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Abstract 

Mesoporous silica nanoparticles (MSNPs) are of interest as effective drug carriers be-

cause of their controllable physical properties and biomedical compatibilities. A number 

of different MSNPs have been assessed for their suitability as intracellular nano-scale 

carriers of chemotherapeutics and siRNAs.  

Four morphologically different MSNPs were synthesised after optimisation of existing 

protocols. The MSNPs were characterised with regards to size, porosity, surface area, 

surface charge, cytotoxicity and biodegradability. Their suitability as drug carrier in vivo 

was examined in terms of cargo loading, ability to be endocytosed by cells and take ad-

vantage of the Enhanced Permeability and Retention effect. 

The loading and unloading profiles of two model compounds and a potential chemother-

apeutic agent LY294002 were investigated. The release behaviours of the cargoes were 

altered by modifying the particle surface with polymeric capping agents. In addition, the 

particles were capped with pH-sensitive molecules, and the release behaviour in low pH 

was assessed since tumours are known to have an acidic microenvironment.  

The physiological function of LY294002 on selected cancer cell lines was also studied. 

LY294002 was shown to affect the proliferation, survival, and metabolism of selected 

cells under different oxidative conditions. The effect differed when cells were under oxi-

dative stress and/or glucose stress. Cell viability was also compromised after treatment 

with LY294002 loaded MSNPs. The sensitivity to each LY294002 loaded MSNP dif-

fered between cell lines. 
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Engulfment and cell motility 1 (ELMO1) - targeted siRNA was also delivered using 

MSNPs to two distinct rhabdomyosarcoma lines. Significant knock-down of the ELMO1 

gene was shown, illustrating that MSNPs could be efficient transfection agents for siR-

NA. In particular, the two MSNP candidates were shown to be significantly better than a 

current commercial product. 

A co-delivery system for LY294002 and ELMO1-targeted siRNA was established. Cell 

viability and ELMO1 expression were both suppressed after treatment with the co-

delivery system. 
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EDX   Energy Dispersive X-Ray Spectroscopy  
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ELMO1@BMSNP ELMO1-targeted siRNA loaded PEI-BMSNP 

ELMO1@CMSNP ELMO1-targeted siRNA loaded PEI-CMSNP 

ELMO1@HMSNP ELMO1-targeted siRNA loaded PEI-HMSNP 

ELMO1@MSNP ELMO1-targeted siRNA loaded PEI-MSNP 

ELMO1@WMSNP ELMO1-targeted siRNA loaded PEI-WMSNP 

ELMO1@LY@HMSNP 

   ELMO1-targeted siRNA and LY294002 loaded PEI-HMSNP 

ELMO1@LY@WMSNP 

   ELMO1-targeted siRNA and LY294002 loaded PEI-WMSNP 

EMA   European Medicines Agency 

Emi.   Emission wavelength 

EPR effect  Enhanced Permeability and Retention Effect  

ERMS   Embryonal rhabdomyosarcoma 

EtOH   Ethanol 

Ex.   Excitation wavelength 

FBS   Fetal bovine serum 

FDA   Food and Drug Administration, United States 

FFT   Fast Fourier transform 

FITC   Fluorescein isothiocyanate 

FOXOs  Forkhead box proteins 

GFP   Green fluorescent protein 

GLUT4  Glucose transporter 4 

HA   Hyaluronic acid 

HAADF-STEM  High angle annular dark field scanning transmission electron mi-

croscopy  

HMSNP   Hexagonal Symmetric Mesoporous Silica Nanoparticle  

i.e.   id est, that is 

keV    Kilo-electron volt; 10
3
 electron volt 

kx   1000 times 

LbL   Layer-by-Layer 
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LY   LY294002 

LY294002   2-Morpholin-4-yl-8-phenylchromen-4-one 

[LY294002]  Concentration of LY294002 in solution 

LY@BMSNP  LY294002 loaded BMSNP 

LY@CMSNP  LY294002 loaded CMSNP 

LY@HMSNP  LY294002 loaded HMSNP 

LY@MSNP  LY294002 loaded MSNP 

LY@SNP  LY294002 loaded SNP 

LY@WMSNP  LY294002 loaded WMSNP 

mg/mL    Milligram per millilitre  

M    Mole per litre  

mM    Millimole per litre  

MRI   Magnetic resonance imaging 

μm   micrometre; 10
-6

 metre 

μM   Micromole per litre 

μL   Microlitre  

MDR   Multi-drug resistance 

min   minute / minutes 

MSNP    Mesoporous Silica Nano-Particle 

MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NADPH  Nicotinamide adenine dinucleotide phosphate 

nm   nanometre; 10
-9

 metre  

nM   nano-mole per litre; 10
-9

 mole per litre 

NOX   Nicotinamide adenine dinucleotide phosphate-oxidase 

NP   Nanoparticle  

n.s.   not significant 

OCR   Oxygen consumption rate 

OXPHOS  Oxidative phosphorylation 

PAGE    Polyacrylamide gel electrophoresis  

PAH   Polycyclic aromatic hydrocarbons 

pAkt-ser473  Akt phosphorylated at serine 473 

PBS    Phosphate buffered saline 

PCR    Polymerase chain reaction 

PDI    Polydispersity Index  

http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Phenyl
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PDK1   phosphoinositide-dependent kinase 1 

PEG   Polyethylene glycol 

PEI    Polyethylenimine 

PEI-BMSNP  PEI capped BMSNP 

PEI-CMSNP  PEI capped CMSNP 

PEI-HMSNP  PEI capped HMSNP 

PEI-MSNP  PEI capped MSNP 

PEI-WMSNP  PEI capped WMSNP 

PI    Phosphatidylinositol 

PI3K    Phosphatidylinositol 3-kinase 

PL   poly-(l-lysine)  

PMPC-PDPA Poly(2-(methacryloyloxy)ethyl phosphorylcholine)–poly(2-

(diisopropylamino)ethyl methacrylate) 

PMPC-ELMO1@HMSNP 

PMPC-PDPA coated ELMO1@HMSNP 

PMPC-ELMO1@LY@HMSNP 

PMPC-PDPA coated ELMO1@LY@HMSNP 

PMPC-ELMO1@LY@WMSNP 

PMPC-PDPA coated ELMO1@LY@WMSNP 

PMPC-ELMO1@WMSNP 

PMPC-PDPA coated ELMO1@WMSNP 

PS    Polystyrene  

PSS   Polystyrene sulfonate 

qPCR   Quantitative real-time PCR 

RMS   Rhabdomyosarcoma 

RNA    Ribonucleic acid 

RNase   Ribonuclease 

RNAi    RNA interference 

ROS   Reactive oxygen species 

RT    Room temperature 

RT-PCR   Reverse transcription polymerase chain reaction 

SDS    Sodium dodecyl sulfate  

siRNA   small-interference RNA 

siRNA@HMSNP siRNA loaded PEI-HMSNP 
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siRNA@MSNP siRNA loaded PEI-MSNP 

siRNA@WMSNP siRNA loaded PEI-WMSNP 

SNP    Non-porous Silica Nano-Particle  

SOD   Superoxide dismutase 

STEM    Scanning transmission electron microscopy  

TCA cycle  Tricarboxylic acid cycle 

TEM    Transmission Electron Microscopy  

TEOS    Tetraethyl orthosilicate  

THMP   3-(Trihydroxysilyl) propyl methylphosphonate 

TR-F   Time-Resolved Fluorescence 

VEGF   Vascular endothelial growth factor 

U87-MG-cGFP cells GFP expressing U87-MG cells  

WMSNP  Wrinkle-structured mesoporous silica nanoparticle 
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Chapter 1         

 Introduction 

 

 

Cancer, a group of diseases caused by uncontrollably proliferating genetically mutated 

cells, has become one of the major causes of death that claims more than 8,000,000 lives 

annually in the 21
st
 century (Murphy et al., 2013). A considerable number of studies and 

developments have focused on the understanding, diagnosis and treatment of cancers. 

However, the mortality of cancer remains high due to the complexity of cancer and the 

limitations in the current approaches to deliver anti-cancer agents. 

Nanomaterials provide a new means to overcome those existing limitations and enable a 

more efficient delivery of chemotherapeutics and other anti-cancer agents to tumour sites 

without causing severe damage to healthy tissues. Many of the unique physical and 

chemical properties of nanoparticles are ideal for chemotherapeutic carriers and are un-

matched by normal bulk materials. 
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1.1 NANOPARTICLES IN INTRACELLULAR DRUG DELIVERY 

1.1.1 The unique properties of nanoparticles 

Nanoparticles are small. The officially accepted definition of nanoparticles is that they 

are particles with a size of 1 to 100 nm on at least one dimension (Auffan et al., 2009). 

Their extremely small scale helps them to overcome many biological barriers in human 

body, and is especially beneficial for chemotherapeutics delivery into solid tumours due 

to the Enhanced Permeability and Retention effect (EPR effect). 

The specific surface area of nano-particulates is enormous and the activity of the particles’ 

surface is always much higher than their bulk form counterpart. Such unique surface 

properties not only enable a high capacity for cargo molecule adsorption, but also show a 

great potential for surface functionalisation. Functionalised nanoparticles could fulfil dif-

ferent purposes such as specific cell targeting, controlled release of cargo, and reduced 

cytotoxicity (Cho et al., 2008). 

Furthermore, many nanomaterials express unique physiochemical properties in the nano-

scale that are distinctive from that in macro-scale. For example, the magnetic properties 

of iron oxide nanoparticles are different from their bulk form due to the quantum size ef-

fect and large surface area (Gupta and Gupta, 2005b). 

 

1.1.2 The criteria of nanoparticles as anti-cancer agent carrier for intracel-

lular delivery 

As the development of nanotechnology, the synthesis and manipulation approaches of 

nanoparticles have been greatly improved. Therefore, many physical and/or chemical 

properties, such as size, shape, aspect ratio, morphology, surface charge, composition and 
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porosity, are controllable to achieve different goals or fit the function of different appli-

cations. A successful drug nano-carrier for in vivo delivery of anti-cancer agents requires 

the following criteria to be met (Thakor and Gambhir, 2013): 

1) Biocompatibility and biostability (Buzea et al., 2007): Such a nano-scaled drug 

carrier should cause no or little harm to healthy tissue before and after the cargo unload-

ing. The particle-drug complex should be relatively stable in body fluid without rapid 

disassembly or vast premature cargo release; 

2) Particle size between approx. 50 nm to 200 nm (Gaumet et al., 2008): such a na-

noparticle should be able to fenestrate blood vessels in vivo without unnecessary accumu-

lation in healthy tissues. Also, the particle within such a size range is beneficial for the 

EPR effect; 

3) Capability to encapsulate, conjugate or absorb cargo molecules (Davis et al., 

2008): such a nanoparticle should be porous or hollow in order to encapsulate cargo mol-

ecules into the particle, or present an active or functionalisible surface to conjugate or 

absorb guest molecules on the surface; 

4) Capability to release or detach loaded molecules (De Jong and Borm, 2008): such 

a nanoparticle should be able to release the payload in a desired environment, e.g. only at 

tumour sites. The release can be triggered by a diffusion of guest molecules, the degrada-

tion of nanoparticles, or the disassembly of the coatings.  

 

1.1.3 Existing nano-scaled drug delivery platforms 

A number of different types of nanoparticle drug delivery systems have been investigated 

to meet those criteria in recent years. Some of them have achieved marvellous success. 
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Such nano-scaled drug delivery platforms can be broadly classified as liposomes, den-

drimers, polyelectrolyte nanocapsules, virosomes and inorganic nanoparticles. 

 

1.1.3.1 Liposomes 

Liposomes are closed lipid nano-spherical drug carriers, and can be functionalised with a 

variety of chemical groups on the surface. They are first introduced in 1965 and have be-

come one of the most important and successful drug nano-carriers (Bangham et al., 1965, 

Allen and Cullis, 2013). 

 

Figure 1.1 Schematic illustrations of a liposome in drug delivery [Image taken from 

(Çağdaş et al., 2014)] 

 

The functionalisible lipid bilayers and the large cavity enable liposomes to carry a variety 

of drugs: cargo molecules can be either encapsulated in the cavity, conjugated on the li-

pid surface, or entrapped within the lipid bilayers (various eligible cargo molecules were 

coloured in red in Figure 1.1). Therefore, liposomes are eligible to deliver a wide range 
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of anti-cancer agents or cancer diagnostic agents, including many hydrophobic chemo-

therapeutics, peptides, antibodies, and genetic therapeutics (such as DNA plasmid and 

siRNA) (Buyens et al., 2012). 

The surface of liposomes is easily functionalised with a wide range of molecules. Many 

polymeric coatings, such as polyethylene glycol (PEG, coloured in blue in Figure 1.1), 

can increase the biocompatibility of liposomes, and reduce systemic clearance and im-

mune reactions (van Etten et al., 1998). With different chain structures and molecular 

weight, the coatings can also manipulate the rigidness and cellular uptake of liposomes. 

Liposomes are also frequently functionalised with many types of targeting ligands (col-

oured in green in Figure 1.1), such as folate receptors, enabling a target delivery of their 

cargo molecules. 

Moreover, the outer size of liposomes is largely controllable by tuning the synthesis 

methods. Therefore the size of a liposomal drug delivery system can be optimised to take 

advantage of the EPR effect (Gabizon and Papahadjopoulos, 1988). With an optimal size 

and biocompatible surface, liposomes can be easily accumulated in tumours without cell 

membrane penetration and physical damage to target cells.  

These properties of liposomes lead to success in liposome development and applications. 

They have been explored in the clinic for applications such as imaging, diagnostics 

agents, vaccine, gene therapeutics and other advanced anti-cancer agents. In 2014, there 

were more than 50 liposomal pharmaceutical applications that have been approved by the 

FDA and EMA or in clinical trials (Fan and Zhang, 2013). 

Despite the great success of liposomes development, the applications are still limited due 

to the remained problems. Liposomes can be hydrolysed, oxidized, or even dissolved eas-

ily in normal physiological environments, leading to drug leakage and delivery failure. 
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Liposomes also have poor extravasation into human tissues with tight endothelial junc-

tions, resulting in poor delivery of drug targeting to those regions. Poor reproducibility 

and low drug entrapment efficiency has also limited the further development of lipo-

somes. 

 

1.1.3.2 Dendrimers 

Dendrimers are dendritic-branched polymeric macromolecules.  

 

Figure 1.2 Schematic illustrations of a dendrimer. The coloured dot lines identify the vari-

ous key regions of a dendrimer. [Image modified from (Lee et al., 2005)] 

 

Dendrimers possess a very unique tree-like hyperbranched architecture, leading to dis-

tinctive physical and chemical properties: (1) A large enclosed hydrophobic cavity and a 

functionalisible hydrophilic periphery makes dendrimers valid candidates as drug nano-

carriers for a wide range of molecules, from DNA to small hydrophobic anti-cancer drug; 

(2) The size and shape of dendrimers is easily determined during synthesis, hence the 

size can be optimised to maximise the EPR effect; (3) The synthesised dendrimers are 

highly monodispersed with unparalleled uniformity; (4) The exposed terminal groups 

(periphery) of a dendrimer are multivalent and reactive, and can be easily modified with 
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a variety of targeting ligands and functional groups (Esfand and Tomalia, 2001, Xu et al., 

2014). 

Dendrimers can be used as solubility enhancers for certain hydrophobic drugs (Gupta et 

al., 2007), cellular uptake enhancers (Kitchens et al., 2005), biosensors (Algarra et al., 

2013, Karadag et al., 2013, Staneva et al., 2012), and functional carriers for many 

chemotherapeutics and gene therapeutics (Biswas et al., 2013, Cheng et al., 2008b, 

Kesharwani et al., 2014). 

 

There are, however, a number of issues with dendrimer use. One of the most critical but 

challenging problems concerns biosafety. The cytotoxicity of dendrimers is highly de-

pendent on the chemical composition, generations, concentrations, surface groups, and 

also cell line. Although many attempts have been tried to increase the biocompatibility 

(including surface modification), it has been shown in mammalian cells, in laboratory 

and in animal models (Wu et al., 2015, Roberts et al., 1996) to remain a challenge. An-

other major problem with dendritic applications is the low drug encapsulation efficiency 

due to the current loading methods. Some research has focused on overcoming this limi-

tation by attempting to attach the guest molecules onto the surface of dendrimers for de-

livery, but this method would invariably induce an unfavourable immune reaction. 

 

1.1.3.3 Hollow nanocapsules 

Nanocapsules are polymeric hollow nanoparticles with a relatively thin shell and large 

encapsulation cavity. The most studied ones are made from Layer-by-Layer (LbL tech-

nique: alternatively capping oppositely charged molecules on the surface of each other) 
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assembled polyelectrolytes (Figure 1.3a) and self-assembled amphiphilic co-

polymersome (Figure 1.3b) (Ariga et al., 2007). 

 

Figure 1.3 Schematic illustrations of organic hollow nanocapsules [Image modified from 

(Jang et al., 2014)]: a) polyelectrolyte nanocapsule assembled with LbL technique; b) poly-

mersome nanocapsule self-assembled from amphiphilic co-polymers 

 

Cargo molecules are able to be loaded within nanocapsules via three different routes: in 

the inner cavity, entrapped between the shell layers, or conjugated on the outer surface. 

Furthermore, the outer dimension and surface properties of hollow nanocapsules are easi-

ly controlled by changing the composition and layers of polymers absorbed. The bio-

compatibility can be enhanced through further surface modification. Target ligands may 

also be onto the surface of nanocapsules, offering opportunities for targeted delivery. 

 

1.1.3.4 Virus-based nano-carriers 

Virosomes are attractive for drug delivery, due to the unique properties to overcome ma-

jor biological barriers it possesses. A virosome is a protein shell of a deactivated virus 
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(has the viral genetic materials removed), which is commonly a hollow nanoparticle con-

sisting of hundreds protein molecules (Figure 1.4). The size of virosomes varies from 10 

nm to over 1000 nm due to the different scaffold virus species. The shape of virosomes is 

also very different from each other for the same reason. 

 

Figure 1.4 Schematic illustrations of a spherical virosomes [Image taken from (Crisci et al., 

2013)] 

 

A great advantage of virosomes is their ability to targeting cells and bypassing many dif-

ferent biological barriers (e.g. tight endothelial junction, blood brain barrier) due to the 

viral nature of virosomes which is unparalleled to other drug nano-carriers. Moreover, 

virosomes are claimed to be broadly applicable to a number of drugs, including siRNA 

and peptides which are difficult to deliver using common existing approach. A small 

number of virosomes have been approved by the FDA or in clinical trial phases. 

 

However, the biosafety of virosomes is still a major limitation. Although a number of 

studies have concluded that many virosomes are biocompatible with low cytotoxicity 

(Kalra et al., 2013, Huckriede et al., 2003), the immunogenicity still exists and limits the 

development and application of virosomes (Yoo et al., 2011).  
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1.1.3.5 Inorganic nanomaterials 

Porous or hollow inorganic nanomaterials are another class of popular drug carrier. 

Compared to organic drug vehicles, they are relatively more reproducible. Furthermore, 

some unique physiochemical properties of many inorganic nanomaterials are unparal-

leled to other drug carriers. Size and porosity of these inorganic nanomaterials is normal-

ly controllable during synthesis, and their cytotoxicity is either minor, or can be eliminat-

ed by functionalising with biocompatible molecules. 

Despite the success in research and the great potential, inorganic drug nano-carriers are 

still mostly under investigation and research in laboratory. Compared to well-established 

organic nano-carriers platform, inorganic drug nano-carriers are often challenged with 

regards to biocompatibility and clearance route. In 2012, only one inorganic nanoparticle 

(ultra-small silica quantum dot) has been approved by the FDA, and two cases are in 

clinical trial phase two (Bradbury et al., 2013). 

 

The most studied and successful inorganic candidates (noble metals, titanium dioxide 

(TiO2), silica (SiO2), iron oxide (Fe2O3), zinc oxide (ZnO) and carbon nanotubes) are 

discussed in further detail below. 

 

1.1.3.5.1 Noble metal based drug carriers 

Noble metal nanoparticles (e.g. gold, silver, platinum) have their own unique virtues in 

drug delivery (Bhattacharya and Mukherjee, 2008). 

Gold nanoparticles are the most well studied of the noble metal nanomaterials. They are 

biocompatible and relatively easy to synthesize with a tunable size and shape. More im-
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portantly, gold nanoparticles are able to form strong bonds with thiols and amine groups 

which can be used for functionalization and targeted delivery. By virtue of the strong 

bond to amine group, gold nanoparticles can easily bind to proteins which present cyste-

ine or lysine residue.  

Silver is famed for its antibacterial property and therefore is beneficial in anti-

inflammation treatment. It has been found that the loading of certain anti-infection com-

pounds such as cerium nitrate in silver nanoparticles could exploit the antibacterial prop-

erty of silver and synergistically enhance the effectiveness of the drug (Saha et al., 2014, 

Franci et al., 2015).  

 

1.1.3.5.2 Iron oxide based drug carriers 

The synthesis and size / shape manipulation of iron oxide has been well established over 

the last 20 years and may now be fabricated at low cost. The magnetic properties of such 

nanoparticle can be simply altered during the synthesis. By virtue of the quantum size 

effects and the large surface area of iron oxide nanoparticles, every particle can be con-

sidered as a single magnetic domain and exhibits superparamagnetic properties which are 

not only useful in biomedical imaging, but also in targeted drug delivery.  

 

1.1.3.5.3 Titanium dioxide based drug carriers 

TiO2 nanoparticles are biocompatible and have been proven to be harmless to normal 

cells in vitro and in vivo (Bernard et al., 1990). One of the most unique properties of 

TiO2 is photocatalysis under UV. The energy band gap within the TiO2 crystalline struc-

ture (especially in the anatase form) is small and comparable to the energy preserved in 
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UV photons. After UV excitation, surface electrons in TiO2 nanoparticles can be excited 

and active electron holes are created. The excited electrons and active electron holes 

quickly migrate, combine with each other or react with environmental oxygen and water, 

leading to the generation of reactive oxygen species (ROS). This photocatalytic phenom-

enon enables TiO2 nanoparticles to induce irreparable oxidative damage to unfavourable 

micro-organisms and/or cancer cells specifically after activation with UV (Kubota et al., 

1994).  

However, due to the limited research into TiO2 nanoparticle synthesis methods, it is still 

challenging to manipulate the size, shape, crystalline structure and porosity of TiO2 na-

noparticle. Thus, TiO2 nanoparticles synthesised by the current available methods always 

exhibit a low drug loading capacity and limited surface functionalisation (Devanand 

Venkatasubbu et al., 2013).  

 

1.1.3.5.4 Zinc oxide based drug carriers 

Cytotoxicity of ZnO materials have been shown to be size-dependent, but the cytotoxici-

ty can be easily tuned and limited due to the controllable size and morphology. The drug 

loading capacity may also be large and controllable. 

ZnO nanoparticles also possess a unique pH-dependent surface charge which can be ben-

eficial in surface modification and targeted delivery: ZnO nanoparticles exhibit a nega-

tively charged surface at very high pH and a positively charged surface at a lower pH 

(lower than 9). Thus ZnO is strongly positively charged under physiological conditions 

which assists nanoparticle attachment onto cells, and cellular uptake due to the negatively 

charged phospholipids of cell membrane (Degen and Kosec, 2000).  
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Like TiO2, ZnO is also photocatalytic, and can induce the production of ROS under the 

excitation of certain wavelengths of visible and UV light (Li and Haneda, 2003). The 

produced ROS can induce oxidative cell damage and subsequently cell death. The photo-

catalytic properties of ZnO nanoparticle can be further enhanced by doping with transi-

tion metal ions such as Ni
2+

 and Fe
3+

 (Rasmussen et al., 2010). 

However, ZnO nanoparticles exhibit a much higher cytotoxicity to cells compared to 

most drug nano-vehicles (Wang et al., 2009a). It was found that the toxicity of ZnO na-

noparticle is size-dependent, and that smaller nanoparticles exhibiting greater toxicity 

(Guo et al., 2008). Considered as a drug carrier, ZnO nanoparticle may be used to deliver 

chemotherapeutics after functionalisation, resulting in an enhanced cancer cell killing 

efficiency. In this regard, the surface modification of ZnO nanoparticle is essential to 

rendering them benign to normal cells while still retaining their cancer targeting and kill-

ing properties.  

 

1.1.3.5.5 Carbon nanotube (CNT) based drug carriers 

CNTs are allotropes of carbon, a class of nanomaterials made of graphite in a cylindrical 

structure. Aside from being a potent structural or semiconductor materials in engineering, 

CNTs (including single-wall CNTs and multi-wall CNTs) are also considered to be a val-

id drug carriers by virtue of their large surface area, functionalizable surface, low cyto-

toxicity and tunable size (He et al., 2013, Ali-Boucetta et al., 2011). 

Due to their unique structure, large surface area, and electronic structure, a large variety 

of payloads can be conjugated or encapsulated on/into CNTs, including anti-cancer drugs, 

gene therapeutics, target ligands, peptides and antibodies (Jain, 2012, Shankar et al., 
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2014, Kamalha et al., 2012). CNTs have been found to efficiently deliver those cargo 

molecules to different tissues (Chahine et al., 2014, Newman et al., 2013). 

The size of CNTs is controllable such that the length (size) can be easily tuned from < 10 

nm to the macroscale (Wang et al., 2009b). The surface of CNTs can be functionalised 

using covalent or non-covalent (such as electrical interaction) modification. Particularly, 

CNTs are able to deliver cargo molecules to specific aims in vivo when functionalised 

with environmental-stimuli materials and targeting ligands (Mittal, 2011). 

Although the potential of CNT-based nanomaterials is often claimed to be limitless, there 

are currently few application where CNTs would be used as a drug carrier due to the high 

cost and difficulty in reproducible synthesis. 

 

1.1.3.5.6 Silica-based drug carriers 

Following the development of bulk mesoporous silica materials in 1990 (Yanagisawa et 

al., 1990), a number of studies have focused on the potential of this materials in many 

areas, such as catalyst chemistry, chemical adsorption, imaging, sensors, biomedical ap-

plications. Mesoporous silica in nanoparticle form was first introduced in 1997, and in 

the following years the synthesis methods and applications have been further developed. 

 

To date, all published synthesis methods for the mesoporous material have been using a 

bottom-up strategy: MSNPs are produced from a sol-gel system with removable tem-

plates. During a synthesis process, many physical properties of MSNPs can be easily 

controlled by manipulating the conditions of the sol-gel system (see Chapter 2.1.2 for 

further details). For example, the outer dimension of MSNPs can be controlled by chang-
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ing the composition of the sol-gel system and/or by controlling the aging time of silica 

condensation (Suteewong et al., 2010, Moon and Lee, 2012, Nandiyanto et al., 2009). 

Many synthesis routes have been well-established and proven to be effective, flexible and 

reproducible, but despite this success, a few limitations remain. The structure-directing 

templates (often surfactant molecules) play an important role in guiding silica condensa-

tion and porous structure formation, yet the choice of such templates is very limited in 

current protocols. Furthermore, the pore size is only controllable in a small range due to 

the restrained choices of the templates, leading to further process when attempted to 

achieve larger pores. In addition, the most commonly used ones (e.g. quaternary ammo-

nium surfactant molecules) all show cytotoxicity and/or immunogenicity.  

Since 2001, MSNPs have attracted attention as multifunctional drug delivery candidates 

due to their well-established synthesis methods, high biocompatibility, low cost, high 

drug loading capacity, controllable size and porosity, and functionalizable surface 

(Vallet-Regi et al., 2001). MSNPs have been reported to be safe in the body after short 

term incubation and show high biocompatibility and low allergenicity  (Mamaeva et al., 

2011a, Hudson et al., 2008, Lin and Haynes, 2009, Trewyn et al., 2008, Lu et al., 2010). 

MSNPs can be taken up by cells, mainly through endocytosis, without damaging healthy 

tissue or inducing inflammation (Chu et al., 2011, Akbar et al., 2011). 

However, it must be considered that the biocompatibility of MSNPs will be affected by a 

number of factors such as the particle concentration, size, morphology, surface function-

alisation and chemical residue (Lin and Haynes, 2010). The biocompatibility of MSNPs 

may be further improved by modification of the surface with bio-friendly polymers, such 

as polyethylene glycol (PEG) (Rampazzo et al., 2013). 
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A number of different approaches can be used in loading cargo molecules onto MSNPs. 

Drugs can be absorbed onto the outer surface or within the pores, attached on the func-

tionalised surface or entrapped in pores (Figure 1.5). The different modes of drug loading 

enable the loading of MSNPs with a variety of cargo molecules that may be difficult to 

deliver via conventional routes. Examples of this include the use of MSNPs for the deliv-

ery of hydrophobic drugs such as camptothecin (loaded on the surface of MSNPs via ad-

sorption), or nucleic acid delivery (carried by MSNPs via conjugation to a functionalised 

surface) (Lu et al., 2007, Slowing et al., 2008). 

 

Figure 1.5 Schematic illustration of mesoporous silica nanoparticle as a drug nano-carrier. 

[Image modified (Colilla et al., 2013)]. A large variety of drugs or other cargo molecules, such as 

nucleic acid, proteins, drugs, dyes and MRI active agents, can be absorbed, anchored or en-

trapped to the surface or within pores of MSNPs 

 

The surface of MSNPs is easily functionalised with different chemical groups, a variety 

of molecules and even smaller nanoparticles (details in Chapter 2.1.3) via chemical mod-

ification, surface coating or grafting. For instance, the surface of MSNPs can be capped 

with multilayers of polyelectrolytes to prevent rapid premature drug release (for further 

details see Chapter 4.3.2). 
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From the first publication on the use of MSNPs in drug delivery, much of the  research 

has focused on the potential of MSNPs for  efficient delivery of anti-inflammatory drug 

molecules (Gonzalez et al., 2013), chemotherapeutics (Vivero-Escoto et al., 2010), pro-

teins (Mamaeva et al., 2011b) and gene therapeutics (Hom et al., 2010). In particular, 

stimuli-responsive delivery and tumour-targeted delivery has attracted the most attention 

in the latest MSNP research (Croissant et al., 2015, Yilmaz et al., 2015, Cheng et al., 

2015). Many publications demonstrate promising results, and claim to be ready to move 

to pre-clinical studies. 

Despite the large number of publications and research time spent developing MSNPs 

over the last ten years to date, there are no MSNPs-based drug delivery systems that have 

reached clinical trial stage; and even in vivo studies are few. Most research to date has 

been limited to the hexagonal-aligned MSNPs (often called MCM-41 in publications), a 

limited choice of drugs as cargo, and in vitro studies. It will be important for the field to 

research a wider variety of different MSNPs and drug candidates. In vivo studies will be 

mandatory before the synthesis of MSNPs can be industrialized for use as drug delivery 

carriers. 

 

1.2 CANCER 

Cancer is a group of severe diseases caused by cells growing abnormally and uncontrol-

lably. Since the last century, cancer has become one of the major causes of death globally 

and is currently the third most frequent cause of death (Jemal et al., 2008), particularly in 

the most developed countries, including the United Kingdom (American Cancer Society, 

2011). In 2012, there were approximately 8.2 million deaths worldwide from cancer and 
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associated complications, including 161,823 cancer deaths in the UK, which accounted 

for more than 29 % of all deaths (Stewart and Wild, 2014). 

In recent decades, many successful means of diagnosis and treatments have been devel-

oped. This success has resulted in a significant increase in the one-, five-, and ten-year 

survival rate (Cancer Research UK, 2013). For example, the one-year age-standardised 

net survival for all cancers combined in England and Wales has increased from approx. 

50.0 % during 1971-1972 to 70.4% during 2010-2011 in all adults (Figure 1.6). 

 

Figure 1.6 Age-standardised one-year net survival rate in England and Wales for all cancers 

excluding non-melanoma skin cancer (c00-c97 excl. c44): 1971-2011 [Image taken from Cancer 

Research UK] 

 

Despite the success in diagnosing and managing cancer, mortality rates remain at an un-

acceptable level: The ten-year survival of all cancers is still about 50% in the UK. For 

more aggressive cancers such as liver cancer, lung cancer and pancreas cancer, the ten-

year survival rate still remains lower than 10% in England and Wales (Quaresma et al., 

2015). 

 



41 
 

1.3 THE NATURE OF CANCER 

Cancer cells are defined as genetically mutated autogenic cells with distinctive physio-

logical hallmarks (Weinberg, 2007) (Figure 1.7). With the intention of developing suc-

cessful cancer treatments which can eradicate cancer without damaging healthy tissue, 

many studies have focused on the anatomical and pathophysiological properties of can-

cerous tissue. 

 

Figure 1.7 Acquired capabilities of cancers [Image modified from (Hanahan and Weinberg, 

2000)] 

 

1.3.1 Genetic mutation and loss of genetic error repair 

In cancer cells, the ability to repair genetic errors (or defects) is inhibited or lost, leading 

to preserved and accumulated mutations (Jackson and Bartek, 2009). Such instable ge-

nomic and preserved mutations result in an over-expression of many oncogenes, and 
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down-regulation of tumour suppressors (such as p53 or PTEN) (Chalhoub and Baker, 

2009, Lucci et al., 2010). 

 

1.3.2 Limitless proliferation and cell immortality 

The growth and proliferation of cancer cells is rapid and sustainable. In healthy non-stem 

cells, cell growth and proliferation cycles are precisely regulated by many growth factors 

and cell signalling, to maintain a homeostasis in cell number and function. Such homeo-

stasis is lost in cancer cells due to self-stimuli proliferative signals (from intrinsic cells or 

even surrounding normal cells), and de-regulation of anti-proliferative signals (Cheng et 

al., 2008a). Meanwhile, the ability for cell apoptosis is irreversibly lost or de-regulated 

(Adams and Cory, 2007, Lowe et al., 2004). These phenomena lead to an aberrant cell 

cycle, cell immortality and limitless proliferation in cancers. 

 

1.3.3 Derived metabolism and the Warburg effect 

Cell metabolism is both altered and aberrant in cancer cells due to both the defective 

function of mitochondria, and the mis-regulation of many cell signalling pathways (Jones 

and Thompson, 2009). 

One of the most unique characteristics of altered cellular metabolism in cancer is the 

Warburg effect. In normal healthy cells, oxidative phosphorylation (OXPHOS) is the 

predominant respiration mechanism enabling efficient adenosine-5'-triphosphate (ATP, a 

substance that transports chemical energy) generation and higher oxygen consumption 

than in glycolysis. However, many cancer cells generate energy predominantly using 

glycolysis in the cytoplasm even when sufficient oxygen is available (i.e. aerobic glycol-
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ysis), rather than using OXPHOS (Alfarouk et al., 2014, Warburg, 1956, Warburg et al., 

1927). This derived metabolic effect, the Warburg effect, leads to insufficient energy 

generation in cancer cells. 

However, the claim by Warburg that aerobic glycolysis results from compromised mito-

chondrial OXPHOS in cancers has been challenged in recent years. Some hypotheses 

suggest that the effect is actually an adaptation of cancer cells to the damaged mitochon-

dria (Lopez-Lazaro, 2008). Others claimed that aerobic glycolysis may arise from upreg-

ulated oncogenes, downregulated tumour suppressors. Thus, the mechanism of the War-

burg effect is not fully understood to date. 

 

1.3.4 Induced angiogenesis and the enhanced permeability and retention 

(EPR) effect  

Many types of cancer cells tend to aggregate together and form clusters which consume 

large amounts of oxygen and nutrients for rapid growth. These tumour cells excrete the 

signalling molecule vascular endothelial growth factor (VEGF) which promotes angio-

genesis (blood vessel generation) (Folkman et al., 1971). 

This sustained angiogenesis  allows tumour growth beyond the limitations of passive nu-

trient diffusion from surrounding blood vessels (Fang et al., 2011). However, the rapidly 

formed blood vessels surrounding tumours are defective; comprising poorly-aligned de-

fective endothelial cells lacking a smooth muscle layer supporting, which leads to wide 

fenestrations and enhanced permeability. In addition, there is inadequate lymphatic sys-

tem connected with the tumour thereby making it difficult to filter large molecules or na-

noparticles out from the system. This effect is called the enhanced permeability and re-
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tention (EPR) effect and can be important to nanoscale anti-cancer drug carriers 

(Matsumura and Maeda, 1986). 

 

1.3.5 The tumour microenvironment 

As a result of the aberrant cellular metabolic processes and defective angiogenesis, the 

tumour cell microenvironment differs significantly from healthy cells. Due to the rapid 

and limitless growth of tumours, and massive oxygen consumption via aerobic glycolysis, 

the supply of O2 to tumours is always inadequate (especially in the core), which leads to 

hypoxia (Olin et al., 2011). Furthermore, defective angiogenesis causes the accumulation 

of acidic molecules (e.g. CO2, lactic acid), resulting in an acidic microenvironment with a 

pH as low as 6.5 (Spence and Johnston, 2001). This has far-reaching implications since 

anti-cancer reagents must perform effectively in the hypoxic and acidic microenviron-

ment of the tumour. 

 

1.3.6 Tumour metastasis 

In many aggressive cancers, the cell-to-cell attachment or adhesion is found to be re-

duced or inhibited, causing an enhancement of cellular mobility, tumour metastasis and 

invasion (Goldberg, 2013, Folkman, 1995, Weidner et al., 1991). Cancer cells can leave 

the primary tissue sites and migrate to nearby, or even distant, tissues via the circulatory 

and/or lymphatic systems because of the down-regulation of certain cell-to-cell adhesion 

molecules (such as cadherins, radixin), the degradation of extracellular matrix, and the 

up-regulation of lamellipodia formation (Berx and van Roy, 2009, Santy et al., 2005, 

Cancer Research UK, 2014). 
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Metastasis has been considered one of the most important differences between benign 

tumours and malignant tumours (Koten et al., 1993, Cancer Research UK, 2014), and the 

most life-threatening aspect of cancer (Liotta et al., 1991). 

 

1.4 CURRENT MANAGEMENTS OF CANCER 

In order to treat cancer and/or relieve the symptoms of cancers, many cancer manage-

ments have been developed to remove the tumorous lesions, reduce the tumour size, and 

ease the discomfort caused by cancer and the complications. Because of the vastly di-

verse phenotypes, stage, and drug resistance of cancers, the approaches to manage cancer 

are largely varied (Miller et al., 1981). 

The most commonly used methods to treat cancers, including surgical removal, radio-

therapy, chemotherapy, and gene therapy are discussed in further detail below. 

 

1.4.1 Surgical removal 

Surgical removal is available for many types of cancers allowing a promising cure by 

removing solid tumours and their vasculature partially or entirely. This approach is espe-

cially effective when the solid tumours are isolated, well defined and not yet metastasised. 

This approach is especially efficient in early stage cancers. 

With the improvement of diagnostic techniques and surgical methods (such as gamma 

knifes), surgical oncology has been greatly improved and can be applied to more types of 

cancers, and even used in some metastased cases. The survival rate after a tumour extrac-

tion surgery has greatly increased since last century. 
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Although the application of surgical oncology is wide, it still cannot be employed to all 

types of cancer. Not all tumours are operable because surgeries could introduce irrepara-

ble damage to certain organs, particularly in the brain. Also, the effectiveness of surgery 

can be significantly compromised due to the propensity of invasion and metastases of 

cancers which leads to undefined tumour margins, especially in the terminal stages. Fur-

thermore, microscopic cancer cells may not be removed completely during surgery, re-

sulting in cancer recurrence. 

Due to the limitations of cancer surgery, patients are always treated with additional radio-

therapy and/or chemotherapy before and after the surgery.  

 

1.4.2 Radiotherapy 

Radiotherapy is another widely applied treatment which uses ionizing radiation to limit 

malignant cell growth. It works by damaging the DNA of exposed tissue, and causing 

cell death. Cancer cells replicate much more rapidly than most healthy mature cells, and 

it is known that their ability to repair damaged genes is reduced. When the DNA of can-

cer cells is impaired in radiotherapy, the damage is not  corrected, but maintained and 

accumulates when the cells replicate, resulting in reduced proliferation and cell death 

(Kapiteijn et al., 2001). 

Healthy cells, however, are able to repair a limited amount of DNA damage and so would 

not proliferate genetic errors. Hence, radiotherapy specifically targets cancerous cells. 

This technique is widely applicable to many types of cancers, including haematological 

cancers (cancer in blood which does not form solid tumours), and can also be used post-

surgery to prevent recurrence. 
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However, the challenges of radiotherapy remain and limit the applications in cancer 

management. Radiotherapy may also damage healthy tissues near to irradiated lesions, 

leading to possibly irreversible damage or long-term side effects, such as tissue fibrosis, 

epilation (hair loss) and infertility (NHS, 2015). 

 

1.4.3 Chemotherapy 

Chemotherapy is a cancer management approach using pharmaceuticals to cure cancers, 

and/or ease the symptoms of cancers. The use of a chemotherapeutic is often associated 

with surgery, radiotherapy and/or other types of chemotherapeutics. 

Chemotherapeutics can be broadly classified into hormonal therapeutics, cytotoxic 

chemotherapeutics, and molecularly targeted therapy. 

 

1.4.3.1 Hormonal therapy 

Since the growth of certain cancers (including some breast cancers and ovarian cancers) 

is hormone-dependent, the manipulation (or disturbance) of the endocrine system can 

reduce tumour growth or even lead to cancer cell death (Boothby et al., 2004). 

Hormonal therapeutics include hormone synthesis inhibitors (such as Letrozole™, an es-

trogen synthetase inhibitor), hormone antagonists (such as Tamoxifen™, an estrogen re-

ceptor antagonist) or supplementary hormone agonists (such as using estrogen to inhibit 

growth of prostate cancer; using progesterone-like drugs to treat breast cancer). 

However, the applications of hormonal therapy are very limited. 
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1.4.3.2 Cytotoxic chemotherapy 

Cytotoxic chemotherapeutics are the most conventional and widely used chemotherapeu-

tics to date. They damage and kill cells that are dividing and growing rapidly through dif-

ferent strategies, such as inhibiting mitosis, or disturbing DNA synthesis.  

The most studied and widely used examples include Doxorubicin™ (intercalating DNA), 

Paclitaxel™ (constraining mitosis by inducing microtubules polymerization and inhibit-

ing the mitotic spindle formation) and Camptothecin™ (inhibiting the topoisomerase ac-

tivities in DNA, preventing DNA re-ligation and leading to DNA damage and cell death 

(Hsiang et al., 1985)). 

Most cancer cells proliferate much faster than healthy ones, therefore cytotoxic chemo-

therapeutics could work efficiently to specifically kill cancers. However, they also do 

great damage to those healthy cells which reproduce rapidly, e.g. stem cells in bone mar-

row. It can therefore lead to severe side effects such as the decreased production of blood 

cells, epilation and infertility. 

 

1.4.3.3 Molecular targeted therapy 

Instead of disturbing all rapidly dividing cells, molecular targeted therapeutics can target 

specific enzymes (such as some kinases) or oncogenes which are associated with tumour 

growth and/or carcinogenesis.  

A number of enzymes and oncogenes can be the ‘target’ in molecular targeted therapy. 

For example, bevacizumab™ targets VEGF and reduces tumour angiogenesis (details in 

section 1.3.4). Many therapeutics targeting poly-ADP-Ribose polymerase, folate receptor, 
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and epidermal growth factor have been studied with a number of them reaching clinical 

trial phases, or receiving approval by the FDA or EMA (Campos and Ghosh, 2010). 

A number of studies have investigated therapeutics targeting PI3K/Akt/mTOR pathways 

(Arcaro, 2014). The aberrant and elevated physiological function of PI3K/Akt/mTOR 

pathways is found in many cancers, responsible to enhanced cell growth, evaded apopto-

sis, and mis-regulated metabolism (details in section 3.1.3). Therapeutics targeting these 

pathways are being considered promising anti-cancer agents to treat many cancers. In 

fact, some cases, such as GDC-0941 (Roche) and BKM120 (Novartis), have reached 

clinical trial phases. 

 

1.4.3.4 Challenges in current chemotherapy 

Limitations still remain in all classes of chemotherapies. 

Cancer cells can be resistant to one or more chemotherapeutics, leading to reduced drug 

efficacy (Kapse-Mistry et al., 2014). This is called Multi-Drug Resistance or MDR. 

MDR resulted from poor drug uptake, enhanced efflux from cancer cells, drug inactiva-

tion due to environmental stress, and off-target effect (for molecular targeted therapy) 

(Stewart, 2010). A number of previous studies have shown that MDR is one of the most 

important reasons for tumour recurrence and poor prognosis (Dean et al., 2005, Kanwar 

et al., 2012). 

Furthermore, many chemotherapeutics, especially cytotoxic chemotherapeutics, have a 

non-specific action upon both cancerous and healthy cells. Poor drug specificity often 

leads to high cell mortality in healthy cells and severe adverse effects in normal tissues 

and organs. 
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1.4.3.5 Delivery systems of chemotherapeutics  

In recent years, many studies have been focused on the use of nanomaterials to deliver 

chemotherapeutics. An appropriate nano-scaled drug carrier may overcome many current 

obstacles and offer an opportunity to increase the internalisation of chemotherapeutics, 

improve the specificity (via particle functionalisation), and bypass MDR (Liang et al., 

2010).  

 

1.4.4 Gene therapy 

Another newly emerging method for cancer treatment is gene therapy. Gene therapy is a 

promising approach in which a nucleic acid (in the form of DNA plasmid, dsRNA, mi-

croRNA, siRNA, etc.) is delivered into cancer cells to interfere with gene expression, in-

troducing tumour-suppressor genes, or even correcting genetic errors. In particular, small 

interfering RNA (siRNA) is one of the most attractive gene therapeutics in the last dec-

ade (Whitehead et al., 2009).  

However, the use of siRNA is challenging. Unmodified siRNA is unstable in the blood-

stream, can be immunogenic and does not readily cross cell membranes (Hickerson et al., 

2008). It is vital that the siRNA be delivered to the interior of the target cells in order to 

be incorporated into the RNAi machinery. However, siRNA molecules are too large and 

too hydrophilic to cross most mammalian cell membranes. Therefore, it always requires 

chemical modification or a carrier material for siRNAs to enter the cells.  

Currently, several techniques have been developed to increase cellular uptake of siRNA. 
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 Enhanced siRNA internalisation by stimulating cells 

Although research concerning the cellular uptake of siRNA is limited, there are studies to 

suggest that siRNA cellular uptake could be enhanced after chemical stimulation of 

mammalian cells with compounds, such as phosphorothioate (Detzer et al., 2009, Over-

hoff and Sczakiel, 2005). Electroporation is an alternative technique which can be used to 

enhance siRNA cellular uptake (Fyrberg and Lotfi, 2010). During a powerful electric 

pulse, the negatively charged groups on the lipid bilayer of cell membranes reorient and 

undergo thermal phase transitions due to heating, resulting in the transient creation of 

hydrophilic pores and localised perturbations in the integrity of the cell membrane. The 

temporary loss of the semi-permeability of cell membranes leads to the escape of intra-

cellular contents, and simultaneous uptake of extracellular molecules, such as siRNA. 

Electroporation shows a high cellular uptake efficiency of siRNA, but, it also induces a 

high level of cell mortality, and therefore applicable cell lines are very limited. 

 Enhanced siRNA internalisation by chemically modifying siRNA 

Chemical modification is useful in certain circumstances, especially for systemic delivery. 

It was well-known that uncomplexed siRNA (or ‘bare’ siRNA) delivered systemically 

after intravenous administration would be rapidly degraded from the RNases in vivo 

and/or cleared from the kidney. Chemical modification (Braasch et al., 2003) on siRNA 

(normally on the nucleobases, or the phosphate ester backbone) (Manoharan, 2004) could 

reduce siRNA sensitivity to nucleases and enhance membrane permeation. 

Despite the possibility to enhance the internalisation of siRNA through different strate-

gies, the applications are still very limited and mortality is always extreme. An ideal 

siRNA carrier would enable high delivery efficiency and low fatality. 
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1.5 AIM AND OBJECTIVES 

In this thesis the focus of the research will be on the assessment of MSNPs for the deliv-

ery of chemotherapeutics and siRNAs to cancer cells. A drug delivery system based on 

surface functionalised mesoporous silica nanoparticles is developed, which efficiently 

delivers small drug molecules (including LY294002, a hydrophobic chemotherapeutic), 

and siRNAs. 

 Synthesise, characterise, and analyse four morphologically different MSNPs. 

 Demonstrate the biocompatibility and bio-degradability of the MSNPs. 

 Demonstrate whether the MSNPs are suitable as drug nano-carriers. 

 Characterise and analyse the chemical properties of LY294002, a typical hydro-

phobic chemotherapeutic that requires a delivery system for in vivo use; Assess 

the physiological effect of LY294002 on different cancer cell lines. 

 Evaluate the loading and unloading behaviours of different cargo molecules (in-

cluding LY294002) on MSNPs.  

 Alter the drug unloading behaviours with capping polymers onto MSNPs 

 Deliver LY294002 loaded MSNPs to cancer cells and demonstrate the cell sur-

vival after treatment. 

 Deliver siRNA to cancer cells using functionalised MSNPs. 

 Establish a chemo- / gene therapeutics co-delivery system based on functionalised 

MSNPs and demonstrate the efficiency of such a co-delivery system in reducing 

cell survival and gene knock-down.  
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Chapter 2         

 Mesoporous Silica Nanoparticles: 

Synthesis and Characterisation 

 

 

Mesoporous silica nanoparticles (MSNPs) are a class of silica materials with outer di-

mension under 100 nm and pores in the range of 2-50 nm (definition from IUPAC 

(Physical Chemistry Division Commission on Colloid et al., 2003)). MSNPs have been 

of interest in many fields, e.g. catalytic chemistry, ion exchange (Davis, 2002), pharma-

ceutical industry, biosensing, drug delivering, due to their high porosity and large surface 

area (Ozin et al., 2005). 

In this study, MSNPs were generated via different synthesis routes, and the resulting 

MSNPs fully characterized for their suitability as drug carriers. A number of particles 

with anticipated different overall size and shape were chosen. The chosen MSNPs were 

also assessed for ease of synthesis, reproducibility, and homogeneity of the product. 
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2.1 INTRODUCTION 

2.1.1 History of mesoporous silica 

Mesoporous silica materials was first introduced into the chemical engineering industry 

for their  potential as efficient catalyst matrices and/or molecular sieves (Yanagisawa et 

al., 1990). Mesoporous silicates have been  described as zeolite-like bulk materials with a 

very large surface area (up to 1500 m²/g based on BET theory; (Bucknall, 2012)) and 

mesoscopic pores. The field has seen rapid development and mesoporous silica has been 

used in many different forms such as films and particles, and the porosity can be tuned 

with respect to size and alignment.  

 

2.1.2 Silica nanoparticles synthesis routes 

Following the first reports of a synthesis method for MSNPs (Di Renzo et al., 1997), a 

number of alternative MSNP synthesis routes were derived. The architecture of the 

MSNPs can be vastly varied using different synthesis techniques. The size, shape and 

distribution of pores can also be varied, as well as the overall size and morphologies of 

the particles. 

All found synthesis methods have been using bottom-up strategy based on sol-gel system. 

In a most classic route, the sol-gel / micro-emulsion was composited from an oil-water-

surfactant system, in which the surfactant played a role as a removable structure-directing 

template. A silica resource, typically an orthosilicate, was then added into the system, 

hydrolysed, and condensed around the template, forming a silica nanoparticle before the 

template is removed. 
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This synthesis strategy is simple, reproducible and very flexible. Therefore many MSNPs 

synthesis methods based on this strategy have been developed and published. The archi-

tecture and size of MSNPs can be easily tuned by changing the composition of the sol-gel 

system or by controlling the aging time of orthosilicate hydrolysis (Suteewong et al., 

2010, Moon and Lee, 2012, Nandiyanto et al., 2009). The pore size can also be manipu-

lated by controlling the concentration or the types of the scaffold molecules (Sponchia et 

al., 2014, Büchel et al., 1998).  

Drying and etching processes are also common in MSNP synthesis methods. Silica parti-

cles can be obtained by spray drying or freeze drying silica gels / colloids (Ide et al., 

2011, Urata et al., 2008). Etching is normally used to generate or enlarge pores or even 

cavities from silica nanoparticles. 

In this study, all four types of MSNPs were reproduced using methods based on sol-gel 

routes. With the different sol-gel compositions, template molecules and reaction condi-

tions, the size, morphology, porosity and surface properties of synthesised MSNPs were 

distinct. The silica precursor used was tetraethyl orthosilicate (TEOS). The hydrolysis 

reaction of TEOS described thus: 

Si(OC2H5)4 + 2 H2O                     SiO2 + 4 C2H5OH 

 

2.1.3 Functionalisation of MSNPs 

MSNPs are easily functionalised with a variety of fluorophores, polymers, targeting lig-

ands, peptides, and even smaller nanoparticles via chemical modification, surface coating 

or grafting. The modified/functionalised MSNPs may be used in different applications 
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and to fulfil different tasks in drug delivery, such as visualisation, improvement of bio-

compatibility, specific targeting or controllable cargo release. 

MSNPs can be conjugated with a variety of fluorophores, such as Rhodamine 6G, on the 

surface or within the silica matrix. Since fluorescence can be easily tracked, fluorescently 

labelled MSNPs can be widely used in research, biomedical imaging, and even surgical 

procedures (Chen et al., 2013). Such particles may also be used for in vitro work to de-

termine the internalisation of the MSNP and sub-cellular localisation (Cho et al., 2010).  

MSNPs can be functionalised with different polymer coatings. For example cyto-friendly 

polymers, such as polyethylene glycol (PEG) have been grafted on to the surface to im-

prove the biocompatibility of MSNPs (Rosenholm et al., 2011). Since the cellular uptake 

is affected by the surface charge of MSNPs (also see section 2.5.4), uptake can be en-

hanced by alteration of the surface charge with polycation coatings. Coating with poly-(l-

lysine) (PL), poly(ethyleneimine) (PEI) or chitosan has been shown to successfully im-

prove the cellular uptake of the coated MSNPs (Asefa and Tao, 2012). A layer-by-layer 

coating of PL and hyaluronic acid (HA) was also shown to effectively increase the bio-

compatibility and cellular uptake of MSNPs by cancer cells (Gary-Bobo et al., 2012).  

Furthermore, cargo release from MSNPs has been shown to be controllable after surface 

functionalisation with a variety of stimuli-responsive materials and targeting ligands (de-

tailed in section 4.1.2 and 4.1.3). 

 

2.2 MATERIALS AND METHODS 

2.2.1 Synthesis methods 
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2.2.1.1 Synthesis method of HMSNP 

HMSNPs were synthesized using the method by Hom et al.(Hom et al., 2010). Briefly, 

100 mg CTAB (99%; Aldrich,) was dissolved in 48 mL ddH2O and 350µL of 2M NaOH 

and vigorously stirred in a round-bottom flask at 80 °C. After temperature stabilization, 

500 µL TEOS (Aldrich) was added. After a further 2 hours incubation, the nanoparticles 

were collected by centrifugation and washed twice with methanol. The CTAB surfactant 

was removed by overnight reflux in acidic methanol (20 mL methanol, 1 mL 37% hydro-

chloric acid) at 80°C. 

2.2.1.2 Synthesis method of BMSNP 

BMSNPs were synthesized by a modification of the method by Nandiyanto et al. 

(Nandiyanto et al., 2009). In a typical synthesis 100 mg CTAB was dissolved in 30mL 

ddH2O, and incubated at 60°C. After temperature stabilization 9.6 mL octane (Sigma-

Aldrich), 81.34 µL styrene solution (5000 µg/mL in methanol solution; Sigma), 22 mg L-

lysine (SAFC), 1.07 mL TEOS and 34.23 mg AIBA (Sigma) was added. The reaction 

was incubated with stirring for a further 3 hours under N2 at 60°C. The reaction was then 

cooled to room temperature and stirred overnight. Nanoparticles were collected by cen-

trifugation, and washed three times with absolute ethanol. To remove the organic tem-

plates, particles were washed with toluene in a Soxhlet extractor at 150 °C for 48 hours. 

2.2.1.3 Synthesis method of CMSNP 

CMSNPs were synthesized by a modification of the method by Zhang et al. (Zhang et al., 

2010). Briefly, 8 mL ddH2O was mixed with 40 mL diethyl ether (Sigma), and 1 mL 28 % 

ammonia solution (Alfa Aesar) in a closed flask with vigorous stirring at room tempera-

ture. After the mixture became homogeneous, 2 mL TEOS was added into the solution 
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dropwise. After a further 3 hours stirring, another 2 mL TEOS was added in dropwise, 

and 1g CTAB added. The mixture was then stirred at room temperature overnight. Parti-

cles were washed three times with ddH2O and dried under vacuum at 60 °C overnight. To 

remove the template, the particles were fired at 550 °C for 6 hours. 

2.2.1.4 Synthesis method of WMSNP 

WMSNPs were synthesized by a modification of the method by Moon et al.(Moon and 

Lee, 2012). In a typical synthesis, 0.5 g CTAB and 0.3 g urea were dissolved in 15 mL 

ddH2O in a round bottom flask. 15 mL cyclohexane and 0.46 mL iso-propanol were add-

ed subsequently to the solution. With vigorous stirring, 1.25 g TEOS was added dropwise 

to the mixed solution and the stirring was kept for 30 min at RT. Then, the mixture was 

heated to 70 °C for 12 h. The nanoparticles were collected by centrifugation and wash 

with acetone and water for three times each. The CTAB surfactant was removed by over-

night reflux in acidic methanol (20 mL methanol with 1 mL 37% hydrochloric acid) at 

80°C. 

2.2.1.5 Synthesis method of SNP 

Non-porous silica NP (SNP) was synthesized as a control / comparison when investigat-

ing if MSNPs are efficient drug carrier. SNP was synthesized using the method reported 

by Rao et al. (Rao et al., 2005). As such, 36.8 mL absolute ethanol was mixed with 20.25 

mL ddH2O in a flask in a sonicating water bath at room temperature. After 10 min, 0.5 

mL TEOS was added in. The mixture was sonicated for a further 20 min before the 

dropwise addition of 54.44 mL 28% ammonia solution. The reaction was continued for 

another 1 hour with sonication. Particles were collected by centrifugation and washed 

twice with ddH2O. 
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2.2.2 Characterisation techniques 

2.2.2.1 TEM 

Specimens for TEM analysis were made by drop-casting particles onto holey carbon 

coated TEM grids (Agar). Bright field imaging and single tilt series imaging (-10º to +20º 

about the planar orientation with images taken at 10º intervals) was performed using a 

JEOL JEM-2010 operating at 200kV. 

Images were taken and analysed with DigitalMicrograph™. The size measured on TEM 

images were obtained from a contrast profiling tool with DigitalMicrograph™. Calibra-

tion (size per pixel) was achieved with a standardised gold nanoparticle measured with 

the same TEM on 15
th

 Sep 2011. The associated FFT graphs were also obtained from 

DigitalMicrograph™ 

2.2.2.2 SEM 

Backscattered electron images of the specimens were taken from a JEOL JSM-840A in-

strument operating at a primary energy of 10kV. The specimens were sprayed on the 

stage and sputter-coated with 3 nm gold before the testing. 

2.2.2.3 Surface area analysis 

The specific surface area of MSNPs was tested with nitrogen adsorption-desorption iso-

therm measurement on a Gemini VI (Micromeritics, GA, USA) surface analyser at -196 

o
C and calculated with Brunauer-Emmett-Teller (BET) theory (Brunauer et al., 1938). 

Specimen was degassed by nitrogen at 50 
o
C overnight before testing. BET surface area 

was adopted with isotherm adsorption data at P/P0 from 0.05 to 0.30 (linear region): 

SABET = 
𝐶𝑆𝐴 × 𝑁𝐴

22414 × 1018 × (𝑆+  𝑌𝐼𝑁𝑇) 
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Where SABET is BET surface area (m
2
/g); CSA is the analysis gas molecular cross-

sectional area (0.162 nm
2
 for N2); NA is Avogadro constant 6.023 × 10

23
;
 
S is the slope 

(g/cm
3
); YINT is the Y-intercept (g/cm

3
). 

Porosity can be evaluated from TEM imaging in some MSNPs when the pores were 

shown to be well-defined on the images. Otherwise, pore volume and pore size distribu-

tions were obtained by using the Barrett, Joyner, and Halenda (BJH) method from both 

absorption and desorption branch (Barrett et al., 1951). 

2.2.2.4 ζ (zeta) potential  

The surface charge of MSNPs was measured using a Zetasizer Nano ZS (Malvern, UK). 

To determine the electrokinetic potential, or ζ potential (which represents the surface 

charge of a colloidal suspension), the MSNPs were suspended in PBS buffer (pH 7.4) 

prior to the measurement. 30 runs were read before the calculation of electrophoretic 

mobility, zeta potential and zeta potential distribution. 

2.2.2.4 Disc Centrifuge 

The hydrodynamic particle size distributions were measured using a Disc Centrifuge (DC 

18000; CPS instrument) based on the technique of Differential Centrifugal Sedimentation 

(DCS). The machine operated stably at 24,000 rpm. Prior to measurements, a sucrose 

gradient was built and PVC particle calibration standards (0.377 μm and 0.022 μm) were 

applied. All the particles were measured in triplicate. The main peak, standard deviation 

and polydispersity index (PDI) were collected. 
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2.2.3 Particle degradation 

A study of MSNPs degradation was undertaken in physiological buffer since the MSNPs 

were designed for biomedical applications. The particles were re-suspended in PBS (pH 

7.4) at 37 
o
C. The suspension was shaken every two days. TEM images were taken using 

JEOL JEM-2010. The size of degraded MSNPs was plotted against the degradation dura-

tion. 

 

2.2.4 Biocompatibility of MSNPs assessed with MTT assay 

In order to evaluate the biocompatibility of MSNPs, cell viability was measured using the 

MTT assay in the presence of the different MSNPs. Details regarding cell types and cell 

culture methods are stated in Chapter 3.2.2 and Chapter 3.2.3.1. 

After selected cell lines were treated with 0.05 mg/mL MSNPs or SNP suspension for a 

defined period of time, cells were washed twice with pre-warmed PBS and 100 µL 0.5 

mg/mL MTT solution (0.5 mg/mL dissolved in a mixture of PBS: growth medium, 1:9 

v/v) was added to each well and incubated at 37 
o
C, in darkness. After 4 hours incubation 

the supernatant was removed, and the formazan was solubilized with 100 µL DMSO per 

well. The absorbance was read at 570 nm using Tecan INFINITE 200 plate reader.  

 

2.3 RESULTS OF SILICA NANOPARTICLES CHARACTERISA-

TION 

2.3.1 Morphology of MSNPs 
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The nanoparticle morphology is an important parameter in determining the utility of syn-

thesised nanoparticles in drug delivery applications. Four MSNPs were synthesised and 

compared in this research. 

They were all found to be broadly spherical in shape with an aspect ratio nearly 1:1. The 

size and alignments of pores were seen to be vastly different due to the distinct synthesis 

methods (Figure 2.1, Figure 2.2). 

   

   

Figure 2.1 Typical TEM images of MSNPs synthesised for this study as drug delivery can-

didates: a) HMSNP (scale bar: 20 nm, arrows point out two views of HMSNP); b) BMSNP (scale 

bar: 10 nm); c) CMSNP (scale bar: 50 nm; higher magnification inset [scale bar: 10 nm] details 

the pores on the ‘petal’ structure) and d) WMSNP (scale bar: 200 nm) 

a b 

c

a 

d 
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Figure 2.2 Typical SEM images of MSNPs synthesised: a) HMSNP (scale bar: 2000 nm); b) BMSNP (scale bar: 200 nm); c) CMSNP (scale bar: 

500 nm) and d) WMSNP (scale bar: 200 nm)

a b 

c d 
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2.3.1.1 Morphology of HMSNP 

 

Figure 2.3 TEM images of HMSNP imaged from different orientations and their corre-

sponding FFT’s.  (a) TEM image and (b) associated FFT of a HMSNP orientated with high-

symmetry pore axis aligned parallel with the electron beam. (c) TEM image and (d) associated 

FFT of a HMSNP aligned with pores orientated normal to the direction of the electron beam. 

 

HMSNPs were shown to be porous and roughly spherical with little elongation (Figure 

2.1 a). The pores showed high rotational symmetry about the centre axis (white arrow in 

Figure 2.1 a), and were aligned in a hexagonal pattern with a central pore surrounded by 

six further pores when imaged in transmission through the axis of the centre pore (<110> 

direction). Meanwhile, if the electron beam is perpendicular to the symmetrical axis (red 

arrow in Figure 2.1 a), many particles displayed an ordered line array of pores, which run 
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through the entire volume of particle. As an approximation of the structure, the particle 

may be described as a slightly elongated sphere with individual pores running through 

the length of the particle, and are arranged in a quasi-hexagonal structure.  

The fast Fourier transform (FFT) of the high-resolution images was performed to confirm 

the structure. Figure 2.3 b revealed an ordered set of reflections in reciprocal space with 

an overall six-fold symmetry when the electron beam was parallel to the channels. The 

sharpness of the spots indicated little variance of the pore size throughout the particle, as 

confirmed by the statistical measurements on many TEM images (Table 2.1). However, 

the corresponding FFT of a HMSNP imaged with the electron beam perpendicular to the 

symmetrical axis showed a two-fold symmetry, which confirmed the ordered pore meso-

structure with a single dominant direction through the particle (Figure 2.3 d). A close in-

spection of the HMSNPs was also performed to confirm the porous structure on 

HAADF-STEM platform using small angle tilting imaging series and large angle tilting 

imaging series (Huang et al., 2014).  

 

2.3.1.2 Morphology of BMSNP 

BMSNPs were shown to be spherical, mono-dispersed and porous with a rough surface 

(Figure 2.1 b, Figure 2.2 b). The pores showed no regular alignment, and were randomly 

embedded over the entire particle volume, forming a blackberry-like structure. The struc-

ture was also demonstrated with the associated FFT graph, in which no periodicity was 

displayed (Figure 2.4 b). 

A close inspection of BMSNP was performed on STEM to confirm the morphology. A 

series of bright and dark patches was seen on the STEM image, corresponding to regions 
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of differing projected density (Huang et al., 2014). It can be concluded that BMSNP con-

sisted of open surface pores and randomly distributed internal voids. 

   

Figure 2.4 a) A representative TEM image of BMSNPs, and b) a FFT graph associated with 

a BMSNP 

 

2.3.1.3 Morphology of CMSNP 

  

Figure 2.5 The associated FFT of (a) a CMSNP imaged with TEM in Figure 2.1 c, and (b) 

the ‘petal’ in Figure 2.1c insert 

 

CMSNPs were shown to be large mesoporous spherical silica particles with a unique 

chrysanthemum-like architecture. The size of a CMSNP was found to be in excess of the 

(a) (b) 

(a) (b) 
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definition of ‘nanoparticle’, making CMSNPs in fact micro-particles. However, it would 

be still referred to as ‘Chrysanthemum-like Nano-Particle’ herein for convenience. 

Similar to real chrysanthemums in the macroscopic world, CMSNPs were seen to be 

formed from multilayers of silica ‘petals’ growing from the particle core, which were 

closely packed and overlaid on each other (Figure 2.1 c, Figure 2.2 c). CMSNPs were 

found to be severely aggregated due to the petal-like structure. 

The mesoscopic pores were shown to be dispersed irregularly on the ‘petals’ over the en-

tire particle (close inspection of the ‘petals’ in Figure 2.1 c insert). There was also no pe-

riodicity seen in the associated FFT graphs corresponding to the entire particle (Figure 

2.5 a) or the ‘petal’ (Figure 2.5 b). 

 

2.3.1.4 Morphology of WMSNP 

WMSNPs were shown to be spherical mesoporous silica nanoparticles with a wrinkle-

like structure over the entire volume (Figure 2.1 d, Figure 2.2 d). 

 

Figure 2.6 The associated FFT graph of a WMSNP imaged with TEM in Figure 2.1 d 

 

Pores were formed between the wrinkles and aligned in a radial manner (Figure 2.1 d). 

The pores on the surface of WMSNPs appeared to be large and were even visible on 
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SEM images (Figure 2.2 d). TEM images also displayed lighter contrast near the core 

region of WMSNPs, representing internal voids in the particle (Figure 2.1 d). This indi-

cated that the pores of WMSNP were dispersed over the entire particle.  

The associate FFT graph of WMSNP also confirmed the irregularity of pore alignment 

(Figure 2.6). 

 

2.3.2 Physical properties of non-porous silica nanoparticles 

  

Figure 2.7 a) A representative TEM image of SNPs, and b) an associated FFT graph of a 

SNP  

 

SNPs appeared to be spherical particles with a rough surface, as determined by TEM im-

ages (Figure 2.7 a). No porous structure was observed with TEM up to 200 kx magnifica-

tion. The associated FTT (Figure 2.7 b) also confirmed that there was no porous or crys-

talline structure. 

The size of SNPs was determined to be 63.56 ± 14.83 nm (72 particles were measured) 

using TEM contrast profile measurement. The specific surface area was found to be 

89.69 m²/g based on BET theory. 

(a) (b) 
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2.3.3 Physical properties of the MSNPs 

Many physical properties of nanoparticles, such as size and surface area, are considered 

to be very important parameters of a successful drug nano-carrier, and would influence 

drug loading efficiency, affect biocompatibility of nanoparticles and contribute signifi-

cantly to overcoming the biological barriers in the human body (Albanese et al., 2012, 

Chen et al., 2005, Gaumet et al., 2008, He et al., 2010, Kulkarni and Feng, 2013). 

In this study, the outer dimension of the nanoparticles, their porosity and surface proper-

ties were characterised and analysed. These physical properties of MSNPs were com-

pared to SNP. 

 

Along with the various morphologies and synthesis methods, the physical properties of 

the studied silica nanoparticles differed from each other greatly (Table 2.1, Table 2.2): 

1) The sizes of most MSNPs varied from 63 nm to 232 nm (measured from the con-

trast profiles of representative TEM images), which were almost in the range of 

the optimal size for an in vivo drug nano-carrier. The only exception was 

CMSNPs that showed an unexpectedly large size. 

2) SNPs and most of the studied MSNPs were seen to be mono-dispersed, except 

CMSNPs which showed a relatively broad size distribution. 

3) All studied MSNPs were very porous with differently aligned mesoscopic pores.  

4) All studied MSNPs exhibited a huge specific surface area; much larger than SNPs. 

5) All studied MSNPs presented a negative or nearly neutral surface charge. 
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Particle Size (nm) Pore size (nm) 

TEM CPS TEM BJH 

Size No. measured Size PDI Size No. measured Adsorption Desorption 

HMSNP 105.66 ± 23.11 431 98.77 1.32 2.13 ± 0.21 544 2.87 2.89 

BMSNP 63.82 ± 7.39 47 57.47 1.90 Not measurable 7.30 6.09 

CMSNP 754.75 ± 313.69 7 998.81 3.20 2.03 ± 1.22 83 3.28 3.22 

WMSNP 231.73 ± 17.84 91 234.53 1.08 Not measurable 6.95 6.17 

Table 2.1 Summary of particle and pore size of MSNPs. Particle size (nm) was measured via TEM image contrast profile (TEM) and CPS disc 

centrifuge (CPS); pore size (nm) was measured via TEM image contrast profile (TEM) and calculated with BJH theory based on measurement from 

Gemini VI surface analyser 
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Specific surface area (m²/g) 

Zeta-potential (mV) BET 

HMSNP 1110.89 ± 1.73 -31.43 ± 0.61 

BMSNP 303.02 ± 1.00 1.13 ± 0.35 

CMSNP 934.18 ± 1.03 -18.00 ± 0.62 

WMSNP 511.56 ± 1.99 -59.27 ± 2.22 

Table 2.2 Summary of specific surface area and zeta-potential of MSNPs. Specific surface 

area was calculated with BET theory based on measurement from Gemini Vi surface analyser; 

Zeta-potential was measured with Zetasizer in water suspension (pH = 7) 

 

2.3.3.1 The physical properties of HMSNP 

The average external diameter of HMSNPs was 105.66 nm. The porous structure can be 

described as a polyhedral solid with the constituent channels being 2.04 nm in diameter. 

The particles showed a typical type IV isotherm linear plot indicate that the HMSNPs 

were mesoporous (Figure S2.3 a) (Tóth et al., 1999). 

The specific surface area of the HMSNPs appeared to be very large (1110.89 m
2
/g , 

based on BET theory) due to the porous structure and small particle size. The surface 

charge of HMSNPs was determined to be -31.43 mV. 

 

2.3.3.2 The physical properties of BMSNP 

The outer dimension of BMSNPs can be easily tuned by changing the oil/water ratio of 

the sol-gel system in synthesis. The chosen BMSNPs were small (63.82 nm in diameter 

by TEM) with large and disordered pores. The type V isotherm linear plot (Figure S2.3 b) 
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indicated that the surface of the BMSNPs had little interaction with the liquid nitrogen in 

the test, and that the BMSNPs were mesoporous. Although the randomly aligned pores 

were not measurable from TEM imaging, the pore size was determined to be approx. 

7.30 nm based on the BJH pore size calculation (absorption). 

The specific surface area of BMSNPs was found to be 303.02 m
2
/g based on BET theory, 

which was smaller than other tested MSNPs. The surface charge is +1.13 mV. 

 

2.3.3.3 The physical properties of CMSNP 

The synthesised CMSNPs were in fact was on the microscale as the average diameter 

was shown to be approx. 700 nm as assessed by both TEM imaging and Disc Centrifuge. 

The size distribution was broad and the PDI was measured to be 2.51 (Disc Centrifuge). 

The isotherm linear plot of CMSNPs (Figure S2.3 c) showed a typical type IV curve, in-

dicating that CMSNPs are mesoporous with a pore size 3.28 nm based on the BJH ad-

sorption calculation. The pore size can be also determined from TEM images, which was 

2.03 nm on average from TEM imaging. 

The large specific surface area of 934.18 m
2
/g, based on BET theory, was virtue of the 

unique chrysanthemum-like architecture and small pore size. The surface charge of 

CMSNP was determined to be -18.00 mV. 

 

2.3.3.4 The physical properties of WMSNP 

The external diameter of the WMSNPs was determined to be 231.73 nm by TEM imag-

ing, making it larger than HMSNPs and BMSNPs but much smaller than CMSNPs. The 

type V isotherm plot of WMSNPs suggested a mesoporous structure (Figure S2.3 d). The 
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pores were not well-defined and not measurable from TEM images, but could be calcu-

lated from BJH theory. The pore size was demonstrated to be 6.95 nm from the absorp-

tion curve and 6.17 nm from the desorption curve, which appeared to be larger than the 

pores on HMSNPs and CMSNPs, and comparable with BMSNPs. 

The relatively large particle size and the unique porosity led to a moderate specific sur-

face area of 511.56 m
2
/g. The surface was found to be very negatively charged, with a 

very low zeta potential of -59.3 mV. 

 

2.3.4 Degradation of the MSNPs 

The degradation patterns of the different MSNPs were studied by monitoring changes of 

each MSNP in size and morphology during incubation in a simulated physiological envi-

ronment (warm PBS). All of the MSNPs showed signs of degradation under the experi-

mental conditions, suggesting that the silica was gradually dissolved into the buffer. 

 

2.3.4.1 Degradation of HMSNP 

HMSNPs were seen to be degraded during the incubation in warm PBS. The external di-

ameter of HMSNPs was seen to decrease from an average of 105 ± 23 nm to 71 ± 10 nm 

over the course of 180 days incubation (Figure 2.8). An increasingly rougher surface was 

seen over the course of the degradation, suggesting that HMSNPs can be degraded from 

the outer surface (Figure 2.9 a). Furthermore, the degradation of HMSNPs appeared to 

also have progressed internally due to the buffer which was presented within the pores 

(Figure 2.9 b). 
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Figure 2.8 The size change of HMSNP measured with TEM over 180 days degradation in a 

simulated physiological environment 

 

  

Figure 2.9 HMSNPs were incubated in physiological buffer and samples were imaged over 

21 days, showing dissolution from either (a) the external or (b) the internal 

 

2.3.4.2 Degradation of BMSNP 

BMSNPs also appeared to be degraded in a simulated physiological environment. They 

showed a decrease in overall diameter from 52.46 ± 6.64 nm to 35.12 ± 6.95 nm over 180 

days of incubation (Figure 2.10). There was very little morphological change seen over 

the first 30 days of the incubation as the size decrease was not significant (P > 0.05) 

(a) (b) 
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(Figure 2.11). However, the degradation became more marked after further incubation, 

up to 180 days. 

 

Figure 2.10 The size change of BMSNPs measured with TEM over 180 days degradation in a 

simulated physiological environment 

 

  

Figure 2.11 BMSNPs were incubated in physiological buffer and samples were imaged (a) 

before and (b) after 32 days degradation 

 

2.3.4.3 Degradation of CMSNP 

CMSNPs also changed in size and morphology over the course of degradation. 

(a) (b) 
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After 32 days incubation, it can be seen that the structure of the ‘petals’ was very differ-

ent from the pre-degraded ones, and the discrete pores were replaced with an open lacy 

structure (Figure 2.12 a). After 173 days incubation, it can be seen from TEM images 

that there was significant inter-particle conglutination (Figure 2.12 b). Individual parti-

cles can no longer be discerned at this point. 

   

Figure 2.12 CMSNPs were incubated in physiological buffer and samples were imaged after 

(a) 32 days and (b) 173 days degradation 

 

2.3.4.4 Degradation of WMSNP 

Despite having a large pore size, WMSNPs did not show any apparent degradation in a 

simulated physiological environment over 180 days. 

The morphological change was hardly noticeable during the whole degradation (data not 

shown). WMSNPs showed only a small reduction in size after incubation in warm PBS 

over the whole 180 days degradation (Figure 2.13). 

(a) (b) 
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Figure 2.13 The size change of WMSNPs measured with TEM over 180 days degradation in 

a simulated physiological environment 

 

2.4 BIOCOMPATIBILITY OF MSNPS 

The biocompatibility of the synthesised MSNPs was assessed on four cell lines: RH30, 

RD, U87-MG and MCF7 cells (further details about the cell lines in section 3.2.2). The 

MSNPs showed varied cytotoxicity to these cell lines (Figure 2.14). 

 

HMSNPs showed low toxicity to all four cell lines. After 24 hours, the cell viability was 

higher than 85 % against the control (untreated) in all cell lines. Long-time cytotoxicity 

was noticed on RD and U87-MG cell lines, as the viability dropped further to 78.92 % 

and 75.62 % against control respectively.  

The biocompatibility of BMSNPs was seen to be lower than HMSNPs in all cell lines. In 

RH30, RD, U87-MG and MCF7 cells, the viability was decreased remarkably to 79.98 %, 

72.14 %, 73.40 % and 62.99 % of the control, respectively, after long-time incubation. 

Comparing to other silica nanoparticles, BMSNPs appeared to be the least biocompatible 
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candidate for RD, U87-MG and MCF7 cells (Figure 2.14 b, c & d). This may result from 

an insufficient template removal of PS. 

The cytotoxicity of CMSNPs was not seen to be significantly different from HMSNPs on 

all cell lines after 24 hours incubation. However, an increased toxicity to RH30 cells was 

seen after a long-time incubation, and the cell viability was reduced to 77.85% of the 

control (P < 0.001). CMSNPs were the most harmful MSNP to RH30 cells (Figure 2.14 

a). The other three cell lines seem to be more adaptable to CMSNPs, and cell viability 

recovered slightly after 24 hours treatment up to 96 hours. This phenomenon was mostly 

obvious on MCF7 cells, as the viability was 81.99 % after 24 hours treatment, but recov-

ered to 97.34 % of the control after a longer incubation time with CMSNPs (P < 0.01).  

The cytotoxicity of WMSNPs was seen to be moderately low in RH30 and RD cells, as 

the cell viability remained higher than 84% with WMSNPs, even after 96 hours incuba-

tion. However, WMSNPs appeared to be more harmful to U87-MG and MCF7 cells after 

a long-time incubation (96 hours), as the viability was reduced to 78.31 % and 76.27 % 

of the controls, respectively (Figure 2.14 c & d). 

The control particle, non-porous silica nanoparticles (SNPs) appeared to be the most bio-

compatible particles in this research against all four cell lines tested. The cell viability 

was as high as 91.65 %, 97.55 %, 107.49 % and 112.11 % of the controls after 96 hours 

SNP treatment in RH30, RD, U87-MG and MCF7 cells, respectively. It was noticed that 

the SNPs even encouraged cell survival rate in U87-MG and MCF7 cells after a long-

time incubation, which is in fact not a desired property for a chemotherapeutics delivery 

vehicle. 
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Figure 2.14 Viability of a) RH30; b) RD; c) U87-MG or d) MCF7 cells after treatment with 0.05 mg/mL MSNPs was assessed using an MTT assay. 

Values are expressed as a percentage of the untreated control for each time point. (The data are presented as the means ± standard deviation, n= 3)

0

20

40

60

80

100

120

Untreated HMSNP BMSNP CMSNP WMSNP SNP

R
H

3
0

 c
e

ll 
vi

ab
ili

ty
 (

%
) 

ag
ai

n
st

 c
o

n
tr

o
l 

24 hours

48 hours

96 hours

0

20

40

60

80

100

120

Untreated HMSNP BMSNP CMSNP WMSNP SNP

R
D

 c
e

ll 
vi

ab
ili

ty
 (

%
) 

ag
ai

n
st

 c
o

n
tr

o
l 

24 hours

48 hours

96 hours

0

20

40

60

80

100

120

Untreated HMSNP BMSNP CMSNP WMSNP SNP

U
8

7
 c

e
ll 

vi
ab

ili
ty

 (
%

) 
ag

ai
n

st
 c

o
n

tr
o

l 

24 hours

48 hours

96 hours

0

20

40

60

80

100

120

Untreated HMSNP BMSNP CMSNP WMSNP SNP

M
C

R
7

 c
e

ll 
vi

ab
ili

ty
 (

%
) 

ag
ai

n
st

 c
o

n
tr

o
l 

24 hours

48 hours

96 hours



80 
 

24 hours HMSNP BMSNP CMSNP WMSNP SNP 

RH30 * * * * * 

RD *** *** *** *** ** 

U87-MG * ** ** * ** 

MCF7 n.s. n.s. n.s. n.s. n.s. 

  

    

  

48 hours HMSNP BMSNP CMSNP WMSNP SNP 

RH30 *** *** *** *** *** 

RD * *** *** * n.s. 

U87-MG n.s. n.s. ** n.s. n.s. 

MCF7 ** ** *** * n.s. 

  

    

  

96 hours HMSNP BMSNP CMSNP WMSNP SNP 

RH30 * *** *** ** ** 

RD *** *** *** *** n.s. 

U87-MG *** *** ** ** * 

MCF7 ** *** * *** * 

Table 2.3 The significance test was performed on the data describing the viability of RH30, 

RD, U87-MG and MCF7 cell lines after treatment with 0.05 mg/mL MSNPs versus their own 

controls. n.s. = not significant, * P < 0.05, ** P < 0.01, *** P < 0.001 

 

2.5 DISCUSSION 

2.5.1 Template removal in MSNPs 

Template removal is an important procedure in MSNPs synthesis affecting the biocom-

patibility, surface area, surface charge and drug loading efficiency. A number of different 

methods were used to maximise / optimise the template removal. 

 

The structure-directing scaffold molecule in HMSNPs and WMSNPs was CTAB. This 

compound is known to be cytotoxic, causing phospholipid bilayer instability, quenched 

ATP synthase and increased cell death (Schachter, 2013). Furthermore, due to the posi-

tive charge of CTA+, a nanoparticle with insufficiently removed CTAB template would 
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present an overall positively charged or neutral surface (Domb and Khan, 2014, Lüderitz, 

2012). Previous literature has demonstrated a number of protocols for efficient CTAB 

removal. In this study, refluxing the particles in acidic methanol for no less than 24 hours 

was elected. While HMSNPs were refluxed for the minimum 24 hours, WMSNPs were 

refluxed for 48 hours due to the higher CTAB concentration. It was found that CTAB 

was efficiently removed since the surfaces of HMSNPs and WMSNPs were both nega-

tively charged after template removal. 

Although CTAB was one of the structure-directing templates in CMSNPs, the water-

insoluble diethyl ether also played an important role in CMSNPs fabrication and needed 

to be removed. After the ammonia was washed off, CTAB and diethyl ether was to be 

burnt out under high temperature. The calcinated CMSNPs product was found to be 

white (suggesting no/trivial carbon residue), and the powder was determined to be nega-

tively charged with a very large specific surface area. This indicated that the template 

was removed. However, the surface charge of CMSNPs, although negative, appeared to 

be significantly higher than that found for HMSNPs and WMSNPs, possibly suggesting 

incomplete template removal. Other methods were also attempted to remove the 

CTAB/diethyl ether in CMSNPs, including optimisation of calcination conditions, reflux-

ing the particles in a variety of organic solvents, and chemical extraction. However, the 

delicate ‘petal-like’ structure was lost with other template removal methods. 

PS (the structure-directing template in BMSNPs) is known to be cytotoxic. Incubation 

with nano-scaled PS has shown damage and oxidative stress to cytoplasmic organelles 

(Cheng-Yu et al., 2008). Furthermore, it is possible that the surface of BMSNPs became 

positively charged due to the insufficient removal of AIBA and PS, which would result in 

unfavourable cellular uptake and increased cell damage (details in Chapter 2.5.4). Previ-
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ous literature has suggested burning out the organic template with high temperatures 

(Nandiyanto et al., 2009).  However, this method led to severe particle aggregation and 

carbon residue. Other methods, including refluxing in different organic solvents, tuning 

calcination conditions and chemical extraction, were attempted to remove the PS tem-

plate. The template removal efficiency was evaluated using a Gemini VI surface analyser: 

before template removal, the pores of BMSNP were all occupied by PS templates leading 

to a relatively small specific surface area; the specific surface area ought to be increased 

after successful template removal due to the exposed inner surface of pores. It was found 

that the specific surface area of calcinated BMSNPs was 163.30 ± 0.39 m²/g, much high-

er than that of BMSNPs before template removal (102.04 ± 0.33 m²/g), indicating a suc-

cessful template removal. And, the specific surface area of chemically extracted 

BMSNPs was 269.50 ± 0.98 m²/g, much greater than that of the sintered BMSNPs. This 

indicated a more successful template removal using chemical extraction. The reason 

could be that the chemical extraction method not only successfully removes the organic 

template but also avoids sintering and aggregation of the BMNSPs. Therefore, the chem-

ical method was applied to remove the PS template in the BMSNPs fabrication protocol. 

However, BMSNPs were still found to be slightly positively charged and the cytotoxicity 

of BMSNP remained the highest among all. This suggested that the current template re-

moval method was still not effective enough. 

 

2.5.2 The effect of particles size 

Size matters, particularly for a drug nano-carrier. Not only is the cytotoxicity of a nano-

particle size-dependent, but the outer dimension also affects the enhanced permeability 
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and retention (EPR) effect, organ distribution and cellular uptake of nanoparticles 

(Oberdorster et al., 2005). 

The distribution of nanoparticles to organs after systemic administration is known to be 

size-dependent (Vonarbourg et al., 2006). As the nanoparticles circulate through the 

body and enter into the various organs, large nanoparticles (>1μm) are easily removed 

from the circulating blood, where they accumulate in the kidneys and are excreted in the 

urine. Meanwhile, when nanoparticles are too small (< 10 nm), they can penetrate the 

tight junctions of endothelial cells (Schwab and Pang, 2000) leading to a nanoparticle 

accumulation in the liver and/or spleen and causing long-term toxicity (Buzea et al., 

2007). Therefore the optimal size of nanoparticles to avoid rapid system clearance and 

long term toxicity is from 10 to 1000 nm. 

The complement system is a series of biochemical process in the immune system that 

clear foreign agents, such as drug delivery nanoparticles, from the body (Neun and Do-

brovolskaia, 2011). The activation of the complement system is affected by the size of 

nanoparticles that the clearance of nanoparticles from the blood stream is slower when 

the size is smaller than 1μm (Mosqueira et al., 2001).  

While nanoparticles tend to accumulate in organs largely due to a filtration effect, a fur-

ther mechanism promotes accumulation in tumour tissue: the EPR mechanism (Iyer et al., 

2006). In malignant tumour tissue, angiogenesis is induced by VEGF which is secreted 

from cancerous cells (see section 1.3.4) (Senger et al., 1983). This newly formed tumour 

vasculature is extensive, but defective, irregular, and leaky with poorly aligned endothe-

lial cells. Fenestrations between endothelial cells in tumours are also larger than in nor-

mal tissues, allowing macromolecule and/or nanoparticle entry. Moreover, cancerous tis-

sues commonly have poor lymphatic drainage due to the wide lumen of their vasculature 
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(Skinner et al., 1990), causing poor lymphatic filtration and clearance. This means that 

nanoparticles tend to accumulate in tumour tissue and the retained nanoparticles are not 

rapidly cleared by the lymphatic system. The EPR effect can be very significant: result-

ing in 10 to 50 times higher concentration of nanoparticles in tumours than in normal 

cells. The effectiveness can be enhanced by the introduction of certain proteins or drugs, 

such as VEGF and nitric oxide (Maeda et al., 1994). 

Cellular uptake is highly dependent on tissue and cell type, and also influenced by the 

physical properties of nanoparticles. While extremely small nanoparticles (< 10 nm) are 

able to penetrate the cell membrane by inducing holes formation on the membrane, larger 

nanoparticles are commonly internalised into mammalian cells via endocytosis and/or 

phagocytosis (Leroueil et al., 2008, Lesniak et al., 2013). Both the elasticity of cell 

membrane and ligand-receptors on the membrane affect the endocytotic uptake of nano-

particles (Lu et al., 2009). The endocytosis of larger particles would induce larger local 

membrane disruption and deformation, thus the dynamic of this process is lower. When 

particles are larger than 500 nm, the elasticity of the membrane of most non-phagocytic 

mammalian cells reaches the limitation, leading to difficulty in the endocytotic uptake of 

particles (He et al., 2010, Verma et al., 2008). Therefore, a particle which is larger than 

10 nm but smaller than 500 nm would be ideal for maximising cellular uptake of a nano-

scaled drug carrier (Oberdorster et al., 2005). 

 

Therefore, for minimal cytotoxicity, maximal cellular uptake, optimal organ distribution 

and taking advantage of the EPR effect, MSNPs with a size between 50 to 200 nm could 

be an efficient drug carrier in vivo. In this research, both HMSNPs and BMSNPs are in 

the optimal size range, suggesting that they are more likely to be accumulated in tumours 
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and cells without rapid clearance. The size of WMSNPs (approx. 232 nm) is slightly over 

the optimal range which may lead to a more rapid system clearance and difficulty in cel-

lular uptake. 

CMSNPs may be considered to be less appropriate as a candidate for nano-scaled drug 

carrier, since it was shown to be much larger than the optimal size range (although re-

ported to be 200 nm approx. in previous literatures; (Zhang et al., 2010)). The high cyto-

toxicity of CMSNPs to certain lines may result from its large size (Figure 2.14 a). 

 

2.5.3 The effect of shapes 

Although the shape of a drug nano-carrier has not been considered a physical property as 

important as its outer dimension in many studies, shapes in fact are found to affect many 

parameters, such as cellular uptake, cell adhesion, viability and apoptosis (Gupta and 

Gupta, 2005a, Park et al., 2008b, Chithrani et al., 2006). For example, a rod-shaped 

MSNP with high aspect ratio would have a larger contact interface area with the cell 

membrane than the spherical counterpart, therefore causing more efficient cellular uptake 

in non-phagocytic cells; but it would also cause disturbance of the cytoskeleton and a re-

duced cell viability (Huang et al., 2010). The mechanism is poorly understood to date. 

All tested MSNPs were seen to be roughly spherical in shape with small aspect ratios and 

therefore the influence of particle shape is likely to be negligible. 

 

2.5.4 The effect of surface properties 

Surface properties are considered to be important parameters in nano-medicine, and 

would be expected to affect drug loading, particle functionalisation and biocompatibility. 
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Since the main drug loading mechanism for MSNPs is surface adsorption, a larger nano-

particle surface area would allow more cargo molecule attachment; clearly a desirable 

property for a drug carrier (Walkey et al., 2012). Surface functionalisation is also found 

to be more effective on MSNPs with a relatively larger surface area since more reactive 

groups would be exposed on the surface (Chen et al., 2005).  

The specific surface area of HMSNPs and CMSNPs was shown to be exceptionally large 

(Table 2.2), and may therefore result in a more effective drug loading and surface modi-

fication than BMSNPs, WMSNPs and SNPs. 

 

Nanoparticles with  higher absolute values of zeta potential have been found to be more 

stable in suspension and can be more efficiently taken by tumour cells (Win and Feng, 

2005, Chung et al., 2007). Negatively charged nanoparticles have been found to be more 

stable in suspension and beneficial for efficient endocytosis into cells  (He et al., 2010).  

After the deprotonation of silica in a neutral buffer, the negatively charged silanol group 

(SiO
-
) is exposed on the particle surface. Therefore, bare MSNPs ought to present an 

overall negatively charged surface. However, the surface charge of synthesised MSNPs 

can be altered by adding chemicals during synthesis, and varied due to insufficient tem-

plate / surfactant removal. On BMSNPs, in particular, the surface charge was found to be 

slightly positive (Table 2.2), which was possibly because of the insufficient removal of 

the positively charged PS template. This positively charged surface and small absolute 

value of zeta potential might be the cause of high agglomeration and cytotoxicity of 

BMSNPs to most tested cell lines. HMSNPs, CMSNPs and WMSNPs were determined 

to have negatively charged surfaces with relatively high absolute values of zeta potential, 

which was seen to be an advantage as a drug carrier in vivo.  
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2.5.5 The effect of porosity 

The degree of porosity affects the surface area of a nanoparticle and therefore biocompat-

ibility and absorbance of compounds. The pore diameter of MSNPs will also influence 

the drug loading capability. Drug loading and release is sustained when the pore diameter 

and drug molecule are approximately the same size (He and Shi, 2011). Since the size of 

most chemotherapeutic molecules is less than 2 nm, a small pore size of around 2 nm is 

desirable for efficient loading of chemotherapeutics. However, a large pore size can also 

be beneficial to load large molecules, such as peptides and nucleic acids. 

HMSNPs and CMSNPs had the largest specific surface area and smallest pore sizes. 

Their pore sizes were smaller than 3 nm, which was roughly comparable to the size of 

most chemotherapeutic molecules. This could result in a high cargo molecule loading 

capacity for most chemotherapeutics. BMSNPs and WMSNPs presented larger pore sizes, 

thereby a smaller specific surface area. The loading capacity of chemotherapeutics in 

them might be not as efficient as in HMSNPs and CMSNPs. However, BMSNPs and 

WMSNPs could be more suitable to load larger molecules, such as siRNA. 

 

2.5.6 MSNPs degradation 

The solubility of amorphous silica in water at a neutral pH has been shown  to range from 

70 to more than 250 ppm at 25 °C (Iler, 1979, Tarn et al., 2013). Therefore MSNPs were 

expected to be degraded gradually in aqueous solution such as cytoplasm and/or extracel-

lular matrix. 

It was found that the degradation patterns in the tested MSNPs varied greatly (section 

2.3.4). This variation may result from the electrolyte concentration, differences in particle 
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size and surface area, the state of internal hydration, or impurities in the silica (Marshall 

and Chen, 1982). All of these factors would lead to a difference in the biodegradability of 

MSNPs. 

 

2.5.7 Factors affecting biocompatibility other than the physical properties of 

MSNPs  

It has been demonstrated that the biocompatibility of MSNPs can be affected by the outer 

dimension and surface properties. The sensitivity to silanol groups can vary greatly in 

different cell lines, leading to a different response to the MSNPs. However, the biocom-

patibility of tested MSNPs was also seen to be affected by other factors, such as impuri-

ties and insufficient template removal. 

Impurity elements may be introduced into the nanoparticles from minor impurities in the 

reagents used and leaching from glass used during the synthesis. For example, elemental 

analysis of HMSNPs by EDX mapping (Figure S2.1, Figure S2.2) showed a number of 

elements in the particles other than Si, O (in silica), C and Cu (on the grid). Although the 

amounts of these elements may seem trivial, it is possible that ions, such as Al
3+

, could 

result in disturbance in some cellular functions and reduced cell viability (Alshatwi et al., 

2015) and so synthesis for clinical use would have to be carefully controlled.  

Another possible cause of reduced biocompatibility of MSNPs is the insufficient tem-

plate removal. No template was used in the synthesis procedure of non-porous SNP and 

SNPs showed the highest biocompatibility in all the tested cell lines. Meanwhile, the syn-

thesis of all MSNPs included a template removal procedure which could be incomplete. 

HMSNPs, CMSNPs and WMSNPs used CTAB as structure-directing template which 
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was proven to be cytotoxic (Yasun et al., 2015). This may result in reduced biocompati-

bility of those MSNPs. The cationic bio-hazardous PS template residue in BMSNP was 

thought to be responsible for the highest cytotoxicity seen in the cell lines tested. 

 

2.5.8 Evaluation of cytotoxicity of MSNPs and cell survival 

Four different techniques were used to evaluate cell number depending upon the particu-

lar experiment. 

1) Crystal violet (CV) is a triphenylmethane dye which intercalates with DNA in 

both live and dead cells in a similar manner to ethidium bromide but is less muta-

genic and detectable in the visible range. CV staining therefore provides a simple 

method for obtaining quantitative data on the number of cells based on the ab-

sorbance of the dye by DNA in the cells. It was confirmed that the absorbance 

reading of CV was linearly correlated to cell number in all tested cell lines with 

concentrations between 25,000 to 250,000 cells / mL (data not shown). 

However, CV was found to stain the silica nanoparticles used in this research. 

With increasing concentration of MSNPs, the absorbance reading of CV in-

creased. Therefore the CV assay was not suitable for the evaluation of cytotoxici-

ty in the presence of MSNPs. 

2) Trypan blue is a live / dead stain. The dye is not able to traverse intact membranes 

of live cells and stain them, whereas it can pass through the damaged cell mem-

branes of dead cells and colour them blue. The live / dead cells can be distin-

guished under a microscope and the live / dead cell number can be counted with a 
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haemocytometer. Furthermore, stained MSNPs were microscopically distinguish-

able from live cells. 

However, the cell counting procedure was time-consuming and cell viability may 

change during the experiment. Trypan blue is not suitable for an experiment com-

positing too many samples, including assessments in 96-well microplates, as the 

cell viability can be largely altered during the experiment. 

3) 3-(4, 5-dimethylthiazol-2yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay is a 

colourimetric assay based on the capacity of the cellular mitochondrial dehydro-

genase in living cells to reduce the yellow water-soluble substrate MTT into a wa-

ter insoluble dark blue/purple formazan product. It was confirmed that the ab-

sorbance reading of MTT was linear with respect to cell number in the range of 

25,000 to 250,000 cells / mL (data not shown) after MTT was dissolved in 

DMSO. 

Although MTT was also found to stain MSNPs (data not shown), the purple col-

oured formazan was produced from cellular reactions. The absorbance of MTT 

was shown to be unchanged with increasing concentration of MSNPs. The MTT 

assay is suitable for measuring cell viability after treatment with MSNPs, loaded 

MSNPs, or drug only. 

It should be noted that the results in U87-MG cells showed a large standard de-

viation due to severe cellular agglomeration. 

4) Hoechst 33342 is a fluorescent dye that stains DNA and provides a bright blue 

fluorescence under UV excitation. The Hoechst assay enables a simple and fast 

means to obtain cell number from the fluorescence of the dye. It was confirmed 
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that the fluorescence reading of Hoechst 33342 showed a linear correlation with 

cell number for concentrations between 25,000 to 250,000 cells / mL (data not 

shown). Similar to CV, Hoechst 33342 was also found to stain MSNPs and not 

suitable for the evaluation of cytotoxicity in the presence of MSNPs. 

 

2.6 CONCLUSION 

HMSNPs, BMSNPs, CMSNPs and WMSNPs were synthesised to enable full characteri-

zation and analysis for their suitability as drug carriers.  

In depth analysis showed that HMSNPs were the most suitable candidates for  an intra-

cellular and/or intercellular nano-scaled chemotherapeutics carrier in vivo, due to the high 

loading capacity, appropriate size and surface properties and low cytotoxicity to many 

cell lines. Meanwhile, WMSNPs could also be successful drug nano-vehicle candidate by 

virtue of their biocompatibility and desirable surface properties. However, WMSNPs 

were slightly larger than the optimal size range which may lead to fast clearance from the 

system in vivo. The pore size of WMSNP was also shown to be too large for loading the 

majority of chemotherapeutics, but could be suitable for siRNA or peptide loading. 

The remaining two MSNPs tested may not be suitable drug nano-carrier without further 

modification or improvement. BMSNPs were found to be toxic to many cell lines. Fur-

thermore, the nearly neutral surface charge of BMSNPs may cause severe agglomeration 

and difficulty in surface functionalisation. CMSNPs were also not seen as a suitable 

chemotherapeutics carrier since the size was too large for efficient endocytosis into cells, 

and may also show fast clearance from the system in vivo.   
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Chapter 3        

 The physiological study of a potent 

hydrophobic chemotherapeutic: 

LY294002 

 

 

MSNPs have been shown to have suitable properties to carry chemotherapeutics to a tu-

mour. To develop the system further, it is useful to show effective loading with a specific 

drug molecule. Since one of the potential advantages of the MSNPs is the ability to over-

come drug delivery barriers and to deliver anti-cancer agents with poor solubility and/or 

specificity, the anti-cancer drug, LY294002 was chosen as a representative model of a 

hydrophobic drug in this research. 

The physiological function of free LY294002 was therefore extensively assessed and dis-

cussed in this Chapter. The cellular response after packaging in MSNPs will be discussed 

in Chapter 4 and Chapter 6. 
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3.1 INTRODUCTION 

3.1.1 LY294002 

LY294002 is a potential anti-cancer drug which has shown anti-tumour activity in vitro 

and in vivo for many different types of cancers (Hu et al., 2000, Su et al., 2003).  

 

Figure 3.1 The chemical structure of LY294002 

 

LY294002 is a small synthetic organic molecule which is a derivative of quercetin with a 

functional morpholine ring (Figure 3.1). The molecular formula is C19H17NO3; the mo-

lecular weight is 307.343; and the molecular size is less than 5Å (from spatial modelling 

by Dr. Ben Pilgram, Cambridge), which is much smaller than the pore size of the MSNPs.  

As a widely used phosphatidylinositol-4,5-bisphosphate 3-kinases (PI3Ks) inhibitor, 

LY294002 shows inhibition to all classes of PI3Ks even at low concentrations: the half 

maximal inhibitory concentration (IC50) is as low as 1.4 µM (Garlich et al., 2008).  

 

3.1.2 PI3K pathways 

PI3Ks are a family of enzymes that phosphorylate 3’-hydroxyl groups of phosphatidylin-

ositols (PIs) at the inositol ring (Angyal et al., 1989). The lipids generated from PIs acti-

vate many cellular functions such as cell survival, cell cycle, cellular trafficking, growth 
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proliferation and metabolism by binding to many downstream proteins at the Pleckstrin 

homology (PH) domain, a lipid-binding protein domain (Jiang et al., 2001). 

 

Figure 3.2 Schematic illustrations of PI3K signalling pathways in mammalian cells. Class I 

PI3K catalyses PI into phosphatidylinositol-3,4,5-trisphosphate (PIP3, shown in an orange bal-

loon) that activates PDK1, Akt and their downstream proteins involved in metabolism, cell sur-

vival, cell cycle and other cell signalling pathways. [Image modified from (Engelman et al., 

2006)] 

 

One particularly important target of PI3K is Akt (also called protein kinase B, or PKB). 

With an active PI3K on the cell membrane, Akt can be activated by phosphorylation 

within the carboxy terminus at Serine 473 (ser-473) and by phospholipid binding and ac-

tivation loop phosphorylation at Threonine 308 (Thr-308) by PDK1. The phosphorylation 

at ser-473 and Thr-308 works in parallel (Alessi et al., 1996). 

The activity of PI3K-Akt and their downstream signalling pathways are involved in 

many cellular processes, such as cell survival and metabolism (Figure 3.2). 

 

3.1.3 PI3Ks in cancer 

PI3K pathways are often over-expressed in cancers due to the amplification or the muta-

tion of genes that encode some of the essential components of the PI3K family. The over-
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expression of PI3Ks usually leads to aberrant activation or inhibition of downstream ef-

fectors, such as Akt and FOXOs, resulting in cellular malignancy and dysregulation of 

many cell function cascades (Mahajan and Mahajan, 2012). 

PI3K-Akt pathways are found to promote cell survival by supressing pro-apoptotic pro-

teins or tumour suppression. For example, Akt has been shown to downregulate p53 (an 

important tumour suppressor) and BCL2-antagonist of cell death protein (BAD, a pro-

apoptotic protein) (Gottlieb et al., 2002, Song et al., 2005, Cardone et al., 1998, Datta et 

al., 1997). Therefore, active Akt would inhibit p53-dependent and/or BAD-dependent 

apoptosis in cancer and enhances cell survival. 

Over-expressed PI3K-Akt signalling is also involved in cell metabolism in cancers 

(Barthel et al., 2005, Osorio, 2012, Nakae et al., 2001). Glucose uptake (membrane trans-

location of glucose molecules) is regulated by PI3K-Akt pathways via insulin signalling 

pathways through the stimulation of different glucose transporters, such as GLUT4. 

PI3K-Akt also affects glycolysis by mediating glycogen synthase, which generates gly-

cogen from glucose. The glycogen synthase kinase 3 (GSK3) is inhibited by active Akt, 

leading to the activation of glycogen synthase and enhanced glycogen generation. Some 

publications even reported that PI3Ks affect the Warburg effect via HIF1 in cancer 

(Courtnay et al., 2015).  

Furthermore, PI3K mutations play a role in the malignancy of certain cancers. For exam-

ple, the gain-of-function mutation of p85α results in the loss of the c-terminal inhibitory 

domain of PI3K and is responsible for multiple cancers of the brain, colon and ovaries 

(Engelman et al., 2006). 

Due to the essential roles of PI3Ks and the over-expression of PI3Ks in many cancers, 

they are considered to be a drug target for cancers (Courtney et al., 2010). 
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3.2 MATERIALS AND METHODS 

3.2.1 LY294002 

LY294002 used in this study was provided by Prof. Donohoe’s group (University of Ox-

ford) and Cambridge Bioscience (Cat. CAY70920, Cambridge, UK). The compound 

from both suppliers was all characterised with NMR (Bruker DPX200, UK) to confirm 

the molecular structure. 

The fluorescence of LY294002 was measured with Cary Eclipse Fluorescence Spectro-

photometer (Agilent Technologies, LA, USA). The excitation wavelength was ranged 

from 300 nm to 600 nm, and the emission wavelength was ranged from 320 to 700 nm. 

 

3.2.2 Cell lines 

Four different immortalized cell lines were tested in this study. They were: 

RH30 (American Type Tissue Culture Collection [ATCC] no. CRL-2061), an alveolar 

rhabdomyosarcoma (RMS) derived from the bone marrow metastatsis of 17-year-old 

male. Alveolar RMS (ARMS) commonly occurs during adolescence in the limbs, chest, 

genitalia, and abdomen. 

RD (ATCC  no. CRL-7763), an embryonal RMS (ERMS) derived from the muscle carci-

noma of a 7-year-old female. The ERMS is a childhood maligant tumour and more likely 

to occur in children with a high birth weight. Tumours often arise in the head, neck, and 

genitourinary tract. The cells are adherent with spindle shape and histologically resemble 

foetal muscle. 
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U87-MG (ATCC  no. HTB-14), an astrocytoma cell line derived from human malignant 

glioblastoma. The cells are adherent epithelial cells. It was noticable that U87-MG cells 

are likely to agglomerate rather than form a monolayer on a microplate. 

MCF7 (ATCC no. HTB-22), an adenocarcinoma cell line, derived from a metastatic site 

(pleural effusion) of invasive breast ductal carcinoma isolated from a 69-year-old female. 

The cells are adherent epithelial cells.  

 

3.2.3 Cell culture and treatment with LY294002 

3.2.3.1 Subculture 

Cells were plated at a density of 1 × 10
4
 cells per well (96-well microplate, Nunc) in 200 

μL of growth medium (Dulbecco's Modified Eagle's Medium (DMEM) with 25 mM glu-

cose, 1 mM pyruvate [Sigma], supplemented with 10% foetal bovine serum [Sigma], 2 

mM L-Glutamine [Gibco], 100Ū/mL Penicillin and 0.1 mg/mL Streptomycin [Gibco]) in 

96-well microplates and incubated at 37 °C in 5% CO2 atmosphere. 

3.2.3.2 Treatment with LY294002 

LY294002 was dissolved in ethanol solution before the treatment. After 24 hours cell 

incubation, the culture media was replaced with fresh media and LY294002 solution was 

added. The percentage of ethanol was kept below 0.5%. 

 Different oxidative conditions: 

In order to simulate the hypoxic tumour microenvironment, LY294002 treated cells were 

incubated under both hypoxic (1% O2, 5% CO2) and normoxic condition (21% O2, 5% 
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CO2). Cell number and cell viability assessments were performed after 24-hour treatment; 

western blots were performed after 4-hour treatment. 

 Hypoglycaemia: 

In the experiments on cells under glucose stress, cells were seeded in microplates for 24 

hours before the media was replaced with low glucose media (DMEM without glucose, 

pyruvate or glutamine [Gibco], supplemented with 10 % FBS [Sigma], 1 mM pyruvate 

[Sigma], 2 mM L-Glutamine [Gibco], 100Ū/mL Penicillin and 0.1 mg/mL Streptomycin 

[Gibco], and desired concentration of glucose [Sigma]). After 24 hours incubation in low 

glucose media, LY294002 was added to the cells reaching a final concentration of 50 µM. 

Further experiments were performed after 24 hours treatment. 

 

3.2.4 Western blot 

Cells were lysed in tissue extraction buffer (TEB, 50 mM Tris-HCl (pH 7.4), 150 mM 

NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, add 1 tablet of protease inhibitor in 

every 10 mL buffer before use). Each extract was collected and transferred to a 1.5 mL 

sterile tube (Eppendorf). Protein concentrations were determined using a Bicinchoninic 

acid assay (BCA assay; Pierce™, Thermo SCIENTIFIC). 

5 µg of protein from each sample was resolved by SDS-PAGE (gel: Thermo SCIEN-

TIFIC 8-16% Precise Protein Gel, 1 mm x 15 wells; running buffer: Thermo SCIEN-

TIFIC BupHTM Tris-HEPES-SDS running buffer) at 50 V for 2 hours, and transferred to 

nitrocellulose membranes in cold transfer buffer (200 mM Glycine, 25 mM Tris, 20% 

Methanol) at 100 V for 1 hour. To visualise the protein bands and confirm the success of 
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SDS-PAGE, the membranes were stained in Ponceau S solution (0.1% (w/v) Ponceau S 

in 5% acetic acid) for 5 min, and de-stained in water before next step. 

Membranes were washed in TBST buffer (10 mM Tris-HCl, 150 mM NaCl, 0.05% 

Tween-20), and blocked in 5% milk (non-fat) - TBST solution overnight. 

The primary antibody, pAkt-ser473 (#4060 Cell Signaling Technology™) or Akt (pan) 

(#4691 Cell Signaling Technology™), was diluted to 1/1000 in 5% milk (non-fat) - 

TBST solution. Membranes were incubated in a primary antibody dilution for 1 hour at 

room temperature. After the membranes were washed 3 times in TBST, they were incu-

bated in 1/2000 secondary anti-rabbit antibody in 5% milk (non-fat) - TBST solution for 

30 min. The membranes were washed 3 times and incubated in 4 mL working solution of 

Pierce™ ECL Western Blotting Substrate (Life technologies™) for 5 min. 

The chemiluminescence was detected by exposure on Amersham Hyperfilm ECL (#28-

9068-35 GE Healthcare Life Technology™). 

 

3.2.5 Densitometry of western blot 

The band intensity on the western blots was quantified using Fiji™ software (based on 

ImageJ). On each blot, the density of both pAkt-ser473 and Akt (pan) were divided by 

the density of the house-keeping protein β-actin. Samples were then normalized against 

β-actin. Values are expressed as % of the zero drug control. 

 

3.2.6 Cell survival number assessed with CV assay 
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After cell lines were incubated with the drug under hypoxic (1% O2) or normoxic condi-

tion (21% O2), the surviving cell number was quantified using a crystal violet (CV) assay.  

Cells were rinsed with pre-warmed PBS and fixed with 1% glutaraldehyde solution for 

30 min. Fixed cells were stained with crystal violet solution (1% crystal violet [Sigma] 

dissolved in a mixture of methanol: glacial acetic acid: H2O, 5:1:4 v/v/v) for 1 hour at 

room temperature. After staining, the supernatant was removed and cells washed careful-

ly three times with water. The microplate was then drained and dried overnight. Before 

reading, 100 µL solubiliser (1% SDS in 10% glacial acetic acid) was added to each well 

and re-suspended vigorously. The absorbance was read at 540 nm.  

 

3.2.7 Cell viability assessed with MTT assay 

After cell lines were incubated with LY294002 under hypoxic (1% O2) or normoxic con-

dition (21% O2), the cell viability was evaluated using MTT assay. The procedures of 

MTT assay was described in section 2.2.4. 

 

3.2.8 Lactate assay  

Lactate generation was evaluated with BM-lactate strips [Roche]. For each sample, 25 

µL media was added on to the reactive pad of a new lactate strip. The result was read by 

an Accutrend Lactate Meter [Roche] after incubation for 1 min. 

In order to eliminate the influence of cell number, Hoechst 33342 stain was immediately 

performed after the measurement of lactate generation. Cells were incubated in 1 µg/mL 

Hoechst-culture media solution for 30 min at 37 °C. Immediately before reading, the 

Hoechst containing culture media was removed and the microplate was washed with PBS 
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once carefully. After 100 µL warm PBS was added to each well, the fluorescence signal 

was read with FLUOstar OPTIMA plate reader (exc. 350 nm; emi. 461 nm; well-scan 

mode) without shaking. Blank wells with only PBS were set as a control. 

 

3.2.9 Oxygen consumption rate assay 

3.2.9.1 Oxygen consumption rate (OCR) assessed with MitoXpress-Xtra 

The OCR was assessed with MitoXpress-Xtra probe (Luxcel™). The probe is oxygen 

sensitive and its phosphorescence is quenched in high oxygen. 

Each well of the treated cells was rinsed once with warm PBS before 150 μL probe con-

taining culture media (Media: MitoXpress-Xtra (v/v) = 14:1) was added. The wells were 

then sealed from the atmosphere using 100 μL highly viscous HS Mineral Oil (Luxcel). 

TR-F intensity was read on a plate reader (BMG FLUOstar) at 37 °C, and 18 % O2 at Ex. 

340 ± 50nm, Emi. 650 ± 50nm. 

The lifetime is evaluated using dual delay time resolved measurements (Figure 3.3). The 

lifetime (τ) can be calculated as: 

τ (µs) =  
𝑡2−𝑡1

𝐿𝑛(
𝑊2

𝑊1
)
 

Where W1 and W2 represent the dual measurement windows while t1 and t2 represent the 

delay time prior to measurement of W1 and W2 respectively 

As the cells respire, oxygen was depleted from the sealed wells resulting in increasing 

signal on the plot of lifetime. Select the linear portion of the signal profiles and apply lin-

ear regression to determine the slope and correlation coefficient (quality control of the fit) 
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for each of the lifetime profiles. OCR was obtained by the mean of the slope values of 

the linear region. 

 

Figure 3.3 Illustration of the principle for the dual delay time resolved measurements [Im-

age modified from (Luxcel, 2015)]  

 

3.2.9.2 Intracellular oxygen level assessed with MitoXpress-Intra 

Intracellular oxygen was evaluated with MitoXpress-Intra (NANO2, [Luxcel]) probe 

which consists of cationic hydrogel nanoparticles loaded with Pt(II)-5,10,15,20-tetrakis-

(2,3,4,5,6-pentafluorophenyl)-porphyrin) dye. After the probes are internalised, the phos-

phorescence of the oxygen sensitive dye is quenched with increasing concentrations of 

oxygen. Drug induced changes in mitochondrial activity can be seen as changes in the 

probe signal overtime (data not shown). As NaNO2 assays are unsealed, equilibrium is 

reached between oxygen consumption by the cells and back diffusion into the well from the 

environment. Cells will reach a “resting state” characterised by a plateau signal in lifetime 

plot. 

Treated cells were washed once with warm PBS and incubated with probe-containing 

culture media (Media: MitoXpress-Intra (v/v) = 10:1) overnight. 

Immediately before read, probe-containing culture media was replaced with respiration 

media (normal culture media with 4500 mg/L glucose). TR-F intensity was read on a 
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plate reader (BMG FLUOstar) at 37 °C and an appropriate oxygen level (either 2% O2 as 

hypoxia or 18% O2 as normoxia) at Ex. 340 ± 50nm, Emi. 650 ± 50nm every 3 min till 

signal stabilised. 

The lifetime is evaluated using dual delay time resolved measurements as described in 

section 3.2.9.1 (Figure 3.3). 

More than 10 points were taken from the plateau region of the lifetime (µs) plot for each 

sample. Intracellular oxygen can be calculated from lifetime using the equation: 

Y = a + e
(bx + c)

 

where Y is the measured lifetime value; x is the intracellular oxygen (%); parameters a, b, 

c can be obtained from a calibration curve for each individual cell line. The calibration 

equation was fit using SigmaPlot 12.0.  

 

3.2.10 ADP/ATP assay 

ADP/ATP ratios were measured to differentiate the status of cell death and viability with 

ADP/ATP Ratio Bioluminescent Assay Kit (ELDT-100, EnzyLight™) 

The Assay Buffer, Substrate and Co-substrate were thawed at RT and ATP, ADP en-

zymes were thawed on ice before the experiments. 

ATP Reagent was prepared by mixing 95 μL Assay Buffer with 1 μL Substrate, 1 μL Co-

substrate and 1 μL ATP Enzyme for each well. ADP Reagent was prepared by mixing 5 

μL ddH2O with 1 μL ADP Enzyme for each well. 

The treated cells in multiwell microplate were washed with warm PBS before the assay. 

90 μL ATP Reagent was added to each well. The microplate was tapped gently for 1 min 
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to encourage the reaction. Luminescence (RLU A) of each well was then read on plate 

reader. 

Ten min after reading the luminescence for ATP (RLU A), the luminescence of the sam-

ples was read again (RLU B) providing the residual ATP signal prior to measuring ADP. 

Immediately following reading RLU B, 5 μL ADP Reagent was added to each well and 

mixed by tapping the microplate gently. 1 min after mixing, luminescence (RLU C) was 

read on a plate reader. 

ATP production has a linear correlation to the read of RLU A, whereas ADP production 

has a linear correlation to the read of (RLU C - RLU B). Therefore, the ADP/ATP ratio 

was calculated by: 

ADP/ATP ratio = 
RLU C−RLU B

RLU A
 

 

3.2.11 Amplex Red assay 

The Amplex Red assay was used to determine the production of reactive oxygen species 

(ROS) before and after LY294002 addition. Amplex™ Red reagent is a colourless sub-

strate that reacts with hydrogen peroxide (H2O2) with a 1:1 stoichiometry to produce 

highly fluorescent resorufin (excitation/emission maxima=570/585 nm) 

In experiments, culture media was removed completely from black multiwell microplates 

before the assay. Each well was washed with PBS once carefully. Then 50 μL warm clear 

DMEM (no phenol red, no serum, no antibiotics) was added. 1X Reaction Buffer was set 

as a negative control, and 1 to 10 μM H2O2 solution as standard. 
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The Amplex Red working solution comprised 100 μM Amplex Red 0.2 U/mL HRP sepa-

rately. 50 μL Amplex Red working solution was added to each well including experiment, 

standard, and control groups. The microplate was when incubated at room temperature 

for 30 min, protected from light. 

Fluorescence of each well was read at 542 nm excitation and 590 nm emission for 30 min 

at 5 min intervals. To quantify the concentration of H2O2 produced by treated cells, a 

standard curve was established between the concentrations of H2O2 (ROS) against the 

fluorescence signal of Amplex Red. 

Levels of ROS (H2O2) at each time point were calculated from the calibration curve. The 

ROS Endpoint was picked at the 30
th

 minute read. 

 

3.2.12 Data analysis and statistic test  

Significance tests were performed using a two-tailed homoscedastic Student’s t test on 

Microsoft™ Excel platform. 

 

3.3 RESULTS 

3.3.1 Characterisation of LY294002 

Both the synthesised and the commercially supplied LY294002 were analysed. The 

chemical structure was assessed using NMR (data not shown) while the PI3K inhibition 

was assessed using SDS-PAGE western blot (data not shown). It was confirmed in both 

analyses that the compound presented the same chemical structure from both supplier; 

and they expressed the same function in inhibiting Akt phosphorylation. 
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Figure 3.4 The emission intensity of LY294002 at different wavelengths (excited at 305 nm) 

 

A spectrophotometer was used to determine the fluorescence of the LY294002 molecule 

at different wavelengths. It was found that after excitation at 305 nm the peak emission 

was at 392 nm for both the compounds (Figure 3.4). 

 

Figure 3.5 Concentration dependence of the emission intensity of LY294002 at 392 nm un-

der an excitation at 305 nm 

 

With Ex. 305 nm / Emi. 392 nm, the emission intensity was shown to be linear with re-

spect to the concentration of the compound (Figure 3.5). No self-quenching was found in 

the tested range of concentrations. 
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Therefore, it was confirmed that the concentration of LY294002 can be evaluated by 

measuring the emission intensity of LY294002 at 392 nm when excited at 305 nm. 

 

3.3.2 Inhibition of Akt phosphorylation 

LY294002 acts upon all classes of PI3Ks and therefore affects the phosphorylation status 

of downstream targets. Since Akt is one of the most important downstream effectors of 

PI3Ks, the inhibition of PI3Ks by LY294002 was evaluated by determining the phos-

phorylation state of Akt at Serine 473 (pAkt-ser473). 

Due to the hypoxic nature of the real tumour micro-environment, the phosphorylation 

status of Akt was investigated using cell lysates collected from cells treated with increas-

ing amounts of LY294002 under both hypoxic (1% O2) and normoxic (normal condition 

in laboratory, 21% O2) conditions. 

Cells were seen to respond differently to LY294002. The response was found to be de-

pendent upon the cell type, LY294002 concentration, and environmental oxygen level. 

 

In RH30 cells, treatment with the highest dose of LY294002 (50 µM) resulted in a large 

decrease in the level of phosphorylation of Akt at Ser473 (reduced to approx. 11.48 % 

relative to the zero drug control; P < 0.001) under normoxic condition. Conversely, the 

level of phosphorylation dropped to approx. 39.45 % of the control under hypoxic condi-

tions (Figure 3.6 a, Figure 3.7 a). 

In RD cells, the level of phosphorylation of Akt was seen to decrease to approx. 15.39 % 

(P < 0.001) relative to the zero drug control after treatment with 50 µM LY294002 under 

normoxic conditions (Figure 3.6 b, Figure 3.7 b). However, Akt can be seen to be phos-
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phorylated in the presence of LY294002 under hypoxic conditions. Even when treated 

with the highest dose of LY294002 (50 µM), the level of phosphorylation of Akt at 

ser473 merely reduced by 30.83 % relative to the zero drug control (Figure 3.6 b, Figure 

3.7 a).  

In the presence of LY294002, U87-MG cells, the glioblastoma line, showed a large de-

crease in levels of Akt phosphorylation (Figure 3.6 c, Figure 3.7). After treatment with 

the highest dose of LY294002, the level of Akt phosphorylation was reduced to 12.35 % 

of the control under normoxic conditions (P < 0.001), and to approx. 38.08 % of the con-

trol under hypoxic conditions (P < 0.05). 

Meanwhile, the phosphorylation status of Akt in MCF7 cells reduced with increasing 

concentration of LY294002 (Figure 3.6 d, Figure 3.7). The decrease was up to approx. 

14.07 % of the control after treatment with 50 µM LY294002 under normoxia and to ap-

prox. 37.03 % of the control under hypoxia. 

 

In summary, it was clearly shown that pAkt-ser473 was significantly reduced after treat-

ment with LY294002 while the amount of pan Akt remained the same (blots in Figure 

3.6; densitometry in Figure 3.7; significance test in Table 3.1) in all four tested cell lines. 

The inhibition of Akt phosphorylation was seen to be more marked with increasing con-

centration of LY294002.  

This effect was shown to be more significant when the treatment was performed under 

normoxic conditions than under hypoxic conditions. In particular, LY294002 appeared to 

be the least effective in inhibiting PI3K functions in RD cells under hypoxic conditions.
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Figure 3.6 Representative western blots of cell lysate from a) RH30; b) RD; c) U87-MG or d) MCF7 cells incubated with increasing amounts of 

LY294002 under either 1% O2 or 21% O2 condition. Blots were probed with anti-Akt (pan) or anti-pAkt-ser473 antibodies  

(a) (b) 

(c) (d) 
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Figure 3.7 Densitometry data taken western blot of cell lysate from RH30, RD, U87-MG 

and MCF7 cells incubated with increasing amounts of LY294002 under a) 1% O2 or b) 21% O2 

(The data are presented as the means ± standard deviation, n= 3) 
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vs. controls in Hypoxia RH30 RD U87-MG MCF7 

10 µM LY294002 n.s. *** n.s. *** 

25 µM LY294002 *** *** * *** 

50 µM LY294002 *** *** * *** 

  

   

  

vs. controls in Normoxia RH30 RD U87-MG MCF7 

10 µM LY294002 ** *** *** *** 

25 µM LY294002 ** *** *** *** 

50 µM LY294002 *** *** *** *** 

  

   

  

Hypoxia vs. Normoxia RH30 RD U87-MG MCF7 

10 µM LY294002 *** *** *** ** 

25 µM LY294002 *** ** ** ** 

50 µM LY294002 ** ** ** *** 

Table 3.1 Results are shown from the student t-test showing the significance of data taken 

from western blot densitometry on RH30, RD, U87-MG and MCF7 cells incubated with increas-

ing amounts of LY294002 under hypoxic or normoxic condition. The significance test were per-

formed between each data point against its own control, and performed between groups treated 

under hypoxia against treated under normoxia. (n.s. = not significant,* P < 0.05, ** P < 0.01, *** 

P < 0.001) 

 

3.3.3 Treatment with LY294002 affects cell number under both hypoxic and 

normoxic conditions 

Because PI3Ks are involved in cell proliferation and cell survival, it is likely that the cell 

number would be affected after treatment with LY294002. However, a very different re-

sponse to LY294002 was seen in the four test cell lines. 

 

In RH30 cells, the cell number decreased after treatment with increasing concentration of 

LY294002 under either hypoxic or normoxic conditions. There was approx. 41.70 % de-

crease in cell number after treatment with 50 µM LY294002 over 24 hours under 

normoxic conditions (Figure 3.8 a). Under hypoxic conditions, there was approx. 42.40 % 

decrease in cell number after treatment with 50 µM under hypoxic condition, which is 

very similar to its counterpart under normoxia. This shows that the compound caused a 
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similar reduction in proliferation of RH30 cells under either high or low levels of oxygen, 

despite the fact that LY294002 appears to be more efficient in inhibiting the phosphory-

lation of Akt in the same cell line under normoxic conditions. Furthermore, it was also 

found that RH30 cells were sensitive to the drug at low concentrations. Cell number 

started to decrease even when incubated with a low concentration of drug (5 µM), but did 

not reduce much further as the concentration increased to 50 µM. This observation was 

more apparent under normoxic conditions. 

 

The paediatric ERMS line, RD, behaved differently from RH30 cell, an ARMS line, after 

treatment with LY294002. RD cell showed approx. 23.53 % reduction in cell number 

after treatment under normoxia (Figure 3.8 b) which is seen to be less susceptible than 

RH30, despite the fact that they are both RMS lines. Under hypoxic condition, the sensi-

tivity to LY294002 was reduced: merely approx.13.45 % reduction in cell number after 

24 hours treatment, and the difference was not significant against control (P > 0.05). This 

indicated that RD cells were less susceptible to LY294002 under low oxygen condition 

than under normoxic condition. 

 

The different sensitivity to LY294002 was not only observed in the two different RMS 

lines, but also in the other two studied cancer cell lines. Cell number was seen to be nega-

tively correlated with the concentration of LY294002 under both oxygen conditions. 

U87-MG presented approx. 63.57 % decrease in cell number treated with a high dose 

drug (50 µM) under normoxic condition while the survival cell number only dropped ap-

prox. 17.52 % after treatment with the same concentration of the drug under an hypoxic 
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environment (Figure 3.8 c). This indicated that U87-MG cell proliferation was less sensi-

tive to LY294002 under hypoxic conditions than under normoxia. 

 

In the MCF7 line, cell number was seen to decrease to 59.81 % of the control after a high 

dose treatment under hypoxia. MCF7 cell proliferation also appears to be more sensitive 

to the drug under a normoxic environment, where the cell number dropped to 47.92 % of 

the control which is significantly lower than the number of MCF7 cells after treatment 

under hypoxia (P < 0.001). A similar phenomenon was also observed in the other cell 

lines (Figure 3.8 d). 
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Figure 3.8 Cell number of a) RH30; b) RD; c) U87-MG; d) MCF7 cells assessed using crystal violet staining, in the presence of increasing concen-

trations of LY294002, either under 1% or 21% oxygen, after incubation for 24 hours (Using Student's t test, n.s. = not significant, * P< 0.05, ** P < 0.01, 

*** P < 0.001; the data are presented as the means ± standard deviation, n= 3) 
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3.3.4 Treatment with LY294002 affects cell viability under both hypoxic and 

normoxic conditions 

In addition to evaluating the cell proliferation and survival after a treatment of LY294002, 

the cell viability of LY294002 treated cells was assessed using an MTT assay. 

 

Under normal oxygen levels, the viability of RH30 cells decreased significantly with in-

creasing concentrations of LY294002, and was reduced to only 45.75 % of the control (P 

< 0.01) when the LY294002 concentration reached 50 µM (Figure 3.9 a). Meanwhile, the 

reduction in cell viability was not as great when the treatment was performed under hy-

poxic conditions. The cell viability dropped to 85.24 % approx. in the presence of low 

concentrations (5 µM) of LY294002 and did not decrease much further as the dose in-

creased up to 50 µM. 

 

The viability of RD cells also decreased with an increasing concentration of LY294002 

under either 1% O2 or 21% O2 environment. RD cells appeared to be less vulnerable to 

the drug than RH30 under normoxic conditions; the viability decreased to 69.08 % ap-

prox. of the control with 50 µM LY294002 (Figure 3.9 b). Under low oxygen concentra-

tions, the RD cells were seen to be less sensitive to the compound, and the viability de-

creased to 86.51 % approx. of the control in the presence of 50 µM LY294002. 

 

U87-MG cells showed a more significant reduction in cell viability than the RMS lines 

under normoxic conditions, with a reduction of 72.37 % compared to control after a 

treatment of 50 µM LY294002 (P < 0.01). Cells were less susceptible to the presence of 
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LY294002 under hypoxic conditions, with a reduction in viability of 23.14 % compared 

to control (Figire 3.9 c). 

 

As the viability of U87-MG cells decreases with incresing concentrations of LY294002 

under normoxic conditions, MCF7 showed a high sensitivity to the drug at low doses (5 

µM): the viability dropped to 31.55 % approx. of the control after treatment with 5 µM 

LY294002, and remained to this low level with the increasing dose of LY294002. MCF7 

also showed less vulnerbility to the compound when the treatment was performed under 

hypoxic conditions (Figure 3.9 d). 
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Figure 3.9 Cell viability of a) RH30; b) RD; c) U87-MG; d) MCF7 cells assessed using MTT assay, in the presence of increasing concentrations of 

LY294002, either under 1% or 21% oxygen, after incubation for 24 hours (Using Student's t test, * P< 0.05, ** P < 0.01, *** P < 0.001; the data are pre-

sented as the means ± standard deviation, n= 3) 

(a) (b) 

(c) (d) 
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In summary, the PI3K inhibitor, LY294002, was found to affect cell proliferation (cell 

number) and survival (cell viability) of all four cell lines tested (Figure 3.8, Figure 3.9). 

The sensitivity to LY294002 was reduced when the treatment was performed under low 

oxygen conditions. 

 

3.3.5 Alteration in metabolism with the presence of LY294002 

Cellular respiration and metabolism of cancer cells differs from healthy cells due to de-

fective mitochondria and altered regulation in certain cell signalling pathways (also see 

section 1.3.3). A series of assessments was performed on selected cancer cell lines to 

evaluate their metabolism, and the alteration in metabolism in the presence of LY294002. 

 

3.3.5.1 Respiration profile before treatment 

A bioenergetics profile screen obtained by Dr. Michelle Potter (NDOG, University of 

Oxford) showed the respiration pattern of many immortalised cancer cell lines (Figure 

S3.1). Two lines at bioenergetics extremes, RD and U87-MG, were chosen from the 

screening for further metabolism assessments with LY294002. RD expressed a high 

OCR coupled with a very low ECAR, whereas U87-MG presented an opposite extreme 

with a low OCR and a high ECAR. This suggested that RD and U87-MG cells use very 

different metabolic mechanism under the same environmental conditions. 

 

To confirm this finding, lactate production and OCR of RD and U87-MG cells was as-

sessed in normal culture media. The assessment was performed under normoxic condi-

tions to quantify the mitochondrial respiration of those cell lines, and to give an indica-
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tion of glycolysis. OCR was assessed with the MitoXpress-Xtra assay which gave a di-

rect indication of consumed oxygen in a closed environment. 

 

Figure 3.10 Lactate productions detected from the cell culture medium after 24 hours culture 

for RD and U87-MG cells in normal culture under normoxia (Using Student's t test, *** P < 

0.001; the data are presented as the means ± standard deviation, n= 3) 

 

It was shown that RD cells produced 1.5 mM lactate into the culture media compared to 

14 mM lactate seen in the culture media of U87-MG cells, more than 9 times the former 

(Figure 3.10). In addition, the OCR of RD cells was more than twice that of U87-MG 

cells under the same conditions (Figure 3.11). Therefore, the results showed that RD cells 

consumed a high level of oxygen coupled with a relatively low level of acidification, 

while U87-MG showed a reduced respiration rate (low OCR) and significantly high acid-

ification rates under the same experiment conditions (P < 0.001). 

 

Therefore, U87-MG’s metabolism is more glycolytic even under normoxic condition 

whereas RD cells are more aerobic with more robust oxidative phosphorylation. 
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Figure 3.11 Oxygen consumption rate of RD and U87-MG cells in normal culture media un-

der normoxia. (Using Student's t test, ** P < 0.01; the data are presented as the means ± standard 

deviation, n= 3) 

 

3.3.5.2 Cellular metabolism after a treatment of LY294002 

Cellular metabolism was evaluated from cellular lactate production. Because the total 

lactate production in culture was affected by the cell number, the results were expressed 

relative to cell number. 

Cellular metabolism was also evaluated from the intracellular oxygen level. The intracel-

lular oxygen concentration of treated cells was evaluated using the MitoXpress-Intra 

(NaNO2) assay. A calibration curve was built for each cell line by plotting the equilibri-

um lifetime against ambient oxygen (Figure S3.2 a & c). To validate the assay, both cell 

lines were treated with mito-poisons (1 μM rotenone and 4 μM Antimycin-A) to produce 

a calibration curve. Cellular respiration is inhibited in the presence of mito-poisons if the 

measurement is valid, resulting in increasing intracellular oxygen, and lifetime reduction 

(Figure S3.2 a & c). 
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Unlike the MitoXpress-Xtra probe, the NaNO2 probe can be internalised by the tested 

cells via endocytosis. Therefore the results are independent of cell number (which would 

be changed after LY294002 treatment) (Figure S3.2 b & d). 

 

It was found that in the presence of 50 µM LY294002, lactate production and intracellu-

lar oxygen levels were significantly altered in both cell lines under both hypoxic and 

normoxic conditions (Figure 3.12, Figure 3.13). 

 

 

Figure 3.12 Lactate detected in the culture medium after 24 hours in the presence and ab-

sence of LY294002 for RD and U87-MG cells under 1% and 21% oxygen. The results were cali-

brated with relative cell number. (Using Student's t test, *** P < 0.001; the data are presented as 

the means ± standard deviation, n= 3) 
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Figure 3.13 Intracellular oxygen level assessed using MitoXpress-Intra assay on RD and 

U87-MG cells after treatment with 50 µM LY294002 for 24 hours under a) hypoxic (2 % O2) or 

b) normoxic condition (18 % O2) (Using Student's t test, * P < 0.05, ** P < 0.01, *** P < 0.001; 

the data are presented as the means ± standard deviation, 60 points were taken from the plateau 

region from n = 6 replicates) 

 

Under hypoxic conditions, it was seen that lactate production was significantly reduced 

in the presence of 50 µM LY294002 in both cell lines. RD cells showed an approx. 

39.62 % reduction in lactate generation compared to the control (P < 0.001), while the 

lactate generated from U87-MG cells was also reduced 48.21 % compared to the control 
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(Figure 3.12; P < 0.001). Meanwhile, intracellular oxygen was significantly reduced in 

RD cells after treatment with 6.91 % reduction of the control (P < 0.01), while it re-

mained in U87-MG cells (Figure 3.13; P > 0.05). This suggested that under hypoxic con-

ditions, glycolysis would be remarkably reduced after inhibition of the PI3K pathway. 

Such an effect was seen to be less significant in cell lines using predominantly OXPHOS 

respiration. 

Under normoxic conditions, intracellular oxygen was reduced by 11.95 % compared to 

the control in RD cells while the reduction in the intracellular oxygen of U87-MG cells 

was negligible. RD cells predominantly respire using OXPHOS with limited glycolysis 

and low lactate generation, particularly under normoxic conditions. After inhibition of 

PI3K, lactate generation from RD cells was reduced to an undetectable level (lower than 

0.8 mM) after treatment. Meanwhile, U87-MG cells showed a 59.73 % reduction in lac-

tate production compared to control under the same condition (Figure 3.12). This result 

showed that glycolysis in U87-MG cells was compromised when the PI3K pathway was 

inhibited. Such an effect appeared to be more significant under normoxic conditions. 

 

Therefore, these results suggested glycolysis could be impaired in the presence of 

LY294002. Such an effect was seen to be more significant in cell lines using predomi-

nantly glycolytic respiration or under normoxic conditions.  

 

3.3.5.3 The energy transformation profile assessed with ADP /ATP ratio 

The alteration of the cellular bioenergetic profile after treatment with LY294002 suggest-

ed that the energy transformation may also change in the presence of the drug. Therefore, 
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the energy production was assessed with ADP/ATP assay under hypoxic and normoxic 

conditions. It should be noted that the production of ATP and ADP was affected by the 

cell number. Hence the change of ADP/ATP ratio, not the absolute value of ATP and 

ADP, would give an indication of energy transformation profile. 

 

In RD cells, the production of ATP remained at a low level while the change in ADP lev-

el was also negligible after a treatment of LY294002 under hypoxic conditions (Figure 

S3.3 a). The change in ADP/ATP ratio was also low (9.41 % decrease of the control) af-

ter treatment, meaning cells were in growth arrest (Figure 3.14 a). 

Under normoxic conditions, the level of ATP was markedly decreased (80.03 % decrease 

compared to control) after treatment, while the decrease in ADP level was seen to be less 

(68.17 % compared to control) (Figure S3.3 a). This resulted in a significant increase in 

the ADP/ATP ratio (59.01 % compared to control; P < 0.05) after treatment (Figure 3.14 

a) which possibly indicated that the treated cells suffered from apoptosis due to efficient 

inhibition of the PI3Ks pathway. 

These results showed that the energy production and energetic status was not significant-

ly changed in RD cells under hypoxia. However, cells were going through apoptosis 

when the PI3K pathways were inhibited under normoxic conditions. One possible reason 

is that RD cells respire mainly using OXPHOS, despite the low levels of oxygen, which 

was not significantly impaired by the presence of LY294002. 
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Figure 3.14 ADP/ATP production ratio in a) RD or b) U87-MG cells after treatment with 50 

µM LY294002 for 24 hours under either hypoxic (1% O2) or normoxic (21% O2) environment 

(Using Student's t test, * P < 0.05, ** P < 0.01; the data are presented as the means ± standard 

deviation, n= 3) 

 

U87-MG, a more glycolytic cancer cell line, behaved differently from RD cells due to a 

different metabolic profile. Under hypoxic conditions, both ATP and ADP levels were 

greatly reduced after treatment with an elevated ADP/ATP ratio with a 28.46 % increase 

compared to control (Figure S3.3 b, Figure 3.14 b). This indicated the treated cells were 

in an apoptotic or necrotic stage (Data interpretation, EnzyLight™). 
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Under normoxic conditions, the ADP/ATP ratio was also raised significantly after treat-

ment (37.75 % increase compared to control; P < 0.01). This also indicated that the treat-

ed cells were going through an apoptotic process (Figure 3.14 b). 

These results are consistent with the previous results, showing that the cells suffered 

from mitochondrial dysfunction and apoptosis with an efficient inhibition of PI3Ks and 

remarkable reduction in glycolysis, the predominant metabolic process in U87-MG cells. 

 

3.3.5.4 The generation of reactive oxygen species 

ROS generation was monitored using the Amplex Red assay. To eliminate the influence 

of cell number, the ROS production level was expressed by per 1,000 cells. It should be 

noted that it was impossible to differentiate the source of ROS from this assessment. The 

results only indicate the ROS level (represented by H2O2 equivalents) released in culture 

media. 

 

In RD cells, the production of H2O2 equivalent was reduced from 0.83 µM to 0.31 µM in 

1,000 RD cells (61.94 % reduction compared to the control) when treated under hypoxic 

conditions, and from 0.50 µM to 0.11 µM (77.56 % decrease compared to the control) 

under normoxic conditions (Figure 3.15 a).  

In U87-MG cells, ROS generation was elevated after the more successful inhibition of 

PI3K. Under a hypoxic environment, the production of H2O2 equivalents was significant-

ly promoted from 1.40 µM to 3.02 µM in 1,000 U87-MG cells with more than 100 % in-

creasing (P < 0.01). The produced ROS per 1,000 cells was also seen to be increased 
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when the treatment was performed under normoxic conditions, with a 29.4 % increase 

compared to the control from 1.47 µM to 1.90 µM in U87-MG cells (Figure 3.15 b). 

It was also noted that RD cells generated more ROS under hypoxic conditions than under 

normoxic conditions (P < 0.001), whereas there was no significant difference between 

the production of ROS in U87-MG cells under different oxidative conditions (Figure 3.15 

b; P > 0.05). 

 

 

Figure 3.15 ROS generated per 1,000 a) RD or b) U87-MG cells after treatment with 50 µM 

LY294002 for 24 hours under either hypoxic (1% O2) or normoxic (21% O2) environment (Using 

Student's t test, *** P < 0.001, ** P < 0.01; the data are presented as the means ± standard devia-

tion, n= 3) 
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3.3.6 Cell adaptation to glucose stress 

In order to simulate a more physiological environment, RD and U87-MG cells were in-

cubated and treated in low glucose media. Cell number, intracellular oxygen levels and 

ROS production were assessed to evaluate the adaptation of RD and U87-MG cells to 

limited glucose supply under both hypoxic and normoxic conditions. 

Under hypoxic conditions, RD cells failed to thrive in culture media containing low con-

centration of glucose. The number of RD cells was reduced to approx. 4.51 % and 13.74 % 

of the control (20 mM glucose in media) in 1 mM and 5 mM glucose media, respectively 

(Figure 3.16a, Table 3.2a). Under normoxic conditions, RD cell number was also found 

to be lower than the control in culture media with low glucose concentrations (Figure 

3.16 b, Table 3.2 b). 

Glucose concentration 5 mM 20 mM 

 

Glucose concentration 5 mM 20 mM 

1 mM n.s. *** 

 

1 mM n.s. *** 

5 mM   *** 

 

5 mM   ** 

Table 3.2 The significance test associated with Figure 3.16 a & b, performed on cell num-

ber of untreated RD cells incubated in different media under a) hypoxic or b) normoxic condition. 

(n.s. = not significant, * P < 0.05, ** P < 0.01, *** P < 0.001) 

 

Glucose concentration 5 mM 20 mM 

 

Glucose concentration 5 mM 20 mM 

1 mM n.s. *** 

 

1 mM n.s. *** 

5 mM   *** 

 

5 mM   *** 

Table 3.3 The significance test associated with Figure 3.17a, performed on intracellular 

oxygen level of untreated RD cells incubated in different media under a) hypoxic or b) normoxic 

condition. (n.s. = not significant, * P < 0.05, ** P < 0.01, *** P < 0.001) 

 

Glucose concentration 5 mM 20 mM 

 

Glucose concentration 5 mM 20 mM 

1 mM * *** 

 

1 mM n.s. n.s. 

5 mM   *** 

 

5 mM   n.s. 

Table 3.4 The significance test associated with Figure 3.18 a & b, performed on ROS gen-

eration per cell of untreated RD cells incubated in different media under a) hypoxic or b) 

normoxic condition. (n.s. = not significant,* P < 0.05, ** P < 0.01, *** P < 0.001) 

 

(a) (b) 

(b) (a) 

(a) (b) 
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In addition, intracellular oxygen levels of cells cultured in low glucose media were seen 

to be significantly lower than the control (20 mM glucose in media) under either hypoxic 

(P < 0.001) or normoxic condition (P < 0.001) (Figure 3.13 and Figure 3.17a; Table 3.3). 

This indicated that RD cells consumed more oxygen in low glucose media. 

ROS production was found to be significantly increased with the decrease in glucose 

concentration under hypoxic conditions: RD cells in 1 mM glucose media generated 

15.36 times more ROS than in 20 mM glucose media (P < 0.001), while cells in 5 mM 

glucose media generated 5.58 times more ROS than in normal glucose media (P < 0.05) 

(Figure 3.18a, Table 3.4a). Under normoxic conditions, however, there was no significant 

difference in ROS production from cells cultured in media with different glucose concen-

tration (P > 0.05) (Figure 3.18b, Table 3.4b).In U87-MG cells, the cell number remained 

unchanged after a 24-hour incubation in different glucose concentrations under either hy-

poxic or normoxic conditions (Figure 3.16 c & d, Table 3.5). 

 

Intracellular oxygen was found to be significantly lower when U87-MG cells were cul-

tured in media with low glucose concentrations (1 mM or 5 mM) under both hypoxic and 

normoxic conditions, indicating more oxygen consumption under glucose stress (all four 

P < 0.001) (Figure 3.13 and Figure 3.17 b; Table 3.6). 

Under hypoxic conditions, U87-MG cells generated more ROS in high glucose media (20 

mM glucose) than in 1 mM or 5 mM glucose media (P < 0.05). This observation was the 

converse of that seen in RD cells. Under normoxic conditions, there was no significant 

difference in ROS production between cells cultured in media with different glucose 

concentrations (P > 0.05) (Figure 3.18 d, Table 3.7 b). 
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Glucose concentration 5 mM 20 mM 
 

Glucose concentration 5 mM 20 mM 

1 mM n.s. n.s. 

 

1 mM n.s. n.s. 

5 mM   n.s. 

 

5 mM   n.s. 

Table 3.5 The significance test associated with Figure 3.16 c & d, performed on cell num-

ber of untreated U87-MG cells incubated in different media under a) hypoxic or b) normoxic 

condition. (n.s. = not significant,* P < 0.05, ** P < 0.01, *** P < 0.001) 

 

Glucose concentration 5 mM 20 mM 

 

Glucose concentration 5 mM 20 mM 

1 mM n.s. *** 

 

1 mM n.s. *** 

5 mM   *** 

 

5 mM   *** 

Table 3.6 The significance test associated with Figure 3.17b, performed on intracellular 

oxygen level of untreated U87-MG cells incubated in different media under a) hypoxic or b) 

normoxic condition. (n.s. = not significant,* P < 0.05, ** P < 0.01, *** P < 0.001) 

 

Glucose concentration 5 mM 20 mM 

 

Glucose concentration 5 mM 20 mM 

1 mM n.s. * 

 

1 mM n.s. n.s. 

5 mM   * 

 

5 mM   n.s. 

Table 3.7 The significance test associated with Figure 3.18 c & d, performed on ROS gen-

eration per cell of untreated U87-MG cells incubated in different media under a) hypoxic or b) 

normoxic condition. (n.s. = not significant,* P < 0.05, ** P < 0.01, *** P < 0.001) 

 

It was noted that the adaption of U87-MG cells to glucose and oxidative stress differed 

greatly from RD cells. U87-MG cells appeared to survive better than RD cells in media 

with limited glucose concentration (Figure 3.16). Such phenomenon was more significant 

under hypoxic conditions (Figure 3.16 a & c). 

Under hypoxic conditions, ROS production in U87-MG cells was much lower than in RD 

cells in hypoglycaemic culture media (Figure 3.18 a & c): RD cells generated 18.30 

times and 5.94 times more ROS than U87-MG cells in media with 1 mM and 5 mM glu-

cose, respectively. Under normoxic conditions, however, the difference in ROS produc-

tion between RD and U87-MG cells cultured in low glucose media was negligible.

(a) (b) 

(a) (b) 

(b) (a) 
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Figure 3.16 Cell number of RD (a & b) and U87-MG (c & d) assessed with Crystal Violet assay after a treatment of 50 µM LY294002 under hypoxic 

(a & c) or normoxic (b & d) condition for 24 hours in culture media with different glucose concentrations (Using Student's t test, n.s. = not significant,* P 

< 0.05, ** P < 0.01, *** P < 0.001; the data are presented as the means ± standard deviation, n= 3) 
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Figure 3.17 Intracellular O2 level in a) RD and b) U87-MG cells after a treatment of 50 µM 

LY294002 under hypoxic or normoxic condition for 24 hours in culture media with low glucose 

concentrations (the data are presented as the means ± standard deviation,  60 points were taken 

from the plateau region from n = 3 replicates, Using Student's t test, n.s. = not significant,* P < 

0.05, ** P < 0.01, *** P < 0.001; the data are presented as the means ± standard deviation, n= 3)  
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Figure 3.18 ROS generation in RD (a & b) or U87-MG (c & d) cells after a treatment of 50 µM LY294002 under hypoxic (a & c) or normoxic (b & d) 

condition for 24 hours in culture media with different glucose concentrations (Using Student's t test, n.s. = not significant,* P < 0.05, ** P < 0.01, *** P < 

0.001; the data are presented as the means ± standard deviation, n= 3) 
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3.3.7 The effect of LY294002 to cells under glucose stress 

Under hypoxic conditions, no significant change in cell number was found after RD cells 

were treated with LY294002 in any of the media conditions tested (Figure 3.16 a; P > 

0.05). Intracellular oxygen levels after treatment remained unchanged when the glucose 

concentration was lowered to 5 mM. However, LY294002 treatment was seen to result in 

lower oxygen consumption in RD cells when cultured in media with 1 mM glucose. 

Despite the small change in cell number and intracellular oxygen, ROS production 

dropped significantly after treatment with the drug. ROS production per cell decreased to 

approx. 69.06 % of the control (P < 0.05) and 37.35 % of the control (P < 0.001) after 

treatment with LY294002 in 5 mM and 20 mM glucose media, separately (Figure 3.18 a). 

Under normoxic conditions, cell proliferation in RD cells was significantly compromised 

in the presence of LY294002 in all three culture media conditions tested (P < 0.05) (Fig-

ure 3.16 b). Intracellular oxygen was not seen to change after treatment with LY294002 

(P > 0.05), at the same time. 

In addition, ROS was barely detected after treatment and significantly lower than the un-

treated counterparts (P < 0.01) (Figure 3.18 a & b). This indicated that the presence of 

LY294002 would significantly reduce the production of ROS in RD cells under normox-

ic conditions. 

 

The tested U87-MG glioblastoma cell line responded to LY294002 differently from RD 

cells under glucose stress. Under hypoxic conditions, U87-MG cell number was seen to 

be significantly decreased after treatment with LY294002 in all culture media tested (P < 

0.01). Intracellular oxygen levels, however, were not seen to be changed (P > 0.05). 
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Furthermore, ROS production was not suppressed, but actually increased in the presence 

of LY294002 in all media tested; the opposite to the observation in RD cells. These re-

sults showed that LY294002 would stimulate the production of ROS and reduce cell pro-

liferation in U87-MG cells while not consuming more oxygen.  

Under normoxic conditions, U87-MG cell number was not seen to be significantly re-

duced after treatment of LY294002 when cells were cultured in 1mM glucose media (P > 

0.05). The decrease in cell number became significant when U87-MG cells were treated 

in media with a more available glucose supply (5 mM vs. 20 mM glucose; P < 0.05). In-

tracellular oxygen levels were not changed after treatment, and ROS generation was also 

not significantly changed after treatment in low glucose media (Figure 3.18 c & d; P > 

0.05, in 5 mM glucose media). 

 

3.4 DISCUSSION 

3.4.1 Reactive oxygen species  

Reactive oxygen species (ROS) are a by-product of cell respiration from many sources 

such as oxidative stress, stimulated superoxide dismutase (SOD) and NADPH oxidase 

(NOX) (Bae et al., 2011). The generation of ROS depends upon a number of factors such 

as the cell types, ambient oxygen level, metabolic profile, environmental stress and the 

activity of enzymes and cell signalling pathways. The PI3K-Akt pathway also contributes 

to ROS production both directly and indirectly. By directly suppressing FOXOs, active 

PI3K would lead to the promotion of ROS generation (Weinberg et al., 2010). PI3K 

would also reduce cell number and alter cellular metabolism, therefore indirectly affect-

ing the level of ROS generated. However, the overall function of PI3K in ROS produc-
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tion remains inconclusive due to the regulation of ROS being complicated and can be 

vastly varied from different cell lines. 

ROS plays a unique and complicated role in many cellular processes; especially in the 

cancer cells. ROS is required in some cell lines to activate certain growth factors and ki-

nases (Irani et al., 1997). Therefore a reduction in ROS production would result in a de-

crease in cell proliferation (Gupta et al., 2011). However, over-production of ROS can 

induce DNA damage, tumorigenesis, metastasis, and apoptosis in many lines (Ozben, 

2007, Hampton and Orrenius, 1997, Waris and Ahsan, 2006). 

 

3.4.2 Respiration patterns in RD and U87-MG cells 

Glycolysis and OXPHOS are closely co-operative (Zheng, 2012). In the cytoplasm, each 

glucose molecule can convert to two pyruvate molecules through the reactions in glycol-

ysis, while the released energy leads to the formation of two ATPs. Pyruvate would enter 

mitochondria and participate in aerobic respiration, the TCA cycle and OXPHOS, and 

produce much more energy. Oxygen is not necessary for the reactions involved in the 

glycolytic pathway, but it is required for OXPHOS. Under hypoxic (or anoxic) condi-

tions, glycolysis is normally enhanced to compensate for the limited OXPHOS, leading 

to excess production of pyruvate. Due to the limited oxygen levels and OXPHOS, py-

ruvate would not participate in the TCA cycle, but convert to lactate resulting in an in-

crease in lactate production and a decrease in pH value  (Pfeiffer et al., 2001).  

Due to aberrant or defective cell membranes and mitochondria, metabolism in cancer 

cells is often found to be different from that found in normal cells. In contrast to normal 

cells which produce ATP via aerobic respiration (OXPHOS) in their mitochondria, can-
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cer cells produce most of their ATP through aerobic glycolysis generating less ATP, and 

producing lactate (Warburg et al., 1927, Koppenol et al., 2011) (detailed in section 1.3.3). 

However, cancers are heterogeneous with extremely broad diversity, and this is also re-

flected in their metabolic profile. In some cancer cell lines (e.g. RD cells), the Warburg 

effect has not been observed and OXPHOS is still the predominant respiration pathway 

(Zu and Guppy, 2004). 

In this study, it was also shown that RD cells primarily use OXPHOS when oxygen sup-

ply is sufficient, while in contrast U87-MG cells were found to use glycolysis. Under hy-

poxic conditions, lactate production was significantly enhanced in RD cells (P < 0.001) 

indicating an enhanced glycolysis. Glycolysis in U87-MG cells, however, was not seen to 

be promoted (P > 0.05). 

 

3.4.3 Alteration in cell survival and metabolism after treatment with 

LY294002 

Despite LY294002 affects various cell signalling targets, PI3K/Akt was reported to be 

the main target of LY294002 (Gharbi et al., 2007). 

Activation of the PI3k/Akt pathway was found in all cell lines tested before treatment 

with LY294002, in agreement with literature (Wysoczynski et al., 2010, Kilic-Eren et al., 

2013, Yang et al., 2014, Glorieux et al., 2014). In the presence of LY294002, PI3K acti-

vation was seen to be inhibited with different effectiveness (Figure 3.6, Figure 3.7). The 

inhibition of PI3K was found to be more marked under normoxic conditions. The sensi-

tivity to the drug was therefore dependent on (i) the environmental oxygen level, (ii) drug 

concentration and (iii) cell types.  
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Treatment with LY294002 also reduced cell proliferation and viability, indicating that a 

lower level of Akt phosphorylation was associated with lower cell proliferation and via-

bility. The assessment of the ADP/ATP ratio also indicated that the cells were in an 

apoptotic stage after PI3K inhibition. One possible reason for this is that the inhibition of 

PI3K leads to the promotion of p53- and/or BAD-dependent apoptosis. The reduction in 

cell proliferation and viability was seen to be more marked under normoxic conditions in 

certain cell lines. Akt phosphorylation of RD cells remained at a high level after treat-

ment under hypoxic conditions, and the cell number and viability also remained relative-

ly high after treatment. Successful inhibition of U87-MG and MCF7 cells after treatment 

under hypoxic conditions was associated with a greater reduction in cell number and/or 

viability than in RD cells. This suggests that the different response to LY294002 is po-

tentially caused by a different metabolic mechanism under different oxidative conditions. 

 

In previous literature, PI3K has been shown to affect metabolism by regulating glucose 

transporters and glycogen synthase (Vesely and Michigan, 2009). In this study, it was 

found that lactate production was significantly decreased in the presence of LY294002 in 

both cell lines tested (Figure 3.12). Furthermore, intracellular oxygen was reduced in RD 

cells while it remained at the same level in U87-MG cells under either low or atmospher-

ic oxygen. One possible explanation is that PI3K inhibition could compromise glycolysis 

and lactate production. Impaired glycolysis leads to lower pyruvate production and also 

causes pyruvate stress. To compensate for the glucose / pyruvate stress, other metabolites, 

such as glutamine, participate in cellular metabolism with higher oxygen consumption. 
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ROS production was significantly reduced in RD cells in the presence of LY294002 un-

der either oxygenic condition (P < 0.001), while the generated ROS was increased in 

U87-MG cells (P < 0.01). Due to the complexity of ROS production, it is difficult to pro-

pose a mechanism for these results. One possible explanation is that the major source of 

ROS was not the same in RD cells and U87-MG cells. In RD cells, the inhibition of PI3K 

leads to a down-regulation of FOXOs which results in a reduction of cytoplasmic ROS as 

seen in (Luo et al., 2013). Conversely, in U87-MG cells ROS may be produced primarily 

from other pathways, such as NOX. Such pathways may be not affected by oxidative 

stress, but can be altered when the activity of PI3K was inhibited (Figure 3.15). 

Furthermore, the elevated level of ROS production in U87-MG cells may be associated 

with cell death. In the presence of LY294002, the cellular ROS production in U87-MG 

cells was seen to be much higher than in RD cells, particularly under hypoxic conditions. 

High levels of ROS may induce apoptosis and lower cell viability, which is consistent 

with the results obtained in section 3.3.5.4. 

 

3.4.4 Cell survival and metabolism under glucose stress 

The tested cancer cell lines (RH30, RD, U87-MG, and MCF7 cells) were maintained in 

DMEM media with high glucose concentration according to the supplier’s instruction 

(ATCC). In such culture media, sufficiently supplied glucose, pyruvate and glutamine all 

play a role as metabolites and participate in cellular respiration. However, the levels of 

the metabolites found in cell culture media are not those found physiologically in the 

body. For example, the glucose concentration is approx. 6 - 8 mM in normoglycemic 

plasma in the mammalian brain (Silver and Erecinska, 1994), approx. 5 mM in the skele-

ton muscle (Cline et al., 1998) and approx. 4 - 7 mM in the human blood 
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(American.Diabetes.Association, 2000). In cancerous tissues, the supply of metabolites, 

including glucose, may be even lower leading to glucose stress (Navratilova et al., 2013). 

The efficacy of anticancer drugs may be compromised under such oxidative / glucose 

stress (Onozuka et al., 2011). 

In order to mimic the tumour microenvironment, RD and U87-MG cells were cultured 

and treated under hypoxic / hypoglycaemic conditions. Cell survival, oxygen consump-

tion and ROS production were all seen to be altered when RD and U87-MG cells were 

under glucose stress. Their response to LY294002 was also found to be altered (Figure 

3.16, 3.17, and 3.18). 

                                                                                                                                                                                                                                                                                                                                                                 

Under hypoxic conditions, RD cells consumed more oxygen in hypoglycaemic media, 

associated with a significantly lower cell survival rate (P < 0.01) and large increase in 

ROS generation (P < 0.01). The treatment of LY294002 was not seen to significantly af-

fect either cell number or intracellular oxygen (P > 0.05), only contribute to reduce the 

ROS generation. One possible explanation is that neither glycolysis nor OXPHOS work 

normally when oxygen (required in OXPHOS) and glucose (required in both pathways) 

are both insufficient. Instead of efficiently generating energy, RD cells produced exces-

sive amounts of ROS and consumed more oxygen due to aberrant metabolic pathways, 

resulting in cell death. The treatment of LY294002 compromises the aberrant metabolism 

leading to reduced ROS generation (for example, by inhibiting SOD and/or NOX path-

ways), but not effectively enough to influence cell survival rate. 

Under normoxic conditions, RD cell number was lower in hypoglycaemic media, and 

more oxygen was consumed per cell. These results indicated a stimulated OXPHOS cou-

pled with lower cell survival. One possible reason is that the adaptation to glucose stress 
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leads to an abnormally high but inefficient consumption of oxygen, and therefore RD 

cells fail to thrive. In RD cells, the presence of LY294002 caused a significant reduction 

in cell number (P < 0.01) and ROS generation (P < 0.001) under normoxic conditions. 

The reason might be similar to that discussed in section 3.4.3 (when RD cells were treat-

ed in normal culture media under normoxic condition), as altered metabolism from glu-

cose stress may not affect cell survival and ROS production. PI3K was not found to con-

tribute directly in OXPHOS (which is found primarily used in RD cells) in many cell 

lines (Arcaro, 2014). This was consistent with the results that sufficient PI3K inhibition 

was not seen to affect oxygen consumption of RD cells after treatment in either tested 

culture media.  

 

U87-MG cells were shown to survive better than RD cells under the same glucose stress, 

as the cell number was barely affected under metabolite stress under either low or atmos-

pheric oxygen levels. One possible explanation is that U87-MG cells may efficiently use 

other metabolites (such as glutamine or pyruvate) in the media to survive. Furthermore, 

the oxygen consumption under glucose stress was found to be higher than when U87-MG 

cells were cultured in 20 mM glucose media. This result is also consistent with the as-

sumption that the respiration was enhanced with metabolites other than glucose. ROS 

generation was lower when cultured in low glucose media under hypoxic conditions. It 

was also noted that ROS production induced by normoxia was much lower compared 

with hypoxia (Figure 3.18 c & d). These results indicate that U87-MG cells consumed 

more oxygen in low glucose media under hypoxic conditions, associated with a decrease 

in ROS production. However, the converse was found in RD cells. One possible reason is 

that the mitochondrial respiration and TCA cycle are not the major source of ROS gener-
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ation in U87-MG cells, since OXPHOS metabolism is not predominantly used in U87-

MG cells. Under normoxic conditions, ROS remains at the same level when cultured in 

media with different glucose concentrations, possibly also resulting from compensated 

metabolism depending on metabolites other than glucose.  

The treatment of LY294002 was seen to significantly reduce the cell number when U87-

MG cells were suffering from glucose stress under hypoxic conditions (P < 0.01). How-

ever, the cell number was not found to decrease in the presence of LY294002 when U87-

MG cells suffered from metabolite stress under normoxic conditions (P > 0.05, in 1 mM 

glucose media). This may be because respiration using other metabolites is not affected 

by PI3K inhibition. 

 

3.4.5 Difficulty in clinical use and drug carrier 

The difficulty of LY294002 delivery has been a major challenge in the clinical use of this 

drug. Although LY294002 is soluble in many common organic solvents such as DMSO, 

ethanol and DMF, it is a very hydrophobic chemical, and is insoluble in aqueous solu-

tions (<50 µg/ml in PBS pH 7.2; Cayman Chemicals), such as body fluids.  

Furthermore, LY294002 is unstable in aqueous solutions with a half-life of only approx. 

3.5 hours (Jones et al., 1999, Malaiyandi et al., 2005). This insolubility and short half-life 

often leads to poor pharmacokinetics both in vitro and in vivo. Moreover, the tissue spec-

ificity of LY294002 is low, which may cause high cytotoxicity to healthy cells when ad-

ministered systemically (Hennessy et al., 2005). 

Despite the low specificity, hydrophobicity and instability in aqueous solutions, 

LY294002 is still a potential candidate for use as an anti-cancer agent with an appropri-
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ate drug carrier. It has been reported that MSNPs are able to protect hydrophobic/instable 

drug from rapid clearance and overcome drug delivery barriers in the body (Lu et al., 

2007). Therefore, LY294002 was chosen as a representative model of a drug with high 

anti-cancer potential, but which would be difficult to use without an appropriate carrier. 

 

3.5 CONCLUSION 

In summary, the PI3K inhibitor, LY294002, was found to be capable of inhibiting the 

phosphorylation of Akt in the tested cell lines under either hypoxic or normoxic condi-

tions. However, the inhibition efficiency varied greatly between different cells under dif-

ferent oxygen levels. It was observed that LY294002 appeared to be more functional in 

cells which use glycolysis predominantly in metabolism. 

In the future, the use of LY294002 needs to be cautiously evaluated when treating tu-

mours, since cancer cells may respond differently to LY294002 under various metabolite 

concentrations and under different oxygen conditions. 

 

Due to the insolubility of LY294002 in aqueous solution, organic solvents, such as etha-

nol (Brown, 2007) or DMSO (Abdul-Ghani et al., 2005), have to be used when treating 

cells with LY294002. The toxicity and low tolerance of such organic solvents constrains 

the usage of the drug in vivo. Therefore a biocompatible carrier of LY294002, such as 

MSNPs, is highly desirable. 

A drug delivery system that encapsulates LY294002 molecules within MSNPs is detailed 

and discussed in Chapter 4. 
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Chapter 4        

 Drug carrying and release 

 

 

An important parameter to determine for a drug delivery system is the way in which en-

capsulated drugs migrate from their initial position in a nano-carrier to the release buffer. 

This seemingly simple process is affected by many factors such as the relative size of the 

drug molecules to pore size (He and Shi, 2011), the physicochemical properties of the 

drugs against the surface of nanocarriers and the release buffer (Kosmulski, 2004), and 

the release environment (Fu and Kao, 2011). 

As such, the drug loading and unloading behaviours of the different MSNPs were as-

sessed. 
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4.1 INTRODUCTION 

4.1.1 The theory of drug release 

Previous studies have generated a number of mathematical models which are able to pro-

vide theoretical explanations of drug release behaviour. The majority of models are based 

on Fick’s first law of diffusion and the Noyes-Whitney dissolution law. 

Fick's first law of diffusion describes the relationship between the solute concentrations 

to the diffusive flux under the assumption of steady state. It is proposed that the solute 

flux diffuses from regions of high concentration to regions of low concentration across 

the concentration gradient (Raval et al., 2010). 

The Noyes–Whitney dissolution law describes the dissolution rate of a solute in relation 

to both the properties of the solute and the solvent. This is expressed mathematically as: 

 

Where:  is the dissolution rate, A is the surface area of the solute, C is the solute con-

centration in the bulk solvent, Cs is the solute concentration in the diffusion layer sur-

rounding the solute, D is the diffusion coefficient, L is the diffusion layer thickness 

(Sherrill, 1936). 

 

4.1.2 Controllable release of drug 

MSNPs have been demonstrated to be effective nano-carriers of many clinical drugs 

(Huang et al., 2014, Kwon et al., 2013), including doxorubicin (Shen et al., 2011), 

paclitaxel (Jia et al., 2013), and ibuprofen (Zhang et al., 2011). The release of cargo can 

be controllable from surface functionalization and/or capping with a variety of stimuli-
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responsive materials (Lee et al., 2011b) and targeting ligands (Rosenholm et al., 2010). 

Such modifications enable control over the drug release profile, but also spatial control 

which could potentially avoid off-target effects. 

A number of methods have been reported to control drug release in MSNPs. For example, 

MSNPs can be capped with small nanoparticles, such as CdS, which are removable with 

disulfide bond-reducing molecules such as dithiothreitol (DTT), and the loaded cargo 

will be released if the uncapping effect is triggered (Lai et al., 2003). MSNPs capped 

with stimuli-responsive polymeric materials that enable drug release to be triggered un-

der specific environmental conditions have also been developed. 

Such a system allows loaded MSNPs to release chemotherapeutics only in the tumour 

and eliminate damage to healthy tissues, as the microenvironment in a malignant tumour 

differs from normal healthy tissue in the pH, temperature and redox condition (section 

2.1.3). For example, the pH in cancerous tissue is normally slightly lower than in healthy 

tissue. Therefore pH-responsive materials can be used to control drug unloading behav-

iour in chemotherapeutics delivery with MSNPs. 

 

Since the tumour microenvironment is hypoxic and acidic, pH- or redox-responsive cap-

ping can be used for specific drug unloading in tumours. To date, known redox-

responsive molecules are rare and toxic. Therefore MSNPs in this study will be capped 

with pH-sensitive coating. 

The capping molecules need to be biocompatible and sensitive at physiological range 

(which is pH 6.5 to pH 7.5). Therefore PMPC-PDPA co-polymer has been chosen be-

cause of its biocompatibility and sensitivity range (Wang et al., 2005). Ideally, the 
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capped MSNPs will only release drug/siRNA specifically in the tumour, and minimise 

damage to healthy tissue. 

 

4.1.3 Target release 

MSNPs can be functionalised with targeting ligands that direct drug-loaded MSNPs spe-

cifically to cancerous cells. For example, it was reported that folic acid can act as an ef-

fective targeting ligand due to a higher abundance of folate receptors in many cancer 

cells compared to normal cells (Liong et al., 2008). Other targeting ligands such as mon-

oclonal immunoglobulin G (IgG)  could also target MSNPs to tumours and avoid non-

specific particle distribution in vivo, thereby enhancing the efficiency of drug delivery 

(Angelatos et al., 2006). 

 

4.2 MATERIALS AND METHODS 

4.2.1 Model drug loading and releasing 

Calcein and Rhodamine B were used as model drugs in the study of the loading and un-

loading behaviours of MSNPs. In a typical experiment, 20 mg MSNP was re-suspended 

in 7 mL ddH2O while 18 mg calcein was dissolved in 2 mL loading solvent dimethylfor-

mamide (DMF).  The MSNP suspension and calcein solution was mixed and stirred ro-

bustly in a glass vial, resulting in a final calcein concentration of 2 mg/mL. The stirring 

was maintained at room temperature for 24 hours. The calcein loaded particles were col-

lected by centrifugation and washed with washing buffer (methanol: ddH2O (1:1 v/v)) 

twice. The loading process was similar when loading Rhodamine B (RB), except ethanol 
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was used as the loading solvent instead of DMF and ddH2O was used for the washing 

step. SNPs were included as a control. 

The unloading behaviours were determined by measuring the fluorescence of calcein / 

RB loaded MSNPs in water. For assessment of the unloading characteristics of the parti-

cles, the MSNPs were diluted to low concentrations to avoid self-quenching of the dye. 

The release behaviour of the MSNPs was monitored with an INIFINITE 200 plate reader 

(Tecan, Switzerland) with single fluorescence read with 10 min intervals over 60 hours. 

Filter sets used for Calcein were Excitation 465(35), Emission 510(10), and for Rhoda-

mine B Excitation 544(25), Emission 612(10). All samples were set in triplicate. 

The loaded amount was calculated by subtracting the remaining amount of dye in the res-

idue from the total amount before loading. The immobilised dye amount was calculated 

by subtracting the total released amount over 120 hours from the loaded amount of dye. 

 

4.2.2 Controlling MSNPs releasing behaviour 

4.2.2.1 Controlling release behaviour of HMSNPs by capping with polyelectrolytes 

HMSNP was capped using a layer-by-layer technique (Pearson et al., 2013) with a poly-

cation, poly-allylamine hydrochloride (PAH) and a polyanion, poly-sodium 4-styrene 

sulfonate (PSS). Before capping, PAH or PSS was dissolved in Capping Buffer (20 mM 

Tris, 20 mM NaCl, pH 8.5) at 20 mg/mL. 200 mg HMSNP was re-suspended in 20 mL 

Capping Buffer, and sonicated in a water bath for 3 min. 0.5 mL PAH solution was added 

to the HMSNP suspension and incubated with stirring for 30 min at RT. The PAH 

capped HMSNPs were then collected by centrifugation and washed three times with 
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ddH2O. Alternate PAH/PSS layers were added to the particles, until eight layers of poly-

electrolytes had been capped. 

The capped particles were incubated in PBS (pH 7.4) at 37 
o
C over 8 days. TEM images 

were taken at the start of the experiment and during the incubation period. 

The release profiles were built using the same technique as the drug release from uncoat-

ed particles that was described in section 4.2.1. 

 

4.2.2.2 Controlling release behaviour of HMSNPs by capping with the pH-sensitive co-

polymer PMPC-PDPA 

HMSNPs were capped with PMPC-PDPA (provided by Prof. Giuseppe Battaglia, Uni-

versity of Sheffield) in order to study the stimuli-responsive drug release behaviour. The 

molecule was synthesised as PMPC100-PDPA120 with Mn (measured with Gel permeation 

chromatography) 62,000 and Mn/Mw1.38.  

Before capping, siRNA@HMSNP was synthesised (procedures detailed in section 5.2.1) 

and was re-suspended in RNase-free water (Sigma-Aldrich) at a concentration of 5 

mg/mL. PMPC-PDPA co-polymer solutions were made up at a concentration of 5 

mg/mL (0.05 wt %) in PBS and adjusted to pH 5 with 0.1 M HCl. 

100 µL siRNA@HMSNP complex suspension was added dropwise in 10 mL co-polymer 

solution. The solution was vortexed during addition of the siRNA@HMSNP complex. 

The pH was continuously monitored and maintained below 6.3 after each droplet. 

10 µL 2M NaOH was then added to the system dropwise after 100 µL suspension was all 

added in. The system was shaken for 15 min and sonicated for 5 min in a water bath prior 

to measuring the pH. This process was repeated until a pH jump from 5.0 to 7.5 was ob-
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tained. The particles were washed with PBS twice and collected by centrifugation at 

8500 rpm for 5 min. 

The release profile was built with the same techniques in section 4.2.1, in water at pH 5 

and pH 9. 

 

4.2.3 LY294002 loading and releasing  

In a LY294002 loading experiment, 15 mg MSNPs were re-suspended in 4 mL PBS (pH 

7.4) while 10.5 mg LY294002 was dissolved in 1 mL ethanol: DMF (1:1 v/v). Other sol-

vents were also tested to load LY294002 into the nanoparticles (details in Chapter 

4.4.1.3). The MSNP suspension and LY294002 solution was mixed and stirred robustly 

in a glass vial. The mixture was sonicated in a water bath for 1h and stirred for 23h each 

day, for five days. The loaded MSNPs were collected by centrifugation and washed with 

10% DMSO in PBS. 

The release of LY294002 was monitored with Cary Eclipse Fluorescence Spectropho-

tometer (Agilent Technologies, USA) at Ex. 392 nm / Emi. 305 nm over 24 hours in 10% 

DMSO in PBS at 37 
o
C.  

 

4.2.4 Cell viability after a treatment of LY294002 treated MSNPs 

The cell viability of RD and U87-MG cells was determined after a treatment with 

LY294002 loaded MSNPs (LY294002@MSNPs or LY@MSNPs) under hypoxic (1% O2) 

and normoxic (21% O2) environments. The cells were cultured in a 96-well microplate at 

a concentration of 1 × 10
4
 cell / mL for 24 hours in humid 37 

o
C incubator (5% CO2, 21% 

O2) before treatment. Then the cells were washed once with warm PBS and treated with 
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LY294002 loaded MSNPs at a final concentration of 0.05 mg loaded MSNPs / mL of 

culture media. 

The cell viability was evaluated using the MTT assay as detailed in section 2.2.4. 

 

4.3 RESULTS 

4.3.1 Model drugs loading and releasing 

The fluorescent probes calcein and Rhodamine B were used as model drugs in the inves-

tigation of drug encapsulation and releasing from the MSNPs. Calcein is a water-soluble 

fluorophore that self-quenches easily: the fluorescence signal reaches a maximum in a 

relatively low concentration (70 to 100 mM). However, when the concentration of calce-

in was kept below 0.04 mg/mL (Figure S4.1 insert), the fluorescence was linear related to 

the concentration. Rhodamine B is also a water-soluble fluorophore that also self-

quenches, but the quenching commences at a higher concentration than calcein (> 1 M): 

when the concentration was lower than 0.5 mg/mL (Figure S4.2 insert), the relation of 

the fluorescence against the concentration was linear. Therefore, the concentration of 

both calcein and Rhodamine B can be determined by measuring the fluorescence at low 

concentration.  

For the negatively charged model drug, calcein, the MSNPs had a various loading capaci-

ty: BMSNPs and CMSNPs were loaded with 21.48% and 18.85% of the total of which 

they were exposed (which was 2 mg/mL), respectively. HMSNPs and WMSNPs were 

less efficient calcein carriers (with only 12.63% and 9.03% loading capacity). Virtually 

no calcein was detected on SNPs, as would be expected (Figure 4.1a). The absolute 

amounts of calcein loaded in different MSNPs were listed in Table 4.1. 
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BMSNPs, CMSNPs and WMSNPs released calcein rapidly such that almost all cargo 

was unloaded within the first 10 hour period, and the release became much slower during 

the end of the studied release period (Figure 4.1b). On the contrary, there is no rapid car-

go unload from HMSNPs. The release was seen to have a steady release during the whole 

experiment. The release was not fit in normal drug release kinetic theory due to the non-

Fick diffusion. 

Release profiles for Rhodamine B from the different MSNPs showed variations. Rhoda-

mine B is a positively charged dye at neutral pH (Patel et al., 2009), thereby it was ex-

pected to be more likely to be attracted to silica nanoparticles whose deprotonated sur-

face is negatively charged in a neutral environment. It was shown that the Rhodamine B 

loading of the MSNPs was higher than seen for calcein loading (Figure 4.1a, Figure 4.2a; 

Table 4.1, Table 4.2). HMSNPs showed a 12.63 % loading of calcein whereas Rhoda-

mine B loading was as high as 63.10 %. For all other MSNPs, similar phenomena were 

also noticed. The absolute amounts of Rhodamine B were listed in Table 4.2. 

Rhodamine B release profiles of the MSNPs differed from those seen with calcein load-

ing (Figure 4.2b). BMSNPs and CMSNPs released Rhodamine B rapidly while the cargo 

release from HMSNP was much more stable during the entire time. WMSNPs showed an 

initial small decrease in the fluorescence signal over the first 2 hour, following by a sta-

ble release over the next 30 hours to reach a plateau. The reason for the initial decrease 

was not very clear, but could be due to de-agglomeration causing re-attachment of the 

dye molecules. Similar to unloading calcein, all the Rhodamine B release profile also 

showed a non-Fick diffusion pattern and did not fit any standard theoretical models. 
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Figure 4.1  Loading and unloading characteristics of the various MSNPs with the model drugs calcein (a & b) and Rhodamine B (c & d): drug load-

ing rate in the MSNPs presented in percentage (a & c) and the model drugs release profiles from the MSNPs (b & d) 
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      HMSNP BMSNP CMSNP WMSNP Control 

Total loaded Calcein / µg 1136.48 1950.80 1697.26 812.31 13.24 

Release Calcein in 65 hours / µg 316.24 582.91 931.91 576.22 0.72 

Immobilised Calcein / µg 820.23 1367.89 765.35 236.09 12.53 

Release percentage of total load-

ed Calcein / % 27.83 29.88 54.91 70.94 5.44 

Calcein loaded per cm
2
 exposed 

silica / µg 1.02 6.44 1.82 1.59 0.21 

Table 4.1 Absolute amounts of the model drug calcein loaded and unloaded on different 

silica nanoparticles; drug release percentage and calcein loaded per exposed silica were calculat-

ed from both uptake and release profiles 

 

 

HMSNP BMSNP CMSNP WMSNP Control 

Total loaded RB / µg 5679.00 4815.00 4725.00 5945.85 14.19 

Release RB in 65 hours / µg 1674.00 1297.23 1565.02 2283.17 0.06 

Immobilised RB /µg 4005.00 3517.77 3159.98 3662.68 14.13 

Release percentage of total 

loaded RB / % 29.48 26.94 33.12 38.40 0.42 

RB loaded per cm
2
 exposed sili-

ca / µg 5.11 15.89 5.06 11.62 0.22 

Table 4.2 Absolute amounts of the model drug Rhodamine B (RB) loaded and unloaded on 

different silica nanoparticles; drug release percentage and RB loaded per exposed silica were cal-

culated from both uptake and release profiles 

 

4.3.2 Controlled drug release with degradable polymers capped MSNPs  

4.3.2.1 Release controlled with multilayers polyelectrolyte coating 

Cargo release may be controlled by a number of different methods. One of the easiest 

and most effective approaches is to cap the particle with degradable polymeric materials. 

To study this possibility, a layer-by-layer PAH/PSS coated HMSNP was assembled. 
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Rhodamine B release was used to test the system. Since the silica is negatively charged, 

the first-layer coating was with the positively charged polycation PAH, followed by the 

negatively charged PSS. After coating the particle with each layer, a small sample was 

removed and zeta potential measurements (Figure 4.2) were taken to check the success of 

each polyelectrolyte layer in coating the particle. This confirmed that each layer (PAH or 

PSS) was successfully layered on the HMSNP. 

 

Figure 4.2 Zeta potential of HMSNP measured after each layer of polyelectrolyte capped 

 

The 8-layer polyelectrolyte capped HMSNP was imaged with TEM (Figure 4.3 a). It can 

be clearly seen that there is a thick layer of material coated on the surface of each particle 

(seen as a pale grey coating surrounding each particle). A darker region between the coat-

ing and the core was seen in some particles (highlighted with a white arrow in Figure 4.3 

a). It was suggested that this resulted from polymer immersed into the silica particle 

through pores. The polymer layer was up to 28.65 ± 3.77 nm (n = 64). A pale grey region 

can also be found in the centre of some of the particles. This was because the coating was 

polymeric and easily burnt with the electron beam during TEM imaging. 
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After an incubation in a simulated physiological environment (37 
o
C in PBS buffer), the 

polymer coating became thinner over time. After 8 days incubation, the coating was 

completely absent from the surface of the particle (Figure 4.3 b), leaving a bare and 

rough surface of silica nanoparticle. 

 

 

Figure 4.3 Degradation of HMSNPs coated with 8 layers of PAH/PSS (a) Before degrada-

tion clearly showing a thick polyelectrolyte layer on the surface (b) After 8 days incubation in 

physiological buffer at 37 °C the polyelectrolyte layer is no longer present and the pores are in-

distinct. 

 

(a) 

(b) 
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The Rhodamine B release profile of polyelectrolyte coated and uncoated HMSNP was 

compared. The release profiles for the coated and uncoated HMSNPs were different; as 

would be expected. Coated particles showed a slow release over the first 70 hours, fol-

lowing an inflection point, and a more rapid sustained release over the next 40 hours 

(Figure 4.4). It was assumed that the polymeric layer was too thick to allow effective 

Rhodamine B molecule diffusion in the first 70 hours. As the polymer coating degraded, 

the thickness was reduced to a low enough level to allow Rhodamine B release. The total 

amount of Rhodamine B released was similar for both coated and uncoated HMSNPs af-

ter 110 hours.  

 

Figure 4.4 Zero corrected Rhodamine B release profile of uncoated and 8-layer PAH/PSS 

coated HMSNP over 110 hours, the release was taken from the 10
th
 hour to 110

th
 hour  

 

Therefore, the drug unloading behaviour can be controlled with coating degradable pol-

ymeric materials on the silica nanoparticle nano-carrier. 
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4.3.2.2 Release controlled with a PMPC-PDPA co-polymer coating 

The Rhodamine B release profile of PMPC-PDPA coated, and uncoated HMSNP was 

compared (Figure 4.5). The release profiles for the coated and uncoated HMSNPs were 

shown to be different under different pH due to the pH sensitivity of PDPA blocks (dis-

cussed in section 4.4.2). Over the first two hours, Rhodamine B release in high pH buffer 

(pH 9) was seen to be much slower than it was in acidic buffer (pH 5). There was approx. 

112.53 % difference after the 1
st
 hour release (see the black arrow in Figure 4.5). Howev-

er Rhodamine B released in pH 5 or pH 9 buffers eventually reached the same level over 

24 hours (Figure S4.3).  

 

Figure 4.5 The Rhodamine B release profile from PMPC-PDPA capped siRNA@PEI-

HMSNP in release buffers with pH 5 or pH 9 over 10 hours 

 

4.3.3 LY294002 loading and releasing 

HMSNPs, BMSNPs and WMSNPs showed a high loading capacity: holding 693.3 µg, 

555.1 µg, and 518.0 µg LY294002 per mg nanoparticles. The loading capacity was 
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slightly lower in CMSNPs such that 396.9 µg LY294002 was loaded per mg nanoparti-

cles. LY294002 loaded on SNPs was negligible.  

 

The release profiles showed a rapid release for all MSNPs and nearly all the cargo was 

released in the first 60 min (Figure 4.6). However, the different MSNP architectures 

showed very different release profiles. 

In HMSNPs, the LY294002 release behaviour was unexpected: after a rapid initial un-

loading, release LY294002 dropped from a peak at the 60
th

 min and remained at a low 

level. The same phenomenon was observed in multiple repeats, and has also been ob-

served by other researchers in the laboratory, with a number of different compounds. One 

possible explanation is that the released LY294002 either self-quenched or decomposed 

over the time course. However, NMR results indicated LY294002 was not decomposed 

after exposed to 305 nm UV light over 24 hours in a normal laboratory environment (data 

not shown). It was also possible that the LY294002 was re-adsorbed by HMSNPs. An-

other possible reason is the precipitation of HMSNPs interrupting optical detection by the 

spectrophotometer. 

The release profiles of other MSNPs were seen to be as expected and similar to those re-

leasing model drugs. After a rapid surge of LY294002 release in the first 40 min, a plat-

eau was seen in BMSNPs, CMSNPs, and WMSNPs, and remained fairly constant there-

after. The LY294002 loading on SNPs was negligible and the release profile was seen to 

remain at a very low level during the whole course. 
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Figure 4.6 LY294002 release curve assessed with spectrophotometer from morphologically 

different MSNPs over 24 hours 

 

In summary, all the MSNPs tested were seen to be effective nano-carriers to load and un-

load LY294002.  

 

4.3.4 Cell viability after a treatment of LY294002 treated MSNPs 

The viability of RH30, RD, U87-MG and MCF7 cells was measured after they were 

treated with LY294002 loaded MSNPs (labelled as LY@MSNPs in later context), to 

evaluate the effectiveness of MSNPs unloading LY294002 over 120 hours. To eliminate 

any potential influence of inherent MSNPs toxicity, all viability results of the loaded 

MSNPs were compared /calibrated with their unloaded counterparts separately. 

 

In RH30, all MSNPs were seen to be able to deliver LY294002 to cells and reduce the 

viability after treatment under hypoxic or normoxic condition. 
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Under hypoxia, CMSNPs appeared to be the most efficient carrier in the first 24 hours in 

RH30 cells and the viability decreased to 71.12 % of the control after treatment with 

LY@CMSNPs. All other LY294002 delivery systems showed a decrease in viability of 

RH30 cells after treatment for 24 hours under hypoxic conditions, except for SNP. After 

a longer period of incubation, LY@HMSNPs and LY@BMSNPs caused a further de-

crease in RH30 viability. BMSNPs became the most efficient candidate as the viability 

reached 54.41 % of the control after 120 hours treatment (Figure 4.7a). 

Under normal oxygen levels (21% O2), all the LY294002 delivery systems were seen to 

be more effective compared to hypoxia over long incubation periods. The cell viability 

was decreased to 30.35 % of the control after treatment with LY@BMSNPs for 120 

hours incubation. HMSNPs and CMSNPs were also shown to be very efficient carriers of 

LY294002 under the same experimental environment (Figure 4.7b): LY@HMSNP and 

LY@CMSNP caused a decrease in RH30 viability to 41.40 % of the control and approx. 

35.09 % of the control, respectively. 

LY@SNPs caused negligible reduction in RH30 cell viability over 24 or 120 hours incu-

bation under either hypoxic and normoxic condition. 

 

MSNPs were also found to deliver the drug to RD cells. In hypoxia, BMSNPs were seen 

to be the most efficient LY294002 nano-carrier: RD cell survival reached a minimum to 

81.49 % of the control after a 24 hours treatment with LY@BMSNPs, and dropped fur-

ther to 38.68 % of the control after 120 hours (Figure 4.8a). Other MSNPs were all seen 

to effectively deliver the compound to RD cells and cause a reduction in cell viability. 
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Under normal oxygen condition, the tendency was seen to be similar as all MSNPs were 

shown to be effective LY294002 carriers. When compared to hypoxia, cell viability was 

decreased even more in normoxia over a long time treatment with LY@MSNPs. Cell vi-

ability dropped to just 36.82 % of the unloaded control after treatment with 

LY@BMSNPs for 120 hours. LY@HMSNPs appeared to be more efficient in reducing 

RD cell viability under normoxia than under hypoxia. They successfully delivered 

LY294002 to RD cells and caused the viability to decrease to 36.67 % of the control after 

120 hours incubation under normoxic condition, comparing to 65.97 % of the control un-

der hypoxic condition. 

The non-porous SNP was not a successful carrier of the compound and the viability of 

RD was hardly changed after treatment with LY@SNP under either oxidative condition. 
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Figure 4.7 Relative RH30 (a & b) and RD (c & d) cell viability after a treatment of LY294002@MSNPs calibrated with unloaded MSNPs separate-

ly under hypoxic (a & c) or normoxic (b & d) conditions (the data are presented as the means ± standard deviation, n= 3) 
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Under hypoxic conditions, WMSNPs were seen to be the most efficient carrier of 

LY294002 to U87-MG cell line: a treatment of LY@WMSNPs managed to reduce U87-

MG cell viability to78.99 % of the control after 24 hours treatment. The viability was fur-

ther reduced to 42.38 % after a long period of incubation. Other MSNPs were also shown 

to be effective carrier for LY294002: LY@BMSNPs reduced the U87-MG cell viability 

to 59.65 % of the control after treatment for 120 hours, while LY@HMSNPs and 

LY@CMSNPs also efficiently caused a decrease in cell viability to 71.11 % of the con-

trol and 66.32 % of the control separately under the same experimental condition. 

WMSNPs were also found to be the most efficient vehicle to deliver LY294002 to U87-

MG under normoxic conditions after treatment for 24 hours. However, over a long period 

of incubation, BMSNPs became the best LY294002 carrier as the LY@BMSNPs caused 

a reduction in viability down to 37.29 % of the control. Other MSNPs were also seen to 

be able to deliver the compound and result in reduced U87-MG cell viability. 

Control SNP showed negligible delivery of LY294002, and U87-MG did not show any 

decrease in cell viability after treatment with LY@SNPs under either hypoxic or normox-

ic conditions. 

It should be noted that the results from U87-MG cells showed a large standard deviation 

due to the severe agglomeration of the cells that may introduce errors into the MTT as-

says. 

 

Under hypoxic conditions, all MSNPs were shown to be efficient drug carriers of 

LY294002, and MCF7 cell viability was reduced to similar levels after 24 hours treat-

ment. LY@HMSNPs and LY@CMSNPs were not seen to decrease the viability much 
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further after the first 24 hours, while LY@BMSNPs and LY@WMSNPs caused a further 

reduction in MCF7 cell viability to approx. 51.82 % of the control and 41.92 % of the 

control, respectively, over the course of 120 hours. 

The delivery systems were seen to be more efficient under normoxic condition. MCF7 

viability reached 32.98 % of the control after treatment with LY@BMSNPs over the 

course of 120 hours. All other LY@MSNPs, despite their lower efficiency, were also 

found to cause reduction in cell viability under the same experimental condition. 

Control SNPs showed negligible delivery of LY294002 and LY@SNPs did not show any 

decrease in MCF7 cell viability under either condition. 

 

 



  

166 
 

  

  

Figure 4.8 Relative U87-MG (a & b) and MCF7 (c & d) cell viability after a treatment of LY294002@MSNPs calibrated with unloaded MSNPs 

separately under hypoxic (a & c) or normoxic (b & d) condition (the data are presented as the means ± standard deviation, n= 3) 
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4.4 DISCUSSION 

4.4.1 Factors that affect drug loading and unloading on MSNPs 

It was found that the drug loading and unloading varied depending upon the different 

cargo molecules and MSNPs. The load/release behaviours were shown to be affected by 

many factors, such as surface charge, surface area and porosity as described in further 

detail below. 

 

4.4.1.1 Surface properties may affect drug loading/unloading behaviours on MSNPs 

The large surface area of MSNPs allows the adsorption and desorption of the cargo (de 

Villiers et al., 2008). Loaded and unloaded cargo was barely detected on SNP (Figure 

4.1b&d, Figure 4.6), suggesting that the inner surface and pores contributes to the majori-

ty of molecule adsorption. However, there was no precise positive correlation found be-

tween surface area and cargo molecule adsorption efficiency. This indicates that total sur-

face area was not the sole factor affecting drug loading/unloading on MSNPs. 

In addition, surface charges of MSNPs and electric potential difference between MSNPs 

and cargo molecules may also affect loading/unloading profiles (Honary and Zahir, 

2013). Although negatively charged molecules (calcein), positively charged molecules 

(Rhodamine B) and non-charged molecules (LY294002) were all found to be able to be 

loaded and unloaded on the tested MSNPs, the efficiency varied greatly. It would be ex-

pected that positively charged molecules would be more likely to be attracted to MSNPs. 

The loading efficiency of the positively charged Rhodamine B was indeed much higher 

than the negatively charged calcein for all types MSNPs tested (Table 4.1, Table 4.2). 
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Furthermore, it was noticed that the interaction between the exposed silica surface on the 

MSNPs and the drug molecules was not only dependent upon the electric potential dif-

ferences but also other surface properties of MSNPs, such as exposed pore size, and 

chemical residues on the surface. Model drug molecules were seen to be adsorbed more 

easily onto the surface of BMSNPs than any of the other candidates; and the surface of 

the SNPs appeared to be the most recalcitrant to both calcein and Rhodamine B under the 

loading protocols attempted. 

 

4.4.1.2 Porosity and morphology may affect drug loading/unloading behaviours on 

MSNPs 

Another factor which affects loading and unloading of cargo is the relative dimensions of 

the pore and the drug molecule. It has been found that when the pore diameter and drug 

molecule are approximately the same size there is a sustained release due to the confine-

ment effect. When the pore size is much larger than the drug molecule then the cargo 

may be released at a relatively higher rate (He and Shi, 2011). The Stokes-Einstein radius 

of calcein is estimated as 0.6 nm, and a hydrated calcein radius of 0.8 nm (Edwards et al., 

1995). Therefore, calcein is much smaller than the pore size of all MSNPs studied (Table 

2.1), enabling an efficient loading. The size of Rhodamine B molecule is similar to calce-

in and will behave accordingly. The LY294002 molecule is not electrostatically charged 

and the molecule size was determined to be 0.5 nm in diameter from spatial modelling. 

LY294002 is hydrophobic so there would be little hydration during the loading procedure. 

Since the LY294002 molecule is much smaller than the pore size of the MSNPs, efficient 

loading would be expected without confinement effects. 
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In addition, the release percentage of loaded drugs was found to be dependent upon the 

morphology of the silica nanoparticles. While WMSNPs were found to un-anchor and 

release 70.94 % calcein or 38.40 % Rhodamine B in aqueous solution, HMSNPs only 

released 27.83 % loaded calcein or 29.48 % Rhodamine B. The non-porous SNPs barely 

released any of the adsorbed molecules. The release efficiency may be related to the de-

gree of porosity of the structure surface (highly wrinkled surface on WMSNP against 

non-porous amorphous surface on SNP), the specific surface area, or the surface charge. 

 

4.4.1.3 Drug loading procedures (such as solvents and/or sonication) may affect drug 

loading behaviours on MSNPs 

It was also noticed that the solvents used for loading the cargo can affect the cargo mole-

cule attachment on the MSNPs significantly. Previous studies showed that the solubility 

and dispersion of cargo molecules to the loading solvent(s) should be taken into consid-

eration in the loading procedures (de Villiers et al., 2008, Mohanraj and Chen, 2006). 

Solvent Sonication Loading efficiency / % 

10 % DMSO in water No 0.1 

10 % EtOH in water No 12.2 

10 % DMF in water No 34.8 

10 % DMF, 10 % DMSO No 22.9 

10 % DMF, 10 % EtOH No 60.5 

10 % DMSO, 10 % EtOH No 27.4 

10 % DMF, 10 % EtOH Yes 99.1 

Table 4.3 Loading efficiency of LY294002 on HMSNPs, using a number of different sol-

vent systems. Samples were incubated for 120 hours 

 

It was also found to be important with the MSNPs. It was found in this research that the 

LY294002 loading is very dependent upon the loading process and loading solvent. The 

efficacy of loading varied vastly with different LY294002 loading solvent. After many 
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attempts, a mixture with 10% DMF and 10% EtOH in water was determined to be the 

most efficient loading solution (Table 4.3). 

It was also found that sonication during loading process can enhance the LY294002 load-

ing efficacy (Table 4.3). 

 

4.4.2 PMPC-PDPA coating 

PDPA is the pH sensitive block of the PMPC-PDPA co-polymer. When the environmen-

tal pH falls below the PDPA pKa of 6.4, the tertiary amine groups on the polymer chains 

are protonated (Figure 4.9) leading to the hydrophilic and dissolvable properties of the 

co-polymer. Conversely, when the pH is higher than 6.4, the PDPA tertiary amine groups 

are deprotonated resulting in its hydrophobicity and insolvability. PDPA can also interact 

with the negatively charge sugar-phosphate backbone of a nucleic acid at physiological 

pH. Hence PMPC-PDPA was capped onto the surface of the siRNA@MSNPs complex 

(Lomas et al. 2010). 

 

Figure 4.9 Schematic diagram of the protonation process of PMPC-PDPA co-polymer, 

where m = 100 and n = 120 in this research 

 

The drug release profile from MSNPs was seen to be altered after capped with PMPC-

PDPA co-polymer under different pH (see section 4.4.2). It was seen that the PMPC-

PDPA co-polymer coating affected the release behaviour of entrapped cargo differently 
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depending upon the pH of the environment buffer: cargo was seen to be unloaded more 

quickly in acidic buffer than in basic buffer. This phenomenon was more obvious in the 

first 2 hours, and the total release amount would eventually reach the same level under 

different pH over time. 

 

Despite the success in controlling cargo release under different pH, a number of issues 

remain. 

There would be a large amount premature release of cargo molecules using current 

PMPC-PDPA capping procedures. The problem is particularly noticeable during calcein 

unloading from PMPC-PDPA capped nanoparticles: the release of calcein was almost 

undetectable (data not shown) due to the massive drug loss before the unloading experi-

ments. It was not much better when using Rhodamine B as model drug. The capping 

method needs to be improved to minimise the premature drug release. 

Another challenge is the pH sensitivity of PMPC-PDPA. It has been claimed in the pre-

vious literatures that the co-polymer coating should be dissembled when the pH is lower 

than 6.4. However, the process can be very slow when the pH was not significantly lower 

than 6.4 as in tumours. Rhodamine B unloading from PMPC-PDPA capped HMSNPs 

was monitored in the buffers with pH from 5 to 9, however, the difference between drug 

release behaviours was only obvious between pH 5 buffer and pH 9 buffer. The drug 

loaded in the system can diffuse through the PMPC-PDPA coating over time irrespective 

of the pH. Therefore, the PMPC-PDPA co-polymer capping with the current assembly 

approach may not be very effective to control drug release in vivo. 
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4.4.3 The effectiveness of LY294002@MSNPs delivery system 

It was found that LY294002 was successfully delivered to RD cells causing a large de-

crease in cell viability. Similar phenomena were observed in both the RMS cell lines, and 

the more glycolytic cell lines U87-MG and MCF7 (data not shown). There are a number 

of factors that affect the cell viability after treatment with LY@MSNPs. 

The physiological response of cells after LY294002 treatment was clearly an important 

factor. It was known that the cells acted differently after treatment under different oxygen 

level (see section 3.3.2 to section 3.3.7). It would be expected that these differences 

would also be reflected when the drug is loaded into MSNPs. 

Other key factors include the loading capacity of the nano-carriers. The loading and un-

loading capacity varies greatly between MSNPs. CMSNPs were less efficient in loading 

LY294002 than BMSNPs, and LY@CMSNPs were found to be less efficient in reducing 

cell viability in all tested cell lines after a long period of incubation. 

Other factors, such as the interaction between MSNPs and LY294002, cellular uptake of 

the delivery systems under different oxidative conditions, and the biocompatibility of the 

MSNPs, may also influence the efficiency of LY@MSNPs in reducing cell viability 

 

An interesting fact was noticed that using the delivery system resulted in LY294002 be-

coming more effective in RD cells under hypoxia. The cell viability of LY@HMSNPs 

treated RD was 78.95 % in hypoxia, almost the same as in normoxia, which was 79.94 %. 

This was similar to BMSNPs (73.44 % in hypoxia against 77.24 % in normoxia). 

One possible explanation is that LY294002 behaves differently under different oxygen 

levels in both metabolism (section 3.3.5) and cellular uptake. MSNPs deliver LY294002 
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into the cytoplasm and endoplasmic reticulum, irrespective of the environmental oxygen 

concentrations. Therefore the influence of cellular uptake is eliminated. Other possible 

reasons include the interaction between the MSNPs and LY294002, and MSNPs protect-

ing LY294002 from degradation / decomposition. 

 

4.5 CONCLUSION 

All MSNPs in this study were found to be able to carry model drug molecules (calcein, 

Rhodamine B) and LY294002 with the current loading protocols. The cargo molecules 

could also be successfully released with varied profiles in different MSNPs. Due to the 

surface charge of the MSNPs, the molecule with a more negative charge appeared to be 

more difficult to load onto the silica nanoparticles than a more positively charged mole-

cule. The loading and unloading behaviours of different molecules appeared to also be 

dependent upon the morphology, porosity and surface properties of the carriers. 

 

The drug release profiles may be tuned by capping the MSNPs with polymeric coatings. 

A layer of polyelectrolytes (PSS/PAH in this study; approx. 10 nm thick) on the surface 

of a MSNP could prevent the rapid release of cargo molecules although the total release 

amount would be unchanged. This was successfully demonstrated using the PMPC-

PDPA co-polymer as a functionalising polymeric coating of the MSNPs, and the pH-

sensitive property was confirmed. However, the pH-sensitivity was not found within the 

physiological range (as claimed in previous literature). Further research would therefore 

be required before this co-polymer could be used for drug delivery applications. 
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LY@MSNPs were found to successfully reduce cell viability in all selected cell lines un-

der either hypoxic or normoxic conditions. MSNPs could therefore be considered to be 

suitable carriers to deliver LY294002 into cancer cells. In particular, HMSNPs and 

BMSNPs were found to be the most efficient carrier for LY294002. 

It was noted that under hypoxic conditions LY294002 can also cause efficient cell death 

when delivered with MSNPs (while the cell killing efficacy was compromised in the ab-

sence of a carrier; details in Chapter 3.3.3 and 3.3.4).  
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Chapter 5        

 siRNA delivery using MSNPs 

 

 

Mesoporous silica nanoparticles have been found not only to be efficient nano-carrier of 

chemotherapeutics, but also able to deliver gene therapeutics, including DNA plasmid 

(Kim et al., 2013, Jian-Tao et al., 2014), oligo-DNA (Hartono et al., 2014), dsDNA (Tao 

et al., 2014) and siRNA (Li et al., 2011, Hom et al., 2010). In particular, the delivery of 

siRNA remains challenging using current delivery systems due to poor cellular uptake, 

low bio-stability and rapid clearance from the system. A delivery system using MSNPs 

could enable a novel and potentially ideal means to carry and deliver siRNA to tumours. 
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5.1 INTRODUCTION 

5.1.1 RNA interference & small interference RNA 

RNA interference (RNAi) is one of the most promising approaches in cancer gene thera-

py, by silencing the expression of certain genes involved in cancer and constraining can-

cer growth, development and invasion (Ozpolat et al., 2009).  

In a typical RNAi process, cells are transfected with double-stranded RNA (dsRNA), 

which targets the messenger RNA (mRNA) of a specific gene. This small exogenous 

dsRNA associates with a protein complex and forms an RNA-induced silencing complex 

(RISC). After an activated RISC combines cognate mRNA, a component of RISC called 

Argonaute 2 (a RNA endonuclease) is able to cleave the targeted mRNA and induce its 

degradation, silencing the specific gene expression.  

 

Figure 5.1 Mechanisms of RNA interference in mammalian cells [Image modified from 

(Kim and Rossi, 2007)] 

 

Exogenous small interfering RNA (siRNA) is a sub-class of dsRNA, comprising 20-25 

nucleotide base pairs in length with a 2-nucleotide overhang at the 3' end. siRNA is one 

of the most commonly used therapeutics in RNAi and other post-transcriptional gene si-
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lencing (Whitehead et al., 2009). Both exogenous and endogenous gene can be knocked 

down with siRNA (Wu et al., 2004). 

 

5.1.2 siRNA carriers 

Although there are a few methods available to enhance siRNA uptake without a carrier 

(see section 1.4.4), their drawbacks, such as the high fatality, low cellular uptake effi-

ciency and rapid systemic clearance, remain challenging. Therefore an ideal carrier is de-

sired for the future use of siRNA. Such a carrier should fit the same criteria as a nano-

scale drug carrier (detailed in section 1.1.2), and have (i) capability to package and/or 

absorb siRNA, and (ii) capability to protect siRNA from degradation (Pack et al., 2005). 

The nanocarriers which are designed for siRNA delivery can be broadly classified in to 

two types, viral and non-viral delivery vehicles (Oliveira et al., 2006).  

 

5.1.2.1 Viral delivery systems 

Viruses are at present the most efficient delivery vectors in gene therapy. The most 

commonly harnessed ones in RNAi transfection are Retrovirus, Adeno-associated virus, 

and lentivirus (Thermo Scientific). These are all small viruses, normally < 30 kb, and 

present a reasonable packaging capacity but with varying efficiency depending on the 

particular cell type (Cross and Burmester, 2006). 

Although viral delivery systems (particularly adenovirus) have achieved some success in 

packaging and delivering siRNA while protecting cargo degradation, a number of hurdles 

constrain the use of them. One of the major problems is severe immune reaction. A sys-

temic administration of these viruses would immediately cause robust innate immune re-



  

178 
 

sponse (including activation of complementary system and secretion of inflammatory 

cytokines) and adaptive immune response (i.e. produce antibodies to inactivate the vec-

tors). Viral delivery systems are also toxic to the liver and spleen after systemic admin-

istration (Cheng and Mahato, 2013). 

 

5.1.2.2 Non-viral delivery systems 

A number of traditional organic nanoparticles are shown to be able to deliver siRNA into 

cancer cells, including liposomes (Buyens et al., 2012), dendrimers (Biswas and Torchil-

in, 2013), polycation particles (Ardana et al., 2014), exosome (Alvarez-Erviti et al., 

2011), and chitosan particles (Ragelle et al., 2013). Some of them appear to have been 

successful in laboratory and clinical trials. 

Some polymers, such as PEG, PL and PEI, have been also found to be valid transfection 

reagents. PEI has drawn more attention due to the high transfection efficacy and relative-

ly low cytotoxicity (Boussif et al., 1995, Park et al., 2008a). As a polycation, PEI con-

denses negatively charged nucleic acid to the cell surface via endocytosis. PEI is howev-

er not completely biocompatible and can be cytotoxic and lead to cell death at high doses 

(Hunter, 2006). Despite this, it is widely used in research laboratories due to the much 

higher transfection efficacy compared to other polycation transfection reagents. For ex-

ample, the transfection efficacy of PEI is 5 times greater than PL, which is another very 

commonly used transfection agent. PEI reacts with phosphate groups and therefore it is 

not only easily conjugated with gene therapeutics, but may also be capped on many inor-

ganic surfaces. 
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Numerous inorganic particles have also been employed to deliver siRNA in vitro and in 

vivo in the last decade. An appropriate polymeric coating allows an inorganic particle to 

conjugate and deliver siRNA with lower nuclease degradation than conventional carriers 

(Conde et al., 2015). Many candidates, such as iron nanoparticles (Medarova et al., 2007), 

gold nanoparticles (Lee et al., 2009), calcium phosphate nanoparticles (Li et al., 2012b), 

MSNPs (Hom et al., 2010) and carbon nanotubes (Liu et al., 2007), have been studied 

and demonstrated as valid siRNA carriers. 

 

In this study, siRNA was loaded onto the previously investigated MSNPs after capping 

with PEI. Transfection efficacy was demonstrated by transfecting GFP expressing cells 

with GFP-targeted siRNA, and subsequently transfecting RMS cells with ELMO1-

targeted siRNA. 

 

5.2 MATERIALS AND METHODS 

5.2.1 siRNA loading efficiency on MSNPs 

PEI was coated on MSNPs before transfection. In a typical PEI capping experiment, 10 

mg MSNPs or SNPs were suspended in 2 mL PEI solution (2.5 mg PEI/mL solution, 

MwPEI = 24 kD). The suspension was sonicated for 15 min and shaken for a further 30 

min. The capped nanoparticles were then washed with ddH2O thrice to remove any un-

capped polymer. 

siRNA was re-suspended in 1x siRNA buffer (five times diluted from 5x siRNA buffer 

[Dharmacon], comprising 300 mM KCl, 30 mM HEPES-pH 7.5, 1.0 mM MgCl2, with 

RNase-free water), and aliquoted into a 20 µM siRNA stock suspension. 
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Immediately before any further experiment (e.g. transfection), siRNA was loaded onto 

PEI loaded MSNPs (abbreviated as siRNA@MSNPs). In a typical siRNA loading pro-

cess, 10 µL siRNA aliquot (20 µM) and 10 µL 6.25 mg/mL PEI-MSNP suspension was 

mixed in 5 mL DMEM (no additives) and incubated at RT for 30 min. 

FITC-conjugated siRNA (Santa Cruz sc-36869) was used to measure the loading effi-

ciency on the siRNA-MSNP delivery system. After FITC-conjugated siRNA loading, the 

siRNA-MSNP complex was washed once with RNase-free water. Immediately after 

FITC-conjugated siRNA was loaded, the fluorescence signal of the siRNA-MSNP com-

plex (Fc), loading supernatant (Fs) and washed residue (Fr) was immediately determined 

after the complex was washed, and every 24 hours up to 72 hours. All signals were read 

using a Tecan INFINITE 200 plate reader.  

Loading efficiency was calculated by: 

𝐹𝑐

𝐹𝑐 +  𝐹𝑠 + 𝐹𝑟
 × 100% 

 

5.2.2 siRNA protection on MSNPs 

5.2.2.1 Degradation in culture media 

FITC-conjugated siRNA@HMSNP complex was incubated with normal culture media 

and samples taken at 1, 12, 24, 48, 72 hours. The complex was collected and washed with 

RNase-free water before the fluorescence was read. The existence of siRNA on siR-

NA@HMSNP complex and in the supernatant was assessed using a 4 % agarose gel elec-

trophoresis (data not shown). 
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5.2.2.2 Degradation in RNase I 

FITC-conjugated siRNA@HMSNP was suspended in 0.25% RNase I (Sigma-Aldrich) 

and incubated in 37 °C for 1 hour. The fluorescence of the washed complex was read. As 

previously, gel electrophoresis was used to assess degradation. 

 

5.2.3 GFP knock-down transfection system 

The transfection system was assessed using U87-MG-cGFP cells with GFP-targeted 

siRNA on MSNPs with different morphologies. siRNA transfection procedures were 

modified slightly from manufacturers’ instructions (Thermo Scientific™ and Santa Cruz 

Biotechnology™). When using MSNPs as the transfection vehicle, the protocol was ad-

justed from Hom et al. (Hom et al., 2010).  

U87-MG-cGFP cells were cultured in 24-well microplates at a concentration of 5 × 10
4
 

cells/well in antibiotic-free media (DMEM with glutamine and fetal bovine serum) in 

37°C, 5 % CO2 sterile humid incubator. GFP-targeted siRNA (Santa Cruz Biotechnolo-

gy™) was used to knock-down GFP gene in this cell after 24 hours incubation. The fol-

lowing groups were set: 

 Blank control: siRNA buffer; 

 Negative controls:  

o (i) bare siRNA without carriers; 

o (ii) PEI coated HMSNP (labelled PEI-HMSNP); 

o (iii) DharmaFECT Transfection Reagent I [Dharmacon, Thermo Scien-

tific™] (abbr. DharmaFECT in later context); 

 Positive control: siRNA transfected with DharmaFECT 
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 Experimental groups: siRNA@MSNPs complexes. 

Immediately before transfection, siRNA stock solution (10 μM in RNase-free water) was 

diluted with 1X siRNA buffer (Dharmacon, Thermo Scientific™).  

For each well in Controls: 2.5 µL siRNA dilution (in negative control (i) and positive 

control) or 2.5 µL 1X siRNA buffer (in blank control and negative control (ii), (iii)) was 

added to 47.5 µL DMEM (serum-free) in an RNase-free tube A; in a separate tube, add 1 

µL DharmaFECT (in negative control 3 and positive control) or 1 µL 1X siRNA buffer 

(in other control groups) with 49 µL DMEM (serum-free) in a RNase-free tube B. After 

gentle mixing and 5 min incubation at room temperature separately, the tube As were 

mixed with tube Bs for a total volume of 100 μL, and incubated for 20 min.  

For experimental groups: siRNA-MSNPs complexes (described in section 5.2.1) were re-

suspended in DMEM (serum-free) to make up a 100 μL suspension. In order to keep the 

concentration of conjugated siRNA at the same level as the control groups, the concen-

tration of siRNA-MSNPs complexes was calculated from the siRNA loading efficacy 

results obtained in section 5.2.1 (Figure 5.4) and equivalent amount of siRNA added to 

cells, irrespective of the nanoparticle concentrations 

U87-MG-cGFP cells were washed with PBS once after 24 hours incubation. 400 μL anti-

biotic-free media was added to each well before transfection mixture was added. The fi-

nal concentration of siRNA was 25 nM in each well (in negative control (i), positive con-

trol, and experimental groups). 

After 24 hours transfection, the fluorescence signal of GFP was measured with Tecan 

Infinite 200 plate reader using well scan mode (7X7 circle filled) at Ex 395nm./Em. 

510nm after each well was washed with PBS twice. 
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5.2.4 ELMO1 knock-down 

Two RMS lines, RH30 and RD cells were transfected with the following groups using 

the same processes detailed in section 5.2.3: 

 Blank control: siRNA buffer (labelled ‘Untreated’), PEI loaded HMSNP (labelled 

PEI-HMSNP) / PEI-WMSNP (PEI-WMSNP) 

 Negative control: non-targeted siRNA (ON-TARGETplus non-targeting siRNA 

#1, loaded PEI-HMSNP / PEI-WMSNP (labelled ‘NT@HMSNP’ / 

‘NT@WMSNP’) 

 Positive control: ELMO1-targeted siRNA on DharmaFECT (labelled 

‘ELMO1@DharmaFECT’) 

 Experimental groups: ELMO1-targeted siRNA (ON-TARGETplus SMARTpool 

– human ELMO1, Dharmacon, Thermo Scientific™) loaded PEI-HMSNP / PEI-

WMSNP (labelled ‘ELMO1@HMSNP’ / ‘ELMO1@WMSNP’) 

 

5.2.5 qRT-PCR 

After transfection, quantitative reverse transcription polymerase chain reaction (qRT-

PCR) was used to evaluate ELMO1 expression and therefore transfection efficiency. Af-

ter total RNA was extracted, two-step RT-PCR was used in this research. 

5.2.5.1 Total RNA extraction 

Total RNA of each sample was purified using ISOLATE II RNA Micro kit (Bioline™). 

According to manufacturer’s instructions, all transfected RH30 or RD cells were washed 

with warm PBS, trypsinised and collected in an RNase-free tube. 100 µL Lysis Buffer 

(RLY), 2 µL TCEP and 5 µL Carrier RNA working solution (20 ng Carrier RNA) was 
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added separately to the collected cells, and the lysate was vortexed robustly twice after 

TCEP added and after Carrier RNA added. After the lysate was filtered, 100 µL 70% 

ethanol solution was added. The mixture was then placed on an ISOLATE II RNA Micro 

Column and centrifuged for 30 s at 11,000 g, and the RNA bonded to the silica mem-

brane in the column. The membrane was then desalted with Membrane desalting buffer 

before DNase I reaction mixture was added to the membrane. After 15 min DNA diges-

tion at room temperature, the column was washed with Wash Buffer RW1 once and 

Wash Buffer RW2 twice. Finally, total RNA was eluted with 30 µL RNase-free water. 

The total amount of RNA was measured with a NanoDrop 1000 (Thermo Scientific). 

5.2.5.2 cDNA synthesis 

cDNA was synthesised using SensiFAST cDNA Synthesis Kit (BioLINE). According to 

manufacturer’s instructions, 1 µg purified RNA was mixed with 4 µL 5x TransAmp 

Buffer, 1 µL reverse transcriptase and RNase free water to make up a 20 µL mixture. The 

mixture was pipetted and placed in thermal cycler with following programme: 

 25°C for 10 min (primer annealing) 

 42°C for 15 min (reverse transcription) 

 85°C for 5 min (inactivation) 

 4°C hold. 

5.2.5.3 qPCR 

The second step of the qRT-PCR was run with SensiMix II Probe No-ROX kit (Bio-

LINE). The testing primer/probe used was ELMO1 primer/probe set with FAM-MGB tag 

(TaqMan, assay ID Hs00404994_m1, Applied Biosystem) when ACTB primer/probe set 

with VIC-MGB tag (TaqMan, assay ID Hs01060665_g1, Applied Biosystem) was used 



  

185 
 

as control. According to supplier’s instructions, each reaction sample was mixed 2 µL 

template (cDNA synthesised) with 10 µL 2x SensiMix™ II Probe No-ROX, 1 µL 

ELMO1 TaqMan primer/probe, 1 µL ACTB TaqMan primer/probe, and 6 µL 

DNase/RNase-free water. In a Rotor-Gene 3000 (QIAGEN) thermal cycler, a programme 

was set up as following: 

 Cycle 1
st
: 10 min at 95 °C for polymerase activation 

 Cycle 2nd to 46th: 10 s at 95 °C then 60 s at 60 °C (every cycle) 

All samples were tested in three replicas. 

5.2.5.4 Data analysis 

The results obtained by qRT-PCR were quantified using the comparative threshold meth-

od. Giulietti et al. (Giulietti et al., 2001) detailed this method as ‘the amount of target, 

normalised to an endogenous housekeeping gene and relative to the calibrator, given by 

2
-ΔΔCt

, where ΔΔCt = ΔCtsample- ΔCtcalibrator.’ In this context, Ct means threshold cycle 

measured in the PCR. Therefore Ctsample means the threshold cycle of the gene under 

study, while Ctcalibrator means the threshold cycle of the housekeeping gene.  

Therefore, in this experiment, the housekeeping gene was β-actin (ACTB), as the ‘cali-

brator’ in Giulietti’s statement; ELMO1 was the ‘sample’ gene. The fold difference of 

ELMO1 knockout = log (2
-ΔΔCt

), where ΔΔCt = ΔCtELMO1- ΔCtACTB. Here, ΔCtELMO1 

equals CtELMO1 of given sample minus CtELMO1 of un-knockout sample (blank control) on 

the same cell line on the same run batch; ΔCtACTB equals CtACTB of given sample minus 

CtACTB of blank control. 

All data was analysed with Rotor-Gene 6000 Series Software 1.7 (QIAGEN) and Mi-

croSoft Excel 2010. The fold difference of ELMO1 expression against ACTB was plot-
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ted in Figure 5.5. Significance tests were performed using two-tailed homoscedastic Stu-

dent’s t test on Microsoft™ Excel platform and listed separately in Table 5.1 and Table 

5.2. 

5.2.6 Scratch test 

A scratch test was performed in this study to evaluate cell migration and invasion. In a 

typical test depicted in Figure 5.2, RH30 or RD cells were cultured into a 24-well sterile 

microplate (Corning). After 24 hours transfection with ELMO1-targeted siRNA on dif-

ferent nanocarriers, transfected cells were allowed to proliferate, spread, and form a 

monolayer towards confluent. A 1000 µL pipette type was used as a pin tool to scratch 

across the cell layer, and remove the scratched content, hence form a cell-free zone in 

each well.  

 

Figure 5.2 Schematic illustrations of a typical Scratch test. After a certain cell (RH30 or RD 

cell in this study) had proliferated and grown to a confluent monolayer (A), a scratched cross was 

introduced by drawing a tip across the cell layer (B, C). After a fixed time of incubation, cells 

would migrate inward the scratched cross (D). 

 

After a period of cell incubation, cells migrate inward to close the wound. Pictures of 

cells pre- (Figure 5.2C) and post- (Figure 5.2D) migration were recorded for comparison. 

The average width (measured twice across the vertical and the horizontal scratches sepa-

rately) in Figure 5.2C of the scratched cross was set to Wbefore; the average width in Fig-

ure 5.2D was set to Wafter. In section 5.3.4.2 (Figure 5.7), the cell mobility was calculated 

from: 
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𝑊𝑏𝑒𝑓𝑜𝑟𝑒− 𝑊𝑎𝑓𝑡𝑒𝑟

𝑊𝑏𝑒𝑓𝑜𝑟𝑒
 × 100 % 

 

5.3 RESULTS 

5.3.1 siRNA loading efficiency on MSNPs 

In order to confirm that MSNPs were successfully capped with PEI, the surface charge of 

particles was measured before and after capping. It was demonstrated in Chapter 2 that 

MSNPs were either negatively charged (on HMSNPs, CMSNPs, WMSNPs, SNPs) or 

nearly neutral (on BMSNPs). Figure 5.3 shows that the surface charge of MSNPs, no 

matter what morphology, was altered to a positive charge after capping. This confirmed 

the effectiveness of PEI capping. 

 

Figure 5.3 Zeta-potential of MSNPs before and after PEI capping (the data are presented as 

the means ± standard deviation, n= 3) 

 

The siRNA loading efficacy was measured in all MSNPs and non-porous SNP. In 

HMSNPs, more than 55.04 % of the available siRNA was loaded on to the nanoparticle, 

while WMSNPs carried approx. 58.23 % of the available siRNA using the same proce-
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dure. The other nanoparticles showed slightly lower siRNA uptake efficiency of approx. 

48.28 %, 38.11 % and 30.70 % in BMSNPs, CMSNPs and SNPs separately (Figure 5.4). 

This showed that all MSNPs candidate presented capability to carry siRNA. 

 

Figure 5.4 siRNA loading efficiency on morphological different MSNPs with PEI coating 

(the data are presented as the means ± standard deviation, n= 3) 

 

5.3.2 siRNA protection 

siRNA@MSNPs complexes were all found to be stable in culture media over the course 

of 72 hours. After 72 hours, the total siRNA found on MSNPs and in suspension was not 

significantly lower than the initial level for all siRNA@MSNPs complexes. 

However, MSNPs were not found to protect siRNA from cleavage by RNase I as de-

clared in previous literature (Hom et al., 2010). 

 

5.3.3 Validation of siRNA transfection system 

In order to validate the siRNA transfection method, GFP-targeted siRNA was used to 

knock-down GFP expression in U87-MG-cGFP cells. 
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After GFP-targeted siRNA@MSNP complex was transfected on U87-MG-cGFP cells, 

GFP fluorescence was monitored after the 24 hour transfection period. When compared 

to the negative control, all carriers, including the commercial product DharmaFECT and 

all studied silica nanoparticles, were shown to be able to deliver siRNA to cells leading 

to GFP silencing. HMSNPs and WMSNPs appeared to be the most efficient carriers re-

sulting in a significantly higher gene silencing efficacy (approx. 23.36 % and 21.36 % 

GFP signal reduction in HMSNPs and WMSNPs separately) than commercial product 

(7.60 % GFP signal reduction) and other silica nanoparticles. 

 

Figure 5.5 The percentage of GFP fluorescence reduction after transfection with GFP-

targeted siRNA on different carriers comparing to their own controls (same carriers conjugated 

with non-targeted siRNA; the data are presented as the means ± standard deviation, n= 3). A stu-

dent t-test was performed on each experimental group versus the positive control DharmaFECT 

(n.s. = not significant,* P < 0.05, ** P < 0.01, *** P < 0.001) 

 

The different transfection efficacy was a result of a number of different factors. HMSNPs 

were the most capable candidate in carrying siRNA (Figure 5.4) and it was the most effi-

cient siRNA carrier in transfection, knocking down 23.36 % GFP expression in U87-

MG-cGFP cells after 24 hours transfection. Nevertheless, the ability of siRNA loading 
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was not the only factor that affects siRNA transfect efficacy. For instance, BMSNPs 

showed similar siRNA loading with HMSNPs, but were less efficient at transfection, on-

ly causing 5.27 % GFP knock-down. The siRNA@WMSNP complex was very efficient 

in knocking down GFP gene expression, resulting in a 21.36 % GFP signal reduction 

which was not significantly lower than the siRNA@HMSNP complex (Figure 5.5). 

 

5.3.4 ELMO1 knock-down 

After validation of the transfection system, the ELMO1 gene was knocked down using 

ELMO1-targeted siRNA@MSNPs complexes in the two RMS cell lines, RH30 and RD 

cells. Since ELMO1 is responsible for enhanced cell mobility and invasion, the transfec-

tion efficacy was evaluated using both qRT-PCR and a scratch test. 

 

5.3.4.1 Knock-down efficiency evaluated via qRT-PCR 

In section 5.3.3, HMSNPs and WMSNPs were found to be the most efficient siRNA car-

riers among all the studied silica nanoparticles. Therefore qRT-PCR was performed only 

on ELMO1@HMSNP and ELMO1@WMSNP. 
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Figure 5.6 ELMO1 gene expressions evaluated with quantitative RT-PCR analysis in RH30 

and RD cell lines after the cells were transfected for 24 hours with ELMO1-targeted siRNA car-

ried by different carriers. The gene expression level was compared to β-actin as housekeeping 

gene. (The data are presented as the means ± standard deviation, n= 3). (Blank control: untreated 

/ transfected with PEI capped HMSNP and PEI capped WMSNP; negative controls: transfected 

with non-targeted siRNA with HMSNP or WMSNP; positive control: transfected with ELMO1-

targeted siRNA with DharmaFECT) 
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PEI-
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PEI-

WMSNP 

NT@ 

HMSNP 

NT@ 

WMSNP 

ELMO1

@ Dhar-

Dhar-

maFECT 

ELMO1

@ 

HMSNP 

ELMO1

@ 

WMSNP 

Untreated n.s. n.s. n.s. n.s. ** *** *** 

PEI-

HMSNP  

Not test-

ed 
*** 

Not test-

ed 
*** *** 

Not test-

ed 

PEI-

WMSNP   

Not test-

ed 
n.s. *** 

Not test-

ed 
*** 

NT@ 

HMSNP    

Not test-

ed 

Not test-

ed 
*** 

Not test-

ed 

NT@ 

WMSNP     

Not test-

ed 

Not test-

ed 
*** 

ELMO1@

Dhar-

maFECT      
*** *** 

ELMO1@

HMSNP       
n.s. 

Table 5.1 The significance test performed on ELMO1 gene expression evaluated with 

quantitative RT-PCR analysis in RH30 cells after transfection for 24 hours with ELMO1-targeted 

siRNA carried by different carriers. n.s. = not significant,* P < 0.05, ** P < 0.01, *** P < 0.001 
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Groups 
PEI-

HMSNP 

PEI-

WMSNP 

NT@ 

HMSNP 

NT@ 

WMSNP 

ELMO1

@ Dhar-

Dhar-

maFECT 

ELMO1

@ 

HMSNP 

ELMO1

@ 

WMSNP 

Untreated *** *** *** ** *** *** *** 

PEI-

HMSNP  

Not test-

ed 
n.s. 

Not test-

ed 
*** *** 

Not test-

ed 

PEI-

WMSNP   

Not test-

ed 
* *** 

Not test-

ed 
*** 

NT@ 

HMSNP    

Not test-

ed 

Not test-

ed 
*** 

Not test-

ed 

NT@ 

WMSNP     

Not test-

ed 

Not test-

ed 
*** 

ELMO1@

Dhar-

maFECT      
*** *** 

ELMO1@

HMSNP       
n.s. 

Table 5.2 The significance test performed on ELMO1 gene expression evaluated with 

quantitative RT-PCR analysis in RD cells after transfection for 24 hours with ELMO1-targeted 

siRNA carried by different carriers, n.s. = not significant,* P < 0.05, ** P < 0.01, *** P < 0.001 

 

The qRT-PCR results suggested that both HMSNPs and WMSNPs were efficient 

ELMO1-targeted siRNA delivery carriers in both RMS cell lines tested. After RH30 cells 

were transfected with ELMO1@HMSNP, ELMO1 expression was knocked down 0.88 

fold. The transfection efficacy was even more marked with ELMO1@WMSNP (0.96 

fold knock-down). Meanwhile, RD cells appeared to be more sensitive to these transfec-

tion systems and ELMO1 expression was reduced 1.25 fold and 1.14 fold after transfec-

tion with ELMO1@HMSNPs and ELMO1@WMSNPs, respectively (Figure 5.6). Con-

trol groups showed little influence on ELMO1 gene expression, as would be expected. 
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5.3.4.2 Knock-down efficacy evaluated via scratch test 

Previous work has shown that a higher ELMO1 gene expression leads to a higher cell 

mobility and increased cell invasion in RMS cell lines. Therefore, the effect of ELMO1 

knock-down on RH30 and RD cells was assessed using a scratch test (Figure 5.2), as a 

quick and inexpensive evaluation of cell invasion, after transfection with 

ELMO1@MSNPs. 

 

Cell mobility was seen to be significantly reduced in both tested cell lines after a success-

ful knock-down of ELMO1 gene with the ELMO1-targeted siRNA delivery system. In 

RH30 cells, gap invasion was decreased from 85.74 % to 38.69 % after successful trans-

fection with ELMO1@HMSNPs (P < 0.05); and reduced to 38.03 % with 

ELMO1@WMSNPs (P < 0.05). Other siRNA delivery carriers, except BMSNPs, were 

also seen to be effective vehicles to deliver ELMO1-targeted siRNA causing reduced cell 

mobility, although they were not as efficient as HMSNPs and WMSNPs in RH30 cells. 

RD cells were seen to be less metastatic than RH30 cells before ELMO1 knock-down: 

gap invasion was shown to be 85.74 % in untreated RH30 cells while it was only 79.62 % 

in RD cells. ELMO1@WMSNPs were found to be the most effective delivery system 

and reduced invasion to 39.21 % (P < 0.05). DharmaFECT, SNPs, CMSNP based 

ELMO1-targeted siRNA delivery systems were also seen to successfully reduce cell in-

vasion of RD cells. 
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Figure 5.7 Cell mobility tested using scratch test in (a) RH30 and (b) RD cells after trans-

fection for 24 hours with ELMO1-targeted siRNA carried by different carriers  (the data are pre-

sented as the means ± standard deviation, n= 3). (Blank control: untreated / transfected with bare 

ELMO1 siRNA; negative controls: transfected with non-targeted siRNA with DharmaFECT; 

positive control: transfected with ELMO1-targeted siRNA with DharmaFECT; The student’s t-

test was performed on each experimental group against the blank control: untreated group (n.s. = 

not significant,* P < 0.05, ** P < 0.01, *** P < 0.001) 
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5.4 DISCUSSION 

5.4.1 Engulfment and cell Motility protein 1 (ELMO1) 

Many genetic mutations and/or over-expressions and/or inhibitions contribute to metasta-

sis. A microarray screen undertaken by a collaborating group in Oxford  identified a 

number of candidate genes involved in metastasis (Rapa et al., 2012). Further investiga-

tions of the migratory properties of one specific gene, ELMO1, showed that it forms 

complexes with other kinases. Those complexes could activate down-stream genes which 

enable actin polymerisation and lamellipodia formation (required in cell movement) 

(Katoh et al., 2006, Kim et al., 2011). 

ELMO1 expression knock-down was reported to significantly decrease the cell move-

ment and tumour invasive ability in a number of cancer cells, including different RMS 

lines (Rapa, 2008). This observation was also seen in this study (Figure 5.6, Figure 5.7). 

 

5.4.2 Factors affecting siRNA loading onto MSNPs 

One possible reason for the difference in siRNA loading onto MSNPs may be the differ-

ence in surface charge. After capping with PEI, the surface charge of HMSNPs was 

slightly higher than all other particles (Figure 5.3, Table 2.2). However, there was no 

clear correlation between surface charge after PEI capping and siRNA loading efficacy. 

Thus, the differences in surface area may be another property which contributes to the 

differences in siRNA loading. HMSNPs showed a significantly higher specific surface 

area than the other MSNPs tested and was also capable of carrying siRNA very efficient-

ly. However, this assumption was also not conclusive: despite the specific surface area of 

BMSNPs being only a quarter of HMSNPs, the siRNA loading efficacy was not signifi-
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cantly different (Figure 5.3). This suggests that the factors affecting siRNA loading on 

different silica nanoparticles are multi-factorial. Surface charge, surface area and even 

particle and pore size may affect the siRNA loading. 

 

5.4.3 Factors that may affect gene expression after transfection with siRNA 

5.4.3.1 Cell type 

Cancers are heterogeneous with large diverse phenotypes. Hence, initial gene expressions 

show large variation in different cancer cell lines and by extension will affect gene ex-

pression after transfection. 

GFP expression varies depending upon the suppliers and cell selection. In order to mini-

mise potential errors and equalise GFP expression, U87-MG-cGFP cells were selected 

three times with 10 µg/mL blasticidin (Invitrogen). Further gene knock-down experi-

ments were then performed on these U87-MG-cGFP cells with uniform GFP expression. 

 

Figure 5.8 ELMO1 gene expression level compared to β-actin (as housekeeping gene) in 

RH30 and RD cell lines before transfection (The data are presented as the means ± standard devi-

ation, n= 6). 
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Initial ELMO1 expression also varied in different RMS cell lines (Rapa et al., 2012): in 

RH30 cells ELMO1 expression was approx. 0.51 fold higher than in RD cells before any 

treatment (Figure 5.8). Similar results were also found in Rapa’s work (Rapa, 2008). Af-

ter transfection, ELMO1 expression in RD cells was reduced more significantly than in 

RH30 cells. 

 

5.4.3.2 Cell viability 

Previous literature suggests that transfection efficacy is closely related to cell viability 

(Roche). Therefore U87-MG cell viability was evaluated after treatment with PEI capped 

MSNPs (Figure 5.9). 

 

Figure 5.9 U87-MG-cGFP cell viability compared to the control (untreated) after 24 hours 

treatment of different MSNPs with PEI capping. The concentration of PEI capped MSNPs was 

the same to each experiment group in Figure 5.5 (the data are presented as the means ± standard 

deviation, n= 3) 

 

It was found that there was no significant difference in U87-MG-cGFP cell viability after 

treatment with the different PEI capped MSNPs (P > 0.05 between every two experi-

mental groups); whereas transfection efficacy varied greatly using different MSNPs as 
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transfection agents. Therefore, there was no relation found between cell viability and 

transfection efficacy. 

 

5.4.3.3 The physical properties of siRNA carriers 

The physical properties of the siRNA carriers were not only shown to influence the siR-

NA loading efficacy (Figure 5.4), but also the gene expression (Figure 5.5). For example, 

BMSNPs were found to be very efficient siRNA carrier and not significantly different to 

HMSNPs in terms of loading efficacy (Figure 5.4). Yet the transfection efficacy with 

GFP-targeted siRNA on BMSNPs was significantly lower than on HMSNPs (when final 

loaded siRNA levels in media were the same) (P < 0.01; Figure 5.5). One possible expla-

nation is that the cellular uptake of MSNPs, determined by the physical properties of na-

noparticles, affects transfection efficacy. 

 

5.4.3.4 Transfection procedures 

The siRNA transfection procedures vary in the literature with regards to siRNA concen-

tration and transfection time (ThermoFisher, Santa Cruz Biotechnology, BIOLINE, 

(Hom et al., 2010)). In order to achieve a maximum transfection efficacy, many attempts 

were performed to optimise the final transfection protocols. 

Research showed that a commonly used siRNA concentration in gene silencing was ap-

prox. 30 nM (Sigma-Aldrich). The fluorescence of GFP was read after transfecting U87-

MG-cGFP cells with a final concentration of 25 nM, 50 nM and 100 nM siRNA using 

DharmaFECT. There was no significant difference found among these groups (data not 

shown), indicating that the influence of final siRNA concentration was negligible be-
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tween 25 nM to 100 nM. Previous literature also showed a similar conclusion 

(ThermoFisher). 

Furthermore, previous literature suggested a transfection time from 4 hours to 72 hours 

(Promega, Santa Cruz Biotechnology). RH30 and RD cells were transfected with 

ELMO1-targeted siRNA on DharmaFECT, HMSNPs and WMSNPs for 4, 24, 48 and 72 

hours. The qRT-PCR results revealed that the transfection efficacy reached a maximum 

after transfection for 24 hours (data not shown). One possible explanation is a shorter 

transfection time leads to incomplete siRNA release from the carriers and/or insufficient 

RNAi processing. When the transfection time was too long, gene expression may start to 

recover after the RNAi process has finished. 

 

5.4.4 Future potential of MSNPs as gene therapeutics carriers 

One of the greatest benefits of MSNPs as a gene therapeutics carrier is the relatively low 

and controllable cytotoxicity. Most commercial products to date, viral or non-viral, have 

showed high fatality (Lappalainen et al., 1994, Cheng and Mahato, 2013). Therefore PEI-

capped MSNPs offer a new possibility as a gene therapeutics carrier with low toxicity 

(Figure 5.8). Although the MSNPs siRNA delivery system in this study were still seen to 

be slightly toxic to tested lines, the cytotoxicity  may be enhanced by many processes, 

such as extra coating with cell-friendly polymers, PEI modification before capping or 

capping with other polycations on MSNPs (Arbab et al., 2004, Thomas and Klibanov, 

2002, Malek et al., 2008). Moreover, the tested MSNPs, especially HMSNPs and 

WMSNPs, appeared to be more efficient siRNA carriers than current products on the 

market (Figure 5.6, Figure 5.7). 
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Furthermore, MSNPs also allowed a targeted delivery of gene therapeutics to specific 

sites. The siRNA-loaded MSNPs could be further functionalised with peptides, targeting 

ligands or environmentally-sensitive molecules, therefore enabling a targeted release of 

cargo siRNA to tumours. 

A further advantage of the MSNPs platform compared to current commercial products is 

the possibility of co-delivery of gene therapeutics and other anti-cancer reagents (Meng 

et al., 2013). This possibility is studied in Chapter 6. 

 

5.5 CONCLUSION 

The MSNPs tested were found to be able to successfully load siRNA after coating with 

PEI. The loading efficacy appeared to be affected by the specific surface area of the car-

rier MSNP candidates, making HMSNPs and WMSNPs the most efficient siRNA carri-

ers among all six candidates in this study. 

The MSNP based siRNA delivery system was seen to successfully knock-down target 

genes (GFP / ELMO1) in different cancer cell lines. After transfection with ELMO1-

target siRNA using functionalised MSNPs, the ELMO1 expression was proven to be sig-

nificantly reduced (P < 0.001). The transfection efficacy of HMSNPs and WMSNPs was 

found to be better than one of the current popular products on the market (DharmaFECT 

reagent 1) under the same experimental protocols (P < 0.001).  
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Chapter 6         

 A chemo- / gene- therapeutics co-

delivery system using multifunctional 

MSNPs 

 

 

In order to constrain the viability, proliferation and invasion of cancer at the same time, 

many multifunctional drug delivery platforms have been developed to co-deliver two or 

more chemotherapeutics or even different classes of anti-cancer agents. 

The previous chapters demonstrated the utility of MSNPs as vehicles to deliver different 

drug molecules (Chapter 4) and siRNA (Chapter 5) independently. The possibility of a 

combined system for chemo- and gene- therapeutics is studied in this Chapter.  
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6.1 INTRODUCTION 

A number of nano-scaled delivery platforms have been found to be able to carry and de-

liver multiple classes of cargo molecules, including liposomes, polymersomes, den-

drimers, iron oxide nanoparticles and MSNPs (Han and Gao, 2013). 

 

Organic nanoparticles have been widely investigated in the research of co-delivery sys-

tems. Dendrimers are able to conjugate both microRNAs and small molecule drugs (in-

cluding different chemotherapeutics, photosensitizers) at the same time and efficiently 

deliver those cargoes to tumours (Ren et al., 2010). Cationic liposomes/polymersomes 

are also promising platforms that present a large inner cavity allowing encapsulation of 

anticancer drugs, while gene therapeutics (such as DNA plasmid, siRNA and microRNA 

which are negatively charged) can be attached on the surface (Saad et al., 2008, Wang et 

al., 2010, Chen et al., 2014, Koganti et al., 2013, Laing et al., 2006). A number of these 

carriers have reached clinical trial stage (Tsouris et al., 2014). 

Many composite delivery systems based on liposome or polymersomes are also devel-

oped to co-deliver small molecules, peptides, gene therapeutics, and enzymes. For exam-

ple, gel-liposome nanoparticles were found to successfully deliver doxorubicin and pro-

teins to cancer cells (Jiang et al., 2014) and porous silicon-liposomes were used to deliv-

er doxorubicin and DNA (Kong et al., 2015). 

Inorganic platforms have also been shown to be a useful co-delivery system. Surface 

modified CdSe/ZnSe quantum dots have been shown to deliver doxorubicin and siRNA 

to Hela cells successfully (Li et al., 2012a). Calcium carbonate apatite nanoparticles were 

reported to be able to overcome MDR in breast cancer by co-delivering an ATP-binding 
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cassette transporter (ABC)-targeted siRNA and a chemotherapeutic agent (Li et al., 

2012a). Other nano-scaled vehicles, including gold nano-rods (Xiao et al., 2012), iron 

oxide nanoparticles (Yen et al., 2013), and mesoporous silica nanoparticles (Meng et al., 

2013), have also been described in the previous literature. 

 

In the previous chapters, it was found that MSNPs were effective carriers of small mole-

cules (Chapter 4) and siRNA (Chapter 5). Therefore, it was investigated whether a multi-

functional delivery system could be built to deliver both chemotherapeutics (LY294002) 

and gene therapeutics (ELMO1-targeted siRNA) at the same time. The co-delivery sys-

tem was further functionalised with a pH-sensitive polymer, PMPC-PDPA. The effec-

tiveness of the co-delivery system was assessed using a cell viability assay (MTT) and 

gene expression levels (qRT-PCR). 

 

6.2 MATERIALS AND METHODS 

6.2.1 Assembly of the chemo- / gene- therapeutics co-delivery system 

LY294002 was loaded onto all MSNPs following protocols in section 4.2.3. PEI was 

then capped on the LY@MSNPs (described in section 5.2.1). 

ELMO1-targeted siRNA was loaded onto PEI loaded LY@MSNPs (PEI-LY@MSNPs). 

In a typical loading process, 10 µL ELMO1-targeted siRNA (20 µM, described in section 

5.2.1) and 10 µL 6.25 mg/mL PEI-LY@MSNPs suspension was mixed in 5 mL DMEM 

(no additives) and incubated at RT for 30 min. Non-targeted siRNA was loaded onto 

PEI-LY@MSNPs with the same protocol. The co-delivery systems were washed once 

with RNase-free water. 
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Since the non-porous SNPs were found not to be an efficient carrier for either LY294002 

or siRNAs, a co-delivery system based on SNPs was not investigated. 

 

6.2.2 Assembly of the pH-stimuli co-delivery system 

The co-delivery system was re-suspended in RNase-free water at a concentration of 5 

mg/mL. PMPC-PDPA co-polymer was added as a cap using the procedure detailed in 

section 4.2.2.2. 

 

6.2.3 Cell viability 

After RH30, RD, U87-MG and MCF7 cells were treated with the co-delivery systems, 

the viability of the cells was evaluated using the MTT assay. The procedure for the MTT 

assay is detailed in section 2.2.4. ELMO1-targeted siRNA loaded on PEI-LY@MSNPs 

were called duo@MSNPs in later context. 

 

6.2.4 ELMO1 knock-down 

In order to evaluate the gene knock-down effect following co-delivery with LY294002 

and siRNA, RD cells were transfected as follows: 

 Blank control:  Untreated; 

 Negative control:  NT@HMSNP / NT@WMSNP; 

 Positive control:  ELMO1@DharmaFECT; ELMO1@HMSNP / ELMO1@WMSNP; 

 Experiment: 

o LY@HMSNP / LY@WMSNP; 



  

205 
 

o Non-targeted siRNA loaded on PEI-LY@HMSNP (NT@LY@HMSNP) / Non-

targeted siRNA loaded on PEI-LY@WMSNP (labelled NT@LY@WMSNP); 

o ELMO1-targeted siRNA loaded on PEI-LY@HMSNP (labelled 

ELMO1@LY@HMSNP or duo@HMSNP) / ELMO1-targeted siRNA loaded on 

PEI-LY@WMSNP (labelled ELMO1@LY@WMSNP or duo@WMSNP); 

o PMPC-PDPA co-polymer capped ELMO1@HMSNP (labelled PMPC-

ELMO1@HMSNP)/ PMPC-PDPA co-polymer capped ELMO1@WMSNP (la-

belled PMPC-ELMO1@WMSNP); 

o PMPC-PDPA co-polymer capped ELMO1@LY@HMSNP (labelled PMPC-

ELMO1@LY@HMSNP) / PMPC-PDPA co-polymer capped 

ELMO1@LY@WMSNP (labelled PMPC-ELMO1@LY@WMSNP); 

The transfection procedure is detailed in section 5.2.3. 

 

6.2.5 Data analysis 

Significance tests were performed using a two-tailed homoscedastic Student’s t test on 

Microsoft™ Excel platform and listed separately in Table 6.1 and Table 6.2. 

 

6.3 RESULTS 

6.3.1 Cell viability after treatment with the chemo- and gene- therapeutics 

co-delivery systems 

To eliminate any potential influence of inherent MSNPs toxicity, all viability results of 

the co-delivery systems in Figure 6.1 were calibrated with their unloaded counterparts.  

 

Under hypoxic conditions, duo@CMSNPs appeared to the most efficient drug delivery 

system in RH30 cells, and reduced cell viability to approx. 66.73 % of the control (Figure 
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6.1a). It should be noted that duo@CMSNPs were even more effective than 

LY@CMSNPs in reducing RH30 cell viability under hypoxic condition. The other co-

delivery systems also showed a decrease in cell viability in RH30 cells under hypoxic 

conditions. Under normoxic conditions, duo@CMSNPs were also found to be the most 

effective candidate in RH30 cells (Figure 6.1b). 

 

 

Figure 6.1 The cell viability of RH30, RD, U87-MG and MCF7 cells assessed using MTT 

assay after a treatment with duo@MSNPs co-delivery systems against the unloaded control for 

24 hours under (a) hypoxic or (b) normoxic condition (the data are presented as the means ± 

standard deviation, n= 3) 
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In RD cells, duo@CMSNPs were found to be the most effective drug delivery system 

under either tested condition: after treatment of duo@CMSNPs, the viability of RD cells 

was reduced to approx. 83.64 % of the control under hypoxic condition, and to approx. 

86.80 % of the control under normoxic condition (Figure 6.1). Besides, duo@BMSNPs 

and duo@WMSNPs were found to successfully reduce cell viability of RD cells under 

either oxidative condition. It was also noted that despite the fact that LY294002 alone 

appeared to be more effective in RD cells under normoxic conditions, no such phenome-

non was observed when LY294002 was entrapped and released from a co-delivery sys-

tem (Figure 3.9, Figure 6.1). 

Despite the success of duo@CMSNPs in RH30 and RD cells, it was not the drug delivery 

platform that caused the most cell death in U87-MG cells. In U87-MG cells, 

duo@BMSNPs were seen to be the most promising candidate and caused a reduction of 

cell viability to 81.41 % of the control under hypoxic conditions, and approx. 81.52 % of 

the control under normoxic conditions (Figure 6.1). Other candidates were also found to 

be effective in reducing the cell viability under either oxidative condition. 

In MCF7 cells, duo@CMSNPs appeared to be the most successful candidate in decreas-

ing cell survival under hypoxic conditions, causing cell viability to be reduced to approx. 

73.30 % of the control. duo@HMSNPs, duo@BMSNPs and duo@WMSNPs exhibited 

similar toxicity to MCF7 cells under the same conditions (Figure 6.1a). Under normoxic 

conditions, however, duo@WMSNPs were shown to be the most effective delivery sys-

tem and reduced the viability of MCF7 cells to approx. 51.99 % of the control. 

duo@BMSNPs and duo@CMSNPs were both seen to be more effective in MCF7 cells 

under normoxic conditions than under hypoxic conditions: the viability reached 69.03 % 

and 56.60 % of the control respectively after treatment of duo@BMSNPs and 
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duo@CMSNPs, while the viability was only reduced to 81.39 % and 73.30 % of the con-

trol when treated under hypoxic conditions. duo@HMSNPs were also found to be valid 

in reducing cell survival. However the effectiveness was less than the other three candi-

dates.  

The results showed that almost all the co-delivery systems were able to cause a reduction 

in cell viability in all cell lines under either hypoxic or normoxic conditions.  

 

6.3.2 ELMO1 gene expression after treatment with the chemo- and gene- 

therapeutics co-delivery system 

To evaluate the effectiveness of the co-delivery systems with respect to gene silencing, 

ELMO1 gene expression in RD cells was measured using qRT-PCR. As demonstrated in 

section 5.3.3, only HMSNP-based and WMSNP-based delivery systems were tested. 

LY@MSNPs were found to reduce ELMO1 expression: LY@HMSNP and 

LY@WMSNP caused 1.43 fold and 1.09 fold ELMO1 expression reduction in RD cells, 

respectively. This indicated the the released LY294002 could induce ELMO1 silencing 

in RD cells under normoxic condition. However, the co-delivery system with LY294002 

and non-targeted siRNA loaded (labelled NT@LY@HMSNP and NT@LY@WMSNP in 

Figure 6.2) caused much less ELMO1 expression reduction. This may have resulted from 

a loss of LY294002 during the siRNA loading process. 

As discussed in detail in Chapter 5, ELMO1-targeted siRNA was successfully delivered 

to RMS cells with both HMSNP and WMSNP. The co-delivery systems (loaded with 

both LY294002 and ELMO1-targeted siRNA; labelled ELMO1@LY@HMSNP and 

ELMO1@LY@WMSNP in Figure 6.2) also showed significantly high gene knock-down 
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efficiency (P < 0.001). Furthermore, the co-delivery system, ELMO1@LY@HMSNP, 

was found to be more efficient than ELMO1@HMSNP in gene silencing, while there 

was no significant difference between ELMO1@LY@WMSNP and ELMO1@WMSNP 

(P > 0.05) (Figure 6.2 b, Table 6.2).  

 

 

Figure 6.2 ELMO1 gene expression evaluated with quantitative RT-PCR analysis in RD 

cell lines after the cells were transfected for 24 hours with (a) HMSNP-based and (b) WMSNP-

based delivery systems. The gene expression level was compared to β-actin as housekeeping gene. 

(The data are presented as the means ± standard deviation, n= 3). (Blank control: untreated; nega-

tive controls: transfected with non-targeted siRNA carried with (a) HMSNP or (b) WMSNP; pos-

itive control: transfected with ELMO1-targeted siRNA with DharmaFECT) 

-2

-1.8

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

Fo
ld

 D
if

fe
re

n
ce

 (
a.

u
.)

 

-2

-1.8

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

Fo
ld

 D
if

fe
re

n
ce

 (
a.

u
.)

 



  

210 
 

 

Table 6.1 The significance test performed on ELMO1 gene expression evaluated with 

quantitative RT-PCR analysis in RD cells after transfection for 24 hours with different HMSNP-

based delivery systems presented in Figure 6.2a. n.s. = not significant, * P < 0.05, ** P < 0.01, 

*** P < 0.001 

 

PMPC-PDPA capped co-delivery systems were found to be less efficient in silencing 

ELMO1 expression. PMPC-ELMO1@HMSNP and PMPC-ELMO1@LY@HMSNP on-

ly caused 0.46 fold and 0.38 fold ELMO1 expression reductions, respectively, after 24 

hours transfection. This appeared to be significantly lower than the co-delivery system 

before capping (P < 0.05) (Figure 6.2a, Table 6.1). The results were seen to be similar to 

PMPC-ELMO1@WMSNP and PMPC-ELMO1@LY@WMSNP, which led to only 0.52 

fold and 0.64 fold ELMO1 gene expression reductions respectively (Figure 6.2b, Table 

6.2). 

 



  

211 
 

In summary, ELMO1 gene expression can be knocked down using the LY294002 / 

ELMO1-targeted siRNA co-delivery systems based on HMSNP and WMSNP. However, 

the gene knock-down was less significant when the co-delivery systems were capped 

with the pH-sensitive polymer, PMPC-PDPA. 

 

Table 6.2 The significance test performed on ELMO1 gene expression evaluated with 

quantitative RT-PCR analysis in RD cells after transfection for 24 hours with different WMSNP-

based delivery systems presented in Figure 6.2b. n.s. = not significant, * P < 0.05, ** P < 0.01, 

*** P < 0.001 

 

6.4 DISCUSSION 

6.4.1 Additive efficiency in gene silencing after treatment with the co-

delivery systems 

ELMO1 knock-down efficiency after transfection with the co-delivery system (1.79 fold 

ELMO1 knock-down compared to the blank control) was found to be higher than when 
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transfected with either LY@HMSNP (1.43 fold knock-down) or ELMO1@HMSNP 

(1.25 fold knock-down). This indicated an additive efficiency in ELMO1 gene knock-

down when RD cells were treated with the co-delivery system. 

Similar additive efficiency, or even synergistic effect, in gene knock-down, cell survival 

inhibition and tumour metastasis inhibition was also reported on other co-delivery sys-

tems. For example, Lee et al. claimed to use a micellar co-delivery system of doxorubicin 

and tumour necrosis factor -related apoptosis-inducing ligand to obtain a synergistic ef-

fect on cell death (Lee et al., 2011a). Feng et al. reportedly achieved an additive effect on 

tumour growth inhibition when co-delivering VEGF-targeted siRNA and paclitaxel with 

a PEG-based core-shell nanoparticle platform (Feng et al., 2014). 

 

6.4.2 The function of the PI3K inhibitor, LY294002, to ELMO1 expression 

ELMO1 expression has been shown to be largely dependent upon cell type, although 

ELMO1 regulation has not been fully studied to date (Patel et al., 2011, Rapa et al., 2012, 

Wang, 2006). It has been claimed that ELMO1 and PI3K work in parallel in human cells, 

and PI3K activation has not been found to affect ELMO1 regulation when studied in 

lymphocyte or neutrophil-like cells (Sai et al., 2008, Stevenson et al., 2014, Wang, 2006). 

In this study, ELMO1 gene expression was found to be down-regulated in RD cells after 

treatment of LY294002@MSNPs (Figure 6.2). However, it was beyond the scope of this 

study to determine the role of PI3K in ELMO1 regulation in the different cell lines. 

 

6.4.3 Cell viability after treatment with the co-delivery systems 
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Results from the Chapter 3 showed that under hypoxic conditions, the LY294002 drug 

alone was less effective than under normoxic conditions (Figure 3.6, Figure 3.7). This 

was also seen for the LY@MSNP under hypoxic conditions (Figure 4.7, Figure 4.8). Af-

ter treatment with the co-delivery systems in most tested cell lines, however, there was 

negligible difference in cell viability whether tests were performed under hypoxic or 

normoxic conditions. The exception was the MCF7 breast cancer cell line, since 

duo@CMSNP and duo@WMSNP were shown to be more efficient under normoxic con-

ditions than under hypoxic conditions. 

It is possible that the internalisation of free LY294002 is compromised by oxidative 

stress, leading to the low physiological efficiency in tested cells. PEI capping and siRNA 

conjugation enables a more efficient internalisation of the co-delivery systems which is 

less influenced by oxygen level. Furthermore, PEI capping may also contribute to cell 

viability reduction, and the cytotoxicity of PEI is not oxygen-sensitive (data not shown). 

Therefore, cell viability after treatment with the co-delivery systems could be less affect-

ed by the environmental oxygen concentrations. 

 

6.4.4 ELMO1 gene expression after treatment with the co-delivery systems 

under hypoxic conditions  

Cell viability after treatment with the co-delivery systems was found to be less affected 

by the environmental oxygen level. In order to investigate whether hypoxia would affect 

the ELMO1 knock-down, RD cells were also transfected with the HMSNP based co-

delivery system under hypoxic conditions. 
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LY294002 was confirmed to be less effective at reducing ELMO1 expression under hy-

poxic conditions. ELMO1 expression was only reduced by 0.62 fold when treated with 

LY@HMSNP under hypoxic condition, significantly lower than after treatment under 

normoxic conditions (1.43 fold reduction; P < 0.001). 

 

Figure 6.3 Comparing the expression of ELMO1 gene in RD cell lines after the cells were 

transfected for 24 hours with HMSNP-based co-delivery systems under hypoxic and normoxic 

conditions. The gene expression level was compared to β-actin as housekeeping gene. (The data 

are presented as the means ± standard deviation, n= 3) 

 

Furthermore, there was no additive effect found after transfection with the co-delivery 

system. No significant difference was seen when RD cells were transfected with 

LY@HMSNP, NT@LY@HMSNP or ELMO1@LY@HMSNP under hypoxic conditions 

(P > 0.05). It was noted that ELMO1@LY@HMSNP was even less efficient in ELMO1 

knock-down than ELMO1@HMSNP. Further experiments are required to explain this 

phenomenon. 

 

6.4.5 PMPC-PDPA capped co-delivery system 
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As demonstrated in section 4.4.2, a number of problems remained when using PMPC-

PDPA as a pH-sensitive capping on MSNPs. In addition, PMPC-PDPA was also found 

unsuitable to functionalise the co-delivery systems. The capped duo@MSNPs were less 

effective in reducing cell viability in all cell lines under either oxidative condition (data 

not shown). Furthermore, ELMO1 knock-down was also found to be less significant after 

transfection with PMPC-PDPA capped co-delivery systems (Figure 6.2, Figure 6.3). 

Although PMPC-PDPA is found to be a biocompatible pH-sensitive polymer, it is not 

suitable as a functional capping on drug delivery systems based on MSNPs with the cur-

rent capping procedures. 

 

6.4.6 Future potential for the co-delivery system 

6.4.6.1 Overcoming Multi-Drug Resistance (MDR) 

Co-delivery systems have been claimed to be an easy and effective means to overcome 

MDR in cancer (Xiong and Lavasanifar, 2011, Xiao et al., 2012). 

This possibility can also be investigated using MSNPs based co-delivery systems in the 

future, by loading anti-cancer drugs and siRNAs targeting MDR genes (such as ABC 

gene). 

 

6.4.6.2 More efficient chemotherapeutics loading 

Despite the success in reducing cell viability with duo@MSNPs, most co-delivery sys-

tems were seen to be less efficient than their solo-LY294002 loaded counterparts. 
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This could be due to a loss of LY294002 during the assembly of the co-delivery systems. 

A more secure drug loading process is desired in future work. Previous literature reported 

a number of approaches to prevent premature release of cargo molecules such as capping 

pore-sized nanoparticles as gatekeepers (Colilla et al., 2013). Those methods might ena-

ble a more efficient chemotherapeutics loading and reduce cargo loss. 

 

6.4.6.3 Environmental-responsive capping 

In order to control the release of cargo, PMPC-PDPA co-polymer was coated onto the 

surface of the MSNPs based co-delivery systems. However, it was found that the coating 

was not sufficient to enable an environmentally-stimulated release. Towards efficient 

control of environmental-responsive delivery, a more suitable surface capping candidate 

is desired. An appropriate candidate should be biocompatible, sensitive to tumour micro-

environment (e.g. lower pH, lower oxygen concentration, or lower glucose than normal 

healthy tissue) and allow cargo release at the tumour site. 

 

6.4.6.3 Targeting delivery 

In order to achieve efficient delivery and minimise off-target release after systemic ad-

ministration, the co-delivery system may also be further modified with a targeting ligand. 

As introduced in Chapter 4.1.3, a number of molecules (e.g. folic acid, IgG) could be 

used to target nanoparticles to tumours or cancer cells. Conjugation of a targeting ligand 

to a nanoparticle could potentially target an MSNP based co-delivery system specifically 

to tumours and therefore avoid unfavourable particle distribution in the body, enhance 

the efficiency of drug delivery, and mitigate off-target drug toxicity. 
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6.5 CONCLUSION 

A multifunctional chemo- / gene- therapeutic co-delivery system can be established using 

functionalised MSNPs. 

The co-delivery systems based on studied MSNPs were found to successfully deliver 

LY294002 and ELMO1-targeted siRNA to tested cancer cells at the same time, resulting 

in reduced cell viability reduction and ELMO1 knock-down. The reduction of cell viabil-

ity was shown after treatments with the co-delivery systems for all four MSNP candi-

dates studied, and also under either hypoxic or normoxic conditions. 

Moreover, the LY294002 compound itself was found to suppress ELMO1 gene expres-

sion in both RH30 and RD cells. Further investigation is needed to understand the mech-

anism of ELMO1 gene knockdown in response to LY294002 in the RMS cell lines. 

After transfection with the co-delivery system carrying both ELMO1-targeted siRNA and 

the LY294002, an additive effect was seen; further reducing ELMO1 gene expression in 

both RMS cell lines studied.  

 

PMPC-PDPA co-polymer was found to be unsuitable for the functional capping of 

MSNPs for drug delivery systems. Using the current capping procedures, the co-polymer 

appeared to reduce the delivery efficacy of both the LY294002 and the ELMO1-targeted 

siRNA in the cell lines studied. 
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Chapter 7        

 Conclusion and Future 

 

 

7.1 SUMMARY OF FINDINGS AND LIMITATIONS 

Mesoporous silica nanoparticles have attracted attention in the field of drug delivery due 

to their biocompatibility, large surface area, controllable size, known surface chemistry 

for functionalization, and low synthesis cost. To date, however, most research on MSNPs 

has been limited to the hexagonal-aligned MSNPs (e.g. MCM-41 and SBA-15 in publica-

tions). In this study, four morphologically different MSNPs were synthesised, character-

ised, and assessed in detail, in order to analyse their suitability as in vivo drug carriers for 

anti-cancer reagents.  

Four types of MSNPs were synthesised using sol-gel methods. Their physical properties 

were characterised in depth and compared with non-porous sold silica nanoparticles. The 

(bio-) degradability and biocompatibility of these particles was then assessed on different 

cancer cell lines. It has been demonstrated that: 
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1) In order to maximise cell uptake, minimise cytotoxicity, take advantage of the EPR 

effect, and minimize particle distribution to fenestrated organs, the optimal size range for 

intracellular drug delivery carriers should between 50 nm and 200 nm. HMSNPs, 

BMSNPs, and WMSNPs were shown to be of the correct size range. CMSNPs, with out-

er dimensions larger than 700 nm, were too large for efficient cellular uptake. Further 

investigation may be required to synthesize CMSNP style particles with the outer diame-

ter reduced to below 200 nm. This may be possible to achieve by tuning the composition 

of the sol-gel system during the synthesis. 

2) The nanoparticles had a high specific surface area which was desirable to allow effi-

cient drug loading and surface functionalisation. All studied MSNPs showed high porosi-

ty with mesoscopic pores ranged between 1 nm and 10 nm (Table 2.1). Such pore sizes 

are approximately the same size of most chemotherapeutics, therefore allowing a sus-

tained release of cargo due to the confinement effect (details in Chapter 4.4.1.2). 

All studied MSNPs presented a negative or nearly neutral surface charge (Table 2.2). 

Due to a nanoparticle with negatively charged surface nanoparticles is more stable in 

suspension and beneficial for efficient endocytosis, HMSNPs, CMSNPs and WMSNPs 

are more suitable intracellular drug carriers than BMSNP (which was slightly positively 

charged). Furthermore, the exposed negatively charged silanol group also enable the 

studied MSNPs to be functionalised with other molecules, including environmental-

responsive molecules and polymeric transfection reagents (e.g. PEI). 

However, it was noticed that the current template removal processes are not sufficient in 

more than one candidate. A more effective method to remove the structure-directing 

templates would be beneficial to increase the specific surface area and/or reduce the sur-

face charge of MSNPs, especially in BMSNPs. 



  

220 
 

3) The studied MSNPs were biocompatible with the tested cells up to 24 hours incuba-

tion (Figure 2.20). After longer incubation (96 hours), BMSNPs were seen to be more 

cytotoxic than the other candidates. The biocompatibility may be further enhanced with 

cell-compatible coatings, such as PEG. 

4) HMSNPs appeared to be the best candidate with an optimal size, the largest surface 

area, a high absolute value for surface charge, and a relatively low cytotoxicity. 

 

LY294002 is a drug with potent anti-cancer activity due to efficient PI3K pathway inhi-

bition. We found that LY294002 was capable of inhibiting the phosphorylation of Akt 

and suppressing cell survival in four studied cancer cell lines. This efficiency was com-

promised when treated cells were under oxidative stress. LY294002 disturbed cellular 

metabolism in all tested cell lines. Cellular response to LY294002 was found to be de-

pendent upon cell type, environmental oxygen and glucose levels. Further research will 

still be needed to fully understand the function of LY294002 in metabolism, proliferation 

and survival in different cell lines. 

 

Different cargo molecules (positively charged model drug Rhodamine B, neutral hydro-

phobic chemotherapeutic LY294002, and negatively charged model drug calcein) were 

found to be successfully encapsulated into the MSNPs, and could be unloaded with dif-

ferent release profiles. The loading efficiency was seen to be dependent upon porosity / 

surface area of MSNPs, surface charges of MSNPs and electric potential difference be-

tween MSNPs and cargo molecules. The unloading behaviour was tuned by capping mul-

ti-layers polyelectrolytes or pH-sensitive co-polymers. 
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It is difficult to administer LY294002 systemically due to the insolubility, hydrophobi-

city and instability in aqueous solutions. We found that all studied MSNPs were able to 

deliver the LY294002 to cancer cells, and to cause efficient cell death. It was also found 

that the influence of hypoxia on the efficacy of the LY294002 to cause cell death was 

less profound when the compound was delivered using MSNPs. (i.e. under the hypoxic 

environment often found in tumours the physiological function of LY294002 was shown 

to be compromised).  

 

siRNA is a useful tool to interfere with gene expression. Despite many approaches have 

been developed to deliver siRNA (including stimulating cells, chemically modifying 

siRNAs and using viral carriers of siRNAs), major challenges, such as high fatality, low 

cellular uptake efficiency and rapid systemic clearance, remain in current siRNA delivery 

methods. The MSNPs tested in this study were found to be able to successfully load and 

deliver siRNA to cancer cell lines causing efficient gene silencing. HMSNPs and 

WMSNPs were found to be better transfection reagents than one of the current products 

on market (DharmaFECT transfection reagent 1) under the same experimental proce-

dures. Functionalised MSNPs appear to be more efficient siRNA carriers with higher 

transfection efficacy, lower cost and higher biocompatibility. 

 

MSNP-based delivery systems were also found to successfully co-deliver both 

LY294002 and siRNA. LY294002 and ELMO1-targeted siRNA co-delivery systems uti-

lising HMSNPs and WMSNPs were shown to be efficient in reducing cell viability and 

knocking-down ELMO1 expression. 
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7.2 FUTURE WORKS 

Despite the success of current MSNPs synthesis methods, it may be particularly benefi-

cial to concentrate further study on the template removal process for MSNPs that are in-

tended for use in medical applications. Further work to reduce the outer dimension of 

CMSNPs is also needed. The methods for loading cargo into the MSNPs, and reducing 

the amount of drug which is not released into aqueous solution, would also benefit from 

follow-up study. 

 

Future work could also include studies into more effective functionalisation of the MSNP 

surface for controlled release of cargo or targeting. Desirable properties for functionaliza-

tion include  1) to be reactive with the silanol groups or the anionic surface of MSNPs; 2) 

biocompatible; 3) able to minimise premature cargo release, and 4) able to target specific 

cells or able to dissemble after trigger. Ideal nanoparticles functionalisation would there-

fore allow targeted delivery with minimal off-target cargo loss, and minimal harm to 

healthy cells.  

The PMPC-PDPA co-polymer used in this study was found to be pH-sensitive albeit not 

sensitive enough in the physiological range under the current protocol. A further study 

could concentrate on the chemistry of PMPC-PDPA co-polymer in order to tune the pH-

sensitivity. 

 

Furthermore, the anti-cancer mechanisms of LY294002 and other PI3K inhibitors should 

be studied further. We observed many physiological functions of LY294002 in selected 

cells; however, there is a lack of focused studies on the mechanisms in metabolic altera-
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tions after treatment. In particular, studies of chemotherapeutics to cancer cells under 

glucose, or other metabolite stress are lacking. Cancer cells in laboratories are mostly 

cultured in media with sufficient nutrients and oxygen, which is generally not found in 

real tumour microenvironments. It would therefore be beneficial for future research in 

pharmaceuticals, drug delivery and other cancer-related field to be mindful of the behav-

iours of the cancer cell lines to oxidative and/or metabolic stress in order to properly in-

terpret results from in vivo studies, and clinical trials. 

 

PEI coated MSNPs were found to be valid and efficient siRNA carriers. However, further 

research will be necessary to reduce the cytotoxicity of such delivery systems. This may 

include the development of new biocompatible polymers with high transfection efficacy.. 

 

In addition, the efficacy of stimuli-sensitive coating, drug unloading behaviours, system 

clearance and long-term fate of MSNPs based drug delivery systems will need to be per-

formed  firstly on 3D-cultured cells (such as cell spheroids) and subsequently on in vivo 

models.  
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Appendix 

 

Figure S2.1 EDX mapping of a representative HMSNP sample measured using TEM. EDX 

mapping on those specific elements: Carbon, Silicon, Oxygen, Aluminium, Phosphor, Calcium, 

Iron, Chromium, and Copper   

 

 

Figure S2.2 A sum EDX spectrum of a HMSNP sample with impurity elements detected 

C                                                 Si                                                 O 

Al                                                P                                                 Ca 

Fe                                               Cr                                              Cu 
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Figure S2.3 The isotherm linear plot of a) HMSNP, b) BMSNP, c) CMSNP and d) WMSNP from relative pressure 0.0 to 1.0 

(a) (b) 

(c) (d) 
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Figure S3.1  Bioenergetic profiles of immortalized cell lines UW249, Res259, RD, RH30, 

M059K, SF188, U87-MG, Res186 (Unpublished, Huang, et. al). Oxygen consumption rate and 

extracellular acidification rate are plotted to quantity mitochondrial respiration and to give an 

indication of glycolysis rates 
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Figure S3.2 MitoXpress calibration curves of RD (a & b) or U87-MG (c & d) cells plotting lifetime values against ambient oxygen percentage. The 

lifetime was decreased after treatment with mito-poisons poisons (1 μM rotenone and 4 μM Antimycin-A ) (a & c); The lifetime was not shown depend-

ence on cell number (b & d). (The data are presented as the means ± standard deviation, 24 points were taken from the plateau region from n = 3 repli-

cates) 
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Figure S3.3 ATP, ADP production from a) RD or b) U87-MG cells after treatment with 50 

µM LY294002 for 24 hours under either hypoxic (1% O2) or normoxic (21% O2) environment 

(The data are presented as the means ± standard deviation, n= 3) 
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Figure S4.1 Concentration dependence of the fluorescence of Calcein (a) and Rhodamine B 

(b) plotting the concentration of model drug against fluorescence. Insets show detail of low con-

centration calcein or Rhodamine B 

 

 

Figure S4.2 The release profile of PMPC-PDPA capped siRNA/Rhodamine B loaded 

HMSNP in release buffers with pH 5 or pH 9 over 24 hours 
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ELMO1

@ 

HMSNP 

  
ELMO1 

@ 

BMSNP 

  
ELMO1 

@ 

CMSNP 

  
ELMO1 

@ 

WMSNP 

  

Table S5.1 A typical scratch test images after RH30 cells were transfected with ELMO1 for 

72 hours on different carriers. Pictures were taken immediately after scratch (time 0) and after 24 

hours incubation (scale bar: 200 µm) 
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