-release systems of AMAs (i.e., gentamicin,
Vanc and AMPs) from as-formed nanostructures such as titanium dioxide and HA (Feng et al., 2016;

Zhu et al., 2017; lonita et al., 2017).

1.5.2.4 Physical Modification

Physical modification is a well-known immobilisation technique that coats the biomaterial surface
though physical adsorption (i.e., van der Waals and electrostatic interactions). In comparison to
chemical grafting techniques such as silanisation, physical modification is a more fitting and practical
technique to use in clinical settings due to its rapid application (Chen et al., 2017). One of the simplest
means of creating an antimicrobial surface using this technique is by attaching the AMA to the
biomaterial itself without the need of a carrying system. For instance, Aykut et al. (2010) employed
this method in order to attach the antibiotics teicoplanin and clindamycin to the surface of Ti. The
titanium rods were sandblasted using mesh silica to increase the surface area and teicoplanin or
clindamycin was subsequently attached by spraying the antibiotic onto the titanium surface. A more
recent study also utilised this immobilisation technique to attach AMPs to various biomaterials such
as titanium, HA and PMMA. Chen et al. (2017), created an “Anchor-AMP” based on the surface binding
peptide SKHKGGKHKGGKHKG and AMP KRWWKWWRRC (Tet213), by using the N-terminus of the AMP
to bind to the surface peptide. They immersed the biomaterial in the AMP solution to functionalise
the surface with the Anchor-AMP and demonstrated strong affinity and stability of this peptide on

various biomaterial surfaces using this simple physical method.

32



Other physical modification methods such as self-assembled monolayers (SAM) have also been used
to develop immobilised AMA coatings and these reviews go into more detail about these techniques
(Chouirfa et al., 2019; Xiao et al., 2018; Wronska et al., 2016). However, there are limitations to using
physical adsorption in AMA immobilisation. As physical adsorption relies on non-covalent interactions,
issues such as poor stability and elution can occur, resulting in loss-of-functionality of the biomaterial
surface over time (Chen et al., 2017; Wronska et al., 2016). In addition, the adsorption and activity of

the AMA can vary between hydrophobic and hydrophilic surfaces (Wronska et al., 2016).

Despite the success of immobilising a variety of AMAs onto the surface of biomaterials, such as AMPs,
silver-ions, antiseptics like Triclosan and antimicrobial enzymes, these modifications can have adverse
effects on the host cells. Ideally, the AMA needs to retain biological functionality when covalently
grafted to a surface and demonstrate bactericidal activity at the level of the cell wall. In addition,
stability to Y-irradiation, which is typically used to sterilise biomedical devices, is a desirable trait. Most
importantly, the AMA should display minimal cytotoxicity and demonstrate compatibility with the
host cells to ensure sufficient osseointegration of the implant (Chen et al., 2023; Alves et al., 2018). In
realising this, inspiration has been taken from research towards the successful development of
commercial chromatography media in which teicoplanin is covalently tethered to silica for

enantiomeric separations (Armstrong et al., 1995).
1.6 Teicoplanin

1.6.1 Structure of Teicoplanin and Mode of Action

Teicoplanin (Teic) is a lipoglycopeptide antibiotic produced by Actinoplanes teichomyceticus and is
most commonly used against Gram-positive bacteria including methicillin-resistant S. aureus (MRSA).
It was first described in the literature in 1978 and introduced clinically in 1988 in Italy under the name
Targocid (Parenti et al., 2000). Teic is comprised of 6 major components (A2-1 to A2-5 and A3-1) and
4 minor components (RS-1 to RS-4) with the most prevalent major component A2-2, having two

available functional groups, an amine (juxtaposed to a carbonyl group) and a carboxylic acid moiety
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(Fig. 1.5). All Teic components are glycopeptide analogs which have the same core aglycone basket
composed of a linear heptapeptide scaffold with aromatic amino acids that have undergone extensive
oxidative cross-linking, an a-D-mannose and an acetyl-B-D-glucosamine (European Medicines Agency,
2013; Jovetic et al., 2010; Kahne et al., 2005). In addition, the aromatic rings contain a chlorine
substituent which confers a lipophilic nature to the glycopeptide which might contribute to its affinity
for the bacterial cell membrane (Jovetic et al., 2010). The A3-1 component of Teic is the core
glycopeptide that is common to all Teic-like components; the five components of the A2 group also
contain an additional N-acyl-B-D-glucosamine, with one of the glucosamine residues tethered to a

fatty N-acyl chain extension (European Medicines Agency, 2013; Vimberg, 2021).

34



G-ty ujuejdoaia |

#-¢ v uluejdoaia|

€-C y uluejdoaia|

Z-¢ Vv uluejdooia]

T-¢ Vv uluejdoaia]

(0 A9 D2) (Z207) “|e 3° uonug wouy paonpouday "uaa4d ul paja4id st dnoud
p1oe 21jAxoqJed sy pue paJ ul pajauId st dnoud [Auogsed e 01 pasodeixn( apiwe ay| *319] JO 94N1dNIIS [ed1WBY) §'T d4nSi4

o 3SOUUBA--q []
g e
: &

o
O
1 OH
o
\Fr\/\/\/\/ i
1 NH o u N
o
O
1
o) O
F\_F\/\/\/\/ ° o-J\o
\,\ _
uleyd apIs y "o\ e suiwesoonjAieoe-
auIwesodn|8-q] HO"

OH

35



The mode of action of Teic is similar to that of Vanc and mediates its antibacterial activity by binding
to the D-alanyl-D-alanine component and sequestration of the lipid Il substrate, which results in the
inhibition of bacterial peptidoglycan synthesis (Zeng et al., 2016). Importantly the antibiotic is acting
at the level of the cell wall to kill the bacteria. This is unlike other antibiotics that need to penetrate
bacteria to bring about their demise. Unlike Vanc, Teic does not dimerize in solution and the
dimerization of Vanc has been correlated with the antibacterial potency of the antibiotic (Beauregard
et al., 1995; Jovetic et al., 2010; Zeng et al., 2016). However, Teic displays enhanced antibacterial
activity in comparison to Vanc, despite the lack of dimerization. This could be explained by the
lipophilic tail attached to one of the carbohydrate units which localises (anchors) the antibiotic in
proximity to the lipid Il substrate (Zeng et al., 2016; Jovetic et al., 2010; Economou et al., 2013).
Moreover, it has many advantages over Vanc such as a longer serum half-life, lower ototoxicity,
nephrotoxicity and hypersensitivity and better stability in vivo (Binda et al., 2014). Nevertheless, Teic
is hypothesised to recognise its target in the same manner as Vanc via five hydrogen bonds (Economou

et al., 2013).

1.6.2 Use of Teic in Chromatography Applications

Recently, Teic been utilised as a tool in developing novel chiral stationary phases (CSP) for amino acid
enantiomeric separation because of its excellent structural properties, multiple stereogenic centres
and various functional groups (Armstrong et al., 1995; Wang et al., 2017; Taujenis et al., 2014).
Armstrong et al. (1995) were the first to take advantage of the available functional groups by tethering
Teic to silica particles using the primary amino group and found that immobilised Teic had very good
stability and enantioselectivity as a CSP for amino acids, peptides and a-hydroxycarboxylic acids. This
product has become commercialised and is known as TeicoShell from AZYP LLC (Arlington, Texas).
Other research has utilised Teic by immobilising it onto silica particles to optimise chiral separations

in super/subcritical fluid chromatography (SFC) (Barhate et al., 2015). It was shown that Teic performs
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efficiently in all types of reverse phase, normal phase, polar organic mode and SFC applications
without any performance degradation while interchangeably using one mode or another (Barhate et
al., 2015). It is therefore possible that the same functional group could be utilised in developing novel

antibacterial bone biomaterial technologies.

The discovery that Teic could retain function whilst immobilised to a surface is crucial in realising the
development of antibacterial bone biomaterials for reducing the incidence of PJI. There are issues
regarding glycopeptide resistance however, Teic displays an increased potency towards some clinical
isolates belonging to Staphylococcus, Streptococcus and Enterococcus genera when compared to Vanc
(Van Bambeke, 2006). Moreover, Teic is active against resistant enterococci with the VanB phenotype
(Armenia et al., 2018; Binda et al., 2014; Van Bambeke, 2006). However, Teic does have reduced
potency against VanA phenotypes. Interestingly, there have been some recent developments
regarding the biochemistry of Teic. Pathak & Miller (2013) found that by using peptide-based additives
they were able to develop brominated analogues of Teic which exhibited enhanced antibacterial
properties and were particularly effective against Vanc- and Teic-resistant strains. There is also
evidence to suggest that Teic can still retain its biological activity after exposure to 25 kGy of Y-
irradiation (Aykut et al., 2010), which as mentioned above, is the preferred sterilisation route for
medical implant devices. Overall, these features place Teic as a choice antimicrobial for immobilisation

onto a biomaterial surface.

The aim of this thesis is to explore the potential of immobilising Teic to the surface of Ti, a widely used
material for TJA, to minimize the risk of PJI. The fabrication of this novel surface finish will commence

with a simple two-step process; coating the surface with PDA, followed by PDA-Ti exposure to Teic.
1.7 Objectives

1. To develop and optimise a Teic-PDA coating for Ti discs and to validate the stability of the

antimicrobial coating.
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Validation of a stable Teic-PDA-Ti coating using physicochemical and microbiological

assessments.

Compatibility of Teic-PDA-Ti to human osteoblasts (hOBs) and human mesenchymal stem cells

(hMSCs).

Assessment of coating survival to sterilisation and storage
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Chapter 2 Polydopamine-modified Titanium for the
Immobilisation of Teic

2.1 Introduction

The various routes taken to covalently attach molecules to solid materials usually requires the use of
dangerous substances such as cyanogen bromide, aldehydes and silanes, often involving time-
consuming functionalisation steps (Wang et al., 2017; Kavran & Leahy, 2014). Other functionalisation
processes may require specialist equipment which would place further constraints on product
development. Therefore, it would be beneficial to find a more facile, cost-effective route in developing
antibacterial technologies. One potential solution is the application of a polydopamine (PDA) thin film,
an adaptable, cheap and simple capturing platform for biomaterial functionalisations. The
spontaneous deposition of PDA onto a variety of surfaces creates a thin, confluent film which is
amenable to secondary reactions via covalent and non-covalent interactions (Zhou et al., 2014). In
addition, it was the first single-step, material-independent surface modification method when it was

first reported by Lee et al. (2007).
2.2 Origin and Basic Characteristics of PDA

The discovery of PDA was informed by the adhesive biomolecules produced by the edible blue mussel
(Mytilus edulis) for attachment to wet surfaces. Mussels are promiscuous fouling organisms that have
demonstrated the capability of attaching to virtually all types of inorganic and organic surfaces (Waite,
1987). The mussel’s adhesion mechanism can be found on the byssus, the “foot” of the mussel. The
byssus is comprised of a bundle of filaments, with the ends consisting of a flat, sticky plaque that
allows the molluscs to attach to the surface (Andrea, 2019). It is at the plaque-substrate interface
where two major adhesive proteins, known as the Mytilus foot proteins — 3 and -5 (Mfp-3 and -5)

display two key characteristics that inspired the use of PDA: a high catechol content due to the
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presence of 3, 4-dihydroxy-L-phenylalanine (DOPA) and a high amount of primary and secondary

amines as a result of lysine and histidine residues (Ryu et al., 2018; Lee et al., 2007).

DOPA can form strong covalent and noncovalent interactions with a variety of substrates and along
with other catechol compounds, can perform sufficiently as a binding agent for coating inorganic
surfaces. However, the coating of organic substrates with DOPA alone proved difficult. The
coexistence of catechol (DOPA) and the epsilon-amino group of lysine residues in Mfp3 and 5 was
postulated to be responsible for mussel adhesion. Dopamine exhibits both catechol and amino

functionalities (Lee et al., 2007).

PDA coatings are formed by a simple method which involves immersing the chosen substrate in an
aqueous solution of dopamine hydrochloride, buffered to a pH that is common in marine
environments (~pH 8.5) and left to incubate for a set amount of time. This results in a spontaneous
deposition of a thin, adherent polymer film (Fig. 2.1), which alters the physiochemical properties of
the substrate. This primary coating can be used without further modification or can be utilised as a
base through which secondary reactions can occur (Ryu et al., 2018). The chemical composition of
PDA affords reactions with a diverse range of agents including noble metals, oligonucleotides,
peptides and proteins. This has resulted in PDA coatings being utilised in a broad range of applications
such as, photonic materials (Razmjou et al., 2017), chromatography (Wang et al., 2017), biosensors (Li
et al., 2022), antifouling platforms (Kim et al., 2018) and antimicrobial immobilisation (Mohd Daud et
al., 2018; Ryu et al., 2018). Since dopamine hydrochloride is readily available and inexpensive, the

fabrication of PDA-functionalised materials is an expanding area in contemporary biomaterial design.
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Although PDA coatings have been utilised for a long period of time and great effort has been put into
understanding PDA formation and structure, there is still a lack of consensus regarding the
biochemical process of PDA formation. There is little doubt that PDA formation is initiated by the
oxidation of dopamine by dissolved oxygen at an alkaline pH, as elimination of oxygen from the DHC
solution either slows or eradicates PDA deposition. This process results in the oxidation product,
dopamine-quinone. Subsequently, dopamine-quinone undergoes a nucleophilic intramolecular
cyclisation reaction which eventually leads to the formation of 5, 6-dihydroxyindole (DHI). In most
theories regarding the formation of PDA, the two compounds, dopamine-quinone and DHI are the key
building blocks for PDA, albeit through various proposed pathways. For instance, it has been suggested
that PDA is completely composed of noncovalent assemblies of dopamine, dopamine-quinone and
DHI, whereas other studies have postulated that these molecules polymerise to form a
heteropolymer, composed of catecholamine, quinone and indole repeat units (Ryu et al., 2018). It is
possible that both noncovalent and covalent pathways contribute towards PDA formation and that
these pathways should not be viewed as mutually exclusive. However, there is no general agreement
on the deposition kinetics of PDA. Nevertheless, it is apparent that the PDA deposition process is
influenced by a variety of factors, such as the substrate properties, surface wettability, dopamine
concentration, immersion time, solution pH, buffer type and temperature, among other factors

(Klosterman et al., 2015; Ball et al., 2012; Lee et al., 2007; Zhou et al., 2014; Wang et al., 2017).

The resulting PDA film can then interact covalently with various compounds such as amine-containing
molecules, which interact with the PDA surface via Schiff-base reactions or Michael addition-type
reactions for amine- or thiol-containing molecules (Lee et al., 2007; Lee et al., 2006; Lee et al., 2009).
Most biomacromolecules, including proteins, peptides, DNA and antimicrobials have been found to
anchor onto various surfaces via the PDA coatings (Jia et al., 2019). Moreover, PDA coatings have
displayed great biocompatibility and have been reported to aid in modulating cellular responses,

including cell migration, proliferation and differentiation. Overall, these features have made PDA
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coatings highly desirable towards the development of novel orthopaedic devices which could include

antibacterial implants.

The initial phase of research conducted for this chapter examined the potential of PDA-Ti to capture
Teic in generating an antibacterial coating. The only study reporting on the interaction between PDA
and Teic is that of Wang and colleagues (2017) who described the development of a chiral stationary
phase in which Teic was tethered to PDA-iron oxide microparticles. The mechanism by which the
antibiotic bound to PDA was not presented but it is possible that the NH, moiety of Teic is involved.
To ascertain if immobilised Teic could retain antimicrobial activity, initial investigations utilised
Cyanogen bromide (CNBr)-activated Sepharose to capture Teic. Research also focused on optimising
the PDA deposition and monitoring the polymer using the Bicinchoninic Acid (BCA) as detailed
previously (Andrea & Mansell, 2018). An examination of buffer type, incubation time and
temperature, and how these parameters affect Teic attachment to PDA were also explored. The
compatibility of Teic on the maturation of bone-forming osteoblasts was also conducted together with

an assessment of the antibacterial efficacy of Teic-functionalised Ti.
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2.3 Materials and Methods

2.3.1 Bacterial Strains and Culture Preparation

The organism used was a Staphylococcus aureus strain (NCTC 12981) obtained from Public Health
England, Salisbury, UK. Stock cultures were maintained on beads at -80 °C. Working cultures were
maintained on Brain-Heart Infusion agar plates (Oxoid; BHIA) and sub-cultured weekly for a maximum
of four weeks to maintain viability and colony characteristics. For broth inoculum preparation, 2-3
colonies of a similar size were taken from a BHIA plate into 10 ml Brain-Heart Infusion broth (Oxoid;
BHIB) and incubated for 16-18 h at 37 °C with gentle shaking (120 RPM). Obtaining more than one
colony for the broth inoculum preparation was done in order to avoid an atypical variant. BHIB was
used as the growth medium as it is a good, rich, general-purpose medium that permits good growth
of a variety of bacteria (Britton et al., 2022). Standards were made by adjusting overnight cultures in
either phosphate buffered saline (PBS) or BHIB to an ODgsnm of 0.08 — 0.12 (0.5 McFarland standard;
approx. 1.5 x 107 cfu/ml) and further diluted to a final density of approx. 1.5 x 10° cfu/ml in either BHIB

or 1% peptone/PBS. This was used in all microbiological assays unless specified.

2.3.2 Maintenance and Treatment of Human (MG63) Osteoblasts

Osteosarcoma-derived MG63 cells display features that are preferred over primary human osteoblasts
as the cells proliferate faster and display features in common with human osteoblast precursors or
poorly differentiated osteoblasts. These cells produce type | collagen with no or low basal osteocalcin
(OC) and alkaline phosphatase (ALP). However, when treated with 1,25 dihydroxyvitamin D (1,25D),
OC expression increases (Czekanska et al., 2012; Clover et al., 1994). Moreover, when the same cells
are treated with 1,25D and specific growth factors such as lysophosphatidic acid (LPA) or LPA
analogues, the levels of ALP increase greatly, a notable feature that is observed in mature osteoblasts
(Lancaster et al., 2014; Gidley et al., 2006; Mansell et al., 2016). This places the MG63 as a suitable

cell line to assess the pro-maturation response of biomaterial coatings.
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MG63 cells (CRL -1427) were cultured in conventional tissue culture flasks (250 ml; Corning,
Wiesbaden, Germany) in a humidified atmosphere at 37 °C and 5% CO,. Cells were grown to
confluence in Dulbecco’s modified Eagle medium (DMEM)/F12 nutrient mix (Gibco, Paisley, Scotland)
supplemented with sodium pyruvate (1 mM final concentration), L-glutamine (4 mM), streptomycin
(100 ng/ml), penicillin (0.1 units/ml) and 10% foetal calf serum (Gibco, Paisley, Scotland). The growth
media (500 ml final volume) was also supplemented with 1% v/v of a 100 x stock of non-essential

amino acids. Once confluent, MG63’s were ready for the experiments detailed in this chapter.

2.3.3 Reagents and Ti Disk Preparation

Orthopaedic-grade Ti discs (10 mm diameter; 1.5 mm thickness) were kindly provided by OsteoCare
(Slough, UK). Unless stated otherwise all reagents were of analytical grade from either Fisher Scientific
(Loughborough, UK) or Sigma-Aldrich (Poole, UK). Ti discs were washed with sterile distilled water 2-
3 times in a conical flask, followed by concentrated nitric acid for 2-3 minutes with gentle swirling.
After the acid wash, discs were washed thoroughly with sterile distilled water and left to dry in a
laminar flow hood. Once dried, discs were baked for 3 days at 180 °C to promote titanium dioxide
formation. Discs were stored under ambient conditions until use. Prior to use, discs were sterilised

with 70% ethanol and allowed to dry in a laminar flow hood.

2.3.4 Influence of Teic on Human Osteoblast Maturation

Mature osteoblasts express alkaline phosphatase (ALP), the activity which is assessed by conversion
of the colourless substrate para-nitrophenyl phosphate (p-NPP) to yellow para-nitrophenol (p-NP)
under alkaline conditions. This method was adapted from Mansell et al. (2016). Multiwell (24-well)
plates, initially seeded with MG63’s at a density of 2 x 10* cell/ml/well, were left to grow under
conventional culturing conditions (37 °C and 5% CO,) for 3 days. Cells were subsequently starved using
a serum-free, phenol red-free DMEM/F12 (SFCM, 1ml/well) for 24 hours. Once starved, cells were
treated with either 1,25D (100 nm final concentration), FHBP (250 nM), Teic (50 pg/ml) or in

combination and left to incubate for 3 days under conventional culturing conditions. Following
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incubation, the medium was removed, and the monolayers were lysed with 100 pl/well 7 mM sodium
carbonate, 3 mM sodium bicarbonate (pH 10.3) supplemented with 0.1% (v/v) Triton X- 100 to lyse
the cells. After 2 min, each well was treated with 200 pl of 15 mM p-NPP (di-Tris salt, Sigma, UK) in 70
mM sodium carbonate, 30 mM sodium bicarbonate (pH 10.3), supplemented with 1 mM MgCl,.
Lysates were then left under conventional cell culturing conditions for 50 min. After the incubation
period, 100 ul aliquots were transferred to a 96-well microtitre plate and the absorbance was
measured at 405 nm using a microplate reader (BMG Labtech), alongside a standard series of p-NP

concentrations (0-500 uM) to extrapolate product formation.

2.3.5 Attachment and Growth of S. aureus on Teic-Sepharose

2.3.5.1 Standard Curve of Teic using Bicinchoninic Acid (BCA)

A series of Teic concentrations (0.03125- 5 mg/ml) were made in coupling buffer (0.1 M NaHCOs + 0.5
M NaCl) and 25 pl of each concentration transferred to a new bijou for reaction with BCA. A 500 pl
aliquot of the BCA reagent (prepared according to the manufacturer’s instructions) was added to each
bijou and left to incubate for 30 min at 37 °C. A 100 pl aliquot in triplicate, was transferred to a 96-
well plate and absorbance read at ODssonm Using a microplate reader (TECAN Infinite F200 Pro).

Coupling buffer only was used as a blank.

2.3.5.2 Coupling of Teic to CNBr-Activated Sepharose

CNBr-activated Sepharose beads (200 mg) were prepared according to the manufacturer’s
instructions. Briefly, beads were swelled in 1 mM HCIl for 10 min on ice, centrifuged at 3,000 x G for 5
minutes and the supernatant carefully aspirated. This was repeated three times. The swelled
Sepharose beads were washed in molecular grade water (MGW), followed by coupling buffer and 1ml
of 5 mg/ml Teic (in coupling buffer) was added to the beads and incubated overnight on a rotator at
2-8°C. The unreacted Teic was removed and the remaining active groups on the beads were blocked
using 0.2 M glycine buffer for 2 h at room temperature. The beads were then washed alternatively
five times with 5 ml of basic buffer (coupling buffer) and 5 ml of acidic buffer (acetate buffer (0.1 M
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CH3COzH, 0.1 M C;H3NaO; + 0.5 M NaCl, pH 4)) to remove the glycine. The beads were storedina1 M
solution of NaCl at 2-8 °C until use. Glycine-Sepharose (Gly-Sepharose) beads were processed in the
same manner, without Teic and used as a control. When required, Teic- and Gly-Sepharose beads were
washed in PBS three times by centrifugation and resuspended in 1 ml PBS. To assess the concentration
of attached Teic, a 25 ul aliquot of the Teic- and Gly-Sepharose beads were transferred to glass bijous
treated with BCA reagent as mentioned previously and compared against a Teic standard curve

(2.3.5.1).

2.3.5.3 S. aureus viability on Teic-Sepharose

An overnight culture of S. aureus was standardised in BHIB and dispensed into a 24-well plate, then
exposed to various concentrations of Teic- and Gly-Sepharose beads (~25 and 50 pg/ml). BHIB with
bacteria was used as a positive control whilst the negative control wells contained BHIB only. This was
incubated for 24 h at 37 °C. Aliquots of the positive control wells were diluted in PBS and dispensed
on BHIA prior to incubation to determine cell density. After incubation aliquots from the treated wells

were carefully taken, diluted in PBS and dispensed onto BHIA plates and incubated for 24 h at 37 °C.

2.3.6 PDA Optimisation

The experiments described below have been adapted from Andrea & Mansell (2018) and Ayre et al.

(2016).

2.3.6.1 Standard Curve of DHC

A series of DHC concentrations (0.195 — 25 pg/ml) were made in MGW and 250 pl of each
concentration transferred to a new bijou. A 125 pl aliquot of the BCA reagent was added to each bijou
and incubated for 90 min at room temp. After incubation, 100 pl aliquots were added to a 96-well

plate and absorbance read at ODssonm Using @ microplate reader. Water only served as the control.
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2.3.6.2 Effect of Incubation Time on PDA Formation at Tissue Culture Plastic (TCP)

TCP wells (24-well plate) were immersed in a 1 ml solution of 2 mg/ml DHC in 10 mM Tris-HCI (pH 8.5)
and incubated for 24, 48 and 72 h. Control wells were immersed in 10 mM Tris-HCI (pH 8.5). Once
incubated, wells were washed five times with molecular grade water (MGW) to dislodge loosely bound
PDA. The final wash (250 ul) was treated with 125 ul BCA reagent to ensure the wash was efficient. A
separate plate treated in the same manner was used to assess Teic functionalisation. Once washed,
250 uL of MGW followed by 125 ul of freshly prepared BCA reagent were added to treated and control
wells. These were incubated under ambient conditions for 90 min. Samples (100 pl) were transferred

to a 96-well plate and the absorbances measured at ODssonm Using a microplate reader.

To determine if the incubation time affects the functionalisation of Teic on PDA films, PDA-treated
TCP wells were immersed in a 5 mg/ml Teic and 10 mM Tris HCI solution (pH 8.5) and incubated for
24 h under ambient conditions. After incubation, wells were washed and seeded with a 107 CFU/m|
suspension of S. aureus in PBS and incubated for 4 h at 37 °C. The wells were washed with 0.85% saline
after incubation to remove loosely adherent bacteria and a 20 ul aliquot of BacLight™ LIVE/DEAD
solution was added to the wells and incubated in the dark for 15 min. This was to allow sufficient
uptake of the stains. Two images from random parts of the well were taken on a Nikon Eclipse TE300
fluorescence microscope using 200 X maghnification at emission/excitation wavelengths of 485/530-

630 nm respectively.

2.3.6.3 Effect of Buffer type on PDA Formation at Ti

Ti discs were immersed in a 1 ml solution of 2 mg/ml DHC solubilised in either 10 mM Tris HCI (pH 8.5),
10 mM NaHCOs (pH 8.3) or 10 mM HEPES (pH 7.4) and incubated under ambient conditions for 72 h.
Discs in buffer only were used as a control. After incubation, discs were transferred to a new multwell
plate and washed twice with MGW to remove unbound PDA and allowed to dry. Once dried, discs
were assessed in the same manner as per 2.3.6.2. To determine if the buffer type affects the tethering

of Teic on PDA films, PDA-treated Ti discs were steeped in a 5 mg/ml Teic and 10 mM Tris HCl solution
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(pH 8.5) and incubated for 24 h under ambient conditions. After incubation, discs were transferred to
a new multiwell plate and washed twice with MGW to remove loosely bound Teic and allowed to dry.
Once dried, discs were transferred to a new well plate and inoculated with a 10°> CFU/ml suspension
of S. aureus in 0.1% Peptone/PBS and incubated at 37 °C for 4 h with gentle shaking (100 RPM). At
each time point, discs were transferred to a new well plate and washed twice with 0.85 % saline to
remove non-adherent bacteria. A 20 pL aliquot of BacLight LIVE/DEAD™ were added to coverslips in
a 6-well viewing chamber and the discs flipped (bacterial side down) onto the stain. These were

incubated and imaged in the same manner as per 2.3.6.2.

2.3.6.4 Effect of Temperature on PDA Formation

Ti discs were immersed in a 1 ml solution of 2 mg/ml DHC in 10mM Tris (pH 8.5) and incubated at
various temperatures (ambient, 35 and 50 °C) for 24 h. Discs in buffer only were used as a control.

After incubation, discs were prepared and assessed with BCA as described in 2.3.6.2.

2.3.7 Attachment of S. aureus on PDA-modified Ti

Ti discs were immersed in a 1 ml solution of 2 mg/ml DHC in 10 mM Tris (pH 8.5) and incubated for
24, 48 and 72 h. Blank Ti discs were immersed in 10 mM Tris-HCI (pH 8.5) buffer and used as a control.
After incubation, discs were washed and prepared as described in 2.3.6.3. Once dried, wells were
inoculated with a 10° CFU/ml suspension of S. aureus in 0.1% Peptone/PBS and incubated at 37 °C for
4, 8 and 24 h with gentle shaking (100 RPM). At each time point, discs were transferred to a new well
plate and washed twice with 0.85 % saline to remove non-adherent bacteria. A set of discs were
transferred to a plastic universal containing 1 ml PBS and vortexed for 5 min to remove adherent
bacteria. This was serially diluted and dispensed onto BHIA plates and incubated for 24 h at 37 °C. If
no growth was present after 24 h incubation, plates were incubated for a further 24 h to confirm the
absence of growth. The other set of discs were used for fluorescence microscopy as described in

2.3.6.3.
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2.3.8 Attachment of S. aureus on Teic-PDA-modified Ti

Ti discs were immersed in a 1 ml solution of 2 mg/ml DHC in 10 mM Tris (pH 8.5) and incubated 72 h.
PDA-Ti and blank Ti discs were immersed in 10 mM Tris-HCI (pH 8.5) buffer and used as a control. After
incubation, discs were washed and prepared as described in 2.3.6.3. Once dried, a set of PDA and
blank Ti discs were steeped in a 500 pg/ml Teic and 10 mM Tris (pH 8.5) solution and incubated for 24
h under ambient conditions. These were transferred to a new well plate and washed as described in

2.3.6.3. Discs were assessed in the same manner as 2.3.7.

2.3.9 Statistical Analysis

Unless stated otherwise, all experiments above were repeated three times in triplicate. All data were
subject to a normality test to ensure data were normally distributed. A one- or two-way analysis of
variance (ANOVA) or Kruskal-Wallis test was used, where appropriate, to test for statistical
significance using Graphpad Prism (Version 8; San Diego, CA, USA) with p < 0.05 regarded as being
statistically significant. When p < 0.05 was found, a Tukey or Sidak’s multiple comparisons post-test

was used between all groups. All data are expressed as the mean together with the standard deviation.
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2.4 Results

2.4.1 Influence of Teic on a Model of Human Osteoblast Maturation

As anticipated the co-treatment of MG63 cells with 1,25D and FHBP led to a significant (p < 0.0001)
increase in ALP activity compared to the agents used alone (Fig. 2.2). Interestingly the inclusion of Teic

modestly enhanced the maturation of MG63's to 1,25D and FHBP.
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Figure 2.2 Influence of Teic on a Model of Human Osteoblast Maturation.MG63s in the presence of either 1,25D (100
nM), FHBP (250 nM), teicoplanin (50 pg/mL) or in combination were assessed for ALP activity using a p-nitrophenyl
phosphate assay. Teic, in combination with 1,25D and FHBP displayed greater ALP formation than 1,25D and FHBP alone.
All data (mean £ SD; N = 12) represent pooled quadruplicate runs from 3 independent experiments (**** = p < 0.0001).
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2.4.2 S. aureus viability on Teic-Sepharose

Antibacterial activity of Teic- modified Sepharose beads was assessed by exposing S. aureus to various
densities of Teic- and Gly-Sepharose beads (~25 & 50 pg/ml) for 24 hours at 37°C. Qualitatively, Teic
Sepharose provided complete growth inhibition at both concentrations tested in comparison to the
Gly-Sepharose beads (Fig. 2.3). The result of this assessment concurs with the viable counts. There
was significant bactericidal activity from the Teic-Sepharose when compared to the Gly-Sepharose
beads (p <0.0001) which resulted in 2 3-log reduction from the initial inoculum density (Fig. 2.4). There
was also significance between the two Teic concentrations tested (p < 0.001) indicating that an
increase in Teic-Sepharose allows for greater bactericidal activity. This demonstrates that not only was
Teic immobilisation successful; it also retains significant antibacterial activity when tethered on this

surface.
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Figure 2.3 Antimicrobial assessment of Teic-Sepharose beads on S. aureus. Antibacterial activity of modified Sepharose
beads was assessed by exposing S. aureus (1.5 x 10° CFU/ml) to various densities of Teic- and Gly-Sepharose beads (~25 &
50 pg/ml) for 24 hours at 37°C. Teic-Sepharose shows clear evidence of antimicrobial activity when compared to the Gly-

Sepharose (turbid wells), indicating successful conjugation of Teic. The image depicted is a representative of 3 independent
experiments.
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Figure 2.4 Bactericidal activity of Teic-Sepharose beads on S. aureus. Antibacterial activity of modified Sepharose beads
was assessed by exposing S. aureus (1.5 x 10° CFU/ml) to various densities of Teic- and Gly-Sepharose beads (~25 & 50 pg/ml)
for 24 hours at 37°C. Teic-Sepharose showed significant (p = <0.0001) bactericidal activity in comparison to the Gly-
Sepharose. All data (mean + SD; N = 27) represent pooled triplicate runs from 3 independent experiments. Statistical
significance was determined by two-way ANOVA and Tukey comparisons (*** = p < 0.001; **** = p < 0.0001)
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2.4.3 PDA Optimisation

To ensure there are optimal functional groups for Teic immobilisation, some factors influencing PDA
formation were investigated, which include buffer type, reaction time and temperature. PDA film

stability in long-term storage was also assessed.

2.4.3.1 Effect of Incubation Time on PDA Formation using TCP

TCP wells were immersed in a DHC (2mg/ml) and Tris HCI (10 mM; pH 8.5) solution for 24, 48 and 72
h, washed and assessed using BCA. The data from the DHC standard curve (2.3.6.1; data not shown)
was used to extrapolate PDA from the TCP surfaces. From the information presented in Fig. 2.5, it is
clear that PDA formation is affected by the incubation time. There are significant differences between
all the times tested (p < 0.001), indicating that longer incubation times leads to greater PDA film

deposition.

PDA-TCP wells were exposed to a solution of Teic (5 mg/ml) in 10mM Tris HCI (pH 8.5), washed and
seeded with S. aureus in order to assess the efficiency of Teic modification on PDA-TCP using
fluorescent microscopy. Bacterial survival on the surface of PDA- and control TCP wells appears
greater in comparison to the Teic-PDA-TCP wells (Fig. 2.6). Teic functionalisation, however, seems to
be dependent on the amount of PDA on the Ti surface as more dead bacteria were observed on Teic
functionalised at 72 h compared to other time points. A TCP well was immersed in Teic (5mg/ml) for
the same time as the PDA-TCP wells and used as an adsorption control. Interestingly, Teic-TCP retains
antimicrobial activity when compared to the Teic-PDA-TCP (Fig. 2.6E). This would suggest that Teic can

adsorb onto the surface of TCP without an intermediate cross linker.

55



%k %k %k %

SN
T

%k 3k %k Xk

w
T

PDA as DHC [eq.] ug/ml
= N
T 7T

o
|

Control 24 48 72
Incubation Time (Hours)

Figure 2.5 Effect of Incubation Time on PDA Formation. TCP wells were immersed in a DHC (2 mg/ml) and Tris HCI (10 mM;
pH 8.5) solution for 24, 48 and 72 h, washed and assessed using BCA. It is evident that PDA deposition is a function of time.
There are significant differences between the times tested (p < 0.0001) indicating that longer incubation times leads to
greater PDA deposition. All data (mean + SD; N = 18) represent pooled triplicate runs from 3 independent experiments.
Statistical significance was determined by one-way ANOVA and Tukey comparisons (*** = p < 0.001; **** = p < 0.0001).
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Figure 2.6 LIVE/DEAD assessment of S. aureus attachment on PDA-modified TCP. PDA-TCP wells were exposed to a
solution of Teic (5 mg/ml) in 10mM Tris HCI (pH 8.5), washed and seeded with S. aureus in order to assess the efficiency
of Teic modification on PDA-TCP using fluorescence microscopy. After 4 h incubation, two images from random parts of
the well were taken on a fluorescence microscope using 200 X magnification at emission/excitation wavelengths of
485/530-630 nm respectively. A. 24h; B. 48h; C. 72h, D. PDA Control, E. Teic Only, F. Tris-HCl Only. This is a representation
of 3 independent runs.
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2.4.3.2 Effect of Buffer type on PDA Formation

Individual Ti discs were immersed in a 1 ml solution of 2 mg/ml DHC solubilised in either 10 mM Tris
HCI (pH 8.5), 10 mM NaHCOs (pH 8.3) or 10 mM HEPES (pH 7.4), incubated for 72 h, washed and
assessed for PDA deposition using BCA. From the information provided in Fig. 2.7, it is evident that
buffer choice affects PDA film formation. There are significant differences between DHC immersed in
sodium bicarbonate in comparison to Tris HCl and HEPES (p < 0.0001). Despite a small quantitative

difference between Tris HCl and HEPES, there is no statistical significance.

PDA-Ti discs were modified with Teic and seeded with S. aureus in order to assess the effect of buffer
choice on Teic attachment using fluorescence microscopy. It seems that buffer choice has no effect
on the functionalisation of Teic on PDA-Ti surfaces (Fig. 2.8) as there were no significant differences

in bacterial viability between all the buffer types tested.
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Figure 2.7 Influence of Buffer Type on PDA Formation. Individual Ti discs were immersed in a 1ml solution of 2 mg/ml DHC
solubilised in either 10mM Tris HCI (pH 8.5), 10mM NaHCOs (pH 8.3) or 10mM HEPES (pH 7.4), incubated for 72 h, washed
and assessed for PDA deposition using BCA. There is clear evidence that buffer choice affects PDA film formation. All data
(mean * SD; N=9) represent pooled triplicate runs from 3 independent experiments. Statistical significance was determined
by one-way ANOVA and Tukey comparisons (**** = p <0.0001).
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Figure 2.8 LIVE/DEAD assessment of buffer choice on attachment of S. aureus to Teic-PDA-Ti. PDA-Ti discs were modified
with Teic and seeded with S. aureus in order to assess the effect of buffer choice on Teic attachment using fluorescence
microscopy. After 4h incubation, two images from random parts of the disk were taken on a fluorescence microscope using
200X magnification at emission/excitation wavelengths of 485/530-630 nm respectively. A. Teic-PDA (Tris); B. Teic-PDA
(NaHCOs3); C. Teic-PDA (HEPEs), D. Tris-HCI Only, E. HEPEs Only, F. NaHCOs; Only, G. Teic Only, H. PDA Only. This is a
representation of 3 independent runs.
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2.4.3.3. Effect of Temperature on PDA Formation

Ti discs were immersed in DHC (2 mg/ml in 10 mM Tris, pH 8.5) and incubated at different
temperatures (ambient, 35 and 50°C) for 24 h, washed and assessed with BCA reagent. It is clear that
PDA formation is a function of temperature as there are significant increases in PDA film thickness
when incubated at higher temperatures (Fig. 2.9) (p < 0.0001). This suggests that temperature could

be a means of reducing the current incubation time.
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Figure 2.9 Effect of temperature on PDA Formation. Ti discs were immersed in DHC (2 mg/ml in 10 mM Tris, pH 8.5) and
incubated at different temperatures (ambient, 35 and 50°C) for 24 h, washed and assessed with BCA reagent. It is clear that
PDA formation is a function of temperature as there are significant increases in PDA film thickness when incubated at higher
temperatures. All data (mean £ SD; N = 27) represent pooled triplicate runs from 3 independent experiments. Statistical
significance was determined by one-way ANOVA and Tukey comparisons (¥**** = p < 0.0001).
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2.4.4. Attachment of S. aureus to PDA-modified Ti

Ti discs were immersed in a DHC (2 mg/ml) and Tris HCl (10 mM; pH 8.5) solution for 24, 48 and 72 h,
washed and inoculated with a 10° CFU/ml suspension of S. aureus. Bacterial attachment to PDA-
modified and control Ti discs was assessed using fluorescence microscopy and viable counts. As
indicated in Fig. 2.10, all PDA incubation times had no significant effect on bacterial attachment.
Although there was a significant difference in attachment after 8 hours on the 72 h PDA film (p < 0.05),
bacterial attachment was relatively consistent across all time points observed. The images depicted in
Fig. 2.11 concur with the viability counts. This demonstrates that bacterial attachment is not affected

by the introduction of a PDA film in comparison to bare-Ti.
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Figure 2.10 Attachment of S. aureus on PDA-modified Ti. Ti discs were immersed in a DHC (2 mg/ml) and Tris HCI (10 mM;
pH 8.5) solution for 24, 48 and 72 h, washed and inoculated with a 105 cfu/ml suspension of S. aureus. Bacterial attachment
to PDA-modified and control Ti discs was assessed using viable counts. All data (mean + SD; N=9) represent pooled triplicate
runs from 3 independent experiments. A. 24 h, B. 48 hand C. 72 h. p < 0.05 (*).
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Figure 2.11 LIVE/DEAD assessment of S. aureus attachment on PDA-modified Ti. Ti discs were immersed in a DHC (2 mg/ml)
and Tris HCl (10 mM; pH 8.5) solution for 24, 48 and 72 h, washed and inoculated with a 105 cfu/ml suspension of S. aureus.
Bacterial attachment to PDA-modified and control Ti discs was assessed using fluorescence microscopy. After 4, 8 and 24 h
incubation, two images from random parts of the disk were taken on a fluorescence microscope using 20X magnification at
emission/excitation wavelengths of 485/530-630 nm respectively. This is a representation of three independent runs.
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2.4.5. Attachment of S. aureus to Teic-PDA-modified Ti

Bacterial attachment to Teic-PDA-modified and control Ti discs was assessed using viable counts. At
all time points tested, there was a significant reduction in bacterial attachment on the Teic-PDA-Ti
when compared to the PDA-Ti and Ti control discs (Fig. 2.12; p < 0.0001). Interestingly, Teic-Ti also
deterred significant bacterial attachment compared to the control discs and (p < 0.0001). The Teic-Ti

results are comparable to the Teic-PDA-Ti discs.
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Figure 2.12 Attachment of S. aureus on Teic-PDA-modified Ti. PDA-Ti discs were immersed in a Teic (500 pg/ml) and Tris
HCI (10 mM; pH 8.5) solution for 24 h, washed and inoculated with a 105 cfu/ml suspension of S. aureus. Bacterial attachment
to Teic-PDA-modified and control Ti discs was assessed using viable counts. There is a significant reduction in bacterial
attachment on Teic-PDA-Ti in comparison to the other discs tested during the first run. In addition, Teici-Ti alone is also
deterring significant bacterial attachement. All data (mean = SD; N = 9) represent pooled triplicate runs from 3 independent
experiments. p < 0.0001 (****)
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2.5 Discussion

PJI's pose immense challenges to the medical community and are a a significant economic burden on
society. The ability of microorganisms to colonise implant surfaces and form biofilms is a critical step
in the formation of PJI. Once enveloped in a biofilm, bacteria become recalcitrant to the host immune
response and antibiotic intervention is of limited use. Herein, this chapter aimed to address this
problem by subjecting S. aureus to Teic, tethered to the surface of PDA-modified Ti. Teic is a
lipoglycopeptide antibiotic that is used to treat severe Gram-positive infections, including MRSA and
has a similar antimicrobial spectrum to Vanc. Importantly, Teic acts at the level of the cell wall and is
therefore ideal agent for surface presentation. It has many advantages over Vanc such as a longer half-
life and lower ototoxicity and nephrotoxicity (Binda et al., 2014). Yet, even with these advantages, a
thorough search of the literature yielded only one report that used Teic to functionalise a surface for

biomedical applications (Armenia et al., 2018).

There were three main objectives to this initial investigation; assess the compatibility of Teic on a
model of human (MG63) osteoblast maturation, ascertain if Teic could retain biological activity whilst
immobilised, optimise the PDA coating and monitor the bacterial viability to Teic-PDA-functionalised
surfaces. Initial investigations looked into the compatibility of Teic with MG63 osteoblasts to ensure
Teic did not impact the maturation response. A mechanically robust mineralised bone matrix is the
product of mature osteoblasts (Blair et al., 2017). The transition of immature cells to more
differentiated, mature osteoblasts is important for the process of the prosthesis osseointegration. It
is important to therefore assess the compatibility of any implant coating on the process of osteoblast
maturation. ALP is expressed by mature cells and is essential for bone collagen calcification (Whyte,
2010). The activity of this enzyme is reliably monitored using a chromogenic assay with p-NPP as the
substrate. Teic did not appear to be toxic towards MG63 cells when using therapeutic levels of the
antibiotic (Fig 2.2; 20-60 pg/ml; NHS, 2021). Interestingly, Teic modestly enhanced the maturation of

MG63 cells in response to 1,25D and FHBP. This demonstrates that Teic may not only contribute to
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the antibacterial activity of the modified surface, but it could also increase the biocompatibility of the
coating. This phenomenon was also noted by Lancaster et al. (2015), who assessed the cytotoxicity of
gentamicin and Teic against osteoblasts. Currently, no published research has examined this specific
interaction. However, a study by Ashouri et al. (2016) does provide evidence that Teic enhances cell
growth and proliferation in a breast tumor cell line. Despite this, the mechanism by which Teic

promotes cell proliferation remains unknown.

To ascertain if immobilised Teic could retain antimicrobial activity, CNBr-activated Sepharose was
utilised to capture Teic. The Teic complex has an available NH; group that was used to covalently bind
to the CNBr-activated Sepharose. The concentration of bound Teic was confirmed with BCA reagent
and found that ~1 mg/ml of Teic was retained after immersion of 200 mg Sepharose in a 5mg/ml
solution of Teic. The antimicrobial activity was comparable to the MBC of free Teic for this particular
strain (32 pug/ml; data not shown). Yet, there was still significant bactericidal activity when using ~25
pg/ml Teic-Sepharose compared to the Gly-Sepharose beads, resulting in a 3-log reduction from the
starting inoculum (10> CFU/ml (Fig. 2.4). This is the first report that has utilised CNBr-Activated
Sepharose for conjugation of Teic. However, Armenia et al. (2018) managed to functionalise IONPs
with Teic using APTES and found that nanoconjugated Teic still retained significant bactericidal
activity, albeit slightly reduced, when compared to Teic in solution. This suggests that a small amount
of antimicrobial activity could be lost when covalently attached, however all A2 subcomponents of
Teic contribute to the overall antimicrobial activity of the molecule and display similar MIC’s when the
subcomponents are assessed separately (Boix-Montafies & Garcia-Arieta, 2013) indicating that the
loss of antimicrobial activity solely due to immobilisation is negligible. Furthermore, the route of
attachment on IONPs utilised the carboxyl group of Teic whereas, in this thesis Teic was attached to
PDA using the NH, group, suggesting that the immobilisation method does not affect the antimicrobial
activity of Teic. This is demonstrated when the Teic-Sepharose beads are compared to the Teic-
modified IONPS. The Teic Sepharose was able to retain up to ~1 mg per ml of Sepharose beads and

the APTES-modified IONPs only retained ~100 pg/ml. This difference could be due to the surface area
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available for modification. Another issue pertaining to the use of CNBr and APTES-activated films is
the toxicity of the chemicals used and the time it takes to functionalise a surface (Wang et al., 2017).
Thus, an alternative functionalisation method that is facile, environmentally friendly and economic

was explored.

PDA recently celebrated a “decade of discovery”, following the first report that PDA could be used as
a facile means of functionalising a surface. There have been many studies since detailing the
fabrication of diverse and novel technologies such as: photonic materials (Razmjou et al., 2017),
chromatography media (Wang et al., 2017), biosensors (Li et al., 2022), antifouling platforms (Kim et
al., 2018) and antimicrobial immobilisation (Mohd Daud et al., 2018). This is one of the few reports
that utilises PDA to capture Teic to a surface for biomaterial applications. Evidence of successful PDA
film deposition and optimisation of PDA formation was quantified using a BCA-based assay adapted
from Andrea & Mansell (2018). Parameters such as temperature (ambient, 35 and 55°C), buffer choice
(Tris HCI, NaHCO3; and HEPEs) and incubation time (24, 48 and 72 h) were assessed. It was found that
longer incubation times led to greater PDA-film formation (Fig. 2.5), resulting in greater functional
group availability as evidenced by the LIVE/DEAD images (Fig. 2.6). This supports the results found by
Lee et al. (2007) whereby polymer film thickness was a function of immersion time. In their work,
Atomic Force Microscopy (AFM) analysis was used and found that after 24 h the coating thickness
reached a value of at least 50 nm. However, the current methods used in this report use a 72 h
incubation time. From a manufacturing perspective, long immersion times could be a problem so
temperature was assessed as it was found that the reaction temperature can accelerate the
polymerisation process (Zhou et al., 2014, Wang et al., 2017). It was found that significant PDA was
deposited onto the Ti surface within 24 h when incubated at 35 and 50 °C in comparison to ambient
conditions, indicating that temperature does have a significant impact on dopamine-polymerisation
and subsequent PDA deposition. Based on the thermodynamic principle, higher temperatures should
promote dopamine oxidation as well as the deposition process of PDA onto a substrate. This result is
consistent with both investigations that looked into dopamine polymerisation under various
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temperatures (Wang et al., 2017; Zhou et al., 2014). However, from a qualitative observation, an
increase in temperature also results in a more uneven coating in comparison to ambient
temperatures. This could be due to the PDA aggregates formed during polymerisation. In this study
PDA is deposited under static conditions, allowing for insoluble aggregates to form on the Ti surface.
These excess aggregates are not covalently attached to the Ti surface and could disrupt cellular
functions and allow for Teic to elute into the medium. This variability of PDA thickness was also found
by Zhou et al. (2014) when looking into the deposition kinetics of PDA as a function of temperature
and stirring. PDA film deposition was more consistent and even when using a vigorous stirring method
at 60°C in comparison to static incubation at ambient temperature, leading to an improved PDA
surface for further modification. Furthermore, sufficient PDA coating was achieved in 30 minutes. This
could drastically improve the consistency of the PDA coating and functionalisation and could be

explored in future work.

Tris HCl at a pH of 8.5 is the most commonly used buffer for polymerisation of DHC onto various
surfaces, however, studies have shown that buffer composition can also influence PDA particle
aggregation and deposition (Della Vecchia et al., 2014; Patel et al., 2018). So, Tris was compared to
NaHCOsand HEPES. As seen in Fig. 2.7, PDA formation was found to also be a function of buffer choice.
Interestingly, these results differ from what has been found in the literature. After 72 h incubation,
DHC that was solubilised in NaHCO; had significantly higher PDA deposition in comparison to Tris and
HEPES which had similar PDA film thickness. Whereas Andrea and Mansell (2018) immersed TCP wells
in the same buffers and found Tris allows for greater PDA deposition. However, the dissimilarity in
results could be explained by the difference in incubation time as no studies to date incubate DHC for
more than 24 h. Another contrast this report has with the literature is the antimicrobial activity of the
PDA films. When qualitatively analysing the images in Fig. 2.8, there are no differences in the ratio of
living/dead cells when comparing the buffers to the blank-Ti. This is further supported by the viable
counts in Fig. 2.10 where there are no significant differences in bacterial attachment between the
PDA- and blank-Ti when using Tris. Whereby, Patel et al. (2018) found that not only did the buffers
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affect the antimicrobial activity of the PDA coating; discs steeped in Tris had the lowest attachment in
comparison to PBS, NaHCOs and sodium hydroxide. This difference could be due to the variations in
material and surface roughness as a rougher surface allows for a larger surface area for bacterial
colonisation. Moreover, different sizes of PDA aggregates are formed depending on the buffer used

and can change the topography and surface morphology of the PDA film (Patel et al., 2018).

The antimicrobial activity of functionalised Teic-PDA-Ti was assessed by immersing said modified discs
in a suspension of S. aureus and quantitatively evaluated using a viable plate count after 24 h of
incubation. When compared to the control discs, there was a significant difference in bacterial
attachment on the Teic-PDA-Ti at 24 h as seen in Fig. 2.12, suggesting that the Teic-modified surface
is preventing bacterial colonisation. Even when the concentration of Teic in the immersion solution
was reduced (from 5 mg/ml to 500 pg/ml; data not shown), there was no change in the antibiotic
efficacy of the Teic-modified Ti discs. These findings agree with studies that looked at immobilised
Vanc on Ti (Antoci Jr. et al., 2007; Antoci Jr. et al., 2008). When Vanc was covalently attached to APTES-
modified Ti, it was found that bacterial attachment was significantly reduced on the Vanc-Ti in
comparison to the Ti control. Furthermore, it deterred biofilm formation and still retained activity
when repeatedly challenged with bacteria, demonstrating that immobilised antimicrobials have
potential in reducing the risk of PJI. Interestingly, the Teic-Ti discs also deterred significant bacterial
attachment when compared to PDA-Ti and Ti only. Moreover, there was no significant difference
found between Teic-PDA-Ti and Teic-Ti. This interaction was also observed when looking at Teic
attachment to PDA-modified TCP (Fig. 2.6). This suggests that Teic might have a natural affinity for the
oxide layer of Ti and Teic could attach to the biomaterial surface without the need of an intermediate

crosslinker.
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2.6 Conclusions

This chapter supports the potential of PDA as a facile, multifunctional platform for the
functionalisation of biomaterial surfaces with Teic. In addition, the Teic-PDA-Ti surface demonstrates
the ability to reduce bacterial colonisation when compared to unmodified Ti. Evidence of successful
PDA film deposition and optimisation of PDA formation was quantified using a BCA-based assay and
parameters such as temperature, buffer choice and incubation time were assessed. The PDA
optimisation work has highlighted the need for further optimisation of the PDA deposition process
and physiochemical analysis of the PDA-modified Ti in order to ensure a stable and consistent coating
for future functionalisation strategies. Interestingly, it was found that Ti discs could be modified with
Teic only and display similar antimicrobial activity as the Teic-modified PDA-Ti discs. These findings
are particularly noteworthy as they suggest that a sufficient amount of Teic could attach to the surface
of Ti without the need of an intermediate crosslinker. Cutting out PDA or indeed other capturing
platforms, is an appealing option in keeping costs down. The natural surface finish of Ti is titanium
dioxide (titania; TiO2) and the interaction between this oxide and Teic is clearly warranted in going

forward. These studies form the research detailed in the forthcoming chapter.
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Chapter 3. Assessing the Interaction Between Teic and
TiO,

The data presented in this chapter has been adapted from Britton et al. (2022) Scientific Reports [DOI:
10.1038/s541598-022-20310-8] (Appendix 1). The physiochemical data presented in this chapter was

collected and analysed by Dr. Wayne Nishio Ayre, Dr. Liana Azizova, Dr. Greg Shaw and Dr. Kyuei Lee.

3.1 Introduction

TiO; is the natural oxide layer that forms on the surface of titanium and is one of the most well studied
oxides due to its wide range of industrial applications which include, cosmetics, sunscreens, paints
and in the production of alloys (Peterson et al., 2012; Nowack & Bucheli, 2007). TiO; is not only cost-
effective but is mostly non-toxic and has been approved for use in food and drug-related products by
the Food and Drug Administration (FDA)(Jafari et al., 2020). The oxide consists of two crystalline forms,
rutile and anatase, which have important industrial applications. The anatase form of TiO; is more
active than the rutile form regarding photocatalytic and cytotoxic properties. Yet, mixed polymorphs
of TiO; (i.e., anatase 80% and rutile 20%) are found to be more efficient in biomedical applications
compared to the presence of one crystal (Jafari et al., 2020). In vitro studies have demonstrated that
both anatase and rutile phase are capable of forming bioactive hydroxyl apatite layers when in contact
with bodily fluids and exhibit excellent biocompatibility (Sangeetha et al., 2013). Consequently, rutile
and anatase TiO; surfaces can function as substrates for cultivating various cell types (Zhao et al.,
2005; Buchloh et al., 2003; Carballo-Vila et al., 2008; Nakazawa et al., 2006). For instance, TiO; film
surfaces have been shown to support the survival of neurons from the mammalian central nervous
system for up to 10 days in culture, with rutile surfaces demonstrating good adherence and axonal
growth of culture rat cortical neurons (Carballo-Vila et al., 2008). Futhermore, studies have reported
that hepatocytes can proliferate and maintain their metabolic activity over a long-term period on

rutile and anatase TiO; surfaces (Zhao et al., 2005; Buchloh et al., 2003; Nakazawa et al., 2006). Titania
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has also been utilised as a chromatography sorbent for the enrichment and purification of
glycopeptides (Britton et al., 2022; Mancera-Arteu et al., 2020; Sheng et al., 2013) and is more recently
being explored as a potential sorbent for extracting antimicrobials out of natural water systems

(Peterson et al., 2012; Aljeboree & Alkaim, 2019; Fries et al., 2016; Bayan et al., 2021).

From the results in Chapter 2, it was found that Teic, the lipoglycopeptide antibiotic, was able to bind
directly to titanium discs. It is hypothesised that Teic has a natural affinity for the oxide layer, retaining
antibacterial activity without the need for an intermediate crosslinker. The aim of this chapter was to
assess the interaction of Teic with TiO, and to determine if the attachment was affected by a change
in parameters such as incubation time, temperature, and repeated washes. In addition, Teic-Ti discs
were subjected to a mock bacterial culture to ascertain if the antibiotic was bound to the Ti surface or

if it was eluting into the bacterial medium.
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3.2 Materials and Methods

3.2.1 Bacterial Culture Preparation

Bacterial cultures and standards were prepared in the same manner as 2.3.1. The bacterial standards
used in this chapter were diluted in 1% peptone/PBS and this was used in all microbiological assays
unless specified. As Teic is active on the cell wall of proliferating cells, the bacteria must be

metabolically active and so a minimal medium supplemented with 1% peptone was used.

3.2.2 Reagents and Ti Disc Preparation

Reagents and Ti disc preparation were prepared and processed in the same manner as 2.3.2. TiO,-
coated Ti/Au QCM sensors (14 mm; AT cut, resonant frequency of 5 MHz) were purchased from

Microvacuum (Budapest, Hungary).

3.2.3 Bacterial Attachment to Teic-modified Ti

This method is similar to the one used in Chapter 2 (2.3.5.5) however, it was optimised to increase the
efficiency of bacterial recovery (data not shown). Ti discs were immersed in a 1 ml solution of Teic
(500 pg/ml) in 2-(N-Morpholino)ethanesulfonic acid (MES; 50 mM; pH 5.47) for 2 h, washed in MGW
twice to remove weakly bound Teic and allowed to dry in a laminar flow hood. Once dried, Ti discs
were exposed to a 10° CFU/ml suspension of S. aureus for 24 h at 37 °C with gentle shaking (120 RPM).
After incubation, discs were washed twice in 0.85% saline to remove loosely bound bacteria and
transferred to a sterile universal with 1 ml of maximum recovery diluent (MRD; Oxoid). This was
sonicated for 5 min to recover attached bacteria. The detached bacteria were transferred to a sterile
universal tube and incubated for 30 min at 37 °C to achieve maximum recovery. MRD was used to
recover the detached bacteria as it is an isotonic diluent that can ensure the recovery of bacteria from
various sources which could be vulnerable in distilled water or aqueous suspensions. The low
concentration of peptone present (0.1% w/v) does not cause replication of the bacteria when in the

solution for 45 min (Patterson & Cassells, 1963; Straka & Stokes, 1957).
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The recovered bacteria were diluted and dispensed onto BHIA using the Miles and Misra technique

and incubated for 24 h at 37 °C and colonies were counted the following day (Miles et al., 1938).

3.2.4 X-Ray Photoelectron Spectroscopy (XPS) of Teic-Ti

Ti discs were exposed to a 1 ml solution of Teic (500 pg/ml) in 50 mM MES (pH 5.47) and left under
ambient conditions from 30 min up to 3 h. Elements on the surface of control and modified Ti samples
were analysed using a NEXSA XPS system (Thermo Fisher, Waltham, US). A monochromatic X-ray
source (Al-Ka) beam was used for the data collection. The atomic percentages of the elements

detected were calculated using Avantage Data System software (ThermoFisher, Waltham, MA, US).

3.2.5 Adsorption of Teic onto Ti

Orthopaedic-grade Ti discs and solid TiO, powder (mixture of rutile and anatase TiO,; Sigma Aldrich
634662-25G) were used to assess Teic adsorption to the metal oxide. Teic standards used in the

experiments below were made up in the same manner as 2.4.3.1 with slight modifications.
3.2.5.1 Effect of Incubation Time on Teic Adsorption to TiO;

TiO, powder (50 mg) was dispensed into microcentrifuge tubes and immersed in 500 ul of Teic (500
ug/mlin 50 mM HEPES; pH 7.4) and left to incubate, for up to 30 min, under ambient conditions. TiO,
with HEPES only was used as a control. At each time point, samples were centrifuged at 11,300 x g for
2 min and 25 pl of each supernatant was combined to 500 pl of a freshly prepared BCA reagent (as
per the manufacturer’s instructions) and incubated for 30 min at 60 °C. After incubation, sample
aliquots (100 pl) were transferred to a 96-well plate and measured against a series of Teic standards

(0.5—-500 pg/ml) in HEPES (50 mM; pH 7.4) at 540 nm using a microplate reader.

To confirm Teic-TiO,attachment, the supernatant was decanted, and the titania samples were washed
in HEPES twice by centrifugation and resuspended in 500 pl HEPES buffer. A 25 ul sample of each

titania suspension was combined to 500 pl of BCA reagent and incubated for 30 min at 60 °C. After
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incubation, samples were centrifuged and 100 ul of the supernatant was transferred to a 96-well plate

and assessed in the same manner as above.

3.2.5.2 Binding Durability of Teic Attachment to TiO:

To ascertain how robust the adsorption of Teic was to the titania, TiO; powder (50 mg) was added to
microcentrifuge tubes, followed by 500 pl of Teic (500 pg/ml in 50 mM HEPES; pH 7.4) and incubated
under ambient conditions for 2 h. TiO, with HEPES only was used as a control. Once incubated, samples
were centrifuged at 11,300 x g for 2 min and the supernatants were discarded. The remaining titania
pellets were washed up to 10 times with HEPES buffer (500 ul per wash). After 1, 3, 5 and 10 washes,
25 pl of each wash was combined with 500 ul of freshly prepared BCA reagent and incubated for 30

min at 60 °C. After incubation, samples were transferred and measured in the same manner as 3.2.5.1.

To assess the efficacy of the Teic-TiO, attachment, the supernatant was decanted after each wash and
the remaining pellets were resuspended in 500 pl of HEPES. A 25 pl sample of the resuspended pellet
was combined with 500 pl BCA reagent and incubated for 30 min at 60 °C. Once incubated, samples

were processed and measured in the same manner as 3.2.5.1.

3.2.5.2.1 Thermal stability of Teic-TiO>

Thermal Gravimetric Analysis (TGA) was performed to assess the thermal stability of Teic when bound
to titania. TiO, powder (50 mg) was added to microcentrifuge tubes, followed by addition of either
500 pl of Teic (500 pg/ml) in HEPES (50 mM; pH 7.4) buffer or HEPES buffer alone as a control. The
samples were incubated under ambient conditions for 2 h and then centrifuged at 11,300 x g for
2 min. The supernatant was discarded, and the pellets were air dried at room temperature. Teic
powder alone was also assessed as a reference sample. Teic-TiO; and control samples were run on a
PerkinElmer Pyris 1 TGA instrument (Perkin Elmer, Beaconsfield, UK) under a nitrogen flow of 40
ml/min. The sample was stabilised at 30 °C for 20 min before heating to 800 °C at a rate of 5°C/min.

Data was analysed using Pyris TGA software (Perkin EImer, Beaconsfield, UK).
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3.2.5.2.2 Short-term Stability of Teic-TiO2 under Neutral Conditions

TiO, samples (50 mg) were added to microcentrifuge tubes, followed by 500 pl of Teic (500 pg/ml) in
HEPES (50 mM; pH 7.4) buffer and incubated at room temperature for 2 h. TiO, with HEPES only was
used as a control. All samples were washed once at 11,300 x g for 2 min, resuspended in HEPES and
incubated for 4 h, 1, 2, 3 and 7 days at 37 °C. One sample was tested immediately (baseline) after Teic
incubation to determine the initial Teic concentration on the TiO,. At each time point, samples were
centrifuged at 11,300 x g for 2 min and a 25 pl aliquot of the supernatant was added to 500 ul BCA
reagent prior to washing and incubated for 30 min at 60 °C. This was measured in the same manner

as 3.2.5.1.

To assess the Teic attachment to titania, the pellet was washed once and resuspended in 500 ul of
HEPES. A 25 ul aliquot of each resuspended pellet was added to 500 ul of BCA reagent and incubated
for 30 min at 60 °C. Once incubated, samples were centrifuged at 11,300 x g for 2 min and 100 pl

aliquots were transferred to a 96-well plate and measured in the same manner as above.

3.2.6 Impact of Phosphate on the Binding of Teic to TiO>

The influence of phosphate on the bonding between Teic and titania was assessed, as it has been
found that the anion has a natural and strong affinity for the oxide (Yan et al., 2010). TiO, powder (50
mg) was exposed to Teic (500 pug/ml) made up in either PBS (pH 7.3) with the concentration of
phosphate being either 1 mM or 10 mM. The samples were left to incubate for 30 min at room temp.
Teic (500 pg/ml)-TiO, in HEPES (50 mM; pH 7.4) and TiO, in HEPES only were used as controls. After
incubation, samples were centrifuged (11,300 x g for 2 min) and 25 pl of the supernatant was
combined with 500 pl of BCA reagent and incubated for 30 min at 60 °C. Once incubated, samples

were measured in the same manner as 3.2.5.1.

To confirm Teic-TiO, attachment, the supernatant was decanted, and the powder samples were

washed once by centrifugation and resuspended in 500 pl of buffer. A 25 pl aliquot of each
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resuspended pellet was combined to 500 pl of BCA reagent and incubated for 30 mins at 60°C. Once
incubated, samples were centrifuged at 11,300 x g for 2 min and 100 pl aliquots of the supernatant

were transferred to a 96-well plate and measured in the same manner as 3.2.5.1.

3.2.7 The Effect of Phosphate on the Detachment of Teic from TiO:

To determine the effect of phosphate on the detachment of Teic from titania, a quartz crystal
microbalance (QCM) system with impedance measurement was used (QCM-l, MicroVacuum,
Budapest, Hungary). TiO,-coated QCM sensors (Ti-QCM) were put through HEPES buffer (50 mM; pH
7.4) at a flow rate of 100 pl/min using a peristaltic pump (Ismatec Reglo Digital, Wertheim, Germany)
at a constant temperature of 21 °C using a built in Peltier driver to avoid temperature drifts (stability
of £ 0.02 °C). After a stable baseline was obtained over a minimum of 10 min, 500 pg/ml of Teic in
HEPES was injected using the Rheodyne MXP injection system with a semiautomatic switching valve
(MXP9960-000, California, US) for a further 10 min. The Ti-QCM sensor was then subjected to a
continuous flow of either HEPES or PBS with 1 mM, 2 mM, 5 mM or 10 mM phosphate concentrations
for 10 min. Frequency at the 1%, 3@ and 5% overtones and dissipation measurements were collected.

Sauerbrey mass was calculated using Biosense software (Microvacuum, Budapest, Hungary).

3.2.8 Elution Assessment of Teic from Ti

Ti discs were exposed to Teic (500 pug/ml in 50 mM MES, pH 5.4) and incubated for 2 h under ambient
conditions. After incubation, discs were washed with distilled water to dislodge any loosely bound Teic
and allowed to dry in a sterile environment. Control and functionalised Ti discs were then immersed
in sterile 1% Peptone/PBS broth and left for 24 h at 37 °C with gentle shaking (120 RPM). After
incubation, the recovered conditioned media (100 pl) was transferred to a sterile 96-well plate and
inoculated with S. aureus (100 pl) at a final density 5 x 10° CFU/ml. A positive growth control and a

negative control (broth only) were also added to ensure sufficient growth of the organism and that
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the broth is sterile. The samples left to incubate at 37 °C for 24 h. After incubation the OD at 595 nm

(using a microplate reader) was taken to ascertain bacterial growth in the conditioned media.

To determine if the conditioned discs still retained any antibacterial activity the control and
functionalised Ti discs were transferred to a new multiwell plate and washed in distilled water twice,
allowed to dry and then exposed to a 10° CFU/mL suspension of S. aureus and incubated for a further
24 h at 37 °C with gentle shaking (120 RPM). After incubation, discs were recovered, washed twice
with 0.85% saline and sonicated for 5 min in 1 ml of MRD to recover the attached bacteria. The
detached bacteria were transferred to a new universal and incubated for 30 min at 37 °C in order to
achieve maximum recovery. The recovered organisms were diluted and dispensed onto BHIA and

incubated for 24 h at 37 °C.

3.2.9 Bacterial Viability and Elution studies of Teic-modified Iron Oxide
Nanoparticles (IONPs)

Teic-modified IONPs (Teic-IONP; kindly provided by Giovanni Bernardini and colleagues, University of
Insubria, Italy) were exposed to S. aureus to determine the antibacterial efficacy of the
nanoconjugated antibiotics. These IONPs were prepared using (3-Aminopropyl)triethoxysilane

(APTES) for the capture of Teic using EDC-NHS chemistry (Armenia et al., 2018).
3.2.9.1 Viability of S. aureus against Teic-IONPs

An aliquot (150 pl) of Teic-IONP (493 pg/ml Teic; 4 mg/mL Fe,03) in sodium borate (10 mM; pH 8.2)
was combined to a 10° CFU/ml suspension of S. aureus (850 pl) and incubated for 24 h at 37 °C. IONPs
(4 mg/ml) and free Teic (~ 75 ug/ml) were used as controls. To assess the antibacterial activity of the
Teic-IONP storage buffer, 150 plL of the Teic-IONP was exposed to a neodymium (Nd) magnet in a
multiwell plate. This was done to separate the Teic-IONP from the storage buffer. After separation,

the buffer was carefully aspirated and combined to 850 pL of a 10° CFU/ml S. aureus suspension and
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incubated for 24 h at 37 °C. After incubation, all samples were diluted in MRD, dispensed onto BHIA

and incubated for a further 24 h at 37 °C.

3.2.9.2 Elution Assessment of Teic from IONPs

An aliquot (150 pl) of Teic-IONP (493 pg/ml Teic; 4 mg/ml Fe,0s) in sodium borate (10 mM; pH 8.2)
was blended with 1% Peptone/PBS broth (850 pl) and incubated for 24 h at 37 °C. IONPs (4 mg/ml in
water) treated in the same manner were used as a control. After incubation, samples were centrifuged
at 11,300 x g for 2 min and the recovered conditioned media (100 pl) was transferred to a sterile 96-
well plate and inoculated with S. aureus (100 pl) and left to incubate for 37 °C for 24 h under static
conditions. At the desired time, the ODsgsnm Was taken to ascertain bacterial growth using a microplate

reader (TECAN).

To determine if the modified-IONPs still retained any antimicrobial activity, the control and
functionalised IONPs were washed twice in distilled water using centrifugation and the Teic-IONPs
were resuspended in 150 pl of 10 mM sodium borate (pH 8.2) and subsequently exposed to 850 pl of
a 10° CFU/ml S. aureus suspension and incubated for 24 h at 37 °C. The bare IONPs were resuspended
in water and treated in the same manner as the Teic IONPs. Free Teic (~ 75 pg/ml) was used as a
control. After incubation, all samples were diluted in MRD, dispensed onto BHIA and incubated for 24

h at 37 °C.

3.2.10 The Binding of N-Acetyl-L-Lys-D-Ala-D-Ala to a Teic Stationary Phase
(TSP)

A commercially available chiral stationary phase, consisting of covalently bound Teic to silica was
sourced from AZYP, LLC (Arlington, Texas) in which approximately 68 mg of Teic is bound to 1 g of
silica. The tripeptide N-Acetyl-L-Lys-D-Ala-D-Ala (Cambridge Bioscience, UK) was reconstituted to 200

pg/mlin 50 mM HEPES (pH 7.4). TSP (100 mg) was exposed to 500 pl of the tripeptide (200 pg/ml) and

incubated under ambient conditions for 30 min. After incubation, the sample was centrifuged (11,300

82



x g) for 2 min and the supernatant was collected (500 pl) and aspirated into a new microcentrifuge
tube. The pH of the supernatant was adjusted to ~8.4 using 1 M NaOH and exposed to 5 puL of genipin

(250 mM in DMSO) and then left to react at 60°C for 2 h.

To assess the binding of the tripeptide, the remaining pellet was washed three times in HEPES (50
mM; pH 7.4) using centrifugation and resuspended in 500 ul of buffer. The pH of the pellet was
adjusted to ~8.4 and subsequently exposed to 5 pl of genipin and left to react for 2 h at 60 °C. After
incubation, ODsgsnm Of the samples were measured using a microplate reader. Plain silica shells (AZYP,

LLC, Texas) were used as controls and assessed in the same manner.

3.2.11 Bacterial viability to TSP

To assess the antibacterial activity of the chiral stationary phase, aliquots (50 mg) were added to
microcentrifuge tubes and immersed in a 70% ethanol solution for 10 min to sterilise the powder. This
was washed three times in a 1% peptone/PBS solution using centrifugation (11,300 x g). After
centrifugation, the washed pellets were resuspended in 1 ml of a 1% peptone/PBS solution containing
10° CFU/mL of S. aureus and transferred to a sterile bijou. A further 4 ml of the bacterial suspension
was added to the bijou to a final volume of 5 ml (final concentration of TSP suspension is 10 mg/mL,
corresponding to 680 ug/ml Teic). This was incubated for 24 h at 37 °C with gentle shaking (120 RPM).
A final concentration of free Teic (600 pg/ml) solution and untreated silica were used as controls. After
incubation, samples were diluted in MRD, dispensed onto BHIA and incubated for a further 24 h at 37

°C.
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3.3 Results

3.3.1 Bacterial viability to Teic-Ti

Bacterial attachment to Teic-modified Ti was assessed by exposing S. aureus to functionalised and
control Ti for 24 h at 37 °C. Attachment of S. aureus to the modified Ti surface was found to be
significantly less (p < 0.0001) when compared to Ti alone (Fig. 3.1) and resulted in a 5-log reduction
from the initial seeding density (10° CFU/ml). Out of the 36 Teic-modified discs exposed to S. aureus,
only 7 discs supported bacterial attachment (~102-10® CFU/ml). However, they still had a significant
reduction (p < 0.01) in attachment to the surface, leading to a 2- or 3-log reduction, in comparison to

Ti alone.

84



*k %k %k

Loglo CFU/ml
n

Q Q
XS -
C

Figure 3.1 Antibacterial efficacy of Teic-modified Ti. Ti discs were immersed in 500 pg/ml Teic (50mM MES; pH 5.47)
for 2 h under ambient conditions. After incubation, functional and control discs were transferred to a new well plate,
washed twice in distilled water and subsequently exposed to a 105 CFU/mL suspension of S. aureus in 1% Peptone/PBS
for 24 h at 37 °C with gentle shaking (120 RPM). After incubation, discs were recovered, washed twice with 0.85% saline
and sonicated for 5 min in 1 ml of MRD to recover attached bacteria. The detached bacteria were transferred to a new
universal and incubated for 30 min at 37 °C in order to achieve maximum recovery. The recovered organisms were
diluted and dispensed onto BHIA and incubated for 24 h at 37 °C. When Ti discs are steeped in a solution of Teic, the
modified surfaces are capable of significantly reducing bacterial attachment in comparison to the control (blank) Ti (***p
<0.001). All data (mean + SD; N = 36) represent pooled triplicate runs from 12 independent experiments.
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3.3.2 XPS of Teic-Ti

To analyse elements on the surface of control and functionalised Ti samples, physicochemical analysis
using XPS was performed. It is clear that Teic adsorption occurs within 30 min of antibiotic exposure,
as noted by the increase in the chlorine peaks (Cl;) and a reduction in elemental oxygen (O) and
titanium (Tiz) over time (Fig. 3.2). In addition, as the incubation time of Teic increased, the atomic
composition of the Ti surface changed, further confirming that Teic was adsorbing onto the Ti surface

(Table 3.1).
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Table 3.1 Elemental composition of control and Teic-functionalised Ti. Quantified atomic percentage (at.%) of the
elements in each Ti specimen treated with Teic. The clear changes in elemental composition with increasing incubation
time support Teic adsorption to the metal surface.

Time (h) C1s (at.%) N1s (at.%) O1s (at.%) Cl2p (at.%) Ti2p (at.%)

- 419+1.9 14+01 45.0+1.6 - 11.7+04
0.5 45.0+1.0 25%+0.2 43.2+0.8 03+0.1 9.1+0.5
47 + 0.6 26%0.5 41.4+0.9 03+0.1 8.8+0.1

3 62.3+0.4 3.0+0.1 30.1+0.5 0.5+0.1 4.0+0.5
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Figure 3.2 Detection of Teic coating on the Ti surface. X-Ray Photoelectron Spectroscopy (XPS) analysis of A. survey
peaks and B. high-resolution Cl,p peaks of Teic-treated Ti discs with different immersion times: 0, 0.5, 1, and 3 h. It is
clear that Teic adsorption occurs within 30 min of Teic exposure.
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3.3.3 Adsorption of Teic onto Ti

To observe the binding of Teic with titania, some factors that could affect the interaction were
assessed such as, incubation time, repeated washing, thermal stability and the impact of phosphate.

Short term stability under neutral conditions was also assessed.

3.3.3.1 Influence of incubation time on Teic Attachment to TiO:

To observe the adsorption of Teic to the metal oxide, TiO, powder was used and the antibiotic
monitored using BCA. From the information provided in Figure 3.3 it was found that Teic adsorption
to TiO, was the same for all time points tested, with around 300-350 ug/ml being adsorbed by the
titania. This would suggest that immersing the oxide in Teic for only 5 min would provide the Ti surface

with sufficient antibacterial activity.
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Figure 3.3 Influence of HEPES on Teic adsorption to TiO,. TiO, samples (50 mg) were immersed in 500 pl of 500 pg/ml
Teic solubilised in 50 mM HEPES (pH 7.4) and incubated at room temperature for 5, 15 and 30 min. TiO, with HEPES only
was used as a control. At each time point, samples were centrifuged at 11,300 x g for 2 min and a 25 pl aliquot of each
supernatant added to 500 ul of BCA reagent. This was incubated for 30 min at 60 °C. Once incubated, 100 ul aliquots
were transferred to a 96-well plate and measured at 540 nm using a microplate reader. To confirm Teic-TiO; attachment,
the supernatant was decanted, and samples were washed twice by centrifugation (11,300 x g) and resuspended in 500
ul HEPES buffer. A 25 pl aliquot of each sample was added to 500 pl of BCA reagent and incubated for 30 min at 60 °C.
Once incubated, samples were centrifuged at 11,300 x g for 2 min and 100 pl aliquots were transferred to a 96-well plate
and measured in the same manner as above. All data (mean + SD; N = 20) represent pooled quadruplicate runs from 5
independent experiments. A. Teic concentration in supernatant post-incubation and B. Teic attachment on TiO;
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3.3.3.2 Durability of Teic-TiO2 to washing

To determine the durability of Teic attachment to TiO; the modified oxide was subjected to repeated
washing and assessed using BCA. Despite the small loss of Teic after the first wash (Fig. 3.4), with
around 10% of the bound antibiotic eluting into the medium, the oxide still retained a large amount

of the antibiotic, even after 10 washes, suggesting a robust attachment.
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Figure 3.4 Durability of Teic-TiO, to Washing. TiO, samples (50 mg) were added to Eppendorf tubes, followed by 500
ul of Teic (500 pg/ml) in HEPES (50 mM; pH 7.4) buffer and incubated at room temperature for 2 h. TiO, with HEPES
buffer only was used as a control. After incubation samples were centrifuged at 11,300 x g for 2 min and 25 pl aliquots
of the supernatant was added to 500 pl BCA reagent prior to washing and incubated for 30 min at 60 °C. Once incubated,
100 pl aliquots were transferred to a 96-well plate and measured at 540 nm using a microplate reader (TECAN) (data
not shown). After 1, 3, 5 and 10 washes, samples were centrifuged at 11,300 x g for 2 min and 25 pl aliquots of the
supernatant was added to 500 pl BCA reagent prior to washing and incubated for 30 min at 60 °C. Once incubated, 100
ul aliquots were transferred to a 96-well plate and measured at 540 nm using a microplate reader. To assess the efficacy
of the Teic-TiO, attachment, the supernatant was decanted, and pellets were resuspended in 500 pl of HEPES buffer. A
25 ul aliquot of each sample was added to 500 ul of BCA reagent and incubated for 30 min at 60 °C. Once incubated,
samples were centrifuged at 11,300 x g for 2 min and 100 pl aliquots were transferred to a 96-well plate and measured
in the same manner as above. All data (mean + SD; N = 20) represent pooled quadruplicate runs from 5 independent
experiments. A. Teic concentration in wash supernatant post-incubation and B. Teic attachment on TiO,. p < 0.05 (*), p
<0.01 (**)and p <0.001 (***).
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3.3.3.3 Thermal stability of Teic-TiO>

To further ascertain the durability of the Teic attachment to the metal oxide, TGA was performed on
Teic bound to TiO;, TiO, powder, and Teic alone. Percentage weight loss curves for Teic alone
demonstrated an initial decrease at temperatures below 100 °C, as noted by the black line in Fig. 3.5A.
This is most likely due to the residual moisture evaporation. Rapid thermal degradation of Teic was
observed at temperatures greater than 250 °C, with three notable derivative peaks (red line) observed
at approximately 270 °C, 357 °C and 402 °C and a total weight reduction of 53.14%. TiO; in HEPES only
displayed a single weight loss peak between 250 °C and 400 °C. Interestingly, a similar percentage
weight and derivative curve was observed for Teic-bound TiO,, however a greater weight loss of
13.97% was observed between 250 °C and 400 °C with a notable peak at 365 °C (Fig. 3.5C), when
compared with TiO, only. The greater weight loss is most likely attributed to the disassociation of Teic
from TiO,. However, it has been demonstrated that Teic, when bound to TiO, displays great thermal

stability and can remain bound in temperatures up to 250 °C.
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Figure 3.5 Thermal stability of Teic immobilised on the surface of TiO, using Thermal Gravimetric Analysis (TGA). TiO,
powder (50 mg) was incubated with either 500 pl of Teic (500 pg/ml) in HEPES (50 mM; pH 7.4) buffer or HEPES buffer
alone as a control for 2 h under ambient conditions and then centrifuged at 11,300 x g for 2 min. The centrifuged pellets
were air dried at room temperature before undergoing TGA. A. Percentage weight curves for Teic alone shows an initial
decrease at temperatures below 100 °C due to moisture evaporation. This was followed by rapid thermal degradation
at temperatures greater than 250 °C. B. TiO, samples incubated in HEPES buffer showed a single dissociation step
between 250 °C and 400 °C and a percentage weight change of 12.91%. C. Similar percentage weight and derivative
weight curves were obtained for TiO2 samples incubated with Teic, however a greater weight loss of 13.97% was
observed between 250 °C and 400 °C indicating the additional dissociation of Teic from the surface of TiO; at high
temperatures.
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3.3.3.4 Short Term Stability of Teic-TiO> under Neutral Conditions

To determine the stability of Teic attachment to TiO, under neutral conditions, the modified oxide was
immersed in HEPES and left to incubate at 37 °C for 7 days. At each time point TiO, samples are
assessed with BCA. It is clear that a large amount of the antibiotic remained bound to the oxide over
the course of 7 days, however a significant (p < 0.0001) amount was lost at the 7-day timepoint when
compared to the baseline (Fig. 3.6B). Despite this, there was still enough antibiotic retained to elicit

an antibacterial effect.
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Figure 3.6 Short Term Stability of Teic-TiO, under Neutral Conditions. TiO; samples (50 mg) were added to Eppendorf
tubes, followed by 500 pl of Teic (500 pug/ml) in HEPES (50 mM; pH 7.4) buffer and incubated at room temperature for 2
h. TiO, with HEPES only was used as a control. After incubation, samples were centrifuged at 11,300 x g for 2 min and 25
ul aliquots of the supernatant was added to 500 pl BCA reagent prior to washing and incubated for 30 min at 60 °C. Once
incubated, 100 pl aliquots were transferred to a 96-well plate and measured at 540 nm using a microplate reader (TECAN)
(data not shown). All samples were washed once, resuspended in HEPES and incubated for 4 h, 1, 2, 3 and 7 days at 37
°C. One sample was tested immediately (baseline) after Teic incubation to determine the initial Teic concentration on
the TiO,. At each time point, samples were centrifuged at 11,300 x g for 2 min and a 25 pl aliquot of the supernatant was
added to 500 pl BCA reagent prior to washing and incubated for 30 min at 60 °C. This was measured in the same manner
as above. To assess the stability of the Teic-TiO; attachment, the pellet was washed once and resuspended in 500 pl of
HEPES. A 25 ul aliquot of each resuspended pellet was added to 500 pl of BCA reagent and incubated for 30 min at 60
°C. Once incubated, samples were centrifuged at 11,300 x g for 2 min and 100 u aliquots were transferred to a 96-well
plate and measured in the same manner as above. All data (mean + SD; N = 20) represent pooled quadruplicate runs
from 5 independent experiments. A. Teic concentration in wash supernatant post-incubation and B. Teic attachment on
TiO,
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3.3.3.5 Impact of Phosphate on the Binding of Teic to TiO>

The impact of phosphate on the bonding between Teic and TiO; was examined, as the anion is known
to have an affinity for the oxide (Yan et al., 2010). It was found that the phosphate could compromise
the binding of Teic to the oxide in a concentration dependent manner (Fig. 3.7). Increasing the
phosphate concentration in the Teic incubation buffer generated TiO, samples with less Teic attached.

This most likely suggests that the anion has a greater affinity for the oxide than the antibiotic.

96



%k %k %

= % % X
E 500+
2 % % *
(_;400-
s
O -
< 3004 T
8 200+ T
o
3
‘5 100+
|_
0 T T -+
253 o
o™ o™ QQ/%
< < <
6\@ 6\@ .O,Q‘
Q N S
NG K
7 4@
&@ A
B 600- * % %
E ' '
\2500 % % %
< 400~ [ '
5 % % %
O 3004
c
= |
f_g_ZOO—
S T
5 100~
'_
0 T
Y %
™ S
LKL

Figure 3.7 Influence of phosphate on Teic adsorption to TiO,. A. TiO, samples (50 mg) were exposed to 500 pg/ml Teic
in PBS where the phosphate concentration was either 1 mM or 10 mM and samples left to incubate at room temperature
for 30 min. Teic-TiO, in HEPES served as a control. After incubation, samples were centrifuged at 11,300 x g for 2 min
and 25 pl aliquots of the supernatant were combined to 500 pl BCA reagent and incubated for 30 mins at 60 °C. Once
incubated, 100 pul aliquots were transferred to a 96-well plate and measured at 540 nm using a microplate reader. B. To
confirm Teic-TiOz attachment, the supernatant was decanted, and samples were washed once by centrifugation (11,300
x g) and resuspended in 500 pl buffer. A 25 ul aliquot of each sample was added to 500 pul of BCA reagent and incubated
for 30 min at 60 °C. Once incubated, samples were centrifuged and 100 pl aliquots were transferred to a 96-well plate
and measured in the same manner as above. It is evident that phosphate reduces the extent of Teic binding to the metal

oxide. All data (mean  SD; N = 20) represent pooled quadruplicate runs from 5 independent experiments. p < 0.001
(***).
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3.3.3.6 The Effect of Phosphate on the Displacement of Teic from TiO;

From the information provided in Fig. (3.8) it is clear that phosphate compromises the binding of Teic
to the metal oxide. The injection of Teic (500 pg/ml) in HEPES resulted in rapid adsorption of Teic to
the surface of the Ti-QCM sensor which plateaued after approximately 5 min, resulting in a surface
coverage of around 100-200 ng/cm? (according to the Sauerbrey mass calculations). This rapid
adsorption of Teic concurs with the findings presented in Fig. 3.3. When washing the surface of the
Teic-coated Ti-QCM sensor with HEPES, only loosely bound Teic was removed from the surface of the
Ti-QCM sensor, and a majority of the antibiotic remained bound (Fig 3.8A). On the other hand, when
washing the surface of the sensor with buffers containing phosphate, it resulted in rapid disassociation

of Teic from the Ti-QCM sensor (Fig 3.8B-E).
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3.3.4 Elution Assessment of Teic from Ti Discs

To determine if the antibiotic was eluting from the Ti surface, functionalised and control Ti discs were
conditioned in a 1% Peptone/PBS broth for 24 h. Qualitatively, the Ti control discs did not inhibit the
growth of S. aureus, with the turbidity of the wells comparable to the positive control (data not
shown). In comparison, the broth from the Teic-Ti discs provided complete inhibition of S. aureus
growth (Fig. 3.9A) and was comparable to the negative controls, indicating that the antibiotic is eluting

from the Ti surface.

To assess the bactericidal activity of the conditioned media recovered from Teic-Ti, samples were spot-
inoculated on to BHIA and left to incubate for 24 h at 37 °C. This confirmed that the culture medium
from the modified discs had a large amount of bactericidal activity as no growth occurred after
incubation when compared to the broth recovered from the control Ti discs (data not shown). The
conditioned discs were exposed to S. aureus to ascertain if some of the Teic was still bound to the
discs, and it was found that a large amount of the antibacterial activity was lost, further confirming

that the antibiotic elutes from the surface (Fig. 3.9B).
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Figure 3.9 Antibacterial activity of Teic-Ti after culture conditioning. A. Ti discs were exposed to Teic (500 pug/ml in 50
mM MES, pH 5.4) and incubated for 2 h under ambient conditions. After incubation, discs were washed with distilled
water to dislodge any loosely bound Teic and allowed to dry in a sterile environment. Control and functionalised Ti discs
were then immersed in 1% peptone/PBS and left for 24 h at 37 °C with gentle shaking (120 RPM). After incubation, the
recovered conditioned media (100 pl) was transferred to a sterile 96-well plate and inoculated with S. aureus (100 pl)
and left to incubate at 37 °C for 24 h. At the desired time the OD at 595 nm was measured to ascertain bacterial growth
using a microplate reader. The significant reduction (*** p < 0.001) in OD supports antibiotic leaching into the culture
medium. B. To determine if the conditioned discs still retained any antimicrobial activity the control and functionalised
Ti discs were transferred to a new multiwell plate and washed in distilled water twice, allowed to dry and then exposed
to a 10° CFU/mL suspension of S. aureus and incubated for a further 24 h at 37 °C with gentle shaking (120 RPM). After
incubation, discs were recovered, washed twice with 0.85% saline, and sonicated for 5 min in 1 ml of MRD to recover
the attached bacteria. The detached bacteria were transferred to a new universal and incubated for 30 min at 37 °Cin
order to achieve maximum recovery. All data (mean + SD; N = 9) represent pooled triplicate runs from 3 independent
experiments.
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3.3.5 Bacterial Viability and Elution Studies of Teic-IONPs

3.3.5.1 Viability of S. aureus against Teic-IONPs

Teic-IONPs were exposed to S. aureus for 24 h at 37 °C to determine the antibacterial efficacy of the
nanoconjugated antibiotics. As can be seen from Fig. 3.10, the modified oxide nanoparticles did exhibit
significant bactericidal activity when compared to the bare IONPs (p < 0.001). It was also found that
the IONPs alone did result in a 2-log reduction from the initial inoculum density. Interestingly, the Teic-
IONP storage buffer exposed to S. aureus had very similar outcomes to that obtained for free Teic and

Teic-IONP.
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Figure 3.10 Antibacterial activity of Teic-lONP. An aliquot (150 ul) of Teic-IONP (493 ug/mL Teic; 4mg/mL Fe,0s) in sodium
borate (10 mM; pH 8.2) was added to a 10° cfu/ml suspension of S. aureus (850uL) and incubated for 24 h at 37°C. IONPs
(4mg/ml) and free teicoplanin (~ 75 pug/mL) were used as controls. To assess the antibacterial activity of the Teic-IONP storage
buffer, 150uL of the Teic-IONP was added to a Neodymium (Nd) magnet in a multiwell plate. This was done to separate the
Teic-IONP from the storage buffer. After separation, the buffer was carefully aspirated and added to 850 pL of a 105 cfu/mL
S. aureus suspension and incubated for 24 h at 37°C. After incubation, all samples were diluted in MRD, dispensed onto BHIA
and incubated for a further 24 h at 37°C. All data (mean + SD; N = 12) represent pooled sextuplicate runs from 2 independent
experiments.
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3.3.5.2 Elution Assessment of Teic-IONPs

To ascertain if the antibiotic is securely bound to the surface, the IONPs were conditioned in the
bacterial culture medium for 24 hours. It was found that the culture media recovered from control
IONPs supported bacterial growth with evidence of solution turbidity and ODsss values ranging
between 0.17-0.27 (Fig. 3.11A). In contrast, the conditioned media recovered from Teic-IONPs
completely inhibited bacterial growth, as indicated by clear solutions and ODsgs values similar to the
blanks. The conditioned IONPs were subsequently exposed to S. aureus to determine if they were still
able to reduce the viability of S. aureus. The findings obtained for these conditioned samples indicated
a moderate loss of antibacterial activity, further confirming that the antibiotic elutes from the oxide

surface under the conditions described (Fig. 3.11B).
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Figure 3.11 Antibacterial activity of Teic-lONP after culture conditioning. A. An aliquot (150 pl) of Teic-IONP (493 pg/mL
Teic; 4 mg/ml Fe,03) in sodium borate (10 mM; pH 8.2) was added to 1% peptone/PBS broth (850 ul) and incubated for 24
h at 37 °C. IONPs (4 mg/ml in water) treated in the same manner were used as a control. After incubation, samples were
centrifuged at 11,300 x g for 2 min and the recovered conditioned media (100 ul) was transferred to a sterile 96-well plate
and inoculated with S. aureus (100 pl) and left to incubate for 37 °C for 24 h under static conditions. At the desired time the
ODsgsnm Was taken to ascertain bacterial growth using a microplate reader (TECAN). B. To determine if the conditioned
IONPs still retained any antimicrobial activity, the control and functionalised IONPs were washed twice in distilled water
using centrifugation and the Teic-IONPs were resuspended in 150 ul of 10 mM sodium borate (pH 8.2) and subsequently
exposed to 850 pl of a 10° cfu/ml S. aureus suspension and incubated for 24 h at 37 °C. The bare IONPs were resuspended
in water and treated in the same manner as the Teic IONPs. Free teicoplanin (~ 75 ug/ml) was used as a control. After
incubation, all samples were diluted in MRD, dispensed onto BHIA and incubated for 24 h at 37 °C. There is a moderate loss
of activity from the conditioned Teic-IONPS. All data (mean + SD; N = 12) represent pooled sextuplicate runs from 2
independent experiments.
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3.3.6 Binding of N-Acetyl-L-Lys-D-Ala-D-Ala to the TSP

The binding of the chiral stationary phase to the tripeptide was monitored using genipin, a natural
product of Gardenia fruits (Gardenia jasminoides) that forms a blue chromogen when it reacts with
amino groups (Riacci et al., 2021). The results indicate that the tripeptide successfully bound to the
stationary phase (Fig. 3.12). The OD of the tripeptide control and the silica particle control (SPC)
supernatant had no significant difference, suggesting that none of the tripeptide bonded to the SPC.
In contrast, the TSP supernatant had a significant decrease in OD (Fig. 3.12; p < 0.001), suggesting the
tripeptide was able to bind well to the TSP. These findings suggest that the chiral stationary phase is

functional.
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Figure 3.12 The tripeptide N-Acetyl-L-Lys-D-Ala-D-Ala binds avidly to a TSP. Aliquots (100 mg) of TSP and a silica particle
control (SPC) were exposed to 500ul of the tripeptide (200 pug/ml) prepared in 50mM HEPES (pH 7.4) and incubated at
room temperature for 30 mins. After incubation, samples were centrifuged and the supernatants (SN) collected, the pH
adjusted to 8.4 and 500l treated with 5 pL of genipin (250mM in DMSO). Samples were left to incubate at 60°C for 2 h.
After incubation, the optical density (OD) of the samples were measured using a microplate reader. The OD for the
tripeptide control and SPC SN were similar indicating no tripeptide binding to the SPC. In contrast the SN recovered from
the TSP had a significantly reduced OD when compared to the tripeptide control, indicating good binding of the
tripeptide with the TSP. All data (mean + SD; N = 9) represent pooled triplicate runs from 3 independent experiments. p
< 0.001 (***)
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3.3.7 Viability of S. aureus to the TSP

To determine if the immobilised Teic had the capacity to kill bacteria, the stationary phase and control
silica were exposed to S. aureus for 24h. When S. aureus (10° CFU/ml) was exposed to free Teic (600
ug/ml), there was significant bactericidal activity when compared to the bacterial control (p < 0.0001)
which resulted in a 2 7-log reduction from the initial inoculum density (Fig. 3.13). However, when S.
aureus was exposed to 10 mg of the TSP (with a Teic concentration equivalent to 680 pg/ml), there
was no effect on bacterial viability when compared to the SPC and inoculum control, which would

suggest that when Teic is covalently tethered to a surface, it does not retain its antibacterial function.

108



0910 CFU/mI
T

L
o B N
L1

AN
)
éz &G\ (‘\\.&

Figure 3.13 Immobilised Teic does not display any antibacterial activity towards S. aureus. Aliquots (50 mg) of TSP and
a silica particle control (SPC; 50 mg) were exposed to a 105 CFU/ml suspension of S. aureus and incubated for 24 h at 37
°C. A bacterial culture alone and a culture spiked with free teicoplanin (600 ug/ml) served as controls. As anticipated,
cultures treated with free Teic led to significant reduction in bacterial viability when compared to the growth control. In
contrast, the TSP cultures exhibited similar bacterial numbers to SPC and bacterial controls. All data (mean = SD; N = 9)
represent pooled triplicate runs from 3 independent experiments. p < 0.001 (***)
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3.4 Discussion

During the course of the studies conducted in Chapter 2, it was found that simply steeping medical-
grade Ti discs in an aqueous solution of Teic led to a modified surface that displayed antibacterial
activity against S. aureus which was comparable to the Teic-modified PDA-Ti discs. This suggested that
Teic had a natural affinity for the oxide layer of Ti and that a sufficient amount of Teic could attach to
the biomaterial surface without the need of a crosslinker. Therefore, the aim of this chapter was to
investigate the interactions between Teic and TiO; by using a mixture of rutile and anatase titania
alongside Ti discs and immersing samples in a solution of Teic. Parameters such as immersion time (5
min, 15 min and 30 min) attachment durability, short-term and thermal stability and impact of

phosphate were assessed. The elution profile of Teic-modified Ti was also assessed.

The presence of Teic on the Ti surface was detected using XPS analysis. Confirmation of the presence
of Teic was observed in the form of increasing Cl, peaks (Cl,) over time, suggesting that Teic can adsorb
to the surface within 30 min of antibiotic exposure. To confirm that Teic-modified Ti demonstrated
antimicrobial activity, Ti discs were immersed in a solution of Teic for 2 h and exposed to S. aureus for
24 h. The Teic-Ti discs displayed significant antimicrobial activity (p < 0.0001) when compared to the
initial inoculum density (1 x 10° CFU/ml) and control Ti discs as seen in Fig. 3.1, suggesting that the
Teic-modified Ti is deterring bacterial attachment. These findings agree with studies that looked into
Teic-modified Ti wires and screws (Aykut et al., 2010; Catalbas et al., 2020). For instance, Aykut et al.
(2010) coated Ti wires with a methanolic solution of Teic and implanted the wires into an infected
rabbit model. Out of the 10 rabbits that had a Teic-coated wire implanted, no bacterial growth was
observed on any of the wires when extracted after 7 days. Moreover, there was no bacterial growth
detected on the bone tissue in the group with Teic-coated wires and is a desirable outcome given that
S. aureus has a high affinity for bone tissue and has been found to accelerate the induction of
osteonecrosis and bone matrix resorption (Aykut et al., 2010). The study conducted by Catalbas et al.

(2020) had found that Teic bound to Ti screws did not impact the osseointegration process of the
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screws, however they did not assess the antibacterial activity of the Teic-Ti screws, only the

biomechanical and histomorphometric effects.

To support the theory that Teic is binding to the natural oxide layer of Ti, a mixture of rutile and
anatase titania (50 mg) was exposed to an aqueous solution of Teic (500 pl; 500 pg/ml) and antibiotic
binding monitored using a BCA reagent. Adsorption of Teic to TiO; was rapid, with around 90% of the
antibiotic bound to the oxide after 5 min incubation (Fig. 3.3). This is further supported by the QCM
measurements (Fig. 3.8). In addition, there was little change in the adsorption of Teic onto TiO; across
all the time points tested and interestingly, the QCM measurements found that Teic adsorption
plateaued after 5 min. Similar results have been observed by a group who used TiO; as a sorbent to
remove Vanc, a glycopeptide antibiotic, from water. It was discovered that approximately 70-85% of
the glycopeptide was removed from the water within 15 min (Lofrano et al., 2018). However, it is not
known how much was removed after 5 min. Despite this, it highlights the oxide’s affinity for
glycopeptides and that the attachment occurs rapidly. It was found that the Teic adsorption to TiO;
was robust, when Teic-TiO, was subjected to repeated washing (up to 10 times) the majority of the
antibiotic remained bound to the oxide (Fig. 3.4). The Teic-modified TiO; also demonstrated thermal
stability. When looking at the TGA data, Teic was able to stay bound to the oxide when exposed to
temperatures up to 250 °C (Fig. 3.5). Furthermore, Teic was able to remain bound to the titania when
incubated in HEPES at 37 °C over the course of 7 days (Fig. 3.6), with only ~10% loss of the bound
antibiotic. Despite a thorough search of the literature, this is the first time the durability of an
antibiotic bound to bare titania has been assessed. Although the exact mechanism of Teic binding to
TiO, remains unclear, there has been a study that looked into the retention mechanism of
glycopeptides on TiO,. It was found that both hydrophilic interactions and ligand-exchange retention
mechanisms between TiO; and the saccharides were involved in the binding of glycopeptides to TiO,
(Sheng et al., 2013; Chen et al., 2021). This could very well explain how Teic is binding to TiO,in this

study.
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To determine if the antibiotic is eluting or bound to the surface of Ti during bacterial culture, Teic-
modified Ti discs were subjected to a mock bacterial culture for 24 h at 37 °C and the recovered
medium exposed to S. aureus. When looking at Fig. 3.9A, the conditioned media provided complete
growth inhibition of S. aureus when compared to the control suggesting that the antibiotic had eluted
from the surface and is most likely responsible for the antibacterial activity observed in previous
studies. The leaching of Teic from Ti wires was also observed by Aykut et al. (2010) as indicated by the
disk diffusion assay. To determine if the Teic-modified Ti discs still retained any antibacterial activity,
the conditioned discs were inoculated with S. aureus and incubated for 24 h at 37 °C. It was found that
the conditioned discs did not retain antibacterial activity and bacterial attachment was significantly
greater on the conditioned Teic-Ti discs, when compared to the unconditioned Teic-Ti (Fig. 3.9B).
Attachment of S. aureus was similar to that of the control Ti, further suggesting that that antibiotic
had eluted from the surface. During the course of this study, it was noted that phosphate has a strong
natural affinity for titania (Yan et al., 2010) and since the minimal medium used for the antibacterial
assessments contains phosphate, the next study subsequently looked into the impact of phosphate

on the binding of Teic to TiO,.

When Teic was reconstituted in PBS and applied to titania, the amount of antibiotic bound to the oxide
was markedly less compared to Teic applied to titania in HEPES alone (Fig. 3.7). Moreover, when
reducing phosphate to a physiological concentration (1 mM), the phosphate was still preventing Teic
from binding to the oxide, suggesting that phosphate has a greater affinity for the oxide than the
glycopeptide. However, it did permit significantly more attachment when compared to the 10 mM
phosphate, suggesting that the binding of Teic to titania when in the presence of phosphate, is
concentration dependent. These results were also supported by the QCM data. When subjecting the
Teic-Ti discs to solutions with varying concentrations of phosphate (1 mM, 2 mM, 5 mM and 10 mM),
rapid disassociation of Teic from the Ti surface was observed. Zhao et al. (2008) has also observed this
phenomenon when assessing the impact of phosphate on the photocatalytic activity of TiO,. They
found that modifying the surface with a phosphoric acid resulted in a surface-bound phosphate anion
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that subsequently impacted the adsorption of most substrates, suppressing the oxides’ ability to
degrade organic pollutants. A more recent study found that phosphate can also impact the adsorption
of proteins, such as albumin (Xu & Grassian, 2017). Under acidic conditions, phosphate was found to
reduce albumin adsorption but no change at neutral pH. This contrasts with what was found for Teic
adsorption to titania using neutral HEPES. This difference may be attributed to the great affinity
albumin has for the hydroxl (OH’) groups present on titania when hydrated at a neutral pH (Xu &

Grassian, 2017).

Whilst the facile adsorption of Teic to Ti appears to be a favourable solution towards developing
antibacterial implant technology, it was clear that this interaction will be compromised by
physiological phosphate. Given that phosphate is a prevalent and essential electrolyte in the human
body, this particular technology it is not an ideal option in tackling the issue of periprosthetic joint
infection. An alternative strategy is clearly required and so work focused back onto covalently grafting
Teic onto Ti, in light of a recent technology that utilised iron oxide nanoparticles (IONPs) to immobilise
Teic for local delivery of the antibiotic (Armenia et al., 2018). Using APTES and EDC/NHS chemistry,
this group anchored Teic onto the IONPs using the carboxyl functional group on Teic. The resultant
material displayed excellent antibacterial activity against S. aureus and Bacillus subtilis and was able
to retain 90% of the antibiotic on the surface after a month of storage. Armenia et al. (2018), very
kindly provided these modified IONPs which were subjected to an elution assessment to determine if
the antibiotic remained bound when conditioned with the culture medium. Initial experiments
assessing the antibacterial activity of the Teic-IONPs found that the nanoconjugated antibiotics
demonstrated significant antibacterial activity when compared to the bare IONPs (Fig. 3.10). In
addition, the reduction in bacterial viability observed from the Teic-lIONPs was similar to free Teic.
However, the bare-IONPs did significantly reduce bacterial viability when compared to the growth
control, with a 2-log reduction from the initial inoculum density. These findings are in agreement with
Armenia et al. (2018). They found that the Teic-IONPs had significant antibacterial activity against S.
aureus when compared to APTES-IONPs and bare-IONPs. Conversely, despite the bare IONPs
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impacting the growth of S. aureus, they found that there was no difference in the viability of S. aureus
in the presence of bare IONPs when compared to the growth control. Yet, this observation could be
due to the difference in the type of S. aureus strain used. Interestingly, when assessing the storage
buffer for antibacterial activity the reduction was comparable to that of the Teic-lIONPs and free Teic,
suggesting that the antibiotic is eluting into the buffer. The Teic-IONPs were then conditioned in the
bacterial culture medium for 24 h at 37 °C to ascertain if the antibiotic was indeed eluting from the
modified surface. Qualitatively, the culture media recovered from the control IONPs supported the
growth of S. aureus. In contrast, the conditioned media recovered from the Teic-IONPs completely
inhibited bacterial growth, supporting the observations found with the storage buffer in Fig. 3.11A
and suggesting that Teic is eluting from the modified surface. The conditioned Teic-lIONP and controls
were subsequently exposed to S. aureus to see if the modified IONPs still retained any antibacterial
activity. From the results obtained in Fig. 3.11B, it is clear that the conditioned Teic-IONPs
demonstrate a moderate loss of antibacterial activity, further suggesting that the antibiotic is eluting
from the surface, albeit at a slower rate than what was observed on the Teic-modified Ti discs.
However, the bacterial viability on the Teic-IONPs is still significantly lower than bare IONPs and

growth control.

Yet, there is a commercially available chiral stationary phase that successfully immobilised Teic to the
surface of silica particles for the purpose of enantiomeric chromatography separations (TEICOSHELL,
AZYP, LLC), demonstrating that it is indeed possible to immobilise the glycopeptide to a surface.
However, despite its ability to work as a chiral selector, the antibacterial activity of the stationary
phase has yet to be elucidated. Prior to subjecting the TSP to a bacterial assessment, it was worth
investigating its binding capacity to the tripeptide N-acetyl-L-lys-D-ala-D-ala, as it shares similarity to
the Lys-D-alanyl-D-alanine containing peptides in the cell wall precursors of S. aureus. Moreover, this
specific tripeptide has been utilised by Economou et al. (2012) when detecting Teic via a direct
fluorescence polarisation assay and so using this tripeptide seemed suitable to confirm the
functionality of the TSP. It was possible to monitor the binding of the tripeptide to the TSP by using

114



genipin, a natural component extracted from Gardenia jasminoides which is able to readily react with
primary amines, after exposure to oxygen, resulting in the production of a dark blue chromogen (Riacci
et al., 2021). The binding interactions between the tripeptide and TSP were apparent with the sample
supernatants demonstrating undetectable levels of tripeptide after a 30 min exposure to TSP (Fig.
3.12). This is in contrast to the control silica particles exposed to the tripeptide. The supernatant of
the controls reacted with the genipin resulting in deep blue solutions, suggesting that the tripeptide
is not binding to the silica particles. However, despite being able to demonstrate TSP functionality the
same material was without antibacterial activity against S. aureus. When the TSP and controls were
exposed to a 10° CFU/ml culture of S. aureus the TSP permitted significant growth of S. aureus when
compared to the free Teic control. Moreover, there were no differences in viability between the TSP,
SPC and S. aureus control. Normally, bacterial viability is significantly reduced when in the presence
of 50 ug/ml Teic (Fig. 2.3), however despite the Teic concentration of the TSP being equivalent to 680
pg/ml, no reduction in bacterial viability was observed, suggesting that immobilised Teic does not
display antibacterial activity (Fig. 3.13). These findings conflict with what has been reported in the
literature regarding the successful, covalent functionalisation of Ti and IONPs with Teic/glycopeptide
antibiotics (Armenia et al., 2018; Berini et al., 2021; Hickok & Shapiro, 2012). In each instance, APTES
was used to coat the biomaterial surface with amines, followed by NHS-EDC chemistry in order to
conjugate the carboxyl group of Teic to the amine-coated Ti surface. Even though they demonstrated
good antibacterial activity against Gram-positive bacteria, the elution of the antibiotic from the
surface was not investigated. Moreover, there was a distinct lack of physiochemical analysis (such as
XPS, FTIR or QCM) which can aid in the confirmation of the presence/absence of the antibiotic on the
modified surface. Given that glycopeptides have a great affinity for TiO, and other oxides, it is
important to consider these factors (Sheng et al., 2013; Haci Mehmet et al., 2019; Mancera-Arteu et

al., 2020).

It is possible that the studies mentioned above are looking at the natural and strong affinity of
glycopeptide antibiotics to metal oxides and that the antibacterial activity being observed is due to
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the antibiotic leaching from the surface. It would also seem that the phosphate present in the bacterial
culture medium used in said studies is promoting the elution of the antibiotic from the metal surface.
In contrast, a commercially available, covalently functionalised Teic-chiral stationary phase, displayed

no antibacterial activity against S. aureus, despite it interacting well with N-acetyl-L-lys-D-ala-D-ala.

3.5 Conclusions

This chapter demonstrated the facile adsorption of Teic onto the surface of Ti. In addition, the
interaction of Teic binding to the oxide was monitored using a BCA-based assay and parameters
including immersion time, attachment robustness, short-term and thermal stability and the impact of
phosphate were assessed. Whilst the interaction between Teic and titania was robust, it was found
that phosphate resulted in the loss of the antibiotic from the oxide and could explain how the
antibiotic is eluting from the Ti surface when culture conditioning the modified metal. Prior to moving
back onto covalently attaching Teic to the Ti surface, Teic-modified IONPs and a commercially available
Teic-chiral stationary phase were examined to determine if they displayed antibacterial activity whilst
immobilised. It was found that the Teic-IONPs did demonstrate excellent antibacterial activity,
however when conditioned in the culture medium, elution of Teic was observed. Furthermore, the
the TSP was able to bind well to the tripeptide, N-acetyl-lys-D-ala-D-ala, yet despite this, when
exposed to S. aureus the TSP was unable to display antibacterial activity. To conclude, covalently
immobilising the glycopeptide antibiotic to biomaterial surface does not appear to be a viable option.
However, the antibacterial activity of Teic against S. aureus is beneficial. Moreover, as reported in the
previous chapter, Teic was found to enhance 1,25D-stimulated osteoblast maturation which places
Teic as a valuable tool in minimising the infection of implanted biomaterials. Therefore, Chapter 4 will

focus on controlling the release of Teic using hydrogel technology.

116



Chapter 4 A Teic-Chitosan-Gelatin Hydrogel Composite

for Antibacterial Applications: Proof-of-Concept

In the previous chapter it was found that Teic avidly bound to Ti, however this interaction was reversed
by phosphate resulting in antibiotic loss from the Ti surface. Whilst it was tempting to consider a more
robust, covalent attachment of Teic to Ti, a commercially available Teic-CSP did not display any
antibacterial activity towards S. aureus. However, Teic could still find an application in a bone
regenerative setting; the antibiotic exhibits great antibacterial activity against S. aureus and it supports
the maturation of human osteoblasts. Therefore, this chapter focusses on the controlled release of

Teic using a hydrogel technology.

4.1 Overview

Hydrogels are water-swollen polymer networks that have exhibited great versatility in encapsulating
and delivering therapeutics (Johnson et al., 2018; Cheng et al., 2022). They are defined as crosslinked
polymers that possess hydrophilic properties, allowing them to absorb large quantities of water or
biological fluids without losing their structure (Ottenbrite et al., 2010; Rodriguez-Rodriguez et al.,
2020). These materials offer moderate-to-high, physical, chemical, and mechanical stability in their
swollen state and possess a soft consistency similar to living tissues (Ottenbrite et al., 2010; Rodriguez-
Rodriguez et al., 2020). Moreover, hydrogels with a three-dimensional crosslinked network display the
capability of loading a large number of antimicrobial agents and releasing them locally and in a
controlled manner, making them a promising candidate as antimicrobial coatings for the prevention

of PJI (Fu et al., 2021; Zhao et al., 2015; Zhang & Huang, 2020; Wei et al., 2019).

Antimicrobial hydrogels can usually be divided into two categories: antifouling hydrogels and
bactericidal hydrogel coatings (Fu et al., 2021; Wei et al., 2019). Antifouling coatings are designed with
the aim to prevent bacterial attachment and nonspecific protein adsorption, subsequently preventing
the formation of a biofilm. These types of coatings are typically made of hydrophilic polymers such as
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poly(ethylene glycol) (PEG), zwitterion polymers or poly(N-vinylpyrrolidone) (Wang et al., 2022; Lee et
al., 2018; Ding et al., 2012). However, there are currently no coatings that are completely resistant to
bacterial attachment over time. Without any biocidal properties, the hydrogel will inevitably become
contaminated with bacteria that “break-through” the antifouling polymer layer. Bactericidal hydrogel
coatings can provide a more reliable and straightforward solution in preventing biofilm formation.
These types of antimicrobial hydrogels are designed to prevent the formation of a biofilm by greatly
reducing bacterial viability through either coming into contact with the material surface or by releasing
the agents in the local vicinity (Campoccia et al., 2013; Wei et al., 2019). Contact-killing hydrogels
utilise surface-attached biocidal agents ranging from natural biomolecules like AMPs and enzymes to
synthetic compounds or polymers such as quaternary ammonium compounds (QAC) and various
polycations (Jiao et al., 2017; Jain et al., 2014). Whereas release-killing hydrogels commonly use
agents like antibiotics, metal nanoparticles and other biocidal agents that are loaded or encapsulated

within the hydrogel.

4.2 Gelatin Hydrogels

An important aspect when making these hydrogels is that the material encapsulating the antimicrobial
agent is biocompatible and contain no toxic or harmful substances (Lian et al., 2021). Polyamino-acids,
proteins and polysaccharides are among the biopolymers that are widely used in biomaterial
fabrication. Amidst this, gelatin, a random-coil polypeptide derived from denatured collagen, has been
used in studies looking into the controlled release of antimicrobials (Lian et al., 2021; Fang et al., 2020;
Nagarajan et al., 2016). Gelatin is a natural biopolymer that is obtained through the hydrolysis of
collagen and is an abundant, cheap and non-toxic material approved by the FDA. It consists of -NH,
and -COOH functionalities which can improve the polymer network structure (Sethi & Kaith, 2022).
Moreover, it does not express antigenicity and is highly resorbable and biocompatible (Rodriguez-
Rodriguez et al., 2020; Nagarajan et al., 2016; Xing et al., 2014; Massoumi et al., 2019; Rose et al.,

2014). One of the ways gelatin hydrogels can be fabricated is through physical crosslinking. Physical
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crosslinking can be obtained through specific conditions such as concentration (~2% w/v) or
temperature (below 30 °C). However, if the temperature exceeds 35 °C the gelation will be
compromised, impacting the physical polymer network. Therefore, physical crosslinking of gelatin
hydrogels can lead to poor stability, poor mechanical strength, and low elasticity, which can
significantly limit their biological applications at physiological temperatures (37 °C). However,
chemically crosslinking the hydrogels could be a solution in improving stability to body temperature

and this will be covered in 4.5.

4.3 Chitosan Hydrogels

Chitosan (CS) is a naturally occurring polysaccharide commonly found in the shells of marine
crustaceans, arthropod exoskeletons, and the cell walls of fungi (Thein-Han et al., 2009; Di Martino et
al., 2005; Miranda et al., 2011). It is obtained from the deacetylation of chitin and is available in various
forms which differ in the degree of deacetylation and molecular weight (Seth & Kaith, 2022; Kurita,
2006; Kean & Thanou, 2010). CS has been recognised as having great biomaterial potential due to its
biocompatibility, biodegradability, and non-toxicity, along with good mechanical properties, making it
a great candidate in the field of tissue regeneration and repair (Fang et al., 2020; Bano et al., 2017;
Muxika et al., 2017; Lu et al., 2017). CS is often used in the production of powders, beads,
microspheres, microparticles, sponges and hydrogels and are either crosslinked through physical or
chemical methods (lkeda et al., 2014; Rodriguez-Rodriguez et al., 2020). As a natural polysaccharide,
it also possesses antibacterial properties as a result of its cationic amino groups, which disrupts mass
transport of proteins across the cell wall and interrupts the bacterial membrane (Di Martino et al.,
2005; Khor & Yong Lim, 2003). Moreover, CS and its derivatives have demonstrated synergistic activity
with a variety of antibiotics (Tin et al., 2010). However, the antibacterial efficacy of the CS-based
hydrogel is dependent on the parameters of CS, such as the molecular weight, degree of deacetylation

and the concentration of the CS solution (Chung & Chen, 2008; Song et al., 2011; Zheng et al., 2003;

119



Goy et al., 2009). These factors can also affect biocompatibility of the hydrogel (Yang et al., 2008;

Rodrigues et al., 2012).

CS is capable of forming a hydrogel without the need of any additives, yet as with gelatin, physical
crosslinking of CS hydrogels comes with limitations such as, low mechanical strength, fragility and high
degradation rates in acidic conditions (de Moura et al., 2011). However, blending CS with a synthetic
or natural biopolymer, such as gelatin, could provide a simple method for increasing the stability of
biopolymer-based hydrogels and improve their mechanical properties (Rodriguez-Rodriguez et al.,
2020; Chiellini et al., 2001). Moreover, crosslinking this hydrogel could impart superior mechanical

properties and this will be covered in 4.5.

4.4 Composite Hydrogels

Despite the beneficial features the biopolymers exhibit on their own, they display several
disadvantages to biomedical applications, such as rapid degradation, low chemical resistance and
mechanical strength along with other factors, as mentioned above. One way to improve the stability
of these polymers is by blending it with other biopolymers, which can drastically enhance their
beneficial properties. Biopolymers that have been reinforced in this way are referred to as composite

hydrogels.

The unique combination of CS antimicrobial properties and gelatin’s cell adhesion ability has great
potential to function as a scaffold for use in orthopaedic applications (Dhandayuthapani et al., 2010).
CS possesses primary and secondary hydroxyl groups, along with amino groups that permit the facile
modification of the inter- and intramolecular hydrogen bonds. This ease of this modification allows
the COOH groups in gelatin to react with the NH; groups in CS via Van der Waals or electrostatic
interactions, enabling the crosslinking process. From this, CS-gelatin composite hydrogels can provide
a good structure for cell growth and proliferation in comparison to their individual counterparts
(Shahin et al., 2020; Thein-Han et al., 2009). Moreover, it aids in increasing mechanical strength,
stability and the drug encapsulation capacity of CS and gelatin (Fischetti et al., 2020; Naghizadeh et
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al., 2018). For instance, Mathew & Arumainathan (2022) found that when crosslinking gelatin with CS
for the delivery of dopamine hydrochloride, the solubility of CS and the stability of gelatin in aqueous
solutions were improved. Moreover, X-Ray diffraction analysis confirmed that the dopamine was
encapsulated and that an increase in crystallinity of the composite hydrogel led to an increase in pore
size, subsequently enhancing the drug loading capability. However, 93% of the drug eluted within 30
h. Ideally, when using antibiotics in a controlled-release system, the agent should be eluting over the
course of 7-14 days in order to prevent the formation of a biofilm. In addition, the concentration of
the antibiotic during this time should be above the MBC (Pan et al., 2018). One way to slow the elution
rate when using biopolymer-based composite hydrogels is to use a chemical crosslinker to further

strengthen the mechanical properties of the composite scaffold.

4.5 Chemical Crosslinkers

The covalent crosslinking of a hydrogel involves a chemical reaction that results in the formation of a
strong, stable bond between the crosslinking agent and polymer chains. Compounds that contain at
least two functional groups and are capable of eliciting a condensation reaction with the polymer can
act as a covalent crosslinker. Chemically crosslinked hydrogels can result in a hydrogel with increased
strength and can overcome dissolution in agueous mediums, even under extreme pH conditions
(Rodriguez-Rodriguez et al., 2020; Sethi & Kaith, 2022). The most commonly used covalent crosslinkers
for CS and gelatin include, glutaraldehyde, EDC, NHS, citric acid and genipin. Glutaraldehyde (Glut) is
one of the most effective, inexpensive, and widely used chemical crosslinking agents (Rodriguez-
Rodriguez et al., 2020; Sethi & Kaith, 2022; Akhtar et al., 2016; Baldino et al., 2015). Biopolymers such
as CS and gelatin can be crosslinked with Glut, and it can increase the strength of the composite
hydrogel over a short period of time. Glut crosslinks the polymers by forming a bond between the
amino or hydroxyl groups of the polymers and the aldehyde group in Glut via a Schiff’s base reaction.
A recent study utilised Glut as a crosslinker for tetracycline-loaded microspheres, integrated into a

CS/alginate composite hydrogel. It was found that the cumulative release of tetracycline from the
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crosslinked composite came out to ~66% after 14 days in contrast to the hydrogels and microspheres
alone (Chen et al., 2017). However, one of the major issues with using Glut as a crosslinker is that it
displays cytotoxicity and elicits immunological responses, even when used at low concentrations.
Moreover, Glut is not environmentally friendly and can lead to excessive crosslinking, potentially
trapping the antimicrobial agent and preventing elution (Hennink & van Nostrum, 2002; Copello et al.,
2014; Kavya et al., 2013). It is for this reason that interest has turned to naturally derived chemical

crosslinkers that have low toxicity.

Genipin is a natural crosslinking agent extracted from geniposide, which is found in the fruits of Genipa
Americana and Gardenia jasminoidies Eljis (Fig. 4.1; Chiono et al., 2008). This particular crosslinker has
gained interest due to its low toxicity profile and its ability to react with the amino groups of polymers
under mild conditions, resulting in a dark blue pigment (Andrade del Olmo et al., 2022). This leads to
a crosslinked structure with added strength and stability, allowing the hydrogel to retain its shape and
composition even under physiological conditions. Fang et al. (2020) have utilised genipin as a means
to crosslink a CS-gelatin composite, loaded with ciprofloxacin, in order to reduce the incidence of sea
water immersion and bacterial infection. They found that not only did the crosslinked composite
display good and prolonged antibacterial activity against P. aeruginosa, E. coli and S. aureus, it also
displayed good biocompatibility and accelerated wound healing in an in vivo rat model. Another study
found that genipin-crosslinked carboxymethyl (CM)-CS hydrogels, loaded with gentamicin,
significantly reduced the growth of S. aureus and displayed strong biofilm inhibition (Wu et al., 2014).
In addition, the change in genipin concentration had little effect on the antibacterial efficacy of the
composite. It was also noted that the CM-CS hydrogel promoted the adhesion, proliferation and
differentiation of MC3T3-E1 osteoblast cells, further highlighting the benefits of using genipin as a

crosslinker for hydrogel-based biomaterials.
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This chapter explores the encapsulation of Teic in a gelatin-CS hydrogel composite using Glut and
genipin crosslinkers. Initial studies looked at the release kinetics of Teic from a Glut or genipin
crosslinked gelatin hydrogel using a disk diffusion assay and hydrogel trypsin digestion. Glut was used
as it is a well-known crosslinking agent for gelatin. Moreover Vanc, a glycopeptide antibiotic, has
exhibited a steady release from Glut-crosslinked gelatin microspheres (Nouri-Felekori et al., 2019).
Optimisation of the Glut or genipin concentration were also assessed to determine if the release of
Teic is dependent on the concentration of the crosslinker. Composite hydrogel pucks were
characterised by Fourier-Transform Infrared (FT-IR) spectroscopy, and the elution of the antibiotic
from the composite scaffold was tracked using a disk diffusion assay and high performance liquid
chromatography (HPLC). A mock trabecular bone model was filled with the Teic-loaded composite

hydrogel and assessed in the same manner as the composite hydrogel pucks.
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4.6 Materials and Methods

4.6.1 Bacterial Strains and Culture Preparation

Bacterial cultures and standards were prepared in the same manner as 2.3.1. The bacterial standards
used in this chapter were either used as they were (0.5 McFarland standard; 1 x 10’ CFU/ml) or diluted

in 1% Peptone/PBS and this was used in all microbiological assays unless specified.

4.6.2 Reagents & Mock Bone Preparation

Gelatin (Gel; Type A, bloom gel strength 300), Teic, Gentamicin (Gent), Vanc, Glut (Grade Il; 25% v/v
in H20), Gen, Trypsin and 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) were purchased
from Sigma Aldrich (Gillingham, UK). A 250 mM genipin stock was prepared in dimethyl sulfoxide
(DMSO) and refrigerated until required. All other reagents were prepared fresh on the day. Ultrapure,
medical-grade, water-soluble CS glutamate (Protosan UP G213) was purchased from Novamatrix
(Sandvika, Norway). Mock cancellous bone (130 mm x 180 mm x 40 mm) was obtained from
Sawbones™ (Malmo, Sweden). Mock bone was cut into 2 cm x 2 cm x 2 cm squares using a heated
hack saw. The samples were sterilised in the laminar flow and sprayed with 70% EtOH and left to dry.

Once dried, samples were aseptically transferred to a sterile container until ready for use.

4.6.3 Fabrication of Teic-Gel and Gel Hydrogels

All steps were performed in a laminar flow hood to ensure sterility of the hydrogel.

4.6.3.1 Teic-Glut-Gel and Glut-Gel Pucks

This preparation method has been adapted from Yang et al. (2018). A 20% (w/v) Gel stock was made
up in 10 ml of deionised H,0, heated up to 80 °C and allowed to dissolve. Once dissolved, the solution
was kept at 60 °C in a water bath until needed. A series of Glut (2, 1, 0.5 and 0.25% v/v) concentrations
were made up in 1 ml of HEPES (50 mM; pH 7.4) and 500 pl of each concentration was transferred
into a sterile bijou. A 500 pul aliquot of the 20% Gel solution was added to the bijous containing Glut to

give a final concentration of 10 % (w/v) Gel and 1, 0.5, 0.25 and 0.125% (v/v) of Glut. These hydrogels
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were quickly mixed prior to gelation and left to incubate at room temperature for 2 h to allow for
sufficient gelling. After incubation, the Glut-crosslinked hydrogels were immersed in 1 mlof a 0.1 M
glycine solution and left to incubate for 2 h at room temperature. This was done to block the residual
aldehyde groups on the Glut. The gels were washed with MGW twice and left at room temperature in
sterile containers until use. For the Teic-Gel hydrogels, Gel (25% w/v) was reconstituted in 8 ml of
deionised H,0, heated up to 80 °C and allowed to dissolve. Once dissolved, the solution was cooled to
60 °C and 2 ml of a 10 mg/ml solution of Teic in 50 mM HEPES (pH 7.4) was added to the Gel solution,
emulsified using a vortexer and left at 60 °C until needed. Crosslinking of the Teic-Gel hydrogel was

the same as the process mentioned above (4.6.3.1.1).

4.6.3.2 Teic-Gen-Gel and Gen-Gel Pucks

A 20% (w/v) Gel stock was made up in 10 ml of deionised H,0, heated up to 80 °C and allowed to
dissolve. Once dissolved, the solution was kept at 60 °C in a water bath until needed. A series of Gen
(10, 5, 2, and 1 mM) concentrations were made up in 500 pl of HEPES (50 mM; pH 7.4). A 500 pl aliquot
of the 20% Gel solution was added to the bijous containing Gen to give a final concentration of 10 %
w/v Gel and 5, 2.5, 1 and 0.5 mM of Gen. The hydrogels were quickly emulsified prior to gelation and
left to incubate at room temperature for 24 h to allow for sufficient gelling. After incubation, the Gen-
Gel hydrogels were left at room temp in sterile containers until use. For the Teic-Gel hydrogels, Gel
was reconstituted in 8 ml of deionised H,0 and allowed to dissolve. The solution was cooled to 60 °C
and 2 ml of a 10 mg/ml solution of Teic in 50 mM HEPES (pH 7.4) was added to the Gel solution,
emulsified using a vortexer and left at 60 °C until needed. Crosslinking of the Teic-Gel hydrogel was

the same as the process mentioned above (4.6.3.1.2).

4.6.4 Effect of Crosslinker Concentration on Teic Elution

This method has been adapted from Fang et al. (2020) and Matuschek et al. (2013). Teic-Glut-Gel and
Teic-Gen-Gel hydrogel pucks containing Teic were immersed in 1 ml of PBS from 2 h up to 7 days. At

each time point 1 ml samples were taken and transferred to a sterile centrifuge tube, stored at -20 °C
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and hydrogel samples were covered with 1 ml of fresh PBS. Once all the samples were collected, they
were defrosted and assessed using a disk diffusion assay. Briefly, an overnight culture of S. aureus was
standardised in PBS using the 0.5 McFarland Standard. BHIA plates were swabbed with the
standardised culture and sterile paper disks (6 mm) were placed on the surface of the agar. A 20 pl
aliquot of each sample was carefully placed on the paper disk and allowed to dry. Once dried, plates
were inverted and incubated for 24 h at 37 °C. The zones of inhibition (ZOl) were measured the next
day using Vernier callipers. Gent-Glut-Gel and Gent-Gen-Gel were used as controls and processed in

the same manner as above.

4.6.5 Trypsin Digestion of Teic-Gel Hydrogels

This method was adapted from Lancaster et al. (2015). Prepared Teic-Glut-Gel hydrogels were
immersed in 1 ml of PBS containing trypsin (750 U/mg) and incubated for 24 h at 37 °C with gentle
shaking (100 RPM) to allow for sufficient digestion of the hydrogel. After incubation, the antimicrobial
activity of the digested hydrogels was assessed using the disk diffusion assay as mentioned above

(4.6.4).

4.6.6. Fabrication of Teic-CS-Gel and CS-Gel Composite Hydrogels

4.6.6.1 Teic-CS-Gel and CS-Gel Pucks

A 50% (w/v) Gel and 5% (w/v) CS stock were made up in 100 ml of deionised H,0, heated up to 80 °C
and allowed to dissolve. The composite hydrogel was made by combining 4 ml of CS (5% w/v) and 4
ml of Gel (50% w/v) to either 2 ml of MGW or 2 ml of a 10 mg/ml stock of Teic to a final volume of 10
ml. The control hydrogels were made in a similar manner by combining either 4 ml of CS or Gel to 4
ml of MGW with 2 ml of MGW or 2 ml of a 10 mg/ml stock of Teic to a final volume of 10 ml. These
solutions were further diluted (1:2) in MGW to give a final concentration of 1 mg/ml Teic, 1% w/v of
CS and 10% w/v Gel. A small aliquot of Gen was added to the composite solution to achieve a final
concentration of 2.5 mM and 1 ml aliquots were quickly transferred to sterile bijous and allowed to

gel overnight at room temp.
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4.6.6.2 Injection of Teic-CS-Gel Hydrogel into a Mock Bone Model

The formation and crosslinking of the hydrogel were prepared in the same manner as 4.6.6.1. After
the addition of the crosslinker, 5 ml of the hydrogel was taken up with a syringe and carefully injected
into mock bone that had been wrapped in sterilised parafilm (see Appendix I). After the hydrogel was
injected into the mock bone, the samples were transferred into 50 ml sterile centrifuge tubes and
incubated for 24 h under ambient conditions, on a roller (60 RPM). Once the hydrogels in the mock
bone had set, the parafilm was carefully taken off the mock bone using sterile forceps, as

demonstrated in Appendix 1 and transferred to new 50 ml sterile centrifuge tubes.

4.6.7 Antibacterial Synergy Assessment of CS and Teic

Antibacterial synergy of Teic and CS were assessed using a checkerboard assay in a 96-well microtiter
plate and was adapted from Bajaksouzian et al. (1997). Both CS and Teic were tested at final
concentrations of 1-128 pg/ml. Double dilutions of both the antibiotic as well as the polysaccharide
were used for the assay according to the EUCAST recommendations for MIC testing. Aliquots (50 ul)
of 1% peptone/PBS were aseptically dispensed across all test wells prior to dilution. The
polysaccharide was serially diluted along the abscissa (rows), whilst the antibiotic was diluted down
the ordinate (columns). A series of Teic concentrations and a series of CS concentrations alone were
used as controls. A standard of S. aureus (0.5 McFarland standard) was made and diluted 1:10 with
1% peptone/PBS. A 100 pl aliquot of the diluted standard was dispensed into test and control wells to
give a final density of approx. 5 x 10° cfu/ml. The plates were incubated overnight for 24 h at 37 °C.
Fractional inhibitory concentrations (FICs) were calculated as the MIC of drug A (Teic) or B (CS) in
combination, divided by the MIC of drug A or B alone, and the FIC index was obtained by adding the
FICs. FIC indices (FICI) were interpreted as synergistic when values were < 0.5, indifferent when values

were > 0.5 to 4 and antagonistic when the values are > 4 (Bajaksouzian et al., 1997).
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4.6.8 Characterisation of the Crosslinked Composite Hydrogels loaded with
Teic using FT-IR

This method was adapted from Cassimjee et al. (2022). The chemical structure of Teic-CS-Gen-Gel,
Teic-CS-Gel, CS-Gen-Gel, CS-Gel hydrogels were assessed using FT-IR. Hydrogels were measured with
a Spectrum Two FT-IR Spectrophotometer (PerkinElmer, Massachusetts, USA) by collecting 5
accumulative scans/second in the 4000-600 cm™ region and using a lithium tantalate (LiTaO3) MIR
detector. The stage for the sample was cleaned with ethanol prior to analysis and a background
spectrum was obtained. The FT-IR spectra was scanned at 4 cm ! resolution and the signals were

averaged. The spectra obtained were plotted using Origin statistical software (Massachusetts, US).

4.6.9 In vitro release of Teic from Composite Hydrogels — HPLC Analysis

4.6.9.1 Composite Hydrogel Pucks

This method was adapted from Tsai et al. (2009). Teic-CS-Gel and CS-Gel hydrogel pucks were
immersed in 1 ml of PBS from 2 h up to 7 days. At each time point 1 ml samples were taken and
transferred to a sterile centrifuge tube, stored at -20 °C and composite hydrogel samples were covered
with 1 ml of fresh PBS. Once all the samples were collected, they were defrosted and assessed using
HPLC. The concentration of Teic released from the composite hydrogels was determined using a
ThermoFisher Vanquish HPLC system (ThermoFisher, Waltham, MA, US) coupled to a UV detector. The
separation was performed using an Agilent Eclipse AAA column (150 mm x 4.6 mm; 5 uM), at a column
temperature of 25 °C and a flow rate of 1 ml/min in a mobile phase consisting of water (HPLC grade
with 0.1% formic acid; mobile phase A) and acetonitrile (HPLC grade with 0.1% formic acid; mobile
phase B). The detection wavelength for UV was at 220 nm. A calibration curve of total Teic
concentrations in 95/5 % mobile phase A/B was constructed using twelve concentrations in the range
of 0.1-100 pg/ml. The concentration of Teic in the hydrogel samples was extrapolated using the peak

area of the Teic A2-2 component against the calibration curve.
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4.6.9.2 Composite Hydrogel in a Mock Bone Model

This method was adapted from Fang et al. (2020). The mock bone samples were immersed in 20 ml of
PBS from 2 h up to 7 days. At each time point, 1 ml samples were taken and stored at -20 °C and
hydrogel samples were covered with 1 ml of fresh PBS. Once all the samples were collected, they were

defrosted and assessed in the same manner as 4.6.9.1.

4.6.10 In vitro release of Teic from Composite Hydrogel — Disk Diffusion Assay

4.6.10.1 Composite Hydrogel Pucks

Teic-CS-Gel and CS-Gel hydrogel pucks were immersed in 1 ml of PBS from 2 h up to 7 days. At each
time point 1 ml samples were taken and transferred to a sterile centrifuge tube, stored at -20 °C and
composite hydrogel samples were covered with 1 ml of fresh PBS. Once all the samples were collected,

they were defrosted and assessed in the same manner as 4.6.4.

4.6.10.2 Composite Hydrogel in a Mock Bone Model

The mock bone samples were immersed in 20 ml of PBS from 2 h up to 7 days. At each time point, 1
ml samples were taken and stored at -20 °C and hydrogel samples were covered with 1 ml of fresh
PBS. Once all the samples were collected, they were defrosted and assessed in the same manner as

4.6.4.

4.6.11 Statistical Analysis

Unless stated otherwise, all experiments above were repeated three times in triplicate. All data were
subject to a normality test to ensure data were normally distributed. A one- or two-way analysis of
variance (ANOVA) or Kruskal-Wallis test was used, where appropriate, to test for statistical
significance using Graphpad Prism (Version 8; San Diego, CA, USA) with p < 0.05 regarded as being
statistically significant. When p < 0.05 was found, a Tukey or Sidak’s multiple comparisons post-test

was used between all groups. All data are expressed as the mean together with the standard deviation.
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4.7 Results

4.7.1 Effect of the Crosslinker Concentration on Teic Elution from Gel
Hydrogels

4.7.1.1 Glut Concentration

The impact of Glut concentration on the release of Teic from the Gel hydrogel was assessed using a
disk diffusion assay. Interestingly, it appears that Glut significantly affects the release of Teic from the
hydrogel when compared to the Teic-Gel control (Fig. 4.2; p < 0.0001) and it is clear that the release
of Teic from the Glut-crosslinked Gel is not concentration dependent. Conversely, Gent was
successfully released from the crosslinked Gel, and it was demonstrated that the release of Gent was

dependent on the concentration of the crosslinker (data not shown).
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Figure 4.2 Effect of Glut Concentration of the Elution of Teic from Gel Hydrogels. A 500 ul solution of Gel (20% w/v) and
Teic (2 mg/ml) in HEPES (50 mM; pH 7.4) was mixed with 500 ul of Glut (2, 1, 0.5 and 0.25 % v/v) and allowed to crosslink
for 2 h. Once allowed to crosslink, the remaining aldehyde groups were blocked using a 1 ml solution of 0.1 M glycine
and left to incubate at room temperature for 2 h. After incubation, hydrogels were washed twice with dH,0 and
immersed in a 1 ml solution of PBS from 2 h up to 7 days. At each time point, 1 ml samples were taken and stored at -20
°C and hydrogels were covered with 1 ml of fresh PBS. Once all the samples were collected, samples were defrosted and
used in a disc diffusion assay. Briefly, S. aureus was standardised in PBS using the 0.5 McFarland standard. BHIA plates
were swabbed with the standardised culture and sterile paper discs (6 mm) were placed on the surface of the agar. A 20
pl aliquot of each sample were carefully placed on the paper disk and allowed to dry. Once dried, plates were inverted
and incubated for 24 hours at 37 °C. The zones of inhibition (ZOI) were measured the next day using Vernier callipers. It
is clear that the elution of Teic is not dependent on the concentration of Glut. All data (mean + SD; N = 18) represent
pooled triplicate runs from 3 independent experiments. p < 0.0001 (****)
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4.7.1.2 Trypsin Digestion of Teic-Glut-Gel Hydrogel

From the results provided in 4.7.1.1 it was theorised that the antibiotic was trapped within the
hydrogel and so a trypsin digest was performed on the Teic-Glut-Gel pucks to determine if the
antibiotic still remained active once the hydrogel was digested. It was found that the digested Teic-
Glut-Gel did demonstrate antibacterial activity when compared to the undigested crosslinked Teic-Gel
and Teic-Gel control (Fig. 4.3). However, there was a significant reduction in the ZOlI when compared
to the Teic-Gel control (p < 0.0001), suggesting that the crosslinker is impacting the antibacterial

activity of the antibiotic.
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Figure 4.3 Evidence of Teic Recovery from Trypsinised Hydrogels. A 500 pl solution of Gel (20% w/v) and Teic (2 mg/ml)
in HEPES (50 mM; pH 7.4) was mixed with 500 pl of Glut (0.5 % v/v) and allowed to crosslink for 2 h. Once crosslinked,
the remaining aldehyde groups were blocked using a 1 ml solution of 0.1 M glycine and left to incubate at room
temperature for 2 h. After incubation, hydrogels were washed twice with dH,0 and submerged in a 1ml solution of
trypsin (750 U/mg) in PBS and incubated for 24 h at 37 °C with gentle shaking (100 RPM). After incubation, antimicrobial
activity was assessed using the disc diffusion assay and was performed and zones measured in the same manner as Fig
4.2. Itis clear that the antibiotic was trapped within the hydrogel. All data (mean + SD; N = 18) represent pooled triplicate
runs from 3 independent experiments. p < 0.0001 (****)
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4.7.1.3 Effect of the Gen Concentration on the Elution of Teic from Gel Hydrogels

The impact of Gen concentration on the release of Teic from the Gel hydrogel was assessed using a
disk diffusion assay. From what can be seen in Fig. 4.4, it is clear that Teic is eluting from the Gen-
crosslinked hydrogels and that the elution is a function of the Gen concentration. Using a Gen
concentration of 5 mM seems to restrict the release of Teic as no ZOIl was observed at any of the time
points tested. The concentrations between 2.5 and 1 mM not only permitted the release of Teic, but
it demonstrated a gradual release of the antibiotic. However, it does appear that the elution of the
antibiotic can be inconsistent given the variation in the size of the error bars and is particularly notable
with the lower concentrations of Gen. From the information provided in this assessment, future

elution studies will use a Gen concentration of 2.5 mM.
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Figure 4.4 Effect of Gen concentration on the elution of Teic from Gel Hydrogels. A. Gen-Gel hydrogels were formed by
combining a 20% gelatin (w/v) and 2 mg/ml Teic solution (500 pl) to various concentrations of Gen (5 — 0.5 mM) in HEPES
(500 pl). These were allowed to crosslink overnight. Once crosslinked, the hydrogels were immersed in a 1 ml solution
of PBS from 2 h up to 3 days. At each time point 1 ml samples were taken and stored at -20 °C and hydrogels were
covered with 1 ml of fresh PBS. Once all the samples were collected, samples were defrosted and used in a disc diffusion
assay. Briefly, S. aureus was standardised in PBS using the 0.5 McFarland standard. BHIA plates were swabbed with the
standardised culture and sterile paper discs (6 mm) were placed on the surface of the agar. A 20 ul aliquot of each sample
were carefully placed on the paper disk and allowed to dry. Once dried, plates were inverted and incubated for 24 hours
at 37 °C. The zones of inhibition (ZOl) were measured the next day using Vernier callipers. Gel hydrogels with Gen only
were used as controls (not shown here). B. Teic-Gen-Gel pucks casted in sterilised bijous (From the left: Teic-Gel, Teic-
Gen-Gel (0.5 mM), Teic-Gen-Gel (1 mM), Teic-Gen-Gel (2.5 mM), Teic-Gen-Gel (5 mM), Gen-Gel (5mM), Gen-Gel (2.5
mM, Gen-Gel (1 mM), Gen-Gel (0.5 mM), Gel). The release of Teic from the hydrogel pucks is dependent on the
concentration of Gen. All data (mean + SD; N = 18) represent pooled triplicate runs from 3 independent experiments
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4.7.2 Antibacterial Synergy of CS and Teic

To determine if CS had any antibacterial synergy with Teic a checkerboard assay was performed in a
microtiter plate and the MICs obtained after 24 h incubation at 37 °C. The checkboard assay (Table
4.1) yielded indifferent indices ( > 0.5) against all concentrations tested. Interestingly, the CS control

presented growth at all concentrations tested, with no inhibition observed.
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Table 4.1 Synergistic Activity of Teic and CS. Antibacterial synergy of Teic and CS were assessed using a checkerboard
assay in a 96-well microtiter plate. Both Teic and CS were tested at final concentrations of 1-128 pg/ml. Double dilutions
of both the antibiotic and the polysaccharide were used for the assay. Aliquots (50 pl) of 1% peptone/PBS were
aseptically dispensed across all test wells prior to dilution. A series of Teic concentrations and a series of CS
concentrations alone were used as controls. A standard of S. aureus (0.5 McFarland standard) was made and diluted to
give a final density of approx. 5 x105 CFU/ml. The plates were incubated overnight for 24 h at 37 °C. The FICl indicate an
indifferent result, no synergistic or antagonistic activity was observed. All data represent pooled triplicate runs from 3
independent experiments.

MIC (pg/ml) .
Agent FIC FICI Interpretation
Alone Combination
Teic 1 1 1
S. aureus 1.007 Indifferent
CS > 128 1 0.007
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4.7.3 FT-IR Analysis of Composite Hydrogels

The recorded FT-IR spectra of the Teic-CS-Gen-Gel (TCGG) and CS-Gen-Gel (CGG) displayed the
characteristic amine (NH) and hydroxyl (OH) stretching overlap at 3308 and 3298 cm?, respectively
due to the presence of water. Bands observed at ~1080 and 1036 cm™ (C-O stretching vibrations) are
typical of the CS polysaccharide structure (Fernandes Queiroz et al, 2014), whilst the band observed
at observed at 1552 cm™ showed a characteristic band of Gel, represented by a bending vibration of
NH and stretching vibrations of C-N groups (Das et al., 2017) (data not shown). A carbonyl (C=0)
stretch vibration at 1638 cm™and a slight increase in the OH bending vibrations at 1458 and 1464 cm’
1 respectively was observed for both crosslinked samples (CGG and TCGG) when compared to CS-Gel
(CG) only (Fig. 4.5) which had a less intense band at 1640 cm~%. However, there are little differences
observed overall, between the uncrosslinked and crosslinked samples. In the Teic powder spectrum
(Fig. 4.5A), the characteristic peaks of NH and OH stretching were present at 3262 cm™, 2926 and 2858
cm™ demonstrated C-H stretching of aliphatic groups, 1648cm™ indicated C=0 stretching and the
bands at 1510 and 1428 cm™ indicated aromatic C=C stretching (Amiri et al., 2020). Yet, interestingly,

no characteristic peaks of Teic were observed in modified hydrogel samples.
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Figure 4.5 Characterisation of the composite hydrogels using FTIR.

A. Teic Powder; B. CS-Gel (CG); C. CS-Gen-Gel (CGG);

D. Teic-CS-Gel (TCG) and E. Teic-CS-Gen-Gel (TCGG). It is evident that the addition of Gen results in an increase in the

intensity peaks at 1640 cm! and at 1458 and 1464 cm™.
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4.7.4. In vitro release of Teic from Composite Hydrogel Pucks

4.7.6.1 Disk Diffusion Assay

To determine the antibacterial activity of the composite hydrogel a disk diffusion assay was used.
Samples (20 pl) were taken at pre-determined time points, plated onto BHIA inoculated with S.aureus
and incubated for 24 h at 37 °C. As seen in Fig. 4.6 it is clear that all the Teic-modifed hydrogels
inhibited S.aureus. However, it appears that Teic-CS-Gen-Gel (Fig. 4.6A) had a lower ZOl at 2 h (12.7 +
3.83 mm) when compared to Teic-CS-Gel (Fig 4.6B), Teic-Gen-CS (Fig. 4.6D) and Teic-Gel (Fig. 4.6E)
which had ZOls of 16.4 + 3.69, 16.9 + 5.37 and 17 £ 0.82 mm, respectively. Teic-CS-Gen-Gel appears
to have similar ZOls across all time points tested, with only a moderate reduction in ZOI after 7 days
(7.26 £ 0.30 mm) when compared to 2 h (12.7 £ 3.83 mm). Teic-Gen-Gel also had similar ZOls over
the course of 3 days, indicating a steady release of Teic. However, no ZOls were observed after 5 and
7 days. As anticipated, the Teic-CS-Gel and Teic-Gel had a significant reduction in ZOI after 7 days (no
Z0I detected) when compared to 2 h (16.4 £ 3.69 and 17 + 0.82 mm; p < 0.0001). Interestingly, Teic-
Gen-CS had a similar release pattern to the uncrosslinked samples, with a decrease in ZOl observed

over time.
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Figure 4.6 In vitro release of Teic from Composite Hydrogel Pucks — Disk Diffusion Assessment. CS-Gen-Gel hydrogels
were formed by combining a 20% (w/v) Gel, 2% (w/v) CS and 2 mg/ml Teic solution (500 pl) to 2.5 mM Gen in HEPES (500
ul) giving a final concentration of 10% (w/v) Gel, 1% (w/v) CS and 1 mg/ml Teic. These were allowed to crosslink overnight.
Once crosslinked, the hydrogels were immersed in a 1 ml solution of PBS from 2 h up to 7 days. At each time point 1 ml
samples were taken and stored at -20 °C and hydrogels were covered with 1 ml of fresh PBS. Once all the samples were
collected, samples were defrosted and used in a disc diffusion assay. Briefly, S. aureus was standardised in PBS using the
0.5 McFarland standard. BHIA plates were swabbed with the standardised culture and sterile paper discs (6 mm) were
placed on the surface of the agar. A 20 pl aliquot of each sample were carefully placed on the paper disk and allowed to
dry. Once dried, plates were inverted and incubated for 24 hours at 37 °C. The zones of inhibition (ZOl) were measured
the next day using Vernier callipers. Hydrogels with Gen only were used as controls (not shown here). A. Teic-CS-Gen-
Gel; B. Teic-CS-Gel; C. Teic-Gen-Gel; D. Teic-Gen-CS; E. Teic-Gel. All data (mean + SD; N = 18) represent pooled triplicate
runs from 3 independent experiments. p < 0.0001 (****)
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4.7.6.2 HPLC Analysis

To further ascertain the antibiotic release ability of the hydrogels and to quantify the antibiotic
concentration, Teic released from the composite hydrogels were assessed using HPLC. It is clear that
the Teic-loaded composite (TCGG; Fig 4.7A) demonstrates a sustained release of the antibiotic when
compared to the uncrosslinked samples, with only 85.1 ug (8.5%) of the antibiotic released from TCGG
after 1 day. In contrast, TCG and TG had released 204.7 ug (20.4 %) and 202 ug (20.2%) of the antibiotic
after 1 day, respectively, and is indicative of a burst release. TGG had a slightly lower release profile
after 1 day, with only 61.3 ug (6.13%) released when compared to TCGG. After the incubation period,
most of the antibiotic remained within the TCGG hydrogel scaffold, with around 830 ug (83%) of the
antibiotic still present in the hydrogel after 7 days (Fig 4.7B). In addition, the TGG scaffold only released
around 127.5 pg, in total, with around 868.4 ug (86.8%) still within the hydrogel scaffold after 7 days
incubation. In contrast, TCG had 794 pg (76.4 %) and TG had 786 g (78.6 %) remaining after 7 days.
Interestingly, TGen-CS released more antibiotic than then uncrosslinked samples with only 675.3 pg

(67.5%) remaining after a week.
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Figure 4.7 In vitro release of Teic from Composite Hydrogel Pucks — HPLC Analysis. CS-Gen-Gel hydrogels were formed
by combining a 20% (w/v) Gel, 2% (w/v) CS and 2 mg/ml Teic solution (500 pl) to 2.5 mM Gen in HEPES (500 pl) giving a
final concentration of 10% (w/v) Gel, 1% (w/v) CS and 1 mg/ml Teic. These were allowed to crosslink overnight. Once
crosslinked, the hydrogels were immersed in a 1 ml solution of PBS from 2 h up to 7 days. At each time point 1 ml samples
were taken and stored at -20 °C and hydrogels were covered with 1 ml of fresh PBS. Once all the samples were collected,
samples were defrosted and the concentration of Teic was determined using HPLC. All data (mean + SD; N = 9) represent
pooled triplicate runs from 3 independent experiments. A. Average Teic release (ug/ml) B. Cumulative Teic release
(ng/ml)
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4.7.5. In vitro release of Teic from Composite Hydrogels in a Mock Bone

Model

4.7.7.1 Disk Diffusion Assay

Sawbones™ foams were utilised as a cancellous bone model, to assess how the hydrogel might release
the antibiotic when injected within the cancellous bone surrounding the implant. Mock bone cubes (2
cm x 2 cm) injected with the Teic-loaded composite hydrogel were immersed in PBS for 7 days at 37
°C and samples (20 ul) were taken at pre-determined time points, plated on to BHIA inoculated with
S. aureus and incubated for 24 h at 37 °C. It is evident that there is a difference in the initial release of
Teic between the crosslinked and uncrosslinked samples (Fig. 4.8). No ZOl was observed for Teic-CS-
Gen-Gel, Teic-Gen-Gel and Teic-Gen-CS after 2 h of incubation, whereas Teic-CS-Gel had a ZOl of 12 +
0.83 mm and Teic-Gel had a ZOl of 17.7 £ 2 mm. However, it is interesting to note that after 4 h, no
significant differences were observed between the ZOls of the crosslinked and uncrosslinked samples,

even up to 7 days.
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Figure 4.8 In vitro release of Teic from Composite Hydrogel in a Mock Bone Model — Disk Diffusion Assessment. CS-
Gen-Gel hydrogels were formed by combining a 20% (w/v) Gel, 2% (w/v) CS and 2 mg/ml Teic solution (500 pl) to 2.5
mM Gen in HEPES (500 pl) giving a final concentration of 10% (w/v) Gel, 1% (w/v) CS and 1 mg/ml Teic. The hydrogel
solution was injected into the mock bone and allowed to crosslink overnight. Once crosslinked, the hydrogels were
immersed in a 1 ml solution of PBS from 2 h up to 7 days. At each time point 1 ml samples were taken and stored at -20
°C and hydrogels were covered with 1 ml of fresh PBS. Once all the samples were collected, samples were defrosted and
used in a disc diffusion assay. Briefly, S. aureus was standardised in PBS using the 0.5 McFarland standard. BHIA plates
were swabbed with the standardised culture and sterile paper discs (6 mm) were placed on the surface of the agar. A 20
ul aliquot of each sample were carefully placed on the paper disk and allowed to dry. Once, dried, plates were inverted
and incubated for 24 hours at 37 °C. The zones of inhibition (ZOl) were measured the next day using Vernier callipers.
Hydrogels with Gen only were used as controls (not shown here). A. Teic-CS-Gen-Gel; B. Teic-CS-Gel; C. Teic-Gen-Gel; D.
Teic-Gen-CS; E. Teic-Gel (mean + SD; N = 18) represent pooled triplicate runs from 3 independent experiments.
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4.7.7.2 HPLC Analysis

To quantify the concentration of the antibiotic released from the hydrogel at the pre-determined time
points, HPLC was employed. After 2 h TCGG, TGG and TGen-CS had only released 8.9 ug (0.89%), 8.46
ug (0.85%) and 11.12 pg (1.11%) respectively after 2 h incubation (Fig 4.9A). Whereas TCG and TG
released 29.2 ug (2.92%) and 39.3 ug (3.93%), respectively during the first 2 h. This trend was still
observed after 1 day of incubation with TCGG releasing 43.2 ug (4.32%), TGG releasing 37.6 ug (3.76%)
and TGen-CS releasing 58.5 pug (5.85%). In contrast, the uncrosslinked samples released 75 ug (7.5%;
TCG) and 117 pg (11.7%; TG) of Teic after 1 day and is indicative of a burst release (Fig. ?B). It is worth
noting that after 1 day, no significant differences in the release of Teic were found between the
crosslinked and uncrosslinked samples, even up to 7 days (Fig. 4.9A) and concurs with the results
found in Fig. 4.8. However, there are differences between the crosslinked and uncrosslinked samples
when looking at the overall reduction of Teic from the starting concentration (Fig. 4.9B). After 7 days
most of the antibiotic remained within the crosslinked composite scaffolds, with TCGG having 856.6
ug (86%), TGG having 918.1 pg (92%) remaining and TGen-CS having 836 ug (84%) left. In contrast, the
uncrosslinked samples had released more of the antibiotic over the course of 7 days with only 798.4

ug (79.8%) and 753.4 ug (75.3%) remaining for TCG and TG, respectively.
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Figure 4.9 In vitro release of Teic from Composite Hydrogel in a Mock Bone Model — HPLC Analysis. CS-Gen-Gel
hydrogels were formed by combining a 20% (w/v) Gel, 2% (w/v) CS and 2 mg/ml Teic solution (500 pl) to 2.5 mM Gen in
HEPES (500 pl) giving a final concentration of 10% (w/v) Gel, 1% (w/v) CS and 1 mg/ml Teic. The hydrogel solution was
injected into the mock bone and allowed to crosslink overnight. Once crosslinked, the hydrogels were immersed in a 1
ml solution of PBS from 2 h up to 7 days. At each time point 1 ml samples were taken and stored at -20 °C and hydrogels
were covered with 1 ml of fresh PBS. Once all the samples were collected, samples were defrosted and the concentration
of Teic was determined using HPLC. All data (mean + SD; N = 9) represent pooled triplicate runs from 3 independent
experiment. A. Average Teic release (ug/ml) B. Cumulative Teic release (ug/ml)
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4.8 Discussion

Reducing the risk of infection due to contamination of implanted materials continues to be a research
priority in contemporary material science research (Britton et al., 2022). The covalent grafting of
suitable antimicrobials was seen as a potential solution to minimise the risk of PJI. However, the work
presented in Chapter 3 found that, immobilising the glycopeptide antibiotic Teic was not a feasible
option at this time. Therefore, formulating ways to deliver the antibiotic either on or around the
biomaterial might be a more suitable alternative and so further work examined the controlled release
of Teic since it has not only displayed great antibacterial activity but also biocompatibility, as seen in
Chapter 2. One of the ways this could be done is by entrapping Teic in a hydrogel matrix. Hydrogels
can be very useful in engineering antibacterial surfaces for the prevention of PJI. They are a class of a
highly hydrated biomaterials, produced by either natural or synthetic biopolymers with many being
biocompatible. In addition, they can be designed to have mechanical properties similar to living tissue
and have been used in a variety of applications including treatment of chronic and traumatic wounds,
drug delivery and surface coatings for implants (Yu et al., 2021; Rodriguez-Rodriguez et al., 2020). The
aim of this chapter was to encapsulate Teic in a CS-Gel hydrogel composite using Gen as a crosslinker

for the controlled and steady release of the antibiotic.

Initial investigations were used to determine the release characteristics of Teic from a chemically
crosslinked Gel and to optimise the concentration of the crosslinker. Glut was first used over the
course of this work due to it being the most commonly used and inexpensive chemical crosslinker for
the formation of Gel hydrogels and sponges (Yang et al., 2018). It was found that no Teic was released
from all Glut concentrations tested (1, 0.5, 0.25 and 0.125%), suggesting that the antibiotic was either
trapped or bound to the crosslinker in some way. To confirm if Teic was trapped, Gent was used as a
control antibiotic as it is known to release from Glut-crosslinked Gel hydrogels (Sivakumar &
Panduranga, 2002; Chang et al., 2003). In contrast to what was observed with the Teic-Glut-Gel, Gent

was able to release at a steady rate from the Glut-Gel (data not shown) confirming that Teic was
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indeed trapped in crosslinked hydrogel matrix. It is possible that Teic was trapped within the
crosslinked hydrogel due to the physical and chemical properties of the hydrogel matrix. Despite
chemical crosslinking being able to stabilise the hydrogel and prevent degradation, it also forms these
small pores of spaces which act as a reservoir for the antibiotic molecules. It is possible the antibiotic
size could impact the release of the antibiotic and given that Teic is a relatively large molecule (MW:
1879.7) when compared to Gent (MW: 477.6) it is likely that Teic is “trapped” in these small pores. It
is also conceivable that the Teic has reacted in some way with the crosslinker, compromising either
the release or the antibacterial activity of the antibiotic. So, to determine if the antibiotic was trapped
within the matrix of the hydrogel, a trypsin digest was employed. After immersing the Teic-Glut-Gel
hydrogel in a 0.05% Trypsin solution for 24 h at 37 °C, the digested samples were used in a disk
diffusion assay. It was found that the digested Teic-Glut-Gel hydrogel did demonstrate antibacterial
activity when compared to the Teic-Glut-Gel control, suggesting that the antibiotic was trapped within
the hydrogel matrix (Fig. 4.2). However, when compared to the digested Teic-Gel there was a
significant reduction in antibacterial activity, indicating that that Glut was interacting with the
antibiotic in some way. While there is currently no literature available regarding the interaction
between Teic and Glut, it has been hypothesized that the effect of Glut on biomolecules may vary
depending on the concentration of the crosslinker.When Chui & Wan (1997) used Glut to crosslink
trypsin they had found that the enzymatic activity was inversely proportional to the concentration of
Glut used. At high Glut concentrations, a great extent of intramolecular crosslinking occurs and could
lead to distortion of the enzyme structure. The distortion of the structure could reduce the biological
activity of the enzyme (Chui & Wan, 1997; Migneault et al., 2004). This could very well explain what
has been observed with the trypsin digest of the Teic-Glut-Gel. However, more work would need to

be done to greater understand this interaction.

Whilst Glut might be an inexpensive and rapid crosslinking agent, it is clear that the excessive
crosslinking impacts on the release and biological activity of Teic and so work moved towards using
Gen as a crosslinker. Gen is a naturally occurring crosslinker and has been used extensively in the
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biomedical field due to its excellent biocompatibility, biodegradability and stable crosslinked
attributes (Yu et al., 2021; Mi et al., 2002; Chang et al., 2004). This is one of the few reports that utilises
Gen as a means to control the release of Teic from a Gel-based hydrogel. Various concentrations of
Gen (5, 2.5, 1,0.5 mM) were used to determine what concentration would be optimal for the steady
and consistent release of Teic. As seen in Fig. 4.4, the bound antibiotics released more quickly from
0.5 mM Gen, with a bulk release observed after 1 day and the ZOI declining after 2 and 3 days
incubation. However, when looking at the 1 and 2.5 mM concentrations there are only slight
differences in release, with the 1 mM having a marginally larger ZOl on average in comparison to using
2.5 mM. It was noted that the release from the 1 mM genipin crosslinked Gel did appear to slightly
increase after 1 day and then gradually decline. Yet, the 2.5 mM crosslinked gel appeared to have a
consistent release cross 2 days. However, there was no release after the third day, this could be due
to inconsistent elution as it was likely that some of the antibiotic was still within the hydrogel. Despite
the last day not showing any elution, due to the consistency of the release shown within the first two
days of incubation, the work moving forward used a 2.5 mM concentration of genipin and the

incubation time of the hydrogel was increased to 7 days.

Despite the stability of the crosslinked Gel hydrogel, it has been noted within the literature that the
hydrogels tend to be elastic and mechanically soft, making the polymeric scaffold difficult to handle
(Saha & Tayalia, 2022). From a qualitative observation the crosslinked Gel scaffold was more pliable,
however little pressure was needed to compromise the hydrogel structure, highlighting the need to
further improve the mechanical strength and stability of the hydrogel. It has been reported that the
combination of Gel with the natural polysaccharide, CS could enhance the overall performance of the
hydrogel, leading to improved biocompatibility and stability (Georgopoulou et al., 2018; Chiono et al.,
2008). Moreover, it could even improve the antibacterial activity characteristics of the hydrogel with
CS and its derivatives demonstrating antibacterial synergy with a variety of antibiotics (Tin et al., 2010).

Therefore, this package of work looked into designing a composite hydrogel scaffold using Gel and CS.
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Prior to assessing the composite hydrogel, it was important to determine if CS could impact the
antibacterial activity of Teic, given that CS appears to have antibacterial properties and has
demonstrated synergy with antibiotics (Tin et al., 2010). A checkerboard assay was used to assess any
synergy between the two components, the first time such an investigation has been performed. It was
found that the FIC revealed indifferent indices, with no synergistic or antagonistic activity observed.
Interestingly, CS displayed no antibacterial activity against S. aureus and was comparable to the
growth control. Yet, within the literature it is strongly suggested that CS displayed antibacterial activity
against S.aureus. However, this could very well be dependent on the type of CS used. Moreover, a
couple of studies found that the antibacterial activity of CS glutamate is dependent on not only the
deacetylation percentage and molecular weight, but it is also dependent on the CS concentration, pH
of the medium and temperature (Roller & Covill, 1999; Roller & Covill, 2000). The activity can also be
dependent on the type of organism and strain used. Despite the lack of antibacterial activity displayed
from CS, it is beneficial to know that the polysaccharide does not impact on the antibacterial efficacy

of Teic.

To observe the characteristics of the crosslinking mechanism of Gen with the CS-Gel hydrogel, FTIR
was used. The FTIR spectra of non-crosslinked CS-Gel, Teic-loaded CS-Gel and the crosslinked
counterparts are shown in Fig. 4.5. All samples had broad characteristic adsorption bands between
3260-3310 cm™ due to the partial overlapping of amine and hydroxyl group stretching vibrations. The
bands observed at ~1080 and ~1036 cm™ (C-O stretching vibrations) for CS-Gel, CS-Gen-Gel and Teic-
CS-Gel are typical of the CS polysaccharide structure, whereas the bands observed at 1550-1565 cm
for all hydrogel samples, are characteristic of Gel and are represented by a bending vibration of NH
and stretching vibrations of C-N groups (Fernandes Queiroz et al, 2014; Merina Paul Das et al., 2017).
It was noted that there was a slight increase in C=0 stretch vibration found at 1638 cm™ and in the OH
bending vibrations at 1458 and 1464 cm™ for the CS-Gen-Gel and Teic-CS-Gen-Gel samples, indicating
the formation of a secondary amide. This could be due to the reaction between the primary amino

groups in CS and Gel reacting with the ester group of Gen (Fig 4.5C & E), when compared to the CS-
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Gel only (Fig 4.5B) which has a less intense band at 1640 cm™. However, there are little differences
observed overall, between the crosslinked and non-crosslinked samples. This could be due to the
concentration of the crosslinker. A similar observation was found by Chiono et al. (2008) who were
using Gen to crosslink Gel/CS scaffolds for biomedical applications. When observing the functional
group changes within the FTIR analysis, it was found that the detection of these changes in the band
intensities was dependent on the concentration of the crosslinker, with higher concentrations
demonstrating an increasing change in the band intensity and a slight shift in the bands typical
position, whereas the hydrogels crosslinked with a low concentration of Gen had no noticeable
changes in the band intensities, nor no noticeable shift when compared to the non-crosslinked
samples. However, what was interesting to note was the absence of characteristic Teic peaks for the
Teic-loaded hydrogel samples, when comparing against the Teic powder, nor was there any decrease
or shifts in the typical absorption bands for the composite hydrogel.The lack of distinct Teic signals
within the hydrogel spectra could be due to FTIR limitations in detecting well-dispersed Teic molecules
or when using a low concentration of the antibiotic. This observation is in agreement with Vlasceanu
et al. (2020) who encountered the same issue when attempting to detect graphene oxide (GO) in a
CS-Gel hydrogel scaffold. It was found that even when increasing the concentration of GO, the addition
of the oxide did not alter the spectra of the hydrogel. However, the lack of an adsorption shift, or
increase in peaks could also support the idea that the antibiotic is well dispersed throughout the

hydrogel matrix.

To determine the antibacterial activity of the Teic-loaded composite hydrogel, a disk diffusion assay
was used. It is clear that the release profile of the antibiotic varied between the hydrogels (Fig.4.6).
The hydrogels without genipin displayed a decreasing trend in ZOlI, the longer the incubation period,
whereas Teic-CS-Gen-Gel and Teic-Gen-Gel demonstrated a sustained release over the course of 7
days. However, it is interesting to note that the Teic-loaded CS hydrogel, crosslinked with Gen,
displayed a decreasing trend in ZOIl and was comparable to the non-crosslinked samples (Fig.4.6D).
Moreover, this observation was seen when quantifying the Teic concentration in the hydrogel samples
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using HPLC (Fig. 4.7). Unlike the other crosslinked samples, which had only released 170 ug (Teic-CS-
Gen-Gel) and 127.5 pg (Teic-Gen-Gel), Teic-Gen-CS had released an average of 324.7 ug after 7 days
of incubation. Interestingly, these results differ from what has been found in the literature. A study by
Wu et al. (2014) had found that the release of Gent from the Gen-crosslinked CS hydrogels was
sustained for up to 500 h. A more recent study has loaded Gen-crosslinked CS with a variety of
antibiotics (tetracycline, amoxacillin, and cefuroxime) and assessed the elution of the antibiotics over
the course of 200 h. It was found that all the antibiotics displayed a sustained elution over 8 days,
moreover, tetracycline only had around 30% of the antibiotic remaining after 200 h (Andrade del Olmo
et al., 2022). However, the dissimilarity in the results could be explained by the concentration of Gen
used to crosslink the CS hydrogel. Most studies tend to use around 2.5% (w/v), whereas in this
particular study, the Gen concentration is equivalent to 0.00006% (w/v) and this could impact the
crosslinking degree of the CS hydrogel. Yet, it was evident that using a high concentration of Gen could
impact the release of Teic (Fig. 4.4) when used in the composite. Moreover, the type of CS used, and
the temperature could affect the gelation kinetics and stability of the hydrogel (Mwale et al., 2005;
Szymanska & Winnicka, 2014). Another notable observation is that the Teic-Gen-Gel hydrogel, had a
marginally slower release rate of Teic than the Teic-CS-Gen-Gel. It has been found in the literature
that crosslinked Gel tends to be more mechanically stable than crosslinked CS (Chiono et al., 2008).
However, there appears to be a higher crosslinking degree in the Teic-Gen-Gel, resulting in not only a
lower release rate of Teic, but also a release of Teic at an inconsistent rate as seen in Fig. 4.6B. This
inconsistency in the rate of release could encourage the reattachment of bacteria onto the implant
surface and so it is important that the diffusion of the antibiotic through the hydrogel is sustained.
However, when the polymers are combined, the rate of release is not only steady but continuous and
highlights the potential applications of composite hydrogels in controlling the release of antimicrobial

agents.

Despite the previous chapters looking into creating a coating for the implants used in TJA, this chapter
has focussed on creating a hydrogel that can be injected into an open porous scaffold which could
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include trabecular bone, surrounding the implant, as the hydrogel coating might be impacted by the
physical implantation of the prosthesis. Therefore, a cancellous bone model was used to assess the
elution of Teic from the hydrogel scaffold. The mock cancellous bone (2 cm x 2 cm x 2 cm) was injected
with 5 ml of the composite hydrogel containing 1 mg/ml of Teic and after gelation, was subsequently
immersed in 20 ml of PBS for 7 days. It was found that the elution profile of Teic-CS-Gen-Gel and Teic-
Gen-Gel was similar to that of the hydrogel pucks, with around (856 pug) 86% and (918 pug) 92% of the
antibiotic remaining within the composite scaffolds, respectively, suggesting a slow and stable release
(Fig.4.9B). Moreover, there was no significance between the ZOls across all time points tested, further
highlighting a stable release profile (Fig. 4.8A). In contrast, the uncrosslinked samples had released
more of the antibiotic over the course of 7 days with only 798.4 ug (79.8%) and 753.4 pug (75.3%)
remaining for Teic-CS-Gel and Teic-Gel, respectively (Fig. 4.9B). While this is one of the few studies
that have examined the injection of an antibiotic-loaded hydrogel into cancellous bone, there are
other studies that have applied antimicrobial coatings to bone, and their conclusions align with the
results presented in this study. When netilmicin was impregnated onto cancellous bone only 30% of
the adsorbed antibiotic was released after 24 h. Moreover, the antibiotic was still eluting from the
bone for up to 6 weeks in PBS. However, the concentrations observed after 20 days were below the
MIC for the antibiotic (Witso et al., 2009). Whereas the composite hydrogel used in this study
demonstrated a controlled-release of the antibiotic from the mock bone model, with the antibiotic
releasing ~20x the MIC over 7 days. A more recent study designed a photo-crosslinkable hydrogel that
incorporated quaternary ammonium compounds for use in femoral fractures (Liu et al., 2023). It was
found that the hydrogel demonstrated good antibacterial activity against S. aureus and MRSA in vitro.
Moreover, the in vivo studies had found that the QAS-modified hydrogel scaffolds had almost
completely vanquished S. aureus on day 42 in the infection model, further highlighting the potential

of antimicrobial-loaded hydrogels in preventing PJI.
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4.9 Conclusions

The findings presented support the potential of using an antibiotic-loaded composite hydrogel for the
prevention of PJI. Initial studies looked into optimising the crosslinker and the concentration of the
crosslinker using a Gel-based hydrogel scaffold. Through this, it was determined that using 2.5 mM of
Gen would be optimal for use to crosslink the composite scaffold. Prior to assessing the composite
hydrogel, an antimicrobial synergy assay was used to determine if CS would impact the antibacterial
efficacy of Teic. Despite CS not having any notable antibacterial activity, it did not impede the
antibacterial efficacy of Teic. The composite hydrogels were characterised using FTIR and composite
scaffolds displayed antibacterial activity over the course of 7 days. Moreover, the release of the
antibiotic was steady and consistent when looking at both the hydrogel pucks and cancellous bone
model. To conclude, this proof-of-concept demonstrates the potential of a CS-Gel composite hydrogel

scaffold loaded with Teic as a means to reduce the incidence of PJI.
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Chapter 5 Discussion & Future Work

5.1 General Discussion

TJA is a highly effective procedure in relieving pain and disability associated with advanced joint
disease. However, approximately 1-2% of arthroplasties fail due to periprosthetic joint infection (PJI)
and require replacement. While revision arthroplasty has a high success rate, the procedure increases
the risk of reinfection, prosthetic complications, further revisions, and high costs (Kunutsor et al.,
2016; Orapiriyakul et al., 2018). With an increase in primary arthroplasties being performed, longer
life expectancies, and an increasing healthcare burden due to OA, finding solutions that improve the
longevity of TJAs is crucial. Therefore, the work presented in this thesis was focused on the
development of an antibacterial Ti coating through either, the physical modification of Ti or by

formulating an antibiotic-loaded hydrogel which could be applied around the implant.

First, the immobilisation of Teic, a glycopeptide antibiotic, onto a PDA-modified Ti disc was reported.
Initial studies determined the osteocompatibility of Teic with MG63 osteoblasts by exposing the
antibiotic to the cell line in combination with FHBP and 1,25D. It was noted that the antibiotic alone
had no impact on MG63 ALP expression, yet when in combination with 1,25D and FHBP there was a
significant increase in ALP activity, when compared to FHPB and 1,25D alone. How the combination of
the antibiotic with the LPA analogue and 1,25D results in a synergistic response in ALP expression
remains unclear and there is currently no published work that has observed this phenomenon.
Evidence of Teic to remain biologically active whilst bound to a surface was assessed by using CNBR-
activated Sepharose. The results demonstrated a significant reduction in S. aureus viability (= 3-log
reduction) at both concentrations tested (25 and 50 pg/ml), suggesting that Teic retains its biological

activity when bound to a surface.

In realising the physical modification of Ti with Teic, the application of a PDA thin film following an

earlier report by Wang and colleagues (2017) was considered. In their study, they developed a Teic-
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CSP using PDA to capture the antibiotic onto iron oxide particles. In this thesis, the formation of a PDA
film was carried out under static conditions using a mildly alkaline solution (10 mM Tris-HCI; pH 8.5)
to start the polymerisation process of DHC into PDA. Different parameters were studied to optimise
the PDA deposition process and it was confirmed that the deposition of a PDA film was a function of
incubation time, buffer type and temperature. Despite this, the attachment of Teic onto the PDA-
modified Ti was not impacted by these changes in parameters as confirmed by the LIVE/DEAD assays.
Moreover, the growth and attachment of S. aureus was not impacted by the PDA-modified Ti when
compared to bare-Ti, despite a couple of studies in the literature alluding to PDA films deterring the
attachment of bacteria (Patel et al., 2018; Su et al., 2016). However, the difference in the antifouling
activity could be due to a variety of factors such as the material used and the surface roughness, as
discussed in Chapter 2. The PDA-modified Ti discs were functionalised with Teic and subsequently
exposed to S. aureus for 4, 8 and 24 h at 37 °C. A significant reduction in bacterial attachment on the
Teic-PDA-Ti discs, compared to the control discs (PDA-Ti and Ti) was observed and concurs with what
has been found within the literature when assessing the antibacterial activity of Vanc covalently
attached to Ti (Antoci et al., 2007; Antoci et al., 2008). Interestingly, the Ti discs with Teic adsorbed to
the surface also displayed significant antibacterial activity and was comparable to the antibacterial
activity observed with Teic attached to PDA-modified Ti, indicating that the antibiotic could readily

adsorb onto the Ti surface without the need of an intermediate crosslinker.

The antibacterial activity observed from the control Teic-Ti discs in Chapter 2 was confirmed in Chapter
3 by steeping Tidiscs in a solution of Teic (500 pug/ml) and exposing the Teic-modified discs to S. aureus
for 24 h at 37 °C. As found in Chapter 2, the Ti discs steeped in Teic only exhibited significant
antibacterial activity, when compared to bare Ti. The modified Teic-Ti surface was then chemically
characterised by XPS analysis to determine if Teic is indeed present on the biomaterial. Accompanying
changes in the atomic composition of the surface was noted; specifically, an increase in Cl- peaks and
a decrease in Ti and O; peaks over time (Table 3.1; Chapter 3), indicative of Teic coating the surface of
Ti. Furthermore, this suggested that Teic might be binding to the oxide layer, TiO,, which naturally
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forms on the surface of titanium. This naturally occurring surface finish has been found to have an
affinity for glycopeptides (Sheng et al., 2013) and given that Teic is a glycopeptide, this phenomenon
most likely explains the affinity that the antibiotic displayed for the Ti surface. It was for this reason

that the interactions of Teic with TiO, were assessed.

To corroborate that Teic could indeed bind to TiO,, a mixture of rutile and anatase titania was exposed
to an aqueous solution of Teic and antibiotic binding to TiO, monitored using a BCA reagent.
Adsorption of the TiO, was rapid, with ~ 90% of the antibiotic bound to the oxide after only 5 min of
incubation (Fig. 3.3). In addition, there was little change in the adsorption across all time points tested,
which would suggest that adsorption of Teic plateaued around 5 min. This observation was supported
by the QCM measurements. Furthermore, the Teic-TiO; interaction displayed great durability to
washing and was able to remain bound to the oxide after 7 days incubation under neutral conditions.
The attachment of the antibiotic to the oxide was also thermally stable, with disassociation of Teic
from the Ti surface only occurring at temperatures greater than 250 °C. However, when the Teic-
modified Ti discs were subjected to a mock bacterial culture, the conditioned media displayed
antibacterial activity, indicating that the antibiotic was eluting into the medium. This was further
confirmed by subjecting the conditioned Teic-Ti discs to S. aureus for 24 h at 37 °C. The conditioned
Teic-Ti discs supported the growth of S. aureus and was comparable to the control Ti after 24 h
incubation. This further confirmed that the antibiotic was eluting from the Ti surface and was the
reason why the functionalised Ti surface was able to deter the attachment of S. aureus in previous
experiments. Subsequently, it was found that phosphate could quickly displace Teic from the Ti discs
and also compromise the binding of Teic to titania and is most likely due to the anions affinity to the
oxide (Zhao et al., 2008). Whilst the facile adsorption of Teic might be a convenient solution towards
the development of antibacterial surfaces, it was evident that the Teic-TiO, interaction was
compromised by physiological phosphate (~ 1 mM) and is therefore not an ideal option towards

tackling this issue of PJI as there could be a burst release of the antibiotic into the surrounding area

159



and this would leave the implant surface susceptible to re-attachment by surviving bacteria. An

alternative strategy was needed, and so the covalent grafting of Teic to Ti was reconsidered.

There was a recent technology developed that utilised IONPs to immobilise Teic for the local delivery
of the antibiotic (Armenia et al., 2018). Using APTES and EDC/NHS chemistry, the group purportedly
anchored Teic onto the IONPs using the carboxyl functional group on Teic, the result of which
produced a material that displayed great antibacterial activity, as mentioned in Chapter 3. The group
kindly provided the modified IONPs, and these were subjected to an antibacterial assessment to
determine the efficacy of the Teic-modified IONPs. The nanoconjugated antibiotic demonstrated
significant antibacterial activity when compared to bare IONPs and the S. aureus control (Fig. 3.10). In
addition, the reduction in bacterial viability was similar to that of free Teic. Interestingly, when
assessing the storage buffer for antibacterial activity, the reduction in bacterial viability was
comparable to the Teic- modified IONPs, suggesting that the antibiotic was eluting into the buffer.
This was confirmed by conditioning the Teic-IONPs in the bacterial culture medium and exposing the
conditioned media to S. aureus after 24 h incubation. Qualitatively, it was found that the conditioned
media recovered from the Teic-IONPs inhibited bacterial growth, supporting the observations made
from the IONP storage buffer. Moreover, the conditioned Teic-IONP and controls were subsequently
exposed to S. aureus to determine if the modified IONPS retained any antibacterial activity, and it was
found that a moderate loss of antibacterial activity was observed (Fig. 3.11). Given the affinity of Teic
for TiO2 it is likely that the antibiotic will also bind to iron oxide. Based on the results outlined in
Chapter 3 it is proposed that a significant proportion of Teic naturally binds to the IONPs regardless of
the steps taken to target the carboxyl group of Teic using EDC/NHS chemistry. In doing so Armenia et
al. (2018) could have inadvertently generated a passively modified IONP material. Perhaps the same

is true for the Teic-modified magnetic nanoparticles developed by Wang and colleagues (2017).

It was clear that overriding the natural affinity of Teic to TiO, would be especially challenging in the

development of a more robust antibacterial surface. Before considering any strategy aimed at
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covalently grafting Teic to Ti it was important to ascertain if a commercially available Teic-CSP could
exhibit antibacterial activity. Initial studies utilised genipin to monitor the interactions of the
tripeptide, N-acetyl-L-lys-D-ala-D-ala and TSP and found that the tripeptide was able to bind with the
Teic-CSP. As anticipated, the binding between the Teic-CSP and the tripeptide was compelling, with
the sample supernatants having undetectable levels of the tripeptide within 30 min. In contrast, the
control silica particles did not interact with the tripeptide and the recovered supernatants produced
a deep blue pigment on exposure to genipin, thereby indicating that tripeptide was retained in the
incubating solution. However, whilst being able to confirm the functionality of the TSP, the same
material did not demonstrate antibacterial activity against S. aureus. The equivalent of approximately
680 pg/ml of Teic was bound to the silica and demonstrated no antibacterial activity when exposed to
S. aureus. Normally, there is a significant reduction in bacterial viability when S. aureus is exposed to
50 pg/ml of free Teic (as seen in Chapter 2). The results obtained from the Teic-CSP experiment
contradict those presented in Chapter 2 involving CNBr-activated Sepharose support. Antibacterial
activity against S. aureus was observed when Teic was applied to the activated Sepharose. Unlike the
impermeable silica shells of the Teic-CSP, Sepharose is a porous matrix that is commonly used for size
exclusion chromatography. It is believed that Teic may have penetrated the pores of the Sepharose

and subsequently released during the bacterial culture period.

Overall, the information gathered in Chapter 3 conflicts with other studies that report on the
successful, covalent immobilisation of Teic and other glycopeptide antibiotics onto Ti and IONPs. As
with the IONPs above, the techniques used to immobilise Teic to Ti used APTES, followed by NHS-EDC
chemistry in order to bind the carboxyl group of Teic to the amine at the metal surface. However,
many of these studies do not provide any physiochemical evidence, such as XPS, to confirm that the
antibiotic was tethered to the metal surface through the proposed mechanism of binding. Moreover,
none of those studies provided any evidence regarding the robustness of the interaction between the
antibiotic and the substrate surface by performing mock bacterial cultures or leaching studies. It is
clear that the antibacterial activity observed in Chapter 3 was coming from the antibiotic eluting into
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the culture media. The phosphate present in the culture medium used in the experiment was most
likely promoting the elution of the antibiotic from the metal surface. In contrast, the covalently bound
Teic, used in chromatographic applications bound well to the tripeptide, yet displayed no antibacterial
activity against S. aureus. Suggesting that direct immobilisation of the glycopeptide antibiotic to a

biomaterial surface is not a viable option.

In light of the findings presented, an alternative solution to minimising PJI could include the controlled
elution of Teic at or around the implanted device using a biocompatible, resorbable hydrogel system.
Therefore, the research focus for Chapter 4 looked at creating a hydrogel scaffold to control the
release of Teic. First, studies looked into the release profile of Teic from a chemically-crosslinked
gelatin hydrogel and optimisation of the crosslinker concentration. Glutaraldehyde was initially used
over the course of this study due to it being a commonly used and inexpensive crosslinker for the
formation of gelatin hydrogels (Yang et al., 2018). Despite Gent successfully releasing from the glut-
crosslinked hydrogels (data not shown), no Teic was released from any of the Glut-crosslinked
hydrogels tested, suggesting that the antibiotic was either trapped or bound to the chemical
crosslinker. A trypsin digest performed on the Teic-loaded Glut-Gel hydrogels confirmed that the
antibiotic was indeed trapped within the hydrogel, yet the antibacterial efficacy was reduced when
compared to a digested Teic-Gel control. This reduction in efficacy could be due to intramolecular
crosslinking of Glut (as discussed in Chapter 4), however more would need to be done to further
understand this interaction. In realising the difficulty of using Glut as a crosslinker for the steady
release of the glycopeptide antibiotic, genipin, a naturally derived crosslinking agent was used given
its excellent biocompatibility, biodegradability and stable crosslinked attributes (Yu et al., 2021; Mi et
al., 2002; Chen et al., 2004). It was found that Teic release from the Gen-crosslinked hydrogels was a
function of concentration and a concentration of 2.5 mM appeared to provide a consistent and steady

release of Teic.
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A hybrid hydrogel system was also considered for the controlled release of Teic. CS was paired with
Gel following reports that it exhibited antibacterial activity and could even synergise with some
antibiotics in reducing bacterial viability. Initial experiments examined the antibacterial efficacy of Teic
in the presence of CS and so a checkerboard assay was performed to assess any antibacterial synergy
between the two components. It was found that the FIC yielded indifferent indices across all
concentrations tested, with no synergy occurring between the two components. This is the first time
synergy between Teic and a CS derivative have been explored. Interestingly, no antibacterial activity
was detected in CS and the growth present in the wells were comparable to the growth control. The
findings in Chapter 4 conflicts with other studies that have reported on the synergistic activities of CS
with other antibiotics. However, it is well known that the antibacterial activity of CS is dependent on
a variety of factors including, the type of CS used, deacetylation percentage, molecular weight of CS,
concentration of the polysaccharide and pH, among other factors (Roller & Anagnostopoulos, 1999;
Roller and Covill, 2000) and could explain the differences found in Chapter 4. Despite the lack of
antibacterial activity from CS it was beneficial to know that it would not impede on the antibacterial

activity of the antibiotic.

To characterise the crosslinking mechanism of genipin with the CS-Gel composite FT-IR was used.
Typical peaks of CS and Gel were observed, along with an increase in the C=0 stretching vibration
found at 1638 cm™ and in the OH bending vibrations found at 1458 and 1464 cm™ noted in the Teic-
CS-Gen-Gel samples, suggesting the formation of an amide due to the reaction between gelatin and
CSinteracting with the crosslinker. However, no Teic peaks were detected in any of the samples which
could be due to the low concentration of the antibiotic within the samples, as discussed in Chapter 4.
The antibacterial activity of the hydrogel was then assessed by immersing the hydrogel pucks in PBS
and subjecting the supernatant to a disk diffusion assay. The Teic-loaded composite hydrogel pucks,
crosslinked with genipin displayed good and consistent inhibition of S. aureus over the course of 7-
days in comparison to the uncrosslinked hydrogels which demonstrated a decrease in ZOl over the

incubation period (Fig. 4.6). This observation was echoed in the HPLC analysis of the supernatants
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whereby only ~170 pg (17%) of the antibiotic was released from the crosslinked-composite hydrogel
after 7 days, whereas Teic-CS-Gel and Teic-Gel released ~206 (20.6%) and 214 ug (21.4%), respectively
(Fig. 4.7B). Although Chapter 2 and 3 focused on creating a coating for the implants used in TJA,
Chapter 4 focused on the potential of applying the hydrogel to the cancellous bone surrounding the
implant, as one of the major concerns regarding implant coatings is their stability to the rigors of
implantation. A mock cancellous bone model was injected with 5 ml of the composite hydrogel, left
to set overnight, immersed in PBS once set and incubated for 7 days at 37 °C. As with the hydrogel
pucks, the antibiotic that eluted from the crosslinked-composite hydrogels demonstrated a consistent
ZOl over the course of 7 days (Fig. 4.8A) and when looking at Fig. 4.9B, it is clear that the Teic-CS-Gen-
Gel had released significantly less Teic (144 pg) after 7 days in comparison to the uncrosslinked

samples, highlighting the potential use of this composite hydrogel in reducing the incidence of PJI.
5.2 Concluding Remarks

In conclusion, this thesis has attempted to design a novel antibacterial biomaterial to reduce the risk
of PJI. Chapter 2 focussed on immobilising Teic to a PDA-modified titanium surface and the PDA
deposition kinetics were optimised in an attempt to improve the consistency and stability of the
modified-Ti surface. When the Teic-modified PDA-Ti surface was exposed to S. aureus it was able to
greatly reduce bacterial attachment when compared to the PDA-Ti and Ti controls, yet the Ti disc
coated with Teic only displayed similar antibacterial activity as the Teic-PDA-Ti. From this, it was
theorised that Teic was binding to the natural oxide layer of Ti and so Chapter 3 looked into the binding
interactions of Teic with TiO,. It was found that Teic was able to bind rapidly to the oxide surface and
the interaction was able to withstand high heat and repeated washing. However, the presence of
phosphate, even when at physiological concentrations, compromises the antibiotic’s interaction with
the oxide and could explain how the antibiotic elutes into the bacterial medium from the Ti surface.
Prior to attempting to covalently attach the antibiotic to the surface, it was important to determine if

the antibiotic would still retain its biological function whilst attached to the surface. Teic-modified
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IONPs displayed great antibacterial activity when exposed to S. aureus, yet the antibiotic still eluted
into the medium. Moreover, when a commercially available Teic-CSP was exposed to S. aureus no
antibiotic activity was observed, suggesting that covalent attachment of the glycopeptide antibiotic to
a biomaterial surface does not result in the generation of an antibacterial surface. Yet, as expected,
Teic has consistently displayed great antibacterial activity and was also able to enhance the
maturation of osteoblasts. This places Teic as a valuable option for deterring bacterial attachment on
biomaterial surfaces whilst potentially encouraging implant integration. Therefore, Chapter 4 focused
on developing a composite hydrogel scaffold made from CS and Gel, crosslinked with genipin in order
to control the release of Teic. The crosslinked composite hydrogel was characterised using FTIR and
has demonstrated effective, consistent and prolonged antibacterial activity against S. aureus over the
course of 7 days. Moreover, most of the antibiotic was still encased within the hydrogel and the
release could potentially last beyond a week. This prolonged antibacterial activity was also observed
when injecting the hydrogel into a cancellous bone model, demonstrating the potential of this
composite scaffold in reducing the incidence of PJI. Overall, this thesis has demonstrated the potential
of using Teic in orthopaedic applications but has also highlighted the difficulty in generating a stable,

Teic-coated Ti surface finish.

5.3 Future Work

This thesis focused on the development of antibacterial technologies to reduce the incidence of PJI.
Various strategies were investigated, although further studies can be carried out to gain a deeper
understanding of how the materials interact with one another, optimisation of the biomaterials, as
well as explore more of the antibacterial activity and cytocompatibility of the biomaterials developed

in this thesis.

Due to the multidisciplinary nature of this research, the work could be taken in several directions in
the future. For instance, although work moved beyond using PDA as a means to capture Teic, its

potential in immobilising various compounds could still be used in future work. A recent study has
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used PDA films as a means to enhance the binding capabilities of a gelatin hydrogel to a variety of
PDA-coated implant materials (Dinh et al., 2018) and this would be worth exploring as an alternative
means of introducing the composite hydrogel during the TJA procedure. As both Gel and CS have been
widely utilised for potential biomedical applications, it is important to further characterise how the
polymers interact with one another and how the combination of the polymers change the
physicochemical properties of the hydrogel. This can be obtained by performing a variety of
physicochemical assessments such as contact angle measurements, swelling behaviour, and
compressive modulus of elasticity, along with morphological assessments using techniques such as
SEM. Although FT-IR was used as a means of monitoring the changes in the functional groups in the
composite hydrogels, it was the only physicochemical assessment conducted in Chapter 4, moreover,
it was not a very sensitive technique and the use of another surface characterisation technique such

as XPS could aid in corroborating the results from the FTIR analysis.

It might also be worth exploring another type of CS. Although the water-soluble form used in this
thesis allowed for a sufficient release of Teic when combined with gelatin, it might be more beneficial
to use another type, as one of the more attractive features of CS is its proposed antibacterial
capabilities. In addition, obtaining a water-soluble form of CS can be very expensive and from a
manufacturing perspective, a potential antibacterial biomaterial would need to be cost-effective as
not only would it make the biomaterial easier to produce on a mass scale, but it would also make it
more accessible to patients and the providers. On that note, investigating alternative crosslinkers
should be considered in future work; although genipin is biocompatible and can readily react with
amino groups under mild conditions, it is a very expensive crosslinker. An alternative could be
transglutaminase which has received increasing attention due to its ability to crosslink proteins.
Moreover, transglutaminase extracted from microorganisms exhibits a high yield and is relatively

inexpensive, highlighting its potential use as a crosslinking agent (Yang et al., 2018).
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Although the Teic-loaded composite hydrogel has displayed good inhibition against S. aureus, other
microbial assessments should be used to further understand the antibacterial efficacy of the
antibiotic-loaded hydrogel. One of the ways this could be approached is by immersing the hydrogel
samples in a broth inoculated with S. aureus, sampling at predetermined time points over the course
of a few days and plating the sample aliquots onto agar to ascertain the CFU/ml. Antibacterial efficacy
assessments could move onto observing the interactions for a longer period of time, as this thesis has
shown that the antibacterial activity can be retained at a steady rate for at least 7 days. Furthermore,
a biocompatibility assessment can be conducted, such as evaluating the cytocompatibility of the

hydrogel towards osteoblasts and monitoring growth and maturation.

In addition to injecting the composite hydrogel into the cancellous bone surrounding the implant,
work could revisit coating the implant with the antibiotic-loaded composite hydrogel as mentioned
earlier. Hydrogels are quite versatile and have been developed and tailored to meet the needs of a
variety of applications (Ahmed, 2015). Given that hydrogels are able to swell when in contact with an
aqueous solution it would be worth looking into grafting a hydrogel onto an orthopaedic biomaterial
and either vacuum or freeze drying the hydrogel to form a film. It is possible that the hydrogel in this
state might be able to withstand the rigors of implantation, especially if the hydrogel film is anchored
to the Ti surface using an intermediate film such as PDA. One of the ways this could be explored, is by
insertion of the hydrogel-coated Ti into a mock bone model, retrieving the sample after successful
implantation and assessing the biological activity of the hydrogel-coated Ti post implantation. Along
with using separate biological assays for the microbiological and cytocompatibility studies, a single
model to assess both might be a good way to more accurately represent the situation seen from a
clinical perspective. This could be done by exposing the antibiotic-loaded hydrogel to a mixed cell and
bacterial inoculation in the presence of blood products and tissue fluids. This would replicate the “race
for the surface” between the microorganisms and cells, which is thought to be critical to early healing
and osseointegration processes that takes place around the implanted prosthesis (Shiels et al., 2020;

Liu et al., 2020). If this coating was able to demonstrate excellent antibacterial and cytocompatibility
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in vitro, the next step in evaluating its potential as a clinically useful product, would be their evaluation
in vivo, using an animal model. This would initially be conducted with an appropriate microbial
challenge, followed by immediate and short-term histological analysis of the surrounding tissue in
order to ascertain the impact of the hydrogel coating on the rate and quality of osseointegration, as

well as assessing the post-operative infection rate and long-term implant success.

And finally, if this coating is being developed with the aim of producing a commercial product,
compliance with the relevant standards (such as the International Organisation for Standardisation,
British Standards Institution) would be required in regard to the antimicrobial efficacy and
cytocompatibility evaluations. In addition, industrial scaling of all aspects of the coating production
would need to be considered (as briefly mentioned above) since it is an important logistical step when

developing any biomaterial from a small-scale proof-of-concept study.
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Immobilised teicoplanin does
not demonstrate antimicrobial
activity against Staphylococcus
aureus

5. Britton?, K. Lee?, L. Azizova®, G. Shaw?®, W. Mishio Ayre® & J. P. Mansell™*

Antibacterial bone biomaterial coatings appeal to orthopaedics, dentistry and veterinary medicine.
Achieving the successful, stable conjugation of suitable compounds to biomaterial surfaces is a major
challenge. A pragmatic starting point is to make use of existing, approved antibiotics which are known
to remain functional in a stationary, immobilised state. This includes the macrocydic glycopeptide,
teicoplanin, following the discovery, in the 1950's, that it could be used as a chiral selector in
chromatographic enantiomeric separations. Importantly teicoplanin works at the level of the bacterial
cell wall making it a potential candidate for biomaterial functionalisations. We initially sought to
functionalise titanivm (Ti) with polydopamine and use this platform to capture teicoplanin, however
we were unable to avoid the natural affinity of the antibiotic to the oxide surface of the metal. Whilst
the interaction between teicoplanin and Ti was robust, we found that phosphate resulted in antibiotic
loss. Before contemplating the covalent attachment of teicoplanin to Ti we examined whether a
commercial teicoplanin stationary phase could kill staphylococc. Whilst this commercially available
miaterial could bind N-Acetyl-L-Lys-D-Ala-D-Ala it was unable to kill bacteria. We therefore strongly
discourage attempts at covalently immaobilising teicoplanin and/or other ghycopeptide antibiotics in
the pursuit of novel antibacterial bone biomaterials.

Minimising infection risk of implantable bone biomaterials, e.g., titanium (Ti}, continues to be a priority area
in contemporary materials science research’. Covalent grafting of suitable antibacterial agents to Ti could be a
potential route but finding solutions to creating antibacterial surfaces is especially challenging; selected agents
need to retain functionality when in a stationary, immobile state and need to demonstrate biocidal activity by
acting at the level of the cell wall or membrane”. Evidence of stability to y-irradiation typically applied to medi-
cal devices is also highly desirable. Importantly the antimicrobial agent should display low or minimal toxic-
ity, demaonstrating compatibility with host cells to ensure ossenintegration. In realising the development of an
antibacterial Ti technology, we have taken inspiration from enantioselective chromatography using covalently
immabilised glycopeptide antibiotics as the chiral selectors™*.

With regard to sourcing the appropriate antibacterial agent we have focused on teicoplanin (Teic), a macro-
cydic glycopeptide antibiotic (Fig. 1) produced by Actinoplanes teichamyceticus. Teic binds to the C-terminal
of -Ala-D-Ala motifs of non-crosslinked lipid 1T which forms during the biosynthesis of peptidoglycan, an
essential component of the bacterial cell wall. This is especially important in realising the fabrication of a sta-
bly bound antibacterial Ti coating because Teic is acting at the level of the cell wall to eradicate bacteria. Both
anaerobic and aerobic Gram-positive bacteria are susceptible to Teic, incleding MRS A which has particular
significance in the context of total joint replacement infections'. Compared to other glycopeptide antibiotics,
e.g, ristocetin and vancomycin, Teic is markedly more surface active with multiple, unique, functional groups.
Teic can he likened to a semi-rigid aglycone basket composed of four main ring systems that are fused. These in
turn consist of seven aromatic rings, two of which have chlorine-substitutions and four of which exhibit ionis-
able phenolic moieties. Within the aglycone basket is an amine (cationic site) juxtaposed to a carbonyl group
and a carboxylic acid group (anionic site). At the periphery are three monosaccharides; a-I)-mannose, f-D-N-
acetylglucosamine and f-D-N-acylglucosamine of which one of the glucosamine residues is tethered to a fatty
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Figure 1. Structure of teicoplanin.

M-acyl chain extension. It is the presence of the h arbon chain that is peculiar to Teic and a feature enabling
the antibiotic te nestle within the lipid leaflet of bacteria''.

During the early to mid- 1990's Teic became a powerful tool in the development of novel chiral stationary
phases for chromatographic enantiomeric separs.l.ions”. As a covalently-bound chiral selector, Teic rms
well in the reversed phase, normal phase and "polar-organic™ modes yielding highly efficacious multimodal
chromatography media'®. In more recent times Teic bonded to silica is considered a “state of art” material for
utilisation in Jsubcritical liquid chromatography'. Specialised chromatography columns packed with silica
covalently bonded to Teic for enantiomeric separations have been commercially available for many years, for
example TeicoShell from Azyp LLC (Arlington, Texas).

The discovery that covalently tethered, immobilised Teic could retain biological function is key in developing
antibacterial bone biomaterials that are capable of directly killing MRSA. Compared to vancomycin, Teic has a
greater stability and exhibits lower nephro/ototosxicity and has reduced potential for causing red-man syndrome ™.
‘With regard to obvious concerns over antibiotic resistance there have been some noteworthy developments in
Teic binchemistry. For example, Pathak and Miller' have chemically modified the antibiotic to develop bromi-
nated variants to help combat the risk of resistance by providing a greater spectrum of antibacterial products.
There is also evidence that Teic can withstand 25 kGy of y-irradjau'm'l"; the preferred sterilisation route for
implantable devices. Collectively these features place Teic as a choice candidate for Ti-functionalisation.

We initially sought to develop an antibacterial Ti surface by first coating the metal with polydopamine (PIA)
following a repart on the seccessful generation of a etic chiral stationary Ehast using Teic conjugated to
PDA-coated iron oxide particles'”. During the course of our work, we were unable to successfully graft Teic to
PDA-Ti and found that the antibiotic simply bound well to the natural oxide finish of the metal. Some of the
findings from this work are presented herein. We next turned our attention to covalently binding Teic to Ti
following eardier claims that this might be a viable option for glycopeptide antibiotics'®!%. Before doing so we
wanted to ascertain if a commercially available chiral stationary phase, consisting of Teic covalently tethered to
silica shells, was capable of killing staphylococd.

Materials and methods

Reagents and Ti disc preparation.  Unless stated otherwise all reagents were of analytical grade and pur-
chasedﬁw:ds.;gma-ﬁ.ldrich (Poole, UK). Orthopaedic-grade Ti discs (10 mm diameter; 1.5 mm thickness) were
kindly provided by OsteoCare (Slough. UK). On arrival the discs were thoroughly cleaned by extensive distilled
water washing, exposure to acetone, water rinsing again, followed by concentrated nitric acid exposure, a fur-
ther extensive water wash and then baking, in air, at 180 *C for 72 h. 14 mm TiO;-coated AT cut QCM sensors
(Ti-QCM. Ti/Au metallization with a Ti(); coating and resonant frequency of 5 MHz) were purchased from
Microvacuum (Budapest, Hungary).

Bacterial culture preparation. The ism used was a Staphylococcus aureus strain (NCTC 12981)
obtaimed from Public Health England (Salisbury, UK). Stock cultures were maintained on beads at — 80 °C.
Waorking cultures were maintained on Brain-Heart Infusion agar plates (BHIA; Oxoid, Basingstoke, UK} and
sub-cultured weekly for 2 maximum of four weeks to maintain viability and colony characteristics. For broth
inoculum preparation, 2-3 colonies were taken from a BHIA plate into 10 ml Brain-Heart Infusion broth
(BHIE; (hwid, Basingstoke, 1K) and incubated for 16-18 h at 37 *C with gentle shaking (120 RPM). The reason
for using BHIB is that itis a rich, general- se medium that permits growth of a variety of bac-
teria. Slgndards were made hmlngg;vemig cultures in phuspha.l?bull'er\é%lm (PBES) to an gl%ﬁmuf
0.08-0012 (0.5 McFarand standard; approx. 1.5 107 CFU/ml) and further diluted in a 1% Petone/PBS broth toa
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final density of 1.5 10 CFU/ml. This was used in all microbiological assays unless specified. Since Teic is active
on the cell wall of proliferating cells, the bacteria need to be metabolically active, hence the rationale for using a
minimal medium supplemented with 1% peptone.

Bacterial viability to Teic-Ti. This method was adapted from Ayre et al . Ti discs were immersed in
500 pg/ml of Teic (1 ml} in 2-{M-Morpholino Jethanesulfonic acid (MES; 50 mM; pH 5.47) for 2 h, washed in
distilled water twice to remove weakly bound Teic and allowed to dry. Once dried, Ti discs were exposed to a
10F CFU/ml suspension of S, aureus for 24 h at 37 °C with gentle shaking (120 RPM). After incubation, discs
were recovered, washed twice with 0.85% saline and sonicated for 5 min in 1 ml of maximum recovery diluent
(MRIY; Oreoid, Basingstoke, UK) to recover attached bacteria. MRD is an isotonic diluent that combines a pro-
tective effect of peptone with the osmotic balance of physiological saline. The detached bacteria were transferred
to a sterile universal tube and incubated for 30 min at 37 *C in order to achieve maximum recovery. The ration-
ale for taking this approach is to reduce the risk of bacterial loss from sonication when using purely aqueous
media. The recovered organisms were diluted and dispensed onto BHIA using the Miles and Misra technique®!
and incubated for 24 b at 37 °C prior to colony counting, Over a period of approximately 2 months a total of 12
independent experiments were performed using 36 control and 36-functionalised Ti discs.

¥-ray photoelectron spectroscopy (XP5S) of Teic-Ti.  In parallel with the studies conducted above, Ti
discs were exposed to 500 pg/ml solution of Teic in 50 mM MES, pH 5.47 and left, under ambient conditions
from 30 min up to 3 h. To analyse elements on the surface of Ti and functionalised samples, XPS spectra were
taken by using NEXSA XPS system (ThermoFisher, Waltham, MA, US). A monochromatic X- source (Al-
Ka) beam was used for the data collection. The calculstion of the atomic percentages was performed using
Avantage Data System software (ThermoFisher, Waltham, Ma, US).

Teic-Ti adsorption studies. Orthopaedic-grade Ti discs and solid Ti0, powder (mixture of rutile and
anatase) were used to examine Teic adsorption to the metal oxide.

For the TiQ; powder, 50 mg was dispensed into microcentrifisge tubes and immersed in 500 pl of Teic (500 pg/
ml in 50 mM HEPES; pH 7.4] and left to incubate, for up to 30 min, under ambient conditions. TiO, with HEPES
only was used as a control. At each time point, samples were centrifuged at 11,3003 g for 2 min and 25 pl of each
supernatant was added to 500 pl of freshly prepared bicinchoninic acid reagent (BCA; ThermoFisher, Waltham,
MA, US) as per the manufacturer’s instructions and incubated for 30 min at 60 *C. After incubation, sample
aliquots (100 pl) were subsequently transferred to a 96-well plate and measured against a series of Teic standards
at 540 nm using a microplate reader (TECAN, Mannedorf, Switzerland). To confirm Teic-TiO; attachment, the
supernatant was decanted and the powder samples were washed twice ]:g centrifugation and resuspended in
500 pl HEPES buffer. A 25 pl sample of each powder suspension was added to 500 pl of BCA reagent, incubated

and assessed in the same manner as above.

Assessment of binding robustness between Teic and TiO,. To determine how robust the Teic
adsorption was to the TiO,, TiO; powder (50 mg) was added to microcentrifuge tubes, followed by 500 pl of
Teic (500 pg/ml) in HEPES (50 mM; pH 7.4) buffer and incubated under ambient conditions for 2 h. Tic; with
HEPES buffer only was used as a control. Once incubated, samples were centrifuged at 11,300 g for 2 min, the
supernatants were discarded, and the pellets were washed up to 10 times with HEPES butfer (500 pl wash).

er 1, 3, 5 and 10 washes, 25 pl of each wash was combined with 500 pl of BCA and incubated for 30 min
at 60 "C. Once incubated, 100 pl aliquots were transferred to a 96-well plate and measured at 540 nm using a
microplate reader (TECAN, Mannedorf, Switzerland). To assess the efficacy of the Teic-Ti0, attachment, the
supernatant was decanted after each wash and remaining pellets resuspe in 500 pl of HEPES buffer. A 25 pl
sample of the resuspended pellet was combined to 500 pl of BCA reagent and incubated for 30 min at 60 °C.
Once incubated, samples were centrifuged to pellet the powder and the supernatant was measured in the same
manner as above.

Thermal Gravimetric Analysis (TGA) was performed in order to assess the thermal stability of immobilised
Teic to the oxide of TiOy. Ti0); powder (50 mg) was added to microcentrifuge tubes, followed by addition of either
500 pl of Teic (500 pg/ml) in HEPES (50 mM; pH 7.4) buffer or HEPES buffer alone as a control. The samples
were incubated under ambient conditions for 2 h and then centrifuged at 11,300 g for 2 min. The supernatant
was discarded and the pellets air dried at room temperature. Teic powder was also analysed as a reference sample.
Samples were run on a Pyris 1 TGA under a nitrogen flow of 40 ml/min (Perkin Elmer, Beaconsfield, UK), The
sample was stabilised at 30 *C for 20 min before heating to 800 *C at a rate of 5 *C/min. Data was analysed using
Pyris TGA software ( Perkin Elmer, Beaconsfield, UK).

Influence of phosphate on Teic-TiO, binding.  The impact of phosphate on the banding hetween Teic-
Til}; was also examined given the affinity of the anion to Tt Briefly Ti®y, powder (50 mg) were exposed to
500 pEsml Teic prepared in PBS (pH 7.3), where the phosphate concentration was either 1 mM or 10 mM and
samples lefi to incubate at room temperature for 30 min. Teic (500 pg/ml)- Ti0, in HEPES (50 mM; pH 7.4 and
Te(; in HEPES only were used as controls. After incubation, samples were centrifuged and 25 ul of the super-
natant was combined to 500 pl BCA reagent and incubated for 30 min at 60 °C. Once incubated, 100 pl aliguots
were transferred to a 96-well plate and measured at 540 nm using a microplate reader. To confirm Teic- Ti0,
attachment, the supernatant was decanted, the powder samples were washed once by centrifugation (11,300 g)
for 2 min and TiO; pellets resuspended in 500 pl buffer. A 25 yl aliquot of each powder suspension was added to
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500 ul of BCA reagent and incubated for 30 min at 60 °C. Once incubated, powder samples were centrifuged and
100 pl of each supernatant were transferred to a 96-well plate and measured using a microplate reader.

Influence of phosphate on Teic detachment from TiD,.  To investigate the impact of phosphate on
the detachment of Teic from Tih, a quartz crystal microbalance (QCM) system with impedance measure-
ment was used (JCM-I, MicroVacuum, Budapest, Hungary). TiO);-coated QCM sensors (Ti-(}CM) were sub-
jected to HEPES buffer (50 mM; pH 7.4} at a flow rate of 100 pl/min using a peristaltic pump (Ismatec Reglo
Digital, Wertheim, GGermany) at a constant temperature of 21 *C using a high precision built in Peltier driver to
avoid temperature drifts (stability of £ 0.02 *C). After a stable baseline was obtained over a minimum of 10 min,
500 pg/ml Teic in HEPES was injected using a Rheodyne MXP injection system with a semiautomatic switch-
ing valve (MXP9950-000, California, US) for another 10 min. The Ti-(CM sensor was then subjected to a final
10 min with either HEPES or PBS with 1 mM. 2 mM, 5 mM or 10 mM phosphate concentrations. Frequency
at the Ist, 3rd and 5th overtones and dissipation measurements were collected. Sauerbrey mass was calculated
using Biosense software (Microvacuum, Budapest, Hungary). Experiments were performed in triplicate.

Teic-Ti elution studies.  Ti discs were exposed to Teic (500 pg/ml in 50 mM MES, pH 5.4} and incubated
for 2 b under ambient conditions. After incubation, discs were washed with distilled water to dislodge any
Inosely bound Teic and allowed to in a sterile environment. Control and functionalised Ti discs were then
immersed in 1% Peptone/PBS and left for 24 h at 37 *C with gentle shaking (120 RPM). After incubation, the
recovered conditioned media (100 pl} was transferred to a sterile 96-well plate and inoculated with 5. aurens
(100 ul) to achieve a final density of 10° CFU/m]. The samples were then incubated at 37 °C for a further 24 h. At
the desired time the optical density OD at 595 nm (using a microplate reader) was taken to ascertain bacterial
growth in the conditioned media_ To determine if the conditioned discs still retained any antimicrobial activity
the control and functionalised Ti discs were transferred to a new multiwell plate and washed in distilled water
twice, allowed to dry and then exposed to a 10F CFU/mL suspension of & aurens and incubated for a further 24 h
at 37 *C with gentle shaking (1200 RFM). Afier incubation, discs were recovered, washed twice with 0.85% saline
and sonicated for & min in 1 ml of MRID to recover the attached bacteria. The detached bacteria were transferred
to a new universal and incubated for 30 min at 37 *C in order to achieve maximum recovery. The recovered
organisms were diluted and dispensed onto BHIA using the Miles and Misra technigue® and incubated for 24 h
at 37 °C prior to colony counting.

Teico stationary phase (TSP)—N-Acetyl-L-Lys-D-Ala-D-Ala binding studies, A commercially
available chiral stationary phase, consisting of covalently tethered Teic to silica shells (T5P) was sourced from
AZYP(Adington, Texas) in which approximately 68 myg of Teic is bound to 1 gof silica. The tripeptide N-Acetyl-
L-Lys-D-Ala-D-Ala (Cambridge Bioscience, UK) was reconstituted to 200 pg/ml in 50 mM HEPES (pH 7.4).
Briefly, TSP (100 mg) was exposed to 500 pl of the tripeptide.

(200 pg/ml} and incubated under ambient conditions for 30 min. After incubation, the sample was cenm'fzﬁ
(11,300 g} for 2 min and the supernatant was collected (500 pl) and transferred into a new microcentrifuge 1
The pH of the supernatant was adjusted to- 8.4 using MaOH and exposed to 5 pl of genipin (250 mM in DMSO)
and then left to react at 60 °C for 2 h. To assess the binding of the tripeptide to the TSP, the remaining pellet was
washed three times in HEPES (50 mM; pH 7.4) using centrifugation and resuspended in 500 pl of HEPES buffer.
The pH of the pellet was adjusted to - .4 and subsequently exposed to 5 pl of genipin and left to react for 2 hat
&0=°C. After incubation, the QD of the samples were measured using a microplate reader ( TECAN, Mannedorf
Switzerland). Plain silica shells {AZYP TX, US) was used as a control and assessed in the same manner.

Bacterial viability to TSP. To assess the antibacterial activity of the chiral stationary phase, aliquots
(50 mg) were added to microcentrifuge tubes and immersed in a 70% ethanol solution for 10 min to sterilise
the powder. This was washed three times in a 1% peptone/PBS solution using centrifugation (11,300 = g). After
centrifugation, the washed pellets were resuspended in 1 ml of 2 1% peptone/PES solution containing 10° CFUS
ml of 5. aurens and transferred to a sterile bijou. A further 4 ml of the bacterial suspension was added to the
bijou to a final volume of 5 m] {final concentration of TSP suspension was 10 mg/ml, corresponding to a final
Teic concentration of 680 pg/ml). This was incubated for 24 h at 37 *C with gentle shaking (120 RPM). A final
concentration of free teicoplanin (600 pg/ml) and untreated silica were used as controls. After incubation, sam-
ples were diluted in MRD, dispensed onto BHIA using the Miles & Misra technique? and incubated for a further
24 h at 37 *C prior to colony counting.

Statistical analysis. Unless stated otherwise, all experiments above were repeated at least three times in
triplicate. All data were subject to a normality test to ensure data were normally distributed. A one- or two-way
analysis of variance (AMOVA) or Kruskal-Wallis test was used, where appropriate, to test for statistical signifi-
cance usinéch‘ph ad Prism software (Version 8; San Diﬁm CA, USA) with p < 0.05 regarded as being statisti-
cally significant. When p< 0.05 was found, a Tukey or Sidak’s meltiple comparisons post-test was us etween
all groups. In some instances, an unpaired i-test (2-tailed) were used to compare the means of functionalised and

control surfaces. All data are expressed as the mean together with the standard deviation.
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Figure 2. Antibacterial efficacy of Teic-modified Ti. Ti discs were immersed in 500 pg/ml Teic (50 mM MES;
pH 5.47) for 2 h under ambient conditions. After incubation, functionalised and control discs were transferred
to a mew well plate, washed twice in distilled water and subs-zait;ne:lﬂy exposed to a 10° CFU/ml suspension of

5. gureus in 1% Peptone/PBS for 24 h at 37 °C with gentle shaking (120 RPM). After incubation, discs were
recovered, washed twice with 0.85% saline and sonicated for 5 min in 1 ml of MRID to recover attached bacteria.
The detached bacteria were transferred to a new universal and incubated for 30 min at 37 *C in order to achieve
maximum recovery. The recovered organisms were diluted and dispensed onto BHIA and incubated for 24 h at
37 . When Ti discs are steeped in a solution of Teic the modified surfaces are capable of significantly reducing
bacterial attachment in comparison to the control (blank) Ti {***p < 0.0001). All data (mean +5D; N =36}
represent pooled triplicate runs from 12 independent experiments.

Results

Ti discs exposed toTeic exhibits antibacterial activity. Bacterial attachment to Teic-modified Ti was
assessed by exposing 5. qurews to functionalised and control Ti discs for 24 h at 37 °C. Attachment of 5. aurens
to the modified Ti surface was found to be significantly lower (p<0.0001) when compared to Ti alone (Fig. 2)
and resulted in a 5-log reduction from the initial seeding density (10°F CFU/ml). Of the 3& Ti discs exposed to
Teic, only 7 specimens were associated with modest bacterial growth (- 10°-10° CFU/fml). Similar results were
obtained for Ti discs exposed to Teic for as little as 5 min (data not shown).

Physiochemical evidence of Teic adsorption to Ti.  To analyse elements on the surface of control and
functionalised Ti samples, XPS was performed. Confirmation of the presence of Teic was observed in the form of
increasing chlorine peaks (Cl,) over time, sugpesting that Teic can adsorb to the surface within 30 min of expo-
sure to the antibiotic (Fig. 3). As expected, a change in the atomic composition with increasing time supported
adsorption of the antibiotic to Ti (Table 1).

Teic binds avidly to TiO;. To chserve the adsorption of Teic to the metal oxide, Ti0, powder was used.
Interestingly, it was found that Teic adsorption to Ti0y, was the same for all time points tested (Fig. 44,8} and
would suggest that immersing the oxide in Teic for as little as 5 min affords functionalisation. To determine the
durahility of Teic attachment to Ti0y, the modified oxide powder was subjected to repeated washings. Despite
the small loss of Teic after the first wash (Fig. 4C,D) the oxide still retained a large amount of the antibiotic, even
after 10 washes, suggesting a robust attachment.

To further elucidate the robustness of the Teic attachment to the oxide of TiO;, TGA was performed on Teic
alone, TiCk, powder and Ti0); powder functionalised with Teic. Percentage weight loss curves for Teic alone
showed an initial decrease at temperatures below 100 *C due to residual moisture evaporation caused by the
hydrophilic nature of Teic. Thermal decomposition of Teic was observed at temperatures greater than 250 *C
with three distinct derivative peaks demonstrating maximum weight loss rates at approximately 270 °C, 357 *C
and 402 *C (Fig. 5A). TiO), powder incubated in HEPES buffer showed a single weight loss siep‘betmn 2505
and 400 *C and a total percentage weight reduction of 12.91% (Fig. SB). Similar percentage weight and derivative
weight curves were obtained for TiC), samples incubated with Teic, however a greater weight loss of 13.97% was
observed between 250 and 400 *C with a more distinct derivative peak at 365 C (Fig. 5C). This greater weight
loss indicates the dissociation of Teic from the surface of Ti(y; at high temperatures and thermal stability of
immobilised Teic at temperatures up to 250 °C.

Phosphate compromises the binding of Teic to TiQ,. The impact of phosphate on the bonding
between Teic and Ti0); was examined as the anion is known to have a strong affinity for the oxide™ It was found
that phosphate could compromise the binding of Teic to TiO); and that increasing the phosphate concentration
from 1 to 10 mM resulted in less antibiotic binding to the oxide (Fig. &). This likely suggests that the phosphate
anion has a greater affinity for the oxide than the antibiotic. To control for the possible influence of sodium and/?
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Figure 3. Detection of Teic coating on the Ti surface. X-Ray Photoelectron Spectrascopy (XPS) analysis of (A}
survey peaks and (B). high-resolution Cl2p peaks of Teic-treated Ti discs with different immersion times: 0, 0.5,
1, and 3 h. It is clear that Teic adsorption occurs within 30 min of Teic exposure.
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Table 1. Elemental composition of control and Teic-functionalised Ti. Quantified atomic percentage (at.%)
of the elements in each Ti specimen treated with Teic. The clear changes in elemental composition with
increasing incubation time support Teic adsorption to the metal surface.

or chloride ions we reconstituted Teic in 50 mM HEPES (pH 7.4) supplemented with WaCl up to 1 M and found
this to be without impact on antibiotic binding to Ti0, {data not shown).

Phosphate displaces Teic bound to TiO, rapidly.  The ahility of phosphate to readily detach Teic from
the surface of Ti0; is shown in Fig. 7. Injection of 500 pgfml Teic in HEPES resulted in rapid adsorption of Teic
to the surface of the Ti-QCM sensor which plateaved after approsimately 5 min, resultingina s £ COVETagE
af 100-200 ngl"crﬂ2 {based on Sawerbrey mass caloulations). Washing the surface of the coated Ti-QCM sensors
with HEPES resulted in removal of loosely bound Teic (Fig. 7A) however the majority of Teic still remained on
the surface of the Ti-QCM sensor. Conversely, washing the surface with phosphate containing buffers resulted
in the immediate dissociation of Teic from the Ti-QCM sensor (Fig. 7B-E). Slight delays between injections
and changes in resonant frequency were observed due to the length of tubing and time required for the injected
sample to reach the surface of the Ti-QCM sensar.

Evidence of Teic loss following culture conditioning of Teic-functionalised Ti.  To determine if
the conditions of bacterial culture result in antibiotic elution from the Ti surface, functionalised and contral Ti
discs were subject to a mock bacterial culture for 24 h. As anticipated the culture media recovered from control
Ti supported bacterial growth with evidence of solution turbidity and ODg; values ranging between 0,17 and
0.27 (Fig. 8A). In contrast, the conditioned media recovered from Teic-functionalised Ti completely inhibited
bacterial growth, as indicated by dlear solutions and ODz: values similar to the blanks. To assess the bactericidal
activity, media recovered from Teic- Ti was spot inoculated on to BHIA and left to incubate for 24 h at 37 °C. This
confirmed that the culture medium from the modified discs exhibited a large amount of bactericidal activity as
no growth occurred after incubation when compared to the culture medium recovered from the control Ti discs
(data not shown). The conditioned discs were subsequently exposed to 5. aureus to determine if they were still
able to kill bacteria. The findings obtzined for these conditioned samples indicated a loss of antibacterial activity,
further confirming that the antibiotic elutes from the metal surface under the conditions described (Fig. 8B).

ATeic chiral stationary phase (TSP) binds to the tripeptide N-Acetyl-L-Lys-D-Ala-D-Ala.  The
binding of the chiral stationary phase to the tripeptide was monitored using genipin, a natural chemical compo-

Scientific Reports |

[2022) 22216661 | hittps:{idoi orgln 1038/541598-022-20310-2 e portiollo

207



www.nature.comjscientificreports/

A 600 B 600
E £ 5004
83007 5 9007
= =
& 400+ o 400
= =
=] =)

‘: 3004 'g 300+
EZN]-' E 2004
8 &
2 100+ 3 100+
= (=

& @ @ &
° o N‘;& Nl

"ep «G ﬂ?‘
C D
_ 600 &00—
-554]0— __ ,_55{"]_ _ * %
S 400- = 4004 | I
5 g g
2 300+ O 3004
'_.: 200 * ‘_:
3 |—| 5 200+
o

< 100- 2 100+
= [

0 T 0 T T

= & 3 ] C
& & & N
PO ‘:v*#u?ﬂh < N & ‘s;h# .34."5

Figure 4. Evidence of a rapid and robust adsorption of Teic to TiO,. (A) TiO; powder (50 mg) was treated with
500 pl of 500 pg/ml Teic in 50 mM HEPES (pH 7.4) and incubated at room temperature for 5, 15 and 30 min. At
each time point, samples were centrifuged at 11,300 g for 2 min and 25 plof each supernatant was combined

to 500 pl of BCA reagent. Samples were incubated for 30 min at 60 °C and the ahsorbances read at 540 nm
against an incubation control (Teic only). Within 5 min there is evidence of antibiotic adsorption to TiD,. (B) To
confirm Teic- Ti(), adsorption, the supernatant was decanted, and samples were washed twice by centrifugation
and resuspended in 500 pl HEPES buffer. A 35 pl aliquot of each powder sample was added to 500 pl of BCA
reagent and incubated for 30 min at &0 °C. Once incubated, powder samples were centrifuged at 11,300xg

for 2 min and 100 pl of each sample were transferred to a 96-well plate and measured in the same manner as
above. (C) Ti0, powder (50 mg) were similarly treated with 500 pl of Teic and incubated at room temperature
for 2 h. Once incubated samples were centrifuged at 11,300« g for 2 min, the supernatants were discarded, and
the pellets were washed up to 10 times with HEPES buffer (500 pl). Aliquots (25 pl) of each wash were subject

to the BCA assay to ascertain antibiotic leaching. (M)A fter each set of washes the remaining TiC, pellets were
resuspended in fresh buffer (500 pl) and samples containing the powder (25 pl) taken for the BCA assay. All data
(mean + 50; M =20) represent pooled quadruplicate runs from 5 independent experiments.

nent that forms a blue chromogen when it reacts with the £-amino group of bysine™. The results indicate that the
tripeptide successfully bound to TSP (Fig. 9). The QD of the tripeptide control and the silica particle control
(SPC) supernatants were essentially similar, suggesting that none of the tripeptide banded to the SPC. In con-
trast, the TSP supernatant had a significant decrease in Oy (Fig. 9), suggesting the tripeptide was able to bind
well to the TSP, As expected, these findings provide evidence of a functional chiral stationary phase.

Immobilised Teic does not demonstrate biocidal activity against 5. aureus. To determine if
immobilised Teic, as a chiral stationary phase, had the capacity to kill bacteria, both the TSP and 5PC were
exposed to 5. aurens for 24 h. When 5 aqureus (10° CFU/ml) was exposed to free Teic (600 p/ml}, there was the
expected, stark bactericidal activity when compared to the bacterial control which resulted in az7-log reduc-
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Figure 5. Thermal stability of Teic immaobilised on the surface of Ti0; using Thermal Gravimetric Analysis

(TGA). TiO; powder (50 mg) was incubated with either 500 yl of Teic (500 pg/ml) in HEPES (50 mM; pH

7.4} buffer or HEPES buffer alone as a control for 2 h under ambient conditions and then centrifuged at

11,300 g for 2 min_ The centrifuged pellets were air dried at room temperature before undergoing TGA.

(A) Percentage weight curves for Teic alone shows an initial decrease at temperatures below 100 °C due to

maoisture evaporation. This was followed by rapid thermal degradation at temperatures greater than 250 *C. (B)

T, samples incubated in HEPES buffer showed a single dissociation step between 250 *C and 400 *C and a
ntage weight change of 12.91%. (C)Similar percentage weight and derivative weight curves were obtained

Ti(y, samples incubated with Teic, however a greater weight loss of 13.97% was observed between 250 *C and
400 *C, indicating the additional dissociation of Teic from the surface of TiO; at high temperatures.

tion from the initial inoculum density (Fig. 10). However, when §. qurews was exposed to 10 mg of TSP (with a
Teic concentration equivalent to 630 pg/ml), there was no effect on bacterial viability when compared to the SPC
and inoculum control. These findings indicate that when Teic is covalently tethered to a surface it is incapable
of killing bacteria.

Discussion

The persistence of total joint replacement infections has a significant sociveconomic impact on both patient and
healthcare providers and has incentivised the scientific community and industry to develop novel technologies to
combat this problem. The covalent grafting of suitable antimicrobials could be a potential solution to minimising
infection risk. In doing so the selected agent is firmly fixed to the implant surface thereby securing increased
residence time and reducing the risk of antimicrobial leaching into the surrounding environment. Immobilised
antimicrobials must therefore act at the level of the cell wall and/or membrane® and display evidence of func-
tionality when tethered to a surface. One such candidate is Teic, a macrocyclic glycopeptide antibiotic, which
has found widespread use as a chiral selector in enantiomeric chromatography’ ' and attacks Gram-positive
bacteria at the level of the cell wall'™.

During the course of our studies, we found that simply steeping medical-grade Ti discs in an aqueous solu-
tion of Teic generated a modified surface, as sup d by XPS analysis and accompanying changes in the
atomic composition of the metal surface. Importantly these Teic-functionalised discs demonstrated antimicrobial
aclivity against S aurens. This is in keeping with a report by Aykut and colleagues'® who treated Ti wires with
amethanolic solution of Teic, the resultant material of which was capable of killing 5. aureus and preventing Ti
infection in a rabbit model. Titania (Ti0;) is the natural surface finish of the metal and a compound widely used
as a chromatography sorbent for the enrichment and purification of glycopeptides™ .
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Figure 6. Influence of phosphate on Teic adsorption to TiO,. (A) TiO; powder (50 mg) were exposed to

500 pg/ml Teic in PBS éOO pl) where the phosgaxz concentration was either 1 mM or 10 mM and samples left
to incubate at room temperature for 30 min. Teic (500 pg/ml) reconstituted in 50 mM HEPES (pH 7.4) served
as a positive control for TiO, binding. After incubation, 25 pl aliquots of the supernatant were combined to

500 pl BCA reagent and incubated for 30 min at 60 °C. Once incubated, 100 p aliquots were transferred to a
96-well plate and measured at 540 nm using a microplate reader. It is evident that phosphate reduces the extent
of Teic binding to the metal oxide (***p<0.0001). (B) To confirm Teic attachment to TiO,, the supernatant was
decanted, and the powder samples were washed once by centrifugation (11,300 x g) and resuspended in 500 pl
buffer. A 25 pl sample of each powder suspension was added to 500 pl of BCA reagent and incubated for 30 min
at 60 °C. Once incubated, samples were centrifuged and 100 pl of the supernatant were transferred to a 96-well
plate and measured in the same manner as above. Significantly less Teic (***p<0.0001) is present on TiO,
exposed to phosphate. All data (mean + SD; N=20) represent pooled quadruplicate runs from 5 independent
experiments.

I '

2 + 1

OO
10

— " - . i
20 30 10 20 30 10 20 k. 10 20 3 10 20 30

Time (min) Time (min) Time (min) Time (min) Time (min)

Figure 7. Influence of phosphate on Teic detachment from TiO,. Ti-QCM sensors were subjected to HEPES
buffer (50 mM; pH 7.4) at a flow rate of 100 pl/min at 21 °C for 10 min prior to 500 ug/ml Teic in HEPES for

10 min (arrow 1). Coated Ti-QCM sensors were then washed for a final 10 min with either (A). HEPES or PBS
with (B). I mM, (C). 2 mM, (D). 5 mM or (E). 10 mM phosphate concentrations (arrow 2). Representative plots
from triplicate (N = 3) experiments showing change in fundamental frequency (upper panels) and calculated
Sauerbrey mass (lower panels).

To corroborate that Teic could bind to TiO; we exposed a mixture of rutile and anatase oxide (50 mg) to an
aqueous solution of Teic (500 ul; 500 ug/ml) and monitored antibiotic binding using a BCA reagent. Adsorption
of the glycopeptide antibiotic to TiO; was rapid; within 5 min approximately 90% was captured by the oxide.
This was further demonstrated through QCM measurements. Furthermore, the interaction was robust, with
the majority of the antibiotic remaining bound after multiple (up to 10) washings or continuous flow in HEPES
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FiFure 8. Antibacterial activity of Teic-Ti after culture conditioning. (A). Ti discs wene exposed to Teic (500 pg/
ml in 50 mM MES, pH 5.4) and incubated for 2 h under ambient conditions. After incubation, discs were
washed with distilled water to disbodge any boosely bound Teic and allowed to dry in a sterile environment.
Control and functionalised Ti discs were then immersed in 1% Peptone/PES and left for 24 h at 37 *C with
gentle shaking (120 RPM). After incubation, the recovered conditioned media (100 pl) was transferred to a
sterile 95-well plate and inoculated with & aureus (100 pl) and left to incubate at 37 *C for 24 h. At the desired
time the OD at 595 nm was measured to ascertain bacterial growth using a microplate reader. The significant
reduction (*** p<0.0001) in OD supports antibiotic leaching into the culture medium (B). To determine if

the conditioned discs still retained any antimicrobial activity the control and functionalised Ti discs were
transferred to a new multiwell plate and washed in distilled water twice, allowed to dry and then exposed to a
10F CFU/mL suspension of 5. qureus and incubated for a further 24 h at 37 *C with gentle shaking (120 RPM).
After incubation, discs were recovered, washed twice with 0.85% saline, and sonicated for 5 min in 1 ml of MRD
to recover the attached bacteria. The detached bacteria were transferred to a new universal and incubated for

30 min at 37 °C in order to achieve maximum recovery. All data (mean + 51 N=9) represent pooled triplicate
runs from 3 independent experiments.

buffer in the case of the QCM data. The attachment was also thermally stable as shown by the TGA data where
dissociation of Teic from the TiO; surface was only observed at temperatures greater than 250 C. We also found
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Figure 9. The tripeptide M-Acetyl-L-Lys-D-Ala-D-Ala binds avidly to a teicoplanin stationary phase [TSF).
Aliguots (100 mg) of TSP and a silica particle controd (SPC) were exposed to 500 ul of the tripeptide (200 pg/ml)
prepared in 50 mM HEPES (pH 7.4} and incubated at room temperature for 30 min. After incubation, samples
were centrifuged and the supernatants (51 collected, the pH adjusted to 8.4 and 500 pl treated with 5 pl o
genipin (250 mM in DMS0). Samples were left to incubate at 60 °C for 2 h. After incubation, the optical density
(OD) of the samples were measured using a microplate reader. The OD for the tripeptide control and SPC
supernatants were similar indicating no tripeptide binding to the SPC. In contrast the supernatant recovered
from the TSP had a significantly reduced OD (***p <0.0001) when compared to the tripeptide control,
indicating good binding of the tripeptide with the TSP All data (mean + SD; N=4) represent pooled triplicate
runs from 3 independent experiments.
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Figure 10. Immobilised Teic does not demonstrate biocidal activity against 5. aurens. Aliquots (50 mg) of TSP
and a silica particle control (SPC; 50 mg) were exposed toa 10 CFU/ml. suspension of 5. gureus and incubated
for 24 h at 37 °C. A bacterial culture abone and a culture containing free Teic (600 pg/ml) served as controls. As
anticipated, cultures treated with free Teic led to complete bacterial demise {***p<0.0001). In contrast, the TSP
cultures exhibited similar bacterial numbers to SPC and bacterial controls. All data (mean + 5D; N=9) represent
pooled triplicate runs from 3 independent experiments.

that Teic remained bound to Ti0y; even when left incubated under neutral conditions for a week at 37 *C (data mot
shown). However, when Teic-functionalised Ti discs were subjected to a mock bacterial culture the conditioned
media exhibited antibacterial activity. It was clear that the antibiotic was leaching from the metal surface, and
this was the reason why the functionalised Ti was able to kill 5. aurews. We subsequently found that phosphate

Scientific Reports |

[2022) 22:16664 | https-fidoi org/10.1038/541598-022-20310-8 manure portiolio

212



www_nature com/scientificreports/

could displace Teic from Ti discs and that the anion could compromise the binding of Teic to TiO,. This is most
likely attributed to the fact that phosphate binds strongly to Tio,™.

‘Whilst the facile adsorption of Teic to Ti might be a convenient solution towards the development of an anti-
bacterial finish it was evident that this interaction was compromised by physiological phosphate (- 1 mM) and
therefore not an option towards tackling the issue of total joint replacement infections. Our findings echo those
of Aykut and ml]tagu.es' “wherein Teic leaching was evident from treated Ti wires, as indicated from their agar
diffusion assays. An alternative sLnn:F' was clearly needed, and we considered cuva]m:__gmﬁing of the antibiotic
to Ti given that immohilised Teic is able to function as a chiral selector in enantiomeric hy settings.

Herein we confirm that a commercially available teicoplanin chiral stationary phase (TSP), as expected,
bound well to N-Acetly-L-Lys-D-Ala-D-Ala, a peptide that shares similarity to the - Ala-I- Ala motifs of non-
crosslinked staphylococeal undecaprenyldiphospho-N-acetylmuramoyl-[M-acetylglucosamine] - L-alanyl-y-D-
glutamyl-L-lysyl-D-alanyl-D-alanine™. The selection of N-Acetyl-1-Lys-D-Ala-D-Ala to confirm TSP functional-
ity was informed from a stedy by Economou et al. ™ who successfully used this tripeptide for the detection of Teic
viaa djrectﬂu.omscem‘po]amsaﬂm assay. We were able to monitor tripeptide binding to the TSP using genipin
which reacted with the £-amino group of the lysine residue producing a dark blue chromogen™. The binding
between the TSP and the tripeptide was compelling with sample supernatants having undetectable levels of the
tripeptide within 30 min. This was in stark contrast to control silica particles exposed to the tripeptide wherein
recovered supernatants reacted with genipin producing deep blue solutions. Whilst we were able to confirm TSP
functionality, interestingly this same material did not demonstrate antimicrobial activity against S, aureus. Indeed,
the equivalent of approximately 680 pg/ml Teic, as bound to silica, was without effect on bacterial viability. In
our hands we typically find that the treatment of these bacteria with free Teic at a final concentration of 50 pg/ml
results in the expected, complete bacterial demise within 24 h (data not shown). It is unlikely that the Teic of the
TSP is unable to target bacterial D-Ala-D-Ala because spacers or linkers are used to couple the antibiotic to the
silica shells; in the case of the TSP used in this study, the silica is initially functionalised with (3-aminopropyl)
triethoxysilane (APTES) followed by 1,6 diisocyanatohexane to enable Teic-functionalisation of the pre-treated
silica®™. Thus the antibiotic is away from the surface of this commercially available TSR

Our findings conflict with other studies reporting on the successful, covalent, functionalisation of Ti and
iron oxide nanoparticles (IONP's) with Teic/glycopeptide antibiotics'™". In each instance APTES was used to
coat the surface with amines followed by NHS-EDC chemistry to conjugate the carboxyl of Teic to the amine
at the metal surface. However, these reports did not provide any physiochemical evidence, e.g., using XPS to
confirm that Teic was tethered to the metal surface through the proposed mechanism of binding. In addition,
no studies were forthcoming to ascertain the robustness of the interaction between the surface and the antibiotic
by performing mock bacterial cultures or |.eachin§ experiments. These considerations are particularly important
given that glycopeptides bind avidly to Ti0,™*5*.

It is quite possible that the aforementioned studies'' are inadvertently reporting on the natural and strong
affinity of Teic/ghycopeptide antibiotics to the metal oxides and that these functional materials, as in our hands,
are ¢ e of demonstrating activity against 5 aureus because of antibiotic ]each:mgmt.o the culture media. It

seem most likely that the phosphate present in the culture media used in these studies promotes antibiotic
]e,a.dung from the metal surface. In contrast, a commercial, covalently functionalised Teic-chiral stationary phase,
which interacted well with N-Acetly-L-Lys-D-Ala-D-Ala, exhibited no antibacterial activity. To conclude we
strongly advise against finding ways of covalently grafting glycopeptide antibiotics to Ti and. indeed. any (bio)
material surface in the pursuit of novel antibacterial devices.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author (Jason.
mansell@uwe.ac.uk) on reasonable request.
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Appendix Il Supplementary Material
Injection of Composite Hydrogel into Mock Bone

All steps were performed in a laminar flow hood to ensure sterility. Samples were handled with

ethanol sterilised forceps at all times.

Sawbones™ mock bone was cut into 2 x 2 cubes using a heated hacksaw and placed onto a sterilised
surface in a laminar flow hood. Mock bone cubes were sprayed with 70% ethanol to sterilise the
samples and allowed to dry (Fig. A1). Once dried, mock bone samples were wrapped twice in sterilised
parafilm. This was to ensure that the hydrogel fills the mock bone samples well and reduce the risk of
the hydrogel leaking during gelation (Fig. A2). The hydrogel was then carefully injected into the
parafilm-wrapped mock bone samples (Fig. A3). After injection, the hydrogel mock bone samples were
transferred to a sterile 50 ml falcon tube, placed on a roller (60 RPM) and incubated under ambient
conditions for 24 h. After incubation, hydrogel filled mock bone samples were carefully unwrapped

and transferred to a new sterile 50 ml falcon tube (Fig A4 & 5).
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Figure A Injection of Hydrogel into Mock Bone Samples. 1. Samples were sterilised with 70% ethanol in a laminar flow
hood. 2. After sterilisation, samples were wrapped in parafilm twice. 3. Hydrogel was carefully injected into the mock
bone sample. 4. After gelation, samples were carefully unwrapped and transferred into sterile 50 ml falcon tubes (5).

216



