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Throughout the world, the average population age is increasing and, in many 
areas, nearly a quarter of the population will be over the age of 65 within the next 
15 years, 40% of the total NHS budget is spent on people over the age of 65. The 
UK spends to £13 billion on musculoskeletal treatments, a cost which will 
increase as the population over 65 also increases. Skeletal stem cells are a rare 
cell population within the bone marrow, which facilitate bone repair and 
homeostasis. With no identified markers capable of isolating skeletal stem cells, 
characterisation, understanding, and subsequent use is limited. Understanding 
these cells within the skeletal system may help us understand disease states, the 
causes and, importantly, offer therapeutic solutions.  

This thesis approached the study of skeletal stem cells from two alternative 
angles. The first, a marker discovery direction using aptamers (synthetic binding 
ligands, normally nucleic acid based) to identify and exploit potential skeletal stem 
cell-specific markers. The second approach using current enrichment techniques 
and the application of Drop-Seq to characterise the enriched cell gene expression 
profiles at a single cell level. Aptamer selection was first applied against a bone-
derived cell line, SAOS-2, to ensure a robust methodology was established 
before the use of precious primary human skeletal tissue. The SAOS-2 selection 
proved successful, providing ten aptamers which preferentially bound to the 
SAOS-2 cells over a counter selection target of the Raji cell line. Unfortunately, 
when carrying out the same aptamer selection method using bone marrow and 
foetal femur samples unwanted amplification took place within all the attempted 
selections, resulting in failure of selection. This was narrowed down to 
amplification products from the cell that was not detected in QC steps.  

The use of enrichment markers provided a population (STRO-1BRIGHT+ CD146+) 
highly enriched for Colony Forming Units - Fibroblastic (CFU-F) capacity. This 
population was too small for use with Drop-Seq. STRO-1+ CD146+ cells were 
therefore analysed instead. The analysis highlighted four main cell types within 
the population, monocytes, lymphocytes, erythrocyte progenitors and CXC 
chemokine ligand (CXCL) 12-abundant reticular (CAR) cells.  

The failure of the aptamer selection against the primary cells presented a setback 
to the characterisation of the skeletal stem cells. However, with a redesign of the 
primers and aptamer pool, this methodology should prove fruitful. The 
identification of the CAR cells is highly intriguing as these cells are studied within 
the haematopoietic stem cell field, as the CAR cells act as regulatory cells of the 
haematopoietic stem cells. The CAR cells have been shown to be multipotent, 
differentiating into adipocytes, chondrocytes and osteocytes, and are a rare 
population. These characteristics are shared with the characteristics attributed to 
the skeletal stem cell, and therefore the identification of the CAR cells from a 
population enriched for the skeletal stem cells suggests a relationship between 
these cells, whether the SSCs are the CAR cells or are closely related is unclear 
at this point, with further protein localisation studies this may be elucidated. 
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Chapter 1 Introduction 

1.1 Study rationale 

Advances in medical care worldwide, combined with healthier lifestyles, have led 

to an increase in the global population and lifespan - resulting in a higher 

proportion of people over 65 (Peterson, 1999, Kinsella and Phillips, 2005). Over 

17% of the UK’s population currently belongs in this age bracket and is trending 

towards almost a quarter of the population by 2035 (Figure 1-1). Currently, the 

elderly population, although a minority, accounts for 40% of the NHS’s total 

expenditure (AgeUK, 2016). This increase in cost with age is most likely due to 

the capacity of the body to protect and repair itself diminishing with age (Carlson 

and Conboy, 2007, Oh et al., 2014, Baker et al., 2015), leading to a higher 

incidence of disease (Wong et al., 2014). 

 

 

 

Figure 1-1 - Graph showing the estimated population growth from 1985 to 2035.  

Approximately a quarter of the population within the UK will be over 65 by 2035. Redrawn 

using data from the national archives: 

http://webarchive.nationalarchives.gov.uk/20160108205940/http://www.ons.gov.uk/ons/

rel/mortality-ageing/focus-on-older-people/population-ageing-in-the-united-kingdom-

and-europe/rpt-age-uk-eu.html?format=print (Accessed 07-07-17) 
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Musculoskeletal injuries and diseases are mainly associated with the elderly 

population and result in reduced quality of life before, during, and after treatment 

- as well as a reduced potential for long-term recovery (Guralnik et al., 1996). 

Treatments for musculoskeletal injuries and diseases in England cost 

£12.972 billion between 2013 and 2014, the 4th highest expenditure for medical 

treatments after mental health disorders, circulation problems and 

gastrointestinal system problems (NHS_England, 2015). Most treatments for 

musculoskeletal injury and diseases are reactive, to repair the damage that has 

taken place. Without preventative treatments and better long-term solutions, 

these costs will undoubtedly escalate (Etzioni et al., 2003); therefore, a better 

understanding of the disease initialisation, progression and alternative treatments 

should be investigated.  

The fields of tissue engineering and regenerative medicine offer new insights and 

potential treatments for a variety of damage and disease states. Tissue 

engineering and regenerative medicine aim to develop new approaches to 

improve upon joint replacement surgeries and associated musculoskeletal 

conditions (Nesic et al., 2006, Correia et al., 2014, Dawson et al., 2014, Gentile 

et al., 2014, Black et al., 2015, Richardson et al., 2016). Tissue engineering 

focuses on materials to be implanted and seeded with cells, where regenerative 

medicine focuses on enhancing bodily functions to repair itself, resulting in 

multiple approaches to improve public health and quality of life (Nerem and 

Sambanis, 1995, Lysaght and Reyes, 2001, Roberts et al., 2008, Mason and 

Manzotti, 2010), (Figure 1-2 A and Figure 1-2 B respectively).  

  



Chapter 1 

 

3 

 

 

 

Figure 1-2 - Applications of tissue engineering and regenerative medicine. A) 

Tissue engineering combines many aspects of biology (left), biological cues (top) and 

structural components (right) to build solutions to many disease and damage-based 

issues. B) Regenerative medicine takes cells or tissues from the host and repurposes 

the cells to treat diseased or damaged tissues or uses them to investigate the disease 

states through cell lines.  

 

Tissue engineering aims to incorporate engineering and biology to develop 

materials which function as substitutes for damaged or diseased tissues (Langer 

and Vacanti, 1993, Howard et al., 2008). To date, a number of materials have 

been under development to aid in the repair of skin (Monteiro et al., 2015), 

cartilage (Oka et al., 2000, Nesic et al., 2006, Liao et al., 2013), bone (Gothard 

et al., 2015b, Tayton et al., 2015, Cox et al., 2015, Xavier et al., 2015) and liver 

(Che Abdullah et al., 2014).  

  

A) 

B) 
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Material Target Publication 

Layer by layer Hyaluronic acid scaffold  Skin Monteiro et al 2015 

PVA-H artificial articular cartilage Articular cartilage Oka et al 2000 

Alginate and Polyacrylamide 3-D woven scaffold Articular cartilage Liao et al 2013 

Alginate/bone ECM hydrogels Bone Gothard et al 2015b 

Hydroxyapatite polymer composite scaffold Bone Tayton et al 2015 

Hydroxyapatite composite Bone Cox et al 2015 

Nanosilicate enhanced collagen-polymer hydrogel Bone Xavier et al 2015 

Carbon nanotube scaffold Liver Che Abdullah et al 2014 

Table 1-1 – Different categories of biomaterials applied in tissue 

engineering/regenerative medicine. Numerous materials have been developed for 

tissue repair, here are several tissue engineering and regenerative medicine solutions to 

tissue damage. They are not limited to bone, and is not an extensive list, but does provide 

insights into the field and the complex and interesting materials developed. 

 

While these materials are substitutes, they are made in a way that promotes the 

body to integrate, replace and degrade the materials over time. In contrast, 

regenerative medicine seeks to stimulate and utilise human cells to repair or grow 

tissues or organs in order to restore normal function or maintain homeostasis 

(Mason and Dunnill, 2008). Regenerative medicine requires a greater 

understanding of the disease and the regenerative properties of the cells being 

recruited to repair the damaged or diseased tissue (Mahla, 2016, Ge and Fuchs, 

2018).  

Reactive treatments are essential to developing medical interventions, though 

wherever possible, preventative solutions are more cost-effective and improve 

quality of life. To comprehend the bone’s repair processes stem cells need to be 

subject to isolation and characterisation to allow for the stem cells to be utilised 

and manipulated effectively (Bielby et al., 2007).  
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1.2 Bone structure 

Bone is a hierarchical, heterogeneous, and anisotropic support and a protective 

structure consisting of collagen, mineral, cells, and non-collagen proteins (Rho, 

1998, Reznikov et al., 2014). Bone has varying structural properties and 

organisations that have evolved for optimal structural strength when loaded from 

specific directions (Rho, 1997). The macrostructure of bone has two 

classifications: cortical or cancellous bone. Cortical bone is the dense external 

layer of the bone making up 80% of the skeletal mass and providing the skeleton 

with its resistance to physical impact, bending, and torsion, making it critical for 

the protection of organs, load bearing, and facilitating locomotive abilities. 

Cancellous bone is the spongy inner mass of bone that provides a high surface 

area for a variety of physiological functions, including haematopoiesis, calcium 

ion exchange, and mechanical load distribution (Levrero-Florencio et al., 2016). 

The macrostructure is the top layer of the bone hierarchy, below are the structural 

components that make up the bone (Figure 1-3).  

 

Figure 1-3 - The hierarchical structure of bone. The hierarchical structure of bone is 

built from the sub-nanostructure up to the macro scale. The sub-nanostructure being the 

most basic building blocks of bone, the bone crystals and collagen molecules. These 

build up to make the larger structures and form the macrostructures of cancellous and 

cortical bone. Image from (Wang et al., 2016). 
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The cells which support and maintain the bone marrow environment are the 

haematopoietic cells and the osteogenic cells. The haematopoietic cell 

populations are responsible for producing the red blood supply and are found 

within the red bone marrow. In early development red bone marrow is found 

throughout the cancellous bone, but as humans age, these areas are replaced 

with yellow bone marrow areas, except for long bone metaphysis, axial skeleton 

and girdle bones (J B Vogler and Murphy, 1988). The cells which facilitate the 

change from red to yellow bone marrow are the adipocytes, which increase in 

number with age (Bianco et al., 1988). The adipose tissue has been shown to be 

a regulator of haematopoiesis, causing haematopoietic stem cell (HSC) to 

become quiescent until the adipose tissue is reduced, generally as a reaction to 

trauma or blood loss to increase haematosis (Naveiras et al., 2009). The 

osteogenic cell populations maintain and repair the bone structure; these 

populations include the osteoclasts, osteoblasts and the chondrocytes. 

Osteoblasts are responsible for active bone deposition and form a dense cross-

linked collagen structure called osteoid, which is then mineralised to form bone. 

Osteoblasts work with the osteoclasts (which resorb bone) to maintain bone 

structure in the remodelling process (Hadjidakis and Androulakis, 2006). 

Chondrocytes are responsible for the formation of articular cartilage within the 

joints (Muir, 1995), as well as being critical in bone fracture repair (Gerstenfeld et 

al., 2003) in one of four phases of bone fracture repair (Figure 1-4) (Schindeler 

et al., 2008, Ercin et al., 2017). Phase 1 is inflammation of soft tissues and the 

recruitment of cells for repair. Phase 2, chondrocytes deposit a cartilaginous 

template forming a soft callus which is used as a template for the bone repair. 

Phase 3 the soft callus is ossified and develops into a hard callus of woven bone. 

Phase 4, remodelling of the callus into cortical and/or trabecular bone takes place 

via osteoclasts and osteoblasts. 
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Figure 1-4 - Bone repair has 4 main phases to restore original functionality. Phase 

1, inflammation of the damaged site and recruitment of cells for repair. Phase 2, (repair) 

produces a soft callus and blood vessel invasion ensures adequate nutrient supply for 

repair processes. Phase 3 (bone callus formation), calcification of the soft callus 

generating a bony callus. Phase 4 (remodelling), the breakdown of the bone callus 

woven bone to cancellous or trabecular bone, From (Ercin et al., 2017) 

 

Having an insight into the cells and how they interact allows for a better 

understanding of the hierarchical structure of bone. Recognising how  the bone 

is formed and maintained allows for treatments to be created for a variety of 

ailments, from reactive surgeries to set the bones so they heal themselves (Bone, 

1986, Wood et al., 2003, Wardlaw, 2009), to chemical and hormonal cues to 

restore bone to its former structure (Friedlaender et al., 2001, Govender et al., 

2002). Occasionally, restoration of the bones to proper structure following a 

fracture is not completed by the body’s repair processes; these are non-union 

fractures. 
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Non-union fractures can arise as a consequence of a combination of conditions 

including fracture site, surgical technique, smoking, and displacement during 

fracture (Zura et al., 2016). Non-union fractures pose a greater detriment to 

quality of life compared to a fractured and repairing bone, as the patient continues 

to have a broken bone and recovery time has been prolonged dramatically. 

Despite the number of fractures increasing with age, the number of non-union 

fractures does not follow this trend (Mills et al., 2017), the average percentage of 

non-union being 1.9% of fractures. The highest incidence of non-union fractures 

is within the age range 25 to 44 reaching 9% of fractures. The Mills et al. study 

into over four million adults showed that non-unions are a risk for all age 

categories, so the detriment to life quality is not just found at ages over 65. 

However, the number of fractures do increase with age (Mills et al., 2017). 

Risk of fracture is an important detail to consider when discussing fractures and 

potential treatments. Studies have shown that once the risk of a fracture is above 

3%, interventions or prophylaxis are more cost-effective and prevent patient 

injury and associated quality of life deterioration (Schousboe et al., 2007, 

Zethraeus et al., 2007, Tosteson et al., 2008). Therefore, preventing a disease or 

breakage is the ideal situation for all, and investigating how bone repairs and 

maintains itself, and how these processes break down with age, is critical in 

identifying mechanisms to counter this degradation of function and maintain 

healthy bone for longer.  
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1.3 Stem cells 

Stem cells are the key to growth, tissue regeneration, maintenance and overall 

health with the ability for self-renewal and to differentiate into other tissues (Figure 

1-5) (Pittenger, 1999, Keller, 2005, Jones and Wagers, 2008, Hogan et al., 2014). 

 

Figure 1-5 - Stem cells are typically a quiescent population, upon activation growth 

of progenitors as well as self-renewal enable tissue repair. Stem cells are found 

within niches, and when damage is detected stem cells become activated, produce more 

cells, which migrate to damage sites to facilitate repair processes differentiation, while 

maintaining the original stem cell population. from (Keyes and Fuchs, 2018) 

 

There are four primary sources of stem cells: embryonic stem cells, foetal stem 

cells, induced pluripotent stem cells (iPS), and adult stem cells. Human 

embryonic stem cells (hESC) are derived from the inner cell mass of a blastocyst, 

and foetal cells originate from aborted foetuses, while the adult stem cells are 

derived from adult tissues (Figure 1-6).  
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Figure 1-6 - Stem cell sources determine the differential potential of the isolated 

stem cells. Embryonic stem cells derived from the inner cell mass of a blastocyst have 

a much broader differentiation capability compared to cells derived from foetal or adult 

stem sources. The cells from the inner cell mass are capable of differentiation into all 

three germ layers. Foetal and adult stem cells are generally restricted to differentiation 

into cell types present from the tissue of origin. However, can be reprogrammed as seen 

with iPSCs. From (Boppart et al., 2015) 

 

Embryonic stem cells are pluripotent (Evans and Kaufman, 1981, Martin, 1981, 

Biswas and Hutchins, 2007) and, therefore, have broader differentiation potential 

than the foetal and adult stem cell counterparts which are multipotent (Pittenger 

et al., 1999, Beltrami et al., 2003, Gimble and Guilak, 2003). Adult stem cells are 

from sources that are more readily available, with bone marrow, skin and fat 

tissues being identified as rich sources (Toma et al., 2001, Zuk et al., 2002, 

Wexler et al., 2003) as well as being more socially and ethically acceptable. 

1.3.1 Clinical need for stem cell understanding and manipulation 

Stem cells within the bone marrow become increasingly quiescent and less 

capable of population expansion as people age (Stenderup et al., 2003), slowing 

regenerative and reparative processes. The decline in regenerative processes 

can lead to disease states such as osteoporosis and osteoarthritis (D'Ippolito et 

al., 1999, Stolzing et al., 2008). With the population ageing resulting in almost a 
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quarter of the population over the age of 65 by 2035 (Figure 1-1), the number of 

incidents will only increase, raising the cost from the current £12.9 Billion by at 

least another 66% by 2035. This results in a significant burden to the NHS, and 

subsequently society, as well as the individuals who will suffer from potentially 

debilitating fractures. One potential treatment method that has been shown to 

have regenerative capabilities is the application of stem cells (Oreffo et al., 2005, 

Keller, 2005, Le Blanc et al., 2005, Yamanaka, 2009, Dimitriou et al., 2011, Smith 

et al., 2011, Gowri et al., 2013, Dawson et al., 2014, Vega et al., 2015, Rodriguez-

Menocal et al., 2015).  

 

1.3.2 Human embryonic stem cells 

Human embryonic stem cells (hESCs) are a pluripotent cell population derived 

from the inner cell mass of a blastocyst (Thomson, 1998, Pera et al., 2000), 

capable of differentiation into any of the body germ line cell and tissues types. 

This differentiation capacity results in significant potential of hESCs for 

application in regenerative medicine (Figure 1-7). The differentiation potential of 

the hESCs includes chondrocytes (Odorico et al., 2001) and osteocytes (Kim et 

al., 2008) which are critical for skeletal repair and maintenance, highlighting the 

potential of the of hESCs in regenerative medicine for bone repair. 
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Figure 1-7 - Embryonic stem cells are pluripotent and therefore capable of 

differentiation into all germ lines within the human body. hESCs are derived from 

the inner cell mass of a blastocyst; embryonic stem cells have great proliferative 

capabilities while maintaining a stem cell population which can generate tissues from all 

germ lines found within the human body. From 

http://s3.amazonaws.com/libapps/accounts/1768/images/Embryonic_stem_cells_diagr

am.jpg (accessed 09-09-18) 

 

Despite the potential for regenerative medicine, many questions surround the 

morality of using hESCs due to their source. The questions stem from the concept 

of pre-implantation blastocysts as embryos, representative of “life” in their own 

right: objections centre on the use of, and approval to use, discarded IVF embryos 

for studies as a dangerous ethical precedent for the broader use of hESCs (de 

Wert and Mummery, 2003, Baldwin, 2009).  

The stemness of the embryonic stem cell population can be maintained by 

culturing the cells within a hypoxic environment (Forristal et al., 2010), providing 

a method to culture and expand the hESCs more easily without cell differentiation 

taking place until cues are added to the culture. Interestingly, hESCs’ immune 
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properties are disputed throughout literature (Fu et al., 2015, Utermohlen et al., 

2009, Wu et al., 2008). Some evidence shows that hESCs derived MSCs are 

immune privileged and perform better than the adult counterpart (Fu et al., 2015), 

while other evidence states that the hESCs are more readily rejected (Wu et al., 

2008, Utermohlen et al., 2009). This indecision within the community makes 

defining the hESCs populations’ immunogenic properties challenging. With the 

ethical complications in large-scale tissue sourcing and the challenges in 

directing differentiation, the therapeutic application is currently an unsuitable use 

of hESCs. 

 

1.3.3 Foetal femur stem cells 

Stem cells derived from foetal femurs are multipotent, display tri-lineage 

potentiality (bone, fat and cartilage) (in 't Anker et al., 2003), with increased 

proliferative capacity, compared to adult stem cells, as well as a reported  broader 

differentiation potential (neurons, skeletal muscle and blood cells) (O'Donoghue 

and Fisk, 2004) . 

The immunological interactions of transplanted foetal cells have been extensively 

detailed and characterised compared to hESCs,  and the literature shows that 

foetal MSCs can suppress immune responses while avoiding detection 

themselves (Götherström, 2011). However, when the immune system is activated 

foetal cells are destroyed more readily than adult stem cells via the TRAIL 

pathway (Gotherstrom et al., 2004, Gotherstrom, 2016). This 

immunosuppressing effect is believed to be a significant advantage to this cell 

source, and to supplement other treatments to enhance efficacy.  Osteogenic 

lineages have been shown to be generated with foetal stem cells (Le Blanc et al., 

2005, Gowri et al., 2013, Gothard et al., 2015a). Given the attributes shared by 

both hESCs and adult stem cells, this is an exciting population for use in clinical 

applications. 

While more readily available than the hESCs, foetal stem cells still pose ethical 

concerns regarding their use, and while displaying considerable plasticity and 

considerable reparative potential compared to adult stem cells, the difficulty in 
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obtaining foetal tissue remains an issue for therapeutics. However, issues 

associated with immunogenicity and ethical considerations await resolution 

before this population can be exploited to its full potential.  

 

1.3.4 Induced pluripotent stem cells (iPS) 

Induced pluripotent stem cells (iPS cells) are stem cells generated from adult 

cells using a series of transcription factors (OCT4, SOX2, cMYC, and KLF4). 

These transcription factors reprogramme epigenetic regulation and, therefore, 

expression to a more stem cell-like state (Yamanaka, 2007) (Figure 1-2 B). A 

small proportion of the adult cells react by modulating epigenetic marks like DNA 

methylation and histone acetylation; this causes the cells to revert to a more 

stem-like state (epigenetics is the regulation of gene expression by processes 

above the underlying genetic code of the genome, it is performed by methylation 

of DNA, and modification of histones) (Jaenisch and Bird, 2003).  

Whether a cell has become pluripotent, and therefore reprogrammed, can be 

assessed by in vitro differentiation to ensure differentiation into the three germ 

layers (mesoderm, endoderm, ectoderm) (De Los Angeles et al., 2015), or 

implanting the cells into an immune-compromised mouse and assessing for 

teratoma formation (Gutierrez-Aranda et al., 2010, Abad et al., 2013). A teratoma 

is a mass or a tumour that develops from pluripotent stem cells containing tissues 

from the three germ layers (Przyborski, 2005, Prokhorova et al., 2009). The ability 

to reprogram adult cells into a pluripotent stem cell is something that has captured 

the scientific field, like the ability to work with pluripotent stem cells without the 

need for ethics approval or securing hESC tissue sources, which would allow 

more in-depth investigations.  

While early methodologies of reprogramming iPS cells resulted in low yields 

(Rodolfa and Eggan, 2006), improvement to the methodologies have been made 

over many years (Maherali et al., 2007, Okita et al., 2007, Wernig et al., 2007, 

Yamanaka, 2009, Okita et al., 2011). The main issue with iPS cells generated 

using these methods is that to produce high yields of the iPS cells; modifications 

need to be made to the cells such as gene silencing through siRNA, or plasmid 
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transfection; this renders the iPS cells unsuitable for therapeutic use due to the 

inclusion of the viral material. However, the improvement in the induction of iPS 

cells has proved challenging, with the replacement of viral factors by chemical 

ones, and finally integration of small molecules into the reprogramming phase, 

the unwanted extra genetic materials can be removed and still produce the 

desired iPS cells (Zhao et al., 2015, Ma et al., 2017). This advancement in iPS 

generation holds great promise for the integration of iPS cells into future clinical 

applications. 

 

1.3.5 Adult stem cells 

Adult stem cells are undifferentiated cell types found throughout the body, 

facilitating growth, repair, and maintenance of tissue and organs during the 

lifespan of an organism. Asymmetric-renewal attempts to maintain the stem cell 

population while generating cells required for maintenance and regeneration 

(Neumuller and Knoblich, 2009) (Figure 1-8). 
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Figure 1-8 - Asymmetric cell division is dependent on cell niche and cues. (A) Niche 

signal contact retains stem-like activity, where cells without signal contact begin to 

differentiate. (B) The polarity of the surrounding tissue gives clues to asymmetric cell 

division and cell fate (green). (C)Cell polarity and protein polarity (red), determines cell 

fate (green) (DNA, blue). (from (Neumuller and Knoblich, 2009) 

 

Adult stem cells can be found throughout the body in all germ layers (ectoderm, 

endoderm and mesoderm), forming rare populations within the tissues including: 

skin (Toma et al., 2001), liver (Herrera et al., 2006), bone marrow (Owen and 

Friedenstein, 1988), dental pulp (Laino et al., 2005, Laino et al., 2006), muscle 

(Collins et al., 2005), brain and central nervous system (Johansson et al., 1999), 

intestine (Barker, 2014), pancreas (Zulewski et al., 2001), and fat (Rodriguez et 

al., 2005). Despite asymmetric mitosis maintaining the stem cell populations, 

there is evidence that as a person ages, the number of stem cells decreases 

(D'Ippolito et al., 1999, Nishida et al., 1999). Reduced numbers of stem cells and 

reduced stem cell activity hinders maintenance and regeneration within older 

individuals (Carlson and Conboy, 2007). The cells responsible for the 
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maintenance and repair of the skeletal system are found within the bone marrow 

and are often referred to as mesenchymal stem cells (MSCs). 

  

1.3.6 Mesenchymal stem cells 

Friedenstein first postulated the existence of a population of adult stem cells 

responsible for bone formation separate from haematopoietic populations that 

resided within the bone marrow (Friedenstein et al., 1966). These cells were 

cultured in diffusion chambers and, when seeded at a critical density, produced 

bone. Further investigation showed these cells bound to tissue culture plastic and 

formed fibroblastic colonies.  They were initially referred to as fibroblast colony-

forming cells (FCFC) (Friedenstein et al., 1974), but are now commonly known 

by an older term, the colony forming unit – fibroblastic (CFU-F) (Figure 1-9 A) 

(Friedenstein et al., 1970). CFU-F cells are fibroblastic in morphology, with a 

nucleus in the centre of the cell with long cell spindles projecting from the centre 

(Figure 1-9 ). Upon further investigation, the cells responsible for forming the 

colonies were referred to as mesenchymal stem cells (MSCs) by Caplan (Caplan, 

1991). MSCs were reported to be able to differentiate into mesodermal cells, such 

as osteoblasts (bone), chondrocytes (cartilage), myocytes (muscle) and 

adipocytes (fat) (Caplan, 1991). MSCs are not only responsible for the repair of 

damaged tissue, but also for the regeneration of new tissues as part of routine 

maintenance. MSC populations have been reported to be present in various 

organs and tissues such as foetal femur (Mirmalek-Sani et al., 2006), liver 

(Herrera et al., 2006), bone marrow (Campagnoli et al., 2001), lung (Hogan et al., 

2014), spleen (in 't Anker et al., 2003) and synovium (Sakaguchi et al., 2005), 

giving a variety of sources for cell isolation, which allow for further study and 

therapeutic uses. 
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Figure 1-9 - CFU-F colonies and fibroblastic cell lines display the same 

morphology. Fibroblasts are mononuclear cells with multiple nucleoli, seen as a 

speckled pattern. The cytoplasm has long extrusions from the centre. Imaged cells are 

A) STRO-1 isolated BM cells (M72 patient) at 2.5x magnification and B) human 

osteosarcoma osteoblast cell line SAOS-2 at passage 4 at 10x magnification. 

Despite the term MSC being applied to cell populations from many different 

tissues, each population has been shown to display differences in expression, 

differentiation, and intercellular signalling (Kern et al., 2006, Mensing et al., 2011, 

Robey, 2011, Alejandra Lopez-Verrilli et al., 2016).  These differences between 

MSCs from different tissue sources highlight a need for the disaggregation of the 

term MSC. Therefore, to describe the postnatal cell population found in bone 

marrow, that is responsible for bone organ maintenance and repair, Paolo Bianco 

proposed a return to the developmentally restricted and precise term, skeletal 

stem cell (SSC) (Bianco and Robey, 2004). As opposed to the term MSC or the 

more specific bone marrow-derived–MSC (BM-MSC) (Caplan, 1991, Bianco and 

Robey, 2015). Unfortunately, the terms MSCs, BM-MSC and SSCs are used 

throughout literature to specify MSCs isolated from bone marrow materials, and 

MSC is a term often used for cells derived from throughout the body, the use 

varies group to group.  

In the case of SSCs, identity, function and utility relate specifically to the various 

tissues and cell types that compose the bone organ, namely: bone, cartilage, 

adipocytes, fibroblasts, and stromal tissue (Dawson et al., 2014). Thus, the term 

SSC is used to refer specifically to the self-renewing stem cell of the bone marrow 
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stroma responsible for the regenerative capacity inherent to the bone. The 

heterogeneous population of cultured plastic adherent cells isolated from the 

bone marrow, which remain the most commonly used (if not acknowledged) 

population by researchers in the field of bone regeneration, will be referred to as 

bone marrow stromal cells (BMSCs). Thus, to avoid any confusion, in this thesis 

the term SSCs will be used to refer to non-haematopoietic cells isolated from the 

bone marrow that are capable of forming colonies with the capacity to differentiate 

across the three stromal lineages: bone, fat and cartilage.  

 

1.3.7 Skeletal stem cells 

The SSCs population was originally thought to be a self-renewing, multipotent 

stem cells, capable of tri-lineage differentiation (Pittenger et al., 1999, Kern et al., 

2006): bone (osteoblasts) (Jaiswal et al., 1997, Kanczler and Oreffo, 2008, 

Kollmer et al., 2013, Graneli et al., 2014), cartilage (chondrocytes) (Xu et al., 2008, 

Serafini et al., 2014, Li et al., 2015) and fat (adipocytes) (Xu et al., 2007, Kollmer 

et al., 2013, Graneli et al., 2014). Each pathway has a set of specific markers and 

gene expression profile(s) that can be assessed to identify the differentiation 

pathways (Pittenger et al., 1999, Xu et al., 2008, Graneli et al., 2014) (Figure 

1-10). However, recent work has shown that a heterogeneous stem-like cell 

population they named as the SSC population, isolated from bone marrow (from 

mice, foetal femurs and adult bone marrow) is multipotent but only capable of 

differentiation into osteogenic and chondrogenic cells; and also proliferates in 

response to skeletal damage (Chan et al., 2018). This presents evidence for a 

further division of the stem-cell populations within the bone marrow with the SSC 

(forming the cartilage and bone), HSC (forming the haematopoietic cells), and a 

population capable of differentiation into lipogenic cells. 
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Figure 1-10 - Skeletal stem cell/Mesenchymal Stem Cell differentiation has specific 

markers for each lineage, and cues the cells take to differentiate down lineage 

pathways. Skeletal stem cells have tri-lineage differentiation potential and using specific 

cues in culture the pathway of differentiation can be determined to ensure specific 

outcomes. Image from (Oreffo et al., 2005) 

 

Together, the three lineages constitute the bone marrow architecture in which 

haematopoiesis from the host animal can be established (Krampera et al., 2006). 

When cultured in non-adherent conditions, SSCs form spheroid structures known 

as ossicles, which are made up of the three bone marrow lineages (Friedenstein 

et al., 1966, Tavassoli and Crosby, 1968). The cells capable of forming ossicles 

were initially unidentified but were subsequently described as an adherent, non-

haematopoietic cell population within the bone marrow (Owen and Friedenstein, 

1988). Though SSCs were found to be non-haematopoietic, they are localised in 

a specific niche with close associations with haematopoietic stem cells (HSCs) 

within the venous sinusoids (Mendez-Ferrer et al., 2010, Sacchetti et al., 2007) 

and capillary beds (Travlos, 2006) within the bone marrow (Figure 1-11 A and B). 

The close association between the HSC and the SSCs within the capillary beds 

were found to have a regulatory relationship, which ensures the long-term self-
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renewal of the HSCs and exclusivity within bone marrow (Taichman and Emerson, 

1994, Taichman et al., 1996, Bianco et al., 2008, Bianco et al., 2013).  

 

Figure 1-11 - Skeletal Stem Cell (SSC) populations are found within the venous 

sinuses, proximal to blood supplies. A) Vascular supply diagram of the bone organ 

highlighting the blood supply structure in bone. Image from (Travlos, 2006). B) A more 

detailed image of the venous sinuses, highlighting where the MSC/SSC population has 

been identified, as well as key markers and the cell populations found within the bone 

marrow. Image adapted from (Bianco et al., 2013).  

A) 

B) 
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Recent work has shown that the SSC is multipotent, but only osteo and 

chondrogenic differentiation, with expansion in response to skeletal damage 

(Chan et al., 2018). However, until further work is performed to confirm this work, 

it will be assumed the body of work already present on the SSC population is still 

relevant. 

 

Despite the close proximity to the HSCs, blood vessel generation does not always 

take place after fractures. The lack of adequate blood supply to bone tissues is 

detrimental to repair and is a major contributing factor for non-union fractures 

(Keramaris et al., 2008). Treatment options for non-union fractures have been 

investigated, showing that the heterogeneous SSC population seeded onto a 

ceramic scaffold showed the same degree of repair as that from autograft, the 

current gold standard for treating non-union fractures. Furthermore, the SSC-

seeded ceramic scaffold demonstrated improved integration of bone and 

vasculature when compared to the scaffold alone or to decellularised bone graft 

(Giannoni et al., 2008).  

Low or inadequate blood supply can also lead to a decrease in pH (acidosis), 

oxygen (hypoxia), and can cause extracellular ATP to increase, leading to bone 

resorption, stunted bone repair and remodelling (Utting et al., 2006, Muzylak et 

al., 2007, Orriss et al., 2007). The fact that bone is resorbed in low pH and oxygen 

and in high extracellular ATP environments indicates that bone homeostasis 

requires specific environmental cues. Understanding this environment is critical 

for effectively directing the use of SSCs for beneficial therapeutics in the future. 

Understanding of the SSCs is therefore reliant on isolation of a pure SSC 

population in order to investigate the behaviour and expression profile of the cells.  

 

1.3.8 SSCs applications 

Bone marrow-derived non-haematopoietic stem cell-enriched populations have 

been described as having beneficial effects in the treatment of osteoarthritis 



Chapter 1 

 

23 

 

(Buda et al., 2015, Vega et al., 2015), bone and wound repair (Rodriguez-

Menocal et al., 2015), immunomodulation (Le Blanc et al., 2008, Kebriaei et al., 

2009, Karussis et al., 2010, Kuzmina et al., 2012) and liver cirrhosis (Kharaziha 

et al., 2009). While showing the beneficial effects of SSCs in therapeutic use, 

there are considerable variations in the methodologies used for cell isolation 

between studies, on top of the already heterogeneous enriched SSC populations 

– thus, isolation of a purer population methodology is urgently needed. 

 

1.3.9 SSC isolation 

Isolation of a homogenous population of SSCs is a crucial goal for skeletal 

regenerative medicine. Attempting to isolate SSCs from a heterogeneous 

population has proved to be a difficult task due to the rarity of these cells 

(estimated at 1 in 10,000-100,000) (Gronthos, 2003). Plastic adherence was the 

first method used to enrich SSCs and remains widely used (Friedenstein et al., 

1974, Meirelles Lda and Nardi, 2003, Alhadlaq and Mao, 2003). This technique 

separated the quickly adherent population from the slower and non-adherent 

populations. The cells that adhered quickly grew into colonies, the colonies could 

then be counted to surmise how many stem-like cells were present from the 

seeded cells. This technique of purification evolved into a cell purity assay known 

as the CFU-F assay, an assay now performed by seeding and growing cells in 

tissue culture plate wells to assess stem-like cells. 

The cells are then monitored over two weeks, after which the number of colonies 

formed is counted, which gives an estimate of colony-forming units from a known 

seeded cell number. Robey described 10-50 CFU-F per 100,000 nucleated bone 

marrow-derived cells (Robey, 2011). During the incubation time, other cells can 

also bind to the cell culture plastic, including hematopoietic progenitor cells, which 

continue to produce non-adherent cells (Gordon et al., 1995). Seeding bone 

marrow cells in a linear pattern produced a corresponding linear result of colonies, 

which suggests that a defined proportion of the bone marrow is the stem cell 

population: 1 CFU-F per 6240 ± 1350 cells (Baksh et al., 2003), giving similar 

figures of around 1 in 10,000 after depletion of the haematopoietic cells. These 

figures highlight that plastic adherence alone is not adequate for SSC isolation.  
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To further enrich the SSC population, various marker-based isolation approaches 

are being investigated using different cell markers in an attempt to identify the 

optimal population (Simmons and Torok-Storb, 1991, Pittenger et al., 1999, 

Bianco et al., 2001, Kuznetsov et al., 2001, Avital et al., 2001, Hung et al., 2002, 

Quirici et al., 2002, Chan et al., 2018). Several reviews on the matter have been 

published, showing both positive and negative surface markers for SSCs 

(Simmons and Torok-Storb, 1991, Quirici et al., 2002, Vogel et al., 2003, Alhadlaq 

and Mao, 2004, Sacchetti et al., 2007, Kolf et al., 2007, Boxall and Jones, 2012, 

Lin et al., 2013, Lv et al., 2014, Dawson et al., 2014, Samsonraj et al., 2015, Zhou 

et al., 2014).  
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Positive markers Negative markers 

HSC 70 (heat shock cognate 70) targeted by 

the STRO-1 antibody 

CD11b (Integrin alpha M) 

CD29 (Integrin beta-1) CD14 (Myeloid Cell-Specific Leucine-Rich 

Glycoprotein) 

CD44 (HCAM) CD19 (B-Lymphocyte Surface Antigen B4) 

CD73 (ecto-5'-nucleotidase) CD34 

CD90 (Thy-1) CD45 (Protein tyrosine phosphatase, 

receptor) 

CD105 (Endoglin) CD79a (B-cell antigen receptor complex-

associated protein alpha chain) 

CD106 (VCAM-1) HLA-DR (Human Leukocyte Antigen – DR 

isotype) 

CD146 (MCAM)  

CD166 (ALCAM)  

CD271 (Low-affinity nerve growth factor 

receptor) 

 

Table 1-2 - Table of markers used to enrich for the SSC population. Several 

markers have been used over the many years of research into the bone marrow 

stem cell. The above table provides a list of a number of markers that have been 

used in both positive and negative enrichment methods. (Simmons and Torok-

Storb, 1991, Quirici et al., 2002, Vogel et al., 2003, Alhadlaq and Mao, 2004, 

Sacchetti et al., 2007, Kolf et al., 2007, Boxall and Jones, 2012, Lin et al., 2013, 

Lv et al., 2014, Dawson et al., 2014, Samsonraj et al., 2015, Zhou et al., 2014). 

 

Markers that are known to be associated with the SSC population are STRO-1, 

CD29, CD44, CD73, CD90, CD105, CD106, CD146, CD166, and CD271. 

Examples of negative markers include CD11b, CD14, CD19, CD34, CD45, 

CD79a, and HLA-DR. With a promising selection of markers used in conjunction 

to isolate a highly stem-like heterogeneous population (PDPN+ CD146- CD73+ 
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CD164+) (Chan et al., 2018). These PDPN+ CD146- CD73+ CD164+ cells 

differentiate into osteogenic and chondrogenic lineages, forms bone and cartilage 

tissues in vivo when transplanted serially, presenting a highly interesting 

population to work with when investigating the SSC population. 

To utilise these established markers immunolabelling is performed, using specific 

antibodies raised against molecular targets on the surface of cells. Antibodies are 

generated by animal immune systems. Lymphocyte progenitors generate many 

different lymphocytes which have unique receptors on their surface. When these 

receptors bind to an antigen and are identified as foreign, the lymphocyte 

differentiates into a lymphoblast and generates clones to ensure a large 

population of cells with the antigen-specific receptor present to eliminate the 

foreign antigen. Activated Bursa lymphocytes (B lymphocytes), named for their 

organ of discovery (Cooper, 2015), proliferate and generate large numbers of 

plasma cells which then produce antigen-specific antibodies which are released 

into the body. The antibodies highlight the foreign antigen to phagocytes for 

subsequent destruction and removal. The antibodies bind to the targets via the 

variable region which is unique to the lymphocyte through DNA rearrangement 

and splicing of the heavy and light chain variable region genes, which determine 

the antibody specificity. The remaining structure of the antibody is the constant 

region which has little variation and signals to the immune system the fate of the 

bound antigen (Litman et al., 1993). When generating antibodies for scientific 

purposes, the desired antigen is injected into a host animal. Once the immune 

system has had time to respond to the foreign antigen, the antibodies can then 

be purified from the serum of the hosts for use in various applications, including 

lab-based tests, assays, cell isolations and purifications.  

Magnetic-activated cell sorting (MACS) and fluorescence-activated cell sorting 

(FACS) are standard techniques that utilise antibodies to facilitate cell separation 

based on surface marker expressions. 

1.3.9.1 MACS sorting 

MACS sorting is a technique that uses antibodies attached to magnetic particles 

to sort cells based on antigen presentation, using magnets to separate cells as 

they pass through a column allowing for a negative and positive fraction (Miltenyi 
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et al., 1990). MACS allows for subpopulations to be separated from 

heterogeneous cell sources with little damage to the cells, allowing for the 

isolated cells to be cultured, grown and further tested after the isolation. Both 

positive and negative selections can be performed using MACS, as two fractions 

of cells are isolated as shown in Figure 1-12. 

 

 

Figure 1-12 - Magnetically-labelled cells can be separated from non-labelled cells 

using MACS facilitating cell population separation. Application of a magnetic field 

inhibits magnetically tagged cells, while unlabelled cells pass through the column 

unimpeded. Marker tagged magnetic particles bound to cells within the column are 

impeded, preventing extraction of these cells while the magnetic field is present. Once 

the field is removed, tagged cells can be eluted. (From 

https://www.elveflow.com/microfluidic-tutorials/microfluidic-reviews-and-

tutorials/magnetic-particle-separation-a-short-review) (Accessed 09-09-18) 

 

The primary restriction of MACS is the limited number of markers to be used in 

conjunction, typically limited by a single negative selection and a single positive 

selection. Multiple positive or subsequent positive or negative fractionation is 

practically impossible using MACS, as previous antibodies and magnetic 

particles would skew subsequent separations. Therefore, to sort the cell 

populations using more markers, FACS should be used. 
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1.3.9.2 FACS sorting 

FACS is a technique which uses fluorescently tagged antibodies to measure the 

amount of relevant markers on the surface of the cell via laser excitation and 

emission, as well as light scattering, to separate the cells into subpopulations 

(Bonner, 1972) (Figure 1-13).  

 

Figure 1-13 - Fluorescently-activated cell sorting. Cells are focused into a single 

stream and passed in front of a laser, where fluorescence, forward scatter and side 

scatter are registered by photodetectors. Using the information from the photodetectors, 

the stream is deflected, or not separating cells, based on optical properties. Image from 

http://www.abcam.com/protocols/fluorescence-activated-cell-sorting-of-live-cells 

(Accessed 09-09-18) 
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Utilising the optical properties of the cell ascertained through the FACS process, 

specific parameters can be measured. The forward scattering (FSc) measures 

the size of the cells, where the side scattering (SSc) measures the granularity, or 

complexity of the internal organelles. The fluorescence is the measure of the 

amount of marker present on the cell. Using a combination of FSc, SSc and 

fluorescence, cell populations can be broken down into groups which are then 

separated using deflection from the charge plates. Advances in FACS technology 

have enabled faster sorting of more populations of cells; by utilising the optical 

properties of the cells, and setting gates or thresholds on the measured values, 

multiple populations can be sorted simultaneously. 

Using FACS as a potential solution for SSC isolation, Gronthos investigated a 

number of markers, as well as a number of different intensities of the fluorescence,  

detected from the markers, as opposed to the standard positively- versus 

negatively-expressing status (Gronthos, 2003). In his investigations, he found 

that the STRO-1 antigen provided enrichment for the SSC population, but an 

even greater enrichment was seen when sorting for the cells, with the highest 10% 

of STRO-1 expression referred to as STRO-1BRIGHT. 

 

1.3.9.3 Label-free sorting 

While markers specific to cell populations do provide a useful method for isolation, 

not all cell separation methods require labelling. Both microfluidics and di-

electrophoretic separation, for example, have shown promising results in 

separating cell populations and could potentially be used to isolate SSCs utilising 

the cell population’s structural and chemical properties (Ismail et al., 2015, Xavier 

et al., 2017b, Xavier et al., 2017a). 

Microfluidics is a field with an increasing number of strategies for label-free cell 

separation (Autebert et al., 2012, Jackson and Lu, 2013, Shields et al., 2015, 

Xavier et al., 2017b). Microfluidics mainly concentrates on the structural 

properties, using size filtration mechanisms (Ji et al., 2008), hydrodynamic 

filtration (Yamada et al., 2007), and hydrophoretic filtration (Choi et al., 2007), or 
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a combination of size, deformability and stiffness (Inglis et al., 2006, Mohamed et 

al., 2007, McFaul et al., 2012, Xavier et al., 2017a) (Wang et al., 2000).  

Di-electrophoretic separation, or di-electrophoresis (DEP), has been shown to 

separate a number of cell types, including the removal of human breast cancer 

cells from normal T-lymphocytes (Wang et al., 2000), CD34+ HSCs from bone 

marrow (Wang et al., 2000), major leukocyte subpopulations from blood (Wang 

et al., 2000), the enrichment of leukocytes from blood (Yang et al., 1999a), and 

the separation of cancer cells from erythrocytes (Yang et al., 1999b). The 

separations rely on characterising and exploiting the cells’ dielectric properties by 

adjusting a non-uniform electric field within a separation chamber. Cell 

movements vary by electrical field and population. This property allows conditions 

to be identified to help separate populations (Hughes, 2002).  

1.3.9.4 SSC isolation limitations 

Despite the potential of the MACS, FACS, and label-free techniques, they are 

limited as they rely upon the characterisation of the rare SSC population in order 

to isolate the cells effectively. With some surface markers identified as capable 

of enriching for the SSC population (Gronthos, 2003, Lin et al., 2013, Lv et al., 

2014), and evidence to demonstrate SSC population size and stiffness differing 

from the other bone marrow tissues (Lo Surdo and Bauer, 2012, Xavier et al., 

2017a) methods have been developed for SSC enrichment. However, no method 

has currently been identified for pure SSC isolation. 

Within MACS and FACS, purity of isolation is heavily dependent on the 

discriminative power of markers used to identify these subsets of bone marrow 

cells. A comprehensive meta-analysis of markers and their efficiency at isolating 

tri-potent cells with colony-forming capabilities (Lv et al., 2014). They looked at 

various sources of MSCs, including bone marrow (SSCs): the analysis showed 

variation in expression and differentiation pathways, determined by the tissue 

origins of MSC isolation. However, of all the markers suggested, CD146 was 

found to be the most appropriate “stemness” marker due to its presence in all 

populations of MSC. Several different methods and separations have been used 

to assess the CFU-F capabilities of cell populations. Jarocha’s use of nerve 

growth factor receptor (NGFR+) cells gave 1584 colonies per 1,000,000 cells 
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(Jarocha et al., 2008). Gronthos used the STRO-1 antibody as the cell marker, 

and plastic adherence was shown to be 10 CFU-F per 100,000 cells. MACS 

separated STRO-1 positive cells provided 50 CFU-F per 100,000 cells; STRO-

1BRIGHT, in contrast, gave 8,930 CFU-F per 100,000 cells, a 100-fold increase over 

STRO-1 alone (Gronthos, 2003). STRO-1BRIGHT is the brightest 5-10% of the 

STRO-1+ population, as assessed by FACS separation. These values show that 

while antibody separations do indeed increase the yield of CFU-F capable cells, 

the populations generated vary depending on the marker used and remain 

heterogeneous; meanwhile, the standard antibody separations give around the 

same number of colonies as the plastic adherence method. Thus, until a 

methodology is developed that yields a high purity of the cell population isolated, 

antibody separations are only advantageous in terms of the speed of isolation. 

As with labelled separation, no pure population has yet been identified using 

unlabelled separation, despite breakthroughs in the partial characterisation of the 

SSC population (Lo Surdo and Bauer, 2012, Xavier et al., 2017a). In the absence 

of a proven technological approach, a range of methodologies continue to be 

pursued in the field of SSC enrichment, all with the aim of providing the first 

method for homogenous SSC isolation.  

Through a combination of positive and negative markers, a more refined 

population of SSCs may be isolated from the bone marrow. It should be noted 

that, to date, the most enriched populations isolated and measured by CFU-F 

assays are still relatively heterogeneous, with colony-forming cells making up 

around 1 in 10,000 cells (Alhadlaq and Mao, 2004, Sacchetti et al., 2007, Bianco 

and Robey, 2015). To date, no standardised process has been established as 

able to provide a homogenous SSC population. The establishing of new markers 

for the SSC population is an alternative route that may enable either higher 

enrichment yields or pure isolation. One potential technology that has been 

proven for biomarker discovery is aptamers. 
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1.4 Aptamers  

1.4.1 Aptamer history and use 

Aptamer selection processes were first described almost simultaneously by three 

laboratories (Tuerk and Gold, 1990, Ellington and Szostak, 1990, Robertson and 

Joyce, 1990). Two labs showed that RNA molecules could be used as specific, 

high-affinity ligands to non-nucleic acid target molecules; the third group showed 

that RNA could be selected to have DNA-cleaving ‘enzymatic’ activity. Aptamers 

are nucleic acid (or peptide) based ligands which bind to a specific target due to 

their unique three-dimensional structure, which is in turn derived from the base 

sequence (or amino acid sequence in the case of peptides) and secondary 

structure components (Laing and Schlick, 2011). Aptamers function similarly to 

antibodies, in that the diverse conformations derived from their unique sequences 

allow them to fold into complex shapes and bind to a target. The first targets of 

aptamers were proteins and small molecules; which allowed a wide range of 

potential uses (Tuerk and Gold, 1990, Ellington and Szostak, 1990). In 1992, 

single-stranded DNA (ssDNA) was also shown to have similar utility (Ellington 

and Szostak, 1992).  

Following the initial discovery and publication of aptamer technology, approaches 

have been developed to use the nucleic acid affinity ligands in place of antibodies 

in common laboratory applications such as ELISAs (Toh et al., 2015); biosensors 

(Li et al., 2007, Tang et al., 2007, Cheng et al., 2009, Wang et al., 2011, Bruno 

et al., 2012, Wu et al., 2012, Su et al., 2012, Smuc et al., 2013); 

immunoprecipitation (Song et al., 2014, Kim et al., 2014); cell population isolation 

(Guo et al., 2006, Schafer et al., 2007, Sheng et al., 2012, Wan et al., 2012); 

delivery vehicles (Zhou et al., 2011, Subramanian et al., 2012, Thiel et al., 2012, 

Zhu et al., 2014); molecular inhibitors (Nimjee et al., 2005, Lee et al., 2005, 

Adamis et al., 2006, Iida et al., 2014); and fluorescent imaging (Huang et al., 2005, 

Fang and Tan, 2010, Jin et al., 2015, Guet et al., 2015, Merkle et al., 2016). In 

most cases, adapting techniques which already use antibodies typically involves 

a simple substitution of the antibodies. Aptamers are particularly effective at 

adapting to these methodologies due to the extensive binding capabilities 

enabled by their structure. 
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1.4.2 Aptamer binding 

Interactions between aptamers and targets are driven by non-covalent bonds: 

hydrogen bonds (Espinosa et al., 1998), stacking interactions (Hunter and 

Sanders, 1990), and Van der Waals forces (Klimes and Michaelides, 2012). 

Hydrogen bonds can be the strongest non-covalent bond; a hydrogen atom acts 

as an intermediary between two molecules, providing a high energy non-covalent 

bond. As aptamers are single-stranded nucleic acids, and not all bases are used 

in intramolecular interactions to generate structures, this leaves many potential 

hydrogen bonding sites (in the non-paired bases) available for intermolecular 

interaction. 

Van der Waals forces are charge-dependent non-covalent bonds, formed from 

the interaction of molecular dipoles. Dipoles are permanent or induced localised 

magnetic-pole-like charges on a molecule. These forces are weak, as the 

charges are only partially positive or partially negative due to sharing of electrons 

across the atoms. The strength of Van Der Waals bonds is dependent on the 

molecules involved. Unlike hydrogen bonds, Van Der Waals are not directional, 

and they have the same bond strength in all directions, whereas hydrogen bonds 

are rarely observed at angles greater than 90° (Steiner and Desiraju, 1998). 

These bonding methods further strengthen aptamers’ intrinsic binding properties. 

Combined with the structural complexity of aptamers, these methods make 

aptamers capable of both high affinity and specificity. 

Stacking interactions (π – π interactions) are non-covalent bonds between 

aromatic rings. In this case, between the nucleic acid bases, and generally 

providing the second highest bond strengths. The aromatic rings provide charged 

surfaces (Figure 1-14 A), providing opportunities for other charged molecules to 

be either repelled by similar or attracted through opposite, charges. Orientation 

and positioning of the aromatic rings provide opportunities for molecules 

containing aromatic rings to be non-covalently bonded (Figure 1-14 B and C).  
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Figure 1-14 - Electrostatic interactions between the aromatic rings generate either 

attractive or repulsive forces between two molecules.Stacking interactions between 

aromatic rings are dependent on charge and orientation of the rings. A) Aromatic ring 

faces possess a negative charge where the edges have a positive charge, better 

demonstrated from the side view (B). C) Aromatic rings are regions and orientations 

which facilitate either attraction or repulsion.  When placed at 90 ° from one another, or 

slightly displaced, the aromatic rings become more attracted to each other through the 

same electrostatic interactions. Adapted and redrawn from (Hunter and Sanders, 1990). 

 

The bond strength depends on the aromatic rings involved, the direction of the 

bonds, and the orientation of the rings. Identical chemical rings provide the 

highest bond energy, with a slight displacement between the rings providing 

optimal attraction, and allowing Van der Waal bonds to contribute additionally 

(Hunter and Sanders, 1990). Stacking interactions are present in both proteins 

and nucleic acids. As the nucleic acid bases contain one or two aromatic rings 

(Figure 1-15), they are capable of forming stacking interactions with one another 

in their respective strands (forming the helical structure as the highest bond 

strengths from stacking interactions are formed when the aromatic rings are 

slightly displaced (Figure 1-14)).  
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Figure 1-15 - Nucleic acid structures have aromatic rings, which allow for stacking 

interactions. Purines consist of two aromatic rings, where pyrimidines have a single 

aromatic ring. These aromatic rings interact to form inter-strand hydrogen bonds but also 

form stacking interactions with their neighbouring bases in the nucleic acid strand. 

Similar interactions may be formed with protein-based aromatic rings e.g. those in amino 

acids such as tryptophan. From 

https://chem.libretexts.org/Textbook_Maps/General_Chemistry/Book%3A_ChemPRIM

E_(Moore_et_al.)/20Molecules_in_Living_Systems/20.17%3A_Nucleic_Acid_Structure  

(accessed 09-09-18) 

 

Stacking interactions, although relatively weak, can comprise up to 40% of 

interactions between nucleic acids and proteins (Wilson et al., 2014). They 

therefore contribute to the aptamer-protein non-covalent bonds formed, which 

provides the affinity and specificity to the target.  

Many small molecules also have aromatic rings within their structure; allowing 

this type of interaction to contribute to small molecule aptamer interactions and 

selection. Salt concentration, temperature and pH are also critical for aptamer 

folding and therefore functionality. With the conditions for final use in mind, the 

appropriate buffer conditions should be maintained throughout selection 

processes. Once the binding conditions have been decided, the next step is to 

decide on the library architecture of the aptamer needed to perform a selection. 
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1.4.3 Aptamer library architecture 

The aptamer library architecture can be a very simple; two fixed primer 

sequences at either end of the aptamer template allow amplification by 

polymerase chain reaction (PCR). These primers flank a region of random 

nucleotides (Figure 1-16 A). The random region sequence provides variety in the 

primary, secondary, and tertiary structures; and is responsible for the unique 

structures and hence binding properties to each aptamer (Figure 1-16 B and C) 

(Laing and Schlick, 2011). Figure 1-16 B shows examples of the various 

structures that nucleic acids can accommodate, including intramolecular base-

pairing, nucleotide bulges, hairpin loops, mismatched pairs, internal loops, and 

stem junctions. These features provide the aptamers with varied secondary and 

tertiary structures which interact and allow the aptamers to form a complex 

network of interactions. Many of these individual motifs can be found within a 

single aptamer, to generate more complex secondary structures (Figure 1-16 C 

and D). These secondary structures also determine the tertiary or three-

dimensional (3D) structure and, along with the natural helical structure of double 

stranded nucleotides, provide very complex structures (Figure 1-16 E). 
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Figure 1-16 - Aptamer functionality is derived from primary, secondary and tertiary 

structures. – A) Aptamers are single stranded nucleic acids with fixed primer regions 

(blue) flanking a central randomised region (red). The single stranded nature of aptamers 

leaves the bases available to form intramolecular interactions to generate secondary and 

tertiary structures .B) Nucleic acids have several secondary structural motifs that can be 

formed by single strands, image adapted and redrawn from (Nowakowski and Tinoco, 

1997). C) Primary structure of a c-di-GMP binding aptamer, with domains highlighted. D) 

Tertiary structure of the c-di-GMP binding aptamer primary structure from C, with 

domains highlighted, demonstrates the high structural complexity of a 98 base long 

molecule of 32.34 kDa aptamer. Image from (Smith et al., 2009). 

 

Much like proteins, small changes in the primary sequence may not significantly 

alter the predicted 3D structure but they can alter the binding properties of the 
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aptamer (Huang, 2003, Katilius et al., 2007).  Therefore, a combination of the 

nucleotides within the structure, as well as the structure itself; provide the 

necessary elements to allow non-covalent bonding of aptamers to their targets. 

The structural elements allow for intricate binding motifs and pockets for unique 

shapes and binding characteristics but known structures can also be included 

within an aptamer library to facilitate specific tasks desired at the end of an 

aptamer selection. For example, a library may be designed to have a propensity 

to form a stem-loop structure if the target protein is known to bind to stem-loops.  

 

1.4.4 Aptamer design 

The length of the aptamer random region is one of the first considerations in the 

design of an aptamer library. The random region provides the structural 

diversities that are required to generate high affinity and specificity aptamers. 

Longer aptamers have more material to generate more complex structures 

(Sabeti et al., 1997). In contrast, shorter aptamers allow for greater coverage of 

all possible sequences and therefore structural motifs within a practicable setup 

(Silverman, 2009). The most common random region lengths range from 40 to 

70 bases (Sharma et al., 2017). To estimate the maximum possible primary 

structure variability, a 40 bp random region was used as an example. Calculating 

the number of available sequences can be performed by taking the 4 common 

nucleic acid bases (A, C, G, and T) to the power of the number of bases within 

the random section (40 bases). This gives 440 or 1.20893x1024 as the number of 

potential molecules. To generate a mole equivalent, the number of possible 

sequences is divided by Avogadro’s number (6.022x1023) giving 2.007469376 

moles. Once moles have been calculated, it can be converted to grams by 

multiplying the aptamer molecular weight (81 bases x average molecular weight 

of a base being 330 Da = 26730 Da) by the number of moles to give a mass of 

53659.63 g, or 53.66 kg. Therefore, to use 440 unique sequences 53.66 kg of 

nucleic acid would be required. This is far more than what is practicable, a mass 

which increases exponentially with random region length. For this reason, 

aptamer selections are usually performed with 1x1014 – 1x1015 molecules for 

practicality, while still providing a huge potential in structural variance in the 
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aptamer pool (Guo et al., 2006). This is due to the structural motifs that generate 

the 3D structure of the aptamers, which are much smaller than the typical 40 base 

random region (Nowakowski and Tinoco, 1997). Much of the aptamer can be 

removed at the end of the selection, as only a small proportion of it is required  

for the purpose for which it was selected (Ellington and Szostak, 1990, Huizenga 

and Szostak, 1995). However, even with 1x1015 molecules, further functionality 

and features can be incorporated to improve the final performance of the aptamer 

or add specific structures. Known aptamer functions are facilitated by adding 

specific sequences (discussed below), while others are chemical modifications. 

Sugar modifications such as 2’ fluoro, 2’ amino, and 2’-O-methyl modifications 

can improve serum half-life of aptamers by removing key functional groups 

required for enzymatic degradation (Ni et al., 2017) 

. Locked nucleic acids are nucleic acids with a methylene linkage between the 2’  

oxygen and 4’ carbon, providing resistance to nuclease activity, as well as 

increased thermal stability if the aptamer is to be used in high temperature 

environments (Campbell and Wengel, 2011). Modification to the phosphodiester 

backbone linkages to a methylphosphonate or phosphothioate analog removes 

the negative charge associated with aptamers (Sacca et al., 2005), allowing for 

interactions to be made in buffers which do not mask charges (discussed at 1.4.6). 

The Spinach aptamer (Kellenberger and Hammond, 2015, Paige et al., 2011) 

exploits pre-selection sequences to add levels of complexity to the aptamer 

(Pothoulakis et al., 2014). The Spinach aptamer library is designed to contain a 

specific dye binding sequence, which binds a dye which exclusively fluoresces 

only when bound. The binding site for the spinach dye is only stable when the 

aptamer is bound to a target (Kellenberger and Hammond, 2015), effectively 

incorporating a reporter system which indicates when the aptamer is bound 

(Paige et al., 2011, Pothoulakis et al., 2014, Guet et al., 2015). Other 

modifications include incorporating sequences that bind siRNA, which can be 

exploited to targeted cell populations (Zhou et al., 2011, Thiel et al., 2012), and 

binding sequences to allow immobilisation of the aptamers onto beads, and 

unbind once bound to a target (Stoltenburg et al., 2012, Reinemann et al., 2016), 

facilitating aptamer selection against targets which cannot be immobilised. 
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In addition to binding to targets, nucleic acids can also have enzyme-like activities. 

An example of nucleic acid with enzymatic activity is the ribosome. The ribosome 

is a necessary organelle for protein synthesis, facilitating the translation from 

mRNA to protein. The main structure of a ribosome is a nucleic acid (rRNA) which 

forms a structure with enzymatic activity; building protein structures from mRNA 

templates. The surrounding proteins provide only structural support for the rRNA 

complex (Nissen et al., 2000). Other nucleic acid enzymatic activities include cis 

or trans-cleaving activities seen in ‘ribozymes’ (Rossi, 2007, Kobori et al., 2015). 

Here the cleaving activity is used to release fluorophore quenchers from an 

aptamer structure when the target is present (Kobori et al., 2015). Another activity 

possible to add to aptamers is a hydrogen peroxidase-like activity. The activity 

requires the aptamer to be bound to a target to stabilise the region responsible 

for the enzyme-like activity, providing a colourimetric assay reporter system (Liu 

et al., 2014). The folding of an aptamer’s random region, and intramolecular 

interactions generating the structures, are only possible when the nucleic acid is 

single stranded; therefore, steps need to be taken to produce single stranded 

nucleic acids for aptamer selection. 

 

1.4.5 Single strand generation 

RNA aptamers are generally produced through enzymatic approaches which 

readily yield ssRNA; such as in vitro transcription. However, with DNA aptamers 

(amplified through PCR), additional steps are needed during aptamer selection 

protocols, to generate ssDNA after amplification. DNA aptamers require removal 

of the ‘template strand’ (leaving only the aptamer strand), to allow for 

intramolecular folding and bonding to restore the structure and function of the 

‘aptamer strand’. One of the first methods for DNA aptamer selection involved the 

use of radio labelled primers during the PCR reaction. The amplified dsDNA was 

then denatured and separated on a denaturing polyacrylamide gel. The 

radioactively labelled strands were then isolated and eluted (Ellington and 

Szostak, 1992). Techniques have evolved away from radioactively labelled 

compounds to safer alternatives. There are three main methods used to generate 

ssDNA for aptamer selection: the first method is Asymmetric PCR, where the 
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reverse primer is either not added, or is severely limited. Depletion of the limiting 

primer leads to an amplification of only one strand; resulting in non-exponential 

amplification of the ‘aptamer strand’ (Huizenga and Szostak, 1995), creating a 

population where the majority of molecules are single stranded (Svobodova et al., 

2012). The second method for ssDNA generation involves the use of Lambda 

Exonuclease. This enzyme has increased activity for phosphorylated strands of 

dsDNA. Modifying the reverse primer with PO4 group facilitates the digestion of 

the ‘template strand’ (Marimuthu et al., 2012), leaving only the ‘aptamer strand’. 

The third method incorporates a biotinylated reverse primer and uses 

streptavidin-coated magnetic beads to bind the amplified dsDNA. The two 

strands are separated and the bead bound template strand is removed (Weber 

et al., 1989, Espelund et al., 1990, Blank et al., 2001, Rouah-Martin et al., 2012, 

Zhang et al., 2015). In Chapter 2, the method of aptamer production is a 

combination of the Asymmetric PCR and Lambda Exonuclease (2.2.11 and 

2.2.13 respectively): this allowed generation of many of the forward strands of the 

DNA through PCR, and the Lambda Exonuclease digestion to remove the few 

PO4 modified reverse strands to leave only the forward ssDNA. The uniformity of 

the material present allows for accurate quantification using the Nanodrop, and 

therefore accurate quantities of nucleic acids used. As discussed in Section 1.4.2, 

salt and pH are extremely important in the aptamer functionality and ability to 

approach target molecules. To this end, the buffer in which the selection is 

performed also needs to be considered carefully. 

 

1.4.6 Aptamer buffer selection 

The medium / matrix in which the aptamers are selected will contribute to the 

aptamers’ overall effectiveness. Slight changes in the ionic strength, ion 

composition, concentration, and pH within the aptamer environment can alter the 

aptamer structure and local charge, and hence aptamer performance (Buchanan 

et al., 2003, Stovall, 2004). Ions within the binding buffers act to shield/mask 

charged groups on the proteins and the nucleic acids. With the charges shielded 

from other molecules, similarly charged molecules could interact (Tsumoto et al., 

2007). For example, high concentrations of positively charged ions may interact 
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with a negatively charged region on a protein; masking the region and reducing 

repulsion of other negatively charged molecules. Changes in ion concentration 

and composition can change the relationship between the molecules, and even 

prevent interactions (Stahlberg et al., 1991). The pH of a buffer acts in two ways 

on proteins; the first is the state of protonation across the protein, and the second 

is the conformation of the protein. Protonation or deprotonation states of proteins 

vary with pH: the higher the pH, the more negatively charged the protein. The 

protonation state affects the charge of the amino acids, carboxyl, and amino-

terminal groups on the surface of the protein. These changes in protonation state 

(and therefore charge), can result in prevention of intermolecular interactions. 

Areas where charges previously facilitated bond formation may no longer bind or 

may actively repel the other molecule when the pH is changed (Dumetz et al., 

2008). In an aptamer selection, this could either prevent aptamers from binding 

to the target or enhance binding beyond normal parameters and lead to non-

specific binding. Conformational changes can also arise because of pH variance, 

altering intramolecular interactions to a point where the protein’s native structure 

is compromised, and the protein structure begins to unfold (O'Brien et al., 2012, 

Di Russo et al., 2012). These conformational changes could, in theory, prevent 

aptamer binding, due to loss of an essential epitope. 

Consideration of these factors and of the final environment for aptamer use is, 

therefore, essential for optimal function. For target molecules which are typically 

negatively charged, aptamer selection can be particularly difficult, as the aptamer 

molecules are also net negatively charged. However, lowering the pH of the 

selection buffer to the isoelectric point of the target would neutralise the net 

charge on the target and allow the aptamer to approach and bind. Caution must 

be taken though, as this may also lead to protein misfolding or even aggregation. 

Keeping the target and end application in mind can also influence buffer selection. 

For example, with a live cell selection target; using a buffer that would facilitate 

aptamer-target binding is pointless if the choice of buffer (or salts) is lethal to cells. 

With consideration of the elements (buffers, design, salt conditions, structure, and 

ssDNA generation) the aptamer selection can be performed. 
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1.4.7 Aptamer selection 

In vitro selection and SELEX (Systematic Evolution of Ligands by Exponential 

enrichment) are the common terms used for the iterative process of narrowing a 

pool of aptamer sequences from an extremely varied population, to one which 

binds to a specific molecule (or cell) with high affinity (Figure 1-17) (Philippou et 

al., 2018, Takahashi, 2018, Yu et al., 2018). The process is used to remove low 

affinity sequences, which are not specific to the target (Berezovski et al., 2008, 

Blind and Blank, 2015, Bruno et al., 2012, Takahashi, 2018), while amplifying the 

recovered, target binding aptamers. The process is then repeated with the refined 

pool, using more stringent conditions to eliminate further sequences. 
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Figure 1-17 - in vitro selection (or SELEX) is a cyclical process which narrows a 

diverse pool of unique sequences, to a pool of highly specific, high affinity 

sequences. A) Initial pool of 1014 nucleic acid molecules of unbiased, random 

sequences in a single-stranded form. B) The initial aptamer pool is incubated with the 

target, allowing aptamer binding to the target. C) The targets are then washed; removing 

sequences that are low affinity, leaving only molecules that have a high affinity for the 

target. D) The molecules are then recovered from the target. E) The molecules are 

amplified using PCR. The amplified materials are reduced to single-stranded DNA, and 

the cycle begins again, increasing the stringency of selection until a small specific 

population remains. F) The final aptamer population is tested and individual aptamers 

isolated if the required properties are seen within the pool. 

 

Methods for aptamer selection vary widely throughout the literature. It is therefore 

important to identify a methodology which works effectively for the chosen target 

type, from the many methods published (Guo et al., 2006, Schafer et al., 2007, 

Berezovski et al., 2008, Chang et al., 2013, Shangguan et al., 2015). Several 

different techniques have been developed to augment the aptamer selection 

process; most of which are aimed at improving the partitioning efficiency. These 

include capillary electrophoresis  (A. Drabovich et al., 2005, R. K. Mosing et al., 



Chapter 1 

 

45 

 

2005); magnetic sorting (Stoltenburg et al., 2005); and microfluidic sorting (Lou 

et al., 2009, M. Cho et al., 2010, Oh et al., 2011). AptaBID is another method 

which utilises the traditional SELEX approach, but incorporates two targets: the 

positive (or desired target), and a negative target. In this variant of the aptamer 

selection approach, both of the targets are cell populations (Berezovski et al., 

2008). The negative target cell population provides additional selection pressures 

by presenting epitopes to which the aptamers can bind, which may also be 

present on the positive target. This negative target facilitates the removal of 

aptamers which bind to common epitopes: narrowing the aptamer pool to those 

which bind to cell population specific epitopes. 

 

1.4.8 Aptamer targets 

Since 1990, aptamers have been selected against an increasing number of target 

types. Oligonucleotide synthesis methodologies and nucleic acid chemistry have 

also improved, providing a range of modifications which may be incorporated into 

aptamers to impart improved characteristics. This includes resistance to 

nuclease-rich environments, such as blood. This has expanded the scope for 

aptamers into clinical applications. A few examples of the different target types 

are highlighted in Table 1-3. 
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Year Target Target type Aptamer 

type 

Reference 

1990 T4 DNA 

polymerase 

Protein RNA (Tuerk and Gold, 1990) 

1990 Dyes Small molecules RNA (Ellington and Szostak, 1990) 

1992 Dyes Small molecules DNA (Ellington and Szostak, 1992) 

1992 Tryptophan Small molecules RNA (Famulok and Szostak, 1992) 

1995 Adenosine & ATP Small molecules DNA (Huizenga and Szostak, 1995) 

1997 Dopamine Small molecules RNA (Mannironi et al., 1997) 

1998 CD4 Protein RNA (Davis, 1998) 

1998 P-Selectin Protein RNA (Jenison et al., 1998) 

1998 Red blood cell 

membranes 

Cell DNA (Morris et al., 1998) 

1999 Anthrax spores Small molecules DNA (Bruno and Kiel, 1999) 

2001 Rat endothelial 

cell line 

Cell DNA (Blank et al., 2001) 

2002 Cell adhesion 

receptors of 

trypanosome cruzi 

Whole organism RNA (Ulrich et al., 2002) 

2003 Angiopoietin-2 Protein RNA (White et al., 2003) 

2007 Cocaine Small molecule DNA (Li et al., 2007) 

2007 Abrin Small molecule DNA (Tang et al., 2007) 

2008 LPS O111:B4 Lipopolysaccharide DNA (Bruno et al., 2008) 

2012 Botulinum Small molecule DNA (Bruno et al., 2012) 

Table 1-3 - Literature for various aptamer types and selection targets. The table 

highlights some of the aptamer types and selections against various targets 

demonstrating a versatility of the aptamer technology.  
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1.4.8.1 Small molecule targets 

Small molecules were amongst the first targets of aptamers and dominated the 

early years of aptamer selection literature (Table 1-3). This interest was primarily 

due to the difficulties in the generation of antibodies to this type of targets. The 

main issue with small molecules is they are typically either toxic or non-

immunogenic. The non-immunogenic nature of small molecules poses a problem 

for antibody generation. In order to elicit an immune response to generate 

antibodies, small molecules often need to be conjugated to a larger immunogenic 

molecule (referred to as a hapten) (Rajesh et al., 2013). The original aptamer 

selection against small molecules also conjugated the small molecules to a 

support. In this case, the dye molecules were immobilised on agarose beads 

(Ellington and Szostak, 1990). An affinity column was prepared using this 

agarose, and the aptamer library was then passed through the column, allowing 

the aptamers to bind to the target. Unbound aptamers were removed by washing 

and discarded; bound aptamers were eluted from the column and amplified for 

further rounds of selection.  

The column-like selection method has continued to be used for aptamer selection 

(Huizenga and Szostak, 1995, Huang, 2003, Sazani et al., 2004). Agarose beads 

have been substituted for magnetic beads, removing the need for a column and 

allowing magnetic separation (Rouah-Martin et al., 2012) and automation of the 

process. Small molecule selections have been used to isolate aptamers which 

bind to cocaine (Li et al., 2007), ATP (Wang et al., 2011), theophylline (Cheng et 

al., 2009), and others (Ruscito and DeRosa, 2016). Other process advances have 

been made since the conception of the SELEX process. One example 

incorporates a modification to the process such that it no longer requires the 

immobilisation of target small molecules. In the Capture-SELEX method, the 

aptamer library is immobilised on beads through hybridisation to a 

complementary sequence on the beads (Stoltenburg et al., 2012). The aptamers 

are released from the beads when they bind to a target. The displaced 

supernatant is collected, and PCR amplified. Capture-SELEX removes the need 

for target immobilisation, which is more favourable for small molecules which 

cannot be readily modified. Also, Capture-SELEX eliminates the problem of the 

aptamers binding to the support structure rather than the target. 
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Small molecule toxins pose another problem for antibody generation due to host 

fatality. The in vitro nature of aptamer selection eliminates issues of toxicity to the 

host animal. Toxins are an area in which aptamers excel compared to antibodies. 

Aptamers have been raised against several lethal toxins, including anthrax 

(Bruno and Kiel, 1999), abrin (Tang et al., 2007), and botulinum (Bruno et al., 

2012). The ability to specifically bind toxins allows aptamers to be generated for 

environmental monitoring and to improve security measures, with detection 

methods having been developed for each of the above toxins.  

 

1.4.8.2 Protein targets 

T4 DNA polymerase was one of the first proteins targeted by aptamer selection 

(Tuerk and Gold, 1990). This eventually led to the isolation of aptamers against 

proteins associated with diseased states. Disease detecting aptamers include 

prion diseases in murine (Sekiya et al., 2006) and bovine (Mashima et al., 2009) 

sources, as well as HIV related proteins (Dey, 2005, D'Atri et al., 2012). Aptamers 

can also be used in monitoring circulating proteins (Centi et al., 2007), identifying 

cancerous tissues (Du et al., 2015), and inhibiting signalling molecules (White et 

al., 2003). Despite the abundance of target proteins for further study, protein 

composition can often make selection difficult due to charge differences between 

the two molecules. The aptamer backbone structure is inherently net negatively 

charged, whereas the protein charge is dependent on the amino acid side chains 

within the protein (Figure 1-18).  
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Figure 1-18 - Protein and side chain chemical, structural, and charge properties 

determine protein characteristics and subsequently aptamer binding. – Non-polar 

proteins are hydrophobic and will form globular proteins to ensure water cannot interact 

with these molecules. Polar proteins are highly soluble in water. Charged proteins are 

either negatively or positively charged dependant on the side chain, this facilitates Van 

der Waals bonds. Image from 

http://www.personal.psu.edu/staff/m/b/mbt102/bisci4online/chemistry/chemistry8.htm 

(accessed 09-09-18) 

 

These charges from the amino acids can pose problems by attracting or repelling 

aptamers by electrostatic forces through Van der Waals and stacking interactions, 

causing unspecific binding (if oppositely charged) or no binding (if the same 

charge). Both unspecific and no binding can result in a failed aptamer selection. 

As discussed in section 1.4.6; charges can be masked by pH adjustment, ion 

composition and concentration of the buffer. The masking of the charges allows 

the proteins to be approached by the aptamers and facilitates other interactions, 

such as hydrogen bonds to facilitate aptamer-target binding. 
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1.4.8.3 Lipopolysaccharide targets 

Lipopolysaccharides (LPS) are found within gram negative bacteria and are 

released as endotoxins when the bacteria die. Endotoxins have been shown to 

cause immune responses in animals, and repeated exposures are thought to be 

contributory factors to alcoholic hepatitis (Fukui, 2005, Yeluru et al., 2016), 

obesity (Cani et al., 2007), and auto-immune diseases such as multiple sclerosis 

(Wang and White, 1999, Walter et al., 2006). Although antibodies allow for 

specific recognition of endotoxins, the processes of detection are costly in money, 

time, and labour (Su and Ding, 2015). The original detection method for LPS 

involved the use of rabbits. The temperature of the rabbits was monitored after 

injection with the test solution and used as a measure of immune stimulation. This 

test was later replaced with the Limulus amebocyte lysate (LAL) test, using blood 

extracted from the horseshoe crab (Limuluspolyphemus); which clots in the 

presence of LPS (Nachum and Shanbrom, 1981). These methods rely on animals 

for LPS detection, therefore as an alternative to the assays was developed using 

aptamers. Aptamers have been raised against endotoxins with success in 

targeting of bacteria (Bruno et al., 2008, Wu et al., 2012), detection of endotoxins 

(Su et al., 2012, Su et al., 2013), and protection against endotoxemia (Wen et al., 

2009), providing animal-free alternatives to LPS detection, with some methods 

more rapid than any of the previous assays. 

 

1.4.8.4 Cell targets 

Since the first selection against a cellular target (red blood cell ‘ghosts’), cells 

have been described as ‘complex targets’ (Morris et al., 1998). This is because 

cells present more than one potential target molecule, to which the aptamer pool 

may bind. Prior knowledge of the molecular identity of the aptamer target is not 

required for successful aptamer selection (Guo et al., 2008, Chang et al., 2013, 

Shangguan et al., 2015). However, identification of the epitopes can be attained 

through aptamer mediated purification of target molecules from cell lysates, using 

conventional biochemistry protocols and subsequent molecular characterisation 

methods (Morris et al., 1998, Fang and Tan, 2010, Hou et al., 2015). For example, 

the isolated molecules can be identified using an array of tests, including two 
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dimensional (2D) SDS-PAGE and mass spectrometry (Morris et al., 1998, Fang 

and Tan, 2010). The data generated from identifying the epitopes can provide 

important characterisation data on the cells used as the selection target 

(Berezovski et al., 2008, Chang et al., 2013, Graneli et al., 2014). Using aptamers 

selected against cell populations, selections have led to interesting uses including 

sub-population isolation (Wan et al., 2012, Sheng et al., 2012, Zhang et al., 2015); 

including porcine SSC populations (Guo et al., 2006, Schafer et al., 2007); aid in 

viral infection (Zhou et al., 2011); delivery mechanisms to specific cell populations 

(Zhu et al., 2014); and live imaging of specific cell populations (Schafer et al., 

2007, Jin et al., 2015, Guet et al., 2015). 

 

1.4.9 Clinical translation  

The development of aptamers as a binding ligand enables them to be used in a 

clinical setting, in similar applications to antibodies and other drugs. While this 

presents a unique approach to using nucleic acids in a clinical setting, aptamers 

have issues which potentially limits their clinical application. This includes 

susceptibility to renal filtration and degradation. 

Renal filtration quickly removes aptamers which were not suitably modified for in 

vivo use, due to the small size of an aptamer. To counteract this renal filtration, 

aptamers may be appended with large molecules, increasing the 

aptamer/conjugate size above the renal glomerulus cut off (30-50 kDa). 

Examples of molecules used to reduce renal clearance include cholesterol 

(Rusconi et al., 2004, Lee et al., 2015); proteins (Dougan et al., 2000, Heo et al., 

2016); liposomes (Willis et al., 1998); other aptamers (Kim et al., 2010, Musumeci 

and Montesarchio, 2012, Soule et al., 2016); or commonly used polyethylene 

glycol (Burmeister et al., 2005). Using this increased size to prevent renal filtration, 

other challenges are presented against the aptamers, such as nucleases and 

immune responses. 

Degradation of the aptamers can take place due to numerous nucleases found in 

bodily fluids.. Aptamers may be modified to increase their nuclease resistance. 

Typically these are backbone modifications (1.4.4) (Green et al., 1995, Uhlmann 
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et al., 2000), or amino acids replaced to resistant variants (1.4.4) (Ruckman et 

al., 1998). Once modified to remain within the human body for extended periods 

of time; immune reaction becomes the next issue to be presented against 

aptamers. This immune reaction against the aptamer or conjugated molecules is 

an issue faced by the REG-1 aptamer treatment discussed below. Once 

aptamers have been modified to be functional within, and have sufficient time 

within the body to enact their functionality, using aptamers in clinical setting 

becomes possible, with Pegaptanib (branded Macugen), is an anti-VEGF165 

RNA aptamer that was the first FDA approved aptamer (approved in 2004)  

developed for the treatment of age related macular degeneration (Ng et al., 2006). 

The aptamer works by targeting VEGF165 and inhibiting its activity, leading to a 

significant decrease in symptoms which include overgrowth of blood vessels, 

vascular leakage, and swelling (Lee et al., 2005, Adamis et al., 2006) (Figure 

1-19).  

 

Figure 1-19 - Macugen / Pegaptanib treatments shows regression of 

neovascularisation. Study Eye was treated 6 times and was 6 weeks from the last 

treatment at week 36, where neovascularisation was reduced and remained constant at 

week 52. In contrast, Fellow Eye showed a steady increase in neovascularisation 

throughout the study without treatment. Image from (Adamis et al., 2006). 

Macugen / Pegaptanib was the first aptamer to be approved for use as a 

therapeutic agent. Once shown to be clinically viable, other aptamers were 

considered for clinical trials to test efficacy in humans (McNamara et al., 2006, 
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Shu et al., 2011, Gourronc et al., 2013); though to-date no other aptamer-based 

treatments have been approved. Despite the success of the Pegaptanib, it has 

now been superseded by antibody equivalents (Mousa and Mousa, 2010): 

ranibizumab (Lucentis) (Martin et al., 2012), and aflibercept (Eylea) (Heier et al., 

2012). 

Another aptamer which was designed to reduce coagulation (REG1) was taken 

to late stages of clinical trials after showing success in early trials (Vavalle and 

Cohen, 2012, Povsic et al., 2013). A two-stage aptamer, the first stage 

Pegnivacogin targeted coagulation factor IXa inhibitor, preventing coagulation 

during surgical procedures. The second stage, Anivamersen, binds to the first, 

eliminating its inhibitory effect and restoring coagulation function. 

Determination of reversal of the anti-coagulation effect of Pegnivacogin was first 

carried out before clinical trials, giving a ratio of 1.8 (Anivamersen): 1 

(Pegnivacogin), for full reversal (Povsic et al., 2011), but was later increased to 

2:1. Using these ratios, and positive control of heparin to prevent bleeding, REG1 

treatment demonstrated that 50% reversal of the Pegnivacogin showed similar 

results to the positive control of heparin (32.8 total bleeding (Pegnivacogin) to 

30.6 heparin, and 10.3 major bleeding to 10 % heparin) (Povsic et al., 2013). 

Moreover, 100% reversal of the Pegnivacogin reduced bleeding significantly 

below the control heparin (23.4% Pegnivacogin vs 30.6 Heparin total bleeding, 

and 5.1 Pegnivacogin vs 10.0 % heparin) (Povsic et al., 2013). These results 

showed promise for the REG-1 treatment as a reversible anti-coagulant, both 

effectively inhibiting coagulation during treatments, and then striking reversal of 

the inhibition after treatment had been completed.  Phase 2 trials identified three 

incidents of allergic-like effects in patients; but the treatment was a promising step 

forward in treatment for acute coronary syndrome (ACS). Unfortunately, during 

Phase 3 trials, the allergic reactions were much more severe; including 1 death 

(Mehran et al., 2015, Lincoff et al., 2016). This put a stop the clinical trials of 

REG1 treatment and cast suspicion across all aptamers within clinical trials. The 

complications were subsequently attributed to allergic reactions caused by the 

PEG modification (incorporated to reduce renal clearance and provide prolonged 

activity within the circulatory system) (Lincoff et al., 2016, Ganson et al., 2016) 

and patients having pre-existing circulating anti-PEG antibodies. 
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Despite this setback, aptamers are continually being developed and tested in 

clinical trials, with 36 hits for aptamers on ClinicalTrials.gov, 6 of the trials being 

active and 4 currently recruiting (accessed clincaltrials.gov on 03-06-18). The 

ongoing studies cover a wide variety of conditions including biosensors for 

bladder cancer, age-related macular degeneration, and inhibition of tyrosine 

kinase-7. So, despite the setback with REG1, there are still developments within 

the field to advance aptamers for clinical therapeutics.  
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1.5 Project rationale and hypothesis 

Aptamers are a technology with the potential for application in a number of 

biomedical applications. Since their first description in 1990, aptamers have been 

selected against a variety of targets, integrated into numerous assays, and have 

even been approved for use as a therapeutic agent. With advances in nucleic 

acid chemistry, synthesis, and sequencing, aptamers are becoming increasingly 

available for research applications, with a better understanding of many aspects 

of disease and treatment. 

Aptamers have already been proven to perform in cell isolation, as well as stem 

cell enrichment, providing evidence that isolation of human SSCs is within the 

remit of this technology. The aptamer technology therefore has potential to aid in 

furthering the understanding of SSCs and the interactions with the surrounding 

tissues, as well as providing a methodology for cell isolation that is fast, cheap, 

and more accurate than current methods. 

 

Hypothesis: Aptamer technology can be used in combination with antibody 

enrichment methodologies to identify novel individual or combinations of 

biomarkers to enrich the SSCs population from a heterogeneous bone marrow 

sample. 

 

Objective I – Development of aptamer selection methodology and optimisation 

against the immortalised cell line SAOS-2. 

Specific aims: 

1. To develop a robust protocol for aptamer selection using an osteogenic 

cell line (SAOS-2 cells) and a non-osteogenic cell line (Raji) as a negative 

selection population. 

2. To identify optimal binding conditions for aptamer selection against the 

SAOS-2 and Raji cell lines. 

3. To raise aptamers against the SAOS-2 cell line, while ensuring limited 

binding to the Raji cell line. 
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4. To generate single sequence aptamers using cloning and testing of affinity 

to identify a selection of the optimum aptamers. 

 

Objective II – Application of aptamer technology to develop an aptamer pool that 

binds to novel markers on the surface of SSCs. 

Specific aims: 

1. To raise aptamers against the SSCs population using methodologies 

developed in Objective I. 

2. To incorporate antibody enrichment methodologies from Objective II to 

raise aptamers more specifically against the SSCs population. 

3. To isolate single aptamer sequences through cloning or single molecule 

PCR, and subsequent testing of affinity to identify the best performing 

aptamers. 

4. To sequence the successful aptamers to identify common sequences and 

monoclonal equivalent aptamer pool generation. 

5. To identify the aptamer binding targets in SSCs. 

6. To test single sequence aptamers against SSCs for isolation comparison. 
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Objective III – Use surface marker mediated enrichment techniques to isolate 

bone marrow sub populations containing as many SSCs as possible and 

characterise the SSCs using traditional techniques and Drop-Seq. 

Specific aims: 

1. To use the STRO-1 and CD146 antibodies to identify a skeletal stem cell 

population containing the highest CFU-F.  

2. To use an enriched SSC population and single cell RNA analysis (Drop-

Seq) to enhance the characterisation of the cells’ marker expression 

profile. 

3. To identify novel markers using single cell RNA analysis (Drop-Seq which 

may be used to further characterise and isolate the SSC population. 

 





 

59 

 

Chapter 2 Methods 

Reagents and materials within this section are listed with product numbers and 

companies of origin when the material is first mentioned within this chapter. 

 

2.1 Buffers 

2.1.1 1x TBE  

10.8 g Tris base (93362-500G, SigmaAldrich, UK), 5.5 g Boric acid (185094, 

Sigma-Aldrich, UK), 4 mL 0.5 M EDTA (BP2482-500, Fisher Scientific, UK) in 1 

L deionised water. 

 

2.1.2 10x TBE 

108 g Tris base, 55 g Boric acid, 40 mL 0.5 M EDTA in 1 L deionised water. 

 

2.1.3 Culture media 

Alpha-MEM (LZBE02-002F, Lonza, UK) supplemented with Foetal Calf Serum 

(FCS) (1027010, batch 41Q4297P, LifeTechnologies, UK) to make final 10% v/v 

and 1% v/v Penicillin and Streptomycin (P/S) (A5955-100, Sigma, UK). 

 

2.1.4 RPMI culture media 

RPMI-1640 (BE12-702F, Lonza, UK) supplemented with 10% v/v FCS and 1% 

v/v P/S. 
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2.1.5 Selection media 

Alpha-MEM supplemented with 5 mM MgCl2 (M8266, Sigma-Aldrich, UK), 4.5 

mM CaCl2 (223506, Sigma-Aldrich, UK), 80 nM MnCl2 (244589, Sigma-Aldrich, 

UK), and 77 nM NiCl2 (339350, Sigma-Aldrich, UK). 

 

2.1.6 Folding media 

Alpha-MEM supplemented with; 10 mM MgCl2, 9 mM CaCl2, 160 nM MnCl2, and 

154 nM NiCl2. 

 

2.1.7 0x optimisation media 

Alpha-MEM. 

 

2.1.8 1x optimisation media 

Alpha-MEM supplemented with; 5 mM MgCl2, 4.5 mM CaCl2, 80 nM MnCl2, and 

77 nM NiCl2. 

 

2.1.9 10x optimisation media 

Alpha-MEM supplemented with; 50 mM MgCl2, 45 mM CaCl2, 800 nM MnCl2, and 

770 nM NiCl2. 

 

2.1.10 LB agar 

In a 500 mL bottle; 5 g Tryptone (95039-50G-F, SigmaAldrich, UK), 2.5 g Yeast 

Extract (Y1625, SigmaAldrich, UK), 2.5 g NaCl, and 200 mL distilled water were 

mixed until dissolved. 400 µL 5N NaOH (10306200, FisherScientific, UK) was 

added to adjust the pH. Water was added until it was a total of 500 mL. To the 



Chapter 2 

61 

 

mixture 7.5 g agar pellets were added and stirred until dissolved. This mixture 

was autoclaved. 

 

2.1.11 LB media 

In a 500 mL bottle; 5 g Tryptone, 2.5 g Yeast Extract, 2.5 g NaCl, and 200 mL 

distilled water were mixed until dissolved. 400 µL 5N NaOH was added to adjust 

the pH. Water was added until it was a total of 500 mL. 

 

2.1.12 Blocking media 

17mL a-MEM, 2 mL AB Serum human (H4522-100ML, Sigma-Aldrich, UK), 0.2 g 

BSA (BP1600-100, FisherScientific, UK), 1 mL FCS. 

 

2.1.13 MACS buffer 

1 L 1x PBS, 5 g BSA, 4 ml 0.5M EDTA were mixed for half an hour, and then filter 

sterilised and de-gassed. 

 

2.2 Aptamer selection and optimisation methods  

2.2.1 Agarose gel 

A 4% w/v agarose gel was prepared with 4 g agarose (BP1356-500, Fisher 

Scientific, UK) suspended in 100 mL 1x TBE (2.1.1). This solution was heated in 

a microwave until the agarose was melted and dissolved into the TBE. 10 µL Gel 

Red (41003, BIOTIUM, UK) was added and mixed by swirling. The molten 

agarose was poured into a gel cast (miniPROTEAN plate and 1 mm space, 

1653311, BIORAD, UK and miniPROTEAN short plate, 1653308, BIORAD, UK), 

and a 10-lane comb (1653359, BIORAD, UK) placed into the gel and left to set 

(approximately 20 minutes). 20 µL each sample was mixed with 4 µL 6x loading 

buffer (6x orange DNA loading dye, R0631, ThermoScientific, UK). 2 µL 
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O’RangeRuler 10bp ladder (SM1313, ThermoScientific, UK) was mixed with 4 µL 

6x loading buffer and 18 µL water. Once the gel was set, the comb was removed, 

and the samples and ladder added carefully. The gel was run in 1x TBE, 150 V 

20 minutes. The gel was imaged (InGENIUS, Syngene, UK) to ensure aptamer 

dsDNA, ssDNA, or primers were the only amplification products present within a 

sample. 

 

2.2.2 Acrylamide gel 

A 10% (w/v) acrylamide stock was made with: 125 mL Bis-Acrylamide 40% (v/v) 

29:1 (acrylamide: bis-acrylamide) (BP1408-1, Fisher, UK), 100 mL 10x TBE 

buffer (2.1.2) and deionised water to make the total volume 500 mL. 6 mL the 10% 

(v/v) acrylamide stock was mixed with 60 µL 10% (w/v) APS in water (A3678, 

Sigma, UK) and 6 µL TEMED (T/P190/04, Fisher, UK), mixed by gentle swirling 

and poured into a gel cast (miniPROTEAN plate and 1mm space, 1653311, 

BIORAD, UK and miniPROTEAN short plate, 1653308, BIORAD, UK) with a 10 

lane comb (1653359, BIORAD, UK) and left to set (approximately 20 minutes). 

10 µL each sample was mixed with 2 µL 6x loading buffer. 1 µL O’RangeRuler 

10 bp ladder was mixed with 2 µL 6x loading buffer and 9 µL water. When set, 

the gel loaded, and run in 1x TBE at 150 V for 40 minutes (Powerpac Basic, 

BIORAD, UK). The gel was stained with 1% (v/v) for 1-minute Gel Red in 1xTBE, 

washed in water for 1 minute and imaged. 

 

2.2.3 SAOS-2 cell culture 

SAOS-2 cells are an osteosarcoma cell line with an epithelial morphology. The 

cells were cultured in culture media (2.1.3). The cells were cultured in T-175 

flasks (431080, Corning, UK) with 20 mL media at 37°C, 5% (v/v) CO2, and 

passaged when reaching 70-80% confluence (usually 3-4 days). 

To passage the cells culture media was removed, and the cells washed with 10 

mL PBS. The PBS was removed. 1 mL 10x trypsin solution (BE02-007E, Lonza, 

UK) was added to 9 mL PBS.  2 mL of the 1x trypsin solution was applied for 5-
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10 minutes to ensure all cells were no longer attached to the surface or one 

another. 8 mL culture media was added. The cell suspension was placed into a 

50 mL falcon tube and pelleted by centrifugation (300x g for 4 minutes), the 

supernatant was removed, and cells were resuspended in 10 mL culture media 

and seeded at a 1 in 10 dilution in a new flask. 

 

2.2.4 SAOS-2 selection and cell seeding for selection 

When cells were required for selection, cells were passaged, and seeded into a 

T-75 flask (430641U, Corning, UK) at 20,000 cells per cm2 (1,500,000 cells for a 

T-75), this allowed 3 days of recovery before the cells approached 80-90% 

confluence and were suitable for selection purposes. 

 

2.2.5 Raji cell culture 

Raji cells are a non-adherent, lymphoblastic cell line isolated from a Burkett’s 

lymphoma; chosen for selection as they lack the STRO-1 antigen present on the 

SAOS-2 cell line. The Raji cells were cultured in RPMI culture media (2.1.4). The 

cells were cultured in T-75 flasks with 20 mL media at 37°C, 5% (v/v) CO2. The 

cells were passaged every 3-4 days.  

For passage, the 20 mL cell suspension was removed from the flask and placed 

into a 50 mL falcon tube. The tube was centrifuged at 300x g for 4 minutes, the 

supernatant was removed, and cells were re-suspended in 20 mL RPMI culture 

media, 1 mL of the cell suspension was added to a new flask containing 19 mL 

RPMI culture media.  

 

2.2.6 Raji cell seeding for selection 

When Raji cells were required for selection, the cells were centrifuged at 300x g 

for 5 minutes, supernatant removed and cells resuspended in 20 mL RPMI culture 

media, counted, and 20,000 cells per cm2 were added to a T-75 (1,500,000 cells), 

before media was added up to 20 mL. The cells were cultured for 3 days at 37°C, 
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5% (v/v) CO2 allowing the cell population to grow and the proportion of dead cells 

to be minimised. On the day of selection, the cells were counted, and the required 

number of cells were removed from the growth media and washed in the selection 

media (2.1.5) for 5 minutes on ice. The cells were centrifuged again (300x g for 

5 minutes), supernatant removed, placed in 8 mL new selection media and were 

ready for selection. 

 

2.2.7 Pre-selection optimisation 

250,000 cells were prepared (as 2.2.4 or 2.3.3) and aliquoted into each well of 3, 

6 well plates (20,000 cells per cm2) with 2 mL culture media and cultured for 3 

days at 37°C, 5% (v/v) CO2. Several tests were performed to identify the optimal 

binding conditions, the variables included; buffer salt content, time and cell 

number. The tests were performed at approximately 1/20th the cell number, 

volume and aptamer molecules as a full selection (for easy scaling), therefore, 

the culture media was removed from all wells. 400 µL of one of the 3 selection 

media were applied (0x (2.1.6), 1x (2.1.8), and 10x (2.1.9). Cells were incubated 

on ice for 5 minutes before the media was removed and replaced with identical 

selection media and volume. 221.9 ng naive re-folded aptamer pool 

(CCAGTGTAGACTACTCAATGCNx40GGTTGACCTGTGGATAGTAC, IDT, UK) 

was taken for each condition. This was prepared in either 0x, 2x or 20x media, 

heated to 95 °C for 10 minutes, cooled to 5 °C to refold the aptamers. The 

refolded 221.9 ng per well aptamers were applied to the relevant wells (one for 

T-25 equivalent, or two for T-75 equivalent). The wells were incubated for 15, 30, 

45 or 60 minutes, before supernatant was removed, and the cells washed with 

400 µl of the relevant media for 5 minutes. The supernatant was again removed 

and replaced with 120 µL DNase free water added to each condition and the cells 

scraped (2.2.9.1). The recovered materials were amplified (2.2.10.1) and 

assessed for recovery percentage (2.2.10.2). 
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2.2.8 SAOS-2 Selection 

Cells cultured and seeded as described in section 2.2.3 and 2.2.4 (20,000 cells 

per cm2 in a T-75) were washed twice with 8 mL selection media (2.1.5) and 

incubated in the final wash for 10 minutes. 

During the incubation, aptamers were refolded (4.439 µg ssDNA added folding 

media (2.1.6) in a 1:1 ratio, heated to 95 °C for 10 minutes and cooled to 4 °C ). 

The refolded aptamers were added to the cells and incubated and washed as 

Table 3-1, Table 3-2, and Table 3-4. 

 

2.2.9 Aptamer recovery  

2.2.9.1 Cell recovery 

After selection washing steps (Round of selection dependant, see tables - Table 

3-1, Table 3-2, and Table 3-4) and removal of media; 2400 µL DNase free water 

(BPE561-1, LifeTechnologies, UK) was added to the cells before being carefully 

scraped with cell scraper (11597692, Fisher Scientific, UK) from the flask, and 

placed into two 2 mL Eppendorf tubes (623201, Greiner-Bio, UK). This material 

served as the template for the post recovery PCR (2.2.10.1). 

 

2.2.9.2 Lysis buffer recovery 

After washing steps (Round of selection dependant, see tables - Table 3-1, Table 

3-2, and Table 3-4) and removal of media; 2400 µL lysis buffer (10 mM Tris pH 

7.4 (10376743, FisherScientific, UK), 0.25% v/v Triton X-100 (X100-100ML, 

SigmaAldrich, UK), and 150 mM NaCl (S7653, SigmaAldrich, UK)) was added to 

the cells. The cells were incubated for 5 minutes on ice, before being scraped 

using a cell scraper, transferred to two 2 mL Eppendorf tubes. This material was 

used as template for the post recovery PCR (2.2.10.1). 
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2.2.10 Amplification of aptamers by polymerase chain reaction 

2.2.10.1 Post recovery PCR 

The recovery template (2400 µL) (2.2.9.1 or 2.2.9.2) was added to 2400 µL 2x 

PCR master mix (M7505, Promega, UK), 96 µL forward primer with a 5’ 

fluorescein amidite modification (FAM) (see Table 2 1), and 96 µL reverse 

primer with the 5’ PO4 modification (see Table 2 1).  
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Table 2-1 - Primer sequences, and modifications used for aptamer amplification.  

Unless otherwise stated, aptamer primers were designed and validated by Aptamer 

Group (YORK) and synthesised by IDT, UK. 

 

The mix was vortexed briefly, centrifuged, and distributed into a 96 well plate 

(E1403-8200, Starlab, UK) with 50 µL in each well, sealed (E2796-9793, Starlab, 

UK) and the 96 well plate centrifuged. PCR was performed for 4 cycles (Verti 96 

well thermocycler, Applied Biosystems, UK). Thermal cycling conditions included 

an initial step at 95 °C for 2 minutes, cycle steps at 95 °C for 45 seconds, 55 °C 

for 45 seconds and 65 °C for 45 seconds, and a final extension step at 65 °C for 

2 minutes.  

 

2.2.10.2 qPCR of recovered material 

Once the 4-cycle PCR was complete; three wells were chosen at random from 

the 96 well plate and 2 µL was taken from each; added to 198 µL DNase free 

water and mixed. 35 µL the diluted PCR product was added to an equal volume 

of qPCR master mix (for each 50 µL reaction: 1.2 µL forward primer, 1.2 µL 

reverse primer, 25 µL GoTaq® qPCR (A6002, Promega, UK). 20 µL of each 

sample mix was aliquoted into 3 wells, for replicates. The standard curve (1.3317 

Primer Sequence 

Forward CCAGTGTAGACTACTCAATGC 

Reverse GGTTGACCTGTGGATAGTAC 

FAM Forward FAM- CCAGTGTAGACTACTCAATGC 

PO4 Reverse PO4-GGTTGACCTGTGGATAGTAC 

Biotin 

Reverse 

Biotin-GGTTGACCTGTGGATAGTAC 
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ng ssDNA (30% of a selection pool) was taken and made up to 25 µL with DNase 

free water as point 1. Another 1.3317 ng was taken and made up to 25 µL with 

DNase free water for point 2 and diluted with another 25 µL DNase free water. 

Point 2 was mixed thoroughly, 25 µL was taken from point 2 and added to 25µL 

DNase free water to generate point 3 and mixed thoroughly. This process was 

repeated to generate a 10 point standard curve, these were treated as recovery 

samples described 2.2.10.1 and 2.2.10.2) was also prepared and distributed 

following the same method onto the 96 well plate for quantification post qPCR. 

The plate was sealed, centrifuged and placed in the qPCR machine (7500 Real 

time PCR machine, Applied Biosystems, UK) for analysis. The qPCR program 

was run as follows: initial denaturation and activation step at 98 °C for 10 minutes, 

followed by 30 cycles of; 95 °C for 45 seconds, 55 °C for 45 seconds and 65 °C 

for 45 seconds. The fluorescence reading was taken at the end of the 65 °C 

elongation step. During this time the 96-well plate with the ‘post recovery PCR’ 

was kept at 4 °C. 

 

2.2.10.3 Secondary PCR optimisation 

After the qPCR step, a CT (cycle threshold; the number of amplification cycles 

required to reach a defined fluorescence threshold) value should be gained for 

the samples, this CT was used to track recovery of aptamer materials from each 

round. The CT value also guided the secondary PCR optimisation step. Taking 

this CT value, a PCR cycle course was run on the remaining material. Post 

recovery PCR (2.2.10.1) materials were pooled. 192 µL pooled PCR product from 

2.2.10.1 was added to 2400 µL 2x PCR master mix, 96 µL forward primer, 96 µL 

reverse primer, and 2016 µL DNase free water, this was mixed thoroughly. 5x 25 

µL aliquots were taken from the mixture and placed into 0.2 mL Eppendorf tubes 

(I1402-8100, Starlab, UK) and each tube was run at one of the following cycle 

numbers: CT-1. CT, CT+1, CT+2, CT+3. The amplified cycle course material was 

analysed by PAGE (2.2.2). The resulting image was used to identify cycle 

conditions where clean PCR product was obtained (with no aberrant amplification 

products) the remaining PCR mix was cycled to the same number of cycles as 

identified in the PAGE. 
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2.2.11 Asymmetric PCR 

For each 50 µL reaction, 2.292 ng of template was added, 25 µL 2x PCR master 

mix reagents, 1.5 µL forward primer, and water to a final volume of 50 µL. The 

volumes were amplified in the same conditions as other PCR reactions, for 9 

cycles. Amplified material was analysed by PAGE (2.2.2). 

 

2.2.12 Bead purification methodologies 

2.2.12.1 Solid Phase Reversible Immobilization 

 After amplification, the PCR material was recovered and combined, purified 

using Solid Phase Reversible Immobilization (SPRI) magnetic beads. SPRI bead 

stock (50mg/ml beads in 28.8% polyol, 1.62 M NaCl) was added at 1.8x volume 

of PCR product.0.7x volume of isopropanol (2-propanol certified ACS, A416S-4, 

Fisher Scientific, UK)) was also added to the PCR material and mixed. An 

example was 100 µL PCR material would be mixed with 180 µL beads (supplied 

by Aptamer Group) and purification buffer, and 70 µL 100% isopropanol. The mix 

was incubated at room temperature for 10 minutes before separating the beads 

using a magnetic tube rack. The buffer was discarded, and the beads washed 3 

times in 4 x PCR material volume 80% ethanol (BP2818500, Fisher Scientific, 

UK) (e.g. 1000 µL PCR material would require three 4 mL washes). After washing, 

the beads were allowed to air dry (approximately 10 minutes). The purified DNA 

was eluted in 0.2x original volume DNase free water (e.g. 1000µL PCR is eluted 

in 200 µL water). The purified material was analysed by PAGE (2.2.2). 

 

2.2.12.2 Streptavidin bead purification 

This method only is applicable when using a biotin-modified reverse primer. For 

each 50 µL PCR reaction, 5 units Exonuclease I was added (M0293S, New 

England BioLabs, UK). The mix was incubated at 37 °C for 30 minutes. During 

the incubation, 6 µL streptavidin beads were washed (88817, Pierce Thermo 

Scientific, UK) in 50 µL PBS three times, magnetically separated each time, 
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resuspended. After the final wash, the beads were resuspended in 5 µL 5 M NaCl 

(S6191, Sigma Aldrich, UK) and added to the Exonuclease treated PCR material. 

Samples were incubated (1 hour, room temperature, 1000 rpm shaking) to 

capture the biotinylated PCR products. The beads were magnetically separated 

and washed in 50 µL PBS twice. The beads were magnetically separated from 

the PBS, the PBS removed, and the beads resuspended in 10 µL 0.5 M NaOH 

(S318-1, Fisher Scientific, UK), mixed and incubated for 10 minutes, with the 

sample shaking. The beads were magnetically separated, the supernatant 

removed, and supernatant added to 10 µL 0.5 M HCl (435570, Sigma Aldrich, 

UK), to neutralise the NaOH. The eluted ssDNA was quantified using the 

Nanodrop 1000 (Nanodrop 1000, ThermoScientific, UK). 

 

2.2.13 Lambda Exonuclease 

For each 50 µL reaction, 5.1 µL 10x Lambda Exonuclease buffer (B0293S, New 

England BioLabs, UK) was added and 5 units Lambda Exonuclease (M0262S, 

New England BioLabs, UK). The tubes were incubated at 37 °C for 30 minutes. 

The volumes were pooled and analysed by PAGE (2.2.2). 

 

2.2.14 Exonuclease I treatment 

For each 50 µL PCR materials, 5.5 µL Exonuclease I 10x buffer and 5 units 

Exonuclease I was added (M0293S, New England BioLabs, UK). The mix was 

incubated at 37 °C for 30 minutes. 
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2.2.15 Workflow 

 

Figure 2-1 - Aptamer Selection workflow highlighting the steps necessary for 

each round of selection. Cell culture is a cyclical process external to the aptamer 

selection (seen top right, with the pink boxes) This was performed on a needs basis 

where cells were grown as needed for the selections for this 20,000 cells / cm2 were 

placed in T-75 flasks 3 days before being needed for selection. One other input is 

required for the selection, the initial aptamer pool (top left) a 1x1014 unique ssDNA 

sequences to be tested against the target. The remaining steps are carried out in order, 

throughout the cycles. Green boxes are PCR stages. Blue boxes are quantification 

stages, filled in stages are qPCR and a cycle course PCR to determine optimal 

template levels for the second PCR. Blue outlined boxes are quantification using the 

Nanodrop 1000. Brown boxes are nucleic acid purification steps using the solid phase 

reversible immobilisation. Green outlined box is an asymmetric PCR facilitating the 

generation of ssDNA from dsDNA template. Orange outlined box is the enzymatic 

digestion stage where any remaining dsDNA is digested into ssDNA.  
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The workflow (Figure 2-1) shows the final developed methodology used for 

aptamer selection in this project and the methods to be used when working with 

primary tissue. With multiple quantifications, gels to check sample purity and 

qPCR to check the quantity of material recovered from the selection. 

 

2.2.16 Bacterial cloning for single aptamer testing and sequencing 

Aptamer materials from the final round of SAOS-2 selection, Round 12 fraction 

SAOS-2 + Raji was taken, and amplified using the recovery PCR (2.2.10.1), 

followed by secondary PCR (2.2.10.3). The material was purified (2.2.12.1), 

Exonuclease I treated (2.2.14) and purified again. The material was quantified 

using the Nanodrop. 

Asymmetric PCR was seeded using this material (2.2.11) followed by purification, 

Lambda Exonuclease treatment and purification (2.2.13). The ssDNA was 

quantified using the Nanodrop. 

2 picomoles of the ssDNA was used as a template, to which 12 µL 50 µM forward 

primer, 12 µL 50 µM reverse primer 80 µL Solis HOTFIRE PCR master mix (04-

25-02015, Solis Biodyne, Estonia), 40 µL 25mM MgCl2 and water to bring the 

volume to 400 µL was added. This was split into 50 µL reactions. 

This was placed in a thermocycler and treated to 95 °C for 5 minutes. 6 cycles of 

95 °C for 45 seconds, 55 °C for 45 seconds and 65 °C for 45 seconds. 65 °C for 

2 minutes before a hold at 4 °C. 

All materials were pooled, with 5 µL being analysed by PAGE (2.2.2) the 

successfully amplified material should have 80 bp size. Bead purified twice, the 

first elution into 50 µL 1x Lambda Exonuclease buffer (10x Lambda Exonuclease 

buffer mixed with DNase free water in a 1:9 ratio), the second into 50 µL RNase 

free water. The material was quantified using a Nanodrop.  

50 ng the material was taken and made up to a volume of 10 µL. 

1 µL the diluted aptamer material, 10 µL 2x reaction buffer (K1232, cloning kit 

ThermoFisher Scientific, UK), 6 µL nuclease free water and 1 µL DNA blunting 
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enzyme (K1232, cloning kit ThermoFisher Scientific, UK) were added in turn to a 

200 µL Eppendorf tube. This was vortexed briefly and centrifuged on pulse to 

collect the liquid. This was heated to 70 °C for 5 minutes before a 4 °C hold. The 

mixture was placed on ice and 1 µL pJET1.2/blunt clone vector (K1232, cloning 

kit ThermoFisher Scientific, UK) and 1 µL T4 DNA ligase (K1232, cloning kit 

ThermoFisher Scientific, UK) were added. The mixture was vortexed and 

centrifuged on pulse to collect the droplets. The mixture was incubated at 22 °C 

for 5 minutes. This was stored at 4 °C while QC steps were taken. 

2µL of the material was taken and placed into a new 200 µL Eppendorf tube. To 

it 1 µL 10 µM pJET forward primer (K1232, cloning kit ThermoFisher Scientific, 

UK), 1 µL 10 µM pJET reverse primer (K1232, cloning kit ThermoFisher Scientific, 

UK), 10 µL 5x solis HOTFIRE PCR master mix, and 13 µL RNase free water were 

added. The materials were mixed, and PCR was performed. 95 °C for 10 minutes, 

16 cycles of 94 °C for 45 seconds, 60 °C for 45 seconds, 60 °C for 45 seconds, 

and 72 °C for 45 seconds. Followed by 72 °C for 2 minutes and a 4 °C hold. 

1 µL of the resultant PCR material was assessed by PAGE. 200 bp material 

signifies successful ligation. 

500ml LB agar was prepared (2.1.10). Once cooled but not set 100 µg/ml 

ampicillin was added. LB agar plates were poured, until the petri dish was half 

full, (producing approximately 15 plates). 

A vial of competent Escherichia coli (E. coli) (C2987H, New England BioLabs, 

UK) was thawed on ice. Once thawed 2 µL of the ligated materials was added 

and mixed by flicking the tube. The mixture was placed on ice for 2 minutes. The 

sample was heat shocked by placing the mixture in a 42 °C water bath for 30 

seconds. The mix was placed immediately back on ice for 2 minutes. 250 µL LB 

media (2.1.11) was added to the tube. The tube was gently mixed using a pipette 

before transferring 50 µL of the broth onto the labelled LB agar plates. The plates 

were cultured upside down at 37 °C overnight. 

A PCR mixture of 39 µL 10 µM pJET forward primer, 39 µL 10 µM pJET reverse 

primer, 390 µL 5x Solis HOTFIRE PCR master mix, and 1482 µL water was 

prepared. 20 µL of the mixture was added to each well of a 96 well plate. Using 

10 µL pipette tips and a pipette set at a volume of 8 µL single colonies were 
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picked, and the cells and pipette tip were placed into a well of the 96 well plate 

before being vigorously mixed until the cells are released from the tip into the 

PCR mix. The 96 well plate was placed on a thermocycler. The PCR program 

was 95 °C for 10 minutes, followed by 8 cycles of 94 °C for 45 seconds. 60 °C for 

45 seconds, and 72 °C for 45 seconds. Followed by a 72 °C for 2 minutes and a 

4 °C hold. 

2 µL of each of the PCR materials were taken and added to 8 µL of water and 10 

µL 2x DNA loading buffer. Each material was assessed by PAGE with a 50 bp 

ladder (N3236L, New England BioLabs, UK) and successful ligations noted (at 

200 bp). 

A new 96 well plate was taken and 296 µL water was placed into each well. 4 µL 

of the successfully ligated picked colonies PCR material was transferred 6 well 

to the new 96 well plate to perform a 1 in 75 dilution. 

5 µL of each well was added to a PCR mix within another 96 well plate (147 µL 

50 µM forward primer, 147 µL 50 µM reverse PO4 primer, 980 µL solis HOTFIRE 

PCR master mix, and 3136 µL water. Mixed and 45 µL aliquoted into each well 

of a 96 well plate.) The 96 well plate was placed on a thermocycler. The PCR 

program was 95 °C for 10 minutes, followed by 14 cycles of 94 °C for 45 seconds. 

60 °C for 45 seconds, and 72 °C for 45 seconds. Followed by a 72 °C for 2 

minutes and a 4 °C hold. The materials were bead purified twice. Leaving pure 

DNA materials from each of the clones, in aptamer form. 

 

2.2.17 Aptamer clone testing 

The successfully ligated clone aptamers were quantified using the Nanodrop. 4 

50 µL Asymmetric PCR reactions (as in 2.2.11) were prepared and carried out 

per successful ligation. The Asymmetric PCRs were bead purified (2.2.12.1) 

Lambda Exonuclease treated (2.2.13) and purified again. 

SAOS-2 cells and Raji cells were prepared for aptamer selection (as described 

in 2.2.4 and 2.2.6 but in 96 well plates and the cell number equivalent, with a CM2 

of 1 CM in a 96 well plate, 20,000 cells were seeded into each well. Each of the 
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clones materials for a minimised selection (59 µg) were subject to SAOS-2 and 

Raji cells separately. Washed three times and recovered (as described in 2.2.8 

and 2.2.9.1 but scaled down to 100 µL selection media in each well and washes, 

and 32 µL DNase free water for the scraping which was performed with a 200 µL 

pipette tip) 

A master mix of 153.6 µL 50 µM forward primer, 153.6 µL 50 µM reverse PO4 

primer, and 3840 µL 2 x PCR master mix was prepared. 32 µL of the master mix 

was placed into 59 wells of 2 96 well plates. The materials were subject to a 

recovery PCR using the 32 µL of recovered materials as template for the PCR. 

qPCR was performed on each of the clones SAOS-2 recovery and Raji recovery. 

The results were compared and the sequences with significantly higher SAOS-2 

recovery compared to Raji recovery were selected for sequencing. 

 

2.3 Bone marrow and foetal selection 

2.3.1 Human bone marrow isolation and enrichment 

2.3.1.1 Bone marrow isolation 

Methodologies established by the Oreffo lab group were used for bone marrow 

isolation (Tare et al., 2012). Waste bone marrow from hip replacement surgeries 

were collected from the Southampton University and Spire hospitals with 

informed patient consent under LREC 194/99. 20 mL alpha-MEM was added to 

the bone marrow, and shaken for 1-2 minutes, 10 mL cell suspension was taken 

and placed into another tube. 10 mL alpha-MEM was added to the bone marrow 

again, and shaken for 1-2 minutes, this was repeated several times until bone 

fragments were faint red-white. The cells were centrifuged at 272 g and washed 

3 times, before being filtered through a cell strainer to remove larger fragments. 

The cells were centrifuged again and resuspended in 25 mL per preparation, 

normally two tubes as one often leads to an abundance of blood cells post 

lymphoprep stage. In a new tube 20 mL lymphoprep (1114547, Serumwerk, 

Norway) was added to the bottom of the tube, 25 mL cell suspension was layered 

on top of the lymphoprep carefully to ensure a clear separation of the two 
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solutions. The tubes were centrifuged at 914 g for 40 minutes, with no brake, as 

this can disrupt the separation of the solutions. The cells of interest collect at the 

interface of the two solutions (the buffy coat), and were removed with a 3 mL 

pipette (13469108, Fisher Scientific, UK) and collected in a new 50 mL falcon 

tube. 

 

2.3.1.2 MACS enrichment 

Methodologies established by the Oreffo lab group were used for SSC 

enrichment (Tare et al., 2012). The lymphoprep-separated cells (2.3.1.1) were 

washed 3 times with alpha-MEM and placed in blocking media (2.1.12) for 30 

minutes in the cold room, agitating to avoid clumping. After washing three times 

with MACS buffer (2.1.13) cells were resuspended in 0.5 mL STRO-1 IgM 

hybridoma antibody (Bone and Joint Group, UK), this was incubated for 30 

minutes in the cold room, being agitated to avoid cell clumping. The cells were 

washed 3 times in MACS buffer, and counted to calculate the amount of magnetic 

anti-mouse IgM beads were required for the sample (20 µL per 1x107 cells) with 

a maximum of 200 µL per column. The cells were incubated with the beads and 

MACS buffer (80 µL MACS buffer per 20 µL beads (130-047-301, Miltenyi Biotec, 

UK)) for 15 minutes in the cold room, being agitated to avoid cell clumping. The 

cells were washed three times with MACS buffer before being resuspended in 

3 mL MACS buffer, the separation columns were prepared by hydrating with 3 

mL MACS buffer. The cells were added to the column and allowed to drip through, 

the negative fraction was passed through the column again. The column was 

washed with 9 mL MACS buffer, the column was removed from the magnetic 

holder and placed over a new tube, and 5 mL MACS buffer was added before the 

plunger was applied to remove the cells from the column. These cells were the 

STRO-1 enriched cell populations. 

 



Chapter 2 

77 

 

2.3.1.3 Antibody labelling 

Samples of the bone marrow were taken at a variety of stages: pure bone marrow, 

post lymphoprep, and after MACS separation. Whenever the sample was taken 

the cells were treated as follows on ice or in a cold room. 

STRO-1 hybridoma was added to the cell sample if it had not already been 

exposed. The cells were incubated under agitation for 30 minutes before being 

washed 3 times with MACS buffer. Alexafluor ® 488 Goat IgG Anti-mouse IgM 

(A-21042, ThermoFisher, UK) was added to the cell samples at a dilution of 1 in 

200 and incubated for 15 minutes, before being washed 3 times with MACS buffer. 

CD146 labelling was performed after the STRO-1 labelling as it was a Alexafluor 

® 647 mouse anti-human CD146 IgG (563619, BD Biosciences, UK), once the 

cells were washed for the third time, the anti-CD146 antibody was added to the 

cells in a 1 in 100 dilution. The cells were incubated agitated for 15 minutes before 

3 washes with MACS buffer. 

 

2.3.1.4 FACS 

Once all cells were labelled, cells were resuspended in 1 mL MACS buffer per 1 

million cells. The unselected cells were loaded into the FACS machine. Size 

(forward scattering) and granularity (side scattering) thresholds were decided for 

debris within the sample. Eliminating those as cells, so nucleated cells can be 

counted for data processing. The mononuclear cells within the population were 

identified within the cell population using the same thresholding method. 

Once the mononuclear cells had been identified, the next step was to threshold 

for the fluorescent channels, using a histogram that shows FITC/Alexafluor® 488 

signal against cells counted with said fluorescence. Using the thresholding tool, 

a line was drawn at the level where 1% of the unstained population would be 

counted as positive. This allows for a clear increase in signal to be detected even 

in rare populations. The same was done for CD146 on the PE/Alexofluor®647 

channel. The positive fraction of the MACS assay that has been labelled with the 

STRO-1 reporting (goat anti-mouse IgM) was loaded so that the thresholds for 

the STROBRIGHT may be designated. The STROBRIGHT threshold was done by 
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having a threshold encompass the far right portion of the histogram, indicating 

the brightest fluorescing cells. The threshold was moved along the histogram until 

it encompassed the top 5% of the STRO population. 

A hierarchy of populations was developed that allowed for sorting of the cells, but 

also for an in depth characterisation of the bone marrow’s population markers 

that have been tested. 

 

2.3.2 Bone marrow cell culture 

STRO-1 isolated bone marrow cells (2.3.1.2) were cultured in T-175 flasks with 

20 mL culture media at 37°C, 5% (v/v) CO2, and passaged when reaching 70-80% 

confluence (usually after 3-4 days). 

To passage the cells the culture media was removed and the cells washed with 

10 mL PBS. The PBS was removed. 1 mL 10x trypsin solution was added to 9 

mL PBS. 2 mL of the 1x trypsin solution was applied for 5-10 minutes to ensure 

all cells were no longer attached to the surface or to one another. 8 mL culture 

media was added. The cell suspension was placed into a 50 mL falcon tube and 

pelleted by centrifugation (300x g for 4 minutes), supernatant was removed, and 

cells were resuspended in 10 mL culture media and seeded at a 1 in 10 dilution 

in a new flask. 

 

2.3.3 Bone marrow cell seeding for aptamer selection 

When cells were required for selection, cells were passaged, and seeded into a 

T-75 flask at 20,000 cells per cm2 (1,500,000 cells), this allowed for 3 days of 

recovery before the cells approached 80-90% confluence and were suitable for 

selection purposes. The cells used in each round of selection are summarised in 

Table 2-2. 
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Patient 

(sex and 

age) 

Passage Selection Round of 

selection 

F59 P1 1 1 

F59 P3 1 2 

M69 P0 2 (FACS) 1 

F75 P0 2 (FACS) 2 

Table 2-2 - Sample information of bone marrow samples used for bone marrow 

related selections.  Several bone marrow samples were used in the course of 

aptamer selection. These samples are recorded here, with their age, sex, passage 

used, and which selection they were used for and the round of selection. 

2.3.4 Bone Marrow aptamer selection 

Cultured BMC were washed twice with 8 mL of selection media (2.1.5) and 

incubated on ice in the final wash for 10 minutes. During the incubation, 4439 ng 

ssDNA was added to folding media (2.1.6) in a 1:1 ratio. The mix was heated to 

95 °C for 10 minutes and then cooled quickly to 5 °C to fold the aptamers. The 

selection media (2.1.5) was then removed from the cells and replaced with 8 mL 

of new selection media (2.1.5). The aptamers were added to the cells and 

selection media for selection for 45 minutes as determined by the pre-selection 

optimisation (methodology section 2.2.10.3 and 2.2.7). The cells were placed on 

ice with selection media (2.1.5) used to wash and pre-condition the cells; 

throughout the incubation and washes, all were kept on ice. During the incubation, 

the cells were regularly rocked to redistribute the media across their surface. 
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2.3.5 Bone marrow FACS aptamer selection 

This protocol was carried out with the materials at 4 °C. Bone marrow cells were 

isolated using the methodology outlined in sections 2.3.1.1 and 2.3.1.2, taking 

cells after lymphoprep, and after MACS for characterisation. The MACS +ve 

fraction was treated labelled with anti-mouse IgM Alexafluor 488, and anti-human 

CD146 IgG antibodies as in Section 2.3.1.3. After washing to remove excess 

antibodies, the cells were centrifuged at 300x g for 5 minutes and the supernatant 

carefully removed. The cells were re-suspended in 8 mL selection media (2.1.5) 

and incubated for 10 minutes. During this incubation, the aptamer materials 

(4.439 µg) were added to folding media (2.1.6) in a 1:1 ratio. This mix was heated 

to 95 °C for 10 minutes, before it was rapidly cooled to 4 °C. The cells were again 

centrifuged at 300x g for 5 minutes, and the supernatant removed. The cells were 

resuspended in 8 mL selection media (2.1.5) and the aptamer materials added. 

This was placed on a roller for 45 minutes at 4 °C. During this incubation, the 

FACS machine was set up and the unlabelled cells were characterised to define 

positive and negative gates. After the 60 minute total incubation, the cells with 

aptamer material were washed by being centrifuged at 300x g for 5 minutes, 

before the supernatant was removed and replaced with 8 mL of selection media 

(2.1.5), this was incubated for 5 minutes. The cells were centrifuged at 300x g for 

5 minutes and the media removed. The cells were resuspended in 8 mL of 

selection media (2.1.5). The cells were characterised and sorted to isolate the 

cells and bound aptamers of interest. 

The separated cells and aptamer were then made up to 2400µL with DNase free 

water before amplification as 2.2.10.1 and subsequent processing (2.2.15). 

 

2.3.6 Foetal cell isolation 

Foetal femurs are used by the Bone and Joint group under the ethics approval 

Local REC number 296100. Before dissection of the foetal femur sample, 5 ml of 

alpha-MEM was added to a 20 mL universal tube. 5 mg/mL of collagenase B was 

added to the media. The media was mixed on a rotating mixer for 30 minutes. 

The media was filter sterilised using a 0.22 µm sterilising filter (Z227501, Sigma-

Aldrich, UK). The femur was dissected, with careful removal of the soft tissues. 
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The remaining femur was dissected into small pieces and placed into a 6 well 

plate well to which the 5 mL of media with collagenase B was added. The 

dissected femur in collagenase B was incubated overnight at 37°C, 5% (v/v) CO2. 

After incubation, the cell suspension was passed through a 70 µm cell strainer 

(402/031/604, VWR, UK). The cells were centrifuged at 800x g for 5 minutes. The 

supernatant was removed and the cells resuspended in 20 mL culture media 

(2.1.3). The cell suspension was placed into a T-175 culture flask and cultured 

for 3-4 days at 37°C, 5% (v/v) CO2. 

 

2.3.7 Foetal cell culture 

The foetal bone marrow isolated cells were cultured in 20 mL culture media (2.1.3) 

in a T-175 flask, and passaged when reaching 70-80% confluence, usually after 

3-4 days. 

To passage the cells the culture media was removed, and the cells washed with 

10 mL PBS. The PBS was removed. 1 mL 10x trypsin solution was added to 9 

mL PBS. 2 mL of the 1x trypsin solution was applied for 5-10 minutes to ensure 

all cells were no longer attached to the surface or to one another. 8 mL culture 

media was added. The cell suspension was placed into a 50 mL falcon tube and 

pelleted by centrifugation (300x g for 4 minutes), the supernatant was removed, 

and the cells were resuspended in 10 mL culture media (2.1.3) and seeded at a 

1 in 10 dilution in a new flask. 

 

2.3.8 Foetal cell seeding for selection 

When foetal cells were required for selection, cells were passaged, and seeded 

into a T-75 flask with 20 mL culture media (2.1.3) at 20,000 cells per cm2 for 

selection in 3 days, 15,000 cells per cm2 for selection in 4 days, or 10,000 cells 

per cm2 for selection in 5 days. After the indicated number of days, the cells were 

at 80-90% confluence and suitable for selection purposes. The cells used in each 

round of selection are summarised in Table 2-3 
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Sample Passage Selection round 

14017 CS23 P1 1 

14017 CS23 P2 2 

14017 CS23 P3 3 

14046 17 PCW P1 4 

14046 17 PCW P2 5 

Table 2-3 - Sample name and age, passage and the round of selection the sample 

was used for. Carefully seeding and culturing the foetal cells it was possible to ensure 

that few samples were needed for the selection to be completed. Using only 2 samples, 

and a maximum of Passage 3 used 5 rounds of selection was completed. 

 

2.3.9 Foetal cell aptamer selection 

The selection method for the foetal cells was identical to the bone marrow 

selection without FACS. It was performed at 4 °C to prevent aptamer uptake. The 

confluent cells were taken and culture media (2.1.3) was removed, and 8 mL 

replaced with selection media 2.1.5). This was incubated for 10 minutes. During 

this incubation, the aptamer materials (4.439 µg) were added to folding media 

(2.1.6) in a 1:1 ratio. The aptamer materials were heated to 95 °C for 10 minutes 

before being rapidly cooled to 4 °C. The selection media was removed from the 

cells and replaced with 8 mL of new selection media (2.1.5) and the aptamer 

materials were added additionally. This was incubated with occasional agitation 

for 60 minutes. The media was removed and replaced with 8 mL of new selection 

media (2.1.5) and incubated for 5 minutes. The media was removed and replaced 

with 2400 µL of DNase free water. The cells were scraped and used as a template 

for amplification and further rounds of selection. 
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2.4 Human skeletal stem cell enrichment  

2.4.1 STRO-1 MACS 

MACS was performed as described in 2.3.1.1 and 2.3.1.2 

 

2.4.2 Bone marrow cell FACS 

FACS was performed as described in 2.3.1.3 and 2.3.1.4. 

 

2.4.3 CFU-F assay of sorted bone marrow cells 

Selected cells from the FACS analysis were isolated and placed individually into 

a well of a 96 well plate with 300 µL culture media with 20% FCS rather than the 

usual 10%, this was done with 10 cells per well. The cells were cultured for a 

week in alpha-MEM supplemented with 20% FCS before the media was changed, 

and cultured for another 7 days. The samples used for this analysis are 

summarised in The media was removed from the wells, washed with PBS and 

fixed in cold 95% ethanol for 10 minutes in a cold room. The ethanol was removed. 

The well plates were assessed for colony growth using a light microscope; 

counting each visibly unique colony present allows for the purity of the cell 

population isolated using the FACS to be assessed, with higher purities of SSCs 

having much higher colony counts. 

Sample (sex and age) Osteoporotic/Osteoarthritic 

M67 Osteoarthritic 

F56 Osteoarthritic 

F72 Osteoarthritic 

Table 2-4 - Samples used for CFU-F assessment of combinations of STRO-1 and 

CD146 FACS isolation. Using combinations of two markers and FACS five conditions 

were assessed for the highest CFU-F across several samples. 
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2.4.4 Single-cell RNA-sequencing (Drop-Seq) 

The bone marrow cells from sample ‘F47’ were sorted by MACS based on the 

STRO-1 antibody, and subsequently sorted by FACS gating for only the 

CD146+and STRO-1+ cells.  

The STRO-1+ CD146+ cells were then taken by Patrick Stumpf and separated 

into droplets with ‘Macosko’ beads for RNA binding (CSO-2011, Chemgenes, 

USA). While the cells were being prepared for Drop-Seq, the cell sorting for CFU-

F assessment was continued. 

To generate single-cell RNA-sequencing data, the original Drop-Seq 

methodology developed by Macosko et al. 2015 and their detailed written protocol 

available from the MacCaroll lab (www.dropseq.org) were followed closely. 

Once the cells were isolated by FACS, droplets were then disrupted by removing 

an oil layer, 30 mL of 6x concentration saline-sodium citrate (6x SSC) (0.9 M 

NaCl2 and 0.09 M sodium citrate (BP327-500, FisherScientific, UK)) was then 

added and 1 mL Perfluorooctanol (PFO) (370533-25G, Merck, UK) before the 

tube was shaken 4 times forcefully. The tube was then centrifuged at 1000 g for 

1 minute. The top layer was carefully removed and discarded, this was followed 

by the addition of 30 mL of 6x SSC. The oil was allowed to settle before the 

supernatant was removed to another tube avoiding oil transfer. 

The new tube was centrifuged at 1000 g for 1 minute and all but 1 mL of the 

supernatant removed. The remaining 1 mL was agitated to suspend the beads. 

The suspension was transferred to an Eppendorf tube before being 1000 g for 1 

min and the supernatant removed and discarded. 

The beads were washed twice with 1 mL 6x SSC centrifuging between each wash 

to retain the beads, once with 300 µL 5x RT buffer. The buffer was removed 

carefully. To the remaining beads 200 µL of RT mix was added (75 µl H2O, 40 

µL Maxima 5x RT buffer (EP0741, ThermoFisher, UK), 40 µL 20% Ficol PM-400 

(F4375-25G, Merck, UK), 20 µL 10 mM dNTPs (4030, Clonetech), 5 µL RNase 

inhibitor (30281-1, Lucigen), 10 µL 50 µM Template switch oligo 

(AAGCAGTGGTATCAACGCAGAGTGAATrGrGrG), 10 µL Maxima H- RTase 

(EP0741, ThermoFisher, UK)). The mix was incubated at room temperature for 
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30 minutes and agitated gently, followed by incubation at 42 °C for a further 90 

minutes with gentle agitation. 

After 90 minutes the reaction was stopped by washing the beads with 1 mL TE-

SDS (10 mM Tris pH 8.0, 1 mM EDTA, and 0.5% SDS). The beads were washed 

with 1 mL TE-TW (10 mM Tris pH 8.0, 1 mM EDTA, and 0.01% Tween-20). 

Exonuclease I digestion was performed to remove the unused primer from the 

reaction, by washing with 1 mL 1 mL 10 mM Tris pH 8.0, before removing the 

supernatant carefully without removing the beads. To the beads 20 uL 10x Exo I 

buffer, 170 uL H2O, and 10 uL Exo I was added and mixed. The mixture was 

incubated at 37 °C for 30 minutes. The beads were washed with 1 mL TE-SDS, 

twice with 1 mL TE-TW and finally with 1mL water. 

After the water wash, the supernatant was removed, 1 mL of water was added 

and the beads resuspended. 20 µL of the bead suspension was taken and 

counted by placing 20 µL of the suspension into a haemocytometer. 2000 beads 

were aliquoted into each PCR tube, the supernatant removed and 24.6 µL H2O, 

0.4 µL 100 µM SMART PCR PRIMER (AAGCAGTGGTATCAACGCAGAGT), 

and 25 µL 2x Kapa HiFi Hotstart Readymix (KK2601, Roche, UK) was added. 

The suspension was mixed before PCR was performed with the following 

programme: 

95 °C for 3 minutes, 4 cycles of 98 °C for 20 seconds, 65 °C for 45 seconds, 

72 °C for 3 minutes, 13 cycles of 98 °C for 20 seconds, 67 for 20 seconds, 72 for 

3 minutes, then final extension at 72 °C for 5 minutes followed by 4 °C hold. 

Purification was performed by adding 30 µL of room temperature AMPure XP 

beads (A63881, Beckman Coulter, UK) to each PCR tube. The samples were 

agitated for 5 minutes before magnetically separated and washed 2 times with 

200 µL 70% ethanol and eluted in 10 µL of H2O. 

The sample was run on a BioAnalyzer (Agilent) to assess purity and size of the 

cDNA libraries; followed by the incorporation of the sequencing adapters using 

the Nextera XT kit (Illumina). The thermocycler was heated to 55 °C. For each 

sample, 600 pg of purified cDNA was made up to 5 µL in H2O. To each sample 

10 µL of Nextera TD buffer (FC-121-1031, Illumina), 5 µL Amplicon Tagment 

enzyme (FC-121-1031, Illumina) was added before the samples were mixed and 
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incubated at 55 °C for 5 minutes. Subsequently, 5 µL of neutralisation buffer was 

added and mixed, incubated at room temperature for 5 minutes. To each sample 

15 µL Nextera PCR mix (FC-121-1031, Illumina), 8 µL H2O, 1 µL 10 µM New-

P5-SMART PCR hybrid oligo 

(AATGATACGGCGACCACCGAGATCTACACGCCTGTCCGCGGAAGCAGTG

GTATCAACGCAGAGT* A*C), and 1 µL 10µM Nextera N70X oligo (FC-121-1031, 

Illumina) was added. 

To tag the fragmented library with the custom read 1 annealing site and the read 

1 indices Nextera N70X, PCR was performed with the following programme: 

95 °C for 30 seconds, 12 cycles of 95 °C for 10 seconds, 55 °C for 30 seconds, 

and 72 °C for 30 seconds. Then 72 °C for 5 minutes and finally 4°C hold. 

Purification was performed by adding 30 µL of room temperature AMPure XP 

beads to each PCR tube. The samples were agitated for 5 minutes before 

magnetically separated and washed 2 times with 200 µL 70% ethanol and eluted 

in 10 µL of H2O. 

The sample was run on the BioAnalyzer (Agilent) to assess quality followed by 

being assessed and run on a MiSeq next-generation sequencer. The RAW data 

was tagged with individual cell tags and individual protein tags. Excess tags from 

the tagmentation and poly A tails were removed. The remaining sequences were 

aligned to the human genome to identify genes which were associated with each 

of the sequences. 

 

2.4.5 Analysis of the Drop-Seq data 

Analysis of the Drop-Seq data was performed with a slightly altered pipeline, 

which is described in detail by Satija Labs 

(https://satijalab.org/seurat/pbmc3k_tutorial.html). 

The data were first filtered to remove cells with unique gene counts over 2500 or 

less than 200, before being log normalised with a scale factor of 10,000. The data 

was regressed, based on the nUMI but not mitochondrial genes (percent.mito) as 

this reduces the impact of some cell types which may be within the analysis. 
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Principal Components (PC) were generated using Principal Component Analysis 

(PCA) (runPCA) within R. The PCs were assessed as to which should be used in 

further analysis. Jackstraw plots suggested that the first 11 PCs should be used 

with significance, the elbow plot suggested the first 2 PCs should be used being 

much higher significance than other PCs, and assessment of the heat maps from 

each PC suggested the first 3 should be used. For cluster identification, a 

resolution of 1.7 using the PC 1 to 3 was used to find the clusters and visualise 

them on the t-Distributed Stochastic Neighbour (tSNE) plot. 

2 markers from each cluster were identified using the ‘bimod’ statistical test. The 

‘bimod’ statistical filtering was also applied when determining the genes of 

significance within a cluster, rather than the default Wilcoxon rank sum test. With 

the resultant genes and STRO-1 and CD146, each was overlaid on the TSNE 

plot to identify the gene expression location within the clustering of the genes. 

Using the genes as population signifiers, the groups of clusters were identified 

and labelled. 

 

2.5 Statistics 

qPCR experiments were run in triplicate, data shown as mean CT values, with 

bars representing standard deviation.  For the Drop-Seq analysis the statistical 

filtering methods ‘bimod’ found within the Seurat analysis application for R 

(McDavid et al., 2013), a test specifically designed to aid in single cell expression 

analysis, allowed for single cell expressions to be assessed for quality of data, 

and testing of differential expression. 
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Chapter 3 Aptamer selection against the 

skeletal cell line SAOS-2: Protocol and 

selection technique development 

 

3.1 Introduction 

Aptamer selections can be used for a host of different applications as discussed 

in Chapter 1, including applications within the area of biomarker discovery. 

Utilising the potential of aptamers to bind to unknown targets on the surface of 

cell populations allows for a set of molecules to be isolated that are specific to 

the target population (Berezovski et al., 2008). Aptamer approaches for the 

identification of novel markers are particularly attractive in the area of skeletal 

stem cell enrichment and isolation, as previously outlined (1.4.8.4), given the 

current limitations in available markers for skeletal stem cell identification. A key 

strength of aptamer selection is the ability for aptamers to be selected against 

targets in a hypothesis-free manner, allowing novel markers to be discovered. 

Thus aptamers and aptamer-based biomarker discovery methodologies present 

an exciting opportunity to enhance current isolation procedures to improve 

skeletal stem cell enrichment. 

Aptamer selection is a complicated, multi-staged process (with a number of 

protocols enrolled within), and optimisation of the selection procedure is 

necessary to ensure that the entire process can run to completion. Identifying the 

experimental design, the necessary quality control steps, and optimising these 

into a single comprehensive work plan requires rigorous standardisation of 

protocols and sample handling techniques.  

Developing a complex protocol using skeletal stem cells, which vary from patient 

to patient (and are a limited resource), would be a suboptimal approach. Using 

primary cells as the materials to optimise against would be a poor choice as many 

variables are added each time a new patient sample is used, and several different 
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cell types are present. In order to provide consistency, a stable cell line similar 

enough to cells found in bone marrow should be used to optimise methods in the 

early rounds of selection, to be applied to later selection rounds against primary 

sources of skeletal stem cells. 

The SAOS-2 cell line, a human osteosarcoma cell line, has comparable 

morphology, and similar expression phenotype, to a mature human osteoblast 

cells (Rifas et al., 1994, Togari et al., 1997). The cell line’s attributes include some 

of the common stem cell markers (Guillot et al., 2007) and di-electrophoretic 

properties of known enriched (STRO-1) bone marrow cells (Ismail et al., 2015). 

Another viable option for this project is the MG-63 cell line, another human 

osteosarcoma cell line. The MG-63 present a less differentiated cell population in 

comparison to the SAOS-2 cell line, more similar to that of an osteoprogenitor. 

These differences in the differentiation stage do not affect the di-electrophoretic 

properties greatly and have a similar profile to the STRO-1 enriched cells (Ismail 

et al., 2015). However, the more stem-like characteristic also provides an issue 

with aptamer selection. Because the MG-63 are less differentiated, once cultured 

above 70% flask confluence the cells begin to differentiate. As culture flasks are 

treated (usually by charging the surface slightly) to allow cells to be cultured on 

the surface, areas of flasks exposed during a selection may bind the aptamers. 

This unspecific binding can cause aptamers to be retained during selections 

which are not cell specific. The differentiation is not guaranteed to be an issue 

with the selection but may have caused inconsistencies between rounds of 

selection. 

A previous study carried out in another collaboration between the University of 

Southampton and Aptamer Solutions Ltd. used the MG-63 cells as a positive 

target and the Raji cell line as a negative cell line. This project ended with 

selection failure due to primer dimers being formed, creating a laddering effect 

when visualised using PAGE. Since that project new primers were designed and 

provided for this project. Therefore, for this study, the SAOS-2 cell line was 

chosen as a bone marrow substitute to enable optimisation of the aptamer 

selection methodology, due to its ease of culturing and stability at higher 

confluences.  
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In addition to the positive selection against the SAOS-2, utilising a negative 

selection population removes aptamers which bind to markers that are common 

between cell populations (as well as those which are non-specific), thereby 

enriching for more cell-specific aptamers. To this end, the Raji cell line was 

chosen as a negative selection target as it is non-adherent, lacks expression of 

the STRO-1 antigen (used in enriching for the SSC population (Gothard et al., 

2014)), and lacks typical skeletal progenitor markers. On top of these features, 

previous experience from another aptamer selection with the cells enabled faster 

integration of the cells into another aptamer selection, therefore with advice from 

Aptamer Solutions Ltd. to limit the changes between previous selection the Raji 

cell line was chosen as the negative selection target. 

 

The cell selection process is an iterative method, which consists of: i) selection 

phase, ii) amplification phase, and iii) purification phase. With the use of two cell 

lines, there are two selection phases sequentially, which adds to the complexity 

of the identification of the aptamers (Figure 3-1).  
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Figure 3-1 - SELEX diagram for selection including negative cell target. Red arrows 

are beginning (top – initial library introduction to selection conditions) and end (bottom – 

final aptamer pool) points. Blue arrows show two alternative routes, with negative 

selection (left), and positive selection only (middle). White arrows are necessary for each 

round of selection. A) The initial aptamer pool of 1 x 1014 molecules. B) Initial and positive 

selection conditions against the SAOS-2 cell line. C) Washing and removal of the 

unbound aptamers. D) Recovery of the bound aptamers. E) Amplification of recovered 

aptamers. F) Removal of the antisense/reverse DNA strands to leave ssDNA. G) 

Negative selection against the Raji cell line. H) Pelleting of the Raji cells and removal of 

the unbound aptamers to the positive selection against the SAOS-2 cells. I) The final 

aptamer pool after multiple rounds of selection. 

 

By incubating the aptamer pool with the Raji cells first, then moving the unbound 

aptamers onto the positive cells to be further incubated, aptamers which bind to 

proteins which are not shared between the cell types are selected for, hence 

narrowing the aptamer pool. This serves to generate aptamer populations that 

are more specific for the SAOS-2 cell line. 
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3.2 Hypothesis and aims 

 

3.2.1 Hypothesis 

Aptamer technology can be used to generate molecules, which bind specifically 

to the bone-derived osteosarcoma cell line SAOS-2, and these molecules 

subsequently can be used for the identification of cell-specific markers. 

3.2.2 Aims 

1. To develop a robust protocol for aptamer selection using an osteogenic 

cell line (SAOS-2 cells) and a non-osteogenic cell line (Raji) as a negative 

selection population. 

2. To identify optimal binding conditions for aptamer selection against the 

SAOS-2 and Raji cell lines. 

3. To raise aptamers against the SAOS-2 cell line, while ensuring limited 

binding to the Raji cell line. 

4. To generate single sequence aptamers using cloning and testing of affinity 

to identify a selection of the optimum aptamers. 

  



Chapter 3 

 

94 

 

3.3 Methodology 

The methods used in this chapter are detailed in section 2.2. 

 

The methods follow a workflow for the selection (Figure 3-1), and where methods 

are referred to links to the methodology are provided. 
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Figure 3-2 - Aptamer Selection workflow highlighting the steps necessary for each 

round of selection. Cell culture is a cyclical process external to the aptamer selection 

(seen top right, with the pink boxes) This was performed on a needs basis where cells 

were grown as needed for the selections For this 20,000 cells / cm2 were placed in T-75 

flasks 3 days before being needed for selection. One other input is required for the 

selection, the initial aptamer pool (top left) a 1x1014 unique ssDNA sequences to be 

tested against the target. The remaining steps are carried out in order, throughout the 

cycles. Green boxes are PCR stages. Blue boxes are quantification stages, filled in 

stages are qPCR and a cycle course PCR to determine optimal template levels for the 

second PCR. Blue outlined boxes are quantification using the Nanodrop 1000. Brown 

boxes are nucleic acid purification steps using the solid phase reversible immobilisation. 

Green outlined box is an asymmetric PCR facilitating the generation of ssDNA from 

dsDNA template. Orange outlined box is the enzymatic digestion stage where any 

remaining dsDNA is digested into ssDNA.   
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3.4 Results 

3.4.1 Pre-selection optimisation 

The first round of selection is essential within any aptamer selection process, as 

optimising the initial selection conditions generates the highest recovery of 

aptamer sequences and therefore greatest structural diversity. Therefore, a 

careful balance of stringency to narrow the pool and use of protocols to ensure 

recovery of all sequences that bind to the target is necessary. 

 

3.4.1.1 The electrophoretic properties of aptamers 

Initial work centred on an understanding of the gel-electrophoretic properties of 

the aptamer pool in the various states throughout selection and amplification 

processes. The first step was to determine the most appropriate qualitative 

method to assess aptamer state and purity. Two commonly used gel types were 

compared: polyacrylamide (10%), and agarose (4%), determining which method 

was more appropriate for the analysis of the DNA (80 bp in length). The gels 

varied in both setup and running conditions: the agarose was run at 150 V for 50 

minutes, while acrylamide was run at 200 V for 30 minutes (Figure 3-3).  
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Figure 3-3 - Comparison of 10% polyacrylamide gel and 4% agarose for gel 

electrophoresis analysis of nucleic acids. (A)  4% agarose gel did not resolve either 

ladder, making the determining size of any samples extremely impractical. (B) 10% 

acrylamide gel resolved the 10 bp ladder to a point where each band is separated and 

would allow for accurate determination of sample size. The 100 bp ladder was not 

resolved within the 30-minute run time but would have been a less practical ladder for 

determining the size of aptamer products. 

The 10% polyacrylamide gel provided suitable resolution of the 10 bp ladder 

(Figure 3-3). The 4% agarose gel failed to resolve either of the ladders over the 

50-minute runtime (Figure 3-3 A); thus, to provide better resolution of the ladders, 

the gel would need to be run for a more extended period, making the qualitative 

tests on agarose gel very time-consuming. In contrast, the 10% acrylamide gel 

resolved the 10bp ladder in 30 minutes (Figure 3-3 B). The 10 bp ladder provided 

suitable range and clarity for QC checks of aptamer size throughout the selection, 

with the ladder ranging from much longer DNA strands to the length of primers. 

After this test, polyacrylamide gel electrophoresis (PAGE), with 10% 

polyacrylamide gel and run at 200 v for 30 minutes, was used for all aptamer 

quality checks, with the benefit of a quick resolution of materials between 10 and 

150 bp. 

Throughout the selection process, aptamers were present in one of two states, 

ssDNA or dsDNA; with an intermediary partially dsDNA (incomplete digestions). 
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Once the running conditions for the ladder had been established, assessment of 

the aptamer states throughout a selection process was assessed. ssDNA was 

added to the PCR buffer and then split into three reactions. The first contained 

the only ssDNA and was not treated; the second primers were added; the mixture 

was then heated to 95 °C then cooled to 4 °C and the third had primers added; 

one cycle of PCR was performed to generate the second strand (forming dsDNA). 

All three conditions were assessed using a 10% polyacrylamide gel (Figure 3-4). 

 

 

Figure 3-4 - The amplification states of the aptamer determined the apparent size 

on a polyacrylamide gel. From left to right lanes: lane 1 single-stranded DNA, lane 2 

partially double-stranded DNA (ssDNA with primers annealed), lane 3 dsDNA generated 

with PCR. Each band of the ladder is 10 bp with the brightest bands being the 50, 100 

and 150 bp. 
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Unmodified ssDNA was shown to run at ~60 bp in length (relative to the dsDNA 

ladder) given the single-stranded nature. Once primers were annealed to the 

ssDNA (and thus partially double-stranded for 21 bases), the aptamer showed an 

apparent increase in size to ~70 bp, and a higher fluorescent signal was observed. 

The dsDNA was shown to run at just above 80 bp, and an additional increase in 

fluorescent signal was observed. All reactions contained approximately the same 

number of moles of aptamer. The observed difference in fluorescent signal is due 

to available sites for Gel Red to intercalate with the molecules. Gel Red does not 

intercalate into ssDNA as well as dsDNA; hence the difference in band intensity 

between ssDNA, primer hybridised ssDNA and dsDNA.  

Testing of the aptamer states provided insight into the expected band pattern and 

how the different states appear when analysed on a 10% acrylamide gel, as well 

demonstrating clear differentiation between the apparent size of the aptamers 

when it is ss, partially ds, and dsDNA.  
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3.4.1.2 Testing of nucleic acid purification methods 

Streptavidin bead purification utilises the biotin/streptavidin interaction to remove 

the nucleic acids from buffers, PCR reagents etc., by modifying the second strand 

of DNA with a reverse biotin primer. The biotin on the modified aptamers binds to 

the streptavidin on the magnetic beads. Adding 0.5 M NaOH solution to the beads, 

denatures the dsDNA, leaving the biotin modified second strand on the beads 

and releasing the first strand into solution. The supernatant and ssDNA was then 

removed and neutralised using 0.5 M HCl. 

The solid phase reversible immobilisation (SPRI) method uses high salts and 

crowding agents to ‘drive’ nucleic acids onto the beads. These can then be 

washed and eluted in low salt aqueous solution. The beads were washed in 80% 

ethanol to remove smaller nucleic acids, enzymes, and salts. The beads were 

then placed in DNase free water, which eluted the nucleic acids from the beads 

as the hydrophilic environment allows the nucleic acids to be released from the 

beads. Lambda Exonuclease was used to digest PO4 labelled DNA strands.  
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Figure 3-5 - Comparison of nucleic acid bead purification methods. A) Streptavidin 

bead purification. Wash showed incomplete binding of nucleic acids as materials 

remained in the wash; despite incomplete binding elution showed nucleic acids at 60 bp, 

which as previously shown is ssDNA. B) Showed the SPRI purification process, from left 

to right: Asymmetric PCR showed the generation of ssDNA from dsDNA template, 

Lambda Exonuclease then digested the PO4 modified strand leaving the only ssDNA, 

and finally purification of the ssDNA using the SPRI purification process. The ladder used 

was a 10 bp ladder, brighter bands are seen at 50, 100, and 150 bp. 

Comparison of the two methods showed the biotin and streptavidin bead method 

facilitated more specific purification (no primer remained), although a lower 

percentage recovery was noted as not all the material was bound (Figure 3-5 A). 

The SPRI method was a faster purification but recovered materials in addition to 

the aptamers, including the primers (Figure 3-5 B), where the biotin/streptavidin 

method did not. Ultimately, the SPRI methodology was more cost-effective in both 

time and materials, despite having to incorporate a purification, digestion, 

purification methodology to ensure only aptamers remain.   
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3.4.1.3 Selection buffer testing and optimisation 

With PCR and purification methods established; selection conditions were 

determined to maximise aptamer binding, and therefore recovery in Round 1 of 

selection. Salt concentrations in the buffer change aptamer functionality and thus, 

identifying an optimal salt concentration (similar to physiological conditions) 

would allow for aptamer selection against the cells, in a non-damaging 

environment. To facilitate cell survival during the selection process, physiological 

levels of salt were tested for selection conditions. 0x (no supplemented salts), 1x 

(physiological levels of some salts), and 10x (excess in physiological levels of 

supplemented salts) approximations of physiological levels of salts supplemented 

into the alpha-MEM culture media were examined (salts detailed in Methods 2.1.7 

and 2.1.9). The aptamers were then incubated with the SAOS-2 cells for 20, 40, 

or 60 minutes with either 0x, 1x, or 10x supplemented buffer, in either T25 or T75 

cell number equivalents. These were all washed once before the cells and 

aptamers were recovered. The recovered materials were then amplified and 

assessed by qPCR for the CT values indicating the highest levels of recovery 

(Figure 3-6). 
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Figure 3-6 - qPCR analysis of recovered aptamers to identify optimum binding 

conditions for selection. The lowest CT values and therefore highest material recovery 

was from 0x T-75 for 20 minutes with a CT value of 9.08, closely followed by 1x T-75 for 

40 minutes with a CT value of 9.21. Bars show standard deviation calculated by the 

qPCR software, replicates n = 3. 

 

The highest recovery (lowest CT) was observed using 0x salt, T-75 flask for 20 

minutes (Figure 3-6). Despite the highest recovery, the 0x salt conditions were 

not ideal for aptamer structure formation (1.4.2) or charge masking due to the 

lack of salts. Without this charge masking, unspecific charge-based attraction and 

binding may have occurred, increasing recovery. Therefore, the condition which 

provided the second highest recovery (second lowest CT) was selected: 1x salt, 

T-75 for 40 minutes of incubation. Although recovery was not as high, the 

selection media with additional salts provided an improved environment for 

folding and structure formation within the aptamers. The folding media was based 

on the selection media at 2x salt.  
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3.4.2 SAOS-2 First round of aptamer selection 

The first round of selection is arguably the most critical of all the selection steps. 

At this stage, each aptamer sequence should only be represented once in the 

pool. If they are lost at this stage (due to poor selection conditions); there is no 

chance for them to be recovered later. Therefore, great care was taken to 

optimise the selection conditions to permit the greatest level of binding, with the 

highest levels of aptamer folding potential, and a recovery method which allowed 

for downstream processes to take place (3.4.1) (1x salts, T-75 of cells and 

incubated for 40 minutes). The recovered materials were amplified, and a 

proportion of that amplified material was tested using qPCR to quantify the total 

recovered aptamer against known standards. This was used as a method of 

tracking aptamer pool progression (Figure 3-7). 

 

Figure 3-7 - qPCR analysis of recovered aptamers from the first round of selection 

and standards. The standard curve generated from multiple known DNA concentrations 

allowed for quantification of the recovered material. Blue lines show the standard curve 

(from left to right starting at 7.5% of the total aptamer material input into each selection; 

each subsequent collection of blue lines right of the first is reduced by half (3.75, 1.88, 

0.94%, etc.). Red lines show recovered aptamer pool. n = 3 for each sample. 
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Delta Rn is the fluorescent signal generated from the DNA amplified normalised 

to the baseline Rn. The number of cycles represents how much amplification was 

needed to reach the threshold: the higher the number of cycles needed, the lower 

the amount of template present within the sample. The dark blue lines represent 

a standard curve (providing CT values for known quantities of nucleic acid), and 

the aptamers recovered from the first round of selection are shown in red. Figure 

3-7 showed that the recovered material from the first round of selection was at 

the low end of the standard curve, and calculated to be ~0.1% of the material 

input. While the recovery of 0.1% of the input materials is low, with 1 in 1000 

sequences being lost, there are still 1x1011 molecules recovered. No signal was 

generated from the no-template control (NTC), nor the cell-only control, therefore, 

all materials quantified were from aptamer origin and continuation of the aptamer 

selection was possible. 
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3.4.3 SAOS-2 aptamer selection Rounds 1-10 

Once the first round of selection had been completed, the recovered materials 

required amplification, followed by purification to give a pool of ssDNA for the 

subsequent round. This included multiple steps and quality control throughout, 

as described in Chapter 2 (Figure 2-1). 

While the CT values from the qPCR do not provide quantitative data without the 

corresponding standard curve, the CT values did provide a basis for amplification 

using a PCR cycle course. CT is the number of cycles of amplification undertaken 

to generate a fluorescent signal, which crosses a defined threshold: these cycles 

of amplification are carried out in similar conditions to conventional PCR. The 

similarity between the two reactions allowed for smaller cycle courses, as the CT 

of the sample gives an approximate number of cycles at which amplification 

maximum was reached. The smaller cycle courses were quicker to perform and 

required fewer materials than an expansive cycle course covering 1-20 cycles. 

The cycle course provided an optimal number of amplification cycles that 

generated the maximum amount of DNA possible before aberrant products were 

produced. Figure 3-7 shows the CT value was between 10 and 11. Thus, 11 was 

the base of this cycle course, and the cycles tested using gel electrophoresis 

were 10, 11, 12, 13, and 14, as the CT-2, CT-1, CT, CT+1, CT+2, and CT+3 are 

tested. The same amplified recovered materials were used as the template for 

the cycle course PCR (Figure 3-8). 
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Figure 3-8 - PAGE analysis of an amplification cycle course using recovered 

aptamers from selection Round 1. As the number of amplification cycles increases, 

the amount of dsDNA increased. Additional bands are seen after 13 and 14 cycles of 

amplification. Strong primer bands are seen as the forward primer is fluorescently 

labelled. The ladder used was the 10 bp the brighter bands are 50, 100 and 150 bp.  

 

Figure 3-8 showed that more dsDNA was generated with increasing cycle number. 

Aberrant products were observed at cycle 13 and 14 of the PCR cycle course. 

Aberrant products were likely due to mispriming events caused by primer 

mispriming. To prevent the desired materials being contaminated with these 

artefacts, a cycle number was selected before these aberrant materials were 

generated. Therefore, 12 cycles of amplification were chosen for the Round 1 

recovered materials. Each round of aptamer selection required 4439 ng (1 x 1014 

molecules at 82 bp) of single-stranded material. 4439 ng of ssDNA can only be 

produced by a large number of PCR reactions; therefore, sufficient dsDNA 

template was needed to seed these asymmetric reactions (2.292 ng of purified 

dsDNA per 50 µL reaction). The double-stranded DNA was purified using the 

SPRI purification method and quantified using the Nanodrop (Figure 3-9). 

20 bp 

72 bp 

82 bp 
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Figure 3-9 - Purified dsDNA generated from selection Round 1 was quantified 

using a Nanodrop. Nanodrop quantification of dsDNA purified from the secondary PCR. 

The blue data set is the measurement of absorbance using the blank (RNase free water). 

The red data set is that of the purified dsDNA. 

The Nanodrop was blanked using RNase free water with analysis of absorbance 

over 220 nm to 350 nm. Values measured at 340 nm are set to zero by the 

software, and other points are moved to reflect this. Nucleic acids have an 

absorbance maximum at around 260 nm; while proteins absorb at 280 nm. 

Therefore, peaks and / or shoulders at 260 nm and 280 nm would suggest protein 

contamination of nucleic acids, and a single peak at 260 nm is pure nucleic acid. 

Figure 3-9 showed a flat baseline for the blank (red), and a peak at 260 nm from 

the recovered dsDNA. The dsDNA sample showed no peak at 280 nm, which 

would be caused by contaminating proteins. The dsDNA was quantified at 11.87 

ng/µl.  

Once quantified, the purified dsDNA was then used to seed Asymmetric PCR. 

Asymmetric PCR is a variant of PCR, which uses only one primer, or a highly 

limited second primer: in this case, as the forward strand is desired, only the 
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forward primer is added. The materials generated were then digested with 

Lambda Exonuclease to remove phosphorylated strands in a dsDNA complex. 

The digestion leaves only the fluorophore modified forward strand of the aptamer, 

and the primer. The ssDNA was then purified from the bases and enzymes used 

in previous steps and resuspended in RNase free water. The products of the 

Asymmetric PCR, digestion and final purification were then analysed by PAGE to 

ensure the process was completed successfully (Figure 3-10). 
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Figure 3-10 - Asymmetric PCR, Lambda Exonuclease digestion and purification of 

Round 1 aptamer materials. Asymmetric PCR showed the double-stranded template 

DNA remained at the expected 82 bp, while generating a second band of ssDNA at 60 

bp (labelled Asymmetric PCR). The Asymmetric PCR product was then treated with 

Lambda Exonuclease (labelled digested), leaving only ssDNA and primers, evident by 

only one band at 60 bp and below 20 bp. The ssDNA was then purified (labelled purified) 

to remove primers and slightly concentrate the ssDNA, seen in the third lane. The ladder 

used was the 10 bp the brighter bands are 50, 100 and 150 bp. 

The PAGE analysis of the various stages of ssDNA production verify that 

materials were generated and digested as expected, and that ssDNA was purified 

from the primers (Figure 3-10). The purified ssDNA was quantified using the 

Nanodrop (Figure 3-11).  

82 bp dsDNA 

 60 bp ssDNA 
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Figure 3-11 - Purified ssDNA prepared after selection Round 1 was quantified 

using a Nanodrop. Nanodrop quantification of blank (blue) shows no nucleic acid peak. 

ssDNA (orange). 

The combination of Figure 3-10 and Figure 3-11 showed the digestion of dsDNA 

leaving only ssDNA and primer, followed by the removal of primers by purification 

(Figure 3-10). Subsequent quantification of the ssDNA using the Nanodrop 

(Figure 3-11) gives a concentration of 10.81 ng/µl. The concentration and volume 

of aptamer (480 µL) gives a total of 5188.8 ng of ssDNA. The required amount of 

ssDNA at each round is 4439 ng. Therefore, this round of the selection and 

amplification enabled the material to be taken to the second round of selection. 

The amplification and single stranded DNA preparation steps outlined above, 

were repeated in every round of the selection, to ensure that all materials were 

amplified, purified, and quantified effectively. The gel images and spectra 

presented in this section are representative of data collected for every round of 

selection. In situations where errors occurred, materials were re-assessed and 

protocols repeated until the material passed the quality control steps. 

Aptamer recovery was tracked in each round using qPCR (Figure 3-12), and the 

selection criteria adapted accordingly with recovery quantities. In this case, 

stringency for selection was increased when two consecutive rounds of selection 

showed increased recovery (indicated by a red line in Figure 3-12).  
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Figure 3-12 - Percentage of the aptamer pool recovered after each round of 

selection for Rounds 1 to 10. Increased recovery percentage round on round indicated 

that the aptamer pool was becoming enriched for binders to the SAOS-2 cell line. Red 

lines indicate where selection stringencies were increased. The percentage recovery 

was calculated based on known inputs and qPCR data (relative to known standards).  

 

Quantification of the round-to-round enrichment progress allowed a gradual 

increase of selection stringency to take place to narrow the aptamer pool carefully, 

and thus increasing stringency only as needed. When two consecutive rounds of 

selection had shown an increased recovery, the stringency of the selection was 

increased (as shown in Table 3-1). Figure 3-12 shows tracking of the aptamer 

recovery from round to round, and highlights when stringency was increased (red 

lines). The first 5 rounds of selection demonstrated recovery of less than 0.1%, 

however, from Round 5 onwards recovery increased in all rounds where the 

stringency was not changed. After the stringency was increased, the recovered 

amount of aptamer showed an expected drop; but this increased again in the 

subsequent round of selection. Due to the first 5 rounds of selection provided low 

recovery, and limited increase observed, only 2 stringency changes were applied 
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to the selection within the first 10 rounds. The recovery peaked at 0.95% at Round 

9, before stringency was increased for Round 10.  
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Round Aptamer Positive 

cells 

Positive 

incubation 

time 

Positive 

washes 

Negative 

cells 

Negative 

incubation 

time 

Negative 

washes 

1 4.439 µg T-75 

(approxima

tely 5 x 106 

cells) 

45 minutes 1 x 8 mL, 

5 minutes 

none N/A N/A 

2 4.439 µg T-75 45 minutes 1 x 8 mL, 

5 minutes 

none N/A N/A 

3 4.439 µg T-75 45 minutes 1 x 8 mL, 

5 minutes 

None N/A N/A 

4 4.439 µg T-75 45 minutes 1 x 8 mL, 

5 minutes 

None N/A N/A 

5 4.439 µg T-75 45 minutes 1 x 8 mL, 

5 minutes 

None N/A N/A 

6 4.439 µg T-75 45 minutes 1 x 8 mL, 

5 minutes 

None N/A N/A 

7 4.439 µg T-75 45 minutes 2 x 8 mL,  

5 minutes 

None N/A N/A 

8 4.439 µg T-75 45 minutes 2 x 8 mL,  

5 minutes 

None N/A N/A 

9 4.439 µg T-75 45 minutes 2 x 8 mL,  

5 minutes 

None N/A N/A 

10 4.439 µg T-75 45 minutes 4 x 8 mL,  

5 minutes 

None N/A N/A 

Table 3-1 - Selection conditions used for the first 10 rounds to identify SAOS-2-

specific aptamers. Aptamer amount, cells and incubation time were maintained 

throughout the first 10 rounds of selection, with the washes being doubled at each 

stringency increase point (Rounds 7 and 10).   
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3.4.4 The divergence of the aptamer pool to test negative cell selection and 
the effect on the aptamer pool 

Following the first 10 rounds of selection, the aptamer pool was amplified to 

generate more than 2 x1014 molecules and split into two identical aptamer pools. 

One of the pools was exposed to only the SAOS-2 cells with the same selection 

conditions as Round 11. The other pool was exposed to the counter selection 

Raji cell line for 30 minutes: the unbound aptamers in the selection media were 

recovered and then exposed to the SAOS-2 cells for 45 minutes. These parallel 

selections allowed for the aptamer pool from Round 10 to be assessed to 

determine whether counter selection against the Raji cells can be introduced at 

this late stage. Pre-incubation of the aptamer library with the Raji cell line (prior 

to incubation with the SAOS-2), will start to remove aptamers that bind to markers 

common between the two cell lines. If successful, this should improve the 

specificity of the aptamer population to the SAOS-2 cell line. The recovered 

materials from both selections were amplified and quantified using qPCR and 

compared to previous rounds of selection (Figure 3-14). 

 

Figure 3-13 - Aptamer selection divergent points. The aptamer selection progresses 

with divergent points at round 11, and round 13. With the colours followed through to the 

selection recovery figures to facilitate following of the data and how the different 

conditions effected the aptamer pool.  
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Figure 3-14 - Percentage recovery of parallel aptamer pool after 10 rounds of 

selection. The aptamer pool was split after Round 10, indicated by the red line. The 

rounds which lack counter selection are show in blue. The population including counter 

selection against the Raji cell line are shown in orange. 

The parallel selections with and without Raji counter selection demonstrate the 

effect of introducing counter selection. The selection conditions were fixed for 

each of the pools for Round 11 and Round 12 (Table 3-2), to compare the effect 

of counter selection alone. As expected, the population generated following the 

introduction of the Raji counter selection (orange bars) shows a reduction in 

recovery, suggesting that a significant proportion of the population has been 

removed. The population with no counter selection (blue bars) continues to 

increase. This trend is also seen in Round 12, where the blue population 

increases further. A slight increase in recovery from the Raji counter selected 

population is also seen in Round 12 (Figure 3-14). The introduction of the 

negative cell line reduced the amount of materials recovered, suggesting a 

narrowing of the aptamer pool to one which is more specific to the SAOS-2 

population, by removing aptamers that bind to epitopes common to both cell lines.. 
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Round Aptamer Positive 

cells 

Positive 

incubation 

time 

Positive 

washes 

Negative 

cells 

Negative 

incubation 

time 

Negative 

washes 

11  

SAOS-2 

4.439 µg T-75 45 

minutes 

4 x 

8 mL,  

5 

minutes 

None N/A N/A 

11  

Raji + 

SAOS -2 

4.439 µg T-75 45 

minutes 

4 x 

8 mL,  

5 

minutes 

Raji 3 

million 

cells 

30 

minutes 

1 x 

12  

SAOS-2 

4.439 µg T-75 45 

minutes 

4 x 

8 mL,  

5 

minutes 

None N/A N/A 

12  

Raji + 

SAOS -2 

4.439 µg T-75 45 

minutes 

4 x 

8 mL,  

5 

minutes 

Raji 3 

million 

cells 

30 

minutes 

1 x 

Table 3-2 - Aptamer selection conditions for the parallel aptamer pools in Round 

11 and 12 of selection. Amount of aptamer, cell number for positive and negative 

(where applicable) targets, and time of incubations of positive and negative (where 

applicable) were maintained, as only the divergence of the aptamer pools were tested in 

Round 11 and 12. 
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3.4.5 Testing of divergent aptamer pools against both selection conditions 

The selection process was ‘branched’ again in Round 13. Aptamer material was 

generated from both pools of aptamers from Round 12 (SAOS-2 only, and Raji + 

SAOS-2). Selections were then carried out with and without Raji counter selection. 

The first condition was the equivalent to the Round 12 SAOS-2 only selection; 

the second condition was the equivalent to the Round 12 Raji + SAOS-2 selection 

(Table 3-3).The selections were performed in a reduced format to allow for easier 

material handling and generation of materials (Table 3-4).  

 

Round  

10 SAOS-2 only 

11 and 12 SAOS-2 only SAOS-2 + Raji 

13 SAOS-2 

Cont.  

SAOS-2 only 

+ Raji 

SAOS-2 + 

Raji, SAOS-2 

only 

SAOS-2 + 

Raji Cont. 

Table 3-3 - Table to show aptamer pool splitting through final rounds of selection. 

Thick boarders represent where the pools were pools diverged and were kept separate 

for subsequent rounds. 

 

The 4 recovered aptamer materials were amplified and quantified and compared 

with previous rounds of selection recovery (Figure 3-15). 



 

119 

 

 

Figure 3-15 - Percentage of aptamer pools after the final rounds of selection 

comparing the parallel aptamer pools. The aptamer pools were split after Round 10 

and Round 12 indicated by the red lines. The black-bordered bars represent the aptamer 

pools, which were exposed to the Raji cell line in Round 13; the non-bordered bars from 

Round 12 to 13 represent the pools that were only exposed to SAOS-2 cells.  

Figure 3-15 shows the recovery of aptamers from multiple parallel selection 

conditions; Round 10 to 12 were included in this graph to highlight the previous 

pools of aptamers recovery. Round 13 highlights the performance differences 

from aptamers that were from the same selection until Round 10. The SAOS-2 

only aptamer pool (blue) steadily increased in recovery from Round 10 to 12. 

However, this increasing recovery suggests the aptamer pool was not subject to 

efficient reduction, and therefore high affinity and specificity aptamers were not 

yet dominant within the pool. As can be seen at Round 13, the SAOS-2 only 

aptamer pool (blue lines) performed poorly in comparison to the Raji + SAOS-2 

pool (red lines), with reduced recovery in both conditions. The discrepancy in 

recovery between the two pools suggests that despite the ‘SAOS-2 cont.’ 

aptamer pool being only selected against the SAOS-2 cells, the incorporation of 

a negative selection target refined the aptamer pool to aptamers specific for 

SAOS-2 unique markers. 
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The same trend was seen when both pools were exposed to the Raji cell lines 

(‘SAOS-2 only + Raji’ and ‘Raji + SAOS-2 cont.’). The ‘SAOS-2 only’ pool 

displayed the largest decrease in recovery from 2.9% in Round 12 to 0.3% in 

Round 13, indicating that the majority of the aptamers within that pool bound to 

markers which were common between the two cell lines. The ‘Raji + SAOS-2 

cont.’ pool displayed a trend for rising recovery transitioning from 0.44% in Round 

12 to 1.33% in Round 13. The increase from 0.4% to 1.33% was the second 

increase of recovery in succession, and so if the selection were continued, 

greater selection pressures would have been applied to this condition to ensure 

further reduction of the aptamer pool to high specificity aptamers. 
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Round Aptamer Positive 

cells 

Positive 

incubation 

time 

Positive 

washes 

Negative 

cells 

Negative 

incubation 

time 

Negative 

washes 

13  

SAOS-

2 Cont. 

2.2195 

µg 

T-25 

(2.5 

million 

cells) 

45 

minutes 

4 x 4 mL,  

5 

minutes 

None N/A N/A 

13  

SAOS-

2  only 

+Raji 

2.2195 

µg 

T-25 45 

minutes 

4 x 4 mL,  

5 

minutes 

Raji 1.5 

million 

cells 

30 

minutes 

1 x 

13  

Raji + 

SAOS-

2, 

SAOS-

2 only 

2.2195 

µg 

T-25 45 

minutes 

4 x 4 mL,  

5 

minutes 

None N/A N/A 

13  

Raji + 

SAOS-

2 cont. 

 

2.2195 

µg 

T-25 45 

minutes 

4 x 4 mL,  

5 

minutes 

Raji 1.5 

million 

cells 

30 

minutes 

1 x 

Table 3-4 - Aptamer selection conditions for the divergent aptamer pools in Round 

13 of selection. The aptamer pools generated in Round 12 were prepared for a 13th 

round of selection, where half of the aptamer pool was exposed to the SAOS-2 only 

selection condition, the other half exposed to the Raji + SAOS-2 selection condition. 
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3.4.6 Cloning and testing of Raji + SAOS-2 Round 13 recovered aptamers 

Aptamers recovered from Round 13 from the Raji + SAOS-2 aptamer pool, with 

the SAOS-2 only conditions, were taken and prepared for cloning, to generate 

single sequence pools of aptamers which could then be tested against the SAOS-

2 and Raji cell lines to identify the most specific aptamers and subsequent 

sequencing. The aptamer pool was amplified and purified to dsDNA and ligated 

into a CloneJET plasmid. The resultant plasmids were then analysed by PAGE 

(Figure 3-16). 

 

Figure 3-16 - PAGE analysis of plasmid ligation of aptamers and control 

sequences. Using the CloneJET PCR cloning kit, the aptamer pool was ligated into the 

kit plasmid. The plasmid running at 80 bp plus the aptamer (80 bp), when ligated, ran at 

the expected 200 bp size, with the control (976 bp) incorporating a larger insert and 

resulting in 1000 bp ligation. The ladder is 50 bp increase per band. 

 

1000 bp 

200 bp 

120 bp 
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Successful ligation was expected to show bands at 200 bp (total plasmid (120 bp) 

and the aptamer (80 bp)). The control was a much larger, 976 bp, resulting in a 

total size of 1000 bp within the positive control. 1, 2 and 5 µL of the aptamer pool 

added to the reaction resulted in successful in low yields of ligation (Figure 3-16). 

The ligated plasmids were then transformed into competent E. coli (C2987H), 

and plated onto ampicillin spiked agar plates and cultured overnight. The colonies 

were then assessed for successful transformation, with positive and negative 

controls to compare to the aptamer ligations (Figure 3-17). 

 

Figure 3-17 - Aptamer/plasmid ligation and transformation necessary for colony 

formation. A) Colonies were observed growing on the ampicillin spiked plates when the 

positive control ligation had taken place in the plasmid in two plates. B) Aptamer ligated 

plasmids transformed into the E. coli generated many colonies on each of the six plates. 

C) Unligated plasmids transformed into E. coli did not have colony growth in two plates. 

Red circles highlight some of the colonies. 10 plates were seeded in total, 2 with the 

positive control, 2 with negative control and 6 with aptamer ligated sample. No colonies 

were observed on the negative control plates. 

 

After 24 hours, plates were assessed for colonies. As shown in Figure 3-17, 

colonies were observed in both the positive control (A), and the aptamer sample 

(B), and no colonies were present on the negative control plate (C). From the 

aptamer plates, 96 colonies were picked and placed into a 96 well plate with PCR 

reagents. PCR was then performed on the 96 samples. Each of the samples was 

then assessed by PAGE for the product of the correct size (200 bp) (Figure 3-18). 
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Figure 3-18 - PAGE analysis of picked bacterial colonies with successful ligation 

to identify correctly ligated plasmids. 15 colonies were run on each gel, All 96 

colonies therefore run across 7 gels: this is a representative image of all gels. Successful 

ligation was determined by the size of the plasmid, as with the previous quality control 

point 200 bp was the size expected for correct ligation. Red boxes highlight colonies that 

were successful. The ladder used increased in size by 50 bp per band. 

 

A total of 96 colonies were picked and the remaining colonies left on the growth 

plates, these plates were stored at 4 °C to maintain colonies that had formed and 

prevented overgrowth. Following the amplification of the plasmids from picked 

colonies, each sample was then qualitatively tested using an acrylamide gel. 

Figure 3-18 shows 2 (30 samples) of the 7 gels (96 samples) generated to test 

whether correct ligation of the plasmid had taken place. The colonies, which 

produced a plasmid size at 200 bp, were noted and taken forward for further 

testing. Those which were larger or smaller than the 200 bp ideal were discarded. 

From the 59 plasmid samples, ssDNA aptamer pools were then generated using 

the same methodology as used previously. 

These pools were then used in a selection, but with much reduced aptamer, 

target and volumes. Here, 59 selections were performed simultaneously in 96 

well plates for ease of handling. Each cloned aptamer pool was exposed to the 

Raji cell line for 30 minutes before the supernatant was removed and placed on 

the SAOS-2 cell line. During the 45 minute incubation with the SAOS-2 cells, the 
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Raji cells were washed 3 times for 5 minutes each time, before the aptamers 

were recovered for qPCR. After the 45 minute incubation with the SAOS-2 cells, 

the cells were washed 3 times for 5 minutes each time before the aptamers were 

recovered for qPCR. The 59 samples from the Raji cells, and 59 samples from 

the SAOS-2 cells (118 wells of samples) were then prepared for qPCR and 

assessed (Figure 3-19). 

 

 

Figure 3-19 - Difference in the percentage of recovery between SAOS-2 and Raji 

cells for each clone. qPCR quantification from both the percentages of SAOS-2 and 

Raji testing were compared by subtracting Raji recovery percentage from SAOS-2 

recovery percentage for each clone. These values were not a percentage difference 

between the recoveries but represented a percentage number of molecules, which 

preferentially bound to the SAOS-2 population. 

Assessing the difference in percentage recoveries between the cell lines for each 

clone removed the background binding for each of the clones. Analysing the data 

from the qPCR revealed 10 clones that had preferential binding to the SAOS-2 

cell line (Figure 3-19). Clone A7 had the highest difference in percentage binding 

in favour of the SAOS-2 cells, with a difference of 1.61; this equates to 1.61 x 

1012 molecules with preferential binding.  The other clones that were recognised 

for having preferential binding were A6, B5, B7, C6, C7, D4, E7, H3, and H4. 
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3.5 Discussion 

This chapter aimed to investigate the technology of aptamers in biomarker 

discovery, by generating aptamers which were specific to the SAOS-2 cell line, 

testing individual aptamer sequences to determine the best performing, and 

identifying the epitope that the best performing aptamers bind to, resulting in the 

identification of new biomarkers. 

 

3.5.1 Pre-selection optimisation 

Determining the correct gel for qualitative quality control steps was the first step 

in this chapter, setting the groundwork on which the other tests would be based. 

Agarose and acrylamide gels are both used for protein and nucleic acid 

electrophoresis, and with the size of 80 bp and below, 4% agarose, and 10% 

acrylamide gels are the standard choice (Chory and Pollard, 2001). However, as 

Figure 3-3 demonstrates, the acrylamide gel performs better for the size of the 

material used, as well as being a generally faster protocol. Agarose gels are often 

run with the ethidium bromide or Gel Red within the gel already, which is known 

to cause slight differences in mobility through the gel. These differences are most 

likely the cause of the slower running times and less clear bands. With the 

groundwork set up for many of the quality control tests used throughout this 

chapter, testing the purification from dsDNA to ssDNA for the subsequent round 

of selection was the next logical step. 

There are several purification methods developed for nucleic acids that can be 

applied to DNA aptamers. The original use of DNA as an aptamer came in 1992 

and purification of the dsDNA to ssDNA was performed by tagging the DNA with 

radioactive labels, then running the DNA down denaturing polyacrylamide gels, 

before cutting out the band and eluting (Ellington and Szostak, 1992). The use of 

radioactive labels is now not standard, and other methods have been developed. 

The most commonly used purification method is the use of a biotin-modified 

reverse/antisense primer in amplification: the biotin then binds to a streptavidin-

coated structure, and the forward/sense strand is released through alkaline 
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denaturation (Blank et al., 2001, Guo et al., 2006, Shangguan et al., 2015, Bruno 

et al., 2008, Bruno and Kiel, 1999, Du et al., 2015, Rouah-Martin et al., 2012, 

Song et al., 2008). As can be seen in Figure 3-5, the streptavidin beads work well 

with the biotin labelled aptamers as a purification process, confirming why many 

papers use this method. However, it can also be noted that not all aptamers were 

bound to the streptavidin beads during this process, so sequence loss is highly 

likely in the first few rounds of selection. Therefore, another method was 

investigated, using magnetic beads as a vehicle, and polymer and salt solution 

to drive dissolved DNA onto the magnetic beads, which can then be washed to 

remove dNTPs, salts and proteins (Grüttner et al., 2001, Hawkins et al., 1994, 

Prodělalová et al., 2004, Müller-Schulte et al., 2005). Similar methods are sold 

commercially for many applications, and Figure 3-5 gives a good indication why, 

with the proper purification of DNA, with the removal of DNTP and smaller nucleic 

acids such as primers, the method allows for quick clean-up of reactions, leaving 

only the desired materials. For the sake of cost, a method used by the York 

collaboration was employed with magnetic particles paired with salt and polyol 

solution which provided a cheap alternative to expensive commercially available 

kits. 

The final application of the aptamer must be considered before selection can take 

place, as the content of selection buffers facilitate aptamer folding and 

functionality, and deviations from the selection buffer can lead to the dysfunction 

of the aptamer (Neves et al., 2017, Smestad and Maher, 2013, Catherine et al., 

2014). In this chapter, the cell culture medium alpha-MEM was selected as the 

base of the selection buffer, given that this media is known to not affect cells 

negatively with extended exposure and provides some salts generally added to 

aptamer selection buffers, such as NaCl2. The culture media was then 

supplemented with small amounts of various salts necessary for  aptamer 

structuring (Smestad and Maher, 2013, Lane et al., 2008) and charge masking 

(Hianik et al., 2007, Yan and Huang, 2009) (MgCl2, CaCl2, MnCl2, NiCl2), while 

keeping the salt levels comparable to the physiological environment (Elliott and 

Jasper, 1949). Keeping buffers similar to physiological environments prevents 

damage to the cells during the selection process but can cause adherent cells to 

detach from the culture plastic, and therefore one can lose any cells and 
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aptamers bound to those cells during wash steps. Conversely, cell rupturing may 

allow aptamers to permeate the cells, and prevent removal of non-specific 

aptamers during washing. Using this information, buffers had to be selected to 

correspond with the aptamer selection and tested. Figure 3-6 shows varying 

aptamer recovery with various salt and cell conditions, with the highest recovery 

present in the 0x salt conditions. The 0x buffer only contains the salts present 

within the culture media (KCl, pyruvic acid sodium salt, pyridoxine 

monohydrochloride, choline chloride, CaCl2, MgSO4, NaH2PO4), therefore, 

supplementing the media with additional salts to allow more complex aptamer 

structures to be formed would allow for a more varied aptamer pool structurally, 

and potentially allow higher affinity and specificity. 

 

3.5.2 Aptamer selection 

Tracking of recovered aptamers throughout the selection informed not only how 

well the process was advancing but also roughly how many cycles of amplification 

were needed for optimal dsDNA production (Figure 3-7 shows qPCR informing 

cycle course conditions for amplification Figure 3-8). Despite the initial 5 rounds 

of selection with low recovery, the aptamer pool was narrowed to a point where 

recovery began to increase round by round, resulting in an aptamer selection that 

appeared to work well. Duplicating the aptamer pool at Round 10 and diverging 

the pools, to incorporate a negative selection to narrow the aptamer pool, 

demonstrated that the selected aptamer pool at Round 10, while having some 

affinity to the SAOS-2 cell line, could be narrowed further to become more specific. 

The aptamer pool exposed to the negative selection specificity was highlighted in 

Round 13 with testing of each of the two divergent pools in both of the selection 

conditions (Figure 3-15). The inclusion of the Raji cell line facilitated a further 

selection pressure towards specific aptamers which bind to the SAOS-2 cell line 

by removing aptamers which bound to markers common to both cell lines. The 

resultant narrowed pool of aptamers (Raji + SAOS-2) outperformed the aptamer 

pool which had not previously been exposed to the Raji cell line negative 

selection (SAOS-2 only). Negative selection played an important role in 
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narrowing the aptamers to become more specific to the SAOS-2 population, 

however within this chapter and selection no move to increase affinity, beyond 

increasing the number of washes, was made. Decreasing the total number of 

epitopes causes competition between the aptamers which bind to the same or 

close in proximity epitopes, selecting more heavily for the highest affinity 

aptamers at the end of the selection (Morris et al., 1998). Decreasing the number 

of epitopes in this selection could have been accomplished by decreasing the 

number of cells while maintaining the nanograms of aptamer input. Increasing the 

number of Raji cells and/or incubation time would have also increased the 

pressure from the negative selection, ensuring all non-specific binding aptamers, 

and aptamers which bind to common markers, were removed. Despite not 

including some of these techniques for further narrowing the aptamer pool, the 

two aptamer pools generated seemed to show good specificity to the SAOS-2 

cell line. The next step was to take the successful selection pool and clone out 

single sequences to generate single sequence aptamer pools to test more 

thoroughly against the SAOS-2 and Raji cell lines. 

 

3.5.3 Cloning and testing of clones 

Generating the clones for the aptamer pool was relatively easy using the 

CloneJET cloning kit and support from Aptamer Solutions in York. Ligating the 

aptamer pool into plasmids and then transforming them into competent E. coli 

allowed for colony growth on ampicillin-spiked agar plates. Colonies were then 

picked, and each colony of E. coli contained a single sequence ligated into a 

plasmid. Despite the promising results from Figure 3-15, individual aptamers from 

the final selection round may be non-specific to the target (Shangguan et al., 

2015), meaning careful testing of each aptamer sequence needs to be performed 

before sequencing and epitope identification. In addition to potentially non-

specific aptamers, Figure 3-18 highlights that not all ligations were successful 

and within the standard parameters. Therefore, 59 of the 96 clones (61.46% 

successfully ligated) picked from the colonies were taken forwards to be tested 

against the SAOS-2 and Raji cell lines. 
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qPCR analysis of the generated clones revealed 10 clones that had preferential 

binding to the SAOS-2 cell line (Figure 3-19). The use of the Raji cell line in the 

same test allowed for the subtraction of Raji-specific and background binding 

from the specific SAOS-2 binding. This testing of the clones verified the selection 

of aptamers specific to the SAOS-2 cell line. However, not all clones generated 

from the selection were specific to the SAOS-2 cell line and had preferential 

binding to the Raji cell line. The aptamers which remained bound preferentially to 

the Raji cell line may be due to aptamers which bound to common markers 

between the Raji and SAOS-2 populations that were not removed during the 

negative selections, and therefore bound during the SAOS-2 incubation and 

subsequently recovered and amplified. These SAOS-2 specific aptamers 

demonstrate that the aptamer selection process developed in this chapter was 

capable of isolating cell-specific aptamers. Further work on the SAOS-2 specific 

aptamers was attempted, in that after cloning and testing, the specific aptamers 

were then isolated for sequencing. However, the sequencing of these aptamers 

proved to be problematic returning sequences which were fragments and did not 

match with the plasmid or primer sequences well enough for identification of the 

random region of the aptamers. This issue may have been resolved with further 

expansion of the aptamer sequences using nested PCR to ensure the random 

region of the aptamer was sequenced successfully. Due to time restrictions and 

the priority was to move on to primary bone marrow selection, therefore further 

characterisation of the SAOS-2 specific aptamers was delayed until other 

aptamers required characterisation. Unfortunately, further aptamer 

characterisation was never needed. 

Characterising the binding target of these aptamers would have been the next 

step after sequencing. Offering an insight into markers on the surface of the 

SAOS-2 cell line which are not found on the Raji cell line. To do this aptamers 

would have been immobilised on streptavidin-coated beads using a biotin-

modified primer. The beads placed into a cylinder forming a column, much like 

immunoprecipitation, but using aptamers where antibodies would have been 

used. Cell lysate would then be passed through the column, the aptamers binding 

to their target while the remaining components were washed through. The 
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proteins could then be identified using protein sequencing. The advantage of 

identifying the protein targets of the aptamers would be that if these targets are 

osteosarcoma specific, this may provide a diagnostic tool for detecting 

osteosarcoma, and if functionalised properly, a targeted therapeutic. 

 

In conclusion, the aptamer selection method developed and used here has been 

shown to increase recovery of aptamer material round by round, until increased 

stringency causes the recovery to drop. Continuing the selection with increased 

stringencies then allowed the recovery of aptamers to increase again, suggesting 

an aptamer pool that is better-adapted to the target. Final testing of individual 

aptamer clones revealed several clones which were more specific to the SAOS-

2 cell line, and therefore verified the success of the aptamer selection, and the 

methodologies used to perform it. This selection technique can now be utilised 

against the primary cells derived from bone marrow or foetal femur sources 

without the need to validate many of the techniques used, thereby streamlining 

the selection process against the valuable primary tissues. And despite the lack 

of information on the targets of the SAOS-2 specific aptamers, a continuation of 

the selection using the primary cells was carried out next to progress the project 

using the methods refined in this chapter.
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Chapter 4 Aptamer selection against skeletal 

stem cell populations 

4.1 Introduction 

As discussed in Chapter 3, aptamer technology is particularly attractive in the 

area of skeletal stem cell enrichment and isolation. The utility of aptamers for 

SSC enrichment and isolation is due to the fact that aptamers can be selected 

against cell surface markers (which may be currently unidentified), and may, 

therefore, be used as a biomarker discovery platform (Takahashi, 2018, 

Berezovski et al., 2008). Utilising the methods developed and validated in 

Chapter 3, cell-based selection of aptamers was undertaken to isolate sequences 

which bind to primary stem cells isolated from human bone marrow, or human 

foetal femur sources.  

Cell populations directly derived from bone marrow would not be an ideal target 

for aptamer selection, given that the SSC is a rare sub-population (Bianco and 

Robey, 2015, Gothard et al., 2011). Any epitopes which are present only on the 

SSC population would, therefore, be exceptionally rare in a large heterogeneous 

cell population. The extreme rarity would make isolating aptamers specific to the 

SSC markers highly unlikely. Therefore, enrichment of SSC cells within the bone 

marrow population would increase the relative concentration of these epitopes, 

and provide a more suitable selection target (increasing the proportion of SSCs 

compared to other cell types). Also, such an approach would decrease the 

relative number of other epitopes that the aptamers would encounter; thereby 

increasing the likelihood of successful selection. SSC populations are not 

restricted to the adult bone marrow; they also reside within foetal femur 

populations (Gotherstrom, 2016). Thus, foetal femur tissue could be used as an 

alternative source of significant SSC population for aptamer selection. The foetal 

femur is, as the adult bone marrow, a source of heterogeneous cells. However, 

the number of SSCs present in the foetal femur samples far exceeds(one MSC 

for every 400 cells )(Campagnoli et al., 2001, int ‘t Anker, 2003) those found in 
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the adult bone marrow sample (sample dependent but around one in one to two 

million cells). The STRO-1 marker can be used to isolate a subpopulation of the 

foetal femur-derived cells, however, the STRO-1 immuno-selected sub-

population displays a committed osteochondral differentiation pathway (Gothard 

et al., 2015a). For this reason, so as to not select aptamers against an already 

semi-differentiated cell population, the unselected foetal femur-derived cells were 

chosen to be used in this chapter. 

To date, no unique markers have been identified for SSC which can be used to 

fully isolate this sub-population from the heterogeneous bone marrow population. 

There has been previous work to enrich the SSC population using a number of 

markers (Gothard et al., 2014, Williams et al., 2013, Sorrentino et al., 2008, 

Tondreau et al., 2004, Lv et al., 2014): however, a single unique marker would 

be preferable, as it would lead to a more straightforward SSC isolation process. 

Combining the work from Chapter 3 with aptamer selection should provide a 

target population that allows for aptamers to bind to new unique markers. These 

markers can be used for further enrichment of the SSC population or, ideally, 

isolation of the cells from the bulk population.  

In order to enrich for the SSC population, antibody markers can be utilised to 

remove or retain cell populations with known protein expressions. For example, 

the STRO-1 antibody has recently been reported to bind to the heat shock 

conjugate-70 proteins (Fitter et al., 2017). The SSC population is known to be 

found within this STRO-1 enriched population (Simmons and Torok-Storb, 1991), 

though is not the only cell population to be isolated in this step. Red blood cells 

can still be present after a lymphoprep procedure, but these can be removed 

through a simple lysis step. This additional step removes more of the red blood 

cells, and thereby increases the proportion of SSC within the cell population. 

Once several rounds of selection have been performed successfully, further 

enrichment of the SSC population using FACS would further narrow the aptamer 

pool to create an aptamer pool potentially more specific to the SSC population. 

This further enrichment will be performed using the STRO-1BRIGHT, and the 

CD146 (MCAM) markers, both shown to enrich for the SSC population in Chapter 
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1. As already shown in Chapter 1, around 1:100 cells display stem-like properties 

once enriched: this is 0.01% of the bone marrow population. Isolation of a large 

number of cells needed for aptamer selection (5 million) would not be possible. 

Therefore, using a slightly enriched population, STRO-1 can supply the needed 

number of cells, and once an aptamer population is established against the BM 

cells, narrowing the population further using FACS will enable isolation of a more 

enriched stem cell population, and therefore a more specific aptamer pool. 

There is increasing interest in the identification and use of the SSC population 

within the regenerative medicine and tissue engineering fields. Other work has 

been performed to develop aptamers against an SSC population (Guo et al., 2006, 

Schafer et al., 2007), with porcine bone marrow as a target; this subsequently 

allowed the isolation and imaging of the cells. Although the use of porcine cells 

demonstrated a useful proof of concept, identifying the aptamer targeted 

biomarker(s) was not possible as the porcine proteome is, at present, poorly 

characterised. Despite the lack of target protein identification, these studies offer 

promise to use similar techniques on human SSCs. 
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4.2 Aims and objectives 

4.2.1 Hypothesis 

Aptamer selection methodology developed in Chapter 3 can be combined with 

antibody enrichment methodologies developed in objective II to select aptamers 

against SSCs. 

Specific aims: 

1. To raise aptamers against the SSCs population using methodologies 

developed in Chapter 3. 

2. To incorporate antibody enrichment methodologies from objective II in 

order to raise aptamers more specifically against the SSCs population. 

3. To isolate single aptamer sequences through cloning or single molecule 

PCR, and subsequently test affinity to identify the best performing 

aptamers. 

4. To sequence the successful aptamers to identify common sequences and 

monoclonal equivalent aptamer pool generation. 

5. To identify the aptamer binding targets in SSCs.  

6. To test single sequence aptamers against SSCs for isolation comparison.  
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4.3 Methods 

Methodologies employed in this chapter are detailed in Chapter 2 (2.3). 

Selection in this chapter was performed with similar techniques to Chapter 3, as 

shown in the workflow diagram (Figure 3-1), FACS selection was performed by 

applying the antibodies after the aptamers have been incubated with the cells, 

then washes were performed to remove unbound aptamers and antibodies. 

Methods used are also referenced in the results chapter, as techniques are used 

to provide easy understanding of the processes performed. 
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4.4 Results 

Identification of a suitable binding/selection buffer was critical for aptamer 

functionality, as buffer ions and salts determine aptamer folding and binding 

capabilities, and therefore maximum performance. The buffer used for aptamer 

selection should facilitate aptamer folding by containing optimal salts and metal 

ions. The buffer should also maintain cell viability and not lead to differentiation. 

The selection described here was based upon alpha-MEM (culture media) used 

to expand the SSC populations following enrichment and thus keep the culture 

and selection conditions consistent throughout. 

 

4.4.1 Preselection optimisation 

Alpha-MEM was chosen as the basis for the selection buffer. This required salt 

supplementation to provide the aptamers with the necessary conditions for 

optimal folding. Non-modified media (0x), physiological levels of salt (1x), and 10 

times physiological levels of salt (10x) were applied to STRO-1 enriched SSCs 

with naive aptamer library (N40B) to test optimal binding conditions (2.2.7). The 

materials were then recovered (2.2.9.1) and amplified (2.2.10.1) before qPCR 

analysis was done to assess the best binding conditions to be used for the 

aptamer selection (2.2.10.2) (Figure 4-1). 
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Figure 4-1 - qPCR of recovered aptamers from various buffers and times of 

incubation with STRO-1 MACS sorted and cultured cells to identify optimal binding 

conditions. Using qPCR, the effects of incubation time and salt concentrations on 

aptamer binding to bone marrow-derived cells were tested. 0x, 1x, and 10x refers to the 

salt supplements added to the media. The lower CT values indicate higher recovery. n = 

3, bars show standard deviation. 

 

Results from the buffer optimisation (Figure 4-1) indicated that the lowest CT, and 

therefore the most aptamer library was recovered from 1x physiological salts with 

a 60-minute incubation (CT value of 11.44). The no-template control showed no 

amplification (data not shown) and therefore suggests all recovered materials 

were from cells/aptamers, rather than from contamination. 

 

4.4.2 Bone marrow selection 

Using the conditions established in 4.4.1 aptamer selection was performed on 5 

million STRO-1+ MACS sorted and cultured cells. 1X selection buffer was used, 

and the aptamers were incubated with the cells for 60 minutes. The aptamer 

materials were then recovered through cell scraping (2.2.9.1), amplified for 4 

cycles of PCR (2.2.10.1), before a cycle course was performed to determine 

optimal amplification cycles. The cycle course of the recovered aptamers was 

assessed by PAGE (2.2.2) (Figure 4-2).  
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Figure 4-2 - PAGE analysis of the cycle course of bone marrow selection Round 1 

recovered materials. High cycle numbers resulted in increased material - note the 

blurred band below the expected 80 bp dsDNA, thought to be either caused by a large 

amount of material or aberrant products. The ladder used is a 10 bp ladder, with brighter 

bands at 150, 100 and 50 bp. 

 

Figure 4-2 showed clean amplification (no amplification artefacts) below 10 

cycles. A smear below the 80 bp band was observed with increasing amplification 

cycles. The smear was most likely a consequence of large amounts of product 

present in the gel. However, the risk at this early stage of the selection was not 

taken for the sake of more materials, and 9 cycles of amplification were used for 

the remaining material. 

The amplified materials were then purified (2.2.12.1), primers removed (2.2.14), 

and purified again. The resultant purified dsDNA was analysed by PAGE (Figure 

4-3 A).  No primer or aberrant amplification products were seen, so this dsDNA 

was used to seed an Asymmetric PCR (2.2.11) (Figure 4-3 B).  

 

82 bp 

20 bp 
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Figure 4-3 - PAGE analysis of purified dsDNA and subsequent Asymmetric PCR 

and digestions of bone marrow selection Round 1 aptamer materials. A) Purified 

dsDNA was used to seed an Asymmetric PCR. B) Asymmetric PCR products (Asym) 

show both ds and ssDNA. PCR products digested with Lambda Exonuclease show only 

the ssDNA (Lambda). The ladder used is a 10 bp ladder, with brighter bands at 150, 100, 

and 50 bp. 

 

Figure 4-3 B showed the presence of both dsDNA and ssDNA bands (85 and 70 

bp respectively) within the Asymmetric PCR sample (Asym). Subsequent 

digestion with Lambda Exonuclease leads to the removal of the dsDNA (80 bp) 

(Lambda). The ssDNA was then purified and subsequently used in Round 2 of 

selection against the STRO-1+ bone marrow cells. 

 

With the purified ssDNA from Round 1 recovered aptamers, the second Round 

of selection was performed using the same selection conditions. Aptamers 

recovered from selection Round 2 were amplified by PCR, then a PCR cycle 

course to identify optimal amplification, and subsequently purified. The PCR 

products from the cycle course and the purification were analysed by PAGE to 

identify the optimum number of PCR cycles (Figure 4-4).  

82 bp 

60 bp 
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Figure 4-4 - PAGE analysis of cycle course of bone marrow selection Round 2 

recovered materials, and subsequent purification of amplified materials. A) Cycle 

course of recovered materials showed amplification of aptamers with increasing cycle 

number: at cycle 10 large (120 bp) materials were generated. Cycle 8 was chosen to be 

used to amplify the remaining materials as no aberrant product was seen. B) Purification 

of the 8 cycle material showed no primers. However, the large (120 bp) and smaller (70 

bp) PCR artefacts were seen. The ladder used is a 10 bp ladder, with brighter bands at 

150, 100, and 50 bp. 

 

The PAGE analysis of the PCR cycle course revealed larger aberrant PCR 

products (120 - 140 bp) generated from 10 cycles onwards (Figure 4-4 A). To 

prevent these materials being carried forwards in the selection, it was decided 

that 8 cycles of amplification would be applied to the remaining material. After 8 

cycles of PCR the recovered materials were purified, primers digested, and 

purified again; the resultant product was then analysed by PAGE (Figure 4-4 B). 

The PAGE of the purified materials revealed the same large amplification product 

as seen in later PCR cycles in the cycle course (120 - 140 bp), as well as a 

product which was smaller than the dsDNA aptamer (80 bp), at 75 bp. As these 

aberrant products were identified in a low selection round, only Round 1 material 

was available, and thus a new selection was undertaken to avoid any potential 
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amplification of the same materials which may have been present within Round 

1 materials, as well as an opportunity to incorporate FACS into the selection 

process. 

 

4.4.3 Bone marrow FACS selection 

Incorporating FACS into the cell selection protocol provided the added benefit of 

enabling reduced fraction collection as rounds progressed, by redefining the 

‘gates’ and markers used to sort the cells. The initial round of selection used the 

fluorescently labelled aptamer library (FAM labelled) and a bone marrow sample. 

The use of the FACS allowed for not only separation of cells which the aptamer 

bound to, but also bone marrow characterisation to show differences between 

samples. The M69 sample was prepared as 2.3.1.1 and 2.3.1.2, and the MACS 

+ve fraction was treated with the re-folded aptamer, and FACS analysis was 

performed (Figure 4-5). 
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Figure 4-5 - FACS analysis of cell populations and aptamer (FITC) fluorescence 

of aptamer selection Round 1. Comparison of the Pre-MACS (Blue) and MACS +ve 

(Red) fraction population, with the numbers on each graph representing the MACS +ve 

population percentages. A) FSc and SSc diagram of cell populations with the three 

discernible populations highlighted (Granulocytes, Lymphocytes, and Mononuclear 

cells (MNC)). B) FITC channel fluorescence of the two populations highlighting the 

differences in fluorescence population from the pre-MACS at with the gate set at 1% 

and with aptamer stained section registering at 3.75% stained. 

 

MACS separation shows clear differences before and after, with high enrichment 

for the lymphocytes and MNCs, with a dramatic reduction in granulocytes 

between the pre-MACS (blue), and post MACS +ve fraction (red) (Figure 4-5 A). 

Gating the FITC fluorescence signal to 1% aptamer +ve before the addition of 

aptamers (blue) allows for precise detection of aptamer after addition and binding 

(red). The aptamer binding provides an increase in FITC signal from 1% to 3.75% 

within the MNC population (Figure 4-5 B). The aptamer +ve MNC cells were then 

sorted to a 15 mL falcon tube. 
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Sorted cells were made up to 2400 µL with DNase free water, and amplified as 

2.2.10.1. The recovered and amplified materials were then analysed through a 

cycle course and PAGE (Figure 4-6) (2.2.10.3).  
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Figure 4-6 - PAGE analysis of Round 1 FACS selection amplification and ssDNA 

generation. A) Clear amplification of the dsDNA as the cycles of amplification increased, 

with 16 and 17 cycles showing signs of aberrant products. Therefore, 13 cycles of 

amplification was chosen to generate dsDNA. B) Asymmetric PCR seeded from the 

dsDNA generated in A), showed dsDNA as well as ssDNA, subsequent digestion with 

Lambda Exonuclease showed degradation of the dsDNA, and subsequent treatment 

with Exonuclease I showed degradation of all DNA material proving the material 

generated was ssDNA. The ladder used is a 10 bp ladder, with brighter bands at 150, 

100, and 50 bp. 

 

The cycle course showed clean amplification of a single 80 bp nucleic acid, which 

was readily amplified as the PCR cycle number increased (Figure 4-6 A). The 

nucleic acid recovery was low, as very low amounts of dsDNA were seen at 10 

cycles of amplification, and aberrant products and smearing were observed at 15 

cycles and higher (Figure 4-6 A). 13 cycles of amplification were chosen for the 

remaining material. The resulting dsDNA was subsequently purified and used to 

seed an Asymmetric PCR (Figure 4-6 B). The Asymmetric PCR showed both ds 

and ssDNA, which when treated with Lambda Exonuclease, removed the dsDNA 

(80 bp). Subsequent treatment with Exonuclease I also removed the ssDNA (70 
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bp) and degraded the primers (<20 bp), proving the expected band at 70 bp is 

ssDNA. 

After purification of the ssDNA, the second round of selection was performed on 

a bone marrow sample, using conditions identical to those in Round 1. For this 

selection, an F75 sample was used as the aptamer target, treated the same as 

the M69 sample in Round 1, with MACS separation, and then FACS (Figure 4-7). 

 

Figure 4-7 - FACS analysis of cell populations and aptamer (FITC) fluorescence of 

aptamer selection Round 2. Comparison of the Pre-MACS (blue) and MACS +ve (red) 

fraction population, with the numbers on each graph representing the MACS +ve 

population percentages. A) FSc and SSc diagram of cell populations with the three 

discernible populations highlighted (Granulocytes, Lymphocytes, and Mononuclear cells 

(MNC)). B) FITC channel fluorescence of the two populations highlighting the differences 

in fluorescence population from the pre-MACS at with the gate set at 1% and with 

aptamer stained section registering at 40% stained. 

 

MACS separation shows differences before (blue) and after (red), with 

enrichment for the lymphocytes and MNCs (Figure 4-7 A), though a different 

population percentage was observed when compared to the sample from Round 

1 (Figure 4-5 A), which showed a dramatic decrease in granulocytes between the 

pre-MACS (blue), and post MACS +ve fraction (red) (Figure 4-5 A). Gating the 

FITC fluorescence signal to 1% aptamer +ve before the addition of aptamers 
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allows for precise detection of aptamer after addition and binding. The aptamer 

binding provides an increase in FITC signal from 1% to 40% within the MNC 

population (Figure 4-7 B). The aptamer +ve MNC cells were then sorted to a 15 

mL falcon tube. 

After FACS sorting aptamer recovery and PCR, an amplification cycle course was 

performed and the PCR products analysed by PAGE (Figure 4-8).  

 

Figure 4-8 - PAGE analysis of Round 2 FACS selection amplification and dsDNA 

purification. A) Amplification of recovered Round 2 materials showed proper 

amplification of correct materials until later rounds of amplification (14 onwards), as 

smears under the 80 bp band began to be more pronounced. Therefore, 11 cycles of 

amplification was chosen. B) The amplified material was then purified and showed a 

single band at the expected 80 bp, though it must be noted the band is less well defined 

compared to other gels. The ladder used is a 10 bp ladder, with brighter bands at 150, 

100, and 50 bp. 

 

The results show similar recovery to Round 1: after 11 cycles of amplification, low 

levels of dsDNA were seen (Figure 4-8 A). However, smearing was also seen 

from cycle 12, suggesting the materials were over cycled, and a lower cycle 

number should be used for the rest of the library. Therefore, 11 cycles were 
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chosen for the PCR amplification. The amplified aptamer library was then purified 

and analysed by PAGE (Figure 4-8 B). After purification, the dsDNA appeared 

less well defined on acrylamide gel compared to the amplification cycles, though 

all primers were removed (Figure 4-8 B). The pure DNA was then quantified using 

the Nanodrop and used to seed an Asymmetric PCR. The Asymmetric PCR 

product was then purified, Lambda Exonuclease treated, and a sample 

Exonuclease treated (Figure 4-9). 

 

Figure 4-9 - PAGE analysis of Asymmetric PCR of FACS selection Round 2 

materials. dsDNA materials were used to seed Asymmetric PCR and generated 

materials which are much larger (120 – 140 bp) and slightly smaller (70 bp) than the 

dsDNA (80 bp), while no ssDNA was generated. The Asymmetric PCR products were 

then subjected to enzymatic digestions to test the generated materials states. Lambda 

Exonuclease treatment partially degraded the dsDNA and to a lesser extent the larger 

product. Exonuclease I digestion degraded the primers and materials which were 

displaying at 70 bp, usually where ssDNA is expected. The ladder used is a 10 bp ladder, 

with brighter bands at 150, 100, and 50 bp. 

 

Seeding Asymmetric PCR with the purified dsDNA materials generated several 

products. PAGE analysis of Asymmetric PCR products showed only the presence 

of the dsDNA band (~80bp) but no ssDNA (~60bp). However, there was also a 

larger (120 – 140 bp) and slightly smaller (70 bp) bands generated (Figure 4-9). 

82 bp 

120 - 140 bp 

60 bp 

20 bp 



Chapter 4 

 

150 

 

Subsequent digestion of the PCR product with exonuclease I, removed the primer 

(<20 bp), but not any of the other material; confirming that these artefacts are 

dsDNA. Digestion of the purified PCR products with lambda exonuclease partially 

degraded all material. The 120 - 140 bp bands remained mostly unaffected, 

suggesting all of the bands displayed were dsDNA. This result was unexpected 

as the asymmetric reaction PCR contained only one primer.  

Generation of these aberrant products was not expected and led to an 

investigation of the materials and equipment used in the generation of the ds and 

ssDNA. Two thermocyclers were being used for amplification and incubation 

purposes. Therefore, differences between the two thermocyclers were assessed. 

In addition to the two thermocyclers, the 3 forward primers (un-modified, FAM-

modified, and cy5.5 modified) which were used were all assessed for differences 

in amplification. Finally, the aberrant products were more prevalent in the 

Asymmetric PCR: therefore, symmetric (2.2.10.1) and asymmetric (2.2.11) PCR 

methods were assessed as well. With all of these conditions identified each was 

set up, performed, and analysed by PAGE (Figure 4-10). 
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Figure 4-10 - Primer, amplification type, and thermocyclers were tested for the 

cause of the 120 - 140 bp aberrant products. Reactions were set up in batches and 

divided before being placed into the two thermocyclers, with each of the used forward 

primers tested in symmetric and Asymmetric PCR conditions. The red line divides the 

results between the two thermocyclers (PCR machine), where the blue line divides the 

symmetric and Asymmetric PCR results. The ladder used is a 10 bp ladder, with brighter 

bands displaying 150, 100, and 50 bp with each band between representing 10 bp size 

differences. 

 

The template DNA used for these tests was the recovered materials from Round 

1 of the FACS selection: this was the chosen template as, after one round of 

selection, the aptamer had been subjected to the cells but none of the 

amplification or purification processes. Therefore, if any amplification products 

were generated, they were not generated due to over cycling, eliminating that as 

a possibility compared to the Round 2 materials. Naive aptamer materials would 

have allowed for assessment of the equipment and the processes, but as soon 

as cells were introduced the same issue may have arisen again. Comparison of 

amplification patterns generated using the two available thermocyclers indicated 

no difference between the materials generated, suggesting that the artefacts are 

not due to incorrect thermal cycling. Comparison of PCR products generated 
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through symmetric PCR using the un-modified, FAM, and Cy5.5 labelled forward 

primers generated slightly differently sized materials, but as each was 

approximately 80 bp and the labelled dsDNA appears slightly larger; it was 

assumed that this difference was due to the labelled primer. Asymmetric PCR 

resulted in the formation of larger products (120 – 140 bp), as seen previously 

from Round 2 materials, suggesting that the ‘contamination’ was already within 

the FACS selection materials after Round 1, and therefore a new selection study 

would be necessary. 

 

4.4.4 Foetal femur selection 

Due to the slow isolation and selection processes involved when using bone 

marrow-derived cells, human foetal femur-derived cells were used in their place, 

given their ease of manipulation, proliferation rates and tissue relevance. Cells 

were seeded onto tissue culture flasks for the selection process, and the selection 

restarted using the unmodified aptamer library. Recovered cell bound aptamers 

were amplified in the post-recovery PCR before a cycle course was performed to 

determine an optimal number of PCR cycles. The recovered, amplified materials 

were analysed by PAGE (Figure 4-11 A). Moreover, the remaining materials were 

amplified by the determined optimal amounts, before purification, and seeding of 

Asymmetric PCR and processing to ssDNA which was also analysed by PAGE 

(Figure 4-11 B) 
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Figure 4-11 - PAGE analysis of cycle course and ssDNA generation of foetal 

selection Round 1 material. A) Recovered Round 1 material become visible at 3 cycles, 

and has a good level of materials generated by cycle 6. 5 cycles were chosen for the 

rest of the materials, B) materials were then purified and used to seed Asymmetric PCR, 

which showed dsDNA and generated ssDNA: treatment with Lambda Exonuclease 

removed the dsDNA, and subsequent Exonuclease I treatment removed all ssDNA. The 

ladder used is a 10 bp ladder, with brighter bands displaying 150, 100, and 50 bp, with 

each band between representing 10 bp size differences. 

 

PCR products are visible from cycle 3 of amplification and are shown to steadily 

increase with each cycle (Figure 4-11 A). 5 cycles of amplification were chosen 

for the remaining materials before purification and seeding for Asymmetric PCR. 

Asymmetric PCR generated ssDNA (60 bp) as expected. Digestion with Lambda 

Exonuclease removed the dsDNA, and subsequent treatment with the 

Exonuclease I removed the ssDNA and primers (Figure 4-11 B). The ssDNA was 

purified and used for Round 2 of selection. 

The selection was continued in this manner, with the cycle course and enzymatic 

tests until Round 5, where the selection process was interrupted. 

Materials recovered from Round 5 were tested for optimal cycles of amplification 

and testing of the generated ds via PAGE (Figure 4-12).  
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Figure 4-12 - PAGE analysis of cycle course and dsDNA purification of foetal 

selection Round 5 recovered material. A) amplification of the recovered materials 

showed aberrant products from Round 5 onwards, and the dsDNA band displayed 2 

bands. Despite this second band, 4 cycles of amplification were chosen for the remaining 

materials, B) purification of the material showed a single band at 80 bp, where the dsDNA 

is expected to present, and removal of the primers by Exonuclease I treatment did not 

affect the 80 bp band. The ladder used is a 10 bp ladder, with brighter bands displaying 

150, 100, and 50 bp, with each band between represented 10 bp size differences. 

 

All recovered materials generated bands of material slightly larger than the 

expected 80 bp dsDNA (approximately 85 bp): in addition, a larger second band 

from 5 cycles onwards was generated (120 - 140 bp) (Figure 4-12A). 4 cycles of 

amplification were chosen for the remaining materials, which were then purified 

and treated with Exonuclease I (Figure 4-12 B). The purified materials displayed 

as a single band, and treatment with Exonuclease I removed the primers. The 

dsDNA was then purified again, quantified, and used to seed Asymmetric PCR. 

As the larger 120 - 140 bp products were seen in the dsDNA cycle course more 

in-depth assessment of the Asymmetric PCR was carried out, using different ng 
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of the template to seed the reactions to assess for the aberrant products and 

identify the method which avoided generating it (Figure 4-13). 

 

 

Figure 4-13 - PAGE analysis of Asymmetric PCR of the purified foetal selection 

Round 5 material. Asymmetric PCR seeded with varying amounts of the purified dsDNA 

from Round 5 materials showed no generation of ssDNA, and a large aberrant products 

(120 – 140 bp) which increased in abundance as template was increased. Values across 

the top denote ng of template in the Asymmetric PCR reaction. The ladder used is a 10 

bp ladder, with brighter bands displaying 150, 100, and 50 bp, with each band between 

represented 10 bp size differences. 

 

Asymmetric PCR from the purified dsDNA was performed with a range of seeding 

template. PAGE analysis of the Asymmetric PCR products shows different results 

to the expected 80 bp with 60 bp bands (Figure 4-13). The 80 bp band, 

corresponding to the dsDNA template, was present, but no ssDNA at 60bp is 

seen. A pair of larger products at ~120 – 140 bp were seen, similar size to the 

artefacts seen in the previous primary cell selections (sections 4.4.2and 4.4.3). 

 

A sample of the aberrant Asymmetric PCR products were purified and digested 

to determine whether the bands were dsDNA (digested by Lambda Exonuclease), 
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or ssDNA (digested by Exonuclease I) or both. Digested samples were analysed 

by PAGE (Figure 4-14).  

 

 

Figure 4-14 - PAGE analysis of foetal selection Round 5 materials which were 

tested with digestions to identify the 120 – 140 bp material characteristics. Testing 

of the materials generated at Round 5 another Asymmetric PCR was seeded (Asym) 

and the aberrant products can be seen, in addition to a low amount of ssDNA. Digestion 

of the Asymmetric PCR with Lambda Exonuclease (Lambda) showed degradation of the 

80 bp and the 120 – 140 bp bands. Treatment of the Asymmetric PCR with Exonuclease 

I (Exo) showed degradation of the primers. Treating the asymmetric product with both 

enzymes removed all bands (full digest). The materials used as a template for the 

Asymmetric PCR were also shown (temp). The ladder used is a 10 bp ladder, with 

brighter bands displaying 150, 100, and 50 bp, with each band between represented 10 

bp size differences. 

 

The 2 larger bands were degraded (Figure 4-14) (but not completely removed) 

when treated with Lambda Exonuclease, suggesting that they are dsDNA, with a 

PO4 modified strand. Treatment with Exonuclease I did not affect any of the upper 

bands, in agreement with the suggestion that these bands are dsDNA. The 
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digestion of the primers confirms that the Exonuclease I is active. Digestion with 

both enzymes degraded all materials. 

As both of the upper bands were digested by Lambda Exonuclease, this 

suggested that material was both dsDNA and carried a PO4 modification. As only 

the forward primer was present in the Asymmetric PCR, the 120 – 140 bp 

amplification products may have been ssDNA which was folded on itself. Testing 

whether the product was ssDNA was carried out by adding the reverse primer to 

the 120 - 140 bp materials, and a further cycle of amplification was performed. 

This reaction would produce the sense strand for any ssDNA present within the 

reaction and become dsDNA; the results of these tests were then analysed by 

PAGE (Figure 4-15).  

 

Figure 4-15 - PAGE analysis of tests to prove whether aberrant products were ss 

or dsDNA. Template (temp) was the same purified materials as used in Figure 4-14, 

however, when stained for a prolonged period, the larger products (120 - 140 bp) were 

visible. The template was then used to seed an Asymmetric PCR (Asym). The 

Asymmetric PCR materials were then taken and reverse primer added to perform a 

single cycle of symmetric PCR; this resulted in more products of all sizes (re-PCR). The 

ladder used is a 10 bp ladder, with brighter bands displaying 150, 100, and 50 bp, with 

each band between represented 10 bp size differences. 

 

20 bp 

82 bp 

120 - 140 bp 



Chapter 4 

 

158 

 

As the 120 - 140 bp materials were still present on the gel after the cycle of 

symmetric amplification, this suggested that the 120 - 140 bp products were not 

ssDNA which was folded on itself (Figure 4-15). However, it should be noted that 

the 120 – 140 bp materials were amplified from the amount seeded, which 

suggests the material was actively amplified in Asymmetric PCR but did not 

appear to amplify when both primers were present. 

 

As the 120 - 140 bp aberrant PCR artefacts have now appeared across 3 different 

selections, it was thought that the reagent stocks used within the selections, 

amplifications and purifications could be the source of this contamination, as the 

primers and buffers had been remade/reordered in-between each selection 

iteration. The purification beads were identified as a potential source of 

contamination as they have been reused. The recycling of the purification beads 

is standard practice in other labs (personal communication), but it is possible that 

the washing was insufficient to remove the contaminants. New beads were used 

to purify the dsDNA from the FACS selection Round 1. If the beads were the 

source of this contamination, Round 1 materials had not yet been purified using 

the beads. The purified PCR products were used to seed an Asymmetric PCR, 

which was then digested and analysed by PAGE (Figure 4-16).  
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Figure 4-16 - PAGE analysis of amplification of newly purified materials from new 

purification beads in an attempt to prevent the 120 - 140 bp aberrant products.  

Round 1 materials were processed with a new batch of beads which then seeded 

Asymmetric PCR. Temp was the result of the Asymmetric PCR, which was subsequently 

treated with either Lambda Exonuclease (Lambda) or Exonuclease I (Exo). The 

template, despite being generated from materials purified with only new beads, still 

generated the larger products (120 – 140 bp) but also generated ssDNA (60 bp). The 

enzyme digestions both behaved the same as in Figure 4-15. The ladder used is a 10 

bp ladder, with brighter bands displaying 150, 100, and 50 bp, with each band between 

representing 10 bp size differences. 

 

The 120 – 140 bp bands were still present when using the new beads, suggesting 

the 120 – 140 bp materials were not contamination from the purification beads. 

After eliminating the purification beads as a potential source of the contamination 

further sources were tested, including the cells and water alone. These tests were 

performed to check if the origination of the contamination is the cells, or the 

process itself. Each of these was used as ‘templates’ in a mock ssDNA 

preparation; including the 4 cycles of PCR amplification, 10 cycles of PCR 

amplification, bead purification, Exonuclease I digestion, bead purification, and 
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Asymmetric PCR. The resulting amplification products were analysed by PAGE 

(Figure 4-17).  

 

 

Figure 4-17 - Testing of beads, cells and Asymmetric PCR alone through PAGE to 

identify the source of the 120 - 140 bp aberrant products. Materials were tested to 

identify aberrant products source. Cell scraping shows no materials with symmetric PCR 

(cell scrapping), however, once the subsequent reaction was used to seed as 

Asymmetric PCR after purification generated large products (120 - 140 bp). Testing of 

the beads alone showed no materials in symmetric or Asymmetric PCR. Primer alone 

generated no product in Asymmetric PCR. The ladder used is a 10 bp ladder, with 

brighter bands displaying 150, 100, and 50 bp, with each band between represented 10 

bp size differences. 
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No PCR products were visible from the symmetric PCR using the cell or bead 

templates (cell scraping and bead recovery). However, when those same PCR 

products were used to seed an Asymmetric PCR, the 120 - 140 bp bands were 

present in the ‘cell scraping only’ sample. No artefacts were seen in the bead 

recovery or primer alone reactions. This result suggested the material is 

generated from primary cell material. 
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4.5 Discussion 

This chapter aimed to utilise the same methods used to isolate aptamers specific 

to the SAOS-2 cell line (Chapter 3), to generate aptamers which were specific to 

the SSC population. Despite the success observed in Chapter 3, the same 

methodology was not reproducible in the primary bone cells. 

 

4.5.1 Preselection optimisation 

Utilising the same method of pre-selection optimisation as in Chapter 3, the 

optimal salt conditions and incubation time for selection were assessed. The 

results indicated an optimal protocol incorporating 60 minutes incubation with a 

1x physiological salt equivalent. This selection condition enabled aptamers to fold, 

approach, and bind to various targets through masking of charges as discussed 

in Chapter 3. The pre-selection optimisation results did not show similar trends to 

the pre-selection optimisation in Chapter 3. Time and salt concentrations of 0x 

and 1x showed decreasing recovery with time, while with 10x salt, recovery was 

unaffected by time. As discussed in Chapter 3, different salts facilitate the 

formation of aptamer structure (Smestad and Maher, 2013, Lane et al., 2008), 

mask repulsive charges (Hianik et al., 2007, Yan and Huang, 2009), and facilitate 

protein-nucleic acid interactions.  

 

4.5.2 Bone marrow selection 

The bone marrow selection was performed on samples which were isolated and 

grown in tissue culture flasks (T-75) until confluent. This method allowed several 

flasks to be seeded from a single patient. Different seeding densities of 20,000, 

10,000, or 5,000 cells were used for confluence in 3, 4, or 5 days respectively (0), 

to allow aptamer amplification and purification to be performed before flask 

confluence. There is an argument that culturing the primary cells on tissue culture 

plastic can cause changes to the cells’ expression profile (Januszyk et al., 2015), 

which could alter the surface markers on the cells, thereby potentially eliminating 
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the potential SSC markers being detected through aptamer selection. Therefore, 

selecting aptamers against cells which have not been cultured offers a cell 

population which is more representative of the source material and ‘normal’ 

expression of biomarker targets for the aptamers to bind.  

Despite several controls and quality control steps within the aptamer amplification 

protocols, an aberrant 120 - 140 bp PCR product was seen in the recovered and 

amplified aptamer material. The contamination appeared to be readily amplifiable 

and persisted between purifications, which suggested that it was initially present 

in lower concentrations but not visualised on the acrylamide gel. 

As the 120 - 140 bp products were present in the Round 2 selection material, 

there were no previous materials to return to within the selection. Therefore, only 

a new selection could be performed using the naive N40B library as the template. 

However, the experience of using the primary cells as a target allowed for the 

development of the methodology, and allowed for other methods to be 

incorporated into the next selection.  

 

4.5.3 Bone marrow FACS selection 

To ensure contamination of the previous selection would not be carried over, new 

primers and media were used, in an attempt to eliminate the proliferation of 

template contamination which may have been present.  

The incorporation of FACS into the aptamer selection offered an opportunity to 

monitor the aptamer selection process round on round, as well as after the 

selection with qPCR. The signal generated from the fluorescently tagged 

aptamers allowed for sorting of only cells which had bound aptamers, through 

careful gating and recovery, and cells bound with aptamers from Round 1 to 

Round 2 significantly increased (Figure 4-5 and Figure 4-7). This process would 

have allowed for greater population narrowing later in the rounds of selection (and 

therefore more stringent selection) through the use of the STRO-1 and CD146 

antibodies. 
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The utility of the MACS/FACS isolation, in combination with the aptamer selection, 

provided a promising platform for SSC biomarker discovery. However, the 

entirety of the protocol had many stages and took an extended period to perform, 

with each round of isolation and selection taking approximately 12-13 hours. 

Despite the protocol length, performing the isolation and selection in one 

extended methodology without culturing the cells limited any potential changes in 

expression (and potentially epitopes). The use of this method, therefore, provides 

the closest natural expression and presentation available outside of a human 

body, and therefore the most accurate cell source for aptamer selection. 

Despite generating and ordering new materials between selections with new 

forward and reverse primers, selection media, and folding media, and naive 

aptamer library; the same aberrant 120 -140 bp PCR products were generated in 

the two separate attempts at the BM selections (Figure 4-4 and Figure 4-9). The 

fact that the material has been identified after Round 2 but not Round 1 of 

selection suggests that the materials are in low concentration after Round 1 of 

selection and are retained, and therefore build up until are visible on the 

acrylamide gel. 

Comparing the materials generated from identical programs on thermocyclers 

allowed for the testing of whether alternating between available equipment during 

aptamer preparation affected the outcomes. From the results gathered from the 

tests, the two thermocyclers produce identical materials in both symmetric and 

Asymmetric PCR (Figure 4-9), which narrowed the possible sources of aberrant 

products generation to be within the reaction and not the reaction conditions 

themselves. 

Because of the appearance of the 120 - 140 bp products in two aptamer 

selections involving the primary BM cells, and the time required for each isolation 

and selection, an alternative target population was needed. The alternative target 

of foetal femur-derived MSCs allowed for a more readily available cell source 

which can be cultured with rapid cell expansion for desired cell numbers, as well 

as maintaining expression and potential epitopes which may be used to identify 

and isolate SSCs. 
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4.5.4 Foetal femur selection 

As mentioned above, the foetal femur cells proliferate readily in tissue culture 

flasks and therefore allow for rapid expansion of the cells to specific densities, 

which are suitable for aptamer selection. Like the bone marrow selection, seeding 

cells into flasks at various densities (20, 10, and 5 thousand per cm2) allowed for 

several flasks with the same passage from the same patient to be ready for 

selection several days apart (3, 4, and 5 days respectively) (2.3.8), thereby 

maintaining the passage at which the selection was performed. Maintaining the 

passage at a low number, as well as the same number for selections, would 

reduce any potential expression and epitope changes induced by extended 

culture. 

The foetal femur cells offered a robust, proliferative population to work with, as 

well as being similar to cells derived from adult bone marrow (Mirmalek-Sani et 

al., 2006), which provided an excellent population to work with for aptamer 

selection. 

Despite the use of new materials similar to those used before in the SAOS-2 

selection (Chapter 3) (unmodified forward primers); new reverse primers; new 

selection and folding media; new DNase free water; and PCR reagents, the 

aberrant 120 - 140 bp PCR products were again present within the amplified 

materials. The presence of this larger material was not seen until much later in 

the foetal femur selection compared to the BM isolated cells (Round 5 compared 

to Round 2). Although there was a delay in the identification of the artefact, the 

fact that the material is present again within selection materials which posed an 

issue and needed further investigation in order to identify the source of the 

contamination. 

Testing of the material using enzyme digestions showed that the material was 

dsDNA, despite appearing to be generated during Asymmetric PCR, where only 

one primer was present (Figure 4-15). Despite this finding, when subjected to the 

Lambda Exonuclease, the materials were degraded, suggesting that the 

materials present do have a PO4 modification on one of the DNA strands. 
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Having eliminated the thermocyclers as a potential source of the PCR artefact 

(Figure 4-10), primers and selection materials were eliminated as well as new 

primer and selection materials for each of the selections. Therefore, the next 

materials to test for contamination were the purification beads. As the beads are 

washed and re-used, they have the potential to carry over materials from previous 

purifications. However, the beads were proven not to be the source for the 120 – 

140 bp materials, as performing the purifications using new beads did not affect 

the emergence of the PCR artefact (Figure 4-16). Regarding troubleshooting the 

issue, these results left only the primers and the cells as a source; but as the 

product had not been seen in the SAOS-2 selection (Chapter 3), the primers were 

an unlikely source. By performing the usual methodology for ssDNA production, 

with cells only, primer only, and later a primer only Asymmetric PCR, it was seen 

that the primer process and the primer only Asymmetric PCR did not produce any 

product. However, the ‘cell alone’ control did produce the 120 – 140 bp products 

during Asymmetric PCR (Figure 4-17). This result suggests that there is a 

sequence within the cells which is amplifiable with the current aptamer primers. 

Interestingly, the 120 – 140 bp products were not seen within the SAOS-2 

selection, which is also of human bone origin. The lack of 120 – 140 bp products 

in the SAOS-2 cells, but the presence in the primary cells, may suggest that the 

sequence which is being amplified may be more readily available for amplification 

within the primary cells. 

The identity of the 120-140 bp aberrant product may be discovered through gel 

purification and next-generation sequencing. As the products have different 

lengths, Sanger sequencing may not be the correct technique to use as the length 

differences and potential sequence differences will affect the results. However, 

this process would have been a rather time-consuming and potentially expensive 

endeavour, on an already time constrained project. When the 120 - 140 bp 

product first became an issue in the bone marrow selections the industrial 

partners discouraged identification of the 120 -140 bp product as it was a failure 

of the aptamer selection and would not contribute towards a functional aptamer. 

However, as several selections failed due to this 120 - 140 bp product 

identification may have been the better course of action as it may have aided in 
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designing a new aptamer library and primers which are not susceptible to 

amplification of this sequence in the presence of primary cells. 

 

In conclusion, the aptamer technology, while extremely exciting in the field of 

biomarker discovery, does have some issues to be resolved for this selection to 

be completed. The fact that the 120 - 140 bp PCR artefacts were generated only 

in the presence of the primary tissue suggests that the primer(s), and therefore 

the aptamer library design, may not be compatible with this kind of cell. 

Redesigning of an aptamer library to include longer primer regions (to limit 

unspecific sequence amplification) is one possibility. Another option would be to 

use more in-depth primer analysis tools to ensure there is no match between the 

genome and primers. This chapter also highlights that even with the many QC 

steps within the protocol, these are only as good as the detection levels possible 

with the acrylamide gel, and materials in low concentrations can go un-noticed 

until purified or amplified. Analysis of the nucleic acids on a BioAnalyzer would 

enable a more accurate and specific read into the materials generated and in 

what quantity in every sample, however, this form of analysis is costly, and a 

single sample would not fill the chip’s 12 sample slots. This method would be 

more viable if multiple selections were taking place at once, so that the expensive 

chip and reagents are not used only for a single sample. 

To this end, aptamer-based marker enrichment was not performed on the SSC 

population, and alternative methods of characterisation were carried out. This is 

the Drop-Seq methodology, which provides single-cell gene expression profiling, 

thereby identifying populations of cells of interest within the target population: in 

this case, the bone marrow. 
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Chapter 5 Skeletal stem cell enrichment and 

characterisation utilising FACS and Droplet 

Sequencing  

5.1 Introduction 

Bone is a complex multicellular structure, comprising some closely associated and 

structured cells, with discrete functions. However, the relative complexity of the 

skeletal system and its encompassed cells hampers our ability to characterise its 

cellular populations, predominantly due to heterogeneity within the bone marrow 

environment (Mendez-Ferrer et al., 2010, Vogel et al., 2003). Isolation of cell 

populations using surface markers and either MACS or FACS (Bonner, 1972, Miltenyi 

et al., 1990) has enabled a more detailed interrogation of cell populations throughout 

the body (Rifai et al., 2006). Cell marker based isolation can also be used on bone 

marrow populations (Jarocha et al., 2008, Sorrentino et al., 2008, Worthley et al., 

2015); adipo- and osteogenic differentiated populations (Kollmer et al., 2013); and 

cancerous and non-cancerous populations (Ray et al., 2012, Diamandis, 2004). MACS 

and FACS can be used for more general population isolation and enrichment. Rare 

populations, with yet uncharacterised cellular markers, cannot be isolated and 

investigated as easily. For example, SSCs do not currently have an identified single 

unique, or set of, marker(/s), which may facilitate isolation for characterisation, or 

downstream applications such as their use in therapy (Gothard et al., 2011, Bianco 

and Robey, 2015, Lv et al., 2014).  

The rarity of suitable specific stem cell markers has limited the use of FACS and MACS 

in SSC isolation. However, current markers and cell characteristics can be used for 

enrichment rather than isolation of the SSC population (Quirici et al., 2002, Gronthos, 

2003, Jarocha et al., 2008, Worthley et al., 2015, Xavier et al., 2017a, Xavier et al., 

2017b). Assessing the purity of the SSCs can be subsequently evaluated using 
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approaches like the CFU-F assay (Kern et al., 2006, Gothard et al., 2013), and 

differentiation assays (Carey et al., 2006, Ramirez-Zacarias et al., 1992). The main 

advantage of utilising the CFU-F assay is that it provides evidence of colony forming 

potential, a stem (progenitor) cell-associated trait (Owen and Friedenstein, 1988). The 

use of the aptamer technology was to provide an alternative approach to the already 

in-use antibodies used for SSC enrichment, however, as the selections failed, the use 

of the antibodies provided an alternative approach for investigating the SSC 

characteristics. 

Within this chapter, human bone marrow cells will be sorted based on the CD146 and 

STRO-1 antibodies, selected due to their association with stem-like properties to 

enrich for the SSC population (Sorrentino et al., 2008, Gothard et al., 2014). The 

epitope recognised by the STRO-1 antibody marks a cell population that has been 

shown to encompass all CFU-F within the bone marrow (Simmons and Torok-Storb, 

1991) and has recently been described as binding to heat shock cognate 70 (HSC70) 

(Fitter et al., 2017). While a member of the heat shock protein family HSP70 and 

HSC70 do not have similar functionality and perform actions within a normally 

functioning cell (Goldfarb et al., 2006, Soss et al., 2015). A further subset of the STRO-

1 + cells is the STRO-1BRIGHT population, which is a STRO-1 expressing population 

identified by FACS, identifying the cells with the highest abundance of STRO-1 antigen 

(the top 10% brightest cells). The STRO-1BRIGHT cells have been shown to have a 

higher CFU-F capable population (Gronthos, 2003). Another marker, CD146 (M-CAM) 

(Shih, 1999), has been shown to enrich for the SSC population (Sorrentino et al., 2008, 

Sacchetti et al., 2007). The clonal progeny of individual CD146+ cells can form 

heterotrophic ossicles and even reform ossicles following a second transplantation 

(Sacchetti et al., 2007). The self-renewal and multipotent properties of CD146+ cells 

suggest that the SSC population is within this CD146+ subpopulation. Also, CD146- 

cells did not form colonies (Sacchetti et al., 2007): thus, the SSC population should be 

found within the two populations, which can be identified using STRO-1 and CD146. 

Here, these antibodies will be combined with MACS and FACS to enrich the SSC 

population, with FACS providing additional information about the cells isolated from 

the bone marrow and enriched using MACS (Figure 5-1). Using the FACS 

characteristics of forward scatter (FSc) and side scatter (SSc) alone, bone marrow 
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populations can be determined by size and granularity, respectively, with lymphocytes 

and mononuclear cells having low granularity when compared to granulocytes, but 

separated by size. 

 

 

Figure 5-1 - Schematic representation of the FACS plot of forward and side scatter of a 

bone marrow sample. FACS analysis of the bone marrow show several distinct populations 

characterised by the side (granularity, or complexity of the structures within the cytoplasm) 

and forward (size of the cell) scatter.  

 

Once the cells have been enriched from a bone marrow sample, further 

characterisation via CFU-F assays will be performed, in addition to expression profiles 

determined using Drop-Seq. Drop-Seq is an innovative, low-cost, single-cell RNA 

sequencing platform that allows full transcriptome sequencing of many thousands of 

individual cells (Macosko et al., 2015) within a single experiment. The resultant 

sequence data would be analysed using Principal Component Analysis (PCA), 

assessing populations for unique expression profiles that potentially may be used for 

isolation purposes to further enrich SSCs. 
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5.2 Aims and objectives 

5.2.1 Hypothesis 

Bone marrow cells can be sorted using a combination of currently-used antibodies to 

enable further characterisation of the heterogeneous bone marrow population in 

combination with single cell RNA analysis to identify the SSC. 

5.2.2 Aims 

1. To use the STRO-1 and CD146 antibodies to identify a skeletal stem cell 

population containing the highest CFU-F.  

2. To use an enriched SSC population and single cell RNA analysis (Drop-Seq) 

to enhance the characterisation of the cells’ marker expression profile. 

3. To identify novel markers using single cell RNA analysis (Drop-Seq which may 

be used to further characterise and isolate the SSC population. 
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5.3 Methods 

Methods and materials used in this chapter are detailed in Chapter 2 (2.4) 

The statistical tests used in this chapter are also references within Chapter 2 (2.5) 

The code for analysis is detailed with all figures generated in Appendix 1. 

Due to the complexity of the processes performed in this chapter, a workflow diagram 

has been included to aid in the replication of this technique Figure 5-2. 
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Figure 5-2 - Workflow diagram of Bone marrow Drop-Seq. 

Preparation of samples for Drop-Seq analysis is not easy, however, the data that can be 

gained from this complicated makes this process a worthwhile endeavour. Pink boxes are 

related to the cells, beginning with the sample preparation. Then the inclusion of the antibodies 

(yellow) for the MACS and FACS processes (dark pink). Output from the FACS can then either 

be used for CFU-F analysis of the samples, or Drop-Seq analysis. The preparation of a Drop-

Seq library is linear from this point, with two decision steps with the quantification using the 

BioAnalyzer to ensure the Library preparation has been performed correctly until that point, 

as well as informing on next steps. The final output of the process is the next generation 

sequencing data which is the gene expression profile of many individual cells, (maximum of 

2000 due to number of beads used). 
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5.4 Results 

5.4.1 MACS and FACS sorting of primary cells 

Several human bone marrow samples were magnetically and fluorescently cell-sorted 

to be enriched based on STRO-1 and CD146 markers. Each of the samples was 

assessed at multiple points: specifically, after erythrocyte lysis, after MACS isolation 

(with the two fractions negative and positive assessed), and after immunolabelling with 

FITC labelled anti-mouse IgM antibody and Alexa Fluor 647™ anti-human CD146. 

The samples were analysed via FACS (Figure 5-3).  
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Figure 5-3 - FACS assessment of cell populations before and after MACS separation 

using the STRO-1 antigen. RBL (red blood lysis) represented the fraction of cells after 

lymphoprep and red blood cell lysis, before MACS separation, MACS –ve and +ve 

represented the two fractions generated by MACS separation using the STRO-1 antigen. A-C 

illustrate cell populations and their FSc and SSc characteristics following MACS separation. 

(A) FACS characterisation of cells after lymphoprep and red blood lysis. (B) MACS –ve fraction 

or STRO-1 –ve cells. (C) MACS +ve fraction or STRO-1 +ve cells. (D) The composition of cell 

populations post MACS based STRO-1 antigen sorting. Granulocytes reduced in the MACS 

+ve fraction and enriched in the MACS –ve population. Monocyte and lymphocyte fractions 

increased in proportion following MACS enrichment. n=5, bars represent standard deviation. 

 

The proportions of the cell types are altered through a stepwise separation with clear 

enrichment of the mononuclear and lymphocyte fractions following MACS separation, 
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predominantly through the removal of the granulocytes (Figure 5-3 A, B, and C). FACS 

based STRO-1 antigen application demonstrated a clear population enrichment for the 

monocyte and lymphocyte fractions with depletion of the granulocytes before labelling 

with antibodies (Figure 5-3 C and D). Following MACS separation of the cells based 

on the STRO-1 antigen, immunolabelling of the MACS +ve fraction was performed, 

and the subsequent shifts in fluorescence were assessed using FACS. The STRO-1 

antibody (mouse anti-human STRO-1 IgM), the secondary (goat anti-mouse IgM 

Alexafluor 488), and the CD146 antibody (mouse anti-human CD146 Alexafluor 647) 

provide the binding to antigens and the fluorescent signal shifts away from the baseline 

level, seen in the unlabelled population (Figure 5-4). 
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Figure 5-4 - Immunolabelling of the MACS +ve fraction allowed for cell population 

differentiation based on the fluorescence levels. A) Shift in STRO-1+ MACS fractions 

highlighting MACS enrichment with a STRO-1+ population (94.7%) in the STRO-1+ gate. Of 

this STRO-1+ population the cells with the highest expression, and therefore more bound 

antibodies, produce a brighter fluorescent signal, the brightest 5-10% of the STRO-1+ 

population known as STRO-1BRIGHT. B) CD146 detection before and after immunolabelling of 

the MACS STRO-1+ fraction demonstrated a shift to 3.69% of cells expressing. C) Total 

events which were detected with isotype labelling and STRO-1 labelling. D) Total events which 

were detected with isotype labelling and CD146 labelling. (A and B) Fluorescence data from 

the F47 sample before and after STRO-1 and CD146 labelling respectively highlighting the 

percentage of MNCs within the positive gate. (C and D) Data from n = 5, showing total 

population percentage changes. Error bars were determined from standard deviation. 

0

10

20

30

40

50

P
er
ce
n
ta
ge

 o
f 
ce
lls
 p
o
si
ti
ve
 f
o
r 
d
e
si
gn

at
ed

 
m
ar
ke
r

(%
)

STRO‐1 labelling

C

0

0.5

1

1.5

2

2.5

3

P
er
ce
n
ta
ge

 o
f 
ce
lls
 p
o
si
ti
ve
 f
o
r 
d
e
si
gn

at
ed

 
m
ar
ke
r

(%
)

CD146 labelling

D



 

179 

 

 

The FACS analysis showed the STRO-1 enrichment of the BM population with a 

corresponding enhanced percentage of STRO-1+ cells (94.7%) (Figure 5-4 A). In 

contrast, CD146+ cells represented a smaller proportion of the STRO-1+ cell 

population (3.69%) (Figure 5-4 B) following assessment by FACS. Analysis of 

populations isolated using MACS and FACS demonstrated a significant shift in the 

STRO-1+ cells (from 1% to 94.7%) as expected following enrichment. The CD146+ 

expression demonstrated a modest shift from 1.36% to 3.69% of cells, and thus 

CD146+ cells represent a smaller population within the STRO-1 enriched population. 

The successful immunolabelling allowed for the isolation of specific populations to be 

assessed for colony forming capacity. 

Figure 5-4 C and D showed a comparison of total events registering positive with 

isotype and marker immunolabelling, which highlighted similar population proportions 

across 5 samples. Total events were used instead of cells or MSCs, as the samples 

varied with proportions of populations, and assessing what the proportions were after 

MACS would be important if the population were used after MACS alone. 

 

5.4.2 CFU-F assays of sorted cells 

Sorting of the cells provided many different sub-populations using MACS and FACS. 

However, the MACS and FACS alone do not indicate the level of enrichment for the 

stem-like cells. Therefore, the cells isolated using FACS based on the STRO-1 and 

CD146 expression were plated at 10 cells per well of a 96 well plate. The cells were 

cultured for two weeks, changing the media after week one, and assessed for colony 

formation. Distinctively individual colonies containing at least 50 cells were counted 

and the data collected and assessed to display the population which had the highest 

number of CFU-Fs, and therefore the greatest enrichment for the stem-like cells 

(Figure 5-5).  
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Figure 5-5 - The number of CFU-F following MACS and FACS separation was compared 

across different marker separation variations. Colonies were isolated using specified 

markers, 10 cells plated into each of a 96 well plate, which were subsequently cultured for 2 

weeks before being fixed and counted. The colony numbers were calculated to the CFU-F 

potentially present within 10,000 cells. n=3. Statistical analysis was performed with Mann 

Whitney tests, no statistical significance was detected. Error bars were calculated and shown 

as standard deviation. 

 

The sorting of several samples provided data from a multitude of patients, which 

highlighted patient-to-patient variability in the number of CFU-F that were present in 

each of the samples. For example, some samples produced a high number of colonies 

across all conditions, where some had very few colonies form. However, there was a 

clear trend that the combination of the STRO-1BRIGHT+ (the highest STRO-1+ 

expressing cells identified by fluorescence intensity, gated at the top 10% brightest 

STRO-1 + cells) and CD146+ had a higher number of colony forming units (Figure 

5-5). 
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Despite a trend for enhanced colony formation from STRO-1BRIGHT + CD146+ skeletal 

populations, compared to the other cell populations, no significant difference in CFU-

F was observed using the Friedman statistical test, comparing each of the populations 

with a P-value set at 0.05. Another issue with sample-to-sample variation was that 

some samples had minimal CD146+ expression. 

Different isolation strategies yield different subsets of cells, which may display different 

morphologies. Therefore, imaging and comparison of the isolated sub-populations 

should be carried out to ensure morphology was not affected by the markers used for 

isolation. After the colonies were counted, the colonies were imaged and assessed for 

morphological differences caused by the difference in the markers used for isolation 

(Figure 5-6).  
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Figure 5-6 - BM cells were isolated and grown on tissue culture plastic and 

morphologies compared to assess morphology differences based on marker 

separation methods. A) Showed STRO-1+ isolated 10 cells per well, which were cultured for 

2 weeks before being fixed and assessed for colonies. B) Showed STRO-1BRIGHT+ CD146+ 

isolated 10 cells per well, which were cultured for 2 weeks before being fixed and assessed 

for colonies. A and B 2.5x magnification. 

 

Colonies generated from either the STRO-1+ marker or the STRO-1BRIGHT + CD146+ 

did not display any differences in morphology within the colonies from each fraction. 

4x magnification Figure 5-6 A and B showed similar morphological features between 

STRO-1+ isolated and STRO-1BRIGHT+ CD146+ isolated cells. 

Despite the increased trend for higher colony forming units within the STRO-1BRIGHT 

CD146+ cells, this population represented a tiny proportion of the samples (with only 

48 cells identified within a 10,000 cell snapshot of the sample during cell 

characterisation before cell sorting). This limited cell number proved insufficient to 

perform Drop-Seq, as 100,000 cells are necessary for encapsulation and subsequent 

sequencing of the cells because of the probability of beads and cells being co-

encapsulated allowing for analysis, and losses within the microfluidic chamber. 

Therefore, a population of cells from which a more substantial number of cells could 

be isolated was required. To this end, a combination of the STRO-1+ MACS and 

CD146+ based FACS was chosen to generate sufficient cells to enable single cell 

RNA (Drop-Seq) characterisation. Therefore the STRO-1 and STRO-1 + CD146 cells 
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needed to be compared to ensure there are no significant differences morphologically 

(Figure 5-7). 

 

 

Figure 5-7 - STRO-1 and STRO-1 + CD146 isolated cells compared in morphology. Cells 

were isolated using either STRO-1 only or STRO-1 then CD146 antibodies using FACS, these 

two cell populations were then cultured and imaged to assess cell differences between these 

populations before their use in Drop-Seq. A and C are STRO-1 isolated cells at 5x and 10x. B 

and D are STRO-1 + CD146 isolated cells at 5x and 10x. Cells were isolated based on STRO-

1 + or STRO-1 + CD146 + and 10 cells placed into each 96 well plates, before being cultured 

for 2 weeks. When the cells were fixed and assessed for colonies. The wavy patterns on C 

and D are an effect at higher magnifications on tissue culture plastic. 

As can be seen in Figure 5-7 colonies formed from STRO-1 isolated, and STRO-1 

CD146 isolated cell populations did not vary in morphology. However, it can be noted 

that this sample grow more slowly than the sample used for STRO-1 + and STRO-
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1BRIGHT+ CD146+ comparison (Figure 5-6). However as the cells showed no difference 

in morphology, the STRO-1+ CD146+ cells were then used for Drop-Seq analysis. 

5.4.3 Drop-Seq of enriched SSC 

Using STRO-1+ MACS followed by STRO-1+ CD146+ FACS based separation, 

human bone marrow cells were sorted to enrich for the SSC population, which were 

subsequently processed for Drop-Seq. After ensuring library purity and integrity 

following PCR and ‘tagmentation’ using the BioAnalyzer, the resultant materials were 

sequenced. The raw reads from the next generation sequencing were aligned to the 

human genome (hg19) and analysed by Digital Gene Expression (DGE) matrix 

(Rodriguez-Esteban et al., 2015). The genes were then assessed for PCA, and the 

PCs assessed using the heatmaps generated for each to assess for gene importance 

to cell population differences (Figure 5-8).   
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Figure 5-8 - The principal components were assessed for substantial variance for those 

which should be included in the cell clustering analysis. A) Principal Component 1 (PC1) 

showing 2 distinct expression profiles. B) Principal Component 2 (PC2) showing 2 distinct 

expression profiles. C) Principal Component 3 (PC3) showing 2 distinct expression profiles. 

D) Principal Component 4 (PC4) showing no distinct expression profiles. Yellow represents 

up-regulation, purple represents down-regulation, and black represents no expression.  

A B 

C D 
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Figure 5-8 showed that the Components 1, 2, and 3 (Figure 5-8 A, B, and C, 

respectively) displayed distinct gene groupings within them that can be used for 

clustering of cell populations in the tSNE analysis. Figure 5-8 D showed no real 

variation in the expression of genes within the principal component, and therefore, 

would most likely only add noise to the analysis, reducing the ability for cluster 

identification. Therefore, only the first 3 PCs were used in further analysis. 

The first 3 PCs were used to identify cells with common and different expressions. 

Common expressions of genes located cells within proximity were different 

expressions of genes located cells further apart within the TSNE plot (Figure 5-9).  The 

TNSE plot allows for ease of visualisation of multiple dimensions (PCs) with similarly 

expressing clusters being grouped. The apparent groupings relate directly to 

expression similarity. However, the distance between the clusters should not be used 

as a measure of cluster differences or similarity, and should not be used for making 

statements about the data without further analysis.  
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Figure 5-9 - A TSNE plot was generated using the first 3 PCs to identify cell clusters 

based on gene expression profiles. The clusters were identified using a resolution of 1.2 by 

the Seurat FindClusters command. Clusters 0, 1 and 7 are grouped into one cell population, 

Clusters 2 to 6 were grouped into a further cell population, and Cluster 8 was observed to be 

independent of the other two larger groups. 

 

A resolution of 1.7 during the FindClusters command identified 9 clusters due to their 

expression profiles. The 9 clusters were localised into 3 distinct locations within the 

TSNE plot (Figure 5-9). Clusters 0, 1, and 7 were localised into one grouping; Cluster 

2, 3, 4, 5, and 6 into another grouping; and Cluster 8 represents a unique population, 

different from the other 2 groupings. 

As the clustering identified 9 unique clusters, each of the clusters was interrogated for 

the 2 genes with the highest significance from other clusters (determined using the 

‘bimod’ statistical test). These genes were superimposed on the TSNE plot to 

demonstrate where the genes were expressed (Figure 5-10).  
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Figure 5-10 - Cells with positive gene expression overlaid onto the TSNE to highlight areas of abundant gene expression. The top two gene hits from 

each of the 9 identified clusters were overlaid on the cluster map. (A and B) Showed the top 2 genes from Cluster 0 and 1 overlaid with the TSNE plot. (C to G) 

Showed that the top 2 genes of the 5 Clusters (Clusters 2-6). (H) Showed the top 2 genes from Cluster 7. (I) showed genes from Cluster 8
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. 

The overlaying of the significant genes from each cluster on to the TSNE plot 

revealed that genes which were identified as significant within a specific cluster, 

were present within the larger group of clusters: for example, Figure 5-10 A and 

B show expression in the top left cluster grouping, where C and D show 

expression in the bottom right cluster grouping. Despite its grouping with Clusters 

0 and 1, Cluster 7 did not share the gene expression profiles of Clusters 0 and 1. 

However, instead, Cluster 7 did display a unique set of genes (HBB and HBA1), 

present despite its proximity within the TSNE plot (Figure 5-10 H). The process 

of overlaying gene expressions onto the TSNE plot highlights the need for further 

investigation of the clusters and their localisation, rather than relying on TSNE 

plot cluster localisation, as Cluster 7 would have been grouped with Clusters 0 

and 1 otherwise, despite a unique gene expression profile. 

Cluster 8, as expected, did express its own set of genes which were not found 

within the other clusters (CXCL12 and IFITM3) (Figure 5-10 I), showing that 

Cluster 8 was indeed a separate cell population from the upper and lower cluster 

groups, making this a unique and valuable population. 

To further the analysis of the identified clusters, a heat map of gene expression 

was generated to verify expression of genes within clusters in an alternative way, 

while also incorporating more genes than were examined in Figure 5-10, as well 

as better represent the expression differences between the clusters and cluster 

groups (Figure 5-11). 
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Figure 5-11 - A heat map of gene expression generated to assess gene expression 

differences between the cell clusters. The gene expression across the clusters 

highlighted several different cell populations with different gene expressions. Clusters 0 

and 1 being one population, Clusters 2 to 6 being another, 7 another and 8 another. This 

data implies further that it was not just the top two genes expressed within the clusters 

which differentiate the clusters from one another. As shown in the key, yellow represents 

up-regulation, purple represents down-regulation, and black represents no expression. 
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From Figure 5-11 it was clear that there are 4 distinct cell populations with critical 

differing genes expression profiles. Clusters 0 and 1 shared almost all of the 

positive and negative expression, which suggested that these clusters are of one 

cell type from within the bone marrow. Further subtypes of cell populations may 

be present within the cluster groups; however: a more in-depth assessment, with 

more cells from that specific cluster grouping, would be required to identify the 

closely related subtypes. The same can be said of the group made up of Clusters 

2 to 6, as they shared many of the same genes. Clusters 7 and 8 were two unique 

cell populations as their expression profiles were radically different from the other 

clusters and each other. 

Comparing the gene expression of each of the clusters to literature describing 

known populations allowed for the identification of each of the clusters (Figure 

5-12).  
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Figure 5-12 - Comparing the genes of significance to literature, each of the cluster 

groups allowed for the identification of the cell cluster groups. The gene expression 

profiles were used to identify the cell populations from which the cells were derived from 

within the bone marrow. This process used genes associated with specific populations 

to identify each of the cell populations; resulting in the identification of monocytes, 

lymphocytes, erythrocyte progenitors and CAR cells. 

 

Genes such as LYZ, MNDA, and CXCL2, present in Clusters 0 and 1, were 

identified as the monocyte population. With Clusters 2 to 6 expressing many 

different immunoglobulins and CD38, this population was identified as 

lymphocytes. Cluster 7 featured expression of HBB, HBA1, and HBA2 identifying 

these cells as erythroid progenitors. Finally, Cluster 8 with high expression of 

CXCL12 helped identify this population as CXC chemokine ligand (CXCL) 12-

abundant reticular (CAR) cells. 

  



 

195 

 

5.5 Discussion 

This chapter aimed to utilise the existing antibody enrichment methods to sort for 

a specific cell population: the SSC. Using advanced sequencing techniques to 

interrogate cell populations allowed characterisation and further understanding of 

the heterogeneous bone marrow environment, and the SSC within it. Using the 

STRO-1 and CD146 epitopes for antibody binding allowed the isolation of a 

population, which was interrogated using Drop-Seq for gene expression profiling. 

Together, this revealed 4 different cell populations with unique expression; the 

monocytes, lymphocytes, erythrocyte progenitors, and CAR cells; the CAR cells 

being a highly intriguing population with direct association with the stem cell niche, 

regulating haematopoietic stem cells and also multipotent properties often 

attributed to the SSC population (Cordeiro Gomes et al., 2016, Bianco and Robey, 

2015). 

 

5.5.1 MACS and FACS sorting of primary cells 

Cell sorting allows for assays of small cell populations, such as the CFU-F assays, 

but the process of cell sorting and the method affects the survival of the cells, and 

subsequently, any assays performed after sorting (Li et al., 2013). MACS 

provides a simple one-marker-based separation, but the survival of the cells is 

much higher than FACS. This trade-off may skew CFU-F assays with the higher 

purity: rarer cells sorted using FACS having a lower survival rate. A further issue 

with the sorting of rare populations is the lengthy sorting process. With cells being 

suspended in MACS buffer, this may limit cell survival, thus contributing to 

variability in the following CFU-F assays.  

 

5.5.2 CFU-F assays of sorted cells 

The differences between samples were not only found as noted previously in the 

population changes after MACS, but also within the colony forming unit assays 

using the same sorting conditions. The variation between samples prevents any 

statistically significant differences between the STRO-1BRIGHT+ CD146+ and the 
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STRO-1+ alone being detected (Figure 5-5). Despite this, the STRO-1BRIGHT+ 

CD146+ population demonstrated a higher colony forming unit capacity 

compared to the other makers alone, or when in combination. However, the 

combination of the STRO-1BRIGHT and CD146 epitopes, and sorting based on 

antibody binding, led to a tiny population (48 cells out of 10,000). This population, 

regrettably, would not provide adequate cells for the Drop-Seq analysis, as over 

20 million STRO-1 MACS enriched cells would need to be sorted to provide 

enough cells. The sorting time and sample size required for this would not be 

practical: therefore, a population utilising both markers (STRO-1 and CD146), but 

not utilising the BRIGHT fraction, was used instead to allow for cell population 

analysis, which allowed for cell sorting in a reasonable time, and an adequate 

number for both Drop-Seq and CFU-F analysis. 

 

5.5.3 Drop-Seq of enriched SSC 

The pipeline of the Drop-Seq is incredibly crucial for effective cluster identification, 

and subsequent gene expression identification within those clusters. Eliminating 

noise from the sequencing data allows for easier identification of clusters and, 

therefore, the genes associated with them. To this end, identifying how many PCs 

to use for cluster identification has the potential to eliminate some statistical noise. 

As the PCs identify important genes for population clustering, fewer, more varied 

PCs allow identification of fewer clusters with more certainty. Therefore, only the 

first 3 PCs were used within the analysis pipeline, as further PCs had little 

variation (Figure 5-8). Analysis of PCs allowed for the identification of 9 different 

Clusters (0-8) (Figure 5-9), at which point the analysis of which genes are 

important for each of the clusters could take place. 

Statistical analysis of the identified clusters used the “Likelihood-ratio test for 

gene expression” statistical test (McDavid et al., 2013), due to it being explicitly 

designed for Drop-Seq data sets with large volumes of data, as well as being 

used within the original Drop-Seq paper (Macosko et al., 2015). 
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The genes identified as important for each of the clusters allowed for cell 

population identification, with Clusters 0 and 1 expressing LYZ and S100A9 

(Leculier et al., 1992, Keshav et al., 1991, Manitz et al., 2003, Zhao et al., 2012) 

(Figure 5-11 A and B), both of which are associated with the monocyte population, 

allowing for a more efficient identification of that population. 

Lysozyme (LYZ) has long been associated from within the monocyte and 

macrophage populations (Keshav et al., 1991, Leculier et al., 1992), though 

seems to be elevated in rheumatoid arthritis (Torsteinsdóttir et al., 1999). 

However, detection of this gene gives a key indicator as to the type of cell 

population which was detected in Clusters 0 and 1. 

S100A9 has been demonstrated to be a marker of Myeloid-derived suppressor 

cells (MDSC), which is a heterogeneous population of macrophages, 

granulocytes and other cells (Manitz et al., 2003, Zhao et al., 2012). The MDSC 

are responsible for suppressing immune responses but, in humans, do not have 

a defined set of markers. The fact that this marker shows up across the group of 

Clusters 0 and 1 suggests these cells are from myeloid origin as S100A9 and 

S100A8 are found in monocytes and early differentiation phases of macrophages 

(Foell et al., 2007). 

Myeloid cell nuclear differentiation antigen (MNDA) codes for a protein expressed 

exclusively by monocytes, macrophages, granulocytes, their precursors (Briggs 

et al., 1992), and B lymphocytes (Briggs et al., 1994, Miranda et al., 1999). 

Building again on the evidence that the Clusters 0 and 1 are monocytes of some 

description, most likely with many subpopulations within them; however, more 

detailed population dissection would require more cells for more robust analysis. 

Clusters 2-6 expressed many different immunoglobulins (Figure 5-10 C to G) 

(Alizadeh et al., 2000, Tallmadge et al., 2015) (Figure 5-11) which are associated 

with the lymphocyte population.  

Cluster 7 was identified as erythrocyte progenitor cells, due to the exclusive 

expression of genes which encode for haemoglobin (HBB, HBA1, HBA2, and 

HBD), haemoglobin stabilisation (AHSP, PRDX2), or have high levels of 

expression on erythrocytes (CA1) (Bhattacharya et al., 2010). These cells were 
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removed during cell processing as governed by the red blood lysis protocol. 

These data suggest that the cells within Cluster 7 are an erythrocyte progenitor 

population responsible for generating erythrocytes.  

Finally, Cluster 8 was found to have yet another unique expression profile, with 

high expression of CXCL12 identifying the cell population as CAR cells. These 

CAR cells have been demonstrated to be a cell population found closely 

associated with and regulate the haematopoietic stem cells, as well as being 

multipotent, and regulators of lymphocyte development (Sugiyama et al., 2006, 

Cordeiro Gomes et al., 2016).  

CXCL12 has been associated with a stem cell niche within the bone marrow, 

responsible for homing and maintenance of the haematopoietic stem cell pool 

through CXCL12 interacting with the CXCR4 receptor on the haematopoietic 

stem cells (Sugiyama et al., 2006). CXCL12 is found on the above-mentioned 

CAR cells (Ara et al., 2003, Tokoyoda et al., 2004), stromal cells (Nagasawa et 

al., 1996), osteoblasts (Dar et al., 2005), endothelial cells (Okada et al., 2002), 

and nestin-expressing cells (Mendez-Ferrer et al., 2010). CAR cells express high 

levels of the CXCX12 compared to the other populations;  express IL-7 (Cordeiro 

Gomes et al., 2016); and have adipo- and osteogenic genes (Sugiyama et al., 

2006, Tzeng et al., 2011); have regulatory effects on haematopoietic stem cells; 

immune suppressing activity; and multipotent potential. These are all 

characteristics associated with the SSC population (Chamberlain et al., 2007, 

Bianco and Robey, 2015), suggesting the SSC population may be a subset of the 

CAR cells. Previous works have shown CAR cells isolated when enriching for 

SSCs within mouse bone marrow, and demonstrated a close relationship 

between the CAR cells and the stem cell niche (Zhou et al., 2014). In a recent 

paper, a group have used an alternative set of markers 

(PDPN+CD146−CD73+CD164+) to enrich for a cell population which is 

heterogeneous, displays differentiation to osteogenic and chondrogenic cell 

types, but not lipogenic, sharing the characteristics of the CAR cells identified 

within this chapter (Chan et al., 2018).  
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Interestingly pericytes were not identified as one of the clusters found within the 

STRO-1+ CD146+ population, despite their markers being identified as  CD146+ 

NG2+ PDGFRb+ ALP+ CD34- CD45- vWF- CD144-  (Crisan et al., 2008) as well 

as STRO-1(Simmons and Torok-Storb, 1991). Despite two of these markers 

being used to isolate the population which was then analysed by Drop-Seq, 

pericyte population was not highlighted as a main cluster. This was due to the 

markers identified as pericyte identifiers were not detected in the Drop-Seq 

analysis. As the Drop-Seq detects mRNA transcripts which are actively being 

transcribed, rather than protein markers which are already translated and on the 

surface of the cell, (like CD146 was not detected in Drop-Seq despite the cells 

being sorted for that marker). This may be due to a significant difference in the 

half-life between mRNA and protein (Vogel and Marcotte, 2012), which would 

explain the lack of gene expression of the CD146 and low levels of HSC70 

detected in the cells isolated using these protein markers. Therefore the pericyte 

markers may be present at the protein level, but not at the RNA level which is 

what is analysed by Drop-Seq.  

As literature points towards the pericytes encompassing the SSC population 

(Bianco and Robey, 2004, Bianco and Robey, 2015),(Alhadlaq and Mao, 2004, 

Avital et al., 2001, Caplan, 1991, Chan et al., 2018), with the use of two protein 

markers which are known markers of the pericytes, the cells which were analysed 

using Drop-Seq are likely to contain mainly pericytes, but identified other 

populations as the RNA expression profiles pointed more heavily to other 

populations. Therefore the SSC is likely within the pericyte population, closely 

associated with the HSC population, and the CAR cell population around the 

venous sinusoids.  

Whether the SSC population is the CAR cell population (Zhou et al., 2014) or a 

closely related population is unclear at this point, and requires further protein 

expression analysis, and localisation studies. Studies on the CAR cells have 

shown a  number of characteristics associated with the SSC population to be 

present, as well as speculated as possible osteogenic progenitors, one thing is 

clear, if these cells are not the same population, they are very closely related as 

shown in the schematic in Figure 5-13.  
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Figure 5-13 - A Schematic of where the potential SSC and CAR cells fit in the 

venous sinusoid. The enrichment for the SSC was performed with the STRO-1 and 

CD146 markers. The SSC while not identified after this work, has shown a close 

relationship with the CAR cells. A population which shares many characteristics 

associated with the SSC, and some papers even claiming the CXCL12/LEPR+ cells are 

the SSCs. One thing is clear, that further work is needed to narrow the search for these 

SSCs, but the inclusion of this Drop-Seq data does point towards a pericyte origin, with 

multi-lineage differentiation capability, and regulatory effects on the HSC. Despite the 

incomplete identification of the SSC, this diagram shows the venous sinusoid, and 

surrounding cells, including the CAR and SSC working together to regulate the HSC 

cells, with both the CAR cells and SSC cells are capable of differentiation (represented 

by the black arrows) into the chondrogenic, osteogenic, and adipogenic lineages. The 

CAR cells and the SSCs regulate the HSC through CXCL12 interaction with CXCL4. 

Figure 5-13 represents the author's opinion on how the SSC system may be with 

the information from this thesis and literature surrounding the CAR cells taken 

into consideration. However, the author realises that this is with limited 
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information and with further works on the subject related to protein localisation of 

the CXCL12, as well as potential differentiation studies after isolating the CAR 

cells, or IL-7 expressing cells will further clarification. 

In conclusion, the combination of the STRO-1BRIGHT and CD146 markers 

identified a population of cells which had higher colony forming capacity than 

each other marker individually. Subsequent Drop-Seq analysis of the STRO-1+ 

CD146+ population, due to cell sorting limitations making STRO-1BRIGHT+ 

CD146+ enrichment not possible, then identified the CAR cells. The CAR cells 

have been described within a stem cell niche in the bone marrow, and regulate 

haematopoietic stem cell proliferation, immune cell differentiation as well as being 

multipotent. These characteristics are attributed to both the CAR cell and SSC 

populations, and suggest that the SSC population may be a closely related to the 

CAR cells. Utilising the marker known to be found on the CAR cells, IL-7, it may 

be a possible to further the enrichment process, which may be used to select for 

the SSC population for further characterisation, CFU-F assessment, and 

ultimately clinical use, should more accurate markers not be identified following 

further investigation
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Chapter 6 Final discussion 

 

This thesis aimed to investigate the SSC population and improve our 

understanding of its characteristics. The SSCs are critical in bone regeneration 

and homeostasis: therefore, a better understanding of the SSCs may allow for 

their manipulation and potential in preventing the need for, or improving, the 

treatments for bone fractures and non-unions, and prevalent age-related 

diseases such as osteoarthritis and osteoporosis. To this end, the protein and 

gene expression profiles were investigated using the aptamer and Drop-Seq 

technologies respectively. 

 

6.1 Overview of findings 

6.1.1 Aptamer selection and methodology development against the 
skeletal cell line SAOS-2 

Chapter 2 focused on developing methods to investigate protein expression 

within the SSC population, by performing and refining an aptamer selection 

against a human osteosarcoma cell line: the SAOS-2 cell line as a positive 

selection target, and the Raji cell line as a negative selection target to further 

refine the aptamer pool. This refinement of the aptamer pool allowed for the 

development of methodologies specific to adherent human bone-derived cells. 

Tracking of the aptamer pool recovery after each round using qPCR indicated an 

increase in aptamer materials bound to the SAOS-2 cells (2.2.10.2).  After two 

rounds of selection with improved recovery, the stringency in which the selection 

took place was increased (Table 3-1). This increase further narrowed the aptamer 

pool, with the maintenance of the selection at these levels of stringency enabling 

the aptamer pool to be refined to a point where improved specificity of aptamer 
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selection was reached (Figure 3-12). After nine rounds of selection, the negative 

cell target of the Raji cell line was introduced to generate two aptamer pools with 

differing results in the materials recovered. Splitting both of the aptamer pools 

into two selection conditions resulted in four distinct results from each of the 

aptamer pools. The pool which had been exposed to the Raji cells performed 

better in both conditions, demonstrating the highest recovery against the SAOS-

2 cells alone.  

The aptamer materials which were recovered from the highest stringency 

selection in Round 13 (SAOS-2 cont.) were taken and clones generated from the 

materials. The cloning and subsequent colony picking allowed for the generation 

of single sequence aptamers. 

Testing of these single aptamers revealed considerable variability within aptamer 

performance (Figure 3-15). A small number of the cloned-out aptamers showed 

favourable binding to the SAOS-2 cell line, demonstrating the efficacy of the 

aptamer approach. 

 

6.1.2 Aptamer selection against skeletal stem cell populations 

Following the establishment of the aptamer selection methodology in Chapter 3, 

aptamer selection was then performed on primary cells isolated from bone 

marrow. The aptamer selection performed against the BM-derived cells failed, as 

an aberrant products were generated after only two rounds of selection (Figure 

4-4). Using new buffers, media, primers and naïve aptamer pool, a second 

selection was undertaken to incorporate FACS into the aptamer selection. The 

inclusion of FACS within the selection allowed for characterisation of the bone 

marrow cells during each round of selection, allowed for more details on the target 

cells to be gathered (Figure 4-5 and Figure 4-7). Despite the changing of the 

materials between the FACS selection and the previous selection against the BM 

cells, the same 120 - 140 bp aberrant products were produced, causing the 
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selection to fail again (Figure 4-9). Given time constraints and the ability for foetal 

cells to proliferate rapidly when cultured, an aptamer selection was performed 

using the foetal derived bone cells as the positive selection target. The main 

drawback of using the foetal cells resides in the fact that these cells are adherent, 

restricting aptamer selection through FACS of the foetal cells without disrupting 

the surface markers with trypsin. The foetal aptamer selection continued to 

Round 5 where again, despite using new materials for the foetal cell selection, 

the 120 - 140 bp aberrant products were generated which in the detailed analysis 

was found to originate from the target cells. Unfortunately, the aptamer selections 

against the BM and foetal cells failed due to sequences within the cells, which 

was readily amplifiable with the primers and aptamer library used in this work. 

However, with the verification of the methods of selection from Chapter 3, altering 

the primers and the aptamer library should allow for a more successful selection 

against the primary cells, and aid in identifying surface markers for SSC isolation. 

 

6.1.3 Skeletal stem cell enrichment and characterisation utilising FACS 
and Drop-Seq  

Isolation of several cell populations using the STRO-1+ and CD146+ markers 

enabled five different populations to be isolated; STRO-1+, CD146+, STRO-

1BRIGHT, STRO-1+ CD146+, and STRO-1BRIGHT+ CD146+ populations.  The 

STRO-1BRIGHT+ CD146+ cells were not phenotypically distinct from the STRO-1+ 

isolated cells typically used within the Bone and Joint group (Figure 5-6) but 

displayed the highest number of CFU-F (Figure 5-5). However, the use of the 

STRO-1BRIGHT+ CD146+ cells was not possible due to the cell numbers needed 

during the Drop-Seq protocol. Therefore, the STRO-1+ CD146+ cell population 

was used for Drop-Seq due to higher cell numbers isolated post FACS but which 

still incorporated both of the identified markers. Drop-Seq analysis revealed four 

distinct populations: monocytes, lymphocytes, erythrocyte progenitors, and CAR 

cells (Sugiyama et al., 2006, Zheng et al., 2007) (Figure 5-12). The monocytes 
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and lymphocytes are cells seen within the FACS analysis of the BM (Figure 5-3). 

The erythrocyte progenitors are known to be within the red bone marrow (Bianco 

et al., 1988, J B Vogler and Murphy, 1988), and the CXCL12 cells located around 

the venous sinusoids, closely related to the haematopoietic stem cell population 

(Sugiyama et al., 2006). The Drop-Seq analysis of the STRO-1+ CD146+ cells 

showed not only the cell populations expected and seen during the FACS but the 

erythrocyte progenitors and CAR cells. The CAR cells are of great interest due to 

their characteristics, close association with the haematopoietic stem cell 

population, and multipotent differentiation (Zhou et al., 2014, Zheng et al., 2007, 

Tzeng et al., 2011, Sugiyama et al., 2006, Nagasawa et al., 1996, Nagasawa, 

2014). 

 

6.2 Contribution to knowledge 

6.2.1 Aptamer selection and methodology development against the 
skeletal cell line SAOS-2 

Chapter 3 demonstrated successful aptamer selection against a bone-derived 

cell population (the SAOS-2 cell line). Cloning of the aptamers from this study 

provided several aptamers found to bind readily to the SAOS-2 population 

demonstrating successful aptamer selection, with robust methods which could 

then be applied to more precious primary cell samples. 

 

6.2.2 Aptamer selection against skeletal stem cell populations 

Primer design is critical for aptamer selection, and extensive testing should be 

performed on the primers alone before aptamer pools are generated. Chapter 4 

shows that despite a number of QC steps, aberrant products were detected and, 

although removed, the ultimate failure of the selections was due to PCR products 

generated during PCR from the original cell material. To this end, aptamer 
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primers and subsequently aptamer libraries should be designed and tested to 

ensure that cell materials are not amplified in any of the amplification steps. 

 

6.2.3 Skeletal stem cell enrichment and characterisation utilising FACS 
and Droplet Sequencing 

The STRO-1BRIGHT+ CD146+ cells isolated using MACS and FACS show a clear 

enrichment for the SSC population. However, the limited number of cells isolated 

prevented this population from being used for the Drop-Seq analysis. Therefore 

the STRO-1+ CD146+ cells were used instead to preserve the usage of both 

markers, but provide the cell numbers needed for Drop-Seq. The identification of 

the CXCL12 gene within the STRO-1+ CD146+ isolated cells links the CAR cells 

identified in mice as important in regulating the HSC population, (Zhou et al., 

2014), and to hold multipotent potential (Cordeiro Gomes et al., 2016). This link 

of the CAR cells to the STRO-1+ CD146+ cells suggests that the rare SSC 

population is related to the rare CAR cell population, as characteristics attributed 

to each of these populations were found to overlap: specifically, the 

characteristics of the close association with the venous sinusoids, and the 

haematopoietic stem cells, multipotent differentiation, and regulatory effects on 

the haematopoietic stem cells (Bianco and Robey, 2004, Zhou et al., 2014, 

Sugiyama et al., 2006, Omatsu et al., 2010). 

6.3 Limitations 

6.3.1 Aptamer selection and methodology development against the 
skeletal cell line SAOS-2 

The limitations in Chapter 3 which should be considered when interpreting the 

data are that the clones which demonstrated a higher affinity to the SAOS-2 cells 

compared to the Raji cell lines remain to be sequenced. This lack of sequencing 

is not uncommon within cell aptamer selection literature (Guo et al., 2008, Chang 

et al., 2013, Shangguan et al., 2015). However, in this case, although samples 
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were sent off for sequencing, the results proved inconclusive with aptamer 

sequences. 

 

6.3.2 Aptamer selection against skeletal stem cell populations 

Detection of aberrant products from the original cell material proved a significant 

issue. Furthermore, the slow growth of the BM cells limited the speed at which 

rounds of selection could be completed, and culturing of the BM cells for extended 

periods of time, to enable expansion, may have affected protein expression 

(Siissalo et al., 2007, Januszyk et al., 2015), which could have impacted on the 

effectiveness of the aptamer selection.  

Altering the cell target to the foetal derived bone cells may have affected, 

ultimately, aptamer selection. While the adult and foetal BM cells are similar, 

there are reported differences in these two populations (Gotherstrom, 2016). 

Differences in cell protein expression would result in different epitopes targeted 

by the naive aptamer pool. However, given selection against either of these cell 

sources proved unsuccessful, comparison of the final aptamer pool was not 

possible. 

 

6.3.3 Skeletal stem cell enrichment and characterisation utilising FACS 
and Droplet Sequencing  

The main limitation faced in the characterisation of the SSC population is the 

absence of a specific unique marker or set of markers to isolate the population. 

Therefore the use of other markers can be exploited to enrich for the SSC 

population, but limitations reside therein. The reduction in cell purity post MACS 

or FACS, therefore, limits the accuracy of any characterisation following 

enrichment steps. 
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Following SSC enrichment, only one sample was isolated and taken to Drop-Seq. 

While there were many cells within this sample which contributed to the Principal 

Component analysis and subsequent clustering of the cells, these cells were from 

a single sample, and therefore any abnormalities from the sample will be 

incorporated into the analysis. Limitations in cell enrichment by MACS/FACS and 

processing may also have impacted on data generated. 

 

6.4 Areas for further research  

The outcomes of the work within this thesis provide new avenues to characterise 

further and develop strategies to aid the isolation of the SSC population.  

 The establishing of robust aptamer selection methods.  

 Identification of an enrichment methodology which provides a small 

population of cells with high CFU-F capacity. 

 Characterisation of the STRO-1+ CD146+ cells providing four distinct 

populations, including one fraction displaying an association with HSC 

population. 

These outcomes provide new avenues to be expanded upon in the future. These 

areas include the testing of the CAR cells to determine whether the SSC 

population is a subpopulation or encompass the CAR cell population. 

Aptamer technology is a very viable approach to SSC marker discovery and 

exploitation, however as this study has shown primer design and subsequent 

aptamer libraries need to be designed with the cell nucleic materials in mind. 

After isolation using either CAR cells based markers, the aptamers generated 

once a selection is completed, or the PDPN+ CD146- CD73+ CD164+ markers, 

the cell populations should be compared. Further to comparisons, pathways of 

stem cells may then be further studied to identify areas where the cells may be 
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manipulated to combat known disease states such as osteoarthritis and 

osteoporosis, or grown more readily to aid in the repair of broken bones and joints. 

 

6.5 Conclusion 

The SSC is an essential element within the skeletal system for repair and 

homeostasis. With little known about this rare cell population, further 

characterisation would expand not only the knowledge base within the skeletal 

system but offer potential treatments for musculoskeletal diseases. 

A protein expression profile was undertaken using the aptamer technology to 

identify new markers for the SSC. Aptamer selection is a cyclical process of 

narrowing a diverse range of nucleic acid sequences to a refined pool of 

sequences, in this case, which would bind specifically to the SSC cell epitopes. 

A gene expression profile was approached using the Drop-Seq methodology, 

where tissues were isolated based on markers, and individual cells 

compartmentalised with functionalised beads. The cells were then lysed, with all 

the mRNA binding to the beads for subsequent reverse transcription, 

incorporating unique sequences from each individual bead with the number of 

mRNA molecules reverse transcribed to give a snapshot of expression within 

many cells, rather than an average expression of many cells. The expression of 

each cell was then analysed to rebuild the cell expressions, and group cells with 

similar expressions. 

The aptamer selection approach was established and validated against the 

SAOS-2 cell line, but when applied to the primary cells from the bone marrow the 

process produces aberrant products, which impeded aptamer selection. The 

aberrant products appeared to be generated from the interaction between the 

primers and the cell’s nucleic acids during PCR, resulting in many attempts being 

made using various newly generated materials and buffers to result in the same 

generation of 120 -140 bp nucleic acid strands. 
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The Drop-Seq methodology generated exciting data in which four unique clusters 

of cells were identified from the STRO-1+ CD146+ cell population, specifically: i) 

monocytes, ii) lymphocytes, iii) erythroid progenitors, and iv) CAR cells. The 

monocytes and lymphocytes were expected, as these were known to be present 

from the FACS analysis. The erythroid progenitors reside within the red bone 

marrow to produce red blood cells. Finally, the CAR cells are an intriguing cell 

population which is known to have proximity to, and proliferation regulatory 

effects on, the haematopoietic stem cells. As well as being multipotent, with the 

capacity to differentiate into osteo, chondro, and adipocytes, characteristics 

which are shared with the SSC population. The overlapping nature of these 

characteristics, and the finding of CAR cells within the same cell population 

fraction as SSC, suggests that the SSC population may be part of or a subset of 

the CAR cells. With further investigations, the differences between the CAR and 

SSC populations may be better identified to determine what relationship the two 

cell populations share. However, currently sharing so many characteristics 

determined from literature from the SSC and CAR cell populations suggests a 

relationship between both cell types. 
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Appendix 1 Rstudio Code for analysis of 

D rop-Seq data 

 

Open the analysis software 

library (Seurat) 

## Loading required package: ggplot2 

## Loading required package: cowplot 

##  
## Attaching package: 'cowplot' 

## The following object is masked from 'package:ggplot2': 
##  
##     ggsave 

## Loading required package: Matrix 

library(dplyr) 

##  
## Attaching package: 'dplyr' 

## The following objects are masked from 'package:stats': 
##  
##     filter, lag 

## The following objects are masked from 'package:base': 
##  
##     intersect, setdiff, setequal, union 

Load the data from file location 

bmmc.data <‐ read.table("~/F47 BMMC/F47_STRO1CD146.dge.txt.gz", sep='\t', hea
der=T, row.names=1) 

Looks at data size and savings using sparse 

dense.size <‐ object.size(x = as.matrix(x = bmmc.data)) 
dense.size 

## 70130896 bytes 

sparse.size <‐ object.size(x = bmmc.data) 
sparse.size 

## 70187008 bytes 
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dense.size/sparse.size 

## 1 bytes 

Creates a Seurat object for further analysis and manipulation 

bmmc <‐ CreateSeuratObject(raw.data = bmmc.data, min.cells = 3, min.genes = 2
00, project = "MACSFACS") 

Identifies the mitochondrial genes and shows the percentage of the 
data which is mitochondrial genes 

mito.genes <‐ grep(pattern = "^MT‐", x = rownames(x = bmmc@data), value = TRU
E) 
percent.mito <‐ Matrix::colSums(bmmc@raw.data[mito.genes, ])/Matrix::colSums(
bmmc@raw.data) 

Add meta data relating to the mitochondrial genes and plot the number 
of genes, number of unique molecule identifiers, and the percentage of 

mitochondrial genes within the data. 

bmmc <‐ AddMetaData(object = bmmc, metadata = percent.mito, col.name = "perce
nt.mito") 
VlnPlot(object = bmmc, features.plot = c("nGene", "nUMI", "percent.mito"), nC
ol = 3) 
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 ## Gene 
plot to visualize gene‐gene relations as well as to determine where threshold cutoffs 
should be made 

par(mfrow = c(1, 2)) 
GenePlot(object = bmmc, gene1 = "nUMI", gene2 = "percent.mito") 
GenePlot(object = bmmc, gene1 = "nUMI", gene2 = "nGene") 
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 ## Filter of 
cells that have unique gene counts over 2500 or less than 200, and mitochondrial 
percentages above 0.05% 

bmmc <‐ FilterCells(object = bmmc, subset.names = c("nGene", "percent.mito"),
 low.thresholds = c(200, ‐Inf), high.thresholds = c(2500, 0.05)) 

Normalise count data per cell and transform to log scale 

bmmc <‐ NormalizeData(object = bmmc, normalization.method = "LogNormalize", s
cale.factor = 10000) 

Detection of variable genes across single cells identifying those which 
may be important in PCA 

bmmc <‐ FindVariableGenes(object = bmmc, mean.function = ExpMean, dispersion.
function = LogVMR, x.low.cutoff = 0.0125, x.high.cutoff = 3, y.cutoff = 0.5) 
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length(x = bmmc@var.genes) 

## [1] 3364 

Scaling the data and removing unwanted sources of variation 

bmmc <‐ ScaleData(object = bmmc, vars.to.regress = c("nUMI")) 

## Regressing out: nUMI 

##  
## Time Elapsed:  4.61014199256897 secs 

## Scaling data matrix 

Perform linear dimensional reduction, generating PCs which can then 
be assessed for use 

bmmc <‐ RunPCA(object = bmmc, pc.genes = bmmc@var.genes, do.print = TRUE, pcs
.print = 1:11, genes.print = 5,pcs.compute = 40) 

## [1] "PC1" 
## [1] "CXCL12" "CP"     "CTGF"   "VCAM1"  "IGFBP5" 
## [1] "" 
## [1] "CITED2"  "RGS1"    "IGLL1"   "ENAM"    "SNORD13" 
## [1] "" 
## [1] "" 
## [1] "PC2" 
## [1] "CITED2"  "IGLV3‐1" "RASD1"   "IGLL1"   "HSPA1B"  
## [1] "" 
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## [1] "S100A4" "ACTB"   "SAT1"   "ANXA1"  "CTSS"   
## [1] "" 
## [1] "" 
## [1] "PC3" 
## [1] "CTSS"     "RNU1‐60P" "CFD"      "CP"       "CD14"     
## [1] "" 
## [1] "CTSL"     "DNASE1L3" "HMBS"     "FABP4"    "ZMIZ2"    
## [1] "" 
## [1] "" 
## [1] "PC4" 
## [1] "VCAM1"   "C1QB"    "ITSN1"   "C1QA"    "SIGLEC1" 
## [1] "" 
## [1] "FABP4"    "DNASE1L3" "PEAK1"    "ZMIZ2"    "STK24"    
## [1] "" 
## [1] "" 
## [1] "PC5" 
## [1] "HBD"  "AHSP" "CA1"  "RHAG" "HBA1" 
## [1] "" 
## [1] "FABP4"    "DNASE1L3" "CLEC4G"   "IFT43"    "LRP5"     
## [1] "" 
## [1] "" 
## [1] "PC6" 
## [1] "LRCH1"    "VTRNA2‐1" "OGFOD3"   "PARP11"   "VPS26B"   
## [1] "" 
## [1] "IFT43"   "SLC35B4" "SOCS3"   "CLEC4G"  "ROBO4"   
## [1] "" 
## [1] "" 
## [1] "PC7" 
## [1] "LGI4"          "LTBP2"         "ADAMTS1"       "KCNE4"         
## [5] "RP11‐109G23.3" 
## [1] "" 
## [1] "RALGAPA2" "NR2F2"    "FMO3"     "OLFML3"   "TNC"      
## [1] "" 
## [1] "" 
## [1] "PC8" 
## [1] "LHFP"    "MAF"     "SPARCL1" "APOE"    "ZNF608"  
## [1] "" 
## [1] "CTA‐445C9.15" "DDR2"         "WBP5"         "NNMT"         
## [5] "MAN1B1"       
## [1] "" 
## [1] "" 
## [1] "PC9" 
## [1] "MT‐TN"   "MDN1"    "HYI‐AS1" "SPTAN1"  "NR2C1"   
## [1] "" 
## [1] "FRMD4A" "ENG"    "LAMA4"  "LIMCH1" "SNHG17" 
## [1] "" 
## [1] "" 
## [1] "PC10" 
## [1] "PID1"     "RND3"     "VTRNA1‐1" "INTS3"    "LCA5"     
## [1] "" 
## [1] "FMO2"   "DCN"    "PRSS23" "POGK"   "NNMT"   
## [1] "" 
## [1] "" 
## [1] "PC11" 
## [1] "LPL"     "COL16A1" "GSN"     "TCF7L1"  "PTPN13"  
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## [1] "" 
## [1] "RARRES2" "KCNE4"   "FGF7"    "NOTCH3"  "LUM"     
## [1] "" 
## [1] "" 

Visualisation of the PCA results in Gene vs significance (VizPCA), PCA 
plots which plot PCs against each other, in this case doesn’t seem to 
show much other than the rarer gene expressions (PCAPlot), and 

heatmaps of each PCA showing genes and expression levels within the 
PCs (PCHeatmap) 

PrintPCA(object = bmmc, pcs.print = 1:12, genes.print = 10, use.full = FALSE) 

## [1] "PC1" 
##  [1] "CXCL12"  "CP"      "CTGF"    "VCAM1"   "IGFBP5"  "ADAMTS1" "IGFBP7"  
##  [8] "EBF3"    "LEPR"    "IGF2"    
## [1] "" 
##  [1] "CITED2"   "RGS1"     "IGLL1"    "ENAM"     "SNORD13"  "IGLJ3"    
##  [7] "IGLV2‐23" "IGHJ4"    "IGLV6‐57" "CTSS"     
## [1] "" 
## [1] "" 
## [1] "PC2" 
##  [1] "CITED2"      "IGLV3‐1"     "RASD1"       "IGLL1"       "HSPA1B"      
##  [6] "RGS1"        "SNORD13"     "IGHJ4"       "KB‐1980E6.3" "ENAM"        
## [1] "" 
##  [1] "S100A4" "ACTB"   "SAT1"   "ANXA1"  "CTSS"   "CXCL2"  "CD36"   
##  [8] "CYBB"   "DEK"    "ZFAND5" 
## [1] "" 
## [1] "" 
## [1] "PC3" 
##  [1] "CTSS"     "RNU1‐60P" "CFD"      "CP"       "CD14"     "IGFBP5"   
##  [7] "EBF3"     "ACTB"     "MT1E"     "S100A12"  
## [1] "" 
##  [1] "CTSL"     "DNASE1L3" "HMBS"     "FABP4"    "ZMIZ2"    "LGMN"     
##  [7] "STK24"    "HBA1"     "CCDC14"   "AHSP"     
## [1] "" 
## [1] "" 
## [1] "PC4" 
##  [1] "VCAM1"   "C1QB"    "ITSN1"   "C1QA"    "SIGLEC1" "SLC40A1" "IL1RAP"  
##  [8] "LPCAT2"  "DIP2B"   "TWSG1"   
## [1] "" 
##  [1] "FABP4"    "DNASE1L3" "PEAK1"    "ZMIZ2"    "STK24"    "MGST2"    
##  [7] "CLN5"     "PES1"     "PARP11"   "METTL13"  
## [1] "" 
## [1] "" 
## [1] "PC5" 
##  [1] "HBD"   "AHSP"  "CA1"   "RHAG"  "HBA1"  "PRDX2" "STMN1" "HBA2"  
##  [9] "GYPB"  "PTTG1" 
## [1] "" 
##  [1] "FABP4"    "DNASE1L3" "CLEC4G"   "IFT43"    "LRP5"     "ROBO4"    
##  [7] "CTSL"     "STK24"    "GNAQ"     "CYB5D1"   
## [1] "" 
## [1] "" 
## [1] "PC6" 
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##  [1] "LRCH1"    "VTRNA2‐1" "OGFOD3"   "PARP11"   "VPS26B"   "GTF2IRD2" 
##  [7] "MAEA"     "CHMP1A"   "RC3H2"    "PSMB10"   
## [1] "" 
##  [1] "IFT43"    "SLC35B4"  "SOCS3"    "CLEC4G"   "ROBO4"    "LRP5"     
##  [7] "RBM28"    "C10orf10" "MT‐TN"    "GCFC2"    
## [1] "" 
## [1] "" 
## [1] "PC7" 
##  [1] "LGI4"          "LTBP2"         "ADAMTS1"       "KCNE4"         
##  [5] "RP11‐109G23.3" "FGF7"          "LPP"           "IRF9"          
##  [9] "AC009506.1"    "YES1"          
## [1] "" 
##  [1] "RALGAPA2"   "NR2F2"      "FMO3"       "OLFML3"     "TNC"        
##  [6] "CLDND2"     "CRH"        "AC025171.1" "SLC35B4"    "KIAA0930"   
## [1] "" 
## [1] "" 
## [1] "PC8" 
##  [1] "LHFP"    "MAF"     "SPARCL1" "APOE"    "ZNF608"  "ABCA6"   "UACA"    
##  [8] "TF"      "ABCA8"   "CLDN23"  
## [1] "" 
##  [1] "CTA‐445C9.15"  "DDR2"          "WBP5"          "NNMT"          
##  [5] "MAN1B1"        "PLAC9"         "ID4"           "CH25H"         
##  [9] "IGFBP5"        "RP11‐109G23.3" 
## [1] "" 
## [1] "" 
## [1] "PC9" 
##  [1] "MT‐TN"         "MDN1"          "HYI‐AS1"       "SPTAN1"        
##  [5] "NR2C1"         "CTD‐2541M15.4" "SPATA6"        "GCFC2"         
##  [9] "KDR"           "LPCAT1"        
## [1] "" 
##  [1] "FRMD4A" "ENG"    "LAMA4"  "LIMCH1" "SNHG17" "SUCLA2" "ATR"    
##  [8] "ZNF143" "SLC9A8" "B3GNT5" 
## [1] "" 
## [1] "" 
## [1] "PC10" 
##  [1] "PID1"     "RND3"     "VTRNA1‐1" "INTS3"    "LCA5"     "BOC"      
##  [7] "PSEN1"    "SASH1"    "DALRD3"   "PDK4"     
## [1] "" 
##  [1] "FMO2"    "DCN"     "PRSS23"  "POGK"    "NNMT"    "DDR2"    "FAM127A" 
##  [8] "ADAMTS1" "IGFBP7"  "FRMD4A"  
## [1] "" 
## [1] "" 
## [1] "PC11" 
##  [1] "LPL"      "COL16A1"  "GSN"      "TCF7L1"   "PTPN13"   "TNFRSF19" 
##  [7] "MDFI"     "APP"      "MAP4K3"   "FAM134B"  
## [1] "" 
##  [1] "RARRES2"  "KCNE4"    "FGF7"     "NOTCH3"   "LUM"      "CYR61"    
##  [7] "VTRNA2‐1" "WDR86"    "LGI4"     "MT1M"     
## [1] "" 
## [1] "" 
## [1] "PC12" 
##  [1] "PLXND1"    "HPSE"      "RNF141"    "RHBDD2"    "LPAR2"     
##  [6] "SLC16A7"   "C20orf194" "TPRA1"     "NMT2"      "IL18"      
## [1] "" 
##  [1] "CCL2"          "RP11‐22P6.2"   "POLR2J3"       "RND3"          
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##  [5] "LCA5"          "ANO8"          "LTBP4"         "EXOC7"         
##  [9] "OAF"           "RP11‐206L10.2" 
## [1] "" 
## [1] "" 

VizPCA(object = bmmc, pcs.use = 1:4) 

 

VizPCA(object = bmmc, pcs.use = 5:8) 
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VizPCA(object = bmmc, pcs.use = 9:12) 

 

VizPCA(object = bmmc, pcs.use = 13:16) 
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VizPCA(object = bmmc, pcs.use = 17:20) 

 

PCAPlot(object = bmmc, dim.1 = 1, dim.2 = 2) 
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PCAPlot(object = bmmc, dim.1 = 1, dim.2 = 3) 

 

PCAPlot(object = bmmc, dim.1 = 1, dim.2 = 4) 
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bmmc <‐ ProjectPCA(object = bmmc, do.print = FALSE) 
PCHeatmap(object = bmmc, pc.use = 1:2, cells.use = 500, do.balanced = TRUE,  
    label.columns = FALSE, use.full = T) 

 

PCHeatmap(object = bmmc, pc.use = 3:4, cells.use = 500, do.balanced = TRUE,  
    label.columns = FALSE, use.full = T) 
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PCHeatmap(object = bmmc, pc.use = 5:6, cells.use = 500, do.balanced = TRUE,  
    label.columns = FALSE, use.full = T) 

 



 

 259 

 

 

PCHeatmap(object = bmmc, pc.use = 7:8, cells.use = 500, do.balanced = TRUE,  
    label.columns = FALSE, use.full = T) 

 

PCHeatmap(object = bmmc, pc.use = 9:10, cells.use = 500, do.balanced = TRUE,  
    label.columns = FALSE, use.full = T) 
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PCHeatmap(object = bmmc, pc.use = 11:12, cells.use = 500, do.balanced = TRUE,

  
    label.columns = FALSE, use.full = T) 

 

PCHeatmap(object = bmmc, pc.use = 13:14, cells.use = 500, do.balanced = TRUE,

  
    label.columns = FALSE, use.full = T) 
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PCHeatmap(object = bmmc, pc.use = 15:16, cells.use = 500, do.balanced = TRUE,

  
    label.columns = FALSE, use.full = T) 
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PCHeatmap(object = bmmc, pc.use = 17:18, cells.use = 500, do.balanced = TRUE,

  
    label.columns = FALSE, use.full = T) 

 

PCHeatmap(object = bmmc, pc.use = 19:20, cells.use = 500, do.balanced = TRUE,

  
    label.columns = FALSE, use.full = T) 
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 ## First 3 
PCs which show variation 

PCHeatmap(object = bmmc, pc.use = 1:3, cells.use = 500, do.balanced = TRUE,  
    label.columns = FALSE, use.full = T) 

 ## 
Jackstraw takes a long time to compute, shows the significance of each of the PCs, 



Appendix I 

 

 264 

 

 

though in this data is not as clear as the heatmaps #{r} #bmmc <‐ JackStraw(object = 
bmmc, num.replicate = 100, display.progress = FALSE) #JackStrawPlot(object = 

bmmc, PCs = 1:20) # ## Elbow plot of the PCs, the major bend in the data lines 
signifies where the PCs should stop being used. 

PCElbowPlot(object = bmmc,num.pc = 40) 

 ## Two sets 
of data that look like either could be correct according to the PC data, from the elbow 
plot up to PC 11 could be used, though looking at the jackstraw only up to PC6 has 
standard deviation below 0.05, observing the heatmaps only the first 3 PCs have any 
clear expression differences using a resolution of 1.7 and only PCs 1 ‐ 3 

bmmc <‐ FindClusters(object = bmmc, reduction.type = "pca", dims.use = 1:3,  
    resolution = 1.7, print.output = 0, save.SNN = TRUE) 
PrintFindClustersParams(object = bmmc) 

## Parameters used in latest FindClusters calculation run on: 2018‐08‐23 14:4
0:49 
## ==========================================================================
=== 
## Resolution: 1.7 
## ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
‐‐‐ 
## Modularity Function    Algorithm         n.start         n.iter 
##      1                   1                 100             10 
## ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
‐‐‐ 
## Reduction used          k.param          prune.SNN 
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##      pca                 30                0.0667 
## ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
‐‐‐ 
## Dims used in calculation 
## ==========================================================================
=== 
## 1 2 3 

bmmc <‐ RunTSNE(object = bmmc, dims.use = 1:3, do.fast = TRUE, perplexity = 6
0) 
TSNEPlot(object = bmmc, do.label = T, pt.size = 2, label.size = 4, plot.title
 = "1:3") 

 ## Find 
markers for every cluster compared to all other cells 

bmmc.markers <‐ FindAllMarkers(object = bmmc, only.pos = TRUE, min.pct = 0.25
, return.thresh = 0.001, test.use = "bimod") 
bmmc.markers %>% group_by(cluster) %>% top_n(2, avg_logFC) 

## # A tibble: 18 x 7 
## # Groups:   cluster [9] 
##       p_val avg_logFC pct.1 pct.2 p_val_adj cluster gene       
##       <dbl>     <dbl> <dbl> <dbl>     <dbl> <fct>   <chr>      
##  1 3.46e‐39     1.54  0.888 0.303  4.05e‐35 0       LYZ        
##  2 4.21e‐17     1.54  0.573 0.123  4.92e‐13 0       AIF1       
##  3 2.61e‐29     1.60  0.904 0.267  3.05e‐25 1       S100A9     
##  4 5.30e‐16     1.68  0.438 0.049  6.19e‐12 1       CSF3R      
##  5 1.04e‐ 5     1.52  0.537 0.338  1.22e‐ 1 2       IGLL5      
##  6 7.47e‐ 5     1.06  0.761 0.557  8.73e‐ 1 2       IGHG4      
##  7 1.36e‐10     0.784 0.742 0.345  1.58e‐ 6 3       AC096579.7 
##  8 7.13e‐ 8     0.895 0.879 0.667  8.33e‐ 4 3       IGKC       
##  9 6.48e‐ 7     1.79  0.545 0.194  7.57e‐ 3 4       IGLV3‐1    
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## 10 1.10e‐ 5     1.52  0.6   0.336  1.29e‐ 1 4       IGLL5      
## 11 3.56e‐ 8     0.903 0.291 0.208  4.16e‐ 4 5       CD27       
## 12 7.04e‐ 5     1.05  0.6   0.622  8.23e‐ 1 5       IGHD       
## 13 3.77e‐ 7     1.72  0.778 0.482  4.41e‐ 3 6       IGLC2      
## 14 6.02e‐ 6     1.83  0.611 0.321  7.03e‐ 2 6       IGHA2      
## 15 3.37e‐66     4.72  0.769 0.42   3.94e‐62 7       HBB        
## 16 1.36e‐32     4.16  0.769 0.1    1.59e‐28 7       HBA1       
## 17 4.97e‐18     4.43  0.818 0.043  5.81e‐14 8       CXCL12     
## 18 3.88e‐13     3.52  0.727 0.041  4.53e‐ 9 8       IFITM3 

Visualisation of the top 2 genes from each cluster, overlaying the genes 
on the TSNE plot, and a violin plots 

VlnPlot(object = bmmc, features.plot = c("LYZ", "AIF1")) 

 

FeaturePlot(object = bmmc, features.plot = c("LYZ", "AIF1"), cols.use = c("gr
ey", "blue"),  
    reduction.use = "tsne") 
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VlnPlot(object = bmmc, features.plot = c("S100A9", "CSF3R")) 

 

FeaturePlot(object = bmmc, features.plot = c("S100A9", "CSF3R"), cols.use = c
("grey", "blue"),  
    reduction.use = "tsne") 



Appendix I 

 

 268 

 

 

 

VlnPlot(object = bmmc, features.plot = c("IGLL5", "IGHG4")) 
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FeaturePlot(object = bmmc, features.plot = c("IGLL5", "IGHG4"), cols.use = c(
"grey", "blue"),  
    reduction.use = "tsne") 

 

VlnPlot(object = bmmc, features.plot = c("AC096579.7", "IGKC")) 
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FeaturePlot(object = bmmc, features.plot = c("AC096579.7", "IGKC"), cols.use 
= c("grey", "blue"),  
    reduction.use = "tsne") 

 

VlnPlot(object = bmmc, features.plot = c("IGLV3‐1", "IGLL5")) 
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FeaturePlot(object = bmmc, features.plot = c("IGLV3‐1", "IGLL5"), cols.use = 
c("grey", "blue"),  
    reduction.use = "tsne") 

 

VlnPlot(object = bmmc, features.plot = c("CD27", "IGHD")) 
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FeaturePlot(object = bmmc, features.plot = c("CD27", "IGHD"), cols.use = c("g
rey", "blue"),  
    reduction.use = "tsne") 
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VlnPlot(object = bmmc, features.plot = c("IGLC2", "IGHA2")) 

 

FeaturePlot(object = bmmc, features.plot = c("IGLC2", "IGHA2"), cols.use = c(
"grey", "blue"),  
    reduction.use = "tsne") 
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VlnPlot(object = bmmc, features.plot = c("HBB", "HBA1")) 

 

FeaturePlot(object = bmmc, features.plot = c("HBB", "HBA1"), cols.use = c("gr
ey", "blue"),  
    reduction.use = "tsne") 
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VlnPlot(object = bmmc, features.plot = c("CXCL12", "IFITM3")) 

 

FeaturePlot(object = bmmc, features.plot = c("CXCL12", "IFITM3"), cols.use = 
c("grey", "blue"),  
    reduction.use = "tsne") 
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 ## Checking 
of the expression on the markers used to isolate this population 

VlnPlot(object = bmmc, features.plot = c("HSPA8", "MCAM")) 
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FeaturePlot(object = bmmc, features.plot = c("HSPA8", "MCAM"), cols.use = c("
grey", "blue"),  
    reduction.use = "tsne") 

 ## Finding 
genes and how they are varied between the clusters (top 10), and then producing a 
heat map across the clusters. 

top10 <‐ bmmc.markers %>% group_by(cluster) %>% top_n(10, avg_logFC) 
DoHeatmap(object = bmmc, genes.use = top10$gene, slim.col.label = TRUE, remov
e.key = FALSE, cex.row =10) 
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## Naming of clusters based on markers found ‐ not relevant for this population, need 
to look into markers ‐ redo after cluster changes 

current.cluster.ids <‐ c(0, 1, 2, 3, 4, 5, 6, 7, 8) 
new.cluster.ids <‐ c("Monocyte", "Monocyte", "Lymphocyte", "Lymphocyte",  
    "Lymphocyte", "Lymphocyte", "Lymphocyte", "Erythrocyte progenitors", "CAR
 cells") 
bmmc@ident <‐ plyr::mapvalues(x = bmmc@ident, from = current.cluster.ids, to 
= new.cluster.ids) 
TSNEPlot(object = bmmc, do.label = TRUE, pt.size = 0.5) 

 ## Saves 
files 

bmmc <‐ SetAllIdent(object = bmmc, id = "ClusterNames_1.2") 
saveRDS(bmmc, file = "~/F47 BMMC/F47_MACSFACS.rds") 

 

 


