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Abstract

Periprosthetic joint infections by antibiotic-resistant biofilm-forming pathogenic bacteria such as Staphy-
lococcus aureus are a growing concern in the field of arthroplasty. They are difficult to treat and can lead
to implant revision surgery, health complications, and in some cases death. An established method
in clinical practice for delivering antibiotics directly to the site of surgery is the use of antibiotic-loaded
polymethyl methacrylate (PMMA), a synthetic polymer used to integrate joint implants into bone tissue.
With rising rates of antibiotic resistance, researchers are looking for alternative treatments for bacterial
infections and one of the possible candidates is targeted alpha therapy (TAT). Ra-223 is one such alpha
emitter which is already being used in a clinical setting under the name Xofigo®to treat cancer. With
the ability of PMMA to be loaded with pharmaceuticals, it may be worthwhile to investigate whether
radioistopes such as Ra-223 can also be loaded and released from the polymer. In this thesis, the
potential use of PMMA as a radioisotope delivery vehicle is investigated, as well as the bactericidal
capacity of Ra-223 against S. aureus are investigated.

To achieve this, PMMA was loaded separately with two different radioisotopes, Ga-68 and Ra-223. The
loading was done with and without the presence of a chelator. The release of the isotopes from PMMA
was measured over time. Growth of S. aureus cultures was measured under different activities of Ra-
223 and growth curves were constructed. The uptake of Ra-223 by the bacteria was also measured.

A minimum of 50% Ga-68 was found to be released when freely added to PMMA. This was due to
the insolubility of the Ga-68 eluate in PMMA, causing the isotope to be concentrated in a single spot.
However, the addition of a chelator significantly dampened the release to maximum of 3%, since Ga-68
was homogeneously dispersed throughout the PMMA volume. Ra-223 was shown to have a similar
release when added freely to PMMA (47%), but the chelator used was shown not to extract any Ra-223
to the PMMA and therefore no release was observed. There was no measurable bactericidal effect of
Ra-223 on S. aureus for the activities used in the experiments. It was found that 84+5% of the total
amount of Ra-223 was taken up by the bacteria after 18 h of incubation.

Although PMMA seems to exhibit some radioisotope release, further experiments need to be carried
out to determine if these amounts can evoke a bactericidal effect. The percentage of Ra-223 taken
up by S. aureus shows that the isotope has some promise as a potential bactericide against it, but
experiments with higher activities need to be carried out. Furthermore, future experiments are needed
to determine the internalization of Ra-223 by S. aureus.
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Introduction

Thanks to modern medicine, humans live longer on average than ever before. Although this is a posi-
tive outcome, increased lifespan carries an inherent risk of age-related diseases. This ever-increasing
problem calls for the development of new treatments and longer-lasting medical devices and, in partic-
ular, implants. The global market for medical devices was estimated at 8 billion euros in 2017, with an
annual growth rate of 10% [1]. Cardiovascular implants are a substantial part of this market, driven by
increasing cases of cardiovascular disease, with more than 1 million cardiovascular stents implanted
annually in the United States and another million in Europe [1]. Estimates also show that 90% of the
population over the age of 40 develops some type of degenerative joint disease that requires surgical
intervention. From 1990 to 2000 the number of total hip replacement operations increased by 33% and
by 2030 it is expected to grow to almost triple that amount [2].

Given the increasing prevalence of medical implant use, it is essential to address the associated chal-
lenges and complications. The primary modes of implant failure can be either mechanical, material-
based and biological issues. Mechanical failures are commonly associated with general wear and tear,
especially in weight-bearing implants like those used in orthopedics. Repeated stress and mechanical
load over time can degrade materials, leading to fractures or loss of structural integrity. For example,
fatigue-induced cracks can propagate under cyclic loading, ultimately resulting in implant failure. This
is particularly relevant in joint replacements where the implant experiences continuous movement and
load [3].

Material-based issues, including corrosion, wear debris, and bio-compatibility, contribute significantly
to implant failure rates. Metal implants are susceptible to corrosion in the body’s biological environment,
where saline and acidic conditions can degrade metal surfaces, releasing ions that may cause local
tissue reactions. For example, metallic wear in titanium alloy hip replacements has been found to cause
adverse biological responses due to the accumulation of wear particles. In cases where non-metallic
components are used, such as polymers in joint replacements, issues like degradation and loss of
mechanical properties over time are noted, impacting the implant’s durability and performance. [3].

The third type of failure which will also be the focus of this thesis has a biological origin. Biological
factors, such as immune response and infection, also play a crucial role in implant failure. The body’s
immune system can recognize the implant as foreign, leading to inflammation or fibrous encapsulation
that can affectimplant integration with surrounding tissues. Infections, especially those involving biofilm-
forming bacteria like Staphylococcus aureus, complicate this further, as they are difficult to treat and
often lead to implant removal. Infections are particularly problematic in long-term implants, such as
orthopedic implants, where deep-seated infections can require extensive surgical intervention [3].

1.1. Periprosthetic joint infection

Periprosthetic joint infection or PJI is one of the most challenging complications that arise from joint
replacement surgery, particularly knee and hip replacement [4]. PJls can often cause osteomyelitis
and damage the implant and surrounding tissues [5]. The two leading and far the most common bac-
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terial strains are Staphylococcus aureus and Staphylococcus epidermidis, the origin of which can be
introduction through the surgical process or from temporary bacteraemia [5]. Sources report incidence
rates for total hip arthroplasties (THA) and total knee arthroplasties (TKA) due to PJI between 2% and
2.4%. These numbers are expected to increase in the future [6]. For revision surgery, the incidence
rate was estimated at 3.2% to 5.6% [7]. In the case of late PJI, that is, when the infection occurs more
than 2 years after surgery, the reported incidence rate is 1.41% for TKA and 0.92% for THA. The in-
cidence of late PJI was also observed to increase in recent years [8]. Although PJls contribute only
a small percentage of arthroplasty complications, they are responsible for 15% of all total hip revision
surgeries and 25% of total knee revision surgeries [9]. This means that not only do PJIs cause harm
directly to patients, but there is also a growing economic burden associated with them, as the annual
cost of infected revisions in US hospitals was projected to reach $1.85 billion by 2030 [9].

1.2. Polymethyl methacrylate

A clinically proven substance used to prevent PJI is polymethyl methacrylate (PMMA), also known as
bone cement. PMMA, an acrylic resin, is widely considered the gold standard for the prevention of
initial infection in orthopedic implants, particularly by using gentamicin [10]. PMMA was discovered in
the early 1930s but did not see biomedical use until 1949 when it was first used to construct the first
intraocular lens at St Thomas’s Hospital in London [11]. Since then, PMMA has seen extensive use in
the construction of orthopedic implants due to its excellent biocompatibility and its ability to resist wear
and tear and infection [12].

PMMA is composed of two parts, a polymer powder and a monomer liquid (methymethacrylate), which
are mixed in a typical 2:1 ratio [13]. When mixed, an exothermic reaction takes place with peak tem-
peratures of 56° in vivo. The resulting polymer is a workable dough that can be molded until it hardens
after 10 to 20 minutes, depending on the type of PMMA [13].

Although PMMA sees application in many fields, its relative uses for this thesis are those concerning
the biomedical field, namely arthroplasty, vertebroplasty and drug delivery [12]. In arthroplasty and
vertebroplasty, it serves two main functions, implant stabilization and bone filling, which is the origi-
nal purpose of the material [13]. Cementless TKA and THA have been shown to be inferior to their
cemented counterparts in terms of implant stability, fixation, and long-term survival. This is because
cemented components are fixed immediately once PMMA sets, unlike cementless arthroplasties where
the implant must integrate into bone tissue which can last months [14]. It is important to mention that
use of PMMA in arthroplasty can have side effects, one of the most severe of which is bone cement
implantation syndrome (BCIS). Although extremely rare and still poorly understood, current literatature
points to BCIS stemming from fragments of PMMA that enter the bloodstream during arthroplasty or
thereafter. This can cause hypoxia and even cardiovascular collapse [15]. A healthy circulatory system
can typically recover, but in certain cases it can result in the death of the patient [14] [15].

As one of the leading causes of TKA and THA revision is infection, PMMA has also been actively used
as an antibiotic delivery vehicle in recent decades [13]. Antibiotic-loaded bone cement can be used
to treat arhtroplasty infections, osteomyelitis, and open fractures with bone defects [13]. There are
two variants for the mixing of antibiotics in PMMA, either the cement comes premixed in the package
at various doses or it can be mixed manually by the surgeon [16]. The choice of antibiotic is also
crucial; the main three being gentamicin, tobramycin, and vancomycin in the case of MRSA [13]. Most
premixed cements come with gentamicin due to its wide spectrum and reliable thermal stability [13]
[16]. The dose and type of antibiotic are governed by the intended use of the implant being cemented.
For primary arthroplasties, a low dose of less than 2 g per 40g pack is recommended as a prophylactic
measure against the expected infection [16], although premixed cements commonly come with a dose
of 1 g per 40g pack [13]. With revision surgeries, infection rates are higher and therefore recommended
doses are also higher at 6 to 8 g [16]. Higher concentrations of antibiotics can reduce the mechanical
strength of cement by as much as 40% Therefore, a concentration of at most 5% is recommended to
maintain the structural integrity of the material [14, 16].

In addition to antibiotics, PMMA can be loaded with other substances. For example, quaternized bone
cement loaded with chitosan has been shown to inhibit biofilm formation in S. epidermidis and S. au-
reus [17]. Furthermore, isotope-loaded PMMA has also been investigated as an alternative form of
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brachytherapy [18],[19]. This highlights the potential use of PMMA as a radiopharmaceutical delivery
vehicle.

1.3. Staphylococcus aureus and its role in PJIs

As mentioned in Section 1.1, the two main culprits behind PJls are S. aureus and S. epidermidis, with
the focus of this thesis being on the former. Staphylococcus aureus, discovered in the 1880s, is a
spherically shaped Gram-positive bacterium typically found in the upper respiratory tract and skin. It
is estimated that around 50% of the human population carries S. aureus with 20% being continuous
carriers [20]. Although usually a component of the human microbiome, it has the ability to become
pathogenic. In fact, before the invention of penicillin, the mortality rate of an S. aureus infection was
80%. Just two decades after the invention of penicillin in 1940, 80% of S. aureus strains were resistant
to it [21]. Two years after methicillin was invented in 1961, through the acquisition of the gene mecA,
Methicillin -resistant S. aureus (MRSA) was born [11].

Naturally, this pathogenesis also extends to medical implants. All surgical implants carry the inherent
risk of being accompanied by a nosocomial infection. These foreign objects cause inflammation around
the surgical site, decreased immune response, and are often made from materials suitable for bacterial
adhesion and subsequent colonization [22]. Due to the fact that S. aureus is present on the skin of
patients, open surgery such as TKA or THA is an opportunity for these skin-dwelling bacteria to enter
the surgery site and possibly colonize the biomaterial [23]. At this point, the so-called "race for the
surface” begins between bacterial and host cells. The outcome of this "race” determines who will attach
and colonize the material first [24]. In the event that bacteria reach the surface first, they attach and
begin to form colonies. At this point, the infection that occurs can still be treated with the right antibiotics,
but this becomes increasingly difficult if the infection becomes chronic or the pathogen starts forming
a biofilm [24],[25]. Indeed, S. aureus is one such biofilm-forming pathogen.

1.4. Biofilm formation

The idea that bacteria do not exist only in the planktonic state but can also form more complex structures
has existed ever since the invention of the microscope. However, the term biofilm infection first came
about in the medical field around the 1980s[26]. Biofilms account for more than 80% of microbial
infections in the body [23]. There are many definitions of bacterial biofilms, but in the most general
sense, they are a structured group of bacteria that are encased in a self-made extracellular matrix [27].
The microorganisms that make up a biofilm can differ greatly from their planktonic counterparts. This
is because proteins expressed in both states of the microbe result in a different phenotype [5]. Not
only do biofilm cells possess a different phenotype, but they are also highly differentiated, with each
bacterium performing a different function within the biomass.

The current consensus in scientific literature is that the cycle of a biofilm consists of four distinct steps
(see Fig. 1.1): Attachment, Growth, Maturation and Detachment [28].

Attachment

In this initial step, free floating planktonic bacteria adhere to the surface of an implant via polarity,
London-van der Waals forces, and hydrophobic interactions [29]. This step is sometimes further dif-
ferentiated into a reversible and an irreversible attachment. The former refers to the fact that when
bacteria have not yet differentiated, adhesion to the surface is still weak. Once the population grows,
the bonds between the bacteria and the surface, as well as between the bacteria and the bacteria,
become stronger, and the attachment becomes irreversible.

Growth

After the bacteria are firmly attached to the surface, multiplication begins. In the particular case of
Staphylococci, the antigen called polysaccharide intercellular adhesin, or PIA, leads to adhesion and
biofilm accumulation [30]. In this step, quorum sensing (QS) plays a very important role in organizing
and regulating bacterial cells within the microcolony that forms [23]. Quorum sensing is essentially cell-
to-cell communication for bacteria and is most effective in dense populations such as biofilm. Through
this process, bacterial populations can, depending on density, communicate which genes are beneficial
to express [31]. In S. aureus QS is governed by the agr locus, which consists of four genes: agrA, agrD,
agrC and agrD [23].
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Figure 1.1: The four steps of biofilm lifecycle which are from left to right: Attachment, Growth, Maturation and Detachment.
[28].

As the number of bacterial cells grows, multiple cell layers are formed (see Fig. 1.2) and this mass of
cells begins to produce extracellular polysaccharide substances (EPS) [23]. The deepest layer, called
the conditioning film, is what facilitates the adhesion of the biofilm to the biomaterial surface. On top of
it lies the base film, which contains the bulk of biomass, and the outer layer, called the surface film, is
where planktonic bacteria are being continuously released to spread and colonize other sites. [5].

EPSs are an insoluble slimy substance that encases millions of neighboring cells and forms a firm
organized matrix [23]. EPS offer a multitude of benefits for the encapsulated colonies. First, they
strongly aid in the adhesion of bacteria to the biomaterial surface. Second, they disseminate and
spread nutrients important for the survival and growth of colonies. And finally, they offer a protective
barrier against host defenses and bactericidal substances [23].

Maturation

Once enough biomass has accumulated inside the biofilm, the structure starts to resemble a tower.
The high density of cells allows QS to flourish. This is the process through which bacteria encased in a
biofilm can diverge phenotypically from planktonic bacteria. For example, biofilm bacteria may have an
over-expression of efflux pumps, which essentially allows them to remove antibiotics faster from the cell
[31]. In S. aureus specifically, the agr QS system is responsible for the regulation of the virulence factor.
In addition, defensive factors to avoid host immune response and promote bacterial internalization
and host cell apoptosis are also up-regulated [23],[5]. Another component is closely related to biofilm
formation and stability in S. aureus, namely extracellular DNA (eDNA). eDNA improves the structure of
the biofilm and can help facilitate horizontal gene transfer between cells, enhancing antibacterial and
antibiotic resistance within the biofilm [32],[5].

Detachment

Once critical mass is achieved, bacteria near the surface of the biofilm can escape and return to their
planktonic state. Herein lies the danger of biofilm infections. Biofilms can act as a persistent source of
virulent planktonic bacteria that can spread around the body and repeat the process [23].



1.5. Antibiotic resistance 5

SURFACE FILM

BASE FILM

— CONDITIONING FILM

e — s — e o+ —% SUBSTRATUM

Figure 1.2: The three main layers comprising the structure of a biofilm [23].

1.5. Antibiotic resistance

Biofilms acting as reservoirs of infection are problematic because not only are planktonic bacteria in-
creasingly antibiotic resistant, but the biofilm itself is oftentimes inherently also antibiotic resistant.

There are multiple factors associated with this induced antibiotic resistance. In general sense, the
physical barrier that the biofilm provides serves to slow down the diffusion of antibiotic and antimicrobial
substances [31]. This results in substances being unable to reach the deep-situated cells inside the
macrocolony.

As mentioned in the previous section, eDNA and QS promote horizontal gene transfer and communica-
tion between cells. This results in the proliferation of genes related to antibiotic resistance. Furthermore,
QS is also responsible for high cellular differentiation within the biofilm. Planktonic bacteria and bacte-
ria within the biofilm are phenotypically different and exist in different stages of development, making
them resistant to a wide spectrum of antibiotics [31]. Antibiotics are effective mainly against actively
dividing cells; however, deep within the biofilm there exist so-called persister cells, which are highly
tolerant to antibiotics [33].

1.6. Interaction of radiation and biological tissue

Because bacteria inside the biofilm are resistant not only to antibiotics but also to a wide range of
antimicrobial agents, it stands to reason that efforts should focus on prevention of biofilm formation
rather than treatment. There are already a multitude of prevention and treatment strategies under
investigation, from antimicrobial coatings on implants to biomaterial surface modifications for prevention
to bacteriophage therapy and photodynamic therapy for treatment [34].[35],[36],[37],[38].

Another relatively unexplored prevention and treatment strategy is the use of radiation to target and
treat infections. The interaction between biological matter and radiation has already been extensively
studied in the fields of radiology and medical physics. An important concept in radiobiology is linear
energy transfer (LET), which describes the energy (F) transferred per unit length (I) of the track of a
charged particle [39],

rer = ¢ [—kev

7 Lo (1.1)

Among radiation types, alpha particles generally have one of the highest LETs up to 100 keV/um [39].
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Another important quantity in the radiation-tissue interaction is the relative biological effectiveness
(RBE). Formally, RBE is measured as the dose ratio of 250 kV X-rays (D250 and another type of radia-
tion Dr that causes the same biological damage:

Daso
D,

RBE = (1.2)

In general, the dose of 250 kV X-rays can be substituted for any reference absorbed dose [39].
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Figure 1.3: A simplified illustration of the overkill effect. Increasing LET leads to increasing RBE up to the point where LET
reaches 100 keV/um. After this point the ionization density is higher than what is required to kill a cell so the radiation kills less
cells per absorbed dose [40].

For mammalian cells, RBE increases proportionally to the increase of LET to a point (around 100
kev/um, after which it begins to decrease again (see Fig. 1.3) [39], [40]. The decrease in RBE despite
increasing LET is called the overkill effect and indicates that there is an optimal amount of ionizing
effects necessary to kill cells [39].

Radiation types vary in their LET, which plays a crucial role in determining the extent and complexity
of the damage caused. Low LET radiation, such as X-rays, tends to cause more dispersed ionization
events, resulting in simpler DNA damage like single-strand breaks, which cells can often repair effec-
tively. However, high LET radiation, such as alpha particles, produces dense ionization clusters that
lead to more complex and severe damage, including double strand breaks in DNA. These breaks are
particularly lethal because they are difficult for the cell to repair, often leading to cell death, apoptosis,
or long-term genetic mutations[41].

In addition to direct damage to cellular DNA, radiation can cause indirect damage by interacting with
the substrate around the targeted tissue to create what are known as reactive oxygen species (ROS).
These ROS can in turn react with target cells and accumulate additional damage [42].

As already stated, alpha particles have highly favorable qualities if the goal is to target and kill cells. As
such, targeted alpha therapy (TAT) has been a rapidly evolving subfield of radionuclide therapy [43]. In
the context of cancer therapy, TAT is useful with its short range of 50 to 100 um and its mean LET of 100
keV/um, which makes it ideal for targeting small volumes of cancerous cells without accumulating a lot
of energy in the surrounding healthy tissue [44]. Alpha particles have also been shown to be effective
in hypoxic environments unlike low LET radiation and have a very high RBE of 3 to 8 [44]. When paired
with the right transport molecule, alpha particles can be delivered to the desired location while mostly
sparing other sites [43], [44], [45].
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It is also important to mention some of the drawbacks of TAT. To begin with, the research, evaluation
and development of a radiopharmaceutical is a long and difficult process [45]. In addition, daughters
of alpha emitters can escape the tumor site and travel to surrounding healthy tissue, thus increasing
toxicity for patients [46]. This is known as the recoil problem. However, by far the biggest problem
associated with alpha therapy is the difficulties in sourcing and producing alpha radionuclides [45, 46].

1.7. Translating TAT from cancer to infection treatment

Despite its problems, TAT remains a promising field of research. This research is now beginning to
expand beyond the realm of cancer treatment into fields such as viral, fungal, and even bacterial in-
fections [47]. Given the considerable advances in radiotherapy and, in particular, radioimmunotherapy
(RIT) over recent decades, which have solidified their roles as effective cancer treatments, researchers
are now exploring whether the targeting principles employed in these therapies could be effectively
adapted for the treatment of bacterial infections [48]. Alpha and even beta radiation has already been
used in in-vitro studies against Streptococcus pneumoniae and Bacillus anthracis with promising re-
sults [49],[50]. Alpha emitters showed a greater bactericidal effect than beta emitters, possibly due to
the higher LET and shorter range of alpha particles [50].

The bactericidal effect of alpha and beta emitters has also been tested on S. aureus. Three isotopes, Bi-
213, Lu-177, and Ac-225, were used to treat in vitro planktonic and biofilm MRSA. Of the three isotopes,
the alpha emitting Bi-213 showed the greatest killing ability while Lu-177 a beta emitter showed no effect.
Ac-225 was found to increase the metabolic activity of MRSA in both planktonic and biofilm forms. It
speculated that the results for Ac-225 could be due to its longer half-life and its biofilm disrupting effect
might cause a temporary increase in metabolic activity due to bacterial dispersal. The conclusion of
the study was that the half-life of the alpha emitter may have an impact on its ability to kill bacteria, as
Bi-213 showed a greater killing effect than Ac-225, but further investigation was necessary [51].

Alternatively, radiotracers such As-111, Tc-99m, Ga-68, C-11, and F-18, in conjunction with monoclonal
antibodies (mAb) and antimicrobial peptides (AMP), are also promising candidates for the imaging and
diagnosis of bacterial infections according to research [52],[53]. Another alpha emitter currently used
in the clinical setting to treat castration-resistant prostate cancer bone metastases under the name
Xofigo®, is radium-223 [44]. It is an alpha emitter with a half life of 11.4 days which decays to the
stable Pb-207 through four alpha decays and two beta decays [54]. Radium-223 has a proven track
record since 2013 for the treatment of MCRPC, and further studies have investigated its possible use in
breast cancer[55]. Its multiple alpha emissions and relatively long half-life make it a suitable candidate
to investigate controlled release for the purpose of infection prevention.

1.8. Purpose of the research

With the expanding literature on the use of radioimmunotherapy to tackle the problem of bacterial
infection and the current developments of loading PMMA with radioisotopes, it could be viable to explore
whether isotopes can be loaded onto bone cement and released locally over time.

As infection treatment is still a largely unexplored territory, the main objective of the thesis is to explore
the viability of the alpha radionuclide Ra-223 as a possible antibacterial agent in the context of S. auverus
in PJI. This can be broken down into several sub-aims of the study. First, the available literature points
to PMMA as a possible vehicle of not only antibiotics but also other substances. Therefore, a purpose
of the study is to explore whether and how radioactive isotopes such as Ga-68 and Ra-223 can be
effectively loaded into PMMA and what their release over time is. A further objective is to test the
bactericidal effect of Ra-223 against S. aureus based on different amounts of activity and, last, to
measure the uptake of this radionuclide by bacterial cells.



Methodology

2.1. Materials

Product name CAS number Supplier

Brain Heart Infusion Agar - Sigma Aldrich
Brain Heart Infusion Broth - Sigma Aldrich
Dulbecco’s Phosphate Buffered || - Biowest

Saline

Gallium-68 - -

HCI 7647-01-0 VWR International
N-Benzoyl-N- 304-88-1 Thermo Scientific
phenylhydroxylamine, 98%

PALACOS® LV - Heraeus Medical
Tris 77-86-1 Merck Sigma
Xofigo®(RaCls,) - GE HealthCare

2.2. PMMA Mixing

2.2.1. Handling and storage

For experiments involving PMMA the Heraeus PALACOS®LV was used. It is a low-viscosity radio-
opaque bone cement that comes in two separate components of a sealed package of 40 g of powder
and 20 ml of liquid (referred to as MMA hereater) containing a glass ampule. This particular brand of
bone cement has a green-dyed MMA liquid resulting in a green bone cement mixture. The two com-
ponents were transferred to separate plastic containers for easy use and stored in a fume hood. The
MMA part of the cement was kept away from direct sunlight, as UV rays cause the MMA to polymerize,
rendering it unusable for cement mixing. Another consideration was to use a plastic tube with a sealed
screwcap, since MMA is highly volatile and will evaporate if stored for a prolonged period of time.

2.2.2. Producing a reproducible geometry

In a clinical setting, bone cement is typically mixed by dumping all contents of both parts inside a
container and hand mixing or alternatively using a specialized tool for vacuum mixing. Thus, the rec-
ommended ratio of powder to liquid is 2:1, which was kept for the entirety of the PMMA-related exper-
iments, unless otherwise specified. Since this procedure exhausts the entire pack of cement, for an
experimental setting a new mixing procedure had to be made. Initially 2 grams of powder and 1 ml
of MMA were used to test out hand mixing of small amounts of cement inside an agar plate. Smaller
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volumes of mixture were also mixed into a 6-well plate.

An alternative method was attempted using a 2 ml and a 1 ml syringe as a mixing container. The
tip of the syringe was sealed using parafilm and the plunger was removed. 500 mg of powder was
inserted into a 2 ml syringe, after which the plunger was reinserted into the syringe and the parafilm
was removed. Using a pipette, 250 ul of MMA was added to the syringe through the tip and repeated
plunger motions were made to mix both parts of the cement.

This was followed by an attempt to downsize to a 1 ml syringe and 250 mg of powder. Instead of mixing
with the plunger, a needle would be inserted through the tip of the syringe after adding the 125 ul liquid
to mix both powders by swirling conic motion.

Since manual mixing proved to be problematic, mixing with a vortex was explored as a result. Several
different containers were tried among which 50 ml and 15 ml Eppendorf tubes and 1.5 ml SafeSeal
microtubes were tested with 12.5 mg and 25 mg for all three tube types.

27 mg of bone cement powder were mixed with 12.5 ul of MMA in a SafeSeal microtube on a Vortex-
Genie 2 set with maximum speed and touch function. This was done by first adding the MMA to the
microtube, then dumping the powder, closing the microtube and vortexing for 15 s.

2.3. PMMA experiments

Gallium-68 was eluted from a Ge-68/Ga-68 generator. Using 5 ml of 0.1 M HCI, an elution containing
7.32 MBq could be eluted from the generator, which is equivalent to 1.46 kBqg/ul. The actual value would
vary since for the experiments with PMMA, only 3 ml of HCI was used to produce a more concentrated
elution. The activity was also dependent on how often the generator was used for the elution, since
each consecutive elution in a limited time would result in less activity. The exact activity is not relevant
in the context of the release of Ga-68 from PMMA, as the released activity was measured in % of the
total activity.

2.3.1. Effect of powder to liquid ratio

An initial experiment was carried out with four different ratios of powder to MMA of 1.7:1, 1.85:1, 2:1 and
2.15:1 to see if this would affect the release of gallium. 23 mg, 25 mg, 27 mg and 29 mg were mixed with
12.5 pl of MMA with 0.5 ul of Ga-68. This was done by first adding Ga-68 to MMA and then following
the same procedure as described in the previous subsection. An initial measurement was done on a
Perkin ElImer-Wallac Wizard 1480 3 inch Gamma Counter (hereafter referred to as the Wallac) to record
the total amount of radioactivity in the mixture. The cement was left to dry for 20 min, after which 1 ml
of Phosphate Buffered Saline with a pH of 7.4 was added on top of the samples. The four samples
were left in contact with PBS for 20 min, after which the liquid was pipetted for measurement and new
PBS was added for another 20 min. After the second batch of PBS was measured, the residual activity
in the PMMA was also measured.

2.3.2. Contact time dependency

1 ul of Ga-68 was added to 12.5 ul of MMA and mixed on a vortex with 27 mg of bone cement powder.
The procedure of Section 2.4.1 was repeated. After bone cement dried for 20 min, 0.5 ml of PBS was
added three consecutive times for an equal amount of contact time. The initial and final activity, as well
as the activity in each batch of PBS, was measured. This was done for contact times of 1, 5, 10 and
20 min.

2.3.3. Ga-68 solubility in MMA

The solubility of the eluate from the 58Ge/*®Ga generator in MMA was tesed by adding 5 yl of Ga-68
to 25 ul of MMA and another solution of 5 ul Ga-68 mixed with 25 ul of MilliQ was used as a control
sample. From each sample, 3 equal fractions of 3 ul of the solution were pipetted out and measured
on the Wallac. The initial and final activity in the samples was also measured.

2.3.4. Ga-BPHA solubility in MMA

N-benzoyl-N-phenylhydroxylamine (BPHA) was chosen for the extraction of gallium from HCI. 42.6 mg
of BPHA was added to 1 ml of MMA to form a solution of 0.2M BPHA. The solution was vortexed for
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1 min to ensure BPHA was dissolved. 100 ul of Ga-68 eluate was added to the solution and placed
on the Vortex-Genie 2 for 10 min. 3 subsamples of 10 n | were pipetted from the upper layer of the
solution and measured on the Wallac.

2.3.5. Ga-BPHA release

The experiment of Section 2.4.2 was repeated, this time with the added step of incorporating BPHA in
MMA. 42.6 mg of BPHA was added to 1 ml of MMA and 100 ul of Ga-68 was added. The solution was
vortexed for 10 min. The procedure then retraces the one in 2.4.2, but this time directly adding 13.5 ul
of Ga-BPHA-MMA solution to a SafeSeal microtube, adding 27 mg of powder and mixing on the vortex
for 30 s. After drying for 20 min, 0.5 ml of PBS was added on top of the sample for a contact time of 5
or 20 min, after which it was pipetted and a new 0.5 ml was added to the sample. The initial, final and
PBS sample activities were measured on the Wallac.

2.3.6. Ra-223 release
For the Ra-223 release experiment a single contact time of 1 day was chosen due to the 11.4 day
half-life of the isotope. Two separate release experiments were ran simultaneously.

In one 1 ul Xofigo®(equal to 0.69 kBq at the time of the experiment) was dierectly added to 12.5 ul of
MMA and mixed with 27 mg of powder on a vortex. After drying for 20 min, 0.5 ml of PBS was added
on top of the sample for a contact time of 1 day, after which it was pipetted and a new 0.5 ml was added
to the sample. The initial, final and PBS sample activities were measured on the Wallac. In addition
to measuring the activity of Ra-223, the activity of Pb-211, a daughter of the Ra-223 decay chain, was
also measured.

Since Xofigo is an aqueous solution, to avoid the need for a follow-up experiment, in conjunction with
the pure batch of Xofigo, another batch of PMMA was prepared by adding 49 mg of Tropolone, an
organic soluble chelator, to 2 ml of MMA to make a 0.2 M solution. From this stock solution 100 ul was
pipetted and 7.5 ul of Xofigo (equal to 5.18 kBq at the time of the experiment) was added to it. The
mixture was vortexed for 10 min to ensure enough radioisotope was taken up by the MMA-Tropolone
solution. Following this 13.5 ul of MMA was mixed with 27 mg of powder on a vortex. After drying for
20 min, 0.5 ml of PBS was added on top of the sample for a contact time of 1 day, after which it was
pipetted and a new 0.5 ml was added to the sample. The initial, final and PBS sample activities were
measured on the Wallac. The activity of Pb-211 was measured again each time. Subsequently, one
sample from both batches of PMMA was measured on a germanium detector for comparison.

2.4. Bacterial culturing

2.4.1. Preparation of culture media

The culture mediums of choice for this project were Brain Heart Infusion Broth (BHI Broth) and Brain
Heart Infusion Agar (BHI Agar). Both mediums were prepared according to the manufacturer’s instruc-
tions [56], [57]. For BHI broth, 37 g of powder was mixed with 1000 ml of MilliQ, autoclaved at 121°C for
15 minutes. After being cooled, it was separated into smaller 200 ml bottles inside a biosafety cabinet
for easier handling. The medium was stored in a cabinet at room temperature (21 °C). For the solid
BHI agar medium, 26 g of powder was dissolved in 500 ml of MilliQ and subsequently autoclaved at
121°C for 15 minutes. After a slight cooling period, the agar was poured onto agar plates, either by
simply pouring it out onto the plate or via a serrological pipette. The exact amount for this step was not
crucial and anywhere between 20 and 30 ml of agar per plate was sufficient to produce and maintain
bacterial colonies. The plates were then allowed to solidify for 20 minutes and dried for another 20 to
30 minutes, which could be done either in the biosafety cabinet or in an incubator at 37°C. Once dry,
plates were closed, sealed with parafilm, and stored in a fridge at 4°C. As the agar solidifies at room
temperature, subsequent pouring of it on plates required to heat it up which could be done using a
conventional microwave or autoclaving for 15 min at 121°C.

2.4.2. Preparation of S. aureus plate cultures

The chosen strain of S. aureus was RN0450 which is a methicillin-susceptible strain of the bacteria,
commonly used for research purposes. Initially, bacteria taken from a stock were used to inoculate
three agar plates. Subsequent plate cultures were made using bacteria from a previously inoculated



2.5. Bacterial growth and uptake 1

plate to ensure the availability of fresh and healthy colonies at all times. Inoculation of a new batch of
agar plates was performed every two weeks. The inoculation procedure was done using the streaking
method, in which an inoculation loop was used to pick out a single colony, plant it on a fresh agar plate,
and using the pointy end of the loop streaking the bacteria across the agar surface. This procedure was
performed inside a biosafety cabinet. The plates were then incubated in a Heraeus HeraCell incubator
at 37°C for 18 hours, after which they could be sealed with parafilm and stored in a fridge at 4°C.

2.4.3. Preparaion of liquid S. aureus cultures

Preparation of liquid cultures was done by pipetting 50 ml of BHI broth into a 250 ml glass round
bottom flask, then using an inoculation loop picking out a single S. aureus colony from an agar plate
and adding it to the liquid medium. This step was primarily accomplished by simply breaking the loop
end and leaving it inside the flask. Alternatively, a toothpick could be used to remove the colony from
the agar plate after which it could be simply dropped inside the liquid medium. The flask was then
sealed with a double layer of aluminum foil and placed in a New Brunswick Scientific C24 Incubator
Shaker at 37°C, 155 rpm for 18 h for incubation. The incubated culture was used directly after the
incubation process for experimentation.

2.5. Bacterial growth and uptake

For the series of experiments involving bacterial growth and uptake of S. aureus 223RaCl, containing
a specific activity was used at the time of receiving of 1.1 MBq / ml. 24 well-plates were deemed
optimal for the amounts of bacterial culture and radioactivity used. Well plates were chosen over round
bottom flasks due to the availability of a Biotek PowerWave XS plate reader equipped with incubation
and shaking functionality which was used to perform OD630 measurements. Growth curves were
estimated the Slogistic1 (2.1) model in Origin Pro.

OD630,ma0s
OD630 = =t 2.1)

Here, OD630,,,,, is the maximum OD value reached during growth, p,,.. is the highest growth rate,
and ¢; is the inflection time at which is the point in time when growth starts to decrease.

2.5.1. Establishing a base line

Five wells in a 24-well plate were filled with 1.5 ml of BHI broth to which 7.5 ul of precultured S. aureus
was added, a dilution factor of 201x. The plate was placed in the PowerWave XS plate reader and
incubated and measured for 18 h at 37°C and a low shake speed. A total of 20 measurements were
performed and a base line growth curve was established.

2.5.2. Choice of cover for the well plate

Three considerations needed to be taken for this round of experiments. First, the available 24-well
plates were too thick for the plate reader and had to be inserted without a lid, which meant that due
to prolonged exposure to a temperature of 37°C, it was possible to release Ra-223 outside the well.
Second, S. aureus requires oxygen to grow, which means that insulating the well plate might lead to
insufficient growth of bacteria. And finally, covering the well plate with any form of material meant that
the OD630 measurements could be affected. Two candidates were tested to cover the well plate; one
is a standard mylar film, and the other is a Plate Sealer from Thermo Scientific. A single 24-well plate
was divided into two equal parts, one covered with mylar film and the other with Plate Sealer. 1.5
ml of BHI broth was added to all wells in the well plate, to which 7.5 ul of 7.5 ul of pre-cultured S.
aureus was added. The plate was incubated for 18 h at 37°C and a low-shake speed and a total of 20
measurements were performed over 18 h. No radiation was used in this experiment.

2.5.3. Cross contamination

After the appropriate choice of a cover for the well plate, a cross-contamination experiment was per-
formed to ensure that radiation would not migrate from one well plate to neighboring well plates. A
single well in the center of the plate was filled with 1.5 ul of BHI broth. 1 ul of RaCl, was added to it.
The neighboring wells were filled with 1.5 ml of water, the plate was sealed with a Plate Sealer and put
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in the Plate Reader for 18h at 37°C. The liquid from the wells was then pipetted and measured on the
Wallac.

2.5.4. Growth curve experiments

To test the effect of Ra-223 on S. aureus four different activities were used. On a single well plate, four
rows were filled with 1.5 ml of BHI broth and 7.5 ul of S. aureus pre-culture. One row was left without
radium to serve as a control. To the other three rows an activity of 100 Bq, 500 Bq, and 1 kBq of Ra-223
were added, respectively. The plate was covered with Plate Sealer and incubated for 21 h at 37 °C at
the low-shake function for a total of 24 measurements.

An additional 24-well plate of which only the two middle rows were used was filled with 1.5 ml of BHI
broth and 7.5 ul of S. aureus pre-culture. One of the rows was used as a control while the other
contained 5 kBq of Ra-223 in each well. The plate was covered with Plate Sealer and incubated for 18
h at 37 °C at the low-shake function for a total of 20 measurements.

2.5.5. Radium uptake

To measure the uptake of Ra-223 by S. aureus, the incubated well plate from the last step in Section
2.5.4 was used. The 6 well plates containing the irradiated S. aureus were pipetted into 1.5 ml screwcap
microtubes. The initial activity in the samples was measured on the Wallac. The microtubes were then
centrifuged at 4000 rpm and 5°C for 10 min. The supernatant was pipetted out and stored in a separate
glass counting vial for each microtube. The resulting pellet was resuspended in 300 pl of 50 mM Tris-
HCI solution with a pH of 8.0. The solution was again centrifuged at 4000 rpm and 5°C for 10 min.
The supernatant was pipetted out and added to the same counting vial as in the previous step. The
microtubes containing the resulting pellet and the counting vials containing the mixture of BHI broth
and Tris-HCL were then measured in the Wallac to establish what part of the activity remained in the
pellet.

The small volume of the pellet and the Wallac’s sensitivity to sample geometry required to introduce a
correction factor in the following way:

AW(Lllac
Arorr = T - 15 2.2
) 1- Fco’r’rvm ( )

Where A, is the corrected CPM, Ay qiqc is the measured CPM, F.,,.,. the correction factor in ul ="
and V,,, the volume of the measured sample in ul. Therefore, an initial solution of 25 pl MilliQ and 2 ul
Xofigo was measured on the Wallac. 100 pl of MilliQ was then added to the solution and the sample
was measured again. This step was repeated 10 times in a final volume of 1027 pl.

The measured counts per minute for each volume were then plotted and a linear regression with the
formula Awaiiae = ¢1.Vim + c2 was performed. F.,,.. is then defined as F.,.. = —c1/co such that A .
corresponds to the count rate measured with a filling volume of zero.



Results and Discussion

3.1. Release of radioactive isotopes from PMMA

The purpose of this series of experiments is to determine whether radioactive isotopes can be mixed
into and subsequently released from low-viscosity PMMA.

3.1.1. Reproducible geometry

As part of the process of establishing the reproducibility of bone cement experiments, a variety of
mixing containers and amounts of PMMA were used, as mentioned in Section 2.3.2. The mixing of
PMMA in an agar plate did not yield a favorable result, as the resulting mixture could not be formed
into a reproducible geometry. Smaller volumes of the mixture were mixed into a 6-well plate with the
same result. Using a syringe to mix resulted in an uneven mixture, as the powder that first came into
contact with the MMA would create a barrier for the liquid to penetrate further, and only a small amount
of cement was formed, which also had a disproportionate ratio of liquid to powder. Mixing with the help
of a needle through the tip of the syringe resulted in an even mix; however, when it came to depositing
even amounts of mixed cement on a 48-well plate, the resulting cement fragments would have unequal
volumes and surface areas. Furthermore, not all of the mixture could be deposited in time, as the
cement hardens quickly enough that it becomes impossible to push it out of the syringe. Even if this
method of creating a reproducible geometry of bone cement was successful, this method of handling
would increase in difficulty once a radioactive isotope was added to the mixture. Therefore, it was
deemed that this method is unusable for the aims of the project.

Ultimately, using a vortex to mix both components proved to be the most efficient. However, the larger
Eppendorf tubes used produced inconsistent results because the mixture would spread too thin and
unevenly along the conical bottom. The Safe Seal microtubes did result in a reproducible geometry with
each mixture, with the added caveat that since they are much more narrow than the other two types,
the liquid part of bone cement needed to be added first, so that all of the powder could come in contact
with during mixing. This came with the added bonus that during later experiments, the radioactive MMA
would be easier to handle, as when a vortex is used to mix it needs to be turned on almost immediately
after the two parts come into contact to make a homogeneous mixture.

Five standard samples were mixed to measure the average dimensions. A sample of 27 mg of bone
cement powder and 13.5 ul of MMA has a diameter of 4.074+0.06 mm, volume of 27.64+1.21 mm? and
a surface area (assumed to be a circle) of 3.29+0.02 mm?. The relevant dimensions for the sake of
the experiments were an average diameter of 4.074+0.06 mm, volume of 27.64+1.21 mm?.

3.1.2. Powder to liquid ratio dependency

This particular experiment was carried out to determine if variations of the powder-to-liquid ratio have
an effect on the amounts of Ga-68 release. The results of the activity obtained from the washes can
be found in figure 3.1.
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Figure 3.1: Release of gallium-68 from PMMA at four different powder:liquid mix ratios. The amount of liquid is kept the same
while the amound of powder is varied. Error bars represent standard deviation of 3 separate experiments.

The activity in the figure is presented in % of the total amount loaded into the mixture, as the exact
activity loaded into each sample can vary slightly. It can be observed that the mix ratio did not impact
the total amount of gallium that was released during contact with the PBS. The mixtures of 1.85:1, 2:1
and 2.15:1 have comparable release with a large amount released at the first wash and only a small
fraction on the 2nd. This could point to the gallium atoms not being bound inside the mix resulting in
a massive release with the first wash. Another possible explanation is that during the vortexing of the
mixtures, the Ga-HCI eluate might be rising to the surface and when PMMA starts to dry it settles there
making it easy to wash away with liquid. However, the results for the 1.7:1 ratio point to something
else. The large error present for this mix ratio is due to one of the samples releasing barely any of the
gallium into the PBS which contradicts the loosely bound gallium hypothesis, because a lower amount of
powder would suggest a softer, more porous bone cement and therefore more loosely bound gallium.
Since no strong effect of the powder to liquid ratio was observed in this experiment, the ratio for all
following PMMA experiments was kept 2:1.

3.1.3. Release dependency on contact time

To test whether contact time with PBS also influences the amount of Ga-68 released, an experiment
similar to the previous one was conducted this time by varying contact time with PBS between 1 and
20 min. Data from the contact time experiment can be observed in figure 3.2. For all contact times,
each consecutive wash results in a lower fraction of the gallium released from the PMMA. For contact
times of 5, 10 and 20 min, the trend is that longer contact time results in a lower amount of released
gallium for each wash. However, this is misleading as the data for 1 min of contact time does not follow
this trend. Moreover, the large errors for contact times of 1 and 20 minutes are, similarly to results
from Section 3.1.2, due to samples with little to no release of gallium. These results prompted further
exploration of the interaction between PMMA and the gallium eluate.
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Figure 3.2: Release of gallium-68 from PMMA. The figure shows release of the radioisotope into PBS for 3 consecutive washes
and four different contact times between PBS and PMMA. Error bars represent standard deviation of 3 separate experiments.

3.1.4. Solubility of Ga-68

The recurring zero-release samples from 3.1.2 and 3.1.3 pointed to the fact that in certain cases, the
gallium mixed with the PMMA would be released in substantial amounts and in others barely at all. It
was hypothesized that the Ga-HCI eluate was not soluble in MMA. This would mean that whether or
not gallium release would occur depended largely on luck in previous experiments.

To test this hypothesis, the solubility of the Ga-68 eluate from the generator was tested in water and
MMA, and subsequently the chelator N-benzoyl-N-phenylhydroxylamine (BPHA) was added to the
MMA and the solubility was tested again. The results are summarized in table 3.1.

MilliQ MMA BPHA-MMA
Fraction of activity (%) 10.16+0.54 0.12+0.04 13.46+0.67

Table 3.1: Percentage of total activity contained in a 10% fraction of solution volume for Ga-HCI in MilliQ, MMA and
BPHA-MMA respectively.

The results of the mixing of Ga-HCI with MilliQ showed that the eluate is completely soluble in water
with each sample taken from the solution producing 10% of the activity. The opposite was true when
Ga-HCl was added to MMA, where the 100 ul droplet of Ga-HCI eluate was visible with the naked eye
sitting under the MMA in the Safe Seal microtube. Since the amount of Ga-68 used in the previous ex-
periments was only 1 ul, its insolubility became evident only when larger amounts were used. Samples
of the Ga-HCI-MMA mixture were taken from the top layer and yielded almost no activity, as is seen in
the table.

Repeating the same experiment, but adding BPHA as chelator to the MMA, led to equal amounts of
Ga in each sample taken from the solution. This came out to around 13.5%. This initially did not make
sense, since only 10% of the solution was pipetted out for each measurement. However, since 100 p
| of Ga-68 was added for this experiment, the measurement of total activity in the solution could have
exceeded the accurate count limit of the Wallac. Since the deviation between measured samples was
low, this is the most likely explanation for the discrepancy and the reason why the experiment was not
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redone with a lower dose.

The results of these two experiments would explain the zero-release samples from the previous sec-
tions, as it would probably mean that the gallium got trapped inside the PMMA. However, samples that
release a large amount of gallium into the PBS most likely had gallium near the contact layer between
PMMA and PBS.

3.1.5. ®®Ga-BPHA contact time

With the addition of BPHA, the contact time experiment of Section 3.1.3 was repeated for contact times
of 5 and 20 minutes. Figure 3.3 shows almost no release of Ga-68, which is exactly opposite to the
massive release measured when no BPHA chelator was present in the mixture.
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Figure 3.3: Release of gallium-68 from PMMA with the presence of BPHA. The figure shows release of the radioisotope into
PBS for 3 consecutive washes for two different contact times between PBS and PMMA. Error bars represent standard
deviation of 3 separate experiments.

Almost no gallium is released from solid PMMA with slightly more release in the case of 5 minutes of
contact time (a total of 3%). Assuming that the inclusion of BPHA results in the isotope being homoge-
neously distributed throughout the PMMA volume, it could be that the activity needs to be much higher
for there to be a measurable amount of release. Higher activity could be achieved by incrasing the
concentration of BPHA, however, the amount of 42.6 mg used for this experiment is already 2.1% of
the total powder mass, which is close to the 2.3% concentration of gentamicin found in the antibiotic
loaded version of the same bone cement [58]. As mentioned in Section 1.2 higher concentrations of
antibiotics and, in general, other substances in the cement mixture contribute to unfavorable mechani-
cal properties [14],[16]. Another constraint of gallium in this case is its relatively short half-life, making
any long-term contact times impossible.

In comparison, the release of gentamicin for the same bone cement brand reported in the literature
seems to be mixed. Similarly to the methodology described in Section 2.3.2., a study carried out with
Palacos R bone cementimmersed in PBS reported an initial spike in gentamicine release in the first few
hours followed by a rapid decrease [59]. The total amount of gentamicin released in 70 h was 70+3.2
g which was only 8.4% of the total amount contained in the cement. This trend of high initial release
is similar to the results reported for the release of Ga-68 without the inclusion of a chelator. However,
the total amount released is much lower, as the minimal amount of Ga-68 released was 50% (Fig. 3.2).
Another study comparing the release of gentamicin in PBS from multiple brands of PMMA, including
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Palacos R + G, found that antibiotic concentrations in PBS had a relatively low initial value (1 pg/ml for
Palacos R + G), which increased slowly over the course of 150 h to around 20 pg/ml [60]. This is in
contrast to the aforementioned study, as a slowly rising concentration would mean a sustained release
throughout the experiment. It is possible that Ga-68 with the inclusion of BPHA would release similarly,
however, its short half-life would make such an experiment impossible.

3.1.6. Ra-223 release from PMMA

The next step in the investigation of PMMA as a possible carrier of radioisotopes was to load Ra-223
into the cement and measure its release over time. The results of the two experiments performed
simultaneously are shown in Fig. 3.4 below.
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Figure 3.4: Release of Ra-223 from PMMA with and without the presence of tropolone. The figure shows release of the
radioisotope into PBS for 3 consecutive washes and a contact time of 1 day. Error bars represent standard deviation of 3
separate experiments.

The non-tropolone batch shows a significant initial release of Ra-223 in the first wash and a smaller, but
noticable release in the second and third. Overall, this result aligns with the result for Ga-68 when no
chelator was present. This was expected as Xofigo is a water-based solution and therefore does not mix
with the MMA liquid. The dispersal and position of the activity within the cement are non-homogeneous
and likely determined by the vortexing of each sample.

The more interesting result is for the batch containing the chelator tropolone. Although the release
measure for the three washes is similar for those of Ga-68 when BPHA was added as chelator, the
residual activity measured in the PMMA after the third wash was only 6.83+5.82% of the initial activity.
This result, combined with the total amount of release measured, added up to under 10% of the initial
activity even when corrected for decay. This was in contrast to every other PMMA isotope release
experiment where the sum of the leftover and wash activities matched the initial measurement. The
relatively large error bars for the first wash and residual activity for the tropolone batch were in fact due
to only one of the samples containing a tiny amount of Ra-223, the other two being effectively zero.
This meant that what was being measured as the initial activity of Ra-223 was not actually due to the
presence of Ra-223, but to another isotope. This result was confusing, as the Wallac measures using
a specific protocol for each isotope designed with a custom energy range, and so measuring with the
protocol for Ra-223 and Rn-219 no other isotope peaks from the Ra-223 decay chain should have been
measured.



3.1. Release of radioactive isotopes from PMMA 18

17

.I||.mm it sl \.n.uullmnlm.m..luh

250 300 350
keV

Figure 3.5: Gamma spectrum of two PMMA samples. The left figure corresponds to a sample in which pure Xofigo was added,
while the right figure corresponds to the spectrum of PMMA for which tropolone was used to extract Ra-223 from Xofigo. The
y-axis represents total counts.

These results prompted to measure one sample of the non-tropolone batch and a fresh sample with
tropolone on a germanium detector. The germanium detector has a higher resolution than the Wallac
and would help separate each gamma peak of the entire Ra-223 decay chain. The results for both
samples can be observed in Fig. 3.5 below.

For a more clear view, the energy range was limited to energies ranging from 250 to 450 keV, as this
is where the majority of the gamma peaks of the Ra-223 decay chain are found. The figure on the left
shows a multitude of peaks, of which the two peaks between 250 and 300 keV, the peak just below 350
keV, and the peak right after 400 keV are most important. These peak correspond to Ra-223 at 269
keV, Rn-219 at 271 keV, Bi-211 at 351 keV, and Pb-211 at 404 keV [61].

As can be seen in the figure on the right, many of the peaks are missing, but most notably the two peaks
at 269 and 271 keV. This means that no Ra-223 or Rn-219 were present in the tropolone sample. The
remaining three peaks point to the presence of Pb-211 and Bi-211. Since Bi-211 is a daughter nuclide
of Pb-211, the most likely explanation as to why the Wallac measured activity in the tropolone samples
even without Ra-223 present is that only Pb-211 was extracted by the tropolone when vortexing MMA
and Xofigo. This led to the Wallac, due to its poorer resolution, measuring part of the Bi-211 peak while
using a protocol for Ra-223 and Rn-219 and some activity being measured with the protocol for Pb-211.
This would also explain why measurements following the initial one resulted in 0 activity since Pb-211
has a half-life of only 36.1 min. This result is not surprising, as the choice of tropolone as the chelator
was driven by its organic solubility and not its chelating properties. tropolone is typically used to chelate
3+ ions while radium is a 2 + ion; however, the only suitable chelator available was Macropa which is
an aqueous soluble chelator and would not have mixed with the organic MMA [62].
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3.2. Growth of S. aureus in the presence of Ra-223

3.2.1. Establishing a baseline and choosing a suitable well plate cover

With this initial series of experiments, the objective was to obtain data on how S. aureus grows without
the presence of Ra-223 with different materials covering the well plate while inside the PowerWave XS
plate reader. This was done to determine which well plate cover would best reduce growth medium
evaporation and also limit contamination with Ra-223.

Initially, six wells on a 24-well plate were cultured and data points were obtained from the PowerWave
XS plate reader. This data served to construct a baseline growth curve. After this, a new 24-well plate
was used to test the two covers. The results for the three data sets are shown in Fig. 3.6 where the
growth curves were constructed using the Slogistic1 model in OriginPro®.
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Figure 3.6: Growth curves of S. aureus obtained through OD630 measurements during incubation at 37°C and low-shake for
18 h in a well-plate reader. Each dataset corresponds to a different material covering the wells. Data points are an average
obtained from six individual wells. Error bars represent their standard deviation.

Growth of S. aureus under mylar and a plastic well plate cover appears to be nearly identical with
overlap between data points and growth curves. The estimated growth parameters in Table 3.2 suggest
a similar conclusion. Compared to the baseline growth curve, the data suggest that the bacteria reach
a higher population density when in a closed environment; however, there is a slight but meaningful
difference in the initial bacterial concentration measured.

An interesting detail to note is how data points for the open well plate show a decrease in the OD630
value after around the 9 h mark. This could be due to partial evaporation of the BHI medium and,
therefore, to a shorter light path. Since optical density measurements are performed based on the
Beer-Lambert law, a difference in the light path between the measurements would lead to different
values of optical density [63].

Instructions posted on the website of the plate reader manufacturer BML LABTECH on how to optimize
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OD600 measurements point to several factors that could lead to a change in optical density. According
to the instructions, evaporation of the growth medium due to an uncovered well plate can lead to the
osmolarity of the medium surrounding the microbes changing beyond the optimal level and leading to
a reduced growth rate. Their data show that over 40% of the liquid medium evaporates over the course
of 12 h of incubation at 37° C, while the liquid volume of the sealed well plate remains close to 100%
[64]. In contrast, a study by Chavez et al. on the effects of different well plate covers found that while
covering the well plate with a lid or a plate sealer can lead to different evaporation rates, this had no
observable effect on the growth dynamics of bacteria [65]. However, the type of cover led to different
OD600 measurements, with cultures covered with a lid reaching higher OD600 values overall, possibly
due to the higher evaporation measured with this type of cover [65]. According to BMG LABTECH,
condensation formed on the lid or sealer of a microplate can artificially increase optical density readings
by scattering light [64].

Given this information, there are a few possible explanations for the observed results in Fig. 3.6. The
initial bump in OD630 for the covered wells could be explained by the additional scattering by the cover.
This would mean that every data point would have a slightly larger value than the corresponding open
well data point. Another explanation for the discrepancy in the initial value is a difference in bacteria
concentration; however, this is less likely because every culture was prepared using a fresh preculture
incubated under the same conditions. Furthermore, when the measurements were concluded, it was
discovered that condensation had formed over each well containing a bacterial culture. This conden-
sation would lead to higher OD630 measurements, which could explain the difference in the growth
pattern after the 9 h mark between closed and open well plates depending on when condensation
started to form on the plate sealer and Mylar sheet. It is possible that open well plate evaporation
led to lower bacteria growth, but the literature appears inconclusive on whether evaporation negatively
affects growth or does not affect it at all.

Type of cover ODg30,mac(AU) | fimas (W71 ti(h)

Open 1.05+0.01 0.9240.02 2.94+0.05
Plastic 1.194+0.02 0.98+0.04 2.254+0.06
Mylar 1.18+0.02 0.984+0.03 2.23+0.07

Table 3.2: Estimated growth parameters of S. aureus cultured without radium in an open well plate (No cover) and two types of
covers (Plastic and Mylar).

Given that results for both covers were similar, the choice of cover for the following experiments was a
matter of convenience, and therefore, the plastic well plate cover was chosen.

An intermediate test was conducted to determine whether there was any activity leaking into neighbor-
ing wells in the presence of a well plate cover. The diagram in the following (Fig. 3.7) shows the setup
in which a single well with activity was surrounded by wells filled with MilliQ. After the well plate was
run through the well plate reader, the liquid of each well was measured, and no amount of activity was
present in the surrounding wells. This means that the well plate cover sufficiently isolates neighboring
wells, and it will be assumed that changes in activity for each well plate are only due to decay of the
isotope.
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Figure 3.7: Schematic of the cross-contamination test setup. The red square represents the well containing activity while blue
represents the surrounding wells filled with water.

3.2.2. Growth curve experiments
With the choice of a plastic cover for the well plate, bacteria were once again grown in the well plate

reader , this time for 21 h and with different amounts of Ra-223 activity added, results of which are in
Fig. 3.8.
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Figure 3.8: Growth curves of S. aureus under different activities of radium-223 and the well plate covered with a Plate Sealer,
obtained by OD630 measurements and incubation time of 21 h. The four growth curves are obtained from a single well-plate
with each row of wells containing a separate activity. Error bars represent standard deviation of 4 separate experiments for the
100 Bq dataset and 5 for the rest.

As can be seen in Fig. 3.8, there are two distinct groups. The 100 Bq and 1 kBq with the highest growth
and the 500 Bq and control samples with the lower OD630 values. This was likely due to the 100 and
1 kBq groups being in the border rows of the well plate where the cover had been peeled off and the
medium evaporated slightly. Therefore, only samples within each group had comparable parameters
as shown in Table 3.3. It is important to mention that while the growth curves on Fig. 3.8 appear to
not fit the data points entirely, the R? values, 0.94, 0.97, 0.99 and 0.99 for 0, 100, 500 and 1000 Bq
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respectively, reflect a good overall fit of the Slogistic1 model.

Initially, the full set of data resulted in large, overlapping error bars between samples with different
activities. This was due to the plate cover being slightly peeled on one of the short sides of the well
plate, leading to evaporation in 4 of the wells. For the 100 Bq samples, there was a single outlier that
did not show any growth until the 6 h mark, after which it experienced rapid growth and caught up
with the rest of the wells for that activity. This could be due to a fault in the plate reader as the same
OD630 was measured for the first 7 reads. Due to these outliers and the fact that each row contains
6 samples, the 4 side wells as well as the single outlier in the 100 Bq samples were excluded to have
a more accurate idea of what was going on with the rest of the wells. The graph resulting from the full
dataset can be found in Appendix A.

The lower OD630 group shows that the 500 Bq sample had a lower growth than the control, which
could point to a possible effect of radium-223 on S. aureus, however the large errors for the control
make that uncertain. In the case of the higher OD630 group, the higher growth curve belongs to the
1 kBq samples, which is contraindicative to the lower OD630 group. This is also reflected in the 1,44
values in Table 3.3 where bacteria growing with 500 Bq of Ra-223 had a lower maximum growth rate
than the 0 Bq group, while the opposite is true for the 100 Bq and 1 kBqg groups.

An important note here is that for all four activities, the initial OD630 is relatively close to the initial value
of the covered well plate in Fig. 3.7 of around 0.1. This means that the bump in the initial value could
really be attributed to the presence of a cover.

Amount of ??*Ra activity | ODg30 11,4 (AU) tmaz (h71) t:(h)

0 Bq 0.93+0.11 0.994+0.09 2.41+0.28
100 Bq 1.28+0.05 0.57+0.04 4.12+0.29
500 Bq 0.74+0.01 0.93+0.06 1.87+0.12
1 kBq 1.29+0.02 0.75+0.04 3.154+0.15

Table 3.3: Estimated growth parameters of S. aureus cultured in the presence of different activities of radium-223 with the
well-plate covered with a plastic cover.

To determine whether activity actually impacts growth, another well plate was cultured this time using
7.6 kBg. Only the two middle rows of the well plate were cultured to avoid the previously observed
peeling of the edges of the cover.
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Figure 3.9: Growth curves of S. aureus in presence of radium-223 and the well plate covered with a Plate Sealer, obtained by
0OD630 measurements and incubation time of 18 h. The two growth curves are obtained from a single well-plate with each row
of wells containing a separate activity. Error bars represent standard deviation of 5 separate experiments.

As shownin Fig. 3.9, both the control and 7.6 kBq samples have similar growth curves, as also reflected
in the growth parameters in Table 3.4. These parameters can be compared with the parameters in the
first and third rows of Table 3.3. which in theory have the same growth conditions. The main differences
in the two growth curves is that the maximum growth rate is higher for the samples containing radium,
but also its inflection time is shorter, meaning its growth starts decreasing earlier than the control.

This is not the case when comparing them with the growth parameters in the first and third rows of Table
3.3 where the samples containing activity have a lower maximum growth rate and a shorter inflection
time at the same time. However, these differences may be attributed to the larger errors in Fig. 3.8. as
opposed to Fig. 3.9. where both the control and the 7.6 kBq samples overlap in data points and error
bars.

Sample ODg30, maz(AU) Hmaz (D7) t;(h)
Control 0.75+0.01 0.88+0.06 2.09+0.14
7.6 kBq 0.74+0.01 1.09+0.03 1.61+0.05

Table 3.4: Estimated growth parameters of S. aureus cultured with two different activities present.

The apparent lack of bactericidal effect against S. aureus even in the case of 7.6 kBq may be due to
the fact that the dose is still far too low to have any significant effect. With the total volume of each
culture being 1517.5 ul, this means that the activity concentration in each sample is 5 Bq per pul. For
comparison, in the study mentioned in Section 1.7 that showed that Bi-213 had a significant bactericidal
effect on planktonic bacteria, 370 kBq of activity was used [51]. This is much more than would have



3.2. Growth of S. aureus in the presence of Ra-223 24

been permissible for the sake of the experiments outlined in this thesis and could explain the lack of
bactericidal effect in this case.

3.2.3. Uptake of Ra-223 by S. aureus

A further cause of the lack of effect could be that the uptake of radium is not high enough to kill a
significant number of bacteria to curb colony growth. Therefore, another set of colonies was grown for
18 h with 5 kBq per well added and bacterial cells were separated from the culture medium to measure
the activity contained inside.

After two rounds of centrifugation, only 8+£5% of the total activity added to the samples was taken up
by the bacteria. After determining the correction factor for the sample volume as F,,,., = 0.00014 +
0.00001xI~! and applying it to the count rates of the pellet and liquid fractions the resulting measured
uptake decreased to 6+4%. This means that of the 5 kBq, only about 300 Bq ended up inside bacterial
cells where they have the chance to kill them. The low uptake would explain the lack of a measurable
bactericidal effect observed in all previous growth experiments. As a rough estimate, the average di-
ameter of an S. aureus cell is 1 ;zm making the average volume 0.52 um? [66]. A study by Mira et al.
calibrated OD600 measurements to the concentration of cells for different bacterial species and found
that an OD600 of 1 for S. epidermidis (with an average volume of 1 ;/3 was equal to a concentration
of 3.42 % 10'° cells/ml [67]. In general, none of the bacteria mentioned in this study had a concentration
lower than 108 cells/ml and they were all larger in volume than S. aureus. This points to the concentra-
tion of cells in this experiment being also in the order millions of cells/ml making the amount of 300 Bq
absorbed Ra-223 insignificant.



Conclusions and recommendations

4.1. Conclusions

The objectives of this thesis were to establish whether or not PMMA can be used as a delivery vehicle
for radioactive isotopes such as Ga-68 and Ra-223, to test the bactericidal effect of Ra-223 on S. aureus
as well as to measure the uptake of Ra-223 by S. aureus.

To achieve the first objective, a mixing procedure resulting in reproducible geometry was established
for all experiments involving PMMA. Different powder-to-liquid ratios were investigated to determine
the effect of mixing ratios on Ga-68 release. The contact time of the loaded PMMA with PBS was also
investigated to measure if increased contact time would result in more of the Ga-68 being released. The
results of both experiments were inconclusive as anomalous samples skewed the measured release.
This prompted an investigation into the solubility of the Ga-68 eluate with MMA. Measurements of 10%
fractions from the volume of a %Ga-MMA mixture showed that each fraction contained 0.12 + 0.04% of
the total added activity, whereas when mixed with water 10.164-0.54% of the total activity was measured.
This meant that the eluate was soluble in water but not in MMA. The addition of BPHA, an organic
soluble chelator, solved this problem; however, this negatively affected the release of Ga-68, as the
total release for a contact time of 5 min decreased from 83% to 3%. Conducting similar experiments
for Ra-223 with and without a chelator, which was tropolone in this case, resulted in similar release.
Greater release was observed when no chelator was present, but the addition of tropolone resulted in
almost no release, as the chelator had bound to the daughter nuclide Pb-211 instead of Ra-223.

The second objective of measuring the bactericidal capacity of Ra-223 was carried out by first choosing
an appropriate cover for the well plate to minimize evaporation and contamination with Ra-223. To test
the effects of Ra-223 on S. aureus cultures, three different activities of 100, 500 and 1000 Bq were used.
Since the plastic plate sealer had partially separated from the well plate, the data sets were treated as
two groups, one being 0 Bq and 500 Bq, which had not evaporated, and the other 100 Bq and 1000 Bq,
which had partially evaporated. The growth curves for the non-evaporated group showed slightly lower
growth when activity was present, O D630, being 0.93+0.11 AU for bacteria growing without Ra-223
and 0.74+ 0.01 AU for bacteria with Ra-223. For the partially evaporated group, a difference was found
only in inflection time and maximum growth rate, where ¢; = 4.12 + 0.29 h and 4, = 0.57 £+ 0.04
h~! were the parameters of the 100 Bq batch and ¢; = 3.15 £ 0.15 h and 4, = 0.75 £ 0.04 A~ for
the 1 kBq batch. The same experiment was repeated with a higher activity of 7.6 kBq, which resulted
in the following differences in growth parameters between the two groups: t; = 2.09 £+ 0.14 h and
tmaz = 0.88 = 0.06 h~! for the control group and ¢; = 1.61 £ 0.05 h and 4, = 1.09 & 0.03 A~ for
the 7.6 kBqg group. The uptake of Ra-223 was measured with an activity of 5 kBq of Ra-223. Two
consecutive centrifugations were performed to separate the bacterial mass from the growth medium.
The activity contained in the bacterial pellet was estimated at 6 + 4%, which is approximately 300 Bq.
This result explained the lack of effect on bacterial growth as the initial concentration of bacteria is likely
in the millions of cells/ml.

In conclusion, PMMA has the potential to carry radioactive isotopes; however, the solubility of the
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isotopes in MMA and the potential use of the appropriate chelator could have a great impact on the
release profile. The results on the bactericidal ability of Ra-223 against S. aureus were inconclusive.
Further experiments would benefit from increasing the activity of Ra-223 used to ensure that there is a
sufficient amount taken up by the bacteria to draw any conclusions about its bactericidal effect.

4.2. Recommendations

In this chapter, several recommendations are made to further test the viability of PMMA as a delivery
vehicle for Ra-223, as well as the bactericidal capacity of Ra-223 against S. aureus. Some suggestions
for experiments are also given to elaborate on the findings reported in this thesis.

First, an appropriate organic-soluble chelator should be used to extract Ra-223 from its aqueous so-
lution and transfer it to methyl methacrylate to obtain similar results to those for the release of Ga-68
when BPHA was present as the chelator. Because the isotope would be homogeneously distributed
throughout the PMMA, it would be interesting to see whether the powder-to-liquid ratio would have an
effect on the release in this case. As all PMMA experiments in this thesis were performed at room
temperature (21 °C), while most experiments in the existing literature are performed at a temperature
of 37°C, the effect of temperature on Ra-223 release should also be investigated. This would make
results more easily comparable with others in literature. Furthermore, the mechanical properties of
PMMA mixed with a radioisotope should also be studied as the inclusion of such materials could affect
the overall viability of PMMA as a delivery vehicle[14, 16].

When it comes to the bactericidal properties of Ra-223, it is possible that the plate reader was not the
optimal method to measure growth in the presence of Ra-223. Therefore, it would be interesting to
investigate whether the use of standardized cuvettes to measure optical density would produce similar
results. The use of cuvetts would remove many of the variables such as accounting for the plate
cover impacting optical density measurements as well as evaporation and condensation impacting
the growth and measurements. Furthermore, there are other methods for measuring growth, such as
colony counting, that may prove useful as a comparison to the OD630 method used in this thesis. In
general, incubation times can be reduced to 10 hours to more closely monitor the exponential phase
of the growth, as this would produce similar results and save a significant amount of time.

Furthermore, using Ra-223 activities much higher than those used in this thesis could make its effect
(or lack thereof) on S. aureus much more evident. Investigations of internalization of Ra-223 and its
daughters by S. aureus could also be important as this could help optimize and increase uptake.

Outside of the scope of this thesis, the effect of Ra-223 on S. aureus biofilm should be studied, as
the bacteria in the biofilm behave in a completely different way than planktonic bacteria. Experiments
combining biofilm and Ra-223 loaded PMMA could potentially have very different results than those
observed in this thesis, as bacteria inside the biofilm have multiple defenses against antibacterial agents
ranging from a mechanical barrier to increased adaptability. Furthermore, since bacteria and biofilm
are expected to be encountered on or near the surface of bone cement, efforts should be focused on
limiting the inclusion of Ra-223 near the surface of PMMA, as this is the main area where an alpha
emitter would have the greatest chance of encountering and internalizing by the bacteria. Numerous
antibacterial coatings for implants are being actively investigated and the incorporation of Ra-223 into
these coatings could be a viable option for a more controlled release of the alpha emitter on the surface
of implants [23, 34]. Another way in which not only Ra-223, but other alpha emitters as well could be
used to treat infections is by attaching them to antibodies for a highly targeted approach [52]. As a final
remark, the treatment of infections is rarely approached using a single modality. Research of alpha
emitters as possible antibacterial agents should be done in conjunction with other methods, since a
modality on its own is rarely as effective as a multipronged approach.
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Figure A.1: Growth curve of S. aureus in BHI broth obtained through OD630 measurements during incubation at 37°C and
low-shake for 18 h in a well-plate reader. Data points are an average obtained from six individual wells. Error bars represent

their standard deviation.
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This graph visualizes all data points from the growth of S. aureus without removing faulty measure-
ments.
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Figure A.2: Growth curves of S. aureus under different activities of radium-223 and the well plate covered with a Plate Sealer,
obtained by OD630 measurements and incubation time of 21 h. The four growth curves are obtained from a single well-plate
with each row of wells containing a separate activity. Error bars represent standard deviation of 6 separate experiments.

Growth curves obtained from the Ra-223 uptake experiment.
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Figure A.3: Growth curves of S. aureus in presence of Ra-223 and the well plate covered with a Plate Sealer, obtained by
OD630 measurements and incubation time of 18 h. The two growth curves are obtained from a single well-plate with each row
of wells containing a separate activity. Error bars represent standard deviation of 5 separate experiments.
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