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Abstract
Around 2-10% of bone fractures result in delayed or non-union fractures.

These typically require surgery, which can be painful and carry a risk of infec-

tion. There is, therefore, a critical need for minimally invasive treatment methods.

Many bone diseases linked to unsuccessful fracture healing, like osteoporosis and

osteonecrosis, are associated with hypoxia. Perfluorocarbons are inert and have

very high oxygen solubilities. They can be stabilised in aqueous solutions to form

nanodroplets. These perfluorocarbon nanodroplets have previously been shown

to successfully increase the oxygen tension in tumours. This study tested the hy-

pothesis that perfluorocarbon nanodroplets relieve the effects of hypoxia on cells

of osteoblastic and osteoclastic lineage in a manner that aids bone repair.

Perfluoropentane (PFP) nanodroplets with a 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC) and polyoxyethylene (40) strearate (PEG(40)s) shell were

fabricated using sonication. Temperature, PFP concentration, sonicator tip height,

total sonication time, sonication amplitude and post-processing techniques were

varied to evaluate their effect on nanodroplet characteristics through nanoparticle

tracking analysis. The optimised formulation was investigated for cytotoxicity on

cells of both osteoblastic (MC3T3E1, Saos-2 and BMSC) and osteoclastic (PBMC)

lineages using Alamar blue, Picogreen and cell counting. Alkaline phosphatase

enzyme and calcification served as osteogenic markers in BMSCs exposed to

the nanodroplets in normoxia and hypoxia, while osteoclastic activity was

measured by manually assessing osteoclast number and size in peripheral blood

mononuclear cells (PBMCs). Hypoxic stress was measured by quantifying HIF-1

protein expression in Saos-2s by western blotting and VEGF secretion by ELISA.

Nanodroplets exhibit low cytotoxicity on osteoblastic cells but significantly re-

duce osteoclast numbers. Treatment with 0.1% v/v nanodroplets led to a marked

increase in calcification. Osteoclast number and size were evaluated manually af-

ter long-term nanodroplet treatment. A decrease in osteoclast number and size

when treated long-term occurred in both normoxia and hypoxia, while short-term

treatment reduced osteoclast numbers in normoxia but increased them in hypoxia.

Microscope examination showed a preferential association of nanodroplets with

phagocytic cells over other cell types.

This work demonstrated that precise control over sonication parameters en-

ables better control over nanodroplet size and repeatability. The resulting nan-

odroplets were capable of significantly increasing mineralisation and decreasing

hypoxic stress in osteoblastic cells, as well as relieving hypoxia-induced apoptosis

in osteoclastic cells. Overall, nanodroplets present a promising new oxygen deliv-

ery method for relieving hypoxic stress in bone cells.
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Introduction

The aim of this thesis was to explore the development of perfluorocarbon nanodroplets

as a novel agent for oxygen delivery to bone tissue to enhance the repair process.

While perfluorocarbon nanodroplets have previously been studied for oxygen deliv-

ery, such as blood substitutes and oxygen delivery to tumours, they have not been

explored for bone repair or targeted delivery of oxygen to bone. This research aims to

address that gap, providing insights into the efficacy of perfluorocarbon nanodroplets

as potential oxygen-delivering therapeutics through in vitro investigation. There-

fore, an initial review focused on non-union fractures, the influence of hypoxia on

bone repair and perfluorocarbon nanodroplets as oxygen-delivering therapeutics is

warranted.

1.1 | The Clinical Problem of Bone Fracture
Bone fractures are a common cause of hospital admission. Between 2004 – 2014, over

2.4 million people were admitted to hospital with a bone fracture in England (Jenni-

son, Brinsden, 2019). Around 2-10 % of bone fractures result in non-union (Cunning-

ham et al., 2017; Giannoudis et al., 2007; Mills et al., 2017; Stewart, 2019). A non-union

fracture is one which does not heal without clinical intervention. Practically speak-

ing, this is often defined as a fracture that has shown no signs of healing for at least

three months and has not healed at all after 9 months (Cunningham et al., 2017). Some

liberty may be taken with this definition as aspects such as which bone is broken or

gender may influence the likelihood of a non-union occurring (Mills et al., 2017). The
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severity of the fracture may also lead to immediate intervention, as it may be clear that

the fracture will lead to non-union.

The consequences of non-union fractures are far-reaching. Not only is there a sig-

nificant socioeconomic burden, with an estimated cost of £7000-£79000 spent per non-

union fracture, but patients have to endure chronic pain and have difficulties going

about daily activities (Ekegren et al., 2018; Mills et al., 2017).

Figure 1.1: Prevalence of non-union fractures. (Mills et al., 2017)

Non-unions often result as a consequence of comorbidities such as diabetes, os-

teoporosis or osteonecrosis. Additionally, aspects such as age, gender and location of

fracture can affect the likelihood of a non-union as seen in Figure 1.1 (Ekegren et al.,

2018; Mills et al., 2017; Vanderkarr et al., 2023). As a result, each case is patient-specific,

and a blanket treatment may not be possible.

1.2 | Current Interventions for Non-Union Fracture
Repair

Most current interventions for non-union fractures require invasive surgery. The cur-

rent gold standard is an autologous bone graft (Sen, Miclau, 2007). However, there is

momentum towards using minimally invasive techniques such as bone stimulators

(Zura et al., 2015). This trend is driven by the need for procedures that result in less
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pain, less bleeding, and reduced likelihood of other risks associated with surgery, such

as pulmonary embolism and infection.

1.2.1 | Bone Grafts
The reason autologous bone grafts, also known as autografts, remain the gold standard

in terms of efficacy in the treatment of non-union fractures is their osteoinductive and

osteoconductive nature (Schmidt, 2021; Sen, Miclau, 2007); that is they promote de novo

bone formation and bone growth and are absorbed into the surrounding bone envi-

ronment. Typically, trabecular bone is harvested from elsewhere in the patient, usu-

ally the iliac crest or reamings from the femoral medullary canal (Sakkas et al., 2017;

Schmidt, 2021; Sen, Miclau, 2007), and implanted where it is needed. The fundamental

reason that bone grafts are successful is that they contain an optimal mixture of cells

as well as growth factors involved in the repair process (Waddington, Sloan, 2016). A

major limitation of this approach is the ability to harvest enough material which limits

their practical usage. Additional disadvantages include donor site morbidity as well

as the need for major surgery at both the donor and the non-union sites (Bray et al.,

2017; Waddington, Sloan, 2016). Allografts, where tissue has been donated (usually

from a cadaver), address the issue of insufficient supply and donor site morbidity but

do not adequately address the need for major surgery. Additionally, they introduce po-

tential immune response complications as well as reduced osteoinduction as a result

of the preparation processes (Roberts, Rosenbaum, 2012; Waddington, Sloan, 2016).

Biomimetic bone grafts offer an artificial solution to many of the problems posed by

autografts, such as the limited supply, but share a lot of the same difficulties with allo-

grafts, such as immune response and osteoinduction problems. They also carry their

own difficulties, such as the suitability of the mechanical properties (such as strength

to density ratio) (Sohn, Oh, 2019). It is possible that, for synthetic bone grafts to be

completely successful, other strategies must work synergistically with them, such as

the inclusion of mesenchymal stromal cell (MSC)s, growth factors such as bone mor-

phogenetic protein (BMP)s and oxygen delivery methods (Farris et al., 2022; Kim et al.,

2024; Marshall et al., 2024).
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1.2.2 | Bone Fixation
Bone grafts alone are often not sufficient to promote healing in a non-union fracture.

This is because bone grafts, especially trabecular bone grafts, do not provide the re-

quired stability for the fracture to heal (Sen, Miclau, 2007). Fixation is also essential

for hypertrophic non-union repair where the fracture site has the required cells and

growth factors for repair but not the required stability (Roberts, Rosenbaum, 2012; Sen,

Miclau, 2007). As a result, artificial fixation may sometimes be needed. There are two

types of fixator: internal and external. Internal fixators include nails and compression

plates. Of these internal fixation methods, compression plates are the most successful

with over 90 % of fractures resulting in union (Kumar, Sadiq, 2002; Padhye et al., 2013).

However, surgery is very invasive as large amounts of tissue dissection is required and

cortical screws are required (Padhye et al., 2013). These devices will either require ad-

ditional surgery to remove or they will permanently remain to support the bone. This

is a particular problem for metal implants as metal particles can be released as a result

of wear, which can result in inflammation and tissue deterioration (Torgersen et al.,

1995; Voggenreiter et al., 2003). Research into non-metal and resorbable polymer-based

implants is ongoing, with many already in use (Pina, Ferreira, 2012). External fixation

avoids this issue and can be useful where the bone surrounding the fracture is osteo-

porotic or infected and, therefore, does not possess the required strength to support an

internal fixator (Padhye et al., 2013). The main disadvantages of external fixation are

that the equipment is bulky and uncomfortable for the patient, and that they pose a

greater risk of internal rotation (Fernando et al., 2021; Padhye et al., 2013).

1.2.3 | Bone Stimulators
Bone stimulators are external devices that attempt to stimulate bone formation

through low-intensity pulsed ultrasound or electrical stimulation (Bhavsar et al., 2019;

Victoria et al., 2009; Zura et al., 2015). It is believed, following in vivo experiments by

Yang et al., that ultrasound stimulation increases the chondrocyte (cartilage producing

cells) population, allowing for the formation of a soft callus (Victoria et al., 2009; Yang

et al., 1996). In vitro studies have also found that exposing osteoblasts to electromag-

netic fields stimulates growth factors known to participate in bone repair (Hannouche

et al., 2001). One such stimulator that is approved for use in the NHS is Exogen (Na-

tional Institute for Health and Care Excellence (NICE), 2013). Exogen is a low-intensity
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pulsed ultrasound stimulator. Patients are able to self-administer the treatment for

20 continuous minutes a day (Zura et al., 2015). Despite it being approved for use, a

lack of untreated controls and the fact that participants had undergone an average of

3.1 prior surgeries make the results of the clinical trials difficult to interpret (Dijkman

et al., 2009; Zura et al., 2015). Additionally, there is reported to be resistance from

surgeons to using such a device due to conflicting results (Bhavsar et al., 2019).

1.3 | Bone Repair and Oxygen Tension

Oxygen is essential for all eukaryotic organisms. In particular, it is important for the

production of ATP. Whilst cells are able to produce ATP through anaerobic glycolysis,

this process is not as efficient, producing 2 ATP molecules per glucose molecule com-

pared to the usual 30-36, and has serious side effects such as reducing the pH of the

cell. It has been observed that conditions that lead to reduced oxygen tension, such

as sleep apnoea (Terzi, Yılmaz, 2016) and anaemia (Valderrábano et al., 2017), lead

to poor bone density. It can, therefore, be inferred that low oxygen tension and poor

bone mineralisation may be linked. Recent studies have since found that oxygen ten-

sion plays a key role in bone repair. Studies have shown that hypoxia has a negative

impact on bone regeneration, prolonging the fracture healing time or preventing the

fracture from healing completely (Kim et al., 2016; Lu et al., 2013; Utting et al., 2006).

There is, however, evidence to suggest that during haematoma formation, localised hy-

poxia is actually beneficial as it promotes angiogenesis and immune cell recruitment

(Grosso et al., 2017). Hyperoxia, high blood oxygen tension, has also been shown to

have a negative effect on bone regeneration due to reactive oxygen species formation

(Lu et al., 2013; Yamasaki et al., 2009). The one exception to this is under ischaemic

conditions where hyperoxia has been shown to be initially beneficial by stimulating

angiogenesis (Lu et al., 2013). Hypoxia is also associated with many common bone dis-

eases and complications such as osteoporosis, osteonecrosis and non-union fractures

(Yellowley, Genetos, 2019). Therefore, controlled and targeted delivery of oxygen is

essential.
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1.3.1 | Bone Regeneration

Bone regeneration is a natural process that occurs continuously throughout adult

life in the form of bone remodelling (the replacement of old bone with new bone).

Bone regeneration is also immensely important for bone repair. There are two types

of bone development processes that occur in the body during fracture healing: in-

tramembranous ossification and endochondral ossification (Giannoudis et al., 2007;

Phillips, 2005). Intramembranous ossification is the less predominant of the two

as it requires the fracture to be small enough that osteoblasts in the cortical bone

may be recruited directly to the fracture site as well as almost complete immobility

(Giannoudis et al., 2007; Little et al., 2011; Phillips, 2005). This, therefore, occurs mostly

in the skull, mandible and clavicle in adults (Little et al., 2011). The ability for the

skull to heal through intramembranous ossification occurs as a result of the bone cell

lineage from the neural crest rather than from the mesoderm, like in the rest of the

body (Gilbert, 2000). Bone repair involving endochondral ossification is much more

common, occurring in the rest of the body in bone fracture repair. Endochondral

ossification can be split into four temporal phases: inflammation, soft callus formation,

hard callus formation and bone remodelling. Inflammation occurs immediately after

the fracture due to the rupture of the surrounding blood vessels, forming a haematoma

(Sheen, Garla, 2022). This inflammation results in the secretion of pro-inflammatory

growth factors and cytokines including tumour necrosis factor (TNF), BMP and

interleukins including IL-1β, IL-6, IL-17F and IL-23. TNF and IL-6, in particular, have

been shown to be essential for tissue regeneration, and bone repair has been shown

to be significantly delayed by their absence (Einhorn, Gerstenfeld, 2015; Glass et al.,

2011; Yang et al., 2007). For example, these cytokines are essential to attract cells such

as macrophages that remove necrotic tissue present as a result of the fracture (Einhorn,

Gerstenfeld, 2015; Little et al., 2011; Phillips, 2005). Additionally, osteoclasts will

themselves accumulate to remove any old bone fragments. This is followed by the

recruitment and differentiation (prompted by BMP) of stem cells that form vascular

and skeletal tissue (Einhorn, Gerstenfeld, 2015; Sheen, Garla, 2022). Chondrocytes

then start to form a soft callus made of cartilage adjacent to the fracture. Through

this method, the bone is supported by the soft callus (Schindeler et al., 2008). This

occurs alongside a suppression of the immune system within the forming fracture

callus due to induced T regulatory cells (Al-Sebaei et al., 2014). This protects the
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developing tissue. Alongside the formation of the cartilaginous soft callus, the release

of vascular endothelial growth factor (VEGF) leads to nascent blood vessel cells

differentiating in the surrounding tissue, resulting in angiogenesis. Angiogenesis

provides a source of nutrients, oxygen and osteochondral progenitor cells (Schipani

et al., 2009; Wang et al., 2007). It is at this point that the hard callus starts to form. The

periosteum swells, and the cartilage extracellular matrix is mineralised by osteoblasts.

This mineralisation gradually replaces the soft callus with hard callus of woven bone

(Schindeler et al., 2008). As woven bone formation is initiated, the cartilage is resorbed

and chondrocyte (cartilage forming cells) apoptosis occurs. This callus of woven bone

is then remodelled by first resorbing the bone before it is replaced by lamellar bone

structures (Schindeler et al., 2008). The bone is remodelled continuously, resulting in a

bone structure resembling the original bone structure (McKinley, 2003).

Figure 1.2: Bone repair during endochondral ossification. The haematoma formation
allows for the recruitment of inflammatory cells and initiates angiogenesis. The soft
callus provides support to the fracture site, allowing woven bone formation to take
place. Finally, bone remodelling reshapes the bone so that it is almost identical to the
original, unbroken bone.

A multitude of cells, cytokines and signalling pathways are involved in this pro-

cess. The cells most instrumental in bone formation are osteoblasts and osteoclasts.

The balance between these two cell types is paramount as osteoclasts resorb old bone

and osteoblasts lay down new bone material.
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1.3.1.1 | Osteoblasts

Osteoblasts are responsible for the synthesis of new bone material by depositing

collagen and mineralisation of the collagen scaffold to generate bone. Osteoblasts

appear to derive from numerous sources such as the bone marrow or the periosteum

(Mizoguchi, Ono, 2021). For bone regeneration in severe fractures in adults, the

majority of osteoblasts are believed to originate from bone marrow stromal cells and

periosteal cells (Colnot, 2009). These cells, sometimes referred to as mesenchymal

stem cells or MSCs, are multipotent cells capable of differentiating into myoblasts,

osteoblasts, chondrocytes or adipocytes depending on the transcriptional regulators

present (MyoD, Runx2, Sox9 and PRAPγ respectively) (De Bari et al., 2006; Rutkovskiy

et al., 2016).

The intracellular expression of the runt-related transcription factor 2 (RUNX2)

is necessary for osteoblastogenesis (Valenti et al., 2016). RUNX2 itself is regulated

by Wnt and Notch signalling. Wnt signalling is an essential process for embryonic

development, and it is also essential in adults for tissue regeneration. In bone re-

generation, canonical Wnt signalling occurs: Wnt binds with the surface membrane

receptor complex of the cell, starting a cascade of events, which ultimately leads to the

blocking of the binding complex that captures β-catenin for degradation. This allows

β-catenin to accumulate in the cell and eventually enter the nucleus, allowing for

transcription of certain genes, including the genes necessary for RUNX2 production

(Barker, 2008; Deregowski et al., 2006). In contrast to this, Notch suppresses Wnt/β-

catenin signalling (Deregowski et al., 2006). It is important to note that while RUNX2

is necessary for osteoblast differentiation, a reduction in RUNX2 expression and an

escalation of osterix expression production is required for mature osteoblast formation

and therefore calcification of the bone matrix (Komori, 2006). Additionally, RUNX2

inhibits osteoblasts becoming osteocytes (Komori, 2006). Osteocytes are terminally dif-

ferentiated osteoblasts that are entrapped within the calcified bone matrix (Bonewald,

2010).

8



Chapter 1. Introduction 1.3. Bone Repair and Oxygen Tension

Figure 1.3: Differentiation pathway for osteoblasts. Blue arrows indicate a stimulatory
effect, while the orange lines indicate an inhibitory effect. The osteoblasts originate
from the marrow stromal cells, which differentiate into osteoblasts in the presence of
osterix and RUNX2. The RUNX2 expression needs to be downregulated for mature
osteoblast and osteocyte formation.

1.3.1.2 | Osteoclasts

Osteoclasts are a multinucleated cells of haematopoietic lineage, responsible for

bone resorption. An imbalance between osteoblasts and osteoclasts can therefore be

problematic, as is the case with many bone diseases such as osteoporosis, rheumatoid

arthritis and periodontal disease (Boyle et al., 2003). Osteoclasts “digest” bone by

attaching to the bone surface, secreting hydrochloric acid to dissolve the inorganic

phase of bone, and secreting two enzymes known as cathepsin-K (CATK) and TRAP.

The products of this degradation are endocytosed by the osteoclast and transported to

the cell’s antiresorptive surface (Teitelbaum, 2000).

It has been shown that for osteoclast differentiation to take place, two cytokines

are required. Macrophage colony stimulating factor (MCSF), which is produced in

the bone marrow (Mak, Saunders, 2006), is necessary but not sufficient for osteoclast

differentiation. In the presence of MCSF, the resulting monocyte is still capable of be-

coming a macrophage; however, receptor activator of nuclear factor-β ligand (RANKL)

sets the cell on the path of osteoclast specific differentiation (Boyle et al., 2003). Given

osteoblasts and osteoclasts work together to maintain bone, it is no surprise that there

is interaction between the two. RANKL is expressed by osteoblasts and osteocytes,

which then binds with the cell surface receptor RANK expressed by the osteoclast pre-

cursors, stimulating osteoclastogenesis (Hannah et al., 2021; Katagiri, Takahashi, 2002).

This activates and differentiates the cells into a mature osteoclast (Boyle et al., 2003;

Li et al., 2000; Teitelbaum, 2000), the point at which it is capable of resorbing bone.
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Another protein that plays a key role in osteoclastogenesis is osteoprotegerin (OPG).

OPG is a decoy receptor for RANKL, neutralising it and therefore its presence down-

regulates osteoclastogenesis.(Udagawa et al., 2000).

Figure 1.4: Differentiation pathway for osteoclasts. Blue arrows indicate a stimulatory
effect, while the orange lines indicate an inhibitory effect.

1.3.1.3 | Osteocytes

As mentioned in section 1.3.1.1, osteocytes are terminally differentiated cells of

osteoblastic lineage. These cells reside within the bone matrix and have been found

to be integral for controlling osteoblast and osteoclast differentiation and function

(Bonewald, 2011; Dallas et al., 2013). Their location embedded within the bone matrix

makes them difficult to study; for this reason, their importance for bone repair and

maintenance is only just beginning to be properly understood. Osteocytes do not

directly contribute to new bone formation or resorption but they are capable of

expressing signalling molecules such as sclerostin, an agonist to the Wnt pathway,

osteopontin and RANKL in response to mechanical and chemical stimuli (Baron,

Kneissel, 2013; Nakashima et al., 2011; Raheja et al., 2008). Through these signalling

mechanisms, osteocytes are possibly one of the most important cells involved in bone

repair.
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1.3.2 | Bone’s Cellular Response to Hypoxia

The literature regarding bone’s cellular response to hypoxia is conflicting and some-

what complicated. This may be due, in part, to an inconsistency in what is considered

hypoxic conditions with oxygen levels described as "hypoxic" varying between 0.1-8%

in the literature (Knowles, Athanasou, 2009; Ren et al., 2006; Utting et al., 2006). It is

difficult to ascertain exactly what is meant by normoxic and hypoxic physiologically,

as the body does not consist of one singular oxygen concentration value throughout

(Wenger et al., 2015). Some attempts have been made to measure physiological oxygen

concentrations in bone with Maurer et al. measuring 8.6% in healthy mandibular bone

and 3.9–1.6% in diseased mandibular bone using a polarographic fine needle probe

(Maurer et al., 2006). However, it is worth noting that these measurements were only

possible in disrupted tissue, as the method is invasive, and accurate measurement of

normal healthy bone remains elusive. What is clear from the literature is that there is a

temporal effect that needs to be taken into consideration. As illustrated earlier in this

introduction there are essentially four stages of bone repair: inflammation (prompted

by HIF signalling discussed later in this review), soft callus formation (which only

occurs in endochondral ossification), hard callus formation (where the cartilage is re-

placed by bone) and bone remodelling (the final “corrections” stage) (Schindeler et al.,

2008). For the former two stages, hypoxia has generally been shown to be stimulatory

(Grosso et al., 2017; McGarry et al., 2018; Schipani et al., 2001). The latter two stages

of this process are when new bone formation is taking place, and also when any in-

tervention is most likely to occur. It has largely been shown that hypoxia is inhibitory

during these two stages (Hannah et al., 2021). In vitro, low oxygen tension has been

shown to increase proliferation in MSCs (Lu et al., 2013). A high number of MSCs is

essential for increased bone repair; even so, it has been shown that hypoxia decreases

the MSCs ability to differentiate into osteoblasts (Berniakovich, Giorgio, 2013; Nico-

laije et al., 2012), inhibiting bone production. Utting et al. not only found that 2% oxy-

gen, hypoxia resulted in a 10-fold decrease in bone nodule formation compared to 20%

oxygen, normoxia, but that the collagen fibril deposition was affected. Fibrils formed

under normoxic conditions were dense, regular and parallel, but under hypoxia they

were found to be more sparse and erratic (Utting et al., 2006). Reduced collagen de-

position is likely due to reduced hydroxylated proline resulting in collagen instability

and under-hydroxylated procollagen being stored intracellularly (Utting et al., 2006). It
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has been suggested that this reduced bone formation is a result of RUNX2 expression

being inhibited, resulting in reduced differentiation of MSCs to osteoblasts (Ontiveros

et al., 2004; Salim et al., 2004). Moreover, bone mineralisation has been shown to be

significantly reduced due to the reduction in ALP production (Nicolaije et al., 2012;

Utting et al., 2006).

In contrast, there appears to be an increase in differentiation and activity of osteo-

clasts in the presence of hypoxia (Arnett et al., 2003; Knowles, Athanasou, 2009; Utting

et al., 2006). In vitro mouse cultures have demonstrated a 21-fold increase in osteoclast

activity (Arnett et al., 2003). It has been demonstrated in vitro that hypoxia results in a

suppression of OPG (Shirakura et al., 2010; Yu et al., 2015). As OPG is a decoy recep-

tor for RANKL, the protein responsible for osteoclast differentiation, it is logical that a

decrease in OPG will result in an increase in osteoclast differentiation. However, there

is literature to suggest that continuous hypoxia actually causes an increase in osteo-

clast apoptosis (Gorissen et al., 2019; Knowles, Athanasou, 2009; Muzylak et al., 2006).

It has, therefore, been suggested that a careful balance between increased differentia-

tion and increased apoptosis is achieved and increased osteoclastogenesis is observed

(Knowles, Athanasou, 2009). It has been suggested that this can be achieved through

reoxygenation following short hypoxic exposure, where the hypoxia induces osteoclas-

togenesis and the reoxygenation "rescues" the cells from cell death (Knowles, Athana-

sou, 2009). The effects of reoxygenation may also be related to increased production of

reactive oxygen species (ROS), which is discussed in more depth in section 1.3.4. Over-

all, the decrease in osteoblasts and increase in osteoclasts could lead to an imbalance

that results in net bone resorption.

Given the ability of osteocytes to sense chemical stimuli, it is no surprise that

they are capable of sensing and responding to hypoxic conditions. In vitro hypoxic

osteocyte-conditioned media have been shown to upregulate osteopontin expression

and cell migration in mesenchymal stromal cells (Raheja et al., 2008). Conversely,

osteocyte cell death has been shown to be induced by hypoxia (Montesi et al., 2016).

Osteocyte cell death has been shown to release osteoclast inducing factors that

promote resorption (Zhao et al., 2025).

12



Chapter 1. Introduction 1.3. Bone Repair and Oxygen Tension

1.3.3 | HIF Signalling and Bone repair

A key protein involved in oxygen detection in the body is hypoxia inducible factor

(HIF). There are three members of the HIF family: HIF-1, HIF-2 and HIF-3 (Rankin

et al., 2007; Tanaka et al., 2009; Ziello et al., 2007). HIFs are heterodimers made of two

subunits: HIF-α subunits and HIF-β subunits (Yellowley, Genetos, 2019). This intro-

duction will mainly focus on HIF-1. The ability of HIF-1 to detect hypoxia stems from

the HIF-1α subunit. While HIF-1β remains stable, HIF-1α’s stability is dependent on

oxygen tension. The presence of oxygen results in prolyl hydroxylation which essen-

tially “tags” it for degradation by the proteosome (Jaakkola et al., 2001). Under hy-

poxic conditions, this degradation is suppressed, allowing for HIF-α’s translocation to

the nucleus and dimerisation with HIF-β to form a HIF-1 complex. This, in turn, binds

with the hypoxic response elements of the promoter region of certain genes such as

VEGF (Drager et al., 2015). VEGF is necessary for angiogenesis to occur, which is in

turn necessary for the initial stages of bone regeneration, in that it allows for the ap-

propriate inflammatory response and osteoclast recruitment (Grosso et al., 2017). To

this extent, hypoxia is essential for immediate bone fracture healing. Interestingly, a

loss of HIF-1α expression in osteoblasts has shown a decrease in endochondral bone

volume in mice (Wan et al., 2010; Wang et al., 2007). This contrasts with in vitro work

with osteoblasts and osteoclasts. It is, however, likely to be due to the lack of vascular-

isation rather than a direct effect on the osteoblast and osteoclast population as there

was no significant change in cell proliferation in either case (Wang et al., 2007). How-

ever, there has been some suggestion that overexpression of HIF-1α may lead to an in-

crease in glycolytic activity, leading to an increase in osteoblast activity (Rankin et al.,

2007). Despite this, HIF-2α has been shown to inhibit osteoblastogenesis and a deficit

of HIF-2α leads to increased bone mass (Lee et al., 2019). It is important to note that

these experiments were performed in post-natal mice and investigated bone devel-

opment rather than bone repair. It is, therefore, not necessarily an accurate model for

late-stage non-union fractures where there is existing vasculature (Menger et al., 2022).

In contrast to this behaviour observed in osteoblasts, it has been suggested that HIF-

1α increases osteoclast activity (Knowles, Athanasou, 2009). This is consistent with the

observations that hypoxia stimulates osteoclastic activity discussed previously in this

chapter. In osteocytes, enhanced HIF-1α signalling caused by the deletion of prolyl hy-

droxylase 2 (PHD2), decrease the expression of the Wnt agonist sclerostin. This was
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further reflected in vivo where bone mass increased with increased HIF-1α signalling.

1.3.4 | Reactive Oxygen Species Production
Another aspect of hypoxia worth considering is ROS production. It has been sug-

gested that ROS are produced under hypoxic conditions as a result of inefficiencies

in the mitochondrial electron transport chain (Clanton, 2007; Møller et al., 2001;

Srinivasan, Avadhani, 2007; Srinivasan et al., 2010). These inefficiencies arise due to a

shift towards increased glycolytic activity resulting in increased nicotinamide adenine

dinucleotide (NADH) production. This causes an over-reduction of the electron

transport chain, producing superoxide radicals (Clanton, 2007; Srinivasan et al., 2010).

This effect is demonstrated in Figure 1.5. ROS production has been associated with

reduced osteoblast differentiation by disrupting the relevant signalling pathways (Bai

et al., 2004) and osteoclast activity has also been reported to be stimulated by ROS

generation (Fraser et al., 1996; Garrett et al., 1990). ROS may also have a direct effect on

bone resorption since TRAP generates ROS during the resorption process, which break

down the type I collagen present in bone (Halleen et al., 2003). ROS produced under

hypoxic conditions may also contribute to this process (Hannah et al., 2021).

Figure 1.5: ROS production with respect to intracellular oxygen tension (Clanton,
2007).
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1.3.5 | The Effect of Hyperoxia

Figure 1.5 demonstrates how ROS is theorised to vary with oxygen tension. Whilst it

demonstrates that there is an increase in ROS with hypoxia, this effect is far more pro-

nounced in hyperoxia (Clanton, 2007). It stands to reason that increasing the number

of oxygen molecules available increases the possibility of ROS being formed. As men-

tioned in section 1.3, some research has shown that over prolonged periods of time,

hyperoxia may, in fact, induce ROS production (Garrett et al., 1990) and increase osteo-

clast production (Yamasaki et al., 2009). Consequently, when evaluating oxygen deliv-

ery as a potential intervention for non-union fractures, it is imperative to consider the

quantity of oxygen administered as well as the temporal dynamics of such delivery.

Increasing the oxygen tension in a fracture that is failing to heal may also have damag-

ing effects if it is raised too much. This effect, caused by hyperoxic conditions, is par-

ticularly important to keep in mind when considering in vitro experiments, as many

experiments refer to 20% oxygen as "normoxia". This is likely much higher than phys-

iological normoxia in bone and so 20% oxygen may actually be considered hyperoxic

(Mamalis, Cochran, 2011).

In an in vivo context, bone fractures will result in the disruption of the local blood

vessels, resulting in insufficient blood supply or ischaemia. This will result in a very

hypoxic environment and metabolic stress within the cells. As the vasculature is re-

stored, reperfusion occurs and the sudden influx of oxygen into an environment that

has adapted to hypoxia. This can result in the rapid production of ROS, which can be

detrimental to bone repair, although there is limited research into the direct effects this

has on bone repair (Kalogeris et al., 2012).

1.4 | Current and Emerging Technologies in Oxygen
Delivery

Hypoxic environments are not unique to bone fractures. As such, a great deal of re-

search has previously been conducted into artificially increasing the oxygen tension

within the body. This is typically done through two routes: increasing the oxygen ten-

sion circulating through the whole body or locally changing the oxygen concentration

at the required location.
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1.4.1 | Altering Inspired Oxygen
One method of increasing oxygen tension is by increasing the amount of inspired oxy-

gen. This is usually achieved by breathing 100% oxygen or carbogen (a carbon dioxide

and oxygen mixture) at increased pressures (Menendi et al., 2022). In vivo experiments

in rats found that hyperbaric oxygen therapy led to accelerated bone healing as well

as increased Runx2 expression (Rocha et al., 2015). Increased oxygen tension has been

investigated with respect to bone with clinical trials in the form of hyperbaric oxygen

in lower limb trauma (HOLLT) (Millar et al., 2015). Recently published results of the

clinical trials found that patients that underwent hyperbaric oxygen therapy following

surgery for severe bone fractures, had reduced incidence of soft tissue necrosis and in-

fection as well as increased incidence of wound healing (Millar et al., 2022). However,

HOLLT does not offer the ability to deliver oxygen to the fracture site only at the time

it is needed. This lack of specificity could result in more side effects due to systemic

hyperoxia such as temporary myopia, pulmonary oedema and hyperglycemia (Hey-

boer et al., 2017; Shykoff, Lee, 2019).

1.4.2 | Haemaglobin-Based Oxygen Carriers
Haemoglobin-based oxygen carriers (HBOCs) mimic red blood cells by using purified

haemoglobin to capture and release oxygen. However, free haemoglobin is toxic as it

leads to the generation of superoxide radicals and potentially renal failure (Cao et al.,

2021). It also has a high oxygen and nitric oxide affinity compared to haemoglobin se-

questered within red blood cells and limited stability (Alayash, 1999; Jahr et al., 2002).

To overcome these problems, haemoglobin-based oxygen carriers are often genetically

or chemically modified through methods such as cross-linking, conjugation, encapsu-

lation or being bound within a polymer matrix (Alayash, 1999; Jahr et al., 2021; Olson

et al., 2004). Despite these advances, to date, no haemoglobin-based oxygen carrier has

been approved for use in the UK, EU or USA. Phase III clinical trials elsewhere in the

world have reported a lack of significant improvement from saline controls and/or

significant adverse effects such as anaemia, neurotoxicity, jaundice and fever. Despite

this, one formulation, Hemopure, is approved for use in South Africa for emergency

situations in which safe blood alternatives are not available (Alayash, 2014; Chen et al.,

2009; Jahr et al., 2021).

16



Chapter 1. Introduction 1.4. Current and Emerging Technologies in Oxygen Delivery

1.4.3 | Perfluorocarbon-Based Emulsions

Perfluorocarbon (PFC)-based emulsions have been used in a wide range of industries,

including medicine, agriculture, food and cosmetics (Jafari, McClements, 2018). For

example, in agriculture, they are used for delivering pesticides (Feng et al., 2016); in

cosmetics, to deliver ceramides to combat dry skin (Yilmaz, Borchert, 2006) and in food

for delivering nutrients and enhancing flavours (Chen et al., 2016). This review will fo-

cus specifically on how PFC nanodroplets have been used in medicine. The three main

areas in which PFC nanodroplets are being investigated are cancer therapies, biomed-

ical imaging and blood substitutes. Figure 1.6 lists some of the main examples of per-

fluorocarbon nanodroplets under active research.

Figure 1.6: Diagram listing the areas of current research of PFC nanodroplets (Anton
et al., 2016; Bouakaz et al., 2016; Khan et al., 2020; Krafft, Riess, 2021; Sheeran, Dayton,
2012).

1.4.3.1 | Perfluorocarbon-Based Oxygen Carriers

Of the above examples, blood substitutes and oxygen delivery in tumours are of par-

ticular interest as they use perfluorocarbon (PFC) nanodroplets as oxygen carriers.

Perfluorocarbons have the advantage of having high oxygen solubility, capable of dis-

solving approximately 20 times the volume of oxygen that water is capable of dissolv-

ing (Wesseler et al., 1977). Given this property, perfluorocarbons have been studied

as potential blood substitutes for decades. Previous studies into perfluorocarbon nan-

odroplets, e.g., Oxygent, Fluosol and Perftoran, have proceeded to clinical trials, inves-

tigating areas such as decompression sickness, blood loss due to surgery and treating
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haemorrhagic shock. PFC nanodroplets are useful when treating hypoxia caused by

the narrowing of blood vessels or in smaller capillaries because of their smaller size

(Jägers et al., 2020). One clinical trial for perfluorocarbon-based oxygen carriers is Oxy-

gent. Phase II trials demonstrated that patients that had received Oxygent were able

to tolerate more preoperative autologous blood harvesting and allogenic blood trans-

fusions were reduced or not required (Rapoport, 2016). This illustrates that PFC nan-

odroplets are successful in delivering oxygen (Krafft, Riess, 2021). However, phase III

trials were voluntarily postponed due to neurological problems that were later shown

to be linked to poor compliance with clinical protocol. Due to a shortage of funding,

trials were not resumed (Castro, Briceno, 2010). Two PFC nanodroplets have been

approved for clinical use. Perftoran (Vidaphor in the United States (Latson, 2019)) is

approved for use in case of haemorrhagic shock and perfusion of organs in Russia,

Brazil, Kazakhstan and Mexico; however there are concerns over the short shelf life

of 1 month (Castro, Briceno, 2010) and lack of compliance with good manufacturing

practice (GMP) (Latson, 2019). Another formulation, Fluosol, was approved by the

US Food and Drug Administration (FDA) but has since been removed from the mar-

ket due to difficulties with storage and questions over long-term side effects such as

anaemia, leukocytosis or chemical pneumonitis (Castro, Briceno, 2010).

Perfluorocarbon-based microbubbles are very similar to nanodroplets in composi-

tion, but they have a gas core and are significantly larger. They typically are 1-2 µm in

size (Unger et al., 2004). They have also been investigated for oxygen delivery (Dauba

et al., 2020; Gerber et al., 2009; Swanson et al., 2010) but they are typically less sta-

ble, have short circulation times and are unable to reach the smaller capillaries or ex-

travasate due to their larger size (Kim et al., 2020; Mannaris et al., 2019).
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1.5 | Perfluorocarbon Nanodroplets
The carbon and fluorine atoms in perfluorocarbons form a very strong bond resulting

in a molecule that is inert and very stable. Fluorine is the most electronegative element

in the periodic table. As a result, the electron cloud is firmly pulled towards the flu-

orine atoms, making it difficult to induce a temporary dipole, resulting in very weak

Van der Waals forces.

Figure 1.7: Structural formula showing the molecular structure of perfluoropen-
tane (PFP), a straight chained perfluoroalkane

.

The symmetry of straight-chained perfluoroalkane molecules also results in these

very weak Van der Waals forces being the only intermolecular forces that arise as the

carbon-fluorine dipoles balance each other out. The weak intermolecular forces result

in a low boiling point relative to the PFCs equivalent hydrocarbon, e.g., perfluoropen-

tane has a boiling point of 29oC but pentane has a boiling point of 36oC (Johnstone,

2007). The weak intermolecular interaction also results in less tight packing, which al-

lows molecules with similarly weak intermolecular forces (e.g., O2 and CO2) to move

between the PFC molecules and dissolve unobstructed (Riess, 2005). This results in

gases such as oxygen being highly soluble in PFCs. The weak intermolecular forces

also result in PFCs being both hydrophobic and lipophobic. The low polarisability

means the perfluorocarbon molecules are at a lower energy state mixed with them-

selves than lipids or water.

19



Chapter 1. Introduction 1.5. Perfluorocarbon Nanodroplets

Figure 1.8: Comparison of the lipophobic nature of perfluorocarbons with other com-
mon substances (not to scale).

Due to their hydrophobicity, PFCs will not disperse in an aqueous solution. PFCs

can, however, be encapsulated in a phospholipid monolayer known as PFC nanoemul-

sions or nanodroplets, as the phospholipid acts as a surfactant. This has the benefit of

creating a barrier for gas diffusion, but more importantly, inhibiting particle coales-

cence and Ostwald ripening, thereby stabilising the PFC droplet in aqueous solution

(Mountford, Borden, 2016). Phospholipids occur naturally in the body and are there-

fore biocompatible as well as soluble in blood. This means that phospholipid-coated

droplets can be injected into the bloodstream (Krafft, Riess, 2021).

Phospholipid molecules have two principal regions: a hydrophilic head and a hy-

drophobic tail. The phospholipid will align itself so that it is in its lowest energy state,

and so the hydrophobic tails will align themselves away from the polar solution on

the outside and towards the PFC, whereas the hydrophilic heads will do the opposite.

Despite the PFC being classed as lipophobic, it is in a lower energy state next to the

hydrophobic tails than in the hydrophilic heads or surrounding aqueous solution and

therefore preferentially associate. This creates an aqueous dispersion of perfluorocar-

bon nanodroplets, also known as a nanoemulsion.
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Figure 1.9: Schematic diagram showing the basic structure of a nanodroplet (not to
scale). Typical nanodroplet diameters range from 100-500 nm.

It is important to note that the pressure inside a nanodroplet is greater than that

outside due to surface tension (equation 1.1). This, in turn, results in the boiling point

of the perfluorocarbon increasing when contained within the nanodroplet compared to

bulk perfluorocarbon (Krafft, Riess, 2021).

∆P =
2σ

r
(1.1)

Where ∆P is the pressure increase (the Laplace pressure) as a result of surface ten-

sion, σ is the surface tension and r is the radius of the particle. Equation 1.1 implies the

smaller the nanodroplet, the greater the Laplace pressure and therefore, the greater the

boiling point. The difference in pressure allows for perfluorocarbons such as perfluo-

ropentane, which has a boiling point of 29oC at atmospheric pressure, to remain liquid

at higher temperatures, such as body temperature (37oC) when encapsulated as a nan-

odroplet (Krafft, Riess, 2021). This allows the nanodroplet to undergo spontaneous va-

porisation when an external stimulus is introduced, such as ultrasound (Krafft, Riess,

2021), allowing more targeted delivery of gases dissolved in the perfluorocarbon. As

the stability is dependent on their size, the ability to precisely control and measure the

size of the nanodroplets is very important.
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It has been suggested that this phenomenon of Laplace pressure leading to super-

heated stability may not be entirely correct. Mountford et al. have hypothesised that

the superheated stability of nanodroplets can be explained by the reduced probability

of nucleation and hence a phase change (vaporisation) occurring in a very small vol-

ume of liquid (Mountford, Borden, 2016).

1.5.1 | Methods for Creating Perfluorocarbon Nanodroplets
Multiple methods have been used to produce nanodroplets each with their own ad-

vantages and disadvantages. Methods can generally be classed into four categories:

homogenisation, sonication, microfluidics and condensation from microbubbles (An-

ton et al., 2016; Lea-banks et al., 2021). High-pressure homogenisation is already com-

monly used in a range of industrial processes, one key example being the homogeni-

sation of milk. The lipid and the fluid it will encapsulate are premixed and forced

through a very small orifice at high pressures. The effect of the particle hitting the

side wall of the orifice causes shear forces and heating. This fragments the premixed

droplets into sub-micron sized droplets. This technique is especially useful for indus-

trial scale processes due to its ability to run continuously and produce large amounts

of nanodroplets in a relatively short amount of time. However, small production scales

are technically challenging and may lead to waste.

Sonication is the most commonly used technique for making nanodroplets. It is a

technique much more suited for use in a laboratory setting due to its smaller size and

smaller production amounts. The sonicator tip is placed in a container with both the

aqueous surfactant solution and the PFC. When it is turned on at low frequency (i.e.,

typically 20-60 kHz), high-intensity ultrasound agitates the fluids by inducing the for-

mation of bubbles by cavitation. These bubbles collapse, generating shear forces in the

liquid. This results in the fluids both mixing and breaking up the droplets, creating

progressively smaller ones until a submicrometre size is achieved. This process allows

for small amounts to be made for experiments; however, the resulting size profiles are

more broad than from a high-pressure homogeniser. For both homogenisation and

sonication, temperature is an important consideration. For example, perfluoropentane

has a boiling point of 29oC at atmospheric pressure. As discussed previously, the va-

porisation temperature of the perfluorocarbon increases once encapsulated. If the tem-

perature gets too high, the perfluorocarbon may evaporate before being encapsulated.
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Additionally, larger droplets will have lower boiling points and so larger droplets also

vaporise if the temperature gets too high. Temperature is also a key consideration if

thermolabile bioactive substances are to be encapsulated.

Microfluidic methods have also been explored for nanoparticle production. Mi-

crofluidic systems allow for a much more controlled environment for particle produc-

tion, resulting in a much tighter size distribution. This is a significant advantage if va-

porisation and potential side effects are dependent on size. However, with this comes

an added degree of complexity as well as significantly slower production rates. Martz

et al. demonstrated that it is possible to produce sub-micrometre nanodroplets by mi-

crofluidics (Martz et al., 2012). Perfluoropentane (PFP) and a lipid suspension were in-

jected into two separate channels that merged into one single channel to promote mix-

ing. The size of the resulting nanodroplets was dependent on the two input flow rates,

with an increased PFP flow rate resulting in larger nanodroplets and an increased lipid

flow rate resulting in smaller nanodroplets (Martz et al., 2012). The droplets produced,

however, were significantly larger (∼7.4µm) than those typically made using sonica-

tion and production rates were approximately 108 times slower. Additionally, samples

produced using this microfluidic system were shown to contain a large proportion of

lipid vesicles that did not encapsulate the PFC (Martz et al., 2012). Nevertheless, mi-

crofluidic devices typically reduce size dispersity (Sheeran et al., 2017). Teston et al.

have since developed a method for producing nanodroplets that depends on the in-

terfacial tension between the lipid and the perfluorocarbon using an approach known

as microchannel emulsification. Put simply, the lipid suspension flows continuously

in one direction through one channel and the perfluorocarbon solution alternates be-

tween flowing parallel and anti-parallel. The two channels are connected by orthogo-

nal channels and the pressures are controlled so that the perfluorocarbon travels to the

lipid suspension. This resulted in an approximately four fold increase in production

rate and droplets of half the size compared with previous attempts at microfluidic sys-

tems (Teston et al., 2018); although both the production rate and droplet size were still

inferior to those that can be achieved using other methods.

Condensation methods require microbubbles to be created first (e.g. using agita-

tion, microfluidics or sonication). The microbubbles are then placed in a cool and high-

pressure environment to condense them. Sheeran et al. used a temperature of −5oC

and pressure of 600-750 kPa to make lipid nanodroplets containing perfluorobutane
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(Sheeran et al., 2011a). However, this method can result in a mixture of droplets and

bubbles if condensation is incomplete, which is undesirable for in vivo use (Krafft,

Riess, 2021). Additionally, the method is less convenient for perfluorocarbons with

boiling points above room temperature at atmospheric pressure, as the microbubbles

cannot be made under standard conditions. It is also a difficult method for drug en-

capsulation in the core (Sheeran et al., 2017).

Figure 1.10: Diagram outlining the different nanodroplet production methods.

1.5.2 | Methods for Characterising Nanodroplets
Once made, it is important to be able to characterise nanodroplets in order to improve

understanding of their function and reproducibility. Whilst microbubbles (generally 1-

10 µm) may be characterised by studying them with a light microscope, nanodroplets

(∼10-500 nm) are too small to resolve optically and so other techniques are required.

Techniques such as transmission electron microscopy (TEM), scanning electron mi-

croscopy (SEM) (Klang et al., 2012) and atomic force microscopy (AFM) (Silva et al.,

2011) can be used to observe stable nanodroplets. These techniques offer valuable in-

formation with regards to size and shape. However, they are often costly and time-

intensive due to the fact that they require a lot of energy and expensive equipment and

many measurements must be made in order to make them statistically viable. These

techniques are therefore not suitable for batch analysis. Additionally, preparation tech-

niques may alter the sample structure (Jafari, McClements, 2018), especially for nan-

odroplets designed for acoustic droplet vaporisation, as energy input during prepara-
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tion or observation techniques will be enough to stimulate vaporisation. As a result of

these drawbacks, more indirect methods of characterising nanodroplets are often used

to ensure the size and polydispersity index (a measure of particle size dispersity) are

as expected.

When reviewing the literature for nanodroplet emulsions, dynamic light scatter-

ing (DLS) is the most common method used to determine the nanodroplets’ size. It

operates by relating the scattered light intensity fluctuations due to Brownian motion

to the particle diameter by using the Stokes-Einstein equation.

D =
kBT

6πηR
(1.2)

Where D is the translational diffusion coefficient, kB is the Boltzmann constant, T is

the temperature, η is the viscosity of the solvent and R is the hydrodynamic radius of

the particle. However, the intensity of the light scattered by the particles is also related

to the size and is given by equation number 1.3.

%Ia =
100Nad6

a

Σk
i Nid6

i
(1.3)

Where %Ia is the intensity distribution for a given particle size da, and Ni is the

number of molecules of diameter di (Stetefeld et al., 2016). This relationship is very

sensitive to size due to the intensity being proportional to the diameter to the sixth

power (Stetefeld et al., 2016). This gives DLS a bias towards larger particles, which can

especially be a problem when the suspension has a high size dispersity (Filipe et al.,

2010).

NTA, another technique for measuring particle size, also uses Brownian motion

and the Stokes-Einstein equation. The NTA uses a camera to capture the scattered light

from the nanodroplets. As individual particles are measured rather than a bulk solu-

tion, there is less bias towards larger particles. The minimum size detection limit is,

however, determined by the particle’s ability to scatter light. The diffusion coefficient

can be calculated from the movement due to Brownian motion as shown in equation

1.4.
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Figure 1.11: Screenshot of nanoparticle analysis software (Nanosight, Malvern) track-
ing the particles moving through PBS.

D =
(<x, y>2)

4t
(1.4)

Where D is the diffusion coefficient, (<x, y>2) is the mean-squared displacement

of the particle, and t is the time interval over which it is measured. This relationship

can be used in combination with the Stokes-Einstein equation (equation 1.2) to find the

diameter of the particle.

1.5.3 | Oxygen Delivery
As mentioned above, the weak intermolecular interactions in PFCs allow for high oxy-

gen solubility. Wesseler et al. demonstrated that solubility of oxygen in perfluorohex-

ane is 488 mlO2 /L at 25oC (Wesseler et al., 1977) and atmospheric pressure. To put this

into context, water is about 10 mlO2 /L and blood is 200 mlO2 /L (Jägers et al., 2020).

Oxygen solubility in PFCs obeys Henry’s law as seen in equation 1.5.

CO2 = Hp (1.5)

Where CO2 is the concentration of oxygen in the aqueous phase, H is Henry’s con-

stant and p is the partial pressure of the gas phase. This implies the concentration of

oxygen is directly proportional to the partial pressure of the gas phase oxygen, a phe-

nomenon not shared with haemoglobin (Riess, 2005), which chemically binds to the

oxygen with a polydentate ligand. As a consequence, oxygen delivered by PFCs is
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more readily available than oxygen delivered using haemoglobin. This may be a dis-

advantage in some cases, as some of the oxygen may be lost before reaching the target

site.

Oxygen diffusion from the nanodroplets obeys Fick’s first law of diffusion. This

can be approximated by the equation below.

J = −kpD
Ci − Co

ro − ri
(1.6)

Where J is the oxygen flux (molm−2s−1), kp is the permeability coefficient, D is the

diffusion coefficient, (Ci − Co) is the difference between the oxygen concentration in-

side and outside the droplet and (ro − ri) is the thickness of the membrane. The deriva-

tion and assumptions for this equation can be found in the appendices.

From Fick’s law, it can be seen that the partial pressure (directly proportional to the

concentration) gradient is the main driving force for diffusion. The partial pressure

will decrease as the oxygen diffuses out until the nanodroplet is in equilibrium with

the surrounding environment, when the diffusion stops. This can help with deliver-

ing oxygen to localised hypoxic environments, such as in haemorrhagic shock, as the

nanodroplet will have more oxygen than its surrounding environment when entering

hypoxic regions.

It is important to note that the phospholipid monolayer is very thin (∼2.5nm for

pure DSPC (Yamaoka et al., 1998)). As such, it offers very little resistance to oxygen

diffusion with equilibrium likely occurring within minutes if not seconds. This means

any oxygen within the nanodroplet is readily available.

Nanodroplet oxygen delivery has been previously studied in vivo for treating

hypoxia in tumours. Oxygen is often required for tumour therapies to be effective.

Huang et al. studied oxygen delivery using doxorubicin (DOX) hydrochloride and

perfluorotributylamine (PFTBA) containing nanodroplets for chemosonodynamic

therapy. It was found that HIF-1α was significantly decreased in the group treated

with nanodroplets containing perfluorotributylamine (PFTBA) and DOX compared

with the group treated with nanodroplets containing DOX only (Huang et al., 2020).

Given that the presence of HIF-1α is indicative of hypoxia, a decrease in its expression

provides evidence for the perfluorocarbon being responsible for introducing oxygen
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to the tumour. Similar results were reported by Zeng et al. when studying the use

of nanodroplets loaded with perfluorohexane for sonodynamic therapy. A 10-fold

decrease in pimonidazole immunofluorescent staining (a hypoxic marker in tumours)

was observed in the vesicles containing perfluorohexane compared to those without.

Interestingly, there was no observable difference in the perfluorohexane droplets that

had been preloaded with oxygen and the perfluorohexane nanodroplets that had not

(Zeng et al., 2020). This is a significant observation as it suggests that the nanodroplets

are assisting in delivering oxygen to the tumour but not necessarily by delivering the

oxygen with which they were originally loaded. This is consistent with the fact that

the amount of oxygen the nanodroplets are capable of encapsulating is very small

compared with that carried by healthy red blood cells (see Table 1.1).

Table 1.1: Estimations of oxygen delivered assuming all perfluorocarbon was encap-
sulated and assuming 100% saturation of the nanodroplet at atmospheric temperature
and pressure. Perfluorocarbon oxygen solubility values were obtained from Wesseler
et al. (Wesseler et al., 1977)

Perfluorocarbon
Approx. vol-
ume of PFC
injected (µl)

PFC oxygen
solubility

Estimated
volume of
oxygen deliv-
ered (µl)

Reference

Perfluorotributylamine 0.4 38.4 0.16
Huang et al.
(2020)

Perfluorohexane 1.2 48.8 0.59
Zeng et al.
(2020)

Perfluoro-15-crown-
5-ether

15 39.7 6
Song et al.
(2016)

Table 1.1 shows estimated values of oxygen delivered by perfluorocarbon nan-

odroplets used to relieve hypoxia in tumours. These are optimistic estimates assuming

perfect conditions for making the nanodroplets, loading the nanodroplets and subse-

quently retaining the oxygen prior to injection. As a result, the real values are likely

to be significantly less. It can be seen, however, even with these optimistic values, that

the amount of oxygen the nanodroplets are capable of introducing to the body is neg-

ligible. For context, blood is typically capable of storing 20.5 mL of oxygen per 100 mL
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of blood (Pittman, 2011). Therefore, the particles must be enhancing oxygen delivery

in some other way.

1.5.3.1 | Increased Diffusion Hypothesis

One proposed solution to this problem is the increased diffusion hypothesis. Pereve-

dentsiva et al. proposed the idea that the nanodroplets actually increase oxygen

transport from the erythrocytes to the tissue (Perevedentseva et al., 2009). Under flow,

the nanodroplets will be suspended in the blood, filling the gap between the erythro-

cytes and the endothelium (Spiess, 2010). The perfluorocarbons have approximately

50 times higher oxygen solubility compared to plasma (Jägers et al., 2020; Wesseler

et al., 1977), resulting in more rapid diffusion from the erythrocytes to endothelium

(Perevedentseva et al., 2009; Spiess, 2010). It has also been suggested that the phos-

pholipid membrane of the nanodroplets adsorbs onto the surface of the erythrocytes.

The interaction of the polar head on both nanodroplet and erythrocyte membrane

results in a reduction in charge in the membrane, increasing the non-specific oxygen

permeability of the erythrocyte membrane (Perevedentseva et al., 2009). There has also

been a suggestion that stable nanodroplets unaffected by ultrasound have the ability to

recirculate around the body and be oxygenated by the lung, which would also increase

oxygen supply (Song et al., 2021).

1.5.3.2 | Increased Perfusion Hypothesis

It has been suggested that perfluorocarbon nanodroplets increase oxygen transport

through the increased perfusion hypothesis. There are instances where erythrocytes

are incapable of reaching a desired location despite vascularisation, for example, in

smaller capillaries or where vasoconstriction has occurred (Castro, Briceno, 2010). In

these cases, oxygen is transported by the plasma only, and the diffusion gradient is no

longer constant. Nanodroplets are small enough that they are able to perfuse these ar-

eas. The high oxygen solubility of the perfluorocarbon results in an increased capacity

of the blood medium. This ability to perfuse has been shown to be enhanced by the

presence of ultrasound, where they have been able to penetrate deeper out of the vas-

culature into the tissue (Song et al., 2016).
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1.5.4 | Ultrasound Stimulation of Nanodroplets

In the oxygen delivery experiments performed by Huang et al. and Zeng et al., ultra-

sound was used with the nanodroplets. The aim of the ultrasound exposure was to va-

porise the nanodroplets to create pores through which the oxygen could be delivered.

Both studies found evidence that hypoxia was significantly decreased by the presence

of their respective perfluorocarbon nanodroplets (Huang et al., 2020; Zeng et al., 2020).

Song et al. found that this significant decrease in hypoxia markers, both pimonidazole

and HIF-1α, was not as great without the presence of ultrasound (Song et al., 2016).

This suggests the ultrasound has a significant effect on the nanodroplets’ ability to de-

liver oxygen. It has been suggested that this might be due to a “burst-like” release of

the oxygen (Song et al., 2016). However, this is not consistent with the small volume of

oxygen available within the droplets, as discussed previously.

Figure 1.12: An illustration of the change in pressure in a sound wave. The areas of
compression result in increased pressure, and the areas of rarefaction lead to decreased
pressure.

It has been shown that the superheated stability of nanodroplets enables them to

undergo acoustic droplet vaporisation (ADV). ADV occurs due to an applied ultra-

sonic sound wave. Sound waves occur due to changes in pressure in the surround-
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ing media. Areas of increased pressure occur as a result of the particles being com-

pressed together (compressions). Areas of decreased pressure occur due to the parti-

cles spreading further apart (rarefactions).

Rarefaction results in a decrease in pressure across the nanodroplet. If the pressure

drop is enough, then the required vaporisation temperature will reduce to below the

surrounding temperature, allowing the nanodroplet to vaporise into a microbubble of

diameter roughly 2.5-3.5 times the diameter (Zhou, 2015). If the peak negative pressure

is large enough, the resulting microbubble is able to undergo a violent collapse due to

the inertia of the surrounding fluid greatly exceeding the gas pressure inside the bub-

ble (Figure 1.13). This collapse and the mechanical effects on the bubble’s immediate

environment can facilitate both tissue permeabilisation and release and transport of

any encapsulated drugs (Wu et al., 2021) by either increasing “leakage” from the mi-

crobubble or increasing permeability through the endothelium. It is important to note

that the pressure generated by the transducer for acoustic droplet vaporisation is sig-

nificantly larger than that used during the production of nanodroplets.

Figure 1.13: A diagram demonstrating how the microbubbles behave under the influ-
ence of ultrasound, where (A) the peak negative pressure (PNP) is not large enough
to induce inertial cavitation, and (B) where the PNP is large enough to induce inertial
cavitation.
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One potential drawback of this mechanism is that haemolysis and platelet aggre-

gation have been observed in vitro as a result of microbubble-ultrasound interaction;

however, the severity of these effects can be controlled by tailoring the exposure time,

pulse length, pressure and acoustic frequency (Mannaris et al., 2019).

1.5.5 | Targeted Drug Delivery Alongside Oxygen Delivery
Whilst not specifically addressed in the experiments described within this thesis, oxy-

gen delivery may sometimes be used to enhance other therapies. For example, many

chemotherapy and radiotherapy treatments rely on the production of ROS. However,

tumours are hypoxic environments and so the efficacy of the therapy is limited by

the oxygen availability (Muz et al., 2015). Nanodroplets have been investigated to

help combat this limitation by delivering oxygen alongside the cancer therapy (Krafft,

2020). In the context of bone, delivering oxygen alongside MSCs may be beneficial in

order to prevent them from dying before proper vascularisation can take place but also

to encourage their differentiation into osteoblasts (Kim et al., 2019).

1.6 | Summary
Nanodroplets have been extensively studied for their potential use as oxygen carri-

ers for oxygen delivery to tumours and for use as a blood substitute but not for use in

bone. Whilst the exact mechanism of oxygen delivery is not fully understood, there

have been successful attempts to reoxygenate tissue in vivo using nanodroplets. This

shows promise for the use of nanodroplets to deliver oxygen to bone fractures, where

it has been shown that hypoxic conditions can be detrimental to bone healing. The ex-

act effect of hypoxia on individual bone cells has also been extensively investigated,

with hypoxia resulting in an increase in apoptosis in both cell types but a decrease in

osteoblast differentiation and activity and an increase in osteoclast differentiation and

activity.
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1.7 | Research Aims & Objectives
This thesis investigates perfluorocarbon nanodroplets as a possible method for deliv-

ering oxygen to bone fractures with the aim of aiding fracture healing. Despite signif-

icant progress in understanding how hypoxia diminishes bone healing capacity, little

work has been done to attempt to reverse the effects. Nanodroplets are well studied in

terms of their ability to deliver oxygen to tumours. To the best of the author’s knowl-

edge, however, their ability to deliver oxygen to bone has not been investigated pre-

viously. This project looks at the effect of treating bone cells, namely those of an os-

teoblastic and osteoclastic lineage, in vitro with an optimised nanodroplet formulation

in order to reverse these effects of hypoxia.

The overarching aim of the work reported in this thesis is to test the hypothesis

that nanodroplets are capable of relieving the effects of hypoxia on osteoblastic and

osteoclastic cells in vitro. In order to achieve this aim, the research in this project will

specifically evaluate skeletal stromal cells and their osteoblastic derivatives which are

essential for laying new bone material, as well as peripheral blood mononuclear cells

and their osteoclast derivative, which remove old bone material. Additionally, the re-

search aimed to optimise nanodroplet formulation through sonication by minimising

nanodroplet size (larger nanodroplets are less stable and more susceptable to immune

response) and increasing reproducability. The specific objectives include:

1. To optimise nanodroplet formulation for size and manufacturing repeatability

and oxygen loading by testing the hypothesis that:

- Variation in formulation parameters, such as sonication temperature, PFP

concentration, immersion depth of the sonicator tip, sonication amplitude and

total sonication time, significantly affects nanodroplet size and concentraion;

- Storage temperature and gas-loading techniques affect nanodroplet size

and stability;

- Post-processing techniques such as filtration and centrifugation reduce nan-

odroplet size dispersity.

2. To evaluate the cytotoxic effects of oxygen-loaded nanodroplets on bone cells in

vitro by testing the hypothesis that:
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- Nanodroplets do not affect bone cell metabolism;

- Nanodroplets do not reduce bone cell proliferation and osteoclast fusion;

- Gas-loaded nanodroplets do not reduce bone cell metabolism;

- Nanodroplets do not affect osteoblastic activity, namely mineralisation and

ALP enzymatic activity.

3. To verify whether oxygen tension influences bone cell differentiation and activity

and whether nanodroplets relieve this effect in vitro by testing the hypothesis

that:

- Hypoxia decreases osteoblastic activity but yo a lesser extent in the pres-

ence of nanodroplets;

- Hypoxia increases osteoclast number and size but this is reduced in the

presence of nanodroplets;

- Hypoxia increases HIF-1α concentration but this is mitigated by the pres-

ence of nanodroplets;

- Primary osteoblastic and osteoclastic cells’ metabolism and proliferation

decrease in hypoxic conditions but not in the presence of nanodroplets.
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2

General Methods

A full list of materials, their suppliers and catalogue numbers can be found in Ap-

pendix B table S2.

2.1 | PFC Nanodroplet Preparation

Figure 2.1: Schematic diagram showing the sonication process for creating the nan-
odroplet emulsions. (A) DSPC and PEG(40)s dissolved in chloroform were added with
a 9:1 molar ratio, respectively, and left overnight to allow the chloroform to evapo-
rate and a lipid film to form. (B) the lipid film is rehydrated using PBS and then (C)
homogenised using the sonicator. (D) PFP is added, and the solution is sonicated to
create the droplets. (E) the nanodroplets can be spun in a centrifuge to speed up the
settling process.
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The nanodroplet formulation was initially performed using parameters as set

out by Ferri et al. (Ferri et al., 2021). To create the nanodroplets, first, a lipid film

was made. 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Avanti Polar Lipids,

Alabaster, Alabama, USA) and polyoxyethylene (40) stearate (PEG(40)s, Sigma-

Aldrich, Saint Louis, Missouri, USA) solutions were made up to 31.6 mM and 4.89 mM

concentrations respectively by dissolving the lipids in chloroform (Fisher Scientific,

Basingstoke, UK). For fluorescent droplets, DiO (Thermofisher, UK) was added from

a stock solution (1 mg/ml) to final molar ratio of 90:10:1 (615 µL of DSPC:442 µL of

PEG(40)s: 191 µL of DiO). The resulting mixture was left open to the air overnight in

a fume hood to allow the chloroform to evaporate, leaving a thin lipid film (Figure

2.1A). DSPC is a common phospholipid that has been used in a wide range of biomed-

ical situations from tumour therapy (Abdalkader et al., 2020) to the Pfizer-BioNTech

and Moderna mRNA SARS-Cov-2 vaccines. The PEG(40)s is used to increase the

stability of the nanodroplets as well as cell uptake and reduce size (Blume, Cevc, 1990;

Parhizkar et al., 2015; Talu et al., 2006; Yarmoska et al., 2019).

Figure 2.2: Structural formula of (A) DSPC and (B) PEG(40)s. The long hydrocar-
bon chains form the hydrophobic tails, with the rest of the molecule forming the hy-
drophilic head.

The lipid film was rehydrated in a class II sterile hood (Safelab, UK) using 5 mL of

phosphate buffered saline (PBS, Lonza Group, Basel, Switzerland) at 90 oC, stirred at

36



Chapter 2. General Methods 2.2. Sonicator Setup

500 rpm for 45 minutes to create a final lipid concentration of 4 mg/mL (Figure 2.1B).

The high temperature was chosen so that the lipids were above their phase transi-

tion temperature (DSPC: 55oC, PEG(40)s: 41oC). The resulting solution was then ho-

mogenised by sonicating it continuously for 2.5 minutes at the 40% amplitude setting

(Figure 2.1C) using a Model 120 Sonic Dismembrator (Fisher Scientific, Basingstoke,

UK) with a 3.22 mm diameter sonicator tip.

The solution was then placed on ice for 10 minutes to cool. 800 µL of the lipid solu-

tion was placed in an Eppendorf tube with 40 µL of perfluoro-n-pentane (PFP, STREM

Chemicals UK Ltd., Cambridge, UK). Next, the Eppendorf was placed in an ice-saline

or ice-water bath to keep it cool as the PFP has a boiling point of 29oC and the soni-

cation will increase the temperature to above this. The solution in the Eppendorf is

sonicated for a total of 60s with 15-second intervals between each 2-second pulse un-

less otherwise specified. This second sonication is performed at 60% on the amplitude

setting (Figure 2.1D). For all experiments, nanodroplets were stored on ice and used

within an hour of production.

Where nanodroplets were processed post-production, either centrifugation or fil-

tration were used. For centrifugation the Eppendorf was placed in a Sorvall Legend

Micro 17 Microcentrifuge (ThermoScientific, Basingstoke, UK) for 5 minutes at 500 x

g to separate out the droplets from the PBS. For filtration, a 0.2 µm or 0.45 µm syringe

filter was used.

2.2 | Sonicator Setup
Sonication was utilised for emulsifying perfluorocarbon nanodroplets. The setup for

the sonicator was modified to enhance control over the sonication parameters and

improve user-friendliness. An ice-water bath was used to manage the temperature

during sonication. Alongside Dariusz Kosk and Christopher Campbell from the Bone

and Joint research group at the University of Southampton, three containers were de-

signed. Key design factors included: ensuring the containers were waterproof, con-

sistently fitting into the same position to limit sonicator position variability, stabilis-

ing the sonicator in the ice-water bath during sonication, and permitting temperature

monitoring of the ice-water bath throughout the sonication. A micrometre stage (Thor-

labs, UK) was used to precisely adjust the sonicator tip’s height.
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Figure 2.3: Pictures of the three ice-water baths used during the sonication process. (A)
has a polystyrene container with a lid cut out from plastic. (B) has a 3D printed plastic
container with holes to hold the container in place. (C) has an aluminium container
with holes to hold the bath in place.

2.3 | Sonication Parameter Optimisation
Four main variables were identified during the second sonication step: PFP concen-

tration, the height of the sonicator tip in the solution, total sonication time and soni-

cation amplitude. For these experiments, the 3D-printed plastic container was used.

First, the concentration of PFP used was investigated by keeping a constant volume of

lipid solution (2 ml) with different volumes of PFP (200 µl, 100 µl, 50 µl, 25 µl, 12 µl, 0

µl). Nanodroplets were created as described in section 3.1 with the volume of PFP and

lipid solution altered accordingly. Given the PFP is more dense than the lipid solution,

the height of the tip and the volume of PFP are variables that will affect each other. As

such, each PFP condition was tested against each tip height condition. This experiment

was performed using 800 µl of lipid solution with 80 µl, 40 µl, 20 µl, 10 µl and 0 µl of

PFP at tip heights of 2 mm, 5 mm, 8 mm, 10 mm and 12 mm from the bottom of the

Eppendorf tube.

The same approach was taken for sonication amplitude and total sonication time as

both will contribute towards the energy output. As the depth against PFP concentra-

tion experiment had been performed first, this experiment was performed with 800 µl

of lipid solution and 40 µl of PFP. The tip height was 12 mm from the bottom of the Ep-

pendorf. Amplitude was investigated at 20 %, 40 %, 60 %, 80 % and 100% and a total
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sonication time of 15 s, 30 s, 45 s 60 s, 75 s, 90 s, 105 s and 120 s.

2.4 | Gas Loading
Once made, the nanodroplets were loaded with oxygen or nitrogen by gently sparging

the solution with the relevant gas. This was done by placing a needle at the bottom of

an Eppendorf tube for 2 minutes in 840 µL of freshly made nanodroplet solution in a

1.5 mL eppendorf with either oxygen or nitrogen on ice. The exact flowrate was not

controlled but the gas cylinder regulator was opened by the smallest amount required

for any gas flow to visibly occur.

2.5 | Nanodroplet Size Characterisation
The resulting nanodropets were characterised by measuring their size and concen-

tration. Measurements were initially performed using DLS with a Malvern Zetasizer

Ultra (Malvern Panalytical, Malvern, UK). 1.5 mL of particle dispersion at a dilution

of 1:750 was placed in a cuvette. However, as mentioned previously in section 1.5.2,

the intensity of the signal is proportional to the sixth power of the diameter (Stetefeld

et al., 2016). This created a bias towards the larger particles creating an inaccurate rep-

resentation of the particle distribution.

As a result, NTA was performed using a Nanosight NS300 (Malvern Panalytical,

Malvern, UK) as NTA is less susceptible to scatter intensity bias. The Nanosight NS300

was configured with a 488 nm laser, a 500 nm long-pass filter for fluorescent detection

where needed and a high sensitivity sCMOS camera system with a syringe-pump.

Samples were diluted 1:5000 by volume in PBS and flowed through the low volume

flow cell at syringe pump speed 50 (syringe pump uses arbitrary units) for all mea-

surements except fluorescence measurements which were run at syringe pump speed

200 to avoid photobleaching of the sample. Particles were captured at 25 frames per

second with five 90 second videos. The mean and median hydrodynamic diameter and

standard deviation were then calculated using the NTA software as well as an approx-

imate particle concentration. NTA measurements were always taken the same day the

nanodroplets were made unless otherwise specified. The particle distribution curve

was provided in 1 nm width bin centres that ranged from 0.5-999.5 nm.
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On occasion, the nanodroplets were diluted 1:100 and viewed under a Zeiss ax-

iovert microscope with a 40× lens to check for particles larger than the NTA upper

threshold (1 µm).

2.6 | Oxygen Release Profiles
A TOVIAL20 optical oxygen and temperature sensor connected to a Firesting-PRO op-

tical meter (Pyroscience) was used to measure oxygen concentration and temperature

in water. Experiments were performed in the cold room to control the temperature and

to prevent evaporation of the PFP. The vial was filled with 18 mL of water and the lid

screwed tightly on. The vial was placed at a 45o angle with the sensor stripes on top so

that the PFP would not interact directly with the sensor stripes because the PFP was

found to dissolve them. 2 mL of PFP or water was injected into the vial through the

septum so that it gently sank to the bottom of the vial. PFP and water are practically

immiscible so a phase boundary formed. Oxygen concentration and temperature data

was logged from the moment all of the liquid was injected. PFP was oxygenated by

sparging the solution with oxygen in the same way as described for the nanodroplets.

2.7 | Temperature Measurement

2.7.1 | Evaluating Temperature and Pulse Sonication
PFP has a boiling point of 29oC and the lipid suspension freezes at approximately 0oC.

As a result, temperature was thought to have a significant impact on the sonication

process. The temperature before, and after sonication were measured using a RS PRO

RS42 K thermocouple thermometer. The thermocouple was placed in the Eppendorf

tube (placed in an ice-water bath) prior to the second sonication and the temperature

recorded. The thermocouple was then removed and the second sonication started im-

mediately. For the final measurement, the thermocouple was immediately reinserted

in the Eppendorf as soon as the final sonication pulse took place. The timing of the

temperature measurements was key because the solution cooled very quickly. This

was all repeated 3 times.

For measurements during sonication, a type K thermocouple with a data logger
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was used. Four lipid/PFP solutions were prepared from the same lipid film but the

sonication times for each were varied as shown in Table 2.1. The thermocouple was

carefully placed in the Eppendorf (placed in either an ice-water or ice-saline bath) to

avoid it touching the tip of the sonicator. The second sonication was only performed

once the solution temperature reached 0oC.

Table 2.1: Pulse settings for second sonication for temperature experiments

Sample Pulse on duration / s Pulse off duration
1 2 5
2 2 8
3 2 10
4 2 12
5 2 15

2.7.2 | Characterising the Sonicator Power Output
The sonicator power output was controlled by controlling the amplitude of the dis-

placement of the sonicator tip. This was given as a percentage of the maximum am-

plitude of the tip (180 µm). In order to better understand the sonication process, the

temperature rise in a 20 mL volume of water in an insulated 30 mL universal container

(Starlab, UK) was measured using a thermocouple data logger (RS component, UK).

The power output to the solution was characterised using the calorimetric power out-

put as measured by this temperature rise. Sonication amplitudes of 20, 40, 60, 80 and

100% were tested over a total sonication time of 120 s. A 110 s linear section from the

sonication time was used to calculate the rate of temperature increase. This was also

performed on 0.8 mL samples in a 1.5 mL Eppendorf tube on PBS, lipid suspension

and lipid suspension with PFP, in order to simulate the conditions during the nan-

odroplet formulation process.
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Figure 2.4: Graph showing the data recorded by the data logger

2.8 | Cell Isolation and Culture

2.8.1 | Media Composition
Different media compositions were required for different experiments. A full list of

media compositions are listed below in Table 2.2. Any media used subsequently in this

report use the names listed below.

Table 2.2: Media compositions for cell culture experiments (suppliers and catalogue
numbers provided in the appendix)

Media Composition
Plain α-mem α-mem only
Complete α-mem α-mem, 10% FBS, 1% Penicillin/streptomycina

Complete DMEM DMEM, 10% FBS, 1% Penicillin/streptomycina, 1% L-glutamineb

Basal media Phenol red free DMEM, 0.5% FBS, 1% Penicillin/streptomycina,
1% L-glutamineb

Osteogenic media Phenol red free DMEM, 0.5% FBS, 1% Penicillin/streptomycina,
1% L-glutamineb, 50 µM Ascorbic acid 2-phosphate, 10 mM
Dexamethasone, 2 mM β-Glycerophosphate

Monocyte media α-mem, 10% FBS, 1% Penicillin/streptomycina, 1% L-glutamineb,
2.7 µM MCSF

Osteoclast media α-mem, 10% FBS, 1% Penicillin/streptomycina, 1% L-glutamineb,
2.7 µM MCSF, 1.6 µM RankL

a100 U/mL penicillin and 100 µg/mL streptomycin, b 200 mM L-glutamine in PBS
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2.8.2 | Bone Marrow Stromal Cell Isolation
Primary human BMSC were isolated from patients undergoing hip replacement

surgery at Southampton General Hospital and Spire Southampton Hospital with sex

(male (M) or female (F)) and age as the only identifiers. All isolations were performed

with patients’ written informed consent and approval of the national research ethics

committee (National REC REF: 18/NW/0231 North West -Greater Manchester East

Research Ethics Committee University of Southampton ERGO: 31875). Bone marrow

was collected aseptically by surgeons and placed in a universal container. The bone

marrow was washed in plain α-mem at least 5 times by centrifuging at 400xg for 5

minutes and resuspending to remove the fat, bone fragments and other contaminants.

Following the second centrifugation, the solution was poured through a 0.6 µm cell

strainer to remove any remaining bone fragments. The remaining cells were incubated

at 37oC in complete α-mem in a T-175 flask for one week before being washed with

PBS and complete media to remove the non-adherent cells.

2.8.3 | Peripheral Blood Mononuclear Cell Isolation
CD14+ PBMCs were isolated from leukocyte cones from NHS blood and transplant

(NHSBT) platelet apheresis donors who have provided general research consent. The

contents of the leukocyte cone were made up to 50 mL with 2 mM EDTA containing

phosphate buffer solution (PBS) solution before being carefully layered on top of 12.5

mL of a density gradient separation solution (Lymphoprep) in a 2:1 ratio (v/v) across

two falcon tubes. The solution was centrifuged at 800xg for 20 minutes at 25oC with

the brake setting switched off. The monocytes were collected from the interphase of

the resulting solution and washed 4 times in cold 2 mM EDTA-PBS solution by cen-

trifugation at 400xg and resuspension. The number of cells was counted by diluting

50 µL of the cell suspension in 450 µL of 20 mM acetic acid to lyse red blood cells and

then staining the resulting mixture with trypan blue in a 1:1 ratio. The remaining cells

were resuspended with 800 µL of selection buffer (2 mM EDTA containing PBS solu-

tion with 0.5 w/v% BSA) and 200 µL CD14 human microbeads per 108 cells and incu-

bated at 4oC for 15 minutes. The solution was centrifuged at 400xg for 10 minutes then

resuspended in 500 µL of selection buffer per 108 cells. The CD14+ cells were then se-

lected using an LS column (Miltenyi) with magnetic-activated cell sorting (MACS).

The cells were resuspended in complete α-mem and seeded at 7.8 × 105 cells/cm2
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in a 96 well plate. For flow cytometry experiments the cells were seeded at 2.1 × 105

cells/cm2 in a 6 well plate.

2.8.4 | Cell Culture
MC3T3E1 and Saos-2 cells were cultured in complete Dulbecco’s modified Eagle’s

medium (DMEM) in T75 flasks before use in experiments. Both were used up to pas-

sage 25. BMSCs were cultured with complete α-mem in T175 flasks and were used

up to passage 3. In all three cases, cells were passaged by first aspirating the media,

washing three times with PBS. A 1:1 trypsin/EDTA solution was then added (2 mL for

a T75 and 5 ml for a T175) and the cells were incubated at 37oC for 5 minutes. Com-

plete media was then added to the cells to inactivate the trypsin (5 mL for a T75 and

10 mL for a T175) and the cell suspension was transferred to a falcon tube before be-

ing centrifuged at 400×g for 5 minutes. The supernatant was aspirated and the pellet

resuspended with 10 mL of complete media. The necessary proportion of the cell sus-

pension was added to the cell culture flask with the required amount of complte media

to achieve the desired volume (T75: 12 mL, T175: 25 mL). PBMCs were not passaged

and were seeded directly after isolation for experimentation.

2.8.5 | Cell Counting
All cells were counted using an Invitrogen Countess Cell Counter. Following the re-

suspension of the cell pellet, 20 µL of the sample was mixed with 20 muL of Trypan

blue. 10 µL of the mixture was pipetted into either side of a reusable Countess slide.

Both sides were counted using the cell counter with the Trypan blue dilution prepro-

grammed and an average of both counts was used. For the PBMCs only, the red blood

cells were lysed by diluting the cell suspension 1:5 in 20 mM acetic acid. The resulting

solution was then mixed 1:1 with Trypan blue and the normal protocol resumed.

2.9 | Cell Viability

2.9.1 | Cell Metabolism
An Alamar blue assay was performed on MC3T3E1 (a preosteoblastic murine cell line)

and SAOS-2 (human osteosarcoma cell line) cell lines as well as primary BMSCs and
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PBMCs. The MC3T3E1s were seeded at a density of 1.6 × 104 cells/cm2. The SAOS-2s

were seeded at 5.2× 104 cells/cm2. The BMSCs were seeded at 2.5× 104 cells/cm2. The

PBMCs were seeded at 7.8 × 105 cells/cm2. Seeding densities were chosen so that cells

were at approximately 80% confluent at the point the assay was performed. All were

seeded in a 96 well plate with 200 µL of media (MC3T3E1, SAOS-2: complete DMEM;

BMSC: complete α-mem; PBMC: monocyte or osteoclast media as specified). The cells

were then left in the incubator for 24 hours to allow the cells to adhere to the plate.

The media was then replaced with 90 µL of new media with 10 µL of PBS containing

a given volume percentage of nanodroplets (0, 0.01, 0.1 or 1% v/v) or the relevant con-

trols (DSPC:PEG(40)s lipid solution, DSPC only or PEG(40)s only). The solution was

then left in the incubator for 24 hours unless otherwise stated. Cell metabolism was

then measured using Alamar blue, a cell viability reagent with resazurin as its active

ingredient which is reduced to the fluorescent compound resorufin in the presence of

aerobic metabolism. The Alamar blue was diluted 1:10 in complete media and 100 µL

was added to each well and left in the incubator for 2 hours for MC3T3E1 and SAOS-2

and 4 hours for BMSCs and PBMCs before the fluorescence was read using a glomax

plate reader (Promega, Southampton, UK).

2.9.2 | Cell Proliferation

2.9.2.1 | Counting Nuclei through DAPI Staining

MC3T3E1s were seeded at a seeding density of 1.56×104 cells/cm2 and SAOS2s were

seeded at a seeding density of 3×103 cells/cm2 in a 24 well plate with 600 µL of com-

plete DMEM. The cells were then placed in the incubator for 24 hours. The media was

then replaced with 540 µL of new media with 60 µL of PBS containing a given vol-

ume percentage of nanodroplets. One set of cells were then fixed using a 1:1 acetone-

methanol solution. This was repeated every 24 hours for 96 hours. The cells were then

stained using DAPI (1:1000 dilution of 1 mg/mL DAPI in PBS), where images were

taken using an inverted microscope with a DAPI filter set (excitation: 357nm, emission:

417-477nm). The nuclei in the images were then thresholded and counted using an Im-

ageJ macro (found in the appendix).
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2.9.2.2 | DNA Concentration Quantification through PicoGreen Assays

To quantify the DNA concentration, a PicoGreen (Sigma-Aldrich) assay was per-

formed in line with the manufacturer’s protocol with eleven 2000-0 ng/mL DNA

standards prepared using a 1:2 serial dilution and performed in duplicate (Herring

sperm DNA diluted in 1x Tris/EDTA buffer). 50 µL of samples were made up to 100

µL using 1x TE (Tris/EDTA) buffer. Next, 100 µL of diluted PicoGreen solution (1:200

dilution in 1x TE buffer) was added. The plate was incubated at room temperature in

the dark for 5 minutes before the fluorescence was read (excitation: 480 nm, emission

520 nm).

2.10 | HIF-1α Expression Using Western Blotting
HIF-1α is a protein that degrades in the presence of oxygen. As such, its concentra-

tion can be used as an indicator of hypoxic stress in cells. SAOS-2 cells were grown in

complete DMEM in a T175 until confluent. The cells were then seeded evenly across

five 100×15 mm cell culture dishes (Thermo Fisher, US). The dishes were incubated

overnight at 37oC before the media was changed with the experimental supplements.

Two culture dishes were placed in a hypoxic incubator (1% O2), one with complete

DMEM and one with complete DMEM containing 0.1% v/v nanodroplets. The re-

maining three dishes were placed in a normoxic incubator, one with complete DMEM,

one with complete DMEM with 0.1% v/v nanodroplets and one with complete DMEM

with 1 mM dimethyloxalylglycine (DMOG) as a positive control. After 24 hours, the

cells were washed in cold PBS and lysed in 500 µL of urea-based lysis buffer and ho-

mogenised by a Model 120 Sonic Dismembrator (Fisher Scientific, UK) for 10 seconds.

The samples were then frozen at -20oC overnight. The protein concentration was de-

termined using a Bio-rad protein assay with a bovine serum albumin (BSA) standard

following the manufacturer’s instructions. 50 µg of protein solution was added to the

well of a 10% acrylamide gel. The gel was run for 1 hour at 150 V and transferred to a

PVDF membrane using a power blotter (Invitrogen, US). HIF-1α (BD biosciences, UK)

and β-actin primary mouse anti-human antibodies were used. Immunoreactivity was

visualised using HRP secondary antibody sheep anti-mouse and chemiluminescence

(membrane washed with SuperSignal West Pico PLUS substrate) measured and quan-

tified using an iBright imager and its associated software (Invitrogen, US).
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2.11 | VEGF ELISA
VEGF is a hypoxic marker downstream of HIF-1α. A VEGF ELISA (human VEGF

Quantikine ELISA kit, R&D systems, US) was performed as per the manufacturer’s

instructions. Eight standards of concentrations 1000 - 0 pg/mL were prepared using

a 1:2 serial diultion. The supernatant from each of the cell culture dishes used in the

HIF-1α experiment was collected into LoBind tubes (Fisher, UK) and stored at -20oC

and thawed completely before use. 50 µL of assay diluent was added to each well with

200 µL standard, control or sample. The plate was then covered with an adhesive strip

and incubated at room temperature for 2 hours. Each well was emptied by inversion

and then washed thrice with 400 µL of wash buffer. The plate was finally inverted and

blotted against a paper towel to ensure it is dry. 200 µL of human VEGF conjugate

was added to each well before the plate was again covered with an adhesive strip

and incubated for 2 hours at room temperature. The plate was again washed and

emptied as before. 200 µL of substrate solution was added to each well before a 20

minute incubation with foil covering the plate to protect it from light. At the end of

the incubation, 50 µL of stop solution was added. The plate was gently tapped against

the workbench until a uniform colour was observed to ensure adequate mixing. The

absorbance at both 450 nm and 560 nm was measured using a Glomax and the latter

values were subtracted from the former to provide a value corrected for any optical

imperfections in the plate. The resulting VEGF concentration was interpreted from the

standard curve.

2.12 | Osteoblast Activity
BMSCs were seeded at 2.5×104 cells/cm2 in a 24-well plate in complete α-mem and

grown to confluence. The media was then changed to osteogenic media or basal media

unless otherwise stated. This media change represents day 0 in all subsequent proto-

cols.

2.12.1 | Alkaline Phosphatase (ALP) Assay
ALP is an early-stage marker for osteogenic activity. An enzymatic quantification as-

say was performed to measure ALP expression in BMSC, both treated and untreated,
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with nanodroplets in both normoxia and hypoxia. Normoxic measurements were mea-

sured on days 0, 4, 7 and 14. Hypoxic measurements were performed at day 14 only.

A control where cells were grown in basal media instead of osteogenic media was

also performed at day 14 only. The growth medium was removed and the cells gen-

tly washed once with PBS. 300 µL of cellytic M lysis reagent was added to the wells

and incubated on a shaker for 15 minutes. Each well was scraped using a pipette tip

and the lysate transferred to a 1.5mL Eppendorf tube. The samples were centrifuged at

15000xg to pellet any cellular debris and the supernatant transferred to a new 1.5 mL

eppendorf tube. The samples were frozen at -20oC until the assay was ready to be per-

formed. Each sample was tested in triplicate with 10 µL of sample made up to 100 µL

of a chromogenic substrate solution (1.3 mg/mL phosphatase subtrate, 0.5M Alkaline

buffer solution). Eight standards of 400 nmol/mL to 0 nmol/mL p-nitrophenol from

a 10 mM stock solution were diluted in an assay buffer (0.5M alkaine buffer solution

containing 31.8 mg/mL Igepal CA-630) and were prepared using a 1:2 serial dilution

in the same assay buffer and were also tested in triplicate. The well plates were incu-

bated for 30 minutes before the reaction was terminated using sodium hydroxide. The

absorbance was then measured using a Glomax plate reader at a wavelength of 410

nm. Supernatant for each ALP assay was also used for picogreen assays as described

in section 2.9.2.2 in order to normalise the ALP enzyme quantity to DNA concentration

to account for any variation in cell number between groups.

2.12.2 | Alizarin Red

To assess bone cell mineralisation, an Alizarin red S solution was prepared by adding

3.4226 g of Alizarin red S powder to 150 mL of deionized water, mixing the solution

for at least 3 hours prior to use. 0.5% ammonium hydroxide and distilled water were

added gradually until a 250 mL solution of pH 4.1-4.3 was achieved. The solution

was then filtered through filter paper before use. BMSCs were cultured until day 21.

The cells were washed twice in 500 µL PBS before being fixed in 300 µL of 4% w/v

paraformaldehyde (PFA) solution for 15 minutes. Next, the cells were washed with

500 µL of distilled water and incubated at room temperature with 200 µL of 40 mM

Alizarin red S solution (pH 4.1) for an hour. All wells were subsequently washed five

times with 800 µL of distilled water. Three images of each well was taken with a Zeiss

axiovert microscope with a 10× objective lens with a colour camera. The intensity of

48



Chapter 2. General Methods 2.13. Osteoclast Culture

the alizarin red stain was then quantified using CellProfiler (Carpenter et al., 2006).

(Positive and negative control images used to program positive and off-target staining

are provided in the appendix).

2.12.3 | Collagen Coating for Well-Plates

To validate that any calcium deposition was from increased activity and not through

another mechanism using the nanodroplets, the Alizarin red assay was repeated on

collagen-coated well plates. Type I rat tail collagen was diluted to 50 µg/mL in 20 mM

acetic acid. 190 µL of the solution was added to each well for a final coating concentra-

tion of 5 µg/cm2. The plates were then incubated at room temperature for 1 hour be-

fore the solution was carefully aspirated and the wells washed three times with PBS to

remove any remaining acid. The well plates were then incubated for 21 days with 450

µL of either osteogenic media or cell-conditioned media with 50 µL of the appropriate

dilution of nanodroplets or lipid suspension and the media was changed every three

days until day 21 before undergoing Alizarin red staining as above. Cell-conditioned

media was osteogenic media that was used to culture BMSCs in a T175 before being

collected and used for the well-plates. The BMSCs in the T175 were seeded on day 0 of

the experiment and were never above passage 3.

2.13 | Osteoclast Culture
Osteoclasts were cultured from PBMCs seeded at 7.8 × 105 cells/cm2 in a 96 well plate.

The cells were incubated at 37oC for 24 hours in in complete α-mem. The first me-

dia change was considered day 0. Osteoclasts were cultured in osteoclast media for

a total of 12 days in 180 µL of osteoclast media (see table 2.2) and 20 µL of PBS con-

taining the appropriate dilution during treatment and 200 µL of osteoclast media at

all other times. The timing of each treatment regimen is discussed in detail in sec-

tion 2.13.2. Cells were cultured with seven different treatment groups in total: three

different concentrations of nanodoplets (0.01, 0.1, and 1% v/v), as well as 0.1% v/v

PEG(40)s, DSPC, DSPC:PEG(40)s (9:1) lipid mixture and a no treatment control.
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2.13.1 | TRAP Staining
At day 12 osteoclast cultures were washed twice with cold PBS, fixed using 100 µL of

4% PFA and washed before undergoing TRAP (tartrate-resistant acid phosphatase)

staining. The TRAP staining solutions were made according to a protocol by the Cen-

ter for Musculoskeletal Research, University of Rochester (Center for Musculoskele-

tal Research, 2020). Fixed cells were incubated for 30 minutes at 37oC with the TRAP

staining solution described in Table 2.3 then washed with PBS. The stained cultures

were then imaged using a 10× objective lens with a colour camera. The number and

average size of osteoclasts per image were quantified by manually drawing around

each osteoclast in ImageJ.

Table 2.3: Components of the TRAP staining solution adapted from (Center for Mus-
culoskeletal Research, 2020). Components were mixed in the order specified below
unless otherwise stated. (Suppliers and catalogue numbers provided in the appendix)

TRAP staining solution
Sodium Acetate Anhydrous 2 g
L-(+) Tartaric Acid 2.4 g
Glacial Acetic Acid 0.6 mL
Distilled water 200 mL
Napthol AS-MX Phosphate 20 mg
Ethylene Glycol Monoethyl Ether 1 mL
Fast Red Violet LB Salt 120 mg

2.13.2 | Hypoxia and Nanodroplet Treatment Regimens
Three different treatment regimens were used for the osteoclast experiments. Firstly, to

investigate the effect on osteoclast differentiation and fusion, the cells were grown in

hypoxia for their entire 12-day culture (2% or 5% O2). Secondly, to investigate the ef-

fect on mature osteoclasts, the cells were cultured in normoxia for 9 days until mature

osteoclasts formed the majority of the culture before they were moved to hypoxia (2%

O2) for the final 3 days of culture. Finally, to test if intermittent hypoxic exposure af-

fects osteoclast apoptosis and fusion, the cells were grown for 7 days under normoxic

conditions and then moved to hypoxia (2% O2) for 2 days before being returned to nor-

moxia for the final 3 days of culture. In each case, where nanodroplets were investi-

gated, the nanodroplets were added only when the osteoclasts were exposed to hy-

poxia.
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2.14 | Macrophage Flow Cytometry
To investigate whether nanodroplets affect macrophage activity, PBMCs were cultured

with monocyte media for a total of 7 days in 6 well plates with 0.1% nanodroplets,

0.1% lipid suspension and a no treatment control. 48 hours before the cells were col-

lected, M1 and M2 polarised controls were induced by treating them with the relevant

cytokines (M1: 5 µg/mL LPS, 2 ng/mL interferon-γ; M2: 10 ng/mL IL-4, 10 ng/mL

IL-13). Cells were detached from the well plate by scraping with 2 mL of cold PBS with

2mM ethylenediaminetetraacetic acid (EDTA) with a cell scraper and transferred to 15

mL tubes. The samples were incubated at 4oC for 15 minutes before being centrifuged

for 15 minutes at 300xg for 5 minutes and resuspended in 0.3 mL PBS. Each sample

was split equally into three test tubes: one for panel 1, one for panel 2 and one for no

stain controls. 5 µL of each surface marker was mixed with the markers in the same

panel before being added to the relevant test tube. All samples were incubated in the

dark for 15 minutes. Following incubation, samples were washed in PBS 3 times and

resuspended in 500 µL of fixation medium (ThermoFisher) for 30 minutes. The cells

were then washed in 10x permeabilisation medium (ThermoFisher) and resuspended

in 100 µL PBS containing any intracellular markers in the relevant panels (if no intra-

cellular markers in panel then PBS only). Samples were then incubated for 30 minutes

in the dark. After incubation, the samples were centrifuged and resuspended in 500

µL of FACS buffer (1x PBS, 5 µg/mL BSA and 0.1%v/v Azide) and analysed by flow

cytometry (Becton Dickinson, US, FACS Canto II).

Table 2.4: Table of Panels used for markers used for macrophage flow cytometry.
Markers are surface markers unless otherwise stated (*denotes intracellular marker).

Panel 1 Panel 2 Fluorescent Dye
CD14 (M0) CD86 (M1) APC
CD163 (M2) CD11b (M2) PerCPCy5.5
HLA-DR (M0) PB
CD38 (M1) CD206 (M2) PE
CD40 (M1) PECy7

CD68* (M0) FITC

Compensation controls were used to correct for spectral overlap between different

fluorophores. UltraComp eBeads (Thermofisher) were stained using the membrane

antibodies listed in Table 2.4.
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2.15 | Cell Association Experiments
To test the hypothesis that nanodroplets associate with the cells, fluorescent DiO-

labelled nanodroplets were made as described in section 2.1. Mature osteoclasts (Day

10 PBMCs cultured in osteoclast media) and BMSCs were treated with 0.1% v/v

fluorescent nanodroplets for 48 hours. The resulting cultures were then fixed in 4%

PFA. Osteoclasts were TRAP stained as described in section 2.13.1 and the BMSC were

stained using cellTracker deep red. The nuclei of both were then stained using DAPI.

The cells were imaged using a Leica TCS-SP8 Laser Scanning confocal microscope at

the wavelengths described in Table 2.5.

Table 2.5: Table of excitation and emission wavelengths used for cell association exper-
iments.

Stain Excitation (nm) Emission (nm)
Cell tracker Deep Red 630 655
TRAP 633 647
DAPI 357 447
DiO 490 507

2.16 | Statistical Analysis
Statistical analysis was performed using GraphPad Prism version 9.2 software. Where

the significance of two groups only was tested, a Mann-Whitney test was performed

for unpaired data and a Wilcoxon matched-pairs signed rank test was used for paired

data. Where the significance of three or more groups was tested, an ANOVA was per-

formed with multiple comparisons (Tukey for comparing all groups, Dunnett for com-

paring with control only). Statistical significance was defined as *p<0.05, **p<0.01,

***p<0.001, ****p<0.0001 and non significant (n.s.) p>0.05. Experimental repeats are

depicted by N and technical repeats by n.
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3

Optimisation of Nanodroplet
Formulation

3.1 | Introduction
There are multiple methods for nanodroplet production, including sonication, con-

densation of microbubbles, homogenisation and microfluidics (Anton et al., 2016; Lea-

banks et al., 2021; Martz et al., 2012; Sheeran et al., 2011a). The advantages and disad-

vantages of each method are discussed in depth in section 1.5.2. However, sonication

is the most common laboratory process for making nanodroplets with perfluorocar-

bons heavier than perfluorobutane (Ferri et al., 2021). This is primarily due to the small

batch sizes and the relatively small particle size. Despite its benefits, the sonication

process is very stochastic. This can result in reduced repeatability and predictability.

The diameter of the nanodroplets affects many of the nanodroplets’ characteristics,

from the peak negative pressure required for acoustic droplet vaporisation to their

ability to be detected by the immune system (Krafft, Riess, 2021; Mountford, Borden,

2016; Sheeran et al., 2011b). Optimising the repeatability of the sonication process is,

therefore, integral. Understanding how production parameters affect nanodroplet

size distribution is also crucial for developing nanodroplets optimised for their re-

quired function. For developing nanodroplets with the end goal of use within the

body, smaller sizes (median < 200 nm, largest nanodroplet < 400nm) are preferable to

reduce interaction with the reticuloendothelial system and to increase perfusion.
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Before the sonication process can be optimised, the sonicator output must be char-

acterised to allow for comparison between different sonicators in different laboratories.

In addition to the sonicator type, variables that may affect the sonication process in-

clude temperature, the placement of the tip within the liquid to be sonicated, lipid to

perfluorocarbon ratio, the amplitude of the sonicator tip oscillation and the time of the

pulse.

In the case of PFP nanodroplet production, the temperature is likely to have a very

significant effect due to PFP having a boiling point of 29oC (Johnstone, 2007). Before

the sonication takes place, the PFP is not stabilised in the nanodroplets, and so the PFP

may evaporate if the temperature is too high. Equally, if the temperature is too low, the

aqueous lipid mixture may freeze at roughly 0oC. The power input from the sonicator

also leads to the solution being heated. The narrow window of acceptable temperature

makes the temperature during the sonication the highest priority. This was investi-

gated by changing both the method of cooling, as well as the sonicator pulse regimen.

The PFP to lipid ratio affects the height of the PFP to lipid boundary and, there-

fore, its position in relation to the tip height. As a result, the PFP concentration and tip

height were evaluated together by measuring the average nanodroplet size for each

PFP concentration investigated at each tip height. The same was true for the sonicator

amplitude and the total sonication times, as they both contribute to the overall energy

output of the sonicator.

The main objective of this chapter was to identify the variables that have a signif-

icant effect on the outcome of the sonication process and optimise the reproducibility

and size of the nanodroplets. The fact that some variables may interact with each other

has been taken into consideration by changing multiple variables at once in a factorial

design experiment.

An inherent complexity that arises when optimising the nanodroplet formulation

is establishing a method for quantifying reproducibility, size and size dispersity. Due

to their small size and relative instability, finding a method to characterise the nan-

odroplets becomes difficult. This report, therefore, endeavours to produce an appro-

priate means of understanding the nature of the nanodroplets produced.

In addition to establishing appropriate formulation parameters, understanding

the behaviour of the nanodroplets when exposed to different temperatures and gases
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for loading is vital for understanding their limitations and uses. Nanodroplets must

have limited stability so that they may be converted to microbubbles using ultrasound

which allows their use in targeted drug delivery. If the nanodroplets are formulated to

be too stable, they will not be able to undergo acoustic droplet vaporisation, meaning

any drug loaded in the shell or core may not be released (Sheeran et al., 2011b). Shelf

life has been a recurring problem with nanodroplet and nanoemulsion use (Krafft,

Riess, 2021). However, with an appropriate understanding of the formulation pro-

cess and the nanodroplet stability, it could be possible to make the nanodroplets at the

point of care.

With this in mind, this chapter can be split into the following hypotheses:

■ The NTA is the preferred method of nanodroplet characterisation for yielding

consistent and accurate measurements of nanodroplet diameter across indepen-

dent trials;

■ Modifying formulation parameters (such as PFP concentration, sonication

time, tip immersion depth and sonication amplitude) significantly reduces

nanodroplet diameter and improves batch-to-batch repeatability;

■ Storage temperature and gas loading techniques significantly influence the sta-

bility (e.g., size and concentration) of nanodroplets over time;

■ Post-processing methods, such as filtering and centrifugation, improve nan-

odroplet characteristics by reducing size dispersity and eliminating oversized

particles;

■ Oxygen diffuses from PFP to surrounding media when and oxygen gradient is

present.

In addition to this, the sonicator was characterised to allow for better comparisons

between different labaoratories where different brands of sonicator may be used.
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3.2 | Methodology
The research in this chapter primarily focused on the optimisation of the nandroplet

formulation process as detailed in section 2.1 using the sonicator setup detailed in sec-

tion 2.2. First, an appropriate nanodroplet characterisation method needed to be estab-

lished so that differences in nanodroplet size distributions could be quantified and un-

derstood. NTA, DLS and light microscopy methods detailed in section 2.5 were exam-

ined for use for measuring nanodroplet size distributions. NTA and light microscopy

were established as the best characterisation methods when used together and were

used for all nanodroplet size distributions. The sonicator was then characterised using

calorimetry (section 2.7.2) to allow better comparison between sonicators of different

brands that are used in different laboratories. Following this, the formulation process

parameters were investigated. First the effect of temperature during sonication was

explored by altering the cooling bath composition and pulse parameters as detailed in

section 2.7.1. After this, the effect of PFP concentration, sonicator tip height, sonicator

amplitude and total sonication duration were investigated using the method detailed

in section 2.3. With an optimised nanodroplet formulation process, storage methods

post-processing techniques such as filtration, centrifugation and gas-loading (sections

2.1 & 2.4) were investigated for any potential improvements in nanodroplet character-

istics. Finally, the oxygen dissolving ability of PFP was verified using an oxygen sensor

(section 2.6).
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3.3 | Results

3.3.1 | Variability Between Nanodroplet Samples
In order to compare nanodroplet samples, size distributions were acquired. Nan-

odroplet size distributions were highly variable despite identical methods of

sonication. Figure 3.1 demonstrates the issue of repeatability during the sonication

process. The particle distributions produced by the NTA have been fitted using

finite tracking length analysis (FTLA), a technique that attempts to fit the data into a

log-normal (a common distribution for particles) and residuals distribution.

Figure 3.1: Naodroplet size distributions can vary drastically between samples. Size
distributions for nanodroplets measured using NTA with the means and standard
deviations calculated using the Nanosight software. All four distributions come from
four separate samples of nanodroplets made from the same lipid solution, the same
sonication parameters and on the same day. Each distribution is a mean distribution of
five videos. The red shaded are is the standard deviation for that bin centre.
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3.3.2 | NTA and DLS Measurement Comparison
Two common methods for characterising nanodroplet size are NTA and DLS. Figure

3.2 has particle size distributions from NTA and DLS. The distributions are from nan-

odroplets from the same sample. Despite this, the distributions are clearly different,

the most unexpected feature being the DLS distribution forming two very separate

peaks. The particle concentration given by the DLS was found to be lower, but the me-

dian size was larger. All measurements from here were performed using NTA as it was

found to be more accurate. N=4, n=5.

Figure 3.2: NTA provided more reliable measurement of the nanodroplet distributions
that DLS. Representative size distributions of the same nanodroplet sample as mea-
sured by (A) NTA (n=5) and (B) DLS (n=1) with the mean diameter and concentrations
as given by each machine. The dashed line represents the mean in each case. The red
shaded area represents the standard deviation of five separate videos.

3.3.3 | NTA Limitations
As NTA relies on tracking the Brownian motion of the particles, the NTA becomes less

sensitive as the particles get larger because the Brownian motion decreases. To test this

sensitivity, the particles were observed under a light microscope to see if any particles

were not detected using NTA. Figure 3.3A shows a particle size distribution from NTA

for a sample produced at 60% amplitude, 60s total sonication time, 2 mm tip height

and 10% PFP. Figure 3.3B shows the same sample under a light microscope. Many of

the particles observed in the light microscopy image are not present in the particle size

distribution produced using NTA as they are so large that Brownian motion is limited.
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Figure 3.3: Microscopy was necessary alongside NTA measurements to verify whether
larger particles are present.(A) Particle size distribution as measured using NTA dis-
playing the mean of five separate videos and the standard deviation given by the
shaded red area (n=5) and (B) phase contrast image of the same sample (60% ampli-
tude, 60s total sonication time, 2 mm tip height and 10% PFP) with particles larger
than 1µm in diameter are highlighted in red. These particles will not be detected using
the NTA.

3.3.4 | Characterisation of the Sonicator
In order to compare production methods between labs, the sonicator was first cali-

brated. The amplitude was given as a percentage of the maximum possible displace-

ment of the tip (120 µm as given by the manufacturer). The power output of the soni-

cator into the solution was characterised using calorimetry. Figure 3.4 shows the per-

centage amplitude was proportional to the square root of the calorimetric power.
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Figure 3.4: Calorimetric power output is proportional to the square of the sonicator
amplitude. Square root of calculated calorimetric power output (left) of the sonicator
with assumed specific heat capacity of 4184 Jkg−1K−1 at different sonication ampli-
tudes (R2 = 0.9818). The mean temperature rise (right) from which the power was
calculated has also been presented.

In order to more closely simulate the conditions during the sonication process,

calorimetry was performed on 0.8 mL solutions in a 1.5 mL tube. The effect of the pres-

ence of the lipids and the PFP was quantified.The presence of PFP in the formulation

led to a significant increase in temperature within the experiment (Figure 3.5).
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Figure 3.5: Mean temperature rise in water (0.8 mL), lipids suspension (0.8 mL) and
lipids with 4.76% v/v PFP (40µL) in a 1.5 mL Eppendorf tube insulated in polystyrene.
Lipids only and lipids with 4.76% v/v PFP showed a significant difference with
p*=0.0103, N=3. (B) Representative temperature traces for samples sonicated at 60
% amplitude for 60 s with a 10 s on, 10 s off pulse regimen were used to calculate the
temperature rise of the sample.

3.3.5 | Cooling Method has a Significant Impact on the Sonication
Process

Temperature during sonication is an important consideration for the nanodroplet man-

ufacturing process. Figure 3.6A demonstrates the foaming that occurred when the

cooling during the sonication was inadequate. In order to avoid this excessive foam-

ing, different cooling methods were investigated using the sonicator setup described

in section 2.2. In Figure 3.6B, an ice-water bath and ice-saline bath were compared. The

ice-saline bath was more effective at cooling but occasionally froze the solution before

the sonication took place. The ice-water did manage to keep the temperature below the

boiling point of PFP but its proximity to the boiling point was still a concern. Figure

3.6C demonstrates that increasing the time between pulses decreases the maximum

temperature during sonication. From this, a 2s on and 15s off pulse regimen was used

in all following experiments. To ensure this was a sufficient cooling method for fur-

ther planned experiments, the temperature was measured at 60% amplitude and 100%

amplitude to validate that it will stay below PFP’s boiling point, as seen in Figure 3.6D.
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Figure 3.6: Temperature control is important during nanodroplet production. Ex-
cessive foaming (A) occurs when the temperature within the solution gets too high.
Initially, a 2 s on 5 s off pulse regimen was used with an ice/water and ice/saline bath
(B). Various pulse regimens were studied in relation to the maximum temperature
during sonication (C) in an ice/water bath (N=3). The resulting 2 s on, 15 s off pulse
regimen was validated to ensure the solution would not go above 25oC when cooled in
an ice/water bath even at 100% amplitude (D).

The temperature at the end of the second sonication was also measured, and the

particle size distributions’ mean diameter and standard deviation were noted. After

statistical analysis using a Pearson test, it was found the correlation between the mean

diameter and temperature was significant (P=0.0465) with an R2 value of 0.3138, but

the correlation between the distribution standard deviation and the temperature was
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found not to be statistically significant (P=0.1332, R2=0.1929).

Figure 3.7: Temperature of the solution before the end of the second sonication against
the mean of the resulting particle distribution and the standard deviation of the re-
sulting particle distribution to demonstrate the change in dispersity (N=12, Mean:
P=0.0465, R2=0.3138; Standard deviation: P=0.1332, R2=0.1929).

3.3.6 | PFP Concentration Experiments

Figure 3.8 demonstrates that the ratio of PFP to lipid solution (lipid volume was kept

constant at 2 mL) had a significant effect on not only the mean diameter of the result-

ing nanodroplets but also the standard deviation of the particle size distribution as it

also increased with size. It was found that the Pearson correlation coefficient of the

PFP volume against the resulting nanodroplet size had a value of R2 = 0.9321 and a

correlation significance of P = 0.0018, suggesting a very strong relationship between

the two variables. The images from the light microscope show particles too large to

be detected by the NTA. There were very few of these particles observed at lower PFP

concentrations (25 µL, 12 µL and no PFP). Contaminants were observed both visually,

by presenting as a grey solution rather than white (see supplementary material) and

under the microscope, where dark particles were observed. This contamination was

investigated using energy dispersive X-ray analysis (EDX) analysis. The qualitative re-

sults can be found in the supplementary material. The key difference that can be noted

between the nanodroplet samples and the contaminant-only sample is the presence
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of the titanium. This is also the element present in the contaminant that cannot be ex-

plained by the presence of the nanodroplets, the glass slide or the PBS.

Figure 3.8: Volumetric PFP concentration significantly affected the characteristics of
the resulting nanodroplets. (A) illustrates the impact of PFP concentration (0-16.7 %
v/v) on median nanodroplet diameter, as measured using NTA at a tip height of 12
mm (R2=0.9321, P=0.0018, N=3, n=5). Figure (B) shows microscopy images of nan-
odroplets made at 12 mm tip height with a PFP concentration of 4.76 and 9.09 % v/v
under a 40× objective lens. (C) displays the concentration of the nanodroplets mea-
sured using NTA also at a tip height of 12 mm (N=3, n=5). Error bars represent the
standard deviation.

3.3.7 | Effect of Sonicator Tip Height and PFP Concentration on
Nanodroplet Size

The PFP concentration appears to have a more significant influence on the median and

standard deviation of the particle size distribution. Both the tip height and the PFP

concentration were found to have a significant contribution using a 2-way ANOVA

(P<0.0001). The median was used in this case due to the distributions being right-

skewed. Below 5 % vol, there is no clear difference between the median or the stan-

dard deviation values. In general, a greater tip height led to a lower median and stan-

dard deviation. The value of the median and standard deviation for 2 mm tip height

at 20 % vol PFP were taken as anomalous due to the PFP and the lipid solution visibly

not mixing (see Figure S4 in the supplementary material).
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Figure 3.9: Tip height affects the strength of the relationship between PFP concen-
tration and median nanodroplet diameter. The PFP was plotted against the median
diameter at each tip height from the bottom of the Eppendorf (A-E). The strength of
the relationship between the PFP concentration and the median nanodroplet diameter
is shown to increase with tip height, with the R2 increasing with tip height and the
associated P-value decreasing (F). (Error bars represent the standard deviation, N=3,
n=5)
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3.3.8 | Total Sonication Time
There is no observable trend between nanodroplet diameter or concentration and total

sonication time; however, the 90-second sonication time consistently yields the small-

est nanodroplet diameter.

Figure 3.10: Sonication time had little effect on nanodroplet characteristics. Total son-
ication time was varied (15-120 s) with nanodroplets made at 12 mm tip height and
4.76% v/v PFP. (A) shows the resulting nanodroplet diameter and (B) the nanodroplet
concentration at 60% amplitude (N=3, n=5).

3.3.9 | Sonication Amplitude
Sonication amplitude is likely to affect the intensity of the mixing. It can be seen in Fig-

ure 3.11A that 20% and 40% amplitude are not sufficient to enable the mixing of the

PFP and lipid phases. This was observed visually in Figure 3.12. Larger amplitudes

do not appear to have an effect on the nanodroplet size as measured by NTA (Figure

3.11), but larger amplitudes did lead to more foaming (Figure 3.12). Figure 3.11B sug-

gests that the amplitude does affect the nanodroplet concentration, with larger ampli-

tudes leading to larger concentrations.
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Figure 3.11: Nanodroplet characteristics are significantly affected by sonication ampli-
tude. The results of median nanodroplet diameter (A) and concentration (B) measured
using NTA when nanodroplets are made at varying sonication amplitudes (20-100%)
at 90 s total sonication time, a 12 mm tip-height and 4.76% v/v PFP. The dashed line
at 107 nm represents the average particle size in a PFP-free control. Each value is the
mean of N=3, n=5 values.
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Figure 3.12: Images showing the resulting nanodroplet solutions following sonication
for 90 s at a 12 mm tip-height and 4.76% v/v at various sonication amplitudes. There is
an observed lack of mixing observed at lower sonication amplitudes with a phase sep-
aration between the PFP (pink arrow) and the lipid suspension (blue arrow) observed
at 20% and 40% amplitude as well as the excessive foaming observed at 100% .
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3.3.10 | Storage Temperature and Stability
By itself, under normal atmospheric conditions, PFP has a boiling point of 29oC. This

has potential implications for the storage stability of the nanodroplets. Nanodroplets

were stored at 0.1% v/v in PBS for 24 hours at 4oC (in fridge), room temperature and

37oC (in incubator). Following the 24 hours, the particle distribution can clearly be

seen to be less smooth.

Figure 3.13: Nanodroplet size distributions before and after storage at 4oC, room tem-
perature and 37oC. The dotted lines represent the median of each distribution. The
median and concentration of each distribution are given by the NTA as also stated.
The red shaded area represents the standard deviation of n=5 videos.

Nanodroplet size and concentration decreased with each storage temperature with

the most significant decrease observed at 37oC (Figure 3.14). No significant difference

were observed between groups. The only group that displayed a significant difference

between the 0 hour and 24 hour concentration was 37oC (P=0.0215). None of the size
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measurements showed statistically significant changes in size.

Figure 3.14: Storage temperature affects nanodroplet stability. The change in nan-
odroplet (A) size and (B) concentration following 24 hours of storage in 4oC, 25oC and
37 oC (N=3, n=5).

3.3.11 | Post-Processing: Filter vs Centrifugation
Of the post-processing procedures, filtering the sample had a greater effect than cen-

trifuging it. It is important to note, however, that the samples used for the filtering

were larger before the post-processing. The filtering process was found to have a sig-

nificant difference on the mean population diameter. However, there was no signif-

icant difference between the size of the pores. The centrifuging technique found no

significant difference where the larger particles should have accumulated at the base of

the pellet within the Eppendorf.
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Figure 3.15: The effect of post processing techniques on nanodroplet size distribution.
Nanodroplets were made through sonication (60% amplitude for 1.5 minutes at 12
mm tip height with 5% PFP) then immediately underwent post-processing using (A)
a syringe filter or (B) through centrifugation. Significant differences were observed
between no filter and each of the filters, 0.2 µm and 0.45 µm pore size (P=0.0004 and
P=0.0003 respectively). However, this was not the case for the centrifugation methods.
(N=3, n=5)

3.3.12 | Post-Processing: Gas Loading
It was hypothesised that the shear forces introduced during gas loading or the pres-

ence of the gas within the nanodroplet might affect the droplet stability. This was not

observed in Figures 3.17 or 3.16 where no significant differences were observed be-

tween groups.
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Figure 3.16: The effect of gas-loading on nanodroplet stability. The (A) median nan-
odroplet diameter and (B) concentration were measured using NTA following no
gas-loading (air) or gas loading (oxygen or nitrogen). Middle line represents the mean
and error bars represent one standard deviation (N=3, n=5).
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Figure 3.17: Nanodroplet size distributions before and after 24-hour storage at 37 oC
after no gas loading (air-saturated) or gas loading (oxygen or nitrogen). The dashed
line represents the median diameter, and the median and concentration are stated on
the graphs (red shaded area represents the standard deviation, n=5).
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Gas loading did not appear to have an affect on storage stability over 24 hours. No

significant difference were found between groups. The only group to display a statis-

tically significant difference between the 0 hour and 24 hour concentration was air at

37oC (P=0.0215). No statistically significant differences were observed between 0 hours

and 24 hours for median diameter in any group.

Figure 3.18: Gas loading had little effect on nanodroplet stability. Change in median
nanodroplet diameter for (A) air, (B) oxygen, (C) nitrogen-loaded nanodroplets. As
well as the change in nanodroplet concentration for the same samples loaded with (D)
air, (E) oxygen and (F) nitrogen. (N=3, n=5)

3.3.13 | Perfluorocarbon Oxygen Release
Measuring the oxygen concentration directly in the nanodroplets or perfluorocarbon

was difficult as the perfluorocarbon was found to dissolve the oxygen sensor and the

nanodroplets interacted with the sensor when in suspension. Instead, the oxygen in

initially air-saturated water was measured over a 2 hour period post exposure to air-

saturated and oxygen-saturated PFP. It was found that air-saturated PFP led to a slight

decrease in the oxygen concentration of the water (P=0.0454). However, exposure to
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oxygenated PFP led to a significant increase in the concentration of oxygen concentra-

tion in the water (P<0.0001).

Figure 3.19: Oxygen diffuses from PFP to water when the initial concentration in the
PFP is higher than the water. Oxygen concentration and temperature in water over
time with (A) air-saturated water only, (B) in contact with 1 mL of air-saturated PFP
and (C) in contact with 1 mL of oxygen-saturated PFP. Representative curves are
shown.

Figure 3.20: Oxygen diffused to the water from the PFP when PFP is saturated with
oxygen but the opposite occurs when air-saturated PFP and water were put in contact.
The maximum change in oxygen concentration in water over a two hour period when
in contact with 1 ml of water, air-saturated PFP or oxygen-saturated PFP (N=3).
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3.4 | Discussion
The overarching aim of this project was to develop nanodroplets capable of deliver-

ing oxygen to an area of hypoxia surrounding a bone fracture. With this in mind, it is

essential that nanodroplet production is not only reproducible but nanodroplets are

made small enough not to provoke an immune response and can reach areas too nar-

row for red blood cells to access. This chapter sought to achieve this by successfully

characterising both the nanodroplets and the sonication process through which they

are made. An additional aim was to understand how different sonication and post-

production parameters affect the nanodroplet characteristics.

These aims were addressed by the experiments outlined in this chapter that

demonstrated the following key findings:

■ NTA formed the most reliable form of nanodroplet characterisation but should

be supported by light microscopy images;

■ Increasing sonicator amplitude increases the calorimetric power output of the

sonicator into the sample;

■ Sample composition has an effect on the calorimetric output of the sonicator;

■ Temperature during sonication and, therefore, the method of cooling has a signif-

icant impact on nanodroplet size;

■ Increasing PFP concentration increases nanodroplet size;

■ The placement of the sonicator tip has an impact on the strength of the relation-

ship between PFP concentration and nanodroplet size;

■ There is a critical sonicator amplitude that needs to be achieved for adequate

mixing to occur, but too high an amplitude results in vaporisation within the

mixture;

■ Nanodroplets are sensitive to storage temperatures;

■ Filtering had a significant effect on nanodroplet size;

■ Gas loading did not significantly affect nanodroplet characteristics.
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3.4.1 | Nanodroplets Produced by Sonication have High Disper-
sity

Sonication is a standard method for nanodroplet production (Ferri et al., 2021);

however, the process can be very stochastic, leading to significant variations in nan-

odroplets produced if not tightly controlled. The distributions in Figure 3.1 were made

from the same lipid suspension and PFP with the same sonicator at 60% amplitude

for 60 s (it is important to note that tip location was not precisely controlled in this

case). Despite the similarities in their production, the resulting distributions are clearly

very different. Sheeran et al. also demonstrated this high size dispersity using SEM

on perfluorohexane nanodroplets templated with silica (Sheeran et al., 2017). This

indicates that this kind of high size dispersity is not unique to this sonication system

but is a significant disadvantage of all sonication methods.

Mixing during sonication occurs due to acoustic pressure leading to shear forces,

cavitation events and micromixing due to turbulent flow (Bampouli et al., 2024; Sutkar,

Gogate, 2009). As a result, a certain degree of randomness will always be expected, but

a better understanding of the variables affecting the sonication process should allow

for better control of the nanodroplet characteristics and their reproducibility. Tempera-

ture, sonication time, sonicator amplitude, tip placement, container geometry and PFP

concentration are all factors for consideration (Bampouli et al., 2024; Taurozzi et al.,

2012). Given this tendency to high size dispersity, the suitability of the sonication pro-

cess for making nanodroplets may be brought into question. However, other methods

for developing nanodroplets are not without their own complications, as discussed

in section 1.5.1 of this report. Of the other production methods, microfluidics shows a

promising new approach for small batch production but currently does not produce

nanodroplets of the required size or concentration (Martz et al., 2012; Teston et al.,

2018). It also adds complexity to the process (Zhang et al., 2022). For now, sonication

lends itself the most to laboratory scale production as it is quick, easy, has a low capi-

tal cost and is most suited to small volumes, leading to reduced waste (Sheeran et al.,

2017).
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3.4.2 | NTA Measurement is Preferable Over DLS Measurement

Before attempting to optimise the sonication process, a reliable method should be

identified for establishing nanodroplet size and concentration once they are made.

As discussed in section 1.5.2, multiple methods have been used to characterise

nanodroplets, including DLS, NTA, SEM, TEM and AFM. Of these techniques, DLS

is the most frequently used (Ferri et al., 2021; Matsuura et al., 2009; Williams et al.,

2013; Zhang, Porter, 2010). However, its bias towards larger particles and aggregates

makes it an unreliable method (Filipe et al., 2010). Figure 3.2B demonstrates this

bias. It shows a particle size distribution as measured using DLS. The proportion of

larger particles detected compared to smaller particles is much larger than what is

observed in the distribution obtained by the NTA (Figure 3.2A). This has previously

been observed before by Filipe et al. where they found that NTA had significant

advantages over DLS where samples with a higher size dipersity are concerned, with

larger particles having little influence over the NTA results but a significant impact on

DLS results.

It is important to note, however, that NTA is not without its own limitations. Fig-

ure 3.3 shows the same sample as measured quantitatively by NTA and qualitatively

by light microscopy. As NTA works by using the particles’ Brownian motion (as dis-

cussed in depth in 1.5.2), larger particles become increasingly more difficult to mea-

sure. This results in an upper detection limit of 1000 nm. The resolution limit of an

ideal light microscope is approximately 200 nm. This makes microscopy an inappro-

priate method for quantitatively sizing and quantifying nanodroplets with expected

diameters around this size or smaller. It can, however, confirm the presence of particles

too large for NTA to detect. NTA and light microscopy were, therefore, used together

when optimising nanodroplet size. As nanodroplets above 1 µm in size were consid-

ered too large for nanodroplets with the end objective of in vivo use, the presence of

any larger particles visible was considered relevant.

3.4.3 | Sonicator Characterisation

The sonicator was calibrated using calorimetry in water. This was to enable compar-

isons between labs. The calorimetric power was found to increase with tip displace-

ment amplitude. The amplitude was plotted against the square root of the calorimetric
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power as this is the relationship expected for a piston-like emitter (Kinsler et al., 1982).

This resulted in an R2 value of 0.9818, strongly indicating that this model is likely.

In order to simulate the calorimetric power during the actual sonication process,

the temperature rise in a 1.5 mL Eppendorf was modelled with 0.8 mL of liquid. A sig-

nificant increase in the temperature rise was observed between lipids only and lipids

with 4.76% PFP (P=0.0103). This suggests an increase in the calorimetric power out-

put of the sonicator into the solution when the PFP is added. The main differences be-

tween the samples will be the sample mass, the specific heat capacity and the viscosity.

Equation 3.1 predicts that a change in mass should, in fact, lead to a reduction in the

temperature change, and so will not be the cause of the difference.

P = mc
∆T

t
(3.1)

The rule of mixtures states that the specific heat capacity of a mixture is equal to

the sum of the specific heat capacities of the individual components multiplied by

their mass fraction. However, the mass fractions of the lipids and the PFP are so small

that the specific heat capacity can be assumed to still be approximately that of water.

This leaves the change in viscosity. Pal et al. modelled the viscosity of emulsions of

two immiscible fluids, giving equation 3.2.

ηr

(
2ηr + 5K
2 + 5K

) 3
2

=

(
1 − ϕ

ϕm

)−2.5ϕm

(3.2)

Where ηr is the viscosity of the emulsion relative to the continuous solution viscos-

ity, K is the ratio of the viscosities of the disperse and continuous phases, respectively,

ϕ is the volume fraction of the dispersed phase and ϕm is the maximum packing vol-

ume fraction of the particles. Equation 3.2 has been visualised in Figure 3.21 where it

can be seen that the existence of an emulsion always results in the increase in viscosity,

despite PFP having a lower viscosity than water.
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Figure 3.21: Visualisation of equation 3.2 plotted with K=0.47 and ϕm=0.637 (this value
corresponds to the random close packing of hard spheres) for the range of volume
fractions investigated in this chapter.

The sonicator tip displacement amplitude is controlled. This means more work

must be done in more viscous solutions to obtain the same amplitude. This results in a

larger power output for the same amplitude setting that could explain the larger tem-

perature rise observed in the lipid and 4.76% PFP solutions.

3.4.4 | Temperature and PFP Concentration Have a Significant Ef-
fect on Nanodroplet Size

Given the innate variability of the sonication process, it is important to control as many

variables of the process as possible to improve reproducibility. The solution contents

and container are already constrained by the nanodroplets’ desired properties and

desired volume. Temperature was considered the next restricting factor due to the

aqueous lipid dispersion freezing just below 0oC and the PFP not encapsulated by the

phospholipid (free PFP) boiling at 29oC (Johnstone, 2007). This leads to a very small

temperature window where the sonication can occur. Figure 3.7 demonstrates that

a greater temperature after sonication leads to a smaller nanodroplet diameter. This

could be due to the vaporisation of larger droplets (Sheeran et al., 2017), or it could
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be a contribution from the lipid micelles being formed due to the vaporisation of the

PFP, leading to less availability of the PFP for nanodroplets. Gao et al. proposed that

there are critical PFP to lipid ratios above which nanodroplets can form, leading to a

bimodal zone where both lipid micelles and nanodroplets may be formed. Above an-

other critical ratio, exclusively nanodroplets are formed (Gao et al., 2008). If enough

PFP vaporises due to the temperature rise during the sonication process, the contribu-

tion to the size distribution from smaller lipid particles not containing PFP will result

in a smaller average size. However, this may not be due to the micellar contribution as

seen in Figure 3.22. Figure 3.8A demonstrates that average nanodroplet diameter con-

tinues to increase with increasing PFP concentration. This is supported by Gao et al.

and Ferri et al., who both found that increasing PFP concentration led to an increase in

nanodroplet diameter even above the theorised critical ratio where nanodroplets only

are created (Ferri et al., 2021; Gao et al., 2008). Smaller nanodroplets lead to a greater

total surface area of all the nanodroplets combined. The greater the surface area, the

greater the lipid requirement. Above this critical ratio, where nanodroplets only are

formed, the lipid availability is the limiting factor, and so the total surface area of all

the droplets combined cannot increase. As a result, the diameter of the nanodroplets

must increase and the number decrease. Despite a rise in temperature leading to a de-

sired reduction in particle size, it is preferable not to get close to the boiling point as

vaporising the PFP leads to an unknown amount of PFP in the system, reducing repro-

ducibility. Additionally, it could lead to the formation of microbubbles. In Figure 3.6A,

the foaming that occurs in the case of excessive heating can be seen. This reinforces the

idea of vaporisation occurring as it demonstrates that gas is being introduced to the

solution.

81



Chapter 3. Optimisation of Nanodroplet Formulation 3.4. Discussion

Figure 3.22: Theoretical diagram illustrating the effect of lipid-PFP ratios on the pro-
duction of nanodroplets and lipid-only structures. A critical ratio is required for the
lipid-only structures not to have a significant contribution to the NTA size distribution
consistent with findings from Gao et al (Gao et al., 2008).

In order to avoid this excessive foaming, different cooling methods were investi-

gated using the sonicator setup described in section 2.2. In Figure 3.6B, an ice-saline

and ice-water bath were compared as a method of cooling the nanodroplet solution. It

was hypothesised that the ice-saline bath would be more effective at keeping the solu-

tion cooler as it has both a higher specific heat capacity and high thermal conductivity.

This was found to be the case as the ice-saline bath not only kept the solution cooler,

but it reached an equilibrium temperature sooner. However, despite its effectiveness

in cooling the solution during sonication, the ice-saline bath was not a viable method

for cooling the solution as it would occasionally freeze the solution before sonication

could take place. The ice-water bath did not have this problem, but the temperature

tended to approach the boiling point of PFP. It is possible that this could be avoided

by using longer pulse times. The results in Figure 3.6C support the hypothesis that

longer gaps between the pulses results in a reduced solution temperature due to the

solution being allowed to cool more between pulses. Eventually, a pulse time of 2 s

on and 15 s off was chosen to ensure the temperature was kept well below the boiling

point of PFP, no matter what amplitude was chosen (Figure 3.6D).
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3.4.5 | PFP Concentration Affects Nanodroplet Characteristics

The previous section briefly discussed that increasing PFP concentration leads to in-

creased nanodroplet diameter as seen in Figure 3.8A. A positive correlation with an

R2 value of 0.851 was found, consistent with previous results by Ferri et al. (Ferri et al.,

2021). The relationship does not appear to be perfectly linear, with a possible change

in behaviour occurring at a PFP concentration of 4.76% v/v. Samples measured below

this concentration of PFP were found to not be significantly different from the no PFP

control. The no PFP control contains lipids dispersed in PBS only. As a result, the par-

ticles observed in this control are likely to be lipid micelles. These lipid-only structures

are indistinguishable from nanodroplets when using NTA as the technique is limited

to size and concentration characterisation, except that nanodroplets are expected to

be larger as they have a PFP core. As such, PFP concentrations below 4.67% v/v PFP

were rejected as it was not possible to confirm the presence of nanodroplets. Of the

remaining PFP concentrations, 9.09% v/v PFP appeared to yield the smallest nan-

odroplets when measured by NTA in Figure 3.8A. However, when observed under a

light microscope, this result was not reflected, with more larger, spherical objects ob-

served under the microscope at 9.09% v/v PFP than at 4.67% v/v. The introduction of

these larger particles that are undetected by the NTA may also account for the lower

nanodroplet concentrations detected at larger PFP concentrations in Figure 3.8C.

3.4.6 | Sonicator Tip Height Affects the Strength of the Relation-
ship Between PFP Concentration and Nanodroplet Size

Due to the amount of PFP in the system affecting the location of the lipid-PFP bound-

ary, the PFP concentration will affect the distance between the sonicator tip and the

boundary. As a result, the two variables were investigated together. A two-way

ANOVA was performed with Tukey’s multiple comparison post-test were performed

on the median size. Both the row and column factors were very significant, with a

P-value of less than 0.0001. This suggests that the tip height and the PFP concentration

both have an impact on the resulting nanodroplet size. However, when analysing

the tip-height to median nanodroplet diameter correlation, only the correlation for

1.25% PFP was found to be significant (see Tables S2 in the supplementary Material).

Interestingly, for the correlation between PFP concentration and median nanodroplet

83



Chapter 3. Optimisation of Nanodroplet Formulation 3.4. Discussion

diameter, the R2 values increased with tip height, and associated P-values decreased

(Figure 3.9F). This may suggest the solution of lipid micelles above the sonicator tip

is not being treated, and the contribution from the lipid micelles is contributing to a

non-linear relationship.

In the setup used in these experiments, the depth of the liquid being sonicated is

20 mm. Additionally, the sonication takes place in an Eppendorf. There is a distinct

lack of literature for this geometry and depth. A report by the US National Institute of

Standards and Technology recommends an immersion depth of 2-5 cm and not placing

the probe any closer than 1 cm from the bottom of the container (Taurozzi et al., 2012).

However, these conditions cannot be satisfied in the Eppendorf system, which is used

to avoid wastage as a result of larger volumes. Note that approximately 300 µL is used

for an experiment consisting of an entire 96-well plate.

Table 3.1: Approximate heights of the PFP-lipid boundary at the beginning of the
sonication for each PFP concentration investigated in the tip height against PFP con-
centration experiment.

PFP concentration ratio/% Approximate height of PFP-lipid
boundary/mm

0 0
1.25 1
2.5 2
5 4
10 6
20 10

It was hypothesised that the location of the lipid-PFP boundary may affect the size

of the nanodroplets. Table 3.1 gives the approximate heights of the PFP-lipid bound-

ary for each PFP concentration to the nearest millimetre. Given these values, a closer

proximity to the boundary, generally seems to result in larger droplets, with the only

exception being at 2.5% PFP where the nanodroplets were smallest at 2 mm height.
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3.4.7 | Total Sonication Time Does Not Effect Nanodroplet Size
and Concentration

There was no clear trend in the nanodroplet diameter with respect to total sonication

time. The results were, however, consistent with Ferri et al., which investigated nan-

odroplets made with 20, 40 and 60 s total sonication times (Ferri et al., 2021). Ferri et

al. found that there was a decrease in size between 40 and 60 s which is consistent with

the size decrease between 45 and 60 s. Other literature looking at the formation of na-

noemulsions such as perfluorodecalin droplets stabilised using Tween 80 (Syed et al.,

2021) also found that there was little relationship between nanodroplet size and soni-

cation time, albeit on a much larger time scale.

3.4.8 | Sonication Amplitude Does Affect Nanodroplet Production
Sonicator amplitude and sonication time are both factors that will affect the total en-

ergy going into the solution. Changing the sonication time does this by changing the

duration over which work is done. The sonicator amplitude changes the intensity of

the work done. This appears to have a much more significant effect as nanodroplets

made with sonication amplitudes of 20% and 40% failed to mix. This was seen both

quantitatively in Figure 3.11, where the median diameter measured by the NTA was

not significantly different from the no PFP control, but also qualitatively in Figure 3.12

where the PFP phase can still clearly be seen at the bottom of the tube, and the solu-

tion is still transparent. In these images, it can also be seen that 100% amplitude led to

excessive foaming, and so should be avoided.

Interestingly, particle concentration appears to increase with amplitude. This is

true even for amplitudes of 60-100%. Given that the average particle size does not re-

ally change in this range and that the chemical composition of the sample to be soni-

cated also remains constant, an increase in concentration may be due to contaminants

such as air microbubbles.
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3.4.9 | Selection of Optimised Sonication Parameters
The appropriate settings were decided using the following criteria in order:

1. The PFP concentration must result in a significant difference from the control at

all tip heights;

2. The PFP and lipid solution must have no visible phase separation post-

sonication;

3. The microscope images must not contain any particles larger than 1µm as these

will not be measured by the NTA;

4. Of the filtered data set, the parameters resulting in the smallest nanodroplet di-

ameter should be selected.

Exclusion criteria 1 resulted in a PFP concentration of 5% or above being selected.

Criteria 2 removed 20% PFP concentration with 2 mm tip height from consideration.

Microscope images demonstrated that it was possible for larger particles to remain un-

detected using NTA (Figure 3.8). It was deemed that any particle larger than 1µm was

already too large and so any parameters resulting in samples with microscope images

displaying any particles larger than 1µm were excluded according to criteria 3. The

remaining filtered data set was assessed according to criteria 4 (the complete set of me-

dian nanodroplet diameters can be found in Figure S5 of the Supplementary). As a re-

sult, the 5% PFP concentration and 12 mm tip height were considered the best settings

for the nanodroplet formulation.

Exclusion criteria 1 and 2 were set to ensure confidence that the nanodroplets are

actually present and that the solution is not just lipid micelles and vesicles. Criteria

3 and 4 were applied to minimise possible side effects within the body and improve

stability and potential ultrasound properties when using acoustic droplet vaporisation.

3.4.10 | Storage Temperature Affects Nanodroplet Stability
Nanodroplet stability is an inherent challenge for nanodroplets designed to be

acoustically active. The nanodroplets rely on ultrasound stimulation to induce

pressure changes that lead to microbubble formation. Unfortunately, there exists an
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interdependency between pressure and temperature sensitivity. Yuan et al. compared

nanodroplets with a perfluoropentane or perfluorohexane core and found significant

fluctuations in the perfluoropentane droplet size over time when stored at 37o where

perfluorohexane remained stable. Conversely, they found that perfluorohexane nan-

odroplets were more resistant to undergoing phase change with an external stimulus

(laser stimulated) (Yuan et al., 2019). It can be seen in Figure 3.13 that the concentration

of nanodroplets stored at 37oC was significantly less than that of the nanodroplets

stored at 4oC and room temperature. Moreover, all three distributions saw a decrease

in distribution smoothness, indicating substantial alterations to nanodroplet charac-

teristics. This is not consistent with work by Bérard et al. where surfactant stabilised

perfluorooctyl bromide nanodroplets’ size increased more significantly at 37oC

compared to 4oC. However, these will not be directly comparable as perfluorooctyl

bromide has a significantly higher boiling point of 142oC. Increased instability at

37oC, however, may not necessarily be an undesirable factor as it allows for increased

sensitivity to ultrasound. In subsequent cell culture experiments, nanodroplets were

made fresh prior to any media changes.

3.4.11 | Filtration and Centrifugation

Post-production processes were developed to remove any larger nanodroplets that

may cause problems if injected. The centrifugation technique did not seem to have

much impact on the nanodroplets’ size. This may be because the settings that were

used were not fast enough to separate any of the nanodroplets small enough to be de-

tected by the NTA. Using Stokes’ Law, it was found that the minimum particle size

expected to separate into the pellet at 500 x g for 5 minutes was approximately 630 nm.

There is very little agreement in the literature about centrifuging techniques with val-

ues including 10000 x g for 5 minutes, 1600 x g for 10 minutes and 200 x g for 5 min-

utes (Ferri et al., 2021; Lea-Banks et al., 2019; Xiang et al., 2019). This diversity of opin-

ion in the literature is likely due to many reasons. One is the difference in production

methods used, which may result in different objectives in the centrifugation process.

For example, those using the sonication process may be attempting to remove larger

nanodroplets or attempting to remove the lipid micelles produced in the process. For

those using the condensation process, however, the aim is likely to remove the mi-

crobubbles that have not condensed into nanodroplets. Many papers simply refer to
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this as a “wash” process without expanding on exactly what is being removed, and

so it is difficult to ascertain which process is most suitable (Xiang et al., 2019). Addi-

tionally, there is some hesitance about using too fast or too long a centrifugation pro-

cess due to their metastable nature, making it relatively easy for them to be destroyed

(Sheeran et al., 2017). For this reason, centrifugation may not be the most appropriate

method for separating out the larger nanodroplets. Filtering the nanodroplets is an-

other possible method for removing any larger, unwanted nanodroplets. Two possible

filters were used: a 0.45 µm pore filter and a 0.2 µm pore filter. The results showed that

both filters were effective in reducing the average size of the distribution, however,

surprisingly there was no significant difference observed between the two filters. This

suggests that the larger droplets are mostly larger than 0.45 µm, suggesting a distinct

larger group that is being formed along with the nanodroplets. Given this similarity

between the 0.2 µm and 0.45 µm filters, the 0.45 µm filter is preferable as the pressure

difference across the filter membrane is likely to be less and, therefore, less destructive

to the nanodroplets.

3.4.12 | Gas Loading and Stability
Despite extensive research into nanodroplets for oxygen delivery for tumour and

blood substitutes (Castro, Briceno, 2010; Krafft, Riess, 2021; Rapoport, 2016) there is

a distinct lack of work into the effect of gas-loading on the nanodroplet stability. Gas

loading did not seem to affect nanodroplet characteristics as measured using NTA in

Figure 3.16 or have much of an effect on the particle distribution seen in Figure 3.17

and the associated change in median diameters and concentrations seen in Figure 3.18.

This implies that gas loading does not affect the stability of the particles immediately

after loading or 24 hours later.

3.4.13 | Perfluorocarbon Oxygen Release
Direct measurement of oxygen concentration in perfluoropentane or nanodroplets was

not possible due to interactions with the oxygen sensor. However, measurements of

the oxygen release from perfluoropentane to water was possible due to the phase sep-

aration between the two. It was found that the oxygen concentration in the water de-

creased with the addition of 1 mL of air-saturated PFP. It is important to note, how-

ever, that due to the significantly higher solubility of oxygen in PFP, the total oxygen
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in the system will have significantly increased (Jägers et al., 2020). Upon the addition

of oxygen-saturated PFP, the concentration of oxygen in the water steadily increased

over a 2 hour period. As a nanodroplet, the surface area of the perfluorocarbon will

be significantly increased, resulting in much faster oxygen release when moving from

areas of high to low oxygen tension.

3.5 | Conclusion
In summary, precise control over the nanodroplet formulation process is necessary

for reproducible nanodroplet production. Good control over the process may also al-

low for more precision over nanodroplet size which will affect characteristics such as

acoustic vaporisation threshold or the ability to remain undetected by the immune sys-

tem. The concentration of PFP was found to have the most significant effect on nan-

odroplet size with tip-height affecting the strength of that correlation. To the author’s

knowledge this is the first attempt to control and specify the immersion depth of the

tip in nanodroplet production. Nanodroplet concentration was also affected by certain

parameters with increasing PFP concentration leading to a decrease in nanodroplet

concentration and increasing sonication amplitude leading to a decrease. Gas-loading

did not have a significant effect on stability, but storage temperature did, with indi-

cations of increased instability at 37oC. However, this may be a positive outcome as it

suggests the nanodroplets are more sensitive to ultrasound in vivo.

89





4

Nanodroplet Interaction with
Osteoblastic Cells

4.1 | Introduction
Osteoblasts are bone-forming cells; their function and differentiation is discussed in

depth in section 1.3.1.1. Breifly, their main function is laying down new bone material

in the form of organic bone matrix like collagen, as well as inorganic components such

as calcium phosphate in the form of hydroxyapatite. Moreover, they are implicated in

the secretion of cytokines to regulate bone homeostasis (Mizoguchi, Ono, 2021). Os-

teoblasts are of mesenchymal lineage; whereby mesenchymal stromal cells can be iso-

lated from the bone marrow. Osteoblasts have three probable cell fates: remaining qui-

escent on the bone surface, getting trapped within the bone matrix and becoming os-

teocytes or apoptotic (Franz-Odendaal et al., 2006). Given the necessity for osteoblastic

activity in bone formation, understanding how nanodroplets interact with cells of os-

teoblastic lineage is key to investigating their potential use in bone repair.

Nanodroplets are generally considered biocompatible. The constituent parts of the

formulation used in this research are PFP, PEG(40)s and DSPC. PFP is inert and so it

is not expected to have any negative effects on the body (Riess, 2005). PEG(40)s and

DSPC have been used in previously approved medicines, more recently the Covid-

19 vaccines (Borgsteede et al., 2021). Previous clinical trials of perfluorocarbon nan-

odroplets of different chemical composition have been performed, but none currently

have FDA approval due to financial and storage complications (Castro, Briceno, 2010).
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There is a plethora of literature researching the cytotoxity of nanodroplets in tumour

delivery systems. There is, however, a lack of literature specific to bone cells. PEG is

a non-toxic, non-immunogenic, FDA approved polymer. As such, it has been investi-

gated to improve the stability and biocompatibility of materials intended for use inter-

nally. Previous studies on microbubbles performed by Upadhyay et al. found that im-

munogenicity was significantly reduced in PEGylated BSA nanodroplets as opposed

to non-PEGylated BSA nanodroplets (Upadhyay et al., 2017). This suggests that PEG

significantly contributes to a more bioinert structure.

The overarching aim of the work presented in this chapter was to investigate

whether nanodroplets are capable of promoting osteoblastic activity to aid with bone

repair or at the very least are not detrimental to osteogenic activity in cells of an

osteoblastic lineage.

This chapter was, therefore, composed with the following aims in mind:

■ To establish a suitable range of concentrations of nanodroplets for investigating

nanodroplet-osteoblast interactions;

■ To elucidate the effect of nanodroplets on osteoblastic cell viability;

■ To establish the impact of both gas-loaded and non-loaded nanodroplets on hy-

poxic markers within osteoblastic cells;

■ To evaluate the effect of nanodroplets on both early and late-stage osteogenic

markers;

■ To explore if there is a strong physical association between nanodroplets and

BMSCs.
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4.2 | Methodology
The research in this chapter focused on the effect of nanodroplets on cells of an os-

teoblastic lineage in both normoxia and hypoxia. Details of media composition, in-

cluding osteogenic and basal media, can be found in section 2.8.1. Cell culturing tech-

niques between experiments are detailed in section 2.8.4. Following the results of the

previous chapter, nanodroplets used in cell culture experiments were produced us-

ing 40 µL of PFP in 800 µL of lipid suspension with a 90s pulsed (2s on 15s off) soni-

cation at 60% amplitude with the sonicator placed 12 mm from the bottom of the 1.5

mL Eppendorf tube. The effect of these nanodroplets and their constituent parts on

the metabolic activity of the osteoblastic cells was investigated in vitro in both nor-

moxia and 2% hypoxia using the Alamar blue assay detailed in section 2.9.1. To ver-

ify whether the effects observed using Alamar blue were due to a change in individ-

ual cell metabolic activity or the number of cells, the proliferation of the osteoblastic

cells was also quantified using picogreen and 4’,6-diamidino-2-phenylindole (DAPI)

staining as detailed in sections 2.9.2.2 and 2.9.2.1, respectively. After establishing that

the nanodroplets were not cytotoxic, the effect of the nanodroplet on BMSC activity

and differentiation was investigated using an ALP enzymatic assay at day 14 (section

2.12.1) and Alizarin red staining at day 21 of culture (section 2.12.2). To verify whether

the nanodroplets are altering hypoxic cell signally, a western blot was performed (sec-

tion 2.10) to determine HIF-1α expression. The results of this were validated using a

VEGF ELISA as detailed in section 2.11. Finally, any cell-nanodroplet interactions were

visualised using confocal fluorescence microscopy (section 2.15).
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4.3 | Results

4.3.1 | Effect of Varying Nanodroplet Concentration on Metabolism
in MC3T3E1s

Before any in vitro experiments could be performed, a suitable range of nanodroplet

concentrations to be investigated needed to be established. To establish a suitable

range, the effect of a large range of nanodroplet concentrations on cell metabolism

was measured using an Alamar Blue assay. For initial experiments, MC3T3E1 cells

(a pre-osteoblastic murine cell line) were used for their osteoblast like properties and

their ease of use. A biphasic response was observed with an increasing trend between

10−5 and 10−3 % v/v and a decreasing trend between 10−2 and 100 % v/v. There were

significant increases from the 0% nanodroplet control at 10−4 - 10−2 % v/v (Figure 4.1,

P=0.0003, 0.0003 and 0.0062 respectively). Three nanodroplet concentration values,

namely 0.01, 0.1 and 1 % v/v, were selected for further experimentation.

Figure 4.1: Nanodroplets had a biphasic effect on MC3T3E1 metabolic activity.
Metabolic activity of MC3T3E1 as measured using Alamar Blue fluorescence fol-
lowing 24-hour exposure to PFP nanodroplets. The fluorescence relative to the no
treatment control for (A) nanodroplet concentration up to 1 % v/v seeded with 5000
cells per well. (n=6) (B) shows the relative fluorescence for an increasing number of
cells per well (R2 = 0.9964). The control group without nanodroplets is represented by
the dashed line in both graphs. Error bars represent the standard deviation.
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4.3.2 | Metabolism of Different Osteoblastic Cells Treated with
Nanodroplets

To determine whether the increase in metabolism observed in Figure 4.1 was specific

to MC3T3E1s, the metabolism was investigated using an Alamar Blue assay in three

different cell types: MC3T3E1 (a murine preosteoblastic cell line), Saos-2 (a human os-

teosarcoma cell line) and BMSC (primary human bone marrow stromal cells from con-

senting patients undergoing hip replacement surgery). It was found that nanodroplet

treatment had no significant effect on cell metabolism in Saos-2s and BMSCs; how-

ever, one nanodroplet concentration, 0.01%, significantly increased the metabolism in

MC3T3E1s only (Figure 4.2).

Figure 4.2: Nanodroplets only affect osteoblastic cell metabolism in MC3T3E1 cells;
Saos-2 and BMSC metabolic activity was unaffected by nanodroplet treatment. Cell
metabolism following a 24 hour nanodroplet exposure as measured using Alamar Blue
in (A) a murine preosteoblastic cell line (MC3T3E1), (B) a human osteosarcoma cell
line (Saos-2) and (C) primary human bone marrow stromal cells (BMSC) all with n=6.
The 0% nanodroplet control is represented by the dashed line. Error bars represent the
standard deviation.

The amount of cell metabolism measured could be a result of changes in cell num-

ber or in individual cell metabolism. To provide a more comprehensive understanding

of the effect of nanodroplets on cell viability, the effect of nanodroplets on cell prolif-

eration was measured by quantifying DNA concentration in BMSC measured using a

Picogreen assay. In the samples where the higher concentrations were tested (0.1 and

1 % v/v) significantly higher DNA concentrations were observed (Figure 4.3).

95



Chapter 4. Nanodroplet Interaction with Osteoblastic Cells 4.3. Results

Figure 4.3: DNA concentrations in osteogenic and basal conditions increased with
nanodroplet exposure. DNA concentration as measured using Picogreen fluorescence
in human bone marrow stromal cells (BMSC) grown in (A) osteogenic and (B) basal
media (n=3). (C) A DNA standard curve of Picogreen (R2 = 0.9954). Dashed line repre-
sents the no treatment control. Error bars represent the standard deviation.

A more direct approach was then taken to quantify cell proliferation. Growth

curves for MC3T3E1s and Saos-2s were obtained by counting the nuclei in images

obtained from fixed cells at 24 hour intervals for 96 hours. To determine the effect of

nanodroplets on cell proliferation, the rate of increase of the number of nuclei was con-

sidered. This was not possible in BMSCs as they proliferate much more slowly and so

obtaining a suitable growth curve was difficult. In MC3T3E1s, 0.1% v/v nanodroplets

were found to increase proliferation (P<0.0001 at 96 hours), while 1% v/v had the

opposite effect (P<0.0001 at 96 hours; Figure 4.4A). In Saos-2s no significant differences

were observed (Figure 4.4B).
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Figure 4.4: Nanodroplet treatment had a dose-dependent effect on MC3T3E1 prolifer-
ation but no effect on Saos-2 proliferation. The number of nuclei counted using DAPI
staining of the nuclei in (A) MC3T3E1 cell line (n=9) and (B) Saos-2 cell line (n=4). Er-
ror bars represent the standard deviation.

To determine whether any effects were due to the nanodroplets or their individual

constituents, an Alamar Blue assay was performed (Figure 4.5). There was no signifi-

cant difference between the 0% nanodroplet control and any of the test groups.

Figure 4.5: osteoblastic cell metabolism was not affected by nanodroplet treatment or
their constituents. Cell metabolism as measured using Alamar Blue in (A) MC3T3E1
cell line, (B) Saos-2 cell line and (C) primary BMSC treated with nanodroplets, lipid
and the lipid constituents all at 0.1% v/v concentration (n=6 for all cell types). Dashed
lines represent the no treatment control. Error bars represent the standard deviation.
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4.3.3 | Viability of Osteoblastic Cells in Hypoxia
To test the hypothesis that hypoxia negatively impacts viability in cells of an osteoblas-

tic lineage, the viability of BMSC cultured in both osteogenic and basal media (to

represent more differentiated and undifferentiated cells, respectively) was measured

when grown in both normoxic and hypoxic conditions for 14 days. This was done by

assessing the DNA concentration using a Picogreen assay (Figure 4.6). Hypoxia caused

a significant decrease in DNA concentration on osteogenic BMSCs but had no effect on

basal BMSCs (n=5).

Figure 4.6: Hypoxia decreased BMSC DNA concentration in the presence of osteogenic
supplements but not without. DNA concentration as measured using Picogreen (day
14) in BMSC grown in (A) osteogenic media and (B) basal media grown in normoxia
and hypoxia for the duration of the experiment (n=5). ***p<0.001

To determine whether nanodroplets could relieve the effects induced by hypoxia

observed in Figure 4.6, the experiments were repeated with nanodroplet treatment

concurrent with hypoxic exposure. A nanodroplet concentration of 0.01% v/v was

found not to have any significant effects on BMSC DNA concentration (Figure 4.7A,B).

A greater nanodroplet concentration of 0.1% v/v was found to significantly increase

DNA concentration in both osteogenic and basal media. The highest nanodroplet con-

centration tested (1% v/v) was found to decrease DNA concentration in osteogenic

media only.
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Figure 4.7: Nanodroplets had a dose-dependent effect on BMSC DNA concentration in
hypoxia. DNA concentration as measured using Picogreen in hypoxic BMSCs grown
in (A) osteogenic media and (B) basal media (n=5). **p<0.01, ***p<0.001. The dashed
line represents the no treatment control and error bars represent the standard devia-
tion.

To verify that short term hypoxic exposure affects metabolism in early stage

BMSCs, an Alamar Blue assay was also performed on BMSCs grown in basal media

to measure metabolism (Figure 4.8A) following 24 hours of hypoxic exposure. The

metabolism significantly increased with hypoxic exposure. Nanodroplets were added

to investigate whether they were capable of reversing this hypoxia-induce effect.

Metabolism was not significantly affected in any treatment group although it is noted

that there is a slight downward trend (Figure 4.8).
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Figure 4.8: Cell metabolism increased in the presence of hypoxia which was unaffected
by nanodroplet treatment. Cell metabolism measured using Alamar Blue for BMSCs
cultured in (A) normoxia and hypoxia (day 3) and (B) in normoxia with different nan-
odroplet concentrations (N=3, n=6). Error bars represent the standard deviation and
the dashed line represents the no treatment control.

To establish whether loading the nanodroplets with gas (specifically oxygen and

nitrogen) affected the BMSC metabolism, an Alamar Blue assay was performed on

BMSCs grown in basal media under normoxic and hypoxic conditions. There was no

significant difference from the no nanodroplet control in both normoxia (Figure 4.9A)

and hypoxia (Figure 4.9B).
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Figure 4.9: Gas-loaded nanodroplets have no significant effect on BMSC metabolism.
Cell metabolism in primary human bone marrow stromal cells (BMSC) treated with
nanodroplets loaded with air, oxygen and nitrogen as measured using Alamar Blue
fluorescence (N=3, n=6). The 0% nanodroplet control is represented by the dashed line.
Error bars represent the standard deviation.

4.3.4 | HIF-1α and VEGF Expression in Nanodroplet Treated Hy-
poxic Cells

HIF-1α degrades in the presence of oxygen. As such, a decrease in HIF-1α expression is

indicative of an increase in oxygen tension. To test the hypothesis that nanodroplets

are capable of relieving hypoxic stress, HIF-1α concentration was measured using

western blotting. Figure 4.10A demonstrates a representative image of a western blot

with a clear band at the DMOG positive control as well as a clear increase in HIF-1α

expression in hypoxia compared to normoxia. This was quantified using densiometry

in Figure 4.10C, demonstrating a decrease in HIF-1α concentration in hypoxia follow-

ing nanodroplet treatment. These results were compared with VEGF expression mea-

sured using an ELISA. VEGF is further downstream to HIF-1α and so is less sensitive

to hypoxia as there are more factors affecting its expression. The results of the VEGF

enzyme-linked immunosorbent assay (ELISA) can be seen in Figure 4.10D. The ELISA

measured no significant differences between the experimental groups with the excep-

tion of DMOG which was significantly higher than all other groups (P<0.0001 in all

cases). Cells treated with gas-loaded nanodroplets were also investigated for HIF-1α

expression (Figure 4.10B). HIF-1α expression was only found to decrease in the pres-

ence on air-saturated nanodroplets and no significant change in HIF-1α concentration

was observed with oxygen and nitrogen-loaded nanodroplets.
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Figure 4.10: Air-saturated nanodroplets decrease HIF-1α expression in Saos-2s cul-
tured in hypoxia. HIF-1α expression in Saos-2 cells as measured using western blot-
ting. (A) gives a representative image of the blot with the HIF-1α band at 120 kDa and
the housekeeping protein β-actin band at 42 kDa. (B) shows the HIF-1α expression in
hypoxia quantified using densiometry with the no treatment hypoxic control repre-
sented by the dashed line. The individual groups for the air-loaded nanodroplets have
been quantified using densiometry in (C) and supernatant from the same samples was
collected and a VEGF ELISA performed (D) (N=3).Error bars represent the standard
deviation, *p<0.05. 102



Chapter 4. Nanodroplet Interaction with Osteoblastic Cells 4.3. Results

4.3.5 | Mineralisation in Bone Marrow Stromal Cells Treated with
Nanodroplets

Alizarin red staining can be used to visualise calcification. It indicates that fully dif-

ferentiated osteoblasts are actively producing mineralised matrix. To test the hypothe-

sis that nanodroplets stimulate osteoblast activity, BMSCs were cultured with various

concentrations of nanodroplets (0, 0.01, 0.1 and 1% v/v) or a lipid control for 21 days

in both osteogenic and basal media under both normoxic and hypoxic conditions and

stained with Alizarin red. Representative images of the resulting stain can be seen in

Figure 4.11. Visually, it is very clear that 0.1% v/v nanodroplet treatment caused an

increase in bone cell mineralisation in the presence of osteogenic supplements (Figure

4.11). This was especially the case in normoxia.

Figure 4.11: Nanodroplets cause a visible increase in mineralisation when stained us-
ing Alizarin red. Alizarin red staining representative images under a 10x objective in
BMSC (Male, 77) following 21 days of culture with nanodroplets exposure and nor-
moxic or hypoxic conditions throughout. Nanodroplets in 1% nanodroplets remained
attached to the surface, obscuring the image and so were not quantified.

This was repeated in five separate patients to account for any patient-to-patient

variation (F75, M77, M78, F77 and F56). The normoxic osteogenic and basal no
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treatment controls can be regarded as positive and negative controls, respectively. To

ensure that the Alizarin red stain had worked as expected, the intensity of the stain

in these control groups was quantified using CellProfiler (Carpenter et al., 2006).

Two patients (M78, F77) did not have significant differences between osteogenic and

basal groups (represented by the red lines in Figure 4.12) and so were rejected for any

further analysis. (F75: P<0.0001, M77: P=0.0071, M78: P=0.1741, F77: P=0.0536, F56:

P=0.0035)

Figure 4.12: There was not a consistent increase in calcium deposition in the pres-
ence of osteogenic supplements. Results where these controls were not significantly
different were rejected as anomalous. Alizarin red stain intensity in cells cultured in
normoxia with both osteogenic and basal media with BMSCs isolated from five sepa-
rate patients. Patients displayed in red showed non-significant differences between the
positive and negative control and so were rejected from further comparisons. (N=5,
n=4), **p<0.01, ****p<0.0001.
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To investigate the effect that hypoxia has on the calcification of BMSCs, Alizarin

red staining intensity was quantified in BMSCs grown in both osteogenic and basal

media for 21 days in normoxia or hypoxia. There were no significant differences be-

tween normoxia and hypoxia in either case (Osteogenic: P= 0.9943, Basal: P=0.1205).

Still, the basal group did consistently result in an increase in calcification in hypoxia

compared to normoxia (Figure 4.13).

Figure 4.13: Calcium deposition was not significantly affected by hypoxia. Alizarin red
staining intensity in BMSC for three patients cultured in normoxia or hypoxia for the
duration of the 21 day culture. (N=3, n=4).

There was a very significant patient-to-patient variation in Alizarin red staining

intensity and so patients have been plotted separately. To establish whether nan-

odroplets affect the osteoblastic activity, the staining intensity in the 0.1% nanodroplet

treatment groups was quantified and compared with the values from the no treatment

control as well as the 0.1% lipid group, to ensure any effect is from the nanodroplets

and not from the lipid shell. 0.1% v/v nanodroplet treatment was found to signifi-

cantly increase Alizarin red intensity in BMSCs grown in osteogenic media in two

patients and an increase can be seen in the third (Figures 4.14A-C). Lipid treatment

of the same concentration was also found to increase alizarin red staining intensity
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significantly in the same two patients but to a lesser extent than the nanodroplet

treatment. The same trend was observed in a third patient, although not statistically

significant. A similar trend was also observed in BMSCs grown in basal media but to a

much less significant extent (Figures 4.14D-F).

Figure 4.14: BMSC mineralisation is significantly increased by nanodroplet treat-
ment. Alizarin red staining intensity quantified using CellProfiler in BMSC cultured
at confluence for 21 days in normoxia with (A-C) osteogenic media and (D-F) basal
media (N=3, n=4). Error bars represent the standard deviation, **p<0.01, ***p<0.001,
****p<0.0001.

To test the hypothesis that this increase in mineralisation occurs regardless of

oxygen tension, the same experiment was repeated in hypoxia. While the results are

mostly statistically non-significant, a similar although weaker trend to that seen in

normoxia was observed (Figure 4.15).
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Figure 4.15: Nanodroplet treatment increased BMSC mineralisation in hypoxia but
to a much lesser extent than in normoxia. Alizarin red staining intensity quantified
using cellProfiler in BMSC cultured at confluence for 21 days in hypoxia with (A-C)
osteogenic media and (D-F) basal media(N=3, n=4). Error bars represent the standard
deviation, *p<0.05.

To test for any non-cellular effects where nanodroplets may facilitate calcium de-

position through means other than stimulating osteoblasts, a 24 well plate was treated

to have a collagen coating and exposed to either nanodroplets in osteogenic media or

BMSC cell-conditioned ostegenic media (without any cells present) and then stained

using alizarin red after 21 days. Under microscope examination, it is clear that miner-

alisation did not occur under these conditions (Figure 4.16).
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Figure 4.16: There was no evidence of nanodroplets causing indirect mineralisation.
Alizarin red stained representative images under a 10x objective in collagen coated
plates stained treated with 0.1% v/v nanodroplets in either normal osteogenic media
(left) or cell conditioned media (right) for 14 days with the media changed every three
days. Scale bar: 50 µm

4.3.6 | Alkaline Phosphatase Expression in Bone Cells Treated
with Nanodroplets

Calcification is a late-stage marker for osteogenesis. Alkaline phosphatase (ALP) en-

zyme is indicative of immature osteoblast activity. In an enzymatic assay, a very sig-

nificant difference between BMSCs cultured for 14 days in osteogenic and basal media

without nanodroplet treatment was observed (Figure 4.17; P<0.0001, n=6).

Figure 4.17: ALP expression increased in the presence of osteogenic supplements. ALP
enzymatic activity in BMSC grown with osteogenic and basal media for the duration
of the 14 day culture (n=6). ****p<0.0001.

108



Chapter 4. Nanodroplet Interaction with Osteoblastic Cells 4.3. Results

ALP activity was more sensitive to hypoxia than calcification with significant

decreases in ALP activity observed in both osteogenic and basal media (Figure 4.18;

P<0.0001 and P= 0.3685 respectively).

Figure 4.18: ALP enzymatic activity decreases in the presence of hypoxia. ALP expres-
sion in BMSC grown in normoxia and hypoxia for the duration of the 14 day culture
with (A) osteogenic and (B) basal media (n=6). *p<0.05, ****p<0.0001.

In contrast to the findings observed with Alizarin red staining, treatment with nan-

odroplets and the lipid control appears to diminish ALP activity increasingly with

time (Figure 4.19A), with a significant decrease by day 14 (nanodroplets: P=0.0069,

lipids: P=0.0255). At day 14, 1% v/v nanodroplets significantly decreased ALP activ-

ity in all conditions compared to the no treatments control (Figure 4.19; normoxic os-

teogenic: P<0.0001, hypoxic osteogenic: P=0.0194, normoxic basal: P=0.0001, hypoxic

basal: P<0.0001). For the 0.01 and 0.1% v/v treatment groups, a significant decrease

was only observed in the normoxic osteogenic group (P=0.0005 and P=0.0002 respec-

tively).
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Figure 4.19: Nanodroplet treatment decreases ALP enzymatic activity in all culture
conditions. ALP expression at (A) 0, 4, 7 and 14 days in BMSC and (B) nanodroplet
treatment in normoxic and hypoxic conditions with and without osteogenic supple-
ments at day 14 (n=6). Error bars represent one standard deviation.

4.3.7 | Nanodroplet Bone Marrow Stromal Cell Association
To establish whether nanodroplets associate with BMSCs, confocal microscopy was

used to visualise potential interactions. Nanodroplets can be made fluorescent with

the addition of DiO to the lipid film. Although nanodroplets are below the resolution

of normal microscopy techniques; accumulation and agglomeration of fluorescent nan-

odroplets can still be observed. BMSCs were treated with 0.1% v/v fluorescent nan-

odroplets (green) before being fixed with PFA and the nuclei stained with DAPI and

the cell membrane stained with CellTracker deep red. Nanodroplets were observed to

accumulate into larger clumps but these, in general, did not seem to be associated with

the BMSCs (Figure 4.20).
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Figure 4.20: Nanodroplets do not strongly associate with BMSCs. Single, representa-
tive, maximum projection confocal image of BMSC stained with DAPI (blue; nuclei),
cell tracker deep red (red: cell membrane) and nanodroplets stained with DiO (green:
nanodroplets) following a 2 day nanodroplet exposure.
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4.4 | Discussion
This chapter aimed to establish how nanodroplets affect cytotoxicity, osteogenic activ-

ity and expression of oxygen sensitive proteins in cells of an osteoblastic lineage. The

overarching ambition of this work was to develop nanodroplets for aiding bone repair

through the delivery of oxygen. As osteoblasts play a role in new bone formation, it

is desirable for any potential therapeutic to be non-cytotoxic, to reduce hypoxic stress

and induce osteogenic activity. As such, the suitability of nanodroplets for such a pur-

pose was assessed on these criteria.

This was evaluated by experiments outlined in this chapter that demonstrated the

following key findings:

■ Nanodroplets increased MC3T3E1 metabolism and did not affect Saos-2 and

BMSC metabolism as measured using Alamar Blue;

■ Nanodroplets increased proliferation in BMSCs as measured by DNA concentra-

tion and had a dose dependent effect on MC3T3E1 proliferation;

■ Hypoxia decreased BMSC proliferation as measured by DNA concentration in

the presence of osteogenic supplements but not in basal conditions, while hy-

poxia increased metabolism;

■ Nanodroplets had a dose-dependent ability to relieve the hypoxia induced re-

duction in DNA concentration without significantly affecting metabolism;

■ Air-saturated nanodroplets reduced HIF-1α expression in Saos-2s cultured in

hypoxia;

■ Nanodroplets, and to a lesser extent, lipid dispersions significantly increased

BMSC calcification;

■ ALP enzymatic activity was found to decrease with nanodroplet treatment;

■ Nanodroplets did not clearly associate physically with BMSCs.
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4.4.1 | Selection of Nanodroplet Concentrations for Experimenta-
tion

Before examining nanodroplets as a potential treatment for bone repair, an appropri-

ate experimental concentration must be determined. Cell viability was assessed us-

ing Alamar Blue. Alamar Blue contains resazurin, which undergoes a reduction re-

action in the presence of cell metabolism (theorised to be as result of a non-specific

reaction by NADH dehydrogenases) to form resorufin, a red, fluorescent compound

(O’Brien et al., 2000). As a result, increased fluorescence intensity represents increased

metabolism. It was hypothesized that the presence of nanodroplets would not affect

the cell metabolism. In general, an increase in MC3T3E1 cell metabolism was observed

with no decreases detected (Figure 4.1). Significant increases were observed between

10−2 and 10−4 % v/v. Interestingly, a biphasic pattern was observed where an increase

in metabolism was observed with respect to nanodroplet concentration until a con-

centration of 10−3 where a decrease is observed. It is important to note that higher

nanodroplet concentrations than those reported in this thesis were studied but led to

foaming of the media and so were not considered suitable. Given the changes in cell

metabolism, concentrations of 10−2 to 100 % v/v (0.01-1 % v/v) were selected for fur-

ther investigation.

4.4.2 | Nanodroplet Effect on Osteoblastic Cell Viability

One crucial aspect to consider when evaluating the biocompatibility of potential ther-

apeutics is cytotoxicity. Cell metabolism was investigated in different cell types. It was

found that the increase in cell metabolism was only observed in MC3T3E1s while no

difference in metabolism was observed in Saos-2s or BMSCs compared to the no treat-

ment control (Figure 4.2). As this is a measure of overall cell metabolism, it does not

distinguish between changes in cell activity and changes in cell number. Therefore, to

fully interpret the data, the cell number assays using DAPI for MC3T3E1s and Saos-2s

(Figure 4.4) and using Picogreen for BMSCs (Figure 4.7) must also be taken into ac-

count. The cell proliferation at 0.1% nanodroplets was also found to increase cell num-

ber in MC3T3E1s and not affect Saos-2 cell number, consistent with the Alamar Blue

assay. However, the cell number in BMSCs increased. Given the increase in cell num-

ber, it is possible that cell metabolism decreased as Alamar Blue reduction was found
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not to change.

Given that PEG(40)s and DSPC are considered biocompatible, it was hypothesised

that the presence of nanodroplets would not affect cell proliferation. However, in Fig-

ure 4.4 it can be seen that when 0.1 %v/v nanodroplets were added to the media the

resulting proliferation was increased. As the MC3T3E1 cells are preosteoblastic, this

would likely be beneficial for bone repair as osteoblasts lay down new bone material.

However, when the nanodroplet concentration was increased to 1% v/v the prolifera-

tion decreased compared to the control. There is a distinct lack of literature surround-

ing the effect of unloaded nanodroplets on cell proliferation without ultrasound. As

such it is difficult to cross-reference these findings. However, from these findings, it

can be concluded that concentration is a clear factor that needs to be considered when

seeking to use these nanodroplets as a potential therapy, and highlights that lower

concentrations are preferable.

Of note is there was no significant difference in the groups until 72 hours (P<0.05).

This suggests that the cell metabolism results may be independent of cell number as

these experiments were performed after 24 hours of exposure to the nanodroplets.

4.4.3 | Effect of Hypoxia on Cell Viability
Given that Picogreen expression remained unchanged with hypoxia but Alamar Blue

fluorescence increased, this can be attributed to an increase in cellular metabolism

only. This increase is likely a consequence of anaerobic respiration being a less effi-

cient process than aerobic respiration. Under hypoxic stress, there is insufficient oxy-

gen for oxidative phosphorylation, i.e. the usual process through which most ATP is

produced, to occur. ATP production instead relies on glycolysis only. Consequently,

only 2 ATP molecules are produced per glucose molecule compared to the usual 32.

Due to this reduced efficiency, the rate of glycolysis increases (Lee et al., 2020). The

cells were cultured in high glucose media and so, an excess of glucose is available to

allow for this increase in metabolic activity and, therefore, increased Alamar Blue re-

duction. A similar result was observed by Li et al. in C2C12 myoblasts where Alamar

Blue reduction increased with hypoxia in high glucose environments (Li et al., 2013).

Hypoxia has previously been shown to increase proliferation in skeletal stem cells

(Berniakovich, Giorgio, 2013). Basal media will ensure that MSCs maintain a more
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stem-like nature than in osteogenic supplemented media. Whilst the results in Fig-

ure 4.6B do not directly support the notion that proliferation is improved in hypoxia,

it is clear that these less differentiated cells are more resistant to hypoxia than their os-

teogenic counterparts (Figure 4.6A). The majority of literature on proliferation and cell

number in BMSC reports a decrease with hypoxia, consistent with the results found in

the presence of osteogenic supplements (Chung et al., 2012; Hung et al., 2007). How-

ever, one paper did report an increase in proliferation in hypoxia although 8% oxy-

gen was used and so the hypoxia was less extreme than in previously reported studies

or the 2% used in this thesis (Ren et al., 2006). Hypoxia has been shown to increase

proliferation in cells yet to undergo differentiation (Di Mattia et al., 2021). The lack

of a change in DNA concentration with hypoxia in basal media but a decrease in os-

teogenic media could be due to a balancing act between increased cell death in hy-

poxic conditions but an increase in proliferation in more stem-like cells. Nanodroplet

treatment at 0.1% v/v led to an increase in DNA concentration in both osteogenic and

basal media while 1% v/v led to a decrease in osteogenic media but an increase in

basal media. These results suggests that 0.1% v/v nanodroplets is the optimum value,

among those investigated herein, for a possible therapeutic agent aiming at increasing

bone activity.

4.4.4 | Nanodroplet Effect on Hypoxic Markers

The aim of this study as a whole was to develop a therapeutic capable of improving

bone repair through relieving hypoxia. The results in section 3.4.13 demonstrate that

oxygen will transfer PFP to the surrounding liquid when loaded at a partial pressure

higher than the surrounding liquid. Direct measurement of oxygen release from the

nanodroplets, however, proved challenging due to their interaction with the oxygen

sensors used but indirect measurement of oxygen delivery to the cells was possible

through the detection of the oxygen-sensitive protein HIF-1α (Hypoxia Inducible

Factor-1α). The mechanism through which HIF senses hypoxia is discussed in detail in

section 1.3.3, but, to summarise, the α subunit of HIF undergoes prolyl hydroxylation

in the presence of oxygen essentially "tagging" it for degradation (Jaakkola et al., 2001).

As a result, lower oxygen tension should result in an increase in HIF-1α concentration

as seen in Figure 4.10. When treated with air-saturated nanodroplets, the concentration

of HIF-1α detected using chemiluminescence and western blotting decreased. This
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indicates that the nanodroplets may have facilitated the delivery of oxygen to the cells.

This result was not replicated in the VEGF ELISA. However, this was not sensitive

to differences in normoxic and hypoxic incubation and so was found not to be a

reliable measurement for cellular oxygen tension. Previous studies in vivo attempting

to deliver oxygen to tumours using perfluorocarbon nanodroplets have found that

HIF-1α concentration, as detected using immunofluorescence, decreased, consistent

with the results in this chapter (Huang et al., 2020). However, this study loaded the

nanodroplets with medical oxygen prior to use. Unfortunately, nanodroplets loaded

with oxygen in this chapter did not appear to have an impact on HIF-1α expression

(Figure 4.10). This could be due to an ineffective gas-loading process, such as affecting

nanodroplet stability, and so further work should be undertaken to understand and

optimise this process.

4.4.5 | Nanodroplet Effect on Osteoblastic Function
Alizarin red stains for calcium deposition, making it a useful late-stage marker for ma-

ture osteoblast activity. The enzymatic activity of ALP indicates immature osteoblastic

activity due to its role in the hydrolysis and release of phosphate groups for hydrox-

yapatite production (Avery et al., 2020). Together, they form a useful insight into os-

teoblast differentiation. Hypoxia did not seem to affect mineralisation (Figure 4.13)

without treatment but it did significantly decrease ALP (Figure 4.18). This is consistent

with the literature which consistently reports a decrease in ALP activity with hypoxia

(Nicolaije et al., 2012; Utting et al., 2006; Zhang et al., 2017). The literature regarding

mineralisation in hypoxia is more conflicting. This is possibly linked to the wide range

of oxygen concentrations used with decreasing Alizarin red staining usually occur-

ring in more extreme hypoxia (Nicolaije et al., 2012; Utting et al., 2006) and increases in

Alizarin red staining usually associated with less severe hypoxia, approximately 3-5%

(Berniakovich, Giorgio, 2013; Kwon et al., 2017).

Exposure to 0.1% nanodroplets significantly increase Alizarin red staining in nor-

moxic conditions (Figures 4.11 and 4.14) and a similar but non-significant trend was

observed in hypoxia (Figure 4.15). 0.1% lipid significantly increased Alizarin red but to

a lesser extent that the nanodroplets at the same concentration. This finding indicates

that the presence of the PFP, the main distinguishing factor between the nanodroplet

and lipid treatment groups, may contribute to the promotion of mineralisation (there
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will also be small changes in the physical structure between the nanodroplets and the

lipid micelles but unlikely to be enough to causes these observations). Given that PFP

has been documented to exhibit both biological and chemical inertness (Riess, 2005), it

can be inferred that the observed effect is likely attributable to enhanced oxygen avail-

ability facilitated by the presence of the nanodroplets.

In contrast to this, 0.1% nanodroplets slightly decreased ALP activity from days

0-14 (Figure 4.19). This is surprising as ALP enzyme is required for mineralisation of

the bone matrix to occur. At this point, it is important to note that Alizarin red staining

does not distinguish between different calcium structures (Langenbach, Handschel,

2013). As a result, it is possible that the nanodroplets are stimulating another form of

calcium deposition that may result in dystrophic mineralisation. That being said, the

results in Figure 4.16 show that nanodroplets on their own do not stimulate minerali-

sation of a collagen matrix even in the presence of cell-conditioned media implying the

mineralisation observed in the Figure 4.11 is a cellular mechanism.

4.4.6 | Nanodroplet-BMSC Association
As both the nanodroplet and cell membrane are made of phospholipids, it was hy-

pothesised that the two membranes may interact to result in a physical association or

the particles may be taken up by endocytosis. No significant evidence of such physical

association was observed under confocal microscopy.

4.5 | Conclusions
In summary, the perfluoropentane nanodroplets used in this chapter were not found

to have significant cytotoxic effects on osteoblastic cells. Additionally, HIF-1α western

blotting indicated successful delivery of oxygen and Alizarin red staining was found

to increase with air-saturated nanodroplet treatment. This increase in calcium depo-

sition, however, should be treated with caution as ALP activity was found to slightly

decrease with nanodroplet treatment, indicative of reduced osteoblastogenesis.
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5

Nanodroplet Interaction with
Osteoclastic Cells

5.1 | Introduction
While osteoblasts are responsible for the formation of new bone tissue, osteoclasts

are required for bone resorption through acid secretion and enzymatic degradation,

thereby maintaining the dynamic equilibrium of bone homeostasis. During the initial

stages of bone repair, osteoclasts are necessary for the resorption of damaged bone tis-

sue. However, too many osteoclasts compared to osteoblasts will lead to reduced or re-

versed fracture healing (Uveges et al., 2008). Consequently, it may be the case that sig-

nificantly increased osteoblast activity alongside increased osteoclast activity is detri-

mental for bone development. For example, in Paget’s disease of bone which is charac-

terised by an increase in both osteoblastic and osteoclastic activity (where osteoblastic

activity is dominant) resulting in a rapid bone turnover producing abnormal, weak,

woven bone (Tuck et al., 2017).

Osteoclasts are of the haematopoietic lineage. They form from monocytes that fuse

to form multinucleated cells. These same monocytes are also capable of becoming

macrophages and dendritic cells. There exists a complex interplay between monocytes,

macrophages, dendritic cells and osteoclasts (Okamoto et al., 2017). It has been

suggested that macrophages, osteoclasts and dendritic cells not only all differentiate

from monocytes, but they are capable of converting between cell types where the

need arises (Wang et al., 2020). As such, osteoclasts cannot be considered entirely in
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isolation and it is vital that experiments regarding osteoclasts are performed with

macrophages in mind.

The literature regarding osteoclast response to hypoxia was discussed in depth in

section 1.3. The literature is somewhat conflicting with Arnett et al. finding that hy-

poxia induced osteoclastogenesis in mouse-derived monocytes but reduced mature

osteoclast resorption in rat-derived osteoclasts. In contrast, Hulley et al. found that

HIF-1α (the presence of which is increased in hypoxic conditions) had no effect on

osteoclastogenesis but increased resorption in human osteoclasts (Arnett et al., 2003;

Hulley et al., 2017). Knowles et al. proposed that although hypoxia may enhance os-

teoclast resorption, it also increases apoptosis, thus suggesting reoxygenation is es-

sential for an increase in osteoclast activity (Knowles, Athanasou, 2009). This is by no

means an exhaustive list of varying literature surrounding osteoclasts in hypoxia, but

it demonstrates just some of the contradictory research. Given the complexities in the

existing literature, three different oxygen regimens were investigated in this chapter.

These can be seen in Figure 5.1. Knowles et al. investigated nanobubbles made from

soybean lecithin (of which DSPC is a component) in vitro as a possible oxygen delivery

mechanism demonstrating a decrease in osteoclastogenesis in normoxia and a dose-

dependent effect in hypoxia. However, there were no significant decreases in HIF-1α

concentration when exposed to the nanobubbles suggesting this effect was not due to

the oxygen delivery (Knowles et al., 2024). Furthermore, the stability of nanobubbles

is a key aspect the has been brought into question (Wang et al., 2023). Nanodroplets

are more stable resulting in longer circulation times making them more suitable as a

systemic therapy.

The overarching aim of this chapter was to investigate whether nanodroplets are

capable of reversing the effects induced by hypoxia on osteoclasts with the end goal of

decreasing osteoclastic activity to enhance bone repair. With this in mind, the experi-

ments conducted in this chapter had the following aims:

■ To elucidate the effect of nanodroplets on osteoclastic cell viability;

■ To establish the effect of hypoxia on osteoclasts in vitro;

■ To investigate the impact of both gas-loaded and non-loaded nanodroplets on

osteoclast activity and fusion;
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■ To understand the impact of the nanodroplets on the osteoclast-macrophage axis;

■ To explore if there is a strong association between nanodroplets and PBMCs ex-

posed to MCSF and RANKL.

5.2 | Methodology
The research in this chapter focused on the effect of nanodroplets and hypoxia on cells

of an osteoclastic lineage. Before any experiments could be performed, osteoclast dif-

ferentiation was observed to determine suitable timepoints for experiments. Osteo-

clasts were cultured from PBMCs isolated from leukocyte cones as detailed in section

2.8.3 and cultured for 12 days with media supplemented with MCSF and RANKL (sec-

tion 2.13) before being fixed and TRAP-stained (section 2.13.1). It was found that pre-

osteoclasts would start to emerge around day 5 of the culture, and the most fusion of

mature osteoclasts occurred on days 7-9, and an established mature osteoclast culture

existed by day 12. Given this, three different hypoxia and treatment regimens were in-

vestigated in this chapter; they are discussed in depth in section 2.13.2, but a summary

is provided in Figure 5.1 for ease. Note that all subsequent data in this chapter follows

the same colour scheme.The nanodroplets were first investigated for any cytotoxic ef-

fects using the same nanodroplet concentrations and their constituents that were es-

tablished in the previous chapter. This was investigated using Alamar Blue assays for

metabolic activity (section 2.9.1) and manual cell counting (section 2.13.1). Manual cell

counting also provided an average osteoclast area which could be used to infer rate of

fusion. TRAP was found to fluoresce under a Cy5 channel and so fluorescent confo-

cal microscopy was performed to visualise any nanodroplet-cell interactions (section

2.15). It was found that mononuclear cells associated strongly with the nanodroplets

and so it was hypothesised that these cells were macrophages and so flow cytometry

was performed of PBMC-derived macrophages to determine any cell association and

if the nanodroplets cause any macrophage polarisation towards an M1 or M2 lineage

(section 2.14).
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Figure 5.1: Hypoxia and nanodroplet exposure regimens used throughout this chap-
ter. The 12-day exposure (blue) was chosen to demonstrate continuous exposure, the
3-day exposure (purple) demonstrates any effects on mature osteoclasts and the 2-day
intermittent culture (pink) focuses on late-stage differentiation. This colour scheme is
consistent throughout this chapter.

5.3 | Results

5.3.1 | Effect of Nanodroplets on Osteoclasts in Normoxia
Peripheral blood mononuclear cells (PBMCs) were isolated from leukocyte cones sup-

plied by the NHS blood and transplant non-clinical issue service. Following CD14 se-

lection, cells were seeded and cultured for a total of 12 days. At approximately day 5,

small pre-osteoclasts start to form. between day 7 and 9 (patient dependent) larger os-

teoclasts start to form. All patients had osteoclasts present in normoxic, no-treatment

groups by day 9 (Figure 5.2). For quantitative purposes, osteoclasts were defined as

TRAP-positive cells with three or more nuclei.
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Figure 5.2: Images taken at 20x objective at day 5 and day 7 of osteoclast culture and
at 10x objective for day 12 TRAP stained osteoclasts. The start of the formation of
pre-osteoclasts is highlighted by the yellow arrows in the day 5 image. Examples of
mature osteoclasts are highlighted by the pink arrows in the day 7-9 image. Examples
of mature, TRAP-stained osteoclasts have been highlighted by the blue arrows in the
day 12 image.

To investigate the effect of nanodroplets on early-stage metabolism, an Alamar

Blue assay was performed. MCSF directs the monocytes down a macrophage lineage.

With RANKL, the monocytes will be directed down an osteoclast lineage. There was

no significant difference between nanodroplet treatment and the no treatment control

in either MCSF or MCSF and RANKL supplemented media at either 24 hours or 72

hours (Figure 5.3).

Figure 5.3: Nanodroplet treatment did not significantly affect monocyte and pre-
osteoclast metabolic activity. Metabolism in PBMC-derived monocytes cultured in the
presence of MCSF following (A) 24 hours and (B) 72 hours and (C) PBMCs cultured in
the presence of MCSF and RANKL with nanodroplet treatment for 72 hours as mea-
sured using Alamar Blue (N=3, n=6). Fluorescence is given relative to the no treatment
control, represented in each case by the dashed line. Error bars represent one standard
deviation.
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At day 12, the osteoclasts were TRAP stained. The osteoclasts were manually

drawn around to quantify the average osteoclast number as well as average osteoclast

surface area. The osteoclast area was assumed to be associated with the osteoclast

fusion rate. Additionally, a significant increase in osteoclast area may also correspond

to a reduced number of visible cells, due to fewer but larger multinucleated osteoclasts

in an image with the same field of view. The resulting apparent decrease in cell

number would be an imaging artefact rather than a true reflection of the cell culture.

Measuring osteoclast area helps identify when this might be the case. It was found that

osteoclast number decreased with 12 days of nanodroplet with significant decreases

observed at 0.1 and 1 %vol (P<0.0001 in both cases, Figure 5.4B). Significant differences

were observed in average osteoclast area for all three nanodroplet concentrations

(0.01%: P=0.0007, 0.1%: P=0.0003, 1%: P=0.0011, Figure 5.4E). Nanodroplet treatment

on day 9-12 of culture displayed a decrease in osteoclast number with nanodroplet

treatment but not average nanodroplet size, although no statistically significant

differences were observed (Figures 5.4C,F). A similar trend was observed in day 7-9

treatment, although was only found to be statistically significant in 1% vol day 7-9

treatment (P=0.0268, Figures 5.4D and G). Although average osteoclast surface area

was also found to decrease with 12 days of nanodroplet treatment with significant

differences at each nanodroplet concentration (Figure 5.4E), this same effect was not

observed in the day 9-12 and day 7-9 treatment (Figure 5.4F and G).
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Figure 5.4: Osteoclast number and area was significantly decreased by nanodroplet
treatment in normoxia. Osteoclast number and average area with nanodroplet expo-
sure. (A) Representative images from the images used for quantification Scale bar: 100
µm. Average osteoclast number and average percentage area per osteoclast at day 12
of culture are given for 12 days of nanodroplet treatment (B and E respectively, N=3,
n=6), nanodroplet treatment on days 9-12 (C and F respectively, N=5, n=6) and nan-
odroplet treatment of days 7-9 (D and G respectively, N=3, n=6).Central line represents
the median, the box represent the interquartile range and the error bars represent the
maximum and minimum value. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

5.3.2 | Effect of Nanodroplet Constituents on Osteoclasts

To test the hypothesis that the effects were due to the nanodroplets themselves and

not their components (DSPC and PEG(40)s), the impact of these components on early-
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stage metabolism, osteoclast number and osteoclast size was investigated. A 9:1 ratio

of the two was also investigated as the boiling point of PFP makes investigation of PFP

alone impossible. These were all performed at 0.1% vol. As was the case with the dif-

ferent nanodroplet concentrations in Figure 5.3, the lipid components were also found

not to have a statistically significant effect on cell metabolism as measured using Ala-

mar Blue, although it is noted that all three constituent controls had a higher average

metabolism than the 0.1% nanodroplet treatment (Figure 5.5).

Figure 5.5: Monocyte metabolism was not significantly affected by nanodroplet treat-
ment or their constituents. PBMC metabolism as measured using Alamar Blue follow-
ing 72 hours of culture with MCSF and RANKL (osteoclast 72 hour) with nanodroplet
constituent exposure throughout. Error bars represent one standard deviation and the
dashed line represents the no treatment control. (N=3, n=6)

The lipid constituents caused a slight decrease in the number of osteoclasts fol-

lowing 12-day exposure, although DSPC was the only group to display any statisti-

cal significance compared to the no treatment control (P=0.029; Figure 5.6A). The 0.1%

nanodroplet treatment group demonstrated a significant decrease in the number of

osteoclasts over 12 days compared to each of the constituents and the no treatment

control (Lipid: P<0.0001, PEG: P<0.0001, DSPC: P=0.0003 and 0% ND: P<0.0001). For

osteoclast surface area, a similar trend was observed for 12 days of treatment with

significant differences between the 0.1% vol group and the PEG and 0% vol groups

(P<0.001 and P=0.0001, respectively). However, both the DSPC and lipid group were

significantly different from the no treatment control (P=0.0250 and 0.0064 respectively,

Figure 5.6D). For treatment on day 9-12, no significant differences were observed, al-

though the no treatment control was again the largest value (Figure 5.6B,E). For day

7-9 treatment, osteoclast number was again greatest with no treatment, with a signif-
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icant difference only observed between the no treatment control and the DSPC group

(P=0.0320, Figure 5.6C). The surface area, however, was larger with nanodroplet treat-

ment under these conditions (Figure 5.6F). A significant difference, however, was only

observed between 0.1% nanodroplet treatment and PEG (P=0.0371). In general, this

suggests the individual lipid components have a slight long-term cytotoxicity but not

as significant as the the effect observed in the nanodroplets suggesting an additional

mechanism.

Figure 5.6: Nanodroplet dependent decrease in osteoclast number and size is more
significant than the decrease caused by nanodroplet constituents. Osteoclast number
(A-C) and average area (D-F) with nanodroplet constituent exposure for the full 12
days of culture (A, D), on days 9-12 only (B, E) and days 7-9 only (C, F). Central line
represents the median, the box represent the interquartile range and the error bars rep-
resent the maximum and minimum value. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
(N=3, n=6)
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5.3.3 | Effect of Hypoxia on Osteoclasts
To evaluate the effect of hypoxia on early-stage PBMC metabolism in the presence

of MCSF or MCSF and RANKL, PBMCs were cultured in both normoxia (air with

5% CO2) and hypoxia (2% O2) and metabolism was quantified using Alamar Blue. A

paired t-test found no significant difference between the metabolism in normoxia and

hypoxia (Figure 5.7).

Figure 5.7: Monocyte and pre-osteoclastic metabolic activity is not affected by hypoxia.
Metabolism as measured using Alamar Blue PBMCs from three separate patients
cultured with MCSF in normoxia or 2% oxygen for 24 hours (A) and 72 hours (B).
Metabolism was also measured in PBMCs cultured with both MCSF and RANKL in
normoxia and 2% oxygen for 72 hours (C). (N=3, n=6)

Visibly, under microscope examination, hypoxia had a very significant effect on os-

teoclast number and behaviour at day 12 (Figure 5.8). 5% oxygen for the whole culture

reduced the number of osteoclasts; however, more macrophage-like cells can be ob-

served. 2% oxygen led to a substantial decrease in the number of all cells. 2% oxygen

for day 9-12 has significantly affected the osteoclast culture, however, the macrophage-

like cells have persisted. In the intermittent 2% oxygen culture (hypoxic conditions

days 7-9), osteoclasts have persisted but less than in normoxic conditions.
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Figure 5.8: There are visibly fewer osteoclasts in culture following hypoxic exposure
with a clear change in morphology. TRAP stained osteoclasts following 12 days of
culture in (A) normoxia, (B) 5% oxygen, (C) 2% oxygen, (D) normoxia for 9 days then
2% oxygen for 3 days and (E) normoxia for 7 days, then 2% oxygen for 2 days and then
normoxia for 3 days. Scale bar: 100 µm.

After manually drawing around each osteoclast, the osteoclast number and aver-

age osteoclast area were measured. Decreasing oxygen concentration for the full 12

days led to a decrease in osteoclast number with significant differences observed be-

tween normoxia and both 5% and 2% oxygen (P=0.0001 and P<0.0001, respectively)

as well as statistical differences between 5% and 2% oxygen (P=0.0235). Despite this,

there was no effect on osteoclast size (Figures 5.9A,D). When the culture was only ex-

posed to 2% hypoxia after mature osteoclasts had formed, the number of osteoclasts

still significantly decreased (P<0.0001, Figure 5.9B), however the osteoclast size also

significantly decrease by a small margin under this oxygen regimen (P=0.0371, Figure

5.9E). In the intermittent hypoxia regimen, where osteoclasts were exposed to 2% oxy-

gen for days 7-9 before being reintroduced to normoxia until day 12, the number again

decreased but the average osteoclast area increased (P<0.0001 and P=0.0449 respec-

tively, Figure 5.9C,F).
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Figure 5.9: Hypoxia results in a decrease of osteoclast number but has a regimen de-
pendent effect of osteoclast size. Osteoclast number (A-C) and average area (D-F) with
hypoxic culture for the full 12 days of culture (A, D), on days 9-12 only (B, E) and days
7-9 only (C, F). Central line represents the median, the box represent the interquar-
tile range and the error bars represent the maximum and minimum value. *p<0.05,
***p<0.001, ****p<0.0001 (N=3, n=6)

5.3.4 | Effect of Nanodroplets on Hypoxic Osteoclasts
In section 5.3.1 it was found that nanodroplet treatment had no measurable effect on

early-stage cell metabolism in normoxia. To test the hypothesis that this is also true in

hypoxia, an Alamar Blue assay was performed. Nanodroplet treatment was found to

have no effect on PBMC metabolism at any time point when cultured with MCSF or

MCSF and RANKL in 2% oxygen.
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Figure 5.10: Nanodroplet treatment does not affect monocyte metabolic activity in
hypoxia. Metabolism in PBMC derived monocytes cultured in 2% oxygen in the pres-
ence of MCSF following (A) 24 hours and (B) 72 hours and (C) PBMCs cultured in the
presence of MCSF and RANKL with nanodroplet treatment for 72 hours as measured
using Alamar Blue. Fluorescence is given relative to the no treatment control, repre-
sented in each case by the dashed line. Error bars represent one standard deviation.
(N=3, n=6).

Nanodroplets were added to hypoxic osteoclast cultures to investigate whether

they were capable of relieving the hypoxic stress. 12 days of nanodroplet exposure

followed the same trend as in normoxia with increasing nanodroplet concentration

leading to a decrease in osteoclast number with significant differences at 0.1 and 1%

vol (P<0.0001 in both cases, Figure 5.11A,B). It is difficult to conclude much about

the osteoclast size in this culture as the range of sizes increased with increasing nan-

odroplet concentration although a statistically significant decrease was observed at 1%

vol (P= 0.0227 Figure 5.11). In mature osteoclasts (nanodroplet treatment day 9-12),

nanodroplet treatment did not seem to affect the number of size of the osteoclasts (Fig-

ure 5.11C,F). However, in the intermittent (day 7-9) treatment, increasing nanodroplet

concentration led to an increase osteoclast number with a statistically significant in-

crease observed at 1% vol (P=0.0198), but has no effect on average osteoclast size (Fig-

ure 5.11D,G).
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Figure 5.11: Osteoclast number and average area with nanodroplet exposure in 2%
oxygen had a regimen dependent effect on osteoclast number. Hypoxic exposure was
at the same time as nanodroplet treatment, and cells were cultured in normoxia at all
other times. (A) Representative images from the images used for quantification Scale
bar: 100 µm. Average osteoclast number and average percentage area per osteoclast at
day 12 of culture are given for 12 days of nanodroplet treatment (B and E respectively,
N=5, n=6), nanodroplet treatment on days 9-12 (C and F respectively, N=3, n=6) and
nanodroplet treatment of days 7-9 (D and G respectively, N=3, n=6). Central line repre-
sents the median, the box represent the interquartile range and the error bars represent
the maximum and minimum value. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

To investigate the effect of loading the nanodroplets with oxygen and nitrogen on

metabolism in PBMC-derived monocytes, cells were cultured for 72 hours with MCSF

and RANKL supplemented media in the presence of varying concentrations of air,

oxygen and nitrogen-saturated nanodroplets and the metabolism was measured us-
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ing Alamar Blue. No statistically significant difference from the no treatment control

were observed, although nitrogen-saturated nanodroplets consistently resulted in a

higher average metabolism.

Figure 5.12: Gas-loaded nanodroplets did not lead to a statistically significant change
in monocyte metabolism. Metabolic activity in PBMC-derived monocytes cultured
at (A) 20% oxygen and (B) 2% oxygen treated with different concentrations of nan-
odroplets saturated with air, oxygen or nitrogen. Error bars represent one standard
deviation.(N=3, n=6)

5.3.5 | Nanodroplet Cell Association in Cells of an Osteoclastic
Lineage

To determine if the nanodroplets directly interact with the cells, the nanodroplet-

treated, TRAP-stained cells were imaged using a microscope. During microscopic

examination of TRAP-stained osteoblasts, it was noted that there was fluorescence

signal at a wavelength of 647 nm under excitation at 633 nm. It can be seen in the

imaged in Figure 5.13 that the more intense the fluorescence is associated with darker

TRAP staining in the brightfield image using confocal microscopy. This supports the

concept that it is the TRAP stain that is fluorescing.
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Figure 5.13: TRAP-stained cells fluoresce in the Cy5 channel. Osteoclast maximum
projection image taken with a confocal microscope demonstrating TRAP staining fluo-
rescence under the Cy5 excitation and emission (ex: 633 nm, em: 647 nm).

This fluorescent TRAP stain was used to detect potential association with the os-

teoclasts by treating mature osteoclasts with fluorescent, DiO-labelled nanodroplets for

72 hours (day 9-12 of osteoclast culture). It was found that the nanodroplets do not ap-

pear to strongly associate with osteoclasts (a TRAP positive cell with 3 or more nuclei)

but did clearly associate with mononuclear cells present in the culture. Although the

proportion of nanodroplets associating with the TRAP-positive mononuclear cells is

not homogeneous.

Figure 5.14: Nanodroplets strongly associate with mononuclear cells. Maximum pro-
jection images of TRAP-stained osteoclast cultures showing nanodroplets (green),
TRAP (red) and nuclei (blue) following 2 day nanodroplet exposure. An example of an
osteoclast (TRAP-positive cell with more than three nuclei) is circled in pink and two
mononuclear cells are circled in yellow in the merged image.
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A z-stack was performed and the z-profile intensity for the TRAP and the nan-

odroplets was analysed to try and establish whether this cell association is due to the

nanodroplets being located on top of or within the cells. The TRAP and DiO fluores-

cence occur concurrently. As TRAP is an intracellular stain, this indicates that the DiO-

labelled nanodroplets are intracellular.

Figure 5.15: Concurrent DiO and TRAP fluorescence implies the fluorescent nan-
odroplets are intracellular. Maximum projection osteoclast confocal image and its
z-profile of the DiO and TRAP fluorescence intensity.

5.3.6 | Effect of Nanodroplets on the Osteoclast-Macrophage
Axis

To investigate whether nanodroplets affect macrophage behaviour, CD14+ PBMC-

derived monocytes (the same cells used for osteoclast culture) were cultured for 6 days

with MCSF supplemented media in the presence 0.1% vol lipid or nanodroplets or no

additional treatment. The FSC (front scatter) against SSC (side scatter) plots showed a

shift towards the SSC axis in the presence of nanodroplets (Figure 5.16), suggesting an

increase in granularity. Increased granularity is indicative of nanoparticle-cell associa-

tion.
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Figure 5.16: Nanodroplets cause increased side scatter in macrophages in flow cytome-
try implying nanodroplet-macrophage association. The front scatter vs side scatter plot
from macrophages flowed through a flow cytometer following a 3 day nanodroplet
exposure. SSC: side scatter, FSC: forward scatter.

Three days before the flow cytometry was performed, the M1 and M2 controls

were supplemented with LPS and interferon γ, and IL-4 and IL-13 respectively. Three

M0 (CD14, CD68 and HLADR), three M1 (CD38, CD40 and CD86) and three M2 mark-

ers (CD11b, CD206 and CD163) were selected for flow cytometry. The geometric mean

fluorescence intensity (GMFI) of the individual cells was and the frequency of cells

positive for each marker were analysed (Figure 5.17). There was a large amount of pa-

tient to patient variability in the GMFI. Despite this, the avergae GMFI appears to indi-

cate a tendency towards M1 over M2 macrophages. The presence of nanodroplets also

appears to have increased the frequency of M0 macrophages but not had much affect

on the GMFI. The one exception to this is in patient 3 where a decrease in the GMFI in

all markers was observed.
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Figure 5.17: Nanodroplets do not cause significant macrophage M1/M2 polarisation.
Results of flow cytometry on day 6 macrophages. Results are given as a percentage
difference from the no treatment M0 control. The geometric mean fluorescence in-
tensity (GMFI) is given for individual patients (A-C) and the average GMFI (D) and
average frequency (E) for each macrophage marker (N=3).
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5.4 | Discussion
This project aimed to develop nanodroplets capable of delivering oxygen to relieve the

effects of hypoxia to aid with bone repair. Given that osteoclasts are responsible for the

resorption of bone, a delivery mechanism capable of decreasing the number and activ-

ity of osteoclasts compared to the bone-forming osteoblasts are desirable. This chapter

sought to establish whether nanodroplets were capable of this task by evaluating the

effect of nanodroplet treatment on in vitro osteoclast culture from human donors.

These aims were addressed by experiments outlined in this chapter that demon-

strated the following key findings:

■ Nanodroplets and their constituents have no significant effect on monocyte

metabolism;

■ Nanodroplets consistently decrease osteoclast number in normoxia whether used

to treat from the monocyte stage or on mature osteoclasts only;

■ Osteoclast size was decreased by nanodroplet treatment when present during

osteoclast fusion but not when treating mature osteoclasts;

■ Hypoxia decreased osteoclast number for all oxygen regimens. The effect on os-

teoclast size was, however, regimen-dependent;

■ Nanodroplet treatment may relieve the effects of hypoxia in mature osteoclasts

and with intermittent hypoxia;

■ Nanodroplets somewhat associated with osteoclasts but strongly associated with

macrophage-like mononuclear cells.

Three different culture regimens were employed throughout this chapter (see Fig-

ure 5.1 where they are described in detail): a 12-day differentiation study, where hy-

poxia and/or nanodroplets were added for the full 12 days of culture to investigate

the effect on the differentiation and fusion into osteoclasts; a mature osteoclast study,

where hypoxia and/or nanodroplets were only applied at day 9 of culture for 3 days

to determine the effect on mature osteoclasts; and an intermittent study, where hy-

poxia and/or nanodroplets were applied on days 7-9 of a 12-day study to investigate

whether any effects are in fact being obscured by increased apoptosis.
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5.4.1 | Nanodroplets Affect Osteoclast Size and Number but not
Metabolism

In the previous chapter, it was found that nanodroplets had little to no effect on os-

teoblastic cell metabolism when measured using Alamar Blue. This was found to also

be consistent with early-stage osteoclast culture (Figure 5.3). The nanodroplets do not,

therefore, affect early-stage viability in monocytes. Metabolism was not used to mea-

sure later culture points due to the heterogeneity of the cell culture, and osteoclast

number and size were measured instead. In the 12-day differentiation study, increas-

ing nanodroplet concentration led to decreasing nanodroplet number and size. This

implies that less osteoclast differentiation and fusion occurs in the presence of the nan-

odroplets. This effect can be said to be due to the presence of the nanodroplets rather

than the lipid constituents that compose the shell as the lipid components themselves

were found to significantly less effect on the osteoclast number and size than the nan-

odroplets of the same concentration (0.1% v/v) compared to the no treatment control

(Figure 5.6).

In the mature osteoclast (days 9-12) and intermittent treatment (days 7-9) experi-

ments, a non-significant trend of decreasing osteoclast number with increasing nan-

odroplet concentration was also observed, but osteoclast size remained fairly constant.

This implies that osteoclasts are dying, but fusion is not being prevented, as the osteo-

clast size would also be expected to decrease if fusion was affected. In both cases, it is

more difficult to rule out the lipid components as a possible cause of this cell death.

5.4.2 | Hypoxia Decreases Osteoclast Number
Before determining whether the nanodroplets are capable of relieving the effects of

hypoxic stress, the effect of hypoxia needed to be established. The literature on the ef-

fect of hypoxia on osteoclasts is somewhat conflicting. In general, the literature seems

to agree that osteoclast activity is increased in hypoxia (Arnett et al., 2003; Knowles,

Athanasou, 2009; Murata et al., 2017; Muzylak et al., 2006; Nomura et al., 2014). This,

however, is not necessarily correlated with cell number. In many cases, hypoxia has

been shown to increase apoptosis and, therefore, decrease cell number (Gorissen et al.,

2019; Knowles et al., 2010; Muzylak et al., 2006). This effect on cell number was clearly

observed in the results in Figures 5.8 and 5.9 with a significant decrease in the num-
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ber of osteoclasts in all hypoxic conditions compared to the normoxic control. The

changes in the average individual osteoclast area can give more insight into whether

this decrease is caused by an increase in osteoclast death or a decrease in fusion. Inter-

estingly, the three different oxygen regimens investigated yielded different results for

the average osteoclast area. Over 12 days of hypoxia, the average area of an individual

osteoclast did not change. This implies fusion is not affected and so the decrease in os-

teoclast number is associated with apoptosis. The decrease in osteoclast size in mature

osteoclasts exposed to 2% hypoxia (day 9-12) may suggest a decrease in fusion or that

the larger osteoclasts are more sensitive. When the osteoclasts are treated for days 7-9

the average osteoclast area increased.

Both Nomura and Knowles suggested that the timing of the hypoxic conditions

and any reoxygenation will affect the outcome of the hypoxia with earlier hypoxia re-

sulting larger osteoclasts (Knowles, Athanasou, 2009; Nomura et al., 2014). Knowles

suggests this is due to a balance between improved osteogenesis and increased apop-

tosis (Knowles, Athanasou, 2009). The result for the day 7-9 and day 9-12 hypoxic reg-

imens would support this line of thought. Day 7-9 was typically the days over which

the largest amount of fusion was observed (Figure 5.2). Hypoxic conditions over these

days led to an increase in osteoclast area implying increased fusion (Figure 5.9C,F).

Meanwhile, day 9-12 had existing osteoclasts and less differentiation occurring (Fig-

ure 5.9B,E). Hypoxic conditions over these days led to a marginal decrease in osteo-

clast area. This could either be due to a decrease in osteoclast fusion or larger osteo-

clasts being more susceptible to apoptosis. However, the lack of change in osteoclast

area in the 12 day hypoxia contradicts the idea that hypoxia aids fusion, even with in-

creased apoptosis (Figure 5.9A,D). This instead raises the idea that it is not the hypoxia

that increases fusion observed in the day 7-9 experiment, in fact, the reoxygenation.

Reoxygenation has been shown to increase both reactive oxygen species and NF-κB

proteins both of which are associated with increased osteoclast differentiation (Boyce

et al., 2015; Callaway, Jiang, 2015; Granger, Kvietys, 2015; Hulley et al., 2017; Rupec,

Baeuerle, 1995).

Hypoxia had no effect on early-stage cell metabolism (Figure 5.7), implying the

monocytes are not affected by the hypoxic conditions. Additionally, it can be seen vi-

sually that in 5% oxygen for the full culture and 2% in mature osteoclast culture, the

culture still contains mostly macrophage-like cells left in the culture. This is consis-
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tent with previous literature suggesting that both monocytes and macrophages survive

well in hypoxia (Roiniotis et al., 2009).

5.4.3 | Nanodroplets Relieve the Effects of Hypoxia on Osteoclas-
tic Cells

12-day exposure to the nanodroplets was previously shown to be toxic to osteoclasts

in normoxia with a decrease in osteoclast number and area (Figure 5.4), this is consis-

tent with the results in hypoxia (Figure 5.11). Additionally, the no significant change

in osteoclast area with exposure to nanodroplets on days 7-9 or days 9-12 is consistent

in normoxia and hypoxia. However, the non-significant decrease in osteoclast number

that was observed in normoxia treated with nanodroplets either days 7-9 or day 9-12 is

contrary to what was observed in hypoxia where an increasing number of osteoclasts

with increasing nanodroplet concentration was observed (Figure 5.11). This suggests a

competing mechanism. Whilst this is not the desired outcome in response to the nan-

odroplets if the objective is bone repair, it does provide evidence of the nanodroplets

being capable of relieving hypoxic conditions. It is possible that the increased osteo-

clast number could be due to the nanodroplets successfully delivering oxygen that

would relieve the hypoxia-induced apoptosis that was observed in Figure 5.9.

5.4.4 | Strong Cell Association was Observed in Mononuclear
Cells

The nanodroplets strongly associated with macrophage-like cells. They had a slight

but less obvious association with the osteoclasts (Figure 5.14). As TRAP staining is in-

tracellular (Hayman, 2008); as a result, the concurrent nature of the DiO and TRAP

fluorescence is indicative of nanodroplets endocytosing. This macrophage cell asso-

ciation was further evidenced by the increase in side scatter observed in flow cytom-

etry performed on macrophages treated with nanodroplets. Increased side scatter

implies an increase in granuality (Figure 5.16)(Haynes et al., 2009; Park et al., 2017).

This increase in granularity further suggests that the nanodroplets are associated with

the macrophages. This is consistent with the literature where an association between

phagocytic cells, like macrophages and osteoclasts, with nanobubbles, a similar, al-
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though not identical, submicron, lipid stablisised particle was observed (Knowles

et al., 2024).

The geometric mean fluorescence intensity in patient 3 decreased in all groups

when exposed to nanodroplets. This suggests that the nanodroplets interact with the

antibodies’ ability to bind with their surface markers on the macrophages. This is a

key limitation of the flow cytometry technique. With this in mind, the M1 markers

still seem slightly stronger than the M2 markers suggesting the macrophages may be

leaning towards a pro-inflammatory lineage. It has been suggested that M1 is pro-

osteoclastogenisis while M2 is anti-osteoclastogenesis which may have further impli-

cations for bone repair, although further experimentation is required to confirm this

M1 polarisation as the flow cytometry is not neccessarily reliable due to limitations

discussed above (Sun et al., 2021).

5.5 | Conclusion
To conclude, nanodroplets displayed a cytotoxic effect on the osteoclasts in normoxic

conditions but less so in the monocytes. This was still seen in long-term culture in hy-

poxia, but in the shorter-term cultures, the opposite effect was observed. Although

this is not desirable for the aim of aiding bone repair in hypoxic conditions, it provides

notable evidence for the ability of nanodroplets to successfully relieve hypoxic condi-

tions.
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6

General Discussion and Conclusions

6.1 | Introduction
Bone fractures resulting in delayed or non-union fracture present a significant socio-

economic burden. Despite this, there is currently no systemic therapy addressing the

concern of bone regeneration. Low oxygen tension has been found to be associated

with many bone diseases linked to delayed and non-union fracture (Hannah et al.,

2021). The aim of this study was, therefore, to investigate the use of perfluorocarbon

nanodroplets to relieve the effects of hypoxia on cells of an osteoblastic and osteoclas-

tic lineage with the ultimate aim to aid bone repair.

6.1.1 | Key Findings
The thesis aims were achieved through experiments demonstrating the following

achievements and findings:

■ Development of an optimised protocol for nanodroplet formulation through

probe sonication was established, allowing for better control over nanodroplet

size and improved reproducibility;

■ Nanodroplets, in general, have little to no effect on cell metabolism in cells of an

early osteoblastic and osteoclastic lineage, suggesting low cytotoxicity;

■ Nanodroplets had a dose-dependent effect on the proliferation of cells of an os-

teoblastic lineage but consistently decreased osteoclast number in normoxia;
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■ Hypoxia decreased both the proliferation and ALP expression in osteogenic

MSCs. This effect was not found to be relieved by the presence of nanodroplets

despite evidence from the HIF-1α expression that nanodroplets are successful in

delivering oxygen;

■ The effect of hypoxia of cells of an osteoclastic lineage has a time dependency

and increased osteoclast fusion previously seen in the literature may be linked to

reoxygenation rather than hypoxia. The effect of the nanodroplets on relieving

the hypoxic effects was also time-dependent;

■ Nanodroplets displayed a clear association with cells of an osteoclastic lineage,

particularly mononuclear cells but not of an osteoblastic lineage. This is indica-

tive of macrophagic behaviour and the nanodroplets were shown to associate

with macrophages through flow cytometry.

6.2 | Summary
In chapter 3, the parameters involved with the formulation of nanodroplets were opti-

mised with the specific aim to precisely control the size distribution and reproducibil-

ity. This was achieved by identifying the key parameters involved in the sonication

process and how these parameters affected the nanodroplet suspension produced. The

sonicator was characterised using calorimetry to allow a more direct comparison be-

tween this work and published literature. A suitable cooling mechanism and pulse

regimen (ice/water bath, 2 seconds on, 15 seconds off) was developed to prevent the

evaporation of PFP but also to prevent the freezing of the liquid. In order to keep the

placement of the sonicator as reproducible as possible, a rig was designed and the de-

sired tip-height from the bottom of the Eppendorf tube was determined. As the de-

sired tip-height may have been associated with the placement of the tip in relation

to the lipid-PFP boundary, which changes with PFP concentration, the tip height and

PFP concentration were investigated together. It was found that a tip height of 12 mm

and a PFP concentration of 4.67% produced the smallest nanodroplets with increas-

ing tip-height leading to a more homogenous emulsion. Sonication time and ampli-

tude were found to be less important to ensuring small nanodroplet size, except that

a threshold of 60% amplitude was found to be necessary for nanodroplet production

to take place. Overall, this chapter achieved a better understanding of the parameters

144



Chapter 6. General Discussion and Conclusions 6.2. Summary

involved in the nanodroplet formulation process through sonication and their inter-

action with bone cells. The improved reproducibility and the ability to tailor the nan-

odroplet size more precisely allows not only for better stability and prediction of va-

porisation threshold (Ferri et al., 2021), but also can help to improve the understanding

of nanodroplet-cell interactions and there are fewer variables to consider.

With the nanodroplet manufacturing process optimised, Chapter 4 focused on

the interactions of nanodroplets with the objective of addressing the hypothesis that

nanodroplets increase osteoblastic cell activity in hypoxia by alleviating a hypoxia-

induced reduction in osteogenesis. This was addressed by first establishing that the

nanodroplets have a minimal cytotoxic effect on osteoblastic cells. This was done by

measuring metabolism and proliferation in cell lines and primary cells of an osteoblas-

tic lineage. Metabolism and proliferation of these cells in normoxia either increased

or remained constant for all cell types at 0.1% v/v nanodroplets. Before investigat-

ing whether the nanodroplets could alleviate hypoxia-induced effects, the effect of

hypoxia was confirmed. Hypoxia was found to increase the concentration of HIF-1α

protein and decrease proliferation and ALP concentration in osteogenic MSCs. ALP

concentration in more stem-like MSCs in basal media was less affected and prolifera-

tion was unaffected but increased metabolism. 0.1% v/v nanodroplets did temper the

effects on HIF-1α concentration, mineralisation and proliferation, however they were

found to decrease ALP concentration in all cases. Despite this, the overall effect of the

0.1% nanodroplets on hypoxic osteoblastic cells is such that it is likely to be beneficial

for nascent bone formation.

To contrast with the effect of the osteoblastic cells, work in Chapter 5 explored the

effects of nanodroplets on osteoclastic cells with the objective of testing the hypoth-

esis that nanodroplets decrease osteoclastic cell activity in hypoxia by alleviating a

hypoxia-induced increase in osteoclastogenesis. Where osteoblasts are essential for

the formation of new bone material, osteoclasts are responsible for resorbing exist-

ing bone material. Whilst they are a necessary part of bone repair, too many of them

could tip the balance towards net reduced or even reversed bone formation. Again,

the cytotoxic effects of the nanodroplets were established by measuring metabolism

and proliferation in normoxia. The nanodroplets were found to have a minimal ef-

fect on metabolism but decreased osteoclast number in both long-term and short-term

cultures with the results implying a decrease in fusion as well as increased apopto-
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sis of osteoclasts. The effect of hypoxic exposure was found to be far more complex

than in osteoblastic culture. Hypoxia was found to increase osteoclast apoptosis but

not affect cell fusion. In fact, hypoxic exposure on day 7-9 of the culture followed by

normoxia led to an increase in osteoclast size implying reoxygenation may stimulate

osteoclast fusion. Nanodroplets were found to reverse the effects of hypoxia (but not

reoxygenation) in the short-term exposure experiments, resulting in an increase in os-

teoclast number in the day 7-9 and day 9-12 experiments. The full 12 day exposure still

decrease osteoclast number and fusion suggesting that the cytotoxic effects of the nan-

odroplets overwhelmed the hypoxia-alleviating properties of the nanodroplets over

this timescale. These results demonstrate that the nanodropets may be successful in re-

lieving hypoxic conditions, however the effect of doing so was opposite to what was

originally thought.

Overall, these results indicate that the effect of hypoxia on cells of an osteoblastic

and osteoclastic lineage may not be as detrimental to the osteoblast-osteoclast balance

(with the goal of new bone formation) as the literature would suggest. It was found

that the decrease in osteoblastic activity when exposed to hypoxia in vitro was very

slight, while there was a very significant decrease in osteoclast number, although the

two cell types were not investigated in culture together and other factors in vivo, such

as angiogenesis, may alter this effect.

The perfluorocarbon nanodroplets were formulated with the objective of reduc-

ing the effects of hypoxia. Significant evidence was provided in this thesis support-

ing the hypothesis that perfluorocarbon nanodroplets are capable of relieving hypoxic

conditions. Firstly, the nanodroplets did reduce the concentration of HIF-1α protein.

Additionally, short-term exposure of nanodroplets to osteoclasts in hypoxia increased

osteoclast number, despite nanodroplets in normoxia reducing osteoclast number and

hypoxia itself also decreasing osteoclast number.

Overall, it is difficult to conclude whether the nanodroplets would be beneficial

towards bone repair. Whilst it has been demonstrated that the nanodroplets were ca-

pable of relieving hypoxic conditions, the evidence with regards to osteogenic activity

was found to be conflicting. Mineralisation significantly increased with nanodroplet

treatment although it is difficult to conclude that this is a result of the oxygen delivery

as the same effect was observed in both normoxia and hypoxia. Additionally, ALP pro-
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duction decreased with nanodroplet treatment. The osteoclast number increased with

short-term nanodroplet exposure, this would be detrimental to bone repair.

6.3 | Limitations
Despite the achievements of this thesis, there are some limitations to this work. The

first, very key limitation is what is considered normoxic. Generally, in the literature,

including in this thesis, normoxic incubators are exposed to air with 5% carbon diox-

ide. This is not physiologically correct, especially once the difference over which the

diffusion occurs is factored in (Wenger et al., 2015). It has been shown that the oxy-

gen tension in bone is significantly less in the range of about 2-9% (Hannah et al., 2021;

Mamalis, Cochran, 2011; Maurer et al., 2006). Therefore, what is normally considered

normoxic in vitro may actually be hyperoxic. As previously discussed in section 1.3.5

of the literature review, hyperoxia may also have damaging effects on bone repair such

as stimulating osteoclast activity.

The normoxic oxygen exposure is not the only limitation of in vitro cell culture.

This work relies on a simplified in vitro 2D model. This model, although useful in un-

derstanding the direct effect on the individual cell types has many limitations. The

first is that this model immediately removes any effect as a result of inter-cell inter-

actions. Additionally, although media supplements aim to temper this loss, many or-

ganic and inorganic matrix characteristics are missing affecting a wide range of aspects

such as mechanosensing and morphology (Ehnert et al., 2020).

Bone formation is by no means the only process affected by oxygen tension.

Haematoma and cartilage formation and angiogenesis are essential for bone repair.

Altering the local oxygen will likely affect these processes also, especially angiogenesis

which is known to respond to hypoxia (Grosso et al., 2017; Lu et al., 2013; Schipani

et al., 2009; Wang et al., 2007). The presence of nanoparticles is also likely to elicit an

immune response, as demonstrated by the nanodroplet association with macrophages

seen in chapter 5. The complex interplay between these different cells and functions

was not examined in this thesis and is likely to have a significant effect on the in vivo

outcome of the use of nanodroplets as a potential bone repair therapy.

In addition to the limitations due to the in vitro models employed, this work
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also does not account for in vivo stability and perfusion. Especially if non-union has

occurred due to poor vasculature, the ability although the literature on the use of

nanodroplets in tumours demonstrates the nanodroplets’ ability to perfuse through

the leaky vasculature of the tumour, it has not been demonstrated to what extent this

would be true in non-union fractures. Additionally, factors such as phagocytocis, lipid

interactions in the blood and even the pressure in the blood may affect the stability of

the nanodroplets allowing them to reach the fracture sight to begin with.

6.4 | Future Research Directions
The research in this thesis highlighted the potential of perfluorocarbon nanodroplets

for potential oxygen carriers to aid with bone repair. The experiments in this report de-

tailed changes in mineralisation in osteoblasts, macrophagic behaviour in PBMCs and

changes in osteoclast number and size following nanodroplet exposure. The precise

mechanism of these changes in behaviour could be better understood through exam-

ining gene expression to understand specifically how the nanodroplets affect bone cell

differentiation. Additionally, future experiments could also aim to assess how nan-

odroplets affect bone cells in more complex systems such as in co-culture to elucidate

the effect on inter-cell interactions or on dentine slices to investigate the effect on re-

sorption or in vivo fracture models.

Further experimentation on the macrophagic behaviour of PBMCs could also help

to answer many questions presented in this thesis. Macrophage phenotype has been

shown to have a significant effect on the progression of bone repair (Mofarrah et al.,

2023; Pajarinen et al., 2019). This thesis attempted to understand how the nanodroplet

treatment affects macrophage differentiation through flow cytometry but encountered

potential problems with nanodroplets interacting with the antibodies’ ability to bind

with the surface marker. Employing more methods to understand this relationship,

such as RT-qPCR, western blotting and ELISAs could help to clarify the effect.

Another aspect potentially of interest for future study is to investigate the effect of

lipids, specifically DSPC, on lipid deposition. Preliminary work on DSPC treatment

on osteoblastic cells found increased mineralisation in the presence of DSPC. These

results were not discussed in this thesis due to the controls not working, but the re-

sults obtained certainly suggest that DSPC would have an effect. In fact, it has previ-
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ously been suggested that phosphatidylcholines (of which DSPC is just one type) are

involved in inorganic phosphate liberation in bone formation (Dillon et al., 2019). This

is a particularly interesting area of study as DSPC is commonly used in the pharma-

ceutical industry, even being used in the COVID-19 vaccine (Borgsteede et al., 2021).

Looking forward, assessing whether the nanodroplets retain their oxygen deliver-

ing abilities when activated by ultrasound would help to establish whether they could

be used to deliver more than just oxygen. Given nanodroplets are capable of vapor-

ising into microbubbles, it is possible that their oxygen delivery properties could be

investigated alongside targeted microbubble therapies. Future experiments may look

to investigate the effect of vaporised nanodroplets both in vitro and in vivo to estab-

lish whether nanodroplets retain their oxygen delivery properties in response to ultra-

sound stimulation.

6.5 | Concluding Remarks
This is the first reported investigation into the potential of nanodroplets as an oxygen

carrier to aid with bone repair. The experiments described in this thesis demonstrate

that precise control over sonication systems is required for repeatable and nanodroplet

production, that nanodroplets are capable of delivering oxygen to cells and that they

increase mineralisation with minimal cytotoxic effect on osteoblastic cells. Overall, al-

though this work does not conclusively prove that oxygen-carrying nanodroplets are

effective in aiding bone repair, it provides significant evidence of their ability to relieve

hypoxic conditions in bone cells in vitro.
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Supplementary Material

A note on Fick’s Law
In it’s purest form, Fick’s first law ofdiffusion can be written as follows:

J = −D
dC
dx

(1)

Where J is concentration flux, D is the diffusion coefficient, C is the concentration

and x is the thickness of the membrane. In the interests of simplicity, in equation 1,

the change in concentration across the phospholipid membrane has been assumed to

decrease linearly. Additionally the concentration of oxygen within the perfluorocarbon

is assumed to be uniform. A permeability constants, kp was also employed to account

for resistance to oxygen passing through the membrane.
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Supplementary Material

Supplementary figures

Figure S1: Example positive and negative control images used for CellProfiler alizarin
red intensity
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Figure S2: Image showing the samples used for SEM-EDX elemental analysis. ND was
from a sample that was visually not grey. C+ND was a sample that was visibly grey.
C was the grey contaminant material that was separated from the nanodroplets using
centrifugation. The black tape is graphite tape.
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Figure S3: photo of a nanodroplet solution consisting of 20 %vol PFP after the second
sonication at a tip height of 2mm. The separate phases of the PFP at the bottom and the
lipid film above can be seen clearly
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Figure S4: The P-values for the median value of the particle distribution in the tip height
vs PFP concentration experiment for PFP concentration value at the given tip height
compared to the 0% PFP control at the same tip height. (significance level: P=0.05)
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Table S1: Qualitative analysis of the elemental composition of the nanodroplets and
contaminated nanodroplets

Glass Slide Nanodroplets Nanodroplets with Contaminant Contaminant Only
Carbon ✓ ✓ ✓ ✓
Oxygen ✓ ✓ ✓ ✓
Sodium ✓ ✓ ✓ ✓

Magnesium ✓ ✓ ✓ ✓
Aluminium ✓ ✓ ✓ ✓

Silicon ✓ ✓ ✓ ✓
Potassium ✓ ✓ ✓
Calcium 0.1% ✓ ✓ 0.1%

Tin 0.1% 0.1% 0.1%
Phosphorus ✓ ✓ ✓

Chlorine ✓ ✓ 0.1%
Fluorine ✓ ✓
Rhodium 0.1% 0.1%
Titanium 0.1% 0.1% ✓
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Figure S5: Results of varying the tip height against the PFP concentration. The colour
varies with the value of the (A) median diameter of the resulting particle distribution
and (B) the standard deviation of the resulting particle distribution to demonstrate the
polydispersity of the system. Each value is the mean of n=3 values.
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ImageJ macro for DAPI staining

//Macro written to count DAPI stained nuclei.

//Rohan Micklethwaite, University, December 2021.

Modified from Kees Stratman 2008 ’MAcro_Emre

requires("1.33n");

dir1 = getDirectory("Choose Source Directory ");

list = getFileList(dir1);

dir2 = dir1+"analysed"+File.separator;

File.makeDirectory(dir2);

run("Set Measurements...", "area area_fraction redirect=None decimal=0");

for (i=0; i<list.length; i++)

{

if (File.isDirectory(dir1+list[i])){}

else{

path = dir1+list[i];

if (endsWith(path, ".db")){}

else{

open(path);

if (bitDepth!=24){} // Check the file is 24bit

else {

title1 = getTitle;

run("Subtract Background...", "Rolling ball radius=8");

run("8-bit");

run("Sharpen");

setAutoThreshold();

setThreshold(13, 255);

run("Convert to Mask");

run("Watershed");

run("Analyze Particles...", "size=5-Infinity circularity=0.50-1.00 show=Outlines

summarize");

saveAs("Jpeg", dir2+"Drawing "+title1+".jpg");
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close();

close();

}

}

}

}

selectWindow("Summary");

saveAs("Results...",dir1+"Summary.csv");

run("Close");
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Appendix B - Materials and Suppliers

Table S2: List of materials and suppliers

ATCC SAOS-2 cell line

MC3T3E1 cell line

Biolegend CD14 APC antibody 367117

CD163 PerCPCy5.5

antibody

333608

HLA-DR PB antibody 307624

CD38 PE antibody 356604

CD40 PECy7 anti-

body

334322

CD86 APC antibody 374208

CD11b PerCPCy5.5

antibody

982610

CD206 PE antibody 321106

Supplier Material Catalogue Number

Continued on next page
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Table S2: List of materials and suppliers (Continued)

Corning Dulbecco’s phosphate

buffered saline with-

out calcium and mag-

nesium (DPBS)

21-031-LB

Malvern Panalytical NanoSight NS300

Zetasizer Ultra

Promega Herring sperm DNA D1811

R&D Systems Macrophage Colony

Stimulating Factor

recombinant human

(E. coli-derived)

(rhM-CSF)

216-MC

Recombinant RANK

L (E. coli-expressed)

6449-TEC-CF

Sigma-

Aldrich/Merck

Acetic Acid 695092

Acetone 650501

Ascorbic acid-2-

Phosphate (AA2P)

A8960

Beta-

glycerophosphate

disodium hydrate salt

G5422

Cellytic M C2978

Chloroform 288306

Dexamethasone D4902

Supplier Material Catalogue Number

Continued on next page
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Table S2: List of materials and suppliers (Continued)

18:0 PC (DSPC) in

chloroform

850365C

Eppendorf Protein

LoBind Microcen-

trifuge Tube (2.0

mL)

EP0030108132-100EA

Ethylenediaminetetra-

acetic acid disodium

salt dihydrate (EDTA)

E5134

Ethylene glycol

monoethyl ether

(2-ethoyethanol)

128082

Fast Red violet LB salt F3381

Igepal CA-630 13021

4-Nitrophenol solu-

tion 10nM

N7660

Parafilm P7793

Polyoxyethylene (40)

Stearate (PEG(40)s)

P3440

SLS Dulbecco’s modified

Eagle’s medium

12-604F

Penicilin/Streptomycin BE17512F

Naphthol AS-MX

phosphate, powder

N4875

α-mem M6074

Stem Chemicals Perfluoro-n-pentane N4875

Supplier Material Catalogue Number

Continued on next page
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Table S2: List of materials and suppliers (Continued)

Thermofisher Scien-

tific

AlamarBlue Cell via-

bility Reagent

DAL1100

Bovine Serum Albu-

min (BSA)

BP1600-100

CD68 FITC antibody 11-0689-42

70 µm cell strainer 22363548

DiO’ D275

Fetal bovine serum

(FBS)

10270098

Human IL-4 Recombi-

nant Protein

200-04

Human IL-13 Recom-

binant Protein

200-13

Human Iterferon-

gamma Recombinant

Protein

300-02

L-Glutamine 25030081

Model 120 Sonic Dis-

membrator

Paraformaldehyde

Solution, 4% in PBS

15670799

Phenol red free Dul-

becco’s modified Ea-

gle’s medium

11594416

Quanti-iT Picogreen

ds DNA Reagent

P7581

Supplier Material Catalogue Number

Continued on next page
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Table S2: List of materials and suppliers (Continued)

Sodium Acetate An-

hydrous

011554-30

Sodium Hydroxide 1310-73-2

SuperSignal West Pico

PLUS substrate

34580

T175 cell culture flask

(corning)

10296861

T75 cell culture flask

(corning)

L(+)-Tartaric acid 388280010

CellTracker Deep red C34565

Thorlabs 25.0 mm Translation

Stage with Standard

Micrometer

PT1/M

VWR Ethanol absolute 20821.467

Supplier Material Catalogue Number
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Glossary

A

adipocyte Fat forming cell.

angiogenesis New blood vessel formation.

apoptosis Programmed cell death.

autologous Self donation.

C

chondrocyte Cartilage forming cell.

cortical Dense outer surface of bone.

cytokine Proteins produced as part of the immune system.

D

diffusion Natural movement of particles from a higher concentration to a lower.

E

endochondral Occurring within the cartilage.

endothelium Single layer of cells liningthe blood vessels.
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Glossary Glossary

erythrocyte Red blood cell.

H

haematoma Blood clot formation consisting of inflammatory cells, cytokines and

growth factors.

haematopoietic Of blood lineage.

hyperoxia High oxygen tension.

hypertrophic (non-union fractures) Inadequate stability but sufficient biology.

hypoxia Low oxygen tension.

I

intramembranous Bone is formed directly without a cartilage intermediary step.

ischaemic no or significantly low blood supply.

M

multipotent Potential to become multiple mature cell types.

myoblast Muscle forming cell.

N

normoxia Normal oxygen tension.

O

osteoblast Bone forming cell.

osteoblastogenesis Differentiation into an osteoblast.

osteochondral Relating to bone or cartilage.

osteoclast Bone resorbing cell.

osteoclastogenesis Differntiation into an osteoclast.
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Glossary Glossary

osteoconductive Bone able to grow on the surface.

osteocyte Former osteoblast, lies witin the fully formed bone.

osteoinductive Induces osteogenesis through recruitment and stimulation of immature

cells.

osteoporosis Disease that makes bone fragile and easy to break.

P

perfluorocarbon Molecule made up of entirely fluorine and carbon.

perfusion Ability of a fluid to pass through the circulatory system to tissue.

periosteal Relating to the periosteum, the thin layer of tissue that surrounds bones.

progenitor Precursor.

R

resorption The absorption into the circulation of cells or tissue.

S

sonication The act of disrupting a system using high pressure soundwaves.

T

thermolabile Easily destroyed by heat.

trabecular bone Porous bone structure that makes up most of bone’s volume.

V

vasoconstriction narrowing of the blood vessels.
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