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Abstract 
 
 

Rhabdomyosarcoma (RMS) is one of the most common soft tissue sarcomas and is extremely 

aggressive and highly malignant. The majority of cases occur in children, and most commonly 

appear in the arms or legs. Currently, RMS is treated with aggressive chemotherapy, as well as 

surgery and/or radiation in many cases. The aggressive treatments often cause long term after-

effects, and can even cause permanent life-altering disabilities. Alternative treatment modalities 

are urgently needed.  

The aim of this work is to build a dual-functional therapy/near-infrared (NIR) imaging 

nanoparticle, which could perform gene therapy with specific RMS gene knock-down regulated 

by pH-activated-release, and monitor the effects on tumour size with delivered near-infrared 

(NIR) dye. The nanoparticle will be surface functionalized with novel aptamers for improved 

targeting. The design can therefore be separated into four parts from outside to inside: aptamer-

based targeting system, a pH-responsive charge reversible coating layer, nanoparticle-based NIR 

non-invasive imaging, and nanoparticle transfected siRNA for alveolar RMS (aRMS) specific 

gene knockdown. 

Aptamers were chosen as the targeting ligand for the nanosystem since compared to antibodies, 

they are much smaller, have higher affinity and specificity, and lower immunogenicity. 

Furthermore, they are easier and cheaper to manufacture. The binding target for aptamer 

generation was Neural EGF-Like 1 (NELL1) chosen based on validation results which suggested 

overexpression on the surface of the target aRMS cells. Oligos were isolated, and their binding 

affinity was quantified using Surface Plasmon Resonance (SPR). The selected NELL1 aptamer 

could locate and firmly bind to the NELL1 on the surface of aRMS cells, which could therefore 

potentially minimize off-target effects. 

The aptamer was attached to a synthesized pH-activated charge reversible PMPC-PDPA@PEG-
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b-PAMA/DMMA copolymer layer. The PEG-b-PAMA/DMMA within the copolymer was able 

to efficiently convert the charge from negative (under physiological  pH) to positive (under 

acidic pH), and the PMPC-PDPA could revert from a hydrophilic to a hydrophobic state after 

being activated by the acidic environment of tumours and subcellular organelles (endosomes & 

lysosomes). The enhanced tissue accumulation and cellular uptake could be achieved with 

increased adsorption onto negatively charged cellular membranes.  

For NIR imaging, IR820 NIR dye was loaded into the mesoporous silica nanoparticles core to 

enable non-invasive monitoring of the uptake and accumulation of the nanosystem during 

treatment. Compared with free IR820 dye which could only rely on passive diffusion, the IR820-

loaded MSNPs were found to have significant improvements from the perspectives of cellular 

uptake, accumulation amount and penetration depth within both 2D and 3D cell models.  

Two siRNA targeting options were selected and validated for aRMS gene therapy: (i) Human 

αB-crystallin (CRYAB) & Heat Shock Protein Family B (Small) Member 2 (HSPB2) double 

knockout, and (ii) Keratin 17 (KRT17) knockdown.  

Through linking the validated siRNAs onto the MSNPs surface with the disulfide bound which 

could only be cleavaged by the high concentration of GSH within RMS cells, it has been found 

to have a high degree of RNase I degradation prevention, and a significant enhanced transfection 

efficiency. The total GSH levels within RD and RH30 cells were found to be 5.08 and 9.28 times 

higher than that of control fibroblast cells. Compared with the commercially available 

DharmaFect transfection reagent, the nanoparticles transfected siRNA has shown a similar or 

better level of gene knockdown; with a significant suppression of aRMS cells proliferation and 

mobility.  

Overall, the constructed nanosystem could provide another route for tackling aRMS in a more 

effective way, with fewer side-effects. 

Keywords: Nanoparticles, Gene Therapy, Sarcoma, Aptamer, NIR Imaging 
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Abbreviation 
 
 
3′-UTR 3′-untranslated region 
AA acetic acid 
AChR acetylcholine receptor 
AFM Atomic force microscope 
AMA Aminoethyl methacrylate hydrochloride 
AptN anti-NELL1 aptamers 
aRMS alveolar RMS 
ATP adenosine-5'-triphosphate 
ATRP Atom transfer radical polymerization 
AuNPs Gold nanoparticles 
AuNTs gold nanotriangles 
AXT axitinib 
BBB blood-brain barrier 
BTB blood tumour barrier 
CAFs cancer-associated fibroblasts 
Ce6(Mn) paclitaxel 
CRYAB Human αB-crystallin 
CST celastrol 
CTAC exadecyltrimethylammonium Chloride 
DCA 1,2-dicarboxylic-cyclohexene anhydride 
DCM Dichloromethane 
DDMON degradable dendritic mesoporous organosilica nanoparticle 
DKO double knockout 
DLS Dynamic Light Scattering 
DMEM Dulbecco's Modified Eagle's Medium 
DMMA 2,3-dimethylmaleic anhydride 
DMONs dendritic mesoporous organosilica nanoparticles 
DMSO dimethyl sulfoxide 

DSPE-PEG 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[biotinyl(polyethylene glycol)-2000 

DTT dithiothreitol 
ECM specific extracellular matrix 
EEO electroendoosmotic 
EPR Enhanced permeability and retention 
eRMS embryonic RMS 
FBS Fetal Bovine Serum 
FDA Food and Drug Administration 
FGF2 fibroblast growth factor 2 
GCV ganciclovir 
GFP Green fluorescent protein 
GSH glutathione 
GSSG dimeric oxidised form GSH 
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HIF1α hypoxia-inducible factor 1α 
HSPB2 Heat Shock Protein Family B (Small) Member 2 
HSV-TK herpes simplex thymidine kinase 
HTAMNs hierarchical tumour acidity-responsive magnetic nanobomb 
ICG indocyanine green 
KRAS Kirsten rat sarcoma viral oncogene 
KRT17 Keratin 17 
MDR1 Multidrug resistance-1 
MFI Median fluorescence intensity 
miRNAs microRNAs 
MMPs matrix metalloproteinases 
MPTES 3-mercaptopropyl triethoxysilane 
mRNA messenger RNA 
MSNPs mesoporous silica nanoparticles 
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide 
MyoD1 Myogenic Differentiation 1 
NaN3 sodium azide 
NELL1 Neural epidermal growth factor–like (EGFL)-like protein 
NIH National Institutes of Health 
NIR-II second near-infrared spectral region 
NMR Nuclear Magnetic Resonance 
NV nanovalves 
OXPHOS oxidative phosphorylation 
PAMA poly(2-aminoethyl methacrylate) 
PAX encoding paired box protein 

PDPA-b-PAMA 
Poly(2-diisopropylaminoethyl methacrylate)-b-poly(2-aminoethyl 
methacrylate hydrochloride) 

PEG polyethylene glycol 

PEG-b-PAMA 
poly(ethylene glycol)-b-poly(2-aminoethyl methacrylate 
hydrochloride 

PLGA poly(D,L-lactide-co-glycolide 
PLL poly(L-lysine) 
PMNT iron oxide nanotubes 
PPK2 polyphosphate kinase 2 
PTX paclitaxel 
PTZ phenothiazine 
R.U. response unit 
RES reticuloendothelial system 
RISC RNA-induced silencing complex 
RMS rhabdomyosarcoma 
RNAi RNA interference 
ROS reactive oxygen species 
RT-PCR reverse transcription polymerase chain reaction 
SD standard deviation 
SERS Surface Enhanced Raman Spectroscopy 
sgRNA single guide RNA 
SpCas9 Streptoccocus pyogenes 
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STS soft tissue sarcoma 
TALEN transcription activator-like effector nucleases 
TEA 
TEM 

Triethylamine 
Transmission electron microscopy 

TEOS Tetraethyl orthosilicate 
TGA Thermogravimetric analysis 
THF Tetrahydrofuran 
TM tetramethyl succinic anhydride 
TME tumour microenvironment 
TMS tetramethylsilane 
TNAs therapeutic nucleic acids 
USM unconventional secretory machinery 
VEGF vascular endothelial growth factor 
ZFN Zinc finger nucleases 
α-CD α-cyclodextrin 
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Statement of the Change of Planned Research Work 
due to COVID-19 Pandemic  

 
Work was planned to complete before university buildings were closed to non-Covid-19 

research:  

The aim of this research was to build a dual-functional theranostic nanoparticle with a pH-

activated-release therapeutic core. RMS specific designed siRNA, which works as the 

therapeutic reagent, was designed to be delivered into tumour cells and the therapeutic effects 

monitored through non-invasive near infrared (NIR) signals. The synthesized dual-functional 

nanosystem could target the release of the siRNA and suppress the growth of the cancer cells, 

and the NIR signal should decrease as the tumour shrinks. This research was designed to set up 

the foundation of an efficient dual functional nanosystem which could be clinically applied in 

the future. Based on the planned work, two types of nanoparticles based on silica and gold should 

be synthesized as the core of the system. The surface of both types of nanoparticles was 

functionalised with thiol bonds in order to carry, and enable targeted-release of siRNA. The 

characterization, link & releasing, and anti-degradation works was planned to be finished after 

the synthesis. Based on the plan, a specific aptamer targeting NELL1 should be chosen as the 

targeting ligand for our nanosystem.  

How the pandemic affected this research: 

Due to the COVID-19 pandemic, lab has been shut down for most of the time in 2020, the project 

progress has been serious disrupted. Even though the lab has been reopened in late 2020, the 

research time has been strictly limited due to social distancing and lab capacity requirement. 

However, thanks to the nine months of extension granted by the University, most of the planned 

work has been successfully completed including evaluating the constructed system within 

multiple cell models. 
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1.1 Cancer 
 

As the second-highest cause of death globally which accounted for near 10 million deaths 

(2020; WHO), cancer is of major concern, especially in the developed countries (Sung et 

al., 2021). Efforts have focussed on overcoming the obstacles to early diagnosis and 

efficient treatment (Chakraborty & Rahman, 2012). Data from Cancer Research UK 

indicated that as a consequence the one-year, five-year and ten-year survival rates have 

significantly improved (Cancer Research UK, 2019). The ten-year survival rate of cancer 

patients in England and Wales, for example, has increased to over 50 % which doubled 

from 24 % from four decades ago (Cancer Research UK, 2019). Although different 

cancers are normally triggered by different factors, there are two most common reasons: 

genetic instability and mutation, and a pro-inflammatory environment (Grivennikov et 

al., 2010). Despite improvements in identifying and treating cancer, the death rate of 

cancer patients remains unacceptably high in the UK compared with other western 

European countries, such as Sweden or Netherlands, especially in some of the more 

aggressive tumour patients such as liver cancer, pancreatic cancer and lung cancer (Nur 

et al., 2015).  

Cancers cells are normally characterised as genetically altered autogenic cells (Stratton 

et al., 2009). They have specific physiologic characteristics compared with normal body 

cells (Chakraborty & Rahman, 2012; Grivennikov et al., 2010; Stratton et al., 2009). 

They are normally found to lose or alter some of their metabolism activity from the 

genetic level, which leads to full or partial suppression of the genetic error repairing 

ability (Stratton et al., 2009). The downregulation of certain gene suppressor genes, such 

as PTEN or p53, can lead to the accumulation of the inherited genetic errors (Armaghany 

et al., 2012). Conversely, a large number of oncogenes which should be muted can be 
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upregulated and cause cancer (Stratton et al., 2009). To date, efforts have been made to 

develop the most efficient way to diagnosis and treat cancer as early as possible, based 

on the physiological and genetic features of cancer cells, without damaging healthy 

tissues (Chakraborty & Rahman, 2012; Pucci et al., 2019). 

Cell growth and proliferation are carefully controlled with limited cycles in all normal 

healthy cells, except stem cells (Moolgavkar, 1993).With the help of a variety of growth 

and signalling factors, the number and function of normal cells is precisely managed and 

balanced (Sears & Nevins, 2002). However, cancer cells have been found to proliferate at 

a high and sustained rate (Laird, 1964). The self-stimulatory proliferation signals and 

deregulation of the anti-proliferative signals results in disrupted homeostasis in cancer cells 

(Witsch et al., 2010). At the same time, the cellular apoptosis mechanisms for cancer cells 

are also altered or lost (Laird, 1964; Okada & Mak, 2004). Thus, cancer cells are generally 

found to grow in an uncontrollable manner both in vivo and in vitro (Laird, 1964). 

As a result of dysfunction and misregulation in mitochondrial signalling pathways, cancer 

cells have a changed and abnormal metabolism (Jones & Thompson, 2009). The Warburg 

effect has been recognized as one of the most distinctive characteristics of cancer's 

metabolic derivation (Potter et al., 2016). Generally, oxidative phosphorylation (OXPHOS) 

in normal cells is considered as the main mechanism of respiration for generating 

adenosine-5'-triphosphate (ATP) which acts as the carrier for energy (Smeitink et al., 2001; 

Warburg, 1956; Warburg et al., 1927). Compared with glycolysis, OXPHOS is more 

efficient and consumes more oxygen (du Plessis et al., 2015; Smeitink et al., 2001). 

Nevertheless, it has been discovered that most cancer cells still choose to produce energy 

primarily by glycolysis rather than OXPHOS even when adequate oxygen is available in 

the cytoplasm (Smeitink et al., 2001; Warburg, 1956; Warburg et al., 1927). This 

phenomenon was concluded as the Warburg effect to represent the metabolic derivation 
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which causes inadequate energy production in cancer cells (Warburg, 1956; Warburg et 

al., 1927). However, there have been studies contesting the established Warburg effects. 

For example, it has been discovered that the Warburg effects may actually be a result of 

cancer cells adapting to the damaged mitochondria (Lopez-Lazaro, 2008). It has also been 

hypothesized that the altered gene regulation including downregulation of suppressor 

genes and upregulation of oncogenes may directly or indirectly induce glycolysis as the 

energy source (Schiliro & Firestein, 2021). Therefore, the mechanism of the Warburg 

effect is not completely understood at the moment. 

In order to develop quickly, most types of cancer cells aggregate and form clusters 

(Deisboeck et al., 2001). This form of solid tumour structure absorbs an excessive amount 

of oxygen and nutrients (Deisboeck et al., 2001). For the transportation, angiogenesis (the 

signalling of development of new blood vessels) is boosted by vascular endothelial growth 

factor (VEGF) produced by cancer cells (Sherwood et al., 1971).  

As a result of angiogenesis, the cancer cells within the solid tumour are able to overcome 

the limits imposed by passive nutrition transport from nearby blood vessels(Fang et al., 

2011). However, the rapidly grown blood vessels surrounding tumours are normally made 

up of poorly aligned defective endothelial cells without sufficient support from the smooth 

muscle layer. This causes large fenestrations and an enhanced permeability of tumour 

blood vessels (Fang et al., 2011). Furthermore, as the lymphatic system is poorly linked to 

the tumour area large molecules or nanoparticles are retained (Nakamura et al., 2016). This 

further enhances the permeability effect. In general, EPR effect has been considered as an 

important and fundamental theory for the delivery of anti-tumour nanocarriers(Matsumura 

& Maeda, 1986).   

In addition to the fundamental complexity of cancer cells, solid tumours are normally 

formed of multiple layers of one or more types of cancer cells, and could build a special 
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and complex tumour microenvironment (TME) which is associated with tumour intra-

heterogeneity (Quail & Joyce, 2013). Moreover, hypoxia has been found in the core of 

solid tumours due to the insufficient supply of nutrients and oxygen, and altered metabolic 

pathways (aerobic glycolysis) (Krock et al., 2011). This process creates an acidic 

microenvironment (pH 6.5) inside the tumour through the accumulation of the acidic 

metabolic products (Quail & Joyce, 2013; Trédan et al., 2007).  

The TME has also been found to link with abnormal proliferation signalling, cell apoptosis 

resistance, upregulated invasion, and metastasis (Quail & Joyce, 2013; Trédan et al., 2007). 

In addition to the cancer cells within the TME, there are also several other types of 

supporting cell types, such as the cancer-associated fibroblasts (CAFs) (Liu et al., 2019), 

TME specific extracellular matrix (ECM), and immune-related cells (T cells, B cells, 

macrophages and NK cells) (Rossi et al., 2020). Therapies that target the TME are urgently 

needed, as a powerful enhancement of other current cellular-level targeting therapies which 

were developed only focusing on the molecular level of cancer cells (Pucci et al., 2019; 

Trédan et al., 2007).  

The TME is directly associated with the resistance against many cancer therapies, 

especially in the delivery of the therapeutic reagents into the inner core of solid tumours 

(Khawar et al., 2015).  

Metastasis has long been thought to be a key indicator of whether a tumour is benign or 

malignant (Cancer Research UK, 2019; Koten et al., 1993), and as the most lethal aspect 

of cancer (Liotta et al., 1991).  

It has been found that the cell-to-cell attachment or adhesion is inhibited in the 

development of various types of aggressive cancers (Guan, 2015). This can directly lead to 

enhanced cellular mobility and invasion, which is also shown directly as tumour metastasis 

(Liotta et al., 1991; Weidner et al., 2010).  
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Cancer cells can migrate away from the solid tumour into surrounding tissues, or even 

distant organs through the circulatory and lymphatic systems (Guan, 2015; Quail & Joyce, 

2013). The main cause is the deregulated cell-to-cell attachment or adhesion which leads 

to the escape of cancer cells into the outer circulatory system (Berx & van Roy, 2009; 

Janiszewska et al., 2020; Su et al., 2017). 

 

1.2 Rhabdomyosarcoma 

 

Soft tissue sarcomas (STS) are one of the most common paediatrics cancers, and account 

for nearly 10 % of all cancer cases in children (Skapek et al., 2019; Ward et al., 2014). 

Furthermore, half of all childhood STS cases are rhabdomyosarcoma (RMS) (Skapek et al., 

2019; Ward et al., 2014). RMS is a type of cancer which is directly linked to the propensity 

for myogenic differentiation (Chen et al., 2019; Skapek et al., 2019). There are two main 

subtypes of RMS; alveolar RMS (aRMS) and embryonic RMS (eRMS). Both of the 

subtypes have different orientation and fundamental differences in cell metabolism 

(Davicioni et al., 2009).  

1.2.1 Molecular fundamentals of RMS 

Both aRMS and eRMS were found to originate from immature skeletal myoblast-like cells 

(Davicioni et al., 2009; Skapek et al., 2019). Cytogenetics has shown that the development 

of RMS is normally associated with chromosomal translocations of chromosomes 1 or 2 

and chromosome 13 (referred as t(1;13) and t(2;13)) (Xia et al., 2002). However, a small 

percentage of aRMS patients do not have any of these translocations (Wang, 2012). 

Clinically, tumours from these patients are physiologically equivalent to those with eRMS 

(Skapek et al., 2019; Wang, 2012).  
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aRMS, eRMS, and pleomorphic RMS are the three histological subtypes of RMS described 

by the WHO, with aRMS and eRMS being the most common in children and teenagers 

(Parham & Barr, 2013; Rudzinski et al., 2015). Spindle cell & sclerosing RMS is now also 

recognised as a new subtype by the WHO (Rudzinski et al., 2015). The shape of RMS cells 

is very varied: spherical, ovoid, 'tadpole-shape', spindle-shaped, or similar to normal 

myoblasts (Parham & Barr, 2013). 

A further method to enhance the classification of RMS subtypes relates to the difference 

between 'fusion-positive' (FPRMS) and 'fusion-negative' (FNRMS) RMS subtypes 

(Davicioni et al., 2009; Parham & Barr, 2013). Most aRMS-associated genome 

translocations could lead to the production of novel fusion proteins such as the encoding 

paired box protein (PAX) 3 or PAX 7 based on Next Generation DNA & RNA sequencing 

(Shern et al., 2014).  

For the diagnosis of RMS, tumour tissue is collected by incisional, excisional or core 

needle biopsy. Biopsy samples are then sent for histo-immunology or pathology 

examinations (Parham & Barr, 2013; Rudzinski et al., 2015). 

1.2.2 Development of RMS treatment methods  

Currently, most of the patients rely on intensive and invasive treatment methods, such as 

chemotherapy, ionizing radiotherapy, surgery, or combinations (Chen et al., 2019; Skapek 

et al., 2019). These aggressive treatments can lead to unavoidable life-long side effects. 

Moreover, metastatic RMS cases which are diagnosed late due to the lack of early 

diagnostic methods have a very low survival rate of less than 30 % with the traditional 

treatment methods (Hoffmeier et al., 2014; Skapek et al., 2019). However, there have been 

collaborative RMS-related clinical trials worldwide, which enabled a dramatic 

improvement in survival rate in the last few decades (Chen et al., 2019). Furthermore, 
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knowledge of RMS at a more precise molecular level for more sensitive diagnosis methods, 

and targeted therapy with lower/no side effects, has advanced treatment methods in recent 

years (Arruebo et al., 2011; Fordham et al., 2021).  

Although there have been significant advances in the treatment of RMS, children with 

RMS metastasis and relapse have an extremely low rate of survival (Heske & Mascarenhas, 

2021; Wang, 2012). Furthermore, patients are subjected to months of various intensive 

treatment methods, such as the surgery combined with long-term chemotherapy and/or 

radiotherapy. These can all lead to immediate life-threatening toxicity and potentially life-

long side effects (Chen et al., 2019). 

1.2.3 Epidemiology of RMS 

1.2.3.1 Age and sex  

RMS can be caused by numerous factors; which are different for various subtypes and 

individuals. Based on the current data, it has been found that eRMS is more frequent than 

aRMS within the young population (Wang, 2012).  

One main factor which affects the incidence rate of RMS is the patient’s age. RMS is the 

most prevalent soft tissue sarcoma in children, despite being a rare disease (Egas-Bejar & 

Huh, 2014; Skapek et al., 2019). Within the population younger than 20, the total RMS 

incidence rate is around 5 per million people (Egas-Bejar & Huh, 2014; Skapek et al., 2019). 

This rate is even higher for the population younger than 15 which is around 6.5 per million 

people, according to a study in Sweden in 2016 (Lychou et al., 2016; Skapek et al., 2019). 

While aRMS has a constant incidence rate throughout the childhood and adolescence 

period, eRMS is found to have much higher frequency in the early stages of adolescence 

rather than childhood (Egas-Bejar & Huh, 2014; Ognjanovic et al., 2009).  

Different kinds of the PAX-FOXO-positive abnormal fusions may also affect the average 
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age of RMS. For example, the average age of the PAX3-FOXO1-positive cases were found 

to be greater than the PAX7-FOXO1-positive cases (Shern et al., 2014).  

In addition, gender has also been found to be associated with the RMS incidence rate. It 

has been found that males are more likely than females to have eRMS with a near 50 % 

higher incidence rate (Ognjanovic et al., 2009; Skapek et al., 2019).  

While RMS incidence rate has been widely considered as not to be linked with patient 

ethnicity, surprisingly, the prevalence of RMS seems to be lower in Asia, with just a few 

instances per million seen in Japanese, Indian, and Chinese populations which may indicate 

there may be still some linkage between ethnicity and incidence rate (Egas-Bejar & Huh, 

2014; Ognjanovic et al., 2009; Skapek et al., 2019). 

Based on historical data, it has been indicated that the incidence rate of less aggressive 

eRMS has remained stable in the past few decades since 1970s (Ognjanovic et al., 2009). 

Nevertheless, a constantly increasing of incidence rate of more aggressive aRMS with a 

significantly increase of 4.2 % within the same period has raised concern (Ognjanovic et 

al., 2009; Ward et al., 2014). Some research suggested that it may due to diagnosis methods 

with higher sensitivity, or changes in the diagnostic criteria of aRMS (Parham & Barr, 

2013; Skapek et al., 2019; Wang, 2012).  

1.2.3.2 Factors of RMS development 

In contrast to other types of sarcomas (e.g. Ewing sarcoma, osteosarcoma) which also have 

high incidence rates in adolescence, no detailed genomic analysis has been performed for 

RMS (Skapek et al., 2019). Finding the right mutation point in the genome from the whole-

genome or exome sequence is crucial for finding the right cure for RMS. Currently, the 

exact genetic mutation causing the disease has not been identified. Still, there is a large 

amount of evidence showing that both genetic mutations and environmental factors play 
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an important role in RMS development (Davicioni et al., 2009; Egas-Bejar & Huh, 2014; 

Fordham et al., 2021; Wang, 2012; Xia et al., 2002). 

In addition, it has been suggested that the development of RMS may have a strong 

correlation with other genetic diseases. For example, it has been found that the eRMS is 

more likely to develop within the population which has the neurofibromatosis type I (linked 

with deletion of NF1 gene) (Ars et al., 2003; Crucis et al., 2015), Li–Fraumeni syndrome 

(linked with germline TP53 mutations) (Magnusson et al., 2012) or Costello syndrome 

(linked with HRAS gene mutation) (Kerr et al., 2006; Skapek et al., 2019). 

Moreover, like other cancers, environmental factors have also been found to correlate with 

the development of RMS, such as water and air pollution, and ionising radiation (Cancer 

Research UK, 2019; Sung et al., 2021). Detailed research has shown that children and 

teenagers who are exposed to much higher volumes of environmental hazard factors, have 

a much higher RMS incidence rate (Egas-Bejar & Huh, 2014). 

1.2.4 Diagnosis & prevention of RMS 

As RMS has become a worldwide concern, correct diagnosis and prevention are extremely 

important.  

1.2.4.1 Clinical diagnosis 

Unlike most cancers which mainly focus on one or few organs, RMS may affect almost 

any region of the body (Skapek et al., 2019). However, there are still some preferences for 

the subtypes of RMS. For example, it has been discovered that aRMS normally locates in 

the extremities of patients, with very few cases in the head and neck (Parham & Barr, 2013; 

Wang, 2012). eRMS normally showed in an opposite way with most cases locating in the 

head and neck (Parham & Barr, 2013; Wang, 2012). 

It was even more serious that more than one-fifth of children may show distant metastasis 
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during the first diagnosis based on the clinical test results (Koscielniak et al., 1992). As 

discussed above, metastases mainly develop through the haematogenous or lymphatic 

pathways, and expand to the bone and bone marrow, and lungs (Egas-Bejar & Huh, 2014; 

Koscielniak et al., 1992). 

The research on the early signs and symptoms of RMS has been quite limited, especially 

in the young population. RMS commonly starts as a painless solid mass located in the head 

and neck, or arms and legs. Some early signs may also be found in the tissue of surrounding 

organs or nearby neurovasculature (Egas-Bejar & Huh, 2014; Rudzinski et al., 2015; 

Skapek et al., 2019; Wang, 2012). 

Although it can be difficult to identify RMS due to the vagueness of early signs and 

symptoms, recent advances allow  more sensitive methods to diagnose the RMS accurately 

through a tiny amount of RMS specific biomarkers within the peripheral blood sample 

(Chen et al., 2019). However, this method is not sufficient for the correct diagnosis of the 

subtype of the RMS and the proteins could also be produced by other tumours, such as the 

malignant triton tumour and Wilms tumour (Chen et al., 2019; Egas-Bejar & Huh, 2014). 

Further validation of cellular characteristics is also needed for accurate diagnosis. 

More sensitive techniques have also been applied for better and earlier detection of RMS. 

For example, the reverse transcription polymerase chain reaction (RT-PCR) was used for 

tracing RMS with very limited amounts of sample (peripheral blood or bone marrow). The 

RMS could be detected through measurement of RMS related gene expressions, such as 

the Myogenic Differentiation 1 (MyoD1) and acetylcholine receptor (AChR) (Gallego et 

al., 2006; Thomson et al., 1999).  

1.2.4.2 Prevention 

Similar to other childhood cancers which are hard to be diagnosed early with no clear 
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hazard factors, preventative measures are not clear for most the RMS patients (Wang, 

2012). However, it is advisable for certain high-risk groups to perform regular blood tests 

with RT-PCR to trace the possible RMS which could help early diagnosis, and prevent 

potential life-threatening metastases (Chen et al., 2019; Gallego et al., 2006; Thomson et 

al., 1999) 

1.2.5 Treatment of RMS 

Over the last several decades, the 5-year overall survival rate of RMS in the young 

population has significantly increased to over 70 % (Egas-Bejar & Huh, 2014; Ward et al., 

2014). 

Numerous factors contribute to this improved survival, including the use of multimodal 

therapies, which typically include surgical removal of the primary solid tumour, ionising 

radiation to the primary tumour site, and intensive chemotherapy (Chen et al., 2019). 

1.2.5.1 Surgical removal 

Surgery works most effectively if the tumour site can be clearly identified and localized. It 

is also worth noting that surgery is only successful before the metastases of the tumour  

(Sullivan et al., 2015).  

Surgical treatments and procedures have improved for tumour removal. With new 

techniques (like gamma knife), the tumour site could be removed with less harm to the 

patients, even in some metastasis instances (Flannery et al., 2010). However, surgery has 

its own disadvantages. Not all tumours could be fully removed, especially in inoperable 

sites which may lead to permanent harm to the patient (Chen et al., 2019). Moreover, a 

high relapse rate has been recorded for patients in which tumour tissue is not fully removed, 

or where there are hidden metastases (Chen et al., 2019; Heske & Mascarenhas, 2021).  

Due to the limitation of the surgical methods, although it is still the most widely applied 
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for RMS treatment, combination use of chemotherapy and/or radiotherapy has become 

usual for current clinical treatment (Chen et al., 2019; Egas-Bejar & Huh, 2014).  

1.2.5.2 Chemotherapy 

Chemotherapy has been used for many decades, and involves the application of specific 

chemical compounds to eliminate tumour growth (Chabner & Roberts, 2005). The three 

main types of chemotherapeutics are hormonal compounds, cytotoxic compounds, and 

molecularly targeted compounds (Chabner & Roberts, 2005; Chen et al., 2019). To date, 

the most widely applied type for cancer treatments are cytotoxic compounds (Chabner & 

Roberts, 2005). The fundamental ethos of cytotoxic chemotherapy is to injure and kill 

rapidly dividing and growing cells by interfering with DNA synthesis or preventing mitosis 

(Chabner & Roberts, 2005). Currently, the chemotherapy drugs which are most widely 

used clinically are Doxorubicin, Paclitaxel and Camptothecin which could affect the 

mitosis and/or the DNA ligation enzyme activity inside cells. This further leads to 

permanent DNA damage and cellular apoptosis (Chabner & Roberts, 2005; Hsiang et al., 

1985). 

These drugs may be successful in specifically killing cancer cells because most cancer cells 

proliferate at a much faster rate than healthy cells. However, some healthy cells such as the 

blood stem cells in bone marrow also proliferate quickly and can be significantly affected. 

As a result, severe side effects such as decreased blood cell production, hair loss, and 

infertility are common in patients using chemotherapy (Chabner & Roberts, 2005). 

1.2.5.3 Radiotherapy 

As another frequently used treatment methods, radiotherapy is normally applied together 

with surgery to remove the tumour tissue (Symonds, 2001). It works by applying ionising 

radiation to the tissue to cause the DNA damage and cell death in the exposed area 
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(Symonds, 2001). Similar to the fundamentals of the chemotherapy, cancer cells normally 

grow at a much faster speed than healthy cells, and consequently, are more greatly affected 

(Chakraborty & Rahman, 2012; Stratton et al., 2009). Furthermore, DNA damage repair is  

normally restricted in the cancer cells. Therefore, once the cells are damaged by ionising 

radiation, the DNA could not be repaired effectively, leading to decreased proliferation and 

apoptosis (Llen et al., 2009; Symonds, 2001). Besides, as the normal cells have a functional 

DNA damage repair system, they will recover from the radiation or be removed by the 

immune system. This method can be used to treat a wide range of cancers, including 

haematological cancers (blood cancers that do not form solid tumours), and it can also be 

used to prevent recurrence following surgery (Symonds, 2001). 

The limitations of radiation, however, continue to hamper its use in cancer treatment. 

Radiotherapy has the potential to inflict irreversible damage to healthy tissues in the 

surrounding areas, leading to long-term complications such as tissue fibrosis, hair loss, and 

infertility (Gordon & McMillan, 1997; Symonds, 2001). 

 

1.3 Gene Therapy & Nanovectors 

 

Gene therapy is used as a means to bring exogenous nucleic acids into cells. Commonly 

applied gene therapy molecules include gene segments, siRNAs, miRNAs, and 

oligonucleotides. The main goals of gene therapy are editing target genes, regulating 

expression, or expressing an exogenous protein (Kamimura et al., 2019; Li et al., 2019; 

Roma-Rodrigues et al., 2020; Senapati et al., 2019; Shao et al., 2019).  

Tumour gene therapy has been achieved using both ex vivo and/or in vivo gene transfer of 

the therapeutic nucleic acids (TNAs) (Amer, 2014). Ex vivo approaches gather patient-

derived tumour cells, grow them as 2D monolayers, modify them genetically, and then 
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reintroduce them into the host (Amer, 2014). For in vivo delivery of TNAs into the tumour 

cells, the TNAs could be transported through nasal, oral, transdermal or intravenous routes 

(Amer, 2014; van Haasteren et al., 2018; Zylberberg et al., 2017).  

1.3.1 Cancer gene therapy at molecular biology level 

Previous work has shown that TNAs, such as genes, oligonucleotides, miRNAs, or siRNAs, 

can be delivered to tumours and eliminate cancer cells by suppressing oncogenes or 

restoring tumour suppressor gene expression (Kamimura et al., 2019; Li et al., 2019; Roma-

Rodrigues et al., 2020; Senapati et al., 2019; Shao et al., 2019). The fundamental aim of 

these methods, such as RNA interference (RNAi), gene editing therapy and antisense 

therapy, is to change or modulate gene expression (Fernandes & Baptista, 2017; Roma-

Rodrigues et al., 2014; Roma-Rodrigues et al., 2020). In addition to targeting the tumour 

cells, similar methods can be used to target the TME via angiogenesis (Chen, Mangala, et 

al., 2019; de Palma et al., 2017; Sherwood et al., 1971). 

1.3.2 Different types of gene therapy 

1.3.2.1 siRNA mediated gene silencing 

Gene silencing is a mechanism in which nucleic acids are introduced into tumour cells, 

causing specific genes to be downregulated (Jain et al., 2018; Roma-Rodrigues et al., 2020; 

Xin et al., 2017). The siRNA is normally delivered as a longer version of double-stranded 

RNA with the 3’-end nucleotides overhang before cleavage and processing with the 

intracellular RNase III-like enzyme into small siRNA. The functional complex which is 

known as the RISC (RNA-induced silencing complex) can bind the processed siRNAs and 

keep the more stable strand within the complex for the guiding of the target messenger 

RNA (mRNA). The targeted mRNA is then cleaved by the specific catalytic RISC (Dana 

et al., 2017; Jain et al., 2018; Roma-Rodrigues et al., 2020; Xin et al., 2017). Introducing 
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siRNA into tumour cells to target a specific complementary sequence on a gene's mRNA, 

either causing its death or limiting protein creation, is a common method of gene silencing 

therapy. The target for the siRNA gene silencing could be commonly applied to oncogenes 

such as KRAS (Kirsten rat sarcoma viral oncogene), or the drug resistance gene MDR1 

(Multidrug resistance-1) (Mehta et al., 2019; Shao et al., 2019; Strand et al., 2019; Zhang 

et al., 2019). Upregulated-gene related to the proliferation of cells could also be specifically 

selected as the target, for example the EWS-FLI1 gene for the Ewing sarcoma (Hu-

Lieskovan et al., 2005). Target selectivity, avoiding of off-target effect, short circulation 

time, cellular internalisation, and endosomal escape are all issues that siRNA-based 

approaches have to deal with before they can be approved for wide use in the clinic (Setten 

et al., 2019). There are numerous studies focusing on how to get around these limits, such 

as computational simulation for better siRNA design, nanoparticle encapsulation, and 

chemical modification (Devi, 2006; Shao et al., 2019; Singh et al., 2018).  

1.3.2.2 Gene Replacement  

Gene replacement could be used for the preservation of the gene's stability and full 

expression, or the restoration of mutated genes to their wild-type form (Yamamoto & Gerbi, 

2018). As gene suppressor genes, such as the P21, TP53, and PTEN, have been found to 

be fully (or near fully) silenced in most cancer cell types (el Sharkawi et al., 2017; Ibnat et 

al., 2019; Moore et al., 2018). The P53 protein which expression level was controlled by 

the TP53 gene, for example, has been found to play a critical role in cell cycle control, 

apoptosis, and/or autophagy. There have been many studies applying TP53 gene as a 

potential target for gene replacement cancer therapy (Valente et al., 2018).  

Gene replacement therapy is normally achieved by delivering the exogenous DNA into the 

cell nucleus. To facilitate this process, strategies such as nuclear-targeted delivery have 

been proposed (Durymanov & Reineke, 2018). However, gene replacement therapy is 
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more complex than just delivering the DNA into nucleus; other processes include 

activation of certain upstream pathways. Thus, to date suppressor gene replacement 

application to cancer therapeutics is limited (Roma-Rodrigues et al., 2020).  

1.3.2.3 MicroRNA-Specific Therapeutics 

As a kind of non-coding RNA which has been found to significantly affect expression  of 

specific genes in the cytoplasm, certain microRNAs (miRNAs) which support the tumour 

formation are overexpressed in cancer. Other miRNAs are downregulated, bypassing 

inhibitory control of oncogenes or regulation of cell differentiation and death (Tan et al., 

2018). miRNA targeted treatment works by regulating the miRNA levels inside cells. 

While miRNA uses the same mechanism as RNAi, the former is a complementary (or semi-

complementary) sequence to the 3′ untranslated region (3′-UTR) of a single messenger 

RNA (mRNA) target to interfere with a particular cellular function (Senapati et al., 2019).  

The miRNA levels that change within abnormal cancer cells may be restored to normal 

physiological levels utilising miRNA-duplexes to replace under-expressed miRNAs 

complementary to the sequence of the miRNA of interest (Tan et al., 2018). Numerous 

studies proposed miRNA repositioning for cancer therapy, for example, to upregulate the 

miR181a/miR212 miRNAs combination to tackle the anti-myogenic features of FNRMS. 

This significantly decreased the proliferation rate of the targeted cells (Pozzo et al., 2021). 

However, there are still many issues around the application of miRNAs such as circulatory 

degradation, off-target effects, cellular-toxicity, and inadequate transportation (Roma-

Rodrigues et al., 2020; Xue et al., 2017). 

1.3.2.4 Genome Editing 

As one of the hot topics nowadays, genome editing treatment has great potential to become 

the next generation method for gene therapy. Genome editing treatment, including specific 
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insertion, deletion, replacement, or integration within the genome, is performed with 

genome editing tools such as the Zinc finger nucleases (ZFN), CRISPR/Cas9 system, 

transcription activator-like effector nucleases (TALEN) (Maeder & Gersbach, 2016). 

Selection of the potential site for DNA cleavage and avoiding any possible collateral 

damage to the expression of other gene expression is crucial for whole genome editing 

treatment. In general, the most efficient tool for current genome editing treatment is the 

CRISPR/Cas9 system which has been proven to be stable in editing the selected mutation 

associated with the tumour proliferation and metastases (Moon et al., 2019; Xing & Meng, 

2020; Yeh et al., 2019; Yin et al., 2019).  

CRISPR/Cas9 system applies Streptoccocus pyogenes (SpCas9) to recognize the specific 

sequence for guiding. The whole system is guided by the Cas 9 single guide RNA (sgRNA) 

which is customized based on the targeted region within the genome (Tong et al., 2019). 

However, although CRISPR/Cas9 system has been considered as system with high 

specificity, the amount of CRISPR/Cas9 within the normal tissues other than the tumour 

area still needs to be minimized to avoid off-target effects (Roma-Rodrigues et al., 2020).  

1.3.2.5 Suicide Genes  

As a conversional way of gene therapy, the suicide gene therapy includes two main routes 

for treatment: the first way is direct suicide gene delivery & therapy, which mainly focuses 

on delivering a gene encoding one or multiple cytotoxic proteins and expressing it/them 

inside the cancer cells. The second way is to deliver an enzyme-coding gene which could 

convert a non-toxic prodrug into cytotoxic compounds (Abenhamar Navarro et al., 2016; 

Roma-Rodrigues et al., 2020). The main goal of both routes is eliminating the cancer cells 

through the generation of cytotoxic molecules that induced cell death.  

There are currently multiple clinical trials focusing on different tumours, such as liver and 
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colon tumours (Abenhamar Navarro et al., 2016). The possibility of applying suicide gene 

therapy for RMS treatment has been investigated: herpes simplex thymidine kinase (HSV-

TK) gene was induced for gene therapy of RH30 cells. The induced HSV-TK could 

efficiently convert the non-toxic prodrug ganciclovir (GCV) into cytotoxic molecules 

which lead to cell apoptosis through interruption of DNA synthesis and the induction of 

mitochondrial damage (Konieczny et al., 2017).  

One difficulty in suicide gene therapy is that the selected and delivered suicide gene needs 

a high expression within tumours, which is essential to be under the control of tumour-

specific promoters (Duzgunes, 2019; Konieczny et al., 2017). 

1.3.2.6 Angiogenesis Targeted Gene Therapy 

TME targeted gene therapy has become of increasing interest in recent years (de Palma et 

al., 2017; Sherwood et al., 1971). It is well known that hypoxia generated by uncontrolled 

tumour cell proliferation induces the release of angiogenesis signals to ensure sufficient 

delivery of nutrition and oxygen into the tumour (Krock et al., 2011; Lugano et al., 2020). 

Common angiogenesis signals include the vascular endothelial growth factor (VEGF), and 

angiopoietins (Lugano et al., 2020). To combat tumour angiogenesis, gene therapy is 

mainly applied for re-adjusting essential gene regulation related to angiogenesis (Sherwood 

et al., 1971). For example, pro-angiogenic genes like VEGF could be down regulated and 

anti-angiogenic factors like endostatin could be upregulated through proper induction of 

therapeutic genes (Sun et al., 2019). The potential for angiogenesis targeting in cancer 

therapy is now restricted by our current limited knowledge around the TME abnormal gene 

expressions. Moreover, sole regulation of certain angiogenic genes may result in the 

activation of alternative pathways which may offset the therapeutic effects (Lugano et al., 

2020; Roma-Rodrigues et al., 2020). 
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1.3.3 Nanovectors for gene therapy 

There are several obstacles for the administration of naked TNAs which has limited the 

widely application of gene therapy  (Chen et al., 2016).  

Although TNAs has been considered as having great potential in oncology treatment, there 

are still many barriers blocking the clinical application of TNAs in vivo, such as nucleases 

degradation, non-specific binding with serum proteins and kidney filtration (H. J. Kim et 

al., 2016; Tatiparti et al., 2017). TNAs have been used clinically, but mostly only in some 

specific areas such as eyes or skin which are on the surface. In addition, the anionic charge 

of both the phosphate backbone and cell membranes increases the difficulty of passive 

diffusion of TNAs into cells (J. Wang et al., 2010) (Figure 1.1). Furthermore, bare TNAs 

(such as mRNA or siRNA) has no targeting ability which may lead to severe side effects 

in normal cells. Nanoparticles made of a variety of materials have been assessed for the 

protection of TNAs (Du et al., 2014; H. J. Kim et al., 2016; J. Wang et al., 2010). Moreover, 

one of the major advantages of the gene-editing nanoparticles carrying the TNAs is that it 

significantly decreases the possibilities of being cleared by the immune system and the 

percentage of off-target effects compared with the traditional retrovirus system or bare 

TNAs (H. J. Kim et al., 2016). 

 
 Figure 1.1 Obstacles of siRNA delivery in vivo, image was modified from literature (H. J. Kim et al., 
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2016) 

 

Thus, it is necessary to use stable vectors that protect the TNA cargos and efficiently 

deliver them into tumour cells (van Haasteren et al., 2018). In addition to overcoming the 

transfection or delivery obstacles for both in vitro therapeutic cells preparation and in vivo 

gene therapy, suitable delivery carriers could also improve efficiency (Jain et al., 2018; 

McNeish et al., 2004; Singh et al., 2018; van Haasteren et al., 2018). The successful cancer 

gene therapy vectors should be safe, effective, and controllable based on the actual patients’ 

conditions (Sun et al., 2019).  

The first TNA delivery vectors were based on a viral platform, such as adenovirus or 

lentivirus (Lundstrom, 2018). Viral vectors have many advantages in delivering TNA 

based on their fundamental characteristics of penetration into cells and expression of 

carried nucleic acids. There are many studies and clinical trials proving the efficiency of 

viral vectors in gene therapy (Lundstrom, 2018; N. Yang, 2015).  

Nevertheless, there is no perfect system when considering the advantages and limitations 

of the whole carrier. Viral vectors have been found to have many shortcomings especially 

regarding safety issues (Lundstrom, 2018). For example, clinical trials have shown that 

viral vectors were associated with potential immunogenicity, blood clotting risk, and 

cancer risk. Furthermore, the packaging capacity of viral vectors, especially for large TNA, 

has been restricted by viral vector size and technical engineering limitations compared to 

totally synthetic nanoparticles (Grieger & Samulski, 2005; Kaiser, 2020; Singh et al., 2018). 

Thus, to overcome all the shortcomings of viral vectors,  researchers have focused more 

on the development of fully-synthesized nanoparticles which can be customized for TNA 

delivery.  

To improve upon viral vectors, nanosystems are often required to be effective and 
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biocompatible for delivery. Similar to other vectors, typical TNAs delivered by 

nanoparticles are DNA, siRNA, miRNA, or more complex system like CRISPR/Cas9 (Patil 

et al., 2019; Roma-Rodrigues et al., 2020; N. Yang, 2015). 

Nanoparticles are considered to be particles which are of 1-100 nm in size (ISO - ISO/TS 

80004-2:2015 - Nanotechnologies — Vocabulary — Part 2: Nano-Objects, n.d.). 

Nanoparticles can be made with inorganic (e.g. silica (Ma et al., 2010), iron oxide (Stanley 

et al., 2012), carbon (Ray et al., 2009)) or organic materials (e.g. liposomes (L. Feng et al., 

2017)). As the nano-scale could provide significantly higher surface area, nanoparticles are 

applied in many different areas like catalysts and innovative therapeutics. In clinical areas, 

nanoparticles have been widely applied for delivering different classes of therapeutic 

reagents and diagnostic probes (Shi et al., 2017). In the delivery process, nanoparticles can 

passively accumulate in the tumour area due to enhanced permeability and retention (EPR) 

effects. This is the result of a wider fenestration of blood vessel of blood vessel endothelial 

cells in tumour than normal tissues (Manchun et al., 2012). In addition to passive 

accumulation in the tumour, active targeting of nanoparticles can be achieved through 

grafting targeting molecules onto the surface, such as antibodies (Liu et al., 1998), peptides 

(Hu et al., 2012), or aptamers (Sivakumar et al., 2018). Through surface functionalization, 

the nanoparticles could significantly improve the transfection efficiency of delivered 

plasmids and siRNA compared to traditional viral vectors. The functionalization could also 

provide nanoparticles with better biocompatibility to avoid in vivo clearance during 

delivery (Patil et al., 2019). 

In addition, compared with viral vectors, many functionalized nanoparticles have a better 

penetration of tumours and cells, and have shorter endosomal escape time to protect the 

carried TNAs (Chen et al., 2016; van Haasteren et al., 2018). 

The TME introduces significant obstacles for delivery into the core of solid tumours; 
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including little or no vascularization, thick layers of ECM, and low interstitial fluid 

pressure (Deng et al., 2018; Y.-L. Su & Hu, 2018). To overcome these obstacles, the 

synthesized nanoparticles should be specifically designed and tested accordingly. For 

example, through conjugating the ECM specific linker onto polymetric micelles which 

could sensitively cleave the matrix metalloproteinases (MMPs), the delivery efficiency of 

paclitaxel into tumour tissues was significantly increased by 2.5 times compared to the 

control group  (Roma-Rodrigues et al., 2020; Su & Hu, 2018; Zhu et al., 2013). 

The design of smart nanoparticles requires regulating the release of carried TNAs under 

the right conditions and environment. Release can be controlled extrinsically or regulated 

by variations between malignant and normal cells (White et al., 2019). Intrinsic activation 

methods include pH, enzymatic and concentration-dependent changes as a result of altered 

cancer cell metabolism. Extrinsic activation conditions are also commonly applied, such 

as ultrasonic, magnetic, light, and X-ray activation (White et al., 2019). 

1.3.3.1 Inorganic Based Materials – Silica Nanoparticles 

Following the introduction of mesoporous silica materials in the last century (Kresge et al., 

1992; Yanagisawa et al., 2006), several different applications in various fields have been 

reported, including catalytic chemistry, adsorption of chemical and biomolecules, sensors 

of molecule concentration or pH changes, and biomedical materials for controlled drug 

delivery. Current, all routes for synthesising the mesoporous material are based on a 

bottom-up strategy: Mesoporous silica nanoparticles (MSNPs) are synthesised using a sol-

gel system and subsequent template removal. The characteristics including the diameter 

and shape of the nanoparticles, the mesopores, and all other physical characteristics can be 

adjusted by changing the synthesis condition and templates (Nandiyanto et al., 2009; 

Suteewong et al., 2010). 

There are multiple synthesis protocols for different type of silica nanoparticles which have 
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been proven to be reliable and repeatable. However, some limitation still exists for the 

synthesis, for example, the selection of sol-gel templates for porous structure formation 

which are normally surfactants are quite limited (Putz et al., 2015). Moreover, insufficient 

removal of surfactants normally leads to strong cytotoxicity and immunogenicity (Huang 

et al., 2014).  

For the last two decades, MSNPs have widely applied in biomedical research due to their 

excellent biocompatibility, stability, ease of functionalization, and high loading capacity 

(Vallet-Regi et al., 2000). The loading capacity of MSNPs could be maximized through 

engineering the formation of mesopores during synthesis, for example, Hexagonal-

symmetry MSNPs (HMSNPs) with a diameter of 105.66 ± 23.11 nm has been found to 

have a large surface area of 1110.89 ± 1.73 m²/g (Huang et al., 2014). In addition, several 

studies have indicated that the MSNPs could be safe within the circulation in vivo, and 

enter the cells via endocytosis with no immunogenicity, if appropriately functionalized 

with, for example, polyethylene glycol (PEG) (Tang et al., 2012). 

Loading of TNAs onto MSNPs can be accomplished by several different methods: (1) the 

cargo could be adsorbed onto the surface and the mesopores which could be pre-

functionalized into positive charged surface for obtaining the maximum loading amount of 

negatively charged TNAs, (2) The TNAs could be functionalized accordingly and linked 

to the MSNPs surface and mesoporous through chemical conjugation (Tang et al., 2012). 

The conjugation method is currently most widely used for its maximized loading capacity, 

stability and activated releasing.                                                  

Recent work has shown that MSNPs could facilitate gene transfections in selected cell lines 

in vitro. MSNPs were shown to efficiently deliver carried DNA into human embryonic 

kidney 293T and monkey kidney fibroblast-like COS7 cell models with low cytotoxicity 

(Bhakta et al., 2011). A further study showed that MSNPs may invoke toxicity and 
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proinflammatory side effects through macrophage activation in vivo when tested in the 

animal models (Murugadoss et al., 2017).  

In summary, more research needs to be performed before the full clinical application of 

MSNPs as a drug carrier. 

1.3.3.2 Inorganic Based Materials – Gold Nanoparticles 

Gold is one of the noble metals with unique functionalities, and has been widely applied 

for biomedical applications. Gold nanoparticles (AuNPs) have excellent biocompability, 

and anti-infectious and anti-inflammatory properties (Yeo et al., 2018). Most synthesis 

routes for AuNPs start with the reduction of chloroauric acid (HAuCl4). Different HAuCl4 

concentrations, reaction conditions or surfactants significantly change the physical 

properties, such as the shape and size (Ding et al., 2014; Peng & Liang, 2019). Moreover, 

additional functionalization can be performed on the outer surface of the AuNPs which 

permits further conjugation and labelling, better internalization, and optimized optical 

characteristics (Ding et al., 2014; Peng & Liang, 2019). 

Multiple studies have been conducted with AuNPs as the carrier for TNAs,  especially in 

the field of gene therapy. AuNPs have been demonstrated to efficiently deliver genes and 

antimicrobial peptides into stem cells (Peng et al., 2016). Moreover, rather than just  

delivery of TNAs (siRNA, miRNA, shRNA) into the cells, AuNPs could prevent the 

degradation of cargo from by intracellular nuclease by steric protection (Peng & Liang, 

2019). Previous research has successfully employed AuNPs to deliver β-catenin targeting 

RNA aptamers into the nucleus region of cancer cells. Compared with free RNA aptamers 

which were easily degraded by the RNase within the cytoplasm, the effective protection 

by the AuNPs greatly decreased the intracellular activity of β-catenin which then led to 

apoptosis of the targeted lung cancer cells (Ryou et al., 2011).  
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Notably, the surface of AuNPs can bind strongly to thiol and amine groups. Therefore, 

AuNPs can be easily functionalized with other molecules, such as proteins that contain 

cysteine or lysine residues, or lipid or polymers with the amine group (Artiga et al., 2019). 

This has been exploited to product a layer-by-layer siRNA delivery nanosystem. The 

efficiency of delivery and gene silencing was significantly improved compared to bare 

AuNPs vector (Elbakry et al., 2009).  

In addition to spherical AuNPs, other shapes can also be obtained through controlling the 

synthesis procedures, such as rods (Villar-Alvarez et al., 2018) or triangles (Scarabelli et 

al., 2014). Different shapes of AuNPs have been used in the biomedical field for different 

purposes based on their unique shape-associated stability, cellular uptake rate, 

biocompability, surface area, and optical features (Chithrani et al., 2006; Dewi et al., 2014; 

Guo et al., 2018; Xie et al., 2017). For example, gold nanorods have been synthesized to 

deliver siRNA into brain cells for adjusting regulation of the dopamine signalling pathway 

(Lee et al., 2013; Roma-Rodrigues et al., 2020).   

1.3.3.3 Inorganic Based Materials – Iron Oxide Nanoparticles 

Over the past several decades, the clinical applications of iron oxide nanoparticles have 

grown dramatically due to the low cost of synthesis, stability, large surface area, and unique 

magnetic properties (McBain et al., 2008; Peng et al., 2008). Large scale manufacturing 

processes have been applied for synthesizing iron oxide nanoparticles at a much lower cost, 

using techniques such as vapour condensation and reverse micelle synthesis (McBain et al., 

2008).  

The unique magnetic functionality enables the control of nanoparticles using an external 

magnetic field. Previous research has already indicated that bare iron oxide nanoparticles 

successfully delivered the coated DNA and transfected selected cells (Magro et al., 2017).  

Furthermore, with the help of a magnetic field, the transfection efficiency could be further 
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improved (Magro et al., 2017). The impact of magnetism could also enhance cellular 

apoptosis through inducing targeted gene regulation with high-efficiency TNAs (Magro et 

al., 2017).  

Iron oxide nanoparticles can also undergo magnetic hyperthermia which can heat the 

surrounding tissues significantly above the normal temperature to induce cytotoxic 

hyperthermia and cell apoptosis (Altanerova et al., 2017). Suicide genes have been 

successfully loaded with iron oxide nanoparticles for effective transfection of proliferation 

inhibition genes and prodrug treatment in tumour cells. At the same time, the nanosystem 

could induce hypothermia with external magnetic fields thus enhancing cancer cells death 

(Altanerova et al., 2017). 

1.3.3.4 Inorganic Based Materials – Carbon Nanoparticles 

There are currently two main types of carbon-based nanomaterials applied in biomedicine, 

spherical graphene nanoparticles and carbon nanotubes.  

In addition to the outstanding electrical and thermal functionalities of carbon materials, 

carbon has great flexibility for materials synthesis. For example, as a two-dimensional 

crystal within the carbon family, graphene can be made into nanoparticles with a hexagonal 

monolayer structure (Francis & Devasena, 2018).  

Spherical graphene nanoparticles can bind to TNAs through adsorption or chemical 

conjugation with the help of a coated polymer (like mPEG). Polymer coatings may also 

enhance the biocompability of the graphene nanoparticles. siRNA has been shown to be 

conjugated onto PEI coated graphene nanoparticles, and the targeted protein expression 

level was significantly reduced in MDA-MB-231 breast cancer cells  (Huang et al., 2016). 

Although spherical graphene nanoparticles have shown promising inhibition of tumour 

growth, several issues also limit their widespread biomedical application, such as poor 
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stability and high toxicity at both cellular and organ levels, potentially causing severe 

inflammatory (Ou et al., 2016).  

In addition to spherical graphene nanoparticles, carbon nanotubes have also been widely 

used in multiple fields including clinical applications. The hollow tube structure defined 

by carbon monolayers can both increase the surface area to 900–1000 m2/g, and protect the 

cargo within the structure (Bacsa et al., 2000; Xu et al., 2006). In contrast to other types of 

nanomaterials, carbon nanotubes are commonly synthesized with the help of laser and 

ultrasound. Carbon nanotubes at a length within 0.5–2 μm and diameter of 20–30 nm were 

seen to actively accumulate in cells through the membrane (Al-Jamal et al., 2011; Xu et al., 

2006). The positive surface potential of the carbon nanotubes further improved the cellular 

uptake rate, which significantly enhanced the suppression level of caspase-3 protein 

expression inside rat brain cells through delivered siRNAs within nanotubes (Al-Jamal et 

al., 2011).  

However, the applications of carbon nanotubes are limited due to their significant 

cytotoxicity. In recent years, many studies have managed to decrease the cytotoxicity by 

external functionalization and the coating of outer layers (Fahrenholtz et al., 2016). 

1.3.3.5 Organic Based Materials – Polymeric Nanoparticles 

Polymeric nanoparticles are one of the most widely applied materials in nanomedicines 

(Dizaj et al., 2014; Roma-Rodrigues et al., 2020). In addition to chemically synthesized 

polymers, there are also many natural polymer materials, including starch, gelatine, and 

cellulose, which have attracted attention due to their similar (or improved) release profiles 

and biocompability (El-Say & El-Sawy, 2017; Fialho et al., 2021; Mohan et al., 2016). Due 

to the cationic functionality of most polymers, TNAs cargo could be stably and easily 

linked to the nanoparticles for delivery. Due to their superb biodegradability, 

biocompatibility, and immunogenicity, polymeric nanoparticles have been applied in the 
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delivery of therapeutics for cancer therapy and tested in clinical trials since decades ago 

(Nitta & Numata, 2013). There are many examples of applying polymeric nanoparticles to 

carry TNAs. For example, polymeric nanoparticles based on poly(2-aminoethyl 

methacrylate) (PAMA) was used to deliver TNAs into COS-7 and HepG2 cells (Santo et 

al., 2019). Moreover, polymers like phosphatidylcholine-modified PEI could form a non-

covalent complex with TNAs. It has been shown that siRNA-PEI complexes could 

efficiently penetrate cancer cell membranes and knockdown the selected miR1246 and 

mrR155 genes within the targeted cells (Navarro et al., 2012). 

1.3.3.6 Organic Based Materials – Lipid Based Nanoparticles 

Lipid nanosystem, including liposomes, solid lipid nanoparticles, and lipid coating layers 

for nanoparticles, have become the primary choice for almost all the current delivery design 

of TNAs. Because of their amphiphilic functionality, lipid nanoparticles can easily attach 

to the cellular membrane and deliver cargoes into cells. The delivery efficiency is highly 

related to the particular lipid, as well as the surface functionalization (Garcia-Pinel et al., 

2019; Roma-Rodrigues et al., 2020; Yonezawa et al., 2020).  

Pure lipid shells that form a nanostructure are normally called liposomes. As the lipid 

molecule which forms the lipid layer has both hydrophilic (“water-loving”) and 

hydrophobic (“water-fearing”) tails, therapeutic chemicals or TNAs could be loaded or 

linked onto either side of the lipid layer according to their specific functionalities (Eloy et 

al., 2018). As liposomes have outstanding commercialization value, most current liposome 

formulation and synthesis methods have been patented (Sheoran et al., 2019). The size of 

the liposomes can be adjusted during the synthesis process. They can therefore be tailored 

to fit the carried cargo, and to maximize the EPR effect which is fundamental for 

nanoparticle penetration into the tumour (Nakamura et al., 2016). Furthermore, the lipid 

could also be chemically functionalized before or during the synthesis to add specific 
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functions (such as targeting) to the liposomes. For example, folic acid has been mixed with 

cholesterol phospholipids before the liposome synthesis. The synthesized liposome would 

then be able to target those cancer cells with overexpression of folic acid receptors (Kumar 

et al., 2019).  

For TNA delivery, there are also numerous liposome applications. For example, 

conjugating liposomes with folic acid and loading DNA plasmids containing tumour-

suppressing p53 gene, the p53 proteins could be successfully expressed within tumour cells 

after transfection. Using this construct, the proliferation of targeted breast tumour cells was 

eliminated within both in vitro and in vivo models (Chen, Zhu, et al., 2019). Similar results 

have also been validated in ovarian cancer cells model using liposomes designed with a 

similar strategy (Zuo et al., 2019).  

Liposomes may also be used for therapeutic RNA delivery. Through a combination of the 

chemotherapy compound docetaxel together with targeting the TMPRSS2/ERG mRNA 

within a PEG modified liposome, the viability of prostate cancer cells was dramatically 

suppressed after the transfection (Shao et al., 2020). 

Moreover, liposomes are also one of the most popular choices for delivery of the 

CRISPR/Cas9 system. Cholesterol-based liposomes have been used to deliver customized 

sgRNA for the CRISPR/Cas9 system transfection. The transfection efficiency was 

validated in HEK293 cells lines resulting in 39% of knockout of targeted GFP (Green 

fluorescent protein) reporter. Results indicated that the liposomes could effectively 

transfect the targeted cells with loaded CRISPR/Cas9 system with no significant 

cytotoxicity (Hosseini et al., 2019). In the near future, liposomes have great potential to 

replace the currently applied viral vectors which have many hidden issues, as previously 

discussed (Li et al., 2018; Xu et al., 2019).  

Solid lipid nanoparticles may also be synthesized but these are not widely applied clinically. 
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The positively charged solid lipid nanoparticles can protect the carried cargo from 

degradation. Through encapsulating the carried TNAs into solid lipid nanoparticles, the 

complex can efficiently deliver the cargo to the targeted area. To date, scientists have 

successfully tested solid lipid nanoparticles to treat eye diseases and cancers (lung, liver, 

prostate and ovarian cancer) (del Pozo-Rodriguez et al., 2016; Wang et al., 2015). However, 

it is also worth noting that due to the presence of surfactants during synthesis, 

biocompability is normally quite limited although some modifications, such as N-

carboxymethyl chitosan coating,  can offset the effect (Baek & Cho, 2017; Mishra et al., 

2018). 

In summary, lipid-based nanoparticles have promise for clinical applications delivering 

TNAs to the tumour area.  

 

1.3.3.7 Organic Based Materials – Exosomes 

In contrast to the previously discussed nanoparticles, exosomes are naturally formed. 

Exosomes are produced by cells as a communication vector among the cells. These 

nanosized vesicles have the same membrane structure as the cells and usually contain 

specific proteins and nucleic acids for exchange among cells. The content is directly 

decided by the source of the exosomes (Gilligan & Dwyer, 2017; Mashouri et al., 2019). 

In recent years, the potential for applications of exosomes in cancer therapy has been 

explored. Since the cancer cell derived exosomes have the same membrane structure and 

formulation as the cancer cell membrane, the internalization of exosomes could be 

significantly easier compared with other nanocarriers (which may need different 

internalization pathways) or normal cells derived exosomes (Franzen et al., 2014). 

Moreover, compared to other vectors, cancer cell derived exosomes could have better 

immune escape functionality (Roma-Rodrigues et al., 2014; Roma-Rodrigues et al., 2020). 



49 
 

Exosomes are also natural and biodegradable which avoids unnecessary cytotoxicity 

(Gilligan & Dwyer, 2017). For cancer therapy, exosomes could be derived from cells pre-

engineered to express the targeting ligand on the surface (Limoni et al., 2019). It has been 

previously reported that HER2 targeting exosomes were successfully produced in 

engineered HEK293T cells. Specific TPD52 knockdown siRNA was encapsulated within 

the derived engineered exosomes and incubated with the target SKBR3 cells. In this way, 

gene expression was significantly suppressed by 70 % after successful transfection with 

the exosomes (Limoni et al., 2019). 

Table 1.1 Comparison of the advantages and disadvantages among different nanomaterials 

 

General 

Types 
Material  Advantages Disadvantages 

Inorganic 

based 

materials 

Silica 

1. Widely applied in 

different biomedical 

areas 

1. Selection of 

templates for porous 

structure formation 

are quite limited 

2. Various kinds of 

well-proven reliable 

synthesising routes 

under different 

conditions 

2. Insufficient 

removal of synthesis 

surfactants may lead 

to strong cytotoxicity 

and immunogenicity 

3. Great 

biocompability, 

stability, ease of 

functionalization, and 
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high loading capacity 

Gold 

1. Excellent 

biocompability, and 

anti-infectious and 

anti-inflammatory 

properties 

1. Unstable 

compared with other 

materials 

2. Efficiently deliver 

genes and prevention 

of nuclease 

degradation 

2. Unable to remove 

the synthesis 

surfactants which 

may lead to 

cytotoxicity 

3. Surface could be 

easily functionalised 

with groups like thiol 

and amine groups 

3. Relatively 

expensive to 

synthesize 

4. Unique optical 

feature 
 

Iron 

Oxide 

1. Unique magnetic 

functionality 

1. Unable to do 

surface 

functionalisation 

without help of 

coated polymers 

2. Could induce 

magnetic 
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hyperthermia 

3. Low cost of 

synthesis, stability, 

large surface area,  

 

Carbon 

1. Outstanding 

electrical and thermal 

functionalities 

1. Significant 

cytotoxicity 

2. Large surface area 

for carbon nanotubes 

2. Unable to do 

surface 

functionalisation 

without help of 

coated polymers 

Organic 

Based 

Materials 

Polymer 

1. One of the most 

widely applied 

materials in 

nanomedicines 

1. Functionalities 

and biocompatibility 

highly rely on the 

synthesis method 

2. Various routes of 

synthesis including 

natural polymer and 

chemical synthesis 

2. Could bring in 

unremovable 

chemical residues 

which may lead to 

cytotoxicity 

3. Stable and easy 

functionalisation 

3. Synthesis often 

require extreme 

conditions and toxic 

chemicals 
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4. Superb 

biodegradability, 

biocompatibility, and 

immunogenicity 

 

Lipid  

1. Could easily attach 

to the cellular 

membrane due to 

amphiphilic 

functionality 

1. Original raw 

materials are all very 

costly 

2. Great 

biocompability and 

most popular choices 

of commercialised 

nanocarriers 

2. Most of the 

current liposomes 

have already been 

patented 

3. Easy to be tailored 

for the delivery of 

specific cargos 

 

Exosomes 

1.  Have the same 

membrane structure 

as the cells and 

usually contain 

specific proteins and 

nucleic acids for 

exchange among cells 

1. Hard and costly to 

produce the right 

size and enough 

amount of exosomes 

for nanomedicine 

purpose 

2. Natural and 

biodegradable which 

2. Impossible to keep 

the consistency of 
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avoids unnecessary 

cytotoxicity  

quality 

 

 

1.4 Aims and Objectives 

 
The aim of this thesis is to build a dual-functional nanoparticle, which could perform gene 

therapy with specific RMS gene knock-down regulated by pH-activated-release, and 

monitor the size of tumour with delivered NIR dye. The nanoparticle will be surface 

functionalized with novel aptamers for improved targeting. 

 

My specific aims are as follows: 

(1) To synthesize, characterise and optimize nanoparticles for carrying the therapeutic 

siRNA. Maximize the biocompability and delivery efficiency of the whole nanosystem. 

(2) To select aptamers which could bind NELL1. 

(3) Synthesize a copolymer for the specific release of the cargo under low pH 

environments found in tumours. 

(4) Select an siRNA with the potential for maximizing therapeutic outcomes within the 

aRMS cell models.  

(5) To determine the therapeutic effect of the nanosystem in two-dimensional (2D) and 

three-dimensional (3D) tumour models compared to naked siRNA. 

(6)  To determine the real-time monitoring of NIR probe, the penetration depth and signal 

strength with the help of the whole designed nanosystem.  

(7) Establish and validate the successful construction of the whole nanosystem to ensure 

that it is functional and stable. 
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Figure 1.2 Schematic diagram of the designed nanosystem
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Chapter 2 
 

Active Targeting System 

 

NELL1 (Neural epidermal growth factor–like (EGFL)-like protein) is an important 

biomarker associated with tissue and bone development and regeneration. NELL1 

upregulation has been linked with metastasis and negative prognosis in 

rhabdomyosarcoma (RMS). Furthermore, multiple recent studies have also shown the 

importance of NELL1 in inflammatory bowel disease and membranous nephropathy, 

amongst other diseases. In this study, several anti-NELL1 DNA aptamers were selected 

from a randomized ssDNA pool using a fluorescence guided method and evaluated for 

their binding affinity and selectivity. Several other methods such as a metabolic assay 

and confocal microscopy were also applied for the evaluation of selected aptamers. The 

top three candidates were evaluated further and AptNCan3 was shown to have a binding 

affinity up to 959.2 nM. Selectivity was examined in RH30 RMS cells which over-

expressed NELL1. Both AptNCan2 and AptNCan3 could significantly suppress 

metabolic activity in RMS cells. AptNCan3 was found to locate on the cell membrane, 

and also on intracellular vesicles, which matched the location of NELL1 shown by 

antibodies in previous research (Pang et al., 2015). These results indicate that the selected 

anti-NELL1 aptamer showed strong, and highly specific, binding to NELL1, and 

therefore has potential to be used for in vitro or in vivo studies and treatments. 
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2.1 Introduction 

 
Neural epidermal growth factor–like (EGFL)-like protein (NELL1) has previously been 

shown to have an important role in enhancing or repairing tissues and bones during 

development and regeneration (Cowan et al., 2007; Kuroda et al., 1999; W. Li et al., 

2011). NELL1 was also found to directly or indirectly act as an important biomarker for 

many diseases, such as osteoporosis (James et al., 2015; Karasik et al., 2010), metabolic 

diseases (James et al., 2011; Shen et al., 2016), neuro-related diseases including bipolar 

or depression (Lin et al., 2018; Mathieu et al., 2015), inflammatory bowel disease 

(Franke et al., 2007), and tumour or tumour-related membranous nephropathy (Caza et 

al., 2021; Rapa et al., 2012; Tombolan et al., 2017; Cheng et al., 2021). Moreover, as a 

biomarker that was often seen to be upregulated with further disease progression, NELL1 

shows potential beyond simply a disease indicator (Tombolan et al., 2017). Previous 

research has shown that NELL1 was significantly upregulated in the more metastatic 

alveolar RMS, whilst only low levels were seen in the embryonal form (Rapa et al., 2012). 

NELL1 expression levels were also found to be directly linked to a negative prognosis 

(Tombolan et al., 2017). NELL1 overexpression promoted tumour invasion, implying 

that NELL1 may function as an oncogene and play an important role in cancer 

progression (Rapa et al., 2012; Tombolan et al., 2017). Furthermore, as NELL1 was also 

found to act as a signalling molecule for important cell functions, previous research has 

discovered that binding to certain region of NELL1 could block and affect the NELL1 

mediated cell adhesion (Hasebe et al., 2012). Herein, we have focussed on the paediatric 

disease rhabdomyosarcoma (RMS). Current treatment of RMS highly relies on invasive 

surgery, chemotherapy and/or radiotherapy methods, these treatments do not have any 

targeting functionality and normally lead to extremely strong off-targeting side effects 

(Pappo et al., 1997). 
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Recently, the concept of applying aptamers as a target antigen for therapeutic purposes 

has gained momentum (Caza et al., 2021). Compared to antibodies which are commonly 

used, aptamers are much smaller, and can have higher affinity and specificity, and lower 

immunogenicity (J. Zhou & Rossi, 2017). In addition, it has also been indicated that 

binding of an aptamer to important cellular signalling molecules could affect the 

intracellular metabolism with a relatively low IC50 (Shum et al., 2011). Furthermore, it 

is easier and cheaper to manufacture aptamers compared to antibodies (Lauridsen et al., 

2012).  

In this study, DNA aptamers that targeted NELL1 were screened and evaluated. NELL1 

had been identified in previous microarray and microscopy studies which suggested that 

it is overexpressed on the surface of target rhabdomyosarcoma cells (Rapa et al., 2012). 

RMS and control fibroblast cell lines were used for validation of the binding affinity and 

specificity of the selected anti-NELL1 aptamers (AptN). Herein, we present both 

multiple anti-NELL1 aptamers with good affinity and selectivity, and also a robust and 

optimized aptamer selection protocol. 

 

2.2 Materials and Methods 

2.2.1 Cell lines 

This study tested four different cell lines, which included a normal fibroblast control cell 

line, and three other immortalized human cancer cell lines. RH30 (American Type Tissue 

Culture Collection (ATCC) no. CRL-2061), was originally obtained and derived from a 

17-year-old male's bone marrow metastasis, and was chosen to represent the alveolar 

RMS (aRMS). RD (ATCC no. CRL-7763) was originally obtained and derived from a 

7-year-old female's muscle carcinoma, and was chosen to represent the embryonal RMS 

(eRMS). U-87MG (ATCC no. HTB-14), was derived from a human glioblastoma, and 

chosen as a non-RMS control cancer cell line. RH30, RD and U-87MG were all acquired 
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from the ATCC (Manassas; VA, US). The fibroblast cell line was kindly provided by Dr 

Jo Poulton from the Nuffield Department of Women’s & Reproductive Health, 

University of Oxford. 

2.2.2 Cell culture 

All cells were incubated in high-glucose Dulbecco's Modified Eagle's Medium (DMEM) 

[Sigma- Aldrich, Poole, UK] with 10 % (v/v) Fetal Bovine Serum (FBS) [Sigma- Aldrich, 

Poole, UK], 2 mM L-glutamine [Gibco, Life Technologies Ltd, Renfrew, UK], penicillin 

(100 U/mL) and streptomycin (100 g/mL) [Gibco, Life Technologies Ltd, Renfrew, UK]. 

T75 Tissue Culture Treated Flasks [Nunc, Thermofisher Scientific, Renfrew, UK] were 

used to culture the cells in a humidified 5 % CO2 incubator at 37°C. Cells were detached 

from the flask surface using 0.25 % (w/v) trypsin containing 0.02 % (w/v) EDTA [Sigma- 

Aldrich, Poole, UK]. 

2.2.3 Cell survival assay (Crystal violet assay) 

After treatment, cells were washed with cold PBS three times, before 30 minutes fixation 

in a 1 % (v/v) glutaraldehyde solution. The crystal violet solution (1 % (w/v) crystal 

violet [Sigma-Aldrich, Poole, UK] mixed in a 4:1:5 (v/v/v) combination of H2O, glacial 

acetic acid, and methanol) was applied to the fixed cells for 1 hour at room temperature. 

After staining, excess supernatant was removed. The cells were then thoroughly washed 

and rinsed with water until all excess crystal violet staining solution was removed. The 

microplate was then left to dry at room temperature for 2 days before the next step. Prior 

to reading, dye in each well was resuspended vigorously with 100 µL of solubiliser (1 % 

(w/v) SDS in 10 % (v/v) glacial acetic acid). The absorbance was measured at 540 nm 

with a plate reader [Tecan Infinite® 200 PRO, Reading, UK]. 

2.2.4 Cell metabolic assay (MTT) 

Cell proliferation and metabolic activity was measured using a colourimetric MTT assay 
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(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide). After treatment the 

medium was discarded from the microplate well. MTT medium solution (100 µL of 

growth medium containing 0.5 mg/mL of MTT) was then added into each well for 3 

hours incubation at 37 oC. Purple formazan crystals formed inside cells, and was 

confirmed before the next step. All supernatant was thoroughly removed, and each well 

was re-suspended vigorously with 100 µL of dimethyl sulfoxide (DMSO) to dissolve the 

formazan. Prior to reading, the microplate was incubated for 20 minutes and shaken for 

2 minutes. The absorbance was then measured at 575 nm with a plate reader [Tecan 

Infinite® 200 PRO, Reading, UK]. 

2.2.5 Flow cytometry 

In order to validate the location of NELL1 on the cell surface, cells were incubated with 

antibody and analysed using FACS. Cells were detached from the flasks and collected 

by several rounds of centrifugation and PBS washing. The cells were then resuspended 

to a final concentration of 1x107 cells/mL with flow cytometry staining buffer (PBS, 5 % 

(v/v) FBS, 0.1 % (w/v) NaN3 (sodium azide)). The cells were subsequently incubated 

with 1:500 anti-NELL1 primary antibody [Abcam, Cambridge, UK] for 30 min, and 

1:500 Cy3-labelled anti-Rabbit IgG (H+L) cross-absorbed secondary antibody 

[Thermofisher Scientific, Renfrew, UK] for 60 min. The excess antibody was washed 

away through multiple washings after every antibody incubation step.  

To validate the specific binding of the anti-NELL1 aptamers with the cell surface NELL1 

protein, the anti-NELL1 antibody was labelled with a fluorescent tag using Mix-n-Stain 

CF555 labelling kits [Biotium, CA, US]. The selected anti-NELL1 aptamers were 

synthesized with a 5’-biotin tag [Sigma-Aldrich, Poole, UK] and labelled with PE-

Streptavidin [BioLegend, CA, US]. Cells were separately incubated overnight with free 

PE-streptavidin, 1:200 CF555-labelled anti-NELL1 primary antibody [Abcam, 



60  

Cambridge, UK] or 500 nM PE-labelled anti-NELL1 aptamers at 37 oC. The excess dye 

or binding ligand was washed away through multiple PBS washing after the incubation 

step. The whole process was conducted on ice in a dark environment. All groups of cells 

were fixed with 4 % (v/v) PFA solution prior to testing. All cells were analysed and 

compared with the FACS Calibur flow cytometer [Becton Dickinson, Wokingham, UK]. 

The experiment was performed in replicates on three independent occasions. 

2.2.6 Western blotting 

Detached cells were collected using multiple rounds of centrifugation and PBS washing. 

Freshly made cell lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.01 % (v/v) 

Triton X-100) was prepared. Directly before use, 10 μL protease inhibitor and EDTA 

[Life Technologies Ltd, Renfrew, UK] was added per 1 mL of lysis buffer. The cells 

were resuspended and lysed for 30 minutes on ice. The supernatant was collected with 

high-speed centrifugation at 4 °C and transferred into sterile 1.5 mL tubes (Eppendorf, 

Loughborough, UK). A Bradford Assay [Pierce™, Bio-rad, Watford, UK] was then used 

to determine the amount of protein in the cell lysate.  

Lysates (10 µg of protein) from each cell line were separated using Novex® NuPAGE® 

SDS-PAGE Gel [Thermofisher Scientific, Renfrew, UK] in BupH Tris-HEPES-SES 

Running buffer [Thermofisher Scientific, Renfrew, UK], at 180 V for 1 hour. The gel 

transfer was performed using a Wet/Tank Blotting Transfer system [Bio-rad, Watford, 

UK] and a PVDF blotting membrane [Amersham GE, Buckinghamshire, UK] in ice-cold 

transfer buffer (200 mM Glycine, 25 mM Tris, 20 % (v/v) Methanol) at 100 V for 1 hour. 

Ponceau S solution (0.1 % (w/v) Ponceau S in 5 % (v/v) acetic acid) was applied to the 

membrane in order to visualize and confirm successful transfer of the protein bands. The 

PVDF membrane was then de-stained using distilled water. Freshly made TBST buffer 

(10 mM Tris-HCl, 150 mM NaCl, 0.05 % (v/v) Tween-20) containing 5 % (w/v) non-fat 
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milk was used to block the membrane at room temperature for 2 hours. The blocked 

membrane was then cut based on the ladder and incubated separately with 1:200 anti-

Beta Actin antibody [Santa Cruz, CA, US] or 1:1000 Anti-NELL1 antibody [Abcam, 

Cambridge, UK] in 1 % (w/v) BSA in TBST overnight at 4 °C. The 1:1000 diluted goat 

anti-rabbit HRP conjugated secondary antibody [Santa Cruz, CA, US] was added to the 

membrane and incubated for 2 hours after three rounds of TBST washing. This was 

followed by three rounds of washing with TBST buffer. Pierce ECL Western Blotting 

Substrate [Thermofisher Scientific, Renfrew, UK] was used to visualize the protein bands 

in G:Box [Syngene, Cambridge, UK]. 

2.2.7 Selection of anti-NELL1 aptamers 

PEG-NHS-functionalized coverslips were prepared following the protocol from 

Chandradoss et al., with slight modification (Chandradoss et al., 2014). The glass 

coverslips were treated with Milli-Q H2O, 1 M KOH, and piranha solution, separately 

for 2 hours with sonication to fully remove any possible contaminants from the surface. 

A mixture of APTES and methanol (1:10 v/v) was applied to allow amino bond 

conjugation on the coverslip surface. Biotin-PEG (2 mg) and mPEG-NHS (40 mg) 

[Lysanbio, AL, US] were dissolved in 140 μL PEG buffer (100 mM of sodium 

bicarbonate buffer, pH 8.0) for 2 pairs of coverslips. After 3 h incubation, T50 buffer (10 

mM Tris-HCl, 50mM NaCl, 1 % (v/v) Tween-20; pH 8.0) was used to wash off excess 

mPEG. The functionalized coverslips were stored separately at -20 °C before use. 

The NELL1 protein coating and some of the aptamer selection steps were optimized from 

the work of Lauridsen et al (Lauridsen et al., 2012). NELL1 protein stock solution (25 

μL @ 125 μM) [R&D Systems, MN, US] was dissolved in 30 μL PBS with 10 % (v/v) 

glycerol. The protein solution was then applied dropwise to the PEG-NHS-functionalized 

coverslips on a flat clean surface. The treated coverslips were then incubated for 40 min 



62  

in a 24 °C humidifying environment before washing three times with PBST. Unreacted 

NHS groups were then blocked with 300 μL of 800 μM ethanolamine for 35 min in the 

humidifying chamber. Two more rounds of PBST washing were performed before the 

oligo selection step. 

The 40-nucleotide random FAM labelled oligo library [Integrated DNA Technologies, 

IA, US] was synthesized following the sequencing: 5’-

GGACAGGACCACACCCAGCG (40 random bases) 

GGCTCCTGTGTGTCGCTTTGT/36-FAM/-3’. For the negative selection of the oligo 

library, the treated PEG-NHS-functionalized coverslip was fully deactivated with 300 μL 

ethanolamine. Negative selected nucleic acid library (100 μL) was then transferred to the 

NELL1 coated coverslip. The coverslip was then incubated in the clean humidifying 

environment overnight, and washed with 800 μL PBST washing buffer and gently dried 

with nitrogen gas. The selection process was monitored using a Motic 101M microscope 

with a Moticam 2500 camera and MHG 100B laser [Motic, Xiamen, China]. The washing 

processes were repeated until there were only very few fluorescent dots on the whole 

coverslip. 

The selected oligos were eluted by crushing the glass coverslip in Milli-Q H2O at 90°C 

for 20 minutes. The resulting mixture was then centrifuged at 14,000 rpm to remove the 

supernatant which contained the oligos. An 18-cycle PCR was then performed with the 

Q5 HF Polymerase Mastermix [Thermofisher Scientific, Renfrew, UK] following the 

optimized protocol: denaturation at 98 °C for 30 sec, 18 rounds of extension at 98 °C for 

10 sec, final extension at 72 °C for 10 mins, then hold at 12 °C until finish. The forward 

primer was designed as 5’-GGACAGGACCACACCCAGCG-3’, and the reverse primer 

was designed as 3’-ACAAAGCGACACACAGGAGCC-5’. Quality control of the PCR 

product was performed using 4 % (w/v) agarose gel electrophoresis. The PCR product 
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was stored at -20 °C before the next step. 

The PCR products were extracted and purified with the Monarch® DNA gel extraction 

kit [New England Biolabs, MA, US]. After quantification with NanoQuant Infinite 200 

Pro [Tecan, Reading, UK], 5.33 ng of PCR fragment was used for phosphorylation and 

blunt-end plasmid ligation following the manufacturer’s instructions [NZYTech, Lisboa, 

Portugal]. The ligated plasmid was quantified again before transformation. The ligated 

vector was then transformed into the JM109 competent E. coli cells following the 

manufacturer’s instructions [NZYTech, Lisaboa, Portugal]. Blue/White screening was 

performed using 100 μg/mL X-Gal [Promega, Wis, US]/ 0.5 mM IPTG [Sigma- Aldrich, 

Poole, UK] in agar plates containing 100 μg/mL carbenicillin. Positive colonies were 

picked and grown in LB media, and then the plasmids extracted using aMonarch® 

Plasmid Miniprep Kit [New England Biolabs, MA, US]. An extra round of validation of 

ligation product using PCR was performed with the same forward and reverse primer 

under the same conditions. After gel electrophoresis, only those ligated plasmids with 

amplification bands at the right size were selected. The selected plasmids were quantified, 

and the transformed cells were stored in 25 % (v/v) glycerol in a -80°C freezer. 

After quantification, 10 μL of purified plasmids which contained more than 200 ng of 

DNA was transferred to a separate microcentrifuge tube. A T7 promoter sequencing 

primer (5'-(TAATACGACTCACTATAGGG)-3') was used for sequencing. The product 

was then sent for DNA Sanger Sequencing [Eurofins Genomics, Wolverhampton, UK]. 

The sequencing results were analysed using the Addgene software [Addgene, MA, US]. 

The potential secondary structure and binding affinity were predicted with the DNA 

folding platform from the mfold web server (Zuker, 2003).  

2.2.8 Surface Plasmon Resonance (SPR) analysis 

Aptamer candidates were selected from the sequencing results based on the predicted 
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potential binding affinity. These sequences were sent off for re-synthesis with 5’ biotin 

tags [Sigma- Aldrich, Poole, UK]. Surface Plasmon Resonance Biacore T200 [GE 

healthcare, IL, US] was used to quantify the selected aptamers at 37°C. PBS was used as 

the running buffer to simulate an in vivo environment. A streptavidin immobilized sensor 

chip Series S CAP [GE healthcare, IL, US] was used for aptamer quantification. The 5′-

biotinylated anti-NELL1 aptamer candidates were immobilized on the chip surface 

following the manufacturer’s instructions at a flow rate of 100 µL/min after the chip 

surface regeneration. Different concentrations of NELL1 recombinant protein solutions 

(30 nM, 300 nM, 750 nM, and 1500 nM) were injected and passed through the chip at a 

flow rate of 30 µL/min for 60 sec.  

The binding affinity (Kd) values were calculated through a non-linear fitting model using 

the Biacore Evaluation software and GraphPad Prism Pro fitting function. In general, the 

quantified binding and dissociate signals were exported from the sensorgrams from the 

Biacore Evaluation software. The numbers were then fitted through the analyse-

nonlinerar regression fitting function building the GraphPad Prism. The Kd is calculated 

as the ratio of the dissociation rate (Koff), to the binding rate (kon) of the evaluated ligand. 

Through the binding function within the Nonlinear regression (curve fit), the Kd values 

were separated calculated for each tested samples. 

2.2.9 Confocal imaging of anti-NELL1 aptamers specific binding 

Cells were seeded into glass-bottom imaging Petri dishes [ibidi GmbH, Martinsried, 

Germany] at a density of 1x105 cells per well in DMEM growth media and left 24 hours 

in a tissue culture incubator to allow the cells to adhere to the surface. Cells were 

separately incubated overnight with free PE-streptavidin (RH30 only), 1:200 diluted 

CF555-labelled anti-NELL1 primary antibody (RH30 only) [Abcam, Cambridge, UK], 

or 500 nM PE-labelled anti-NELL1 aptamers (all cell lines) at 37 oC. After incubation, 



65  

the cells were washed three times with cold PBS. The whole process was conducted in a 

dark environment. The cells were then kept in warm PBS and stained with 0.1 µg/mL 

DAPI [Thermofisher Scientific, Renfrew, UK] and 1:200 diluted CellBrite™ Green 

Cytoplasmic Membrane Dye [Biotium, CA, US] for 15 mins separately before imaging. 

The cells were then thoroughly washed three times with cold PBS before fixation with 

4 % (v/v) Paraformaldehyde solution [Bio-rad, Watford, UK] prior to imaging. The 

imaging was conducted with a Leica SP8 confocal microscope. [Leica Biosystems, 

Nussloch, Germany]   

2.2.10 Statistical analysis 

All statistical analysis of experimental data was performed using Microsoft™ Excel 

[Microsoft, NM, US]. GraphPad Prism 8.0.2 [GraphPad Prism, La Jolla, CA, US] was 

applied for graph plotting and non-linear simulation. All results were presented as mean 

± SD. When the p values were less than 0.05, the difference was considered significant 

and shown. When two or more groups were compared, the two-tailed homoscedastic 

Student's t-test and one-way ANOVA were applied for statistical analysis. 

2.2.11 Other software 

Flow cytometry data was analysed and compared using FlowJo VX [FlowJo, LLC, 

Ashland, OR, US]. The Leica Application Suite X (LAS X) was used for all relevant 

analysis and measurement of confocal images. ImageJ 1.53 [National Institutes of Health 

(NIH), Bethesda, MD, US] was used to quantify Western blots, which were then 

standardised against the data from the control groups for plotting. The illustration for the 

Biacore chip principle was drawn with the BioRender platform [BioRender, Toronto, 

Canada].  

2.2.12 Experimental methodology 

The researcher did not randomize or blind any experimental groups during this research. 
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As a negative control, all samples were compared to cells cultured with the appropriate 

vehicle solvent. 

 

2.3 Results 

2.3.1 Cell surface NELL1 validation and comparison of expression  

While previous microarray studies suggested that NELL1 is overexpressed on the surface 

of aRMS cells, flow cytometry experiments were undertaken for further confirmation 

(Rapa et al., 2012). To validate the location of the NELL1 protein as the cellular outer-

membrane, cells were incubated with anti-NELL1 antibody and Cy3 conjugated 

secondary antibody. Cells were kept alive during the whole process so the antibodies 

could not penetrate cell membranes. PBS control and secondary antibody-only 

incubation groups were applied as a control for removing the background and non-

specific binding fluorescence. Fibroblasts were chosen as being representative of normal 

cells. RD and RH30 were selected as being representatives of eRMS and aRMS, 

respectively. FACS data for fibroblasts, RD, and RH30 cells, with different incubations 

are shown (Figure 2.1A). RH30 cells can be seen to have a significant peak shift (orange) 

compared with the ‘no antibody’ (red) and ‘secondary antibody only’ (blue) control 

groups (Figure 2.1A(iii)). Conversely, there was almost no peak shift observed in the 

fibroblasts (Figure 2.1A i) and RD sarcoma cells (Figure 2.1A ii). In order to compare 

the difference more clearly, Median fluorescence intensity (MFI) of all flow cytometry 

measured events was applied for quantification (Figure 2.1B). The data showed that a 

considerable amount of NELL1 was expressed on the metastatic RH30 cell membrane 

with a significant increase in signal compared with the control groups. However, there 

was almost no NELL1 found on the fibroblasts and RD cell membranes.  
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Figure 2.1 Validation of NELL1 on cell surface measured by flow cytometry.  

(A) Representative flow cytometry histogram result for fibroblasts, RD and RH30 sarcoma cells. 
Cells were incubated with either PBS (Red), Cy3-labelled anti-Rabbit secondary antibody only 
(Blue), or anti-NELL1 primary antibody and Cy3-labelled anti-Rabbit secondary antibody 
(Orange). (B) Results from the normalized median fluorescence intensity of flow cytometry 
results for Fibroblast, RD and RH30 sarcoma cells. Cells were incubated with different 
incubation in the PBS (control), Cy3-labelled anti-Rabbit secondary antibody only (2nd Ab 
control), or anti-NELL1 primary antibody and Cy3-labelled anti-Rabbit secondary antibody 
(Anti NELL1 and 2nd Ab). Data is presented as mean±SD for each individual cell line (n=3 
independent experiments of triplicates). Significance was tested using a two tailed t-test 
compared to the untreated cells for each cell line (***P≤0.005, ns=not significant) 

 

As the NELL1 was shown to be localized on the outer cell membrane of RH30 (Figure 

2.1), the expression level was then confirmed and compared by Western Blotting. β-Actin 

was used as a housekeeping gene since it remains at a steady level in most kinds of 

mammalian cells (Figure 2.2A, S3) (Hunter & Garrels, 1977). Similar to the observed 

FACs results, RH30 sarcomas showed a nearly three-fold higher expression level than 

RD cells (Figure 2.2B). In addition, fibroblasts were monitored as they represented 

normal cells in the body which might lead to false targeting if they had a high NELL1 

expression (Grinnell, 1994). U-87MG was chosen as a further negative control as it has 
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been shown to have very low NELL1 expression in previous studies (Maeda et al., 2001). 

Based on the normalized quantification blotting signal, both of the negative controls 

(Fibroblast and U-87MG) have shown a significantly lower level of NELL1 expression 

compared with RH30 cells (Figure S1, S4; Table S1, S2). 

  

Figure 2.2 Measurement of NELL1 expression level with Western Blotting.  

 (A) Representative cropped Western blot comparing NELL1 expression in RD and RH30 
sarcoma cells. β-Actin was applied as housekeeping gene control. The densitometry readings of 
each band (Table S1, S2) and uncropped blot (Figure S3) were included in the supplementary 
materials (n = 3) (B) Quantification of Western blotting showing the β-Actin normalized NELL1 
expression level of different cell lines. Data are presented as mean ±SD for each individual cell 
line (n = 3). Significance was tested using a two tailed t-test compared to the untreated cells for 
each cell line (*** p ≤ 0.005). 

2.3.2 Anti-NELL1 aptamers selection 

After the NELL1 had been confirmed to have potential as the targeting protein, a FAM 

labelled oligo library was used to screen for an anti-NELL1 aptamer. As the NELL1 

protein was immobilized on the functionalized coverslip surface, multiple oligos 

remained on the coverslip after the incubation process. Several rounds of washing were 
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conducted to remove those oligos which had no or lower binding affinities to NELL1 

protein. Under the fluorescent microscope, the selection process could be monitored with 

the green fluorescence decreasing with increasing numbers of washing rounds. This 

indicated a decreasing number of the oligos remaining on the surface (Figure S2). The 

remaining oligos were obtained after several rounds of intensive washing. The selected 

oligos were extracted from the coverslip and used as the template for PCR. The right size 

product was then purified and ligated into blunt end linearized plasmids and amplified in 

competent E. coli for storage and sequencing purpose. 

2.3.3 Evaluation of selected anti-NELL1 aptamers candidates 

The secondary structure of the aptamer sequences was predicted with the mFold platform 

for the next step of the evaluation study (Zuker, 2003). Three candidates with the highest 

potential binding affinity, named AptNCan1, AptNCan2 and AptNCan3, were chosen 

based on their functional region within the secondary structure, e.g. hairpin loops (Figure 

2.3). At least two hairpin loops were found in the variable region of each candidate. It is 

noteworthy that AptNCan3 shows a multi-hairpin loop which is often considered as a 

region likely to have a high binding affinity due to the ability to form a more complex 

3D binding structure (Dunn et al., 2017).  

 

Figure 2.3 Predicted 2D Structure of anti-NELL1 Aptamer Candidates.  

The 2D structure of the aptamer candidates was predicted from the sequencing data and the 
ssDNA folding function of mFold web server. Figures showed the three candidates with highest 
potential binding affinity. (A) AptNCan1, (B) AptNCan2, (C) AptNCan3. 
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Table 2.1 Predicted potential 2D Structures and ΔG Folding Energy Values of anti-NELL1 
Aptamer Candidates based on their sequences.  

 

Name Sequence 
Predicted 2D 

Structure 

ΔG folding energy 
(The lower, the 

better) 

AptNCan-
1 

5'-
GGACAGGACC
ACACCCAGCG
AAACGGGAG
GGCGAGGGG
GAGACTGGCG
AGACATCAGA
CAGGCTCCTG
TGTGTCGCTTT

GT-3' 

 

  

-5.14 kcal/mol 

 

 

 

-4.90 kcal/mol 

 

 

 

-4.86 kcal/mol 

AptNCan-
2 

5'-
GGACAGGACC
ACACCCAGCG
GGACTTCTTC
ATGTGTCGTG
AATGGACAGT
GAGTAAGGCG
GGGCTCCTGT
GTGTCGCTTT

GT-3' 

 

 

 

-3.02 kcal/mol 
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-2.66 kcal/mol 

 

-2.37 kcal/mol 

AptNCan-
3 

5'-
GGACAGGACC
ACACCCAGCG
AGAGCCCGCT
CTGAGAGGGT
GTGATTAGGT
TGAGTGGTCG
GGGCTCCTGT
GTGTCGCTTT

GT-3' 

 -6.79 kcal/mol 

 

-6.53 kcal/mol 

 

 

 

-6.25 kcal/mol 
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With the help of SPR, the binding affinity of each selected aptamer candidate could be 

precisely quantified. Through a biotin-streptavidin linkage, the 5’-biotinylated aptamer 

candidates could be fixed onto the surface of Biacore CAP chips for affinity 

quantification with different concentrations of recombinant NELL1 protein (Figure 

2.4A). By deducting the baseline response unit (R.U.) value of different concentrations 

of NELL1 protein, the absolute R.U. values were calculated for each candidate.  

There were mainly two reasons why we did not reverse the SPR experiment which 

immobilised the NELL1 protein onto the surface of CAP chips and injected different 

concentrations of the aptamer candidates. The first reason was the large molecular weight 

(molecular size) differences between the NELL1 protein and the aptamer candidates 

which was only 81 nt, which would lead to a significant higher background signal from 

the protein and a hardly noticeable signal change during the binding and dissociation of 

the aptamer candidates. It could further affect the calculation of Kd values. Moreover, 

immobilisation process needs the biotin residue to combine with the CAP chip surface 

which means extra functionalisation steps for the prepared NELL1 protein solution. It 

could also significantly affect the binding affinity evaluation process. Thus, the reverse 

SPR experiment was unlikely to work.  

The extent to which a single molecule binds to its ligand is known as affinity. The 

equilibrium dissociation constant value (which is normally known as Kd), was 

commonly used to assess and quantify the strength of bimolecular interactions. Kd values 

which represent the binding affinity were calculated through a non-linear fitting function. 

AptNCan1 demonstrated the highest binding affinity with a Kd of 135.1 nM. The other 

two candidates (AptNCan2 and AptNCan3) also showed good binding to the NELL1 

protein, with binding limits all lower than 1 μM, i.e. Kd of 491.8 and 959.2 nM, 

respectively (Figure 2.4B). 
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Figure 2.4 Quantification of the binding between NELL1 protein and aptamer candidates.  

(A) Illustration of the principle of using Biacore CAP microfluidic chip for the quantification of 
anti-NELL1 aptamer candidate to NELL1 protein analyte. Modified from Laboratory Guideline 
Biacore System, 28-9615-80 AB, 11/2011, GE Healthcare Bio-Sciences AB. 
www.gelifesciences.com/biacore. (B) Representative quantification of binding affinity Kd of 
different aptamer candidates fit from the SPR binding data. Data is presented at mean±SD for 
each individual candidate binding (n=3). 
 

2.3.4 Evaluation of selected candidates in vitro 

Once binding had been confirmed, further work was performed to determine the effects 

of the anti-NELL1 aptamers on cell proliferation and metabolism. As in the initial 

validation experiments, fibroblasts were chosen as being representative of normal cells. 

RD cells which have very limited expression of NELL1 protein were used as a negative 

control. Cells were incubated with a series of concentrations of anti-NELL1 aptamers 

ranging from 1~1000 nM for 24hrs. The rates of proliferation were assessed using crystal 

violet staining, and metabolic activity with an MTT assay. There were no significant 

differences in the rate of proliferation between fibroblasts, RD, or RH30 cells (Figure 

2.5A). Metabolic activity was also not affected in fibroblast cells in the presence of the 
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anti-NELL1 aptamers. However, the metabolic activity was reduced in both RD and 

RH30 cells, in the presence of AptNCan2 and AptNCan3. Incubation with 1000 nM 

AptNCan3 showed a highly significant difference between RH30 cells (12.2 % decrease 

in metabolic rate) and RD cells (7.7 % decrease in metabolic rate) (Figure 2.5B). 

 

Figure 2.5 Measurement of anti-NELL1 aptamers’ potential effects on cell proliferation.  

(A) Crystal violet assay results comparing the cell relative survival rate of fibroblast, RD and 
RH30 sarcoma cells after treated with different concentration of anti-NELL1 aptamer candidates 
for 24hrs. (n=6) (B) MTT assay results comparing the cell relative metabolism level of fibroblast, 
RD and RH30 sarcoma cells after treated with different concentration of anti-NELL1 aptamer 
candidates for 24hrs. (n=6) Data is presented as mean ±SD for each individual cell line (n=3). 
Significance was tested using a two tailed t-test compared to the untreated cells for each cell line 
(*P≤0.05, **P≤0.01) 

 

Despite the fact that AptNCan1 showed the highest theoretical binding affinity, there was 

no statistically significant effect on the metabolism in either RD or RH30 cells.  

Based on the results of cell viability and metabolism assay, AptNCan2 and AptCan3 were 

chosen for the next steps of specificity evaluation. Both AptNCan2 and AptNCan3 were 

prelabelled with 5’biotin and PE-streptavidin was coupled onto the 5’ends for 

visualization and evaluation. To investigate the binding specificity of the NELL1 
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aptamers in vitro, PBS only, free PE-streptavidin and CF555 labelled anti-NELL1 

antibodies were applied as control groups. The fibroblast negative control cell line did 

not show any binding with either the anti-NELL1 antibody or the aptamers AptaNCan2 

or 3 (Figure 2.6A(i)). RD cells showed a significant peak shift only with AptNCan2 

(Figure 2.6A(ii)). Both AptNCan2 and AptaNCan3 showed significant peak shifts in 

RH30 cells, with the latter being much greater (Figure 2.6A (iii)). The selectivity of both 

candidates for RMS cells which expressed NELL1 were proven. But it also revealed that 

AptaNCan3 had significant better specificity compared with AptNCan2 (Figure 2.6A). 
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Figure 2.6 Validation of anti-NELL1 aptamers specific binding measured by flow 
cytometry.  

(A) Representative flow cytometry histogram result for fibroblasts, RD and RH30 sarcoma cells. 
Cells were incubated with either PBS (Red), free PE staining (Blue), CF555-labelled anti-
NELL1 antibody only (Orange), PE-labelled AptNCan2 (Light green) and PE-labelled 
AptNCan3 (Dark green). (B) Results from the normalized median fluorescence intensity of flow 
cytometry results for Fibroblast, RD and RH30 sarcoma cells. Cells were incubated with 
different incubation in the PBS (control), free PE staining, CF555-labelled anti-NELL1 antibody 
and PE-labelled anti-NELL1 aptamer 1&2. Data is presented as mean ±SD for each individual 
cell line (n=3 independent experiments of triplicates). Error bars were too small to be shown. 
Significance was tested using a two tailed t-test compared to the untreated cells for each cell line 
(***P≤0.005, ns=not significant)  

 

The MFI data of each event (Figure 2.6A) was collected and the quantitative data 

illustrated in Figure 2.6B. All the data was normalized to the PBS control group for 

comparison. AptNCan2 showed significant specific binding in both RD and RH30 cells. 

AptNCan3 showed specific binding in RH30 cells, and the signal strength was more than 

twice that seen for AptNCan2. Since the number of fluorescent groups coupled to the 

aptamer corresponds directly to the amount of the aptamer, the MFI value was directly 

linked with the amount of the bound aptamer on the cell surface. Although free PE 

fluorophore could easily penetrate the cell membrane, it could be observed that only a 

very limited amount of PE signal was left after sufficient wash cycles and cell fixation 

(Figure 2.6B). This confirmed that the signal was specific to the binding of anti-NELL1 

aptamers with RMS cells. Similar to the cell surface NELL1 validation data (Figure 2.1), 

the MFI of anti-NELL1 antibody still showed a similar trend for three groups, i.e. the 

MFI signal was greater in RH30 compared with fibroblast and RD groups. Although the 

significance among antibody-incubated groups was similar to comparable data in Figure 

2.1, the much higher affinity of aptamer-incubated groups greatly extended the scale and 

minimized the apparent difference among antibody-incubated groups (Figure 2.6B). 

Based on the flow cytometry binding specificity evaluation, the AptNCan3 aptamer was 

used in subsequent experiments. In vitro localization experiments were performed using 
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confocal microscopy after incubation of live RMS cells with the anti-NELL1 aptamer. 

Negative controls included unlabelled aptamer (Figure 7A) and unbound PE fluorophore 

(Figure 2.7C). Signal was only seen in the PE channel for labelled anti-NELL 1 antibody 

(Figure 2.7B) and labelled anti-NELL1 AptNCan3 aptamer (Figure 2.7D), as would be 

expected. Since PE-streptavidin could freely penetrate the cell membrane, all non-

specific PE signals inside cells would be removed by washing and fixation. Cell 

membrane staining and DAPI cell nucleus staining were also used, and the images show 

that all bound signal from the PE channel was within the cytoplasm, but outside the 

nucleus (Figure 2.7). The anti-NELL1 AptNCan3 aptamer (Figure 2.7D) also showed a 

much stronger fluorescence signal compared with the antibody (Figure 2.7B) which also 

corresponded to the flow cytometry MFI data (Figure 2.6B). 

  

Figure 2.7 Fluorescence confocal imaging of anti-NELL1 aptamers specific binding in 
RH30 sarcoma cells.  

The RH30 sarcoma cells were incubated overnight with (A) non-labelled AptNCan3; (B) CF555-
labelled anti-NELL1 antibody; (C) Unbound PE staining and (D) PE-labelled AptNCan3. The 
cells were then thoroughly washed and fixed with 4 % PFA. Scale bar, 50 μm. 
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Imaging was repeated with all three cell types (Figure 2.8). As seen in the flow cytometry 

data (Figure 2.6), confocal imaging showed that AptNCan3 has a strong binding affinity 

for RH30 cells, but shows almost no binding with fibroblasts or RD cells (Figure 2.8). 

To further investigate the cellular localization of AptNCan3, cells were imaged at a 

higher magnification (83x). The PE labelling of aptamers could clearly help to localize 

the aptamers (Figure 2.9A). CellBrite™ green cytoplasmic membrane staining indicated 

that the aptamer signal was present in the intracellular area (Figure 2.9C, 2.9D). Instead 

of evenly spreading among the cytoplasm which most small molecules or fluorophores 

did, the aptamer signals showed specifically overlapping with parts of the membrane 

signal (Figure 2.9E). The punctate structures indicate accumulation within a subcellular 

structure e.g. lysosome (Figure 2.9B). Due to the multiple times of washing and length 

of incubation, most of the aptamer signals were detected inside the cells, but some were 

still visible on the membrane surface (Figure 2.9E). No NELL1 signal was observed in 

the nucleus or on the nuclear membrane indicating that this was not non-specific binding 

(Figure 2.9F). 
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Figure 2.8 Fluorescence confocal imaging of anti-NELL1 aptamers cell specific binding.  

The PE-labelled anti-NELL1 aptamer AptNCan3 were incubated overnight with (A) Fibroblast; 
(B) RD sarcomas; (C) RH30 sarcomas. The cells were then thoroughly washed and fixed with 
4 % PFA. Scale bar, 50 μm. 

 

Figure 2.9 Fluorescence confocal imaging of anti-NELL1 aptamers specific binding in 
RH30 sarcoma cells for binding colocalization analysis.  

The RH30 sarcoma cells were incubated with (A) PE-labelled AptNCan3 for overnight, (B) 
magnified image of the region of interest (ROI) box in A, arrows showing the small punctate 
structures, followed by (C) staining with CellBrite® green Membrane Staining. (D) merged 
images of A and C, (E) magnified image of the region of interest (ROI) box in D, (F) merged 
images of D and the nucleus stained with DAPI.The cells were then thoroughly washed and fixed 
with 4 % PFA before imaging. Scale bar, 10 μm. 
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2.4 Discussion 

2.4.1 NELL1 as a biomarker for targeting 

Historically, NELL1 was recognized only as a protein with a role in osteogenic 

stimulation. However, more recently, NELL1 has been found to have abnormal 

expression levels in a number of diseases. The paediatric cancer, RMS, shows 

significantly higher expression levels within the metastatic alveolar RMS (aRMS) form 

than the embryonal form (eRMS) (Rapa et al., 2012). Moreover, it was discovered that 

high expression levels of NELL1 are normally linked with negative outcomes in some 

types of sarcoma (Tombolan et al., 2017). Targeting NELL1 could therefore prove useful 

in the fight against cancer (Caza et al., 2021). 

To be useful as a specific targeting molecule, the biomarker needs to be found on the 

outer surface of the cell membrane and also to be differentially expressed in cells or 

tissues. Although NELL1 has been identified as a secreted exocrine protein, previous 

studies have demonstrated that NELL1 was persistently localized in a specific way 

similar to a membrane protein on the outside of the cell membrane; described as 

unconventional secretory machinery (USM). Through USM, NELL1 was normally 

transported and accumulated on the cell membrane before secretion. This is similar to 

some other secreted proteins such as fibroblast growth factor 2 (FGF2), or interleukin 1β 

(Crisan et al., 2008; Keller et al., 2008; Pang et al., 2015). To confirm the location of 

NELL1 as the outer-membrane of aRMS cells we performed flow cytometry (Figure 2.1). 

Furthermore, GFP-labelled NELL1 has previously been shown to be located on the cell 

outer-membrane which supported our results and provided the evidence for selecting 

NELL1 as a target (Pang et al., 2015).  

2.4.2 Binding of NELL1 aptamer can affect cellular metabolism 

Several previous studies have directly demonstrated a relationship between NELL1 and 
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the proliferation and metastasis of cancer cells, particularly in RMS (Pang et al., 2015; 

Rapa et al., 2012; Tombolan et al., 2017). While our study indicated that NELL1 binding 

by aptamers affected cell metabolism as shown by the MTT assay (Figure 2.5B) no 

similar studies have reported effects on cell metabolism, although a previous study 

showed successful pathway blockage which linked suppression of metabolism to the 

binding of an aptamer to polyphosphate kinase 2 (PPK2). The results showed that 

inorganic polyphosphate intracellular metabolism was significantly inhibited upon 

aptamer binding with an IC50 of 40 nM (Shum et al., 2011). Furthermore, as NELL1 was 

also found to act as a signalling molecule for important cell functions, previous research 

has discovered that binding to certain region of NELL1 could block and affect the NELL1 

mediated cell adhesion (Hasebe et al., 2012). A scratch assay has also been performed 

with the selected aptamer and aptamer conjugation which showed the significant 

inhibitory effect of NELL1 aptamer in the growth and mobility of RH30 cells through 

affecting its metabolism. 

2.4.3 NELL1 aptamer specificity 

The applied aptamer screening method was optimized from a protocol based on 

fluorescence-guided screening to immobilized NELL1 protein from a randomized library 

(Chandradoss et al., 2014). This method ensured our selected aptamers had high affinities 

to NELL1. However, the specific point on the protein to which the aptamer candidates 

bind cannot be pre-determined. Our data (Figure 2.5B) showed that both AptNCan2 and 

AptNCan3 could both affect the metabolism of NELL1 expressed RMS cells, but despite 

having the highest binding affinity AptNCan1 did not have any effect on cell metabolism 

(Figure 2.5B). This may be directly linked to the site of the aptamer binding on the 

NELL1 protein. It was also found that AptCan2 had a very similar binding for RD and 

RH30 cells (Figure 2.6), considering that both cell lines could secrete NELL1 but with a 
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significantly different level, as shown in our study and in peer studies (Rapa et al., 2012; 

Tombolan et al., 2017). This suggested that AptNCan2 was likely to bind to another 

protein with a similar structure to NELL1, e.g. an isoform, given the high similarities 

within the NEL families. NELL2, for example, is an isoform within the NEL family 

which is approximately 55 % identical to NELL1. Some cell lines with relatively low 

NELL1 expression levels have been discovered to have a high level of NELL2 expression 

(Kuroda et al., 1999; Maeda et al., 2001). AptNCan3 was further assessed using confocal 

imaging, and comparison with commercially anti-NELL1 antibody confirmed the 

specificity of the aptamer to RH30 cells compared to other cell lines (Figure 2.6, 2.7).  

2.4.4 The aggregation of NELL1 in intracellular vesicles was strongly linked 
to the properties of NELL1 

This study, and others (Kuroda et al., 1999; Pang et al., 2015) showed that a large amount 

of NELL1 aggregated on the cell membrane, although it should be noted that NELL1 is 

a secreted protein rather than a membrane protein. NELL1 is normally transported to the 

membrane via exocytotic vesicles. This corresponds with our confocal imaging results, 

where the signal which corresponded to NELL1 binding ligands (red PE channel) 

remained within the cell membrane signal area (green), regardless of whether a NELL1-

specific aptamer or the antibody was used (Figure 2.6, 2.7, 2.8, 2.9). Under higher 

magnification, it was discovered that instead of binding non-specifically or passively 

diffusing into the cytosol which normally led to uniformly distribution within the 

cytoplasm, the ssDNA-based aptamer was specifically clustered in punctate (vesicle) 

structures, which was also directly associated with the properties of NELL1 and its 

transport mechanism (Figure 2.9B). The specific distribution of NELL1 protein and the 

specific high-affinity binding of the aptamer led to the concentration of the intracellular 

signal in the vesicles. This hypothesis was also supported by fluorescence and 

immunohistochemical results in other studies, where NELL1 showed a directional 
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aggregation and translocation within the cytosol (Kuroda et al., 1999; Pang et al., 2015). 

 

2.5 Conclusions 

In conclusion, after successful validation of NELL1 expression and membrane location, 

several anti-NELL1 DNA aptamers were successfully screened through the optimized 

robust quick selection protocol. Evaluation of affinity and selectivity were performed 

step-by-step for a further selection of screened aptamers. All three candidates were 

measured to have a relatively high binding affinity with calculated Kd under 1000 nM. 

Two of the three candidates also showed suppression of metabolic activity in NELL1 

expressing cell lines. Among those, AptNCan3 was evaluated as the best candidate which 

has the best balance of affinity and cell specificity. It was shown to accumulate on the 

membrane and in punctate structures within cells. The identification of these aptamers 

can permit easy, cheap and quick manufacture of targeting moieties towards NELL1 

expressing cells; often those involved in cancer or other pathologies.   

In this chapter, one of the anti-NELL1 aptamer candidates (AptNCan3) has been 

successfully selected due to its great balance between binding affinity and cell specificity. 

Following this study, our research moved on to the next important construct, pH-

responsive polymer layer, which worked as an important linkage between the targeting 

aptamer and the therapy core. 
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Chapter 3 
 

pH-Responsive Charge Reversible Layer 
 
 

 
Stimuli-responsive materials have been found to significantly enhance the accumulation 

and uptake of delivered therapeutic reagents. Through activation by the acidic environment 

of tumours and subcellular organelles (endosomes & lysosomes), the synthesized pH-

activated PMPC-PDPA@PEG-b-PAMA/DMMA copolymer layer could efficiently 

convert charge, and revert from a hydrophilic to hydrophobic state with the decrease in pH 

of the surrounding environment. The copolymer can remain neutral or negatively charged 

in a normal physiological environment (pH 7.4), avoiding rapid clearance and non-specific 

binding. Conversion to a positive charge in the tumour microenvironment (pH 6.8) 

facilitates tissue accumulation and cellular uptake through enhanced adsorption onto the 

negatively charged cellular membranes.  

The copolymer layer was critical to the overall design of the nanosystem, since it was used 

to coat the NIR-siRNA-linked core nanoparticle, and also linked with the selected DNA 

aptamers. 
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3.1 Introduction 

 
3.1.1 Stimuli-Responsive Materials 

 
Stimuli-responsive synthesized materials may be used for a wide variety of applications but 

have more recently been used for drug delivery in clinical applications. In vivo drug delivery 

normally includes several steps: passing from intravenous blood or body fluid circulation 

to tissue accumulation and cellular uptake. During the delivery process, the carriers must 

overcome obstacles to be able to precisely send cargo to the required location. Such barriers 

include macrophage clearance, non-specific binding with serum proteins, kidney filtration 

and enzymatic degradation (Mura et al., 2013).  

One of the most important factors affecting the efficacy of the delivery of nanocarriers is 

surface charge. It has been shown that negatively charged groups on the cell surface (such 

as sialic acid) could be applied as a useful tool for enhancing the deliveries of nanocarriers 

(Verma & Stellacci, 2010). Positively charged nanocarriers, for example, could enhance the 

cellular uptake due to stronger attraction to the negatively charged cellular membrane 

(Verma & Stellacci, 2010). In the previous study, atomic force microscopy (AFM) was used 

to quantify the force between (poly(D,L-lactide-co-glycolide) (PLGA) nanoparticles 

functionalized with PLL nanoparticles and cell membranes. The stronger adsorption has 

been validated through the tighter binding distance and forces (Vasir & Labhasetwar, 2008). 

Circulation time and bioavailability may be decreased due to the formation of serum protein 

coronas and non-specific binding. Due to the efficiency of positively charged nanoparticles 

in penetrating cell membranes and internalising cells, they are the most commonly used 

synthetic carriers for medication and gene delivery (Fröhlich, 2012; Verma & Stellacci, 

2010). 

Charge-reversal delivery may enable more efficient delivery of cargo. Generally, charge 
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convertible carriers are designed to remain neutral or negatively charged under normal 

physiological conditions, but can convert to a positive charge in response to specific stimuli 

such as pH, temperature, or reactive oxygen species (ROS) levels (Zhang et al., 2022). This 

could significantly prolong the circulation time and increase tissue accumulation and 

cellular uptake. 

3.1.2 pH-activated nanocarriers 
 

It has been long established that pH is different among organs, tissues, and various 

subcellular organelles. Endosomes and lysosomes, for example, are subcellular organelles 

which are acidic with pH ranges of 5.5–6.0 and 4.5–5.0, respectively. The acidic pH (pH 

6.5–6.8) within the tumour environment compared with the normal environment (pH 7.2–

7.4) has led to their use as stimuli for tumour targeted delivery (Wu et al., 2018). The pH of 

the cytoplasm in cancer cells is higher than that of healthy cells. However, within the cells 

the lysosomal compartments behave differently. Lysosomes in normal cells maintain an 

acidic environment in the range 4.5–6.5, whereas lysosomes in malignant cells can be below 

pH 4.5. In highly metabolic cells the lysosomes can be in the range pH 3.8–4.7 (Glunde et 

al., 2003). The difference between lysosomes in healthy and malignant cells makes them a 

good target for responsive release (Griset et al., 2009).  

pH-sensitive polymers, metals, and lipid-based nanomaterials have become the most 

popular materials for the intracellular release of treatment compounds. In addition to 

controlling release, the coating materials can also act as protection for the cargo, such as 

RNAi which can easily be degraded within the lysosome (Xu et al., 2016). pH-sensitive 

nanovalves (NV) have been applied for sealing the cargo inside the pores of mesoporous 

silica nanoparticles (MSNs) prior to delivery. The NV was composed of α-cyclodextrin (α‐

CD) complexed with an aniline-based stalk on the surface of MSNs. After entering cells, 

the lysosomal acidic pH activates the nanovalves by decreasing the bond between the stalk 
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and α-CD and leads to the responsive release of anti-cancer drugs. Doxorubicin loaded NV-

MSNs have shown good cellular toxicity by killing over 80 % of MIA PaCa-2 pancreatic 

cancer cells compared with the same concentration of empty control NV-MSNs (Hwang et 

al., 2015).  

Similarly, Muniswamy and collaborators developed a system comprising a DOX-loaded 

PLGA nanoparticle core and a dendrimer-cationised-albumin outer layer (dCatAlb-pDNP). 

The PLGA degraded at the mid to late endosomal pH (4.5–5.5) in cancer cells and released 

the DOX. Furthermore, the system was able to penetrate the blood-brain barrier (BBB) and 

blood tumour barrier (BTB). Cell experiments with U-87 MG glioblastoma cells showed a 

5.5-fold increase in tumour cell death due to increasing the expression levels of caspase-3 

gene which mediates cellular apoptosis (Muniswamy et al., 2019) 

pH-activated release systems can also deliver cargo other than chemotherapeutics, such as 

nucleic acids for gene therapy techniques. Xu and collaborators reported an innovative pH-

activated polymer (Meo-PEG-b-P(DPA-co-GMA-TEPA-C14))-based system for 

delivering siRNA into tumour cells efficiently. Endosomal swelling was induced by the 

buffering effect of PDPA degradation. This greatly decreased the escape time of siRNA and 

increased its silencing efficiency. In vitro experimental results revealed that the viability of 

PC3 prostate cancer cells was decreased over 5-times with the use of controlled release, and 

iRGD (amino acid cyclic peptide: CRGDKGPDC) polymer, which enhanced membrane 

penetration (Xu et al., 2016). 

In addition to various kinds of polymers, many pH-responsive metallic nanomaterials have 

also been widely applied in tumour treatment. Titanium peroxide (TiOx) and titanium 

dioxide (TiO2) have been broadly used in biomedicine due to its biocompatibility and 

optical functionalities. Dai and collaborators reported a dual-stimuli-responsive TiOx/ DOX 

nanodrug system which was applied to lung cancer models. Titania nanosheets were 
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synthesized and DOX loaded onto the surface of the sheets. Due to the exceptional pH-

responsive release profile, the DOX could be preserved in the TiOx perfectly at neutral pH 

(releasing less than 10 % over 48 h). However, the DOX could be rapidly released from the 

TiOx nanosheets at acidic pH, i.e. more than 50 % drug release in less than 24 h. As a result, 

the TiOx/DOX system killed 88.45 ± 0.91 % of A549 lung cancer cells with a DOX 

concentration of 10 μg mL−1 after 48h (Dai et al., 2018).  

Iron oxide nanomaterials have been very promising pH-triggered release anti-cancer 

reagent carriers for a long time. Yue and collaborators applied iron oxide nanotubes 

(PMNTs) for pH-activated release of paclitaxel (PTX), which has low water solubility. The 

activation pH was set as 4.5, which would greatly enhance PTX release in carcinoma cells 

and decrease the possibility of non-specific release in normal cells. In the stimulation test, 

nearly 80 % of the loaded PTX was released when the pH was at 4.5, compared with less 

than 40 % when the pH was at 7.4. At the same time, the rod-like shape of the nanotubes 

further accelerated the uptake rate of the system. The MTT (3-(4,5-Dimethylthiazol-2-yl)-

2,5-Diphenyltetrazolium Bromide) assay results showed that 100 μg mL-1 of the PTX-

PMNTs killed over 70 % of the A549 cells within 24 h, illustrating the high efficiency of 

the system (Yue et al., 2011). 

Calcium-based materials, such as calcium phosphate (CaP) (Mi et al., 2016), and calcium 

carbonate (CaCO3), have also been widely applied in tumour diagnosis and therapy. Dong 

and collaborators (2016) prepared mono-dispersed CaCO3 nanoparticles which were coated 

with PEG, and carried the photosensitizer Mn2+-chelated chlorin e6 (Ce6(Mn)) and the 

chemotherapeutic DOX. While stable under physiological pH (7.4), it was demonstrated 

that the DOX was released in an acidic environment (pH = 5.5) due to the rapid degradation 

of the particles. Furthermore, in vitro experiments using 4T1 murine breast cancer cells 

showed that over 80 % of cells were killed after incubation with 5 μg mL−1 DOX for 24 h. 
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Furthermore, the release of Ce6(Mn) from the particles enhanced T1-contrast under 

magnetic resonance imaging. These particles are therefore suitable for photodynamic and 

chemotherapeutic therapy, in addition to real time monitoring. This was proven in 4T1 

tumour bearing mice, in which over 25 % of the T1 MRI signal came directly from the 

tumour, and the tumours were significantly smaller than in control groups (Dong et al., 

2016). 

pH-activated lipid-based nanomaterials have also showed promise in cancer treatments due 

to good biocompatibility and membrane penetrating functions. Choi and collaborators 

designed a nanosystem using the compound 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG) for coating 

MSNs with axitinib (AXT) and celastrol (CST) as cargo. In vitro drug release test results 

showed that the release of AXT and CST both significantly increased at pH 5.0 compared 

to pH 7.4. The results from these systems revealed that the lipid outer layer significantly 

increased the efficacy of mitochondrial-based cell apoptosis. When the system was applied 

to SCC7 carcinoma, tumour bearing mice models tumour inhibition was over 64 % 

compared to the control groups (Choi et al., 2016). 

3.1.3 pH-activated Charge Convertible Polymer 

 
Currently, two main primary routes have been followed for designing pH-activated charge 

convertible polymers i.e. the protonation/deprotonation of surface chemical groups, and 

acid-labile bond breakage (Zhang et al., 2022). 

Charge convertible copolymers based on acid-labile bond dissociation are the most 

commonly used. Acid sensitive covalent bonds are found within the polymer structure, such 

as amide, oxime, ether, or hydrazine bonds. Upon bond breakage, the physicochemical 

characteristics of the copolymer change accordingly (Kim et al., 2018; Zhang et al., 2022). 

With the help of primary amine groups which enable the charge convertible functionality, 
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2,3-dimethylmaleic anhydride (DMMA) has been used and validated multiple times in pH 

activated charge convertible polymers. Compared with other functional groups which were 

also based on the primary amine group, such as the 1,2-dicarboxylic-cyclohexene anhydride 

(DCA) or tetramethyl succinic anhydride (TM), the DMMA based copolymer has 

demonstrated a stable and quick charge reverse response with the change of pH.  At pH 6 

the DMMA based polymer poly(L-lysine) (PLL)-DMMA successfully converted its surface 

potential within only minutes compared to 7.5 hours or more for other polymers. The gap 

was even more significant at a lower pH when DMMA-based polymers were seen to change 

instantaneously (Zhou et al., 2009). In addition, the combination of a DMMA based 

monomer with iron oxide magnetic nanoparticles was used to form a hierarchical tumour 

acidity-responsive magnetic nanobomb (dubbed HTAMNs) which could be used for tumour 

diagnosis and treatment. The DMMA functional group could rapidly reverse the whole 

nanosystem charge from negative to positive after exposure to the acidic pH which greatly 

enhanced the imaging sensitivity and therapeutic efficacy, plus a significantly higher 

cellular uptake (Yang et al., 2019). 

3.1.4 Hydrophilic-Hydrophobic Reversion Function 

 
Nanoparticle hydrophobicity and hydrophilicity are also critical parameters for delivery. 

Whereas hydrophilic nanoparticles are normally stable in vivo, a hydrophobic surface 

significantly restricts circulation around the body. However, an improved cellular uptake 

was also observed for the hydrophobic nanoparticles, mainly through the cellular absorption 

of the hydrophobic chains interaction with the lipophilic cell membrane which directly led 

to the enhanced uptake of hydrophobic layer coated nanoparticles (Nam et al., 2009). 

Copolymers that have both hydrophilic and hydrophobic tails have been designed to 

maximise drug bioavailability while minimising pharmacological adver(Gil & Hudson, 

2004). Micelles for hydrophilic-hydrophobic pH-activation have been synthesized using 
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Poly(2-diisopropylaminoethyl methacrylate)-b-poly(2-aminoethyl methacrylate 

hydrochloride) (PDPA-b-PAMA). Due to the hydrophilic and hydrophobic tails within the 

same copolymer, the polymer micelle could stay hydrophilic within the normal environment 

yet reverse to a hydrophobic state after entering the low pH tumour environment (Lomas et 

al., 2010).  

To fulfil the functionalities of both charge conversion and hydrophilic-hydrophobic 

reversion, a combination of pH activated polymers were applied by absorbing the 

commercially available positive charged poly(2-(methacryloyloxy)ethyl 

phosphorylcholine)–poly(2-(diisopropylamino)ethyl methacrylate) (PMPC-PDPA) 

(Pegoraro et al., 2013) onto the surface of the DMMA modified poly(ethylene glycol)-b-

poly(2-aminoethyl methacrylate hydrochloride) (PEG-b-PAMA) (Lomas et al., 2010) with 

strong electrostatic interactions at neutral pH. The PMPC-PDPA@PEG-b-PAMA/DMMA 

copolymer could convert both the surface charge and perform hydrophilic-hydrophobic 

reversion based on the change in pH. Due to the negative surface potential shielding, the in 

vivo circulation could be greatly extended. At the sample time, stable circulation also 

ensured enough time for the EPR effect which could further improve tumour accumulation 

(Torchilin, 2011). Through conversion to a positive charge in an acidic environment, it has 

been proven that cellular internalisation could be greatly enhanced.  

 

3.2 Materials and Methods 

3.2.1 Preparation of the mPEG-Br macroinitiator of polymerization 

 
The synthesis protocol of mPEG-Br macroinitiator was adapted from Nizardo and 

collaborators (2018). A mixture of 200 g of toluene [Sigma- Aldrich, Poole, UK] and 4.0 

g (2 mmol) of dried mPEG (Mn=2000 g/mol, flake) [Sigma- Aldrich, Poole, UK] was 

purged with nitrogen gas for 20 min to remove oxygen. Triethylamine (TEA) (0.40 g) 
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[Sigma- Aldrich, Poole, UK] was added dropwise into the mixture under a nitrogen 

environment and magnetically stirred at 200 rpm for 30 mins. Subsequently, 0.5 mL of 

alpha-bromoisobutyryl bromide [Sigma- Aldrich, Poole, UK] was added dropwise over 1 

hour, at 5-minute intervals. Since alpha-bromoisobutyryl was particularly sensitive to 

moisture and oxygen, it was split into 5 or more 1.5 mL Eppendorf tubes in case of 

moisture exposure. The reaction flask was then tightly sealed with parafilm [Bemis, WI, 

US] to prevent any possible exposure to oxygen and moisture. The whole mixture was left 

to react for 48 h at room temperature. The mPEG-Br was extracted from toluene by 

vigorously mixing the reaction mixture with an equal amount of distilled water. 

Dichloromethane (DCM) [Sigma- Aldrich, Poole, UK] was applied three times for 50 mL 

per time to fully extract mPEG-Br from water. The extracted product in the organic phase 

was then washed with distilled water several times to remove any water-soluble 

contaminants. The product was then dried with MgSO4 [Sigma- Aldrich, Poole, UK] and 

filtered through glass-fibre filter paper [Sigma- Aldrich, Poole, UK]. The majority of the 

organic phase was evaporated until the appearance of a white crude viscous product. 

Diethyl ether [Sigma- Aldrich, Poole, UK] was then used to reprecipitate the product. 

After filtering, the final colourless solid product was obtained. This was then vacuum-

dried overnight to eliminate any remaining solvent.  

3.2.2 Removal of the phenothiazine (PTZ) inhibitor from purchased 2-
aminoethyl methacrylate hydrochloride (AMA) monomers 

 
The removal process of PTZ inhibitor from purchased AMA (90 %, contains ∼500 ppm 

phenothiazine as a stabilizer) monomer [Sigma- Aldrich, Poole, UK] was adapted from 

the method published by Panzarasa and collaborators (2015) (Panzarasa et al., 2015). The 

AMA monomer with stabilizer was mixed with tetrahydrofuran (THF) [Sigma- Aldrich, 

Poole, UK] in a 1:20 m/v ratio (e.g. 1g AMA per 20 mL THF). Subsequently, the entire 
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mixture was kept in the dark for two hours under constant stirring. Glass-fibre filter paper 

was then used to collect the pure AMA. The product was then vacuum-dried for two days. 

The final dry form of product was then sealed to prevent oxidation, and kept at room 

temperature until the next step of synthesis. 

3.2.3 Synthesis of PEG-b-PAMA via atom transfer radical polymerization 
(ATRP) 

 
Synthesis of PEG-b-PAMA via ATRP was done by optimising the method of Li and 

collaborators (2016). To start the reaction, 1.325 g of AMA monomer were dissolved in 5 

mL of 4:1 (v/v) isopropanol-H2O mixture, and the mixture was purged constantly with 

nitrogen for at least 20 minutes while stirring to remove dissolved oxygen. Under a 

nitrogen environment, 400 mg PEG-Br macroinitiator and 62.48 mg 2,2′-bipyridine (bpy) 

were applied into the reaction. Following the addition of 19.8 mg of CuCl the reaction was 

kept under nitrogen atmosphere for the whole reaction process. The flask was sealed and 

stirred at 60°C for the next 24 h. The reaction was terminated by exposing the Cu+ catalyst 

to air by opening the flask. To fully remove the by-product (Cu2+ ions), the final reaction 

solution was diluted into an appropriate amount of distilled water and dialysed for 3 days 

with Spectra Por Dialysis Tubing (molecular weight cut-off: 1000 Da) [Repligen, MA, 

US]. The clear aqueous solution was then freeze-dried. The synthesized PEG-b-PAMA 

was then sent for validation with H1 500 MHz Bruker Nuclear Magnetic Resonance 

(NMR) instrument [Bruker, Karlsruhe, Germany]. 

3.2.4 Synthesis of pH-responsive PEG-b-PAMA/DMMA  

 
Synthesis of PEG-b-PAMA/DMMA was done by optimising the method published by 

Li and collaborators (2016). To start the reaction, 465 mg of synthesized and validated 

PEG-b-PAMA (Mn = 4650) was dissolved in 10 mL of DMSO. Under vigorous stirring, 

2.62 mg of bpy and 1.8 mL of TEA were added into the reaction. Following the fully 
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dissolving and mixing of the reaction, an excess amount of 2,3-dimethylmaleic 

anhydride (DMMA) (more than 605 mg, this method used 1g) was added. The reaction 

flask was then sealed and stirred at 40 °C for 24 h. To fully remove the excess of DMMA, 

the final reaction solution was diluted into an appropriate amount of distilled water and 

dialysed in water for 3 days with Spectra Por Dialysis Tubing (molecular weight cut-off: 

1000 Da) [Repligen, MA, US]. The clear aqueous solution was then freeze-dried. The 

synthesized PEG-b-PAMA/DMMA was then sent for the validation with H1 500 MHz 

Bruker Nuclear Magnetic Resonance (NMR) spectrometre [Bruker, Karlsruhe, 

Germany].  

3.2.5 Preparation of pH activated PMPC-PDPA@PEG-b-PAMA/DMMA co-
polymer layer  

 

The overall pH-responsive polymer layer potential was adjusted using PMPC-PDPA 

(supplied by Prof. Giuseppe Battaglia, University of Sheffield) (Pegoraro et al., 2013). 

Based on the provided information from the collaborator, the PMPC100-PDPA120 was 

synthesised at the condition of number average weight Mn (measured with Gel 

permeation chromatography) of 62,000 and polydispersity of 1.38 (Pegoraro et al., 2013). 

Before the preparation of PMPC-PDPA@PEG-b-PAMA/DMMA micelles, the PMPC-

PDPA co-polymer solutions were prepared in 1xPBS at a concentration of 5 mg/mL. 

The solution pH was then adjusted to 5.0 using 0.1 M HCl. 1 mg/mL PMPC-PDPA 

solutions were prepared by dilution with pH 5.0 PBS solution.  

After this, the synthesized and validated PEG-b-PAMA/DMMA was dissolved in the 

phosphates buffer solution which the pH has been pre-adjusted to 10.0 which was for 

speeding up the dissolving process. The resulting PEG-b-PAMA/DMMA solution was 

then added to 1 mg/mL or 5 mg/mL PMPC-PDPA co-polymer solutions, dropwise. The 

mixture was allowed to stir at room temperature for 1 hour. The pH of the reacted co-
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polymer solution was then adjusted back to neutral with 2M NaOH. The PMPC-

PDPA@PEG-b-PAMA/DMMA solution was shaken for 15 minutes and sonicated for 5 

minutes in a water bath. 

3.2.6 Validation of pH-responsive functionality of PEG-b-PAMA/DMMA and 
PMPC-PDPA@PEG-b-PAMA/DMMA 

 
 

Surface charge was determined under a series of different acidities/ alkalinities. HEPES 

buffers (25 mM) was prepared with pH ranging from 1.0 to 9.0 by adjusting with 1 M 

NaOH and HCl. The PEG-b-PAMA (1mg/mL), PEG-b-PAMA/DMMA (1mg/mL) and 

PMPC-PDPA@PEG-b-PAMA/DMMA (1mg/mL by DMMA) polymer solutions were 

prepared, ultrasonicated and filtrated with 0.22 μm syringe driven filters before 

measurement. The polymer solution was then mixed with HEPES solutions of different 

pH (pH ranging from 1.0 to 9.0) solution in a ratio of 1:9 by pipetting and transferred to 

the sample cuvettes. Using a DLS instrument [Zetasizer Nano, Malvern, UK] with a He–

Ne laser (= 633 nm), the surface charge (zeta potential, mV) of PEG-b-PAMA, PEG-b-

PAMA/DMMA and PMPC-PDPA@PEG-b-PAMA/DMMA at different pH conditions 

were measured. The samples were measured at 37 ℃ with a scattering angle of 90 

degrees. Zeta potentials were calculated after readings of 100 runs per sample. 

3.2.7 Coating of PMPC-PDPA@PEG-b-PAMA/DMMA onto the outer surface 
of gold NanoTriangles (AuNTs) 

 
Prior to the coating, gold nanotriangles (AuNTs) were prepared following the protocol 

detailed in Chapter 4. The AuNTs were re-suspended in 1xPBS, then transferred into 98 % 

ethanol to remove the surface coating of CTAC which acted as a stabilizer. The particles 

were then collected by ultra-high speed centrifugation, and re-suspended in RNase-free 

1xPBS [Sigma- Aldrich, Poole, UK] at a concentration of 5 mg/mL. PMPC-PDPA@PEG-

b-PAMA/DMMA (5 mg/mL; pH 7.4) were ultrasonicated and filtered with a 0.22 μm 
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syringe driven filters. The resulting AuNTs suspension (100 μL) was added dropwise to 1 

mL pH-responsive co-polymer solution. During the addition of the AuNTs suspension, 

the mixture was constantly vortexed. The solution was kept at pH 7 for the whole process. 

The nanoparticles were subsequently centrifuged at 10,000 rpm for 5 min and washed 

twice with 1xPBS before collection. 

3.2.8 Characterization 

 
The H1 Bruker NMR spectra of mPEG-Br, PEG-b-PAMA and PEG-b-PAMA/DMMA 

were acquired at 500 MHz using a Bruker Avance spectrometer [Bruker, Karlsruhe, 

Germany] with tetramethylsilane (TMS) [Sigma- Aldrich, Poole, UK] as an internal 

standard after dissolving in D2O and DCl [Sigma- Aldrich, Poole, UK]. The JEOL-2100 

TEM [JEOL, Tokyo, Japan] was used to obtain the TEM images of PMPC-PDPA@PEG-

b-PAMA/DMMA micelles and PMPC-PDPA@PEG-b-PAMA/DMMA coated AuNTs 

operating at 200 kV. The sample grid [Agar Scientific, Stansted, UK] was negatively 

stained with 1 % (w/v) phosphotungstic acid [Sigma- Aldrich, Poole, UK] before adding 

the sample on top of it. The grid was thoroughly air-dried before being inserted into the 

TEM. The Gatan 3 microscopy suite software [Gatan, Inc., CA, US] was used for TEM 

images analysis. 

3.2.9 Data analysis and statistic test 

 
All statistical analysis of experimental data was performed using Microsoft™ Excel 

[Microsoft, NM, US]. GraphPad Prism 8.0.2 [GraphPad Prism, La Jolla, CA, US] was 

used for graph plotting and non-linear stimulation. All results were presented as mean ± 

SD. When the p values (probability values from statistical significance testing) were less 

than 0.05, the difference was considered significant and shown. When two or more groups 

were compared, the two-tailed homoscedastic Student's t-test and one-way ANOVA were 
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applied for statistical analysis. 

 

 

3.3 Results 

3.3.1 Synthesis and characterization of pH-responsive charge reversible PEG-
b-PAMA/DMMA 

 
ATRP is often used to synthesize polymers with unique functionalities and characteristics 

(Li et al., 2016; Matyjaszewski & Xia, 2001) In this chapter, a PEG-b-PAMA/DMMA 

copolymer was made through ATRP following a optimisation of a two-step protocol. 

Confirmation of the structure of the copolymer was attained using H1 NMR. mPEG was 

used as the raw material for the synthesis of the mPEG-Br macroinitiator (Figure 3.1) 

which was then confirmed by NMR (Figure 3.2) with H1 (δ [ppm] in D2O): 1.94 (6H, –

C(CH3)2Br), 3.38 (3H, –O–CH3), 3.5–4.0 (4H, –CH2–CH2–O–), 4.4 (2H, –COOCH2-). 

 

Figure 3.1 Schematic diagram of the synthesis process from mPEG to mPEG-Br 
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Figure 3.2 H1-NMR spectrum confirmed the chemical synthesis of mPEG-Br 
 

Following the successful synthesis and validation of mPEG-Br macroinitiator for ATRP 

polymerization, the synthesis of PEG-b-PAMA was performed within an anaerobic 

chamber with precise temperature control. The synthesized PEG-b-PAMA was dialyzed 

to remove excess Cu2+ ions and freeze-dried until a white powder form of the copolymer 

was obtained. PEG-b-PAMA (490.6 mg) was obtained from the synthesis, with the yield 

percentage at around 37.4 %. H1 NMR data further validated the structure of the 

synthesized PEG-PAMA copolymer. As shown in Figure. 3.3, the typical H1 NMR 

spectrum of PEG-b-PAMA revealed two peaks at δ = 4.253 and 3.314 ppm, respectively, 

which were attributed to the resonance of –OCH2CH2– and –OCH2CH2– of the side chain, 

demonstrating the presence of the PAMA block. 

 
 

Figure 3.3 H1-NMR spectrum of synthesized PEG-b-PAMA (Note: δ = 4.253 and 3.314 ppm) 
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In total of 465 mg of PEG-b-PAMA was applied as the raw material for the synthesis of 

PEG-b-PAMA/DMMA . The obtained PEG-b-PAMA/DMMA was dialysed for 48 hours 

to remove the unreacted DMMA with H1 NMR data further demonstrated the successful 

addition of DMMA to the PEG-PAMA block after the reaction. The appearance of a new 

peak at = 1.804 ppm in the 1H NMR spectra of PEG-b-PAMA/DMMA (Figure.3.4), 

which was induced by the resonance of –C(CH3)=C(CH3)–, indicating the successful 

addition of the DMMA group (Figure 3.5). The whole synthesis process starting from 

mPEG to the final product PEG-b-PAMA/DMMA has been concluded as Figure 3.6. 

 

  
 

Figure 3.4 H1-NMR spectrum of PEG-b-PAMA/DMMA sample (Note:δ = 1.804 ppm) 
 

 
Figure 3.5 Schematic diagram of the synthesized PEG-b-PAMA and PEG-b-
PAMA/DMMA 
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Figure 3.6 Schematic diagram of the whole synthesis process of PEG-b-PAMA/DMMA 
 

3.3.2 PMPC-PDPA coating for charge neutral point adjustment 
 

Following the synthesis and validation of PEG-b-PAMA/DMMA, the pH-responsive 

charge-reversible functionality was tested in 25 mM HEPES buffers at 37 ℃. The PEG-

b-PAMA backbone was applied as the control. The zeta potential results demonstrated 

that the charge of the PEG-b-PAMA backbone copolymer stayed stable between 10-15 

mV within the pH range 1.0 to 8.0. When the pH was neutral, the zeta potential of the 
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copolymer was at 14.77 ± 1.00 mV (Figure 3.7).  

 
Figure 3.7 Quantified Zeta Potential of PEG-b-PAMA under different pH conditions. Data 
is presented at mean ±SD for each individual candidate binding (n=3). 

 
 

Different from the PEG-b-PAMA backbone, the addition of DMMA to the copolymer 

structure conferred pH-responsive charge-reversible functionality to the whole copolymer. 

As demonstrated in the measured zeta potentials from buffers of different pH, the charge 

of PEG-b-PAMA/DMMA copolymer remained positive when pH was lower than 3.0. The 

overall trend of the copolymer charge was shown to decrease with an increase of pH value. 

The overall zeta potential of copolymer at pH 6.0, 6.5, 7.0 was -1.92 ± 0.73 mV, -2.11 ± 

0.04 mV and -3.62 ± 0.54 mV, respectively. Although there was a slight jump at pH 7.5 

to -1.44 ± 0.61 mV, the potential was still following the decline trend after this point from 

pH 8.0 to 9.0 (Figure 3.8).  
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Figure 3.8 Quantified Zeta Potential of PEG-b-PAMA/DMMA under different pH 
conditions. Data is presented at mean ±SD for each individual candidate binding (n=3). 

 

For the next step after the validation of pH-responsive charge-reversible functionality, 

commercially available constantly positive charged PMPC-PDPA coating was applied for 

charge neutral point adjustment. It was essential to validate the ideal mass ratio of PEG-

b-PAMA/DMMA to PMPC-PDPA in tests in order to construct adequate PMPC-PDPA 

@PEG-b-PAMA/DMMA layers which could reverse their potential at the right pH. 

Different quantities of PMPC-PDPA (1 & 5 mg/mL) were mixed with the prepared 

1mg/mL PMPC-PDPA@PEG-b-PAMA/DMMA copolymer solutions under stirring 

conditions in the process of generating a PMPC-PDPA @PEG-b-PAMA/DMMA mixture 

with a stable zeta potential. In a pH changing environment, the PEG-b-PAMA/DMMA 

copolymer could exhibit a negative-to-positive charge conversion. The control sample, the 

PEG-b-PAMA block backbone, could only show has a large positive charge regardless of 

the pH setting.  

Subsequently, zeta potential measurements were used to characterise the resultant PMPC-

PDPA @PEG-b-PAMA/DMMA polymer mixture solutions, as shown in Figure 3.8. It 

was shown that compared to the bare PEG-b-PAMA/DMMA, which had an initial charge 
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of around -2 mV from pH 6.5 to 7.5, the addition of positively charged PMPC-PDPA 

could significantly adjust the overall zeta potential. When 5 mg/mL PMPC-PDPA was 

added, the charge of PMPC-PDPA @PEG-b-PAMA/DMMA had a constant positive 

charge; 1.38 ± 0.49 mV and 0.18± 0.91 mV, at pH 6.5 and 7.4, respectively (Figure 3.9). 

It also indicated the success in mixing and coating of positively charged PMPC-PDPA on 

the surface of PEG-b-PAMA/DMMA. When the amount of added PMPC-PDPA was 

decreased to 1 mg/mL, an increase in overall charge could still be seen, but to a lesser 

extent. The overall zeta potential increased to -1.62 ± 0.37 mV and -0.95 ± 0.11 mV, at 

pH 6.5 and 7.4, respectively (Figure 3.9). In general, it revealed that the right amount of 

PMPC-PDPA coating could help to adjust charge neutral pH into the designed proper 

range. 

 
Figure 3.9 Quantified Zeta Potential of 1 mg/mL and 5 mg/mL of PMPC-PDPA mixed with 
PEG-b-PAMA/DMMA under different pH conditions. Data is presented at mean ±SD for 
each individual candidate binding (n=3). 

 

 

3.3.3 PMPC-PDPA@PEG-b-PAMA/DMMA coating and validation 
 

After successful validation of using different concentrations of PMPC-PDPA to adjust the 

pH-related charge neutral point for the copolymer, PMPC-PDPA@PEG-b-
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PAMA/DMMA was treated as a whole copolymer system. TEM was applied to analyse 

the morphology of pure PMPC-PDPA@PEG-b-PAMA/DMMA and copolymer coated 

nanoparticles (Figure 3.10 & 3.11). The AuNTs were synthesized following the 

established protocol, and then coated with 1mg/mL PMPC-PDPA@PEG-b-

PAMA/DMMA. From the TEM images, although both the pure PMPC-PDPA@PEG-b-

PAMA/DMMA and copolymer coated nanoparticles could be able to self-assemble into 

spherical structures or spherical coating (Figure 3.10), the pure copolymer micelles did 

not seem to be stable, independent or clearly homogeneous in size. On the contrary, with 

the inner structural  support provided by the solid nanoparticles, the copolymer coated 

AuNTs showed a much better uniformity than that of the blank copolymer micelles (Figure 

3.11). The copolymer coating (1 mg/mL) did not significantly affect the diameter of the 

nanoparticles based on the TEM images. Therefore, the TEM results clearly demonstrated 

that PMPC-PDPA@PEG-b-PAMA/DMMA copolymer could encapsulate the 

nanoparticles.  

 
 

 
 

Figure 3.10 PMPC-PDPA@PEG-b-PAMA/DMMA copolymer micelles under negative 
staining (Selected small white spherical structures shown by white arrows, more micelles in this 
image, average size around 10 nm). 
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Figure 3.11 TEM Images of PMPC-PDPA@PEG-b-PAMA/DMMA copolymer coated 
AuNTs (upper right, red arrow) compared with uncoated AuNTs (lower left, blue arrow)  
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3.4 Discussion 

3.4.1 Charge conversion with DMMA group 

 
ATRP is a widely used technique in the synthesis of polymers with unique functionalities 

and structures, and was used here for the synthesis of PEG-b-PAMA/DMMA copolymer 

(Li et al., 2016; Matyjaszewski & Xia, 2001). As a block polymer with hydrophilic 

PAMA tails, the PEG-b-PAMA backbone was not able to self-assemble into micelles. 

DMMA does not have any of the pH activated functions until it was added into the tail 

of the PEG-b-PAMA backbone. As shown in Figure 3.8, the PEG-b-PAMA/DMMA 

could effectively reverse its potential from positive to negative with increasing pH with 

the help of the DMMA block compared to the PEG-b-PAMA backbone. Through H1 

NMR validation, it could be confirmed that the successful synthesis of PEG-b-PAMA 

copolymer backbone and the linkage of DMMA under the specific synthesis condition 

(no oxygen, specific temperature etc). However, the current PEG-b-PAMA/DMMA 

reversed potential from positive to negative between pH 2.0 and 3.0 did not fit the 

requirements for reversal between the pH of normal tissue (pH 7.4) and tumour tissue 

(pH 6.5) (Figure 3.8).  

As an amphiphilic block copolymer, the pH-sensitive block copolymer PMPC-PDPA 

has both hydrophilic and hydrophobic tails. As previously demonstrated, the pH could 

effectively change the solubility of PMPC-PDPA (Pegoraro et al., 2013). When the 

surrounding pH was below 6.4, the amine groups on the copolymer chains were 

protonated. This led directly to the increase of solubility of the co-hydrophilic polymer 

features. However, when the pH was greater than 6.4, the tertiary amine groups of PDPA 

were deprotonated, resulting in the hydrophobicity and insolubility of the whole PMPC-

PDPA copolymer. At physiological pH, PDPA can interact with the negatively charged 

sugar-phosphate backbone of a nucleic acid. As shown here, the PMPC-PDPA@PEG-b-
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PAMA/DMMA copolymer could also help to cap the DNA based targeting aptamer on 

the outer surface of the nanosystem with high efficiency (Lomas et al., 2010).  

 

3.4.2 PMPC-PDPA adjustment of whole copolymer system 
 

The commercially available pH-activated polymer PMPC-PDPA, which has a constant 

positive charge in all pH, was used to modify the PEG-b-PAMA/DMMA copolymer 

system. Two different concentrations were assessed (1mg/mL and 5mg/mL) and showed 

different content of charge reversing which was directly correlated with the amount of 

mixed PMPC-PDPA. Data showed that adding 1 mg/mL PMPC-PDPA was not enough 

to fully reverse the zeta potential in the 6.5 to 7.4 range to be positive. Conversely, the 5 

mg/mL addition could successfully help the co-polymer to meet the designed aim with a 

positive charge at acidic tumour pH while remaining neutral or negative within the 

normal body environment. The charge convertible functionality enables a very important 

feature of the whole nanosystem: it could keep the nanosystem outer layer charge 

constantly negative which could significantly reduce the possibility of off-target 

accumulation by normal cells. It would also prolong circulation due to the strong 

electrostatic repulsion with the negatively-charged cell membrane or blood serum 

proteins (Zhang et al., 2022). The reduced probability of forming a serum protein corona 

could also limit the possibility of being cleared by the reticuloendothelial system (RES) 

(Li et al., 2016; Zhang et al., 2022). 

Furthermore, the PMPC-PDPA@PEG-b-PAMA/DMMA copolymer could self-

assemble into small micelles or easily coat the nanoparticles with its amphiphilic 

functionality which was supported by the hydrophilic PAMA and hydrophobic PDPA. 

Even after long time of sample preparation and storage at room temperature, clear 

indication of micelles and stable coatings around the nanoparticles showed that the great 
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and stable functionality of the synthesized co-polymer working as a carrier from the TEM 

results (Figure 3.10 & 3.11).  

3.4.3 Issues concerning PMPC-PDPA 

 
Despite the excellent functionality the co-polymer has shown, some problems still 

remain with the selected PMPC-PDPA. As a widely applied pH activated release 

polymer that was also commercially available, PMPC-PDPA was selected to adjust the 

pH charge neutral point for the co-polymer system. However, some issues remained 

especially around the cargo-releasing of the PMPC-PDPA polymer. Previous research 

has found that the release profile of PMPC-PDPA was fully-dependent to the pH. When 

the pH was at 6.4 which was common for most tumour environments, it would normally 

take 10 hours to release less than 10 % of the cargo which was too slow for the design 

(Gouveia et al., 2019). During the synthesis and testing steps within the experiments, it 

has also been noticed that the PMPC-PDPA was unexpectedly stable within the acidic 

environment. However, the PMPC-PDPA part could be easily upgraded and replaced 

with a similar positive-charged polymer that has a better release profile, which also 

facilitated the design and function of our current nanosystem. 

 

3.5 Conclusion 
 

In conclusion, the pH-activated PMPC-PDPA@PEG-b-PAMA/DMMA copolymer 

layer, which has both charge conversion and hydrophilic-hydrophobic reversion 

functionalities, was successfully synthesized and evaluated. As validated within this 

study and previous research, the PEG-b-PAMA/DMMA could convert its surface charge 

from negative to positive accordingly to the decrease in environmental pH. Through 

mixing with the right amount of positively charged PMPC-PDPA, the copolymer 
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remained neutral or negatively charged under a normal environment (pH 7.4) which 

helps to avoid the quick clearance and non-specific binding, and conversion to a positive 

charge in the tumour microenvironment (pH 6.8) which enables enhanced tissue 

accumulation and cellular uptake. The following validation with TEM results around the 

bare micelles and nanoparticles’ coating further confirmed the copolymer has the 

potential to self-assemble into nanomicelles or coat the nanoparticles without massively 

changing its size. The copolymer layer formed a very important construct of the whole 

designed nanosystem, which could protect the coated therapy core and enhance the 

delivery efficiency at the same time.  

In summary, the PMPC-PDPA@PEG-b-PAMA/DMMA copolymer layer has been 

successfully synthesized and evaluated. It was constructed into the nanosystem to coat 

the nanoparticle-based therapy core and linked with the selected DNA aptamers. The 

NIR dye-loaded siRNA-linked therapy core is detailed and discussed in Chapter 4 and 

5.
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Chapter 4 
 

Nanoparticle-based NIR Non-Invasive 

Reporting System 

 
 
 
 
 
Nanoparticles could help to deliver, protect, target, and enhance penetration. The addition of 

NIR dyes to nanosystem which delivers the therapeutic reagent can enable monitoring of uptake 

and accumulation during treatment non-invasively. Two types of nanoparticles based on silica 

and gold were synthesized. The MSNPs were loaded with IR820 dye, and the delivery efficacy 

was evaluated using spheroid models. In this chapter, the IR820-loaded MSNPs were analysed 

from the perspectives of cellular uptake, degree of accumulation,  and penetration depth to 

evaluate the NIR imaging function of the synthesized nanosystem. 
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4.1 Introduction 

4.1.1 Nanoparticle core 

 
Delivery of a drug to the right location is crucial for effective cancer treatment. However, 

many obstacles may prevent sufficient amount of therapeutic molecules to accumulate in 

a tumour. These include non-specific binding with serum proteins, immune system 

clearance, and kidney filtration (Kim et al., 2016; Tatiparti et al., 2017). Moreover, 

negatively charged molecules or drugs, such as siRNA or mRNA, are not able to passively 

diffuse through cellular membranes into the cytoplasm (Wang et al., 2010). In addition, 

off-target effects may significantly increase the possibility of severe side effects due to the 

unspecific uptake of normal cells. 

Nanoparticles made of a variety of materials have been assessed for the effective 

protection and delivery of cancer therapeutic agents, including inorganic (e.g. silica (Ma 

et al., 2010), iron oxide (Stanley et al., 2012), carbon (Ray et al., 2009)) and organic 

materials (e.g. liposomes (Feng et al., 2017)) (Du et al., 2014; Kim et al., 2016; Wang et 

al., 2010). Nanoparticles can passively accumulate in a tumour area via the enhanced 

permeability and retention (EPR) effect (Torchilin, 2011). This couples fenestrations in 

the blood vessel endothelial cells in the tumour tissues with inadequate lymphatic drainage. 

Nanoparticle delivery of therapeutic molecules could significantly decrease the possibility 

of being cleared by the immune system, and reduces off-target effects compared with a 

traditional retrovirus system or bare siRNA (Kim et al., 2016). In addition to passive 

accumulation in the tumour, active targeting of nanoparticles could be achieved through 

grafting targeting molecules onto the surface, such as antibodies (Liu et al., 1998), peptides 

(Pan et al., 2012), or aptamers (Sivakumar et al., 2018). 

In this study, thiol functionalized mesoporous silica nanoparticles (SH-MSNPs) and gold 

nanotriangles (AuNTs) were synthesized. Silica nanoparticles have been widely used in 
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various biomedical studies with well-established methods for controlling the size, shape 

and morphology (Slowing et al., 2008). In addition to the useful functionalities of silica 

nanoparticles, gold nanoparticles (AuNPs) have also been found to have unique optical 

functionality, excellent biocompability, and anti-infectious and anti-inflammatory 

properties (Yeo et al., 2018). Moreover, AuNTs have also been validated with the highest 

cell uptake rate among all different shapes of AuNPs (Xie et al., 2017). 

4.1.2 IR820 dye – nanoparticle conjugation as a NIR reporting system 
 

The wavelength range from 900 to 1700 nm is commonly defined as the second near-

infrared spectral region (NIR-II). Compared with the traditional NIR-I which ranges from 

780 to 900 nm, the NIR-II range is more suitable for non-invasive biomedical sensing due 

to decreased tissue scattering, better imaging resolution and penetration depth (Feng et al., 

2019; Qiu et al., 2018). Decreased tissue scattering could also prevent the issue of low 

signal-to-noise ratio due to the high tissue background noise (Feng et al., 2019). The 

addition of a NIR dye to the nanoparticle would enable tracking both in vitro and in vivo 

through penetration across the skin and centimetre depth, within a transparency window 

so that blood does not interfere with the signal.  (Xia et al., 2016) 

As one of the most widely applied NIR dyes which have superb biocompability and the 

analog and better alternative of the only Food and Drug Administration (FDA) approved 

NIR dye indocyanine green (ICG), IR820 is a small molecule NIR dye that covers both 

the NIR-I and NIR-II with a broad emission range from 700-1300 nm. Moreover, it allows 

high penetration depth NIR signalling, and could also be potentially used for photothermal 

and photodynamic therapy (Xia et al., 2016). In addition, it has also been discovered that 

encapsulation with the nanoparticles could further enhance the biocompatibility and 

stability of the IR820 dye (Xia et al., 2016). 
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Therefore, in this chapter, different classes of nanoparticles have been successfully 

synthesized, characterised and evaluated.   

 

4.2 Methods 

4.2.1 Cell lines & Tissue Culture  
 

The cell lines were prepared and cultured following the methods described in Chapter 

2.2.1 and 2.2.2. 

4.2.2 Synthesis of thiol functionalized MSNPs (SH-MSNPs) 
 

The SH-MSNP synthesis method was modified and optimized from a published protocol 

(Pan et al., 2012).  Hexadecyltrimethylammonium Chloride (2g; CTAC) [Sigma- Aldrich, 

Poole, UK] and Triethylamine (0.06g; TEA) [Sigma- Aldrich, Poole, UK] were dissolved 

and added into 20 mL of 95°C distilled water under intensive stirring. After 1h of stirring, 

Tetraethyl orthosilicate (1.5 mL; TEOS) [Sigma- Aldrich, Poole, UK] was added dropwise 

into the mixture. After a further 1h, 200 μL of a 1:1 mixture of TEOS and 3-

mercaptopropyl triethoxysilane (MPTES) [Sigma- Aldrich, Poole, UK] was added into the 

reaction. The synthesized nanoparticles were collected by high-speed centrifugation and 

washed with 99 % ethanol three times. The obtained SH-MSNPs were vacuum dried and 

stored at room temperature.  

4.2.3 Synthesis of Gold Nanotriangles (AuNTs) 
 

Gold nano-seeds were prepared by adding 25 μL of 0.05 M HAuCl4 solution into 4.7 mL 

of 0.1M CTAC solution under intensive staining at 600 rpm. 300 μL of freshly made 

0.01M NaBH4 solution was added directly into the mixture. The reaction mixture was kept 

stirring for more than 2 h at room temperature for consuming the excess of borohydride.  
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For preparation of the gold nanotriangles, two solutions were pre-made before the 

synthesis: 

Solution A: 1.6 mL of 0.1 M CTAC, 40 μL of 0.05 M HAuCl4, and 15 μL of 0.01 M NaI 

solution were mixed in 8 mL of distilled water. 40 μL of 0.1 M acetic acid (AA) solution 

was added immediately before use. 

Solution B: 500 μL of 0.05 M HAuCl4 solution and 300 μL of 0.01 M NaI solution was 

mixed in 40 mL of distilled water. 400 μL of 0.1 M AA solution was added right before 

use. 

100 μL of 10x diluted synthesized gold nano-seeds was added into the solution A. After a 

briefly stirring for less than 10 sec, 3.2 mL of reaction solution A was immediately 

transferred into solution B. The reaction of solution B was kept in an anaerobic 

environment overnight for the growing of nanotriangles. The synthesized gold 

nanotriangles were obtained by freeze-dry and stored at -20°C. 

4.2.4 Nanoparticles Characterization 
 

For the preparation of specimens for transmission electron microscopy (TEM), the 

synthesized SH-MSNPs or AuNTs were dispersed in ethanol and dropped onto holey 

carbon-coated TEM grids [Agar Scientific, Stansted, UK] until fully dried. A JEOL-2100 

TEM [JEOL, Tokyo, Japan] was used for TEM imaging, operating at 200kV. Gatan 3 

microscopy suite software [Gatan, Inc., CA, US] was used for TEM image analysis.  

Dynamic Light Scattering (DLS) and particle surface ζ (zeta) potential was measured with 

a Zetasizer Nano ZS90 [Malvern Panalytical, Malvern UK]. The SH-MSNPs were 

suspended in 1 x PBS buffer (pH=7.4) prior to the measurement to quantify the surface 

charge for particles in a colloidal suspension. For calculating electrophoretic mobility, zeta 

potential, and zeta potential distribution, 100 runs were read for every sample. 

Thermogravimetric analysis (TGA) [Perkin Elmer TGA7, US] was used to analyse 
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nanoparticles from 110°C to 800°C at a rate of 10°C per minute under a nitrogen 

atmosphere.  

For validation of surface thiol bonds, the Raman spectra of SH-MSNPs were read using a 

confocal Horiba Jobin-Yvon Raman microscope [Horiba, Glasgow, UK] equipped with a 

532-nm neodymium-yttrium aluminium garnet laser. The laser power on samples was 12 

mW after attenuation by neutral density filters. 

4.2.5 IR820 NPs Loading in siRNA-linked MSNPs  
 

To load NIR dye IR820 [Sigma- Aldrich, Poole, UK] into the siRNA-linked MSNPs, 200 

μL of IR820 stock solution (84.90 mg/mL) was prepared by dissolving IR820 in DMSO. 

The stock solution was then diluted 1000 times with RNase free water. Diluted IR820 

solution (4mL) was then mixed with siRNA-linked MSNPs (Full description in Chapter 5) 

with shaking at room temperature for 24 h in a dark environment. The particles were 

washed with RNase free water and collected by ultrahigh-speed centrifugation (20,000 

rpm, 10 min); this was repeated several times until all impurities were essentially removed. 

The final product (IR820-loaded siRNA-MSNPs) was stored in RNase free PBS buffer at 

4 °C. 

4.2.6 3D Spheroid Generation and treatment 
 

The 3D RMS spheroids were grown on 1 % (w/v) agarose-coated 96-well plate. To prepare 

the plate, powder form low electroendosmotic (EEO) agarose [Sigma Aldrich, Poole, UK] 

was fully dissolved in 1xPBS with very mild heating until the formation of a clear solution 

[Sigma Aldrich, Poole, UK]. Warm agarose solution (100 μL) was carefully added to a 

flat-bottom 96-well plate ensuring that no bubbles were present. The plate was left to dry, 

and sterilized under UV for 2 h at room temperature. A flat solid agarose layer could be 

seen to form in the well after this step. RMS cells from culture were washed with DMEM 
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medium and seeded at a density of 100,000 cells per well onto the agarose-coated plate 

without hurting the agarose layer. The plate was then cultured at 37 °C with 5 % CO2 in a 

tissue culture incubator for 4 days. The growth of the spheroids was monitored every day, 

and after 4 days they were transferred into a normal 96 well plate for experiments.  

The RMS spheroids were incubated for 72 h with either (i) PBS, (ii) the same concentration 

of free IR820 NIR dye, or (iii) IR820-loaded siRNA-linked MSNPs. 

4.2.7 Flow cytometry for IR820 delivery evaluation 
 

In order to validate the IR820 NIR signal penetration rate, RH30 cell spheroids were 

prepared before incubation for 24h with either (i) PBS, (ii) the same concentration of free 

IR820 NIR dye, or (iii) IR820-loaded siRNA-linked MSNPs.  

Likewise, for comparing the penetration speed the same experiment was performed over 

a periods of 0~24 hours.  

Similar to the apoptosis/necrosis assay, the treated RH30 spheroids were collected and 

dissociated into single cells by trypsin treatment and centrifugation. The cells were then 

washed three times with 500 μL of cold 1 x PBS to remove any non-specific binding dye 

or particles. All the collected cells were fixed with a 4 % (v/v) PFA solution [Bio-rad, 

Watford, UK] prior to the next step of flow cytometry analysis. Flow cytometry was 

performed using a BD FACS Calibur and evaluated in the FL4-H channel. The amount of 

IR820 signal was quantified by normalized median fluorescence intensity. The entire 

procedure was carried out on ice in darkness. The experiment was repeated in duplicate 

on three separate occasions. 

4.2.8 Confocal imaging of IR820 cell penetration delivered with MSNPs 
 

Cells were seeded at a density of 1x105 cells per well in complete DMEM medium which 

was pre-added with 2 mM L-glutamine [Gibco, Life Technologies Ltd, Renfrew, UK], 
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penicillin (100 U/mL) and streptomycin (100 g/mL) [Gibco, Life Technologies Ltd, 

Renfrew, UK] and 10 % (v/v) Fetal Bovine Serum (FBS) [Sigma Aldrich, Poole, UK], in 

glass-bottom imaging petri dishes [ibidi GmbH, Germany] and allowed to adhere to the 

surface for 24 hours in a 37 oC tissue culture incubator. RH30 sarcoma cells were incubated 

overnight with the same concentration of either free IR820 or IR820-loaded siRNA-linked 

MSNPs, respectively. The cells were washed three times with cold PBS after incubation 

to remove any non-specific binding. The entire procedure was carried out in complete 

darkness. Before imaging, the cells were maintained in warm PBS and stained for 15 

minutes with 0.1 g/mL DAPI [Thermofisher Scientific, Renfrew, UK] and 1:200 diluted 

CellBriteTM Green Cytoplasmic Membrane Dye [Biotium, CA, US]. All samples were 

then fixed with a 4 % (v/v) PFA solution. A Leica SP8 confocal microscope was used for 

imaging. [Leica Biosystems, Germany]   

4.2.9 Statistics and reproducibility 
 

All statistical analysis of experimental data was performed using Microsoft™ Excel 

[Microsoft, NM, US]. GraphPad Prism 8.0.2 [GraphPad Prism, La Jolla, CA, US] was 

used for graph plotting. Error bars in the experiments indicate standard deviation (SD). 

The difference was considered significant and shown when the p values were less than 

0.05. The figure legends included information on the number of events and independent 

experiments, as well as statistical data and methodologies.  

4.2.10 Other software 
 

FlowJo VX [FlowJo, LLC, OR, US] was used to analyse and compare flow cytometry data. 

For all confocal image analysis and measurement, the Leica Application Suite X (LAS X) 

was employed. 
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4.3 Results 

4.3.1 Thiol-Functionalized Mesoporous Silica Nanoparticles (SH-MSNPs) 
 

Nanoparticles based on mesoporous silica were synthesized as the core of the system. The 

surface of the nanoparticles was functionalized with thiol bonds for attachment and 

targeted release of the siRNA (Pan et al., 2012). The diameter of these SH-MSNPs was 

monitored by multiple methods. The hydrodynamic diameter was determined to be 73.57± 

17.12 nm by dynamic light scattering (DLS) (Figure S8). TEM images of the SH-MSNPs 

indicated a spherical shape with a mesoporous surface. The diameters of irregular 

mesopores on the surface appeared to be around 1-2 nm by randomly measuring 100 

mesopores from the TEM image (Figure 4.1A). Furthermore, a very thin 1 nm surface 

layer was observed on the SH-MSNPs which could be considered as evidence of a thiol 

bond layer (Figure 4.1A). The average diameter was calculated as 42.59 ±  4.24 nm 

through randomly counting 100 nanoparticles from images. All measured diameters were 

grouped, and Gaussian fitted and all particle diameters were well distributed in a very 

narrow range and the mean value was 42.11± 4.12 nm. This showed a uniform distribution 

of particle diameter (Figure 4.1B). In a neutral pH, the surface potential of SH-MSNPs 

was determined to be -23.3 ± 7.50 mV (Figure S9). The strong surface potential could 

keep the nanoparticles moderately stable in an aqueous environment. 
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Figure 4.1 Characterization of Synthesized SH-MSNPs and Thiol Bonds on the Particle 
Surface 

A: TEM images of (i) synthesized 50 nm SH-MSNPs, (ii) Enlarged surface thiol bond layer of  

SH-MSNPs (layer indicated by arrows). B: Gaussian Distribution of SH-MSNPs Diameter 
Measured from the TEM images. C: Thiol bond was detected using Raman Spectroscopy. A 
unique 2580 cm-1 peak was shown in SH-MSNPs, but not in MSNPs. D: The amount of 
functionalized thiol bond was quantified using TGA from 110 °C to 800 °C in nitrogen 
environment.   

 
Raman Spectroscopy was used to compare the synthesized SH-MSNPs with bare MSNPs 

for further validation of the surface thiol bonds. SH-MSNPs showed a very strong peak at 

2580 cm-1 which was absent from bare MSNPs. This peak is a fingerprint peak for the 

thiol group (Sokolova & Epple, 2008). Moreover, the thiol bond was linked to the silica 

network through –CH2-CH2-CH2-SH. Raman fingerprints of —C at 1305 cm−1 and C—S 

at 653 cm−1 were also observed from the comparison (Figure 4.1C) (Xiong et al., 2018).  

Subsequently, the surface thiol groups were quantified by Thermal Gravimetric Analysis 

(TGA). From the weight decrease, the amount of thiol groups on the surface was calculated 

as 0.065 mol per 1 mol SH-MSNPs. This amount would dictate the amount of siRNA the 

particle could carry (Figure 4.1D). 
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4.3.2 Gold NanoTriangles (AuNTs) 
 

In addition to the mesoporous silica nanoparticles, gold nanotriangles were also 

synthesized due to the intrinsic thiol bonds on surface which could be useful for further 

surface functionalization (Scarabelli et al., 2014). The diameter of the synthesized gold 

nanotriangles was also monitored through multiple methods, such as CPS disk centrifuge 

and ZetaSizer. The hydrodynamic diameter of Au NTs were measured as 28.3 ± 7.25 nm 

from CPS (Figure S10) and 33.48 ± 1.8 nm from DLS (Figure S11). TEM images were 

obtained for confirmation of the diameter and morphology of the AuNTs. It could be 

observed that the AuNTs were equilateral triangle shaped with a smooth surface (Figure 

4.2A). After measuring 155 Au NTs from the obtained TEM images, the average width 

was measured as 26.21 ± 3.13 nm (Figure 4.2A). The Gaussian fitting was applied for all 

measured width. The fitted average diameter of width was 26.10 ± 2.25 nm which was 

almost the same as the measured width and the R-square value was 0.97 which indicated 

a very uniform diameter distribution (Figure 4.2B). 

The surface potential of the Au NTs was opposite from that of SH-MSNPs in that the 

AuNTs had very strong positive surface charge of 44.3 ± 1.35 mV. It was also worth noting 

that the surface charge mainly came from the surfactant remaining on the surface of the 

AuNTs which prevented the NTs from aggregating.  
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Figure 4.2 Characterization of Synthesized AuNTs 

A: TEM image of two 26 nm Au NTs. B: Gaussian Distribution of Au NTs Diameter Measured 
from the TEM images 

 

4.3.3 Cellular Uptake of IR820-loaded MSNPs Evaluation with Flow 
Cytometry 

 

IR820 NIR dye was loaded into the siRNA-MSNPs prior to incubation with RH30 

spheroids. The cellular uptake of IR820 was monitored using flow cytometry on 

dissociated cells from spheroids after 24 h of incubation. The IR820-loaded siRNA-

MSNPs group showed a significant peak shift, indicating a much higher amount of dye 

per cell compared to incubation with free IR820 dye (Figure 4.3A(i)). The IR820 content 

was then quantified with the Median Fluorescence Intensity (MFI) data from flow 

cytometry. As it was shown in Figure 4.3A(ii), the MFI only reached 572 ± 39.42 with the 

free IR820 penetration. However, the IR820-loaded siRNA-MSNPs group showed an over 

two-fold increase with MFI levels reaching 1194 ± 33.54 after 24 h incubation.  
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Figure 4.3 Evaluation of IR820 NIR signal penetration rate in RH30 sarcoma spheroids 
measured by flow cytometry 

A: (i) Representative flow cytometry histogram of single cells from breaking RH30 sarcoma 
spheroids. Cells were incubated with either PBS (Red), free IR820 NIR dye(Blue), or IR820 NIR 
dye-loaded siRNA-linked MSNPs (Orange) for 24h. (ii) Results from the normalized median 
fluorescence intensity of flow cytometry of single cells from breaking RH30 sarcoma spheroids. 
Cells were incubated with either PBS, free IR820 NIR dye, or IR820 NIR dye-loaded siRNA-
linked MSNPs for 24h . Data is presented as mean±SD for each individual cell line (n=3 
independent triplicate experiments). B: Results from the normalized median fluorescence intensity 
of flow cytometry of single cells from breaking RH30 sarcoma spheroids. Cells were incubated 
with either free IR820 NIR dye, or IR820 NIR dye-loaded siRNA-s-s-MSNPs for different period 
of times ranging from 0~24h. Data is presented as mean±SD for each individual cell line (n=3 
independent triplicate experiments). Significance was tested using a two tailed t-test compared to 
the cells with only buffers for each cell line (ns: not significant, *P≤0.05, **P≤0.01)  

 

To further investigate the penetration and uptake speed within RH30 spheroids, time-

dependent intracellular MFI was monitored from 10 min to 24 h. It was found that the 

signal was higher in IR820-loaded siRNA-MSNPs groups after 1 h and 4 h of incubation 
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compared to free IR820 groups. However, this trend wasn’t constant enough for all groups 

under 8 h. It could be noticed that for the 10 min, 2 h, and 8 h incubation groups, the 

difference between free IR820 group and IR820-loaded siRNA-linked MSNPs group was 

statistically insignificant. Thus, a 24 h group was set up which was considered long enough 

for all free IR820 or IR820-loaded siRNA-MSNPs to reach deep penetration within the 

spheroids structure. It was observed that the MFI of IR820-loaded siRNA-MSNPs 

incubation was significantly higher than free IR820, with 532 ± 47 compared with 302 ± 

20, respectively (Figure 4.3B). 

4.3.4 Cellular Uptake of IR820-loaded MSNPs Evaluation with Confocal 
Microscopy 

 

Cellular localization of siRNA-IR820-MSNPs was investigated using confocal 

microscopy. CellBrite™ green cytoplasmic membrane staining and DAPI nucleus staining 

indicated that the IR820 signal was present in the cytoplasm, but outside the nucleus. The 

sensor of confocal microscopy wasn’t as sensitive as the flow cytometry which required 

higher amount of IR820 intracellular to show visible signals. From the images, it could be 

seen that the unbound IR820 group didn’t show any signal after overnight incubation under 

the confocal microscope, which indicated relatively low delivery or penetration efficiency 

(Figure 4.4A). Nevertheless, the IR820-loaded siRNA-linked MSNPs group showed 

significantly visible signals in the IR820 channel under the confocal microscope, which 

indicated that the MSNPs could deliver a significantly higher amount of IR820 into the 

cells with a very limited concentration of nanoparticles applied for the spheroids 

incubation (Figure 4.4B). This result also corresponded to the flow cytometry result which 

the IR820-loaded siRNA-linked MSNPs group delivered a significant higher average 

amount of IR820 into cells than the free IR820 group (Figure 4.3).  
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Figure 4.4 Fluorescence confocal imaging of efficient IR820 cell penetration delivered with 
MSNPs comparing to unbound staining. 

The RH30 sarcoma cells were incubated overnight with A: Unbound IR820; B: IR820-loaded 
siRNA-linked MSNPs. The cells were then thoroughly washed and fixed with 4 % PFA. Scale bar, 
10 μm.  

 

 

4.4 Discussion 

4.4.1 MSNPs can enhance the penetration of the loaded IR820 dye into 3D 
spheroids  

 

Our system combined IR820 NIR signalling with MSNPs-delivered siRNA for 

knockdown. To our knowledge, there have been no similar studies in RMS cells. The 

loading of amphiphilic IR820 dye has been validated by other studies (Lei et al., 2014; 

Thapa et al., 2017), and could be effectively loaded into MSNPs with a relatively good 

capacity of 10.0 ± 0.8 % through hydrophobic–hydrophobic interactions (Thapa et al., 

2017). Furthermore, it has also been shown that MSNPs could enhance the stability and 

energy conversion efficiency of loaded IR820 (Lei et al., 2014; Thapa et al., 2017). In our 

study, the amount of delivered IR820 was compared with free IR820. In contrast to the 

free dye which relies on passive diffusion, the endocytosis of MSNPs could greatly 
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improve the uptake of loaded IR820 (Tang et al., 2012). Moreover, the significant 

enhancement of penetration ability by the nanosystem was further revealed through the 

3D spheroids model which has a much more complex structure and a concentration 

gradient from outside to inside (Figure 4.3B). The enhancement of penetration ability was 

validated by the clear peak shift and over a two-fold increase of MFI from flow cytometry 

experiments (Figure 4.3A). The penetration depth enhancement was further confirmed 

with the confocal images which showed signals with clear and stable IR820 signal for 

IR820-loaded siRNA-linked MSNPs group. The uptaken IR820 was kept within the 

endosomes. On the contrary, the free IR820 group showed no signal at all due to low 

uptake and diffusion out of the cells after fixation (Figure 4.4). For the time-dependent 

uptake evaluation with RH30 sarcoma spheroids, the trend between free IR820 and loaded 

IR820 was not clear for the first few hours. However, the ultimate significant MFI 

difference after 24 h demonstrated a deeper penetration assisted by MSNPs.  

4.4.2 The nanoparticles core could be replaced or further functionalised  

 

The SH-MSNPs surface will be further functionalized to reverse the surface potential to 

positive, e.g. through the incorporation of amino groups (amino functionalisation) (Pan et 

al., 2012). Moreover, SH-MSNPs are not the only option for the nanoparticle core. Indeed, 

as an alternative, AuNTs were synthesized and characterised as one of the candidates to 

act as the nanoparticle core for the designed nanosystem. As introduced before, AuNPs 

have several advantages, such as excellent biocompability, optical functionalities 

(photothermal and photodynamic functionalities), anti-infectious against bacteria and anti-

inflammatory properties (Yeo et al., 2018). Furthermore, the reasons why the triangle 

shape were trialled were that: A(1) Triangle gold nanoparticles have been proven as the 

shape of AuNPs with the highest cell uptake rate (Xie et al., 2017), and (2) The edge of 
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the AuNTs has the potential to be applied for Surface Enhanced Raman Spectroscopy 

(SERS) which has now been widely used in the diagnostic field (Alvarez-Puebla & Liz-

Marzán, 2010; Moisoiu et al., 2021). However, during this study it was found that the 

AuNTs which were synthesised could be oxidized very quickly. As some of the 

functionality, such as AuNTs need to keep a specific morphology for an enhanced uptake 

rate or SERS study, the rapid oxidation would directly affect the further development of 

the AuNTs within our design. It was therefore decided not to proceed with these 

nanoparticles. 

 

4.5 Conclusion 
 

In conclusion, MSNPs and AuNTs have been successfully synthesised. Both silica and 

gold-based nanoparticles were characterised from the perspectives of size, surface 

potential, morphology and other functionalities such as their surface pore sizes, 

quantification of surface bonds and so on. Gold materials have a great potential for future 

applications. However, they also showed to be easily oxidized, thus changing their 

morphology. With good encapsulation functionality due to the surface mesopores, the 

IR820 dye was easily loaded into synthesized MSNPs. Considering the total design of the 

nanosystem which considered siRNA linkage, the MSNPs were functionalized with 

surface thiol bonds during their synthesis. Dye loaded into particles showed a better uptake 

rate, accumulation, and penetration depth in cells compared with unloaded free dye, from 

flow cytometry and confocal imaging results. IR820 NIR monitoring could provide 

another route for tackling aRMS in a more efficient and non-invasive way. In Chapter 5, 

the successful combination of siRNA onto the conjugate, and the validation of the whole 

theranostic system as a whole will be discussed.  
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Chapter 5 
 

Identification of siRNA for RMS 
treatment, and Validation of the Whole 
Constructed Nanosystem 

 
 
 
 
Metastatic alveolar rhabdomyosarcoma (aRMS) is an aggressive paediatric cancer with a poor 

prognosis. Downregulation of critical tumour genes using targeted siRNA has the potential to 

improve patient outcomes. However, the delivery of siRNA remains an obstacle, and 

association with nanoparticles could help to deliver, protect, target, and enhance penetration. In 

this study, two siRNA targeting options were selected and validated: (i) Human αB-crystallin 

(CRYAB) & Heat Shock Protein Family B (Small) Member 2 (HSPB2), and (ii) Keratin 17 

(KRT17). A mesoporous silica nanoparticle was loaded with IR820 dye and linked to the siRNA 

via disulfide bonds. The system was characterised and evaluated for transfection efficiency and 

knockdown. In addition, the metabolic effects and cell proliferation were monitored in 2D 
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culture and also in 3D spheroid models. The nanoparticles were found to maintain a strong bond 

with the siRNA molecules, and showed a high degree of protection, preventing degradation 

with RNase I during a 24 h incubation. The siRNA was effectively delivered and transfected 

into the aRMS cells by the nanoparticles with a significant suppression of viability; 53.21 ± 

23.40 % for CRYAB & HSPB2 siRNA, and 88.06 ± 17.28 % for KRT17 siRNA. The cause of 

cellular proliferation suppression was discovered with over 50 % cell apoptosis and necrosis 

within the RH30 spheroids after 72 h. Total GSH levels within RD and RH30 cells were found 

to be 5.08 and 9.28 times higher than that of fibroblast cells. Since the selected siRNAs were 

bound onto the MSNPs surface with disulfide bonds which could be specifically cleaved by 

GSH, this was a good indicator that stimuli-activation could be used for specifically releasing 

the siRNA into the RMS cells. Furthermore, the PE-labelled aptamer (Sequence Selected from 

Chapter 2) was shown to  firmly bind to the polymer layer on the surface of the nanoparticles. 

Therefore, a combined system of copolymer coated MSNPs with RMS targeting aptamers, 

specific siRNA treatment, and IR820 NIR monitoring was developed. This may help to pave 

the way for less invasive and more effective treatment of aRMS.
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5.1 Introduction 

 
5.1.1 Rhabdomyosarcoma 

 
As one of the most common and aggressive paediatric cancers, Rhabdomyosarcoma (RMS) 

is believed to originate from skeletal muscle cells. There are two identified histological 

forms of RMS: embryonic RMS (eRMS) and alveolar RMS (aRMS) (Koscielniak et al., 

1992). It has been shown that aRMS is more metastatic than the eRMS subtype, which 

normally leads to a poor prognosis (Marshall & Grosveld, 2012). Currently, most patients 

are treated with standard  chemotherapy, radiotherapy, surgery or combinations. These 

aggressive treatments normally lead to unavoidable life-long side effects, which is 

particularly poignant in paediatric patients. Combined with the lack of early diagnostic 

methods which leads to advanced metastasis, aRMS has a very low survival rate of less 

than 30 % (Huang & Townley, 2016). 

5.1.2 siRNA and delivery 
 

The discovery of siRNA technologies has been hailed as having great potential for 

improved oncology treatment. Two sets of targets for the effective gene knockout in aRMS 

cells were assessed (i) Human αB-crystallin (CRYAB) & Heat Shock Protein Family B 

(Small) Member 2 (HSPB2), and (ii) Keratin 17 (KRT17). Both genes were found to be 

significantly upregulated in aRMS compared to eRMS or normal cells (Rapa et al., 2012). 

CRYAB & HSPB2 are closely linked and co-regulated by p53 (Tan et al., 2019). 

Furthermore, CRYAB overexpression has been shown to be tightly associated with the 

migration and invasion of gastric cancer cells (Chen et al., 2018). Double knockout (DKO) 

of CRYAB and HSPB2, has been shown to lead to cell apoptosis and necrosis. This was 

due to a decrease in ATP production-related calcium-dependent respiration and 

metabolism, and a reduction in superoxide production (Benjamin et al., 2007). KRT17, a 
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type I keratin, was first found to relate to the growth of the human epithelium (Yang et al., 

2019). It has also been found to facilitate the development of cancers of the skin (Depianto 

et al., 2010), colon and breast (Li et al., 2020). Knockout of KRT17 using targeting siRNA 

could efficiently suppress cancer cell proliferation by inhibiting the AKT/mTOR/HIF1α 

pathway.  

However, there are still many barriers blocking the clinical application of siRNA in vivo, 

such as nuclease degradation, non-specific binding to serum proteins, and kidney filtration 

(Kim et al., 2016; Tatiparti et al., 2017). In addition, the repulsion effect between the 

phosphate backbone of RNA and cell membranes which are both negatively charged 

increases the difficulty of passive diffusion of siRNAs into cells (Wang et al., 2010). 

Furthermore, bare siRNA has no targeting ability which may lead to severe side effects in 

normal cells. Consequently, siRNA has only been used for limited clinical treatment, such 

as eyes or skin which are externally accessed. Nanoparticle delivery of siRNA 

significantly decreases the possibility of being cleared by the immune system, and reduces 

off-target effects compared with a traditional retrovirus system or bare siRNA (Kim et al., 

2016).  

5.1.3 SH-MSNPs and GSH-activated siRNA release 
 

In this study, thiol functionalized mesoporous silica nanoparticles (SH-MSNPs) were 

chosen as the delivery core for the nanosystem. The siRNA was synthesized with a 5’ thiol 

functional group and formed a stable disulfide bond link with the SH-MSNPs core. The 

bond is expected to remain stable until entering the high glutathione (GSH) environment 

of cancer cells (Estrela et al., 2008). The GSH has been demonstrated as one of the special 

molecules in biological pathway regulation. The reducing and detoxifying functionalities 

of GSH are enabled by one of the key functional groups with thiol group (-SH) of the 

cysteine residue. GSH is kept in the reduced form the majority of the time, before being 
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transformed into the dimeric oxidised form GSH (GSSG) upon oxidative stress signalling. 

Thus, the GSH/GSSG ratio is a good indicator for the intracellular stress level; directly 

associated with cellular malfunction or multiple diseases. The GSH signalling molecule is 

also involved in metabolic activities, such as gene expression regulation, enzyme function, 

and protein synthesis. Intracellular glutathione (GSH) is more concentrated inside cells 

than extracellularly. Furthermore, the intracellular GSH concentration of cancerous cells 

is normally 1.7–7 fold higher than in normal cells (Mura et al., 2013; White et al., 2019). 

High concentration of GSH could efficiently break the disulfide bond linkage and allows 

for targeted release within the cancer cells. 

In this study, the GSH concentration of RMS cells have been measured as the fundamental 

for the GSH-activated release. Moreover, the theranostic nanosystem which specifically 

releases nanoparticle bound siRNA in the high GSH environment of tumours, can be 

tracked with IR820 dye, has been developed and evaluated from several different 

perspectives. The build-up of the system as a whole has also been validated.  

 

5.2 Methods 
 

5.2.1 Cell lines & Tissue Culture 
  

The cell lines were prepared and cultured as described in Chapter 2.2.1 and 2.2.2. 

5.2.2 Cell viability & metabolic assay (MTT) 
 

The cells were seeded, and the assay was performed following the same methods as in 

Chapter 2.2.4, except for the following detailed steps:  

The cells were treated with one of the following: (i) buffer alone, (ii) free thiol 

functionalized siRNA, (iii) SH-MSNPs, (iv) siRNA with DharmaFect transfection reagent 

[Dharmacon, Lafayette, CO, USA], or (v) purified siRNA-linked MSNPs. The aliquoted 
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siRNA stock solution (20 μM in 1x siRNA buffer (60 mM KCl, 6 mM HEPES-pH 7.5, 

0.2 mM MgCl2)) [Horizon Discovery, Cambridge, UK] was prepared and applied for 

transfection. For DharmaFect induced transfection, the reaction was prepared from two 

tubes: Tube 1 containing siRNA and serum-free DMEM mixed at a 1:19 ratio, and tube 2 

containing DharmaFect & serum-free DMEM mixed at a 1:49 ratio. Enough solution was 

prepared for at least 100 μL for each well. After 5 min, the two tubes were thoroughly 

mixed and incubated for 20 min at room temperature. Before transfection, the cells were 

washed once with PBS and antibiotic-free medium.  

After the selected cell lines were treated with set concentrations of siRNA or siRNA-linked 

MSNPs for a defined period of time, the medium was discarded from the microplate well. 

Subsequently, MTT medium solution (100 mL of growth media with 0.5 mg/mL of MTT) 

was added into each well followed by 3 hours incubation at 37 oC to allow the formation 

of purple formazan crystals within the cells. The formation of crystals was then validated 

before moving on to the next stage. All supernatant was carefully discarded and 100 µL 

dimethyl sulfoxide (DMSO) [Sigma- Aldrich, Poole, UK] was added into each well to 

solubilize the formazan. The microplate was incubated for 20 minutes and then shaken for 

2 minutes before measurement. The absorbance was read at 575 nm using the plate reader 

following incubation [Tecan Infinite® 200 PRO, Reading, UK]. 

5.2.3 Scratch Assay 
 

A scratch test was performed to assess cell migration and invasion. RMS cells were 

cultivated in a 12-well sterile microplate at a density of 3x105 per well. Cells were allowed 

to grow, spread, and form a confluent monolayer for 48 h. A 1 mL pipette tip was used as 

a pin tool to scratch through the cell layer and remove the scratched cells, resulting in the 

formation of a cross-like cell-free zone in each well with a constant width. 

After incubation with different concentrations of siRNA or siRNA-linked MSNPs, cells 
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would migrate inward to the scratched area at different speeds. For comparison of cell 

mobilities, images of scratches were taken before and after the incubation for different 

wells. The average width of the scratched cross was measured twice across the horizontal 

and vertical scratches near the centre of the cross. The cell mobilities were quantified using 

the difference in scratch width before and after incubation.  

5.2.4 siRNA linkage with SH-MSNPs and validation of binding 
 

Thiol functionalized siRNA was custom synthesized by Merck [Merck, Haverhill, UK]. 

The sequences of the siRNA targeted to CRYAB mRNA were:  

 

5′-[ThiC6]CUGUGAAUGGACCAAGGAA[dT][dT]-3′ (sense strand)  

and  

5′-[ThiC6]UUCCUUGGUCCAUUCACAG[dT][dT]-3′ (antisense strand).  

 

The sequence of the siRNA targeted to HSPB2 mRNA was:  

5′-[ThiC6]CUCCCAUGAUGGCAUCUUA[dT][dT]-3′ (sense strand)  

and  

5′-[ThiC6]UAAGAUGCCAUCAUGGGAG[dT][dT]-3′ (antisense strand).  

 

The sequence of the siRNA targeted to KRT17 mRNA was: 

5′- [ThiC6]CCAGUACUACAGGACAAUU[dT][dT]-3′ (sense strand)  

and  

5′-[ThiC6]AAUUGUCCUGUAGUACUGG[dT][dT]-3′ (antisense strand).  

 

siRNA was re-suspended in 1x siRNA buffer which contained 30 mM HEPES-pH 7.4, 

300 mM KCl, 1.0 mM MgCl2 and RNase-free water [Dharmacon, Lafayette, CO, USA]. 



134  

The solubilized siRNA samples were then aliquoted into several tubes containing 50 µL 

of 20 µM siRNA stock suspension within the RNase free environment.  

Prior to the linkage, all 5’-thiol functionalized siRNA was obtained in a disulfide form for 

stability. In order to reduce the disulfide bond of the thiol-modified 5’ end to an active 

sulfhydryl form, 100 mM dithiothreitol (DTT) solution was added to 100 mM sodium 

phosphate buffer (pH 8.3 - 8.5). Aliquoted siRNA stock solution (50 µL) was mixed with 

125 µL of the DTT solution, followed by incubation for 1h at room temperature. The by-

product was carefully removed using a NAP-10 column and 100 mM sodium phosphate 

buffer (pH 6.0) following the manufacturer’s protocol [GE Healthcare, Illinois, US]. The 

final activated product was eluted with 200 µL of sodium phosphate buffer (pH 6.0). All 

buffers were prepared with RNase-free water. The concentration of activated siRNA was 

measured with NanoQuant Plate™ using Infinite® 200 PRO plate reader dsRNA reading 

function [Tecan, Reading, UK].  

Immediately after the activation and concentration reading, thiol functionalised siRNA 

(CRYAB & HSPB2, or KRT17) was mixed with 1 mg of SH-MSNPs dispersed in 1 mL 

of sodium phosphate buffer (pH=7.4). The binding reaction was kept for 8h within an 

RNase free environment at room temperature. siRNA-linked MSNPs were collected by 

centrifugation at 15,000 rpm for 30 min. The same amount of RNase free buffer was then 

added for re-dispersion of collected siRNA-linked MSNPs. The re-dispersion and 

centrifugation process was repeated four times, and all supernatant was collected for the 

reading of remaining free siRNA with NanoQuant Plate™.  

For validation of siRNA linkage with SH-MSNPs, the purified siRNA-linked MSNPs and 

free siRNA samples were electrophoresed on a 2 % (w/v) native agarose gel for 1 h at 100 

V. The gel was prepared in 0.5× TBE buffer supplemented with 0.005 % (v/v) EtBr and 

10 mM MgCl2. 
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5.2.5 Validation of RNase I Protection 
 

For validation of the protective-effect of MSNPs to the linked siRNA, the siRNA-linked 

MSNPs or free siRNA targeting different mRNAs were incubated separately with 0.25 % 

(w/v) RNase I  [Sigma- Aldrich, Poole, UK] for different periods of time ranging from 15 

min to 4 h (for free siRNA) or even longer until 24 h. Gel electrophoresis was used to 

assess degradation as above. As previously, 2 % (w/v) native agarose gel electrophoresis 

was used to assess degradation for 1 h at 100 V. The gel was prepared under the same 

conditions.  

5.2.6 APC Annexin V/PI Assay  
 

Pure SH-MSNPs or siRNA-MSNPs treated RH30 spheroids were collected and 

dissociated into single cells by trypsin treatment and centrifugation. The cells were then 

washed three times with 200 μL of cold 1x PBS and Annexin V binding buffer [BioLegend, 

CA, US]. The washed cells were then incubated with 50 μL of Annexin V binding buffer 

which was pre-mixed with 2.5 μL of PI and 5 μL of APC Annexin V [BioLegend, CA, 

US] at room temperature for 15 min. The cells were then collected by centrifugation and 

resuspended in 400 μL of Annexin V binding buffer for flow cytometry evaluation. Flow 

cytometry was performed using a BD FACSCalibur [BD, NJ, US] and evaluated in both 

the FL3-H and FL4-H channels.  

5.2.7 3D Spheroids Generation & Growth  
 

The cell lines and spheroids were prepared and cultured following the same methods as in 

Chapter 4.2.6. 

5.2.8 Measurement of intracellular GSH/GSSG level 
 

A Promega GSH/GSSG-GloTM Assay was used to quantify the intracellular concentration 
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of total GSH and GSSG [Promega, Madison, WI, US]. In 96-well plates, normal cells 

(fibroblasts) and RMS cells were plated at a concentration of 1x104 cells per well. The 

cells were allowed to adhere to the wells overnight incubation, and the assay was carried 

out according to the manufacturer's instructions. The medium was then discarded, and the 

cells were collected accordingly. The collected cells were then treated with either total 

glutathione lysis reagent or oxidised glutathione lysis reagent within the kit [Promega, 

Madison, WI, US]. Both plates were maintained at room temperature for 30 minutes before 

adding the luciferin production reagent. The plates were briefly shaken inside the plate 

reader [Tecan Infinite® 200 PRO, Reading, UK] before being allowed to equilibrate for 

15 minutes at room temperature.  

The Luminescence was then measured using a plate reader luminescence function [Tecan 

Infinite® 200 PRO, Reading, UK], and the GSH and GSSG amount was calculated 

according to the standard curve generated by the standard samples tested in plate at the 

same time. The following equation was used to compute GSH/GSSG ratios:  

GSH/GSSG = [Total GSH-(2 GSSG)]/GSSG. 

5.2.9 Validation of construction of the designed nanosystem 
 

The whole designed nanosystem could be separated into three parts: IR820-loaded siRNA-

linked MSNPs core, pH- activated polymer layer, and targeting aptamers. For constructing 

the whole nanosystem, the prepared IR820-loaded siRNA-linked MSNPs core (5 mg/mL) 

was quickly sonicated in a sonicating water bath. Similar to the process described in 

Chapter 3.2.7, PMPC-PDPA@PEG-b-PAMA/DMMA (5 mg/mL; pH 7.4) were 

ultrasonicated and filtered with a 0.22 μm syringe driven filter. MSNP suspension (100 

μL) was added dropwise into 1 mL pH-responsive co-polymer solution. During the 

addition, the mixture was constantly vortexed. The solution was kept at pH 7 for the whole 

process. It was then kept at room temperature for an addition 15 minutes to maximize the 
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coating. The nanoparticles were centrifuged at 10,000 rpm for 5 min then washed twice 

with 1x PBS before collection. The PE-labelled anti-NELL1 aptamers (500 nM) were 

added into the acquired mixture dropwisely. Similarly, it was then kept at room 

temperature for an addition 15 minutes for maximizing the coating. The nanoparticles were 

centrifuged at 10,000 rpm for 5 min then washed twice with same volume of 1x PBS before 

collection. To confirm the successful construction of the whole system, a similar process 

was also performed for IR820-loaded siRNA-linked MSNPs only, and polymer only with 

same amount of PE-labelled aptamers. All groups, including controls, were validated with 

the plate reader fluorescence function in the PE channel [Tecan Infinite® 200 PRO, 

Reading, UK].   

5.2.10 Statistics and reproducibility 
 

All statistical analysis of experimental data was performed using Microsoft™ Excel 

[Microsoft, NM, US]. GraphPad Prism 8.0.2 [GraphPad Prism, La Jolla, CA, US] was 

used for graph plotting. Error bars in the experiments indicate standard deviation (SD). 

The difference was considered significant and shown when the p values were less than 

0.05. The figure legends included information on the number of events and independent 

experiments, as well as statistical data and methodologies.  

5.2.11 Other software 
 

FlowJo VX [FlowJo, LLC, OR, US] was used to analyse and compare flow cytometry data. 

For all confocal image analysis and measurement, the Leica Application Suite X (LAS X) 

was employed. 

 

5.3 Results 
 

5.3.1 Evaluation of Selected siRNAs 
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The genes CRYAB & HSPB2, and KRT17 were investigated as candidates for knockout 

in aRMS cells. RH30 cells (aRMS) were used for investigations, and compared with RD 

cells (eRMS). Both cell lines were transfected with CRYAB & HSPB2, or KRT17 siRNA, 

ranging from 12.5 nM to 50 nM. The eRMS cell line showed no significant reduction in 

proliferation rate compared with the control (Figure 5.1A(i)). Conversely, the cell viability 

and metabolism of the aRMS cell line (RH30) were both significantly suppressed. Cell 

growth was decreased to lower than 50 %, 24 h after transfection (Figure 5.1A(ii)). For 

the CRYAB & HSPB2 DKO using targeting siRNA, the cell viability of RH30 cells was 

suppressed to 39.92 %, 46.68 % and 44.68 % for 12.5 nM, 25nM, and 50 nM of both 

siRNAs, respectively. Similarly, after the KRT17 knockout, the cell viability of RH30 

cells decreased to 47.74 %, 39.31 % and 42.35 % for 12.5 nM, 25nM, and 50 nM of siRNA, 

respectively. For the three concentrations applied, although they all showed significantly 

suppression compared to both cell control and the buffer control, there was no significant 

difference among various concentration or siRNA groups with viabilities all around 45 %. 
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Figure 5.1 Measurement of chosen siRNAs’ effects on cell proliferation & mobilities 

(A) MTT results comparing the cell relative survival rate & metabolism level of  (i) RD and (ii)  
RH30 sarcoma cells after knockout with different concentration of KRT17-targeting siRNA, or 
CRYAB & HSPB2-targeting siRNA using DharmaFect as transfection reagent for 24hrs (n=6), 
significance statistic all compared to the DharmaFect Control group. (B) Scratch assay results 
comparing the cell relative mobility of (i) RD and (ii) RH30 sarcoma cells after treated with 50 
nM of KRT17-targeting siRNA, or CRYAB & HSPB2-targeting siRNA using DharmaFect as 
transfection reagent for 24hrs. Data is presented as mean ±SD for each individual cell line (n=3). 
Significance was tested using a two tailed t-test compared to the cells with only buffers for each 
cell line (ns: not significant, *P≤0.05, ***P≤0.001) 
 

While cell viability was only affected in RH30 cells after the siRNA transfection for both 

CRYAB & HSPB2 DKO and KRT17 knockout using corresponded siRNA, cell invasion, 

as determined by the scratch test, showed significant inhibition in both RD and RH30 cells, 

albeit to different degrees. After transfection with 50 nM siRNA, RD cells showed a 

decrease in mobility of 25.17 % with KRT17 siRNA, and 15.08 % after with CRYAB & 

HSPB2 (Figure 5.1B(i)). However, much greater inhibition was seen in RH30 cells, with 

74.95 % decrease with KRT17 siRNA and 35.79 % decrease with CRYAB & HSPB2 

siRNA (Figure 5.1B(ii)).  
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5.3.2 Linkage and protection of siRNAs on the SH-MSNPs surface 
 

The binding rates of siRNA onto the MSNPs surface were quantified as 51.41 % and 

49.46  % for the linkage of CRYAB & HSPB2 siRNA, and KRT17 siRNA, respectively 

(Table S3). In order to further validate the stable linkage between siRNA and MSNPs, 

both the CRYAB & HSPB2 and KRT17 siRNA-linked MSNPs were examined by agarose 

electrophoresis. While free siRNA (or ladder) could move freely within the agarose gel, 

the stable linkage with MSNPs prevented any electrophoretic migration i.e. the fluorescent 

signal remained in the wells. No visible amounts of siRNA release could be detected by 

electrophoresis from the siRNA-linked MSNPs, demonstrating that the siRNA was 

strongly attached to the surface of the MSNPs via disulfide bonds (Figure 5.2). 

 

Figure 5.2  Validation of siRNA Linkage onto the surface of SH-MSNPs  

Electrophoresis gel (1% agarose gel in TBA buffer) image of both free CRYAB & HSPB2-
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targeting siRNA, or KRT17-targeting siRNA and siRNA-linked SH-MSNPs for the validation of 
disulfide bond linkage, cropped gel image. The ladder applied was ThermoFisher GeneRuler 1kb 
ladder, only for running validation, not for size reference. 

 

 
In addition, samples were incubated with RNase I, an enzyme which could easily degrade 

unbound RNA. As shown in Figure 5.3A, 5 nM of free siRNA, irrespective of the sequence,  

was fully degraded by the RNase I in 15 min. However, the MSNPs were seen to protect 

the bound siRNAs from degradation; with a significant amount of siRNA visualised after 

electrophoresis after 2 h, 4 h, or 24 h incubation with RNase I (Figure 5.3B).  

 

 

Figure 5.3  Evaluation of siRNA protection after linked onto the surface of SH-MSNPs  

Electrophoresis gel image of (A) free CRYAB & HSPB2-targeting siRNA, or KRT17-targeting 
siRNA and (B) siRNA-linked SH-MSNPs, treated with same concentration of RNase for different 
periods of time at 37℃ for the evaluation of degradation prevention after linkage to SH-MSNPs. 
Cropped gel image. The ladder applied was GeneRuler 1kb ladder, only for running validation, 
not for size reference. 

 
 

5.3.3 siRNA-linked MSNPs effects on cell proliferation & mobilities 
 

The effects on aRMS cells proliferation and metabolism after incubation with siRNA-

linked MSNPs were evaluated in comparison with the standard lipid transfection reagent 
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DharmaFect™. After 24 h of incubation, it was found that the carrier only (SH-MSNPs) 

control did not affect either RD or RH30 cells. Similarly, free siRNAs did not affect either 

RD or RH30 cells with regards to their proliferation or metabolic rate. However, when it 

came to transfection using DharmaFect or MSNPs carriers, RD and RH30 reacted 

differently at the same concentration of siRNAs. After siRNA transfection with 

DharmaFect, the RD cells showed very little difference in the viability level compared to 

the control group, except for the 5 nM KRT17 siRNA knockout group. The viability 

decreased to 60.75 ± 1.79 % after 24 h of transfection (Figure 5.4A(i)).  

 

Figure 5.4  Measurement of siRNA-linked MSNPs effects on cell proliferation & mobilities 

(A) MTT results comparing the relative cell survival rate & metabolism level of  (i) RD and (ii) 
RH30 sarcoma cells after knockout with 5 nM of free CRYAB & HSPB2-targeting siRNA only, 
or KRT17-targeting siRNA only, or same concentration transfected by DharmaFect or MSNPs for 
24hrs (n=6). Data is presented as mean ±SD for each individual cell line (n=3). Significance was 
tested using a two tailed t-test compared to the cells with only buffers for each cell line (ns: not 
significant, *P≤0.05, **P≤0.01, ***P≤0.001) (B) APC-Annexin V and PI assay results measuring 
the cell apoptosis and necrosis RH30 sarcoma cell spheroids after 72 hrs with (i), SH-MSNPs 
control (ii) 50 nM of CRYAB & HSPB2-target siRNA-linked MSNPs and (iii) 50 nM of KRT17-
target siRNA-linked MSNPs. (Blue) Control groups (Red) Knockout groups.  

 
Nevertheless, RH30 cells, which has a much higher expression for all targeted mRNA, 

were all very sensitive to the transfection. Following transfection of 5 nM siRNA with 
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DharmaFect, the viability of RH30 cells were significantly decreased to 67.16 ± 37.17 % 

for CRYAB & HSPB2 DKO using targeting siRNAs, and 51.64 ± 12.04 % for KRT17 

knockout using targeting siRNA (Figure 5.4A(ii)).  

Similar or better outcomes were shown in the MSNPs transfection groups. With the same 

amount of transfected siRNA, the viability of RH30 cells were significantly decreased to 

53.21 ± 23.40 % for CRYAB & HSPB2 DKO using targeting siRNAs, and 88.06 ± 17.28 % 

for KRT17 knockout using targeting siRNA (Figure 5A(ii)).  

In addition to 2D cultures, knockout effects were examined in 3D spheroid models. After 

incubation with 50 nM KRT17, or CRYAB & HSPB2 siRNA-linked MSNPs an APC-

Annexin V/PI assay was used to evaluate cell apoptosis and necrosis after 72h. After 

incubation of RH30 cell spheroids with SH-MSNPs carrier control only 3.16 % and 10.4 % 

of cells were found to be in the early/ late apoptosis and necrosis stage, respectively (Figure 

5.4B(i)). However, SH-MSNPs conjugated with CRYAB & HSPB2 showed 9.20 % of 

cells in early/ late apoptosis, and 55.5 % of cells in necrosis stage (Figure 5.4B(ii)). Similar 

results were seen after KRT17 knockout using targeting siRNA; 9.10 % in early/ late 

apoptosis and 51.9 % in necrosis (Figure 5.4B(iii)).  

 

5.3.4 Effects on cell proliferation of IR820-loaded siRNA-linked MSNPs   
 

Any negative effects of IR820 on cell growth and proliferation, or the functioning of 

knockout siRNA were examined. siRNA-IR820-MSNPs were incubated with RH30 

spheroids and compared with PBS controls, free IR820 dye, and SH-MSNPs control. The 

size of spheroids was monitored at t=0 and 24h, 48h and 72 h. After 72 hours, spheroids 

incubated with free IR820 had increased by 48.15 ± 25.22 % compared to spheroids in the 

PBS control which grew 45.90 ± 29.46 %. Incubation of the spheroids with SH-MSNPs 

showed a slightly slower growth rate with 39.01 ± 15.82 %, although this was not 



144  

statistically different from the PBS control.  

Incubation with siRNA-IR820-MSNPs showed a clear suppression in the growth rate. The 

spheroids grew much more slowely and the growth almost ceased after 48 h; between 48 

h to 72 h, cells incubated with NPs loaded with CRYAB & HSPB2 only grew 2.89 %. 

Furthermore, the KRT17 siRNA-IR820-MSNPs showed signs of shrinkage and collapse 

in treated RH30 spheroids after 48 h; the relative size change was suppressed from 31.67 

± 7.53 % to 18.29 ± 11.06 % after 72 h incubation after the siRNA transfection (Figure 

5.5). 

 

Figure 5.5  Measurement of IR820-loaded siRNA-linked MSNPs effects on cell proliferation  

Average spheroid growth in diameter relevant to the RH30 sarcoma cells viability after treated 
with: PBS, unbound IR820, SH-MSNPs, CRYAB & HSPB2-targetted siRNA-linked IR820-
loaded MSNPs, or KRT17-targetted siRNA-linked IR820-loaded MSNPs, for different period of 
times ranging from 0 - 72h (n=6). Data is presented as mean ±SD for each individual cell line. 

 
Similar experiments were performed for the RD spheroids with the same incubation 

groups. The spheroids in all groups grew around 30 % in diameter after 72 h which showed 

no influence from the siRNA knockout for either CRYAB HSPB2 DKO or KRT17 using 

corresponded siRNAs (Figure S12). Thus, showing the specificity of these genes towards 
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aRMS cells.  

 

5.3.5 Measurement of RMS intracellular GSH/GSSG level 
 

Experiments were performed to validate that RMS cells, especially the targeted aRMS 

RH30 cells, have significantly higher levels of GSH than normal cells. A luminescence 

method was used for the assessment. Eight standards of known concentration of GSH were 

used to generate a standard curve (Figure 5.6A). The high correlation of the standard curve 

r=0.9966 further reassured the accuracy of the methods. All three cell lines were seen to 

have a total GSH level in the micromolar range; fibroblasts 0.25 ± 0.06 μM, RD cells 1.27 

± 0.07 μM, and RH30 cells 2.33 ± 0.14 μM (Figure 5.6B). Compared to fibroblasts, the 

two RMS cells lines showed a several-fold increase in the total GSH intracellular amount, 

i.e. 5.08 and 9.28 times higher for RD and RH30 cells, respectively.  

The GSSG levels were also measured at the same time. As most of the intracellular GSH 

is normally kept in the reduced form, the GSSG levels were relatively low: fibroblasts 

0.0045 ± 0.0005 μM, RD cells 0.0997 ± 0.0071 μM, and RH30 cells 0.1137 ± 0.0067 μM 

(Figure 5.6C). The ratios showed a different trend as the fibroblasts had the highest 

GSH/GSSG ratio; fibroblasts 57.59 ± 19.60, RD cells 12.83 ± 1.04, and RH30 cells 20.46 

± 0.32. Although there was a significant difference between RD and RH30 cell groups, the 

GSH/GSSG ratio decreased more than two-fold for both groups compared to normal 

fibroblast cells (Figure 5.6D).  
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Figure 5.6  Quantification of intracellular GSG and GSSH concentration and GSH/GSSG 
ratio 

(A) Standard curve plotted from eight standards (concentration ranging from 0.25 to 16 μM) which 
were treated under the same condition as the test samples, (B) Quantification of total GSH levels 
in fibroblasts, RD and RH30 cells under the same conditions, (C) Quantification of GSSG levels 
in fibroblasts, RD and RH30 cells under the same conditions, (D) GSH/GSSG ratio in fibroblasts, 
RD and RH30 cells under the same condition (n=6). Data is presented as mean ±SD for each 
individual cell line. 

 

5.3.6 Validation of anti-NELL1 aptamers binding to PMPC-PDPA@PEG-b-
PAMA/DMMA coated IR820-loaded siRNA-linked MSNPs   

 

To validate the final construction of the designed nanosystem, especially the binding of 

anti-NELL1 aptamers described in Chapter 2, the same amount of PE-labelled anti-NELL1 

aptamers was incubated with MSNPs, PMPC-PDPA@PEG-b-PAMA/DMMA only, or 

PMPC-PDPA@PEG-b-PAMA/DMMA-coated IR820-loaded siRNA-linked MSNPs. The 

emission fluorescence signal from the PE-labelled aptamers was used for quantification of 

the conjugation amount of aptamers. Both the pure PMPC-PDPA@PEG-b-
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PAMA/DMMA and PMPC-PDPA@PEG-b-PAMA/DMMA-coated IR820-loaded 

siRNA-linked MSNPs group showed a significant increase in the fluorescent signal 

(Figure 5.7). On the contrary, the IR820-MSNPs linked with siRNAs did not show a 

significant increase in fluorescence signal after the incubation with aptamer compared to 

the PBS control (Figure 5.7). Due to the visible pink colour of PE, both the PMPC-

PDPA@PEG-b-PAMA/DMMA group and PMPC-PDPA@PEG-b-PAMA/DMMA 

coated IR820-loaded siRNA-linked MSNPs group showed a significant colour change 

compared with the pure IR820-loaded siRNA-linked MSNPs group which remained of a 

white colour (Figure S13).  

 

Figure 5.7  Measurement of the bound amount of PE-labelled aptamers after incubation 
using emission fluorescence signals 

Average PE emission fluorescence after incubation with 500 nM PE-labelled anti-NELL1 aptamer. 
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Control groups (no incubation): PBS Control, PMPC-PDPA@PEG-b-PAMA/DMMA polymer 
control; Experimental groups (incubated with PE-labelled aptamers): IR820-loaded siRNA-linked 
MSNPs, PMPC-PDPA@PEG-b-PAMA/DMMA polymer, PMPC-PDPA@PEG-b-
PAMA/DMMA coated IR820-loaded siRNA-linked MSNPs (n=6). Data is presented as mean ± 
SD for each individual cell line, statistic analysis all compared with PBS control group. 

 

5.4 Discussion 
 

5.4.1 The selected siRNAs could efficiently suppress aRMS growth 
 

Previous studies in other cancer cell lines, such as the human breast adenocarcinoma 

cancer cells MCF7 (HTB-22) and human cervix adenocarcinoma cancer cells HeLa, have 

shown that the CRYAB & HSPB2 double knockout (DKO) using targeting siRNA can 

play an important role in inducing cell apoptosis and necrosis (Liu et al., 2014). Moreover, 

it has been shown that the CRYAB & HSPB2 gene expression level was related to human 

renal carcinogenesis through direct regulation of cell ROS levels and the Warburg effect 

(Liu et al., 2014). HSPB2 has specific interactions to regulate the Ca2+ inflow with the 

outer mitochondrial membrane in an unknown manner. However, one of the recent studies 

has figured out that one of the important interaction partner on the mitochondrial 

membrane was the glyceraldehyde 3-phosphate dehydrogenase (Grose et al., 2015). It 

directly affects the mitochondrial functionality after CRYAB & HSPB2 DKO through 

changing the mitochondrial membrane permeability (Weiss et al., 2003). By affecting the 

mitochondrial permeability transition and subsequent Ca2+ overload, CRYAB & HSPB2 

DKO using targeting siRNAs could directly lead to necrotic and apoptotic cell death 

(Weiss et al., 2003). Herein it has been shown that the reduction of RH30 cell viability and 

mobility was mainly due to apoptosis and necrosis i.e. a 50 % reduction of the population 

after 72 h of transfection (Figure 5.5B), which further indicated that mitochondrial 

permeability could be the main cause of siRNA gene knockout-related viability 

suppression.  
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Expression level studies have previously shown that both CRYAB & HSPB2 are 

abnormally upregulated in aRMS compared with eRMS. In microarray evaluation of gene 

expression, CRYAB and HSPB2 were seen to be upregulated 13.52-fold and 12-fold, in 

RH30 and RD cells, respectively (Rapa et al., 2012). In fact, these genes showed two of 

the most significantly upregulated expression levels (Rapa et al., 2012). 

Therefore, it has been further validated in our study that both viability (Figure 5.1A(ii) and 

mobility (Figure 5.1B) of aRMS cells was significantly suppressed after CRYAB & 

HSPB2 DKO transfected with targeting siRNAs concentrations as low as 12.5 nM after 

24 h. Only small differences were seen in the eRMS groups due to the significantly lower 

initial level of expression of both genes.  

Similarly, upregulation of KRT17 has been used as a diagnostic marker for several cancers, 

such as breast (van de Rijn et al., 2002), ovarian (Wang et al., 2013) and skin squamous 

carcinoma (Moll et al., 2008; Chivu-Economescu et al., 2017).  KRT17 knockout using 

targeting siRNA has been shown to significantly suppress gastric cancer cell proliferation 

(42.36 ± 3.2 %) and migration (37.2 ± 6.2 %) through the AKT/mTOR pathway (Chivu-

Economescu et al., 2017). The KRT17 gene has also been shown to be critical for 

proliferation of osteosarcoma (Yan et al., 2020), and for cellular adhesion and oncogenic 

transformation in Ewing’s sarcoma (Sankar et al., 2013). Knockout of KRT17 using 

targeting siRNA may also decrease the viability and Warburg effect of osteosarcoma cells 

by significantly affecting the AKT/mTOR/hypoxia‑inducible factor 1α (HIF1α) pathway 

and interrupting the expression of relevant genes (Yan et al., 2020). However, the effects 

of knockout of KRT17 using targeting siRNA in aRMS cells has not been previously 

demonstrated. The experimental results demonstrated that the knockout of KRT17 using 

targeting siRNA could efficiently decrease aRMS cell viability (Figure 5.1A(ii)), and 

mobility which may affect the AKT/mTOR pathway, a feature that has been confirmed in 
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other types of sarcoma (Figure 5.1B) (Yan et al., 2020).  

5.4.2 MSNPs can deliver the targeting siRNA safely and effectively  
 

This study aimed to synthesize a nanoparticle to deliver siRNA in a controlled and targeted 

manner. DharmaFect™ is a frequently used commercial RNA transfection reagent based 

on a cationic lipid. However, it results in cellular toxicity (Basu et al., 2008; Santos-

Carballal et al., 2015), is unstable, expensive, and cannot be directly applied in vivo 

(Santos-Carballal et al., 2015). In contrast, MSNPs have excellent stability and 

biocompatibility, and are promising candidates for siRNA delivery (Möller et al., 2016; 

Na et al., 2012; Ngamcherdtrakul et al., 2015) In our study, thiol-functionalized siRNA 

was bound to SH-MSNPs through the formation of disulfide bonds. The disulfide bonds 

ensured stable and reliable binding before controlled release of the siRNA (Zhao et al., 

2017). The stability of the complex was validated using gel electrophoresis with no visible 

leakiness (Figure 5.2). 

In vivo RNase is an obstacle for siRNA-based gene therapy (Wang et al., 2010). There are 

different routes proposed to solve this issue. For example, 2'-O-methyl (2'-OMe) and 2'-

deoxy-2'-fluoro (2'-F) modifications of siRNA have shown better potency and stability in 

vitro (Allerson et al., 2005), and numerous lipid-based carriers for siRNA delivery have 

been trialled including the commercially approved Patisiran (ONPATTRO™) (Yonezawa 

et al., 2020). The siRNA in our study was 21bp, and could therefore be easily degraded 

completely within 15 minutes (Figure 5.3A) which was in agreement with the short half-

life of 6 min for siRNA clearance seen in other studies (Shen et al., 2014). MSNPs showed 

strong protective functionality of the carried siRNA, as also seen in other publications 

(Shen et al., 2014). The protection by MSNPs was mainly due to: (1) Electrostatic 

repulsion: the MSNPs were negatively charged (Figure S11), and the siRNA linked by 

the disulfide bonds increased the negative surface charge, leading to a strong repulsive 
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effect on RNase I, which itself has been proved to have an initial negative charge 

(Mitkevich et al., 2014), and (2) Steric protection: the silica nanoparticle core was 

mesoporous and a large proportion of the siRNAs were linked and contained within small 

pores. The RNase I, which is a large molecule was unable to access and degrade the 

siRNAs.  

Compared with the DharmaFect transfection group, the siRNA-MSNP group showed 

similar or greater knockout efficacy evidenced by significant apoptosis and necrosis of the 

cell population (Figure 5.5).  

 

5.4.3 GSH within aRMS cells could be applied for targeted release of siRNA  
 

Several studies have indicated that GSH could be used as an intracellular stimuli response 

factor for active release of specific drugs into cells, especially in cancer cells. Yang and 

collaborators reported a cancer cell-specific degradable dendritic mesoporous organosilica 

nanoparticle (DDMON) which used the differences in GSH concentration for selective 

release. The release mechanism was based on the disulfide bonds (-S-S-) incorporation in 

the DDMONs. The high concentration of GSH in the cytoplasm of cancer cells would lead 

to the disintegration of the NP structure by the reduction of the disulphide bonds, and the 

release of encapsulated therapeutic agents. The DDMONs generated carried the cancer 

therapeutic PEI/RnNase (Polyethylenimine/Ribonuclease A) A-Aco-FITC (cis-aconitic 

acid- Fluorescein isothiocyanate) complex. Incubation of the complex in melanoma 

(B16F0) cell lines, resulted in significantly higher cell death compared to the same amount 

of the loaded non-biodegradable dendritic mesoporous organosilica nanoparticles 

(DMONs). As a control the constructs were tested in normal HEK293t cells, and viability 

was higher after treatment with DDMONs than DMONs. This confirmed the selectivity of 

the system based on the GSH concentration, thereby providing protection for healthy cells 
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(White et al., 2019; Yang et al., 2016). The GSH levels we found in aRMS cells were 

nearly 10 times higher than that of normal fibroblast cells (Figure 5.5). This further 

indicated that the GSH within RH30 cells could be applied for targeted release of 

nanoparticle associated siRNA. 

 

5.4.4 PE-labelled aptamer binding to the outer surface of copolymer coated 

nanoparticle core  

In addition to adjusting the charge-neutral pH for the copolymer system (Chapter 3.3.2), 

PMPC-PDPA also has a superb ability to bind to DNA molecules. It has been previously 

shown that PMPC-PDPA could effectively encapsulate significant amounts of plasmid 

DNA (Lomas et al., 2010).  

Here, it has been shown that large amounts of PE-labelled anti-NELL1 aptamer could 

firmly bind to the copolymer or copolymer coated therapy core, which further validates 

the theory that the aptamer was bound through electrostatic interaction with the PMPC-

PDPA on the outer surface. Even after several rounds of washing, the whole nanosystem 

could stay firmly as a nanosystem combining the discoveries from Chapters 3.3.3 and 5.3.6 

(Diagram of the constructed nanosystem shown in Chapter 1). 

 

5.5 Conclusion: 
 

After successful validation knockout of selected targets (CRYAB & HSPB2, and KRT17) 

for aRMS suppression, the targeting siRNA was successfully linked to the surface of SH-

MSNPs with disulfide bonds. The MSNPs were proven to successfully deliver, transfect 

and protect the siRNA. Compared with the transfection group using commercially 

available DharmaFect, all siRNAs delivered and transfected by the designed nanosystem 

were found to have a similar or better transfection efficiency with significant suppression 
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of viability and mobility within both 2D and 3D RH30 cell models. On the contrary, no 

change of viability or mobility was observed for the RD cell spheroid model after 

transfection. The siRNA was protected from RNase I degradation for over 24 h, compared 

with free siRNA which was degraded within a few minutes. Subsequently, IR820 dye was 

loaded into the siRNA-linked MSNPs to allow imaging of the nanoconstruct in vivo. The 

GSH and GSSG levels were precisely quantified for fibroblasts, RD and RH30 cells which 

indicated that the GSH levels within RH30 cells were sufficient for targeted release from 

the nanoparticle core. Moreover, the successful construction of the whole designed 

nanosystem was validated through the binding test of PE-labelled aptamer onto the 

copolymer coated core. 

The successful building of the theranostic nanosystem which combines the targeting 

aptamers, aRMS-specific siRNAs therapy, and NIR monitoring could provide another 

route for tackling the aRMS in a more efficient and non-invasive way.  
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Chapter 6 
 

Conclusion and Future 
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6.1 Summary of findings and limitation of work 

 
As one of the most aggressive common soft tissue sarcoma, RMS is highly malignant. 

Most cases occur in children, and commonly appear in the arms or legs. Currently, RMS 

treatment mainly relies on aggressive chemotherapy, as well as surgery and/or radiation. 

The aggressive treatments often cause long-term after-effects, and can even cause 

permanent life-altering disabilities. Innovative treatment methods with better efficacy and 

fewer side effects are urgently needed.  

The goal of this research was to create a pH-activated-release dual-functional theranostic 

nanoparticle system which could specifically target the aRMS cancer cells. The 

therapeutic effects of siRNA could be monitored using non-invasive NIR signals once it 

is administered to tumour cells. The stimuli-responsive release of the carried therapeutic 

molecules to maximise the tumour accumulation and minimize the off-targeting has been 

proven to be important for the nanosystem design.  

The whole project could be separated into four parts: active targeting aptamer system; pH-

responsive charge-reversible layer; nanoparticle-based NIR non-invasive reporting system; 

and siRNA for gene knockout. 

In this thesis, it has been demonstrated that: 

The NELL1 expression and membrane location has been successfully validated using 

Western blotting and flow cytometry. An improved, robust, rapid selection process was 

used to effectively screen a library of potential anti-NELL1 DNA aptamers. The selected 

aptamers were further investigated for affinity and cell-specific selectivity. With computed 

Kd < 1 μM, all three anti-NELL1 aptamer candidates were shown to have a significantly 

strong binding affinity. In NELL1-expressing cell lines, two of the three candidates 

demonstrated metabolic activity suppression. AptNCan3 was chosen as the best option 
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because it had the best combination of affinity and cell specificity. It was shown that 

AptNCan3 accumulated on cell membranes and in punctate structures in the cytoplasm. 

The identification of these aptamer sequences could lead to simple, low-cost, and rapid 

production of targeting moieties for NELL1-expressing cells, which are frequently seen in 

cancers and other diseases. 

The pH-activated PMPC-PDPA@PEG-b-PAMA/DMMA copolymer layer was 

effectively synthesised and analysed, and shown to exhibit both charge conversion and 

hydrophilic-hydrophobic reversion functions. The PEG-b-PAMA/DMMA alters its 

surface charge from negative to positive in response to a reduction in environmental pH, 

as demonstrated in this work and earlier studies. The copolymer remained neutral or 

negatively charged in a normal environment (pH 7.4) after mixing with the right amount 

of positively charged PMPC-PDPA. This helped to avoid rapid clearance and non-specific 

binding, and conversion to a positive charge in the tumour microenvironment (pH 6.8) 

which enabled enhanced tissue accumulation and cellular uptake. The  ability of the 

copolymer to self-assemble into nanomicelles or coat nanoparticles without significantly 

increasing its size was proven with TEM images.  

The SH-MSNPs and AuNTs were successfully synthesised following the optimization of 

the protocol. Both types of nanoparticles were characterised in terms of size, surface 

potential and shape. The SH-MSNPs were chosen for loading the IR820 dye because of 

its high encapsulation capacity and strong loading stability. Compared with the unloaded 

free NIR dye, the combined IR820 dye nanosystem delivery system showed a significantly 

higher uptake rate, accumulation, and penetration depth in cells, according to flow 

cytometry and confocal microscopy imaging data.  

However, it was noticed that the alternative core of synthesized AuNTs could be oxidized 

very quickly under ambient conditions. As some of the functionality, such as the enhanced 
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uptake rate or SERS study, would need the AuNTs to keep the specific morphology, it 

directly affected the further development of the AuNTs within our design. Thus, after 

coming up with these findings and careful consideration, we decided to change the route 

and used a more stable and well-proven materials: mesoporous silica. Although we have 

decided not to proceed with AuNTs for the remained  of the experiments, it still provided 

valuable data and a new direction with great potentials for the future studies. 

Finally, the targeting siRNA was effectively attached to the surface of SH-MSNPs using 

disulfide bonds following successful validation knockout of chosen targets (CRYAB & 

HSPB2, and KRT17) for aRMS suppression. The MSNPs were shown to transport, 

transfect, and preserve siRNA effectively. Compared with the transfection group using 

commercially available DharmaFect, all siRNAs delivered and transfected by the designed 

nanosystem showed a similar or better transfection efficiency with significant suppression 

of viability and mobility within both 2D and 3D RH30 cell models. The RD cell spheroid 

model, on the other hand, showed no change in viability after transfection with the siRNA 

indicating that the effect was specific to the aRMS cell type. When compared to free 

siRNA, which was degraded within minutes, the linked siRNA was highly protected 

against destruction by RNase I for over 24 hours. Subsequntly, IR820 dye was loaded into 

siRNA-coupled MSNPs to enable concurrent imaging. The quantities of GSH and GSSG 

in fibroblasts, RD, and RH30 cells were quantified, indicating that GSH inside RH30 cells 

could be used for targeted release of the linked siRNA. The binding of PE-labelled 

aptamers onto the copolymer coated MSNPs further demonstrated that the complete 

nanosystem was successfully assembled. The successful development of a theranostic 

nanosystem that combines targeting aptamers, controlled release, effective aRMS-specific 

siRNA treatment, and IR820 NIR monitoring may open up a new era for treating aRMS 

in a more efficient and non-invasive way. 
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6.2 Future work 

 
The designed nanosystem was proven to be stable and effective, however, future 

improvement could be made. These are summarised as follows: 

With regards to the selection of aptamers, it could be beneficial to further optimize the 

current selection process, especially since the PCR steps may lose a large percentage of 

good candidates due to their strong secondary structure. Further optimisation around the 

PCR amplification conditions (number of cycles, polymerase with higher proof-reading 

activity especially against potential secondary structure, annealing temperature) could be 

beneficial for generating aptamer candidates with better structure and binding affinities. 

Moreover, in addition to the DNA randomized library which was applied in this research, 

it could be considered using an RNA library which has more flexibility in forming 

different 3D structures for a higher binding affinity and specificity. Furthermore, some 

common proteins (such as bovine serum albumins or human serum albumins) could be 

applied as controls during the evaluation to exclude the candidates with bad selectivity.  

For copolymer design, it has been discovered in this work that the current pH-activated 

charge conversion range was too narrow which was within ±  5 mV range. For 

optimizing this parameter, a better backbone could be designed to hold more DMMA 

molecules and enhance the charge convertibility. Moreover, it was also been found that 

the PMPC-PDPA did not show low solubility which significantly restricted the 

concentration of applied copolymer for the subsequent experiments. In the future, PMPC-

PDPA could be replaced with other polymers of similar functionality (positively-charged 

& pH-activated deprotonation), but better hydro-solubility.  

For the nanoparticle core, it was found that the synthesized AuNTs could be oxidized 
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very quickly without keeping it under extreme conditions of low temperature and no 

oxygen. Despite all the disadvantages, AuNTs still have potential due to properties such 

as the enhanced uptake rate or SERS. Hence, the optimization of AuNTs synthesis to 

maximize its stability under ambient conditions could be one of the main aims for future 

work. After ensuring the stability AuNTs’ SERS functionality could help to build a label-

free nanosystem which could also induce photodynamic therapy at the same time of 

delivering therapeutic reagents into the tumour area.  

For the loaded NIR dye, IR820 was selected in this study and proven to have better 

accumulation and penetration after being loaded within the nanosystem. However, simple 

loading does not prevent potential leakage from the nanoparticles. In addition to NIR 

imaging, IR820 is widely used in photothermal therapies that convert NIR light into heat. 

For future work, it could be considered replacing IR820 with other novel NIR fluorescent 

molecules which could be easier to be functionalized and linked onto the nanoparticles. 

In addition, the whole constructed nanosystem could perform the photothermal therapy 

related study at the same time with controlled NIR laser activation.  

For the siRNAs selected in this study, it was noticed that some of them had already been 

applied for the treatment of other types of cancers. In the future, it will be beneficial to 

test the current designed siRNA-linked nanoparticles in other cancer cell lines (such as 

gastric or pancreatic cancer) to broaden the range of applications of the designed system.  

For the evaluation of the constructed nanosystem, animal studies would be important and 

essential as the next step in the future. Although multiple spheroids testing was performed 

in this study, it cannot replace an in vivo evaluation of the nanosystem where it would 

face more complex organ accumulation, degradation environments, immune system 

clearance, before their actual functionalisation within the tumour area. Only after the 

validation studies in animals could the whole designed nanosystem be robust enough for 
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future clinical trials; and confirm its potential for saving more cancer patient lives with 

significantly higher efficacy and fewer side-effects.  
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Appendix 
 
 

 
Figure S1 Measurement of NELL1 expression level with densitometry analysis of Western 
Blotting membrane of several other cell lines 

Quantification of Western blotting showing the β-Actin normalized NELL1 expression level of 
different cell lines. Data is presented at mean ±SD for each individual cell line (n=3).  
Significance was tested using a two tailed t-test compared to the untreated cells for each cell 
line (*P≤0.05, **P≤0.01, ***P≤0.005)  

 

 



162 
 

 
 

Figure S2 Representative quantified sensorgrams signals with different concentration of 
NELL-1 protein with anti-NELL1 aptamer candidates 

 

 
Figure S3 Western blot showing the expression levels of NELL1 expression levels of 
fibroblasts, RD and RH30 cells. 

Western blotting showing NELL1 expression level of fibroblast, RD and RH30 cells. β-Actin 
was applied as a housekeeping gene control (loading control for the total protein). The red line 
shows the cutting position before the separate incubation for β-Actin and NELL1 with different 
secondary antibodies 
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Figure S4 Western blot of NELL1 expression levels of fibroblast, U87-MG and RH30 
cells 

Western blotting showing NELL1 expression level of fibroblast, RD and RH30 cells. β-Actin 
was applied as a housekeeping gene control (loading control for the total protein). The blot 
was cut at the last step for different incubation of secondary antibodies. 

 

 

Table S1 Measurement of densitometry readings of each β-Actin bands on Western blots 
of all tested cell lines (Unit: Arbitrary Area Value) 

 
 

Fibroblast U87-MG RD RH30 

Band 1 
21145.61 21629.48 33759.49 32272.44 

Band 2 
15774.97 20246.51 34191.32 32369.66 

Band 3 
14053.78 23285.39 44321.97 27870.78 

 

 

 

 

 

 

 

 

Table S2 Measurement of densitometry readings of each NELL1 bands within Western 
Blotting of all tested cell lines (Unit: Arbitrary Area Value) 
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Fibroblast U87-MG RD RH30 

Band 1 
2672.962 4205.326 11396.9 19974.44 

Band 2 
2540.79 3873.326 9929.539 20453.95 

Band 3 
2424.284 3787.912 9841.489 28318.13 

 

 
Figure S5 Synthesized PEG-b-PAMA in the dialysis bag 
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Figure S6 Freeze dried PEG-b-PAMA sample 

  
 
 

 
Figure S7 Dialyzed PEG-b-PAMA/DMMA 
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Figure S8 Zeta Size Distribution by number of Synthesized SH-MSNPs  

 

 
 

Figure S9 Zeta Potential of Synthesized SH-MSNPs (Neutral pH) 
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Figure S10 CPS Size Distribution of Synthesized Au NTs 

 
 
 
 

 
Figure S11 Zeta Size Distribution of Synthesized Au NTs (number mean) 

 
 

 

Table S3 Quantification of activated thiol-siRNA concentration, column recovery, and 
synthesised SH-MSNPs Binding Ratio 

 

Well ng/µl μM Recovery/Binding Ratio 

Unbound CRYAB+HSPB2 
siRNA after SH-MSNPs 
incubation (5x dilution) 

6.35 0.48 51.41 % 
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Unbound KRT17 siRNA 
after SH-MSNPs incubation 

(5x dilution) 
1.8 0.14 49.46 % 

 
 

  
 
Figure S12 Diameter of RD spheroids after treatment for 72 hours with PBS, unbound IR820, 
SH-MSNPs, IR820-loaded MSNPs, IR820-loaded CRYAB & HSPB2-target siRNA-linked 
MSNPs, or IR820-loaded KRT17-target siRNA-linked MSNPs (n=6). 
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Figure S13 Concentrated samples after binding to PE-labelled aptamers. From left to right: IR820-
loaded siRNA-linked MSNPs group, PMPC-PDPA@PEG-b-PAMA/DMMA polymer group, PMPC-
PDPA@PEG-b-PAMA/DMMA coated IR820-loaded siRNA-linked MSNPs group.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S14 Illustration of scratch assay measurement and equation used for this 
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Figure S15 Measurement of RD spheroids treated for 72 hours with PBS, unbound IR820, SH-
MSNPs, IR820-loaded MSNPs, IR820-loaded CRYAB & HSPB2-target siRNA-linked MSNPs, 
or IR820-loaded KRT17-target siRNA-linked MSNP (n=6)   
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