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Abstract  

The problem: In Australia, over 12,000 people live with a spinal cord injury (SCI) and at least 

one new case occurs every day. Currently, there is no effective treatment for SCI. 

Transplantation of olfactory ensheathing cells (OECs; the glial cells of the primary olfactory 

nervous system) is a promising therapy, in particular autologous transplantation. OECs exhibit 

unique properties which stimulate neuronal growth and axonal extension, including structural 

and neurotrophic/guidance support. OECs also function as immune cells and remove 

(phagocytose) cell debris from the injury site. Furthermore, OECs migrate across the injury site 

and provide support for regenerating axons. However, functional outcomes in both animal 

studies and human clinical trials vary greatly, and there are key obstacles in this therapy. These 

include insufficient cell proliferation rate (both prior to transplantation and after 

transplantation), cell migration rate and phagocytic activity. If these cell behaviours could be 

stimulated, the therapeutic potential of OECs would be significantly enhanced. Another 

important avenue for improvement is the development of novel three-dimensional (3D) cell 

constructs suitable for both pre-transplantation work (cell culture and drug screening) and for 

transplantation of OECs directly as a 3D structure into the nervous system injury site. 

Natural compounds can enhance the therapeutic potential of OECs: One avenue for 

stimulating favourable OEC behaviours would be to use neurogenic and neurotrophic factors. 

The use of such factors in the treatment of various neurological diseases has long been 

considered as potential therapies; however, due to their high molecular weight, most of such 

factors are unstable and unable to cross the blood-brain barrier (BBB). An alternative 

approach is the identification of small molecules that are able to mimic the effects of 

neurotrophic and neuroprotective factors without secondary effects (e.g. toxicity), but which 

also have improved stability profiles and the ability to cross the BBB. Certain natural 

compounds, in particular curcumin, have previously been shown to stimulate OEC 

phagocytosis, migration and proliferation. Curcumin, however, exhibits a wide range of effects 

on multiple cell types and has poor bioavailaibility. Thus, novel natural compounds which can 

stimulate OECs are warranted. In this thesis, two purified natural compounds, 3-acetoxy-7,8-

dihydroxyserrulat-14-en-19-oic acid (RAD288) and 3,7,8-trihydroxyserrulat-14-en-19-oic acid 

(RAD289), were found to promote cell behaviours in mouse OECs (mOECs) associated with 
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neural regeneration. Both compounds enhanced OEC proliferation, whereas only RAD288 

promoted mOEC migration. Moreover, these compounds induced morphological changes by 

increasing the cell volume of OECs. RAD288 and RAD289 also stimulated phagocytosis of 

neural debris by OECs. Therefore, RAD288 and RAD289 could be used to improve the low 

survival rate and limited migration of OECs after transplantation, and to enhance the 

phagocytic activity of OECs, which is important for removal of neural debris.  

The need for a 3D culture system: Drug screening on cells grown in traditional two-

dimensional cell culture (2D �t i.e., monolayer culture) culture conditions provide easy analysis, 

however when cells are grown in 3D the cellular responses to the drugs may differ. In addition, 

verification of activity of drugs must be performed on primary cultures, rather than cell lines. 

However, OECs are difficult to grow as pure cultures and a new system for growing OECs is 

needed. Therefore, an in vitro culture system which can meet the demands of modern cell-

based therapy is required. Development of 3D cellular constructs suitable for OECs can solve 

this problem by improving in vitro culture of primary OECs for drug screening. 3D cell culture 

provides a microenvironment which mimics the in vivo situation for cell culture and is 

currently used in a broad spectrum of applications, including basic biological mechanisms, 

drug discovery and pharmacological applications, cancer research, gene and protein 

expression, microenvironment studies and tissue engineering. In contrast, 2D cell culture is 

generally recognized that it does not represent the cellular environment found within tissues 

and organs. However, a large number of currently available 3D cell culture methods are time-

consuming, expensive, and show low reproducibility. This thesis describes the development 

of a 3D cell culture platform termed the naked liquid marble (NLM) (Australian patent 

application number 2017904456), which is based on culture of a cell droplet on a 

superhydrophobic plate. The NLM system is a robust, low-cost, user-friendly system which 

generates multiple uniform 3D cell spheroids. This highly reproducible platform allows cells to 

spontaneously, without any matrix or gel, rapidly aggregate to form spheroids with high 

viability. Furthermore, this platform mimics the in vivo state more closely than 2D culture. The 

NLM construct was found to be useful for both culture of OEC cell lines and primary OECs 

(described below), and was used to confirm that RAD288/289 stimulated the viability of 

mOECs (cell line) not only in 2D, but also in 3D culture. The NLM system demonstrates a high 
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potential for a diverse range applications far beyond OEC culture, including basic biological 

mechanisms, neural repair therapies and drug discovery. Moreover, a novel tool for facilitating 

3D cell culture was developed, which is the 3D-tip (Australian patent application number 

2017904064). The 3D-tip satisfies the unmet need for ease of handling liquids for 3D cell 

culturing, immunofluorescence assays, and drug discovery using 3D multicellular spheroids. 

The NLM constitutes a reproducible platform for primary OEC culture, highly suitable for drug 

discovery. In the NLM, cells from the primary olfactory nervous system (OECs and contaminant 

cells, mainly fibroblasts) are cultured in the 3D space and interact with each other freely. Over 

time, the different types of cells arrange themselves in a manner resembling the in vivo 

environment, with a core of OECs encased by a layer of fibroblasts. When the spheroids are 

placed in a 2D culture plate, fibroblasts migrate ahead of OECs and can therefore be selectively 

ablated using laser microdissection. After laser microdissection, the purity of primary OECs 

increased from ~8 % to ~44 %. 

Stimulation of primary OECs �t the importance of combining 3D culture with compound 

testing: The encouraging results from the RAD288/RAD289 study, and the development of the 

NLM technique allowing drug testing on purified primary OECs, laid the foundation for further 

identification of natural compounds that can stimulate OECs. 1143 natural products and 

derivatives were put through a medium-throughput screen for stimulation of OEC viability. In 

this screen, a robotic platform was used to test the compounds at four different 

concentrations (0.01, 0.1, 1 and 10 µM) on the viability (measured by metabolic activity) of a 

mOEC cell line, resulting in the generation of 13 716 data points. From this screen, 33 hit 

compounds were identified with the potential to enhance OEC viability. One of these 

compounds, a plant-derived naphthoquinone analogue (RAD618), was found to strongly 

stimulate viability of the mOEC cell line to 144 % compared to the control. Detailed studies on 

how RAD618 affected the cell cycle showed that this compound increases the percentage of 

cells undergoing mitosis. A potential molecular target of RAD618 was also identified, the 

transcription factor Nrf2.  
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RAD618 was then tested on primary mOECs which had been purified using a combination of 

the NLM technique and laser microdissection. RAD618 was found to promote OEC 

proliferation and survival in long-term culture, without loss of the OEC phenotype. RAD618 

was also found to alter the morphology of primary mOECs towards a bipolar morphology. The 

compound was not shown to stimulate cell migration, however, the reason for this may have 

been the dramatic effect on cell proliferation; OECs were found to migrate particularly slowly 

immediately prior to cell division. In addition, RAD618 stimulated aspects of OEC phagocytosis. 

The effects of RAD618 on cell proliferation and phagocytic activity suggest that this compound 

is a promising drug candidate for enhancement of OEC transplantation to repair the injured 

spinal cord.  

Towards transplanting 3D cell constructs for repair of the injured nervous system: The 

development of the NLM 3D cell culture platform is not only important for culture of primary 

OECs and drug screening, but also directly relevant for cell transplantation. OECs are often 

currently transplanted into the injured spinal cord as an injected suspension, resulting in poor 

cell survival, migration in the wrong direction and lack of a 3D cell network conducive to axonal 

extension. Thus, transplantation of cell spheroids generated in the NLM is therefore likely to 

improve OEC transplantation outcomes. Another area in which a 3D construct consisting of 

glial cells is highly warranted is for repair of large-gap peripheral nerve injuries. For this reason, 

the NLM method was taken one step further towards the development of a three-dimensional 

nerve bridge, particularly suitable for peripheral nerve repair. In this novel construct, termed 

the naked liquid marble nerve bridge (NLMNB; patent application pending), OECs form cell 

bridges several centimetres long in just 3 hours. Most importantly, NLMNB does not require 

any synthetic products or biologically-derived materials to form the 3D structure. In the 

market, no other current technique can generate centimetre-long 3D cell culture by cells 

themselves. These characteristics give the NLMNB excellent potential for cell-based therapies 

repairing the injured nervous system. A 3D cell nerve bridge without any artificially added 

ingredients which can fit the shape of an injured nerve will significantly enhance the outcomes 

of cell transplantation for neural repair.  
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In summary, this work has (1) identified three natural compounds with potential to promote 

favourable OEC behaviours relevant for neural repair, and (2) led to the development of a 

novel 3D culture system in which cells rapidly self-assemble without any added ingredients, 

applicable to a wide range of neural repair avenues. Thus far, the outcomes of this thesis have 

led to two patent applications, two first-author publications, three first-author manuscripts in 

submission/preparation, and 1 patent application in preparation, as well as contributing to 

four papers/manuscripts led by other researchers in the Clem Jones Centre for Neurobiology 

and Stem Cell Research. The future directions towards enhancing the outcomes of OEC 

transplantation will be based on the combination of the identified natural products and the 

developed NLM/NLMNB 3D cell culture methods.  



10 

Publications arising from this thesis 

1. Chen M, Shah MP, Shelper TB, Nazareth L, Barker M, Tello Velasquez J, Ekberg JAK, Vial

ML, St John J. 2019. Naked liquid marbles: a robust three-dimensional low-volume cell 

culturing system. ACS Applied Materials & Interfaces. 11(10):9814-9823, doi: 

10.1021/acsami.8b22036. 

2. Chen M, Vial ML, Tello Velasquez J, Ekberg JA, Davis RA, St John JA. 2018. The serrulatane

diterpenoid natural products RAD288 and RAD289 stimulate properties of olfactory 

ensheathing cells useful for neural repair therapies. Scientific Reports, 8(1):10240, doi: 

10.1038/s41598-018-28551-2. 

Patent applications arising from this thesis 

1. Chen M, Vial ML, Tello Velasquez J, Barker M, St John JA. Naked liquid marbles: a robust

three-dimensional low-volume cell culturing system. Provisional patent number 

2017904456, Australia Government IP Australia.  

2. Chen M, Vial ML, St John JA. Apparatus for and methods of removing fluid from a cell

culture. Provisional patent number 2017904064, Australian Government IP Australia. 

Manuscripts submitted for publication 

1. Chen M, Vial ML, Gee L, Davis RA, St John JA, Ekberg JAK. The plant natural product 2-

methoxy-1,4-naphthoquinone stimulates therapeutic properties of olfactory 

ensheathing cells. Submitted to Scientific Reports, 23 July 2019. 

2. Chen M, Vial ML, St John JA. 3D-tips: user-friendly wettable mesh barrier pipette tips for

3D cell culture. Revision in preparation for resubmission to ACS Applied Bio Materials 

mt-2019-00163c. 

Patent application in preparation 

1. Chen M, Gilmour A, St John JA, Ekberg JAK. Three-dimensional cellular nerve bridge
production for nerve repair. Application in preparation.



11 

The techniques developed in this Thesis have also been applied to other projects and the 
following publications: 

Published 

1. Nazareth L, Chen M, Shelper T, Shah M, Tello Velasquez J, Walkden H, Beacham I, Batzloff

M, Rayfield A, Todorovic M, Beagley KW, St John JA, Ekberg JA, 2019. Novel insights 

into the glia limitans of the olfactory nervous system. The Journal of Comparative 

Neurology 2019; 527(7):1228-1244. doi: 10.1002/cne.24618.  

2. Beckingham L, Todorovic M, Tello Velasquez J, Vial ML, Chen M, Ekberg J, St John JA, 2019.

Three-dimensional cell culture can be regulated by vibration: low-frequency vibration 

increases the size of olfactory ensheathing cell spheroids. Journal of Biological 

Engineering, 2019. 13:41. doi: 10.1186/s13036-019-0176-1 

In preparation 

1. Delbaz A, Chen M, Jen F, Schulz B, Gorse A, Jennings M, St John JA, Ekberg J, 2019.

Neisseria meningitidis induces pathology-associated cellular and molecular changes in 

trigeminal Schwann cells. Revision in preparation for resubmission to Infection and 

immunity  

2. Wright AA, Chen M, Fex Svenningsen Å, St John JA, Ekberg J, 2019. Macrophage migration

inhibitory factory mediates cell organisation in a three-dimensiona  in vitro olfactory 

nerve model. 

3. Chen M, Vial ML, Mandyam R, Ekberg JAK, Davis RA , St John JA. A high throughput

screening protocol to identify compounds that stimulate the activity of glial cells 

relevant for neural repair.  



12 

Chapter 1: Literature and Theory Review  

1.1 Introduction 

In Australia, over 12,000 people live with a spinal cord injury (SCI) (New et al., 2015); the total 

incidence of SCI in Australia is 17 cases per million people (Tovell, 2019).  In developed 

countries, the incidence ranges from 16-54 cases per million (Lee et al., 2014; Tovell, 2019); 

extrapolated data from developing countries suggest that approximately 19-29 individuals per 

million have SCI (Lee et al., 2014). In Australia, the  life-time cost is $5.0 million per case of 

paraplegia and $9.5 million per case of quadriplegia (Australia, 2009; Wellness, 2019); thus, 

SCI constitutes a large socioeconomic burden in addition to the personal suffering of 

individuals with SCI and their families.  

The primary traumatic injury of SCI directly causes rapid cell death, which is followed by 

secondary degeneration that results in more widespread and persistent death of cells 

neighbouring the injury site, in particular neurons and oligodendrocytes. One approach to 

repair the injured spinal cord is to transplant neural stem cells to replace the damaged 

neurons. However, the use of neural stem cells is problematic for several reasons: (1) a 

suitable source of neural stem cells is required, which then needs to be driven into the 

appropriate differentiation pathway to generate neurons and glial cells, and (2) the damage 

to the spinal cord with the altered cellular and molecular structure may impede the ability of 

the new neurons to extend axons across the injury site (reviewed by Chhabra et al., 2019; 

Kamelska-Sadowska et al., 2019; Teng, 2019). Another strategy to repair the injured spinal 

cord is the transplantation of glial cells into the lesion site to establish a suitable 

microenvironment for neuron regeneration and functional recovery (reviewed by Ekberg & St 

John, 2014; Hosseini et al., 2016; Li & Leung, 2015; Mackay-Sim & St John, 2011). However, 

for all cell transplantation therapies, proliferation and migration of the transplanted cells 

within the host tissue is limited. Thus, strategies that promote these activities of the 

transplanted cells may improve the use of cell-based transplantation strategies in SCI repair 

(Milward et al., 2000; Wright et al., 2018). 
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The use of natural products (NPs) in neural repair therapies is an area of increasing interest. 

Many NPs have been found to have beneficial effects on both neurons and non-neuronal cells. 

These NPs can inhibit the inflammatory process of central nervous system (CNS) injuries, 

protect cells under excessive reactive oxygen species (ROS) and enhance neural regeneration 

(Park et al., 2015). Moreover, some NPs, such as curcumin, Alpina oxyphylla extract and 

ginsenosides can directly increase the migration or proliferation of glial cells. Therefore, the 

use of NPs might lead to a new direction in cell therapies for neural repair (Bastianetto et al., 

2007; Velasquez et al., 2014). Our laboratory has a particular interest in the use of glial cells 

for neural repair and hence this thesis will examine how NPs can enhance favourable glial cell 

behaviours. 

Spinal cord injury (SCI) 

SCI causes local nerve damage and can often cause permanent paralysis. The biological 

response to a SCI is classified into different phases: primary/acute, secondary and chronic. The 

primary damage of SCI leads to sudden death of neurons and glial cells (Bhat et al., 2015). In 

contrast, the secondary phase can last from several weeks to several months (Tanhoffer et al., 

2007) and can exacerbate the initial injury leading to an increased lesion and more extensive 

paralysis. A series of vascular and biochemical changes, including inflammatory mediated cell 

death, demyelination, and generation of excessive reactive oxygen species (ROS), are involved 

in this second phase of SCI (Rossigno et al.,2007). In the inflammation process, the immune 

cells are activated to remove the cell debris. A large number of cytokines are released during 

this process, such as interleukin-1beta (IL-1beta), interleukin-6 (IL-6) and tumour necrosis 

factor alpha (TNF alpha) (Klusman & Schwab, 1997). These cytokines activate additional 

immune cells including macrophages or microglial cells, leading to over-activation of the 

inflammatory process, which might aggravate the injury. Moreover, mitochondrial 

dysfunction and increased levels of calcium lead to an excessive production of ROS and 

reactive nitrogen species (RNS), which damages lipids, proteins, cell membrane and nucleic 

acids (Bhat et al., 2015). In addition, SCI induces hypercalcemia, which leads to apoptosis of 

neuronal and non-neuronal cells. Oligodendrocyte death after SCI is associated with the 

demyelination of neurons and aggravated neuronal damage.  
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The chronic phase can last from months to years, with extensive scarring being the key 

characteristic of this process. The fibrotic scar and glial scar are the two main parts of the scar 

tissue. Perivascular and meningeal fibroblasts swarm around the centre of the lesion site and 

form a fibrotic layer (Goritz et al., 2011) surrounded by the glial scar, which is composed 

mainly of reactive astrocytes. A glial limiting membrane is found between the fibrotic scar and 

glial scar (Hu et al., 2010). The scar formation is a response to changes of local 

microenvironment and severely inhibits neuronal regeneration. The reactive astrocytes 

secrete chondroitin sulphate proteoglycans (CSPGs), which supress the axonal regrowth 

(Matsui & Oohira, 2004). CSPGs also block proliferation and differentiation of oligodendrocyte 

progenitor cells, and thus obstruct the process of myelination (Siebert & Osterhout, 2011).    

Overall, SCI seriously damages both neurons and oligodendrocytes and dramatically changes 

the microenvironment in the lesion site (Figure 1). Most current drug therapies focus on 

reducing the inflammation or on blocking activities of proteins that inhibit neural regeneration. 

However, while these methods may minimise cell death, they are unable to reverse the 

process of neuronal death that has already occurred. Cell-based therapies may be a more 

effective treatment for spinal cord injury, not by only replacing the damaged cells but by 

establishing a more suitable microenvironment for cell regeneration. 

Figure 1. The spinal cord injury site. After initial injury, the secondary spinal cord injury phase is 

associated with further damage in the lesion site. The neurons continue to die, and myelin sheaths 
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degenerate. The levels of excessive reactive oxygen species (ROS) are also increased. The ROS destroy 

lipids, proteins, cell membrane and nucleic acids in cells. Cytokines, such as interleukin-1beta (IL-

1beta), interleukin-6 (IL-6) and tumour necrosis factor alpha (TNF alpha) are released. These cytokines 

activate further immune responses. The over activation of the inflammatory process leads to the 

apoptosis of neuron and non-neuron cells. Moreover, oligodendrocytes, astrocytes and microglia form 

the glial scar around the injury site. The scar is a physical and chemical barrier, which blocks axon 

regeneration and prevents recovery of the neuronal network.       

Cell therapies for regenerating/repairing the damaged CNS 

Progenitor cells, such as mesenchymal stromal cells and hematopoietic stem cells, have been 

used in clinical trials for injured CNS repair (Walker et al., 2010). However, due to potential 

unlimited self-renewal and a high proliferation rate, using stem-like cells may be unsafe. For 

example, after transplantation of human fetal neural stem cells into a human brain, a patient 

was diagnosed with a multifocal brain tumour (Amariglio et al., 2009). In addition, stem cell 

therapy requires the directed differentiation of the stem cells into the appropriate target cell 

type and current technologies cannot yet provide the precise differentiation pathways in vivo. 

Importantly, repairing the CNS involves not just replacing lost neurons, but also the glial cells, 

which are essential for the growth and guidance of the neurons. Transplantation of glial cells 

has shown to be safe and feasible (Mackay-Sim & St John, 2011) and to enhance the neuronal 

environment, regeneration of neurons and recovery of neural network in preclinical studies 

(Struzyna et al., 2015). 

The use of glial cells to repair the damaged CNS has become a promising strategy over the 

past decades. Transplantation of Schwann cells, the glia of the peripheral nervous system (PNS) 

that mediate myelination and nerve repair, has been used in the treatment of SCI. 

Transplantation of Schwann cells into a damaged spinal cord can promote the remyelination 

of damaged axons (Pearse et al., 2004). Moreover, this therapy has been used in brain injury 

therapies, where transplanted Schwann cells enhance functional recovery and reduce reactive 

gliosis in the contused brain tissue of rats (Yang et al., 2011).  
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Oligodendrocytes are another glial cell type of interest for cell transplantation therapies. In 

their natural environment, oligodendrocytes support and myelinate CNS axons. The loss of 

oligodendrocytes after CNS insults severely affects neuron survival (Almad et al., 2011). 

Replacement of oligodendrocytes after SCI has been studied for several years. In one study, 

transplantation of mature oligodendrocytes into the spinal cord injury site did not improve 

the remyelination process after SCI in rats (Blakemore & Keirstead, 1999). In contrast, 

oligodendrocyte progenitor cells rapidly respond to injury and may contribute to the 

remyelination (Tripathi & McTigue, 2007). In addition, oligodendrocyte progenitor cells have 

a limited capacity to accommodate growth (Hughes et al., 2013), which reduces the chance of 

tumour formation. Thus, transplantation of oligodendrocyte precursor cells may have more 

potential for SCI repair than transplantation of mature oligodendrocytes.  

Another type of glial cell that has shown potential in SCI therapies is the olfactory ensheathing 

cell (OEC). OECs are the glial cells of the primary olfactory nervous system (the olfactory nerve 

and outermost layer of the olfactory bulb). OECs support the continuous regeneration of the 

primary olfactory system, which occurs throughout life. One key advantage of OECs over other 

glial cells is that OECs can be obtained from nasal biopsies and thus be autologously 

transplanted (Ekberg et al., 2012). These cells share several characteristics with Schwann cells, 

such as the capacity to promote remyelination of demyelinated axons, and to enhance axonal 

regeneration (Lakatos et al., 2000). However, OECs have a unique advantage as they can 

interact with astrocytes; thus, OECs exhibit a stronger capacity to migrate into the glial scar 

than Schwann cells (Li et al., 2005).  In addition, OECs have been used in the treatment of brain 

injury. OECs interact with the Bcl-2-associated death promoter (BAD) protein, which 

downregulate apoptosis after traumatic brain injury (TBI) in rats (Wang et al., 2014). In 

addition, OECs can secrete numerous growth factors such as nerve growth factor (NGF), brain-

derived neurotrophic factor and neurotrophin 4/5 (Boruch et al., 2001), which can promote 

neuronal regeneration.  Our laboratory is now focussed on improving the current method for 

OEC transplantation.  

While glial cells are promising candidates in cell-based therapy for SCI, there is a high death 

rate and limited migration of glial cells after transplantation (Afshar et al., 2010). Therefore, 
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the identification of small molecules that can promote proliferation and migration of glial cells 

has become necessary to improve the therapeutic potential of transplanted glia. Several 

growth factors, known to enhance glial cells and neuron growth (Lee et al., 2001; Raff et al., 

1978), have been used as combinational therapy for the treatment of SCI (Bradbury & 

McMahon, 2006); however, due to the high molecular weight of the growth factors, they are 

not able to cross the blood-brain barrier (Gao et al., 2010) diminishing their therapeutic 

potential. Moreover, the use of growth factors that target neurons has also been associated 

in clinical trials with side effects including constant back pain, hyper-innervation of cerebral 

blood vessels and Schwann cell hyperplasia (Jonhagen et al., 1998; Isaacson et al., 1990; 

Winkler et al., 1997). An alternative is the identification and use of natural products �t 

compounds obtained from natural resources such as plants, fungi, microbes or marine 

invertebrates �t that can mimic the effect of neurotrophic growth factors on cells and are able 

to cross the blood-brain barrier (Mazzio et al., 2015; Seow et al., 2015; Zhao et al., 2015). 

Another key problem with cell transplantation therapies is that it is difficult to obtain enough 

cells prior to transplantation. In the case of glial cell transplantation, such as transplantation 

of OECs, cells are typically cultured for 2.5 �t 10 weeks in vitro prior to transplantation (Feron 

et al., 2005; Mackay-Sim et al., 2008; Tabakow et al., 2013). If this time could be reduced, and 

the number of cells could be increased by stimulation of proliferation without loss of 

phenotype, the therapy could be significantly improved. 

1.2 Natural products 

Natural products (NPs), which are extracted and purified from plants, animals or 

microorganisms, are known to have a large spectrum of medicinal properties on 

neurodegenerative diseases and traumatic CNS injury including axon extension, 

synaptogenesis, neurite outgrowth and memory improvement (Tohda & Joyashiki, 2009). 

Some NPs that are known for their neuroprotective and neurogenic effects will be discussed 

below.  
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Ginsenosides 

Ginsenosides Rb1 and Rg1, isolated from the root of Panax ginseng and used in Traditional 

Chinese Medicine (TCM), have been reported to display neurogenic properties. Ginsenoside 

Rb1 can improve cognitive function of rats with hippocampal lesions (Zhong et al., 2000). Even 

though the mechanism of action of these compounds in neurodegenerative diseases remains 

unclear, it is known that ginsenosides modulate several subclasses of glial cells. Ginsenosides 

Rb1 and Rg1 promote the proliferation of Schwann cells as well as secretion of neurotrophic 

factors by the cells (Liang et al., 2010). These NPs increase the intracellular cAMP level and 

PKA activity in primary Schwann cell cultures, leading to an increase in the expression of 

mitogenic growth factor receptor and the interaction with G1 phase-specific protein cyclin-D1, 

which enhance Schwann cell proliferation (Kettenmann et al., 2005). Moreover, ginsenosides 

Rb1 and Rg1 increase the levels of NGF and brain-derived neurotrophic factor (BDNF) in 

Schwann cell cultures (Liang et al., 2010) which is of potential therapeutic use since both NGF 

and BDNF have significant positive effects on nerve regeneration after injuries (Gordon, 2009). 

The ginsenoside Rb1 can also enhance the proliferation of OECs (Lu et al., 2010) and promote 

neurite outgrowth in SK-N-SH cells, which are important in re-establishing the neuronal 

networks in the brain of patients with dementia (Tohda et al., 2002). In particular, ginsenoside 

Rb1 enhances nerve growth factor-induced neurite outgrowth in chick dorsal root ganglia, and 

may help the reconstruction of the synaptic formation in the brain (Tohda et al., 2002). In 

addition, Panax quinquefoliusone (American ginseng) can inhibit the inflammatory process by 

blocking the activation of macrophages (Ichikawa et al., 2009). This process is achieved by 

suppressing lipopolysaccharide (LPS)-induced activation of signal transducer and the activator 

of transcription (STAT) pathway, which can block the nitric oxide synthase (NOSs) expression 

in macrophages (Friedl et al., 2001). Thus, the pro-inflammatory mediators produced by the 

macrophages will be attenuated, leading to reduced inflammation.  
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Radix aconiti lateralis preparata 

Radix aconite lateralis preparata, is another herb used in TCM. The root of this plant is the key 

ingredient in an ancient recipe used to improve pain and paralysis. It has been found that it 

can protect Schwann cells in diabetic neuropathy (Wang et al., 2014). Schwann cells have a 

strong response to ROS and the levels of nuclear factor Nrf2 catalase activity was both 

significantly increased by treating ROS to Schwann cells (Vincent et al., 2009). After Radix 

aconite lateralis preparata treatment, the apoptotic ratio of Schwann cells was significantly 

decreased in culture (Wang et al., 2014). Imbalanced metabolism of ROS is a common 

�‰�Z���v�}�u���v�}�v�� �]�v�� �v���µ�Œ�}�����P���v���Œ���š�]�À���� ���]�•�����•���•�U�� �•�µ���Z�� ���•�� ���o�Ì�Z���]�u���Œ�[�•�� ���]�•�����•���� ���v���� �W���Œ�l�]�v�•�}�v�[�•��

disease (Uttara et al., 2009). Moreover, an increase in ROS production is a major factor 

contributing to the secondary damage of traumatic SCI. Schwann cell transplantation therapy 

is being tested for CNS injury repair, but this strategy still needs to be improved. The beneficial 

effects of Radix aconite lateralis preparata in Schwann cells may therefore improve the use of 

these glial cells in cell transplantation therapies. 

Alpinia oxyphylla Miquel 

Alpinia oxyphylla Miquel fruit is widely used as a condiment and herbal remedy in TCM. This 

Chinese herb has been investigated in the treatment of oxidative stress induced-

neurodegenerative diseases, such as Alzheimer's and Parkinson's diseases (Shi et al., 2006). 

This NP showed excellent antioxidant properties, as it could protect cells from hydrogen 

peroxide induced-damage. Moreover, Alpinia oxyphylla Miquel fruit extract enhances 

Schwann cell migration and nerve regeneration by modulating MAPK (Mitogen-activated 

protein kinase) mediated signalling of Pas (pituitary adenomas) and MMP (matrix 

metalloproteinases) 2/9 (Chang et al., 2014). After treatment with Alpinia oxyphylla Miquel 

fruit extract, Schwann cell migration was significantly increased. Extracellular signal-regulated 

kinases, NH2-terminal kinases, and p38 kinase, three sub-families of mitogen-activated 

protein kinases known to regulate nerve cell migration, were activated by this NP (Huang et 

al., 2004). After neural damage, Schwann cells migrate to the injured nerve area to support 

nerve axonal regrowth and remyelination. Alpinia oxyphylla Miquel might enhance Schwann 
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cell migration leading to improvement of nerve axonal regrowth in nervous system injuries. In 

addition, a sesquiterpenes-rich extract from Alpinia oxyphylla Miquel reduced the �Ú-amyloid 

peptide level, which are the primary amyloid plaques in mice brain (Nussbaum et al., 2013; 

Shi et al., 2014), suggesting that Alpinia oxyphylla Miquel may �Z���o�‰���Œ�����µ���������o�Ì�Z���]�u���Œ�[�•�����]�•�����•����

development. 

Epigallocatechin-3-Gallate (EGCG) 

Epigallocatechin-3-Gallate (EGCG) is extracted from the dried leaves of Camellia sinensis, 

which is the �•�}�µ�Œ�������}�(���}�v�����}�(���š�Z�����Á�}�Œ�o���[�•���u�}�•�š���‰�}�‰�µ�o���Œ�������À���Œ���P���•�U��tea. EGCG has been found 

to regulate several intracellular pathways to protect neurons after injury (Boadas-Vaello & 

Verdu, 2015). NF-�ƒ�� is a target of these intracellular pathways. NF-�ƒ���������š�]�À���š�]�}�v���]�v���µ�����•���š�Z����

secretion of many inflammatory mediators, such as chemokines, cytokines, prostaglandins 

and nitric oxide in astrocytes and microglia. After EGCG treatment in mice with chronic 

constriction nerve injury, nuclear level of NF-�ƒ�����]�v���š�Z�����•�‰�]�v���o�����}�Œ�����Á���•���Œ�����µ��������(Choi et al., 

2011). Moreover, studies have revealed that EGCG can enhance oligodendroglial 

remyelination process after injury by interacting with extracellular signal-related kinases 1 and 

2 (Boadas-Vaello & Verdu, 2015). In addition, EGCG can directly block the demyelination 

process by inhibiting the activity of myelin-derived inhibitors. Studies show that EGCG inhibit 

the anti-neuritogenic activity of Nogo-A which is a key axonal growth inhibitor (Gundimeda et 

al., 2015; Muramatsu & Yamashita, 2014). It is predicted that Nogo-A is located at the 

endoplasmic reticulum and at the cell surface. After brain or spinal cord injuries, some specific 

Nogo-A fragments arise from damaged oligodendrocytes and then affect the cell-cell or cell-

membrane contacts of neurons (Ng & Tang, 2002). Thus, inhibiting Nogo-A with EGCG would 

be beneficial for neural regeneration. 

Ashwagandha 

Ashwagandha is a herb commonly used in Ayurveda medicine. The potential of some of its 

active ingredients, including withanolide A, withanosides IV and VI, for treating neurological 

diseases, has been studied (Kuboyama et al., 2005; Kuboyama et al., 2006; Tohda et al., 2002). 
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These naturally-occurring compounds enhanced neurite outgrowth activity in human 

neuroblastoma SH-SY5Y cells and rat cortical neurons (Kuboyama et al., 2002). Ashwagandha 

can protect both glial cells and neurons in different situations, such as H2O2 stress and 

glutamate-induced cytotoxicity (Shah et al., 2015). Sitoindosides VII�tX and withanolide A from 

ashwagandha have a strong antioxidant activity as these compounds can increase major free-

radical scavenging enzymes, such as superoxide dismutase (SOD), catalase (CAT), and 

glutathione peroxidase (GPX) in the rat brain (Bhattacharya et al., 1997; Kulkarni & Dhir, 2008). 

These characteristics of ashwagandha suggest that it is a potential herbal remedy for the 

treatment of CNS-related disorders, such as Alzheimer's disease and Parkinson's disease. In 

addition, it has been reported that withanoside IV enhances the axonal growth and 

myelination in the peripheral nervous system after SCI (Nakayama & Tohda, 2007). Sominone, 

an aglycone derivative of withanoside IV, has been shown to prevent neuritic damage, 

enhance axon regeneration and increase the number of synapses in neurons (Kuboyama et al., 

2006). An analogue of sominone, denosomin, was also used to treat SCI. Denosomin induced 

the expression of vimentin in astrocytes which enhanced axonal regeneration and promoted 

functional recovery of spinal cord after injury in mice (Teshigawara et al., 2013). 

Resveratrol 

Resveratrol is a natural polyphenolic compound, which is present in grapes and a range of 

other plant species. Resveratrol is a strong antioxidant and it is considered that it may protect 

�v���µ�Œ�}�v�•�� �]�v�� ���o�Ì�Z���]�u���Œ�[�•�� ���]�•�����•���U�� �,�µ�v�š�]�v�P�š�}�v�[�•�� ���]�•�����•���U�� ���v���� �W���Œ�l�]�v�•�}�v�[�•�� ���]�•�����•����(Saiko et al., 

2008). Resveratrol can increase SIRT1 activity by enhancing the rate of deacetylation, which 

can protect neurons in age-related neurodegenerative diseases (Kim et al., 2007). The over-

expression of SIRT1 protein can protect the spinal cord from demyelination, loss of 

oligodendrocytes and axonal injury (Nimmagadda et al., 2013). In addition, resveratrol has 

been found to enhance neuron and glial cell survival in traumatic brain injury by reacting 

against glutamate-induced cytotoxicity process (Lin et al., 2014). Glutamate can induce the 

generation of ROS in secondary brain injury processes and the excessive production of ROS 

can induce the death of neuronal and glial cells. Therefore the antioxidant function of 

resveratrol may be of interest in the treatment of SCI. Resveratrol may also be used in a 
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positive role in secondary spinal cord injury (Yang & Piao, 2003). In injured tissues, the 

increased lactate dehydrogenase (LDH) activity and reduced K+-ATPase activity cause changes 

of energy metabolism. Resveratrol can effectively reverse this process by decreasing LDH 

activity and increasing K+-ATPase activity (Yang & Piao, 2003). An increase in LDH level will 

enhance the lipid peroxidation, which leads to the generation of free radicals and causes cell 

death. Therefore, the lipid peroxidation process will be supressed by resveratrol treatment, 

which can benefit the recovery of neuronal function in spinal cord injury.  

 Ibogaine 

Ibogaine is a psychoactive indole alkaloid that has been isolated from Tabernanthe iboga, and 

a variety of other species belonging to the plant family Apocynaceae. An analogue of this 

compound, XL-008, was found to greatly enhance the release of glial cell line-derived 

neurotrophic factor (GDNF) in C6 glioma cells (Gassaway et al., 2016). GDNF can protect 

different types of neurons and promote their survival in both central and peripheral nervous 

systems. Direct injection of GDNF has been used to treat spinal cord injury where GDNF can 

reduce the lesion site, increase spared white matter area, reduce neuronal cell death, 

promote axonal regeneration and enhance myelination after SCI (Cheng et al., 2002; Iannotti 

et al., 2003). Therefore as a strong inducer of GDNF (2-fold), ibogaine has a great potential in 

the treatment of brain- and spinal cord injury.  

Curcumin 

Curcumin has been traditionally used as a herbal medicine for more than 2000 years in Asia 

(Ammon & Wahl, 1991). It has many reported medicinal properties, such as anti-inflammatory, 

antioxidant and anti-cancer activities (Hatcher et al., 2008). Nowadays, curcumin is also 

applied in the treatment of central and peripheral nervous system disease. The anti-

inflammatory properties of curcumin may aid reduction of secondary damage in spinal cord 

and brain injury. Curcumin can enhance the activity of nuclear factor E2-related factor 2, which 

is a key regulator in cellular antioxidant defence mechanisms (Wang et al., 2012). Nuclear 

factor E2-related factor 2 (Nrf2) plays an important role in protecting damaged brain and 
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spinal cord in secondary injury (Jin et al., 2009; Wang et al., 2012). In particular, curcumin 

induces the activation of Nrf2 leading to reducing the NF-�ƒ�� activation and cytokine 

production in the injured spinal cord in rats (Jin et al., 2014). Curcumin can also interact with 

CDGSH iron sulphur domain 2 (CISD2) against the apoptotic process following spinal cord 

injury (Lin et al., 2015). CISD2 is localized in the endoplasmic reticulum and directly interacts 

with Bcl-2, which can inhibit apoptosis in cells (Chen et al., 2009). The expression of CISD2 was 

reduced in post-traumatic lesion site of spinal cord injury; suggesting this is a response 

mechanism to the secondary damage from traumatic injury (Lin et al., 2015). Therefore, 

curcumin may also enhance the cell survival through the regulation of this pathway.  

Curcumin can activate different activities on different cell types, including OECs. After 

treatment with 0.5 µM curcumin, proliferation, migration and phagocytic activities of OECs 

were significantly increased (Velasquez et al., 2014). In particular, the phagocytic activity of 

primary mouse OECs was increased by up to 20-fold over 12 hours and up to 10-fold over 24 

hours. Curcumin (at 2-10 µM) can improve Charcot�tMarie�tTooth disease type 1 (CMT1B) by 

enhancing Schwann cells differentiation (Patzko et al., 2012). This disease caused by a 

mutation in the Myelin Protein Zero gene, is associated with the fact that the myelin protein 

cannot reach to the cell surface. After curcumin treatment, this process was reversed, and 

myelination was promoted in CMT1B. Moreover, a high dose of curcumin (50 µM) can induce 

apoptosis on the tumour cells and does not cause damage to the normal cells (Syng-Ai et al., 

2004). It was postulated that curcumin suppresses the proliferation of tumour cells and 

regulates cell cycle and tumour suppressor gene activity (Sa & Das, 2008). Therefore, different 

concentrations of curcumin can have different effects on cells. In addition, curcumin also 

activates different activities on different cell types. Overall, curcumin does not only have an 

effect on neurons, but also regulates the biological properties of glial cells, features that 

indicate that this NP has a great potential in the treatment of CNS and SCI.  

Linckosides 

Linckosides are isolated from the marine starfish Linckia laevigata. The starfish itself has 

excellent regenerative potential and some starfish can completely regrow autotomized arms 
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(Wilkie, 2001). Linckosides belong to the steroid glycoside structure class, which are wide-

spread NPs that are typically identified from marine invertebrates (Ivanchina et al., 2011). 

Steroidal glycosides have been used to develop anticancer drugs (Prassas & Diamandis, 2008) 

and glycosides analogues have been found to display anti-bacterial properties (Mayer et al., 

2011). Linckosides have been reported to mimic the effects of nerve growth factor to induce 

neurite outgrowth in PC12 cells (Qi et al, 2002; Qi et al, 2004). Nerve growth factors have 

multiple benefit effects on different types of glial cells and can enhance the purification and 

proliferation of OECs (Bianco et al., 2004). Moreover, nerve growth factor promotes the 

myelination of Schwann cells (Chan et al., 2004). There are six congeners of linckosides 

(linckosides F-K) that have been shown to mimic the NGF activity (Han et al., 2006). Specifically, 

linckosides enhance the proliferation, migration and morphological plasticity of human OECs, 

which are critical for neuroregenerative properties (Velasquez et al., 2016). Therefore, 

linckosides are potential drug candidates for the treatment of spinal cord injury.  

In summary, numerous NPs have been demonstrated to directly act on the nerve repair 

process by various mechanisms including suppressing the inflammatory process, protecting 

against ROS and inhibiting the apoptosis in the lesion site. Moreover, some NPs can enhance 

the migration and proliferation of glial cells, which are the key factors in the transplantation 

therapy (Figure 2; Table 1). However, research on how NPs can be used to activate glial cells 

has only just begun with only a few studies reporting the effect of NPs on OECs, SCs or 

oligodendrocytes. Therefore, the application of NPs to glial cell biology and glial therapeutic 

therapies warrants further investigations; the potential for new discoveries through the 

concomitant research on both glial cell biology and NPs is significant. Furthermore, this unique 

combination of cross-disciplinary research shows great promise for the future development 

of drugs for SCI treatment. 
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Figure 2. The potential pharmacological actions of natural products in spinal cord injury. NPs can 

stimulate anti-inflammation, remyelination, and axon regeneration processes. Ginsenosides enhance 

the activity of OECs, proliferation of transplanted Schwann cells and levels of nerve growth factor and 

BDNF. Radix aconite lateralis preparata protects Schwann cells under the excessive ROS. 

Epigallocatechin-3-Gallate induces the remyelination process by inhibiting the secretion of Nogo-A 

fragments from damaged oligodendrocytes. Linckosides ehance neurite outgrowth by mimicking the 

effects of nerve growth factor. Ashwagandha possesses a protective role against oxidative stress and 

promotes axon regeneration after injury. Ibogaine enhances the axonal regeneration and enhances 

myelination by increasing the level of GDNF. Alpinia oxyphylla Miquel promotes the migration of 

Schwann cells and protects cells against the toxic effects of H2O2. Resveratrol is an antioxidant involved 

in re-establishing energy metabolism after injury. Curcumin can used to enhance axon regeneration 

and remyelination by its anti-inflammatory and antioxidant properties . Moreover, curcumin improves 

the proliferation, migration and phagocytic activities of OECs, which are key factors in cell-based 

transplantation therapies. 
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Table 1. Summary of glia-active natural products, their function and sources 

NPs Functions  Sources  

Ginsenosides Rb1 Enhances proliferation of OECs 

Enhances proliferation of Schwann cells 

Promotes neurite outgrowth 

Increases levels of NGF and BDNF 

Panax ginseng 

Ginsenosides Rg1 Enhances proliferation of Schwann cells 

Increases levels of NGF and BDNF 

Panax ginseng 

Radix aconite 

lateralis preparata 

Antioxidant  Radix aconite lateralis 

preparata 

Alpinia oxyphylla 

Miquel fruit extract  

Antioxidant 

Enhances migration of Schwann cells 

Alpinia oxyphylla Miquel 

Epigallocatechin-

3-Gallate

Anti-inflammation 

Enhances oligodendroglial remyelination 

process 

Antioxidant 

Camellia sinensis 

Withanolide A Antioxidant Ashwagandha 

Withanoside IV Enhances the axonal growth and myelination Ashwagandha 

Sominone 

(withanoside IV 

aglycone) 

Enhances axon regeneration  

Increases the number of synapses in 

neurons 

Ashwagandha 

Resveratrol Antioxidant 

Maintain energy metabolism 

Grapes  (Vitis spp.) 

XL-008 (analog of

Ibogaine) 

Enhances release of glial cell line-derived 

neurotrophic factor 

Tabernanthe iboga 

Curcumin Anti-inflammatory 

Antioxidant 

Enhances proliferation, migration and 

phagocytic activities of OECs 

Zingiberaceae 

Linckosides Promotes neurite outgrowth Linckia laevigata 
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Combined cell and NP therapy 

Although glial cell therapy has great potential, several limitations exist. For example, the 

remyelination of neurons is limited after the transplantation of Schwann cells into the spinal 

cord of injured rats (Blakemore, 1984). This may be because the migration of Schwann cells is 

very slow in the spinal cord. The results have been shown to be similar after transplantation 

of endogenous oligodendrocyte progenitors (Blakemore et al., 2002). The rate of repopulation 

for endogenous oligodendrocyte progenitors is 2 mm/week in the rat spinal cord and the 

extent of remyelination may relate to the timing of the glial cells first interaction with the 

demyelinating lesions (Blakemore et al., 2002). In addition, the migration of the transplanted 

OECs is inhibited by Nogo-66 in the injury site (Su et al., 2007). The Nogo-66 receptor is 

expressed on OECs, and it enhances the adhesion but suppresses the migration of OECs. The 

glial cells need to target the injury site to support neuron regeneration, but the limited 

migration ability restricts the beneficial effects of transplanted glial cells. Moreover, another 

key limitation of glial cell therapy is that typically only a small proportion of transplanted cells 

survive. For example, some studies have shown that often only ~2-3 % of the transplanted 

cells survive by the end of the first week after transplantation (Barakat et al., 2005; Pearse et 

al., 2007). As discussed earlier, the long timeframe and limited proliferation rate of OECs while 

cultured in vitro prior to transplantation is also strongly limiting the therapy.  

In order to improve the use of glial cells for neural repair therapies several problems need to 

be solved and the use of NPs may address some of these issues. What is now needed is a 

targeted screening of NPs to identify compounds that activate specific activities of glial cells 

suitable for enhancing their therapeutic repair properties.            

1.3 High throughput screening 

There are numerous NPs worldwide which have tremendous potential to improve glial cell 

transplantation therapies. Therefore, establishing a method for large-scale screening is a high 

priority. High throughput screening (HTS) is a highly effective and automatic method in drug 

discovery as it can test pharmacological properties at the rate of more than 10,000 
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compounds per day (Mishra et al., 2008). By using robotics, liquid handling devices and 

sensitive detectors, HTS can quickly determine the effects of NPs in biological and chemical 

assays. The strategies of HTS are broadly divided into two types, biochemical assays and cell-

based assays. The biochemical assays aim to determine the molecular pathway or mechanism 

�}�(�� ���}�u�‰�}�µ�v���[�•�� �����š�]�}�v�•�U�� �•�µ���Z�� ���•�� �o�]�P���v���� ���]�v���]�v�P�� ���•�•���Çs, protein�tprotein interactions and 

enzyme assays (Allen et al., 2000; Parker et al., 2000). Therefore, the biochemical assays focus 

on the specific target of desired molecules. In contrast, cell-based assays measure complete 

responses of cells under the specific compound treatment. For examples, cellular proliferation 

and migration assays have been used in HTS (Sundberg, 2000; Yarrow et al., 2005). However, 

the current model of HTS is not suitable for screening NPs in glial cell therapy.  

A new method needs to be established for large-scale screening of NPs on glial cells. The 

discovery of biological and chemical actions of NPs in this field is still in the initial stage, and 

only a few natural compounds have been directly tested on glial cells. However, the extraction 

of pure compounds from biota (plants and animals) has flourished for decades. For example, 

NatureBank, which currently consists of two unique NP-based screening libraries (an 18,000 

extract library and a 90,000 fraction library) is curated by Compounds Australia at Griffith 

University. These libraries have been generated from a subset of over 30,000 Australian plants, 

fungi and marine invertebrates, the majority of which have been collected in the State of 

Queensland by the Queensland Herbarium and Queensland Museum. Screening such libraries 

may identify potential drug candidates that have a positive effect on glial cells relevant for 

neural repair therapies.  

Since drug discovery programs that focus on the stimulation of glial cells is in its infancy, the 

priority strategy is to build a large-scale screening protocol to identify NPs that stimulate glial 

cell activity. Data from our laboratory have previously shown that curcumin can stimulate 

different actions at different concentrations (Velasquez et al., 2014; Velasquez et al., 2016) 

and thus, a primary screen should include several concentrations of the NPs. After the primary 

screen, hit compounds can then be further explored in more complex assays to determine if 

they stimulate selective activities, followed by investigation of the molecular pathways and 
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mechanism of actions. Overall, a system for large-scale screening of NPs to identify 

compounds that stimulate glial cell activity needs to be established. 

1.4 Three-dimensional cell culture 

Cell culture has been traditionally performed on two-dimensional (2D) monolayers provided 

by the flat, hard surface of plastic or glass vessels. In these conditions, adherent cells spread 

out to cover the surface and at lower cell densities they can be partially or completely 

separated from each other without any direct cell-cell interactions. At higher densities the 

cells often tend to form a sheet of cells. While the 2D environment provides easy visualisation 

of the cells and therefore easy analysis of cell responses to test conditions, the cell interactions 

in the 2D environment do not reflect the in vivo cell interactions. In vivo, cells have complex 

cell-cell interactions in three-dimensions (3D) thus generating a 3D cell culture system that 

better reflects the in vivo environment will likely improve identification of drug leads and cell 

responses (Chen et al., 2019). 3D cell culture is also more favourable for generating 

appropriate cell interactions when different cell types are co-cultured as the 

adhesion/repulsion interactions can drive cells into appropriate cell layering.  

Current 3D approaches often include the use of gels, fibres and extracellular matrix scaffolds 

to create the 3D environment in which the cells grow  (Novikova et al., 2006; Sandvig et al., 

2015; Tang et al., 2010; Tejavibulya et al., 2011; Wang et al., 2006). However, with a physical 

surface or bounding gel, the movement of cells is partially restricted which may interfere with 

natural cell interactions. Alternatively, 3D cultures such as the hanging drop method (Timmins 

& Nielsen, 2007) or low adhesion plates (Przyborski, 2017) enable cells to more freely interact, 

although gravity tends to drive the cells into an aggregation before the cells have adequately 

sorted out. Our laboratory has previously developed a floating liquid marble 3D cell culturing 

system in which a liquid drop of media is coated by a hydrophobic powder that enables the 

liquid marble to be floated on a liquid bath (Vadivelu et al., 2015). Cells grown within the liquid 

marble are free to interact, and the micro-movement of the liquid marble prevents cells 

aggregating by gravity. However, the floating liquid marbles are difficult to handle as their 

fragility means they can be easily disrupted during normal handling of cultures.  
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When considering NP drug discovery for glial cell activation, it is also important that 3D 

cultures are suitable for assaying the addition of compounds at various times during the 

culture. When cells are cultured in gels, the addition of candidate drugs will be slowed by the 

diffusion gradient into the gel, and it is not possible to add many test reagents (for example 

cell debris or bacteria for phagocytosis assays) as they will not penetrate the gel. The hanging 

drop method, meanwhile, is not amenable to addition of compounds or reagents due to its 

inverted set up, and the floating liquid marble method is not suitable for imaging of 3D cell 

spheroids within the liquid marble. Therefore, new approaches are needed that address the 

requirements for drug screening and that enable cells to interact freely to better reflect in vivo 

conditions.  

1.5 Conclusion 

OECs have numerous properties that are favourable for neural repair and by identifying 

compounds that stimulate OEC activities it may be possible to enhance the efficacy of these 

cells. However, there are very few studies that have investigated the use of NPs to increase 

the functions of glial cells for cell-based therapies. With the development of robotic liquid 

handling and automated analysis, it is now possible to use HTS to effectively test potential 

drug candidates, and there is a need to establish a screening protocol for compounds that 

stimulate OECs. Potential drug identification requires cells to be in an appropriate format so 

that cell responses better reflect in vivo cell responses. As 3D in vitro cell culture can better 

model in vivo cell relations, there is also a need to develop an appropriate 3D cell culturing 

system for OECs. Overall, a combination glial cell therapy in which NPs stimulate glial cell 

activity within 3D cell cultures will provide new insight into therapeutic options for neural 

repair. 
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Chapter 2: Aims and hypotheses  

2.1 Aims  

SCI has been described as an incurable disease, however cellular transplantation therapies, 

particularly OEC transplantation, may change this situation. Even though successful outcomes 

from this therapy have been reported lately, the decline in the therapeutic properties of the 

cells after transplantation remains the main limitation in producing better outcomes. 

Therefore, enhancing the proliferation, survival and specific cellular functions of OECs has 

become a critical strategy to improve cell-based therapies for spinal cord injury. NPs are a 

potential source of molecules that may be used for this purpose, as they can mimic growth 

factor effects. Extensive screening of NPs is necessary at this stage to potentiate the search 

for new drugs, however, large-scale drug screening which focuses on the quest for compounds 

that increase cell proliferation is unprecedented.  Therefore, the establishment of a medium 

or high throughput screening system for discovering drug candidates that can enhance OEC-

based transplantation therapy is important.  After identifying �‹�µ���o�]�š�Ç�� �^h�]�š�•�_�U��cellular and 

molecular biology assays can then be used to find biomolecular compound targets for further 

applications.  

3D cell culture better mimics the in vivo cell relationships. Therefore, testing effects of 

compounds on OECs cultured in 3D may improve identification of hit compounds that will 

work in vivo. 3D cell culture also can enhance cell viability and function as it enables cells to 

form stable connections and potentially improve cell survival after transplantation into an 

injury site. Therefore, combining natural products and 3D culture models can provide valuable 

insights for therapeutical approaches. 

The overall aim of this Thesis was to develop novel methods towards increasing the 

therapeutic potential of OEC transplantation. This included the identification of novel 

compounds which can stimulate OEC proliferation, survival and favourable cell behaviours, as 

well as the development of novel 3D culture approaches useful not only for drug testing, but 

also for cell purification. In the future, OECs may also be transplanted into the injured spinal 
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cord in 3D, promoting cell survival, cell organisation and directional migration within the injury 

site. The project addressed the following research questions and hypotheses: 

2.1.1 Research questions: 

1. Can NPs stimulate viability, proliferation, migration and phagocytosis of OECs?

2. Can medium or high throughput screening (HTS) be used to identify compounds that

enhance viability and proliferation of OECs? 

3. Does 3D cell culture enhance glial cell-based transplantation therapy?

2.1.2 General Hypotheses: 

1. NPs have the potential to promote viability, proliferation, phagocytic activity and

migration of glial cells relevant for improving the therapeutic potential of the cells. 

Justification: Natural compounds can mimic the action of growth factors and have previously 

been shown to stimulate favourable properties in OECs (Tello Velasquez et al., 2014; Tello 

Velasquez et al., 2016).  

2. Culturing cells in 3D improves the growth and function of glial cells.

Justification:  3D cultures mimic the natural in vivo environment, thus supporting cell health 

better than 2D cultures. Transplanting cells in a 3D format into the injured nervous system has 

been shown to improve outcomes after transplantation of neural progenitor cells (Koffler et 

al., 2019; Liu et al., 2019). 

The project includes four main aims outlined below. The workflow and thesis structure 

addressing these aims is shown in Figure 1.  
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Aim 1: To assess viability, proliferation, migration and phagocytic activity of mouse OECs 

after treatment with two NPs, RAD288 and RAD289.  

Hypothesis: 3-Acetoxy-7,8-dihydroxyserrulat-14-en-19-oic acid (RAD288) and 3,7,8-

trihydroxyserrulat-14-en-19-oic acid (RAD289) may improve cell viability, proliferation, 

migration and phagocytic activity of OECs.  

Justification: RAD288 and RAD289, which are part of the Davis open access natural product-

based library (Griffith Institute of Drug Discovery, GRIDD) are isolated from the Australian 

desert plant Eremophila microtheca (Barnes et al., 2013).  Eremophila plants have traditionally 

been used in Australian Aboriginal medicine (Ghisalberti, 1994), and have been shown to have 

antimicrobial properties (Barnes et al., 2013) and to modulate macrophage responses to 

bacteria (Mon et al., 2015). OECs are known to be active immune cells which phagocytose cell 

debris and bacteria in a manner resembling macrophages (Nazareth, Lineburg, et al., 2015; 

Panni et al., 2013); thus, it is possible that OECs could be targets of these compounds. The 

initial small screen of RAD288 and RAD289 was tested on OECs.  

Aim 2: To establish a medium or HTS system that can identity small molecules that enhance 

viability and proliferation of OECs.  

Hypothesis: A medium/HTS system can be used to identify NPs that enhance proliferation and 

viability of OECs. 

Justification: HTS is a highly effective method to rapidly test compounds; it can be used for 

cell-based assays assessing responses such as proliferation and migration in response to 

compounds (Sundberg, 2000; Yarrow et al., 2005). At GRIDD, the availability of the Agilent 

Biocel 900 Microplate Automation System is ideal for development of a high/medium 

throughput screening system for OEC proliferation/viability based on the resazurin assay 

which measures viability based on metabolic activity (Anoopkumar-Dukie et al., 2005; H. X. 

Zhang, Du, & Zhang, 2004). 
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Aim 3: To determine cellular and molecular effects of candidate hits identified from the HTS 

studies. 

Hypothesis: NP hit compounds may affect a range of different cell behaviours relevant to 

neural repair therapies.  

Justification: Other natural compounds have been shown to stimulate proliferation, migration 

and phagocytosis in OECs (Velasquez et al., 2014; Velasquez et al., 2016). 

Aim 4: To establish a 3D-culture model to improve OEC-based cell therapy for nerve injury.  

Hypothesis: OECs grown in a 3D niche will have improved growth characteristics. 

Justification: In 3D cultures, cells can interact with each other in three dimensions and thus 

engage in cell-cell contacts better than when cultured in 2D. In 3D cultures, cells are more 

closely exposed to auto/paracrine regulation resembling the in vivo environment relevant for 

cell health and normal functions (Duval et al., 2017; Ko & Frampton, 2016). Cell-cell contacts 

also promote directional migration of OECs, important for migration into a spinal cord injury 

site (Hao et al., 2017; Windus, Claxton, Allen, Key, & St John, 2007; Windus et al., 2010). 

2.2 Animal ethics approval 

The animals used in this project were approved by the Griffith University animal Ethical 

���}�u�u�]�š�š������ �µ�v�����Œ�� �š�Z���� �(�}�o�o�}�Á�]�v�P�� �‰�Œ�}�i�����š�•�W�� �^Using olfactory cells to repair the spinal cord�_�U��

ethics approval number ESK/03/15/AEC ���v�����^�h�•�����}�(���P�o�]���o�������o�o�•���(�}�Œ���•�‰�]�v���o�����}�Œ�����Œ���‰���]�Œ�_�U�����š�Z�]���•��

approval number MSC/13/18/AEC. 

2.3 Genetically modified organisms 

The use of the transgenic reporter mice and cells was approved by the University Biosafety 

Committee, NLRD/09/15_Var7. 
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2.4 Human ethics approval 

The collection and use of human olfactory mucosal biopsies were approved by the University 

Human Ethic Research Committee, approval number 2016/627.  
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Figure 1. Flow-chart illustrating the thesis structure. 
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Chapter 3: The natural products RAD28 8 and RAD289 stimulate properties of 
olfactory ensheathing cells useful for neural repair therapy  

This chapter reports the effects of two natural compounds on olfactory ensheathing cells. The 

compounds were selected for analysis following an initial screen of a small number of 

compounds from the Davis compound library on OECs. As stated under Aims, these 

compounds have been isolated from the Australian desert plant Eremophila microtheca which 

has traditionally been used for medical purposes by Australian Aboriginal people (Ghisalberti, 

1994). Both compounds are serrulatane diterpenoids, which have known antimicrobial 

properties, for example against gram-positive bacteria (Barnes et al., 2013; Mon et al., 2015), 

and can also modulate cytokine secretion from macrophages (Mon et al., 2015). Whilst OECs 

are neuroglia with a developmental origin distinct from macrophages (Barraud et al., 2010) 

the two cell types are both important components of the innate immune system (Nazareth, 

Velasquez, et al., 2015; Su et al., 2013). Thus, the fact that serrulatane diterpenoids modulate 

macrophages, and that other diterpenoids have activities on the nervous system, may suggest 

they may also modulate OECs. Other diterpenoids have effects on cells of the nervous system, 

for example modulation of neuronal excitability, neuroinflammation, synaptic transmission as 

well as a general neuroprotective and anti-amyloid effects (Ameri, 1998; Iruretagoyena et al., 

2005; Kume et al., 2002; Tzeng et al., 2018; Xu et al., 2019; Yabe et al., 2000; Zhang et al., 

2013). The direct effects of diterpenoids on glial cells have never been described, with the 

exception of one compound that has been shown to inhibit glioma growth (Shen & Sun, 2018). 

In the current study, described in the publication below, the effects of RAD288 and RAD289 

on OEC proliferation and key cellular functions relevant for neural repair were assessed. 

(Baron et al., 2013; Barraud et al., 2010; Nazareth, Velasquez, et al., 2015). 

I performed all the experiments. Dr Marie Vial and Dr Johana Tello assisted by training me in 

the procedures. 
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Olfactory ensheathing cells (OECs), a subtype of glia located within the olfactory mucosa and the olfactory bulb, 
facilitate the regeneration of olfactory neurons throughout the life of mammals1. Due to their ability to promote 
nerve regeneration, the transplantation of OECs is a promising approach for neural repair therapies including 
spinal cord injury (SCI) repair. When transplanted into the injured spinal cord, OECs have been reported to 
promote remyelination of damaged neurons2, enhance axonal regeneration3 and interact with astrocytes which 
facilitate the migration of OECs into the lesion site4. However, the survival of transplanted OECs is limited5,6 and 
the subsequent migration of OECs into the host tissue is slow7.

In order to improve therapeutic outcomes a�er transplantation of OECs, a prioritised strategy is to improve 
proliferation and migration rates and to improve the functional activity of OECs. Within the olfactory system 
a�er an injury, OECs migrate ahead of axons and enhancing the migration of OECs can improve axon growth 
a�er major injury8. OECs are also the major phagocytic cell of the olfactory system and remove cell debris a�er 
injury9, which is also of high bene�t for neural repair therapies. �erefore, improving the function and distribu-
tion of OECs is crucial in a cell-based neural repair therapy. OECs express a range of growth factors including 
nerve growth factor, brain-derived neurotrophic factor and glia cell-line derived neurotrophic factor (GDNF)10 
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and the addition of exogenous growth factors can stimulate glial cell growth. Indeed, OECs that have been genet-
ically engineered to enhance secretion of GDNF are reported to have improved functional outcomes in a spinal 
cord injury model11. However, genetically engineering transplanted cells with elevated levels of growth factors 
may potentially produce unknown long term consequences12. An alternative approach for neural repair is to 
administer exogenous growth factors into the injury site to enhance proliferation of transplanted glial cells13. 
However, some growth factor treatments have been reported to be associated with serious side e�ects, including 
constant back pain and hyperinnervation of cerebral blood vessels14–16 as the growth factors can also stimu-
late endogenous cells within the host. In an e�ort to identify further avenues to stimulate transplanted cells to 
improve neural regeneration, screening of natural products (NPs) provides a wealth of opportunity to discover 
compounds that mimic the e�ects of neurogenic factors, particularly those that stimulate activity at low concen-
trations and with fewer side-e�ects.

In this study, we examined the e�ect of the NPs 3-acetoxy-7,8-dihydroxyserrulat-14-en-19-oic acid (RAD288) 
and 3,7,8-trihydroxyserrulat-14-en-19-oic acid (RAD289) (Fig.�1) that have been isolated from the aerial parts of 
the Australian desert plant Eremophila microtheca17. Eremophila species have commonly been used for medicinal 
purposes by Australian Aboriginal people18, for instance, to treat colds and in�uenza19. RAD288 and RAD289 
have been previously shown to display anti-bacterial properties17, which is also of relevance for neural repair 
therapies, since these compounds may aid in the reduction of bacterial infections. We therefore tested whether 
RAD288 and RAD289 would also stimulate the proliferation, migration, and phagocytic activity of mouse OECs 
(mOECs). In this study, we found that the structurally similar compounds RAD288 and RAD289 stimulated the 
activity of OECs leading to a signi�cant increase in proliferation, morphological changes and phagocytic activity, 
but that only RAD288 stimulated migration. When tested on the closely related glial cell type, Schwann cells, the 
compounds had no e�ect on proliferation. �ese results indicate that RAD288 and RAD289 stimulate speci�c 
but di�erent activities of OECs, and are active on select cell types. �ese serrulatane diterpenoids are therefore 
potentially useful for improving glial cell activity in cell transplantation therapies.

Results
�������x�~�~���ƒ�•�†���������x�~�•���‹�•�…�”�‡�ƒ�•�‡���…�‡�Ž�Ž���’�”�‘�Ž�‹�ˆ�‡�”�ƒ�–�‹�‘�•���‘�ˆ���•�������•�ä�� To determine whether RAD288 and 
RAD289 a�ect the cell viability and proliferation of mOECs, cells were treated with a range of concentrations 
from 0.02 to 12.5 � M of RAD288 and RAD289 for 24 h. Cell viability was assessed using the resazurin reduction 
assay. For a positive control, we used the commercial product G5 Supplement (�ermoFisher Scienti�c) which 
contains a mixture of factors including biotin (100 mg/L), basic FGF (0.5 mg/L), EGF (1.0 mg/L), human trans-
ferrin (5000 mg/L), insulin (500 mg/L), hydrocortisone (0.36 mg/L) and selenite (0.52 mg/L). Identifying a single 
natural compound that can stimulate OEC growth and activity to a similar or better level than G5 Supplement 
would indicate the natural compound is potentially useful for production of OECs in vitro or for stimulating 
OECs in vivo a�er transplantation. �e positive control G5 Supplement alone exhibited a signi�cant 24.31% 
increase in mOEC cell viability (p �  0.05) compared to the control treatment. We also found that both RAD288 
and RAD289 promoted mOEC cell viability (Fig.�2a). For RAD288, the peak increase in viability was at a con-
centration of 3.13 � M with a 25.13% increase (p �  0.05); the other concentrations tested did not show any sig-
ni�cant e�ects compared to the negative control DMSO (p �  0.05) (Fig.�2b). For RAD289, the peak increase was 
at a concentration of 6.25 � M with a 39.94% increase in the viability (p �  0.001) (Fig.�2b); RAD289 at 12.5 � M 
also signi�cantly increased viability (p �  0.05) (Fig.�2b). As the resazurin assay is a measure of viability and an 
indirect measurement of proliferation, we performed a cell count of each well using the Operetta High-Content 
Imaging System and the Harmony so�ware. RAD288 at 3.13 � M increased cell numbers by 22.89% (p �  0.05) 
while RAD289 at 6.25 � M increased cell numbers by 32.87% (p �  0.05), which con�rms the resazurin reduction 
assay results. �erefore, RAD288 (3.13 � M) and RAD289 (6.25 � M) enhance both viability and proliferation of 
mOECs.

Schwann cells, which are glial cells in the general peripheral nervous system (PNS), play an important role 
in tissue repair process a�er PNS injury20 and are also a target for use in neural repair therapies. To determine if 
Schwann cells also responded to RAD288 and RAD289, Schwann cells were treated with a range of concentrations 

Figure 1. Structure of RAD288 (3-acetoxy-7,8-dihydroxyserrulat-14-en-19-oic acid) and RAD289 
(3,7,8-trihydroxyserrulat-14-en-19-oic acid).
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from 0.78 to 6.25 � M of RAD288 and RAD289 for 24 h. We observed that both natural products did not a�ect 
the viability of Schwann cells (p �  0.05) in comparison with the negative control. In contrast, G5 supplement 
treatment increased cell viability by 10% (p �  0.01) (Fig.�3). Consequently, further investigations on RAD288 and 
RAD289 were only performed on mOECs.

�������x�~�~���ƒ�•�†���������x�~�•���‹�•�†�—�…�‡���•�‘�”�’�Š�‘�Ž�‘�‰�‹�…�ƒ�Ž���ƒ�Ž�–�‡�”�ƒ�–�‹�‘�•�•���‹�•���•�������•�ä�� Interestingly, RAD288 and 
RAD289 produced dramatic changes in the cell shape of mOECs. �ese e�ects were clearly visible a�er 24 h treat-
ment with a range of concentrations from 0.78 to 6.25 � M of RAD288 and RAD289 in comparison with the nega-
tive control DMSO (Fig.�4a). Indeed, the nucleus size slightly increased a�er treatment with these compounds at 
concentrations of 1.56, 3.13 and 6.25 � M (p �  0.05) (Fig.�4b,c). In addition, a decrease in the cytoplasm area was 
observed a�er treatments with RAD288 with a 10% decrease at 0.78 � M (p �  0.001), a 10% decrease at 1.56 � M 
(p �  0.01) and a 15% decrease at 3.13 � M (p �  0.001) (Fig.�4d). For RAD289 at 3.13 and 6.25 � M, a 13% decrease 
a�er exposure also occurred (p �  0.05) (Fig.�4e). Treatments with G5 Supplement alone showed a 10% and 25% 
decrease in nucleus area and cytoplasm area, respectively (Fig.�4).

To further analyse the previous results, 3D morphological studies were carried out on mOECs a�er treatment 
with RAD288 and RAD289 at concentrations of 3.13 and 6.25 � M. In contrast to the �at morphology observed 
when treated with the negative control (DMSO only), mOECs exhibited a well-rounded shape a�er treatments 
with RAD288 and RAD289 (Fig.�5a). A 2.2% increase in cytoplasmic volume on mOECs treated with 6.25 � M of 

Figure 2. E� ects on metabolic activity and proliferation of mOECs a�er treatments with RAD288 and 
RAD289. (a) Representative images of mOECs a�er drug exposure. Nuclei were stained with Hoechst. Scale 
bar �  100 �m. (b) Cell viability of mOECs exposed to 0.2% dimethyl sulfoxide (control), 1% G5 Supplement, 
RAD288 (0.02–12.5 � M) and RAD289 (0.02–12.5 � M) using the resazurin metabolic activity indicator. 
Triplicate wells were used in three separate experiments, mean �  SEM. ���p  �  0.001, �p  �  0.05, Student’s t-test.

Figure 3. RAD288 and RAD289 do not a�ect Schwann cell viability. Cell viability of Schwann cells exposed to 
0.2% dimethyl sulfoxide (control), 1% G5 supplement, RAD288 (0.78–6.25 � M) and RAD289 (0.78–6.25 � M) 
using the resazurin metabolic activity indicator. Triplicate wells were used in three separate experiments, 
mean �  SEM, ��p  �  0.01, Student’s t-test.
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RAD288 was observed (p �  0.05) (Fig.�5b). Our results also showed that mOEC cytoplasmic volume increased 
by 11% (p �  0.05) and 15% (p �  0.01) a�er treatments with 3.13 and 6.25 � M of RAD289, respectively (Fig.�5c).

�������x�~�~���’�”�‘�•�‘�–�‡�•���•���������•�‹�‰�”�ƒ�–�‹�‘�•�ä�� To examine the e�ect of RAD288 and RAD289 on mOEC migra-
tion, an in vitro scratch assay was performed using time-lapse microscopy. We observed that mOECs migrated 
further into the scratch a�er 24 h treatment with RAD288 in comparison with the negative control DMSO 

Figure 4. E� ect of RAD288 and RAD289 on morphology of mOECs. (a) Representative images of mOECs 
a�er drug exposure. Images were segmented with Harmony so�ware using Find Cytoplasm method. Scale 
bar �  100 �m. (b) Nucleus area of mOECs a�er treatment with several concentrations of RAD288. (c) Nucleus 
area of mOECs a�er treatment with a range of concentrations of RAD289. (d) Cytoplasm area of mOECs 
a�er treatment with several concentrations of RAD288. (e) Cytoplasm area of mOECs a�er treatment with a 
range of concentrations of RAD289. Negative control (0.2% DMSO) and positive control (1% G5 Supplement) 
were used. Triplicate wells were used in three separate experiments. Results represent the mean �/� SEM. 
���p  �  0.001, ��p  �  0.01, �p  �  0.05, Student’s t-test.

Figure 5. Analysis of mOEC cytoplasmic volume a�er treatment with RAD288 and RAD289. (a) 
Representative images of mOECs a�er drug exposure generated by confocal microscopy and Imaris so�ware. 
(b) Cytoplasmic volume of mOECs a�er treatment with RAD288 at 3.13 and 6.25 � M. (c) Cytoplasmic volume 
of mOECs a�er treatment with RAD289 at 3.13 and 6.25 � M. Triplicate wells were used in three separate 
experiments, mean �  SEM. ��p  �  0.01, �p  �  0.05, Student’s t-test.
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(Fig.�6a). Indeed, the migrated region was increased by 61% (p �  0.01), 80% (p �  0.01), 115% (p �  0.001) and 63% 
(p �  0.01) a�er treatment with RAD288 at concentrations of 0.78, 1.56, 3.13 and 6.25 � M, respectively (Fig.�6b). 
In contrast, RAD289 did not show any e�ect on the migration ability of mOECs (Fig.�6c). �e migrated region 
increased by 72% (p �  0.01) a�er treatment with G5 Supplement alone (Fig.�6b,c).

�������x�~�~���ƒ�•�†���������x�~�•���•�–�‹�•�—�Ž�ƒ�–�‡���’�Š�ƒ�‰�‘�…�›�–�‘�•�‹�•���‘�ˆ���•�‡�—�”�‘�•���†�‡�„�”�‹�•���„�›���•�������•�ä�� To investigate whether 
RAD288 and RAD289 stimulated the capacity of mOECs to engulf neuron debris, mOECs were incubated with 
axonal debris and the compounds for 24 h. �e p hagocytic activity of mOECs was de�ned as their capacity to 
engulf cell debris particles. �e number of mOECs containing 0 to 5 debris particles or more than 5 debris par-
ticles was then determined. �e number of particles of axonal debris taken up by mOECs treated with RAD288 
and RAD289 was signi�cantly increased as compared with control (Fig.�7a). A�er the number of cells with debris 
per treatment was determined, it was found that the phagocytic activity of mOECs increased signi�cantly by 17% 
(p �  0.05) a�er treatment with RAD288 at 3.13 � M (Fig.�7b). In addition, an 18% (p �  0.01) increase (78% cells 
contain debris) in the phagocytic activity of mOECs a�er treatment with RAD289 at concentrations of 1.56 and 
3.13 � M was observed in comparison with the control DMSO (Fig.�7c). No e�ect was noticed a�er treatment 
with other concentrations of RAD288 and RAD289 (p �  0.05). G5 supplement stimulated the phagocytosis of 
neuronal debris by 26% (p �  0.01) when compared with control (Fig.�7b,c). RAD288 and RAD289 also a�ected 
the proportion of debris engulfed by mOECs. We counted the number of particles of debris contained within 
each cell and allocated the cells to two groups: 0–5 particles, or more than 5 particles. A�er treatment with 0.78, 
1.56, 3.13 and 6.25 � M of RAD288, the percentage of mOECs taking up 0 to 5 debris particles decreased by 
26% (p �  0.05), 29% (p �  0.01), 25% (p �  0.01) and 24% (p �  0.05) respectively in comparison with the control. 
In contrast, a 26% (p �  0.05), 29% (p �  0.01), 25% (p �  0.01) and 24% (p �  0.05) increase in the proportion of 
mOECs engul�ng more than 5 particles of neuronal debris a�er exposure to 0.78, 1.56, 3.13 and 6.25 � M of 
RAD288 respectively was also observed (Fig.�7d). Treatment with RAD289 at 3.13 �M was associated with a 30% 
(p �  0.05) decrease in the percentage of mOECs engul�ng 0 to 5 debris particles, and a 30% (p �  0.05) increase 
in the proportion of mOECs taking up more than 5 neuronal debris particles as compared with the negative con-
trol (Fig.�7e). �erefore, the phagocytic activity of mOECs was signi�cantly enhanced a�er treatment with both 
RAD288 and RAD289.

�������x�~�~���ƒ�•�†���������x�~�•���‡�•�Š�ƒ�•�…�‡���–�Š�‡���…�‡�Ž�Ž���‰�”�‘�™�–�Š���‹�•���y�������������•�’�Še�”�‘�‹�†�•�ä�� �e use of 3D cell models is 
an emerging approach in tissue repair, as cells tend to have better survival rates and functions in 3D cell culture19. 
Consequently, the e�ect of RAD288 and RAD289 on the viability of 3D mOEC spheroids was investigated. An 
11% (p �  0.001), 8% (p �  0.001) and 3% (p �  0.01) increase in cell viability was observed a�er treatment with 
RAD288 at 0.78, 1.56 and 3.13 � M respectively (Fig.�8a,b). Very similar results were shown a�er exposure to 

Figure 6. RAD288 enhances cell migration of mOECs in vitro. (a) Cell migration was detected using 
wound scratch assay. Representative wound closure images after drug exposure. Scale bar �  500 � m.  
(b) Migrated region after treatments with different concentrations of RAD288 expressed as the percentage
of control. (c) Migrated region after treatments with different concentrations of RAD289 expressed
as the percentage of control. Values are presented as means �  SEM of five independent experiments.
���p  �  0.001, �� p �  0.01, Mann-Whitney U test.
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RAD289. Indeed, the viability of 3D mOECs increased by 11% (p �  0.001), 6% (p �  0.001) and 3% (p �  0.01) a�er 
exposure to RAD289 at 0.78, 1.56 and 3.13 � M respectively (Fig.�8a,c). Treatment with G5 supplement induced a 
30% (p �  0.001) increase in 3D mOEC spheroid viability.

Figure 7. Effect of RAD288 and RAD289 on the phagocytic activity of mOECs. (a) Representative images 
showing RAD288 and RAD289 stimulating phagocytosis of neuron debris compared to control. Scale 
bar �  50 � m. (b) Phagocytic activity of mOECs after treatment with several concentrations of RAD288. 
(c) Phagocytic activity of mOECs after treatment with several concentrations of RAD289. (d) Proportion 
of mOECs phagocytosing 0 to 5 particles of neuronal debris and more than 5 particles of neuronal debris 
after treatment with several concentrations of RAD288. (e) Proportion of mOECs phagocytosing 0 to 
5 particles of neuronal debris and more than 5 particles of neuronal debris after treatment with several 
concentrations of RAD289. Values are presented as means �  SEM of three independent experiments. 
��p  �  0.01, � p �  0.05, Student’s t-test.

Figure 8. E� ect of RAD288 and RAD289 on 3D mOECs spheroids. (a) Representative images of mOECs 
spheroids a�er drug exposure. Scale bar �  100 �m. (b) Cell viability of mOECs spheroids exposed to 0.2% 
DMSO (Control), 1% G5 supplement and RAD288 (0.78–6.25 � M) using the resazurin metabolic activity 
indicator. (c) Cell viability of mOECs spheroids exposed to 0.2% dimethyl sulfoxide (Control), 1% G5 
Supplement and RAD289 (0.78–6.25 � M) using the resazurin metabolic activity indicator. Triplicate wells were 
used in three separate experiments, mean �  SEM, ���p  �  0.001, ��p  �  0.01, Student’s t-test.
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Discussion
In this study we showed that the serrulatane diterpenoids 3-acetoxy-7,8-dihydroxyserrulat-14-en-19-oic acid 
(RAD288) and 3,7,8-trihydroxyserrulat-14-en-19-oic acid (RAD289) stimulated the proliferation and phagocytic 
activity of OECs, but that only RAD288 positively stimulated migration. �e stimulatory e�ect of these natural 
compounds was cell-type speci�c, as there was no e�ect on the proliferation of Schwann cells, a glial cell type 
closely related to OECs.

While OECs are being trialled for cell transplantation to enhance neural repair, there are some limiting factors 
that could be addressed in order to improve therapeutic outcomes. Prior to transplantation, it is necessary to 
obtain su�cient numbers of cells during the in vitro expansion phase of OEC cultures. When using autologous 
cells, the slow proliferation of OECs means that the cells must be maintained in vitro for several weeks during 
which time their morphology and characteristics may alter21. �erefore strategies that increase the proliferation 
of OECs would result in more cell numbers in a shorter period and hence reduce the potential for undesirable 
changes in cell quality or characteristics that occur with extended cultures. Growth factors are commonly used 
in the culture media and injury site to support growth of OECs. However, it has been shown that the expression 
of low-a�nity nerve growth factor receptor is reduced rapidly in a normal cell culture medium22. �erefore, the 
e�ects of growth factors are attenuated a�er several passages. �e positive control G5 Supplement contains a mix-
ture of growth factors and compounds and thus while it can stimulate cell growth and activity in vitro, the inclu-
sion of growth factors may also lead to attenuation of e�ect over time. Moreover, the large molecular size and side 
e�ects associated with growth factors diminish their potential as good drug candidates for SCI treatments. �e 
bene�t of using a single compound such as RAD288 or RAD289 to stimulate OEC growth and activity in vitro is 
that it simpli�es the production process to generate su�cient cells prior to transplantation. A simple production 
process, without the need of using complex mixtures of various factors such as G5 Supplement, would facilitate 
the approvals process needed for good manufacturing production of the cells for human transplantation.

Several natural products have been found to enhance cell proliferation in stem cell-based therapies. Indeed, 
Radix aconiti lateralis preparata has been found to increase 20% the proliferation rate of mouse bone marrow 
mesenchymal stem cells compared to untreated cells23. In addition, blueberry and green tea extracts promote an 
approximately 30% proliferation rate of human bone marrow cells24. Both RAD288 and RAD289 promoted OEC 
viability and proliferation by 25% and 40% respectively over 24 h. When used to accelerate the production of a 
certain number of cells for transplantation, RAD288 and RAD289 would decrease the time needed in culture. In 
addition, medicinal chemistry will be used to improve potency and speci�city of RAD288 and RAD289.

We showed that RAD288 and RAD289 induced an increase in nucleus size. Several factors can be responsible 
for changes in nucleus morphology, including DNA content, cytoplasmic volume, nucleocytoplasmic transport 
and nuclear structural components25. RAD288 and RAD289 change OEC morphology by increasing the cytoplas-
mic volume. RAD289 at 6.25 � M has strong e�ects both on cell proliferation and cytoplasmic volume. Doubling 
of the cell mass is required in cell division26 and large cells generate more mRNA and are associated with higher 
transcriptional output27 enhancing biosynthetic capacity. �erefore, RAD288 and RAD289 may enhance the 
accumulation of proteins in OECs leading to a faster cell division rate.

RAD288 enhances the migration ability of OECs, which is a crucial factor in cell transplantation therapy. It has 
been found that OECs migrate and associate with extending axons into the lesion site of the spinal cord28. In addi-
tion, OECs were found to migrate along the damaged axon (1.5 cm/6 weeks) and promote long-distance axonal 
regeneration in adult rat spinal cords29. Moreover, OECs were also observed in the damaged site of the axon, and an 
OEC-rich environment increased axon extension in a mouse olfactory bulbectomy model8. �erefore, the “repair” 
function of OECs may require close contact with damaged neurons. However, in several cases, transplanted OECs 
show limited migration30,31. It has been shown that 14 days a�er injury, reactive astrocytes will seal the lesion site 
to form the glia scar, which may induce inhibition of axonal regeneration32. As RAD288 stimulates the migration 
of OECs, it could potentially enhance the migration OECs in vivo a�er transplantation into the injured spinal cord 
leading to a reduction in scar tissue formation, which would subsequently facilitate improved axon growth. In con-
trast to RAD288, the structurally similar RAD289 had no e�ect on the migration of OECs, which indicates that the 
binding and activation of the receptor that results in stimulating the migration of OECs is quite speci�c. �e appar-
ent cell migration response in a scratch assay can be due to both migration and proliferation, as the generation of 
new cells can drive cell movement into the cell-free area. However, RAD289 had no e�ect on migration while it 
did stimulate proliferation, thus if proliferation was a driver of apparent migration in the scratch assay there would 
have been an observed increase in migration, but no stimulation of migration was detected. �us for RAD288, it 
is likely that any e�ect of proliferation is small and that the observed change in migration is therefore not just due 
to proliferation. From a chemical perspective, RAD288 contains an acetoxy moiety rather than the hydroxy group 
which is present in RAD289. �is small chemical di�erence [i.e. one acetyl unit (CH3CO-)] appears to be respon-
sible for the signi�cant di�erence in OEC activity. While this acetyl group may have its e�ect via additional binding 
to a particular receptor in the biological system, the e�ect may also be due (in part or entirely) to the increase in
lipophilicity of RAD288 compared to RAD289. Calculated LogP values using CambridgeSo� ChemDraw® Ultra
so�ware for both molecules (CLogP �  4.05, RAD288; CLogP �  3.75 RAD289) show that there is a slight increase 
in the lipophilic physicochemical properties of RAD288, which may aid in cell penetration.

Phagocytosis is essential for clearing neuron debris to support axonal regrowth. Microglia plays an important 
role in removing tissue debris in central nervous system (CNS) injury and Alzheimer’s disease33,34. However, 
microglia may only have high e�ciency at processing CNS debris in the early stage of SCI35 and slower clearance 
of CNS debris may a�ect axonal regeneration36. �erefore, removing CNS debris as rapidly as possible will facili-
tate neuron regrowth. OECs are highly phagocytic cells37 and the phagocytic activity of OECs has been previously 
shown to be stimulated by the natural product curcumin38. Similarly, we have now also observed that RAD288 
and RAD289 stimulated the phagocytic activity and increased the number of neuronal debris engulfed by OECs. 
�erefore these natural compounds could be used to promote a suitable environment for axonal regeneration38.
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3D models have several advantages for cell growth compared to 2D monolayer cell culture. For instance, 
cell-cell communication is maintained39 during transplantation process, so cell spheroids can be directly 
injected to the injured site or seeded on a biomaterial40,41. In addition, cellular functions such as cell receptor 
gene expression are di�erent in 3D culture42,43, and cell growth in 3D better mimics the organization and meta-
bolic characteristics of tissue. Moreover, 3D models promote cell viability leading to an increase in cell survival 
a�er implantation44. As approaches for preparing cells for transplantation now include embedding cells within 
hydrogels or other three-dimensional constructs, a compound incorporated into the gel/construct that di�uses 
out over time would therefore be useful for stimulating the OEC growth and activity a�er transplantation. We 
showed that G5 Supplement, RAD288 and RAD289 stimulated cell viability of 3D OEC spheroids. However, G5 
is an expensive mixture of growth factors, hormones and transferrin, and is consequently not suitable for further 
drug development as the various components pose a range of potential side-e�ects. In comparison, RAD288 
and RAD289 are pure small molecules that have the potential to enhance the transplantation process of 3D OEC 
spheroids. Medicinal chemistry on either RAD288 or RAD289 could be used in the future to potentially improve 
stability, selectivity, and in vivo e�cacy or to reduce any potential side-e�ects associated with these compounds.

In conclusion, we showed that the serrulatane diterpenoids RAD288 and RAD289 enhanced proliferation and 
phagocytic ability of mOECs and that only RAD288 stimulated migration of the cells. In contrast, RAD288 and 
RAD289 had no e�ect on Schwann cell viability suggesting that they may have cell-type speci�c e�ects on OECs. 
�erefore, these natural products may have high potential for improving the use of OECs for transplantation 
therapy for neural repair.

Methods
���‡�Ž�Ž���…�—�Ž�–�—�”�‡���…�‘�•�†�‹�–�‹�‘�•�•�ä�� GFP-expressing immortalized mouse OECs (mOECs) were a gi� from Professor 
Filip Lim (Universidad Autónoma de Madrid, Spain) obtained from primary cultures of olfactory bulb ensheath-
ing glia from GFP-expressing mice (C57BL/6-Tg(ACTB-EGFP)1Osb/J, Jackson Laboratory, Bar Harbor, 
USA)45,46. Cells were maintained in complete media containing Dulbecco’s Modi�ed Eagle Medium/Nutrient 
F-12 (DMEM/F12) supplemented with 10% fetal bovine serum (FBS, Bovogen) and 0.5% gentamicin. Dorsal root 
ganglion Schwann cells, isolated from S100ß-DsRed transgenic mice47, were cultured in complete media contain-
ing Dulbecco’s Modi�ed Eagle Medium (DMEM) supplemented with 10% FBS and 0.5% gentamicin. mOECs and 
Schwann cells were incubated at 37 °C and 5% CO2 until 80–90% con�uence was reached.

���ƒ�–�—�”�ƒ�Ž���’�”�‘�†�—�…�–�•�ä�� 3-Acetoxy-7,8-dihydroxyserrulat-14-en-19-oic acid (RAD288) and 3,7,8-trihydroxyserrulat 
-14-en-19-oic acid (RAD289) were isolated from the air-dried aerial parts of Eremophila microtheca using a previously 
published separation protocol17. �e compounds were determined to be at least 95% pure by 1H NMR and LC-MS. A 
10 mM stock solution of RAD288 and RAD289 was prepared in DMSO for subsequent experiments. CambridgeSo� 
ChemDraw® Ultra so�ware version 14.0.0.118 was used for LogP calculation (www.cambridgeso�.com).

���‘�•�‹�–�‹�˜�‡���…�‘�•�–�”�‘�Ž���ˆ�‘�”���ƒ�•�•�ƒ�›�•�ä�� G5 Supplement (ThermoFisher Scientific) is designed for use with glial 
cell cultures and provides robust stimulation of glial cell growth and activity. It contains a mixture of biotin 
(100 mg/L), basic FGF (0.5 mg/L), EGF (1.0 mg/L), human transferrin (5000 mg/L), insulin (500 mg/L), hydro-
cortisone (0.36 mg/L) and selenite (0.52 mg/L).

���‡�Ž�Ž���’�”�‘�Ž�‹�ˆ�‡�”�ƒ�–�‹�‘�•���ƒ�•�•�ƒ�›�ä�� mOECs or Schwann cells were seeded at a density of 2000 cells per well in a 
384-well microplate (Greiner). A�er 24 h, the culture media was removed and di�erent treatments in complete 
media were added: (1) negative control: 0.2% DMSO, (2) positive control: 1% G5 supplement (100X), 0.2% DMSO, 
(3) concentrations from 0.02 to 12.5 � M of RAD288 and RAD289, 0.2% DMSO. To assess cell viability, a�er 24 h 
incubation with the di�erent treatments, 5 � L of resazurin (500 � M, Sigma Aldrich) were added to each well lead-
ing to a resazurin �nal concentration of 50 � M. � e plate was then incubated for 4 h at 37°C and 5% CO2. �e �u-
orescent signal was quanti�ed with an EnVision™ Multilabel (Perkin Elmer) plate reader at 535/595 nm. � en the 
cells were �xed in 4% PFA for 10 min. A�er �xation, cells were washed 3 times with PBS and stained with Hoechst 
(1:5000, Life Technologies, New Zealand) for 10 min and then washed 3 times with PBS. Cells were imaged auto-
matically using Operetta™ (PerkinElmer), a high content imaging system using a 20X high numerical aperture 
objective lens. Individual cell segmentation and cell count were performed using the Harmony 3.5.2® so�ware.

���‡�Ž�Ž�—�Ž�ƒ�”���•�‘�”�’�Š�‘�Ž�‘�‰�›���ƒ�•�ƒ�Ž�›�•�‹�•�ä�� mOECs were seeded at a density of 2000 cells per well in a 384-well 
microplate (Greiner). A�er 24 h, the culture media was removed and di�erent treatments in complete media 
were added for 24 h: (1) negative control: 0.2% DMSO, (2) positive control: 1% G5 supplement (100X), 0.2% 
DMSO, (3) concentrations from 0.78 to 6.25 � M of RAD288 and RAD289, 0.2% DMSO. Cells were then �xed in 
4% PFA. A�er �xation, cells were washed 3 times with PBS and stained with Hoechst (1:5000, Life Technologies, 
New Zealand) and CellMask Deep Red (1:5000, Life Technologies, USA) in PBS for 10 min before being washed 
3 times with PBS. Cells were imaged by the Operetta™ (PerkinElmer) and 20 z-stack slices were acquired at 1 � m 
intervals. Cell volume was determined by analysing approximately 3,000–3,500 cells per well, using the Harmony 
3.5.2® so�ware. 3D reconstruction was generated by confocal microscopy (Olympus, FV1000) and Imaris 3.0.

���‡�Ž�Ž���•�‹�‰�”�ƒ�–�‹�‘�•���ƒ�•�•�ƒ�›�ä�� mOECs were seeded at a cell density of 15,000 cells per well into a 96-well microplate 
(Nunclon) in complete media. A�er the cells reach ~95% con�uence, a p200 pipet tip was used to create a scratch 
of the cell monolayer. �e width of scratch was approximately 700 � m. �en, the culture media was removed and 
di�erent treatments in complete media were added for 24 h: (1) negative control: 0.2% DMSO, (2) positive con-
trol: 1% G5 supplement (100X), 0.2% DMSO, (3) concentrations from 0.78 to 6.25 � M of RAD288 and RAD289, 
0.2% DMSO. HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1%) was added to culture medium to 
maintain a physiological pH range (7.2–7.4) in room air (0.03% CO2 environment). �e migration behaviours 
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of mOECs a�er treatments were recorded every 10 min for 24 h using time-lapse microscopy (Olympus IX81). 
Images were analysed using Image J to assess cell migration.

���Š�ƒ�‰�‘�…�›�–�‘�•�‹�•���ƒ�•�•�ƒ�›�ä�� mOECs were seeded at a cell density of 2000 cells per well in a CellCarrier-384 Ultra 
microplate (PerkinElmer) in 50 � L complete media. A�er 24 h, the culture media was removed and di�erent 
treatments were added for 24 h: (1) negative control: 0.2% DMSO, (2) positive control: 1% G5 supplement (100X), 
0.2% DMSO, (3) concentrations from 0.78 to 6.25 � M of RAD288 and RAD289, 0.2% DMSO. Neuronal debris 
were obtained from OMP-ZsGreen �uorescent protein reporter transgenic mice48 as previously described38 and 
added at a concentration of 50 � g/mL. A�er 24 h incubation, the cells were �xed using 4% PFA. Cells were imaged 
by confocal microscopy (Olympus, FV1000) and the number of particles of debris inside the cells was then 
counted. �e number of cells containing no debris, less than 5 debris particles and more than 5 debris particles 
was also determined by confocal microscopy (Olympus, FV1000), n �  100.

���—�Ž�–�‹�…�‡�Ž�Ž�—�Ž�ƒ�”���y�����•�’�Š�‡�”�‘�‹�†�•�ä�� mOECs were seeded in Corning 384-well spheroid microplates at a cell density 
of 5000 cells per well in 50 � L complete media. A�er 24 h, 25 � L of culture medium was removed and di�erent 
treatments in complete media were added: (1) negative control: 0.2% DMSO, (2) positive control: 2% G5 supple-
ment (100X), 0.2% DMSO, (3) concentrations from 0.78 to 6.25 � M, 0.2% DMSO of RAD288 and RAD289. A�er 
24 h incubation with the di�erent treatments, 5.5 � L of resazurin (500 � M, Sigma Aldrich) was added to each well 
leading to a resazurin �nal concentration of 50 � M. �e p late was then incubated for 4 h at 37 °C and 5% CO2. 
Cells were imaged using the Olympus CKX41.

���–�ƒ�–�‹�•�–�‹�…�ƒ�Ž���ƒ�•�ƒ�Ž�›�•�‹�•�ä�� Kolmogorov–Smirnov test was used to determine if the data appeared to follow a nor-
mal distribution. Statistical signi�cances were assessed using Student’s t-test or Mann-Whitney U test. Statistics 
and graphical analysis were performed using Graphpad Prism 6 ™ so�ware.

���ƒ�–�ƒ���ƒ�˜�ƒ�‹�Ž�ƒ�„�‹�Ž�‹�–�›�ä�� We have provided in the manuscript all the necessary data to support our results. If refer-
ees consider any more data is necessary we will be happy to provide it in the revised manuscript.
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Chapter 4: Medium  throughput screening  

In the previous chapter, the plant natural compounds RAD288 and RAD289 were shown to 

modulate OECs in a manner associated with enhanced neural repair capacities. These findings 

confirmed that natural compounds can be used to enhance functions in OECs associated with 

potentially increased therapeutic properties of the cells. As there are numerous natural 

products with potentially similar or better activities, a medium/high throughput screening 

method is necessary for identifying such compounds which can then be further evaluated in 

more detailed assays. This chapter reports the initial screen of compounds from the Davis 

compound library.  

Dr Marie Vial and I set up the automated platform for this screen. Dr Ramya Mandyam 

extended this system for more applications.  
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4.1 Introduction 

The discovery that RAD288/289 stimulates properties in OECs associated with neural repair 

confirms that it is possible to use compounds (in particular natural products) to enhance the 

therapeutic potential of the cells. This exciting finding suggests that other compounds may 

also have these, or better, effects. To identify such compounds, development of a large-scale 

screening method for the identification of NPs that may improve glial cell therapy is necessary. 

High throughput screening (HTS) allows rapid testing of the pharmacological properties of 

more than 10,000 compounds per day, becoming a highly effective and automated method in 

drug discovery (Hann & Oprea, 2004). By using robotics, liquid handling devices, and sensitive 

detectors, HTS can quickly identify NPs with desirable biological and chemical activities. 

Investigation of the biological activities of NPs acting on glial cells is still at the initial stage, 

with only a small number of compounds having to date been identified to modulate glial cells; 

there is also currently no drug specifically targeting glial cells on the market. The development 

of a new screening method to identify NPs with a beneficial effect on glial cells is therefore 

highly sought after. Along with the development of HTS, many compound libraries have been 

established worldwide. These compound libraries store large amounts of compounds 

classified by chemical structure, purity, and physiochemical properties. NatureBank, which is 

an Australian compound library, contains over 200,000 fractions, 45,000 extracts and 4,000 

pure compounds. The compounds are housed by Compounds Australia at Griffith University 

and stored in microtubes, and robotic HTS platforms can directly dispense these samples into 

384-well and 1536-well plates. The Davis compound library currently consists of 472 distinct

structures (Zulfiqar et al., 2017), of which the majority (53 %) are natural products obtained 

from natural sources in Australia, such as plants (Levrier et al., 2013), endophytic fungi (Davis, 

2005), macrofungi (Choomuenwai et al.,2012) as well as marine invertebrates (Barnes et al., 

2010). Around 28 % of the Davis library contains semi-synthetic natural product analogues 

(Barnes et al.,2016) and ~19 % are commercial drugs or synthetic compounds which has been 

inspired by natural products.  This chapter describes the development of a resazurin-based 

medium throughput screening assay, in combination with cell counting, to identify small 

molecules that can enhance OEC viability. While our approach is a medium throughput screen, 

we adopted principals of HTS assay development. 
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4.2 Material and Methods 

Cell cultures 

GFP-expressing immortalized mouse OECs (GFP-mOECs) were obtained from Professor Filip 

Lim (Universidad Autónoma de Madrid, Spain) (Velasquez et al., 2014). GFP-mOECs were 

generated from primary cultures of olfactory bulb from GFP-expressing mice (C57BL/6-

Tg(ACTB-EGFP)1Osb/J, Jackson Laboratory, Bar Harbor, USA) (Franceschini & Barnett, 1996; 

Ramon-Cueto & Nieto-Sampedro, 1992). Cells were maintained in complete medium 

���}�u�‰�Œ�]�•�]�v�P�� ���µ�o���������}�[�•�� �D�}���]�(�]������ �����P�o���� �D�����]�µ�u�l�E�µ�š�Œ�]���v�š�� �&-12 (DMEM/F12) supplemented 

with 10% fetal bovine serum (FBS, Bovogen) and 0.5% gentamicin. GFP-mOECswere incubated 

at 37°C and 5% CO2 until cells reached 80-90% confluency.  

Compound library 

A library of 1,141 pure natural products or compounds derived from natural products 

(including the 472 distinct structures from the Davis compound library) was screened at four 

concentrations. All compounds, located at Compounds Australia, were stored solubilized in 

DMSO at a stock concentration of 5 mM and were determined to be at least 90% pure by liquid 

chromatography/mass spectrometry (LC/MS) and proton nuclear magnetic resonance (1H 

NMR). 

Resazurin assay 

Optimisation of cell density and incubation time: GFP-mOECs were seeded at 20 000, 10 000, 

5 000, 2 500, 1 250, 625, 312 and 156 cells per well in a 384-well microplate (Greiner), in 

triplicates. Cells were dispensed in 45 µL complete medium per well with a P200 pipette and 

incubated for 48 h in a humidified incubator (37oC and 5% CO2). Then, 5 µL of resazurin (500 

µM, Sigma Aldrich) were added to each well and incubated for 4 h at 37oC and 5% CO2. The 
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�(�o�µ�}�Œ���•�����v�š�� �•�]�P�v���o�� �Á���•�� �š�Z���v�� �‹�µ���v�š�]�(�]������ �Á�]�š�Z�� ���v�� ���v�s�]�•�]�}�v�¡�� �D�µ�o�š�]�o�������o�� �~�W���Œ�l�]�v�� ���o�u���Œ�•�� �‰�o���š����

reader at 535/595nm. 

Compound screening: GFP-mOECs were seeded at a density of 2000 cells per well (50 µL) in a 

384-well microplate (Greiner) with a �D�µ�o�š�]���Œ�}�‰�¡�� ���}�u���]�� �Z�����P���v�š�� ���]�•�‰���v�•���Œ (Thermo Fisher

Scientific) using the BioCel Automation System (Agilent Technologies). After 24 h incubation 

in a humidified incubator (37oC and 5% CO2), 23 compounds per plate at final concentrations 

of 0.01, 0.1, 1 and 10 µM, 0.2% DMSO were added to the wells (in triplicates) at Compounds 

Australia, using the Echo 550 Acoustic Droplet Ejector (ADE, Labcyte). In addition, 28 negative 

control wells containing 0.2% DMSO were present on each plate. After 24 h incubation at 37oC 

and 5% CO2 with the different treatments, 5.5 µL of resazurin (500 µM, Sigma Aldrich) were 

added to each well and the plates were then incubated for 4 h at 37oC and 5% CO2. The 

�(�o�µ�}�Œ���•�����v�š���•�]�P�v���o���Á���•���‹�µ���v�š�]�(�]�������Á�]�š�Z�����v�����v�s�]�•�]�}�v�¡���D�µ�o�š�]�o�������o���~�W���Œ�l�]�v�����o�u���Œ�•���‰�o���š�����Œ���������Œ�����š��

535/595nm. Raw fluorescent values were normalized against in-plate controls. Data were 

�š�Z���v�����v���o�Ç�Ì�������Á�]�š�Z���š�Z�����'�Œ���‰�Z�‰�����¡���W�Œ�]�•�u���ò���•�}�(�š�Á���Œ���X 

Determination of cell number 

After completion of resazurin assays, 6 µL of a solution at 1% Triton X-100 (Sigma Aldrich), 2.5% 

paraformaldehyde (PFA, BDH Chemicals) and 20 µg/mL Hoechst (Life Technologies, New 

Zealand) were added to each well in order to fix the cells and stain the nuclei to assess cell 

number.  

Imaging and Image analysis 

Cells were imaged automatically using the high content imaging system Operetta�¡  

(PerkinElmer), using a 20X high numerical aperture objective lens. Five fields of view were 

imaged per well. Individual cell segmentation and cell count were performed and optimised 

using the Harmony 3.5.2® software. 
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Statistical validations 

Statistics and graphical analysis were performed using RStudio 2.15.1 and Graphpad Prism 6 

�•�}�(�š�Á���Œ���X�� �^�š�µ�����v�š�[�•�� �š-test was performed to compare selected groups (compound-treated 

cells versus control cells). The intra-plate variability of the assay was determined using the 

coefficient of variation (%CV). 

4.3 Results 

Development of a resazurin-based medium/high-throughput screening (HTS) assay 

Our first aim consisted of developing a relevant, robust and sensitive resazurin-based assay 

which could be used to determine the effects of compounds on the viability of mouse olfactory 

ensheathing cells (the GFP-mOEC cell line). Resazurin (7-hydroxy-10-oxidophenoxazin-10-ium-

3-one) is a weakly fluorescent compound, which upon mitochondrial metabolism in viable

cells is converted to resofurin (7-Hydroxy-3H-phenoxazin-3-one). Resofurin is strongly 

fluorescent (red; �ñ�ô�ñ0�v�u�� ���u�]�•�•�]�}�v�� �Á���À���o���v�P�š�Z�•�X�� �d�Z�µ�•�U�� �š�Z���� �(�o�µ�}�Œ���•�����v������ �]�v�š���v�•�]�š�Ç�� �‰���Œ�� �Á���o�o��

corresponds to metabolic activity, in turn proportional to the number of viable cells.  Using a 

resazurin assay to determine cell viability is also described in Chapter 3.  

The optimal cell seeding density was first determined by plating mOECs at densities ranging 

from 78 cells/well up to 20 000 �����o�o�•�l�Á���o�o���~�ð�ñ���…�>�•���]�v�������ï�ô�ð-well plate, with the addition of 5 �…�>��

resazurin (500 µM) and incubated up to 6 h. Fluorescence signals representing cell viability 

were determined at 1, 2, 3, 4, 5 and 6 h post incubation with resazurin (Figure 1).  Linear 

regression was used to determine the coefficient of determination (R2). A high R2 value is 

associated with a linear relationship between cell number and fluorescent signal. R2 values 

were greater than 0.9 at cell seeding densities �}�(���G���î�ì���ì�ì�ì�������o�o�l�Á���o�o���(�}�Œ���š�Z�������]�(�(���Œ���v�š���]�v���µ�����š�]�}�v��

times.  Based on this data, the suitable range of seeding densities for resazurin cell viability 

assays is from 78 cells/well to 20 000 cells/well. Another necessary factor of cell viability is the 

appropriate confluency of cells, which is 60% cell confluency in the well. In combination with 
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the distribution and confluency of cells in the wells, a cell seeding density of 2000 cells/well 

was chosen. A 4 h incubation period with resazurin was also chosen as it produced a R2 value 

greater than 0.93 up to a cell seeding density of 5000 cells/well, thus showing a strong linear 

relationship between cell number and fluorescent signal.  

Figure 1: Determination of the optimal cell density and incubation time for resazurin assays to 

measure GFP-mOEC viability. A range of cell seeding densities (78-20000 cells/well) were tested. The 

fluorescent signal was measured after different incubation times (1, 2, 3, 4, 5 and 6 h). Linear 

regression was used to determine R2 values. RFU: Relative Fluorescence Units.  

Compounds used for screening were solubilised and dispensed in 100 % DMSO. Therefore, the 

concentration of DMSO tolerated by the cells (i.e. not affecting the viability assay) determines 

the maximum concentration of compound that can be delivered without any detrimental 

solvent (DMSO) effect. From DMSO tolerance studies, 0.2 % DMSO was the optimal 

concentration that did not result in negative effects on mOEC viability during the assay (data 

not shown). High-throughput screening assays often use only one concentration for each 

compound. However, it has been previously shown that the natural compound curcumin can 
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stimulate cell proliferation at low concentrations while reducing cell proliferation at higher 

concentrations (Velasquez et al., 2014). Due to the potential biphasic responses to different 

concentrations of compounds we chose to test four concentrations for each compound (0.01, 

0.1, 1 and 10 µM in 0.2 % DMSO) to maximise the chance of finding a hit.  

Positive and negative controls are included on assay plates to assess plate-to-plate variability 

and provide background levels. �d�Z�������}���(�(�]���]���v�š���}�(���À���Œ�]���š�]�}�v���~�9���s�•�U���š�Z�����•�[-factor and the signal 

window (SW) are also used as standard performance measures for biological assays. The 

recommended acceptance criteria for HTS assay development are a CV of �0  20 %, a Z�ÿ of �1  

0.4 and a SW of �1  2 (Iversen et al., 2004). We used 0.2 % DMSO as negative control. However, 

there is no positive control described in the literature that increases cell proliferation of glial 

cells and that satisfies the different requirements. Therefore, we could not include a positive 

control, but each concentration of compounds screened was tested in technical triplicates and 

the robustness of the assay was assessed by calculating a %CV for each compound and 

negative control.  

The resazurin assay measures metabolic activity, which is an indirect measure of cell viability. 

However, the results of this assay can also be affected if a compound modulates metabolic 

activity per cell. For this reason, cell counts were also included to assess the effects of the 

compounds on viability. Cell numbers after compound exposure (and in the control condition) 

were determined by counting the number of nuclei, which were labelled with Hoechst stain, 

using the Operetta High-Content Imaging System and the Harmony software. 

The general strategy of this approach, comprising resazurin assays and nuclear counts, is 

described in Figure 2.  
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Figure 2: Workflow of the resazurin-based assay (combined with nuclear counts) developed to 

identify compounds stimulating cell viability of mOEC-GFP. 

The assay was performed using the Agilent Biocel 900 Microplate Automation System, which 

contains dispensers, plate washers, an incubator, a plate reader, a lid hotel station, a stacker 

and plate hotels (Fig. 3). 
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Figure 3: The Agilent Biocel 900 Microplate Automation Platform used to perform the screening. 

Screening of compound libraries 

Using conditions established in the optimization phase, the resazurin-based assay was used to 

screen 1143 pure NPs and NPs-derived compounds. Each of the 1143 compounds were 

screened in triplicate wells and at four concentrations (0.01, 0.1, 1 and 10 µM) to assess 

whether the compound effects were concentration-dependent, leading to 13 716 data points. 

On every plate, 28 wells containing DMSO at 0.2 % only were used as negative controls. DMSO 

wells were placed at different spots in the plate to minimize positional bias. After the 

screening, intra-plate variability in every plate was assessed by calculating a coefficient of 

variation (CV) of triplicate wells. The analysis showed that 94.4 % of the values exhibited a CV 
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less than 10 %, demonstrating that the assay was robust. Inter-assay CV was determined to 

monitor plate-to-plate variation by calculating the average CV from plate control means, 

which was equal to 8.2 % confirming the reproducibility and sensitivity of the assay. Replicate 

wells were then averaged and a compound/DMSO ratio was calculated for each compound in 

each plate and the data of the screening campaign was combined for further analysis. The 

compound/DMSO ratio minimum value, median value and maximum value were 0.13, 1.08 

and 1.45 respectively.  

Overall, 33 values exhibited a compound/DMSO ratio greater than 1.25, showing an increase 

in metabolic activity greater than 25 % compared to the DMSO vehicle (Fig 4). The 

confirmation of hit activity is currently ongoing 
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Figure 4: The heatmap of compound/DMSO ratio of cell viability in screening. The x axis shows the 4 

different concentrations (0.01, 0.1, 1 and 10 µM) of compounds. The y axis represents 1143 pure NPs 

and NPs-derived compounds.  
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Example of Compound 1 (which is RAD618, described in detail in Chapter 8) 

The following section describes the effect of one example compound, here termed 

�^���}�u�‰�}�µ�v���� �í�_�U�� �}�v�� �š�Z���� �u���š�����}�o�]���� �����š�]�À�]�š�Ç�� ���v���� �����o�o�� ���}�µ�v�š�•�� �}�(�� �'�&�W-mOECs. GFP-mOECs were 

treated with a range of concentrations from 0.01 to 10 µM of Compound 1 for 24 h. Cell 

viability was assessed using the resazurin reduction assay. We found that Compound 1 

promoted cell viability of GFP-mOECs (Figure 5). Indeed, the peak increase in viability was 

detected with a concentration of 1 µM with almost 50 % increase in cell viability compared to 

the negative control (p = 0.0213). In contrast, compound 1 at 10 µM decreased the cell viability 

of GFP-mOECs by more than 70 %, inducing a strong cytotoxic effect (p = 0.0099). To verify 

that the compound caused an increase in cell number, rather than modulated the metabolic 

activity per cell, the number of cells (nuclei) was determined after each treatment using the 

Operetta High-Content Imaging System and the Harmony software.  

Figure 5: Effects of Compound 1 on metabolic activity and cell number of GFP-mOECs. (A) Cell viability 

of GFP-mOECs exposed to 0.2 % DMSO (control) and Compound 1 (0.01-10 µM) using the resazurin 

metabolic activity indicator. Triplicate wells were used in two separate experiments. Data are shown 

as mean ± �^���D�X���Ž�Ž���‰�D�ì�X�ì�í�U���Ž�‰���D���ì�X�ì�ñ�U���^�š�µ�����v�š�[�•���d-Test.  
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4.4 Conclusion 

This chapter describes the development of a large-scale screening system to identify natural 

products that stimulate the viability (proliferation) of glial cells (GFP-mOECs). This screening 

system was used to test multiple concentrations of small molecules from different compound 

libraries, and 33 hits were identified that increased metabolic activity by more than 25 %. 

Usually, large-scale screening tests only one concentration of each compound. However, 

different concentrations of same compound can have completely different results (see 

Chapter 3 and (Velasquez et al., 2014)), and thus it is appropriate to test multiple 

concentrations of each compound. The results shown for Compound 1 confirmed that the 

same compound can have strikingly different effects on cells depending on the concentration. 

Compound 1 stimulated cell viability at low concentrations, but reduced cell viability (was 

cytotoxic) at a higher concentration. Therefore, testing a single concentration in large-scale 

screening may lead to missing important potential drug candidates. Overall, the medium/high 

throughput screening system described in this chapter enables a very high workload process 

to be achieved in a short period of time. However, the applications of the automatic platform 

are limited by high consumption (time and cost) of high content experiments, such as cellular 

phagocytosis or cell migration assays. Therefore, applying simple and straightforward cell 

function testing like cell viability resazurin assays is an efficient and affordable method in 

medium throughput screening or high throughput screening Detailed analysis of the effect of 

one compound, RAD618, that was identified during the screen is reported in Chapter 8. 

For a hit compound to be therapeutically relevant, its effects must be confirmed in vivo, which 

is expensive and requires animal use. A viable alternative prior to in vivo testing is to assess 

how compounds modulate cells cultured in three dimensions (3D) (Ravi et al., 2015). Culturing 

cells in 3D mimics the in vivo environment for cell growth as cells form a tissue-like structure 

instead of a flattened monolayer as occurs in conventional two-dimensional (2D) cultures. 

Thus, cell-cell interactions and auto/paracrine signalling in 3D cultures more accurately mimics 

those of the in vivo environment (Edmondson et al., 2014). Cell responses in 3D cultures can 

be different to cell responses in 2D cultures, and it is more likely that cells in 3D will show 
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similar drug sensitivities to the in vivo situation. However, current 3D culture methods have a 

variety of disadvantages, such as high cost, slow formation of the 3D structure, use of artificial 

substrates and unhealthy or unnatural cell growth conditions. Thus, existing 3D culture 

systems are difficult to apply to large-scale drug screening. Therefore, developing a reliable 

and practical 3D culture model is necessary and forms the purpose of the following chapter. 
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Chapter 5: Naked liquid marbles: a robust three -dimensional low -volume cell 
culturing system  

The data presented in the previous chapters show that natural compounds can stimulate the 

neural repair properties of OECs in conventional two-dimensional cell culture. However, 

responses to compounds may be entirely different in 3D, because OECs may display different 
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behaviors in a 2D versus 3D environment. OEC migration, for example, is strongly dependent 

on cell-cell contacts (Windus et al., 2007; Windus et al., 2010), which differ between 2D and 

3D culture. For these reasons, it is for example possible that OECs migrating within and out of 

3D aggregates exhibit different (preferably better) capacity for migration than cells in 

conventional 2D culture.  Furthermore, 3D culture is likely to be favourable for cell health and 

cell proliferation, again due to the higher semblance with the natural in vivo environment.  

Auto-and paracrine signaling mimicking that in vivo also requires 3D culture (Duval et al., 2017; 

Ko & Frampton, 2016), which may affect cell health, cell behaviour as well as responses to 

compounds. From a transplantation point of view, it is likely favourable to transplant cells in 

3D rather than 2D. As discussed in previous chapters, transplanted OECs do not display a high 

survival rate, do not always form a three-dimensional or structural framework favourable for 

axonal regeneration, and can migrate to a site distant to the SCI scar rather than into the scar 

tissue (Yao et al., 2018). Most 3D cell culture methods developed to date are scaffold-based 

which are artificial and may elicit undesirable effects in the SCI scar, as well as requiring 

substantial safety-testing and approval prior to in vivo use. 3D culture methods that are not 

scaffold-based exhibit other problems, such as high cost, low reproducibility and the 

generation of very fragile 3D cultures (discussed below). For these reasons, novel 3D culture 

methods that do not use scaffolds but which are robust and reproducible are warranted.  

The manuscript presented below reports the invention of a three-dimensional cell culturing 

system, termed the naked liquid marble (NLM) system, that enables the rapid production of 

cell spheroids without the need for gels, membranes or physical boundaries. The application 

of the NLM system is broad, and the work was first protected by a patent application:  

Chen M, Vial ML, Tello Velasquez J, Barker M, St John JA. Naked liquid marbles: a robust three-

dimensional low-volume cell culturing system. Provisional patent number 2017904456, 

Australia Government IP Australia.  

Subsequent to the patent application, some additional experiments were conducted with the 

full body of work published in the article: Chen M, Shah MP, Shelper TB, Nazareth L, Barker M, 
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Tello Velasquez J, Ekberg JAK, Vial ML, St John J. 2019. Naked liquid marbles: a robust three-

dimensional low-volume cell culturing system. ACS Applied Materials & Interfaces. 

11(10):9814-9823, doi: 10.1021/acsami.8b22036. 
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Naked Liquid Marbles: A Robust Three-Dimensional Low-Volume
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ABSTRACT:Three-dimensional (3D) multicellular structures allow cells to behave and
interact with each other in a manner that mimics the in vivo environment. In recent
years, many 3D cell culture methods have been developed with the goal of producing the
most in vivo-like structures possible. Whilst strongly preferable to conventional cell
culture, these approaches are often poorly reproducible, time-consuming, expensive, and
labor-intensive and require specialized equipment. Here, we describe a novel 3D culture
platform, which we have termed the naked liquid marble (NLM). Cells are cultured in a
liquid drop (the NLM) in superhydrophobic-coated plates, which causes the cells to
naturally form 3D structures. Inside the NLMs, cells are free to interact with each other,
forming multiple 3D spheroids that are uniform in size and shape in less than 24 h. We
showed that this system is highly reproducible, suitable for cell coculture, compound
screening, and also compatible with laboratory automation systems. The low cost of
production, small volume of each NLM, and production via automated liquid handling
make this 3D cell-culturing system particularly suitable for high-throughput screening
assays such as drug testing as well as numerous other cell-based research applications.
KEYWORDS:three-dimensional cell culture, spheroid, coculture, drug screening, superhydrophobic surfaces

� INTRODUCTION

Two-dimensional (2D) monolayer environments are com-
monly used to manipulate mammalian cells and are the basis
for cell and molecular biology.1 However, it is generally
recognized that the� at, hard glass or plastic surfaces used for
cell culture do not represent the cellular environment of tissues
and organs.2 In contrast, cells cultured in three-dimensional
(3D) multilayer conditions are permitted to grow in all
directions and interact with neighboring cells and with the
extracellular matrix through biochemical and mechanical cues.
Thus, 3D cultures much more closely mimic the in vivo state
than conventional 2D cultures.2,3 The 3D culture approaches
are currently used in a broad spectrum of applications,
including studies of basic biological mechanisms (morphology,
proliferation, apoptosis, adhesion, and motility), drug discov-
ery, pharmacological applications, cancer research, gene and
protein expression, microenvironment studies, and tissue
engineering.4 A wide variety of methods for spheroid/organoid
generation currently exists. They are divided into two main
categories: (1) sca� old-based and (2) nonsca� old-based
methods.

Sca� old-based methods include polymeric hard sca�olds,
biological sca�olds, and micropatterned surface microplates.5

Polymeric hard sca�olds are biodegradable polymers, which
are normally generated by fabrication techniques.6 Biological
sca�olds can be obtained from materials such as alginate, silk,
and gelatin,7,8 whereas micropatterned surface microplates

usually exhibit an arti� cial surface.9 Nonsca� old-based
methods include forced-� oating method, hanging drop micro-
plates, and micro� uidic 3D cell culture platforms.5 Forced-
� oating method uses a low adhesion surface to generate cell
spheroids;10 hanging drop microplates allow the formation of
cell suspension droplets by gravity and surface tension,11 and
micro� uidic systems generate a dynamic microenvironment
and can be of di� erent formats such as glass/silicon-based,
polymer-based, and paper-based.12� 15

Even though a signi� cant progress in advanced in vitro
culture techniques has been achieved over the past decade,
currently available 3D cell culture methods still have
limitations including (1) time-consuming production, (2)
relative expense, and (3) low reproducibility.3,16 In addition,
several other limitations are associated with those techniques,
including (4) the use of arti� cial substrates to culture the cells,
(5) di� culties in forming and maintaining spheroids of
uniform size, (6) spheroids containing only a small numbers
of cells, and (7) lack of compatibility with high-throughput
screening instruments.3,17 Hence, there is a need for
developing new cost-e� ective methods for generating 3D
cellular models that overcomes these limitations.
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We have previously developed the� oating liquid marble as a
platform for 3D cell culture, in which liquid droplets are
encapsulated in a hydrophobic powder and then� oated on a
liquid bath.18 In � oating liquid marble cocultures containing
di� erent cell types, cells exhibit cell�cell interactions that
replicate in vivo cell behaviors. Furthermore, cell migration out
of the spheroids arising from the� oating liquid marbles is 2�4-
fold higher than that from spheroids cultured under sessile,
non� oating conditions, indicating that� oating liquid marbles
support cell viability and normal cell behavior. However, the
� oating liquid marbles are di� cult to handle as they are fragile
and easily broken and are not suitable for higher throughput
assays.

Superhydrophobic surfaces have raised a great interest
because of their various applications including isolating
biological molecules from biomixtures by enhanced evapo-
ration19 as well as their antimicrobial and self-cleaning
properties.20,21 Superhydrophobic surfaces are characterized
by extremely high water repellence and exhibit, according to
the accepted de� nition, a water contact angle� > 150°.22 We
have now applied a superhydrophobic coating to standard cell
culture microplates to produce a naked liquid marble (NLM)
system, which produces spherical balls of medium without the
need for a hydrophobic powder coating which is needed for
� oating liquid marbles. Cells cultured in an NLM can freely
and rapidly associate to form multiple 3D cell spheroids with
reproducible characteristics and robust viability. This research
highlights the key features of the NLM system and
demonstrates how NLMs are superior to many other
commonly used 3D cell culture models.

� RESULTS
Production of NLM. We used a superhydrophobic coating

to create a superhydrophobic surface (described inMethods)
that allows the formation of water droplets with a contact angle
of 152.1° (Figure 1A,B). The superhydrophobic coating
material was applied to a 384-well plate to generate a 3D
cell-culture system (Figure 1C). To test the e� ect of NLMs on
cells, we� rst used mouse olfactory ensheathing cells�green
� uorescent protein (mOECs� GFP)23 because our laboratory
has a special interest in this cell type for their potential
therapeutic use for spinal cord repair. mOECs were seeded
into the wells of the coated plate at a seeding density of 500
cells/� L in 20 � L of cell culture medium, leading to the
formation of a liquid marble (i.e., a NLM) in each well. After
24 h, mOECs formed 3�5 uniform spheroids inside the marble
(Figure 1D). The mOEC spheroids increased by 125% in size
after 48 h of incubation when compared to that after 24 h of
incubation (p < 0.05) (Figure 1D,E). Sphericity shape analysis
showed no statistically signi� cant di� erence after 24 and 48 h
of incubation (p > 0.05) (Figure 1F). Therefore, cells seeded
within the NLM system can form spheroids within 24 h and
proliferate while maintaining a consistent spheroid shape.

E� ect of Cell-Seeding Density on the Spheroid Size.
The e� ect of cell-seeding density on the morphology of 3D
mOEC� GFP spheroids was investigated. Several seeding
densities from 500 to 4000 cells/� L in 20 � L cell culture
medium were tested in superhydrophobic-coated 384-well
microplates. After 48 h of incubation, cell spheroids were
transferred into a clear-bottom plate for imaging. We observed
a linear relationship between cell seeding density and cross-
sectional area of the middle of the spheroid (r2 = 0.91) (Figure
2A,B). Indeed, the area of the cross section of the spheroids

increased proportionally to the number of cells seeded (Figure
2B). However, with the increasing size of the spheroids, no
signi� cant di� erences in the sphericity of the spheroids were
observed (p > 0.05) (Figure 2C). At a seeding density of 500
cells/� L, 3� 5 spheroids per NLM were formed. At a seeding
density of 1000 cells/� L, 1� 3 spheroids were formed per well.
From 2000 cells/� L or higher density in 20� L cell culture
medium, only one spheroid per NLM was observed (data not
shown).

NLM Cell Culturing System is Suitable for Di� erent
Cell Types. To investigate whether cell types other than
mOECs could form spheroids in NLMs, we used a human
neural progenitor cell line (ReNcell VM). The ReNcells VM
line is an immortalized human neural progenitor cell line that
has the ability to di� erentiate into multiple neurons and glial
cells, including dopaminergic phenotype neurons and
astrocytic phenotype cells; these cells are widely used in
neuroscience research.24,25We observed that the formation of
3D spheroids of ReNcell VM occurred in less than 24 h, as we
previously showed with mOECs (Figure 3A). After 24 h, 3�5
spherical-shaped spheroids were formed per NLM for a cell
density of 250 cells/� L. The spheroids had an average cross-
sectional area of 16 441± 2092 � m2 (Figure 3B) and an
average sphericity index of 0.92 (Figure 3C). After 48 h, we
observed that the spheroids maintained their shape (sphericity
index of 0.93,p > 0.05), whereas they also signi� cantly
increased their cross-sectional area (average area of 58 009±
4482� m2, p < 0.01) (Figure 3).

Cell Morphology in Spheroids Generated in the NLM
System.To determine (i) whether it is possible to label key

Figure 1.Production of mOEC cell spheroids in NLMs. (A) Shown
are NLMs on a superhydrophobic-coated surface. (B) Horizontal
view of a water droplet on a superhydrophobic-coated surface with
water contact angle highlighted. (C) NLM generation in a 384-well
plate coated with a superhydrophobic treatment, viewed from above.
(D) Representative image of mOEC spheroids after 24 h incubation
and 48 h of incubation. (E) Area (� m2) analysis using AnaSP software
after 24 and 48 h of incubation. (F) Sphericity analysis using AnaSP
software at 24 and 48 h incubation. The cell seeding density was 500
cells/� L. Data represent the mean± SEM ofn = 3 spheroids from 3
di� erent NLMs. Spheroids (3� 6) were formed per NLM. Images
acquired on an Olympus CKX 41 using a 10× objective. Scale bar =
100� m. *p < 0.05, Student’s t-test.
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cellular structures in NLMs and (ii) whether the 3D cultured
cells exhibited in vivo-like morphological features, we labeled
the cells (mOECs) for mitochondria, cell membrane, nuclei,
and cytoskeleton. mOECs were labeled with a MitoTracker
Red CMXRos to stain mitochondria, and spheroids were then
generated in NLMs. Tubular mitochondrial shapes were
observed in 3D cell spheroids and in cells migrating out of
the spheroids (Figure 4A,B). 3D reconstruction of mitochon-
dria in an mOEC spheroid was performed using Imaris
software and showed a uniform distribution of mitochondria
within cells through the entire spheroid (Figure 4C). To label
the actin cytoskeleton and nuclei, spheroids containing
mOECs were� xed and stained with phalloidin which labels
F-actin and Hoechst, which labels nuclei; these stains labeled
cells throughout the spheroids (up to the depth limitations of
confocal microscopy) (Figure 4D). F-actin organization was
also maintained in cells migrating out of spheroids (Figure 4E).

For spheroids stained with phalloidin, Hoechst, and CellMask
(to label the cell membrane), the 3D reconstruction shows a
uniform distribution of F-actin within cells throughout the
spheroid (Figure 4F). Overall, we showed here that it is
possible to label cells throughout the 3D spheroids with stains/
markers of key cellular structures, and that these structures
displayed well-characterized features in the 3D cultured cells,
including bean-shaped mitochondria and F-actin located at the
border of the cells.26,27

Cell Distribution in NLM-Generated Spheroids Con-
taining Multiple Cell Types. We then investigated how
di� erent cell types interacted when cocultured in the NLM
system. Primary mouse Schwann cells and primary mouse
astrocytes from S100� -DsRed transgenic mice, in which all glia
express a bright-� uorescent red protein, were cocultured in
NLMs. After� xation, astrocytes were immunolabeled for glial
� brillary acidic protein (GFAP) to distinguish the two cell

Figure 2.E� ects of cell seeding densities on spheroid morphology. (A) Representative images of mOEC� GFP spheroids with di� erent cell seeding
densities (500, 1000, 2000, and 4000 cells/� L) in 20 � L of cell culture medium after 48 h of incubation. Green�uorescence represents GFP. (B)
E� ect of cell seeding densities on mOEC spheroid area. (C) E� ect of cell seeding densities on mOEC spheroid shape. Data represent the mean±
SEM ofn = 3 spheroids from di� erent NLMs. Images acquired on a FV1000 confocal using a 10× objective. Scale bar = 100� m.

Figure 3.Neural progenitor cells form uniform spheroids in NLMs. (A) Representative images of multicellular spheroid generation using human
neural progenitor cell line (ReNcell VM) on superhydrophobic-coated microplates after 24 and 48 h of incubation. (B) Area (� m2) analysis using
AnaSP software after 24 and 48 h of incubation. The seeding cell density is 250 cells/� L. (C) Sphericity analysis using AnaSP software at 24 and 48
h of incubation. Data represent the mean± SEM ofn = 3 spheroids from di� erent NLMs. Images acquired on an Olympus IX 73 using a 10×
objective. Scale bar = 100� m. ** p < 0.01, Student’s t-test.
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types (Figure 4G). The analysis of the distribution of Schwann
cells versus astrocytes showed that astrocytes were mainly
located at the periphery, whereas Schwann cells were present
within the inner region of the spheroid (Figure 4H� J).

To further evaluate whether primary glial cells exhibited an
in vivo-like phenotype when cultured in the NLM system, we
examined the expression pro� le of a glial marker, brain lipid�
binding protein (BLBP) in a 3D cultured primary olfactory
ensheathing cells (OECs). We compared the expression and

distribution of BLBP between OECs in the 3D cultures and
OECs in tissue sections from the primary mouse olfactory
nervous system. Primary olfactory ensheathing glial cells were
isolated from the nerve� ber layer (NFL) of the olfactory bulb
of S100ß-DsRed mice pups and cultured for 48 h within the
NLM system, followed by immunolabeling for BLBP. We
found that the BLBP expression pro� le in the 3D cultured cells
(Figure 5A) was similar to the BLBP expression pattern in cells

within sectioned mouse tissue (Figure 5C). Higher magni� -
cation images (Figure 5B,D) reveal cytoplasmic immunolabel-
ing for BLBP within cells in spheroid culture and in the tissue.
The similarity in BLBP expression between 3D-cultured OECs
and OECs in tissue sections indicates that cells retain their in
vivo-like expression of a glial marker protein when cultured in
the NLM system.

NLM System as a Tool for Drug Discovery.To further
assess the ability for other cell types to form spheroids in
NLMs and to determine whether the NLM system is suitable
for drug-discovery screening assays, pancreatic adenocarcino-
ma cells (BxPC-3) were seeded at a density of 100 cells/� L in
superhydrophobic-coated plates. After 24 h, the BxPC-3 cancer
cells formed 3�6 multicellular tumor spheroids in each well. As
NLMs constitute spheres of medium with no coating or gel, it
is easy to add or remove reagents by pipetting directly into the
NLMs. The anti-neoplastic drug nocodazole, which acts on

Figure 4.Cell morphology and organization of di� erent cell types in
spheroids generated in the NLM system. (A� F) Morphology
(mitochondria, cytoskeleton, and nuclei) of 3D-cultured mOECs.
(A) Representative image of an mOEC spheroid generated using
NLMs. Cells were stained with MitoTracker Red CMXRos to label
mitochondria before 3D culture. (B) Migration of mOECs out of a
spheroid showing the morphology of mitochondria in 2D. The cells
were prestained with MitoTracker Red CMXRos. (C) 3D
reconstruction of mitochondria (red) in an mOEC spheroid
generated in NLM. (D) Representative image of a� xed mOEC
spheroid generated using NLM and stained with phalloidin (F-actin
marker) and Hoechst (nucleus marker). (E) Migration of mOECs,
stained with phalloidin, out of a spheroid showing F-actin
organization in 2D. (F) 3D reconstruction by Imaris software of
cell membrane (red), nucleus (blue), and F-actin (green) in a cell
spheroid grown in NLM. (G�J) Organization of primary mouse
Schwann cells and astrocytes cocultured in 3D. (G) Coculture of
S100-DsRed-expressing Schwann cells (red) and astrocytes immuno-
labeled for GFAP (green) in an NLM. (H) Distribution of Schwann
cells (red) and astrocytes (green) in 3D, analyzed by Imaris software.
The red spots represent the centers of Schwann cells and the green
spots represent the centers of astrocytes. (I) Cell number density map
of astrocytes. (J) Cell number density map of Schwann cells. Scale
bars = 50� m.

Figure 5.BLBP in 3D-cultured OECs and in tissue sections of mouse
olfactory bulb. (A) 30� m section from the center of an mOEC
spheroid-expressing BLBP protein (red) in a select population of cells.
Boxed area is shown in B. (B) High-magni� cation image of the
mOEC spheroid with distinct cytoplasmic BLBP localization. (C)
Coronal section of a P4 DsRed-s100� mouse head immunolabeled for
BLBP (red); DsRed expression is not shown, dorsal is to the top.
BLBP-expressing OECs are localized in the olfactory nerve and NFL
of the olfactory bulb. In the deeper layers of the bulb, astrocytes also
express BLBP. Boxed area is shown in (D). (D) High-magni� cation
image of the olfactory bulb, showing the NFL. Linear brightness
adjustments were performed equally across all images. Panels (A,B,D)
were imaged on an Olympus FV300 and panel C on a Nikon Ti-2.
Scale bar = 200� m in (A,C), 40� m in (B,D). Blue: nuclei (Hoechst).
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BxPC-3 cells, was then injected with a P20 pipette into the
NLMs containing BxPC-3 cell spheroids at� nal concentrations
of 0.12, 0.25, 0.5, 1.25, 2, 2.5, 10, 25, and 50� M. Nocodazole
inhibits the polymerization of microtubules, which can block
the mitotic spindle formation and arrest cells in mitosis.28 It
can also a� ect cell�cell junctions critical for the cell�cell
adherence.29 After a 5 day treatment, the structure of cell
spheroids collapsed under nocodazole treatment (Figure 6A).
The sphericity index signi� cantly decreased by 12.7% and
14.2% after treatment with 2.5� M (IC50 = 2.4� M) and 50
� M nocodazole, respectively (p < 0.001) (Figure 6B), and the
surface of the cell spheroids became irregular after nocodazole
treatment (Figure 6A). We then used the metabolic activity
indicator resazurin to determine the cell viability of the 3D
cellular structures generated within NLMs in the absence or
presence of nocodazole. After a 5 day treatment with
nocodazole or vehicle, resazurin was added to measure the

cell viability. Fluorescence measurements showed that BxPC-3
cell spheroids exhibited a decrease in metabolic activity after
treatment with high concentrations of nocodazole. The cell
viability decreased by 10.6% and 26.0% after treatment with
2.5 and 50� M nocodazole (IC50 = 2.4� M), respectively (red
data points onFigure 6C). Therefore, BxPC-3 spheroids
showed a decrease in cell viability and a morphology alteration
when treated with nocodazole demonstrating that the NLM is
a useful platform for anticancer drug screening.

To further explore the suitability of the NLM system for
compound screening, we tested another inhibitory compound,
hydrogen peroxide (H2O2). H2O2 at � nal concentrations of 1
and 3% was injected with a P20 pipette into NLMs containing
mOEC spheroids (Figure 7A). H2O2 is a cytotoxic compound
as it crosses the cell membrane rapidly and is easily converted
into hydroxyl radicals which are highly reactive with DNA and
proteins.30 We observed that after 2 h of treatment, the

Figure 6.E� ects of nocodazole on BxPC-3 cells cultured in NLMs. (A) Representative images of multicellular BxPC-3 cell spheroids treated for 5
days with 2.5 and 50� M nocodazole and without treatment (control). (B). Sphericity analysis using AnaSP software after a 5 day treatment with
2.5 and 50� M nocodazole (Noc). (C). Dose� response curve of BxPC-3 cell viability when treated with nocodazole in the NLM system. The IC50
value was estimated to be 2.4� M. At least 3 spheroids per NLM were analyzed. Images acquired on an Eclipse Ti2 using a 10×objective. Scale bar
= 100� m. *** p < 0.001, Student’s t-test.

Figure 7.Drug testing on the NLM system using H2O2. (A) Injection of H2O2 into the NLM using a P20 pipette. (B) Representative images of
multicellular mOEC spheroids treated for 2 h with 1 and 3% H2O2 and without treatment. Spheroids were stained with Hoechst and� xed using 3%
paraformaldehyde (PFA) and images acquired on an Olympus IX73 using a 10X objective. (C) Area (� m2) analysis using AnaSP software after 2 h
treatment with 1 and 3% H2O2. (D) Sphericity analysis using AnaSP software after 2 h treatment with 1 and 3% H2O2. The cell seeding density was
500 cells/� L. Spheroids (3� 5) per NLM were analyzed for di� erent treatments. Scale bar = 100� m. *p < 0.05, Student’s t-test.
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structure of cell spheroids changed, with small parts of the
spheroids peeling o� after H2O2 treatment. The mean cross-
sectional area of cell spheroids decreased by 52.7 and 66.8%
after treatment with 1 and 3% H2O2, respectively (Figure
7B,C). The sphericity index decreased signi� cantly by 25.1%
when the spheroids were treated with 3% H2O2 (Figure 7B,D).

NLM Culturing System is Compatible with Auto-
mated Dispensers.To investigate the compatibility of the
NLM system with automated dispensing systems to increase
the spheroid generation throughput, the Agilent Biocel 900
Microplate Automation System was used (Figure 8A). mOECs
were seeded (2000 cells/� L) into superhydrophobic-coated

384-well plates by the Thermo Scienti� c Multidrop Combi
Reagent Dispenser. After 48 h of incubation, one mOEC
spheroid per well was observed (Figure 8B). The morphology
of the spheroids was then analyzed. The average sphericity of
spheroids from di� erent NLMs was 0.9, and the average cross-
sectional area was 86 139± 2430� m2 (Figure 8C,D), and no
signi� cant di� erences in the sphericity or area of spheroids
from di� erent NLMs were observed (p > 0.05). Thus, we show
that the NLM system in combination with automated
dispensers can lead to the high-throughput production of
uniform spheroids and their application in primary screening
drug discovery programs.

Figure 8.Generation of cell spheroids using the NLM system and the Agilent BioCel 900 Microplate Automation System. (A) Superhydrophobic-
coated plate was handled by the direct drive robot. (B) Representative images of mOEC spheroids generated in superhydrophobic-coated 384-well
plates. (C) Area (� m2) analysis using AnaSP software. The seeding density was 2000 cells/� L. mOECs form one spheroid in each well after 48 h of
incubation. (D) Sphericity analysis using AnaSP software. Images acquired on an Eclipse Ti2 using a 20× objective. Scale bar = 100� m.

Figure 9.Comparison of spheroid formation using NLMs or a low-attachment U-shape plate (LUP). (A) Representative images of mOEC
spheroid generation using NLMs after 24 and 48 h of incubation, and (B) using LUP. (C) Area (� m2) analysis using the AnaSP software after 24
and 48 h of incubation using a cell seeding density of 500 cells/� L; p< 0.05,*** p < 0.001, Student’st-test. (D) Sphericity analysis using the AnaSP
software at 24 and 48 h of incubation using a cell seeding density of 500 cells/� L. (E) 3D reconstruction using the Imaris software. Spheroids from
NLMs had a spherical bottom, whereas spheroids grown in a LUP had a�at bottom (arrows). Data represent the mean± SEM ofn > 3 spheroids
from di� erent NLMs or LUP. Images acquired on an Olympus IX 73 using a 10X objective. Scale bar = 100� m.
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Multicellular Spheroid Generation Using Di� erent 3D
Cell-Culture Methods. We compared the formation of 3D
spheroids using di� erent 3D cell-culture methods including
our NLM system and a commercially available low-attachment
U-shape plate, which is characterized by a round-bottom and
ultralow attachment, causing forced cell aggregation. NLMs
allow spontaneous cell association, and each NLM generates
several multicellular 3D structures with uniform size and shape
when seeded with 500 cells/� L (Figure 9A). In contrast, cells
cultured in the low-attachment U-shape plate system formed
only one single spheroid (Figure 9B). We observed that
spheroids formed in NLMs increased in size between 24 and
48 h (p < 0.05) (Figure 9C). In contrast, single spheroids
generated using low-attachment U-shape plates decreased in
size between 24 and 48 h because they slowly form a complex
spheroid structure (p < 0.001) (Figure 9C). In addition, the
sphericity index of spheroids in NLMs (0.931 at 24 h, 0.931 at
48 h,n = 3) is signi� cantly higher than the sphericity index of
spheroids in a low-attachment U-shape plate (0.898 at 24 h,
0.905 at 48 h,n = 3) (Figure 9D) after 48 h of incubation (p <
0.001). With a 3D reconstruction using Imaris software, we
demonstrated that spheroids formed in low-attachment U-
shape plates exhibit a� at bottom, suggesting that the cells
accumulate in the bottom of the plate before forming a 3D
cellular structure and remain stationary with gravity. In
contrast, in NLMs, cells are free to move and interact with
each other and form highly spherical spheroids (Figure 9E).

� DISCUSSION

We have developed a robust 3D NLM cell-culturing system
that enables cells to freely associate to rapidly form uniform
highly reproducible spheroids with a wide range of cell seeding
densities. The low cost of production, low volume (10� 20� L/
NLM), lack of arti� cial substrates/gels, rapid spheroid
generation (<24 h), the ability to easily add reagents at any
stage, and scale-up production via automated liquid handling
makes this 3D cell-culturing system highly suitable for high-
throughput screening assays. These include numerous other
cell-based research applications as well as drug-discovery
screening (Figure 10).

Culturing cells in 3D creates a milieu much more re� ective
of the in vivo state, particularly in terms of cell� cell
interactions. The NLM approach described in this study
incorporates essential characteristics for culturing cells in 3D.
Importantly, although most of the commonly used methods for
3D cell culturing are based on forced aggregation, this highly
reproducible novel system allows cells to spontaneously
associate, generating multiple uniformly sized and shaped
spheroids in less than 24 h. In addition, the NLM method

enables spheroid formation in complete culture medium only
and does not require additional components such as gels,
sca�olds, or matrices. We also showed that the size of
spheroids formed within NLMs was directly proportional to
cell density, demonstrating that the desired size and number of
the spheroids can be regulated simply by altering cell density.
Low cell seeding densities generate multiple spheroids,
whereas high cell seeding densities lead to the formation of
one single spheroid per NLM.

Comparison with other 3D systems demonstrates many of
the superior aspects of the NLM system. The commercially
available low-attachment U-shape plate, which has an ultralow
attachment surface, forces cell aggregation via gravity to form a
single spheroid.31 We observed that this method was
associated with a decrease in cell area over time and a� at-
bottomed spheroid shape. In addition, several 3D cell culture
methods including magnetic levitation, hanging drop, or
rotating wall vessel require up to 7 days to obtain large cell
spheroids,32� 34 which is not desirable as long incubation times
can often be associated with spheroid necrosis.35 In contrast,
we showed that the NLM system forms spheroids with high
metabolic activity in less than 24 h, reducing the risk of cell
death by undernutrition or hypoxia. This method is also of
interest for cell-based transplantation therapies, requiring a
large number of cells in a short period of time, which are also
self-organized in a manner resembling the natural in vivo
environment already prior to transplantation. In addition, we
demonstrated that this method was reproducible, generating
highly spherical uniformly sized 3D multicellular structures
within di� erent NLMs. In addition, the NLM system also
produces very robust liquid marbles, which can be handled
easily without breaking the marble. This is in stark contrast to
the � oating liquid marbles that are coated with a hydrophobic
powder and are fragile and easily broken.18

A key advantage of the NLM system is the short time it takes
for cells to form spheroids. Our results showed that mOECs,
ReNcell VM, and BxPC-3 cells can form spheroids within 24 h
in NLMs and that the mOEC spheroids robustly grow over
time. In comparison, in a hydrogel 3D culture model, BxPC-3
cells needed at least 4 days to form spheroids.36 In addition, a
reproducible linear increase in spheroid size was achieved with
an increase in the seeding density. Therefore, NLMs o� er a
method for controlling the size of spheroids for 3D cell culture,
which is necessary for a range of cell culture assays including
drug discovery. In addition, it is possible to control the number
of spheroids per NLM.

NLM is also an advanced 3D platform for assessing cell
behaviors, functions, and interactions. The morphology and
distribution of mitochondria and F-actin in spheroids
generated with the NLM approach were similar to that in

Figure 10.Schematic diagram of the process of cell spheroid formation and drug testing using the NLM system. Cells mixed with medium are
dispensed into the plate with superhydrophobic coating, creating NLMs. Inside the NLMs, cell spheroids are formed under normal cell culture
conditions in 24 h. Reagents and drugs can easily be added to spheroids in the NLM. The cell spheroids can be transferred for imaging and analysis.

ACS Applied Materials & Interfaces Research Article

DOI:10.1021/acsami.8b22036
ACS Appl. Mater. Interfaces2019, 11, 9814� 9823

9820



vivo.26,27 Moreover, when transferred to a 2D surface, cells
migrated out of the spheroids demonstrating that cells within
the 3D spheroids are viable and retain the ability to migrate.
Although interactions between peripheral glia and astrocytes
can be modeled in 2D cell cultures,37� 39 cells cultured within
NLMs are able to move freely and create their own
microenvironment, which may be more re� ective of the in
vivo environment.

� CONCLUSIONS
Taken together, the results demonstrate that the NLM system
rapidly and reproducibly produces uniform-sized 3D spheroids.
The ability to easily add reagents to the NLMs at any stage
makes it suitable for various research approaches, and when
combined with automated handling systems, the NLM system
is particularly suitable for high throughput screening.

� METHODS
Superhydrophobic Coating Method. The 384-well, PS, F-

Bottom, Small Volume, HiBase microplates (#784075, Greiner Bio-
One) were used to generate the coated plates unless stated otherwise.
Superhydrophobic surfaces were fabricated using NeverWet Multi-
Purpose Spray Kit (Rust Oleum), unless stated otherwise. This
superhydrophobic treatment is a two-step process, which is composed
of a base coat (methyl isobutyl ketone, butyl acetate, and mineral
spirits) and a top coat (acetone). The base coat (methyl isobutyl
ketone, butyl acetate, and mineral spirits) spray was shaken for 1 min
prior to use. The base coat was then sprayed at a distance of
approximately 20 cm from the plate. Four light coats were applied
(right to left, left to right, up and down, and up and down). The
surface was then left to air dry for 30 min. The top-coat (acetone)
spray was shaken for 1 min prior to applying it at a distance of
approximately 200 mm from the surface. Four light coats were applied
(right to left, left to right, up and down, and up and down). The
superhydrophobic surfaces were formed after 30 min and were used
for NLM generation at least 72 h after coating.

General Cell-Culture Conditions. Immortalized mOEC�
GFPs23 were maintained under complete medium conditions
[Dulbecco’s modi� ed Eagle’s medium (DMEM), F12 supplemented
with 10% fetal bovine serum (FBS), and 50� g/mL gentamicin] under
standard conditions in 25 cm2 tissue-culture�asks and incubated in a
humidi� ed incubator at 37°C and 5% CO2. When 90% con�uence
was reached, the cells were washed with 1 mL Hanks balanced salt
solution and then dissociated from the�ask with 1 mL TrypLE
Express Enzyme (5 min at 37°C). Cells were transferred into a 10
mL tube with 3 mL of complete medium and centrifuged at 0.3×
1000 rcf for 5 min. The pellet was resuspended in 2 mL of complete
medium. Cells were manually counted with a hemocytometer using
trypan blue stain and seeded in superhydrophobic-coated plates at
speci� ed densities using complete medium conditions for speci� ed
incubation times. Primary Schwann cells, OEC’s, and astrocytes were
isolated from S100ß-DsRed transgenic mice40 and maintained in
DMEM supplemented with 10% FBS, 1% GlutaMAX, and 0.5%
gentamicin. A Schwann cell/astrocyte coculture ratio of 50:50 was
used for the coculture study. ReNcell VM (Merck) and BxPC-3
(ATCC) were used for subsequent experiments. All cells were
maintained in a humidi�ed incubator at 37°C and 5% CO2.

Spheroid Generation Using Superhydrophobic-Coated
Microplates. Speci� c cell densities in 20� L complete medium
were dispensed into superhydrophobic-coated microplates by hand-
pipetting or by using Multidrop Combi Reagent Dispenser (Thermo
Fisher Scienti� c) to generate one NLM per well. Plates were
incubated in a humidi�ed incubator at 37°C and 5% CO2. Cell
spheroids were formed within 24 h inside the NLMs.

Tissue Processing and Immunohistochemistry. Spheroids
were produced (as described above) and collected 48 h following cell
seeding of S100ß-DsRed OEC primary cells. After� xation with 3%
PFA, the spheroids were frozen in an optimal cutting temperature

(OCT) compound (Sakura Tissue-Tek, 4583) at� 20 °C. A cryostat
(Leica CM1860 UV) was used to collect 30� m sections on coated
glass slides (Thermo Scienti� c, SuperFrost Plus).

S100� -DsRed postnatal day 4 (P4) pups were euthanized in
accordance with the Gri�th University Animal Ethics Committee
under the guidelines of the Australian Commonwealth O� ce of the
Gene Technology Regulator. Following decapitation, the heads were
� xed in 4% PFA and frozen in OCT. A cryostat was used to create 30
� m thick coronal sections on coated glass slides. Sections that
contained olfactory bulb and nasal mucosa was selected for
immunostaining.

Sections were incubated in a blocking solution containing 2%
bovine serum albumin (Sigma-Aldrich, A3294) and 0.3% Triton X100
(Sigma-Aldrich,×100) for 1 h at room temperature (RT). The
sections were then incubated with anti-BLBP (1:250, Sapphire
Bioscience, 120-3243) primary antibody in the same blocking solution
at 4 °C overnight. On the following day, the sections were washed
three times with 1× phosphate-bu� ered saline (PBS, Gibco, 18912-
014) and incubated with donkey anti-rabbit, Alexa Fluor 647 (1:500,
Invitrogen, A-31573) and Hoechst 3342 (1:5000, Thermo Fisher
Scienti� c, H1399) for 1 h at RT diluted in the blocking solution. The
sections were then washed three times with 1× PBS and mounted
with coverslips for imaging.

Drug Treatment. BxPC-3 were seeded in superhydrophobic-
coated microplates (96-well; Falcon) at a cell density of 100 cells/� L
in 100� L cell-culture medium (DMEM with 10% FBS, 1% gelatin,
and 10� g/mL gentamicin). After 24 h, nocodazole was injected into
the NLMs using a P20 pipette, leading to� nal concentrations of 0.12,
0.25, 0.5, 1.25, 2, 2.5, 10, 25, and 50� M. After 5 day’s treatment,
NLMs were then transferred into uncoated 96-well plates for cell
� xation and imaging.

mOECs were seeded in superhydrophobic-coated microplates
(384-well) at a seeding density of 500 cells/� L in 20 � L cell-culture
medium. After 54 h, hydrogen peroxide (H2O2) was injected into the
NLMs using a P20 pipette, leading to� nal concentrations of 1 and 3%
H2O2, respectively. After 2 h of incubation, 2.5� L of 0.1% Hoechst
were injected into the NLMs. NLMs were then transferred into an 8-
well chamber slide (Sarstedt) for cell� xation and imaging.

Generation of Spheroids Using Low-Attachment U-Shaped
Plates.mOEC� GFP were seeded in low-attachment U-shaped plates
(384-well, Corning# 10185-094) at a cell seeding density of 500
cells/� L in 20� L cell-culture medium. Cell were incubated for 24 and
48 h. Analysis of cell distribution and spheroid shape was performed
using AnaSP and Imaris softwares, respectively.

Cell Staining and Immunolabeling. (1) MitoTracker Red
CMXRos (Thermo Fisher) was used to stain mitochondria. Cells
were incubated with a MitoTracker (100 nM) at 37°C for 45 min
with a complete medium before generating spheroids. (2) Alexa Fluor
488 phalloidin (Thermo Fisher) was used to label F-actin. Cell
spheroids were� xed with 3% methanol-free formaldehyde in 1× PBS
for 24 h at 4°C. The� xed spheroids were permeabilized with 0.3%
Triton X-100 for 1 h and incubated with Alexa Fluor 488 phalloidin
(165 nM) in 1× PBS for 2 h at RT. Monolayer cultures were� xed
with 4% methanol-free formaldehyde in 1× PBS for 15 min at RT.
Cells were incubated with 6.6 nM Alexa Fluor 488 phalloidin in 1×
PBS for 1 h at RT. Cells and spheroids were then stained with a
CellMask deep red (C10046, Thermo Fisher) for 15 and 60 min,
respectively. (3) For immunohistochemistry, spheroids were� xed
with 4% PFA in 1× PBS for 24 h at 4°C, permeabilized with 0.3%
Triton X-100 for 1 h, and then incubated for 3 h at RT with goat anti-
GFAP (1:500, Abcam#880202) to detect astrocytes or rabbit anti-
BLBP (1:250, Sapphire Bioscience 120-3243) to detect OECs.
Spheroids were then incubated with the secondary antibody: donkey
anti-goat Alexa Fluor 488 (1:500, Invitrogen A-11055) or donkey
anti-rabbit 647 (1:500, Invitrogen A-31573) for 1 h at RT.

Imaging and Image Analysis.NLMs were transferred into 384-
well, black, clear bottom, low-skirt, tissue-culture-treated, sterile
CellCarrier ultra microplates (#6057308, PerkinElmer) or into a 96-
well plate for cell� xation using 3% (wt/vol) PFA (Sigma-Aldrich).
The spheroids were then imaged using an Olympus FV1000 confocal
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microscope (10×� 40×), an Olympus IX73 inverted microscope
(10×� 20×), or an Eclipse Ti2 Inverted microscope (10×).

Images of sectioned tissue and spheroids were taken on an
Olympus FV3000 confocal laser scanning and Ti-2 inverted wide-� eld
microscope. Confocal images were acquired using either a 10×
(UPLSAPO10×2) air objective or a 30x silicon objective
(UPLSAPO30XS) using identical laser power and resolution settings
for spheroid and tissue sections. Wide-� eld whole-brain sections were
imaged with a 10× air objective (Plan Apo 10x).

Image analysis was performed using AnaSP and micro imaging
software cellSens. The area of central cross section and sphericity of
cell spheroids was performed using the AnaSP software. 3D
reconstructions were performed using confocal microscopy (Olympus
FV1000 and Nikon A1R) and Imaris 7.4.

Statistical Analysis. Data were analyzed using the software
GraphPad Prism, and data normality was determined by a
Kolmogorov� Smirnov test. An unpairedt-test was then used to
identify statistically signi� cant di� erences.
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Chapter 6�Ö3D-tips: user -friendly mesh barrier pipette tips for 3D cell culture 

During the development of the naked liquid marble three-dimensional cell culturing system, 

it became apparent that standard commercially available laboratory pipette tips were not 

suitable for handling 3D spheroids. There were difficulties in removing and exchanging media 

when using manual pipetting and the difficulties would only be exacerbated when using 

automated liquid handling systems. In order to overcome the liquid handling problems, I 

invented a new pipette tip with a wettable mesh barrier. This chapter reports the invention of 

the wettable pipette tip suitable for liquid exchange in three-dimensional cell cultures. 

The application of the 3D-tips is broad and the work was first protected by a patent 

application: Chen M, Vial ML, St John JA. Apparatus for and methods of removing fluid from 

a cell culture. Provisional patent number 2017904064, Australian Government IP Australia. 

The work has now been submitted for publication and a minor revision is being prepared for 

re-submission to the journal: Chen M, Vial ML, St John JA. 3D-tips: user-friendly wettable 

mesh barrier pipette tips for 3D cell culture. Revision in preparation for resubmission to ACS 

Applied Bio Materials mt-2019-00163c. 
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Abstract 

Three dimensional (3D) cell cultures have been an area of increasing interest and relevance 

across several research fields including drug discovery, developmental biology and stem cell-

based therapies. However, handling 3D multicellular structures can be difficult and time-

consuming. In particular, the replacement of liquid media and reagents in which liquid is 

removed using pipettes is difficult to perform as the 3D spheroids can be easily aspirated into 

the pipette tip. We have developed the mesh barrier tip (3D-tip), a novel tool that facilitates 

media change and washing procedures of 3D cell cultures without damaging the 3D cell 

structure. The 3D-tip contains a mesh with 40-µm pores allowing the aspiration of liquids 

including media, drugs, buffers and reagents, with the mesh acting as a barrier preventing the 

spheroids being aspirated into the pipette tip. After aspiration of liquids, the spheroids are 

gently deposited back into the culture vessel without damage to their morphology. This novel 

pipette tip is suitable for high throughput screening and automation and will revolutionise the 

techniques used for the production and analysis of 3D multicellular spheroids.    
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6.1 Introduction 

Three dimensional (3D) cell culture has led a revolution in eukaryotic cell culture. Cells grown 

in 3D can form more complex cell-cell interactions, which more closely mimic the in vivo 

situation than two dimensional cell culture(Djordjevic & Lange, 2006). Therefore this 

technology is booming in many fields, including cancer and stem cell research, drug screening 

and tissue engineering (Ravi et al., 2015). However, the production and use of 3D cell cultures 

with standard cell analysis techniques, which were originally developed for 2D cell culture 

systems, can be challenging. For instance, tasks including cell culture media change, drug 

testing or cell imaging techniques such as immunofluorescence staining, which require a large 

number of wash steps can be difficult to achieve when using 3D cell culture models. Due to 

the nature of the cell growth of 3D cell cultures, the spheroids or other 3D cell structures, tend 

to have low adherence to the vessel surface and thus during liquid changes the 3D structures 

can be easily aspirated. Methods commonly used for a media change or wash steps using 3D 

cell cultures currently include 50/50 media exchange (Friedrich et al., 2009), centrifugation 

(Lee, et al., 2007) and free settling("Spheroids in cancer research. Methods and perspectives," 

1984) techniques. However, these techniques are laborious, time-consuming, may damage 

the morphology of the spheroids or even lead to the loss of the spheroids, which are aspirated 

into the pipette tip. Hence, the need of developing a novel tool to easily perform media change 

and wash steps of 3D cell cultures.  

Here, we describe the development of the 3D-tip for 3D cell culture studies. The 3D-tip is 

composed of a tip containing a mesh with 40-µm pores allowing the aspiration of media, 

buffers, reagents and drugs without losing or damaging the shape or size of the 3D 

multicellular spheroids. The 3D-tip can revolution the use of 3D cell cultures in several fields 

of research including cell biology, developmental biology and drug discovery. 
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6.2 Results 

The 3D-tip is suitable for liquid handling with live (unfixed) 3D cell spheroids 

Three-dimensional cell cultures of olfactory ensheathing cells (OECs) were generated in naked 

liquid marbles (NLMs) (Chen et al., 2019) and then transferred into an 8-well chamber. 

Removal of the liquid medium is needed for several different processes including refreshing 

culture medium, adding specific reagents for assays, and replacing with fixative solution. To 

test the suitability of using the 3D-tips (Fig. 1A and B), the medium was removed from the 

chamber, which contained different sized spheroids. Large spheroids which had a diameter of 

more than 500 µm did not tend to be displaced during the removal of the medium as they 

were easily visible to the naked eye and thus the pipette tip could be manipulated to avoid 

them. In contrast, small spheroids were displaced with the medium but were prevented from 

entering the pipette tip due to the mesh barrier and the spheroids subsequently remained in 

the culture vessel (Fig. 1C-F).  
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Figure 1. The use of 3D-tips to replace liquid in cell culture plates. (A) Assembly of the 3D-tip 

prototype. (B) Representative image of a 3D-tip. (C) A mesh barrier at the narrow end of the 3D- tip 

allowed rapid fluid flow in both directions. (D) Mesh barrier prevents small spheroids being aspirated 

into the pipette tip. Spheroids that are displaced during removal of the liquid are deposited back into 

culture vessel. (E) Scanning electron microscope (SEM) image of a tip containing a mesh with 40-µm 

pores (F) SEM image of a mesh with 40-µm pores. 
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A comparative study between the 3D-tip system and the commonly used 50/50 media 

exchange method with normal tips was performed. First, the 3D-tip method allowed nearly a 

full media change while only half of the media was replaced with the 50/50 media exchange 

method. In addition, we observed that on average 86.0 % of spheroids remained in the 

chamber after changing the media using the 3D-tips (Fig. 2A and B). In contrast, only 45.0 % 

of spheroids remained using the 50/50 media exchange method showing that most of 

spheroids were aspirated and lost using this strategy (Fig. 2A and B). Consequently, the 

percentage of spheroids lost during the media change procedure using the 3D-tips 

significantly decreased in comparison with the 50/50 media exchange method using normal 

tips (p=0.0158). As there was also some residual media left in the wells after the media 

exchange using the 3D-tips, smaller aggregates of cells were also retained within the well. No 

bacterial contamination was observed after changing the media using the 3D-tip. 

Figure 2. Comparative study between the 3D-tip system and the 50/50 media exchange method to 

change media of 3D cell cultures of OECs. (A) Representative images of 3D OEC spheroids before and 

after media change using the 3D-tip system and the 50/50 media exchange method. Scale bar = 200 

µm. Images were captured on an Olympus IX73. (B) Percentage of spheroids remaining after media 

change using the 3D-tip system and the 50/50 media exchange method. P*	Y 0.05, n=3, technical 

replicates. 
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The 3D-tip is suitable for immunofluorescence microscopy using fixed 3D cell spheroids 

To determine whether the 3D-tip is suitable for handling 3D spheroids during 

immunofluorescence assays, we performed 3D co-cultures of astrocytes with �^�í�ì�ì�t-DsRed 

Schwann cells (SC) (Fig. 3) in NLMs. After fixation of the cell spheroids, immunofluorescence 

assays were performed using the 3D-tips for all liquid changes. Anti-glial fibrillary acidic 

protein (GFAP) antibodies were used to detect astrocytes, and Hoechst was used to stain 

nucleic acids to visualize nuclei. We observed a specific detection of GFAP in astrocytes, and a 

specific detection of nuclei by Hoechst stain as well as a low background signal. The accurate 

immunofluorescence and nuclear staining, together with the intact morphology of the 3D cell 

structures, show that the 3D-tips are suitable for performing the assay and wash steps during 

immunofluorescence assays without damaging the spheroids. 

Figure 3. Immunofluorescence assay of 3D co-cultures using the 3D-tip. Co-culture of astrocytes 

detected by anti-GFAP �~�P�Œ�����v�•�����v�����^�í�ì�ì�t-DsRed Schwann cells (red). Cells were stained with Hoechst 

(blue). Scale bar = 100 µm. Images were captured on an Olympus FV1000 confocal microscope. 

A comparative study between the 3D-tip system and the commonly used centrifugation 

method for immunofluorescence microscopy was then performed in parallel using fixed 3D 

cell spheroids. We observed that the sphericity of the 3D structures was maintained with both 

methods (Fig. 4A and B).  However, 87.6 % of spheroids remained using the 3D-tip while, in 

contrast, only 66.3 % of spheroids were left using the centrifugation method (Fig. 4C). 

Consequently, the percentage of spheroids retained using the 3D-tips significantly increased 

in comparison with the centrifugation method (p= 0.0234). In addition, the centrifugation step 
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with three washes required 20 minutes whereas the use of the 3D-tip required less than one 

minute for the wash steps. Thus, the use of the 3D-tip reduces the time needed for assays. 

 

Figure 4. Comparison between the 3D-tip and the centrifugation methods for fluorescence staining 

of fixed 3D OEC cultures. (A) Representative images of fixed 3D OEC spheroids stained with Hoechst 

(blue) and CellMask Deep Red (red) using the 3D-tip and the centrifugation methods. (B) Sphericity 

analysis of 3D structures after fluorescence staining using the 3D-tip and the centrifugation methods. 

(C) Percentage of spheroids remaining after fluorescence staining using the 3D-tip and the 

centrifugation methods. Scale bar = 50 µm. Images were captured on an Olympus IX73 microscope. 

�d�Z�������v���o�Ç�•�]�•���Á���Œ�����‰���Œ�(�}�Œ�u�������µ�•�]�v�P�����v���^�W���í�X�ì�X���‰�Ž	Y���ì�X�ì�ñ�U��n=3, technical replicates. 

Comparative study between the 3D-tip method and the centrifugation technique for 
fluorescence labelling of live (unfixed) 3D cell spheroids  

Labelling of live cells is often routinely performed with a range of different stains. We 

therefore performed a comparative study between the 3D-tip system and the commonly used 

centrifugation method for staining live (unfixed) cell spheroids.  We observed that the 

sphericity of the spheroids significantly decreased with the centrifugation method (0.91) 

compared to the 3D-tip method (0.93) (p= 0.0265) (Fig. 5A and B). In addition, 84.6 % of 

spheroids remained using the 3D-tip while, in contrast, only 36.4 % of spheroids were left 

using the centrifugation method (Fig. 5C). Consequently, the percentage of spheroids retained 

using the 3D-tips significantly increased in comparison with the centrifugation method (p= 

0.0018).  
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Figure 5. Comparison between the 3D-tip and the centrifugation methods for fluorescence labelling 

of live (unfixed) 3D OEC cultures. (A) Representative images of unfixed 3D OEC spheroids stained with 

Hoechst (blue) and CellMask Deep Red (red) using the 3D-tip and the centrifugation methods. (B) 

Sphericity analysis of 3D structures after the staining assay using the 3D-tip and the centrifugation 

methods. (C) Percentage of spheroids remaining after the staining assay using the 3D-tip and the 

centrifugation methods. Scale bar = 50 µm. Images were captured on an Olympus IX73 microscope. 

�d�Z�������v���o�Ç�•�]�•���Á���Œ�����‰���Œ�(�}�Œ�u�������µ�•�]�v�P�����v���^�W���í�X�ì�X���‰�Ž	Y���ì�X�ì�ñ�U���‰�Ž�Ž	Y���ì�X�ì�í�U���v�A�ï�U���š�����Z�v�]�����o���Œ���‰�o�]�����š���•�X 

The 3D-tip is suitable for various cell types grown in 3D cell culture  

3D cultures of pancreatic cancer cells (BxPC-3) and neural progenitor cells (ReNcell VM) were 

used to determine whether the 3D-tips were suitable for various cell types. BxPC-3 and 

ReNcell VM spheroids were fixed and stained with ���o���Æ���� �&�o�µ�}�Œ�¡�� �ð�ô�ô�� �W�Z���o�o�}�]���]�v to visualize 

actin filaments (F-actin) and Hoechst to stain the nuclei. All the washes were performed using 

3D tips. A regular F-actin arrangement around the nucleus was observed (Fig 6A and B). 

Therefore, 3D-tips can be used on different cells types. 
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Figure 6. Fluorescence staining of 3D cell cultures of BxPC-3 and ReNcell VM using the 3D-tip system. 

(A) F-actin arrangement of 3D cultures of BxPC-�ï�������o�o�•�������š�����š���������Ç�����o���Æ�����&�o�µ�}�Œ�¡���ð�ô�ô���W�Z���o�o�}�]���]�v���~�P�Œ�����v�•�X��

(B) F-�����š�]�v�����Œ�Œ���v�P���u���v�š���}�(���ï�������µ�o�š�µ�Œ���•���}�(���Z���E�����o�o���s�D�������š�����š���������Ç�����o���Æ�����&�o�µ�}�Œ�¡���ð�ô�ô���W�Z���o�o�}�]din (green).  

Nuclei were visualized with Hoechst (blue). Scale bar = 50 µm. Images were captured on an Olympus 

FV3000 confocal microscope. 

The live/ dead cell viability assay after cells contact 3D tips  

To determine whether the mechanical force of 3D tips have an impact on cell spheroids, we 

performed a comparative study between the 3D-tip and regular tip for changing medium in 

3D cell culture.   Primary OECs were harvested from S100ß-DsRed transgenic mice. Cells were 

seeded in a 384-well superhydrophobic-coated plate (100,000 cells per well). Spheroids were 

then collected after 48 h. Then spheroids were transferred to 96-well plate. 3D-tips and 

standard tips (Vetex, 200 µL) were used to exchange the culture medium in the wells. After 48 

h incubation, cells migrated out from the spheroids. Figure 7 shows that cells were stained 

with a nucleus marker (Hoechst), living cell marker (Calcein), and dead cell marker (DRAQ7). 

The cells in the control group (regular tips) and 3D-tips groups both have a high proportion of 

living cell stain and a low proportion of dead cell staining. Therefore, the mechanical force of 

3D tips did not cause an impact on cell spheroids. 
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Fig. 7.  Long term culture of cell spheroids after contact with 3D-tips. Top panels show the cell spheroid 

cultures in which the culture medium was changed with normal tips (control); cells migrated out from 

the spheroids after 48 h incubation. Bottom panels show the cell spheroid with medium change using 

3D-tips and cells migrated out from the spheroids after 48 h incubation.Cells were stained with nucleus 

marker (Hoechst), calcein (living cell dye) and DRAQ7 (Dead cell dye). Scar bar, 500 µm.  

6.3 Conclusion 

Studies have shown that three-dimensional (3D) cell cultures are more reflective of the in vivo 

state. However, standard cell analysis methods developed for 2D cell cultures are not always 

adapted to 3D cellular models. Indeed, most of commonly used methods for media change 

or washing procedures using 3D multicellular spheroids are often time-consuming and can 

damage the cells and alter the morphology of the 3D structures, seriously affecting the 

experimental outcomes.  

Our results demonstrate that the novel 3D-tips offer superior handling of 3D cell cultures in 

comparison to other commonly used methods and allow more rapid media exchange with 

increased retention of 3D spheroids, without causing damage to the gross morphology. In 

contrast with the 50/50 media exchange method, the 3D-tips allow a complete media change 

with minimal loss of the spheroids and without damaging the morphology of the spheroids. In 

comparison with the centrifugation technique, the 3D-tips preserved spheroids whereas 

centrifugation led to the loss of spheroids and/or the alteration of the size and shape of the 

3D cellular structures.  
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The 3D-tip has been designed to overcome many limitations of handling 3D cell cultures, and 

particularly targets the need to reduce time needed for media exchange, reduce the volume 

of media needed for wash steps, and to improve the retention and morphology of the 

spheroids during handling steps. Its mesh with pores as small as �ð�ì�� �…�u�� ���o�o�}�Á�•�� ���� ���}�u�‰�o���š����

media change and facilitates the washing steps during immunofluorescence staining, with 

reduced loss of the spheroids and with minimal damage. From a cost perspective, particularly 

for high-throughput screening, a 50/50 media change significantly increases the cost of 

reagents and therefore the 3D-tip will reduce costs of the assays. The ability to remove all the 

media in one easy step using the 3D-tip is particularly useful for drug screening assays when 

it is crucial to completely remove the media. We showed that the 3D-tips can easily be used 

on both fixed and unfixed spheroids and on different cell types including cancer cell, stem cell 

and glial cell spheroids. From a time perspective when compared to the centrifugation 

method, the 3D-tips dramatically reduce the time taken for replacing media. 

Taken together, the results demonstrate that the 3D-tips satisfy the unmet need for ease of 

handling liquids for 3D cell culturing and immunofluorescence assays using 3D multicellular 

spheroids. This tool is also suitable for washing out drugs during drug screenings and could be 

used in association with automated liquid handling platforms. 

6.4 Methods 

Cell culture conditions 

Immortalized mouse OECs were generated from olfactory bulb ensheathing glia of GFP-

expressing mice (C57BL/6-Tg(ACTB-EGFP)1Osb/J, Jackson Laboratory, Bar Harbor, USA 

(Franceschini & Barnett, 1996; Ramon-Cueto & Nieto-Sampedro, 1992). mOEC-GFP were 

cultured in ���µ�o���������}�[�•�� �D�}���]�(�]������ �����P�o���� �D�����]�µ�u�l�E�µ�š�Œ�]���v�š�� �&-12 (DMEM/F12) supplemented 

with 10 % fetal bovine serum (FBS, Bovogen) and 10 ng/mL gentamicin (Life Technologies). 

Dorsal root ganglion Schwann cells and astrocytes �Á���Œ�����]�•�}�o���š�������(�Œ�}�u���^�í�ì�ì�t-DsRed transgenic 

mice (Windus et al., 2007). Schwann cells and astrocytes were maintained in complete 
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medium conditions (���µ�o���������}�[�•�� �D�}���]�(�]������ �����P�o���� �D�����]�µ�u�� �~���D���D�•�� �•�µ�‰�‰�o���u���v�š������with 10 % 

FBS, 1 % �'�o�µ�š���D���y�¡��(Life Technologies) supplement and 50 ng/mL gentamicin). Pancreatic 

cancer cell (BxPC-3) and Neural stem cells (ReNcell VM) were maintained in DMEM 

supplemented with 10 % FBS and 10 ng/mL gentamicin and in DMEM/F12 supplemented with 

10 % fetal bovine serum, 1 % N-2 Supplement (Life Technologies) and 10 ng/mL gentamicin, 

respectively. All the cells were maintained in a humidified incubator at 37°C and 5 % CO2. 

3D-tip assembly  

Due to limitations in our ability to manufacture the 3D-tips, a prototype was assembled in 

several steps. First, the mesh of a Falcon 40 µm cell strainer (#352340) was cut. The mesh was 

approximately 30 mm wide and 80 mm long. The Corning® gel-loading pipet tip (#CLS4884) 

was cut at a length of approximately 300 mm. The 80 mm x 30 mm mesh was then wrapped 

around the point of an intact Corning® gel-loading pipet tip (#CLS4884) and inserted inside the 

Corning® gel-loading pipette tip (#CLS4884) previously cut. Finally, the point of the tip was 

trimmed and the 3D-tip was then ready for use.   

Sputter coating and SEM analysis 

Dried 3D tips were cut and glued to the specimen stubs by carbon adhesive discs, then gold 

(Au) sputter coated in a in a Jeol MP-19020NCTR. The mesh was then examined with a JCM-

�ñ�ì�ì�ì���E���}�^���}�‰���¡���d�����o�����d�}�‰���^���D�X�� 

 

 

Generation of spheroids using the NLM system 
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3D cultures were produced using the NLM system that we have developed (Australian 

provisional patent 2017904456; ( Chen et al., 2019)). In this system, 384-well, PS, F-Bottom, 

Small volume, HiBase microplates (#784075, Grenier Bio-One) were used to generate coated 

plates with the NeverWet Multi-Purpose Spray Kit (Rust Oleum). The superhydrophobic-

coated plates were used for NLM generation. This system enables cells to freely associate to 

form highly reproducible spheroids. 

Cells were harvested and manually counted with a haemocytometer and seeded in 

superhydrophobic-coated plates at specified densities using complete medium conditions. 

Spheroids were then collected after 48 or 72 h and used for subsequent experiments  

Provisional patent details: Chen M, Vial ML, Tello Velasquez J, Barker M, St John JA. Naked 

liquid marbles: a robust three-dimensional low-volume cell culturing system. Provisional 

patent filed 2 November 2017, number 2017904456, Australian Government IP Australia. 

Complete media change using the 3D-tip 

Cell spheroids were transferred into an 8-well chamber containing 200 µL of medium. The 

medium was aspirated using the 3D-tip and 200 µL of fresh medium was added. Spheroids 

were imaged before and after media change using the Olympus IX73 and image analysis was 

performed using the software cellSens. The spheroids were maintained in culture for 7 days 

without media change for contamination assessment. 

50/50 media exchange 
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Half of the medium (100 µL) was carefully removed using a P200 pipette and a normal tip. 100 

µL of fresh medium was added into each well. Spheroids were imaged before and after media 

change using the Olympus IX73 and image analysis were performed using the software 

cellSens. 

Live (unfixed) 3D cell spheroid fluorescence staining using the 3D-tip 

3D spheroids were then stained with Hoechst (1:2000) and CellMask Deep Red (1:2000) in 

culture media for 20 min at 37oC, 5 % CO2. Spheroids were washed three times with PBS using 

the 3D-tip and then stored in the dark at 4oC. Spheroids were imaged using the Olympus IX73 

after staining. The number of cell spheroids was accounted before and after staining.  

Live (unfixed) 3D cell spheroid fluorescence staining using the centrifugation method 

3D OEC spheroids were stained with Hoechst (1:2000) and CellMask Deep Red (1:2000) in 

culture media for 20 min at 37oC, 5 % CO2. The spheroids were then transferred into a 1.5 ml 

Eppendorf tube, centrifuged for 5 min at 1000 rpm and the supernatant was aspirated using 

a P200 pipette and a normal tip. Spheroids were washed three times with PBS using the 

centrifugation method (5 min at 1000 rpm) as previously and then stored in the dark at 4oC. 

Spheroids were imaged using the Olympus IX73 after staining. The number of cell spheroids 

was determined before and after staining. 

Fixed 3D cell spheroid fluorescence staining using the 3D-tip 

3D OEC spheroids were fixed using 3 % PFA for 24 h at 4oC followed by three washes with PBS 

using a P200 pipette and the 3D-tip. 3D spheroids were then stained with Hoechst (1:2000) 

and CellMask Deep Red (1:2000) in PBS for 20 min at RT with continuous shaking. Spheroids 

were washed three times with PBS using the 3D-tip and then stored in the dark at 4oC. 

Spheroids were imaged using the Olympus IX73.  
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BxPC-3 and ReNcell spheroids were fixed using 3 % PFA for 24 h at 4oC, then permeabilised by 

0.3 % Triton-X 100 for 60 min at RT with continuous shaking. Then spheroids were stained with 

���o���Æ���� �&�o�µ�}�Œ�¡�� �ð�ô�ô�� �W�Z���o�o�}�]���]�v (1:1600) in PBS for 60 min at RT with continuous shaking. 

Spheroids were washed three times with PBS using the 3D-tip and then stored in the dark at 

4oC. Spheroids were imaged using the Olympus FV3000 confocal laser scanning microscope. 

Fixed 3D cell spheroid fluorescence staining using the centrifugation method 

3D OEC spheroids were fixed using 3 % PFA for 24 h at 4oC. The spheroids were then 

transferred into a 1.5 ml Eppendorf tube, centrifuged for 5 min at 1000 rpm and the 

supernatant was aspirated using a P200 pipette and a normal tip. 3D cell spheroids were 

washed three times with PBS using the centrifugation method (5 min at 1000 rpm) as 

previously described. Spheroids were then stained with Hoechst (1:2000) and CellMask Deep 

Red (1:2000) in PBS for 20 min at RT with continuous shaking. The spheroids were centrifuged 

for 5 min at 1000 rpm and the supernatant was aspirated using a P200 pipette and a normal 

tip. Spheroids were washed three times with PBS using the centrifugation method (5 min at 

1000 rpm) as previously and then stored in the dark at 4oC. Spheroids were imaged using the 

Olympus IX73 after staining. The number of cell spheroids was determined before and after 

staining.  

Immunocytochemistry using 3D co-cultures 

For immunofluorescence microscopy studies, the medium was aspirated using a P200 pipette 

and the 3D-tip and 3D co-cultures of astrocytes with SC were fixed in 3 % PFA for 24 h at 4oC 

before being washed three times with PBS using a P200 pipette and the 3D-tip. Spheroids 

were then treated with 0.2 % Triton X-100 and 2 % bovine serum albumin (BSA) for 1 h at RT 

and washed three times with PBS. PBS was aspirated and goat anti-GFAP antibodies (1:500 in 

PBS) was added and the 8-well chamber was incubated at RT for 3 h with continuous shaking. 

Spheroids were washed three times with PBS using the 3D-tip. Secondary antibody Alexa 

Fluor® 488 Donkey anti-goat (1:500 in PBS) was added for 1 h at RT with continuous shaking. 
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3D spheroids were washed three times with PBS and stained with Hoechst (1:2000) for 15 min 

at RT. Spheroids were washed three times with PBS and stored in the dark at 4oC. Spheroids 

were imaged using the Olympus FV1000 confocal microscope. 

Live/Dead cell viability assay 

Primary OECs were harvested from S100ß-DsRed transgenic mice. Cells were seeded in a 384-

well superhydrophobic-coated plate (100,000 cells per well). Spheroids were then collected 

after 48 h. Then spheroids were transferred to 96-well plate. 3D-tips and standard tips (Vetex, 

200 µL) were used by exchange the culture medium in the wells. After 48 h incubation, cells 

migrated out from the spheroids. Then cells were stained with nucleus marker Hoechst 

(1:2000, Thermo Fisher), living cell marker Calcein (1 µm, Thermo Fisher) and Dead cell marker 

DRAQ7 (1:500, Thermo Fisher) for 15 min. Nikon Ti-2 Microscopy was used for imaging. 
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Chapter 7: Using laser microdissection  to improve purification of olfactory 
ensheathing cells.  

7.1 Introduction 

Cell preparations to obtain primary OECs from the olfactory nervous system are not pure. The 

preparations contain other cell types, in particular olfactory nerve fibroblasts (Jani & Raisman, 

2004; Windus et al., 2007). Purification of OECs, usually involving selective media or 

immunopanning is notoriously challenging (Bianco et al., 2004; Kueh et al., 2011; Mayeur et 

al., 2013; Tanhoffer et al., 2007; Yao et al., 2018) and new approaches are needed. Increasing 

the purity of OECs is crucial for assessing the effects of novel drugs on OECs and for cell therapy 

to promote CNS repair. Immunopanning to purify OECs typically relies on several OEC marker 

proteins, in particular the p75 neurotrophin receptor (p75NTR) (Coutts, Humphries, Zhao, 

Plant, & Franklin, 2013; Runyan & Phelps, 2009). However, this method has several inherent 

drawbacks, the most significant one being that these markers are not specific for OECs. In 

terms of p75NTR, data from our laboratory has shown that while OECs generally express this 

receptor, there are subpopulations of OECs that do not express p75NTR, or which express it 

at variable levels. p75NTR is also present in other cells; it is for example expressed at high 

levels in human foetal Schwann and fibroblasts surrounding OECs (Oprych, Cotfas, & Choi, 

2017). It is also challenging to utilize the credible markers of �š�Z���� �^���}�v�š���u�]�v���š�]�v�P�_�� �����o�o�•��

naturally surrounding OECs to make a negative selection by fluorescence-activated cell sorting 

(FACS). In addition, the characteristics of OECs, such as the high demand for cell-cell 

interactions, which are vital for cell viability, leads to an unsatisfactory FACS yield of live cells 

(unpublished data from our laboratory). Without a robust purification method, dissociated 

cultures of olfactory mucosa preparations result in cultures containing 2-7 % OECs 

(unpublished data from our laboratory). 



106 

As described in Chapter 5, we have previously shown that primary OEC culture showed self-

organization behaviours in the NLM 3D culture system (Chen et al., 2019). In preparations 

from S100ß-DsRed transgenic mice, OECs exhibit red fluorescence whilst contaminating cells 

are DsRed-negative. When cultured in the NLM system, OECs were located within the centre 

of the spheroids with the DsRed-negative cells forming a peripheral layer. The mechanisms 

behind this self-organisation of different types of cells into independent regions in 3D culture 

are not clear. Regardless, when cells started migrating out of the spheroids, DsRed-negative 

cells migrated ahead of DsRed-positive OECs. This suggested that it would be possible to 

enrich the OEC cultures by selectively ablating the DsRed-negative cells using laser 

microdissection. In this chapter, the development of a novel OEC enrichment protocol 

combining cell culture in the NLM system and laser microdissection is presented.  

7.2 Method and materials 

Cell culture 

Initially, GFP-expressing immortalized mouse olfactory ensheathing cells (GFP-mOECs; 

described in previous chapters) and mouse fibroblasts (mouse meningeal fibroblasts, a gift 

from Prof. Filip Lim, Universidad Autonoma de Madrid) were used for assessing the structure 

and cellular organisation of 3D cultures. The complete culture medium was DMEM/F12 

supplemented with 10 % FBS and 50 µg/mL gentamicin. The primary OEC culture was isolated 

from S100ß-DsRed transgenic mice and maintained in DMEM supplemented with 10 % FBS 

and 50 µg/mL gentamicin. 

3D cell culture 

The method for 3D culturing in NLMs is described in Chapter 5 and the resulting publication 

(Chen et al., 2019). Briefly, for analysing the structure of GFP-mOEC/fibroblast spheroids, GFP-

mOECs (green) and fibroblasts were seeded at a ratio of 1:1 at a cell seeding density of 500 
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�����o�o�•�l�…�>���]�v��the NLM 3D culture system. After 48 h, cells formed spheroids, which were fixed in 

3 % PFA for 3 h. Spheroids were stained with Hoechst.  

Primary OEC culture was used for making cell spheroids comprising 100,000 cells each. Cells 

formed spheroids in 48 h in the naked liquid marbles (NLM) system. The spheroids were then  

transferred to 8-well chambers for laser microdissection.  

Laser Microdissection System  

The MMI CellCut Laser Microdissection System (MCLMS) was used for removing cells not 

expressing DsRed. Cell spheroids were transferred to a glass 8-well chamber, which is a closed 

environment to reduce the risk of potential contamination. The laser microdissection was 

operated under a 20x objective lens on the surface of each well. Using a high pulse rate and 

low voltage UV-laser, the accuracy of this instrument reaches 0.3 µm.  

Imaging and analysis: Olympus IX73, Olympus FV1000/3000 Confocal and Nikon TI-2 

microscopes were used for imaging.  The 3D reconstruction was generated and analysed by 

Imaris.  GFP-mOECs and DsRed-positive OECs were identified by fluorescent protein signals in 

Imaris. Fibroblasts were identified by Hoechst staining in Imaris. 

 

The 3D reconstruction was used to measure the location of GFP-mOECs and fibroblasts in 3D 

co-culture spheroids, three spheroids were analysed. The cells were converted into points 

(x,y,z) in a three-dimensional coordinate system (Fig1). The formula for calculated distance 

between different cells was: [(x-x1)^2+(y-y1)^2+(z-z1)^2]^(1/2). There were 12096 cells 

measured in the distribution after long-term incubation of transferred 3D cell cultures (Fig 3). 

The height of the confocal scanning space was approximately 50 µm. The distribution of cells 

was divided in four ways for analysis.  
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Schematic diagram 1. The division of the distribution of cells. 

The proportion of DsRed cells in primary OEC cultures was measured from three spheroids 

after laser microdissection (Fig 4 and Fig 5). Cells from three other spheroids without laser 

microdissection were used in the control group. There were 38,880 cells in the control group 

and 39,274 cells in laser microdissection group. 

Live-cell imaging using the IncuCyte S3 (Sartorius) live cell imaging system, in which cells can 

be continuously imaged over a long time whilst kept in the incubator, was used to track 

migration of primary cells out of spheroids (to determine appropriate time-points for laser 

microdissection). For recording the cell migration from the spheroids, six spheroids were 

analysed (Fig 2).  
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7.3 Results 

Cell self-organization in 3D cell culture 

As discussed above, primary OECs are always contaminated with several other types of cells, 

particularly fibroblasts. To determine the interaction of GFP-mOECs and fibroblasts in co-

culture, the two different cell types were seeded at 1:1 ratio in the NLM 3D cell culture system. 

After 48 h, mOECs and fibroblasts formed spheroids in this system. Then, the spheroids were 

fixed and stained by nuclear DNA stain Hoechst (Fig 1a). The fixed spheroids were scanned by 

confocal microscopy (3 µm optical sections). The staining of nuclei thus labels both cell types 

whilst only the mOECs-GFP exhibit green fluorescence. Figure 1b shows the location of mOECs 

and fibroblasts which were detected by Imaris software. In addition, the distance of OECs and 

fibroblasts to the centre of the spheroid was measured. The mean distance of OECs and 

fibroblasts to the centre of the spheroid was 75 µm and 86 µm, respectively (Fig 1c). Therefore, 

OECs are located more closely to the centre of the spheroid than fibroblasts. However, the 

scanning depth of confocal microscopy is limited (Smithpeter, Dunn, Welch, & Richards-

Kortum, 1998). For this reason, the 3D reconstruction of the spheroid from confocal 

microscopy data does not show the entire structure. Figure 1d shows the 3D reconstruction 

from confocal data consisting of three parts. Hoechst, which is a nuclear marker (chemical 

fluorescence), only penetrated the outermost layer, forming a � ŝtaining zone�_. Internally to 

this zone was a �P�Œ�����v���^fluorescence �Ì�}�v���_�U��which included GFP expressed by GFP-mOECs. The 

scanning limitation led to the fluorescence signal missing from the inner structure, which 

formed a � b̂lind zone�_. Epifluorescence microscopy can scan the fluorescence signals inside 

an integral object (Fig 1e). The � ĥot map�_ of GFP fluorescence generated from epifluorescence 

microscopy showed that the GFP signal was the strongest in the inner region of the mOEC-

fibroblast co-culture spheroid. Therefore, it appeared that mOECs formed the inner core of 

the spheroid with fibroblasts forming the peripheral layer (Fig 1e). 
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Figure 1. The location GFP-mOECs and fibroblast in 3D spheroid co-culture. a) After 48 h in culture, 

spheroids were fixed and stained with Hoechst (blue; nuclei). b) The 3D reconstruction shows the 

location of the spheroid centre (red), nuclei (blue) and GFP-mOECs (green). As the Hoechst stain did 

not penetrate deep into spheroids, the blue dots show cells in the peripheral layer. c) The graph shows 

the distance (µm) of the centre of cells (nuclei, blue) and, specifically, GFP-mOECs (green) to the centre 

point of the spheroid. d) The schematic shows how images of 3D spheroids are generated from the 

confocal microscope. The confocal microscope cannot be used to view the centre of the spheroid, 

which also is devoid of Hoechst staining.  Therefore, the confocal image consists of three parts: 1. Blind 

zone (undetected region) 2. Fluorescence zone (biomolecules with fluorescence tag; in this case 

mediated by GFP) 3. Staining zone (chemi-fluorescence; staining of nuclei). e) The schematic shows 

generation of 2D images from an epifluorescence microscope and the hot map of GFP distribution 

within the spheroid. The 3D imaging and reconstruction was generated by confocal microscopy 

(Olympus, FV1000) and Imaris 7.4.2. An Olympus IX73 microscope was used to capture the 2D images. 

The scale bar is 40 µm.  
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Development of a method to increase OEC purity using laser microdissection 

As shown above and in Chapter 5, OECs and fibroblasts co-cultured in 3D self-organise into 

two layers. This property suggested that the separation of these two cell types by laser 

microdissection could be possible. However, laser microdissection is highly challenging to 

operate in a three-dimensional space. It is, however, possible that the cells, after initial culture 

in 3D spheroids, maintain this division following transfer to a two-dimensional environment. 

To determine whether this could be the case, primary OEC cultures from S100ß-DsRed 

transgenic mice (containing both DsRed-positive OECs and DsRed-negative cells; primarily 

fibroblasts (Windus et al., 2007)), were cultured in NLMs and then transferred to standard 

culture plate wells. Cells migrating out of the spheroids and into the wells were assessed for 

DsRed expression, to determine whether the segregation between DsRed-negative and 

DsRed-positive cells continued to apply to cells emerging from the spheroids.  

Primary OEC cultures (2-7 % DsRed-positive cells) were used for spheroid generation (100 000 

cells per spheroid). Then, the spheroids were transferred to 8-well chambers. Cells were 

continuously imaged (every 30 min) using the IncuCyte live-cell microscopy system as they 

were migrating out of the spheroids. After 24 h, cells migrated out from the spheroids to the 

surrounding area (Figure 2). In the first 2 days after spheroid transfer, cells not expressing 

DsRed migrated out of the spheroid. At Day 3, DsRed cells started migrating out of the 

spheroids. At Day 4, DsRed-negative cells continued to expand outward and DsRed-positive 

and DsRed-negative cells were at this time-point mixed. Therefore, there was a 48 h delay of 

migration of DsRed-positive cells out of the spheroid compared to migration of DsRed-

negative cells.  
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Figure 2. Live cell imaging of cell migration from cell spheroids of impure primary OEC cultures. OECs 

express the DsRed protein whilst contaminant cells (mostly fibroblasts) do not. Only DsRed-negative 

cells migrated out of the spheroids during the first two days whereas DsRed-positive OECs started to 

emerge from the spheroids at day three in culture. Scale bar: 800 µm.  

Distribution of DsRed-positive and DsRed-negative cells after long-term incubation 

To determine the distribution of DsRed-positive and DsRed-negative cells after long-term 

incubation, 3D spheroids made from primary OEC cultures were transferred to a 2D 

environment and incubated for 30 days.  Cells were then fixed, stained with CellMask and 

Hoechst to label the cytoplasm and nuclei, respectively, and the distribution of cells was 

analysed. Figure 3 (a-c) shows the region near (radius 500 µm) the migration starting point 

closest to the spheroid. This area had the highest proportion of DsRed-positive cells, which 
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was 67 %. Figure 3 (d-f) shows the region at the edge of the DsRed-positive cells distribution 

area (edge inward 500 µm), wherein 43 % of cells were DsRed-positive. DsRed-positive cells 

occupied the centre of the cell culture/spheroid region (Fig 3h and i). The thickest place of the 

whole mixed cell culture reached approximately 90 µm (Fig 3j). When the whole cell culture 

was divided into two parts horizontally (an upper part and a lower part), the percentage of 

DsRed-positive cells reached 84 % in the upper part (near the centre region) and 26 % in the 

lower part (Fig 3k). Thus, after allowing cells to migrate out of the 3D cell spheroid to a 2D 

surface over a long time (30 days), DsRed-positive cells and DsRed-negative cells formed an 

interlaced structure. Therefore, due to the close interaction of cells, it was difficult to use laser 

cutting at this time to separate two types of the cells. While it is technically possible to apply 

focussed laser ablation to the underlying cells, it is too difficult for this cell culture condition 

to be used routinely.    
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Figure 3. Distribution of cells after long-term incubation of transferred 3D cell cultures. After �ï�ì�������Ç�•�[��

incubation following transfer of primary OEC spheroids to the 2D environment, cells were fixed and 

stained with CellMask to label the cytoplasm and Hoechst to label nuclei. a), b) and c) shows the region 

near the cell migration starting point. Scale bar: 100 µm. d), e), and f) shows the outer edge of the area 

containing DsRed-positive cells (the area furthest from the centre of the spheroid that contained 

DsRed-positive cells). Scale bar: 150 µm. h) Overview of the culture 30 days after spheroid transfer 

showing both DsRed-positive and DsRed-negative cells. Scale bar: 700 µm i) Same image as in h) but 

showing only DsRed-positive cells. Scale bar: 700 µm. j) Frontal view of the region near the cell 

migration starting point closest to the spheroid. Scale bar: 70 µm. K) Schematic diagram showing the 

distribution of cells 30 days after spheroid transfer. 

Laser microdissection can be used to remove DsRed-negative cells without affecting 

migration of DsRed-positive cells. 

The fact that DsRed-positive cells emerged from spheroids 48 h after DsRed-negative cells 

suggested that a large number of DsRed-negative cells could be removed using laser 

microdissection. Therefore, the effect of removing DsRed-negative cells as they migrated 

ahead of OECs out of spheroids using laser ablation on resultant OEC purity was tested. First, 

spheroids containing primary OEC cultures were transferred to 8-well chambers as described 

above. During the period between spheroids attaching to the surface and DsRed cells 

migrating out, non-DsRed cells that migrated first were removed by laser microdissection. 

Laser ablation was performed three consecutive times (at 24, 32 and 40 h post spheroid 

transfer). Figure 4a shows examples of cultures after laser microdissection. DsRed-positive 

cells were retained in the centre of the spheroids, whilst DsRed-negative cells that had 

migrated out of spheroids were ablated by the laser. Live-cell imaging of cells migrating out of 

the spheroids over time showed that the migration of DsRed-positive cells was not affected 

by the laser ablation of the other cells (Fig 4b).  
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Figure 4. Laser microdissection can be used to remove DsRed-negative cells from OEC cultures. 

Spheroids consisting of 100 000 primary cells were transferred to 2D chambers, followed by laser 

ablation of DsRed-negative cells. a) After 24 h incubation, DsRed-negative cells migrated first from 

spheroids and were removed by laser microdissection. Top panels are bright field images. Bottom 

panels are fluorescence images (DsRed channel) Scale bar: 100 µm. b) After laser microdissection, 

IncuCyte Live Cell Analysis Imaging System was used to continuously monitor migration of cells out of 

the spheroids. Shown are representative images from days 1-4. Scale bar: 800 µm. 

To assess the proportion of DsRed cells after laser microdissection, cell purity after spheroid 

transfer was compared between cultures, which had or had not been subjected to laser 

microdissection. Figure 5a shows live cell images of cells, which had migrated out from 

spheroids in the control and the laser microdissection group at day 5, 7, 10 and 17 in culture. 

There was no obvious difference between the appearance or migration capacity of DsRed-

positive cells in the two groups. After 30 days incubation, cells were fixed and stained with a 

nucleus marker (Hoechst). The total cell count, and the DsRed-positive cell count was 

determined.  There was a higher proportion of DsRed-positive cells in laser microdissection 

group than in the control group (Fig 5b and c). After laser microdissection, the percentage of 

DsRed reached 44 %, which was significantly higher than 32 % in control group (Fig. 5c).  
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Figure 5. The proportion of DsRed-positive cells in primary OEC cultures increased after laser 

microdissection. Primary OECs (low purity) were cultured in spheroids (100 000 cells/spheroid) with 

or without laser ablation to remove DsRed-negative cells. After 30 days incubation post laser ablation, 

cells were fixed and stained for nuclei (Hoechst). (A) Shown are an example of images of cells migrating 

out of cultures which have not been subjected to laser ablation (left) and in which cells not expressing 

DsRed had been ablated at 24 h post transfer to 2D culture plate (right). Scale bar: 1000 µm. (B) After 

30 days, cultures that had been laser microdissection ablated showed more extensive DsRed 

expression and more nuclei labelled with DAPI compared to control cultures. (C) The proportion of 

DsRed cells in control and laser microdissection group were 32 % and 44 % respectively, p=0.0219. 
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Error bars show mean ± SEM (n=3 spheroids each for control condition and laser microdissection 

���}�v���]�š�]�}�v�V���������Z���•�‰�Z���Œ�}�]�����Á���•���P���v���Œ���š�������µ�•�]�v�P�������o�o�•���(�Œ�}�u���š�Z�Œ�������^�í�ì�ì�t-DsRed mice). The analysis was 

performed using Imaris 7.42 (Oxford Instruments). 

7.4 Discussion  

Purification of OECs from other cell types, in particular olfactory fibroblasts, remains 

challenging. In spheroids generated in the NLM 3D culture system, primary OECs isolated from 

�^�í�ì�ì�t-DsRed mice naturally grow separately from DsRed-negative cells, with OECs forming a 

central core. This spontaneous arrangement in 3D cell cultures may be related to interactions 

of cell adhesion molecules (CAMs). Different cell-cell interactions between different cells 

types contribute to the specific tissue architecture (Fagotto, Rohani, Touret, & Li, 2013). 

Specifically, the polarized distribution of CAMs on cells is important (Laplante & Nilson, 2011). 

Figure 6a and b show the rules of cell-cell adhesive interaction and cell-cell contact. Identical 

CAMs form homophilic cell-cell adhesion, and different CAMs form heterophilic cell-cell 

adhesion (Fig 6a) (Gumbiner, 1996). The same cell type form homotypic cell-cell contacts, and 

different cell types form heterotypic cell-cell contacts (Fig 6b). Figure 6c shows the hypothesis 

of cell sorting in the NLM system. If OECs and fibroblasts exhibit different expression levels 

and types of CAMs, and the distribution of CAMs correlates with cell morphology polarity, 

then homotypic cell-cell contact may only form on one specific side of the cells and heterotypic 

cell-cell only form on the other specific side. Moreover, NLM supports an environment which 

allows cells to move and contact freely (Chen et al., 2019). Therefore, the formation of cell-

cell contacts may occur according to the CAM distribution patterns on cells in the NLM system. 

Figure 6c shows the likely phases of cell-cell contacts as they lead to cell sorting within NLMs. 

Initially, cells may form mixed aggregations in 3D. Then, due to homophilic cell-cell adhesive 

interactions, only one side of the cells forms cell-cell contact other cells due to polarized 

expression of specific homophilic CAMs. Finally, two types of cells, again due to specific 

polarized CAM patterns, form two separate layers.  
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Figure 6. Cell sorting in 3D cell culture (Image adapted from doi:10.1242/dev.090332). a) Identical cell 

adhesion molecules (CAMs) mediate homophilic cell-cell adhesive interactions, while different CAMs 

mediate heterophilic cell-cell adhesive interaction. b) The same type of cells engages in homotypic cell-

cell contact whereas different types of cells form heterotypic cell-cell contacts. c) The cell sorting in 3D 

cell cultures likely involves three steps. First, different cells form a mixed aggregate, then homophilic 

and heterophilic cell-cell adhesive interactions cluster cells together. Finally, differential strength of 

interactions and specific distributions of CAMs (including polarized distribution within individual cells) 

results in spontaneous cell sorting in the 3D cell culture. 

The combination of laser microdissection and 3D cell culture strongly increased the proportion 

of DsRed-positive cells in primary cultures. Before purification, there was only 2-7 % of DsRed 

cells in the 2D culture, whereas the combination of 3D cell culture and laser microdissection 

yielded a purity of 44 %. This method can now be applied to increase the quality of OEC 

preparations, suitable for a range of studies using primary OECs. However, the current device 

for laser microdissection only allows separating DsRed-positive and DsRed-negative cells 

before DsRed-positive cells migrate out of spheroids. Equipment with higher precision, in 

combination with repeated removal of contaminated cells at different times, is likely to 
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further increase the OEC purity. Regardless, this method increased the purity of primary OEC 

cultures by 6-22 fold compared to cultures grown in 2D formats from the initial biopsy 

preparation.  

This dramatic increase in OEC purity yielded cultures much more suitable for drug testing and 

paves the way for further examination of one of the hit compounds from the medium 

throughput screen described in Chapter 4. The following chapter describes the 

characterisation of this compound on OECs, which had been purified using the combined 3D 

culture- and laser microdissection method. 
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Chapter 8: The plant natural product 2 -methoxy -1,4-naphthoquinone stimulates 
the therapeutic neural repair properties of olfactory ensheathing cells  

Chapter 4 describes the screening of natural compound libraries to identify compounds with 

�š�Z���������‰�����]�š�Ç���š�}���•�š�]�u�µ�o���š�����š�Z�����À�]�����]�o�]�š�Ç���}�(���K�����•�X���K�v�������}�u�‰�}�µ�v���U���‰�Œ���À�]�}�µ�•�o�Ç���š���Œ�u�������^���}�u�‰�}�µ�v����

�í�_���Á���•���•�Z�}�Á�v���š�}���•�š�Œ�}�v�P�o�Ç�����v�Z���v�������K�������À�]�����]�o�]�š�Ç�X��Chapters 5-7 describes the development of 

the NLM 3D culture system (along with a tip for handling spheroids) and the use of 3D culture 

for purifying primary OECs. In the current chapter, the outcomes of Chapters 4-7 were built 

�µ�‰�}�v�V���š�Z�������(�(�����š�•���}�(���^���}�u�‰�}�µ�v�����í�_���Á���Œ�����Z���Œ�������v���o�Ç�•�������]n detail on both the GFP-mOEC cell 

line, and on primary mouse OECs that had been purified using a combination of 3D culture 

and laser microdissection. Thus, this chapter reports on the detailed biological effect of 2-

methoxy-1,4-naphthoquinone (RAD618, for�u���Œ�o�Ç�������•���Œ�]�����������•���^���}�u�‰�}�µ�v�����í�_) on OECs.  

This manuscript has been submitted for publication to Scientific Reports. 
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Abstract 

The primary olfactory nervous system continuously regenerates itself throughout life and can 

recover completely after injury. The glial cells of this system, olfactory ensheathing cells (OECs), 

are thought to be crucial for supporting this unique regeneration. For these reasons, 

transplantation of OECs has emerged as a promising therapy to repair nervous system injuries, 

in particular for spinal cord injury. Functional outcomes in both animals and humans are, 

however, highly variable, primarily because it is difficult to rapidly obtain sufficient numbers 

of OECs for transplantation. Compounds which can stimulate OEC proliferation without 

changing the phenotype of the cells are therefore highly warranted. In addition, compounds 

which can stimulate favourable cell behaviours such as migration and phagocytic activity are 

also needed.  In order to identify compounds capable of stimulating OECs, we conducted a 

medium throughput screen in which we tested the Davis open access natural product-based 

library (472 compounds) for enhancement of OEC viability and subsequently identified the 

known plant natural product, 2-methoxy-1,4-naphthoquinone.  Here, we demonstrate that 2-

methoxy-1,4-naphthoquinone: (i) can strongly stimulate OEC proliferation over several weeks 

in culture whilst maintaining the OEC phenotype; (ii) stimulates the phagocytic activity of OECs, 

which may promote clearance of cellular debris by the cells (iii) acts by affecting the cell cycle, 

promoting mitosis; and (iii) is a  potential molecular target of the transcription factor Nrf2. 

From these extensive investigations we have concluded that 2-methoxy-1,4-naphthoquinone 

may enhance the therapeutic potential of OEC transplantation to repair the injured nervous 

system.  
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8.1 Introduction 

The primary olfactory nervous system, which consists of the olfactory nerve and the nerve 

fibre layer of the olfactory bulb, is unique in that it constantly undergoes regeneration 

throughout life. The glial cells of this system, olfactory ensheathing cells (OECs), are thought 

to be critical for this regeneration. OECs provide physical and neurotrophic support (Bradbury 

et al., 1999; Lopez-Vales et al., 2004; Woodhall et al., 2001) to neurons, and are important for 

guiding primary olfactory axons towards their targets in the olfactory bulb (Barnett & Riddell, 

2004; Dando et al., 2014; Franssen et al., 2007; Richter & Roskams, 2008). Due to their unique 

abilities to support neural regeneration, OECs have become promising candidates for cell 

transplantation therapies to repair central nervous system (CNS) injuries, in particular spinal 

cord injury (SCI). Functional outcomes are, however, variable in both animal studies and 

human clinical trials and improvements are needed (Cordero & Santos-benito, 2000; Feron et 

al., 2005; Granger et al., 2012; Keyvan-Fouladi et al., 2003; Pawel Tabakow et al., 2014). OECs 

have a low survival rate after transplantation and harvesting and generating a sufficient 

number of cells for transplantation in a relatively short time is still challenging to achieve 

(Feron et al., 2005). Thus, small molecules that can promote OEC proliferation without loss of 

the cellular phenotype could enhance the therapeutic potential of OEC transplantation. We 

have previously shown that natural compounds can stimulate OEC viability. These include 

curcumin from turmeric (Velasquez et al., 2014), linckosides from starfish (Velasquez et al., 

2016) and two serrulatane diterpenoids from the Australian desert plant Eremophila 

microtheca ( Chen et al., 2018). 

Compounds capable of enhancing key OEC functions crucial for neural repair are also highly 

warranted (reviewed by Dando et al., 2014; Wright et al., 2018; Yao et al., 2018). Such 

functions include migration and phagocytic activity. OECs are naturally migratory cells, and 

this function is thought important for the capability of OECs to guide axons to their 

appropriate target within the olfactory bulb (Dando et al., 2014). OECs migrate ahead of axons, 

providing a physical substrate as well as guiding the axons towards their targets (Windus et 

al., 2007; Windus et al., 2010). After injury to the olfactory bulb, OECs migrate from the 
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olfactory nerve to enter the injury site in the CNS (Chehrehasa et al., 2012). After 

transplantation into the injured spinal cord, several studies have shown that OECs exhibit 

strong capacity for migration into the injury site (Boruch et al., 2001; Deng et al., 2006). Other 

studies, however, show that OEC migration is relatively limited after transplantation (Lu et al., 

2006). Thus, compounds capable of promoting OEC migration may be useful for therapeutic 

purposes.  

Another important function of OECs is phagocytosis of axonal debris and dead cells. OECs are 

the primary phagocytic cells during early development of the olfactory nervous system, in the 

adult during normal olfactory neuron turnover, and after injury (Nazareth, et al., 2015; Su et 

al., 2013). It has been shown that transplanted OECs are capable of phagocytosing cellular 

debris in the spinal cord injury site (Lankford et al., 2008). As debris removal is critical for 

regeneration, stimulation of OEC phagocytosis may also be favourable. Low-dose curcumin 

has been shown to strongly stimulate the phagocytic activity of OECs (Hao et al., 2017; 

Velasquez et al., 2014), in addition to stimulating both proliferation and migration (Velasquez 

et al., 2014). Eremophila microtheca compounds have also been shown to enhance phagocytic 

activity, migration (scratch closure) and cell viability of OECs (Chen et al., 2018). These findings 

show that it is possible to stimulate OEC functions important for neural repair. 

To identify more compounds capable of stimulating OECs, we first conducted a medium 

throughput screen in which we tested the Davis open access natural product-based library 

(472 compounds) (Zulfiqar et al., 2017) for enhancement of OEC viability and subsequently 

identified 2-methoxy-1,4-naphthoquinone (which has the Davis code, RAD618) as a hit 

compound. 2-Methoxy-1,4-naphthoquinone is a known plant natural product which has 

previously been isolated from Impatiens balsamina (Ishiguro et al.,1998) and Impatiens 

glandulifera (Chapelle, 1974). We then performed more detailed studies to investigate how 

this compound affects cell migration and phagocytic activity of OECs and how it affects the 

cell cycle.  
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8.2 Methods  

Cell culture 

�'�&�W�r�u�K�����•�W���/�u�u�}�Œ�š���o�]�Ì������ �u�}�µ�•���� �K�����•�� ���Æ�‰�Œ���•�•�]�v�P�� �P�Œ�����v�� �(�o�µ�}�Œ���•�����v�š�� �‰�Œ�}�š���]�v�� �~�'�&�W�•�� �~�'�&�W�r

�u�K�����•�•���~�s���o���•�‹�µ���Ì�� ���š�� ���o�X�U���î�ì�í�ð�•���Á���Œ���� �P�]�(�š������ �(�Œ�}�u�� �W�Œ�}�(�X�� �&�]�o�]�‰���>�]�u�� �~�h�v�]�À���Œ�•�]�������� ���µ�šó�v�}�u���� ������

�D�����Œ�]���U���^�‰���]�v�•�X���'�&�W�r�u�K�����•���Z�������]�v�]�š�]���o�o�Ç���������v���}���š���]�v�������(�Œ�}�u��primary cultures of olfactory bulb 

OECs from GFP-expressing mice (C57BL/6-Tg(ACTB-EGFP)1Osb/J, Jackson Laboratory, Bar 

Harbor, USA) (Franceschini & Barnett, 1996; Ramon-Cueto & Nieto-Sampedro, 1992). �'�&�W�r

�u�K�����• were cultured in DMEM/F12 supplemented with 10 % FBS and 50 µg/mL gentamicin.  

Primary mouse OECs: Primary OECs were isolated from the lamina propria of the nasal mucosa 

from S100ß-DsRed transgenic mice as previously described (Windus et al., 2007). Primary 

OECs were maintained in DMEM supplemented with 10 % FBS and 0.25 % gentamicin from 5 

to 10 days before compound testing. These primary cultures contain both DsRed-expressing 

OECs and other cell types not expressing DsRed (mainly fibroblasts) (Windus et al., 2007).  

Open access compound library, microtitre plate preparation and hit compound resupply 

The Davis open access natural product-based library consists of 472 distinct compounds, the 

majority (53 %) of which are natural products that have been obtained from Australian natural 

sources, such as endophytic fungi (Davis, 2005), plants (Levrier et al., 2013), 

macrofungi (Choomuenwai et al., 2012), and marine invertebrates (Barnes et al., 2010). 

Approximately 28 % of this library contains semi-synthetic natural product analogues (Barnes 

et al., 2016), while a smaller percentage (19 %) are known commercial drugs or synthetic 

compounds inspired by natural products. The Davis open access natural product-based library 

housed within Compounds Australia (www.compoundsaustralia.com), was dispensed into 

microtitre plates as 5 mM DMSO solutions. Library compounds were either isolated in 

quantities ranging from 0.2 mg to >50 mg or purchased from commercial suppliers. The 

natural product isolation procedures or semi-synthetic studies for the majority of compounds 
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in this unique library have been previously published (Barnes et al., 2010; Choomuenwai et al., 

2012; Davis, 2005; Levrier et al., 2013). All compounds were >95 % pure when submitted for 

storage within Compounds Australia.  

The hit compound (RAD618 = 2-methoxy-1,4-naphthoquinone) identified from this library was 

sourced from a commercial supplier (Sigma Aldrich, Cat. No. #189162, 98 %). Fresh RAD618 

from a dry-stored commercial stock was provided following initial screening for 

reconfirmation testing and further biological evaluations. Briefly, the hit compound 2-

hydroxy-1,4-naphthoquinone was dissolved in 100 % DMSO to make up a fresh 5 mM stock 

solution. RAD618 was then diluted in standard culture medium (final concentration 

consistently being 0.2 % DMSO) and added to �'�&�W�r�u�K�����•��cultures at 1 µM and to primary 

OECs cultures at 2 µM. The control condition was the standard culture medium containing 

0.2 % DMSO. 

All subsequent assays reported below were performed using only RAD618. 

GFP-mOEC viability assay 

A resazurin (7-hydroxy-10-oxidophenoxazin-10-ium-3-one) assay was used for determining 

cell viability. Viable cells metabolise the weakly fluorescent resazurin to resofurin, which 

���Æ�Z�]���]�š�•�� �•�š�Œ�}�v�P�� �Œ������ �(�o�µ�}�Œ���•�����v������ �~�ñ�õ�ñ0�v�u�� ���u�]�•�•�]�}�v�� �Á���À���o���v�P�š�Z�•�� �~���v�}�}�‰�l�µ�u���Œ-Dukie et al., 

2005; Zhang et al., �î�ì�ì�ð�•�X�������o�o�•���Á���Œ�����]�v���µ�����š�������Á�]�š�Z���ñ�ì0�R�D���Œ���•���Ì�µ�Œ�]�v���~Sigma-Aldrich) for 4 h 

at 37 °C (5 % CO2). The fluorescent signal was �‹�µ���v�š�]�(�]������ �Á�]�š�Z�� ���� �‰�o���š���� �Œ���������Œ�� �~���v�s�]�•�]�}�v�¡��

�D�µ�o�š�]�o�������o�•�����š���ñ�ï�ñ�l�ñ�õ�ñ0�v�u�X�� 
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GFP-mOEC cell cycle analysis 

GFP-mOECs were seeded in 6-well plates at 100,000 cells/well. After 24 h incubation, the 

culture medium was replaced by culture medium containing 1 µM RAD618. Then, cells were 

fixed by 70 % ethanol for 30 min at 4 oC. Cells were washed by phosphate-buffered saline (PBS) 

twice and treated by ribonuclease (RNAse) for 1 h at 100 µg/ml, 37 oC. Cells were then stained 

with propidium iodide (10 µg/ml) overnight; staining intensity correlates with cell cycle phase 

(Gap 1 (G1) phase, synthesis (S) phase, or Gap2/mitosis (G2/M) phase) (Van Dilla et al., 1969). 

These three populations (G1, S or G2/M) were detected and quantified using a Guava® 

easyCyte Flow Cytometer, reading at 605 nm. To determine effects of RAD618 on the 

percentages of cells in the early stages of mitosis, we used immunolabelling for histone H3 

phosphorylated at serine 10 (Ser10) as described under Immunolabelling below.  

Nrf2 inhibitor cell viability assay 

mOECs were incubated with the Nrf2 inhibitor N-[4-[2,3-Dihydro-1-(2-methylbenzoyl)-1H-

indol-5-yl]-5-methyl-2-thiazolyl]-1,3 benzodioxole-5-acetamide (ML385, Sigma-Aldrich; stock 

solution in DMSO) at 5 µM for 24 h (final concentration of DMSO: 0.2 %). Then, mOECs (in the 

presence or absence of ML385) were seeded onto 96-well plates at a seeding density of 6000 

cells/well. The test groups were: (1) mOEC in control condition (culture medium containing 

0.2 % DMSO), (2) mOECs with 1 µM RAD618, (3) mOECs which had been pre-incubated for 24 

h with ML385 and (4) mOECs with 24 h ML385 pre-treatment + 1 µM RAD618. For the ML385 

groups: cells were continuously exposed to ML385 also after re-seeding. Then, the cell viability 

of mOECs was measured by the resazurin assay after 24 h. 

3D culture and purification of primary mouse OECs 

When cultured in our three-dimensional (3D) Naked Liquid Marble (NLM) system (Chen et al., 

2019), mixed cultures of primary OECs and contaminating cells spontaneously self-organize in 
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such a manner that DsRed-expressing OECs naturally separate from other cells (not expressing 

DsRed). Thus, the NLM system can be utilized to separate and purify cell populations. OECs 

were cultured in our NLM system as previously described (Chen et al., 2019). Briefly, cells were 

cultured in droplets (NLMs) on a superhydrophobic plate; in this system, cells rapidly 

spontaneously form uniformly sized spheroids inside the NLM. After spheroid formation, cell 

spheroids were transferred to 8-well chamber glass plates. When cells migrated out from 

spheroids, OECs and fibroblasts formed two distinctly separated groups, allowing selective 

ablation of cells not expressing DsRed using laser microdissection. To determine optimal time 

in culture for removal of fibroblasts, we first assessed the timing of migration for the two 

groups. Within the first two days, cells not expressing DsRed migrated out the spheroid. At 

Day 3, DsRed cells started emerging from spheroids. At Day 4, cells not expressing DsRed 

continued to expand outward. DsRed cells and non-DsRed cells were mixed. Therefore, there 

was a 48 h delay of DsRed cell migration out the spheroid compared to non-DsRed cells 

(supplementary Figure 1a). We therefore selected the 0-48 h time-window for removal of non-

DsRed cells. At 24, 32 and 40 h, cells not expressing DsRed were ablated using a MMI CellCut 

Laser Microdissection System (supplementary Figure 1b). The laser microdissection was 

operated under a 20x objective lens on the surface of each well. Using a high pulse rate and 

low voltage UV-laser, the accuracy of this instrument reaches 0.3 µm. We first tested the 

effects of this purification step on the final purity of OEC 3D cultures over 30 days prior to 

using this method for proliferation assays. Olympus IX73, Olympus FV1000/3000 Confocal and 

Nikon ti-2 were used for imaging the cells. The 3D reconstruction was generated and analysed 

by Imaris software. We found that purification using laser cutting increased the purity of 

DsRed cells from 32 to 44 % (supplementary figure 2).  
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Supplementary Figure 1. Enrichment of primary OEC cultures using 3D culture and laser 

microdissection. (A) Images show cell migration from spheroids which have not been microdissected. 

The cultures contain OECs (DsRed) and other cell types not expressing DsRed. Cells not expressing 

DsRed migrate out during the first 48 h, whilst OECs primarily migrate out after this time-point. Scale 

bar, 800 µm. (B) Example of microdissected spheroid. After spheroid formation, the spheroids were 

transferred to a 2D culture plate. After 24 h in culture, cells not expressing DsRed were selectively 

ablated. Top image: brightfield. Bottom image: DsRed fluorescence. 
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Supplementary Figure 2. The proportion of DsRed cells increased after laser microdissection. After 

30 days incubation post laser ablation, cells were fixed and stained for nuclei (Hoechst). (A) Shown are 

example images of cells migrating out of cultures which have not been subjected to laser ablation (left) 

and in which cells not expressing DsRed had been ablated at 24 h post transfer to 2D culture plate 

(right). Scale bar: 1000 µm. (B) After 30 days, cultures that had been laser microdissection ablated 

showed more extensive DsRed expression and more nuclei labelled with DAPI compared to control 

cultures. (C) The proportion of DsRed cells in control and laser microdissection group were 32 % and 

44 % respectively, p=0.0219. Error bars show mean + SEM (n=3 spheroids each for control condition 

and laser microdissection condition; each spheroid was generated using �����o�o�•���(�Œ�}�u���š�Z�Œ�������^�í�ì�ì�t-DsRed 

mice). The analysis was performed using Imaris 7.42 (Oxford Instruments).  
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Long-term proliferation assays for primary OECs 

Primary mouse OECs cultured in the NLM system and purified using laser microdissection were 

incubated in the absence (control) and presence of RAD618 for 55 days, during which cells 

were imaged using an IncuCyte S3 (Sartorius) live cell imaging system to enable time-lapse 

imaging of live cells within a standard incubator. Time-lapse images were captured under a 

20x objective at 30 min intervals. Bright-field imaging was used to detect all cells, and 

fluorescence imaging (excitation peak around 558 nm) was used to detect DsRed-expressing 

OECs. After 55 days, cells were detached by TrypLE reagents (Gibco) and counted by a 

Countess II FL Automated Cell Counter and in a hemocytometer.  

Cell morphology and migration analysis (primary OECs) 

Cell morphology: Cells were imaged using the IncuCyte system as described above. A live-cell 

morphology analysis system was built by CellProfiler 3.1.8 (free open-source software). The 

cytoplasm (primary objects) was recognised by Global (threshold strategy). The thresholding 

method was Otsu, the threshold smoothing scale was 1.3488 and the threshold correction 

factor was 1.2. The intensity value was used for distinguishing clumped cytoplasm (primary 

objects). The form factor, solidity, eccentricity and Feret diameter of the cytoplasm were 

measured�X�� �d�Z���� �(�}�Œ�u�� �(�����š�}�Œ�� �~�ð�Ž�‹�Ž���Œ�����l�‰���Œ�]�u���š���Œ2) measures the cell shape, with a circle 

having the largest area to perimeter ratio, approaching a value of 1. Solidity (cytoplasm 

area/convex hull area) measures the proportion of pixels in the convex hull of a cell that are 

also within the cytoplasm, giving an indication of how ruffled the cell border is with a value 

approaching 1 suggesting that the cell more solid than ruffled. Eccentricity (distance between 

foci of an ellipse/distance along its major axis length) also gives an indication of cell circularity, 

with a circular cell having a ratio of zero and an elliptical cell having a ratio approaching 1. 

Feret diameter is the distance between two parallel lines tangent on either side of an object 

oriented in a specific direction. The ratio of the minimum Feret diameter to maximum Feret 

diameter is thus a measurement of bipolarity of the cells (bipolar cells have a lower Feret ratio 

than round or flattened cells; see Fig. 7).  
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Cell migration: Live-cell images were captured every 30 min. Cell migration was tracked using 

the tracking function in Imaris 7.4.2 software (Bitplane). The migration speed, track duration, 

track length, and track straightness were analysed.  

Phagocytosis assays in primary mouse OECs 

Uptake of pHrodo-labelled Staphylococcus aureus BioParticles (ThermoFisher) was used for 

measuring phagocytic activity of cells. pHrodo is pH-sensitive, allowing the BioParticles to only 

emit a fluorescent signal (green) when they enter the phagosome, in which the pH is low 

(acidic). Primary mOECs were treated with RAD618 (or control medium) for one week 

(medium-term) or 55 days (long-term). Then, the pHrodo-S. aureus BioParticles were added 

to the culture. The IncuCyte live cell imaging system was used for recording time-lapse movies 

(20x objective and 30 min imaging intervals). Percentages of phagocytic cells: Co-localisation 

of primary OECs (which express the fluorescent protein DsRed) with the pHrodo-S. aureus 

BioParticles (green fluorescence signal) indicated that the cells had phagocytosed the particles. 

Area of fluorescent BioParticles in cells: The CellProfiler software was used to determine the 

area of the colocalized region as a measurement of the phagocytic activity in the medium-

term assays. 

Cell staining and immunolabelling 

Cells were fixed with 4 % methanol-free formaldehyde in 1 × PBS for 15 min and permeabilised 

with 0.3 % Triton X-100 for 15 min at room temperature (RT). Then, cells were incubated with 

1 % BSA blocking buffer for 1 h at RT. 1 x PBS was used for washing buffer.  

Phosphorylated histone H3 in mOECs (cell cycle analysis): Cells were incubated with rabbit 

anti-Ser10 Histone H3 (1:500, Labviva, ab5176) for 3 h at RT. The primary antibody was 

detected with donkey anti-rabbit Alexa 647 (1:500, Abcam, ab150075) (applied for 1 h at RT). 
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P75 neurotrophin receptor (p75ntr) expression in primary mouse OECs: Primary mouse OECs 

isolated from S100ß-DsRed transgenic mice were first examined in conventional two-

dimensional (2D) culture for co-localisation of p75ntr and DsRed prior to spheroid formation. 

After 14 d in culture, cells were fixed and immunolabelled for p75ntr. Cell spheroids were then 

cultured as described above. Cells that had migrated out of spheroids after 55 d in culture 

were fixed and immunolabelled for p75ntr. Fixed cells or sectioned cell spheroids were 

incubated with rabbit anti-p75NTR antibody (1:200, BioLegend, 839701) for 3 h at RT. This 

antibody was detected with donkey anti-rabbit Alexa488 (1:500, Abcam, ab150073; 1 h at RT). 

Nuclei and cytoplasm were stained with Hoechst 33342 (1:2000, Thermo Fisher) and CellMask 

(1:2000, Thermo Fisher), respectively. 

Software and statistical analysis  

Imaris 7.4.2 software was used to generate 3D reconstructions and for tracking of cell 

migration. CellProfiler software was used for graphical analysis. GraphPad Pris�u���ò�¡���•�}�(�š�Á���Œ����

was used for statistical analyses. Data distribution was assessed by the Kolmogorov�tSmirnov 

�š���•�š�X���^�š�µ�����v�š�[�•���š-test or ANOVA test was used for determining statistical significance.  

8.3 Results 

RAD618 stimulates OEC viability 

OEC transplantation constitutes a promising therapy for treating neural injuries. Compounds 

which can enhance OEC viability, as well as cellular functions associated with neural repair, 

are likely to increase the therapeutic potential of these cells. Here, we screened a library of 

472 pure natural products or derivatives for the ability to promote OEC viability. Immortalized 

mouse OECs expressing GFP (GFP-mOECs) were cultured in 384-well plates (1000 cells per 

well). Cells were incubated with the natural products at 0.01 µM, 0.1 µM, 1 µM and 10 µM for 

24 h. The metabolic activity indicator resazurin was used to measure cell viability (which can 

indicate increased proliferation and/or increased cell survival). After the first screening, 
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natural products or compounds which increased cell viability more than 20 % in relation to 

���}�v�š�Œ�}�o���~�š�}���H���í�î�ì���9�•���Á���Œ�����š���•�š���������P���]�v���]�v���š�Z�����•���u�����u���v�v���Œ�X���/�v�����}�š�Z���•���Œ�����v�]�v�P�•�U���}�v�������}�u�‰�}�µ�v����

belonging to the naphthoquinone family, 2-methoxy-1,4-naphthoquinone and termed 

RAD618 in our library (Fig 1a), was found to enhance cell viability by 44 % in comparison with 

control (Fig 1b). This finding indicated that RAD618 could be a potential drug candidate worthy 

of further investigation. 

Figure 1. Effects of RAD618 (2-methoxy-1,4-naphthoquinone) on the metabolic activity of GFP-

mOECs. (A) The chemical structure of RAD618, 2-methoxy-1,4-naphthoquinone. (B) The metabolic 

activity of mOECs exposed to RAD618 (0.01-10 µM) or in control medium was determined by the 

resazurin metabolic activity indicator (viable cells metabolise resazurin to fluorescent resofurin; 

resofurin fluorescence is measured). Bars show the metabolic activity of RAD618-treated cells 

normalised to control in percentages. Triplicate wells were used in two separate experiments. Data 

are shown as mean ± SEM. *p<0.05, *** *p<0.0001, one-�Á���Ç�� ���E�K�s���U�� �d�µ�l���Ç�[�•�� �u�µ�o�š�]�‰�o���� ���}�u�‰���Œ�]�•�}�v��

test. 
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RAD618 induces cell cycle alterations in GFP-mOECs consistent with increased proliferation 

To determine whether RAD618 stimulated proliferation by modulating the cell cycle, GFP-

mOECs were treated with 1 µM RAD618 for 24 h and then labelled with the DNA-binding 

fluorescent dye propidium iodide (PI). The fluorescence intensity of the cells correlates with 

the DNA amount per cell, which differs in the G1, S or G2/M phase (Van Dilla et al., 1969). 

Flow cytometry analysis based on fluorescence intensity/cell was used to separate the three 

populations. In the control condition (0.2 % DMSO), 29.37 ± 1.23 % of cells were in the G1 

phase, 61.95 ± 1.24 % were in the S phase and 8.68 ± 0.95 % were in the G2/M phase (Fig 2a). 

The percentage for the RAD618 treatment group were as follow: G1 phase: 29.03 ± 0.82 %, S 

phase: 54.71 ± 3.7 % and G2/M phase: 16.26 ± 4.4 % (Fig 2a). Thus, RAD618 significantly 

decreased the percentage of cells in the S phase (by 7.24 %; p < 0.05) and increased the 

percentage of cells in the G2/M phase (by 7.58 %; p<0.05) (Fig 2b). The distribution of cells in 

the G1 phase and G2/M phase were not significantly affected by RAD618. In summary, 

RAD618 induced a shift from the S phase to the G2/M phase in the cell cycle of GFP-mOECs.  

Figure 2. Effects of RAD618 on the cell cycle of GFP-mOECs. (A) Cell cycle flow cytometry analysis of 

mOEC cultured in control medium and in medium containing 1 µM RAD618. Cells were gated via 

forwarding scatter and PI intensity (PM2max). Data presented is from a representative sort (based on 

three independent experiments with similar results). Pink areas show the percentages of cells in the 

G1 phase; yellow areas show percentages of cells in the S phase, and the red area show percentages 

of cells in the G2/M phase; green line, data density. (B) Summarized data of the cell cycle analysis (n = 

3 repeats x 100,000 cells). Bars show the percentages of cells in the three different phases in the 

�‰�Œ���•���v���������v���������•���v�������}�(���Z�����ò�í�ô�X�����Œ�Œ�}�Œ�������Œ�•���•�Z�}�Á���u�����v���F���^���D�X���Ž�‰�D�ì�X�ì�ñ�U���^�š�µ�����v�š�[�•���š-test. 
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To further analyse the effect of RAD618 on the cell cycle, we then determined the specific 

effects of the compound on the different stages of mitosis. The stages of mitosis can be 

distinguished using specific immunolabelling for histone H3 phosphorylation at serine 10 

(Ser10). Phosphorylation at Ser10 of histone H3 correlates with chromosome condensation 

during mitosis, and thus the intensity and appearance of phospho-S10 histone H3 labelling is 

strikingly different in the different stages of mitosis. Phosphorylation of Ser10 begins in the 

interphase, appears as an intact sphere in prophase which is then separated during mitosis as 

the chromosomes separate, and disappears in the telophase (Prigent & Dimitrov, 2003). GFP-

mOECs were stained with an antibody against phospho-S10-histone H3 after mOECs had been 

treated with 1 µM RAD618 or control medium for 24 h. In GFP-mOECs, the intensity of anti- 

phospho-S10-histone H3 labelling was easily detected in the interphase, prophase, 

prometaphase, metaphase and anaphase, allowing clear distinction of the mitosis stages (Fig. 

3a). We determined the percentages of cells in the early stages of mitosis (interphase to 

anaphase) in the absence and presence of RAD618. Significantly more cells in the early mitotic 

stages were present in the RAD618 group than in the control group (Fig. 3b, p<0.001). Thus, 

our findings show that RAD618 stimulates mitosis. This in turn suggests that RAD618 enhances 

cell viability by stimulating proliferation.  
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The transcription factor Nrf2 is a potential target of RAD618 

Other naphthoquinones have been shown to stimulate the activity of nuclear factor 

(erythroid-derived 2)-like 2(Nrf2) in other cell types (Baron et al., 2013; Yoshinari et al., 2006). 

Nrf2 regulates cell cycle transition from G2 to M phase via the cyclin B-CDK1 complex (Lin et 

al., 2018). We thus hypothesised that RAD618 may act on Nrf2 because our data showed that 

RAD618 stimulated cell viability by increasing the number of cells undergoing mitosis, 

consistent with as Nrf2 activation (crucial for G2 to M phase transition and thus mitosis).  

To determine whether RAD618 modulated the activity of Nrf2, we tested the effects of 

RAD618 on cell proliferation in the absence and presence of the Nrf2 inhibitor ML385, which 

inhibits the transcriptional activity of Nrf2 by blocking its DNA-binding site (Singh et al., 2016). 

mOECs were treated by ML385 (5 µM) for 48 h before adding RAD618 or control medium. 

Then, the cell viability of the four groups (1. control, 2. RAD618 alone, 3. ML385 alone and 4. 

RAD618 + ML385) was measured by resazurin assay. ML385 was found to attenuate the effect 

of RAD618 on viability of GFP-mOECs (Fig. 3c). Therefore, Nrf2 is a potential target of RAD618. 
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Figure 3. RAD618 induces mitosis of GFP-mOECs, and Nrf2 is a potential molecular target. (A) mOECs 

were stained with Hoechst (DNA stain, turquoise) and immunolabelled with an antibody directed 

against phosphor-Ser10 of Histone H3 (red). Histone H3 phosphorylation at Ser 10 was apparent during 

mitosis (interphase to anaphase) with distinctly different intensity and distribution of chromatin in the 

different mitotic phases. Scale bar: 2 µm. (B) Percentages of cells in the early stages of mitosis 

(including interphase, prophase, prometaphase, metaphase and anaphase) in cells incubated in control 

medium and in medium with 1 µM RAD618. Triplicate wells were used in three separate experiments. 

Error bars show mean ± SEM. *** �‰	Y�ì�X�ì�ì�í�U���^�š�µ�����v�š�[�•���š-test. (C) Inhibition of Nrf2 neutralized the effect 

of RAD618 on cell viability. GFP-mOECs were treated with culture medium only (control), RAD618 (1 

µM), ML385 (5 µM), or RAD618 (1 µM) +ML 385 (5 µM). Cell viability was assessed with resazurin assay 

(n=3 repeats). Error bars show mean ± SEM. *p<0.05, **p<0.01, ** *p<0.001, ���E�K�s���U���d�µ�l���Ç�[�•���u�µ�o�š�]�‰�o����

comparison test. 

Cell proliferation of primary mouse OECs is enhanced by RAD618 in long-term cultures 

For a compound to be therapeutically useful for stimulating OEC proliferation for 

transplantation purposes, it must act on primary OECs. The effects of the compound must also 

be evaluated over an extended period in culture. We therefore tested RAD618 in long-term 

assays on OECs isolated from the primary olfactory nervous system (lamina propria) of S100ß-

DsRed transgenic mice, in which the S100ß promoter drives expression of the DsRed protein 

in OECs. The primary OEC culture was often contaminated with several other types of cells 

which do not express DsRed, as has been previously shown (Windus et al., 2007). Therefore, 

cells were purified by a combination method of Naked Liquid Marble (NLM) 3D cell culture 

system (Chen et al., 2019) and laser microdissection to excise contaminating cells from the 

culture. With this method, OECs were allowed to form spheroids within the NLM (200,000 

cells per spheroid), which were then transferred to an 8-well chamber in the absence or 

presence of RAD618 (2 µM) (Fig. 4). When cells migrated out of the spheroids, the cells not 

expressing DsRed migrated separately ahead from OECs and could therefore be selectively 

ablated using laser microdissection (which was done at 24, 32 and 40 h; Supp Figs 1-2). Cells 

were then allowed to continue migrating out of the spheroids over 16 days (Fig. 4a). The 

primary OECs spontaneously formed small cell spheroids in the culture. This occurred from 
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day 3-6 onwards in the RAD618-treated group and from day 16 in the control group (Fig. 4a). 

After 55 days, cells were detached and counted. There were significantly more cells (4.1-fold 

increase) in the RAD618-treated group than in the control group (Fig. 4c). 

Figure 4. Cell proliferation of primary mouse OECs is enhanced by RAD618. Primary OECs were 

purified by a combination method of 3D cell culture and laser microdissection to reduce contaminating 

cells. After purification, cells were incubated in medium containing 2 µM RAD618 or in control medium 

without RAD618. Cells were imaged using an IncuCyte Live Cell Analysis Imaging System. (A) Images of 

live cells (bright field and red fluorescence overlay) in control medium and with RAD618 treatment 

were captured at day 0, day 3, day 6 and day 16. OECs but not contaminating cells exhibit red 

fluorescence. Scale bar: 400 µm. Small cell spheroids were present when cells reached higher density 

(arrows). Scale bar: 400 µm. (B) Fluorescence images (showing only DsRed-expressing OECs) of cells in 

control medium or RAD618-containing medium at day 16 in culture. Scale bar: 15 µm. (C) After 55 days, 

the cell numbers in control and under RAD618 treatments, were counted by Countess II FL Automated 

Cell Counter and Hemocytometer. n=3 repeats, mean ± SEM. ****p<0.0001.  



143 

Primary OECs treated with RAD618 continue to express the p75 neurotrophin receptor in 

long-term cultures 

Peripheral OECs (from the olfactory nerve and outer nerve fibre layer of the olfactory bulb) 

express high levels of the p75 neurotrophin receptor (p75ntr) (Au et al., 2002; Windus et al., 

2010). To ensure that the growth-promoting properties of OECs was maintained, it is 

important that OECs do not de-differentiate in culture; this includes, in addition to 

maintenance of S100ß expression, continuous expression of p75ntr. A previous study 

determining the expression of p75ntr in long-time cultures of porcine OECs has shown that 

p75ntr expression is reduced over time (strongly reduced after ~4 weeks in culture). This 

correlated with poor OEC proliferation and loss of myelination capacity, further 

demonstrating that continued p75ntr expression is warranted (Radtke et al., 2010) (OECs do 

not myelinate axons in their natural environment, but has the capacity to do so under certain 

conditions (Babiarz et al., 2011; Devon & Doucette, 1992; Li et al., 2007)). We assessed the 

effects of long-term RAD618 treatment on p75ntr expression by primary OECs in long-term 

culture. We first fixed and immunolabelled OECs for the p75ntr immunolabelling prior to 

spheroid formation, and showed that p75ntr co-localised with DsRed fluorescence (Fig. 5, top 

row). We then assessed expression of p75ntr in OECs which had migrated out of 3D cell 

spheroids after 55 days in culture, in the absence and presence of RAD618 (Fig. 5, middle and 

bottom row). It was clear that the DsRed-expressing OECs in the RAD618-treated groups, 

which had proliferated more than in the control group, expressed the p75ntr. This result 

demonstrates that RAD618 stimulates proliferation of OECs, and that these OECs continue to 

express the p75ntr in long-term culture.  
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Figure 5. RAD618 supports continued expression of p75ntr in long-term primary OEC cultures. Panel 

1: Hoechst (nuclear stain, aqua). Panel 2: DsRed-expressing OECs (yellow) Panel 3: p75ntr 

immunolabelling (green). Panel 4: merged images showing co-localisation of DsRed and p75ntr. Top 

row: Primary mouse OECs (DsRed) cultured for 14 days in 2D prior to spheroid formation. Middle and 

bottom row: Long-term 3D cultures of primary OECs; shown are cells which had migrated out of the 

spheroids after 55 days in culture in the absence (middle row) and presence of 2 µM RAD618 (bottom 

row). Scale bar: 100 µm. Pie chart graphs show the percentage of DsRed positive cells in the cell 

population and the percentage of DsRed with p75ntr staining. 

RAD618 induces morphological changes in OECs 

Natural compounds such as curcumin can induce morphological changes in OECs, which 

correlates with altered cell behaviour such as increased migration and phagocytosis 

(Velasquez et al., 2014). To identify whether RAD618 induces morphological changes in OECs, 

we imaged live primary mouse OECs over time in culture (using the IncuCyte® system, in which 

cells are time-lapse imaged within an incubator). After 30 days in culture, we observed many 

flattened cells in the control group and, in contrast, a high proportion of bipolar cells with axial 

lamellipodia (lamellipodia localised at the leading edges of the cells) in the RAD618 group (Fig. 
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6a). To quantify this morphological change, we analysed a series of cytoplasm morphology 

measurements using automated software (CellProfiler 3.0): form factor, solidity, eccentricity 

and Feret diameter ratio. We found that RAD618 only affected one of these parameters, the 

Feret diameter ratio. The Feret diameter is a measurement of the cell length/width projected 

in a specific direction, and the Feret ratio is the ratio between the maximum and minimum 

Feret diameter (Fig. 6b). A bipolar cell has a lower Feret ratio than a round cell, and thus, this 

method can be used to assess the level of polarization (bipolarity) in cells, as has been 

previously done for microglia (Cai et al., 2016).  

The cells in the RAD618 treatment group had a significantly lower value of Feret ratio 

comparing to control group (Fig. 6c) and were thus more bipolar. Thus, RAD618 treatment 

promotes a bipolar morphology of OECs cells, which typically exhibits axial lamellipodia. 

Bipolarity of OECs may be correlated with increased migratory capacities; bipolar OECs have 

been shown to migrate ~3-fold faster than flattened OECs ( Huang et al., 2008; Wang & Huang, 

2012).  
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Figure 6. OEC morphology changes induced by RAD618 treatment. The morphology of live cells was 

analysed after 30 days of incubation in medium containing RAD618 (2 µM) or in control medium. (A) 

Representative images of primary mouse OECs (DsRed fluorescence) incubated in control medium or 

with RAD618 at day 30 in culture. Scale bar: 100 µm. (B) Slender, bipolar cells exhibit a low value of 

Feret ratio (minimum Feret diameter/maximum Feret diameter) compared to round or flattened cells. 

(C) Cells incubated with RAD618 had a significantly lower value of Feret ratio than cells in control

medium. The CellProfiler software was used to automatically select and measure the minimum and 

maximum Feret diameter of >3900 cells for control and >15,000 for RAD618 treatment. P<0.001, 

�^�š�µ�����v�š�[�•���š-test whiskers show range (lowest to highest Feret ratio). 
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RAD618 incubation results in slowed OEC migration, most likely due to increased cell 

division frequency 

Because of the effects on RAD618 on cell morphology, we hypothesised that RAD618 may 

promote OEC migration. We tested this by tracking migration of individual OECs imaged using 

the IncuCyte® live cell system. OECs were incubated in control medium or in medium 

containing 2 µM RAD618 for one week. Migration rate was assessed on day 7 in culture; 

images were captured every 30 min and the tracking feature in the Imaris software was used 

to determine total migration distance (converted to migration rate) per cell. Examples of 

movement tracks of OECs incubated in the absence or presence of RAD618 are shown in Fig. 

7a. The average migration rate of OECs in RAD618-containing medium (32.24 µm/h) was 

significantly slower than in control medium (36.04 µm/h), contrary to our hypothesis (Fig. 7b). 

However, by identifying dividing cells in the recordings, and analysing how their migration rate 

changed before and during division, we found that migration slowed down immediately 

before cell division (Fig. 7c, d). The average migration rate was only 7.93 µm/h before cell 

division, and there was a static period of approximately 90 min in the horizontal direction just 

before division. Thus, since RAD618 promotes cell proliferation, the average slowed migration 

rate may be due to increased cell division frequency during the imaged period. Fig. 7e shows 

the OECs in a rounded-up shape containing two nuclei just before cell division.  
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Figure 7. OEC migration rate is decreased by RAD618, most likely due to increased cell division 

frequency. Primary OECs were incubated in the absence or presence of RAD618 for 7 days. Then, cell 

migration was analysed over 24 h. (A) Migration track of cells in the control and the RAD618-treated 

groups. Scale bar: 100 µm. (B) Migration rate of OECs in the two groups. n=3 repeats x 755 cells; p<0.05,  

�^�š�µ�����v�š�[�•���š-test, whiskers show minimum to maximum migration rate. (C) The migration track of a cell 

before division. Scale bar: 20 µm. (D) The cell migration rate at different time points before cell division. 
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(E) The 3D reconstruction of cells in telophase during mitosis under RAD618 treatment. Scale bar: 5

µm. 

RAD618 modulates aspects of OEC phagocytosis 

In addition to migration and proliferation, the phagocytic activity of OECs is of therapeutic 

importance as it relates to clearance of cell debris. We therefore assessed whether RAD618 

could stimulate OEC phagocytosis of pHrodo-S. aureus BioParticles. These particles become 

fluorescent (green) at low pH, which occurs after the particles have been phagocytosed and 

internalised into acidic organelles such as lysosome or phagosome. OECs were pre-treated 

with RAD618 or control medium for one week, after which pHrodo-S. aureus BioParticles were 

added. Cells were imaged every 30 min to determine the percentages of cells with internalised 

particles over time, as well as the fluorescence intensity in individual cells at selected time-

points. The percentages of phagocytic cells over time were not affected by RAD618 (Fig 8). 

However, at the 0.5 h, 4 h and 7 h time-points, the mean area of BioParticles inside of OEC 

was significantly higher in cells incubated with RAD618 than in control cells. This finding 

suggests that while medium-term pre-stimulation with RAD618 does not affect the 

percentage of phagocytic cells, it can increase the capacity for phagocytosis per cell.  
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Figure 8. Effects of RAD618 on the phagocytic activity of primary mouse OECs after 7 days pre-

incubation. (A-B) Top panels show OECs (DsRed); bottom panels show green fluorescent BioParticles 

inside acidic organelles in cells at 0.5, 4 and 7 h. (A) Control cells. (B) Cells pre-treated with RAD618 (2 

µM). (C) The percentages of OECs containing phagocytosed S. aureus bioparticles at different time 

points. (D) Green object area per cell (green S. aureus BioParticle area in individual DsRed OECs) was 

measured at 0.5, 4 and 7 h after BioParticle addition. Error bars show mean ± SEM. **p<0.01, two-way 

���E�K�s���U���^�]�����l�[�•���u�µ�o�š�]ple comparison test, 3 repeats. Scale bar: 200 µm. 

To determine the effects of long-term pre-incubation with RAD618, primary mouse OECs were 

incubated with or without 2 µM RAD618 for 55 days. Then, pHrodo-S. aureus BioParticles were 

added to cell culture, and internalisation of the BioParticles was assessed as described above. 

The percentages of phagocytic cells in the RAD618 treatment group was significantly higher 

than in the control group at 2.5 h (Fig. 9 a-c). From 6.5 h, the percentages of cells containing 

pHrodo-S. aureus BioParticles declined in the RAD618 treatment group (Fig. 9b, c), suggesting 

that the RAD618-stimulated cells had started degrading the BioParticles. Throughout the 

remainder of the assay (up to 24 h), the percentages of cells containing intracellular 
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BioParticles was consistently lower in the RAD618 group (Fig. 9b, c) than in the control group 

(Fig. 9a, c). The degradation of uptake of the BioParticles happens synchronously in the cells. 

At the 2.5 h time point, cells in the RAD618 group had taken in more BioParticles and reached 

the peak of this behaviour. After this time, the cells started to degrade BioParticles. In fact, 

most cells in the control group still contained BioParticles at 12 h, whilst less than 20 % of 

RAD618-treated cells contained BioParticles at this time-point (Fig. 9c). Thus, it appeared that 

long-term pre-incubation with RAD618 stimulated OEC phagocytosis, however, it should be 

noted that this assay was only performed once as repetitions were not feasible due to the very 

long incubation time.  

Figure 9. Effects of RAD618 on the phagocytic activity of primary mouse OECs after 55 days pre-

incubation (long-term assay). mOECs were incubated in medium containing 2 µM RAD618 treatment 

for 55 days after which S. aureus BioParticles were added to the cells which were imaged every 30 min. 

(A)mOECs (DsRed) with green fluorescent BioParticles inside acidic organelles at 0, 2.5 and 24 h in the

control group. (B) OECs (DsRed) treated with RAD618 (2 µM) with green fluorescent BioParticles in 

cells at 0, 2.5 and 6.5 h. (C) The percentage of cells containing phagocytosed bioparticles at different 

time-points. Scale bar: 200 µm. 
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8. 4 Discussion 

OEC transplantation constitutes a promising therapy for spinal cord injuries, but outcomes are 

highly variable and the method needs improvement. One avenue for enhancing the 

therapeutic potential of OECs is using drugs to stimulate favourable cell behaviours. These 

include viability (to increase the number of cells available for transplantation and to promote 

cell survival after transplantation), migration (to enhance movement of cells into the injury 

site) and phagocytic activity (to promote clearance of cell debris). In a medium-throughput 

screen, we identified that the natural compound RAD618 (2-methoxy-1,4-naphthoquinone) 

could enhance the viability of an immortalized OEC cell line. We then investigated the 

mechanisms by which RAD618 exerted this effect. We used flow cytometry to sort cells 

depending on cell cycle phase, and showed that RAD618 altered the cell cycle by inducing cells 

to enter mitosis (to transit from S phase into G2/M phase). We also confirmed this finding 

using immunolabelling for phosphorylated histone H3. Furthermore, we identified a potential 

molecular target of RAD618, the transcription factor Nrf2, which regulates cellular defence 

responses, having an essential role in cellular redox homeostasis and proliferation. Nrf2 

mediates these responses primarily via increasing the transcription of antioxidant response 

element (ARE genes) (Benarroch, 2017; Hayes & Ashford, 2012; Hayes & Dinkova-Kostova, 

2014). Nrf2 has also been demonstrated to specifically regulate cell cycle transition from G2 

to M phase via the cyclin B-CDK1 complex (Lin et al., 2018), consistent with the effects on OECs 

we observed in the current study. 

For transplantation into the injured spinal cord, OECs are isolated from the primary olfactory 

nervous system and then typically cultured in vitro for a long time prior to transplantation 

(2.5-10 weeks; typically ~ 4 weeks). For a compound to be therapeutically relevant, it must 

therefore be demonstrated to not only act on an OEC cell line, but also on primary OECs in 

long term culture (weeks). We therefore tested whether RAD618 could stimulate the viability 

of primary OECs isolated from the olfactory mucosa of mice over a long time in culture (55 

days). RAD618 treatment resulted in a 4.1-fold increase in cell numbers compared to control 

(on day 55). It is also essential that the cells do not de-differentiate in long-term culture. We 



153 

found that cells treated with RAD618 continued to exhibit the fluorescent reporter marker 

DsRed �~���µ�����š�}�����Æ�‰�Œ���•�•�]�}�v���}�(���š�Z�������•�Z�������‰�Œ�}�š���]�v�����Œ�]�À���v�����Ç���š�Z�����^�í�ì�ì�t���‰�Œ�}�u�}�š���Œ�•�����v�����š�}�����Æ�‰�Œ���•�•��

the OEC marker p75ntr in long-term cultures. Maintenance of p75ntr expression has 

previously been identified as a challenge in long-term OEC culture (Radtke et al., 2010). We 

also found that control treatment (standard cell medium) did not sufficiently support long-

term OEC culture, suggesting that some type of stimulant is necessary to obtain a high number 

of healthy OECs for transplantation.  

Another challenge using OEC transplantation for spinal cord injury repair is that, whilst OECs 

are naturally migratory cells, capacity for migration into the injury site is highly variable 

(Boruch et al., 2001; Deng et al., 2006; Lu et al., 2006). In the current study, we showed that 

RAD618 altered the morphology of OECs towards a bipolar morphology with large axial 

lamellipodia. It has previously been shown that this morphology is associated with increased 

capacity for migration (Huang et al., 2008; Wang & Huang, 2012). We therefore speculated 

that RAD618 may promote OEC migration. However, we found that cells incubated with 

RAD618 migrated slower than control cells. We suggest that the reason for this is that RAD618 

stimulates mitosis as we showed that cells undergoing division stop migrating. It is also 

possible that the bipolar morphology is not associated with increased capacity for migration. 

We have previously shown that radial (not axial) lamellipodia are crucial for OEC migration 

(Windus et al., 2007), and we did not observe any noticeable effect of RAD618 on radial 

lamellipodia.  

We also found that RAD618 stimulated certain aspects of OEC phagocytosis. We found that 

pre-treatment of OECs with RAD618 for one week increased the phagocytic capacity by 

individual cells (amount of bioparticles ingested). We also found that long-term pre-treatment 

with RAD618 (55 days) increased the percentage of phagocytic cells in the culture. It is possible 

that the morphology change induced by RAD618 (bipolar morphology, large axial lamellipodia) 

correlates with increased capacity for phagocytosis. We have previously shown that axial 

lamellipodia play an essential role in detecting material to be phagocytosed by Schwann cells 

(Velasquez et al.,2018). Therefore, the axial lamellipodia may also be crucial for phagocytic 
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activity in OECs. It is also possible that the effects on Nrf2 are connected to phagocytic ability. 

Nrf2 has been identified as an up-regulator of phagocytic activity in mouse macrophages 

(Harvey et al., 2011).       

In this study, medium- or long-term treatment of OECs with RAD618 was shown to promote 

cell proliferation and phagocytosis. This finding is particularly relevant from a therapeutic 

perspective �t ideally, a drug used to promote favourable cell behaviours in OECs would be 

given prior to transplantation as a pre-treatment, rather than administered into the injury site. 

Thus, the findings in this study suggest that RAD618 may be used to pre-condition OECs 

towards better repair.  

Napthoquinones are widespread in nature, occurring for example in actinomycetes, plants 

and fungi (Dictionary of Natural Products database, http://dnp.chemnetbase.com). These 

compounds exhibit a range of pharmacological properties ranging from anti-inflammatory, 

antibacterial, and antiviral properties to cytotoxic effects (Dictionary of Natural Products 

database, http://dnp.chemnetbase.com). They are used traditionally for these properties in 

South American, Chinese, African and Indian medicine, and are interesting candidates for 

cancer treatments due to their cytotoxic effects (Babula et al., 2007; Qiu et al., 2018). 2-

methoxy-1,4-naphthoquinone (RAD618) has anti-tumour activities against human 

hepatocellular carcinoma cell line (Ding et al., 2008) and U373 glioblastoma cells (Cimmino et 

al., 2016). Of note, we did not detect any cytotoxic effects for RAD618 at the concentrations 

used in our assays. Indeed, RAD618 was shown to stimulate cell proliferation and maintenance 

of phenotype. Other effects reported for 2-methoxy-1,4-naphthoquinone include antipruritic 

activity (Ishiguro et al., 1998).  However, due to the reactive 1,4-benzoquinone moiety found 

within napthoquinones, this particular structure class has been given a PAINS (Pan Assay 

INtereference compoundS) classification (Baell, 2016) and thus some caution needs to be 

taken when considering further therapeutic development. Interestingly, other studies have 

shown that napthoquinones can have cytoprotective effects, in particular in the central 

nervous system, where they have been shown to protect against oxidative damage and 

neuroinflammation. They can pass the blood-brain barrier (BBB), and have been suggested as 
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���Œ�µ�P�� �o�������•�� �(�}�Œ�� �]�•���Z���u�]���� �•�š�Œ�}�l���� ���v���� ���o�Ì�Z���]�u���Œ�[�•�� ���]�•�����•����(Chern et al., 2014; Keowkase & 

Weerapreeyakul, 2016; Lee et al., 2015; Nakhate et al., 2018; Shin et al., 2019; Scherzer-Attali 

et al., 2012; Son et al., 2010; Wang et al., 2014). The fact that these compounds can pass the 

BBB makes it possible that they could be used not only to pre-stimulate OECs prior to 

transplantation, but also to induce sustained potentially favourable effects over time. To date, 

little is known regarding their direct effects on glial cells, but their effect on 

neuroinflammation is thought to involve modulation of glia (Choi et al., 2012; Chuang et al., 

2017; Peng et al.,2015).  

Overall, RAD618 is a chemical tool that can potentially be used to enhance the therapeutic 

potential of OECs in spinal cord injury therapy. In particular, the effects of RAD618 on cell 

proliferation can make the expansion of OECs on large scale possible. This will greatly reduce 

the time-period of OEC preparation prior to transplantation. Moreover, RAD618-treated OECs 

with an improved phagocytic activity may enhance the clearance of cell debris in the spinal 

cord injury site. 
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Chapter 9: Olfactory ensheathing cell nerve bridges 

CONFIDENTIAL 

This chapter reports the invention of a three-dimensional cell culturing system for the 

production of complex nerve bridges suitable for neural repair. 

This chapter contains confidential information which forms the basis of a patent application 

that is being prepared. The information contained herein must not be disclosed to external 

parties. 
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9.1 Introduction 

During the development of the naked liquid marble system and the testing of RAD618 on cell 

behaviour in 3D, it became apparent that the NLM system favoured the production of large 

cell constructs. As spinal cord injury can result in large cavities in which there may be several 

millimetres or centimetres of damaged tissue, strategies to bridge the gap with a cell bridge 

may provide beneficial outcomes. The extent to which the NLM system could be used to 

generate large constructs was tested and cellular nerve bridges of different dimensions were 

produced with increasing complexity and size. With improved ability to design and construct 

different dimensions, it became apparent that the nerve bridges are likely to be suitable not 

only for repair of spinal cord injury but also for repair of large gap peripheral nerve injuries. 

Peripheral nerve injury can have a lifelong impact on the patient, and it occurs in 3-5 % of all 

trauma cases with an annual incidence of 13�t23 per 100,000 people (Benga et al., 2017; Kemp 

et al., 2008; Noble et al., 1998) (Benga et al., 2017; Kemp et al., 2008). In addition to trauma, 

peripheral nerve damage occurs due to cancer or the treatment (resection) of the cancer. This 

is particularly devastating with facial nerves as it leaves the patient with permanent paralysis 

of a region of the face. While Australian data is lacking it is estimated that there are around 

5,000 peripheral nerve injury repair surgeries conducted in Australia each year (Brent 

McMonagle, ENT surgeon, personal communication). In the USA, over 360,000 people per 

year suffer upper extremity peripheral nerve injuries (Kemp et al., 2008) and it is estimated 

that a total of 20 million Americans suffer from chronic peripheral nerve injury with a total 

socioeconomic cost of $150 billion (USD) per annum (Grinsell & Keating, 2014). Thus there is 

a large unmet need for an effective therapy for peripheral nerve injuries. The gold standard 

approach to repair damaged peripheral nerves is to transplant a graft donor nerve that is 

usually taken from a non-critical sensory nerve. However, this method is only partially 

effective and most peripheral nerve injuries, regardless of size, cannot be satisfactorily 

repaired. Large-gap nerve injuries (>16 mm) are particularly difficult to repair and nerve 

function is rarely restored.  
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Several cell and scaffold approaches have been used for neural repair, but each has 

deficiencies which limits their efficacy. Cell suspensions can be transplanted into an injury site 

and the use of a supporting matrix in which the cells are embedded can improve cell survival 

(Cerqueira et al., 2018; Wang et al., 2017). However, at the time of transplantation the cells 

have not made cell-cell connections and it is therefore more difficult for transplanted cells to 

integrate and connect the gap between proximal and distal nerve stumps. An alternative 

approach is to use biological or synthetic materials to create a bridging tube which guides axon 

regeneration (Lohmeyer et al., 2007; Xu et al., 2003). Nanofiber-based scaffolds have also 

been used to guide the extension of regenerating neurites (Battiston et al., 2005), with aligned 

polymer fiber-based constructs inducing axon regeneration crossing a 17 mm nerve gap (Kim 

et al., 2008). However, biological or synthetic materials can cause inflammation of the 

surrounding tissues which leads to inhibition of axon regeneration (Akassoglou et al., 2002; 

Battiston et al., 2005). According to the Therapeutic Goods Administration in Australia, the 

addition of non-cellular components such as fibres into the nerve bridge makes the 

���]�}���v�P�]�v�����Œ������ �v���Œ�À���� ���Œ�]���P���� ���� �^���]�}�u�����]�����o�� �����À�]�����_�X�� �^���(���š�Ç�� �š���•�š�]�v�P�� �(�}�Œ�� ���]�}�u�����]�����o�� �����À�]�����•�� �]�•��

considerably higher, and therefore more time-consuming and expensive, which means that 

the path to translation into the clinic is longer and less certain. Therefore, new approaches for 

nerve bridges for cell transplantation are needed. 

Three-dimensional (3D) cell culturing has the potential to enhance neural repair strategies. 

For example, cell spheroids have been found to produce improved outcomes in cell 

�š�Œ���v�•�‰�o���v�š���š�]�}�v���š�Z���Œ���‰�Ç���}�(�����•�Z���Œ�u���v�[�•���•�Ç�v���Œ�}�u����(Domnina et al., 2018). For neural repair, a 

structured cell construct of at least several millimetres in length is required, and for large-gap 

peripheral nerve injuries, a 3D cell construct of >16 mm is required. Current 3D cell culture 

techniques are challenging to control the shape and structure of 3D culture without adding 

artificial ingredients, such as matrices or fibres to support the cells. In contrast, cells grown in 

naked liquid marbles form stable 3D structures with appropriate cell relations but without 

matrices or fibres (Chapter 5) (Chen et al., 2019). With the glial cells in the interior of the 3D 

spheroid and fibroblasts around the exterior, the cellular arrangement reflects a peripheral 

nerve in which the glial cells are surrounded by perineural fibroblasts. If the cellular 
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arrangement can be maintained while generating a longer nerve bridge shape, it could be used 

for improving cell transplantation for SCI and peripheral nerve injury therapies. 

To address this, a novel 3D cell culture system has been invented: the naked liquid marble 

nerve bridge system (NLMNB). NLMNB is a modification of the naked liquid marble (NLM) 

culture system. OECs and fibroblasts were cultured in NLMNB to rapidly form nerve bridges 

of various dimensions up to 30 millimetres in length. The cells in the nerve bridges maintained 

appropriate cell relations and the structure and morphology indicates that the nerve bridges 

are suitable for neural repair therapies. This novel invention has outstanding potential for 

generating nerve bridges for therapeutic application to repair SCI and peripheral nerve injuries. 

9.2 Material and Methods 

Cell culture 

Immortalized mouse olfactory ensheathing cells (mOECs, GFP-expressing) and mouse 

fibroblasts (gift from Professor Filip Lim (Universidad Autónoma de Madrid, Spain) were 

cultured in DMEM/F12 supplemented with 10 % FBS and 50 µg/mL Gentamicin. Primary OECs 

were isolated from S100ß-DsRed transgenic mice (Windus et al., 2007) and were maintained 

in DMEM supplemented with 10 % FBS and 50 µg/mL gentamicin. Human OECs and fibroblasts 

were purified from nasal olfactory mucosa biopsy from health donor volunteers (Griffith 

University human ethics approval 2016/627) were maintained in DMEM/F12 supplemented 

with 10 % FBS and 0.5 % penicillin-streptomycin. 

3D cell culture 

The cell bridge culture chamber was made by Xyzprinting 3D Printer. The printing material of 

cell bridge culture chamber was polylactic acid (corn extract). NeverWet Multi-Purpose Spray 

Kit (Rust Oleum) was used for making superhydrophobic surfaces.  
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Software for designing the 3D templates 

The 3D templates were drawn by Autodesk AutoCAD 2019. 

Cell Staining and Immunolabeling 

Cell bridges were fixed with 4 % methanol-free formaldehyde in 1× PBS for 1 h. Then, cell 

bridges were wash by 1xPBS 3 times. OEC bridges were embedded in OCT mounting medium, 

frozen in liquid nitrogen and then sectioned (20 µm thick) on a cryostat and mounted on glass 

slides. Cell bridge sections were permeabilized with 0.3 % Triton X-100 for 1 h at RT and then 

incubated with a blocking buffer of 1 % BSA 1x PBS for 1h at RT. Sections were then 

immunostained with rabbit anti-p75NTR (1: 200, BioLegend, 839701) and/or rat anti-CD90.1 

(1:100, Biosciences, 553009) and/or rabbit anti-BLBP (1: 200, Abcam, ab32423) for 16 h at 4oC. 

After washing, sections were stained with donkey anti-rat Alexa 647 (1:500, Abcam, 150155) 

and/or donkey anti-rabbit Alexa 488 (1:500, Abcam, 150073) for 1 h at RT. The washing buffer 

was 1x PBS. Nuclei were stained with Hoechst at 1:2000 dilution in 1x PBS. Cell membrane 

were stained with CellMask (ThermoFisher, C10046) at 1:2000 dilution in 1x PBS. 

Imaging 

Nerve bridge sections were imaged using the Olympus FV3000 confocal laser scanning 

microscope. 

9.3 Results 

In Chapter 5, I demonstrated that cells seeded into the naked liquid marble system (NLM) 

formed cell spheroids without any extra artificial scaffolds, matrices or gels (Chen et al., 2019). 

The advantage of the NLMs is that the superhydrophobic coating prevents the cell culture 

medium from adhering to the surfaces of the well so that the culture medium forms a �^�v���l������
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�o�]�‹�µ�]�����u���Œ���o���_���~�&�]�P���í���•�X��Within the NLM, cells can move and interact with other cells freely in 

a 3D space, and attractive cell-cell interactions lead to the formation of the spheroid (Fig 1a). 

In the cube-shaped wells, the spherical liquid marble leads to spherical balls of cells being 

formed. This is demonstrated with primary OECs purified from S100ß-DsRed transgenic mice. 

The DsRed OECs were seeded into wells of a NLM 384-well plate at 5000 cell/µL (final volume 

per well of 20 µL). In this format, the cell suspensions formed one multicellular spheroid in 

each well (Fig 1b).  
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Figure 1. Multicellular 3D spheroids from cell suspension in the naked liquid marble system. a) 

Schematic diagram of cell spheroid formation in the NLM cell culture system. In the NLM cell culture 

system, the cell culture plate is coated with a superhydrophobic coating which prevents cells from 

adhering to the surfaces of the culture plate. Cells adhere to each other and form a multicellular 

spheroid in 24 h. b) A suspension of dissociated primary OECs (red) forms one multicellular spheroid 

in a well NLM 384-well plate. The seeding density is 5000 cells/µL. Scale bar, 200 µm. 

While a spherical 3D structure may be useful for in vitro assays, 3D cell constructs of other 

dimensions may have therapeutic applications. To make a more therapeutically effective 

shape for 3D cell culture, an updated 3D-printed cell culture chamber was designed and built. 

The 3D printing software enables the design of cell culture chamber and Figure 2a shows the 

design of the first chamber with its various dimensions. The 3D printer used polylactic acid 

filament to generate the vessel which was then coated by the superhydrophobic material. The 

elongated central canal at the bottom of the vessel was designed to enable the cells to 

aggregate into a long bridge-like structure (Fig. 2a). Immortalised mOECs (GFP-expressing) 

with normal culture medium were dispensed to the cell bridge chamber at a seeding density 

of 17,000 cell/µL with a final volume was 300 µL (5 million cells total). Then, the chamber was 

transferred to an orbital shaker within the cell culture incubator, with horizontal orbital 

shaking at 50 rpm (Fig 2b).  In this chamber, the cells formed a 10 mm X 1.5 mm long bridge-

shaped 3D cell construct in 3 h (Fig 2c). Analysis of the fixed cell bridge constructs with nucleus 

and cytoplasm stains demonstrated that the cell bridge was composed of cells (Fig. 2c). 
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Figure 2. Naked liquid marble cell bridge system. a) The dimensions of cell culture chamber for making 

the cell bridge. b) Cell suspension with culture medium was dispensed into the superhydrophobic 

coated cell culture chamber and the culture chamber was shaken in a horizontal orbital direction at 50 

rpm for 3 h (37 oC, 5 % CO2) to form the cell bridge. c) Immortalized mouse OECs (mOECs, GFP-

expressing) were cultured in a cell bridge chamber. mOECs formed a 10 mm long cell bridge at a 17,000 

cell/µL seeding density. The cell bridge was fixed and stained with nucleus marker (Hoechst) and 

cytoplasm marker (CellMask). (n=6 repeats), Scale bar, 150 µm. 
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To determine whether primary OECs can form a cell bridge, OECs were isolated from S100ß-

DsRed transgenic mice. Primary OECs (expressing DsRed) and fibroblasts (unlabelled) were 

then seeded to the superhydrophobic culture chamber at 5000 cell/µL in a total volume of 

300 µL (~1.6 million cells total). The cells formed a 6 mm long cell bridge (Fig 3a). The entire 

cell bridge highly expressed DsRed fluorescence (Fig 3b). To determine the likely location of 

the fibroblasts, Hoechst staining was used to visualise nuclei that were not associated with 

DsRed expression (OECs express DsRed while fibroblasts do not). The DsRed OECs were 

located mainly in the centre of the section, while nuclei without DsRed (fibroblasts) were more 

exterior. 3D reconstruction using Imaris software showed high-intensity DsRed signals only in 

the more central region (Fig 3c). Therefore, primary OECs and fibroblasts formed a cell bridge 

with a layered structure with OECs (DsRed) in the centre and fibroblasts forming a boundary 

layer on the outside.  
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Figure 3. Primary OEC bridge. a) Primary OECs were cultured in the cell chamber; 1.6 million cells 

formed a 6 mm long cell bridge. b) The cell bridge expressed DsRed fluorescence. Scale bar�È1000 µm. 

Dotted yellow line shows approximate location of the cross section shown in panel c. c) A cross section 

of cell bridge stained with nucleus marker (Hoechst). The 3D reconstruction was built by Imaris 

software. (n=3 repeats), Scale bar, 100 µm. 

However, peripheral nerve injuries can be quite large with large-gap nerve injuries being >16 

mm. Therefore longer nerve bridges would be required to treat large-gap injuries. To assess if

the structure of cell bridge could be extended, a new 3D cell chamber was designed to 

accommodate a 16 mm long cell bridge. Primary OECs and fibroblasts (4 million cells) were 

seeded to the cell culture bridge chamber. The cells rapidly formed a 16 mm long cell bridge 

(Fig 4a, b). The cell bridge was fixed and sectioned in the longitudinal plane. 

Immunocytochemical staining for the OEC cell marker p75ntr, and the fibroblast marker 

CD90.1 revealed that the OECs were distributed closer to the centre while the fibroblasts were 

more localised to the outer surface of the cell bridge (Fig. 4c). Therefore, the fibroblasts 

formed a boundary layer around the OECs in the cell bridge. 
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Figure 4. Fibroblast boundary layer on the surface of cell bridge. a) The cell bridge was consisted of 4 

million cells from primary OEC culture which contains OECs and fibroblasts. The length of cell bridge 

was approximately 16 mm. b) The cell bridge expressed DsRed fluorescence signal. Scale bar, 1000 µm. 

c) A horizontal section of the cell bridge. Cells were stained with anti-p75ntr and anti-CD90.1. Scale

bar, 1500 µm. 
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The p75ntr immunostaining revealed that OECs expressed different levels of p75ntr in 

different regions of the cell bridge, with cells in the most central region expressing low levels 

of p75ntr. During development of the olfactory system, OECs first express markers such as 

brain lipid binding protein (BLBP) and then later also express p75ntr as they fully differentiate 

and contact axons (Amaya et al., 2015). When cultured on two-dimensional plates, OECs 

express different levels of p75ntr with some having high expression and others with low 

expression (data not shown; other researchers in the laboratory have characterised the 

differential expression pattern of p75ntr in the DsRed OECs). Immunostaining for p75ntr and 

BLBP expression revealed that BLBP was uniformly expressed on all OECs throughout the cell 

bridge, while p75ntr was more strongly expressed toward the exterior (Fig. 5). This result 

indicates that the less differentiated OECs may accumulate in the centre while the more 

mature OECs form around them.   

Figure 5. Primary OEC differentiation in cell bridge. a) Cell bridge sections were stained with anti-

p75ntr and anti-BLBP. Note: the gap in the BLBP stained panel is a sectioning defect. Scale bar, top 

panels 100 µm.  
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To further extend the dimensions of the cell bridges to potentially generate cell bridges 

suitable for a range of nerve injuries, the design of the superhydrophobic cell culture chamber 

was modified. Figure 6a shows the design of the cell culture chamber for making a sheet-

shaped 3D cell culture with a width of 4 mm and length of 12 mm. Immortalized mOECs and 

fibroblasts were seeded to this cell culture chamber at 1:1 ratio (10 million cells); they rapidly 

formed a 4 x 12 mm sheet-shaped cell bridge (Fig. 6b).  

To determine whether the 3D cell culture chamber was suitable for human olfactory cell 

cultures, a 2 x 30 mm long cell chamber was designed. Human OECs and fibroblasts were 

isolated from human olfactory mucosal biopsies and seeded (8 million cells) to the cell culture 

chamber (Fig 6b). After 3 h incubation, a 30 mm length cell bridge formed. These results 

demonstrate that modifying the design of the superhydrophobic cell culture chamber can 

generate cell bridges suitable for various purposes. 

Figure 6. Modified superhydrophobic cell bridge culture chamber. a) The design of a cell culture 

chamber for sheet-shape cell bridge. b) mOECs and fibroblast co-culture formed sheet shape cell 

bridge (12 mm X 4 mm). c) The design of a cell culture chamber for a long cell bridge make of human 

OECs and fibroblasts. d) Human OECs and fibroblasts formed a 30 mm length cell bridge. (n=2 repeats). 
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The ease with which the cell bridges could be formed indicated that perhaps the cell bridges 

could be fused by self-adhesion to each other. This could be used as a model of adhesion of 

the cell bridge to the endogenous injured nerve in vivo. To test this, two cell bridges which 

had same length and number of cells (5 million each) were prefabricated using immortalized 

OECs (GFP-expressing) (Fig 7a).  The two cell bridges were transferred to a larger chamber (2 

x 30 mm) so that they lay end-on-end and then additional cells in suspension were added (Fig. 

7b). The cell culture chamber was shaken in the incubator for 3 h during which time the two 

short OECs bridges fused to form one cell bridge 25 mm in length.  

Figure 7. Cell bridges connected by cell suspension. a) Two identical OEC bridges were generated. The 

length of each OEC bridge was 10 mm and each one contained 5 million mOECs which expressed green 

fluorescent protein (GFP). b) The process of connecting the OEC bridges by addition of cells in 

suspension. OEC bridges and cell suspension were seeded to the cell culture chamber. After shaking 

for 3 h, OEC bridges were connected by additional cells that had been added as a suspension. c) Two 

OEC bridges and cell suspension formed a 25 mm cell bridge (GFP). (n=2 repeats), Scale bar, 1000 µm. 

9.4 Discussion 

The majority of OEC transplantation experiments to repair the injured spinal cord have used 

injections of a suspension of cells into the spinal cord  (for example (Carwardine et al., 2017; 

Thornton et al., 2018; Voronova et al., 2018)) while other less common approaches have 
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embedded a suspension of cells in a gel (Gomes et al., 2016) or collagen scaffold (Collins et al., 

2018) . When cells are injected as a suspension, each cell has to establish itself within the host 

injury site and make cell-cell connections. At the same time, the constant flow of the 

cerebrospinal fluid is likely to wash away cells from the target area. In contrast, cells 

transplanted in a gel or scaffold are less likely to be washed away (Tabakow et al., 2014; Zhang 

et al., 2013), but each cell still needs to integrate into the host tissue and the gel or scaffold 

may cause adverse host reactions. Similarly, for peripheral nerve repair strategies, cells 

embedded in a gel or scaffold may result in better cell localisation and potential integration, 

but the gel or scaffold may lead to unwanted cellular or molecular reactions that may inhibit 

regeneration. 

The modification of the naked liquid marble system to produce the 3D cell constructs that 

resemble the structure of a nerve opens up a new avenue for repairing the injured nervous 

system. We have termed the modified system the Naked Liquid Marble Nerve Bridge (NLMNB) 

system as the cell bridges that are formed are constructed by the supporting cells of nerves 

(glial cells and fibroblasts) and they superficially resemble the morphology of nerves.  

The NLMNB system enables cells to form centimetre-long structures within 3 hours. The rapid 

and reproducible nature of the system may lead to improvements in current approaches to 

3D cell culture. In current non-scaffold based cell culture, cells in the most innermost structure 

of large 3D constructs (diameter larger than 500 µm) undergo necrosis which is often 

considered unavoidable (Daster et al., 2017; Nath & Devi, 2016). One main reason for the cell 

death in the core is that forming 3D cell structures to this size requires an incubation time of 

days to weeks (Daster et al., 2017). Under this condition, cells in the centre of 3D culture are 

in a long-term hypoxia and have limited metabolic activity (Groebe & Mueller-Klieser, 1991), 

which triggers quiescence and necrotic death of cells.  

In contrast, only 3 hours were required for cells to form cell bridges 3 cm long and 2-4 mm in 

diameter in the NLMNB culture chambers. The cells within the nerve bridges showed layering 

that reflected the potential maturity state of the OECs, and fibroblasts surrounded the OECs. 
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This format resembles the structure of a nerve in which the glial cells occupy the central region 

while perineural fibroblasts form the outer layer. The differential distribution of the high/low 

p75ntr-expressing OECs is of interest, but was not explored further in this chapter and will be 

examined in future work. During embryonic development, BLBP is an early marker of OECs, 

while p75ntr is expressed on more differentiated OECs. Thus within the nerve bridges, the 

differential expression of p75ntr may reflect the maturity state of OECs �t if so, it suggests that 

the more immature OECs rapidly adhere to form the centre, while the more mature OECs 

adhere later. BLBP plays an important role in glial cell proliferation, and it has been found to 

be highly expressed in proliferative radial glial cells from adult zebrafish brain (Diotel et al., 

2016). The role of BLBP on OEC proliferation has not been determined, but it is feasible that 

in the highly proliferative OEC cultures that BLBP may contribute to the continued expansion 

of the cell population. This aspect will be considered in future work.  

A strong advantage of the NLMNB is that it does not require any synthetic products or gels to 

form the 3D structure. Previously, a hydrogel formed collagen has been used to fill the 

conduits which resulted in improved axon regeneration (Labrador et al., 1998). However, high 

concentrations of collagen have been found to inhibit growth of neurites (Baldwin et al., 1996). 

Another popular biologically derived material, fibrin, can alter Schwann cell differentiation, 

leading to inhibition of peripheral nerve remyelination (Akassoglou et al., 2002). Synthetic 

products, such as silicone polymers and polytetrafluoroethylene, are limited by the complex 

process of design and manufacture (Ichihara et al., 2008). Thus the addition of synthetic or 

biologically-derived products can lead to adverse outcomes that limit effective therapeutic 

potential of the products. In contrast, the NLMNB system uses only cells and media to form 

the nerve bridges and thereby avoids the potential adverse events that may be induced by the 

synthetic or biologically-derived components. 

Overall, the NLMNB system offers key advantages and promises to create new therapeutic 

strategies for cell transplantation to repair the injured nervous system. The ability to produce 

nerve bridges up to 30 mm long may potentially be particularly useful for repair of the 

peripheral nerve injuries. As an example of a potential treatment option for someone who has 



177 

suffered a large-gap peripheral nerve injury, a biopsy of nasal mucosa from the patient can be 

used to derive the OECs and fibroblasts (Fig 8). Then, after expansion of cell numbers, the 

OECs and fibroblasts can form a long (16-30 mm) cell bridge within the NLMNB system within 

3 hours of seeding. The nerve bridge is then transplanted to the injury site. The autologous 

cell grafts without any synthetic products and biologically derived materials may improve cell 

therapy outcomes for peripheral nervous injury. The efficacy of the nerve bridges generated 

by the NLMNB system will be tested in future work. 

Figure 8 The schematic diagram of transplantation OECs bridge in peripheral nerve injury. 
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Chapter 10: Conclusions 

This thesis has demonstrated that natural products have the potential to enhance the 

therapeutic potential of OECs for neural repair therapies, potentially including spinal cord 

injury and peripheral nerve injury. Driven by the aim to develop a novel 3D culture method 

suitable for testing compounds on cultured cells in an environment mimicking the in vivo 

milieu, I developed a novel 3D culture system, the naked liquid marble (NLM), in which cells 

rapidly formed 3D structures without the need for any added matrix or substrate. The system 

is highly reproducible, suitable for drug screening and in-depth drug testing, and adaptable to 

modelling many tissue regions, including complex multicellular environments. I found that 

when different cell types (OECs and fibroblasts) were combined in this system, cells self-

organised in a manner resembling in vivo cell organisation. Culturing primary cells from the 

murine olfactory nervous system (lamina propria) in the NLM, in particular in combination 

with laser microdissection, was also a method for yielding purer OEC cultures than 

conventional cell culture. Due to the outstanding properties of the NLM system, I developed 

a novel method based on the NLM for generating cellular nerve bridges that show promise for 

neural repair. Together these results demonstrate that the therapeutic potential of OECs can 

be enhanced by a combination of natural product stimulation and 3D culturing. To date, the 

results from the thesis have resulted in two publications, two patent applications, two 

submitted manuscripts and a further patent application and manuscript in preparation.  The 

techniques developed in this Thesis have also contributed to several other publications 

(accepted and in progress).  

The initial discovery that two compounds 3-acetoxy-7,8-dihydroxyserrulat-14-en-19-oic acid 

(RAD288) and 3,7,8-trihydroxyserrulat-14-en-19-oic acid (RAD 289) could differentially affect 

OEC activity and function was the driving factor for further natural product drug discovery. 

While RAD289 at 6.25 µM increased mOECs viability by 40 % over 24 hours, both RAD288 and 

RAD289 increased the phagocytic ability of OECs, but only RAD288 promoted cell migration. 

Overall, these compounds could potentially be used to reduce the period to obtain enough 

cells for transplantation, or to increase the number of cells available for transplantation. The 
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ability of compounds to differentially affect activities of OECs useful for neural repair raised 

the possibility that other compounds may provide superior or more selective activation of 

OECs. Thus it was necessary to develop a screening platform in order to identify more natural 

products that stimulate OEC activity suitable for neural repair therapies.  

We developed an automated medium throughput screening platform and used it to screen 

1143 compounds at four concentrations with the time taken for cell seeding being less than 

one hour. In addition, cells in different wells in the same plate have a similar seeding time (the 

interval is 2.5 min) and each plate has its own control groups, with the average coefficient of 

variation value of control group being 6.4 %. Therefore, this method is precise and 

reproducible, as the standard coefficient of variation is less than 20 %. We used this system to 

identify 33 natural products that improved OEC viability by more than 25 %, with one hit 

compound RAD618 being explored in more detail in Chapter 8. Therefore, HTS is an effective 

way to increase the discovery of drug candidates that have the potential to enhance OEC cell 

transplantation therapy.  

Conventional 2D-culture formats do not meet the demand for modern in vitro cell-based 

assays or transplantation therapies as the differences between the 2D culture format and the 

in vitro environment is too large. In contrast, cells grown in 3D better reflect in vivo cell 

arrangements, with cells being able to interact with each other in 3D, as well as being exposed 

to auto/paracrine signalling. However, most existing 3D cell culture methods are not ideal for 

drug screening or cell transplantation. Firstly, the cost is too high. For instance, the price of 

one Corning spheroid 384-well microplate is $211 and one Perfecta3D® hanging drop plate 

costs $64.5. In contrast, the cost of super hydrophobic coating on one plate to produce naked 

liquid marbles is $1.35 (cost determined for the patent application). Secondly, cell spheroid 

formation in the other methods is not as effective and they generate spheroids that may not 

reflect the natural behaviour of the cells, particularly in methods that use gravity or U shape 

bottom plates because they force cells to form spheroids. In comparison, the NLMs generated 

in the superhydrophobic plates which I have invented, allow cells to freely interact and form 

contacts, and also enable the rapid formation of uniform multiple cell spheroids.  I also 
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invented a new 3D pipette tip that enables the easy handling of 3D spheroids in the NLMs, 

and have submitted a patent application for this product. The 3D pipette tip will be of use not 

just to work with NLMs, but to a range of other 3D culturing methods too.  

The free cell-cell interactions in NLM allow different types of cells to form separate layers in 

3D cell culture. When spheroids containing primary lamina-propria-derived OEC cultures were 

removed from the NLM and cultured on 2D surfaces, the layering of cells caused different cell 

types to migrate out at different times. This led me to apply laser microdissection on the cell 

spheroids to remove contaminating cells such as fibroblasts, with the result that the purity of 

OECs was improved from ~8 % to  ~44 %. For small scale cell production, this method may be 

useful for improving the quality of OECs cultures for other assays, as demonstrated in Chapter 

8. 

As the 3D cell culture provides an environment similar to the in vivo situation, drug screening 

should ideally be performed on cells cultured in 3D. However, due to the complicated cell-cell 

interactions and metabolic activities of the cells, directly measuring the effects of 

drugs/compounds in 3D cell culture is difficult (Fang & Eglen, 2017).  Imaging of cells in 

spheroids is also complicated as it is difficult (and in some cases not possible) to adequately 

visualise cells that are embedded in gels and scaffolds. The advantage of the NLM system (in 

particular rapid spheroid formation, cell self-organisation and lack of matrix/gel) together with 

the easy removal of cells from the NLM enables a mix of 3D cell culturing and 2D assays to 

determine the effect of candidate compounds on the cells. This was demonstrated by the 

detailed analysis of the effect of RAD618 on OECs both in conventional 2D cultures and 3D 

cultures in combination with 2D assays, which demonstrated that RAD618 increases OEC 

proliferation and stimulates phagocytosis. RAD618 and other compounds that were identified 

in the screen are now being pursued by other researchers to determine how they can be 

incorporated into the OEC production system and to improve the therapeutic use of OECs for 

neural repair. 
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As the project advanced, it became clear that the major advantage of the NLM system is the 

potential benefit for preparing cells for neural repair therapies. The traditional cell 

transplantation method into the spinal cord injury site has been to inject a suspension of 

individual cells. This method results in low cell survival as the individual cells tend to spread 

out too much or be washed away by the cerebrospinal fluid (Freyman et al., 2006; Hill et al., 

2006; Yasuda et al., 2005).  

Other researchers in our laboratory have now used the NLM technology to test whether 

transplantation of 3D cell structures improves cell integration into the injury site of spinal cord 

injury. As an example of this approach, OEC spheroids were generated in NLMs and then 

transplanted into the injury site 7 days after a T10 complete transection spinal cord injury. The 

animal was allowed to recover for 7 days post-transplantation and then euthanased, the tissue 

surrounding the injury site was dissected out and fixed (Figure 1). Histological analysis showed 

that the transplanted OECs migrated across the spinal cord injury site, while keeping close 

interactions with each other. This result suggests that by using the NLM system to form 3D 

spheroids for transplantation, OECs can be placed near the injury site and that the 

transplanted cells maintain cell-cell contact and bridge the injury site.  
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Figure 1 Transplantation of OECs spheroid in a mouse spinal cord injury model. Lamina 
propria-derived OECs were cultured in NLM system to form spheroids. Then, OEC spheroids 
were transplanted into mice with a T10 spinal cord injury (transection). Typically, 7 days after 
cell transplantation, OECs (yellow) spread out from spheroids and migrated across the spinal 
cord injury site. The image shows a tissue section from a mouse with SCI that has received a 
spheroid transplant. The section has been stained for nuclei (DAPI, blue) and astrocytes (glial 
fibrillary acidic protein (GFP), red). Scale bar: 500 µm (Reshamwala, Shah et al., unpublished). 

Due to the success of transplanting 3D OEC spheroids in spinal cord injury repair in our 

laboratory, I modified the NLM system and invented the naked liquid marble nerve bridge 

system (NLMNB). The clear advantage of the nerve bridge system is that the cell bridges can 

form in only 3 hours and notably that cells formed centimetre-long cell bridges without any 

synthetic products or biologically derived materials such as gels, matrices, fibres or other 

scaffolds. A nerve bridge that is entirely cellular avoids the side effects of artificially added 

ingredients that may affect outcomes when transplanted. Another major advantage of the 

NLMNB system is that the shape of the cell bridge can be modified to replicate the region of 

damage peripheral nerve or spinal cord. While the efficacy of the cellular nerve bridges now 
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needs to be tested in a range of in vitro assays and after transplantation in animal models, the 

NLMNB system has the potential to improve the therapeutic outcomes of cell transplantation 

for neural repair.  

Overall, this thesis has identified a number of natural products that stimulate OEC activity and 

describes the invention of a novel nerve bridge production system that can be used to enhance 

repair of the central and peripheral nervous systems. Combining natural products that 

stimulate OECs together with cellular nerve bridges is likely to create new options for neural 

repair. Other researchers in our laboratory are already expanding on my results to explore 

several avenues to enhance therapeutic approaches.  
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