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Abstract
The prevalence of prosthetic joint infection is relatively low compared to other
postoperative infections, however, due to the huge population of joint arthroplasty
patients, the total number of prosthetic joint infection patients becomes significantly high.
This thesis focuses on advancing potential prosthetic joint spacer material by modifying
ultra high molecular weight polyethylene via different techniques. The first chapter
comprises of three themes which are: i) general background knowledge of the polymer
including its discovery, application and material characterisations; ii) an in-depth
introduction about prosthetic joint infection, focusing on the epidemiological,
pathogenetic and microbiological aspects and provides an extensive review of the current
medical and surgical interventions to suppress prosthetic joint infection; iii) a literature
review of the development of novel antimicrobial ultra high molecular weight
polyethylene in which three representative studies were chosen as they have the most
impact on the materials that have been elaborated in the core chapters. This thesis
introduces three different modified antimicrobial ultra-high molecular weight
polyethylene materials that have been developed over the past four years by the author
and are ranked chronologically with gradually optimised material characterisation
techniques and additional preclinical studies. Chapter 3 introduces an aerosol assisted
chemical vapour deposition copper-coated ultra high molecular weight polyethylene
demonstrated complete kill of the tested Gram-positive and Gram-negative bacteria in the
dark. Chapter 4 and Chapter 5 investigate the antibacterial activity of two different metal
nanocluster and photosensitiser impregnated ultra high molecular weight polyethylene
materials under light sources with different intensities. The copper-coated polymer
demonstrated approximately 5 log reductions in the numbers of both Gram-positive and
Gram-negative bacteria within 15 minutes in the dark. Upon irradiation of low-intensity
white light, the crystal violet and gold nanocluster incorporated polymer exhibited ca.
2.66 log reduction in bacterial numbers for lab strain S. aureus and ca. 2.85 log for lab
strain E. coli in 24 h. An extremely high intensity white light was being used to activate
the antimicrobial activity of the methylene blue and gold nanocluster UHMWPE. The
material demonstrated efficacious antibacterial activity against both lab strains S. aureus
and E. coli, by reducing bacterial numbers to below the detection limit within 30 min and
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1.67 log in 2 h, respectively. When tested against clinical strain S. aureus and P.
aeruginosa the material reduced bacterial numbers of below the detection limit within 30
min and 2 h, respectively. The modified polymers detailed in this thesis could ultimately
be used as spacers in prosthesis, to reduce the associated incidence of prosthetic joint
infection.
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Impact Statement
Every year about 3 million joint replacement operations are performed worldwide,
including roughly 1.4 million hips, 1.1 million knees and 100,000 shoulder replacements
For the UK alone, over 240,000 joint replacements were performed in 2019. With current
existing antimicrobial prophylactics in place, in the past seven years, joint arthroplasty's
revision rate was still as high as 10% at 13 years, with prosthetic joint infection being one
of the most common reasons for the revision. In this thesis, several novel antimicrobial
ultra high molecular weight polyethylenes have been developed via different techniques.
The studies that have been conducted have several implications. The materials have great
potential to be used as prosthetic joint spacer materials with demonstrated effective
antimicrobial properties and robust mechanical strength. A wide range of material
characterisation techniques have been adapted which could be the basis for further study,
particularly for healthcare-related polymers or high density polymer for other purposes.
Throughout the studies, an extensive investigation of the materials' mechanical properties
was conducted via different methods; future work may routinely reference these
approaches as determining the mechanical and wear properties of clinically used implant
material is vital. At the later stage of the research (refer to Chapter 5), a biocompatibility
test, using mammalian cells to test the cytotoxicity of the photosensitised gold nanocluster
containing polymer, was introduced. This finding is particularly useful for future studies,
as the gold nanocluster polymer has been widely investigated within the research group
for antimicrobial material in healthcare settings.
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Introduction
Joint replacement is a life-enhancing surgical procedure that has remarkable success in
alleviating pain and restoring mobility. Several conditions can cause joint pain and limit
mobility, leading patients to consider joint replacement surgery. Wear and tear, injuries
and medical conditions such as arthritis and bone fractures can all take a toll on the body’s
joints. When symptoms cannot be improved through medication and physical therapy,
one option is to remove the damaged joints and undergo joint replacements.
Total joint replacement is a common surgery that involves replacing a damaged,
worn or diseased joint and replacing it with an artificial implant. Health conditions that
cause joint damage include rheumatoid arthritis, haemophilia, gout disorder that cause
unusual bone growth, death of bone in the joint following blood supply problem,
deformity with pain, loss of cartilage (National Health Service, 2019a). The most
common reason for joint replacement is osteoarthritis which is a condition that causes
joints to become painful and stiff. According to NHS, the exact cause of osteoarthritis
remains unknown. However, several reasons are proposed including overuse of joints,
family history although no research findings confirm a single causative gene, and obesity.
Options available to mitigate the condition include regular exercise, losing weight,
wearing suitable footwear, and the aid of special devices (National Health Service, 2019b).
If all of the abovementioned has been exhausted, joint replacement would be the next
valid option.
Knee, hip and shoulder replacements are common types of joint replacement
surgery. Joint replacement in the UK is in high demand with roughly 3 million procedures
recorded in the NJR between 2003 to 2019 (National Joint Registry - 17th Annual Report,
2020). The National Joint Registry outlines each type of joint replacement between 2003
to 2019 which is shown in Table 1.1.
Type of joint replacement
Subtype of replacement
Primaries

Hips

Knees

Ankles

Shoulders

Elbows

1,191,253

1,300,897

6,589

45,784

4,373

Revisions

123,891

83,042

803

5,087

1,231

Table 0.1 Numbers of procedures for each type of joint replacement. A breakdown of primary and revision for each
type of joint replacement is also provided. Note: the figures in the table are not added up to the total number of
procedures recorded in the NJR between 2003 to 2019. This is because the procedures without consent and traceable
ID are excluded.
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The reasons for revision post-implantation are multifactorial and usually due to a
combination of surgical, implant and patient aspects. Some indications for revision
include aseptic loosening, pain, dislocation, lysis, periprosthetic fracture, implant fracture,
instability and malalignment. Prosthetic joint infections (PJI) are also one of the most
common reasons for revision, and a significant factor in hindering joint prosthesis'
longevity, accounting for 20% of total revisions. Although PJI occurs at a rate of 2 -3%
per year (Peel et al., 2011), the associated mortality rate can reach 25% (Gil et al., 2019).
The current strategy for preventing PJI is through systemic administration of antibiotics,
however the drug penetration and efficacy of the antibiotics may be limited due to drug
pharmacokinetics and the lack of vascularity of bone (Gil et al., 2019). Recent research
demonstrated that antibiotics-eluting ultra high molecular weight polyethylene
(UHMWPE) can be used as a PJI prophylactic joint implant material (Suhardi et al., 2017).
Despite the promising in vitro performance resulting from local drug delivery, there is a
risk of increasing antibiotic resistance. In this thesis, three different antimicrobial
UHMWPE were introduced which could potentially prevent PJI, corresponding to each
of the three main chapters, focusing on surface modification of joint implant material and
the incorporation of non-antibiotic bactericidal substances. The first chapter elaborates
the fundamental scientific, engineering and clinical foundations of UHMWPE. It details
the origins of UHMWPE in joint arthroplasty and the ongoing issue of the postoperative
revisions due to implant-related infection. The second half of the chapter focuses
explicitly on the PJI from epidemiological, pathogenic and microbiological aspects and
provides an extensive review of the current medical and surgical intervention to suppress
postoperative PJI. Several prophylactic approaches, including the latest research on
antimicrobial prosthetic joint material, are evaluated at the end of the chapter. Research
detailed in Chapter 3, 4, and 5 showcases the development of three different novel
antimicrobial UHMWPE strategies to reduce the risk of PJI. This nascent antimicrobial
UHMWPEs are first of their kind to demonstrate the potential to address the associated
PJI.
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A primer on UHMWPE
1.1.1 An overview of UHMWPE
As a subset of the thermoplastic polyethylene, ultra-high molecular weight polyethylene
(UHMWPE) possesses many unique physical and mechanical properties. The extreme
abrasion resistance tested almost fifteen times as good as steel (Park and Seo, 2011). This
property makes the UHMWPE of choice in applications where low wear is desired to
extend the lifetime of critical parts, for example, the material in profiles for chain/belt
guides, bearing bushings in packaging and food industries (Celanese, 2013). Since the
polymer has a broad range of operating temperature, this also allows it to be used to
manufacture sliding surfaces such as sledges, ski and snowboard (Celanese, 2013).
Another notable characteristic is exceptionally high impact strength which allows the
material to be used as an impact-absorbing element that can provide trouble-free
operation with low maintenance, for instance, use in maritime dock fenders (Celanese,
2013). The above properties mentioned in combination with biocompatibility opens up a
medical application for UHMWPE within the orthopaedic sector (Kurtz, 2009a).
UHMWPE's first use as a bearing material for artificial joints can be chased back
to as early as the 1960s (Kurtz, 2009a). Initially, polytetrafluoroethylene (PTFE) was used
as an ideal candidate to replace the damaged acetabulum, and the femoral head surface
was replaced with a PTFE ball (Steven M Kurtz, 2016c) by virtue of its low friction
coefficient and chemical inertness. However, patients started reporting side effects such
as pain and inflammation triggered by wear debris after the implantations (Steven M
Kurtz, 2016c) It was estimated over 99% of the patients had to have implants revised
within 2–3 years of implantation due to severe wear and the inflammatory response
attributed to the PTFE wear debris (Steven M Kurtz, 2016c). As a result, a British
orthopaedic surgeon and his technician discovered UHMWPE demonstrated significant
low wear and abrasion resistance compared to PTFE. Since then, the material has become
the mainstay as an artificial acetabular cup in hip arthroplasty after the biocompatibility
test was conducted and results published in Lancet in 1963 (Charnley, 1963).
UHMWPE is also widely used in knee, shoulder and elbow arthroplasty. Figure
1.1 illustrates the role that the UHMWPE plays in each prosthetic joint, which can be
found in the human body. The material replaced the articulation between other implanted
components upon the emergence of hip arthroplasty, which was described above (Steven
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M Kurtz, 2016d). The nascent UHMWPE-incorporated knee implants demonstrated
improved mobility of most patients, who had previously been debilitated by knee pain
(Steven M Kurtz, 2016d). Regardless of some visible wear and fatigue due to deficient
surgical techniques, the early positive outcomes of the knee implants indicate the
UHMWPE's performance per se, provided a solid base for its broader applications in
other joint areas and future implant improvement (Steven M Kurtz, 2016d).

Figure 0.1 Schematic showing hip, shoulder, knee and ankle arthroplasty in place, each with UHMWPE spacer
highlighted.

1.1.2

Polymer structure and crystallinity

UHMWPE has a simple chemical composition consisting of only hydrogen and carbon
with no large functional group along the polymer backbone. Medical grade UHMWPE
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usually has a molecular weight between 2 – 6 million g/mol (Kurtz, 2009a). It is rare for
a polymer to achieve full crystallinity. UHMWPE adapts a semi-crystalline structure
where both the ordered crystalline region and amorphous region co-exist. Figure 1.2
depicts an example of a polymer with a semi-crystalline structure. The crystalline
lamellae are embedded within the disordered amorphous regions and connected by tie
molecules.

Figure 0.2 Morphological features of UHMWPE. Adapted from Kurtz 2019.

The crystallinity is an essential structural factor contributing to the mechanical
properties of a polymer (Pruitt and Chakravartula, 2011). In this thesis, the crystallinity
of the materials was investigated by using differential scanning calorimetry (DSC) before
and after the modification of the UHMWPE in order to measure the effect on mechanical
properties. The crystallinity of each modified UHMWPE has been studied to evaluate
whether the modification process would introduce any change in the crystallineamorphous ratio and subsequently change the mechanical properties.
One factor that can interfere with the long-range ordering of molecules in
crystallites is the chain architecture of the polymer. The molecules do not pack well into
crystallites when they have a high degree of branching on the carbon backbone (Pruitt
and Chakravartula, 2011); therefore, they tend to be amorphous. If the molecules have
large functional groups or extensive chain length – namely high molecular weight, they
incline to tangle instead of crystallising. Molecules tend to pack orderly if the chain of
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the polymer is highly symmetrical. For example, in the polystyrene polymer system, the
syndiotactic polystyrene has the benzene groups fall into each side of the carbon
backbone alternatively where it can get closer together. However, atactic polystyrene is
more sterically hindered due to the asymmetrical molecular structure where the chain tries
to fold as the functional groups locate randomly on each side of the backbone. Therefore,
atactic polystyrene is very amorphous compares to its isomer. Figure 1.3 illustrates how
the benzene groups arrange differently in each polystyrene. A linear polyethylene can be
very crystalline, whereas a branched polyethylene is more amorphous. To sum up, these
are the primary factors that affect the crystallinity of a polymer: i) molecular structure; ii)
molecular weight of the polymer; iii) slow cooling from the melt (enables crystal
formation).

Figure 0.3 Two different types of polystyrene; a) syndiotactic polystyrene, b) atactic polystyrene. Syndiotactic
polystyrene has the functional groups arranged alternatively whereas the atactic polystyrene has an irregular
arrangement of the benzene groups. The former can readily pack into crystal structures.

Density

Molecular weight

Crystallinity

(g/mol)

(g/mol)

(%)

Branched

0.915 - 0.929

30,000 - 50,000

25 - 35

Lightly branched

0.917 - 0.942

30,000 - 50,000

35 - 45

200,000 – 500,000

70 - 90

Up to 6,000,000

45 - 60

Polyethylene

Molecular Structure

LDPE
LLDPE
HDPE
UHMWPE

Non branched, linear 0.941 – 0.965
Long, linear

0.930 – 0.935

Table 0.2 Molecular structure, physical properties and crystallisation in the polyethylene polymer system

The dependency of crystallinity on the molecular structures of the polyethylene
family was shown in Table 1.2. Polyethylene has a density range from 0.91 – 0.97 g/mol,
therefore, it can be subcategorised as low-density polyethylene (LDPE), linear lowdensity polyethylene (LLDPE), high-density polyethylene (HDPE) and UHMWPE. The
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fundamental difference among the first three, lies in the degree and regularity of
branching. Figure 1.4 depicts the structural difference owing to the chain branching in
various polyethylene. While HDPE adapts a non-branched, linear structure, LLDPE is
characterised by branches with uniform length at regular intervals whereas LDPE is
exactly the opposite. The branches of LDPE set the polymer molecule further apart, which
impede the molecules efficiently packing into crystallites whereas the regular branching
in LLDPE facilitates the long-range ordering of the molecules, thus higher crystallinity.
While a high degree of branching reflects in both low crystallinity and density of a
polymer, linear chains facilitate efficient packing of molecules. Thus, HDPE has
crystallinity as high as 90%. UHMWPE should have deceptively high crystallinity due to
its non-branched, linear structure; however, the ultra high molecular weight, namely
extended long chains, are inclined to tangle instead of crystallising. Therefore, a
compromised crystallinity is presented. Depending on different polyethylene’s properties,
they are widely employed as biomaterials such as catheter tubes, facial implants, tendons
and bearing material in orthopaedic implants.

Figure 0.4 Illustration of the structural difference between LDPE, LLDPE and HDPE. Adapted from Kurtz 2019.

1.1.3 Thermal transitions and mechanical properties of UHMWPE
As mentioned above, UHMWPE is a semi-crystalline polymer comprising of both
crystalline and amorphous phases. Under ambient and in vivo conditions, UHMWPE is
well above its glass transition temperature (Tg) of ~ -120ºC (Kurtz, 2009a), where at this
point material transits from glassy to rubbery, and chain motions become more feasible
as a small amount of energy is required (Balani et al., 2014). The extremely low Tg is
well reflected by UHMWPE’s molecular structure as the flexibility of the chains is
facilitated by the low degree of chain branching and entanglement as well as the absence
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of large side groups (Pruitt and Chakravartula, 2011). Those who have relatively high Tg
are classified as glassy polymers that hardly show any deformation (Pruitt and
Chakravartula, 2011). They demonstrate high strength, elastic modulus, and optical
clarity, but offer limited toughness (Pruitt and Chakravartula, 2011). UHMWPE exhibits
a high degree of resilience and toughness as a rubbery polymer, which is essential for
applications that require heavy loads and impacts.
While Tg features the polymer's amorphous region, the crystalline region is
characterised by the melting point (Tm) of the polymer. It has been suggested that the
thickness of the crystalline lamellae and their perfection are closely related to Tm (Kurtz,
2009a), that is smaller crystals or fragmented lamellae will tend to melt at a lower
temperature. In this thesis, the true Tm of the plain and modified UHMWPE was read
from the DSC curves, where it indirectly indicates any change in the lamellae structure.
For detailed data analysis, refer to Chapter 3. The presence of the crystal lamellae in
UHMWPE increases the polymer strength due to the strong intermolecular bonding. The
coupling of both crystalline and amorphous structures facilitates the toughness, whereas
strength is offered by the crystalline region and elastic ductility is provided by the
amorphous region when it is above its glass transition temperature. Furthermore, a study
has found that polymer with a semicrystalline structure will decrease its tensile modulus
(Gomoll, Wanich and Bellare, 2002).
1.1.4

Processing method

UHMWPE’s extreme molar mass demonstrates high melt viscosity (Steven M Kurtz,
2016e) where the polymer shows no melt flow at all and retains its shape in the molten
state. When the temperature rises above its melting point, the polymer, in theory, should
undergo a flow transition and therefore become liquid. However, the entanglement of the
extended long polymer chains in UHMWPE impedes it from flowing (Steven M Kurtz,
2016a). For this reason, the powder-like raw UHMWPE is consolidated with an
appropriate combination of elevated temperature and pressure (Steven M Kurtz, 2016e).
Therefore, current standard techniques of processing include injection moulding, ram
extrusion and compression moulding.
In the form of resin powder, UHMWPE implants need to be consolidated into rod,
sheet or near-net-shape, followed by machining into its final shape. It is possible that
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some implants can be directly compress moulded without further processing. In this thesis,
all samples were manufactured into thin sheets via compression moulding, which would
be convenient for material characterisations and subsequent antimicrobial tests.
1.1.5 Summary
The above section provides basic information about the UHMWPE’s composition,
structure and unique properties. It details the reasons to make UHMWPE a standout
choice as a bearing material in prostheses. Knowing the fundamentals of
UHMWPE provides an essential reference for modifying the polymer. That is, endowing
the material with potent bactericidal activity without sacrificing its mechanical properties.
In this thesis, all modified UHMWPE required high temperatures to carry out
polymerisation or further heat treatment. One challenge was to make sure that the
subsequent heat treatment did not bring any adverse effect to the mechanical properties
of the plain UHMWPE. Another challenge was to ensure that the addition of any
antimicrobial agents encapsulated within the polymeric matrix would not alter the
crystallinity of the modified polymer and subsequently the mechanical properties. Finally,
the biocompatibility of the modified materials must be taken into account, as the presence
of any extractable chemical compounds and antimicrobial agents from processing may
influence the cytotoxicity. This of great importance for potential application in prosthetic
joints. The above challenges are discussed and studied in detail within the result chapters.

Prosthetic joint infection
The majority of the joint arthroplasties provide mobility and pain-free functions; however,
there is no doubt that some patients’ joint replacement will experience device failure and
require additional surgical treatments at some time post-implantation. Over the past few
decades, aseptic loosening, infection, joint fracture, dislocation and material fatigue have
been consistently identified as the common reasons for joint replacement revisions
(Tande and Patel, 2014). PJI is considered one of the earliest onset complications.
According to the Australian Orthopaedic Association National Joint Replacement
Registry, infection accounted for the second-highest (29.6%) revision diagnosis of
primary total knee arthroplasty (TKA) (all-polyethylene patella type) between 1999 and
2013 in a cohort of 4615 patients (Graves et al., 2014). It is worth noting that infection,
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as a complication, has the highest cumulative incidence for the first three years post knee
replacement (Fig. 1.4) (Graves et al., 2014), this can be attributed mainly to the patients'
physical conditions or other perioperative factors. Therefore, unlike other complications
subjected to, for example, an individual’s lifestyle or implant material’s life span (Tande
and Patel, 2014), PJI can be limited by carrying out certain prophylactic measures.

Figure 0.5 Cumulative incidence for the revision diagnosis of primary total knee replacement. The prostheses
used here are all-polyethylene patellar type for a 4615 cohort. (Graves et al., 2014)

1.2.1

Risk factors for prosthetic joint infection

PJI is a devastating complication of joint replacement. The risk of developing PJI is
affected by various factors ranging from the patients' pre-existing conditions, prolonged
surgical procedure, and the quality of the healthcare system.
Patient factors
Cohort and case-control studies indicated that obese patients have a higher risk of PJI
than healthy patients (McCalden et al., 2011; Peel et al., 2011). One possible reason might
be a prolonged operation time (Gillespie and Porteous, 2007; Haverkamp et al., 2011;
Liabaud, Patrick and Geller, 2013). Some surgeons perceive joint replacements in obese
patients as more technically challenging (Raphael et al., 2013). Incision time is extended,
taking up to 90% of the total operation time (Michalka et al., 2012) and will therefore
prolong exposure of the operative wound to the open air (Liabaud, Patrick and Geller,
2013). It is also suggested that necrotic fat can act as an excellent medium for
microbiological growth and further facilitate arthroplasty infections (Peel et al., 2011).
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Other lifestyle factors such as excessive alcohol consumption, tobacco use and poor oral
hygiene are also associated with an increased risk of PJI (Lenguerrand et al., 2019).
Patients with underlying health issues are more vulnerable to PJI (Tande and Patel,
2014; Lenguerrand et al., 2019). A recent study discovered that the presence of diabetes
mellitus and perioperative hyperglycaemia at the time of primary lower limb arthroplasty
were associated with an increased risk of PJI (Malinzak et al., 2009; Mraovic et al., 2011;
Namba, Inacio and Paxton, 2013). One obvious reason might be the elevated glucose
levels, which can facilitate better biofilm formation (Tande and Patel, 2014; Eka and
Chen, 2015), as seen in an in vitro study (Seneviratne et al., 2013). In fact, such health
conditions usually result in higher rates of infections, e.g., diabetic ulcers. Perhaps a more
profound reason is that the mobilisation of neutrophils will be inhibited in the
hyperglycaemic context (Fainsod-Levi et al., 2017). Bacterial infections cause the release
of chemokines which act as a signal to attract circulating neutrophils, a process known as
chemotaxis. The neutrophils will then adhere to the endothelial cells where they can
migrate through the tissue to reach the infection site and engulf the bacteria. In the
hyperglycaemic state, chemotaxis is reduced and triggers a chain reaction, including the
impairment of endothelial adherence and phagocytosis (Dronge et al., 2006). Besides,
inflammatory arthropathy, for instance, rheumatoid arthritis can have an increased risk of
revision (Lenguerrand et al., 2019). One explanation might be that the antirheumatic
drugs used to treat these conditions are known to be immunosuppressive (Baker and
George, 2019). For instance, a late-onset infection can be triggered because the prosthesis
may be eroded by the damaged soft tissue envelope (Tande and Patel, 2014). Such cases
usually seen in patients have elbow prosthesis with adjacent rheumatoid nodule due to
the consumption of cortisone-like medicines (Tande and Patel, 2014). Other
immunosuppressive health problems such as chronic liver disease and renal disease are
also risk factors contributing to PJI (Wu et al., 2014).

Surgical factors
Perioperative antibiotic prophylaxis is a common strategy used in contemporary joint
arthroplasty; however, patients who received antibiotics irrigation were associated with a
paradoxical increase in the risk of deep surgical site infection (SSI) (Namba, Inacio and
Paxton, 2013), one of the postoperative complications that can lead to PJI (Peel et al.,
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2011; Tande and Patel, 2014).1 A prior study has also demonstrated that other commonly
used prophylactic techniques, such as operating room laminar airflow or body exhaust
suits, were not associated with a lower risk of infection after total joint arthroplasty (TJA)
(Tande and Patel, 2014).
Evidence showed that the risk of acquiring PJI could be lowered by reducing the
operative time, with a 9% increased risk per fifteen-minute increment (Pulido et al., 2008;
Namba, Inacio and Paxton, 2013). Nevertheless, prolonged operative time is often
inevitable due to the presence of comorbidity, such as those mentioned in section 1.2.1.1.
Moreover, increasing the operative time is likely a proxy for the complexity of certain
surgical procedures in TKA such as quadriceps release and tibial tubercle osteotomy
(Namba, Inacio and Paxton, 2013).

Hospital factors
It has been found that the overall risk of revision for PJI was higher in high-volume
hospitals than those in low-volume hospitals (Namba, Inacio and Paxton, 2013;
Lenguerrand et al., 2019). A cohort study focused on primary knee replacements done
between 2003 and 2013 in England and Wales has delineated the effect of hospital volume
on revision for PJI (Lenguerrand et al., 2019). The risk of revision due to the PJI within
the first three months upon TKA was higher for hospitals that have completed over 440
knee arthroplasty cases than those with a small volume of activity PJI (Lenguerrand et al.,
2019).
1.2.2

Time- based classification of PJI

Early-onset PJI usually happens within 3 months after the joint replacement procedures.
This infection is possibly initiated at the time of the operation and is usually caused by
relatively virulent bacteria (Tande and Patel, 2014). Delayed onset PJI falls into the
timeline between 3 to 24 months after joint replacement procedures. Although this type
of infection is acquired during the operation, but it is usually caused by less virulent
bacteria than early-onset infection (Tande and Patel, 2014). Late-onset PJI occurs 24
months after the joint replacement procedures and is usually through hematogenous
1

See section 1.2.5.1 for more detail about the correlation between SSI and PJI.
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infection. Rarely, it can also be caused by extremely indolent bacteria initiated during the
joint replacement procedures (Tande and Patel, 2014).
1.2.3 Clinical presentation
Depending on the pathogens' virulence, the mechanism of triggering infection, the
patients’ immune response and surrounding tissue structure, clinical manifestations might
vary between cases (Tande and Patel, 2014). Often, patients will feel acute pain around
the affected area at the early stage after implantation. Other commonly reported
symptoms include swelling, effusion and erythema around the wound. The existence of
a sinus tract fever is usually associated with pathogenic microorganisms, such as S. aureus
and Gram-negative bacilli (Zimmerli, Trampuz and Ochsner, 2004).
Patients with late-stage infection usually demonstrate a subtle sign of implant
loosening (Dapunt et al., 2016). This is because failure to clear the infection causes a
persistent inflammatory response (Dapunt et al., 2016) and osteoclast generation, which
causes the bone to be dissolved alongside the joint replacements (Dapunt et al., 2014).
This process, known as osteolysis, can weaken the attachment of the joint replacement to
the bone and eventually cause implant loosening, the latter consequently necessitating
implant-exchange surgery.
1.2.4 Pathogenesis
Initiation of prosthetic joint infection
Two modes of infection are summarised here: perioperative contamination, this can be
achieved via direct contact or transmission through vicinal infected site; remote site
infection through hematogenous seeding. The majority of early-stage PJIs occur within
one year of implantation (Tande and Patel, 2014). Pathogenic microorganisms start
colonising the surfaces of the prosthesis or surrounding tissues through direct contact or
aerosol contamination during the operative time (Tande and Patel, 2014). A research
study using English short hair rabbits to established the dramatic impact of the in vivo
presence of an inanimate surface, in this case, the surface of the prosthesis, on the ease of
initiating infection from medullary perioperative contamination (Southwood et al., 1985).
The literature details that the number of bacteria required to cause an infection is lower
in the presence of a prosthesis (< 102 CFU) compared to those cases without a prosthesis,
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which required 100 fold more bacteria (< 104 CFU)(Southwood et al., 1985; Tande and
Patel, 2014). This study has shown the presence of surfaces facilitate the initiation of
infection. It is worth pointing out that even though stainless steel prostheses were adopted
in this study, Kinnari et al. concluded that UHMWPE is prone to facilitate bacterial
contact and leads to increased early bacterial adhesion (Kinnari et al., 2010). The
contiguous spreading of infection can also initiate the PJI from an adjacent site (Tande
and Patel, 2014). At the early postoperative stage, any possible superficial SSI and deep
fascial planes can lead to the propagation of infection involving the prosthesis, if effective
wound healing is lacking (Tande and Patel, 2014).
Finally, another mechanism to initiate PJI is hematogenous seeding where the
infection is introduced by bacterial seeding from the blood. Unlike the two modes of
infection mentioned above, patients with joint replacement surgery can remain at risk of
PJI due to hematogenous seeding throughout the life of the arthroplasty (Tande and Patel,
2014). However, there is abundant evidence that the prevalence of PJI caused by
pathogens from bloodstream remains low (Ainscow and Denham, 1984; Southwood et
al., 1985; Uçkay et al., 2009; Parham Sendi et al., 2011). The risk of haematogenous
seeding associated with PJI is believed to be less to do with surgery related factors, but
rather depends upon the health conditions and lifestyle of the patient (Uçkay et al., 2009).

Role of biofilm
Single-cell planktonic bacteria can be cleared readily by the host’s natural defences or
antibiotic treatment. However, they can also serve as a precursor for biofilm growth if
they colonise on prosthesis surfaces or vicinal tissue. Bacteria that grow into biofilms
can instigate PJI (Gristina, 1987). It is widely known that microorganisms tend to deposit
at the solid-liquid interface and form aggregates instead of living as dispersed single cells
(Neu, Jost and Flemming, 1999). In doing so, bacteria secrete an extracellular material
known as extracellular polymeric substance (EPS) composed of polysaccharides, DNA
and proteins that form a scaffold to construct the three-dimensional structure responsible
for surface adhesion (Flemming and Wingender, 2010; Mcconoughey et al., 2014). The
bacteria embedded within the matrix develop into a sophisticated “city” with diverse
structure and functions (Zimmerli, Trampuz and Ochsner, 2004; Flemming and
Wingender, 2010).
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The EPS matrix enhances long term attachment of the biofilm by immobilising
the bacterial cells and keeping them nearby, thus the high density of cells allow cell-cell
recognition and communication through quorum sensing (Flemming and Wingender,
2010). Most importantly, the matrix protects the bacteria from antimicrobial agents and
host immune defences (Zimmerli, Trampuz and Ochsner, 2004; Flemming and
Wingender, 2010). This impedes any effective treatment of infection, thereby requiring
complete prosthesis removal to achieve a cure. The resilience of the biofilm contributes
to antimicrobial resistance, and is determined by some characteristics of biofilm growth
(Pozo and Patel, 2007). There are several potential mechanisms implicated in biofilm
resistance to antimicrobial agents. These include:
• Unstable microenvironment: It is proposed that the amount of waste accumulation
in a microenvironment increases with the bacterial density, jeopardising
antimicrobial action within the biofilm. The unstable microenvironment refers to
low pH, low O2, high CO2, low divalent cations, low pyrimidine concentration and
low hydration level, for example (Tande and Patel, 2014).
• Antimicrobial impairment and gene transfer: The entrapment of antimicrobial
agents in the EPS matrix may lead to enzymatic inactivation which can greatly
reduce the agent’s ability to eradicate the biofilm. For instance, Anderl et al. have
proposed that Klebsiella pneumoniae biofilm was unaffected by the use of
ampicillin due to the existence of !-lactamases (Anderl et al., 2003). Bacterial
cells in the biofilm can also promote gene transfer and acquire antimicrobial
resistance genes from other commensals within the biofilm community (Von
Wintersdorff et al., 2016).
• Persister cells: Most antimicrobial agents target metabolically active cells, and so
the growth rate is crucial in mediating biofilm-associated antimicrobial resistance
(Pozo and Patel, 2007). A small number of bacteria in the biofilm demonstrate a
protected phenotypic state in which they are either slow or nongrowing (Lewis,
2001). This type of cell is known as a persister cell. The eradication of biofilm
using antimicrobial agents may kill the majority of the susceptible cells. However,
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persister cells can survive and regenerate the biofilm following discontinuation of
antimicrobial therapy (Pozo and Patel, 2007).
• Efflux pumps: The successful penetration of antimicrobial agents can trigger the
bacteria within the biofilm to upregulate the expression of efflux pumps which
effect the expulsion of any toxic substance from within the cells into the external
environment.
• Stress response. During the attack from antimicrobial agents, bacteria in biofilms
can upregulate stress-response genes, and switch to more resistant phenotypes in
order to defend themselves.
These emergent properties of bacterial biofilms can enable mechanisms to resist
antimicrobial treatment. Thus, new strategies should be directed toward designing
prophylactic measures to prevent and compromise biofilm formation.
1.2.5

Microbiology

Examining and confirming the microbiological causes of PJI is essential in order to
prescribe appropriate antimicrobial treatment. Table 1.3 summaries the microorganisms
which were commonly found at PJI from 14 studies with a broad spectrum of countries
and time points (Tsukayama, Estrada and Gustilo, 1996; Berbari et al., 1998, 2010;
Marculescu et al., 2006; Schäfer et al., 2008; Bengtson and Knutson, 2009; Cobo et al.,
2011; Kim, Choi and Kim, 2011; Trisha N. Peel et al., 2012; Mahmud et al., 2012; PuigVerdié et al., 2013; Li et al., 2018; Benito et al., 2019). 4834 cases were recorded with
most of them associated with hip and knee arthroplasties. The early-onset infection refers
to those developed within three months after surgery, otherwise they were considered late
infection (Benito et al., 2019).
Gram-positive cocci are the dominant causative microorganisms in PJI, mainly
driven by S. aureus and coagulase-negative staphylococci infection (CoNS) (Table 1.2).
The two types of bacteria accounted for ~ 60 % of PJI for all time points. Whereas,
streptococci and enterococci together accounted for < 10 %. Overall, Gram-negative
bacilli were less frequently involved in the PJI at all time points compared to that of the
Gram-positive cocci.
33

Gram stain
Gram negative

Gram positive

Cocci

Bacilli Bacilli

Cocci

Aerobic

Aerobic
Catalase - positive

Catalase - negative Lactose fermenters

Staphylococci

Streptococci Escherichia. coli
No hemolysis

Coagulase - negative
Staphylococcus epidermidis

Coagulase - positive

Enterococci

Lactose non-fermenting
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Non-oxidase
Proteus spp.
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Figure 0.6 A tree diagram shows the classification of bacteria associated with PJI.

In contrast, Escherichia coli, Proteus spp. and Pseudomonas spp. were the most
prevalent among the Gram-negative bacilli-related PJI (Benito et al., 2019). Figure 1.6
outlines the classification of common causative bacteria associated with PJI. The
microbiological diagnosis of PJI is particularly essential in early-onset PJI as the
treatment often includes debridement procedure where no implant will be removed.
Compared to PJI caused by single bacterium, polymicrobial PJI was much more frequent
at the early postoperative stage, which almost accounted for 64% of all early-onset PJI
cases. By contrast, the percentage of polymicrobial late-onset infections (Table 1.3) was
relatively low (Benito et al., 2019).
No. (%) of patients with PJI
Early-onset infection
Late chronic infection
Causative microorganism
Gram-positive cocci
Staphylococcus aureus
Coagulase-negative Staphylococcus
Streptococcus species
Enterococcus species
Gram-negative bacilli

442 (13)a
323 (10)a
53 (2)a
34 (1)a
638 (20)a

683 (15)b
1055 (20)b
197 (4)b
53 (1)b
389 (8)b

Polymicrobial *
270 (64)*
155(36)*
Table 0.3 Microbiological findings of 4834 cases of prosthetic joint infection occurring in 1969 – 2016
a
Data aggregated from 3,343 infection cases (Tsukayama, Estrada and Gustilo, 1996; Bengtson and Knutson, 2009;
Cobo et al., 2011; Kim, Choi and Kim, 2011; Benito et al., 2019)
b
Data aggregated from 4695 infection cases (Tsukayama, Estrada and Gustilo, 1996; Berbari et al., 1998, 2010;
Marculescu et al., 2006; Schäfer et al., 2008; Bengtson and Knutson, 2009; Kim, Choi and Kim, 2011; Trisha N. Peel
et al., 2012; Mahmud et al., 2012; Puig-Verdié et al., 2013; Li et al., 2018; Benito et al., 2019)
* Data aggregated from 425 polymicrobial infection cases (Tsukayama, Estrada and Gustilo, 1996; Bengtson and
Knutson, 2009; Benito et al., 2019)
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Causative microorganisms
Staphylococcus aureus
S. aureus is frequently reported to be the most prevailing pathogen causing PJI, and it is
also known as the most common cause of both community-acquired and hospitalacquired infection (Friedman et al., 2002; Klein, Smith and Laxminarayan, 2007). As a
commensal commonly found on human skin and in the nares, S. aureus also act as an
opportunistic pathogen in immunocompromised people due to its invasive capability
(Wildeman et al., 2020). Thus, medical procedures such as indwelling prosthesis,
intravenous drug administration and haemodialysis are associated with a higher risk of S.
aureus infection. The pathogenesis of S. aureus in PJI involves invading the host tissue,
evading the host’s immune system, adhesion to surfaces, and finally forming biofilms
(Wildeman et al., 2020). In that, the bacterial cell surface components as well as secreted
enzymes and exotoxins facilitate invasion, evasion and propagation of the pathogenic
bacteria (Wildeman et al., 2020). Whole-genome sequencing of S. aureus isolates from
PJI and nares (control) suggested that the commensal and PJI isolates of S. aureus are
genetically indistinguishable, implying that the commensal isolates could also cause PJIs
(Wildeman et al., 2020). This can explain why S. aureus is the most frequent pathogen
that causes PJI. As the bacteria harbours genotypic and phenotypic characteristics for
antimicrobial resistance, which includes biofilm-mediated antibiotics resistance,
eradicating such infection is challenging and requires extensive surgical intervention.
Coagulase-negative staphylococci
Although the heterogeneous group of coagulase-negative staphylococci are considered to
possess fewer virulence factors than S. aureus (Becker, Heilmann and Peters, 2014), they
are more frequently seen in indwelling or implanted foreign bodies (See section 1.2.4)
with Staphylococcus epidermidis and Staphylococcus lugdunensis being the most
significant pathogens. This is because the bacteria possess genes that can facilitate biofilm
production (Hellmark et al., 2013; Lourtet-Hascoët et al., 2016). The CoNS group was
the most frequent cause of late-onset PJI and the second most common cause of earlyonset PJI (Tande and Patel, 2014). Similar to S. aureus, the majority of the CoNS group
are found ubiquitously on human skin and mucous membranes (Becker, Heilmann and
Peters, 2014; Lourtet-Hascoët et al., 2016).
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The identification of specific species in the CoNS group can be challenging. For
instance, S. lugdunensis demonstrates similar morphological, biochemical, and
pathogenic properties to those of S. aureus. This is because S. lugdunensis produces
bound coagulase through clumping factor where it results in positive agglutination test
that will lead to wrongful identification as S. aureus and further affect the management
of PJI treatment (Tande and Patel, 2014; Lourtet-Hascoët et al., 2016). Besides, compared
to other staphylococci, S. lugdunensis infection demonstrates significant clinical
symptoms such as pain or a local sign of inflammation (Lourtet-Hascoët et al., 2016). S.
epidermidis is typically considered as “medium” pathogenic staphylococci between S.
aureus and S. lugdunensis. Hellmark et al. have found differences in antibiotic sensitivity
between the PJI isolates and commensal isolates (Hellmark et al., 2013) with 67 % of the
PJI isolates exhibiting multidrug-resistance (Hellmark et al., 2013).
Although some of the species from the CoNS group have properties analogous to
S. aureus, the main difference between them is the antimicrobial susceptibility profile.
The majority of S. lugdunensis isolates, for instance, demonstrate penicillin susceptibility
due to the lack of !-lactamase production, unlike other Staphylococcus spp. (Thean, Siew
and He, 2008). In PJI, regimes with multiple antibiotic combinations are usually needed
because of the gradual build-up of resistance by bacteria (Zimmerli, Trampuz and
Ochsner, 2004).2
Streptococcus species
Gram-positive Streptococcus spp. can cause several medical disorders including
pneumonia, sepsis and skin infection. Less than 10% of the PJI are caused by
Streptococcus (Tande and Patel, 2014), but several beta-haemolytic Streptococcus spp.
can cause PJI. Among them, Group B (Zeller et al., 2009; Corvec et al., 2011; P. Sendi et
al., 2011) and G (Meehan et al., 2003; Everts et al., 2004) beta-hemolytic Streptococcus
spp. often cause acute PJI. For group B streptococci, the majority of infections occur later
due to the hematogenous pathway from the skin, gastrointestinal tract (GT) and
genitourinary tract (Zeller et al., 2009). Patients with PJI caused by group G streptococci
are usually triggered by other infections that might be located far-off from the prosthesis,

2

See section 1.2.6 for a detailed discussion of the PJI treatment, including the application of antibiotics for
different pathogens.
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such as cellulitis in the skin (Everts et al., 2004). The treatment modality of Streptococcus
PJI involves debridement with implant retention followed by the in-take of antimicrobial
agents via intravenous injection and oral medicine (Everts et al., 2004). However, the
drawback of this treatment is prolonged suppressive antimicrobial therapy is usually
required (Everts et al., 2004).
Enterococcus species
As an ubiquitous member of the intestinal microbiota of humans and animals, enterococci
comprises of more than 17 species, some of which have been recognised as human
pathogens (Fraser, 2018). Although the majority of Enterococcus spp. do not cause
infections in humans, those with underlying health issues or a compromised immune
system are more likely to get an infection. This explains why almost 50 % of patients
with PJI infection due to enterococci have at least one comorbidity such as renal disease,
coronary disease or diabetes mellitus. Enterococci are a rare cause of PJI as seen in Table
1.2, often as part of polymicrobial infections which present as an early-onset infection
(Cobo et al., 2011; T. N. Peel et al., 2012; Tande and Patel, 2014). This possesses great
challenge to treat PJI. Hence, a two-stage exchange treatment is recommended in addition
to a synergistic combination of antibiotics.
Gram-negative bacilli
According to several retrospective studies, the most commonly isolated Gram-negative
bacillus is E. coli (Raut et al., 1996; Aboltins et al., 2011; Zmistowski et al., 2011; Jaén
et al., 2012), followed by Pseudomonas aeruginosa (Hsieh et al., 2009). Similar to
Enterococcus spp., E. coli resides typically in human and animal intestines, where it
contributes to bowel function (Gangell et al., 2011). However, it becomes virulent when
entering the bloodstream and tissues inside the body. It was suggested that aerobic Gramnegative bacilli PJI was more likely to happen in hip prosthesis than knees due to the
proximity of the hip to the GT (Aboltins et al., 2011; Tande and Patel, 2014).
Meanwhile, it was suggested that P. aeruginosa demonstrates a propensity to attach to
bone and fibrocartilage and therefore associated with PJI (Shah et al., 2016). A recent
study showed that between 1969 and 2012, 102 episodes of P. aeruginosa PJI were
recorded (Shah et al., 2016). Patients were treated with various strategies, and their
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corresponding success rate was monitored. There is no doubt that a simple oral drug
treatment to eradicate infection is more favourable than surgical intervention, however,
this results in a lower success rate (Shah et al., 2016). Nevertheless, the treatment method
is usually a joint decision between a multidisciplinary team, which includes orthopaedic
specialists and microbiologists. It also depends on the stage of the illness and each case
should be individualised. 3 In summary, this elucidates the high failure rate of joint
function affect by PJI caused by P. aeruginosa, which signifies the low quality of life.

1.2.6 Treatment
This section briefly describes the procedures for treating PJI, which usually involves
combining medical therapies and surgical interventions. Eradication of the infection
while restoring the pain-free function of the prosthesis and lowering the reoccurring rate
is the ultimate goal of PJI treatment. After decades of development and clinical
experience, a summary of various treatments is shown in Figure 1.7.
The first one is debridement with retention of the prosthesis via arthroscopy or
open surgery, depending on the extent of the infection. Resection of the infected
prosthesis followed by reimplantation of a new one, either complete at stage one or after
prolonged antimicrobial treatment (two-stage exchange). Finally, resection of the
prosthesis without reimplantation. In addition, for each surgical strategy, non-surgical
management involving antibiotics is required as an auxiliary therapy to suppress bacterial
growth.

3

See Section 1.2.6 for more details of various management strategies.
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Debridement
Antibiotic irrigation
Implant retention
DAIR

Single surgery

2 - 6 weeks
Debridement

One stage exchange

Complete prosthesis exchange
•
•

Antibiotic impregnated PMMA bone cement
Antibiotic impregnated beads and collagen
sponge

Pathogen specific antibiotic

Fluoroquinolone

Rifampin

Oral antimicrobial suppression

3 months follow-up treatment
Implant free period

Debridement
Two stage exchange

Prosthesis removal and spacer replacement

Pathogen specific antibiotic

Debridement
Complete and permanent resection

Implant removal and failure

Pathogen specific antibiotic

Antimicrobial free

Spacer removal and
prosthesis implantation
Antibiotic continuously
supplied until implantation
cultural negative

Figure 0.7 Medical and surgical strategies for treating PJI. Abbreviations: DAIR stands for debridement, antibiotics, and implant retention.
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Debridement, antibiotics and implant retention
Debridement, antibiotics with implant retention (DAIR) is usually used on patients with
relatively mild symptoms occurring shortly after implantation (Osmon et al., 2012;
Kuiper et al., 2014). Upon opening the incision, ample irrigation will be applied initially
to the infected area. Thorough debridement will then be carried out by removing the
necrotic tissues and hematoma and draining the pus from the prosthesis vicinity (Byren
et al., 2009; Kuiper et al., 2014; Tande and Patel, 2014). During this process, samples of
the infected tissues will be obtained for culture and histology to aid the later antimicrobial
treatment (Byren et al., 2009). Components such as UHMWPE liner or femoral head are
replaced, and the overall stability of the prosthesis assessed after completion of
debridement procedures (Byren et al., 2009). The exposed wound is heavily irrigated by
the antiseptic aqueous chlorohexidine before closing (Byren et al., 2009). Opposite to
open debridement, arthroscopic washout is another modality of the DAIR. A case study
was carried out over five years at Nuffield Orthopaedic Centre, where patients with PJI
treated with DAIR were identified (Byren et al., 2009). It was found that 13% treated with
arthroscopic washout had a poor outcome (Byren et al., 2009). This might be due to less
comprehensive debridement, and the retain of contaminated implant components. It was
postulated that minimally invasive surgery was chosen since some patients may suffer
from other comorbidities (Byren et al., 2009).
Treatment success rate related to DAIR was reported to vary from 30 to 80 % with
a wide range of microorganisms (Berdal et al., 2005; Marculescu et al., 2006; Soriano et
al., 2006; Choong et al., 2007; Byren et al., 2009; Azzam et al., 2010; Cobo et al., 2011;
Engesæter et al., 2011; Koyonos et al., 2011; Odum et al., 2011; Sukeik, Patel and Haddad,
2012; Westberg, Grøgaard and Snorrason, 2012). A systematic review reported a success
rate of 46% for DAIR treatment of both hip and knee infections (Romanò et al., 2012).
Shoulder and ankle PJI treatment using this method has found to be very limited (Sperling
et al., 2001; Kessler et al., 2014). According to Sperling et al., 32 shoulder arthroplasties
were recorded (Sperling et al., 2001) with only six patients undergoing debridement with
implant retention. One was reported to have successfully eradicated the infection, three
had infection relapse, one died 24 months after the surgery, and one was lost to follow
up. Despite the low satisfaction rate, the cohort group was too small to determine the
performance of DAIR in treating shoulder PJI (Sperling et al., 2001). For ankle PJI, the
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outcome of DAIR is challenging to evaluate because the treatment methods of this type
of PJI has not yet been standardised (Kessler et al., 2014).
Treatment failure usually leads to repeated debridement and irrigation procedures;
however, the success rate was not much higher than that following single debridement
with 52% achieving complete eradication (Romanò et al., 2012). Continuous treatment
failure will ultimately undergo two-stage exchange surgery, resulting in 34% failure
(Sherrell et al., 2011). Permanent resection or amputation could be necessary if the
infection cannot be controlled (Tande and Patel, 2014).

One stage arthroplasty exchange
A single-stage arthroplasty surgery requires procedures to be completed all at once,
including arthrotomy to remove the prosthesis and all other foreign materials, a thorough
debridement, irrigation and reimplantation of a new prosthesis (Zimmerli, Trampuz and
Ochsner, 2004). There are several antimicrobial strategies used for a one-stage
arthroplasty exchange. Intravenous antibiotics are commonly used immediately after the
postoperative period, and administered for between four to six weeks (Klouche et al.,
2012). Patients also need to follow a long-term oral antibiotics administration for up to a
year (Buechel, Femino and D’Alessio, 2004). Patients who are eligible to undergo onestage exchange procedures need to fulfil certain requirements, for example, the infected
part should retain sufficient bone stock, and the surrounding soft tissues are in good
condition (Osmon et al., 2012).
Two-stage arthroplasty exchange
Unlike one-stage arthroplasty exchange surgery, the two-stage arthroplasty exchange has
a buffer period between the debridement and the prosthesis reimplantation where
prolonged antibiotics is used intravenously for four to six weeks. Afterwards, there is
another two to six weeks drug-free period during which any signs of infection are
evaluated. Repeated debridement might be performed if there are still signs of infection,
followed by further antibiotics treatment. Upon reimplantation, biopsy specimens and
cultures are obtained for histopathological examination to confirm a negative result. By
far, it is the most definitive PJI treatment in terms of eradication of infection and joint
function preservation (Tande and Patel, 2014).
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During the prosthesis free period, spacers are utilised to fill the vacant space in the
bone after removing the infected prosthesis. Moreover, the temporary use of spacers can
provide a wide range of joint motion while in place (Tande and Patel, 2014). The spacers
are usually made of polymethylmethacrylate (PMMA) or a composite of PMMA,
polyethylene and metal (Pitto and Spika, 2004; Cui et al., 2007) and serve to provide
locally diffused antimicrobials by loading the drug into the materials. However, there is
insufficient data to determine whether antimicrobial-loaded spacers can eradicate
infection. In addition, the PMMA spacers, as a foreign material, could potentially act as
a reservoir favourable for microorganism’s adhesion.4
Two-stage arthroplasty exchange demonstrated a success rate of over 87% for hip PJI
(Stockley et al., 2008; Biring et al., 2009; Engesæter et al., 2011; Fleck et al., 2011;
Klouche et al., 2012; Briggs et al., 2018), whereas knee PJI treated by this strategy was
reported to have a success rate as high as 95% (Goldman, Scuderi and Insall, 1996;
Haleem, Berry and Hanssen, 2004; Mortazavi et al., 2011; Kubista et al., 2012; Silvestre
et al., 2013). In terms of shoulder PJI two-stage exchange procedure, limited data suggests
that it is associated with a high rate of unsatisfactory results (Sperling et al., 2001;
Strickland, Sperling and Cofield, 2008; Sabesan et al., 2011). Elbow PJI was challenging
to treat by using two-stage arthroplasty exchange with success rate relatively lower than
other joint types (72%) (Cheung, Adams and Morrey, 2008).
Failure of two-stage exchange procedure results in various managing strategies,
including DAIR with antibiotic suppression, repeat two-stage arthroplasty exchange,
resection without reimplantation and amputation, with the last two as a last resort to save
lives (Maheshwari et al., 2010; Kubista et al., 2012; Mahmud et al., 2012). Orthopaedic
surgeons usually take into account the patients’ health condition, the integrity of bone
stock and tissue when making treatment decisions.

Antimicrobial treatment
Although we would like to rely solely on antimicrobial treatment to suppress the PJI and
avoid any invasive procedures, it appears that this might confuse later microbiological
diagnosis and cause subsequent delay for appropriate surgical treatment (Tande and Patel,

4

See Section 1.2.8.3 for more detail about the modified PMMA used as antimicrobial bone cement.
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2014). An exception will be for those who suffer from multiple comorbidities. Beyond
that, patients must also fulfil the condition of maintaining well-fixed prosthesis (Tande
and Patel, 2014).
The usage of antimicrobials is inevitable throughout the PJI treatment process,
regardless of the strategies. Patients might receive up to 6 weeks antimicrobials through
either intravenously or via highly bioavailable oral drugs. In some extreme cases,
prolonged or indefinite oral antimicrobials are necessary, given that complications occur
in 20% of the patients (Segreti, Nelson and Trenholme, 1998). Drug resistance can
progressively develop during chronic antibiotic administration. Long term consumption
of antibiotics can place a heavy burden to hepatorenal function (Jiranek et al., 2015).
Moreover, it increases the risk of acquiring antibiotic-associated diarrhoea or marrow
suppression (Jiranek et al., 2015).

Management of treatment failure
Both iterative treatment failures and infection recurrences prompt the consideration for
alternative options. It is of great importance to fully understand the cause of failure to
determine the most appropriate treatment. A comprehensive debridement as well as
addressing the local soft-tissue environment with measures such as tissue transfer
utilising gastrocnemius flap might enable salvage TJA (Jiranek et al., 2015).
Resection without implantation is typically reserved for recurrent PJI.
Particularly for those with limited bone stock and inadequate soft tissue coverage or
infections caused by multidrug-resistant bacteria, limited antibiotic treatment is available
(Osmon et al., 2012). Although this definitive method provides a more thorough
eradication of infection and pain relief, the ambulation of the patients might be adversely
affected. Arthrodesis is usually performed to fix this problem by providing extra
mechanical support (Tande and Patel, 2014; Jiranek et al., 2015), and such remedy is
usually suitable for those who have had knee arthroplasty previously. However, this
might give rise to further complications such as pseudoarthritis due to the inefficient bone
healing (Jiranek et al., 2015). Patients having hip prosthesis resection might result in limb
length discrepancies in which case external assistive devices are required, but this also
means patients need to bear weight (Jiranek et al., 2015). Albeit all infected foreign bodies
and its surrounding tissues will be removed; continuous intravenous antimicrobial
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treatments are inevitable if necessary prolonged antimicrobial therapy needs to be
conducted.
Amputation is an ultimate resort to save lives when all other treatment options have
been exhausted, in particular, for those who have suffered from life-threatening bacterial
infections (Sierra, Trousdale and Pagnano, 2003). Moreover, excessive bone loss or soft
tissue deficit can cause unconstructive limbs that would result in amputation (Jiranek et
al., 2015). A study carried out between 1970 and 2000 has disclosed that, for the total
knee replacement alone, among 18,443 patients only 0.1 % of them eventually underwent
amputation due to uncontrollable infection. Despite the extremely low incident rate, the
outcome can be devastating to the amputees both physically and emotionally.
1.2.7 Summary
Our understanding of the risk factors associated with the PJI is well studied. There are
certain perioperative practices which can reduce the risks of infection that can potentially
occur during surgery and hospitalisation. It is worth noting that patients who undergo
arthroplasty due to joint diseases might also have a higher risk of getting PJI.
Additionally, increased risk of infection due to individual differences such as pre-existing
conditions, unhealthy lifestyle and compromised immunity, remains difficult to address.
The next section will look at prophylaxis that is commonly used in arthroplasty to lower
the incidence rate of SSI and therefore PJI. The weakness of each will be elaborated,
contributing to the debate about whether they can effectively and comprehensively reduce
PJI.
1.2.8 Common prevention
Reduction of skin microbiota
The current existing strategy to reduce skin microbiota and therefore SSI and subsequent
PJI after joint arthroplasty are to decontaminate the skin (Tande and Patel, 2014). A study
in 2010, found that for patients who underwent several different surgical procedures, a
rapid screening and decolonisation of nasal S. aureus with mupirocin nasal ointment and
chlorhexidine gluconate (CHG) soap, there was an 80% reduction in S. aureus associated
SSI (Bode et al., 2010). Results were particularly significant for those who had
cardiothoracic surgeries, but no statistically significant difference was observed in the
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subgroup of patients who underwent orthopaedic surgery (Tande and Patel, 2014). It was
also noticed that different protocols had been used prior to joint arthroplasty. A
retrospective study demonstrated a promising decreased rate of SSI by applying CHG
wipes the night before surgery while in another study no improvement was observed,
although the same approach was used 1 hour before surgery (Farber et al., 2013). The
lack of consistent result in reducing the bacterial burden on the skin might further question
the effectiveness of such antiseptic treatment, however, regardless of the conclusion, they
are still standard practices at many institutions nowadays.

Laminar airflow
During the surgery, airborne contamination in the operation theatre possesses a higher
risk for open wounds. Hence, the creation of a clean-air environment would seem to be
logical. Laminar flow systems equipped with filters remove particles as small as 0.3 μm
(Miller, Henry and Brause, 2017). In theory, the ambient air is “cleaned” by passing
through these filters and flow in the chambers in a steady and uniform direction with no
particle able to deposit on the wounds (Lidwell et al., 1982). The system is suitable for a
variety of applications, other than general lab use. It is commonly seen in the medical,
pharmaceutical, electronic, and industrial sectors where particle-free environments are
required.
Using HEPA filtered air within an operating room during TJA was popularised in the
1960s (Miller, Henry and Brause, 2017). A study investigated the particle/bacterial
concentration in operating theatre over 105 surgeries under “ultraclean” conditions
created by adopting a laminar flow system. Results demonstrated that the measured
concentrations of particles/bacteria were roughly 20 times less than the control (Hansen
et al., 2005). However, it was noticed that the control measurements were taken in rooms
for general surgical treatments and radiological diagnostics with and without air
conditioning. The varying number, activity and positioning of personnel and equipment
in the operating theatre with laminar airflow and treatment rooms might cause
discrepancies in contamination measurements. A retrospective study was carried out
among 85,000 joint replacement cases in New Zealand, with 35.5% of them using laminar
airflow in operating theatres (Hooper et al., 2011). The data was not robust enough to
show early deep joint infection rate reduced (Hooper et al., 2011). Given the high cost
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and continuous technical maintenance, the use of the laminar airflow system in operating
theatre seems unjustified.

Prophylactic antimicrobials loaded PMMA
Following primary arthroplasty or subsequent aseptic revision, PMMA is a widely used
material to act as a “grout” to fill any gaps between prosthesis and bone which can further
facilitate the bonding between the two. As a result, the material is known as bone cement.
The principle of fixing the implant and the bone is via close mechanical interlock between
the two surfaces (Vaishya, Chauhan and Vaish, 2013). The bone cement material has
rapidly evolved and developed towards more clinically applicable with minimal side
effects.
A study of procedure characteristics among patients who had total hip arthroplasty
procedures in Nordic countries demonstrated that the vast majority of the hospitals were
using antibiotic-loaded PMMA in prosthesis fixation (Dale et al., 2012). The addition of
antibiotics to the powder form of PMMA is believed to enable localised drug delivery
where the PJI can be largely inhibited following primary arthroplasty or subsequent
aseptic revision. However, according to Tande and Patel, the effective inhibition of PJI
by the antimicrobial loaded PMMA remains questionable as there was no concrete
evidence to support such practice (Tande and Patel, 2014). Among the studies in the
literature one has shown that the antibiotic embedded PMMA had 50% reduction in deep
infection among 20,000 cases for both primary or revision hip surgeries (Parvizi et al.,
2008). Another study in 2013, involving patients who received total knee replacement,
observed no difference in infection rate between those who received erythromycin and
colistin loaded PMMA and plain PMMA (Hinarejos et al., 2013). After the implant-free
6 to 8-week period in a two-stage arthroplasty exchange surgery, the placement of a
brand-new implant usually follows once the infection is completely eradicated. In this
case, when PMMA spacers are used for a longer time without reimplantation, problems
might arise due to the incapability of ongoing weight-bearing of such material. Some
studies suggest the possibility of acquiring complications can be as high as 60% within 4
years (Jung et al., 2009).
Another issue associated with the utilisation of antimicrobial loaded PMMA might be
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the incorporation of antimicrobial agents that might harm the mechanical strength of
PMMA, therefore, negatively effecting its suitability for use in long term prosthesis
fixation. Commercially available products have controlled antimicrobial to PMMA ratio
(w/w) of typically 1:40 (Jiranek, Hanssen and Greenwald, 2006). This also draws
attention to antimicrobial UHMWPE's physical properties as any modification might
adversely affect prosthesis performance in vivo. Thus, the mechanical properties of each
modified UHMWPE in later chapters had been thoroughly investigated to validate the
conception of both surface-modified and antimicrobials embedded UHMWPE.
1.2.9

Summary

The above section reviews the current prophylaxis commonly used perioperatively in
joint replacement surgeries to mitigate PJI post-operation risk. However, the actual
antimicrobial effect each practice showed were inconclusive due to the lack of compelling
evidence. The next section introduces several alternatives to conventional UHMWPE for
joint arthroplasty. Novel technologies have been adapted to modify UHMWPE, where
the researcher hypothesised the direct contact between the material and joint tissue to
maintain an aseptic internal environment to disrupt the occurrence of an infection. The
limitation of each has provided a guidance for designing improved antimicrobial
UHMWPE.

Current antimicrobial UHMWPE in preclinical stage
1.3.1

Overview of the research on UHMWPE with an antimicrobial feature

Previous sections introduced general knowledge of UHMWPE, its application in the
medical field as a spacer in prosthesis and the topic of PJI. While the incidence rate of
PJI is relatively low at around 2%, the number of the patients who undergo arthroplasty
can be enormous. In the USA alone, it is speculated that the demand for hip and knee
arthroplasty combined in 2030 is projected to reach over 4 million (Kurtz et al., 2007).
Moreover, a retrospective study of the reinfection after two-stage revision of TKA
suggested the reoccurrence rate could be as high as 16% (Kubista et al., 2012).
Consequently, the development of novel antimicrobial prosthetic materials in conjunction
with the existing disinfecting measures remains crucial for minimising primary infection
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risk and subsequently reducing the healthcare burden. This section details the potential
of several antimicrobial UHMWPE that can be used as prosthetic joint spacers. It assesses
the antimicrobial mechanisms of each type of antimicrobial and their corresponding
advantages and limitations.
1.3.2 Antibiotic incorporated UHMWPE
The origination of drug incorporated UHMWPE
Section 1.2.8.3 introduced antimicrobial PMMA used in prosthetic joint fixation which
can sustain a local delivery of the antibiotics, but it was very troublesome to maintain
required mechanical strength to withstand the loading. One research group has developed
a novel UHMWPE incorporated with antibiotic clusters that maximised drug elution and
mechanical strength retention (Suhardi et al., 2017).
Conventional antimicrobial treatment is through systemic administration where
drug penetration into joint space and tissue will be limited mainly due to the insufficient
blood supply to the infected part (Spellberg and Lipsky, 2012). Bone cement was
primarily used to fix the bone-implant interface. The added antimicrobial feature may
cause bone cement to fracture given the fact that it has intrinsically low tensile strength
and impact toughness (Kühn, 2000; Lee, 2005; Jung et al., 2009). Moreover, as the bone
cement is usually used in a two-stage exchange arthroplasty during the 6-8 weeks
implant-free window, the elution of antibiotic incorporated into bone cement can easily
fall below the minimum inhibitory concentration (MIC) of commonly seen PJI pathogen
within a week (Meyer et al., 2011). The insufficient antibiotic can cause incomplete
eradication of bacteria and increase the chance of bacterial resistance (Thornes, Murray
and Bouchier-Hayes, 2002). One research group aimed to develop load-bearing
UHMWPE with adequate antibiotic release and high mechanical strength, ideally to
promote the direct replacement of infected prosthetics without the involvement of any
supplementary fixation (Suhardi et al., 2017).

The relationship between drug elution rate and mechanical strength in
UHMWPE
When producing material used in prosthetic joints, maintaining sufficient load bearing
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is crucial. The mechanical properties have been closely monitored while changing the
type of antibiotic, the size of the drug clusters and their related content. Since the
antibiotics incorporated into the implant material must remain effective throughout a
certain period to completely eradicate the infection, the drug elution rate is crucial to
consider at the initial stage of designing such material.
For modifying PMMA, the antibiotic drug was added before polymerisation (van
Vugt, Arts and Geurts, 2019). Thus, the spherical cluster morphology of the antibiotic
remains intact (Suhardi et al., 2017). This makes PMMA bone cement passively accept
high drug content to support sufficient drug elution but this sacrifices mechanical strength
(Suhardi et al., 2017). The group has proposed that when antibiotics are embedded into
the UHMWPE matrix via compression moulding, the drug will present high eccentricity
(Figure 1.8). The group applied percolation theory to study the correlation between the
elution rate and multiple parameters, including the content of the antibiotic in polymer
and the polymer/drug particle size ratio. Scientifically, the theory of percolation describes
the interconnectivity in a system (Sahimi, 1994). It can also be understood as a study of
how a fluid flow in a medium in which the ‘fluid’ and ‘medium’ can be broadly
interpreted (John Wierman, 2014). In this case, the antibiotic is analogous to the ‘fluid’
whereas UHMWPE particles play a role as the ‘medium’. How well the drug clusters
connect in the UHMWPE matrix to reach the outermost of the spacer and eventually the
infected joint tissue is of the most important to be investigated—the drug elution rate
increases when the percolation threshold is reached (Bawa et al., 1985). Here, the
percolation threshold is the minimum filter content in the UHMWPE matrix after which
the component is fully connected in the polymer composite. The computational
approximation has demonstrated that drug cluster with high eccentricity promotes higher
polymer/drug particle size ratio and it was speculated that this could facilitate drug elution
rate (Yi and Sastry, 2004; Plumlee and Schwartz, 2009; Suhardi et al., 2017).

Figure 0.8 Schematic diagram shows the incorporation of antibiotic drug clusters in polymeric matrixes, e.g.,
UHMWPE. The drug clusters are interspersed between polymer particles. It was suggested that antibiotics that were
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embedded via compression moulding would demonstrate high eccentricity, which was shown at the lower right
Adapted from Suhardi et al. 2017.

Antimicrobial activity against planktonic S. aureus and its biofilm
Throughout the antimicrobial studies in the literature, rifampin and rifampin/vancomycin
mixture were selected due to their current existing presence in antimicrobial treatment
(Rose and Poppens, 2009a). Rifampin is a highly effective antibiotic that provides
sustained elution due to its high polar surface area/larger molecular volume (high
PSA/MV) (Suhardi et al., 2017).

Both rifampin and vancomycin show potent

antimicrobial activity against Gram-positive S. aureus (Yee et al., 1996; Laverty,
Alkawareek and Gilmore, 2014). In particular, the mixture of both is believed to have
capability against all strains, including the production of their corresponding biofilm
(Rose and Poppens, 2009b).

Titanium rod

Figure 0.9 Schematic shows a rabbit joint's structure from different angles; all demonstrate how prosthesis will be
positioned within a rabbit's knee. Three different materials were used throughout the study, control UHMWPE,
vancomycin incorporated UHMWPE (VPE) and vancomycin and rifampin incorporated UHMWPE (VRPE). On the
right, a sideway of the representative gross view of implantation of plain UHMWPEPE (control), VPE, VRPE and
titanium rod. Adapted from Suhardi et al. 2017.

For testing the antimicrobial activity of antimicrobial incorporated UHMWPE
against planktonic S. aureus, 7 wt% vancomycin-blended UHMWPE was produced via
compression moulding (Suhardi et al., 2017). The authors utilised an intra-articular model
made from vancomycin incorporated UHMWPE (VPE) to perform an in vivo evaluation
of the antimicrobial effect in a joint infection environment using New Zealand white
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rabbits (Suhardi et al., 2017). The rabbits received S. aureus bacterial suspensions (5 ×
107 CFU) at two different places (Figure 1.9) during the three-week study period (Suhardi
et al., 2017). The VPE has proved to fulfil the most critical requirement, with no
deformation, fracture, delamination and pitting observed in the retrieved implants poststudy (Suhardi et al., 2017). Namely, no mechanical failure occurs during the in vivo
period. Multiple methods were applied to measure the antimicrobial activity of the VPE
including bioluminescence imaging, live/dead imaging and sonication and culturing of
the joint tissues and implants to confirm complete bacterial irradiation.
When tested against S. aureus biofilm, both the in vitro and in vivo models were
adopted (Suhardi et al., 2017). A 10 wt% drug load (3 wt% rifampin and 7 wt%
vancomycin) of UHMWP (VRPE) was used. According to Suhadi et al., a ‘sandwich’
model (VRPE-titanium-bone) of biofilm formation at the bone–implant interface of a
joint implant was adapted to clear out biofilm with a thickness of 25.5 ± 2.2 μm (Suhardi
et al., 2017). The VRPE demonstrated potent antimicrobial activity towards S. aureus
biofilm, demonstrating complete irradiation within 48 h (Suhardi et al., 2017). Whereas
minor numbers of live bacteria ( < 5%) remained on the titanium rods in the RVPE group
within 96 h (Suhardi et al., 2017). In terms of the animal PJI model, the VRPE was placed
in rabbits where the biofilm was fully grown on the titanium rods which were part of the
intra articular prosthesis (refer to Figure 1.9). No mechanical failure was observed during
the 21-day study period, and no live bacteria were found on VRPE even though
hematogenous spreading in vivo can be one of the factors that might adversely affect the
material's antimicrobial activity (Suhardi et al., 2017).

Limitation
Both the VPE and VRPE were proven to be effective towards planktonic and biofilm S.
aureus respectively (Suhardi et al., 2017). These promising results suggested that the
antibiotics incorporated UHMWPE could reach therapeutic levels in the prosthesis.
However, the application of antibiotics in any form comes with a risk of developing
resistant bacteria (Ravi et al., 2016; George et al., 2018; CDC, 2019), even when bacteria
are exposure to antibiotic concentrations 200 times

the MIC, they could develop

resistance within 10 h (Zhang et al., 2011). The study of the antibiotic eluted UHMWPE
has its own limitations. The tested bacterial strains in this study lacked diversity as only
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Gram-positive bacterium was being tested. It raises question about the validity of the
antimicrobial effect of these modified UHMWPEs, as Gram-negative bacteria are also
frequently found in PJI. Although no mechanical failure was observed for 21 days, the
study did not fully explore the true potential of the modified UHMWPE given that the
prosthesis, in reality, would be used for a much longer time.
This was one of a limited number of antimicrobial UHMWPE proof-of-concept
studies in animal models of PJI. The study has provided valuable literature for future
reference and a useful guide for peers who also work on antimicrobial UHMWPE to
further develop preclinical studies, particularly the animal test.
1.3.3 ZnO incorporated UHMWPE
The intrinsic antimicrobial activity of inorganic metals
Metals and their oxide can be stable inorganic antimicrobials that are more favourable
than organic compounds and antibiotics under product processing conditions with higher
safety, biocompatibility and reduced likelihood of developing microbial resistance
(Sharma, Agarwal and Balani, 2016). For example, TiO is intrinsically antimicrobial
against E. coli, S. aureus and P. aeruginosa with irradiation of UV light (Blake et al.,
1999). Whereas, ZnO exhibits antibacterial properties in the dark (Yamamoto et al., 1999).
Sharma et al. conducted an extensive study on the antimicrobial activity of ZnO
incorporated UHMWPE while taking a close look at their mechanisms. Interestingly, the
metal oxide particles in the polymeric matrix with particular morphologies demonstrate
different killing mechanisms that result in varying antimicrobial activity (Sharma,
Agarwal and Balani, 2016).

Antimicrobial efficacy of ZnO incorporated UHMWPE
Sharma et al investigated the antimicrobial activity of the ZnO nanoparticles (ZnONP),
ZnO nanorods (ZnOR) and ZnO microdisks (ZnOMD) incorporated UHMWPE at
different concentrations against E. coli (MCC2079), S. aureus (MCC2043) and S.
epidermidis (MCC2044) in the dark (Sharma, Agarwal and Balani, 2016). Overall, all
ZnO incorporated UHMWPE demonstrated antimicrobial activity against all species. The
level of bacterial susceptibility to ZnO incorporated UHMWPE across all metal particle
morphologies and concentrations was as follows S. epidermidis > S. aureus > E. coli.
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Interestingly, the level of antimicrobial effect for E. coli and S. aureus showed positive
correlation with metal particle concentration.
ZnOR UHMWPE demonstrated a constant antimicrobial effect across all
concentrations even at highest ZnOR concentration (20 wt%), the bacterial viability
remained at ~ 50% (Sharma, Agarwal and Balani, 2016). Although ZnONP UHMWPE
showed the highest kill (20% bacterial survival rate) at ZnONP content 20 wt%, it was
speculated that this might adversely affect the mechanical properties of the material since
no mechanical property assessment has been done. For S. aureus, all three ZnO
UHMWPE composites showed a gradual decrease in bacterial viability as the ZnO
content increased (Sharma, Agarwal and Balani, 2016). ZnOMD UHMWPE was the most
effective among all with a ~20% bacterial survival rate. The antimicrobial tests against
S. epidermidis might be the most counter-intuitive (Sharma, Agarwal and Balani, 2016).
For example, a 15 wt% of ZnOMD incorporated UHMWPE had bacterial viability of ~
5%. Whereas, increasing the amount ZnOMD content by 5% facilitated even more
bacterial growth with a 40% bacterial viability. In terms of ZnONP incorporated
UHMWPE, a 5 wt% of ZnONP doping would promote a better kill than a 10 wt% one
(Sharma, Agarwal and Balani, 2016).

Antimicrobial mechanism of ZnO
From the literature, the antimicrobial action of the mechanism of ZnO are summarised as
three pathways: i) production of H2O2 which can breakdown proteins, DNA and lipids
leading to cell death (Rhee, 2006); ii) release of Zn2+ ions which can bind to the negatively
charged cell wall/membrane components (e.g. lipopolysaccharide in E. coli, and teichoic
acid in S. aureus or S. epidermidis). Subsequently, the negative charged metal ions
penetrate the cell membrane which can cause disrupt intracellular enzymes and further
impede cell division (Sharma, Agarwal and Balani, 2016); iii) oxidative stress that may
disrupt or damage bacterial cell membranes resulting in leakage of intracellular
components (Liu et al., 2009; Xie et al., 2011; Noimark, Weiner, Noor, Allan, Charlotte
K. Williams, et al., 2015).
Throughout the following experiments, all UHMWPE composites were 5 mm ×
5 mm × 2 mm in size for all ZnO morphologies. With the absence of light source, ZnONP
incorporated UHMEPE produced H2O2 and its concentration was increased with the
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increasing ZnONP concentration. Whereas no H2O2 was detected with ZnOR and
ZnOMD incorporated UHMWPE at all ZnO concentrations. This implies that the
antimicrobial effect of ZnOR or ZnOD is not derived from the generation of H2O2 but
more likely via other mechanisms. For ZnONP, the production of H2O2 in the dark was
believed to contribute to the overall antimicrobial activity of the ZnONP incorporated
UHMWPE. A similar case has been reported by Noimark et al. where a moderate
antimicrobial activity of ZnO in the dark was obtained when incorporated into another
type of polymer.
Sharma et al. have also investigated the production of Zn2+ from different
UHMWPE composites. The result has suggested that the production of Zn2+ was
morphology depend and followed the pattern as ZnOMD > ZnONP > ZnOR (Sharma,
Agarwal and Balani, 2016). It was proposed that the amount of Zn2+ is closely correlated
to the ratio of the surface area of the basal plane to the prismatic plane of the ZnO unit
cell (Sharma, Agarwal and Balani, 2016). The basal plane has higher surface energy than
that of the prismatic plane and therefore, the Zn atoms on the basal plane are readily
ionised (Sharma, Agarwal and Balani, 2016). This explains why ZnOMD has the most
Zn2+ production compare to the other two morphologies, as it has the largest basal plane
area (Sharma, Agarwal and Balani, 2016).

Mechanical properties of ZnO incorporated UHMWPE
The effect of the morphology of ZnO on the mechanical properties of UHMWPE was
investigated in another study by the same group which this time only ZnOR and ZnONP
at 5, 10, 15 and 20 wt% were included (Sharma and Balani, 2014). At the highest content
level, the ZnOR incorporated UHMWPE elicited a contrasting response of 8.8% decrease
in Young’s modulus, in comparison to an increase in ZnONP (Sharma and Balani, 2014).
The tensile strength, ductility and toughness for ZnOR incorporated UHMWPE decreased
by 53.4%, 74.5% and 55.4%, respectively, whereas for ZnONP incorporated UHMWPE
the decrease was 44.8%, 64.3% and 63.9% (Sharma and Balani, 2014). Under such drastic
mechanical properties change due to the high ZnO content level, the antimicrobial
performance of both the ZnOR and ZnONP incorporated UHMWPE were not so
satisfactory. This might make the ZnO incorporated UHMWPE further from an ideal
implant material.
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Limitations
These studies have provided extensive literature on metal particles reinforcement in
UHMWPE biocomposite. The authors demonstrated a wide range of characterisation
methods to assess the materials’ physical and chemical properties as well as an in-depth
insight into the mechanisms of antibacterial activity of inorganic metal ultra small
particles embedded in the polymer. Using a live/dead assay to quantify the antimicrobial
activity of the materials may lack accuracy (Park and Kim, 2018), because of two reasons:
i) live/dead staining efficiency, ii) only limited number of florescent images of the
material surface can be captured providing an approximate ratio for live/dead cells or
viability.
1.3.4

Titanium oxide coated UHMWPE
The conception of antimicrobial ion implantation UHMWPE

TiO2 demonstrates that long-lasting and cost-effective antimicrobial effect arises from its
great photocatalytic activity (Visai et al., 2011; Liou and Chang, 2012; Delle Side et al.,
2014). However, its broad band gap requires UV light to achieve photoactivation, which
is the biggest disadvantage as being a biohazardous source will largely limit its
application in healthcare settings. Hence, there is a growing interest to fabricate metal
oxide that can be activated in visible light. Impurity doping is a common method to be
adapted in order to expand the spectral response of titania photocatalysts (Pelaez et al.,
2012). Literature shows that non-stoichiometric titanium oxides are photocatalytic with
visible light (Kitano et al., 2007; Liao, Li and Tjong, 2020).
Delle Side et al. presented non-stoichiometric titanium oxides coated UHMWPE
via ion implantation which demonstrated antimicrobial activity over seven days (Delle
Side et al., 2014). UHMWPE substrate is a good candidate titanium oxide deposition
through ion implantation due its surface which is contaminated with oxygen-rich
compounds. Utilising titanium ions that strike on the UHMWPE surface might enable
bond cleavage of the superficial oxygen-rich compounds and further tie oxygen with
titanium ions. In such way, a thin layer of non-stoichiometric titanium oxides is formed
on top of the UHMWPE substrate (Delle Side et al., 2014).
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Antimicrobial titanium oxide coated UHMWPE
Delle Side et al. used a high energy laser ion beams for the bombardment process,
breaking the bonds of oxygen contaminants while other titanium ions with lower energy
could form new bonds with free oxygen (Delle Side et al., 2014). The study applied
several characterisations methods to study the surface morphology, metal oxide
distribution and visible light response of the modified UHMWPE. In terms of the
antimicrobial activity, samples were treated with 104 CFU/ml of S. aureus SA-1 under
daylight exposure over 7 days. Live/dead fluorescent images were obtained at the end of
the antimicrobial tests. The result showed that antimicrobial effectiveness increases with
increasing time. The viable bacterial activity was inhibited by ~90% (Delle Side et al.,
2014).

Limitation
This was a somewhat oversimplified study but presented a proof-of-concept of the ion
implantation coating technique, using UHMWPE as a substrate. The authors have not
explicitly pointed out how the dose of ions was chosen. As a potential application of
prosthetic joint material (although no mention of such uses throughout the paper) an
optimised amount of antimicrobial which can possess greatest antimicrobial effect is
favourable as i) risk of side effect like bacterial resistance can be minimised; ii) the impact
of the modification to the mechanical properties of the UHMWPE can be lowered.
Additionally, when evaluating the antimicrobial effect of the material, the use of live/dead
assay is more of a qualitative method than quantitative (see section 1.3.3.5 for more detail
explanation). However, this study provided a useful reference and starting point for the
development of antimicrobial Cu-coated UHMWPE, which is elaborated in Chapter 3.
Research aim
This thesis focuses on developing antimicrobial UHMWPE, a commonly used spacer
material in contemporary joint arthroplasty. Even though the prevalence of PJI is
relatively low compared to other types of postoperative infection, on account of the huge
population of TJA patients, the number of PJI cases becomes so significant that they place
an immense burden on future healthcare systems over the next decades. This thesis
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comprises three independent studies that were reported in chapters 3, 4 and 5. Each
elaborates one kind of modified UHMWPE that focuses on the following:
Chapter 3: Aerosol assisted chemical vapour deposition copper-coated ultra high
molecular weight polyethylene.
Chapter 4: Antimicrobial compression moulded ultra high molecular weight
polyethylene containing crystal violet and gold nanocluster.
Chapter 5: Antimicrobial compression moulded ultra high molecular weight
polyethylene containing methylene blue and gold nanocluster
The reader is encouraged to refer to the individual chapter for in-depth background and
rationale behind each study.
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Chapter 2

2

Materials and methods
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Materials and methods of copper-coated UHMWPE
2.1.1

Material fabrication

1-amino-2-propanol and UHMWPE average (Mw 3,000,000-6,000,000), methanol and
BSA were purchased from Sigma Aldrich. Copper formate tetrahydrate was purchased
from Alfa Aesar and used without further purification.

Manufacture of UHMWPE substrate
Virgin UHMWPE powder was poured into a mould that was comprised of a rectangular
stainless-steel window (inner size: 56.5 × 50.0 mm, outer size: 81.3 × 74.5 mm) two
Melinex thin sheets and two stainless steel plates to form a ‘sandwich’. The ‘sandwich’
(Figure 2.1) was placed in the compression moulding machine (SEBA Developments,
Type VP 6G) to allow the UHMWPE powder to melt for 1 min. The powder was
consolidated by operating the machine at 200 °C and 450 MPa for 1 min. The mould was
then cooled down to room temperature, the result was an UHMWPE thin sheet with an
average thickness of 2.34 mm measured by Hilka Venier Caliper.

Stainless steel sheet

Stainless steel plate

Melinex thin sheets
Melinex
thin sheet

Stainless steel window

Stainless steel window
Stainless steel sheet

Stainless steel plate

Figure 2.1 An illustrative figure of the “sandwich” structure of the mould undergoes compression moulding.
Adapted from Wu et al. (2019).

Copper precursor preparation
A mixture of 1-amino-2-propanol (2.75 g, 35.4 mmol) and copper (II) formate
tetrahydrate ((HCO2)2Cu · 4H2O) (4.00 g, 17.7 mmol) was prepared to make a viscous
royal blue solution. The reaction is exothermic and produces water vapour. The copper
containing solution was continuously stirred for a further 10 minutes until the vapour
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dispersed. Methanol (60 mL) was added to the slurry to yield a bright blue precursor
solution. The reaction was sealed and stirred overnight.

Deposition of copper film on UHMWPE via AACVD
Each UHMWPE square (1 × 1 cm) was cleaned by detergent, acetone and propan-2-ol
for later use as polymer substrates. During the deposition process, 30 mL of copper
precursor in the glass bubbler was atomised to form an aerosol mist using a nebulizer. A
stream of N2 gas with flow rate 0.3 L/min passed through the bubbler and travelled all the
way towards the reaction chamber with substrates on top of the heating block, then
eventually reach the exhaust. Where necessary a joint of each part was connected by
polytetrafluorethylene (PTFE) tube to ensure a smooth flow of the carrier gas. A thin
stainless-steel plate was fitted above the substrate to form a laminar flow over the
chamber. The deposition temperature was maintained at 170 °C throughout the whole
process for about 90 min. At the end of the deposition, N2 gas would flow until the quartz
tube reached room temperature. The experimental set up of an AACVD reactor is shown
in Figure 2.2.
Quartz tube

Exhaust

N2 Gas
Carbon block

Copper precursor

UHMW Polyethylene

Ultrasonic humidify

Figure 2.2 The schematic diagram above directly illustrates the technique which has been used to deposit copper at
170 ℃ to obtain homogeneous and good adherence thin film on top of UHMWPE. The vaporized copper containing
precursor was generated by an ultrasonic humidifier and transfer to reaction chamber via a flow N2 gas. Solvent was
consequently evaporated due to the elevated temperature which then leave the precursor molecule to decompose and
deposit on the UHMWPE substrates.

2.1.2 Material characterisation
X-ray photoelectron spectroscopy (XPS)
The chemical composition of the copper thin film UHMWPE sample was analysed by
Thermo Scientific K-alpha photoelectron spectrometer using monochromatic Al-Kα
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radiation. High resolution scans of Cu (2p), O (1s) and C(1s) were captured. Peak
positions were calibrated against C1s (285 eV) and subsequently fitted by CasaXPS.

Scanning electronic microscope (SEM)
Surface structure and material thickness were obtained by using a JEOL JSM-6301F SEM at
an accelerating voltage of 10 kV.

X-ray diffraction (XRD)
The crystal phase of each sample was obtained by Bruker D8 X-ray diffractometer emitting
monochromatic Cu Kα1($ = 1.54056 Å) and Kα2 ($ = 1.54439 Å) radiation under 40 kV
voltage and 40 mA current power supply. The operation range of diffraction angle was
between 10 to 66°.

Differential scanning calorimeter (DSC)
DSC was obtained by using a Netzsch STA 449 C Jupiter Thermo-microbalance in an
open aluminium sample pan. The sample was heated at a rate of 25 K/min from 25 to 170
°C which then maintained isothermally at 170 °C for 90 min, then cooled down at a rate
of 25 K/min to 25 °C and subjected to another heating cycle up to 170 °C at 25 K/min.
The crystallinity of the samples was obtained by integrating the enthalpy peak from 50 to
160 °C which was then followed by normalisation using the heat of fusion of 100 %
crystalline polyethylene (289.3 J/g). All analysis was carried out by using Netzsch Preteus
Analysis software.
2.1.3

Functional testing
Mechanical test

The compression moulded UHMWPE was heated to 170 °C for 90 min in the AACVD
reactor under an ambient N2 gas environment and cooled down to room temperature. This
sample refers to remelted UHMWPE. Type IV specimen dimension was adapted for both
of the untreated and remelted UHMWPE samples (n = 5 each) in accordance with ASTM
D638 – 14 (ASTM D638-14, Standard Test Method for Tensile Properties of Plastics,
2016), all samples were precisely cut using a laser cutter (Trotec Speedy 100R). Tensile
testing was performed by using an Instron 5565 at a speed of 100 mm/min.
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Water contact angle measurement
A FTA 1000 Drop Shape Instrument was employed to measure the equilibrium water (5.0
µL) contact angle for each sample type. The average contact angle was measured over 3
measurements for each type of sample, using a droplet of water dispensed by gravity from
a gauge 30 needle attached to a camera. The data was subsequently analysed using FTA32
software.

Wear test
A Scotch® Magic™ Tape adhesive test was carried out to investigate the performance of
Cu coating adhesion on UHMWPE substrate. The Scotch® Magic™ Tape was bonded to
a UHMWPE square (1 × 1 cm) and peeled back at a 180º angle; repeated 10 times. The
above process has been repeated three times at three different samples.
The abrasion test was adapted by Yao et al. (Lu et al., 2015). Cu-coated UHMWPE
sample was placed face down on to the 180-grit sandpaper with a standard weight of 100
g above. The two components were moved for a distance of 10 cm followed by 90°
rotations and the procedure repeated. Photographs were captured every 5 cycles for up to
10 cycles to keep track of the abrasion.

Copper leaching assay
The preparation of simulated body fluid (SBF) was adapted from Kokubo et al. (Kokubo
and Takadama, 2006). A calibration curve has been established by using various
concentration of Cu precursor solution mentioned above. Prior to MP-AES analysis, the
eluted SBF was digested with HNO3 and HCl mixture in a 1:3 ratio. The Cu leaching from
the sample was carried out by storing the sample in 25 mL SBF at 37°C for 24 h. The Cu
concentration of leaching from Cu-coated UHWMPE to SBF was analysed by Microwave
Plasma Atomic Emission Spectroscopy (4210 MP-AES, Agilent). A comparison of the
copper precursor solution dissolved in the SBF calibration curve, enabled the
determination of the concentration of copper that was released from the UHMWPE
surface into the surrounding solution.
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2.1.4

Antimicrobial activity of Cu-coated UHMWPE
Direct colony enumeration

Samples were tested against S. aureus 8325-4 (Herbert et al., 2010) and E. coli ATCC
25922. Single bacterial colonies were inoculated into the brain heart infusion (BHI) broth
(10 mL) and cultured aerobically at 37 ˚C for 18 h with continuous shaking at 200 rpm.
The culture was collected by centrifugation (4500 × g) for 5 min and washed with
phosphate-buffered saline (PBS) twice. The recovered culture was diluted 1000-fold in
PBS to obtain an inoculum ~105 CFU/mL (Hwang et al., 2016). Duplicates of each
sample type were inoculated with 25 µL of this inoculum. The samples were kept in the
dark for 15 min. After exposure, each of the control sample was added to sterilise PBS
(450 µL) (neat suspension), vortexted, and 10-fold serially diluted for plating, while the
Cu-coated UHMWPE samples were concentrated by centrifugation and re-suspended in
100 µL. E. coli was plated on Macconkey agar and mannitol salt agar was used for S.
aureus. The plates were incubated aerobically at 37 ˚C for 24 hours (E. coli) and 48 hours
(S. aureus). Each experiment was repeated three times.

Antimicrobial test with the addition of BSA
BSA was dissolved in PBS and sterilised. The bacterial suspensions were diluted to
1,000- fold into the PBS containing 0.03 % and 0.3 % of BSA respectively. The modified
bacterial suspensions were then exposed to the material as described precedingly.

Live/dead staining method
Following the direct colony enumeration, LIVE/DEAD™ BacLight™ Bacterial Viability
Kit (Thermo Fisher Scientific) was applied to investigate bacterial attachment on the
sample surfaces. The dye solution was prepared according to the manufacturer’s manual
(Thermo Fisher Scientific). The dye solution (250 µL) was dropped onto the PBS washed
sample surface and incubated for 10 min at room temperature in the dark before
fluorescence imaging. A Leica DMIRB Inverted Fluorescence Microscope was adapted
to capture fluorescence images with the aid of Q Capture software.
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Materials and methods of CVAuUHMWPE
2.2.1 Gold nanocluster synthesis
All chemicals below were of analytical grade and purchased at Sigma Aldrich. The
Au25Cys18NCs were synthesised using a method adapted from the literature described by
Huang et al. (Huang et al., 2020). The 10 mM Au containing precursor was made by
mixing the HAuCl4 with cysteine in a 1:1.5 molar ratio in DI water at a pH 12 adjusted
by NaOH. A tube-in-tube reactor was set up with an inner Teflon AF-2400 tube (inner
diameter (ID), 0.8 mm; outer diameter (OD), 1.0 mm; Biogeneral) and an outer PTFE
tube (ID, 2.4 mm; OD, 3.2 mm; VICI Jour). The total length of the reactor was 2 m, and
the volume of the inner tube was 1 mL. The reactor was heated in an oil bath at 80°C.
The Au precursor solution was flowed into the inner tube with a speed of 0.33 mL/min
by using a milliGAT pump, and the outlet of the inner tube was connected to a backpressure regulator (BPR, Zaiput) maintained at 6 bars. CO gas was pumped to the annulus
between the inner and outer tube via a T-junction at a pressure of 5 bar throughout the
process. The Au25Cys18NCs solution was collected from the outlet of the reactor and used
without purification.

2.2.2 Preparation of plain UHMWPE
See section 2.1.1.1

2.2.3 Preparation of CVAuNC UHMWPE
The desired amount of CV and Au NCs were mixed in a mixture of water/ethanol (volume
ratio, 2:1) and blended with 5 g of UHMWPE powder. The obtained slurry of CVAuNC
UHMWPE was dried overnight, at room temperature in the dark. The dried purple powder
was consolidated via compression moulding same as above.
To optimise the amount of Au25Cys18NCs used, 0.005 wt%, 0.01 wt%, 0.05 wt% and 0.1
wt% of the Au25Cys18NCs was added to 0.1 wt% CV in UHMWPE powder respectively
using water/methanol mixture as a dispersing solvent. Vice versa, for optimising the
amount of CV, 0.05 wt%, 0.1 wt% and 0.5 wt% of CV was mixed with 0.05 wt% the
Au25Cys18NCs solution respectively. The powder was stored in dark and dried overnight.
Compression moulded was carried out as above.
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2.2.4

Material characterisation

For all characterisations that had been carried out “CVAuNC UHMWPE” refers to a
sample containing 0.05 wt% of AuNC and 0.1 wt% CV.
For SEM see section 2.1.2.1. Transmission electron microscopy (TEM) (JEOL
2010) was used to visualise the samples’ crystalline morphology. The UHMWPE
coupons were cut using ultramicrotome (Reichert Jung Ultra cut E 701701) with a
thickness under 100 nm. The UHMWPE samples were loaded onto the holey carboncoated copper grids (Agar Scientific Ltd) prior to stain by UranyLess EM Stain for 45 s.
Image collection and processing were performed by Gatan Digitalmicrograph software.
For XRD, see section 2.1.2.2. The percentage crystallinity in the polymer can be
estimated as the ratio of total integral intensities of the crystalline peaks to the total
integral intensities of amorphous and crystalline peaks and linear background (see
Equation 1).
% crystallinity = 0

I!
3 × 100 %.
I! + I"

Equation 1

Ic: total integral intensities of crystalline peaks
Ia: total integral intensities of amorphous

A differential scanning calorimeter (DSC) (Netzsch STA 449 C Jupiter Thermomicrobalance) was used to determine thermal transitions of the samples. The crystallinity
of the sample was obtained by integrating the enthalpy peak from 50 °C to 160 °C which
was then subsequently normalised to the heat of fusion of 100% crystalline polyethylene
(289.3 J/g) according to the standard ASTMF2625-10 (see Equation 2). Data analysis
was carried out by using Netzsch Preteus software.
% crystallinity =

∆H#
× 100%
∆H$

Equation 2

∆Hf: the theoretical heat of fusion of 100 % crystalline material in J/g
∆Hs: the heat of fusion of tested material in J/g

Characterisation of photosensitiser uptake
The CV distribution within the UHMWPE matrix was examined using optical
microscopy. Samples were deposited vertically in paraffin blocks. Each paraffin block
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with polymer inlay was sliced into 6 µm sections using a microtome (Leica RM2235).
These thinly sliced sections were subsequently imaged using a light microscope (GXML
3230, GT Vision Ltd).
2.2.5 Functional testing
Each type of UHMWPE investigated was cut into Type IV dumbbell-shaped specimen in
accordance with ASTM D638 – 12 by laser cutter (Trotec Speedy 100R). Tensile tests
for each sample type (n = 5) were performed by using a Instron 5565 at a stretching speed
of 100 mm/min.
The leaching effect of CVAuNC UHMWPE in phosphate buffer saline (PBS)
(OXOID) was investigated at room temperature. The CV leaching was tested by placing
each of the three CVAuNC UHMWPE coupons (1 × 1 cm) in separate bottles containing
2.5 mL PBS for up to 20 days. Every 5 days, 0.5 mL of PBS in each bottle was removed
for measurement by UV- Vis absorbance at 590 nm (Pharmacia Biotech Ultrospec 2000)
and the same amount of fresh PBS was added back to each bottle. A calibration curve of
CV solution with known concentration was established prior in order to determine the
absorbance at 590 nm of each sample solution collected. The gold leached from CVAuNC
UHMWPE into PBS was determined with MP-AES 4210 Agilent. The procedures were
the same as above, except 25 mL of PBS was used and 5 mL of eluted PBS was removed
for analysis with the same amount of fresh PBS refilled.
The photostability of CVAuNC UHMWPE under white light irradiation was
examined spectroscopically. Each sample was put in a box with a continuous and constant
light source (General Electric 28 W Watt Miser™T5 2D compact fluorescent lamp)
emitting white light with an average intensity of 3,000 ± 125 lux for an extended period,
and samples were characterised by using the same UV-vis spectrometer periodically.
The water contact angle of the CVAuNC UHMWPE surface was determined by
averaging the values of 5 different measurements at various places on each sample. Each
of the equilibrium water contact angles was measured by dispensing a water droplet (5
µL) under gravity using a FTA 100 Optical Contact angle meter. Side on image was taken
and subsequently analysed using FTA32 software.
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2.2.6

Antimicrobial assay

The effectiveness of CVAuNC UHMWPE composites in eradicating S. aureus 8325-4
(Herbert et al., 2010) and E. coli ATCC 25922 under low-intensity white light was
investigated. To optimise the Au25Cys18NCs concentration in the CVAuNC composite,
each bacterium was exposed to control UHMWPE, CV UHMWPE and CVAuNC
UHMWPE with various concentrations of the Au25Cys18NCs. Both the CV UHMWPE
and CVAuNC UHMWPE contain the same amount of CV (0.1 wt%). For optimising the
concentration of CV in CVAuNC UHMWPE, each of the bacterial cultures was exposed
to control UHMWPE and CVAuNC UHMWPE containing various amounts of CV but
with constant Au25Cys18NC concentration (0.05 % w/w).
When carry out the antimicrobial tests, one bacterial colony was inoculated into
10 mL of BHI broth (Fisher Scientific) and cultured aerobically at 37 ˚C 200 rpm shaking
for 17 h. The bacterial pellet was washed twice in PBS (10 mL) after which it was
resuspended in PBS (10 mL). A ∼106 CFU/mL of inoculum was obtained by diluting the
suspension 1000-fold in PBS. For each set of experiments, 25 µL of the inoculum was
exposed to 1 × 1 cm sample in a humidity chamber. Duplicates of each sample type were
used. All samples were then irradiated under a white light source with an average intensity
of 375 lux for either 6 (S. aureus) or 24 h (E. coli). A further set of samples (in duplicate)
was maintained in the dark for the same duration as the illuminated samples. After the
irradiation, each sample was added to PBS (450 µL) and vortexed. The bacterial
suspensions were diluted in ten-fold series and plated on to agar plates for viable counts.
The plates were incubated aerobically at 37 oC for 24 h (E. coli) and 48 h (S. aureus).
Each experiment was repeated three times. Statistical significance was determined using
the Mann-Whitney U test.

Materials and methods of MBAuUHMWPE
All materials used below were purchased from Sigma Aldrich otherwise stated separately.
2.3.1

Gold nanocluster synthesis

The Au25Cys18NCs used here were identical to those in the previous chapter, see section
2.2.1. The synthesis method was adapted from the literature described by Huang et al.
(Huang et al., 2020).
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2.3.2 Preparation of plain UHMWPE
See Section 2.1.1.1
2.3.3 Preparation of the MB UHMWPE and MBAuNC UHMWPE
For preparing MB UHMWPE, a stock solution containing MB was made by dissolving
MB in an arbitrary amount of DI water: ethanol (volume ratio, 2:1) mixture. The amount
of the photosensitiser used was controlled to 0.1 wt% of the virgin UHMWPE powder.
The stock solution was then added to the virgin UHMWPE powder and well mixed. A
blue slurry of MB UHMWPE was obtained and dried at room temperature in the dark
overnight. The purple-blue powder was then compressed in a way the same as the plain
UHMWPE.
For the MBAuNC UHMWPE sample, the MB and Au25Cys18NCs stock solution
were prepared by dissolving MB and adding Au25Cys18NCs into the DI water/ethanol
mixture. The amount of the photosensitiser used was controlled to 0.1 wt% of the virgin
UHMWPE powder, whereas Au25Cys18NCs was 0.05 wt%. The stock solution was then
added to the virgin UHMWPE powder and well mixed. The steps carried out were the
same as above.
2.3.4 Material characterisation
For SEM, TEM, XRD and DSC see section 2.2.4.

Distribution of MB in UHMWPE
See section 2.2.4.1.
2.3.5 Functional testing
For tensile test and leaching test, see section 2.2.5.
2.3.6 Antimicrobial assay
The plain, MB and MBAuNC UHMWPE were prepared for antimicrobial tests. The
antibacterial activity of these samples was tested against lab strains S. aureus 8325-4
(Herbert et al., 2010), E. coli ATCC 25922 and clinical strains S. aureus and P.
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aeruginosa. To start with, for each of the strains, one bacterial colony was inoculated in
10 mL of BHI broth (Fisher Scientific) and cultured in air at 37 °C with 200 rpm shaking
for 17 h. The bacterial suspension was washed twice in PBS (OXOID) and resuspended
in 10 mL PBS. As a result, an inoculum of ∼105 CFU/mL was obtained and subsequently
diluted 1000-fold in 10 mL of PBS. The bacterial suspension was ready to use for
antimicrobial tests. In each experiment, 25 µL (∼2500 CFU) of the inoculum was plated
onto the 1 × 1 cm coupon in a humidity chamber; duplicates of each sample type were
used. All samples were irradiated under a white light source with an average intensity of
13,000 lux. The irradiation time was various between different species ranging from 30
min to 2 h. For each antimicrobial test, an identical set of samples were maintained in the
dark for the same time as the irradiated samples. After the exposure, each coupon
including the inoculum was washed with 450 µL PBS. The PBS solution was then diluted
in ten-fold series and plated on to agar plates for viable counts. The agar plates were
incubated aerobically at 37 oC for up to 48 h. Statistical significance was determined using
the Mann-Whitney U test.
2.3.7

In vitro cytotoxicity test

The in vitro cytotoxicity was investigated by adapting the Sofokleous et al. (Sofokleous
et al., 2017). Cytotoxicity of the MBAuNC UHMWPE in vitro was examined using the
CellToxTM Green cytotoxicity assay (Promega UK) and L929 murine fibroblasts. The
cells were stained with the CellTox dye and stored in a black walled 96-well plate with ~
5000 cells in each well. The 96-well plate was then incubated at 37 °C for 24 h, 5% CO2.
Each of the plain and MBAuNC UHMWPE was immersed in 10 mL of the sterile Eagle's
Minimum Essential Medium (EMEM) for 24 h. 50 µL of the supernatant was collected
and added to the cells in the 96-well plate. Florescence readings (TECAN GENios
Multifunction Microplate Reader, an excitation wavelength of 485–500 nm and emission
of 520–530 nm) were collected from the wells after 2 h, 24 h, 48 h and 72 h. The results
were normalised with lysed samples representing 100 % toxicity.
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Aerosol assisted chemical vapour deposition on copper-coated ultra
high molecular weight polyethylene
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Introduction
The extraordinary physical and mechanical properties of UHMWPE enable it to be widely
used in textiles, conveying and food processing machinery parts. Its combination of
abrasion resistance and low wear have also enabled it to be used as components for hip
and knee implants. According to the record from NJR, metal-on-polyethylene bearing
type joints account for the largest usage among all types of joint replacement followed by
ceramic-on polyethylene (National Joint Registry for England, Wales, Northern Ireland
and the Isle of Man 15th Annual Report, 2018). In a prosthetic joint, the tibia component
usually consists of a metal alloy tray combine with a polyethylene insert. An integrated
polyethylene tibia components are more commonly used in recent TKA surgeries (Wu et
al., 2019).
The widespread application of prosthetic joints provides patients who suffer from
prolonged joint pain with mobility and better quality of life. However, this revolutionary
medical development comes with risk; joint replacement can result in failure due to PJI.
This is one of the most torturous complications with fierce joint pain. In the last decade,
the age of TKR patients has gradually expanded to younger generations (National Joint
Registry for England, Wales, Northern Ireland and the Isle of Man 15th Annual Report,
2018) In both hip and knee replacement cases, the revision rate for all patients under 55,
over 13 years after insertion can be as high as 13.5% (National Joint Registry for England,
Wales, Northern Ireland and the Isle of Man 14th Annual Report, 2017).
It is believed that the incidence of PJI can arise between 3 to 24 months after
implantation and can be triggered intraoperatively. Dependant on the severity of infection,
current existing treatment plans span across several options that can take up to three
months (refer to section 1.2.5). Regardless of the treatment outcome, the process can exert
physical and psychological burden to the patients. Figure 1.7 in Chapter 1 demonstrates
all current existing treatment plans involve the use of antibiotics where the infected
tissues can have the drug delivered through intravenous systemic administration
(Zimmerli, Trampuz and Ochsner, 2004; Kuiper et al., 2014; Tande and Patel, 2014;
Suhardi et al., 2017). Problems arise when drug infiltration does not occur efficiently due
to poor blood flow in the area of concern (Suhardi et al., 2017). Materials that can achieve
local delivery of antibiotics seems to be favourable, examples like antibiotic impregnated
bone cement, beads and dissolvable sponge that are made from PMMA (Barth et al.,
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2011). PMMA has been discussed in detail previously. In terms of antimicrobial beads,
one disadvantage will be the requirement of additional surgery to remove the beads after
the treatment (Fulkerson et al., 2006a; Phillips et al., 2006a; Stefánsdóttir et al., 2009a;
Parvizi et al., 2011a; T. N. Peel et al., 2012). As a foreign substance, this also provides a
natural reservoir for bacterial attachment and eventually biofilm development (Fulkerson
et al., 2006b; Phillips et al., 2006b; Stefánsdóttir et al., 2009b; Parvizi et al., 2011b; T.
N. Peel et al., 2012). Although dissolvable sponge does not require removal surgery,
literature has shown that gentamicin impregnated sponges can cause excess wound
secretion (P Geurts et al., 2013). Finally, high local drug load release over short time
periods might cause a toxic serum concentration (Kuiper et al., 2014). A major concern
with the use of antibiotics is the development of bacterial resistance even though the
dosage is significantly beyond the MIC (Zimmerli, Trampuz and Ochsner, 2004).
Copper metal is widely known for its antimicrobial property. Sehmi et al. showed
that copper nanoparticles are promising candidates for healthcare related applications.
As an example, copper nanoparticles incorporated catheter materials have lowered the
incidence of hospital acquired infections (Sandeep K Sehmi et al., 2015). Antimicrobial
copper coatings on orthopaedic materials like titanium and titanium alloy have also been
reported by Wan et al. (Wan et al., 2007). The alternative cycle of cupric and cuprous
ions trigger an intracellular redox potential which can lead to bacterial cell instability and
eventually cause cell death (Peters et al., 2018). In addition, ‘Fenton type’ chemistry in
the presence of molecular oxygen following the production of superoxide and other ROS
can cause detrimental cellular damage (Grass, Rensing and Solioz, 2011; Peters et al.,
2018). The synthesis of bacterial cell wall is carried out by enzymes known as DDtranspeptidases which are the target of β-lactams antibiotics such as penicillin. Some
bacteria produce another type enzyme known as LD-transpeptidase which allows cell
wall synthesis even under the presence of β-lactams (Peters et al., 2018). A recent study
showed that copper ions can inhibit LD-transpeptidases thus rendering β-lactam resistant
bacteria susceptible (Peters et al., 2018).
The intrinsically inert UHMWPE provides stable long-term performance in prosthetic
applications, but this also makes the incorporation of antimicrobial agents difficult. A few
studies have introduced Cu-UHMWPE composite (Anderson et al., 2002; Chen et al.,
2003). Ion implantation is one of the techniques that has been used (Chen et al., 2003),
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however, high implantation energy can cause damage to the polymeric chain of the
UHMWPE. Copper coatings can induce direct contact killing of bacteria with little risk
of resistance developing. According to some literature, copper is relatively non-toxic to
mammals (Flemming and Trevors, 1989). UHMWPE containing copper used in artificial
joint materials has demonstrated good biocompatibility (Anderson et al., 2002; Gao et
al., 2009; Wu et al., 2011; Azizi et al., 2017). Another example in a real life scenario is
the use of Copper Intrauterine Device (IUD) for contraception that can last for 10 years
(Intrauterine device, IUD - NHS, 2018).
The aim of this study was to modify the UHMWPE and confer it antimicrobial activity
by depositing a thin layer of copper on top. Herein, an antimicrobial copper coated
UHMWPE via low temperature aerosol assisted chemical vapour deposition (AACVD)
was developed. The rationale was to deposit a surface coating of copper particles on top
of the UHMWPE substrate which can be potentially applied to make an antimicrobial
prosthesis spacer so that a high concentration of antimicrobial agent is present locally to
induce contact killing of bacteria with little risk of developing bacterial resistance. Light
independent antimicrobial activity of copper is a crucial feature that is benefit to the in
vivo environment as part of the prosthetic joint. Following previous work on low
temperature precursor conversion (Knapp, Chemin, et al., 2018; Knapp, Metcalf, et al.,
2018), a self-reducing copper precursor was introduced and could undergo pyrolysis at
relatively low temperature to form a thin layer of copper particles on top of a temperature
sensitive polymer substrate. The low organic content of the precursor was shown to yield
moderately pure copper metal particles. Hydrogen gas formed as a by-product in this selfreduction reaction can inhibit the further oxidation of the pure copper thin film.
Throughout this chapter, the modified UHWMPE was characterised to exam its
composition, structure, surface morphology, leaching and antimicrobial activity. Material
was tested against representative Gram-positive and Gram-negative bacteria.
Additionally, antimicrobial tests with various concentrations of Bovine Serum Albumin
(BSA) were performed to investigate the effect which it brought to the antimicrobial
activity of the Cu-coated UHMWPE. Serum Albumin is the most abundant protein in
human plasma and plays an essential role in physiology (Fanali et al., 2012; Claudio
Lourenço et al., 2018). In order to mimic the organic soiling environment various
concentrations of BSA were used with 0.03 % BSA considered as clean and 0.3% as dirty
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condition (Claudio Lourenço et al., 2018). The presence of proteinous components in the
antimicrobial tests can provide more accurate representation of in-situ conditions.

Results and discussion
UHMWPE has a high melt viscosity such that the consolidation can only be achieved
under elevated temperature and pressure (Steven M Kurtz, 2016e). The UHMWPE
substrate (Figure 3.1) with thickness of approx. 2.34 mm was manufactured by adapting
a lab scale compression moulding machine. Copper thin film was deposited on top of
UHMWPE substrate via AACVD at 170 °C. Visually, the copper thin layer deposited on
top of the UHMWPE substrate demonstrated uniform coverage.

Figure 3.1 An example of compression moulded UHMWPE with thickness of 10 µm was imaged using a light
microscope (GX microscope, GXML 3230). Adapted from Wu et al. (2019).

The copper precursor was synthesised from copper (II) formate tetrahydrate and 1amino-propan-2-ol in a modified procedure adapted from Farraj et al. (Farraj, Grouchko
and Magdassi, 2015; Farraj et al., 2017). As a metal-organic decomposition (MOD)
precursor, the one used here has benefitted from effectively addressing the oxidation issue
(Yabuki, Arriffin and Yanase, 2011). Moreover, the presence of a hydroxyl group in the
amino alcohol can assist the copper metal salt to dissolve in the methanol solvent (Shin
et al., 2014; Magdassi et al., 2015). Copper salt has a decomposition temperature of ca.
200 °C, corresponding thermal analysis is shown in Figure 3.2. Since the amino alcohol
can act as a reducing agent, the operation temperature can be lowered and maintained at
170 °C which can benefit the thermosensitive polymer. The operation temperature of 170
°C is known as one of the lowest temperatures that has ever been used in an AACVD
process (Abdullah M. Alotaibi et al., 2016). Normally a higher temperature is required to
decompose the precursor and form a film. Hence, by tailoring the precursor, a temperature
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sensitive substrate can withstand the deposition temperature. Thermal analysis of the
precursor solution is available in Figure 3.2. Two different copper salts (copper (II) nitrate
trihydrate and copper (II) formate tetrahydrate) were analysed by using a TGA/DSC. In
Figure 3.2 - i) and ii), complete decomposition has not been observed for both until above
200 °C which was much higher than the decomposition temperature of the precursor
solution. Figure 3.2 – iii) shows the thermal analysis of the copper precursor use in this
chapter. On the TGA (red line), no initial mass loss shoulder was observed since there are
no complexed water molecules. First and the only mass loss started at 110 °C and
accounted for 61% reduction in mass (55% mass loss expected if copper (II) oxide is
formed), with a clean, single-step decomposition. The large peak in the DSC occurs at
around 133 °C is used as an estimate for the decomposition temperature of the precursor
solution. This shows a promising use as a precursor to deposit copper metal on
temperature sensitive UHMWPE.
Semicrystalline polymer tends to demonstrate a flow transition state beyond its
melting temperature (Steven M Kurtz, 2016e). UHMWPE has a melting temperature (Tm)
of 137°C (Steven M Kurtz, 2016e). When above its Tm, UHMWPE substrate will still
remain intact due to its unique ultra high density property that enables the material to

Figure 3.2 The TGA/DSC of commercially available copper salts: i) copper (II) nitrate trihydrate and ii) copper (II)
formate tetrahydrate were measured; iii) shows the thermal analysis of the copper precursor use in this chapter.
Spectra are adapted from Wu et al. (2019).
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maintain its shape without experiencing other transition states. Thus, the deposition of Cu
on UHMWPE substrate via AACVD is feasible as the material can withstand high
temperature without changing its shape.
UHMWPE material has been used as a prosthesis spacer for over five decades (Kurtz,
2016b). The current gold standard of sterilising the UHMWPE is to use high energy
gamma radiation (Kurtz, 2016a). During this process, free radicals are formed due to the
cleavage of the carbon-carbon bonds which encourage crosslinking (Oral, Malhi and
Muratoglu, 2006). However, minor residual free radicals formed from chain scission are
trapped between crystalline lamellae (Bhateja et al., 1995). Crosslinking helps to restrict
the mobility of the long polymeric chains and maintain the molecular structure, hence
reduce the formation of the surface fibrils (Wang et al., 1997; McKellop et al., 1999;
Muratoglu and Bragdon, 2016; Bracco et al., 2017). The residual free radicals interact
with ambient oxygen and therefore cause breakdown of the polymeric structure (Oral,
Malhi and Muratoglu, 2006). Thermal treatment like remelting is therefore used to resolve
oxidative deconstruction (Oral, Malhi and Muratoglu, 2006). This has unavoidably heated
the samples to above the Tm to minimise the free radicals. However this process might
reduce the crystallinity and therefore deteriorate the mechanical properties of the
UHMWPE (Steven M. Kurtz, 2016). AACVD happens to have similar processing
temperature as the remelting strategy, thus DSC analysis and mechanical tests were
performed to investigate the effect of heat treatment on the mechanical properties of the
UHMWPE substrate.
3.2.1 Material characterisation
The mechanical properties of UHMWPE are closely related to its crystalline structure and
susceptible to any phase modification (Sobieraj and Rimnac, 2009), which includes
changing the crystallinity or crosslinking the amorphous region (Sobieraj and Rimnac,
2009). DSC was performed to determine the percentage crystallinity prior and after the
thermal treatment in an inert environment as per the ASTM F2625 – 10 standard (ASTM
F2625 - 10, Standard Test Method for Measurement of Enthalpy of Fusion, Percent
Crystallinity, and Melting Point of Ultra-High-Molecular Weight Polyethylene by Means
of Differential Scanning Calorimetry, 2016). The percentage crystallinity of UHMWPE
prior to remelting was determined from the first heating up step with a value of 69.0 %
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(peak melting temperature = 137.7 °C) whereas the sample after remelting was
determined from the second heating up cycle with a value of 72 % (peak melting
temperature = 136.1 °C). The DSC thermal analysis discloses whether the continuous
high temperature AACVD process will have an adverse effect on the mechanical property
of the substrates. Percentage crystallinities of UHMWPE before and after remelting for
90 min had a minor fluctuation with a 3 % difference. Recent research conducted by Oral
et al. has also investigated the effect of remelting UHMWPE above its melting
temperature. Results showed that the heat treatment of unirradiated UHMWPE at 170 °C
for 2 h did not affect the percentage of crystallinity (Oral, Malhi and Muratoglu, 2006).
The percentage crystallinity remained constant at 63 % with tolerance value of 2 % and
1 % respectively (Oral, Malhi and Muratoglu, 2006), which was consistent with the
calculated value above.
XPS (Figure 3.3) was used to identify the chemical composition of the Cu-coated
UHMWPE. Peaks were calibrated accordingly to carbon (1s) (284.5 eV). Analysis
showed that there was a mixture of copper in various oxidation states. Cu 2p3/2 has a
binding energy at 932.9 eV which deviated slightly from the literature for the Cu metal
(Biesinger, 2017). This slight deviation was due to the presence of minor amount of Cu
(I) (Biesinger, 2017). Since the binding energies of copper metal and Cu (I) are
statistically similar (Biesinger, 2017), the main peak of Cu 2P3/2 was assigned to have
mixture of Cu (0) and Cu (I). Another fitted peak appears at 935.0 eV which indicated
the presence of Cu (II), and this could also prove by the existing minor shake-up satellite
at 944.0 eV in the XPS (Biesinger, 2017). Despite the fact that there was a mixture of Cu
(I) and Cu (II) present, from the peak analysis it was shown that about 85 % of the Cu
species were comprised of Cu (0) and Cu (I) at the surface (top ten atomic layers).
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Figure 3.3 XPS spectra of the surface of Cu-coated UHMWPE sample showing Cu 2P3/2 peak at 932.9 eV matches
to Cu (0) and Cu (I), an additional minor peak at 935.0 eV and the shake-up satellite peak around 944 eV correspond
to Cu (II).

The Cu (2p) in the inner layer of the Cu coating deposited on to the UHMWPE was
also obtained by using XPS with the assistance of an argon source. The surface was etched
for 300 s. The presence of satellite peak shown in Figure 3.3 has disappeared because Cu
(II) has been reduced by the argon sputtering process. It was also noticed that the relative
percentage composition of Cu (0)/Cu (II) has also increased by approx. 10% as
determined by the area under the fitted peaks. Figure 3.4 shows that the Cu 2P3/2 peak is
narrowed down with a slight shift to 932.5 eV indicating a mixture of Cu (0) and Cu (I)
species, which was consistent with the literature (Fuggle et al., 1977; Deroubaix and
Marcus, 1992).
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Figure 3.4 XPS of Cu-coated UHMWPE sample with Ar etch for 300 s showing the Cu 2p3/2 peak at 932.5
eV matches to Cu (0) and Cu (I), an additional minor peak at 934.9 eV corresponds to Cu (II).

The XRD analysis (Figure 3.5) of the Cu-coated UHMWPE sample was carried out to
obtain phase information. Two signature peaks at 22° and 24° indicate the (110) and (200)
planes of UHMWPE crystalline structure (Xiong, Lin and Fan, 2006). Other diffraction
peaks at 43° and 51° corresponding to the (110) and (200) planes of Cu metal were
observed. Moreover, small peaks pointed out by the two dashed lines in Figure 3.5, are
due to the trace amount of Cu2O present in the samples which was consistent with the
XPS results.
The morphology of the surface structure and copper coating thickness are shown
by the SEM images in Figure 3.6. There are low-resolution images of the UHMWPE
substrate before and after the deposition of the copper coating. A microstructure of copper
clusters ranges from 100-300 µm closely packed with pin holes in between as shown in
Figure 3.6 b). An enlarged image of the Cu-coated surface (Figure 3.6 c)) showed
individual copper nanoparticles. A cross-section view of the Cu-coated UHMWPE in
Figure 3.6 d) shows that the average thickness of the Cu coating is ~ 10 µm.
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Figure 3.5 XRD patterns of Cu-coated UHMWPE sample with the ICSD standard shown in red.

b)

a)

d)

c)

Figure 3.6 SEM images of plain and Cu-coated UHMWPE, a) top down image of the plain UHMWPE substrate with
400 x magnification; b) top down image of the Cu-coated UHMWPE with 400 x magnification; c) top down image of
the Cu-coated UHMWPE with 20,000 x magnification; d) side view of the Cu-coated UHMWPE showing the copper
coating has thickness of ~ 10 µm.

80

3.2.2

Functional test

The average water contact angle for the untreated UHMWPE sample is around 99° ± 0.8°
and for Cu-coated UHMWPE is 104° ± 1.2 5 UHMWPE powder is intrinsically
hydrophobic. Deposition of copper particles has strengthened the surface roughness. This
explains the Cu-coated UHMWPE has a slightly higher water contact angle than its
control.
The mechanical properties of the UHMWPE after AACVD were also measured
by using a tensile testing machine. Results (Table 3.1) show that the high temperature
treatment had no significant effect on the mechanical properties of Cu coated UHMWPE
compared to its control. The elongation at break before and after heat treatment was
maintained at roughly 380 %. Even though the ultimate tensile strength and the stress at
known strains (100 % and 300 % strain) have dropped slightly, the Young’s modulus
after remelting process has a change of less than 3.3 %.

UTS/MPa

Stress at 100 %
strain/MPa

Stress at 300 %
strain/MPa

Young's
modulus/MPa

Elongation
at break/%

UHMWPE
28.9 ± 1.5
21.6 ± 1.9
27.5 ± 1.3
457 + 34
380 ± 14
(untreated)
UHMWPE
23.3 ± 2.1
18.1 ± 0.2
23.8 ± 1.9
442 ± 36
382 ± 27
(remelted)
Table 3.1 The ultimate tensile stress, stress at 100 % strain, stress at 300 % strain Young’s modulus and elongation at
break of the untreated and remelted UHMWPE The data shown here are the mean, and the error bars represent the
standard deviation (n=5).

ii)
The Cu-coated UHMWPE passed the Scotch™
tape adhesive test with no peeling
ii)
or removal of the coating (Figure 3.7 a). No observable change can be seen post treatment.
Microscopically, the copper coating remained intact on the UHMWPE substrate which
could be seen from the SEM images. This demonstrated that the copper coating has good
adhesion to the substrate. A more aggressive sandpaper abrasion test was adapted, and
images show that the Cu-coated UHMWPE sample, after 10 cycles, still retained the
coating with only the edges becoming partially flattened (Figure 3.7 b)) due to the
vigorous rubbing. The middle part of the sample (Figure 3.7 b-ii) inset showed virtually
no damage. The surface integrity has been further confirmed by SEM shown in Figure
3.7 (b-ii), indicating relatively low wear.
i)
5

ii)
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a)

iii)

ii)

b)
i)
iii)

Figure 3.7 a) SEM images and photos of Cu-coated UHMWPE sample i) prior and ii) after the Scotch™ tape adhesive
test after ten cycles. b) SEM images and photos of Cu-coated UHMWPE sample prior to abrasion test. b) ii) SEM
image and a zoom in diagram of the centre part of the Cu-coated UHMWPE after 10 cycles of sandpaper abrasion test;
b) iii) SEM image and a zoom in diagram of the edge of the Cu-coated UHMWPE after 10 cycles of sandpaper abrasion
test.

MP-AES was used to analyse the leaching of Cu from Cu-coated UHMWPE into
SBF. A 1 ×1 cm Cu-coated UHMWPE square was put into 25 mL SBF at 37°C. The Cu2+
which has been leached out from the material surface was measured to have a
concentration of 1.64 ppm (1.64 mg/L). The result obtained was promising as a tolerance
amount of Cu released which was considerably lower than the exposure limited stated in
Drinking Water Inspectorate UK (2 mg/L). The MP-AES detected minor amount of
nascent Cu2+ from the Cu-coated UHWMPE.
3.2.3 Antimicrobial activity
The antimicrobial efficacy of the Cu-coated UHMWPE was investigated by testing
against representative Gram-positive and Gram-negative bacteria, S. aureus and E. coli,
respectively with the BSA concentration starting from 0 % to 0.03 % and 0.3%. A plate-
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count method was used to determine the number of surviving bacteria as previously
described (Sandeep K Sehmi et al., 2015). The results (Figure 3.8) show a significant
antimicrobial effect of the Cu-coated UHMWPE samples for all testing conditions (0 %,
0.03 % and 0.3 %). For both S. aureus and E. coli, without the addition of BSA, ca. 4.55
log and 4.81 log reduction of the bacterial number were reached respectively within 15
min under dark condition with the detection limit as low as 1 bacterium. Meanwhile from
the same graph, equivalent good antimicrobial kill was observed under both 0.03 % and
0.3 % BSA which was consistent with that conducted by Sehmi et al. (Sandeep K Sehmi
et al., 2015). This demonstrated the resilience of the Cu-coated UHMWPE in an organic
soiling environment.

a)

b)
1.E+06

1.E+06
1.E+05

b)

CFU/mL

CFU/mL

UHMWPE

1.E+05

a)

1.E+04
1.E+03
1.E+02

* Cu-coated UHMWPE

1.E+04
1.E+03
1.E+02
1.E+01

1.E+01
1.E+00

Inoculum

*

*

*

0 % BSA 0.03 % BSA 0.3 % BSA

1.E+00

*

*

*

0 % BSA 0.03 % BSA 0.3 % BSA

Figure 3.8 Viable counts of a) E. coli ATCC 25922; b) S. aureus 8325-4 for incubation time 15 min.
* Indicates bacterial numbers reduced to below the detection limit of 1 bacterium. The data shown here are the mean,
and the error bars represent the standard deviation (n=3).

To confirm that the reduction in bacterial numbers recovered from the material was
a consequence of bactericidal activity instead of increased adhesion to the test material,
the samples were stained with Live/Dead stain after recovery of the bacteria in PBS. For
both E. coli and S. aureus, similar trace amounts of bacteria were left attached to both the
test and control materials. The results showed that the bacteria left on the Cu-coated
UHMWPE were stained red and hence dead. Whereas those on the control UHMWPE
were alive. Representative fluorescence images are shown in Figure 3.9.
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Figure 3.9 Fluorescence images of bacteria adhere on both control (untreated UHMWPE) and Cu-coated UHMWPE.
a) adhere live (green) E. coli on Control (untreated UHMWPE) surface; b) adhere dead (red) E. coli on Cu-coated
UHMWPE; c) adhere live S. aureus on control sample; d) adhere dead S. aureus on Cu-coated UHMWPE.

It is quite challenging to distinguish the antimicrobial activity induced by the
metal nanoparticles or its corresponding ions (Ruparelia et al., 2008). A widely accepted
antimicrobial Cu mechanism is the production of reactive ROS via Fenton type reaction
with subsequent cellular damage (Chatterjee, Chakraborty and Basu, 2014; Abdullah M
Alotaibi et al., 2016), but for its metal nanoparticle the antimicrobial properties can be
due to their high surface-to-volume ratio and small sizes (Sandeep K Sehmi et al., 2015;
Ozkan et al., 2016). This allows the antimicrobial agent to have close proximity to the
bacterial cell and therefore initiate the fatal interaction (Ramyadevi et al., 2012).
Chatterjee et al. concluded that the presence of CuNP can trigger cell filamentation by
changing the cell membrane potential, namely polarisation (Chatterjee, Chakraborty and
Basu, 2014). The study has also demonstrated that overproduction of ROS by CuNP can
trigger a significant amount of oxidation of unsaturated fatty acid in the cell membrane;
modification of amino acid chain with subsequent structure change in proteins and DNA
degradation, all these factors eventually lead to bacterial cell death (Chatterjee,
Chakraborty and Basu, 2014).
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Currently there are many copper related antimicrobial materials available reported
in the literature (Hassan et al., 2014; Sandeep K Sehmi et al., 2015; Abdullah M. Alotaibi
et al., 2016; Ozkan et al., 2016). Alotaibi developed a Cu-ZrO2 composite via high
temperature (430 °C) AACVD to achieve a 4.5 log reduction in the numbers of E. coli in
the dark after 20 min. For S. aureus, the number fell below the detection limit of 100
CFU/mL after 60 min (Abdullah M. Alotaibi et al., 2016). Other research, conducted by
Sehmi et al. demonstrated that the CuNP could be impregnated into the polyurethane
through a swell-encapsulation shrink method (Sandeep K Sehmi et al., 2015). The
material was tested against methicillin-resistant S. aureus; Cu-polyurethane demonstrated
≥ 4 log reduction of bacterial number in 2 h in the dark (Sandeep K Sehmi et al., 2015),
whereas for E. coli, a similar reduction would take 3 h (Sandeep K Sehmi et al., 2015).
Another study found copper oxide exhibits antimicrobial activity with a 4.7 log reduction
in S. aureus numbers after 1 h and a 2.7 log reduction for E. coli in the same time period
(Hassan et al., 2014). In this chapter, the Cu-coated UHMWPE contains copper in the
form of copper (0) and copper (II) and/or copper (I) oxide in which the potent
antimicrobial property of the Cu-coated UHMWPE showed the highest net bacterial
reduction for the shortest time period compared to the materials mentioned above.

Conclusion
This first-of-its kind antimicrobial Cu coating has been achieved on UHMWPE through
low-temperature AACVD. The remarkable antibacterial property was conferred without
activation by any light source. Within only 15 min exposure time, the material
demonstrated approximately 5 log reductions in the numbers of both Gram-positive and
Gram-negative bacteria which was equivalent to 99.999% kill efficiency. The conditions
needed to make these films required a precursor that will decompose at the softening point
of the polymer (170 °C). Surprisingly this led to a strong interaction between the polymer
and enabled the copper film to anchor and bind effectively to the polymer surface. It is
this combination that enabled the coating to be rugged and resistant to harsh abrasion
(sandpaper) and tape peeling. This novel and highly competent antimicrobial material is
a potential candidate for application in prosthetic joints.
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Limitation
AACVD has been used to deposit a thin layer of copper/copper oxide mixture on to the
UHMWPE substrate. Throughout the study, the plain UHMWPE substrates have been
compressed moulded as flat sheets for the convenient use in antimicrobial testing and
mechanical testing. Problems might arise when substrates do not have a flat surface as
any obstacle can disturb the laminar flow of the aerosol through the reactor chamber and
subsequently limit an effective deposition on to the polymer surface. As the schematic
diagram in Figure 1.1 in Chapter 1 shown, there were a few examples of different
UHMWPE spacers. The acetabular component in a hip prosthesis might impede the
AACVD deposition from happening due to its irregular shape. The cytotoxicity of the
Cu-coated UHMWPE should be evaluated. Although the uses of antimicrobial copper
from literature have been discussed throughout the chapter. It is of great importance for
its prosthetic joint applications in terms of biocompatibility.
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Antimicrobial compression moulded ultra high molecular weight
polyethylene containing crystal violet and gold nanocluster
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Introduction
4.1.1

An overview of the studies on photoactivated antimicrobial materials

Photoactivated antimicrobial materials show a promising application potential in
healthcare settings due to their unique killing mechanisms that can prevent development
of resistance in bacteria (Noimark et al., 2016). There are studies that showed examples
of incorporating photosensitiser and metal nanoparticles into the polymers which resulted
in highly efficacious antimicrobial effect under different light conditions with the
potential to prevent biofilm formation. Sehmi et al. developed a crystal violet (CV) and
ZnONP encapsulated polyurethane that showed a 99.9% reduction in bacterial numbers
when tested against S. aureus for 2 h and E. coli for 4 h under white light condition
(Sandeep K. Sehmi et al., 2015). A similar study was conducted with a polymer substrate
-polydimethylsiloxane- demonstrating > 4 log reduction in Gram-positive and Gramnegative bacteria within 1 h and 4 h of white light exposure respectively (Ozkan et al.,
2015). Both works proved that the presence of ZnONP enhanced the inherent bactericidal
activity of the photosensitiser dye. Noimark et al. established that a combination of
methylene blue (MB) and 2 nm AuNPs in polyvinyl chloride (PVC) catheters
demonstrated effective antimicrobial effect upon irradiation with a low power laser
system (Noimark et al., 2012). Over the decades, the research group has worked on
antimicrobial materials extensively. Some were particularly designed for the application
in the urinary catheter to combat associated infections (Noimark et al., 2012; Noimark,
Weiner, Noor, Allan, Charlotte K Williams, et al., 2015; Sandeep K. Sehmi et al., 2015;
Macdonald et al., 2016).
When a photosensitiser is activated by absorbing energy from a light source,
cytotoxic ROS is generated and targeted to the microorganism, eventually leading to cell
death (Maisch, 2007). Irradiation using a light source with a specific wavelength
correlating to the photosensitiser absorbance maximum promotes the dye molecule to an
excited singlet state. The excited singlet state molecule then transfers through intersystem
crossing to a longer-lived, lower energy excited triplet state where it can undergo two
different photochemical pathways. Historically, the process is known as ‘Type I’ and
‘Type II’ mechanisms (Oliveira et al., 2011; Noimark, Dunnill and Parkin, 2013; Noimark
et al., 2016). The chromophore interacts with molecular oxygen, water or other target
cellular biomolecules in the ambient environment to produce a wide range of ROS
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including free radicals (e.g., ˙OH, O2˙¯) and singlet oxygen. In both types of mechanisms,
the ROS generated targets multiple sites in the bacterial cell, which reduces the likelihood
of antibacterial resistance (Noimark, Dunnill and Parkin, 2013; Noimark et al., 2016).
Metal nanoparticles such as gold and zinc oxide are known to enhance the effectiveness
of photosensitisers. (Noimark et al., 2012; Noimark, Weiner, Noor, Allan, Charlotte K
Williams, et al., 2015; Sandeep K. Sehmi et al., 2015; Macdonald et al., 2016).
Macdonald et al. and Perni et al. demonstrated that the addition of AuNPs in combination
with a photosensitiser enhanced the antimicrobial properties of the light-activated
surfaces in a size-dependent manner, with the smallest gold nanoparticles showing the
greatest synergistic effect with the dye (Perni, Prokopovich, et al., 2009; Macdonald et
al., 2016). Another study also explored the broad-spectrum antimicrobial activity of ultrasmall gold nanoclusters (AuNCs) (Zheng et al., 2017). A 0.1 µM gold nanocluster
solution demonstrated ~1.3 log reduction in bacterial numbers against S. aureus and a 1.4
log reduction for E. coli over a 2 h period (Zheng et al., 2017). Recent studies within the
group also showed that the photoactivated gold nanocluster embedded polyurethane upon
6 h white light irradiation exhibited more than 3.3 log for S. aureus while E. coli required
4-fold longer exposure time with ~ 2.8 log reduction in bacterial numbers (Hwang et al.,
2020).
One approach to make wear-resistant hard antimicrobial surfaces is to modify the
UHMWPE. A surface modification was introduced in the previous chapter by depositing
a Cu coating on UHMWPE via AACVD. In this chapter, a new method was used to
modify UHMWPE. Taking a step back, antimicrobial was added before the consolidation
of UHMWPE. This is an environmentally and economically sustainable method to
manufacture photoactivated antimicrobial hard surfaces by incorporating CV and
cysteine capped Au25 nanoclusters (Au25Cys18NCs) into powdered UHMWPE through a
simple compression moulding process. The high molecular weight of the polymer results
in high melt viscosity, therefore a pressurised powder sintering preparation method was
adapted (Steven M Kurtz, 2016e). CV is a promising compatible candidate as it melts
around 205 °C. Furthermore, the Au25Cys18NCs survived the compression moulding
despite the relatively high processing temperature. A small amount of CV and
Au25Cys18NCs are incorporated into the UHMWPE yet showed outstanding antimicrobial
activity while maintaining good mechanical properties. This is a particularly promising
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approach to be used in healthcare-related purpose due to its multi-target mechanism of
action and therefore reduced risk of resistance development.
While the material is potentially targeted towards clinical applications, it is critical
that the antimicrobial moiety within the polymer maintain non-toxicity towards
mammalian cells. CV, also known as gentian violet, is non-toxic to mammalian cells
according to literature (Sandeep K. Sehmi et al., 2015). According to Maley et al., the
use of crystal violet showed no toxicity to humans (Maley and Arbiser, 2013).
Historically, CV has been used to treat dermatology conditions including scratch wound
healing, oral candidiasis and fungal skin infection due to its potent antimicrobial and
antifungal properties (Farid, Kelly and Roshin, 2011; Traboulsi et al., 2011; Sandeep K.
Sehmi et al., 2015). Metal nanoparticles demonstrate antimicrobial properties attribute to
the generation of metal ions. However, the cytotoxicity towards bacterial cells may
compromise the mammalian cells, which result in poor biocompatibility. The highly
stable AuNPs has proved to be biocompatible in the mammalian system, both in vitro and
in vivo (Lewinski, Colvin and Drezek, 2008). It has been approved that the
biocompatibility extended towards even smaller gold particles (Zheng et al., 2017).
Previous research has explored the safety use of the AuNCs towards human cells (Tay et
al., 2014; Zheng et al., 2017). Together, these provide the possibility to ensure clinical
translation in the future.
One might challenge that if the material is implanted in the body, then ambient
white light will not reach it and therefore, it will exhibit no activity. However, the
rationale of such design is the self-sterilisation process can be activated in vitro by gaining
exposure to the ambient light environment before insertion. Even so, it was reported that
minor antimicrobial activity in the dark was shown which was a plus to maintain an
antiseptic internal environment in combination with the current existing antiseptic
procedures as well as the previous in vitro light activated self-sterilisation step. This is
the first proof-of-concept photosensitiser and metal nanocluster incorporated UHMWPE
hard surface that elicits antimicrobial property which has the potential for clinical
application.
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Results and discussion
The intrinsically high density of UHMWPE makes it largely unsuitable for incorporating
any antimicrobial agents through the swell-encapsulation-shrink method (Perni et al.,
2011). Thus, a new method was developed using powdered UHMWPE and encapsulating
CV and the Au25Cys18NCs to the powder before consolidation by compression moulding.
The photosensitiser CV and gold nanocluster were added to a minimal amount of
water/methanol mixture, which was then blended with the virgin UHMWPE powder.
Since UHMWPE powder is intrinsically hydrophobic due to its low polarity of the
alkylation components, water/methanol mixture was introduced to ensure a great
solubility of the CV in water. Meanwhile enabled the interaction between the CV and
UHMWPE particles through methanol, as methanol is soluble in water. A purplecoloured UHMWPE powder was yielded after overnight drying. The powder was
consolidated into a rectangular stainless-steel window (inner size: 56.5 × 50.0 mm, outer
size: 81.3 × 74.5 mm) by compression moulding at 200 °C.
4.2.1

Chemical and physical characterisations

The molecular structure of UHMWPE can be visualised as an extended long twisted
string (Steven M Kurtz, 2016a). During the compression moulding process that is below
the melting temperature, the molecular chain is likely to rotate about the long carboncarbon bonds forming chain folds (Steven M Kurtz, 2016a). These chain folds allow the
molecule to form layers of highly oriented crystalline lamellae which act as inlays within
the disordered amorphous regions (Steven M Kurtz, 2016a). This crystalline morphology
is microscopic with the inlays having a thickness of 10 to 50 nm. The crystalline structure
can be visualised by TEM. Thus, the compressed moulded UHMWPE control and
optimised CVAuNC UHMWPE were cut by ultramicrotome with thickness controlled to
below 100 nm. Figure 4.1 a) and b) show the TEM micrographs of the plain and CVAuNC
UHMWPE. According to the micrographs, there is no observable distinction between the
two which indicates the incorporation of phenothiazine dye CV and Au25Cys18NC does
not affect the morphology of the polymeric matrix. In both the TEM micrographs, the
amorphous structure was represented by the grey region, whereas the lamellae (ordered
region) appeared as dark floccule. The surface morphology for both control and CVAuNC
UHMWPE were investigated using SEM. Figure 4.1 c) and d) show the low-resolution
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SEM micrographs before and after the incorporation of CV and AuNC. The embedded
CV and AuNC have not changed the structure with each UHMWPE particle, size
approximately 150 microns, closely packed.

Figure 4.1 TEM images showing a) UHMWPE control material and b) CVAuNC UHMWPE; c) and d) show SEM
images of UHMWPE control and CVAuNC UHMWPE respectively each with 600 x magnification.

The mechanical properties of UHMWPE are related to its crystalline structure
(Sobieraj and Rimnac, 2009). Hence, phase modification can alter the mechanical
behaviour of the materials (Sobieraj and Rimnac, 2009). The process of crosslinking the
amorphous region may result in changing the crystallinity and subsequently affect the
mechanical behaviour (Sobieraj and Rimnac, 2009). Phase characterisation of
compression moulded plain UHMWPE and CVAuNC UHMWPE were investigated
using XRD. Semi-crystalline UHMWPE has a diffraction pattern that consists of both
sharp diffraction maxima and dispersed scattering as a result of amorphous phase across
a wide range of diffraction angle (Gupta and Kothari, 1997). In Figure 4.2, both X-ray
patterns have signature peaks that arise at 2θ values of 21°, 23° and 36° which are
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attributed to the (1 1 0), (2 0 0) and (020) crystal planes respectively. The inset in Figure
4.2 shows an example of the overlap between the two intense diffraction maxima because
of the ordered crystalline phase. and the diffused scattering (below the dashed line) due
to the amorphous phase. The percentage crystallinity in the polymer can be estimated as
the ratio of total integral intensities of the crystalline peaks to the total integral intensities
of amorphous and crystalline peaks and linear background (see Equation 1 in method
section). The calculated plain UHMWPE had 70.47 % crystallinity, whereas the
CVAuNC samples had 70.07 %. The percentage crystallinity after the modification had
a 0.05 % difference that is not significant. Hence, it is postulated that the modified
UHMWPE largely retains its crystalline properties regardless of the incorporation of the
antimicrobial agents.

Figure 4.2 X-ray diffraction plots of ultra-high molecular weight polyethylene control and crystal violet gold
nanocluster embedded ultra-high molecular weight polyethylene sample measured across 2θ range from 6 to 66°. A
small section of the diffraction pattern of the UHMWPE was shown by a zoomed inset shown on the top right.

DSC was used to indirectly calculate the melting temperature and the crystallinity
of the materials. Figure 4.3 shows the thermogram of both plain UHMWPE and CVAuNC
UHMWPE samples. Each peak showed between 100 °C and 175 °C and was defined by
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an onset, offset and peak temperature. The peak temperature (Tp) was designated by the
extrapolated intersections of the tangents of both onset (Ton) and offset (Toff) temperatures
in the endothermic peak on the thermogram. The DSC thermal analysis is shown in Figure
4.3, where the plain UHMWPE’s peak temperature is at the intersection of the two dashed
lines. When melting pure materials, the Ton usually equates to the melting temperature
(Tm). However, this is not the case for semi-crystalline polymers, e.g., UHMWPE. It can
show both first-order and second-order transition states which correspond to the
crystalline and amorphous regions respectively during the phase change (Rastogi,
Kurelec and Lemstra, 1998). The peak melting point is the characteristic temperature of
the first-order transition at which bulk crystallites melt (Balani et al., 2014; Steven M
Kurtz, 2016a). Therefore, the UHMWPE has a true melting temperature at Tp where the
ordered crystallites turn into a disordered phase (Balani et al., 2014). The plain
UHMWPE and CVAuNC UHMWPE have Tp 137.7°C and 138.2°C (shown in Figure 4.3)
respectively which are close to values reported in the literature (137.28°C) (Steven M
Kurtz, 2016a). Since this parameter is highly dependent on the sample crystallinity,
further investigation was carried out to estimate the percentage crystallinity. The
calculated percentage crystallinity of UHMWPE control was 68.99 %, whereas the
CVAuNC UHMWPE was 72.55%. It was observed that with the addition of CV and
AuNC, the crystallinity showed around a 5 % change. In general, the estimated
crystallinity obtained from DSC analysis was consistent with the above XRD analysis.
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Figure 4.3 Differential scanning calorimetry profiles of ultra-high molecular weight polyethylene and crystal violet
gold nanocluster embedded ultra-high molecular weight polyethylene. Peak temperatures are indicated by the arrow
shown on the figure.

To investigate the CV distribution within the polymeric matrix, both the plain and
CVAuNC UHMWPE surfaces were analysed by light microscopy. Figure 4.4 a) and b)
display the morphology of thinly sliced plain and CVAuNC UHMWPE. Both
micrographs indicate that the individual UHMWPE particles closely packed together with
the size varying from 100 - 150 µm. Figure 4.4 b) indicates that instead of diffusing
throughout each PE particle, the dye agglomerates at the particle surface.
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b)

a)

Figure 4.4 Images showing cross sections of compressed moulded a) ultra-high molecular weight polyethylene
control and b) crystal violet gold nanocluster embedded ultra-high molecular weight polyethylene. The thin sections
were cut by microtome with average thickness of 6 microns, images were captured using a light microscope (GX
Microscope GXML3230).

4.2.2 Functional tests
A direct measure of the mechanical properties of the optimised CVAuNC UHMWPE
sample was carried out. The results are shown in Table 4.1. The tensile testing illustrates
the incorporation of CV and Au25Cys18NCs cause only a minor change (∼3 MPa
decrement) in yield strength. The tensile strength, young’s modulus and elongation at
break (ductility) were observed to drop by 12.7 %, 17.2 % and 3.5 % respectively.

UHMWPE
CVAuNC
UHMWPE

Yield strength/MPa

Tensile strength/MPa

young's modulus/MPa

elongation at break/%

20.65 ± 1.45

31.97 ± 3.69

366.98 + 5.20

341.84 ± 26.50

17.13 ± 0.67

28.35 ± 4.93

313.12 ± 6.22

330.02 ± 16.97

Table 4.1 Physical properties and mechanical study data for ultra-high molecular weight polyethylene control and
crystal violet gold nanocluster embedded ultra-high molecular weight polyethylene samples. The data shown here are
the mean, and the error bars represent the standard deviation (n=5).
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Figure 4.5 UV-Vis spectra measured (400–750 nm) of crystal violet and gold nanocluster compressed moulded
UHMWPE. The sample was stored in a light box with constant white light striking on the sample surfaces. The UVvis absorbance was measured on Day 1 and Day 20 to investigate the photostability of the material after light exposure
for an extended period.

The photostability of the CV incorporated in the CVAuNC UHMWPE samples
upon irradiation was studied using UV-Vis spectroscopy. A white light source with
intensity 3,000 ± 130 lux was used continuously for 20 days. The UV-Vis absorbance
spectra (400-800 nm) of the illuminated samples were measured at the beginning and the
end of the study. From Figure 4.5, the sample demonstrates good photostability with
photodegradation of just 28 % after a 20-day white light illumination.
The leaching effect of CV from CVAuNC UHMWPE was spectroscopically
examined and plotted against time in Figure 4.6. All samples were fully immersed in PBS
in the dark for a period of up to 20 days. The optical density of the eluted aqueous solution
was measured at 590 nm and subsequently converted into concentration (ppb) by using a
standard calibration curve that was established prior. Figure 4.6 indicates that the sample
upon immersion showed that a negligible amount of CV leached out over the first 5 days.
As time went on, the released CV plateaued over time.
At the end of the study, the amount of the CV leached from CVAuNC UHMWPE
into the surrounding PBS was 0.93 ppb. In terms of the Au25Cys18NC incorporated in
CVAuNC UHMWPE, no Au was detected in the PBS solutions throughout the whole
period (same Au concentration observed as the blank sample [<0.1 ppm]), which
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indicates no Au leaching from the surface of the modified UHMWPE. Overall, no colour
change and no leaching of metal nanocluster were observed. This indicated that the
antimicrobial agents were stably encapsulated into the UHMWPE matrix via compression
moulding. The minimal level of leaching is likely due to surface adhered crystal violet
and not that incorporated into the UHMWPE.

Figure 4.6 The leaching of crystal violet (ppb) from a crystal violet (0.1 wt%) and gold nanocluster (0.05 wt%)
embedded ultra-high molecular weight polyethylene into phosphate buffer saline solution at room temperature was
measured as function of time (day).

Sharma et al. investigated the antimicrobial activity of ZnO nanoparticle
encapsulated UHMWPE composite with various concentration of ZnO nanoparticles
(Sharma, Agarwal and Balani, 2016). Samples demonstrated ∼75 % and ∼80 % kill
(equivalent to 0.6 log and 0.7 log reduction in bacterial number) when tested against S.
aureus and E. coli respectively with a ZnO concentration of 20 wt% (Sharma, Agarwal
and Balani, 2016). However, there were noticeable change in terms of the tensile strength
and elongation at break between the plain and modified UHMWPE with a decrease of
81.3 % and 180.1 %. In contrast, the superior photoactivated CV and Au25Cys18NC
encapsulated UHWMPE demonstrated > 99 % kill when tested against the same strains
as those used here with only a small amount of antimicrobial agents needed. Besides,
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negligible change was observed in terms of the mechanical properties before and after the
modification.
The water contact angle measurements of all samples were measured to
investigate the wettability of the material. For plain UHMWPE and CVAuNC UHMWPE,
the contact angles had values of 99° and 102°, respectively. Plain UHMWPE powder is
naturally hydrophobic, and this remains unchanged after consolidation. Moreover, it was
found that there was negligible difference between the wetting properties of the
UHMWPE control compared to CVAuNC UHMWPE. This implies that the modification
of the UHMWPE seems not to alter the hydrophobicity property of the material.
4.2.3

Antimicrobial activities

To determine the most effective concentrations of both the photosensitiser and the metal
particles in UHMWPE, experiments were carried out with varying relative concentrations
of the CV and Au25Cys18NCs. For optimizing the Au25Cys18NC amount incorporated in
the UHMWPE, 0 wt%, 0.005 wt%, 0.01 wt%, 0.05 wt% and 0.1 wt% of Au25Cys18NCs
were blended with UHMWPE powder using 0.1 wt% of CV dissolved in water/methanol
mixture as a dispersing solution. The solvent was evaporated overnight prior to
consolidation. Similarly, for determining CV concentration, a known amount of
Au25Cys18NCs was used from the above study while making CVAuNC UHMWPE
composite with various CV concentrations. All samples including plain UHMWPE were
tested against both Gram-positive and Gram-negative bacteria, S. aureus and E. coli,
respectively. A white light source with an intensity of 375 lux ± 25 was used which is, by
far, one of the lowest degrees of illuminance that has been used to activate photoactive
antimicrobial surfaces (typically 1000- 10,000 lux or laser light is used).
Figure 4.7 a) shows the bactericidal effect of CV UHMWPE and CVAuNC
UHMWPE with 0.1 wt% CV and various concentrations of Au25Cys18NCs upon
irradiation with constant white light for 6 h against S. aureus. CV UHMWPE
demonstrated a minor kill but statistically significant (p < 0.01) 2.1 log reduction in
bacterial numbers compared to UHMWPE control. Adding the Au25Cys18NCs resulted in
an enhancement in the photoactivated antimicrobial activity of the prepared surfaces. A
positive correlation between the photoactivated bactericidal activity and the
Au25Cys18NCs concentration was observed at a fixed CV concentration. For samples that
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contained 0.05 wt% of Au25Cys18NCs, a 2.66 log reduction in bacterial numbers (p <
0.001) was apparent whereas for those containing 0.1 wt% of Au25Cys18NCs the number
of surviving bacteria was below the detection limit (1000 CFU/mL). It was also noticed
that samples with an Au25Cys18NCs content above 0.05 wt% (with 0.1 wt% CV) exhibited
low level but statistically significant antimicrobial activity (> 0.27 log reduction, p < 0.01)
in the dark. According to Zheng et al., AuNC demonstrates intrinsic antimicrobial
properties (Zheng et al., 2017). It is believed that the AuNC itself can induce a metabolic
imbalance to the bacterial cell by increasing the expression levels of genes that associate
with the release of ROS as by-products (Zheng et al., 2017). Moreover, it can decrease
the expression of the GAPDH gene which is responsible for the elimination of ROS
(Zheng et al., 2017). Last but not least, it is also believed that the AuNC can inflict
damage directly on the bacterial cell membrane (Zheng et al., 2017).
When tested against E. coli, the modified UHMWPE demonstrated enhanced
antimicrobial activity as the Au25Cys18NC concentration increasing (shown in Figure 4.7
b)) after 24 h exposure time. However, increasing the concentration above 0.5 wt% (~
2.85 log kill) did not achieve any further increase in bactericidal activity. The CV
UHMWPE sample did not show a significant reduction in bacterial number (p > 0.05)
upon incubation under the dark condition for 24 h. However, with the addition of
Au25Cys18NC, the CVAuNC UHMWPE samples demonstrated significant antimicrobial
efficacy with higher Au25Cys18NC concentrations (> 0.05 wt%) giving greater
antimicrobial activity. For the two CVAuNC UHMWPE samples with AuNC
concentration above 0.05 wt%, more than 1 log reduction in bacterial numbers (p < 0.01)
were observed. Since almost 3 log reduction was achieved with 0.05 wt% in the light and
activity was even apparent in the dark, this concentration was selected in the interests of
cost.
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Figure 4.7 Antimicrobial activity of the CVAuNC UHMWPE against a) and c) Staphylococcus aureus upon white
light irradiation and in dark for 6 h; b) and d) Escherichia coli upon white light irradiation and in dark for 24 h. The
white light had an average intensity of 375 ± 25 lux. A control UHMWPE (indicated by 0 wt% CV concentration and
AuNC concentration) was used throughout the antimicrobial assay. In a) and b) CVAuNC UHMWPE samples with
increasing concentration of AuNC were used, all CV containing samples has CV concentration constant at 0.1 wt%.
In c) and d) CVAuNC UHMWPE samples had CV concentration increasing while the amount of Au25Csy18NC
constant at 0.05 wt%. The asterisk indicates the bacterial counts are below detection limit (1000 CFU/mL). The
inoculum used in each assay for both strains˜ was to the tune of ˜ 106 CFU/mL.
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To determine the most effective CV concentration required, 0.05 wt%, 0.1 wt%
and 0.5 wt% of CV were incorporated into the UHMWPE with the addition of 0.05 wt%
AuNC in each of the CV containing UHMWPE composites. All samples were tested
using the same strains of S. aureus and E. coli. Figure 4.7 c) and d) show the antimicrobial
activities of CVAuNC UHMWPE samples against S. aureus and E. coli, respectively.
Overall, increasing antimicrobial activity was observed when increasing the CV
concentration upon illumination by white light. The three CVAuNC UHMWPE samples
demonstrated 0.42, 0.51 and 0.61 log reduction in bacterial numbers (p < 0.05)
respectively, against S. aureus in the dark (Figure 4.7 c)). A further enhancement was
observed in antimicrobial activity when white light was used to strike the photoactivated
antimicrobial surfaces. The CVAuNC UHMWPE samples with CV concentration 0.1 wt%
demonstrated ca. 2.66 log reduction in bacterial numbers upon 6 h white light illumination,
whereas there was almost no difference between the samples containing 0.1 and 0.5 wt%
of CV, each achieving 2.2 ~ 2.7 log reduction in bacterial numbers. A further
enhancement was observed in antimicrobial activity when white light was used to strike
the photoactivated antimicrobial surfaces. The CVAuNC UHMWPE samples with CV
concentration 0.1 wt% demonstrated ca. 2.66 log reduction in bacterial numbers upon 6
h white light illumination, whereas there was almost no difference between the samples
containing 0.1 and 0.5 wt% of CV, each achieving 2.2 ~ 2.7 log reduction in bacterial
numbers. In Figure 4.7 d), a similar trend was observed with all CVAuNC UHMWPE
samples showing more than 0.42 log kill in the dark. To sum up, the results revealed,
unsurprisingly, that higher CV concentrations resulted in greater antimicrobial activity.
Since no significant increase in bacterial kill was observed at 0.5 wt% compared to 0.1wt%
CV, a lower concentration was chosen as the optimum concentration used in the
CVAuNC UHMWPE.
Although AuNCs has intrinsic antimicrobial property, it is speculated that the
contribution towards the overall antimicrobial activity of the CVAuNC UHMWPE under
light condition is marginal. This is because the AuNCs embedded into the polymeric
matrix limited the direct interaction with bacteria. It is also suggested that a synergy of
antimicrobial efficacy was introduced with the combination of AuNC and photosensitiser.
A recent study has been carried out within the research group that has shown the
involvement of the AuNCs facilitates the generation of H2O2 and subsequent
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antimicrobial activity (Hwang et al., 2020). Previous studies demonstrated that light
activated antimicrobial materials heavily relied on high-intensity white light or high
power laser sources to activate the dye and metal nanoparticle incorporated polymers
(Noimark et al., 2012; Noimark, Weiner, Noor, Allan, Charlotte K Williams, et al., 2015;
Ozkan et al., 2015; Sandeep K. Sehmi et al., 2015; Macdonald et al., 2016). Swellencapsulated 2 nm AuNPs and CV polyurethane demonstrated a 2.2 log reduction in
bacterial number when tested against the same strain of E. coli which was close to the
activity displayed by the CVAuNC UHMWPE sample in this study (Macdonald et al.,
2016). However, a white light source with higher intensity (> 6,000 lux) was required to
activate the swell encapsulated CVAuNP polyurethane samples. This was 16-fold more
intense than the light source used in this study. The antimicrobial activity illustrated by
the compression moulded CVAuNC UHMWPE activated at a low level of white light
suggests that Au25Cys18NCs is more effective than AuNPs in activating the
photosensitiser encapsulated polymers.

Conclusion
In this chapter, a practical application of AuNCs has been introduced in synthesising
light-activated antimicrobial hard surfaces. CV and AuNC have been successfully
incorporated into the UHMWPE through compression moulding. This is the first time
that the AuNC in combination with compression moulding has been used to create lightactivated antimicrobial UHMWPE. The technique is versatile and could be made to
create monoliths of virtually any desired shape. The materials demonstrated excellent
antimicrobial property against Gram-positive bacterium, S. aureus and the Gram-negative,
E. coli. Varying concentrations of CV and Au25Cys18NC incorporated in UHMWPE were
used to explore optimal final concentrations for the most effective antimicrobial
performance. They were found to be 0.1 wt% and 0.05 wt%, respectively. The presence
of Au25Cys18NC not only resulted in a significant enhancement of the photoactivated
antimicrobial effect of the CV but also enabled activation of the UHMWPE with a lowintensity white light source. Upon irradiation (ca. 375 lux), the material exhibited ca. 2.66
log reduction in bacterial numbers for S. aureus and ca. 2.85 log for E. coli in 24 h.
Spectroscopic analysis revealed that the incorporated photoactivated CV had a 28 %
degradation after a 20-day non-stop irradiation of high intensity white light. This suggests
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the material, in theory, has a relatively long shelf-life before the insertion. Moreover, the
tensile testing confirmed that the modified UHMWPE still retained its mechanical
behaviour after incorporating the antimicrobial agents.

Limitation
One main challenge throughout the characterisations is the confirmation of gold
nanocluster in the polymeric matrix after the compression moulding. Currently, there is
not sufficient evidence proving that the gold nanocluster survives through the high
temperature which is introduced by the compression moulding. Current existing
techniques such as XRF and XPS only can detect the presence of Au. Clearly, it was
speculated that the gold nanoclusters remain intact based on the extraordinary
antimicrobial activity that the modified UHMWPE demonstrated.
So far, the two modified UHMWPE including the one in Chapter 3 were only tested
using lab strains which can be highly susceptible to an antimicrobial agent. Given that the
true antimicrobial activity of a material in real world remains unknown, introducing
clinical strains, ideally isolated from patients infected joints, would certainly be more
representative to assess the efficacy of the antimicrobial material for real world
applications.
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Introduction
5.1.1 An overview of the studies on photoactivated antimicrobial materials
PJI is a substantial burden for patients, with pain being the most frequent symptom
limiting their mobility. It represents a tremendous economic burden on the healthcare
system. For the US alone, it was estimated $1.6 billion costs for the healthcare system to
treat PJI (Kurtz et al., 2012). Whilst antibiotics are the current conventional means to
treat infection, these have increasingly limited the treatment efficacy due to bacterial
resistance. Another way to treat PJI is through photodynamic therapy (PDT) (Briggs et
al., 2018). Briggs et al. reported that PDT has a great potential to eradicate bacteria
associated with PJI in combination with laser light and a photosensitiser.
The phenomenon of photosensitiser exhibiting lethality to cells once illuminated
was first discovered back in the 1900s (Daniell and Hill, 1991). The photoactivated
antimicrobial use in PDT was probably far behind its use in cancer due to the large success
of antibiotic for infection control. However, the rise of superbugs makes PDT attract more
attention than before due to its unique killing mechanism. Phenothiazinium salt
methylene blue (MB) is widely used as a vital stain as well as the most popular
photosensitiser for PDT. Besides, the nontoxic nature also makes it more favourable in
clinical application. For example, MB is widely used in treating skin conditions and
dental diseases (Braun et al., 2008; Taylor and Gonzalez, 2009; Betsy et al., 2014; Garcez
and Núñez, 2015). Rai et al. proved that MB PDT could be a promising treatment option
for oral malodour by killing the associated bacteria (Rai et al., 2016). The antimicrobial
mechanism of MB is quite well-known (Perni, Piccirillo, et al., 2009; Bovis et al., 2015;
Rai et al., 2016; Briggs et al., 2018). When a photosensitiser is excited by shining light
on it, it then transfers energy to any molecular oxygen present in the ambient environment
and generates ROS such as singlet oxygen and hydroxyl radicals. These ROS then
damage and kill microbial cells.
Perhaps the most exciting study relevant to this chapter is the one conducted by
Briggs (Briggs et al., 2018). The study investigated whether PDT could be used to
irradiate PJI associated bacteria, which MB happened to be the photosensitiser. A wide
range of bacteria including methicillin-sensitive Staphylococcus aureus (MSSA),
methicillin-resistant Staphylococcus aureus (MRSA), S. epidermidis, P. aeruginosa and
Acinetobacter baumanni were tested in planktonic state. The results suggested that PDT
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with MB was effective across all 5 species at a 0.1 mM concentration with a laser dose
of 35 Jcm-2. Complete eradication was observed for staphylococci (Briggs et al., 2018).
P. aeruginosa and A. baumannii were less susceptible to the treatment (Briggs et al.,
2018). For these two species, the antimicrobial effect was improved with increasing the
concentration of MB. This indicated that different species might respond differently to
the antimicrobial treatment which were due to the different cell wall structure between
Gram-positive and Gram-negative bacteria. Similar findings were observed within the
research group. (Bovis et al., 2015; Macdonald et al., 2016).
Additionally, this study was designed to treat PJI instead of preventing it. In most
cases, initial attachment of bacteria on surfaces will lead to biofilm formation, therefore
investigation of anti-biofilm properties would be crucial. The study also demonstrated
that PDT with MB was also effective in treating biofilm. Given the resistance of bacteria
within biofilms, the results seemed a bit counter intuitive. PDT with MB appeared to be
more effective against biofilms that grew on medical-grade titanium disc with complete
eradication of all species compared to planktonic culture of respective species.
Throughout the biofilm assay, 0.75 ml of 0.3 mM MB was added and 35 Jcm-2 laser dose
used (Briggs et al., 2018).
The use of photosensitiser in UHMWPE in combination with metal nanocluster
has been introduced in Chapter 4. The result demonstrated that this photoactivated
UHMWPE is effective in killing bacteria that cause PJI. Giving the promising results that
MB demonstrated in the above study, this chapter will investigate to what extend MB
combined with AuNC incorporated in UHMWPE can inhibit the growth of PJI associated
bacteria. Bear in mind that there is a fundamental difference between Briggs et al. and
the study conducted in this chapter. Here, it was proposed that a prophylactic UHMWPE
was made to prevent rather than treat PJI. The rationale behind designing such a material
was based on exposure to extremely high intensity light in the operating theatre, wherein
it can self-sterilise within a relatively short time before insertion. It is worth mentioning
that in this chapter, clinical strains were included in the antimicrobial test. These strains
were isolated from infected joints and by using them could tell the potential antimicrobial
effect of the material in a real-life scenario. Furthermore, in vitro cytotoxicity test was
introduced to investigate the biocompatibility of the material.
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Results and discussion
In this chapter, the photoactivated antimicrobial property of the MB used in UHMWPE
was investigated under extreme high intensity light. According to the BSI Standards
Publication, the level of the illuminance of a single luminaire is between 40,000 and
160,000 lux (BSI Standards Publication, 2012). It was proposed that the photoactivated
MBAuNC UHMWPE can be self-sterilised for a short amount of time under the high
intensity operating theatre light. In combination with the current existing perioperative
antimicrobial prophylaxis, it is hoped that the use of MBAuNC UHMWPE can further
reduce the prosthetic joint infection rate.
The study conducted in this chapter was a continuation of Chapter 4 with another
photosensitiser used. The MB or MB and Au25Cys18NC containing stock solution were
mixed with the virgin UHMWPE and formed a purple-blue slurry which was
subsequently stored in the dark to dry overnight. Figure 5.1 is a micrograph that
demonstrates the MBAuNC UHMWPE powder before compression moulding. Visually,
the photosensitiser dye seems evenly wrapped around each particle. The modified
UHMWPE was compression moulded and kept in the dark where possible to minimise
light contamination prior to any antimicrobial test. The photosensitiser dye distribution
after compression moulding was also investigated. Figure 5.2 shows the plain and
MBAuNC UHMWPE thinly sliced (6 µm sections) cross-sections under a light
microscope. A trace amount of photosensitiser was seen, as indicated by the black arrows.
Furthermore, the MBAuNC UHMWPE powder micrograph demonstrated the dye has
infused into the UHMWPE polymer matrix as opposed to the control.

Figure 5.1 Micrograph shows UHMWPE powder stained by the MB and Au25Cys18NC using water/ethanol mixture.
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a)

b)

Figure 5.2 Micrographs shows cross sections of compressed moulded a) plain UHMWPE and b) MB and
Au25Cys18NC embedded UHMWPE, arrows indicate MB dye. The thin sections were cut by microtome with average
thickness of 6 microns, images were captured using a light microscope (GX Microscope GXML3230).

5.2.1

Chemical and physical characterisations

SEM was used to examine the morphology of the plain and MBAuNC UHMWPE before
and after consolidation. Double-sided carbon tape was fixed to an SEM sample stub, and
both the plain and MBAuNC UHMWPE powder was sprinkled onto the surface. For the
consolidated samples, each of the small coupon was fixed on the stub. All samples were
coated with gold and examined in an SEM chamber. The SEM micrographs of both the
plain and MBAuNC UHMWPE before and after consolidation were shown in Figure 5.3
and Figure 5.4. No difference was observed between the plain and MBAuNC UHMWPE
powder according to Figure 5.3 a) and c). Higher magnification SEM images demonstrate
that both the plain and MBAuNC UHMWPE powder have spheroidal structures with a
diameter of 1-2µm and joined by fibrils. An example of the fibril is indicated by a red
arrow in Figure 5.3 d). After consolidation, each modified UHMWPE can still be seen
clearly on both UHMWPE types shown in Figure 5.4 a) and c). However, the MBAuNC
UHMWPE looks more porous compared to the control. This observation can be seen in
both the magnifications that suggest more characterisations should be carried out,
particularly mechanical tests to find out whether the incorporation of the antimicrobials
would have an adverse effect on the material’s physical and mechanical properties. Figure
5.5 a) and b) show the TEM micrographs of the plain and MBAuNC UHMWPE.
According to the micrographs, there is no observable distinction between the two which
indicates the incorporation of the MB and Au Au25Cys18NC does not affect the
morphology of the polymeric matrix.
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a)

b)

c)

d)

Figure 5.3 SEM imaging of a) plain UHMWPE and c) MBAuNC UHMWPE powder. Higher magnification images of
b) plain UHMWPE and d) MBAuNC UHMWPE showing fibrils with a few microns in length connecting UHMWPE
particles.
z

a)

b)

c)

d)

Figure 5.4 SEM imaging of the modified UHMWPE after compression moulding, a) plain UHMWPE and b) a close
up shot of plain UHMWPE, c) MBAuNC UHMWPE and d) a close up shot of MBAuNC UHWMPE.
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a)

b)

Figure 5.5 TEM imaging of a) plain UHMWPE and b) MBAuNC UHMWPE. Both the consolidated samples show
lamellae.

In the previous two chapters, the mechanical properties of the modified
UHMWPE have been thoroughly investigated since it is of great importance for the
modified UHMWPE to be used in the prosthetic joint application. In this chapter,
MBAuNC UHMWPE’s mechanical property will be monitored by adapting the same
methods. The relationship between crystallinity and mechanical properties have been
previously discussed. XRD was used to find out any phase modification and therefore
mechanical property change. Both chapter 3 and 4 demonstrated that UHMWPE had three
prominent diffraction peaks due to its partial crystalline structure. There is no exception
for MBAuNC UHMWPE which is shown in Figure 5.6. Three X-ray diffraction peaks
arise at 2θ values of 21°, 23° and 36° which are responsible for (1 1 0), (2 0 0) and (0 2
0) crystal planes, respectively (the values are rounded to two digits). The seeming noise
in both of the XRD spectra is due to the amorphous phase of both plain and MBAuNC
UHMWPE across a wide range of diffraction angle. The percentage crystallinity of both
the plain and MBAuNC was calculated and compared to see any change leading to
potential deteriorate in mechanical property. The percentage crystallinity of each sample
is calculated by using Equation 1 in Chapter 2. The area under the peaks responsible for
the crystalline structure and all peaks was obtained using OriginPro software. The
calculated plain UHMWPE had 74.33 % crystallinity, whereas the MBAuNC samples
had 67.7 %. The percentage crystallinity after the modification had a 6.6 % difference.
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As the modification seems not to drastically change the MBAuNC UHMWPE’s degree
of crystallinity, the impact on the material’s mechanical property might be minor.

Figure 5.6 X-ray diffraction plots of plain and MBAuNC UHMWPE measured across 2θ range from 10 to 65°.

Same as XRD, DSC can be used to obtain the melting point and the degree of
crystallinity of the material. This can indirectly evaluate mechanical property change. The
DSC thermogram of the plain and MBAuNC UHMWPE are shown in Figure 5.7. The
reported TP of the MBAuNC UHMWPE was 132.4 °C, whereas the plain UHMWPE has
TP 136.9 °C. One explanation might be incorporating the photosensitiser and the
Au25Cys18NC “impurities” cause the material to melt at a lower temperature than the
plain UHMWPE. According to ASTM F2625 – 10, the heat of fusion is the area under
the fusion endotherm from 50 to 160 °C. The obtained heat of fusion of the
semicrystalline MBAuNC UHMWPE sample was then normalised with the theoretical
heat of fusion of 100 % crystalline UHMWPE to get the percentage crystallinity (See
Equation 2 in Chapter 2). The calculated percentage crystallinity of plain UHMWPE was
68.65 %, whereas the MBAuNC UHMWPE was 71.22 %. It is postulated that the
modification of UHMWPE does not drastically change the percentage crystallinity of the
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material and therefore no potential change in mechanical property. The melting
temperature of the MBAuNC UHMWPE was also captured from the DSC thermogram
with a value of 132.4 °C.
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Figure 5.7 Differential scanning calorimetry profiles of ultra-high molecular weight polyethylene and crystal violet
gold nanocluster embedded ultra-high molecular weight polyethylene. Peak temperatures are indicated by the arrow
shown on the figure.

5.2.2

Functional testing

Tensile testing was performed by following the method detailed in ASTM D638-10. Each
type of samples was cut into a dumbbell shape by using a laser cutter. The reason of using
a laser cutter was to ensure that each tested sample cut into a dumbbell shape had the
same dimension. It is known that UHMWPE is a material with good hardness, any minor
defect induced during the process of manual cutting might cause tensile test failure such
as slips and fail at grips. The size of the dumbbell has been carefully selected according
to the thickness of the material. Figure 5.8 a) shows an example dumbbell shape. For
each sample tested, the load and displacement were monitored and subsequently plotted
as a stress and strain graph. An example stress and strain graph of UHMWPE is shown
in Figure 5.8 b). The graph shows some important parameters such as Young’s modulus
E, elongation at break, yield stress @y and ultimate tensile stress @UTS. A minimum of five
samples was tested for each type of UHMWPE. The reported parameters in Table 1 were
average results from five measurements.
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The tensile testing results are shown in Table 5.1. The tensile testing illustrates
that MB and Au25Cys18NCs cause only a minor change with a 2 MPa difference in yield
strength. The tensile stress, Young’s modulus and elongation at break (ductility) were
observed to change by 9.5 %, 8.5 % and 14 %, respectively.

a)

b)

Figure 5.8 a) An illustration of the dumbbell shape tensile specimen. b) A typical tensile test plot for UHMWPE,
showing the various parameters. Both images were adapted from Kurtz et al.

UHMWPE
MBAuNC
UHMWPE

Yield

Tensile

Young's

Elongation at

strength/MPa

stress/MPa

modulus/MPa

break/%

22.8 ± 0.5

24.8 ± 0.8

460.7 + 11.6

433.0 ± 26.5

24.7 ± 67

27.2 ± 2.1

500.2 ± 43.5

372.3 ± 17.0

Table 5.1 Physical properties and mechanical study data for ultra-high molecular weight polyethylene control and
crystal violet gold nanocluster embedded ultra-high molecular weight polyethylene samples. The data shown here are
the mean, and the error bars represent the standard deviation (n=5).

The leaching effect of MB from MBAuNC UHMWPE was spectroscopically
examined and plotted against time in Figure 5.9. All samples were fully immersed in PBS
in the dark for a period of up to 20 days. The optical density of the eluted aqueous solution
was measured at 665 nm and subsequently converted into concentration (ppb) by using a
standard calibration curve that was established prior. Figure 5.9 indicated that the amount
of MB leaches from the modified UHMWPE surface fit an exponential pattern.
Rapid leaching happened on Day 3. As time went on, the released MB plateaued over
time. Overall, the amount of MB leached out at the end of the study was negligible. In
114

terms of the Au25Cys18NC incorporated into the MBAuNC UHMWPE, MP-AES was
used to detect potential metal leaching. Same as the CVAuNC UHMWPE sample in the
previous chapter, no Au was detected in the PBS solutions throughout the whole period.
As the MP-AES detection limit is 0.1 ppm, it can be concluded that the amount of Au
leach out is possibly below 0.1 ppm. Overall, a very subtle blue colour was observed at
the end of the leaching test. This indicated that the antimicrobial agents were stably
encapsulated into the UHMWPE matrix via compression moulding. The minimal level of
leaching is likely due to surface adhered MB and not that incorporated into the UHMWPE.

Figure 5.9 The leaching of methylene blue (ppb) from a methylene blue gold nanocluster embedded ultrahigh molecular weight polyethylene into phosphate buffer saline solution at room temperature was measured
as function of time (day).

5.2.3

Antimicrobial activities

The antibacterial activity of the MB and MBAuNC UHMWPE were tested against two
representative Gram-positive and Gram-negative bacteria: S. aureus 8324-5 and E. coli
ATCC 25922. In addition, two clinical strains isolated from patients’ infected joints were
used. It was the first time that wild strains have been used to test the antimicrobial effect
of the material within the research group. The use of clinical strains is more relevant than
that of using lab strains, given that wild strains might demonstrate different susceptibility
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to antimicrobials compared to lab strains. This is because lab strains are exposed to
domestication as a result of continuous subculturing in optimum growth condition
(Steensels et al., 2019). Laboratory reference strains might curtail pathophysiological
characteristics and, therefore, might be challenging to reflect the ‘real-world’
pathogenesis (Fux et al., 2005). For example, the impaired biofilm formation of
laboratory reference strains compared with the clinical strains indicate that the former
express less virulence (Head and Yu, 2004).
Figure 5.10 a) shows the antimicrobial result of plain, MB and MBAuNC
UHMWPE when tested against S. aureus 8324-5 with white light exposure (13,000 lux).
Following 30 min of incubation, the plain UHMWPE did not display any significant
antimicrobial activity towards S. aureus 8325-4 Whereas, MB resulted in a ~ 2.36 log
reduction in bacterial numbers (p < 0.01). MBAuNC UHMWPE demonstrated significant
bactericidal activity reducing the bacterial numbers to below the detection limit of 10
CFU/mL (≥3 .55 log reduction; P < 0.01). E. coli ATCC 25922 was also exposed to all
the samples but for a longer period. After 2 h of incubation (Figure 5.10 b)), the plain
UHWMPE did not exhibit significant kill, however, MB and MBAuNC caused ~ 1 log
and 1.67 log reduction in bacterial number, respectively. It was historically known that
Gram-positive bacteria have different susceptibility to PDT compared to Gram-negative
bacteria. Gram-positive bacteria are often easier to kill regardless of what charge a
photosensitiser carries. However, Gram-negative bacteria such as E. coli are vulnerable
only to cationic molecules since the microbial cells have more anionic charges than
mammalian cells, and therefore these positively charged photosensitiser exhibit
selectivity for microorganisms (King, 2012). Although bacterial cell wall is negatively
charged in both bacterial groups, the negative charge of Gram-positive bacteria cell wall
is due to the phosphodiester bonds that links teichoic acid monomers. Whereas the
negative charges in the Gram-negative bacteria cell wall is due to the highly charged
nature of lipopolysaccharide outer membrane. In addition, the cell wall structure in Grampositive and Gram-negative bacteria is different (Ozkan et al., 2015). Gram-positive
bacteria possess a thick layer of peptidoglycan in the cell wall unlike Gram-negative
bacteria which have a thinner peptidoglycan layer but possess both inner and outer
membranes (Brayner et al., 2006; Zhang et al., 2007). The extra cell membranes inhibit
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the photosensitiser to diffuse into the intercellular space of Gram-negative bacteria and
therefore reducing its efficiency of the photodynamic activation.
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Figure 5.10 Antimicrobial activity of the plain, MB and MBAuNC UHMWPE against lab strains a) S. aureus 8423-5
and b) E. coli 25922 upon white light irradiation and in the dark for 30 min and 2 h respectively. The white light had
an average intensity of ~13,000 lux. The asterisk indicates the bacterial counts are below detection limit (10 CFU/mL).
The inoculum used in each assay for both strains was to the tune of ˜ 105 CFU/mL.
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Figure 5.11 Antimicrobial activity of the plain, MB and MBAuNC UHMWPE against clinical strains a) S. aureus and
b) P. aeruginosa upon white light irradiation and in the dark for up to 2 h respectively. The white light had an average
intensity of ~13,000 lux. The asterisk indicates the bacterial counts are below detection limit (10 CFU/mL). The
inoculum used in each assay for both strains was approximately 105 CFU/mL. Note: the clinical strains were isolated
from patients’ infected joints and provided by Health Services Laboratory.
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The photoactivated antimicrobial activity of the modified UHMWPE was also
tested against clinical S. aureus and P. aeruginosa using the same conditions but under
various irradiation time. Initially, the irradiation time was set to 1 h due to the uncertain
susceptibility of the clinical strain. Exposure time was reduced according to the
antimicrobial results. As shown in Figure 5.11 a), following a 30 min of bacterial contact,
both the MB and MBAuNC UHMWPE UHMWPE demonstrated a significant kill with
more than 4.17 log reduction (p <0.01) in bacterial number, to below the detection limit
of 10 CFU/mL. The result showed the clinical S. aureus demonstrated a significant
susceptibility in MB UHMWPE without the presence of Au25Cys18NCs. When the
modified UHMWPE was tested against clinical P. aeruginosa, following 2 h white light
exposure, both the MB and MBAuNC UHMWPE samples demonstrated more than 3.25
log reduction in the bacterial number to below the detection limit of 10 CFU/mL. The
irradiation time was reduced by 30 min to see whether the antimicrobial activity was
enhanced by Au25Cys18NCs or not. Following a 90 min incubation, the MBAuNC
UHMWPE resulted in ~3.01 log reduction in clinical P. aeruginosa (p < 0.01), whereas
the samples with MB only resulted in ~ 1.77 log reduction (p < 0.01). This has proved
that there was a synergy between the photosensitiser and the Au25Cys18NCs.
5.2.4

Cytotoxicity test

In this chapter, an in vitro cytotoxicity test has been introduced to test the biocompatibility
of the MBAuNC UHMWPE. Historically, MB and UHMWPE have been used in human
for medical applications for a few decades. There is no doubt that these two materials are
biocompatible. Thus, the MB UHMWPE was not included in the cytotoxicity test. A
preliminary toxicological assessment of the MBAuNC UHMWPE was performed using
a mouse fibroblast cell line L929. The purpose of the cytotoxicity test was to investigate
the biological reactivity of the mammalian cell following close contact with the
MBAuNC over a range of time points. The supernatant was collected after 24 h exposure
to the samples and subsequently incubated with the fibroblasts.
Fluorescence readings were collected at 2 h, 24 h, 48 h and 72 h. The results were
shown in Figure 5.12, and no in vitro cytotoxicity was observed. The % viability of both
the plain and MBAuNC UHMWPE was normalised to a blanked negative control, that
contained the undisturbed viable fibroblast cells. After 72 h contact with the cells, the %
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viability of the MBAuNC UHMWPE was 99.32 %. The % cytotoxicity was 0.68 %.
According to ISO 10993-5:2009, cell viability reduction by more than 30 % is considered
a cytotoxic effect. Thus, it can be concluded that the MBAuNC UHMWPE sample is not
cytotoxic. A qualitative evaluation was also carried out by examining the cells
microscopically.

Figure 5.13 shows the morphology of fibroblasts under various

conditions after 72 h contact with fibroblast cells. No cell lysis was observed for the
fibroblast cells that were exposed to MBAuNC UHMWPE supernatant when compared
to the positive control treated with the lysis solution (9 % v/v Triton X-100). This
qualitative result also suggests that MBAuNC UHMWPE is not cytotoxic.
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Figure 5.12 Cytotoxicity of supernatant collected from MBAuNC UHMWPE after 24 h of hydration and up to 72 h
contact. The test was carried out by using L929 cells was measured for the majority of incubation conditions.
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a)

b)

c)

d)

Figure 5.13 Imaging of fibroblast cells exposed to the supernatant for 72 h: a) positive control, shows the fibroblast
cells were lysed; b) negative control shows the fibroblast cells all alive and healthy; c) fibroblast cells were exposed to
plain UHMWPE supernatant; d) fibroblast cells were exposed to MBAuNC UHMWPE supernatant.

Conclusion
In this chapter, a new type of UHMWPE was fabricated to further explore the potential
routes toward a clinical application of photoactivated MBAuNC UHMWPE. Typical MB
decomposition temperature is between 180 and 190 °C. 6 The temperature used to
consolidate the UHMWPE throughout the study was 200 °C. Even though the working
temperature was higher than the decomposition temperature of MB, it happened that the
relatively short process time protected most of the MB which was safely embedded within
the polymeric matrix. Unlike Chapter 4, an extremely high intensity white light was being
used to activate the antimicrobial activity of the modified UHMWPE. The material
demonstrated efficacious antibacterial activity against both lab strains S. aureus and E.
coli, by reducing bacterial numbers to below the detection limit within 30 min and 1.67
6

See LabChem, Inc, Methylene Blue Safety Data Sheet, according to Federal Register / Vol. 77, No. 58 /
Monday, March 26, 2012 / Rules and Regulations
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log in 2 h, respectively. Extra antimicrobial tests were carried out to test the material
against bacteria that were isolated directly from patients’ infected joints. Surprisingly, it
seems that both the clinical strains (S. aureus and P. aeruginosa) showed more
susceptibility towards the MBAuNC UHMWPE compared to lab strains. The MBAuNC
UHWMPE reduced numbers of clinical strain S. aureus and P. aeruginosa below the
detection limit within 30 min and 2 h, respectively. Upon the addition of antimicrobials,
no significant mechanical deterioration was observed. In vitro cytotoxicity confirmed that
the material was not cytotoxic towards mammalian cells.

Limitation
Similar to the CVAuNC UHMWPE, the material introduced in this chapter also faces a
challenge to characterise the amount of gold nanocluster within the polymeric matrix after
the compression moulding. Tensile testing is perhaps the most common mechanical test
conducted on UHMWPE. It has been used to test all modified UHMWPE throughout the
thesis. Mechanical properties are critical for UHMWPE used in prosthetic joint
applications since material defect can higher the risk of revision. Many other mechanical
tests can be considered to further verify the impact on the material’s mechanical
properties arising from the incorporation of additional substances. Since many of the
mechanical studies are out of scope, an in-depth investigation of the modified material’s
mechanical property could not be conducted, for example, wear, fatigue, creep and impact
testing.
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Conclusion
Joint replacement is a frequently performed surgery to provide pain alleviation, restore
mobility and improve patients’ quality of life. Even so, some patients might still
experience implant failure for reasons like prosthetic joint infection, aseptic loosening,
material fatigue, wear, fracture or device malposition. This thesis has focused on
developing antimicrobial UHMWPE for prosthetic application to lower the prosthetic
associated infection rate. UHMWPE is one of the essential components of a prosthetic
joint. In the introduction, reviews on the basic scientific and clinical foundations for
UHMWPE has been elaborated. This helped in two ways: 1) to understand why the
compression moulding technique has been adapted to consolidate UHMWPE throughout
the study; 2) to decide what characterisations and tests should be adapted to probe the
modified UHMWPE’s structure and properties. The second part of the introduction
focused on prosthetic joint infection, including epidemiology, pathogenesis,
microbiology, current treatments, and prophylactics. The introduction also included three
modified UHMWPE containing various antimicrobials, e.g., antibiotics, metal
nanoparticles. These materials available in literature provided a valuable source for the
latest developments of antimicrobial UHMWPE. The core chapters comprised of three
newly developed antimicrobial UHMWPE. They are copper-coated UHMWPE, crystal
violet and gold nanocluster incorporated UHMWPE, and methylene blue and gold
nanocluster incorporated UHMWPE. For a more detailed discussion of each piece of
work's results, limitations, and conclusions see Chapter 3 - 5.

Summary of results
In Chapter 3, copper metal was deposited on top of a UHMWPE substrate via AACVD.
This allowed a high concentration of antimicrobial agent to be presented locally and
induced direct contact with the infected tissues. One advantage of using copper is the low
risk of developing bacterial resistance due to the unique killing mechanism that copper
ions possess. The copper precursor used here required a relatively low pyrolysis
temperature, but it is still higher than the plain UHMWPE's melting point. Even so, the
UHMWPE substrates showed no flow transition and remained intact after high
temperature deposition due to their extremely high molecular weight. The mechanical
property of the copper-coated UHMWPE has been thoroughly investigated through
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multiple methods and results suggested that no adverse effect was caused by surface
modification. Many studies have stressed the fact that protein can have a dramatic
influence on antimicrobial test results. It is of great importance to take this into
consideration as the modified UHMWPE is proposed to be implanted in the body. The
material demonstrated remarkable antimicrobial property in conditions both with and
without the presence of bovine serum albumin. This was supported by the antimicrobial
results, approximately 5 log reductions in bacterial numbers of Gram-positive and Gramnegative bacteria. Several functional tests have been carried out and the results
demonstrated the potential of long-term durability of the copper-coated UHMWPE.
Chapter 4 focused on using UHMWPE embedded with crystal violet and gold
nanocluster to eradicate bacteria under dim light.

The photosensitiser and metal

nanocluster were added to the virgin UHMWP before consolidation via compression
moulding. The photoactivated CVAuNC UHMWPE kills bacteria through a multi-target
mechanism of action and lower the risk of bacterial resistance development. The
characterisation methods used in this chapter were adapted from Chapter 3. TEM was
added in this case to exam the morphology of the consolidated CVAuNC UHMWPE. No
change in crystalline structure was observed after modification. The amount of each
substance was decided by carrying out antimicrobial tests with different concentrations
of crystal violet and gold nanocluster incorporated in UHMWPE. The concentration of
each was decided to be 0.1 wt% and 0.05 wt%, respectively. The modified UHMWPE
demonstrated excellent antimicrobial properties against Gram-positive lab strain, S.
aureus and the Gram-negative lab strain, E. coli, exhibited ca. 2.66 log and 2.85 log
reduction in bacterial numbers within 24 h, respectively. The addition of gold nanocluster
provided synergy to the antimicrobial efficacy of the UHMWPE containing crystal violet.
The Photostability test was introduced and demonstrated a 28 % degradation after a 20day non-stop irradiation with a white light that was 10-fold higher than that used in the
antimicrobial tests. The robust photostability result suggested the modified UHMWPE
has a great potential for prosthetic application with a relatively long shelf-life before
implant insertion.
Photoactivated UHMWPE developed from Chapter 4 demonstrated promising
functional, mechanical and antimicrobial properties; thus, the study was extended to a
different photosensitiser/gold nanocluster combination embedded in UHMWPE.
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Methylene blue was used throughout Chapter 5. An extremely high intensity white light
(~ 13,000 lux) was proposed to induce the antimicrobial activity of the modified
UHMWPE in a relatively short time before insertion, ideally by utilising the surgical light
available in the operating theatre. The modified UHMWPE demonstrated efficacious
antibacterial activity against S. aureus 8325-4 and E. coli 25922 which are commonly
used strains for antimicrobial tests within the research group. Results showed that the
material reduced S. aureus bacterial number to below the detection limit (≥ 3.55 log)
within 30 min. For E. coli, a 1.62 log reduction in bacterial number was observed within
2 h white light irradiation. The clinical S. aureus and P. aeruginosa isolated from patients’
infection joints were also used in the antimicrobial tests. Surprisingly, the strains
demonstrated more susceptibility towards the MBAuNC UHMWPE than that the lab
strains. In vitro cytotoxicity was carried out and supported that MBAuNC UHMWPE
demonstrated no cytotoxicity towards mammalian cells.

Future work
The antimicrobial activity of the newly developed UHMWPE is the top prioritised topic
for discussion in this thesis. Nevertheless, the material's mechanical property is of great
interest as this is the basis of it being used in the prosthetic application. Throughout the
thesis, the tensile tests were carried out to determine the tensile properties of the heattreated UHMWPE and photoactivated UHMWPEs, e.g., yield strength, ultimate tensile
strength, and elongation at break. Characterisations such as XRD and XPS were also used
to indirectly measure the mechanical properties change by calculating the percentage
crystallinity of the materials. The Food and Drug Administration (FDA) has set guidelines
to characterise newly developed UHMWPE prior to its approval for orthopaedic
application in humans.7 The document has clearly stated the tests required for different
types of UHMWPE, including conventional, unconventional, highly crosslinked and
antioxidant highly crosslinked. Since the unconventional type of UHMWPE was not well
defined, the characterisations and tests that might apply to the newly developed
UHMWPE in this thesis were selected by adapting all four different types of UHMWPEs.
Results were summarised below:
7

See FDA guideline “Characterization of Ultrahigh Molecular Weight Polyethylene (UHMWPE) Used in
Orthopaedic Devices”, https://www.fda.gov/media/95791/download.
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Tensile test

✓

Wear

✗

Poisson’s ratio

✗

Fatigue

✗

Melting temperature

✓

Creep resistance

✗

Impact resistance (e.g., Izod)

✗

J-integral

✗

Density

✗

Molecular weight

✗

Percentage crystallinity

✓

Thin sectioned
photomicrograph
IR and chemical
structure
Biocompatibility

✓
✓
✓

✓ indicates tests were carried out in either of the newly developed UHMWPE in this thesis
✗ indicates tests have not been conducted throughout the thesis

The copper-coated UHMWPE that has been developed in Chapter 3 primarily
differed from the plain UHMWPE in that a high temperature was used during the
AACVD process. This difference alters the mechanical and physical of the material.
Thus, these properties should be investigated. Future work should focus on picking up all
the tests that were marked as red crosses in the above table. In particular, the mechanical
property test carried out in this thesis seems to lack comprehensiveness. More clinical
failure modes of the UHMWPE component should be included to ensure the material and
device design can function well under the loads and strains, e.g., crack propagation, wear
and creep. Other than the tensile test, a wear test has also been conducted in Chapter 3,
but it was specifically targeted to evaluate the robustness of the coating rather than the
modified UHMWPE as a whole. Hip and knee simulators for wear tests can be considered
to monitor wear behaviour under a physiologically accurate wearing pattern. A fatigue
test should also be carried out to investigate crack propagation. This defect is caused by
vibrating tensile loads and most implants are affected by this deformation (Steven M
Kurtz, 2016b). In fact, the above mechanical tests should also be extended to the
photoactivated UHMWPEs, since the addition of the photosensitiser and gold nanocluster
before consolidation might potentially affect the mechanical and physical properties of
the materials.
The biocompatibility of the MBAuNC UHMWPE has been briefly investigated
via in vitro cytotoxicity test. However, more endpoints should be addressed in
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biocompatibility evaluation, such as sensitisation, irritation, acute systemic toxicity,
chronic toxicity and carcinogenicity. This implies that animal tests should be introduced
in the future. Photostability of the CVAuNC UHMWPE has been evaluated in Chapter
4 which suggested the material could potentially have a long shelf-life. Due to the time
limit, the real-time aging investigation was not included in this thesis. However,
according to the FDA guidelines, real-time aging testing is not a top priority and can be
carried out in parallel during the submission stage.
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