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Abstract 

Stroke is the second most common cause of death globally and yet there have been no new 

developments towards a therapy in the last 25 years. The main issue that surrounds developing 

therapeutic options for stroke, is the task of overcoming the blood brain barrier (BBB) and 

delivering an effective treatment to the brain itself. The complications of effectively delivering 

treatment after stroke are so monumental, that the efficiency of a new therapeutic drug is 

directly related to the efficiency of the delivery method. Previous methods of drug delivery such 

as intravenous injection have proved highly ineffective or gravely invasive for the patient. 

Human mesenchymal stem cells (HMSCs) provide a unique opportunity for developing a novel 

targeting and drug delivery system, which could effectively deliver therapeutics to specific regions 

of infarct following stroke. This work aimed to evaluate and quantify the potential of HMSCs to 

uptake and release various therapeutics, whilst also investigating whether superparamagnetic 

iron oxide nanoparticles (SPIOs) could be combined with a fixed magnetic field in order to 

facilitate HMSC migration. 

In order to investigate the uptake and release of therapeutics, HMSCs were primed with both 

fibroblast growth factor 2 (FGF-2) and a cyclin-dependent kinase 5 inhibitory peptide (p5). The 

uptake and release of these potential therapeutics was investigated using developed enzyme-

linked immunosorbent assays, fluorescent microscopy and HPLC-MS/MS. The in vitro effects of p5 

were investigated using an experimental stroke model and Western blotting. 

HMSCs were also primed with SPIOs, to determine whether they could be successfully 

internalized by the cells and if the magnetic properties of the nanoparticles could be also used to 

facilitate cellular migration. This was completed by using both fluorescent and bright-field 

microscopy, combined with a transwell migration assay. 

The data provided shows the potential of HMSCs both as a drug delivery method and for cellular 

manipulation in vitro. HMSCs have not only been shown to successfully internalize both potential 

therapeutics and SPIOs but that this could be directly applied to the development of new 

treatment options following stoke. Furthermore, these results show that the p5 peptide also 

provides a leading new development for targeted therapy following stroke and that it could pose 

a useful candidate for future studies within neurodegenerative diseases. 
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Chapter 1: Introduction 

 

1.1 Ischemic Stroke 

1.1.1 Stroke Overview 

Stroke is the second most common cause of death globally, accounting for approximately 9% of all 

deaths and is a major cause of disability (Donnan, et al., 2008). A stroke is termed medically as a 

cardiovascular accident and is defined as a disturbance in the blood supply to the brain, of which 

80% are ischemic compared to 20% that are caused by cerebral haemorrhage (Dewey, et al., 

2001).  

Stroke prognosis is also quite adverse, with a quarter of patients dying after the first month, with 

this rising to around 50% by the first year (Hankey, et al., 1998). The major cause of this early stage 

death is the implications of the neurological deterioration and further contributions from factors 

such as secondary infections and aspiration (White, et al., 2000). Ischemia is defined as a 

reduction in blood flow that is significant enough to alter cellular function. Brain tissue is 

exceedingly sensitive to ischemia, with only brief periods of ischemia required to severely alter the 

cellular activity of neurons, ultimately resulting in cell death (Mattson, et al., 2001). Despite stroke 

being such a common cause of death, there is very little available in terms of treatment, with the 

main focus being on restoring blood flow, in order to limit the damage caused to the brain. This 

therapeutic intervention, is often the application of thrombolytic therapy or intravenous tissue 

plasminogen activator (tpA), which can break down fibrin clots by converting plasminogen into 

active plasmin (Vassalli, et al., 1991 and Uyttenboogaart, et al., 2009). This form of therapy is 

however very limited as it can only be safely applied to patients within 4.5 hours after insult due 

to the increased risk of bleeding into the brain tissue (Saqqur, et al., 2008). 

1.1.2 Pathophysiology of Ischemic Stroke 

The pathophysiology of an ischemic stroke, can be referred to as the ischemic cascade (figure 1), 

which refers to the sequence of events that follow the starvation of oxygen that the brain sustains 
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following an arterial blockage (Xing, et al., 2012). Understanding this chain of events is essential 

for the development of future therapies and is the focus of numerous research groups. The main 

issues that surround understanding the ischemic cascade, is its inherent complexity but it can be 

summarised as cellular bioenergetic failure due to focal cerebral hypoperfusion, followed by 

excitotoxicity, oxidative stress, blood–brain barrier dysfunction, microvascular injury, haemostatic 

activation, post-ischemic inflammation and finally cell death of neurons, glia and endothelial cells 

(Brouns & De Deyn, 2009). During an acute ischemic stroke, the areas affected by the reduction of 

blood flow can be split into two main areas; the first is the infarct core, which denotes the area of 

the brain, that regardless of re-perfusion, is destined to go on to infarct (Hossmann, 1994). The 

second is the region that borders the infarct core that is defined as the ischemic penumbra. 

Although less severe ischemia occurs within the penumbra region, over time, without treatment 

the penumbra can either develop into further infarction due to the increasing levels of 

excitotoxicity or can progress into further depolarization, post ischemic inflammation and 

apoptosis (Dirnagl, et al., 1999). However because of this time delay, the penumbra region 

provides an ideal goal for neuroprotection after an ischemic event. It is also important to note 

that areas of the brain that are affected by the ischemia display a non-selective loss of all cells, 

including neurons, endothelial cells and astrocytes (Sims & Muyderman, 2010). 
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Figure 1: Ischemic Cell Death. The ischemic induced energy failure induces multiple pathways that 
result in neurotoxicity. During these processes there is a dramatic increase in extracellular Ca2+, 
Na+ and K+ as well as an increase in intracellular messenger Ca2+ that activates proteases, lipases 
and endonucleases. The resulting cell death, culminates in pro-inflammatory cytokine and 
chemokine secretion responses in glial cells, endothelial cells and infiltrating leukocytes 
(Woodruff, et al., 2011). 
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1.2 The Blood-Brain Barrier 

The blood-brain barrier (BBB) has historically been described as the gatekeeper of the central 

nervous system (CNS) and is a highly selective barrier that is able to separate circulating blood 

from the delicate homeostasis of the brain. Although the BBB consists primarily of endothelial 

cells (ECs), it is the interaction and formation of astrocytes, neurons, pericytes and ECs that 

produce the overall function of the BBB (Banerjee & Bhat, 2007). The BBB acts in three distinct 

ways; initially it acts as a physical barrier because of the tight junctions that form between 

adjacent endothelial cells, prevent most of the transport of cells, proteins and soluble agents. 

Secondly, it is able to act as a transport barrier by selectively allowing the transport of required 

nutrients and waste through specific systems. Finally, using a combination of both intracellular 

and extracellular enzymes, the BBB is also able to provide a metabolic barrier by metabolising 

peptides, adenosine triphosphate (ATP), nucleotides and many other neuroactive or toxic 

compounds (Abbott, et al., 2006). It is also important to note that the BBB is not a fixed system 

but is able to respond to a variety of signals from both the circulatory blood and the brain and it is 

for this reason that is significantly disturbed during neurodegenerative events, such as stroke 

(Abbott & Friedman, 2012). 
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Figure 2: Structure of the blood-brain barrier. The key features of the blood-brain barrier, showing 
the tight junctions formed by endothelial cells preventing a physical barrier to cells, proteins and 
soluble agents. 

 

1.3 Inflammatory Response 

Inflammation plays a key role in the pathophysiology of stroke, with both an acute and prolonged 

inflammatory response following an ischemic incident. Following ischemia and rapid neuronal 

death, resident microglia become activated and take up a phagocytic role to engulf dead cells and 

produce pro-inflammatory cytokines (Faustino, et al., 2011). In addition to activated microglial 

cells, astrocytes also produce pro-inflammatory cytokines and neuroprotective factors. This 

production by both microglial cells and astrocytes also varies at different time points following 

stroke, meaning that they could be responsible for both protective and regenerative aspects (Jin, 

et al., 2010). However, this production of cytokines and the production of reactive oxygen species 

by resident immune cells causes a disruption to the BBB allowing the invasion of circulatory 

immune cells such as lymphocytes, neutrophils and monocytes, exacerbating the inflammatory 

response (Benakis, et al., 2014). This invasion of immune cells also varies both depending on the 

severity of the ischemia and the amount of time that has elapsed from the initial infarction. For 

example, in experimental models with permanent ischemia, immune cells can begin to 

accumulate as early as three hours following the attack, whereas with transient ischemic attack 

immune cells begin to accumulate 48 hours after normal blood flow is regained (Gelderblom, et 

al., 2009 and Zhou, et al., 2013). Because of both the protective and regenerative aspects to the 

immune response, it adds a further complexity to the pathology of stroke and the development of 

possible therapies. It is also important to note that the increased permeability of the BBB caused 

by this described influx of immune response, facilitates the leaking of fluid onto the brain and it is 

this oedema that is responsible for a large proportion of deaths following a stroke (Balami, et al., 

2011). 
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1.4 Stroke Prognosis and Therapy 

Due to the complexity of stroke and the cascade of events that follow cerebral ischemia, the 

prognosis of stroke can only be described as adverse. As previously stated, there is a high rate of 

early mortality due to neurological deterioration and secondary infections following the initial 

ischemia but even the later deaths of patients are commonly caused by the complications that 

follow stroke (Hankey, et al., 2000). Despite this complexity, the application of treating stroke by 

targeting the mechanisms that are involved in cell death are not difficult. The main issues that 

surround treatment is that the therapeutic time windows are relatively small and require an 

effective method of delivery to the brain itself. It is also noted that due to the variance of the 

ischemic cascade, a combinational therapy is hypothesised to be more effective than a stand-

alone neuroprotective treatment (Xing, et al., 2012). It will be the development of these possible 

therapies that will discussed further. 

 

1.5 Angiogenesis 

One area of interest in the development of possible therapies in stroke is the application of 

angiogenesis. Angiogenesis is defined as the development of new blood vessels from existing 

vessels, with this process having a central role in multiple ischemic and inflammatory diseases 

(Birbrair, et al., 2014). It is also apparent that angiogenesis is not only the method in which the 

brain is vascularised but angiogenesis can also be stimulated by the central nervous system 

following hypoxic or ischemic attack (Greenburg, 1998). This natural recovery from ischemic 

stroke relies heavily on the angiogenic response and the delivery of oxygen and nutrients that the 

restoration of blood flow provides (Yin, et al., 2015). This upregulation of angiogenesis following 

stroke is thought to be responsible for neuronal re-organisation, stem cell differentiation, 

functional recovery and for the development of new micro-vessel environments (Slevin, et al., 

2006). When induced in vivo, treatment by angiogenesis has also been shown to significantly 
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improve motor functions long and short-term, within animal models (Avraham, et al., 2011 and 

Avraham, et al., 2013). For this reason, the application of pro-angiogenic factors could be 

beneficial as a therapeutic option in stroke.  

1.5.1 Fibroblast Growth Factor 2  

One possible pro-angiogenic agent that could possibly be applied to stroke therapy is fibroblast 

growth factor 2 (FGF-2). Not only is FGF-2 involved in the regulation and survival of neuronal cells 

(Chao, 2000), it is also thought to be responsible for the regeneration of function within 

pathological situations such as brain ischemia by protecting against oxidative stress within the 

ischemic cascade (Font, et al., 2010). FGF-2 has been shown to be upregulated within the 

penumbra region of stroke within human brains and it is within these highly angiogenic areas that 

neurons tend to have a better survival rate (Krupinski, et al., 1997). Due to all these factors, 

effective application of FGF-2 to restore local micro-circulation, along with a combinational 

therapy to reduce apoptosis could generate neuronal survival, promote reorganisation and 

improve patient recovery (Shin, et al., 2006). 

1.6 Cyclin-dependant Kinases 

In addition to angiogenesis, another area that provides a possible therapeutic opportunity for 

ischemic stroke is the cyclin-dependant kinases family of proteins. In general, cyclin-dependant 

kinases (Cdks), have a well-established role in the eukaryotic cell cycle, regulating transcription, 

messenger ribonucleic acid (mRNA) processing and other processes such as cellular differentiation 

(Morgan, 1997). The deregulation of Cdks has also been implemented in a variety of diseases such 

as cancer (Fabbro, et al., 2002) and neurodegenerative disorders such as stroke (Geschwind, 

2003). Within this study, the member of the Cdk family that provides the biggest area of interest 

is cyclin-dependant kinase 5 (Cdk5) that is exclusively active within the nervous system (Paglini & 

Caceres, 2001). 
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1.6.1 Cyclin-dependant Kinase 5 

Although Cdk5 is categorised amongst other members of the Cdk family, it is unique in the fact 

that it is not regulated by cyclins as the name suggests, but it is in fact activated by the molecule 

p35 and its homolog p39. Due to these two molecules only being expressed by neurons, despite 

Cdk5 being produced by multiple cell types, Cdk5 activity is only observed within neurons 

(Sridhar, et al., 2006). Compared to other Cdk enzymes, Cdk5 also differs in the aspect that it is 

not responsible for cell cycle regulation. It is in fact responsible for pivotal roles within the 

development of the central nervous system, such as the migration of neurons and aspects of 

normal brain function such as cell adhesion and neurite growth (Dhavan & Tsai, 2001 and Ko, et 

al., 2001). From a pathological perspective, the most interesting characteristic of Cdk5 is the 

events that occur when it becomes deregulated. The deregulation of Cdk5 is directly associated 

with the cleavage of its trigger molecule, p35, to a more stable, truncated molecule of p25 (figure 

3), with upregulation of Cdk5 and p35/p25 both being associated with multiple 

neurodegenerative diseases (Weishaupt, et al., 2003). This cleavage of p35 to p25 is caused by 

calpains at the time of neuronal cell death and when studied in vivo this Cdk5/p25 complex causes 

cytoskeletal disruption and apoptosis (Patrick, et al., 1999 and Hisanaga & Saito, 2003). Further 

evidence shows that the deregulation of Cdk5 may contribute to a number of neurological 

degenerative diseases, with further links to hallmarks of neurological death and the decline of 

cognitive function (Sundaram, et al., 2013). This also draws a direct relationship to the hypoxic 

regions of stroke, where there is also an increased expression of both Cdk5 and its activators p35 

and p25 (Bosutti, et al., 2013). Due to these pathological hallmarks, there has been development 

of inhibitory molecules that could target this increase of both Cdk5 and its activators as a 

potential therapeutic option. One area of this research is discussed below. 
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Figure 3: Hyperactivation of Cdk5 by cleaved p35. Cdk5 become hyperactive when p35 is cleaved 
to p25 by calpains. This process ultimately leads to neuronal cell death. 

 

1.7 Cyclin-dependant Kinase 5 Inhibitory Peptide  

As previously discussed, the cleavage of p35 to p25 by calpains and calcium causes the disruption 

of Cdk5 activity, which ultimately leads to cytoskeletal disruption and neuronal cell death (Chen, 

et al., 2008). When p35 is cleaved to p25 by activated calpains, it allows the release of free soluble 

Cdk5 beginning the phosphorylation of surrounding proteins and the detrimental effects to 

neurons (Kusakawa, et al., 2000). This pathway is therefore an ideal candidate for a targeted 

therapy, due to the fact, regulated Cdk5 activity is still required for normal brain activity and 

controlled cell death (Zhang, et al., 2008).  Previous research has identified that the use of calpain 

inhibitors and other compounds such as tanishinone IIA, reduce levels of apoptosis and show 

neuroprotective qualities by disrupting the Cdk5/p35-Cdk5/p25 pathway (Verdaguer, et al., 2005 

and Shi, et al., 2012). Further research has also shown a possible therapeutic approach to combat 

this increase of both Cdk5 and its activators, by the development of a truncated fragment of p35, 

named the Cdk5 inhibitory peptide or CIP. CIP has been shown to successfully inhibit the binding 

of p25 to Cdk5 both in vivo and in vitro without affecting regular binding of p35 or other members 

of the Cdk protein family (Zheng, et al., 2002). Further work with CIP has not only shown that, 
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when treated in vitro, there is a reduction of cleaved p35 to p25, but also that under hypoxic 

conditions CIP protects endothelial cells whist also promoting both angiogenesis and cellular 

remodelling (Bosutti, et al., 2013). When studied in vivo, using a mouse model, CIP is observed to 

be responsible for extensive reductions in neuroinflammation and an increase in neuroprotection 

(Sundaram, et al., 2013). From the work covered, CIP provides excellent therapeutic options but 

for it to be used as a therapy, it must be able to cross the BBB and due to the fact that CIP is 

constructed of 125 amino acids this could prove to extremely problematic. One development that 

overcomes this issue is a derivative peptide of CIP, named p5 that is discussed below. 

1.7.1 The p5 Peptide 

A 24-residue peptide, p5, which is derived from CIP, provides the unique quality that it inhibits 

Cdk5/25 activity (figure 4) and yet it is small enough to cross the BBB. When studied in vitro p5 

offers more effective inhibition of Cdk5/p25 activity when compared with CIP and has been 

shown to protect against neuronal cell death (Zheng, et al., 2010).  Further in vivo studies using a 

neonatal rat model of severe hypoxic ischemia, observed that p5 treatment promoted recovery 

after ischemic/hypoxic injury by reducing infarct volume and attenuating neuronal apoptosis (Tan, 

et al., 2015).  

Cdk5 activity is dependent on the binding of neuron specific, cyclin-related activators p25, p35 

and p39, with p5 being derived from the 138-291 region of p25 (figure 5), which is responsible for 

Cdk5 activation (Amin, et al., 2002). Following a neurotoxic insult, there is an elevation of cellular 

calpain levels, p25 production and hyperactivity of Cdk5, leading to hyperphosphorylation of 

cytoskeletal components such as tau, resulting in cellular death (Kesavapany, et al., 2003). The 

mechanism and specificity of which p5 is able to inhibit Cdk5/p25 interaction is not yet fully 

understood but it is hypothesised that the p35 N-terminal, which is absent in p25,obstructs the 

binding of p5. This absence of this N-terminal in p25 may explain the specificity of p5 but further 

research is required to fully understand the mechanisms underlying this pathway (Zheng, et al., 

2004). 
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Figure 4: Cdk5/p25 inhibited by p5. The p5 peptide inhibits the Cdk5/p25 complex, preventing 
Cdk5 becoming hyperactive and the subsequent neuronal cell death. 

 

 

Figure 5: Cdk5 inhibatory peptides derived from p25. The above schematic shows the truncated 
p25 peptides including CIP, from which a further 5 further peptides were derived (p1-5). From 
these peptides, p5 had the greatest inhibitory properties and is short enough to be an effective 
therapeutic candidate (Zheng, et al., 2010).  



24 
 

1.8 Limitations of Current Stroke Therapy  

As previously stated stroke is globally the second most common cause of death and therefore the 

only logical step can be towards the development of new therapeutic methods to both prevent 

and treat the condition. Despite this, there have been no major developments towards a new 

stroke therapy in the last 25 years. The main issues that surround developing therapeutic options 

for the treatment of stroke is the monumental hurdle of delivering therapies effectively across the 

blood brain barrier (BBB) (Hu, et al., 2012). Therefore, in relation to the brain, the efficiency of a 

drug is directly related to the efficiency of the delivery method. Previous methods of drug delivery 

such as intravenous injection or specific brain targeting ligands have proved ineffective and 

although administering the drugs directly to the brain is more efficient, the procedures are 

gravely invasive and can further damage the brain (Taiyoun, et al., 2013). Current treatment 

methods, such as the use of thrombolytic agents, are also limited by small time windows despite 

areas of ischemia being active for weeks after the initial attack (Thored, et al., 2006 and Goldstein, 

2007). One development that may overcome these limitations of current treatment options, is the 

use of cell based therapies, more specifically the application of stem cells. 

 

1.9 Stem Cells 

As a cell type, stem cells are classically defined as cells that possess both of the following 

properties; potency, meaning that they can differentiate into multiple cell types and that they can 

maintain their undifferentiated state throughout numerous cycles of cell division (Preynat-Seauve 

& Krause, 2011). In general, stem cells are also broadly termed either embryonic or somatic 

(adult) stem cells, dependant on their level of potency. Embryonic stem cells are a unique self-

renewing, pluripotent cell type, that generate the ectodermal, endodermal and mesodermal 

lineages during embryogenesis (Lee, et al., 2006). Whereas somatic stem cells are a multipotent, 

self-renewing cell type, that are restricted to differentiation of specific lineages such as 

hematopoietic stem cells or neural crest cells (Gonzalez & Bernad, 2012). Due to specific cell 

characteristics, stem cells provide unique opportunities within the field of stroke research and the 



25 
 

application of various stem cells types has been explored. As an example, embryonic, neuronal 

and umbilical cord blood stem cells have all being applied to stroke research, either in attempt at 

replacing lost cells or other cellular applications such as recruiting progenitor cells (Luo, 2011). 

However, the type of stem cells that provide the biggest interest for a combinational therapy are 

mesenchymal stem cells, which are discussed below. 

1.9.1 Mesenchymal Stem Cells 

Mesenchymal stem cells (MSCs) also termed as marrow stromal cells or stromal precursor cells 

(stromal cells), were originally described by (Friedenstein, et al., 1976) as clonogenic fibroblast 

precursor cells that had the defining characteristics of being clonogenic, plastic adherent and are 

found within the bone marrow. MSCs are a heterogeneous mix of progenitor cells that have the 

capability of differentiating into multiple cell lineages of mesodermal, ectodermal and 

endodermal origins (Menicanin, et al., 2009). MSCs also possess a high growth capacity and are 

highly accessible from multiple sources including adipose tissue, bone marrow, placenta and 

umbilical cord blood making them an ideal candidate for clinical applications (Sinden & Muir, 

2012). 

1.9.1.2 Mesenchymal Stem Cells as a Therapy for Stroke 

MSCs provide enormous potential in the development for new therapies in order to combat 

stroke. When applied in general to neurodegenerative diseases, MSCs have been shown not only 

to target and hone into areas of damaged tissue but also secrete anti-apoptotic, pro-angiogenic 

and neurotrophic factors (Chopp & Li, 2002 and Kurozumi, et al., 2005). Similar results have also 

been observed when stromal cells were transplanted into areas of cerebral ischemia reducing 

infarct volume and levels of inflammation (Ikegame, et al., 2011). MSCs also offer a possible 

method of drug delivery to the brain as an experimental therapeutic possibility that could also 

overcome the restrictions of the BBB.  

MSC’s have been shown to cross the BBB and express chemokine receptors, which provide them 

with the ability to home in on areas of tissue damage with high levels of chemokines, such as in 

stroke tissue (Aleynik, et al., 2014).  MSC’s also display the ability to increase; angiogenesis, anti-
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apoptotic factors, mitogenic factors and neurogenic factors (Quittet, et al., 2015) as well as having 

been shown to uptake and release drugs through endocytosis facilitated by micro and nano-

vesicles (Baglio, et al., 2012). Although the use of stem cells as a method for drug delivery is quite 

novel, there has been recent research showing the effectiveness of MSC’s in the uptake and 

release of various drugs. MSC’s have been primed with an anti-cancer drug, Paclitaxel, where it 

has been shown that the cells not only effectively uptake and release the drug (Pessina, et al., 

2011) but also attract and kill tumour cells, inhibit angiogenesis and improve the survival of 

leukaemia-bearing mice (Pessina, et al., 2013).  Similar research has demonstrated that MSC’s can 

uptake and release the antibiotic, ciprofloxacin, with the antibiotic remaining effective after the 

process (Sisto, et al., 2014) Further work has also found that MSC’s primed with valproate and 

lithium, migrate to and facilitate recovery in infarcted regions within an in-vivo rat stroke model 

(Tsai, et al., 2011). 

 

1.10 Migration of Mesenchymal Stem Cells 

Although MSCs provide promising cell therapeutic possibilities for ischemic stroke, there are still 

issues that surround that rate of cell migration towards the infarct areas. Upon administration, 

MSC migration has been tracked using immunohistological analysis, magnetic resonance imaging 

(MRI) using magnetic cells labelling and nuclear imaging using 99mTc-labeled graft. (Ikegame, et al., 

2014). Using these imaging techniques, MSCs have been shown to not only migrate to areas of 

damaged tissue but also accumulate in various organs with the highest volumes seen in the liver 

and the lungs. It was also shown that MSCs also migrated into areas of undamaged cerebral tissue 

as opposed to being solely attracted to infarct regions (Detante, et al., 2009; Vasconcelos-dos-

Santos, et al., 2012). One method that may hold a potential to increase the cell transplantation 

efficiency of MSCs is the use of ferumoxides or superparamagnetic iron oxide nanoparticles 

(SPIOs). 
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1.10.1 Superparamagnetic Iron Oxide Nanoparticles 

SPIOs are a development within nanotechnology, which are classed as iron oxide molecules 

encased within synthetic polymers, polysaccharide or monomer coatings that have been applied 

to MRI as a contrast agent for the last two decades (Weissleder, et al., 1990 and Weinstein, et al., 

2009). When this technique is applied to MSCs, it exploits similar mechanisms within the stem 

cells as with the drug loading, where the cells are able to engulf the SPIOs and then localise them 

within secondary lysosomes without affecting any of the key characteristics of the cells 

themselves (Landázuri, et al., 2013). The magnetic properties of the nanoparticles are then used 

to manipulate the MSCs by using an external magnetic field, providing a novel opportunity for 

targeted therapies.  

1.10.2 Superparamagnetic Iron Oxide Nanoparticles as a Novel Magnetic Targeted 

Therapy 

When this technique has been applied to both in vitro and in vivo studies it has been shown to 

trap magnetised MSCs effectively at areas of interest both in animal and in vitro models (Oshima, 

et al., 2014 and El Haj, et al., 2015).  Further studies have also shown that in animal models, SPIO 

loaded MSCs can increase migration efficiency, 6-fold within a vascular injury rabbit model 

(Riegler, et al., 2013) and a 10-fold increase when applied to retinal targeting (Yanai, et al., 2012). 

This targeting method has also been shown to successfully target MSCs near lesion sites in rat 

spinal cord injuries (Vaněček, et al., 2012) and although it has not been directly applied to a stroke 

model, SPIOs have been used to effectively identify MSCs in vivo without effecting cell viability, 

phenotype or differentiation potential (Detante, et al., 2012).  

 

1.11 Summary and Aims 

Due to the limitations and lack of developments towards treatment options for stroke, the use of 

mesenchymal stem cells may provide a unique opportunity towards the development of new 

therapeutic options. The broad aim of this thesis is to investigate the potential of human 
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mesenchymal stem cells (HMSCs) as a novel drug delivery system by exploring the uptake and 

release of FGF-2 and p5, whilst also exploring the potential of internalisation and cellular 

manipulation by SPIOs. 

 

1.12 Objectives 

1. To investigate the uptake and release of FGF-2 and p5 by HMSCs. 

2. To investigate the in vitro effect of p5 in an induced apoptotic model. 

3. To investigate the internalisation of SPIOs by HMSCs and the potential of magnetic facilitated 

migration.  
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Chapter 2: Materials and Methods 

 

2.1 Cell Culture 

2.1.1 Bovine Aortic Endothelial Cell Culture 

Laboratory stocks of bovine aortic endothelial cells (BAECs), were revived from liquid nitrogen and 

cultured in Dulbecco’s Modified Eagles Medium (DMEM) supplemented with, 10% foetal bovine 

serum (FBS), 100 µg/ml penicillin, 100 µg/ml streptomycin and 2mM L-glutamine in T75 flasks. 

BAECs were maintained at 37°C in a humidified incubator with 5% CO2, until 80% confluent. Cells 

were seeded in 24-well plates at 200,000 cells well and allowed to reach confluency 24 hours 

before treatment. 

2.1.2 Human Brain Microvascular Endothelial Cell Culture 

Laboratory stocks of Human brain microvascular endothelial cells (HBMECs), were revived from 

liquid nitrogen and cultured in endothelial basal medium 2 (EBM-2) Basal medium (Lonza) 

supplemented with endothelial growth medium 2 (EGM-2) SingleQuot kit (Lonza) in T75 flasks 

coated with poly-L-lysine (Sigma-Aldrich), until 80% confluent. HBMECs were maintained at 37°C 

in a humidified incubator with 5% carbon dioxide (CO₂). Cells were seeded in 6 well plates at 

800,000 cells per well and allowed to reach confluency before calcium chloride (CaCl₂) treatment. 

2.1.3 Human Mesenchymal Stem Cell Culture 

Human mesenchymal stem cells (HMSCs) were generously donated by Dr Valentina Ceserani and 

her team at the Istituto Neurologico "Carlo Besta". The HMSCs were cultured in 80% Iscove’s 

Modified Dulbecco’s Medium (Lonza) supplemented with 5% FBS, 2mM L-glutamine and 20% 

Endo PM in T75 flasks. Endo PM consisted of 50% complete Neurocult (Stem Cell Technologies, 

Neurocult NS-A Basal Medium (human) supplemented with Stem Cell Technologies, Neurocult NS-

A Proliferation Supplement (human)) and 50% complete endothelial basal medium (EBM) (Lonza, 

EBM Basal Medium supplemented with Lonza, EGM SingleQuot Kit Supplement & Growth 

Factors).HMSCs were maintained at 37°C in a humidified incubator with 5% CO₂. 
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2.1.4 Cryopreservation of Cells  

Viable cell stores were produced by cryopreservation. Cells at confluency in a T75 flask, were 

washed with phosphate-buffered saline (PBS), detached with trypsin and then centrifuged at 300g 

for 10 minutes at 4°C. BAECs and HBMECs were then re-suspended in freezing media (50% cell 

media, 50% FBS containing 10 % dimethyl sulfoxide (DMSO)). HMSCs were re-suspended in FBS 

containing 10 % DMSO. The cell suspensions were then transferred into cryopreservation tubes 

before being placed into a Mr Frosty (ThermoFisher Scientific) for 24 hours at -80°C. After this 24 

hour period, the cells were then placed in liquid nitrogen. When needed, cells were revived by 

incubating at 37°C in a water bath. Cells were then transferred to T25 flasks in 5ml of fresh cell 

media and cultured for 6 hours until viable cells attached. After this time period, the cell media 

was replaced in order to remove the DMSO and normal cell culture protocol was then followed. 

2.1.5 Cell Counting 

Cell media was removed, the cells were washed in PBS and detached using trypsin. After the cells 

had detached, they were centrifuged at 300g for 8 minutes and the cell pellet was re-suspended 

in fresh cell media. The cell suspension was then removed and mixed with an equal volume of 

trypan blue. Cells were then counted using a TC20 automated cell counter (Bio-Rad). 

 

2.2 Enzyme-Linked Immunosorbent Assay (ELISA) 

2.2.1 FGF-2 Quantitation by ELISA 

24 hours before treatment HMSCs were seeded into 12 well plates and allowed to reach 80% 

confluency. The cells were then washed twice in PBS and then treated for 24 hours in FGF-2 

loaded cell media at varying concentrations (5, 10, 15 and 20 ng/ml). At the end of the incubation 

period, the cell media was collected, the cells were washed twice with PBS, detached with trypsin 

and then seeded into a fresh 12 well plate. After 24 hours of culture the cell media was collected 

and replaced. This process was then repeated after 48 hours of culture. The collected media 

samples were then tested, against samples collected from untreated HMSCs as a negative control. 
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For analysis, commercial ELISA kits were purchased from R&D Systems UK and the manufacturer’s 

protocol was followed. The plate was then read at 490nm and the absorbance recorded on a plate 

reader (Biotech).  

2.2.2 Colour-metric Biotin Quantitation by ELISA 

A 4'-hydroxyazobenzene-2-carboxylic acid (HABA) commercial ELISA kit was purchased from 

ThermoFisher Scientific and the manufacturer’s protocol was followed. A serial dilution of 

standards was produced in HMSC cell media using biotin (SigmaAldrich). The absorbance of each 

well was then recorded at 494 and 520nm using a plate reader (Biotech). 

2.2.3 Fluorescent Biotin Quantitation by ELISA 

To optimise this methodology, multiple experimental approaches were trialled but all standards 

and samples were analysed using the commercial ELISA kit purchased from ThermoFisher 

Scientific and the protocol provided. 

Initially, 24 hours before treatment 5x105 HMSCs were seeded into 6 well plates and allowed to 

reach 80% confluency. The cells were then washed twice in PBS and then treated for 24 hours in 

p5 loaded cell media (2.5 µg/ml). At the end of the incubation period, the cell media was 

collected, the cells were washed twice with PBS, detached with trypsin and then seeded into a 

fresh 6 well plate. After 24 hours of culture the cell media was collected and replaced. This 

process was then repeated after 48 hours of culture.  

Further 5x105 HMSCs were seeded into 6 well plates and allowed to reach 80% confluency over 24 

hours. The cells were then washed twice in PBS and then treated for 24 hours in p5 loaded cell 

media (2.5 µg/ml). At the end of the incubation period, the HMSC media was removed and the 

cells were lysed in lysis buffer (50 mM Tris(hydroxymethyl)aminomethane (Tris) (pH 8.0), 150 mM 

sodium chloride (NaCl), 1% TritonX-100, 1M Dithiothreitol (DTT), containing a mixture of protease 

inhibitors (Sigma-Aldrich) and phosphatase inhibitors (Sigma-Aldrich)). To increase lysis efficiency, 

each sample was incubated on ice for 20 minutes vortexing every 2 minutes during the incubation 
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period. Each sample was then centrifuged at 2100g for 4 minutes at 4°C before the supernatant 

was collected into and the pellet discarded. 

Three sets of standards were then produced by serial dilution; the manufacturers provided 

Biocytin standards in PBS, p5 in PBS and p5 in HMSC media. Each standard or sample was mixed 

with the DyLight Reporter Working Reagent and then added to each well of a black opaque 96-

well microplate. The plate was then incubated for 5 minutes at room temperature before the 

excitation/emission was read at 494/520 nm on a plate reader (Biotech). 

 

2.3 Immunofluorescence 

2.3.1 Immunofluorescence of the Internalisation of p5 by HMSCs  

13 mm coverslips were added to each well of a 24 well plate. 2x105 HMSCs were seeded into each 

well and allowed to reach 70% confluency over 24 hours. The cells were then washed twice in PBS 

and then treated with p5 loaded cell media (2.5 µg/ml). At the end of the appropriate incubation 

period (4, 8, 24 or 48 hours), the cell media was removed and the cells were fixed in 4% 

paraformaldehyde in PBS for 10 minutes. The cells were then washed 3 times in PBS, 

permeabilised using 0.5% TritonX-100 in PBS for 8 minutes and then washed a further 3 times. 

The cells were blocked in 3% bovine serum albumin (BSA) in PBS for 1 hour at room temperature 

before incubating for 1 hour at room temperature with anti-fluorescein (biotin) antibody (Abcam) 

in 5% skimmed milk. The wash stage was then repeated 3 times with PBS before each coverslip 

was mounted using VECTASHEILD mounting medium with 4',6-diamidino-2-phenylindole (DAPI) 

and sealed using nail varnish. Each image was then taken using a fluorescent microscope (Zeiss, 

Imager Z1). 

2.3.2 Immunofluorescence of the Internalisation of SPIOs by HMSCs and BAECs 

13 mm coverslips were added to each well of a 24 well plate. 2x105 HMSCs or 5x105 BAECs were 

seeded into each well and allowed to reach 70% confluency over 24 hours. The cells were washed 

twice in PBS and then treated with biotin functionalised SPIOs (Sigma-Aldrich) loaded cell media 
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(2.5 µg/ml). Each plate was then incubated for 90 minutes before the cell media was removed and 

the cells were fixed in 4% paraformaldehyde. The cells were then washed 3 times in PBS, 

permeabilised and then washed as above. The cells were blocked in 3% BSA in PBS for 1 hour at 

room temperature before incubating for 1 hour at room temperature with anti-fluorescein 

(biotin) antibody (Abcam) in BSA The wash stage was then repeated three times with PBS before 

each coverslip was mounted using VECTASHEILD mounting medium with DAPI and sealed using 

nail varnish. Each image was then taken using a fluorescent microscope (Zeiss Imager Z1). 

 

2.4 Immunohistochemistry 

2.4.1 Immunohistochemistry of the Internalisation of SPIOs by HMSCs 

13 mm untreated coverslips were added to each well of a 24 well plate. 2x105 HMSCs were 

seeded into each well and allowed to reach 70% confluency over 24 hours. The cells were then 

washed twice in PBS and then treated with polyethylene glycol (PEG) functionalised SPIOs (Sigma-

Aldrich) loaded cell media (2.5 µg/ml). Each plate was then incubated for 90 minutes before the 

cell media was removed and the cells were fixed in 4% paraformaldehyde. Each coverslip was 

then stained with 5% Prussian blue for 20 minutes, rinsed with PBS and then mounted on glass 

slides using glycerol gelatine. Images were captured using a bright field microscope (Zeiss, Imager 

M1). 

 

2.5 SDS-PAGE and Western Blotting 

2.5.1 Protein extraction 

1x105  cells were transferred into 6 well plates , treated with 5mM CaCl2, 5mM CaCl2 and p5 

(2.5µg/ml) or FGF-2 (10ng/ml) and then lysed in lysis buffer as in 2.2.3. To increase lysis efficiency, 

each sample was incubated on ice for 20 minutes vortexing every 2 minutes during the incubation 

period. Each sample was then centrifuged at 2100g for 4 minutes at 4°C before the supernatant 

was collected and the pellet discarded. 
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2.5.2 SDS-PAGE and Western Blot Analysis 

Samples were added to 5X loading dye (ThermoFisher Scientific) before boiling at 99°C for 2 

minutes. Protein ladder (ThermoFisher Scientific) or sample was added to each well of a 4-12% 

Bis-Tris Gel (ThermoFisher Scientific) and the gel was run in MOPS running buffer (ThermoFisher 

Scientific) at 200v for 45 minutes. 

A polyvinylidene difluoride PVDF membrane (GE Healthcare) was soaked in 100% methanol for 5 

minutes before being transferred to soak in transfer buffer for a further 5 minutes. The Western 

blot cassette was assembled as follows; two sponges, two pieces of blotting paper, 4-12% Bis-Tris 

gel, PVDF membrane, two pieces of blotting paper followed by two sponges. The transfer was run 

for 1 hour at 35v. After the transfer, the membrane was blocked for 1 hour at room temperature 

in PBS 0.1 % Tween-20 (PBST) with 5% skimmed milk before incubating for 1 hour in primary 

antibodies again at room temperature in PBST with 5% skimmed milk. The primary antibodies are 

shown in table 1. The secondary antibodies were either peroxidase-conjugated goat anti-rabbit 

IgG or goat anti-mouse IgG (Daco). The membrane was washed 3 times in PBST for 10 minutes 

before incubating at room temperature for another hour in secondary antibodies in PBST with 5% 

milk. The membrane was then washed a further 3 times with PBST for 10 minutes before 

developing with the ECL reagent (Pierce). Images were captured on the Chemidoc Touch gel 

documentation system (Biorad). 

 

Table 1: Primary antibodies for Western blotting. 

Antibody Species Dilution Supplier Product Code 

pERK 1/2 Rabbit 1:2000 Cell Signalling Technologies 3192 

ERK 1/2  Rabbit 1:2000 Cell Signalling Technologies 4370 

Active Caspase 3 Rabbit 1:200 SigmaAldrich C8487 

pCDK5 Rabbit 1:1000 SigmaAldrich SAB4504276 

pAKT Rabbit 1:2000 Upstate Cell Signalling Solutions 07-310 

α-tubulin Mouse 1:5000 Abcam Ab7291 
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2.6 HPLC-MS/MS 

2.6.1 Cell Treatment 

3x105 HMSCs were treated for 24 hours with p5 (2.5µg/ml). At the end of the incubation period 

the cells were washed twice with PBS, detached with trypsin and seeded into a new T25 flask. 

After a further 24 hours of culture, the cell media was collected and replaced. This process was 

then repeated at 48 and 72 hours.  

2.6.2 Cartridge Extraction 

For sample extraction, a vacuum manifold was used with solid phase extraction c18 HPLC columns 

(Agilent Technologies). At each stage, the solutions were drawn through the cartridge using the 

vacuum but the cartridge was never allowed to run dry. Initially the vacuum manifold was cleaned 

with 70% ethanol before loading with c18 cartridges. The cartridge was then primed with 

methanol, followed by deionised water before the samples were added to each. The cartridges 

were then washed with water before elution. Each sample was eluted from the cartridge in 

acetonitrile with 1% ammonia. Each cartridge was then removed and each manifold entry was 

washed twice with acetonitrile containing 1% ammonia to ensure that all the elution was 

collected. Each sample was then dried under a flow of nitrogen gas before being re-suspended in 

acetonitrile-water-sodium acetate. The samples were then individually passed through a 15µm 

filter before being pipetted into micro-vials. 

2.6.3 HPLC-MS/MS Analysis 

Sample analysis was conducted using a time-of-flight/quadrupole-time-of-flight (TOF/Q-TOF) 

mass spectrometer using dual electron spray ionisation (ESI) as an ion source. For detailed 

parameters see Appendix 1. 
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2.7 MACS Cell Sorting 

1x105 HMSCs were seeded into 6 well plates and allowed to reach confluency. The cells were then 

washed twice in PBS and then treated with PEG functionalised SPIOs (Sigma-Aldrich) loaded cell 

media (2.5 µg/ml). Each plate was incubated for 90 minutes before the cells were washed a 

further 3 times with PBS, detached with trypsin and then centrifuged at 300g for 8 minutes. The 

cells were then re-suspended in buffer (PBS, 0.5% BSA and 2 mM ethylenediaminetetraacetic acid 

(EDTA) diluted 1:20 in autoMACS Rinsing Solution). The cells were initially counted using an 

automated cell counter. The magnetic cell sorting was conducted using a MidiMACS separator 

with LS columns (Miltenyibiotec) and the manufacturer’s protocol was followed. The two 

effluents collected represent the non-magnetised and the magnetised cells. Each effluent was 

then analysed using the automated cell counter (Biorad). 

 

2.8 Transwell Migration Assay 

2.8.1 Chemotactic Migration 

Chemotactic migration of stem cells was used as a positive control. 5x104 HMSCS were harvested 

using trypsin, centrifuged at 300g for 10 minutes and re-suspended in basal cell media containing 

no growth factors. This cell suspension was then seeded into the upper compartment of the 

transwell insert, while the lower compartment either contained complete media with 10% FBS or 

complete media containing 10% FBS plus FGF-2 (20ng/ml). The cells were then incubated for 22 

hours under normal growth conditions. 

2.8.2 SPIO Facilitated Cell Migration 

5x104 or 2x104 HMSCS were washed twice in PBS and then treated with PEG functionalised SPIOs 

(Sigma-Aldrich) loaded cell media (2.5 µg/ml). The cells were then incubated at 37°C for 90 

minutes, before being washed a further 2 times with PBS, detached with trypsin and centrifuged 

at 300g for 10 minutes. The cells were then re-suspended in complete cell media containing 10% 

FBS and placed in the top compartment of the transwell insert, whilst the bottom compartment 
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also contain complete medium containing 10% FBS. The cells were then incubated under normal 

growth conditions for 22 hours under a fixed magnetic field (Figure 6). 

 

Figure 6: Magnetic facilitated transwell migration. Blue arrows show the direction of cell 
migration towards the neodymium magnet.  

 

2.8.3 Determining Cell Migration 

To determine the number of migrated cells, the non-migrating cells were removed by gently 

wiping the top of the membrane using a cotton swab. The membrane was then fixed for 10 

minutes in 4% paraformaldehyde. Once fixed, the cells were stained in 0.5% crystal violet for 20 

minutes washed 3 times in PBS, before images were taken using a bright-field microscope (Zeiss, 

Imager M1). 

 

2.9 Statistical Analysis 

Throughout this project, all graphical representation and statistical analysis was completed using 

Microsoft Excel. Microsoft Excel was also used to calculate all the mean, standard error of the 

mean, student T-test values and One-way Anova values. Threshold analysis and the comparison of 

optical density within the Western blot data was generated using the Image-J software and before 

all data was transferred to Microsoft Excel. 
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Chapter 3: Results 

 

3.1 Uptake and Release of FGF-2 by HMSCs 

The uptake and release of FGF-2 by HMSCs was investigated using ELISA and was completed as 

optimisation work, in order to formulate a successful method for measuring the uptake and 

release of drugs by HMSCs. Initially a standard curve was produced (Figure 7) and then samples 

were analysed against this standard data.  Uptake, release and residual levels of FGF-2 were 

calculated (Figure 8). Total uptake percentage of FGF-2 varied from 66-72% throughout all 

treatment concentrations, with residual percentages showing similar variation from 88-96% of 

total uptake amount. The release values varied more significantly were 5ng/ml, 10ng/ml 15ng/ml 

and 20ng/ml were calculated at 4%, 5%, 6.5% and 12% respectively. This data shows that the 

HMSCs were not only able to uptake FGF-2 but also that the release volume increased in a direct 

relationship with the treatment volumes. However it also important to note that the HMSCs only 

released 4-12% of the total uptake volume, meaning that the majority of the drug was either 

processed or retained by the cells.   

Figure 7: The correlation of FGF-2 concentration and absorbance at 490nm. The Standard curve 
was produced from the standards provided within the ELISA for FGF-2 analysis. 
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Figure 8: The uptake, release and residual amount of FGF-2 in HMSCs when treated with varying 
concentrations (5-20ng) over a period of 48 hours. The data was generated from cell media 
samples collected at the time of treatment (0 hours), 24 and 48 hours. The samples where then 
processed in triplicates by ELISA and compared to the standard curve in Figure 7. n=1. 

 

3.2 Uptake and Release of p5 by HMSCs 

3.2.1 ELISA Analysis of the Uptake and Release of p5 by HMSCs 

As an initial optimisation, the uptake and release levels of biotinylated p5 by HMSCs was analysed 

using a colorimetric HABA reagent ELISA. Although a standard curve was produced using this 

assay (figure 9), no consistent data was observed. Further optimisation work was then conducted 

using a fluorescent-based ELISA assay and two standard curves were produced, using the 

commercial provided standards and a serial dilution of p5 in PBS (figures 10 and 11). Using the 

standard curve in figure 11, cell lysates were analysed from untreated and p5 (2.5µg/ml) treated 

HMSCs. From the generated data (figure 12) it was observed level of biotin increased within the 

treated cells and when compared with the untreated samples there was an increase of 

approximately 3pg/cell, indicating that the cells were effectively able to uptake the p5. A separate 

standard curve was then produced by a serial dilution of p5 using cell media but no significant 

correlation was observed and therefor no reliable data could be produced to estimate the release 

of p5 by HMSCs (figure 13).   
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Figure 9: The correlation of biotin concentration and absorbance at both 494nm and 520nm. 
The HABA reagent was used to develop a colour change dependant on biotin to generate the 
standards. The standard curve was then produced at both 494 and 520nm. 

 

 

Figure 10: Commercial Biotinylated p5 standard curve. The correlation between biotin 
concentration and emission at 520nm. Standards produced from provided standards in the ELISA.  
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Figure 11: Biotinylated p5 standard curve. The correlation between biotinylated p5 and emission 
at 520nm. The p5 standards were produced in PBS and analysed using the ELISA. A positive 
correlation was observed. 

 

Figure 12: Uptake of p5 by HMSCs. Lysates produced of HMSCs comparing uptake of p5 
(2.5µg/ml) in treated and untreated cells over 24 hours. This data was produced using the 
standard curve in figure 11. Analysis of this data, shows that the biotin concentration varied from 
3.9pg/cell in treated cells compared with 3.6pg/cell in untreated cells. This was calculated by 
dividing the total calculated concentration by the total cell numbers.  n=1. 
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Figure 13: Biotinylated p5 standard curve. The correlation of biotin concentration and emission 
at 520nm. Standards were generated in cell media and fluorescence was generated using the 
ELISA. No significant correlation was observed. 
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3.2.2 Immuno-fluorescent Analysis of p5 Internalisation by HMSCs 

The internalisation of p5 by HMSCs was analysed by fluorescent microscopy. Initially HMSCs were 

treated with 2.5µg/ml of biotinylated p5 before fixation and staining with anti-fluorescein 

antibody (figure 14). Accumulation of p5 (green) was shown to be internalised and localised 

perinuclear within the cells. HMSCs were then treated again with 2.5µg/ml of biotinylated p5 but 

were fixed at 4, 8, 24 and 48 hour intervals before staining with anti-fluorescein antibody (figure 

15). There was an observed increase of p5 (green) internalisation at 48 hours when compared 

with the negative controls, although through observation alone it cannot be determined whether 

there is any difference between the 24 and 48 hour time points. As the significance between the 

timed treatments was difficult to distinguish by microscopy alone, the images were then analysed 

using Image-J to generate quantitative data (Figure 16). It is clearly visible from the data that the 

uptake of p5 by HMSCs increased over the 48 hour period. 
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Figure 14: Internalisation of p5 by HMSC analysed using fluorescent microscopy. HMSCs were 
fixed, then treated with both DAPI (blue) and Anti-Fluorescein antibody (green). A and B are 
negative controls. C-F were treated with biotinylated p5 at 2.5 µg/ml for 24 hours before fixation. 
White arrows indicate regions of internalised p5. 

 

 



45 
 

 

Figure 15: Analysis of timed p5 treatment using fluorescent microscopy. Internalisation of p5 at 
various time points over 48 hours was analysed. 1x105 HMSCs were fixed at 4, 8, 24 and 48 hours 
after treatment and then treated with both DAPI (blue) and Anti-Fluorescein antibody (green). A-
D are negative controls at all time points. E-H were all treated with biotinylated p5 at 2.5 µg/ml. 
The amount of p5 (green) was shown to increase over the 48 hour time period. 
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Figure 16: Threshold analysis of p5 uptake by HMSCs. Each time point image was acquired by 
fluorescent microscopy (A) and the threshold values were identified using Image-J (B). The 
statistical data presented is the percentage threshold area and was produced using Image-J. n=1. 
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3.2.3 Analysis of p5 Using HPLC-MS/MS 

For quantification with an increased sensitivity, p5 was studied using the application of HPLC-

MS/MS. Initially p5 was identified after HPLC in solvent using MS and then a product ion was 

formed using MS/MS (figure 17). Due to the sample being slightly unstable, the p5 degrades 

under storage conditions but the area and magnitude of the target peaks make it an effective 

method for p5 identification within samples. 

 

 

Figure 17: HPLC-MS/MS of p5. A: Total ion chromatogram showing summed intensity across the 
range of masses scanned. B: Extracted-ion chromatogram displaying product ions of the p5 
peptide.  
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The p5 peptide was then extracted using c18 solid phase extraction cartridges after serial dilution 

in cell media. These samples were then ran through the MS/MS to identify whether p5 was 

successfully extracted from the cell media and that there was a high enough recovery after the 

extraction process. Figure 18 shows total ion and base peak chromatograms of extracted p5 with 

figure 19 showing MS/MS product ion generated from this sample. Although the sample did 

contain some impurities, the magnitude of the peaks from both chromatograms is significant 

enough to identify the p5. This data is then confirmed by MS/MS as it has generated the correct 

fragment ions for the molecule. 

Figure 18: HPLC-MS/MS of p5 extracted from cell media. A: Total ion chromatogram showing 
summed intensity across the range of masses scanned. B: Base peak chromatogram, showing the 
most intense peak from the scan. 
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Figure 19: Extracted-ion chromatograms of p5 extracted from cell media. A: Intensity of the 
Product ion at 227.0800 kDa. B: Intensity of the product ion at 340.5000 kDa. C: Intensity of 
product ions 227.0800 and 340.5000 combined. D: Intensity of product ions at 227.0000, 
340.5000, including the product ion at 1046.5297 



50 
 

 

 

 

3.3 In vitro Activity of p5 in an Experimental Apoptotic Model 

The level of p5 activity was measured in vitro by using CaCl2 to induce apoptosis, as an 

experimental model and the activation levels of certain proteins was recorded using Western 

blotting. Initially, to activate hyper-phosphorylation and apoptosis, HBMECs were treated 5mM of 

CaCl2 for 30 minutes and the  levels of ERK, pERK and active caspase 3 activation were observed in 

cells treated with CaCl2 alone, or CaCl2 and p5 compared to the untreated controls (figure 20).  

Under the 30 minute CaCl2 treatment, no activation of pERK or active caspase 3 was observed, 

whereas there was equal levels of activation of ERK throughout all the conditions. The developed 

band showing α-tubulin activation also confirms equal loading.  

Due to the lack of observed expression of active caspase 3 and pERK, the CaCl2 treatment time 

was reduced to 10 minutes and separate samples generated from cells treated with FGF-2 

(10ng/ml) were introduced as a positive control. Under these conditions, the expression levels of 

pERK, ERK, pCdk5, pAKT, and active caspase 3 are shown (figure 21). Within this figure, expression 

of pERK appears to be most prominent within the FGF-2 treated cells, with reducing levels of 

expression in untreated, CaCl2 treated and CaCl2 and p5 treated cells respectively. Levels of pCdk5 

expression however appear to be present within the positive control and CaCl2 treated cells but is 

reduced with p5 treatment and not expressed in the control. There was also no observed 

expression of pAKT or active caspase 3 in any of the parameters and α-tubulin shows equal 

loading control. When the expression of ERK, pERK and pCDK5 was compared within the 

treatment parameters, it is clear that there is a reduction of expression within cells treated with 

p5 compared to both FGF-2 and CaCl₂.  
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Figure 20: Analysis of 30 minute CaCl2 and p5 treatment of HMSCs by Western blot. Lane 1, 
untreated cells; lane 2, cells treated with 5mM CaCl2; Lane 3, Cells treated with 5 mM CaCl2 and 
p5 (2.5 µg/ml). There are clear bands at 44 and 42 kDa showing activation of MAPK/ERK 1 and 
MAPK/ERK 2 respectively. α-tubulin was used as a loading control. Analysis of optical density 
compared to α-tubulin, shows similar activation of ERK throughout all conditions. n=1. 
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Figure 21: Analysis of 10 minute CaCl2 and p5 treatment of HMSCs by Western blot. Lane 1, 
untreated cells ; lane 2, cells treated with 5mM CaCl2; Lane 3, cells treated with 5 mM CaCl2 and 
p5 (2.5 µg/ml); Lane 4, cells treated with FGF-2 (10 ng/ml). There is expression of pMAPK/ERK, 
total MAPK/ERK and phohpo-Cdk5. No expression of pAKT or active caspase 3 was observed and 
α-tubulin was used as a loading control. n=1.  
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3.3 Cellular internalisation of Superparamagnetic Iron Oxide Nanoparticles 

3.3.1 Internalisation of SPIOs by Bovine Aortic Endothelial Cells 

As an optimisation stage and in order not to waste precious HMSCs, BAECs were treated with 

biotin functionalised nanoparticles at 40µg/ml for 1 hour before they were fixed and treated with 

anti-fluorescein. When these images were investigated using fluorescent microscopy, internalised 

SPIOs were clearly visible within the cells (figure 22).  

3.3.2 Internalisation of Biotin Functionalised SPIOs by Human Mesenchymal Stem Cells 

After the successful results with BAECs, the methodology was then transferred to HMSCs. Again, 

HMSCs were treated with biotin functionalised nanoparticles at 40µg/ml for 1 hour before they 

were fixed and treated with anti-fluorescein. When these images were captured using fluorescent 

microscopy, internalised SPIOs were clearly visible within the cells compared to the control 

images (figure 23). 
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Figure 22: Internalisation of biotin functionalised SPIOs by BAECs was analysed using 
fluorescent microscopy. BAECs were treated with SPIOs at 40µg/ml for 1 hour, fixed and then 
treated with both DAPI (blue) and Anti-Fluorescein antibody (green). A shows an untreated, 
negative controls. B-F show treated cells. These images suggest that the SPIOs are located 
throughout the cytoplasm but the white arrows indicate concentrated regions of staining that 
could indicate either areas of highly concentrated SPIOs or areas of non-specific fluorescence.  

 40x 

 40x  40x 

 20x 

 20x  40x 
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Figure 23: Internalisation of biotin functionalised SPIOs by HMSCs was analysed using 

fluorescent microscopy. HMSCs were treated with SPIOs at 40 µg/ml for 1 hour, fixed and then 

treated with both DAPI (blue) and Anti-Fluorescein antibody (green). A and B show negative 

controls. C-F show treated cells. These images suggest that as with BAECs, the SPIOs are located 

throughout the cytoplasm but the white arrows indicate concentrated regions of staining that 

could indicate either areas of highly concentrated SPIOs or areas of non-specific fluorescence. 
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3.3.3 Internalisation of PEG Functionalised SPIOs by Human Mesenchymal Stem Cells 

It was next investigated whether the HMSCs would be able to internalise PEG functionalised SPIOs 

as well as those coated in biotin. To explore this, HMSCs were treated with PEG functionalised 

SPIOs at 20µg/ml for 1 hour before they were fixed and stained with Prussian blue (Figure 24). 

Although the stain was successful, under observation by microscopy, there was no visual 

differences between the control and treated cells. 

3.3.3.1 Threshold analysis  

Due to there been no observable difference between the control and treated cells when stained 

with Prussian blue, 5 random fields of view were selected using the bright-field microscope and 

analysed depending on their threshold. This was to determine if, statistically, there was any 

difference between the controls and treated cells. The threshold analysis was completed using 

Image-J shown in figure 25. There was no significant difference between control and SPIOs 

treated cells. 
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Figure 24: Internalisation of PEG functionalised SPIOs was analysed using bright-field 
microscopy. HMSCs were treated with SPIOs at 20 µg/ml for 1 hour, fixed and then stained with 
5% Prussian blue. A, C and E show negative controls. B, D and F show treated cells.  
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Figure 25: Threshold analysis of Prussian blue staining. 5 random fields of view for each slide 
were selected using bright-field microscopy (A) and the threshold values were identified using 
Image-J (B). The statistical data presented is the mean percentage threshold area ±SEM. n=1. 

  

P=0.249 
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3.4 HMSC Transwell Migration Assay 

3.4.1 Chemotactic Migration 

In order to explore the migratory potential of HMSCs and to generate positive control data, 

HMSCs were initially analysed using a chemotactic transwell migration assay. Figure 26 shows 

successful migration of HMSCs using both complete media and complete media containing FGF-2 

(20ng/ml) as a chemotactic agent.  

3.4.2 Magnetic Facilitated HMSC Transwell Migration 

5x105 HMSCs were treated with PEG functionalised SPIOs at concentrations of 20, 40 and 

100µg/ml before been transferred into the transwell. The cells were then incubated for 22 hours 

in a static magnetic field before staining with 0.5% crystal violet (Figure 27). Due to the amount of 

migratory cells, no significant difference was observed between any of the parameters or the 

control. This experiment was the repeated with untreated cells as a negative control and HMSCs 

treated with PEG functionalised SPIOs at 20µg/ml (Figure 28). There was again no significant 

difference between the control and the treated cells. Due to the large amount of migratory cells 

in the previous two experiments, a reduction in transferred cells number was used to distinguish 

between treated and control cells. 2x105 HMSC were transferred to the transwell and again, 

incubated within a magnetic field for 22 hours (figure 29). Although fewer cells were observed to 

migrate there was no significant difference between control and treated HMSCs. 
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Figure 26: Chemotactic migration of 5x10⁵ HMSCs through PET-membrane. A, C and E show 
HMSCs exposed to complete media as a chemotactic agent. B, D and F show HMSCs exposed both 
complete media and FGF-2 (20 ng/ml) as a chemotactic agent. All inserts were stained with 0.5% 
crystal violet and images were taken with a bright field microscope. This data was generated in 
order to determine whether the HMSCs could migrate through the membrane, for this reason no 
negative control was used. 
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Figure 27: Magnetic facilitated migration of 5x10⁵ HMSCs through PET-membrane. A and B show 
HMSCs only as a negative control. C-H show HMSCs treated with SPIO primed cell media at 20, 40 
and 100 µg/ml before cells were transferred. All inserts were incubated under a magnetic field 
before they were stained with 0.5% crystal violet and images were taken with a bright field 
microscope. 
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Figure 28: Magnetic facilitated migration of 5x10⁵ HMSCs through PET-membrane. A and B show 
HMSCs only as a negative control. C and D show HMSCs treated with SPIO primed cell media at 20 
µg/ml before cells were transferred. All inserts were stained with 0.5% crystal violet and images 
were taken with a bright field microscope. 

 

 

 

 

 

 



63 
 

 

 

 

 

 

Figure 29: Magnetic facilitated migration of 2x10⁵ HMSCs through PET-membrane. A and B show 
HMSCs only as a negative control. C and D show HMSCs treated with SPIO primed cell media at 20 
µg/ml before cells were transferred. All inserts were stained with 0.5% crystal violet and images 
were taken with a bright field microscope.   

 

  



64 
 

  Chapter 4: Discussion 
 

4.1 Uptake and Release of FGF-2 by Human Mesenchymal Stem Cells 

FGF-2 was selected as a possible therapeutic agent, because of its potential for the reduction of 

apoptosis and promotion of recovery within stroke patients (Shin, et al., 2006). When the uptake 

and release of FGF-2 by HMSCs was analysed using ELISA it was observed that the cells were not 

only able to uptake the drug but also to release it over a 48 hour period. This uptake and release 

mechanism was expected, however, when compared to other work, the uptake and residual data 

is much higher and the release volume was much lower than expected (Pessina, et al., 2011). It 

was also observed that the release rates increased dependant on the treatment concentration. 

One reason that the recorded data may vary from published data is that at the time of this study 

there is no published data that shows the uptake and release of FGF-2 by stem cells, so there is no 

direct comparison available. It is also important to note that due to time constraints and 

difficulties with initially developing substantial HMSCs cultures, this experiment was only 

performed once. In order to generate more reliable data, the experiment should have been 

repeated in at least triplicates in order to generate data with statistical significance and to remove 

any errors in the experimental method. There is also some doubt with the reliability of the 

methodology as the purchased ELISA only has a reported sensitivity of 0.07pg/ml whereas the 

largest recorded release volume was 1.65ng/ml meaning that the methodological errors could be 

significant. It is also possible that the FGF-2 is processed by HMSCs rather than being contained in 

vesicles and then released, as it has previously been shown have in vivo effects on MSCs by 

enhancing growth rates and increasing expression of mRNA (Ito, et al., 2007). 
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4.2 Uptake and Release of p5 by Human Mesenchymal Stem Cells 

This area of the project investigated the therapeutic potential of p5 that had been proposed 

within earlier research of the peptide CIP (Zheng, et al., 2002) and how this potential could be 

applied to a novel stem cell delivery method. Initially there were some difficulties in developing 

an effective methodology for quantifying the amount of p5 that was up-taken and then released 

by HMSCs from the loaded cell media. The ELISA based methodology was based on the fact that 

due to the p5 being biotinylated, the recorded concentration of biotin was directly representative 

of the concentration of p5. However, when this quantification method was attempted with both a 

colourimetric based and a fluorescence based ELISA, the only standards that produced a 

significant standard curve were either the commercial provided standards or p5 standards in PBS. 

When p5 standards were produced in HMSC media, no data was generated using the HABA 

colour-metric reagent, the value of the standards did not differ from the blank control samples. 

Although data was generated using the fluorescence based ELISA, the constructed standard curve 

was not linear. However, using this fluorescence based ELISA, uptake of p5 was observed in 

lysates produced for HMSCs that were treated using the p5 loaded cell media when compared to 

the p5 standards produced in PBS. It was recorded that treated cells contained 1.96µg/ml of 

biotin (3.9pg/cell) compared to 1.8µg/ml (3.6pg/cell) in the control. Not only is this uptake 

volume much higher than expected when compared to similar work with HMSCs (Pessina, et al., 

2011) but there is also very little difference between the treated and the control cells, the 

opposite of what was expected. One possibility that could explain the interference with the ELISA 

based analysis and the observed amount of biotin in the control samples, is the levels of 

endogenous biotin and the levels of biotin present in the cell media. Biotin is a vitamin that is 

widely distributed throughout mammalian tissues and the levels of endogenous biotin or 

biotinylated proteins form a major drawback of the biotin-avidin conjugate detection system 

(Wood & Warnke, 1981 and Ahmed, et al., 2014). Not only this but biotin has also been shown to 

be a required ingredient in cell culture medium (Dakshinamurti, et al., 1985) and as an example, 

13µg/l is added to IMDM (Sigma-Aldrich) which is a major component to the HMSC cell media. 
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These factors must have an effect on the results and may explain why the ELISA’s were unable to 

generate reliable standard curves as well as possibly explaining why levels of biotin were also 

observed within the blank control samples. Due to these variations in endogenous levels of biotin 

and the concentrations of biotin that are present within the HMSC culture media, it is doubtful 

that any figures produced by the biotin-avidin ELISA could hold a reliable significance. 

Further development was therefore needed into order to explore whether p5 could, at a basic 

level, be internalised by the HMSCs from the loaded culture medium. This was conducted using 

fluorescence microscopy and it was observed that not only was the p5 internalised by the cells 

but also that uptake of p5 increased over a 48 hour period. From micrographs, it is clearly visible 

that the p5 has been engulfed by the cells and it appears that it localised within the cytoplasm, 

more specifically, in vesicles within the perinuclear regions of the cytoplasm, which would agree 

with Baglio, et al., 2012 who describes how MSCs can uptake extracellular molecules using 

vesicles. When comparing the timed treatment, it is visually apparent that there is an increase in 

p5 concentration over the 48 hour time period and when the micrographs were reviewed using 

threshold analysis there is an 2.64% or 15-fold increase from 4 to 48 hours. This uptake of p5 by 

HMSCs is similar to previously published work that has shown that the anti-cancer drug, 

paclitaxel, is internalised by HMSCs over a 48 hour period and that the drug accumulates within 

the perinuclear regions and localises within the golgi apperatus and golgi derived vesicles 

(Pessina, et al., 2011).  

Further work was also focussed on developing an accurate assay for quantifying the uptake and 

release of p5 by HMSCs by developing work by Pessina, et al., 2011, who used HPLC anyalsis to 

detect drugs contained within cell media. However using HPLC alone cannot detect samples 

accurately with a nanogram range but by combing HPLC with tandom mass spectrometery (HPLC-

MS/MS) this can be achieved. HPLC-MS/MS is regulary applied to the drug development industry 

as a tool for both identification and quantification (Lee & Kerns, 1999) and has also been shown to 

identify peptides from biological samples  (Hernández-Ledesma, et al., 2005). Using a trial and 

error method of different solvents and mass spectrometry parameters, p5 was able to be 
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identified using HPLC-MS/MS, when diluted directly into methanol. This provided evidence that 

the p5 peptide could not only be detected using this method and the peak generated in the 

chromatographs was significant enough, to provide reliable and definite data. This methodology 

was then coupled with solid phase extraction, that is used to purify samples before HPLC anlyis 

and can be used to isolate analyates from varies matrices including cell lysates and plasma 

(Räbina, et al., 2001 and Halde, et al., 2011). Using this combined method p5 was also detected 

after extraction from cell culture media, again with enough significance to confidently conclude 

p5 is present within the sample and there is a high enough concentration for further anlayis. 

Although this method can accurately detect p5 from cell culture media, there were numerous 

drawbacks reaching this stage. The methodology itself is very time consuming and due minor 

fluctuations within the machine and recoverey rates from the extraction method, it is debatable 

whether this method could applied to a large amount of samples. This current study also failed to 

generate any standards or to produce quantifiable data but this was soley due to time constaints 

of the project. 

 

4.3 Effects of p5 in Apoptotic Stroke Model 

If p5 was to applied as a stroke therapeutic agent, its effectiveness of reducing cellular apoptosis 

and efficiency of inhibiting Cdk5-p25 hyperactivity would be the major determining factors. In 

order to investigate p5 activity, the activation of certain proteins associated with apoptosis 

including phosphorylated Cdk5 were investigated by using CaCl2 to induce phosphorylation and 

apoptosis. The activation of the target proteins selected have all been shown within the apoptotic 

pathway; pAKT (Walsh, et al., 2009), active caspase 3 (Wu, et al., 2000), pERK (Cagnol & 

Chambard, 2010) and phosphorylated Cdk5 which is a key mediator in both cell survival and cell 

death (Cheung & Ip, 2004). Cells were initially treated with 5mM of CaCl2 for either 10 or 30 

minutes and various levels of protein activation were observed. Under the 30 minute treatment 

there was equal activation of ERK within all the parameters and no activation of pERK or active 

caspase 3 was observed. This data suggests that no distinguishable levels of apoptosis was 



68 
 

initiated by the 30 minute CaCl2 treatment and due to this fact, cells treated with 10ng/ml of FGF-

2 were introduced as a positive control. Under the 10 minute treatment there was varied 

activation of ERK, pERK and pCdk5 observed. Activation of ERK, appears to be relatively equal 

throughout all of the treatments and although the developed bands for pERK are faint, there is a 

definite reduction in activation under the p5 treatment compared with CaCl2, control and FGF-2 

treatments which was confirmed by analysing the optical density using Image-J. The developed 

bands for pCdk5 are also predominantly faint but there is a reduction in protein activation in lane 

3 where cells were treated with p5 compared to both FGF-2 and CaCl2 treatments, which was 

again, confirmed by analysing the optical densities using Image-J. Despite these recorded levels of 

protein activation, there was no observed activation for either pAKT or active caspase 3, 

producing slightly contrasting results.  

In consideration, it would be expected that under both the 10 and 30 minute treatment, 

phosphorylation and apoptosis would be observed, due to previous findings by Kusakawa, et al., 

2000, meaning that, hypothetically, there should be very little difference within the results. This 

however does not agree with the findings of this study. The evidence collected suggests that CaCl2 

treatment may increase the level of ERK and Cdk5 phosphorylation but does not induce the 

caspase 3 or the phosphrlyation of pAKt pathway. The levels of phosphorylation produced by this 

method were also less than expected, meaning that further optimisation work using different 

CaCl₂ concentrations and treatment times, may generate data that is more relevant to the 

apoptosis seen within ischemic attack. It may also be probable that the molarity of the treatment 

was too high or the treatment times were to long meaning that the acidity of the CaCl2 could be 

denaturing the proteins rather than just inducing apoptoisis. It is also important to note, that the  

phosphorylated proteins investigated, do occur under normal homeostasis as apoptosis is 

required for normal development throughout multicellular organsims (Somani, et al., 2010), so 

from the evidence provided it cannot be concluded that the recorded phosphorylation levels are 

from induced apoptosis alone. It can be said however that from the data shown there is a 

reduction in pCdk5 expression within the p5 treated cells agreeing with previous work by Zheng, 
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et al., 2010, that showed a reduction  of pCdk5 activity in apoptotic HEK293 cells and cortical 

neurons.  

4.4 Internalisation of SPIOs by Bovine Aortic Endothelial Cells  

Although for this project, bovine aortic endothelail cells hold no therapeutic potential, this 

prelimenary work was important to generate a reliable method without wasting precious cultures 

of HMSCs. Previous work has shown that endothelial cells provide a very similar platform to 

HMSCs as they are able not only to uptake SPIOs but are also able to be manipulated by using a 

magnetic field (Kenzaoui, et al., 2012 and Wu, et al., 2013). The micrographs distinctly show that 

nanoparticles have been absorbed by the BAECs and that they are localised within the cellular 

cytoplasm. These finding also agree with previous work that has shown a similar dispersion of 

internalised nanoparticles after human aortic enothelial cells were treated with SPIO loaded 

culture medium (Ge, et al., 2013).  

 

4.5 Internalisation of SPIOs by Human Mesenchymal Stem Cells  

Due to the success of loading BAECs, progress was made towards effectively labelling HMSCs. As 

previously stated internalisation of SPIOs by HMSCs has been analysed by immuno-histology and 

used as an MRI contrast agent for a number of years (Ikegame, et al., 2014), with the aim of this 

section of work being to effectively label HMSCs with two varieties of SPIOs. Immunofluorescent 

analysis of biotin functionalised SPIOs has shown that, similar to the BAECs, the HMSCs are able to 

absorb the nanoparticles and then disperse them throughout the cytoplasm. Similar results were 

generated previously using fluorescent microscopy by (Jasmin, et al., 2001) when HMSCs were 

successfully labelled using dextran functionalised nanoparticles. In contrast, the analysis of PEG 

functionalised SPIOs by immunohistochemistry has not produced any significant findings. The 

micrographs show very little visual difference between the treated cells and the control samples 

and when the images were quantified, it was confirmed that there was no significant difference in 

the staining. These results also contradict recent other work that not only shows prussian blue as 
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a standard stain for iron oxide nanoparticles but also that internalisation of PEG functionalised 

nanoparticles can be visualised using this protocol  (Andreas, et al., 2012 and Tatiana T Sibov, 

2014). There are multiple factors that could have effected this methodology but it is more than 

likely that there is either a major issue with the protocol such as the nanoparticles are not 

correctly coated and the HMSCs cannot absorb them or that the HMSCs themselves are highly 

rich in iron masking the nanoparticle staining. This method could also have required a further 

wash stage in order to remove any nonspecific binding, explaining why such similar results were 

observed.  

 

4.6 Magnetic Facilitated Human Mesenchymal Stem Cell Migration 

The aim of this final section of the project, was to exploit the magnetic properties of the 

nanoparticles in order to facilitate the migration of HMSCs, with the aspirations of this technique 

being applied to the infarct regions of stroke, of which similar work has been shown in spinal cord 

injuries (Vaněček, et al., 2012). To explore the migratory properties of HMSCs, a transwell 

chamber assay was used with various conditions including negative and positive controls. The 

main issue that surrounded this area of work is that the same level of migration was observed in 

all the experimental conditions including both positive and negative controls. In an attempt to 

overcome these issues, the experiment was initially repeated before being repeated again with a 

reduced number of seeded cells. Despite these efforts there was still no observable difference 

between any of the experimental conditions. One probable reason behind this may be that the 

HMSCs are naturally highly migratory and therefore, under any normal growth conditions would 

migrate through the membrane. However MSCs are only usually shown to migrate to target tissue 

that contain sites of stress or inflammation (Tomchuck, et al., 2008) so further experimentation 

would be needed before any conclusions could be drawn.  
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4.6 Future Work 

For this work to be applied as a therapeutic option for stroke, there are many further steps that 

would need to be taken. In summary, this project only contains preliminary work that has 

potential implications within this field but there are certain steps that could be taken to develop 

this work into a much broader and in-depth study. It is also Important to note, that due to time 

constraints, costings and limited reagents, some of the experiments contained within this thesis 

were only completed once (n=1). In general, a much thorough investigation surrounding this 

subject area could have been formulated with greater n numbers.  

Initially it would be essential to formulate a method that can accurately detect the uptake and 

release of drugs by HMSCs. The most likely method that could be used to generate a reliable assay 

would be quantification by HPLC-MS/MS. To do this however, it would be necessary to generate 

two sets of standards in order to calculate the recovery values from the extraction process and 

develop the use of an internal standard to quantify how accurate the generated data would be. 

Once a successful method is developed, it may also be possible to simply apply it to other drugs, 

in order to investigate whether HMSCs can be used as a multiple drug delivery system.  

There are many other drugs or potential targets that could also be applied as a combinational 

therapy and prime target example would be vascular endothelial growth factor (VEGF). VEGF is a 

pro-angiogenic growth factor that has been extensively studied within various ischemic diseases 

as it is not only able to facilitate blow flow recovery in ischemic regions of the brain but also 

exhibits neuroprotective qualities and promotes neuronal growth (Rhim, et al., 2013). If the 

uptake and release of multiple drugs could then be quantified individually, it would also provide 

the opportunity to explore the potential of whether HMSCs could uptake and release multiple 

drugs and how effective various combinations of drugs are at promoting ischemic recovery. 

Further work would also be needed in order to develop data surrounding how effective HMSC 

delivery of p5 is and whether dose concentration is a contributing factor in comparison with 

findings by Zheng, et al., 2010 and Tan, et al., 2015)who have shown effective promotion of 
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neuroprotection in both in vivo and in vitro studies. One way in which this could be completed, 

would be to take the primed cell media, after varying treatment concentrations, that the HMSCs 

have released the p5 into and use this as a parameter within the induced apoptosis model. This 

methodology would then explore whether p5 released by HMSCs is as effective as p5 applied 

directly to the in vitro study, similar to work done by Pessina, A. et al., 2011 and Pessina, A. et al., 

2013. At this stage it would also be important to use multiple effective apoptosis models such as 

hypoxic incubation in order to ensure that p5 does not only protect against the CaCl2 treatment. 

Future work within this study area may also benefit from using flow cytometry and a combination 

of apoptosis markers such as caspases or nuclear apoptosis assays in order to generate 

quantifiable data with statistical significance. Similar work has shown that flow cytometry can not 

only quantify levels of ischemia (Olano, et al., 1996) but has also been shown to provide evidence 

of protection against ischemia (Widiapradja, et al., 2014). 

Multiple areas of research are also exploring the applications of SPIOs and how they can be 

applied to various disease pathologies, the full potential of SPIOs however is still unknown. From 

the work contained within this project, it would be beneficial to repeat the histochemical analysis 

to determine whether HMSCs can effectively uptake PEG coated SPIOs. This may be as simple as 

repeating the experiment with fresh reagents as there may have been issues with the 

nanoparticles or staining because previous work has shown that MSCs can effectively uptake PEG 

coated SPIOs (Wang, et al., 2010 and Bull, et al., 2014). The studies mentioned, however only 

contain work with bone marrow derived stem cells whereas this study predominantly used 

adipose derived stem cells, so there may be a variance in uptake of nanoparticles dependant on 

the lineage of the stem cells, which may provide an interesting focus for further work. It may also 

prove useful to quantify the loading efficiency through further threshold and statistical analysis of 

both PEG and Biotin functionalised SPIOs. More data about the internalisation of SPIOs could also 

be generated by the use of magnetic resonance imaging that has already been shown not only to 

successfully image nanoparticles contained with MSCs but also to track the cells within in vivo 

models (Andreas, et al., 2012). 
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Further development would also be needed to produce model for measuring the levels of 

migration, facilitated by static magnetic field after HMSCs are loaded with SPIOs. This 

development may come from adaptations of the transwell migration assay featured in this 

project. Initially it would be essential to investigate different incubation parameters, such as 

growth factors or increased serum starvation, so that the cells are still healthy but no migration is 

observed within the negative controls. Further work would then be need to show that under 

these new conditions, HMSCs are still able to migrate under chemotactic factors in order to 

generate positive controls before magnetic facilitated migration could be explored. There is also 

the possibility of developing a new methodology by adapting wound healing models (figure 30) 

such as cell depletion assays or cell exclusion assays, when cells are encouraged to migrate into 

areas void of cells (Vedula, et al., 2013).   

 

Figure 30: Wound Healing Models. A, arrows show various directions of cell migration, 
dependant on the location of the cell void. B shows a scratch assay where cells are scraped away 
to for a void. C shows a cell exclusion assay, where a barrier is used to create a cell void before 
being removed. (Vedula, et al., 2013). 
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Another possibility for migration assays is the use of matrigel, which is by definition, a gelatinous 

protein mixture that allows cells to be cultured and observed within a 3D matrix. Matrigel 

migration/invasion assay have been used to show the migration multiple cell types such as cancer 

cells, pericytes and macrophages (Tigges, et al., 2008 and Benton, et al., 2011). As with the wound 

healing models, there is a possibility that this could be applied to magnetic facilitated migration of 

the HMSCs, proving a more in-depth understanding of this facilitated migration. 

Pilot work conducted within this thesis opens the possibility to theorise, how this work and the 

conceivable future work could be applied to develop a possible stroke therapy. Once the uptake 

and release of drugs by stem cells is quantified, it is a probable hypothesis, that this drug delivery 

method could be applied to animal models where, for example it has already been shown that p5 

promotes both neuroprotection and neurodegeneration  (Sundaram, et al., 2013 and Tan, et al., 

2015). It may also be possible to combine this drug delivery method, with targeted SPIO loaded 

HMSC that has also been shown to increase migration efficiency of HMSCs in vivo (Vaněček, et al., 

2012). 

 It is also important to note that the work contained within this thesis, may also benefit from 

current and future developments in genetically modified stem cells. This area of current research 

investigates the possibility of modifying the genetics of stem cells, for example through adenoviral 

transduction, to either force the expression of therapeutic genes or increase the natural 

production of therapeutic agents (Rhim, et al., 2013). Recent work has shown that this genetic 

manipulation of MSCs can be used to increase the expression of vascular endothelial growth 

factor, placental growth factor and neurotrophic factor that provide either neuroprotection or 

promote angiogenesis and myogenesis after ischemic injury (Nomura, et al., 2005, Liu, et al., 2006 

and Gao, et al., 2007). 
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4.7 Conclusions  

The work contained within this thesis has highlighted the potential of HMSCs as an applied 

therapy for stroke. The investigations into exploring whether HMSCS have the potential to uptake 

and release drugs and as to whether this process can be quantified has provided multiple answers 

but in turn has developed even more questions. From the data generated it can be concluded that  

HMSCs can uptake p5 and FGF-2 when exposed to the drug in vitro but from this study no 

significant quantification method could be developed without further experimentation. It was 

also found that p5 provides some protective characteristics when applied to this experimental 

apoptotic model, with observed reductions in both pCdk5 and pERK. This experimental model 

however would also require further development in order to accurately depict the full range of in 

vitro or in vivo activity of p5 when applied to areas of induced apoptosis or ischemia. The most 

promising area of this section of the study is the developments towards a successful methodology 

for the quantification of drug uptake and release by HMSCs by HPLC-MS/MS. If this methodology 

could be finalised, the possible applications in the development of stem cells as a drug delivery 

would be extremely significant. 

This collection of work has also provided insights to the uptake of SPIOs by HMSCs and whether 

this can be used to facilitate cellular migration. The microscopic analysis of the internalisation of 

SPIOs provided evidence that, within this study, only nanoparticles coated with biotin were able 

to be visualised after absorption by the HMSCs.  Further experimentation however may bring to 

light the potential of various types of functionalised nanoparticles and the possible differences in 

cellular uptakes dependant on the SPIO coating. The data that was produced using the transwell 

migration assay also highlighted, despite varying experimental incubation conditions that HMSCs 

are naturally highly migratory and with certain modifications to the assay, this work could be used 

to develop targeted cellular migration. 

In conclusion HMSCs provide a highly attractive option for the treatment of stroke due to their 

many natural characteristics and their potential to be applied as a combinational therapy. The 

successful delivery of drugs such as p5 and FGF-2 combined with a SPIO targeting method is likely 
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to exert therapeutic benefits for both neuroprotection and neuro-regeneration after ischemic 

stroke. However, from the pilot work completed within this study, the future applications of this 

combinational therapy can only be speculated, but regardless of this fact, the study can provide 

an insight into the huge potential of HMSCs and there possible applications towards the 

development of stroke therapies.  
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