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Abstract 
 

The development of a drug delivery system (DDS) is essential to remedy the 

limitations of free drug molecules.  The use of silica as a DDS over other systems 

(for example, liposomes) can be attributed to it being more robust and versatile.  This 

thesis investigates bio-inspired silica (BIS) and compares it to mesoporous silica 

nanoparticles (MSN), which have received much attention for drug delivery 

applications.  The BIS synthesis utilised amines to condense silica quicker than 

MSN, under benign conditions and without the use of hazardous chemicals.   With 

this synthesis method drugs can be loaded in situ and there is potential for amines to 

have dual function of condensing silica and acting as functionalisation.  BIS has also 

been shown to be more biocompatible than MSN.  Due to these reasons it can be 

argued that BIS has the potential to be a more desirable silica DDS than MSN. 

Using ibuprofen as a model drug, reaction conditions (e.g. choice of amine 

additive, synthesis pH and maturation time) were systematically investigated to 

elucidate their effects upon drug loading and release.  BIS synthesised with the 

amine poly(allylamine hydrochloride) (PAH) (which will henceforth referred to as 

BIS-PAH) was focused on, as this was the only amine system which released a 

significant proportion of loaded drug and achieved comparable or improved 

ibuprofen loading when compared to MCM-41.  PAH plays an important role in 

facilitating the loading of ibuprofen, however if too much is present, release is 

inhibited greatly.   The condensation rate of silica is also an important factor; when 

condensation rate was increased more drug was able to be released.  This is likely 

due to less of the drug being entrapped within the silica particle and more being 

phys-adsorbed to the silica surface.    
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Next the use of BIS to deliver hydrocortisone (HC) was investigated.  

Current treatments for adrenocorticoid insufficiency using hydrocortisone do no 

mimic the natural circadian variation in levels of blood cortisol.  Firstly, the stability 

of HC during the in situ loading process was measured and data are presented that 

show that HC must be loaded post-synthesis, to avoid degradation in the reaction 

mixture.  The efficiency of loading was largely unaffected by amine, however, only 

BIS-PAH allowed for drug release.  Longer BIS-PAH maturation times gave 

lowered loading but the release was improved.                                                                                                                                                        

Finally, biocompatibility of BIS was also investigated and it was found that, BIS 

was able to pass through the gut wall into the blood stream, and it was non-

haemolytic when compared to MCM-41. There is a potential for bioaccumulation 

due to silica’s chemical stability. 

Although the use of BIS for delivery of hydrocortisone was unsuccessful, BIS 

does have several advantages over MCM-41 (such as quicker synthesis route, 

involving a one-pot synthesis and drug loading method, simple controllability, lack 

of hazardous chemicals and superior biocompatibility) and the results presented here 

show that BIS has similar or improved drug loading and release profiles to MCM-41 

when using ibuprofen.  With further drug and biocompatibility experiments, these 

benefits give BIS real potential as a viable DDS to be further investigated. 
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1.1 An introduction to nanomedicines 

 

Nanoparticles (defined as particles with diameters between 1-100 nanometres) 

have been applied to a huge range of applications including use as catalysts, high-

performance batteries, cosmetics, and as food additives 2,3.  One exciting application 

of nanoparticles (NP) is in medicine.   The idea of using nanoparticles in medicine 

has been around for many years.   An early example comes from a paper published 

in 1976 which describes an investigation into the potential use of organic 

nanoparticles in a vaccination against Clostridium tetani (the bacterial agent causing 

tetanus in humans) 4.  Despite nearly four decades of research, there is currently no 

universally accepted classification for nanomedicines (although the national cancer 

institute (NCI) and the FDA (Food and Drug Administration) are trying to develop 

one) which has led to some reviewers of the field to create their own criteria.  One 

such reviewer described nanomedicine as the “use of nanoscale or nanostructured 

materials in medicine, engineered to have unique medicinal effects based on their 

structures, including structures with at least one characteristic dimension up to 300 

nm” 5. 

 Nanomedicines can have several advantages over conventional medicines 

and as such are seen as potential solutions for many medical problems 5,6.  

Nanomedicines can have higher cellular uptake 7,8 and can stay longer in the blood 

stream, increasing the efficacy of the loaded drug 9 and are also able to target 

tumours by accumulating within cancerous cells more than in healthy cells 10.  A 

comprehensive study of the literature by Etheridge et al. in 2013 yielded significant 

information on the types of nanomedicine being studied or commercially available 5.  
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The majority of nanomedicines under investigation or on the market were 200nm or 

smaller in diameter, to be administered intravenously and the vast majority of them 

were for cancer treatments.  Other applications for nanoparticles in nanomedicine are 

shown in Table 1.1. 

Clearly nanomedicines have great potential to be extensively used in the 

future and one area which is attracting more and more interest is in drug delivery.   

Table 1-1 -Non-exhaustive list of potential medicinal uses for nanoparticles 5   

 Cancer Treatment  Treatment of infectious 

diseases 

 Drug delivery  Bone substitutes 

 Anaesthetics   Surgical devices 

 In vivo imaging  Dentistry 

 Tissue engineering  Treatment of inflammatory/ 

immune disorders 

 

1.2 An introduction to drug delivery systems 

 

 The development of drug delivery systems (DDS) is a wide field, of which 

nanotechnology and nanomedicine are only a part.  DDS are formulations which are 

able to release a drug molecule at a defined site or rate 11 and are being heavily 

investigated and developed due to the many limitations of free drug molecules, 

which are summarised in Table 1.2. 
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Table 1-2 - The limitations of free drug molecules which drug delivery systems aim to remove 11 

 Poor solubility 

 High toxicity 

 Requirement of high doses 

 Aggregation of drug due to poor solubility 

 Non-specific delivery 

 In vivo  degradation 

 Short half-life (i.e. removed from the body quickly) 

 

 The main aims of any DDS are threefold; 1) to improve the bioavailability of 

one’s drug molecules, either by reducing its degradation or by increasing its uptake 

into the target site, 2) to control the rate the drug is released so that the concentration 

of drug remains within its therapeutic window (i.e. ideal concentration for activity) 

for longer, and 3) to reduce any side effects caused by the free drug molecules by 

specifically targeting the drug to its point of activity 12. 

Aside from the obvious medicinal benefits DDS potentially have, there are also 

large economic benefits to be gained.  Firstly developing DDS to solve the problems 

of drugs (seen in Table 1) is far more cost effective than developing completely new 

drugs from the start.  New DDS cost approximately $20-50 million and take around 

3-4 years to develop.  On the other hand, the development of a new drug molecule 

can cost around $500 million and take 10-12 years 13.  Once on the market there is 

big money to be made, with a predicted 1.5 trillion US Dollar value for the drug 

delivery technology market by 2020 14 
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Despite nearly four decades of research and the huge economic potential, there 

are currently very few DDS available on the market.  Most of these fall into two 

categories: Liposomal or lipid-based systems and PEGylated systems (i.e. where the 

drug is stabilised via the attachment of polyethylene glycol (PEG)) 12,15.  The 

majority of nanoparticle drug delivery systems approved by the FDA (Food and 

Drug Administration) have been designed for the delivery of anti-cancer agents or 

for treating dangerous chronic infections.   This is likely due to the greater 

acceptance of some side-effects caused by the treatments for these diseases, than for 

treatments for much milder diseases.  Some interesting examples include Doxil, 

which was approved for use in 1995.  This consists of PEG-stabilised liposomal 

doxorubicin and was approved to fight Kaposi’s sarcoma (a tumour caused by a type 

of herpes virus, which is highly common and dangerous in AIDS patients) 16. 

Another example, here of a system developed to tackle a chronic infection, is PEG-

intron (a pegylated interferon α-2B molecule).  This was approved in 2000 and is 

used to treat patients with chronic hepatitis C infections 17.  

 Since the types of DDS available on the market are limited, there is continued 

research into other potential materials.  Some of the most common systems being 

researched and their advantages and disadvantages are reviewed in table 1.3. 
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Table 1-3- Different types of DDS being currently researched 18 

DDS Description Advantages Disadvantages Ref

. 

Liposomes Vesicles 

consisting of a 

lipid bilayer 

Self-assembly; 

hydrophobic 

drugs can be 

passively loaded; 

slow 

degradation; 

deliver drug into 

cells; 

biocompatible 

Relatively low drug loading 

and sustained release; 

require functionalisation to 

provide stability; can be 

degraded by enzymes 

leading to premature release.  

18-22 

Dendrimers Branched and 

globular 

macromolecules. 

Selectively host 

biomaterials; 

multiple 

targeting. 

Toxicity; can have side 

effects when degraded. 

23-25 

Carbon 

Nanotubes 

Tubes of a single 

or multiple 

layers of a 

graphene sheet. 

Can be applied to 

many different 

therapeutic 

agents. 

Insolubility can lead to 

health problems; long term 

in vivo clinical trials lacking. 

26-28 

Gold 

Nanoparticles 

Nanoparticles of 

gold. 

Controlled 

release via 

temperature or 

kinetic energy 

possible; reduces 

therapeutic dose 

of cytotoxic 

drugs required. 

Accumulation and excretion 

not fully understood; high 

cost. 

29,30 

Mesoporous 

Silica 

nanoparticles 

Nanoparticles of 

silica. 

High surface area 

for drug loading; 

controllable pore 

size and structure 

to control release. 

Long synthesis time; 

hazardous chemicals used; 

potential for aggregation; 

uncontrolled release; 

potentially cytotoxic. 

28,31-

35 
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The focus of this project is on the use of silica nanoparticles as a drug 

delivery system.  In recent years the number of papers published on mesoporous 

silica nanoparticles for drug delivery applications has risen exponentially, making 

silica an important material for the future of drug delivery systems 36.  The 

successful use of silica DDS over other systems (such as polymer nanoparticles or 

liposomes) can be partially attributed to silicas thermal and chemical stability.  Silica 

is also thought to be more robust and versatile than many conventional DDS 36,37.  

While there are currently no silica-based drug delivery systems on the market, there 

is a gold coated silica (Auroshell) which is in the first stage of development to be 

sold as an anti-cancer agent 38.  

1.3 A brief introduction to silica 

Silica (SiO2) is a major component of the earth’s crust and is found in many 

different forms from crystalline quartz in rocks and sand to amorphous silica found 

in many living organisms 39.  Different forms of silica exhibit different properties 

and behaviours and can be synthesised in a large variety of ways (summarised in 

Figure 1.1). 
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Figure 1-1 - A summary of the methods of synthesising silica and the types of particles that are 

produced 

 For drug delivery applications not all of these synthesis methods are suitable.  

For example precipitated and pyrogenic/fumed silica are both powders and form a 

“smoke” when shaken in the air which can be harmful if breathed in and so will not 

be discussed here 40. 

The Stöber process was first developed in an attempt to produce 

monodispersed suspensions of silica particles.   These particles are normally non-

porous with a diameter in the colloidal range (1-1000 nm) and, since their initial 

construction in 1968, have been put to a wide range of applications, from being used 

in hard drives to use in biotechnology 41,42.  To create Stöber silica, the catalyst 

ammonia (dissolved in alcohol) is mixed with alkoxy silicate and continuously 

stirred to keep the forming particles in suspension.  The silica condenses very 

quickly, with the solution becoming opaque after 10 minutes.   In the original paper, 
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the particles were left to form for 2 hours before the reaction was stopped 43.  While 

there has been some research into using Stöber silica for drug delivery, the particles 

are non-porous which decreases the loading capacity for drug molecules and makes 

them largely unfavourable for drug delivery applications. 

The sol-gel process can produce two different types of silica; xerogels and 

mesoporous silica.  Xerogels can be synthesised by first forming a silica network 

(gel) in an aqueous environment.  This gel is then dried which leaves behind glassy 

SiO2 nanoparticles (known as xerogels) 40.  These silica xerogels are largely non-

toxic and can have very versatile properties since both their chemical and physical 

properties can be easily influenced by temperature, pH and even the drying process 

44.  The xerogels have received some attention for drug delivery applications 45;   

however, their dependence on pH and slow growth rates make them unfavourable for 

this application.  

Mesoporous silica nanoparticles (MSNs) are synthesised using the sol-gel 

method with the addition of surfactants which act as the template, directing silica 

condensation.  This template is then removed to leave behind silica with large 

surface areas (> 800 m2g-1) and a tunable pore size of between 2 and 15 nm 33,34.  For 

loading and controlling the release of drug molecules, surface area and porosity are 

greatly important and so, MSN are at the forefront of research into silica’s use for 

drug delivery and (as shown in Figure 1.2) papers on this topic have risen 

exponentially over the past 10 years.  
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Figure 1-2 - Number of papers published per year according to a search on Web of Science with 

the topics “mesoporous silica” and “drug delivery”. 

 Due to the attention MSN are receiving for drug delivery applications they 

will act as the benchmark with which to compare bio-inspired silica (BIS) (BIS will 

be discussed in section 1.6).  However, before more details on MSN and BIS are 

given it is important to understand the chemistry of silica synthesis in solution. 

1.4   The chemistry of silica synthesis in solution 

The synthesis of silica is a condensation reaction from silicic acid to silica and 

occurs in 3 steps; 1) polymerisation of monomer to form particles, 2) growth of 

particles and 3) the aggregation of particles to form chains and networks which result 

in the liquid thickening into a gel 46. 

Silicic acid can be easily made by dissolving a soluble silicate (such as sodium 

metasilicate) in water.  Higher concentrations of silicic acid ([Si] > 100 ppm) result 

in the formation of silica dimers in a nucleophilic substitution (SN2) reaction 
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(Reaction 1) of an oxygen atom onto another silicon atom, leading to the formation 

of a siloxane bond (Si-O-Si) 46,47. 

(OH)3-SiOH + HOSi-(OH)3  (OH)3-Si-O-Si-(OH)3 + H2O   [Reaction 1] 

As shown in Figure 1.3, polymerisation continues in such a way to give the 

highest number of Si-O-Si bonds and to keep Si-OH groups to a minimum.   Due to 

this, further condensation of the dimer leads to cyclic molecules, which then form 

into three-dimensional structures and eventually resulting in “spherical units”.   

These spheres of SiO2 (usually between 2-3 nm) act as nuclei from where the 

particles can grow (Figure 1.3) 46.  

 

Figure 1-3 - The polymerisation of silica; starting as silicic acid monomers which condense to 

dimers then cyclic trimers and tetramers before becoming particles,  Figure reproduced from 

ref 47 
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The rate of polymerisation and how the particles grow are greatly influenced 

by pH and the presence of salts.  Under acidic conditions, hydroxyl groups are 

protonated and the silica nuclei are neutral and so do not repel each other.  This 

allows for the linking of particles via free silanol groups on different silica nuclei 

forming new siloxane bonds.  As shown in Figure 1.4 this results in the particles 

forming chains and eventually a 3D open network with large water filled cavities and 

is known as a gel.  Gel time increases as the pH lowers due to increasing protonation 

of the silanol group making condensation reactions rarer.  Quickest gel times occur 

at pH 6 (when there are no salts in the reaction) or pH 7 (when salts are present since 

salts lower the ionic charge of particles) 46,47.  

 

Figure 1-4 - Sol-gel formation.  Where acidic pH results in particles aggregating together into 

chains and forming a gel and basic pH prevents this, so Ostwald ripening occurs leading to 

larger particles and the formation of a sol. Figure reproduced from ref 47 
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Under basic conditions, the particles are all negatively charged and will repel 

each other.  This means that gels generally cannot be formed.  However; particle 

growth can occur through a process called Ostwald ripening (Figure 1.4). Ostwald 

ripening is where small particles are in a constant state of dissolving and then re-

depositing onto any larger particles until the particles reach a size where they can no 

longer dissolve 46.  Once all the particles are too big to re-dissolve, growth stops and 

the resulting structure is known as a Sol.   

1.5   Synthesis and properties of mesoporous silica nanoparticles 

As stated previously, the focus of the use of silica for drug delivery 

applications is upon mesoporous silica nanoparticles (MSNs).  These particles are 

characterised by their large surface areas (> 800 m2 g-1) and their tunable pore sizes 

of between 2 and 15 nm 33,34.  A wide variety of MSN have been created, but the 

focus here will be on three types which have received most attention into their use as 

drug delivery systems: MCM-41, MCM-48 (MCM: Mobil Crystalline Materials) and 

SBA-15 (SBA: Santa Barba Amorphous).   

To create the high surface area and tunable pore sizes, surfactants are 

employed as structure-directing agents.  In the example shown in Figure 1.5, CTAB 

(cetyltrimethyl-ammonium bromide) is used as a surfactant which self-assembles 

into rod-shaped micelles.  When a silica precursor is added, the silica condenses 

around the micelles, taking their shape.  The surfactant can then be removed (either 

through calcination or acid solvent extraction) which leaves behind a silica structure 

with the desired surface area and pore sizes 36.  Table 1.4 gives example synthesis 

methods for three different types of MSN. 
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Figure 1-5 - Scheme showing the synthesis of MCM-41 with CTAB surfactant micelles as a 

template,  Figure reproduced from ref 33 

The choice of surfactant can change the pore structure dramatically.  MCM-41 

and SBA-15 both have a 2D hexagonal channel pore structure, where SBA-15 

generally has thinner pore walls and wider pore sizes than MCM-41 (5-30 nm 

compared to 1.6-10 nm).  This could be useful for the loading of larger molecules 

onto the silica.  MCM-48 has an interesting porous structure, where two 

interpenetrating continuous networks of channels form within these particles.  It is 

thought that this provides very easy access for any guest molecule and also prevents 

pore blockage 48-50.  The hexagonal pore structure of MCM-41 and the bi-continuous 

pore structure of MCM-48 can be visualised in Figure 1.6. 
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Figure 1-6 - Pore structures of MCM-41 and MCM-48 51 

Table 1-4 - Examples of reaction conditions of three types of MSN 52 

MSN Reaction conditions Ref. 

MCM-41 Cetyltrimethylammonium bromide (CTAB) (surfactant) is dissolved in 

a solution of water and tetramethyl ammonium hydroxide (TMAOH).  

Solution is heated to 35 OC with constant stirring for 30 minutes before 

tetraethyl orthosilicate (TEOS) is added drop wise.  Mixture is stirred 

for an hour at 38 OC and then stirred for 2 hours without heat.  Solution 

is autoclaved at 100 OC for 24 hours.  Surfactant is removed via acid 

solvent extraction.   Silicate is finally recovered via gravity filtration. 

48 

MCM-48 CTAB (surfactant) and F127 (tri-block coploymer) are dissolved in a 

solution of water, ethanol and ammonium hydroxide.  TEOS is then 

added and mixture left stationary at room temperature for 24 hours.  

Solid is recovered via ultrahigh speed centrifugation and washed in 

water.  Sample is then dried at 70 OC. Surfactant removed via 

calcination at 550 OC. 

53 

SBA-15 TEOS (a silica precursor), PEO20PPO70PEO20 (tri-block coploymer) 

and hydrochloric acid are dissolved in water and heated at 30OC for 20 

hours and then 95 OC for 24 hours before being washed, dried (at 70 

OC) and calcinated at 550 OC (to remove the surfactant). 

54 
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 While MSNs have huge potential as and have been heavily investigated for 

drug delivery applications, they do have some drawbacks.  Synthesis of these 

particles requires several hours of work can take between 10 and 146 hours55-58 and 

requires hydrothermal conditions (the use of high temperature during synthesis and 

calcination) as well as using and producing hazardous chemicals (such as TEOS) 55-

58.  This increases the cost of production, creates issues for scale up (i.e. high energy 

cost and large volumes of hazardous chemicals), along with potential negative 

environmental impacts.  Therefore, a method of synthesising silica under benign 

conditions and in a much shorter time scale would be much more favourable, and 

this is the case for bio-inspired silica.  Before discussing bio-inspired silica, the 

literature regarding the use of MSN for drug delivery applications will be reviewed. 

1.6   Mesoporous silica nanoparticles (MSN) as a drug delivery system 

 

As discussed in section 1.2, there are currently very few drug delivery 

nanoparticles on the market.  This is likely due to both safety issues and the lack of 

optimisation of drug delivery system properties (i.e. lack of good drug loading, 

release profiles and specific targeting).  This means that there is a huge potential 

market for a nanoparticle drug delivery system with controlled release of several 

potential drugs 59.  As yet silica nanoparticles have not been fully utilised as DDS 

and investigations into this potential have mainly focussed on more fundamental 

properties of a DDS (i.e. the ability to hold and have controlled release of drugs and 

also to have low cytotoxicity).   

MSN were first shown to have potential as a drug delivery system in 2001, where 

a study reported the effective loading of ibuprofen onto the MCM-41 and also 
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showed a prolonged diffusion of the drug out of the nanoparticles over 80 hours 

when immersed in simulated body fluid 60 . Since then MSN have come to the 

forefront of silica research for drug delivery applications due to their large surface 

area (> 800 m2 g-1) (which allows for a huge capacity to hold drug molecules) and 

the ability to have fine control over MSNs properties.  Size and shape of nanoparticle 

and the size and geometry of the pores can be altered, which allows for the potential 

for a wide range of drugs (with different sizes and properties) to be loaded onto the 

silica 36,61.  MSNs are also generally regarded as being more robust and versatile than 

more conventional drug delivery systems and can also be produced reliably,   making 

them advantageous to the pharmaceutical industry  36.  

A major advantage of using any DDS is the ability to control the release of drug 

molecules.  This allows one to alter the dosage of drug being released which can 

result in increased activity time, decreased toxicity and increased patient compliance 

(due to fewer tablets being administered) 12,62.  Drug release from MSN can be easily 

controlled, simply by utilising the controllability of MSN porosity.  Some studies 

have shown that a decrease in pore size results in the reduction of the release rate of 

ibuprofen and erythromycin (an antibiotic) 63,64.  Altering the surface area can also 

increase drug loading, which will affect the dose of drug being released 65.  

However, an important issue for all types of MSN is the host–guest interaction 

(i.e. the interaction between the MSN and the drug).  If the MSNs are made from 

pure silica then the only binding sites available are between the free Si-OH groups 

and the functional groups of the guest molecule (likely forming only weak 

intermolecular hydrogen bonds) 36,66.  This issue can be easily remedied via the 

addition of different functional groups on the mesopore walls, a process known as 



32 
 

“functionalisation”.  A study in 2003 hypothesised that as ibuprofen contains an acid 

group, then if the silica pore walls were functionalised with basic groups, the 

“host/guest” interaction would be strengthened.  This study functionalised MCM-41 

with amino-propyl groups and observed a longer release profile in functionalised 

MCM-41 when compared to unfunctionalised silica 67.  Another study functionalised 

SBA-15 with alkyl groups of varying lengths, in an attempt to load L-tryptophan (a 

hydrophobic amino acid) which is impossible to do with unfunctionalised MSNs.  

This study observed that an increase in the length of the alkyl group resulted in a 

higher loading of L-tryptophan.  This was due to the long hydrocarbon chains 

creating a hydrophobic environment where L-tryptophan is able to reside 68.   

The guest molecule ultimately determines the type of functionality required to 

improve loading and release and MSN can be functionalised with many other groups 

including –CN, -Cl, -SH, -F and phenol groups 69.  Along with pore size, 

functionalisation is an important tool for controlling drug loading and the rate of 

drug release; however, it does not offer any target specificity.   

The ability to control the release of drugs and target this release to a specific site 

in the patient’s body is one of the key roles of a drug delivery system.   This 

characteristic ensures that the drug is released at the site of drug action, thus 

increasing the efficacy of the drug and reducing toxicity (especially significant for 

anti-cancer drugs).  One of the most common methods of controlling drug release is 

through the use of “stimuli-responsive” polymers (often called “smart materials”).  

As shown schematically in Figure 1.7, these polymers can be manipulated by 

external stimulation and so can be used to “plug” the pores of MSNs under one 

condition, but then be removed and allow the drug to be released under a different 
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condition (Figure 1.7).  There are a whole range of external stimuli which can be 

used to manipulate these “smart materials”, ranging from magnetism, ultrasound and 

light, to the more conventional, temperature and pH 70,71. 

 

Figure 1-7 - Schematic of the “stimuli-responsive” polymers entrapping drug molecules into 

MSN, only releasing cargo upon an external stimulus 72 

 Zhou, et al. (2007) investigated the use of poly(N-isopropylacrylamide) 

(PNIPA) as a stimuli-responsive polymer for controlling the release of ibuprofen 

from mesostructured cellular foam (MCF) (this was used rather than MCM-41 due to 

its larger pore sizes and therefore it was better suited for holding larger molecules).  

This study observed a temperature transition of PNIPA between 30-40oC.  This 

proved hopeful as the core temperature of the human body (where one usually 

desires the drug to be released) is 37 oC.  While this study observed a higher 

percentage of drug release at higher temperatures (80-90% at 50 oC), there was still a 

promising percentage of drug released at 37 oC (around 50%) which allowed to 
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authors to conclude that this type of release control has some potential for drug 

delivery applications 71. 

Perhaps a more useful method of controlling drug release is through pH.  By 

far the most preferred route of administering drugs is orally.  But the use of this route 

of administration comes with the varying environments of the gastrointestinal tract.  

A drug must first survive the low pH of the stomach (around pH 1.2) before reaching 

the more neutral small intestine, where it can then be absorbed into the blood.     A 

study in 2007 by Song, et al., showed some promising results using pH to control 

drug release.  This study loaded SBA-15 with bovine serum albumin (BSA).  The 

SBA-15 used was functionalised with amine groups which allowed for the coating of 

the particle with poly(acrylic acid) (PAA).  PAA would remain attached to the 

particle under acidic conditions (and so entrap the BSA), but releases from the silica 

at neutral pH (and so releasing the drug).  PAA has the additional advantage of being 

able to attach to the mucosal lining of the upper small intestine, which will allow for 

the drug to be released in close proximity to the intestinal wall.  With this system, 

very promising results were seen.  Without the protective coating, BSA was released 

from SBA-15 at similar efficiencies regardless of pH (45% at pH 7.4 and 50% at pH 

1.2).  However, when the SBA-15 is coated with PAA, only 10% of BSA is released 

under acidic conditions, but around 40% is released at pH 7.4 73. 

While oral administration of drugs is the preferred route, it is not always the 

best route.  Sometimes intravenous administration is the preferred route to administer 

drugs, but how to target its release?  Some types of tissues to which many drugs are 

targeted are actually slightly more acidic than normal blood and tissue, such as some 

tumours and inflammatory tissues.  It is this slight difference which allows for 
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specific drug targeting.  Yang, et al. (2005) investigated a method of releasing drugs 

from MSN under acidic conditions.  Here they coated carboxylic acid functionalised 

SBA-15 (which has been loaded with vancomycin) with 

poly(dimethyldiallylammonium chloride (PDDA) and observed a slow and 

prolonged release of the vancomycin at pH 4.5.   This release pattern is very useful 

in drug delivery as it ensures a prolonged maintenance of the optimum concentration 

of drug at the site of action 74. 

 MSN are clearly a useful material for drug delivery applications since they 

have the ability to load a high amount of drug (due to its high surface area) and can 

control the release by altering the porosity.  There is also the opportunity to improve 

these characteristics by employing functionalisation and stimuli-responsive 

materials.  However, they do have some major issues.  These nanoparticles are 

produced using harsh chemicals (such as TEOS and CTAB) and require an energy 

intensive calcination step (which increases the cost of production).  Functionalisation 

and drug loading add a further step each in the manufacturing process, increasing the 

timescale.  There is also evidence that functionalisation could lead to 

biocompatibility issues.  Functionalised MSN were seen to be significantly more 

cytotoxic than unfunctionalised Stöber particles, this is greatly detrimental to the 

argument for using MSN for drug delivery applications 35.  Therefore the one-step 

synthesis and drug loading process which occurs under benign conditions will be 

clearly more favourable as this is more compatible with drugs and biomolecules 75.   

The bio-inspired method of silica synthesis offers these benefits (as discussed in 

sections 1.5 and 1.6), however, a recent paper has been published which describes a 

one-pot in situ loading of drugs into mesoporous silica 76.  This paper mixed drug 
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molecules (either ibuprofen or heparin) with P123 (the surfactant which produces 

micelles for silica condensation) before adding TEOS and allowing silica to form 

(over the course of ~10 hours).  The temperature is kept at 37oC to avoid drug 

degradation 76.  This is an interesting synthesis route, and favourable drug loading 

and release were observed.  Drug release profiles were attributed to the dissolution of 

P123, since no calculation step occurred to remove the surfactant and create a true 

mesoporous material.  The authors argue that the lack of calcination decreases CO2 

emissions and since no organic solvents are used, the process is environmentally 

friendly.  This method has many of the same advantages as BIS and could be a 

potential rival system; however more work on the system and its biocompatibility is 

required. 

 

1.7 An introduction to bio-inspired silica (BIS) 

 

The “biomineralisation” of silica has mostly been observed in species of aquatic 

unicellular organisms, such as diatoms (a class of algae).  But several more complex 

organisms also possess this ability, such as some sponge species and even some 

plants 77.  Diatoms are a widespread group of eukaryotic algae and a major 

component of ocean phytoplankton (contributing up to 40% of the total ocean’s 

primary energy production 78).  Diatoms have rigid cell walls which are constructed 

out of amorphous, hydrated silica and are intricately and beautifully structured.  

Examples of which are shown in Figure 1.8 79,80. 
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Figure 1-8 - Electron micrographs of silica structures produced from several species of diatom.  

Figure reproduced from ref 80 

It has been observed that the structure of the silica cell wall is species dependent 

and did not vary through generations, suggesting the genetic control, and also the 

involvement of proteins in the bio-mineralisation of silica 79-81.  Long-chain 

polyamines allow living organisms to condense silica and several proteins have been 

identified 80-82.  Such proteins include silicatein (found in some sponge species 83) 

and silaffins (so named due to their affinity to silica), which are a group of proteins 

found in diatoms 84.  It is the synthesis conditions which makes biologically 

condensed silica interesting.  During bio-mineralisation, silica is condensed under 

mild pH, ambient temperatures and in an aqueous environment.  By studying and 

understanding the chemistry of the bio-mineralisation of silica in nature, a method 

inspired by this has been devised and is known as the bio-inspired method of 

synthesising silica. 
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 Initially polyamines found in nature (e.g. silaffins) were used to synthesise 

bio-inspired silica (BIS); however there were issues with their availability and purity 

85  Therefore, analogues were investigated and a large range of poly-peptides, small 

molecules and synthetic polymers have been discovered with the ability to condense 

silica, and these are summarised in the literature 85.   The bio-inspired mechanism is 

similar to the sol-gel chemistry (as described in chapter 1.4) but utilises amines to 

enhance proton transfer during silica condensation.  Since silica condensation is 

fastest at pH 7, this is the mechanism shown in Figure 1.9 46,47,77. 
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Figure 1-9 - The mechanism by which amines (in this case pentaethylenehexamine (PEHA)) 

catalyse the condensation of silica 77 

Figure 1.9 shows that initially the positively charged amines are attracted to 

deprotonated silanol groups on the surface of the silica.  This brings the amine and 

the silica into close proximity, allowing the non-charged amine groups to carry out 

their catalytic activity.   While classed as uncharged, these amine groups do have 

some basic characteristics (due to the presence of a lone pair of electrons).  This 

property allows for the deprotonation of a surface silanol group, which in turn allows 
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the now negative oxygen to nucleophillically attack a silicon atom in a free silicic 

acid molecule (Si(OH)4) via an SN2 reaction.  The complete binding of the silicic 

acid to the silica occurs due to the weakly protonated amine group acting as a 

bronsted acid and donating the proton onto the silicic acid, resulting in the removal 

of water (as a leaving group).  When anime is not present in the reaction mixture, 

free silicic acid molecules must directly attack charged silanol groups.  This results 

in a hydroxyl ion acting as the leaving group.  This ion is a much less favourable 

leaving group than water, which is why this reaction is normally so slow 77. 

The choice of amine additive can have a great effect on the resulting silica’s 

properties.    The number of amine groups per molecule and the level of methylation 

of the polyamine used both have significant effects on the size, porosity and shape of 

the silica product.   Belton, et al. (2005) investigated if the length of the polyamine 

used (i.e. the number of amine groups per molecule) had had any effect on the 

resulting silica product. It was observed that the resulting silica became more 

granular in structure with increasing length of polyamines.  With more amine groups 

per molecule, the condensation of silica was more efficient and resulting particles 

were less porous and so had reduced surface areas.   This study observed a clear cut 

off where, if the numbers of amines per molecule exceed four, only non-porous silica 

nanoparticles formed.  Whereas when smaller polyamines were added porous silica 

nanoparticles were formed. 77. 

 Whether the polyamine remains in solution or forms into droplets also 

impacts the structure of the silica nanoparticles. If the amine comes out of solution 

and creates a micro-emulsion, then a hydrophobic environment is formed, which is 

ideal for the removal of water molecules produced in the condensation of silica.  
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When micro-emulsions form, the silica condenses around the droplet and so hollow 

nanoparticles are yielded (Figure 1.10).  Hollow nanoparticles are important in 

biomedicine (with their potential use in dental implant materials and for drug 

delivery systems) as well as in other areas, such as use in thermal insulators 86.   

 

Figure 1-10 - A schematic of micro-emulsions of amine forming and resulting in the formation 

of hollow silica particles, Figure reproduced from ref 87 

Longer polyamines and polyamines with more methyl groups are more 

hydrophobic and so are more likely to come out of solution.  Interestingly, it has 

been observed that if amine groups are separated by more than three methyl groups, 

micro-emulsions are not formed due to an increase in the ease of amine groups 

becoming charged, which will also impact on the polyamine’s catalytic activity 87.  

The production of a micro-emulsion is not essential for the catalytic effect of 

polyamines on silica condensation; however, it is critical in the production of hollow 

silica nanoparticles.  If the amines remain in solution, only solid silica nanoparticles 

will form (Figure 1.10).   

Along with drug delivery applications, other applications for BIS have been 

well studied within the Patwardhan group.  BIS has been immobilised with enzyme 

for use as a biocatalyst, and it was found that using BIS resulted in better enzyme 



42 
 

activity over a wider range of temperatures and pH conditions than using free 

enzyme 88.  Carbon capture is also a potential application for BIS and it has been 

shown that enzyme immobilised BIS can sequester similar amounts of carbon 

dioxide to free enzyme, and BIS improved the thermal stability of the enzyme, 

allowing for excellent reuse potential and had good storage properties 89.  Finally, a 

feasibility study on the large scale and continuous production of BIS has been 

carried out and found that the manufacture of BIS is more economically favourable 

and resulted in lower CO2 emission than the manufacture of other types of silica.  

This shows that BIS has great potential for manufacture at an industrial scale 90.    

1.8   The potential for “bio-inspired” silica (BIS) as a drug delivery system 

 

As yet, there have only been four papers discussing the potential use of 

specifically bio-inspired silica (BIS) for drug delivery.    

A 2012 paper investigated the use of BIS for the delivery of ibuprofen.  Here a 

surfactant (CTAB) was used in order to create mesoporosity within the nanoparticles 

91.  It is important to note that while the use of BIS is a greener process; the method 

reported here takes 15 hours to synthesise the particles and also requires three steps 

(synthesis, calcination and drug loading), therefore this method does not solve the 

problems of MSN. 

Sano, et al. in 2010 presented a method where a dual-function protein (called 

#284) was loaded onto the silica nanoparticles 75.  This protein had been previously 

shown to be able to penetrate cell membranes and induce apoptosis (controlled cell 

death) as well as the ability  to induce the precipitation of silica 92.  While this study 
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showed promising release profiles of the protein, not all proteins or drugs will have 

the dual properties of pharmaceutical activity and facilitate silica precipitation.   

Another study utilised a synthetic silaffin variant (R5 peptide) which can trigger 

the condensation of silica.  Here the R5 peptide was covalently linked with a cargo 

molecule (CG12AB) via a disulphide bond which could be cleaved under reducing 

conditions, thus releasing the cargo molecule.  A scheme of this is shown in Figure 

1.11  93. 

 

Figure 1-11 - Silica precipitation with synthetic R5-cargo conjugates and release of cargo under 

a stimulus responsive cleaving of R5-cargo bond 93 

 This study had the goal of controlled drug release, however, in the absence of 

TCEP (tris(2-carboxyethyl)phosphine) (which would cleave the di-sulphide bonds) 

only 18% of the R5-cargo conjugate was burst released (i.e. uncontrolled release).  A 

higher rate of uncontrolled release (48% of R5-cargo conjugate was released) was 

observed under acidic conditions and so the authors argued that this characteristic 

may be of interest for releasing cargo in acidic environments (e.g. in some cellular 

compartments, such as lysosomes, or in and around tumour cells). 



44 
 

Finally, preliminary work from our group reported the green synthesis of 

silica with in situ drug loading of calcein (a hydrophilic drug-like molecule) 35.  

Steven, et al., also observed that release of calcein from BIS occurred in a two stage 

process with the initial burst release (attributed to the drug being phys-adsorbed to 

the silica surface) followed by a slower, more prolonged release (attributed to the 

diffusion of drug out of the internal porosity of the silica or to drug interactions with 

the amines).  The level of burst release could be controlled by changing the amines 

used, with longer amines (such as PAH) having lower burst release than from BIS 

synthesised with smaller amines (such as DETA).  The advantages of this synthesis 

route are that it requires no calcination or use of hazardous chemicals and the amine 

additive was separate from drug molecule (making the system more versatile). 

It is clear then that while BIS do have several advantages over MSN in their 

synthesis (e.g. quicker and under benign conditions) there is still a lot of work to be 

done to improve the loading and release of drugs from these silica particles.   
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1.9 Aims 

 

The main aim of this research is to primarily understand in situ drug loading 

into the BIS system.  Specifically, we plan to determine predictive rules, investigate 

the effects of amine additive, drug interactions and silica chemistry on DDS 

performance (drug loading and release profiles).  Ibuprofen will be utilised as a 

model drug to determine these predictive rules which then can be applied to a drug in 

need of an effective DDS; hydrocortisone.  Further, in order to make BIS a viable 

DDS, it should exhibit similar or improved loading and release profiles for ibuprofen 

when compared to the competitor MCM-41 based DDS.  Finally, for any DDS to be 

viable it must be fully biocompatible and the biocompatibility of BIS will be 

investigated using gut and blood models. 
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2. Chapter 2: Materials 

and Methods 
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2.1. Chemicals 

 

All reagents were purchased from Sigma unless otherwise stated, and used without 

further purification. 

Chemicals used in this project include: - Acetronitrile (HPLC Plus, ≥99.9%), 

ammonia (NH3, anhydrous, ≥99.98%) , anhydrous sodium sulphite (97%), 

ammonium molybdate ·4H2O (USP testing specifications), calcium chloride 

hexahydrate (98%) , concentrated hydrochloric acid, diethylenetriamine (DETA) 

(99%), dinitrophenol ( ≥98.0%) (DNP), Dulbecco’s PBS, formic acid ( ≥95%), 

glucose (≥99.5%), heparin, hexadecyltrimethylammonium bromide (CTAB) (United 

States Pharmacopeia (USP) Reference Standard), hydrocortisone (BioReagent, 

suitable for cell culture), hydrochloric acid solution 1M (HCl, Fisher), ibuprofen 

(≥98%),  magnesium sulphate heptahydrate (≥99.5%), oxalic acid ·2H2O (≥99%), 

pentaethylenehexamine (PEHA) (technical grade), p-methylaminophenolsulphate 

(99%) (Metol), potassium chloride (≥99.0%),  phosphate buffered saline (PBS) 

(tablets pH 7.4), poly(allylamine hydrochloride) average Mw ~17,500 (PAH), 

poly(fluorescein isothiocyanate allyamine hydrochloride) (Poly(allylamine 

hydrochloride) : Fluorescein isothiocyanate 50:1), potassium phosphate monobasic, 

sodium chloride (≥99.5%),  sodium metasilicate pentahydrate ( technical ) (Fisher), 

sulphuric acid (98%), tetraehylenepentamine (TEPA) (Acros organics), 

tetraethoxysilane (99.999% trace metals basis ) (TEOS), Triton X-100 (laboratory 

grade). 
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2.2. In situ drug loading into BIS and drug release 

 

To a solution of sodium metasilicate in deionised water (dH2O) a solution of amine 

additive (in dH2O) was added, followed by a 1 mg/ml drug (ibuprofen or 

hydrocortisone) solution (in 70:30 ethanol: water).  Then a known volume of 1M 

HCl (the volume of HCl required varied depending on the amine additive used) was 

added to reduce the pH of the solution to the desired pH (pH 7, unless otherwise 

stated).  The concentrations of the reactants in the final solution were 30mM of 

sodium metasilicate, 1 mg ml-1 PAH and 1 mg ml-1 drug, this ratio was termed 1:1:1 

Despite different levels of hydrophobicity, the same concentrations of ibuprofen and 

hydrocortisone were used to eliminate this variable.  For a 50ml batch of 1:1:1, 

0.3182g sodium silicate, 0.05ml of PAH and 0.05g of ibuprofen were used.   When 

synthesising BIS with other amines (DETA, TEPA and PEHA), a molar ratio of 

[Si]:[N] of 1:1 was used.  This equates to 0.05155g of DETA, 0.05678g of TEPA 

and 0.05809g of PEHA for a 50ml batch.  Once acid was added, silica precipitated 

within seconds and the solution was left for 5 minutes (longer maturation times did 

not affect drug loading efficiency or silica yield) before being centrifuged at 8000 

rpm for 15 minutes in order to stop the reaction.  The supernatant was stored at 4oC 

in order to determine the drug loading efficiency (% of drug which was loaded into 

the silica) and drug content (% weight of drug in the silica-drug complex) via the 

HPLC method described in section 2.4.  The silica pellet was resuspended, washed 

in deionized water and centrifuged, twice more (no detectable drug was observed in 

these supernatants , however due to the sensitivity of the HPLC, there is a potential 

loss of 0.005 m/ml of ibuprofen or hydrocortisone which was not detectable.) and 

finally dried at 45 oC for at least 5 hours. 
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Once dried, 10 mg of the silica was suspended in 1.4 ml of PBS (pH 7.4) and 

incubated at 37 oC to measure the drug release.  This method of measuring drug 

release was set up to create a very simple system to preliminary investigate the BIS 

system.  At each time point (1, 3, 5, 7 and 24 hour time points), samples were 

centrifuged at 8000 rpm for 15 minutes and 1 ml of the supernatant was taken for 

HPLC analysis and replaced with fresh PBS.  Release is expressed as the % of the 

drug loaded into the silica which has been released from 10mg of silica during the 

experiment.  Each sample was measured in triplicate and release profiles were 

obtained from each sample in triplicate. 

2.3. Synthesis of MCM-41 and post-synthesis drug loading 

 

MCM-41 was synthesised by first dissolving CTAB in 300 ml of 25 % ammonia at 

35 oC.   While stirring, 20 ml of TEOS was slowly added.  This solution was then 

stirred for 3 hours and then aged for 24 hours at room temperature in a closed 

container to allow silica to form.   The product was then vacuum filtered and washed 

with 1 litre of distilled water and finally dried overnight at 85 oC.  To remove the 

surfactant (CTAB), MCM-41 was calcinated at 500oC for 5 hours.   This was based 

on previously published methods 94.  MCM-41 used in this investigation was 

synthesised with the help of Abdunaser M. Ewlad-Ahmed. 

To load drug, 10mg of MCM-41 was immersed in a 1 mg ml-1 solution of drug 

(in 70:30 ethanol: water) at 37 oC for 24 hours.   Samples were centrifuged at 8000 

rpm for 15 minutes and the supernatant removed for HPLC analysis to determine the 

drug loading efficiency (chapter 2.4).  Supernatant was replaced with fresh PBS for a 

release experiment. At each time point, samples were centrifuged at 8000 rpm for 15 
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minutes and 1ml of the supernatant was taken for HPLC analysis and replaced with 

fresh PBS. 

2.4. Drug detection via high pressure liquid chromatography             

(HPLC) 

 

Drug loading and release were determined via an HPLC analysis method.  HPLC 

is a widely used separation and analytical technique.  HPLC involved injecting a 

liquid sample through a tube which contains porous particles of 3-10 µm diameters 

(known as the stationary phase) at high pressure.  Components in the mobile phase 

are separated in the column based on chemical and/or physical interactions with the 

stationary phase.  This means that some components stay in the column longer than 

others and so the mixture is separated.  On leaving the column, elutants are detected 

and measured as a function of time 95. 

The property of the mixture to be separated dictates the choices of the mobile and 

stationary phases.  The most common HPLC method is known as reversed phase.  

Here, the stationary phase is non-polar (such as C-18) and the mobile phase is water 

and a water-misable organic solvent (e.g. methanol or acetonitrile).  This method is 

so commonly used due to its versatility, being used for polar, non-polar, ionisable 

and ionic materials.  Other methods include normal phase (stationary phase is polar 

and mobile phase is non-polar) which is used for water sensitive compounds and 

chiral compounds, ion exchange (stationary phase contains ionic groups and the 

mobile phase is an aqueous buffer) which is used for inorganic and organic cations 

and anions and finally size exclusion (where molecules are separated because 

smaller molecules can diffuse into pores and larger ones cannot) which is used for 
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polymer characterisation and for proteins.  Once eluted, samples must then be 

detected with spectroscopic detection being favoured (either with UV absorbance or 

mass spectroscopy).  Refractive index detection and fluorescence can also be 

employed 95. 

For this project, an auto-sampler (GINA50) with a pump (P580) and variable 

wavelength detector (UVD170S) was used along with an ACE 5 C-18 column 

(150X4.6 nm with 5 µm particle size) at room temperature.  To measure ibuprofen 

an isocratic (i.e. mobile phase remains constant) reversed phase HPLC method was 

used with 30 µl injection volume and a mobile phase of acetonitrile: 0.1% formic 

acid (70:30) at a flow rate of 1ml min-1.  Ibuprofen retention time was approximately 

4.7 minutes and was detected using UV absorbance at a wavelength of 220 nm (λmax 

wavelength of ibuprofen).  The area under the curve of the ibuprofen peak can be 

found and a standard curve can be constructed (Figure 2.1).  Detection is limited to a 

range between 1mg/ml (above which the detector is bleached) and 0.005 mg/ml 

(below which peaks are too small to integrate). 
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Figure 2-1 - (A) An example HPLC trace of ibuprofen in 70:30 ethanol:PBS.  Peak is observed 

at 4.7 Minutes.  (B) Standard curve for ibuprofen run on HPLC.  Equation of the line is y = 649 

X, r2 is 0.95 

 

To measure hydrocortisone, an isocratic reverse phase HPLC method was used 

with 40 µl injection volume and a mobile phase of acetonitrile: water (7:3) at a flow 

rate of 1ml min-1.  Hydrocortisone retention time is approximately 7.1 minutes and 

was detected using UV absorbance at the wavelength 246 nm (λmax wavelength of 

hydrocortisone) 96.  The area under the curve of the hydrocortisone peak was found 

and a standard curve can be constructed (Figure 2.2).  Detection is limited to a range 

between 0.5 mg/ml and 0.005 mg/ml. 



53 
 

 

0.0 0.1 0.2 0.3 0.4 0.5

0

100

200

300

400

500

600

700

A
re

a
 u

n
d

e
r 

c
u

rv
e

Concentration of hydrocortisone (mg/ml)
 

Figure 2-2 -A) An example HPLC trace of hydrocortisone in 70:30 ethanol: water.  Peak is 

observed at 7.1 Minutes. (B) Standard curve for hydrocortisone run on HPLC.  Equation of the 

line is y= 1321X and r2 is 0.99 

 

Release data were plotted and fitted with a single exponential equation 

(Equation 2.1) where Y0 is the final % release, R0 is the slope at each point, X is time 

(hours.  One would expect A to equal Y0 but due to the time resolution it is left as a 

free parameter within the fitting equation.  By multiplying A and R0 the maximum 

rate of release (% release per hour) was deduced. 

    𝒚 = 𝒀𝟎 − 𝑨 𝒆−𝑹𝟎𝑿   Equation 2-1 
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2.5. Porosity analysis 

 

Gas adsorption is an important technique often used in materials science to 

elucidate several surface characteristics of a sample, including surface area, porosity 

and pore size distribution.  This is achieved by monitoring the way a gas (normally 

nitrogen) is adsorbed (via physisorption) on the surface of a material at its boiling 

point over a range of pressures 97. 

In this investigation silica nanoparticles were characterised using a micromeritics 

ASAP 2420 System.  Analysis occurred in two steps.  The first step, de-gasing, was 

carried out for at least 120 minutes at 120oC, in order to remove any adsorbed 

impurities which may be on the surface of the silica particles, prior to nitrogen 

adsorption.  Sample tubes were then evacuated and held at the boiling point of 

nitrogen (-198.5oC) by immersing in liquid nitrogen and allowing for nitrogen gas to 

enter the sample tubes and adsorb into the silica sample. The apparatus monitors the 

pressure of the vessel and the levels of nitrogen adsorption.  

Analysis of the data monitored by the micromeritics instrument included BET 

(Brunauer, Emmett, Teller 98) theory, used to characterise the surface areas of the 

silica particles, and the BJH (Barrett, Joyner, Halenda99) theory which allowed for 

the characterisation of the silica pore size distributions.  These two theories are 

discussed in more detail in appendix 1.  

2.6. Molybdic acid colorimetric assay 

 

The molybdic acid colorimetric assay is employed to measure the concentration 

of silica monomers in solution.  This method is often used to measure kinetics of 
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silica polymerisation, however, in this study it is employed to determine the 

degradation/dissolution of condensed silica back to monomeric silica 46.  This assay 

is highly sensitive and can detect silicic acid as low as 0.02 ppm (3.32X10-4 mM) 46. 

This assay works by first binding monomeric Si(OH)4 with acidified ammonium 

heptamolybdate to form the yellow silicomolybdic acid (Reaction 2.1).  This reaction 

is exclusive to monomeric silica and not polymeric silica since silicomolybdic acid 

contains only one silicon atom 46.   

7 Si(OH)4 + 12 H6Mo7O24·4H2O + 174 H2O = 7 H8Si(Mo2O7)6·28 H2O  [Reaction 2.1] 

When concentrations of silicic acid are too low (only a few parts per million), 

then the yellow colour of the silicomolybdic acid complex may be too weak to be 

detected and so the complex is reduced to molybdenum blue 46.   

Molybdic acid is made with 10g ammonium molybdate, 500ml dH2O and 60ml 

concentrated hydrochloric acid and adjusted to a final volume of 1L.  The reducing 

agent is made with 10g oxalic acid, 3.35g metol, 2g sodium sulphide, 250ml dH2O 

and 50ml concentrated sulphuric acid; this solution is then diluted to 500ml upon 

cooling. 

10mg of silica sample was immersed in 1.5 ml of dH2O and incubated at 37oC 

for 23 hours or 30 days, to determine the level of dissolution with would occur in 

vivo.  At each time point, samples were centrifuged at 8000 rpm for 15 minutes.  The 

supernatant was then stored at 4oC for measurement.  To measure silica monomer 

concentration, 100 µl of silicic acid solution is added to a solution containing 15ml 

dH2O and 1.5 ml molybdic acid.  This was allowed to stand at room temperature for 

exactly 15 minutes.  This allowed silicic acid monomers to react with molybdic acid 
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and form a yellow complex.  8ml of reducing agent was then added, whereupon the 

solution was reduced and changed to a blue colour.  The absorbance of the solution 

was then measured at 810nm after 2hours but before 24 hours.  A standard curve is 

made by measuring known concentrations of sodium metasilicate solutions (Figure 

2.4).  Detection range was between 15mM and 0.015mM. 
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Figure 2-3 - Standard curve of sodium metasilicate measured using the molybdic acid 

colorimetric assay.  Equation of the line is y= 0.0756X and r2 is 0.99 

 

2.7.  Movement of silica across rat intestine 

 

Rats (200-250g, male, Sprague Dawley) were anesthetised via intraperitoneal 

injection with pentobarbitone (60mg/kg) and sacrificed for the experiment. All 

experiments using animals were carried out under Home Office licence PPL 60/4341 

valid until May 2017 and held by Professor M. Helen Grant.   The small intestine 

was removed and washed through with 37oC Krebs solution (made from distilled 

H2O, 16.09% (w/v) NaCl, 1.1% (w/v) KCl, 0.22M KH2PO4, 2.74% (w/v) 
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MgSO4.7H2O, 0.12M CaCl2.6H2O).  Intestines were then inverted and bathed in 

Krebs solution, ensuring 37oC temperature was kept constant.  Small sections of gut 

(~5-6 cm) were cut and tied closed firmly at one end with thread, filled with 1ml of 

fresh Krebs solution, and then the open end was also tied closed.  Rat aesthesis and 

dissection was carried out by Catherine Henderson.  

In order to verify the health of the sections of gut, a control experiment was set 

up which measured the active passage of glucose across the gut wall.  Sections of gut 

were either immersed in 6ml of 1mM glucose solution or in 1mM DNP 

(dinitrophenol) solution (to inhibit the active transport of glucose 100) for 15 minutes 

at 37oC before a glucose solution (to make a final concentration of 1mM) was added.  

DNP inhibits all energy requiring cellular processes (including the active transport of 

glucose) by preventing the uptake of phosphates into the mitochondria thus 

inhibiting the production of adenosine triphosphate (ATP) during the oxidative 

phosphorylation process 100-102.  Sections of gut were then incubated at 37oC for an 

hour, before being cut open and their contents removed.   Glucose concentrations 

were measured using a Glucose (gluc-pap) assay kit purchased from Randox.   

In this assay kit glucose is enzymatically oxidised by glucose oxidase which 

forms hydrogen peroxide and gluconic acid.  The hydrogen peroxide is reacted with 

phenol (using the catalysts peroxide and 4-aminophenazone) to form quinoneimine 

which is a violet dye.  This violet colour was then be measured using an anthos 2020 

plate reader at 500nm and a standard curve was be constructed (Figure 2.5).  

Detection was limited to a range between 0mMol/L and 1.3mMol/L of glucose. 
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Figure 2-4 - Standard curve to calculate the concentration of glucose (using a gluc-pap assay 

kit). Equation of the line is y = 1.178X + 0.1384 and r2 is 0.99 

 

To measure the passage of silica through the gut wall, fluorescent silica was 

synthesised using the same method in section 2.2 except that PAH-FITC was used as 

the amine additive, thus creating fluorescent silica.  Fluorescence was measured on a 

RF-530IPC fluorometer at the excitation wavelength of 495nm, and the emission 

wavelength of 515nm.  A standard curve was constructed (Figure 2.6) so that 

fluorescence could be related to the concentration of silica.  Detection was limited to 

a range between 0.001mg and 0.5mg of fluorescent silica.   Tubes of inverted rat guts 

were incubated in 1 mg/ml silica solution (in Krebs) or 1mg/ml silica solution and 

1mM DNP for an hour at 37oC.  Guts sections were then cut open and contents 

removed and the fluorescence measured. 
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Figure 2-5 - Standard curve to calculate the concentration of fluorescent silica particles by 

measuring fluorescence. Equation of the line is y = 503.3X and r2 is 0.99 

 

2.8.   Imaging rat gut sections 

 

Sections of rat guts were preserved for imaging by submersion in a formalin 

solution (neutral buffered 10%) for half an hour followed by two PBS washes.  The 

inside and outside surface of the gut sections were then imaged using a Carl Zeiss 

Axio Imager Z1 with 10x/0.30 lens.  This further confirmed the movement of silica 

across the gut wall.  Gut sections were mounted using two methods; either by 

stretching the gut and pinning the edges or by compressing gut sections under Immu-

mount and a coverslip. 

2.9.   Haemolytic activity of silica 

 

To measure the haemolytic activity of silica, male rats (Sprague Dawley) were bled 

and the blood was stabilised with heparin (100 µl of 1000 units ml-1).  4ml of heparin 
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stabilised blood was diluted with 9ml of Dulbecco’s PBS (D-PBS) and centrifuged at 

2250g for 5 minutes.  The supernatant was carefully removed and the blood washed 

five times with D-PBS.  After the last wash, the red blood cells (RBC) were diluted 

with 40ml of D-PBS.  0.2ml of diluted RBC was then added to 0.8ml of silica 

suspension at the desired concentration to make a final silica suspension.  

Suspensions of BIS-PAH in D-PBS were made at concentrations of 12.5, 62.5, 125, 

312.5 or 625 µg/ml to make final concentrations of 10, 50, 100, 252 or 500 µg/ml 

once mixed with RBC.  Positive and negatives controls were set up by adding 0.2ml 

of RBS to either 0.8ml D-PBS (negative control) or 0.8ml of 0.2% Triton X-100 

(positive control).  All samples were prepared in triplicate and briefly vortexed 

before being left static at room temperature for 4 hours.  Samples were then mixed 

gently again and centrifuged at 10,000g for 2 minutes.  10µl of supernatant was used 

to measure the absorbance of haemoglobin using an anthos2020 plate reader at 

577nm with a reference wavelength of 655nm.  Haemolysis was calculated as % 

haemolysis = [(sample absorbance – negative control)/(positive control – negative 

control)] X 100 103. 

2.10. Scanning electron microscopy (SEM) 

 

Scanning electron microscopy (SEM) is a useful technique for imaging surfaces 

and particles with a resolution of ~10nm.  Before imaging, the sample must be 

correctly prepared.  Metals require no preparation since they already have the ability 

to conduct electricity.  Non-metals are required to be sputter-coated (normally with 

gold) to create a thin layer of conductivity.  The SEM works by firing a beam of 

highly concentrated electrons down the microscope and through a series of lenses to 
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direct the electrons towards the sample and maximise efficiency.  With more 

electrons, a higher magnification can be achieved.  This must all be carried out in a 

vacuum to avoid obstruction of the electron beam and impairment of the results.  

Once the electron beam (known as the incident beam) hits the sample, x-rays and 

three kinds of electrons are emitted from the sample; primary backscattered 

electrons, secondary back scattered electrons and Auger electrons.  An electron 

recorder detects the deflected primary and secondary backscatter electrons and is 

able to translate the scattering into an image (micrograph) 104. 

To image silica samples SEM was carried out using a Hitachi SU6600 field 

electron-SEM.  Samples were mounted on sample holders using sticky carbon tape 

and then gold splutter coated under vacuum to prevent the charging of the sample.  

Micrographs were taken using a 20kV potential difference and a working distance of 

8.7mm. 
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3) Chapter 3: 

Investigating the bio-

inspired silica system 

for drug delivery 
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The main aim of this research is to primarily understand in situ drug loading into 

BIS system.  Specifically, we plan to determine predictive rules, investigate the 

effects of amine additive and drug interactions and silica chemistry on DDS 

performance (drug loading and release profiles).  Further, in order to make BIS a 

viable DDS, it should exhibit similar or improved loading and release profiles for 

ibuprofen when compared to the competitor MCM-41 based DDS.  

 Ibuprofen was chosen since it is a commonly used model drug for DDS 

development due to its small molecular size (1.0 x 0.6 nm2) 60, its stability 105, ease 

of detection (UV absorbance at ~220 nm), and available literature on ibuprofen-silica 

systems for comparison.  Ibuprofen has been employed to act as a model drug for a 

whole range of applications using many different drug delivery systems, including 

liposomes 106-108, dendrimers 109-111, carbon nanoparticles 112, and of course silica 113-

115.  There has been little published on the loading mechanics of the BIS system and 

it has been speculated,  but not proven, that embedded amine, originally employed to 

facilitate silica condensation, also helps to functionalise the silica 35.  This chapter 

will show that the BIS system can be controlled using many factors such as the 

choice of amine additive, pH of synthesis, kinetics of synthesis and pH of release 

solution.  This chapter will show that BIS has several advantages over MCM-41 

(such as one step formulation, simple controllability and lack of hazardous 

chemicals) and it will show that BIS has similar or improved drug loading and 

release profiles to MCM-41.  These benefits give BIS real potential as a viable DDS 

to be further investigated.  
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3.1 The effect of the amine additive on the loading and release of 

ibuprofen 

 

The effect of the choice of amine additive for the synthesis of BIS upon its 

ability to load and release calcein (a non-pharmaceutically active but “drug-like” 

molecule) has previously been reported 35.  As these effects are drug specific, we 

investigated them for an active drug molecule (ibuprofen) in the BIS system and 

compared earlier results for calcein, with those for ibuprofen.  As a reminder drug 

loading efficiency is defined as the % of available drug during synthesis which was 

loaded into the silica, drug content is defined by the % weight of drug in the silica-

drug complex (i.e. mg of drug per mg of silica-drug complex), mass loaded is 

defined as the absolute mass of drug loaded into 10mg of silica.  Release is 

expressed as the % of the total drug loaded into the silica which has been released 

from 10mg of silica during the experiment or by normalising the total drug release at 

24 hours as “100%” (i.e. total amount of drug released over 24 hours).   

In order to screen for the most suitable systems, four amine additives were 

investigated; three small amines and one polyamine.  These were chosen based on 

their silica precipitation performance and previous investigations into BIS 31,35,77,87.  

We measured the loading efficiency (% of drug which was loaded into the silica), 

drug content in the DDS (% weight of drug in the silica-drug complex) and total 

amount of drug released (mg drug released from 10 mg DDS).  Diethylenetriamine 

(DETA), a small amine, was immediately excluded for use as it had a loading 

efficiency of only <5%, Figure 3.1.  The other amines used were 

pentaethylenehexamine (PEHA), tetraehylenepentamine (TEPA)) and 

poly(allylamine hydrochloride) (PAH) and they exhibited loading efficiencies of 20-
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30%, while MCM-41 showed ~40% loading efficiency (Figure 3.1).  The differences 

in loading efficiency between BIS and MCM-41 are likely due to the different 

methods in which the drug was loaded.  For BIS, ibuprofen was loaded in situ and so 

the drug would have been entrapped within the silica particles, followed by some 

surface physisorption.  With MCM-41, only post-synthesis loading was possible and 

so drug loading was entirely reliant on physisorption (hence surface area and 

porosity are important in this system).   
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Figure 3-1 - BIS Synthesised with Different Amines,  (A) % loading efficiency and % drug 

content (wt/wt) of ibuprofen into four different BIS and MCM-41 n=3, error bars represent one 

standard deviation 

When the drug release was measured, despite having loading efficiencies similar 

to BIS-PAH, both BIS-TEPA and BIS-PEHA released <2% of loaded drug and as 

such these amines must also be discarded (Figure 3.2).  Approximately 22% of 

loaded ibuprofen was released from BIS-PAH, compared to the 39% released from 

MCM-41 (Figure 3.2 and Table 3.1). The release data appeared to fit well using the 
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mathematical model shown in equation 2.1, with >0.9 R2 values in all cases (Table 

3.1).  The fitting showed that BIS-DETA, BIS-TEPA and BIS-PEHA all had a very 

low release rate (Figure 3.2).  The rates of release (Table 3.1) from MCM-41 and 

BIS-PAH were similar (15 and 17% per hour respectively).  Figure 3.2 C shows the 

data presented in figure 3.2A, but normalised to 100% (i.e. 100% is calculated as the 

total mass of drug released from each sample after 24hours).   Presenting the data 

like this highlights any differences in release profiles.   In the data shown in figure 

3.2C, the BIS profiles are all similar to MCM-41, suggesting that a similar release 

mechanism is taking place (i.e. only surface bound drug is being released from the 

different BIS systems). 
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Figure 3-2 - BIS Synthesised with Different Amines   (A) The % release of loaded ibuprofen 

from four different BIS and MCM-41 (data fitted using equation 2.1), (B) Total mass of 

ibuprofen (mg) released from 10mg of silica sample, (C) Release of loaded ibuprofen expressed 

as a % of final concentration released from BIS synthesised with different amines and MCM-

41.  n=3, error bars represent one standard deviation.   
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Table 3-1 - : Results of silica yield and of mathematical fitting (using equation 2.1) of release 

data presented in Figure 3-2 

DDS 

Silica 

produced 

(mg) 

Yield 

(%) 

Ibuprofen 

loaded 

(mg/10mg 

of silica) 

Ibuprofen 

loading 

efficiency 

(%) 

Max. 
Release 

(% h-1) 
R2 

Total 

ibuprofen 

released 

(mg)* 

Total 

ibuprofen 

released  

(% of 

loaded)  

BIS-

DETA 
61 67 0.27 3.42 0.24 0.985 9.5 X 10-4 1.83 

DIS-

TEPA 
47 52 2.68 34.20 0.018 0.921 2.7 X 10-3 0.10 

BIS-

PEHA 
44 49 3.20 36.58 0.037 0.985 7.7 X 10-3 0.28 

BIS-

PAH 
79 88 1.29 23.23 17.26 0.913 0.288 22.23 

MCM-

41 
N/A N/A 0.33 41.34 15.46 0.998 0.12 39.03 

  *from 10mg of silica  

 

The drug content on MCM-41 was found to be ~3 wt. %, while the drug content for 

BIS-PAH was ~13 wt. % (Figure 3.1).  Despite this, MCM-41 released around half 

the amount of drug when compared to BIS-PAH (0.12mg compared to 0.28mg for 

10 mg DDS, respectively).  Doses of ibuprofen are normally administered in 400, 

600 or 800mg tablets 116.  At the drug content shown in Figure 3.1 for BIS-PAH and 

MCM-41, a patient would have to consume 14g or 33g respectively to get a 400mg 

dose of ibuprofen.  This is an impractical amount of silica to consume but the aim of 

this chapter is to first understand the mechanics of the BIS system so that it can be 

improved to load and release pharmaceutically relevant doses.  The drug content also 

highlights a key benefit of using BIS over MCM-41, high doses of MCM-41 silica 

can result in serious toxicity issues unlike BIS 35,103.  The loading mass and % 

efficiency for MCM-41 (figure 3.1, 3.2 and table 3.1) may at first to be 

contradictory, however this is due to a difference in loading methods and the 
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maximum loading mass between the BIS and MCM-41.  While the concentrations 

being loaded were the same (1mg/ml), the volumes were significantly different.  BIS 

was synthesised in a 50ml batch, meaning that at 1mg/ml, there was 50mg of drug 

available to be loaded into BIS.  MCM-41 on the other hand required post synthesis 

loading.   All experiments measured the loading and release from 10mg of silica and 

so 10mg of MCM-41 was loaded by immersion in 1.4ml of 1.mg.ml drug, meaning 

that there was a maximum of 1.4mg drug available to be loaded.   The loading 

mechanism for MCM-41 (and for BIS) is not optimal (a higher concentration of drug 

would increase the diffusion pressure for drug loading) and should be improved in 

the future.    

The differences in release profiles between BIS synthesised with the different 

amines could potentially be attributed to a variety of factors.  The lack of drug 

release may be because of drug crystallising upon the surface of the silica.  Ibuprofen 

bound in MCM-41 may be amorphous and hydrogen-bonding with free silanol 

groups on the MCM-41 pore walls, whereas ibuprofen loaded into BIS becomes 

crystalline.    This crystalline drug will form due to its hydrophobic nature and not be 

readily released form the silica surface.  If the drug was amorphous rapid drug 

release would be observed.  Further investigations would be required to verify this 

idea.   To determine the phase of the drug and its location on or within the silica 

techniques such as differential scanning calorimetry (DSC) or X-ray diffraction 

(XRD) could be employed.  DSC is able to detect phase transitions of a compound as 

the sample is headed up and XRD is able to identify the atomic and molecular 

structure of a crystal.   By employing these techniques one could determine the 
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location and the phase of the drug molecule, thus determining if it is the hydrophobic 

drug crystallising on the BIS surface which is inhibiting release. 

 Other possible explanations for the differences in release profiles could be 

attributed to the porosity and morphology characteristics of the silica synthesised 

(Figure 3.3).  In the case of MCM-41 (a mesoporous silica), it is generally accepted 

that porosity is a major factor in controlling the release of drugs (see chapter 1.5), 

and so further investigation was needed as to whether this was the case for BIS 35,117-

119.  BIS and MCM-41 display a different type of adsorption isotherm which 

highlights the differences in porosity.   Adsorption isotherms shown in appendix 2 

show that all BIS display a type II adsorption isotherm which suggests a non-porous 

material, this is supported by the pore size distribution (figure 3.3).  MCM-41 

displays a type IV adsorption isotherm which suggests mesoporous, which was 

expected for this type of MSN.  BIS-DETA, TEPA and PEHA all have a very small 

pore volume (~0.1 cm3/g) and low surface areas (~20-40 m2/g), see figure 3.3.  The 

pore volume and surface area for BIS-PAH (0.74 cm3/g and of 129 m2/g 

respectively) were higher than that of BIS synthesised with the other three amines.  

Silica particles synthesised with any of the small amines were dense when compared 

to BIS-PAH, which may explain the higher release from BIS-PAH within the BIS 

series.   Interestingly, MCM-41 has a much larger surface area (989 m2/g) than any 

of the BIS, but it demonstrated loading efficiency comparable with BIS-PAH.   

A Common sizing technique, dynamic light scattering, was deemed inappropriate 

for sizing the BIS particles due to their deposition out of solution.  This means that 

an accurate particle size could not be obtained through this technique (data not 

shown).  SEM was chosen instead to measure the sizes of the particles.  This method 
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may still not give a fully accurate picture of the sizes of the particles due to the 

aggregation of silica particles commonly occurring.   Scanning electron microscopy 

(SEM) revealed that BIS-PAH particles were fairly uniform in shape and sizes, 

without and with the presence of drug (72±17 nm and 78±18 nm, Figure 3.4 and 

3.5), thus suggesting that the presence of the drug did not affect the particle sizes 

significantly. On the other hand, MCM-41 samples used herein were not only very 

large in comparison (3340±1013 nm, Figure 3.4 and 3.5) but also non-uniform with 

large variations in sizes and shapes.  The BIS particles measured are likely primary 

particles which will aggregate together to form larger particles.  When MCM-41 was 

measured using the SEM image, it likely that large silica aggregates were being 

measured, since the primary particles could not be clearly observed (this explains the 

large variance in sizes).  At this point in time, a direct comparison between these two 

DDS is not possible simply based on SEM results because of their distinctly different 

drug loading mechanisms and further analysis in future is necessary.   Due to  BIS 

and MSN both being precipitated silica, the particles aggregate and sediment out of 

solution.  This has important ramifications for the loading and release profiles, the 

ability to size the particles and the particles level of biocompatibility.  The way BIS 

aggregates together could also provide a reason for the differences in drug release 

from BIS synthesised with monoamines (DETA, TEPA and PEHA) when compared 

to BIS-PAH.  As show in in figure 3.6, small amines may result in a more close 

packed aggregation of BIS.  This creates a non-porous aggregate and prevents 

embedded and surface bound drug from being released.  When BIS is synthesised 

with a longer amine (i.e. PAH), this may create a more open aggregate structure, 

linking the individual silica particles together but allowing for space between to 
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allow for drug release (a schematic of this is shown in figure 3.6).  This idea requires 

further investigation to prove, however previous work has observed an “increasingly 

open structure” when BIS was synthesised using larger amines, which provides some 

evidence to support this idea 120. 

Despite the variance in sizes the comparison between BIS and MCM-41 is still valid 

and important. In all drug release experiments the mass of silica remained constant 

and drug release was often comparable between MCM-41 and BIS.  Previous studies 

have shown that particle size does not have any impact on release data but rather 

pore morphology is more important 121,122.  
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Figure 3-3 – (A) Pore size distribution of four different BIS and MCM-41, (B)  Surface area, 

pore volume and pore size figures for four different BIS and MCM-41 (* due to broad pore size 

distributions, specific pore sizes are not applicable)  n=1 

B Surface area 

(m²/g) 
Pore volume 

(cm³/g) 
Pore size 

(nm) 

BIS-DETA 16 0.095 * 

BIS-TEPA 33 0.095 * 

BIS-PEHA 36 0.131 * 

BIS-PAH 129 0.91 23 

MCM-41 983 0.74 2 
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Figure 3-4 SEM images of (A) BIS-PAH, (B) Ibuprofen loaded BIS-PAH, and (C) MCM-41 
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Figure 3-5 - Average size of different BIS-PAH particles (empty and ibuprofen loaded) and 

MCM-41 measured via SEM images.  Average and standard deviation error bars were 

calculated from one image (Figure 3-4) 
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Figure 3-6 :- Schematic of the effect of amine on BIS aggregation.  Where short amines result in 

a tight silica aggregate which traps drug molecules and longer amines result in a more open 

silica aggregate structure, allowing for increased drug release. 

 

Along with porosity altering the release of ibuprofen, it has been reported that 

amine-ibuprofen interaction is important in loading 35,123,124. Since BIS-TEPA and 

BIS-PEHA showed over 30% drug loading efficiency, it is possible that the amine 

additives facilitate ibuprofen loading through favourable amine-drug interactions as 

reported elsewhere 119,123-125, but they also form non-porous silica by fully 

encapsulating ibuprofen within the dense silica particles thus resulting in no release.  

BIS-PAH, however, allows ibuprofen loading through favourable interactions with 

amine groups and release occurs through the silica pores.  These observations are 

consistent with the literature where it has been reported that these small amines lead 

to the formation of dense and non-porous silica, while PAH forms porous silica 77,87.  
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3.2.   Altering reactant concentrations to understand the silica-drug 

system 

 

The main aim here is to understand BIS and investigate how controllable it is 

with ibuprofen so that this knowledge can be implemented for other drugs. As such, 

our next step was to study the effects of reaction chemistry on BIS performance as a 

DDS. There has been evidence that altering reactant concentrations can alter the 

loading and release profiles of calcein from BIS synthesised with PAH 35; however, 

the reasons behind this effect were not fully investigated.  Therefore, a systematic 

approach by varying synthesis conditions and evaluating their effects on drug 

loading and release has been taken while keeping the starting concentration of 

ibuprofen in the reaction mixture constant (1 mg ml-1). 

Figure 3.7 and Table 3.2 show that for MCM-41 (as reported in section 3.1), the 

loading efficiency was ~40% and the drug content was ~3 wt%.  The loading 

efficiency and drug content for the 1:1 BIS-PAH sample (30mM solution of sodium 

metasilicate and a 1mg ml-1 solution of PAH) were ~22% and 13 wt%. When the 

concentrations of silicate and PAH were doubled (2:2) there was a doubling of 

ibuprofen loading efficiency (Figure 3.7).  This was attributed simply to more silica 

being formed (Table 3.2) since the drug content did not change (Figure 3.7).  When 

only the silicate concentration was increased but the PAH concentration was kept at 

1mg ml-1 (2:1), there was a slight increase in ibuprofen loading efficiency (Figure 

3.6) but drug content remained constant and so increased loading was again 

attributed to an increased silica yield (Table 3.2).  Producing more silica means that 

more ibuprofen was loaded (and so less was wasted by being left in the reaction 

mixture).  
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Interestingly, when a synthesis ratio of 1:2 (increasing PAH concentration but 

maintaining silicate concentration) was investigated, drug loading efficiency 

increased three fold to 75% from the 1:1 sample (Figure 3.8).  The loading efficiency 

for 1:2 was significantly higher than that found for MCM-41 (~40%), despite a 

significantly lower silica yield (Table 3.2). The drug content also increased 

substantially from ~10% for 1:1 to ~70% for 1:2.  This is likely due to a drug-amine 

interaction, suggesting that the amine can have a dual function of facilitating silica 

condensation as well as acting as a functionalisation agent to facilitate drug loading 

(see section 3.3 for further discussion).  These loading studies highlight that the 

synthetic conditions can readily modulate the loading efficiency of BIS and even 

reach loadings that are significantly higher than what is achievable with MCM-1. 
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Figure 3-7- Effect of reactant concentrations on the % loading efficiency and % drug content 

(wt/wt) of ibuprofen into BIS synthesised with different reactant ratios and MCM-41 , n=3, 

error bars represent one standard deviation. 
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Table 3-2: - Results of silica yield and of mathematical fitting (using equation 2.1) of release 

data presented in Figure 3.6 

DDS 

Silica 

produced 

(mg) 

Yield 

(%) 

Ibuprofen 

loaded 

(mg/10mg 

of silica) 

Ibuprofen 

loading 

efficiency 

(%) 

Max. 
Release 

(% h-1) 
R2 

Total 

ibuprofen 

released 

(mg)* 

Total 

ibuprofen 

released  

(% of 

loaded)  

2:2 172 95 1.30 51.02 18.65 0.996 0.62 45.40 

2:1 105 58 1.15 30.63 24.01 0.99 0.63 50.27 

1:1 79 88 1.29 23.23 17.26 0.913 0.288 22.23 

1:2 22 25 6.91 75.26 3.38 0.996 0.41 6.06 

MCM-

41 
N/A N/A 0.33 41.34 15.46 0.998 0.12 39.03 

* from 10mg of silica 

When the release of ibuprofen from these samples was investigated and it was 

found that the overall release of ibuprofen varied greatly.  BIS-PAH (1:1) released 

22% of the loaded ibuprofen and 2:2 and 2:1 both achieved higher releases (45% and 

50% respectively), which were greater than the 39% released from MCM-41 (Figure 

3.8).  It is possible that release was higher from 2:2 and 2:1 than 1:1 due to faster 

silica condensation since the silica precursor concentration used was doubled 46. This 

resulted in lower pore volumes and smaller pores (Figure 3.9), leading to less drug 

being entrapped within the silica, leaving more drug surface bound, making release 

easier.  In contrast, 1:2 ratio released only 6% of loaded ibuprofen (Figure 3.8), 

despite a very high loading efficiency and a larger pore size (Figure 3.7 & 3.9).  
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Figure 3-8 -  Effect of reactant ratios on the release of ibuprofen   (A) The % release of loaded 

ibuprofen from BIS synthesised with different reactant ratios, and MCM-1, data fitted using 

equation 2.1 ,(B) Total mass of ibuprofen (mg) released from 10mg of silica sample, (C) Release 

of loaded ibuprofen expressed as a % of final concentration released from BIS synthesised with 

different reactant ratios, and MCM-41.  n=3, error bars represent one standard deviation.   
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Figure 3-9 – (A) Pore size distribution of BIS synthesised with different reactant concentrations 

and MCM-41, n=1  (B) Surface area, pore volume and pore size figures for BIS synthesised with 

different reactant concentrations, and MCM-41 

 

Figure 3.8 C shows the data presented in figure 3.8A, but normalised to 100% (i.e. 

100% is calculated as the total mass of drug released from each sample after 

24hours) in order to highlight any differences in release profiles.   When the release 

profiles were considered (Figure 3.7C), all but 1:2 samples exhibited burst release, 

where the majority of drug was released over the first five hours and very little 

release was observed after this point (Table 3.2). This suggests that the ibuprofen 

B 
Surface area 

(m²/g) 

Pore volume 

(cm³/g) 

Pore size 

(nm) 

2:2 157 0.73 15.9 

2:1 180 0.531 11.3 

1:1 129 0.91 23 

1:2 76 0.69 28.94 

MCM-41 983 0.74 2 
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that is able to escape is mainly surface bound and any ibuprofen embedded within 

the silica particles is trapped and unable to be released.  This idea is supported by 

Figure 3.7C where all the BIS release profiles were similar to the release profile of 

MCM-41, which only had surface bound ibuprofen loaded.  However, the 1:2 system 

had a much lower maximum release rate than the other systems (Table 3.2) as well 

as low total release (Figure 3.8).  Table 3.2 also shows that the mass of ibuprofen 

released from all the BIS systems were higher than from MCM-41, some BIS 

samples releasing 5x more drug per weight of silica than MCM-41.  This is 

important since if more mg of drug is released then less silica will need to be 

administered to a patient. 

 

3.3. Understanding additive-drug interactions to control DDS 

formulation 

 

Ibuprofen contains a carboxylic acid group, which is expected to interact with 

amines.  Several studies have exploited these favourable amine-ibuprofen 

interactions by post-synthetically functionalising MSN 119,123-125. In addition, from 

the results presented above, there was an indication that the PAH-ibuprofen 

interactions are important for the drug loading and release. Therefore, we 

investigated whether drug loading and release could be controlled by tuning PAH-

ibuprofen interactions by varying the synthesis pH (and in turn the protonation).  In 

this study silica was usually formed at pH 7 since silica formation is the quickest at 

neutral pH for this synthesis method 35,46.  BIS will not readily form outside the pH 

ranges shown (pH 5-9), hence we have focused on exploring drug loading under this 
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pH range and monitored the effect of formulation pH on the drug release (Figure 

3.10). 

When silica was condensed at pH ≥7, the loading efficiency was not altered 

(remaining at ~20%, Figure 3.10).  When synthesis pH was more acidic, on the other 

hand, ibuprofen loading efficiency could be enhanced up to three times, to 60%, at 

pH 5.  A similar picture was observed for the drug content (wt. %) shown in Figure 

3.10.   
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Figure 3-10 - Effect of reaction pH on the % loading efficiency and % drug content (wt/wt) of 

ibuprofen into BIS synthesised at different pH, and MCM-41 n=3, error bars represent one 

standard deviation 

 

The % drug release for samples formulated at pH ≤7 were similar (Figure 3.11 & 

Table 3.3), whereas DDS formulated at pH ≥7 had greatly diminished release.  It 

should be noted that all release experiments were carried out in PBS at pH 7.2.  

Interestingly, despite the higher drug loading at pH5, there was not a 
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correspondingly higher % release observed when compared with DDS formulated at 

pH7 (Figure 3.11).  Despite this, the total ibuprofen (mg) released per weight of 

silica was 10 times higher for the pH 5 sample than MCM-41 (Figure 3.11). 
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Figure 3-11 – Effect of reaction pH on the release of ibuprofen   (A) The % release of loaded 

ibuprofen from BIS synthesised at different pH and MCM-1, data fitted using equation 2.1, (B) 

Total mass of ibuprofen (mg) released from 10mg of silica sample, (C) Release of loaded 

ibuprofen expressed as a % of final concentration released from BIS synthesised at different pH 

and MCM-41.  n=3, error bars represent one standard deviation.   
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Table 3-3 - Results of silica yield and of mathematical fitting (using equation 2.1) of release data 

presented in Figure 3-10 

 

Sample 

Silica 

produced 

(mg) 

Yield 

(%) 

Ibuprofen 

loaded 

(mg/10mg 

of silica) 

Ibuprofen 

loading 

efficiency 

(%) 

Max. 
Release 

rate  

(% h-1) 

 

R2 

Total 

ibuprofen 

released 

(mg)* 

Total 

ibuprofen 

released 

(% of 

loaded) 

pH 5 34 38 4.75 62.19 2.83 0.802 1.27 26.91 

pH 6 62 69 2.11 32.59 6.53 0.971 0.61 29.73 

pH 7 79 88 1.29 23.23 17.26 0.913 0.288 22.23 

pH 8 69 77 1.32 20.94 0.67 0.900 0.13 9.91 

pH 9 72 80 1.11 19.22 0.417 0.993 0.04 3.93 

MCM-

41 N/A N/A 0.33 41.34 15.46 0.998 0.12 39.03 

      * from 10mg of silica 

Figure 3.11 C shows the data presented in figure 3.10A, but normalised to 100% 

(i.e. 100% is calculated as the total mass of drug released from each sample after 

24hours) in order to highlight any differences in release profiles.   When release was 

plotted as a fraction of total release over time, two different release profiles became 

apparent (Figure 3.11).  BIS-PAH synthesised at pH ≤7 exhibited similar burst 

release profile observed for BIS samples reported above (also evident from high 

release rates, Table 3.3), where the majority of ibuprofen was released from the silica 

in the first 5 hours and very little was released after this.  This burst release profile 

was similar to that seen for MCM-41, suggesting that the main mechanism for 

release in these systems was release from the surface.  However, silica synthesised at 

pH >7 appeared to have a slow and sustained release profile, which also reflected in 

slow release rates (Table 3.3).  Release did not plateau for 24 hours and ibuprofen 

maintained a slow release over the course of the experiment.  This slow release 

suggested that the loaded ibuprofen was embedded within the silica rather than 

bound to the surface, making release more prolonged.  While the total amount of 
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ibuprofen released from these samples under the 24 hour observation window was 

low, this system does show some promise as a prolonged release system. 

It is clear from the results presented about the DDS formulation that pH was able 

to control the loading and release of ibuprofen.  The reason for these differences 

could be attributed to differences in porosity, morphology and/or additive-drug 

interaction.  We explored these possibilities as discussed next. SEM results 

suggested that pH did not have a significant effect on the morphology or the particle 

sizes of DDS (Figure 3.12). When surface area and pore volume were measured for 

BIS-PAH DDS formulated at different pH conditions, there were no significant 

differences observed (Figure 3.13). 
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Figure 3-12 -  (A) SEM image of BIS-PAH synthesised at pH 7 (B) SEM images of BIS-PAH 

synthesised at pH 5 (C) Average size of different BIS-PAH particles (synthesised at pH 7 or pH 

5) measured via SEM images.  Average and standard deviation error bars were calculated from 

one image (Figure 3-4) 
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Figure 3-13 - (A) Pore size distribution of BIS synthesised at different pH and MCM-41, n=1  

(B) Surface area, pore volume and pore size figures for BIS synthesised at different pH and 

MCM-41 

 

The differences in ibuprofen loading in these systems could be attributed to the 

ionisation of the three components present (silica, amine additive and drug) in the 

reaction mixture, as well as the silica formation pathways.  A scheme showing how 

the proportions of ionised reactants vary as the reactant pH is altered can be seen in 

Figure 3.14 and Table 3.4.  The results here suggest that the negative charge on silica 

can have an inhibitory effect on loading efficiency.  Both the silica surface and 

ibuprofen are negatively charged at pH ≥7 (table 3.14) and so silica and drug will 

repel one another, thus explaining low loading efficiencies at pH ≥7 (only ~20% of 

B 
Surface 

area 

(m²/g) 

Pore 

volume 

(cm³/g) 

Pore 

size 

(nm) 

5 142 0.60 21 

6 149 0.67 21 

7 129 0.91 23 

8 161 0.84 25 

9 140 0.68 25 
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ibuprofen was loaded under these conditions, Figure 3.10 and Table 3.3).  For DDS 

formulations occurring under acidic conditions, and particularly at pH5, the silica 

and ibuprofen are both significantly less charged, thus allowing for ibuprofen to be 

more efficiently loaded (30-60% of ibuprofen was loaded under acidic conditions, 

Figure 3.10 and Table 3.3).  

 

Figure 3-14 - Scheme to illustrate the differences in charge of silica, amine and ibuprofen 

during synthesis at pH ranging from 9 to 5. 

 

Table 3-4 - Percentage ionisation of the three relevant species involved during the synthesis of 

BIS at various pH 

pH % Ibuprofen 

negatively 

ionised (pKa 5.2) 

% PAH 

positively ionised 

(pKa 8.7) 

% Silica 

negatively 

ionised (pKa 6.8) 
5 38 99.9 1.5 

6 86 99.9 

 

13 

7 98 98 

 

61 

8 99 83 94 

9 99 33 99 
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It is clear that pH has a drastic effect on the loading efficiency of ibuprofen into 

BIS, with more acidic conditions resulting in increased loading.  There is also strong 

evidence of an amine-drug interaction playing a major role in the ability of BIS to 

load drug.  This interaction, when too strong, can also inhibit drug release. 

3.4. Investigating the release of ibuprofen from BIS under different pH 

 

Finally, a brief experiment was carried out which investigated release pH.  BIS-

PAH 2:2 (chapter 3.2) was used and the release of ibuprofen measured under 

different pH conditions.  PBS was used for pH 7 (as described in chapter 3.2), for pH 

1, 1M HCl was used and pH 2 and 5 were obtained by diluting HCl with dH2O.  

These pH values were chosen to mimic the pH a DDS would be exposed to during 

its journey through the digestive system, from pH 1 in the stomach, to the 

increasingly neutral pH in the intestines. 

 As stated before for the BIS-PAH 2:2 sample the loading efficiency was 51% 

and the drug content was 13% (Figure 3.7).   Interestingly at pH 1 and 3 there was a 

release of 15-20% over a 24 hour period with similar amounts of drug being released 

(0.31 mg and 0.32 mg respectively) (Figure 3.15 and Table 3.5).  When pH rose to 

pH 5 there was a significant decrease in release (reaching only 4.5% and 0.06 mg 

released).  When pH was increased to pH 7, the release rose to 45% and 0.43 mg 

While there is a significant amount of drug released at pH 1 and 3, the rate is 

lower than at pH 7 (Figure 3.15 and Table 3.5).  This would decrease the amount of 

drug being released in the stomach (food is only in the stomach for 2-5 hours 126),  

before reaching the more neutral parts of the intestine, where most absorption occurs 

(food can be in the intestine for up to 40 hours 126). 
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Figure 3-15 – Effect  (A) The % release of loaded ibuprofen at different pH values from BIS-

PAH 2:2, data fitted using equation 2.1 ,(B) Total mass of ibuprofen (mg) released at different 

pH values from 10mg of silica sample, (C) Release of loaded ibuprofen expressed as a % of final 

concentration released at different pH from BIS-PAH 2:2.  n=3, error bars represent one 

standard deviation.   
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Table 3-5 - Results of silica yield and of mathematical fitting (using equation 2.1) of release data 

presented in Figure 3-14 

DDS 

Silica 

produced 

(mg) 

Yield 

(%) 

Ibuprofen 

loaded 

(mg/10mg 

of silica) 

Ibuprofen 

loading 

efficiency 

(%) 

 

 

 

Release 

pH 

Max. 
Release 

(% h-1) 
R2 

Total 

ibuprofen 

released 

(mg)* 

Total 

ibuprofen 

released  

(% of 

loaded)  

2:2 172 95 1.30 51.02 
 

    

 - - - - 
1 

6.83 0.98 
0.31 

 

24 

 - - - - 
3 

4.34 0.97 0.32 21 

 - - - - 
5 

0.86 0.98 0.06 4.5 

 - - - - 
7 

18.65 0.99 0.43 45 

 

Table 3-6 - Percentage ionisation of the three relevant species during drug release at various pH 

pH % Ibuprofen 

negatively ionised 

(pKa 5.2) 

% PAH positively 

ionised (pKa 8.7) 

% Silica negatively 

ionised (pKa 6.8) 

1 6.3 X10 -3 100 1.5 X10-4 

3 0.62 99.9 1.5 X10 -2 

5 38 99.8 1.5 

7 98 98 61 

 

The reason behind the results presented here are likely due to the changing 

charges of the three main components (drug, amine and silica) as the pH changes.   

These varying charges ultimately control the release of drug, by either promoting or 

hindering it.  Release at pH 1 and 3 are similar because the % of charged molecules 

are similar (table 3.6), where there was no significant attraction or repelling forces.  
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At pH 5, ibuprofen becomes much more negatively charged and so became attracted 

to the positively charged amine, impeding release.  As the pH rises to pH 7, the silica 

also becomes more negatively charged.   Despite there still being an attraction 

between the negatively charged ibuprofen and positively charged amine, the 

abundance of negatively charged silica repels the ibuprofen and results in an 

increased release of the drug from the system. 

This experiment is simple and does not fully reflect the passage of BIS 

through the digestive system.  For example, pH remained constant throughout the 

experiment for each sample rather than changing and the system was static which 

does not simulate what occurs in vivo.  However, it is an important and often 

forgotten part of developing orally delivered DDS, since if drug is being released too 

early in the digestive system it could be broken down by the stomach acid or not be 

absorbed into the blood stream effectively. 

3.5. Conclusions 

 

The primary aim of this chapter was to develop an in situ drug loading and 

release system using bio-inspired silica (BIS).  The BIS system can be controlled 

using many factors such as the choice of amine additive, pH of synthesis, kinetics of 

synthesis and pH of release solution.  The results presented here suggest that the 

ideal formulation would be BIS-PAH synthesised with a reactant concentration of 

2:2 because of its favourable performance in loading and releasing drug.  

Formulation under acidic pH was found to be suitable for designing DDS for fast 

targeted release, while basic pH was preferred for sustained release.  Ultimately, BIS 

appears to have several advantages over MCM-41 (such as one step formulation, 
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simple controllability and lack of hazardous chemicals) and we found that BIS has 

similar or improved drug loading and release profiles to MCM-41.  These benefits 

give BIS real potential as a viable DDS to be further investigated and this is the 

subject of the next chapter.   
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This chapter aims to determine whether BIS is a suitable DDS for 

hydrocortisone.   While BIS proved to have some potential for delivering ibuprofen, 

hydrocortisone faced a major issue.    Hydrocortisone was unstable when exposed to 

the alkaline conditions found at the beginning of the BIS synthesis process and so 

could not be loaded using the in situ method employed for ibuprofen.  To avoid the 

degradation of hydrocortisone, it must only be loaded post-synthesis.  This has the 

consequence of very low loading efficiencies onto BIS due to the relatively low 

porosity and surface area of BIS.  This low loading also appears to be unaffected by 

increasing the length of time BIS and hydrocortisone has to interact.  Therefore, 

unfortunately, BIS must be deemed an inappropriate system for loading 

hydrocortisone and cannot be used for improving adrenocorticoid insufficiency 

treatments. 

4.1.   An introduction to hydrocortisone 

 

Corticosteroids influence the majority of the body’s functions, including 

those of the heart, muscles, endocrine and nervous systems, as well as influencing 

virtually every stage of inflammatory and immune responses (either through 

induction or suppression).  Corticosteroids are also involved in regulating the 

metabolism and can accelerate glucose or glycogen synthesis, especially in the liver 

127,128.  This chapter will focus on one corticosteroid, specifically a glucocorticoid; 

Cortisol. 

Cortisol is an adrenal steroid hormone and has a role in response to stress as 

well as dramatic effects on the immune system, specifically acting as an anti-

inflammatory agent 128.  It slows the migration of phagocytic cells into an injury site 
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and also dampens the activity of any phagocytic cells already in this area.  Thus, 

inflammation, swelling and further irritation is greatly reduced 129.   

 Cortisol is produced (as seen in Figure 4.1) when the pituitary gland in the 

brain releases adrenocorticotropic hormone (ACTH), which is the carried through 

the blood to the kidneys where it induces the adrenal glands to produce and release 

the glucocorticoid.  This secretion is ultimately regulated by a negative feedback 

loop, where high levels of glucocorticoid in the blood, inhibit the production of 

corticotrophin-releasing hormone (CRH) (in the hypothalamus) and of ACTH in the 

pituitary gland 129. 

 

Figure 4-1 - The hormonal responses which induce the production and release of glucocorticoids 

(i.e. cortisol) (figure created using images from 130,131) 
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Another characteristic of cortisol is its distinct circadian rhythm in terms of 

release.  Figure 4.2 shows work done by Debono et al., who measured the cortisol 

levels in 33 normal individuals’ blood over the course of a day.  Cortisol is at its 

lowest blood concentration at midnight and then levels begin to rise around 2-3am, 

reaching a peak around 8.30am before steadily decreasing over the rest of the day. 

 

Figure 4-2- The measurement of blood cortisol levels in normal individuals over the course of a 

day.  Figure reproduced from reference 132 

 

4.1.1. Adrenocortical insufficiency 

 

 The importance of glucocorticoids in the body becomes very clear when they 

are not present.  There are several disorders which can result in the lack of 

circulating corticoids (known as adrenocorticoid insufficiency).  This can arise from 

disorders such as Addison’s disease (a lack of corticoids due to the destruction of the 

adrenal cortex) and congenital adrenal hyperplasia (a genetic mutation which inhibits 

the biosynthesis of cortisol) 133.  However, there are a whole host of other causes of 
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adrenal insufficiency including, AIDS, bacterial and fungal infections, mitochondrial 

DNA deletions, tumours, receptor mutations, adrenal haemorrhage and head traumas 

134,135. 

 Addison’s disease is a rare disorder of the adrenal glands which affects the 

production of glucocorticoids.  Addison’s disease affects around 8,400 people in the 

UK and is most commonly diagnosed in women between the ages of 30-50 136.  In 

the UK 70-90% of Addison’s disease cases are due to an autoimmune attack on the 

adrenal cortex 136. This immune attack then impairs the normal production of cortisol 

in the adrenal gland.  However, worldwide, the leading cause of Addison’s disease is 

Tuberculosis infections.  Here, the bacteria (normally found infecting the lungs) can 

migrate to and damage the adrenal glands (on the kidneys).  Other, less common, 

causes of Addison’s disease are haemorrhages into the adrenal glands (often due to 

meningitis), cancer of the adrenal glands or surgical removal of the adrenal glands 

(often due to tumour growth) 137,138.  Addison’s disease can be difficult to diagnose 

as early symptoms (including lethargy, muscle weakness, low mood and appetite 

loss) are similar to many other health conditions.  Prolonged suffering from 

Addison’s disease can lead to lowered blood pressure, lowered blood sugar and 

hyperpigmentation (a darkening of the skin, lips and gums, particularly seen in the 

creases of the palms).  The treatment for Addison’s disease has remained largely 

unchanged since the 1950’s 139.  It is treated via glucocorticoid replacement therapy 

where a patient takes hydrocortisone (the synthetic pharmaceutical replacement for 

cortisol) 140.  Hydrocortisone is normally administered in doses of 10-20 mg/m2 

when required throughout the day 141,142.   
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Congenital adrenal hyperplasia (CAH) occurs at a range of frequencies (from 

1 in 5000 to 1 in 15000 people) depending on ethnicity and race 143.  Adrenocortical 

insufficiency, in this case, is caused by a genetic mutation in the CYP21A2 gene 

which results in a deficiency in 21-hydroxylase activity which is essential in the 

biosynthesis of cortisol 143.  The clinical features of CAH vary across a large 

spectrum (depending on the specific mutation) and patients can also have varying 

symptoms throughout their lives.  In infant and young females CAH causes 

ambiguous genitalia and premature pubarche (growth of pubic hair before the age of 

8 for girls and 9 for boys) and premature growth.  In infant and young boys, genital 

development is normal but CAH results in poor weight gain, vomiting, hyperkalemia 

(elevated levels of blood potassium) and hyponatremia (low levels of blood sodium).  

In adults, CAH causes acne, alopecia, hirsutism (excessive growth of coarse hairs) 

and can result in problems achieving pregnancy 143,144.  Due to the wide range of 

symptoms associated with CAH, there is considerable focus on treatment.  To treat 

the adrenocortical insufficiency associated with CAH, hydrocortisone is again 

employed.  Children are given 6-15 mg/m2 per day of hydrocortisone in three doses 

throughout the day and can also have increased doses (45mg/m2 per day) for times of 

high stress.  Adults are often given dexamethasone (0.25-0.4 mg at bedtime or in 2 

doses during the day) or prednisone (5-7.5 mg in 2 doses a day) 143,145,146.  

4.1.2. Issues with the treatment of adrenocortical insufficiency 

 

The issue of treating corticoid insufficiency with several doses of 

hydrocortisone tablets is because hydrocortisone has a  short plasma half-life and this 

treatment does not emulate the natural circadian rhythm of cortisol production in the 

body 140.   
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Figure 4.3 shows a simulation of a patient’s blood cortisol level over the 

course of a day.  The solid line shows a healthy patient and the dotted line represents 

an Addison’s patient taking three doses of hydrocortisone throughout the day.  It is 

obvious how ineffective this type of treatment is in replicating the normal circadian 

rhythm of cortisol 87,147.  Normally cortisol production begins during random eye 

movement (REM) sleep, in the early hours of the morning and results in a spike in 

blood cortisol upon awakening.  For Addison’s disease and other corticoid 

insufficiency patients, who must take a dose of hydrocortisone in the morning, this 

spike in blood hydrocortisone occurs a few hours later than in normal individuals.  

This can result in fatigue, mild nausea or headaches, which are only relieved 30-60 

minutes after taking the morning dose of hydrocortisone 148.   

 

Figure 4-3 - A simulated profile of patient’s blood cortisol levels.  Solid line represents a healthy 

patient.  Dotted line represents an Addison’s disease patient taking three doses of 

hydrocortisone 140,147. 

 Another issue with this type of cortisol replacement is the number of tablets a 

patient must take; this is especially problematic for children.  Some liquid 

suspensions have been investigated which would make administering medicine to 

children easier, but inadequate suspension of hydrocortisone was achieved 145.  
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Therefore, a drug delivery system which would both reduce the number of tablets a 

patient has to take, and is also able to release hydrocortisone in a manner which more 

closely reproduces natural cortisol levels, would clearly be favourable. 

4.2. Potential hydrocortisone delivery systems 

 

 There are some drug delivery systems, aimed at mimicking hydrocortisones 

normal circadian rhythm of release, currently in clinical trials or on the market.  But 

none of them are perfect.   A company called Diurnal has produced a delivery system 

called Chronocort® which is currently in phase 3 of clinical trials and aims to be on 

the market as soon as 2018.   However, there is potential for this system to fail  or 

have better competition, and so there is still a need to investigate a novel drug 

delivery system which can mimic the circadian rhythm of cortisol release 149. 

 There is also an approved system on the market called Plenadren®, which 

has a slow release core surrounded by an outer shell which quickly releases 

hydrocortisone 150,151.  Plenadren® was recently approved by the Committee for 

Medicinal Products for Human Use (CHMP) in Europe and was made available first 

in Denmark in 2012 152.  This system (either in 5 or 20mg doses) releases a 

physiological concentration of hydrocortisone within 20 minutes followed by an 

extended release over the next 24 hours 153.  The main issue with this system is the 

cost.  To administer Plenadren® 20mg daily, it costs the NHS £224.  Immediate 

release systems of hydrocortisone only cost £81 for 20mg daily 23.  The cost of 

production of any new drug or DDS is important, since there will always be a cost: 

benefit analysis. 
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 As yet only two papers have been published using silica for the delivery of 

hydrocortisone.   Lopez, et al. 2009, synthesised four MSNs using different 

templates so as to produce particles with different pore properties 154.  The MSNs 

were loaded via immersion in a solution of hydrocortisone for 2 hours and then dried 

at room temperature for three days, compressed into a tablet and the release of 

hydrocortisone was measured.  They showed that the release of hydrocortisone from 

MSNs occurs in two stages; the first burst release followed by a slower release 

(resulting from the diffusion of the drug molecules through the nanopore structure).  

One of their MSN released hydrocortisone at a much slower rate than the others and 

so it was proposed as a candidate for long term release of drug (such as those 

required for Addison’s disease treatment, described above) 154.  In reality, however, 

this delivery system is far from perfect.  Firstly the synthesis of MSN takes several 

hours and also uses some harmful chemicals (such as TEOS).  The length of time it 

takes to load the MSNs with drug (3 days) is also a detriment to this type of drug 

delivery system.  Secondly the burst release of hydrocortisone over the first 26 hours 

does not mimic cortisol’s natural circadian rhythm and the system also has the 

potential for drug release during storage, making dosages unreliable. 

Andrade, et al., 2009 describes the much quicker loading of hydrocortisone 

onto silica bio-glass 155.  This method took several hours to synthesise and drug load 

the bioglass.  The authors observed ~65% of loaded hydrocortisone being released in 

the first 24 hours.  The mass of hydrocortisone released after 24 hours was seen to 

not be statistically different 155.   While this method of synthesis and loading of 

hydrocortisone is substantially quicker than that of MSNs described above, it still 

requires the use of harmful chemicals (mainly TEOS) to synthesise; additionally this 
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release also does not emulate the natural release of cortisol.  Therefore a synthesis 

process which does not require TEOS and can have hydrocortisone loaded relatively 

quickly would be more favourable.    

 It is clear then that there is room for a more effective DDS for hydrocortisone 

to be developed and BIS has the potential to address issues faced by other silicas. 

This chapter aims to use the knowledge of the BIS system to investigate the loading 

and release profiles of hydrocortisone in order to develop a controlled release of 

hydrocortisone to improve upon current technologies. 

4.3. Stability of Hydrocortisone during in situ loading into BIS 

 

The method of loading that is unique for BIS among silica based DDS is the in 

situ loading method.  This method allows for the synthesis of ones’ DDS and drug 

loading all in one step, compared to the multi-step process required for MSN, for 

example.  Briefly, BIS is synthesised by neutralising a solution of sodium 

metasilicate, amine additive and drug molecule.  Hydrocortisone was chosen as a 

drug in real need for an effective DDS (as described in section 4.1), however, it 

became apparent through the use of HPLC that the hydrocortisone molecule was not 

stable under the conditions it was being exposed to during BIS synthesis.   

It is obvious in the HPLC traces that hydrocortisone was being degraded during 

BIS synthesis.  Figure 4.4A shows the HPLC trace of hydrocortisone on its own and 

clearly shows one peak at 7.1 minutes representing hydrocortisone being detected.  

Figure 4.4B shows the HPLC trace of the supernatant of the synthesis reaction 

(which is taken to determine the loading efficiency of drug into BIS) and multiple 

peaks were observed, one at 7.1 minutes representing hydrocortisone and another 
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peak at 2.2 minutes which is likely to be a hydrocortisone degradation product (since 

no other chemical used in the process gave a peak during HPLC shown in appendix 

3). 

 

 

Figure 4-4– Hydrocortisone detected using an isocratic reverse phase HPLC method, with 40 µl 

injection volume and a mobile phase of acetonitrile: water (7:3) at a flow rate of 1ml min-1 

through a ACE 5 C-18 column (150X4.6 nm with 5 µm particle size). , Hydrocortisone retention 

time is approximately 7.1 minutes and was detected using UV absorbance at the wavelength 246 

nm.  (A) HPLC trace of hydrocortisone in 70% ethanol, where the drug is not degrading and 

peak at ~7.1 minutes is visible (B)  HPLC trace of hydrocortisone exposed to BIS synthesis 

conditions, , where the normal hydrocortisone peak can be seen at 7.1 minutes along with an 

additional peak at 2.2 minutes, associated with a degradation product 

Next, to fully deduce what was causing the degradation of hydrocortisone, 

the drug was systematically exposed to each reactant and a range of pH occurring in 

BIS synthesis.  Figure 4.5 shows the % degradation of hydrocortisone (i.e. the % of 

undetectable drug).  There is minimal loss of hydrocortisone under acidic conditions 

(HCl and PAH) and neutral conditions (70:30 ethanol: water/PBS and neutralised 

sodium metasilicate).  There is also no drug degradation when the solution was 

heated to 85 oC.  The small apparent loss of hydrocortisone under these conditions 
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may also be due to incomplete dissolution of hydrocortisone in these solutions since 

no degradation products are observed in the HPLC traces (appendix 3). 

Significant hydrocortisone loss and degradation products were observed is 

when hydrocortisone is exposed to basic conditions.  >40% of hydrocortisone was 

lost when it was exposed to pH 12 30 mM sodium metasilicate (Figure 4.5).  This 

degradation was pH dependent rather than via chemical reaction with the 

metasilicate solution since minimal degradation was observed when hydrocortisone 

was exposed to neutralised metasilicate (pH 7).  Further to this ~65% of 

hydrocortisone was lost when exposed to another basic solution (NaOH) (Figure 

4.5). 
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Figure 4-5 - The % degradation of hydrocortisone when exposed to various conditions (A) 70:30 

- EtOH:H2O (pH 7.4), (B) 70:30 - EtOH:PBS (pH 7.2), (C) 1M HCl (pH 1), (D) 30mM Sodium 

metasilicate (pH 12), (E) 30mM Sodium metasilicate (pH 7), (F) 1mg/ml PAH (pH5), (G) 1M 
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 The stability of hydrocortisone (HC) and its degradation has been well 

studied in the literature.  Degradation most often occurs as a result of reactions on 

the C17-dihydroxyacetone side chain (Figure 4.6) with several oxidative and non-

oxidative reactions being able to take place 156.  Less commonly, degradation can 

also occur as a result of chemical reactions in ring A of the HC molecule (Figure 4.6) 

157.  The degradation of HC is dependent on three main conditions; pH, temperature 

and the solvent used.  Under basic conditions, HC degrades into several different 

products through both oxidative and non-oxidative reactions.  Figure 4.7 shows these 

degradation products 156.  

 

 

Figure 4-6 - The structure of hydrocortisone with the two main sites of degradation (C17 side 

chain and ring A) labelled 157. 
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Figure 4-7 - Degradation products of HC under basic conditions. The following is a list of the 

names of molecules shown in this Figure, it should be noted that since the paper this Figure was 

taken from is from 1980, some of the nomenclature may be out of date.  I (hydrocortisone), II 

(corticosterone), , VI (11β,20-dihydroxy-3-oxo-4-pregene-21-oic acid), VII (11β,17α-dihydroxy-

3-oxo-4-androsten-17β-carboxylic acid) ,VIII (11β-hydroxy-4-androsteb-3,17-dione  and X are 

D-homosteroids 156 

 

A more recent paper used HPLC and mass spectrometry to look into the auto-

oxidation of betamethasone and its analogues (including hydrocortisone) under 

alkaline conditions 158.  Figure 4.8 shows the structure of betamethasone 17-acid, a 

breakdown product which also occurs in the hydrocortisone side-chain and was not 

suggested by Hansen et al.  The degradation of betamethasone to betamethasone 17-

acid through an auto-oxidation reaction was observed to occur after 30-50 in 1M 

NaOH.  Increasing the strength of the base or increasing the base:drug ratio also 

increased degradation.  Due to all the possible by-products of exposing 

hydrocortisone to basic conditions, these pH levels must be avoided during drug 

loading and release. 
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Figure 4-8 - Degradation of betamethasone to betamethasone 17-acid under basic conditions.  A 

reaction which also occurs in HC 158. 

 While less important than pH, temperature can also have an effect on the 

degradation of hydrocortisone.  Allen and Gupta (1974) calculated the rate equation 

for the temperature dependent HC degradation and by using these equations, Figure 

4.9 could be plotted.  Figure 4.9 shows the % degradation of HC at various 

temperatures over a range of times and it can be seen that HC can be exposed to up 

to 90 oC for up to 8 hours with very little degradation.  When exposed to higher 

temperatures for longer periods of time, the degradation increases.  However, even 

under the harshest conditions presented (90 oC for 7 days) only 8 % of HC is 

degraded 159.  We also observed minimal hydrocortisone degradation when exposed 

to 85oC for an hour (Figure 4.5).  However, to remove the potential for 

hydrocortisone degradation under high temperatures, drug loaded BIS should be 

dried at a lower temperature after synthesis. 

While pH degradation mainly occurs on the C-17 side chain, heat generally 

impacts upon the A ring in the molecule, with greater A ring degradation with 

increasing temperature.  Figure 4.10 shows some products from A ring degradation.    
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Figure 4-9 – The degradation of HC at various temperatures over time as calculated using the 

published HC degradation rate equation ci/ct = 10 t (K/2.303)
, where ci is the initial concentration, 

ct is the concentration at time t, t is the time and K is the rate constant 159. 

 

Figure 4-10 - Products from the degradation of ring A in the hydrocortisone molecules.  Figure 

reproduced with permission from reference  159. 

 

Due to the sensitivity of hydrocortisone to both basic pH and prolonged 

exposure to heat, the method of BIS synthesis must be modified for loading this 

drug.  Before the BIS synthesis solution is neutralised (for silica condensation) the 

solution is very basic (pH 12).  So hydrocortisone must only be added to the solution 

once it is neutral (and BIS has already begun forming) in order to reduce the risk of 
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drug degradation.  To avoid any temperature related degradation, drug loaded BIS 

was dried at 40oC. 

 

4.4.   Effect of different amines in the loading and release of 

hydrocortisone into BIS 

 

It has previously been shown in chapter 3 with ibuprofen work and in the work 

carried out by Stevens et al., that the choice of amine used in BIS synthesis can 

greatly impact the loading and release of drug 35.  Due to the instability of 

hydrocortisone under basic conditions, it could not be loaded fully “in situ” as with 

ibuprofen.   Instead, a solution of hydrocortisone had to be added once the silica 

reaction mixture had been neutralised and the silica had started forming.  This had a 

great impact on the loading efficiency of hydrocortisone into this system as well as 

drug location on the DDS.  As a reminder drug loading efficiency is defined as the % 

of available drug during synthesis which was loaded into the silica, drug content is 

defined by the % weight of drug in the silica-drug complex (i.e. mg of drug per mg 

of silica-drug complex), mass loaded is defined as the absolute mass of drug loaded 

into 10mg of silica.  Release is expressed as the % of the total drug loaded into the 

silica which has been released from 10mg of silica during the experiment or by 

normalising the total drug release at 24 hours as “100%” (i.e. total amount of drug 

released over 24 hours).   

The choice of amine additive had very little effect on the loading efficiency of 

hydrocortisone to BIS (Figure 4.11).  For BIS synthesised with DETA, TEPA or 

PEHA the loading efficiency was between 6-8%.  For BIS-PAH the loading is 

slightly enhanced to 13%, which was still low when compared to the 48% loading 
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efficiency of MCM-41.  The wt % for all the types of silica was low with the BIS 

systems having a wt% of between 0.03 and 0.6 % (Figure 4.11).  With similar 

loading efficiencies for all BIS systems, the differences in wt% are likely to be due 

to the differences in yield with the larger amines resulting in higher  yields (e.g. 31% 

for DETA and 96% for PAH) (Table 4.1).  MCM-41 also had an obvious advantage 

over all the BIS systems in that it has a much higher surface area (Figure 4.12 shows 

983 m2/g compared to 16-129 m2/g of BIS).  Surface area and porosity become more 

important for loading hydrocortisone than it was for loading ibuprofen due to the 

altered method of drug loading and so in situ entrapment may be limited.   The 

loading of hydrocortisone onto BIS could be improved either by increasing the 

surface are of BIS or by creating a supersaturated solution of drug.  This increases 

the diffusion pressure and allows for drug to precipitate onto the silica nucleation 

sites, resulting in increased drug loading. 
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Figure 4-11 - Effect of amine additive on (A) % loading efficiency of hydrocortisone into BIS 

synthesised with different amine additives and MCM-41, (B) hydrocortisone content per mg of 

silica into four different BIS and MCM-41.  n=3, error bars represent one standard deviations 
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 Table 4-1 - Results of mathematical fitting (using equation 2.1) of release data presented in 

Figure 4.13 

Sample Mass of 

silica 

produced 

(mg) 

% 

yield 

Release 

% per 

hour 

R2 Mass 

(mg) of 

HC 

loaded in 

10mg of 

silica 

% of HC 

loaded 

Total 

mass (mg) 

of HC 

released 

from 

10mg of 

silica 

Total % of 

loaded HC 

Released 

BIS-

DETA 

53.8 31.96 0.755 0.99 0.006 6.4 2.5 X10-4 3.64 

DIS-

TEPA 

76.01 56.09 0.185 0.99 0.004 

 

7.5 5.6X10-5 1.20 

BIS-

PEHA 

88.56 69.83 0.108 0.99 0.004 6.6 6.5X10-5 1.68 

BIS-

PAH 

97.5 80.08 9.7 0.99 0.009 17.6 0.0026 29.1 

MCM-

41 

N/A N/A 2.29 0.99 0.47 48.2 0.05 10.8 
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Figure 4-12 - (A) Pore size distribution of BIS synthesised with amines and MCM-41, (B) 

Surface area, pore volume and pore size figures for BIS synthesised with amines and MCM-41 

(* due to broad pore size distributions, specific pore sizes are not applicable), n =1 

 

Interestingly when release profiles were fitted (all with R2 > 0.9); there was a 

wide difference between the different types of silica (Figure 4.13).  BIS-DETA, 

TEPA and PEHA had very low release % (<4 %).  These three BIS systems (as with 

ibuprofen) were then deemed inappropriate for drug delivery application as they 

showed poor loading and release profiles.  MCM-41 fares better with 10% of loaded 

hydrocortisone being released.  Finally, while BIS-PAH performed poorly on its 

B BET Surface area 

(m²/g) 

Pore volume 

(cm³/g) 

Pore size (nm) 

BIS-DETA 11 0.04 * 

BIS-TEPA 11 0.04 * 

BIS-PEHA 15 0.04 * 

BIS-PAH 93 0.52 22.4 

MCM-41 983 0.74 2 
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loading efficiency, it was able to release 29% of loaded hydrocortisone.  Based on % 

released, BIS-PAH was the most favourable system; however, it is also important to 

note the actual mg of hydrocortisone being released.   10 mg of BIS-PAH released 

2.6x10-3 mg of hydrocortisone but, due to its higher loading, MCM-41 releases the 

highest mg of hydrocortisone (0.05mg per 10 mg).  This is important to note 

because, for a DDS system to be viable, there needs to be a feasible dosages of drug 

loaded silica that a patient has to consume.   
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Figure 4-13 - (A) The % release of loaded hydrocortisone from four different BIS and MCM-41, 

data fitted using equation 2.1, (B) Release of loaded hydrocortisone expressed as a % of final 

concentration released from four different BIS and MCM-41.  F n=3, error bars represent one 

standard deviations 

A normal dose of hydrocortisone is 10-20 mg 141,142.  Based on the release 

efficiencies of these silica systems one would be required to consume 31 g of BIS-

PAH to achieve a 10 mg dose (an obviously impractical and potentially dangerous 

dosage of silica).  A lower dosage of MCM-41 would be required (2 g); however this 

is still a large amount for a patient to take in an oral dose.  The release for all systems 

(apart from BIS-PEHA) is a burst release (Figure 4.13) where the majority of drug is 
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released in the first 5 hours.  BIS-PEHA provides a more prolonged release which 

could be useful for the desired delivery profile for hydrocortisone (if one was able to 

load and release a significant amount of drug).  

The reason for the difference in release profile in the BIS systems using small 

amines (DETA, TEPA and PEHA) and polymeric amines (PAH) is likely to involve 

porosity.  Small amines produce micoporous silica (<2nm), while PAH generates 

mesoporous silica (2-50nm).  MCM-41 may have poorer than expected release 

profile due to its small pores (2 nm) and lack of functionalisation which may impede 

hydrocortisone release since they are more easily blocked than the much larger pores 

of BIS (~22 nm).  Another reason for poor release is the release media being used 

(PBS).   Hydrocortisone was loaded in a solution of 70% ethanol since it has a 

soluility of 15mg/ml in ethanol at 25oC 160.   When the release experiment is set up, 

the media is not ideal since it is largely aqueous and hydrocortisones solubility is 

only 0.32 mg/ml is water at 25oC 160,161.   While release could potentially be 

improved by changing the release media to (for example) 70% ethanol, this does not 

replicate a biologically relevant environment for clinical use.  To resolve these 

issues, a hydrocortisone salt (which is much more water soluble) could be employed.    

4.5.   The effect of maturation time on the In situ loading onto and 

release of hydrocortisone from BIS-PAH 

 

It was hypothesised that since hydrocortisone solution would be added to the 

silica reaction mix after the solution had been neutralised (and thus the silica had 

begun condensing) there would be impeded loading.  As such, an experiment was set 

up to investigate the effect of adding hydrocortisone after the BIS synthesis solution 
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had been neutralised and leaving the reaction mixture for various lengths of time (i.e. 

maturation time) before the reaction is stopped (via centrifugation).  

Contrary to what was hypothesised, increased loading time (up to 120 minutes) 

did not increase the loading efficiency but rather it decreased it slightly (from 17.6% 

at 0 minutes to 10.9% at 120 minutes) (Figure 4.14).  This is reflected in the wt % 

(Figure 4.8B) which also reduces (~0.09-~0.045%) when the loading time is 

increased.   This is a real reduction in the loading efficiencies as (shown in Table 

4.2).  The yield of silica remains similar for all BIS samples (yields over 100% are 

attributed to the incomplete removal of water during drying since a lower 

temperature, 45oC, was used in order to protect the structure of hydrocortisone).  As 

before the loading efficiency of hydrocortisone into MCM-41 was 48% and the wt % 

was 4.6; much higher than the BIS systems. 
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Figure 4-14 - Effect of drug loading time (A) % loading efficiency of hydrocortisone into BIS 

with various drug loading times and MCM-41, (B) Average hydrocortisone content per mg of 

silica into BIS with various drug loading times and MCM-41,   n=3, error bars represent one 

standard deviations 
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Table 4-2 - Results of mathematical fitting (using equation 2.1) of release data presented in 

Figure 4.16 

Sample Mass of 

silica 

produced 

(mg) 

% 

yield 
 Release 

% per 

hour 

R2 Mass 

(mg) of 

HC 

loaded 

in 10mg 

of silica 

% of 

HC 

loaded 

Total mass 

(mg) of 

HC 

released 

from 10mg 

of silica 

Total % 

of loaded 

HC 

Released 

120 119.58 
 

104.1 16.49 0.99 0.004 10.9 0.0030 66.3 

90 112.5 96.45 16.89 0.99 0.005 11.3 0.0024 48.2 

60 117.92 102.73 7.99 0.99 0.005 13.6 0.0020 35.1 

30 112.62 96.65 9.14 0.98 0.007 16.3 0.0023 32.7 

0 97.5 80.08 9.7 0.99 0.009 17.6 0.0026 29.1 

MCM-

41 

N/A N/A 2.29 0.99 0.47 48.2 0.05 10.8 

 

The slight differences in loading efficiencies for the BIS systems cannot be 

attributed to their physical properties.  Figure 4.15 clearly show that the pore sizes, 

volumes and surface areas do not change significantly when the maturation time is 

changed.  It appears then that hydrocortisone loading will occur quickly but some 

loaded drug will release back into solution over 120 minutes, thus lowering the 

loading efficiency slightly. 
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Figure 4-15 - (A) Surface area, pore volume and pore size figures for BIS with various drug 

loading times and MCM-41, (B) The % release of loaded hydrocortisone from BIS with various 

drug loading times and MCM-41, n=1 

 

While loading efficiencies were similar regardless of maturation time, when drug 

released was measured there were great differences (Figure 4.16). With longer 

maturation times a higher % of loaded drug was released, from 29% with 0 minutes 

maturation time to 66 % with 120 minutes maturation time.  All BIS systems 

performed better than MCM-41 (for % release), however, due to low loading 

efficiencies, the mg of drug was lower (0.003 mg in BIS-120, compared to 0.05mg 

for MCM-41.  All release profiles exhibit burst release with the majority of drug 

B 
Maturation 

Time 

(mins) 

BET 

Surface 

area 

(m²/g) 

Pore 

volume 

(cm³/g) 

Pore 

size 

(nm) 

120 179 1.05 22 

90 177 0.91 20 

60 173 0.97 22 

30 132 0.87 24 

0 155 0.98 24 

MCM-41 983 0.745 2 
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release occurring within the first 5-7 hours.  Since such a small mass of 

hydrocortisone was released from these samples, the differences in release were not 

deemed to be important. 
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Figure 4-16 - (A) The % release of loaded hydrocortisone from BIS with various drug loading 

times and MCM-41, data fitted using equation 2.1,(B) Release of loaded hydrocortisone 

expressed as a % of final concentration released from BIS with various drug loading times and 

MCM-41.  n=3, error bars represent one standard deviation. 
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4.6. Conclusions 

 

While BIS does have several advantages over other types of DDS (e.g. short 

synthesis time, in situ  drug loading and robustness), due to the instability of 

hydrocortisone under BIS synthesis conditions, all these advantages were not able to 

be utilised.  To avoid the degradation of hydrocortisone, it must only be loaded post-

synthesis.  This has the consequence of very low loading efficiencies onto BIS due to 

the relatively low porosity and surface area of BIS.  This low loading also appears to 

be unaffected by increasing the length of time BIS and hydrocortisone has to 

interact.  Therefore, unfortunately, BIS must be deemed an inappropriate system for 

loading hydrocortisone and cannot be used for improving adrenocorticoid 

insufficiency treatments. 
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5) Chapter 5: 

Determining the 

biocompatibility of 

bio-inspired silica 
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This final results chapter investigates briefly the biocompatibility, bio-

translocation and bioaccumulation of BIS.  Previous studies have shown that higher 

dosages of MCM-41 can lead to cytotoxic effects in epithelial cells and so there is 

potential for gut wall damage, whereas BIS-PAH was found to be less cytotoxic.  

The results presented in this chapter show that BIS-PAH is able to pass through the 

gut wall (which is useful for targeted treatments, e.g. anti-cancer) into the blood 

stream and haemolytic activity was found to be minimal (significantly less than 

MCM-41).  Once in the blood silica will not dissolve (which may be useful for 

prolonged release systems) and has been shown in the literature to be effectively 

cleared from rats with no adverse effects (as long as the dosage is low enough).  

 

5.1. An introduction to biocompatibility 

 

Biocompatibility “refers to the ability of a biomaterial to perform its desired 

function with respect to a medical therapy, without eliciting any undesirable local or 

systemic effects in the recipient or beneficiary of that therapy, but generating the 

most appropriate beneficial cellular or tissue response in that specific situation, and 

optimising the clinically relevant performance of that therapy” 162.  Put simply, to be 

biocompatible a material must have no adverse effects on the patient (or the benefits 

should outweigh the risks).  Biocompatibility studies are often left out of drug 

delivery publications; however, a DDS could have the most desirable loading and 

release profiles but without biocompatibility it can never be approved for clinical 

use. 
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To fully determine a materials biocompatibility several adverse factors of a DDS 

must be tested; including cytotoxicity (i.e. toxic effects against mammalian cells 

usually in vitro) and non-fatal effects (e.g. morphological changes, growth rate 

changes and immunological response).  Also important is the bio-translocation of the 

DDS (how the material is going to be taken up into cells), bio-distribution of the 

DDS (how the material moves around the body) and finally how and if the material 

is metabolised/degraded and excreted.  Determining biocompatibility and receiving 

FDA approval is one of the biggest hurdles facing developing DDS and is the main 

reason why so few DDS are currently on the market.  Most FDA approved DDS are 

either lipid-based systems or PEGylated systems designed for the delivery of anti-

cancer agents or for treating dangerous chronic infections 12,15. 

Silica, and specifically MSN (which has received most focus for drug delivery 

applications) has many desirable properties for drug delivery such as high surface 

area and tailorable pore size and structure 33,34.  Silica has also been accepted as 

“generally recognised as safe” by the FDA due to its natural abundance 36,163.  

Despite this, MSN and BIS can have very different properties from “natural” silica 

(e.g. sand) and so their biocompatibility must be researched.  The majority of studies 

on silica toxicity are carried out in vitro, which, while a useful first step, will never 

fully reflect what happens in vivo.  There is also an issue in the literature impeding 

the effective evaluation of MSN biocompatibility, and that is consistency.  Different 

studies will use different types of silica, of different sizes and concentrations and test 

them on different cell lines.   

A review of the literature suggests that size, porosity and surface charge all have 

an impact upon the cytotoxicity of silica particles, but the literature does not always 
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agree.  A study by He, et al., (2009) observed that mesoporous silica particles which 

are not in the nanoscale (1220 nm in diameter) resulted in very little cytotoxicity, 

regardless of concentrations; 10-480 µg/ml.  When nanoscale mesoporous silica 

(190nm in diameter) was exposed to the same cell types, there was a significant 

cytotoxic effect (above a concentration of 25 µg/ml).  For both sizes of mesoporous 

silica, cytotoxicity increased as the concentration increased, however, the results are 

not as simple as this.  Two different cell types, MDA-MB-468 cells (a human breast 

cancer cell line) and COS-7 fibroblast cells showed very different responses to the 

MSNs.   The cancer cells were much more robust and remained at 80% viability 

even when exposed to the highest concentrations of MSNs, whereas the COS-7 cells 

viability decreased to 40% when exposed to the same concentrations (between 200-

500 µg/ml) 164.   

Conversely, a different study by Hudson, et al. (2008) found that differences in 

particle size (from 150-4000 nm) had no impact on the level of in vitro cytotoxicity.  

This study also observed greater cytotoxic effects occurring as the concentration of 

MCM-41 and SBA-15 increased, and also that the levels of cytotoxicity differed 

depending on cell type.   This paper reported that macrophages were the most robust 

cell type, with their survival rates only reducing to 70-80% (and only after exposure 

to the highest concentration, 0.5µg/ml, for 4 days).  Mesothelial and muscle cells, on 

the other hand, were much more sensitive to increasing concentrations of MCM-41 

and SBA-15.  Both these cells types’ survival rates reduced to 40-50% at the higher 

concentrations after 4 days exposure 70.  

 Porosity has also been observed to have an impact on the cytotoxicity of 

silica.  Nanoparticles with large surface areas have an increased risk of the 
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generation of reactive oxygen species, which results in toxicity 165.  In theory, MSN 

should be more cytotoxic than Stöber nanoparticles (which are non-porous); 

however, from experiments reported from several papers, the opposite appears to be 

true.  When macrophages were exposed to silica with different levels of porosity it 

was found that  that non-porous colloidal silica NPs were much more cytotoxic than 

MSNs 166.  At 100 µg/ml colloidal silica nanoparticles reduced cell viability to 

approximately 20%, whereas macrophages exposed to the same concentration of 

MSNs remained largely unaffected.   

The surface charge of silica is also an important factor in biocompatibility, 

with positively charged particles being internalised into cells at a greater rate than 

negatively charged particles 167.  The cytotoxicity of certain charges appears to be 

controversial with one paper reporting with an increased negative charge the particle 

makes it more cytotoxic 164 and another stating that amine modified (and therefore 

cationic) MSNs were less cytotoxic that their bare counterparts (with anionic 

charges) 168.  This apparent contradiction may be due to the fact that the type of cell 

used can result in great differences in the measured levels of cytotoxicity.   

 It is clear that despite large volumes of literature on the biocompatibility of 

silica and it being “generally recognised as safe” by the FDA, that the 

biocompatibility of silica is not yet fully understood and there is still a great need to 

investigate the safety of using silica as a drug delivery system in humans.  The 

following sections will investigate the biocompatibility of BIS as it passes through 

the digestive tract, into the blood system and becomes systemic since the aim is to 

develop BIS for oral drug delivery applications.  The biocompatibility of BIS over 
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MCM-41 could provide a major advantage for the use of BIS for drug delivery 

applications over other types of silica particles. 

 

5.2. Effects of silica in the GI tract 

 Due to ease and non-invasive nature of administration, oral delivery of drugs 

is the most preferred route for patients 169.  Silica is an ideal material for oral drug 

delivery due to its stability under the conditions found in the GI tract, especially the 

low pH found in the stomach (pH1-3) and so it is able to protect loaded drug 

molecules from the changes in pH as well as degradative enzymes and bile salts 

170,171.   

Since we wished to develop BIS as an orally administered DDS, it is important to 

uncover the fate of orally administered silica and determine its impact on the 

efficacy of the DDS and the biocompatibility of the silica.  Depending on the drug 

being delivered, one may wish the silica to pass through the gut wall so it can be 

targeted to a specific area (e.g. for anti-cancer drugs) or one may wish for the drug to 

be released in the GI tract and have the silica pass through without being absorbed 

systemically.  We explored both possibilities by performing silica dissolution 

experiments and also gut transport followed by haemolysis studies. 

The cytotoxicity of silica has been shown to be dose dependent.  A study in 2011 

investigated the cytotoxicity of Stöber silica on human oesophageal epithelial cells 

(NE083) 172.  They found that at concentrations <2.5µg/ml there was no decrease in 

cell viability over 48 hours.  Higher concentrations may result in increased toxicity 

(as reported by Yuan, et al., although this was carried out on a different cell type 173).   
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Previous work in our group used fibroblasts (3T3) and found that MCM-41 has 

high toxicity to this cell type, with an IC50 of 20µg/ml.  BIS-PEHA was found to 

have very low toxicity (IC50 of >500µg/ml) and BIS-PAH (the BIS focused mostly 

in this paper) had an IC50 of 100µg/ml 35.  Due to the evidence for dose dependent 

cytotoxicity, bioaccumulation resulting in cytotoxicity could be a major problem. 

Our limited study focuses on the fate of BIS-PAH once it had been administered 

orally.  If BIS-PAH is able to pass through the gut wall then there is potential for 

bioaccumulation and cytotoxic effects.  A simple, yet highly valuable, experiment 

was set up using sections of rat gut to measure the movement of fluorescently tagged 

BIS-PAH (FITC-BIS-PAH) across the gut wall over an hour.  Initially, gut health 

was tested by measuring the passage of glucose through the gut wall and its 

inhibition by DNP.   DNP inhibits all energy requiring cellular processes (including 

the active transport of glucose) by preventing the uptake of phosphates into the 

mitochondria which inhibits the production of adenosine triphosphate (ATP) during 

the oxidative phosphorylation process 100-102.  Figure 5.1 clearly shows that ~140mM 

of glucose is able to pass through the gut wall over an hour.  This transport is 

completely stopped by exposing the gut sections to 1mM of DNP for 15 minutes 

before glucose solution was added.  This shows that the sections of rat gut were alive 

during the experiment and the experiments measuring silica transport (shown next) 

are valid.  
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Figure 5-1 - mM of Glucose transported across the inverted gut wall of a rat over an hour in the 

absence or presence of DNP.  Details on method can be found in chapter 2.7, n=3 and error bars 

are one standard deviation.  

 

Next, FITC-BIS-PAH was synthesised using FITC-tagged PAH, so that its 

movement through the gut wall could be measured.   From Figure 5.2 It is clear that 

~22% of silica moved across the gut wall during the hour long incubation.  This 

movement is through passive diffusion since it is not inhibited significantly by the 

addition of DNP.   Longer time points were not carried out since gut tissue only 

remains viable in vitro in balanced salt solution for 1-2 hours.   



133 
 

BIS BIS + DNP
0

5

10

15

20

25

30

35

40

45

50

%
 B

IS
 p

a
s
in

g
 t
h

ro
u

g
h

 g
u

t 
w

a
ll

 

Figure 5-2 - Average percentage of FITC-BIS-PAH passing through a section of rat gut over an 

hour at 37oC, with and without the presence of DNP (an active transport inhibitor), n=3 and 

error bars represent one standard deviation. 

 To further observe the movement of silica particles through the gut wall, 

fluorescence microscopy images of the inner and outer surfaces of the rat gut were 

taken (Figure 5.3).  When no silica was present (control) there were no defined 

points of fluorescence but when the sections of rat gut were exposed to fluorescent 

silica and silica with DNP, defined points of silica associated fluorescence were 

observed.  Silica was found to be clearly localised on both sides of the gut wall, 

confirming its movement.  Due to the ability of BIS-PAH to pass through the gut 

wall, it is now important to investigate its biocompatibility with other cell types and 

tissues (e.g. blood) as well as its bioaccumulation in tissue.   
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Figure 5-3 - Light and FITC microscopy images of the inside and outside surfaces of rat gut 

with the addition of no silica (Control), fluorescent silica or fluorescent silica and DNP 
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5.3. Haemolytic activity of silica 

 

A clear understanding of the haemolytic activity (i.e. lysis of red blood cells) of 

silica is difficult to determine from the literature due to the many variables involved 

171.  However, haemolysis appears to be dependent on the size of MSN that the red 

blood cells (RBC) are exposed to.  It has been shown that as the size of MSN 

increased from 42nm to 225nm, there was an increase in the TC50
  (the concentration 

of MSN where 50% of RBC are lysed) and therefore a decrease in toxicity 174,175. 

 As a comparison the size of BIS-PAH and MCM-41 used in our study were 

measured using SEM (images in Figure 3.4 and sizes in Figure 3.5).  The SEM 

images show that all BIS particles were spherical and the particles were 78±18 nm in 

diameter.  The MCM-41 particles were much larger, 3340±1013 nm in diameter.  As 

discussed in section 3.1 this sizing may not be entirely accurate, however    

To determine the potential haemolytic activity of BIS, we exposed BIS-PAH and 

MCM-41 to red blood cells (RBC).  Figure 5.4 shows that BIS-PAH had very low 

haemolytic activity, only lysising 2% of RBS at the highest concentration used (500 

µg/ml) and only 0.6% at the concentration which passed through the gut wall (~250 

µg/ml).  MCM-41 exhibited a higher haemolytic activity, rising to 10% at 500 

µg/ml.  The data were extrapolated by fitting a line through the straight part of the 

graph (Figure 5.4).  This was between 100-500 µg/ml for MCM-41 and between 

250-500 µg/ml for BIS-PAH.  The equations of the lines were Y=0.0228X-0.359 and 

Y= 0.0063X-0.9319 respectively (where Y represent % of RBC lysed and X 

represents silica concentration).   Using these equations allowed for the calculation 

of a TC50 value (assuming toxicity is linear) of 2.2 mg/ml for MCM-41.  If this was 
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scaled for humans (who have an average of 5 litres of blood) the TC50 would be a 

0.1g dose).  The TC50 for BIS-PAH was calculated to be 8.08 mg/ml (0.4g dose for 

a human).  The differences in toxicity between BIS and MCM-41 may be related to 

the size of the particles.  A study in 2010 found that as the size of MSN increased 

from 42nm to 225nm there was an increase in the TC50
  (the concentration of MSN 

where 50% of RBC are lysed) 174.  BIS-PAH particles are 78±18 nm in diameter (S2 

A & B) whereas the MCM-41 used were found to be 3340±1013 nm in diameter.    

Interestingly the non-porous BIS-PAH is less toxic than other non-porous silica 

measured in the literature.  Lin, et al, investigated haemo-biocompatibility of non- 

porous Stöber silica and found it to be much more haemolytic than BIS-PAH, with a 

TC50 of only 20µg/ml (0.1g per 5 litres of blood) 176.   
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Figure 5-4 - Percentage haemolysis induced by varying concentrations of BIS-PAH and MCM-

41.  n=3, error bars represent one standard deviation.    
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5.4. Potential bioaccumulation of silica 

 

Once silica is in the blood system the next stage of investigating bio-

compatibility is to look at bio-distribution, bio-accumulation and clearance of the 

silica.  The possible dissolution of BIS-PAH and MCM-41 in an aqueous 

environment at 37oC over the course of a month was investigated.  Here 10mg of 

either BIS-PAH or MCM-41 were immersed in 1.5ml of dH2O and incubated at 

37oC for 30 days.   Molybdic acid colorimetric assay was employed to determine the 

concentration of silicic acid and therefore the amount of silica which had dissolved 

over the course of the experiment.   

From this experiment, the dissolution of BIS-PAH and MCM-41 were found 

to be very similar (Figure 5.5).  After 30 days the supernatant contained ~2.7 mM of 

silicic acid for both types of silica, with the majority of the silica samples remaining 

settled and not dissolving, this corresponds to ~6-10% silica dissolution over the 

course of 30 days.  The solubility of amorphous silica ranges from 70-150 ppm (1.1-

2.5mM) at 25oC 39.  This experiment was carried out at 37oC (core body temperature) 

and so there is a slight increase in the dissolution limit of the silica.   

 Another study investigated the dissolution of MSN in simulated body fluid 

(to emulate the in vivo environment more accurately) and found very similar results 

to those presented in Figure 5.5 (where water was used) 177.  MSN dissolution in 

SBF occurred in the first 2 hours and did not significantly increase over the course of 

the next 8 hours.  The maximum dissolution was 2.2mM (~4% of the weight of the 

initial silica) and this level of dissolution did not change when MSN was immersed 

in 10 ml or 210 ml 177.  This suggests that silica would not fully dissolve within the 
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blood in vivo and while these static dissolution experiments do not fully reflect the 

situation found in vivo, it does show that silica cannot simply dissolve in the body 

and be easily excreted.   
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Figure 5-5 – Dissolution of silica (A) mM of silicic acid released from 10mg of BIS or MCM-41 

when incubated for 30 days at 37oC in 1.5ml of dH2O, (B) % of silica dissolved under these 

conditions n=3, error bars represent one standard deviation.    

 

Due to the low levels of silica dissolution, bioaccumulation may be an issue.  

To investigate the potential for silica bioaccumulation,  Huang, et al. injected mice 

intravenously with 20mg/kg of 70 nm MSN 178.  They tracked the location of silica 
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over the course of 7 days and found that it mainly accumulated in the liver, lungs and 

spleen.  After a week, they reported that all the silica had been effectively excreted in 

the faeces and urine and no blood or tissue toxicity was found.  There may have been 

some effect on the glomerular filtration in the kidneys but the MSN were deemed to 

have very good biocompatibility.  Another study injected 10mg/kg of two sizes of 

silica (20 nm and 80 nm) into mice and found accumulation in similar places (i.e. 

liver, lungs and spleen) 179.  The larger particles were less likely to accumulate and 

over the course of the 30 day experiment the amount of accumulated silica reduced; 

however a significant amount remained (especially the 20nm silica in the liver).  

This study reported that they did not observe any significant changes in the 

morphology of any of the organs but did see some inflammation in the liver.  It is 

thought that the persistence of smaller silica nanoparticles in the liver is due to 

macrophages, which effectively take up the silica particles which are then difficult to 

degrade due to the inherent stability of silica.  Along with the size of the particles, 

dosage can have a great effect on biocompatibility.  Hudson, et al. injected rats with 

30mg of MSN and found no major signs of toxicity; however, when this same dose 

was administered to mice, they all died.  This is due to the large difference in 

dose/weight between rats (0.17g/kg) and mice (1.2g/kg) 70.  It is thought that the 

mice died due to a pulmonary embolism and/or thrombosis.   

5.5. Conclusions 

Silica has the potential to be an orally administered DDS due to its robust nature 

and also because it is “generally recognised as safe” by the FDA.  However, dosage 

is important to remember.  Higher dosages of MCM-41 can lead to cytotoxic effects 

in epithelial cells and so there is potential for gut wall damage.  BIS-PAH was found 
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to be less cytotoxic.  BIS-PAH is also able to pass through the gut wall (which is 

useful for targeted treatments, e.g. anti-cancer) and haemolytic activity was found to 

be minimal (significantly less than MCM-41).  Once in the blood silica will not 

dissolve (which may be useful for prolonged release systems) and has been shown in 

the literature to be effectively cleared from rats with no adverse effects (as long as 

the dosage is low enough).  

From these preliminary studies we have shown that the biocompatibility of BIS 

is greater than for MCM-41, giving BIS a key advantage for drug delivery 

applications.  However, more studies are required, especially in vivo studies to fully 

elucidate the biocompatibility of BIS. 
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The development of drug delivery systems is essential to solve the many 

limitations of free drug molecules, including poor solubility, high toxicity and non-

specificity 11.  Many materials have been investigated for use for drug delivery 

applications (Liposomal and PEGylated systems are most commonly on the market 

12,15), although none are perfect.  Silica has received ever increasing attention in the 

drug delivery field due to its chemical and thermal stability, along with its versatility.  

This research aimed to investigate BIS which has several advantages of other types 

of silica including a one-step synthesis and drug loading method which occurs under 

benign conditions 75. 

Firstly this project aimed to develop an in situ drug loading and release system 

using bio-inspired silica (BIS).  Ibuprofen was first used as a model drug to aid in the 

understanding of the BIS system and how it can be controlled in order to develop 

favourable loading and release profiles for drug molecules.  It was found that the 

choice of amine additive, pH of synthesis, kinetics of synthesis and pH of the release 

solution, all had dramatic impacts upon the loading and release of ibuprofen.  From 

the results gathered using ibuprofen, it can be suggested that the ideal formulation 

for drug delivery applications would be BIS-PAH synthesised with reactant 

concentration of 2:2 (where the concentrations of sodium metasilicate and PAH are 

doubled but the concentration of drug remains at 1 mg ml-1).  Release could be 

controlled through synthesis pH where acidic conditions were found to be suitable 

for designing DDS for fast targeted release, while basic conditions were preferred for 

sustained release.  The pH of the release solutions also impacted upon release, where 

high release was observed under highly acidic and neutral conditions but at low 
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acidity (pH 5) release was greatly impaired.  This release profile could enhance the 

efficacy of loaded drug if administered orally. 

 While predictive rules based on synthesis chemistry to influence drug loading 

and release were found for ibuprofen, they could not be applied for use with 

hydrocortisone.  Hydrocortisone is a drug in real need of an effective drug delivery 

system but its instability during BIS synthesis meant that doses could not be 

accurately measured and the released drug may have been non-functional.  Due to 

this hydrocortisone had to be added once the BIS synthesis solution of neutral and 

silica particles had already formed.   BIS-PAH was the only BIS tested that allowed 

for drug release (likely due to the larger pores when compared to BIS synthesised 

using other amines).  Maturation time of the BIS-PAH did not greatly impact upon 

the loading efficiency of hydrocortisone but future work could increase the times 

tested and increase the concentration of hydrocortisone within the system to increase 

the diffusion pressure.  Ultimately hydrocortisone loading onto BIS was greatly 

limited due to the inability to in situ load drug.   

An essential criterion for any DSS is biocompatibility.   Silica has the potential to 

be an orally administered DDS due to its robust nature and also because it is 

regarded as “generally recognised as safe” by the FDA.  However, there is still a lot 

of contradictory literature on the biocompatibility of silica, which means that more 

biocompatibility studies of BIS are essential.  MCM-41 was found to be toxic to 

epithelial cells in higher dosages which is concerning since this could cause serious 

damage to the gut wall 35.  BIS-PAH was found to be less toxic to this cell type 

which enhances the argument for the use of bio-inspired silica over MSN.  BIS-PAH 

was observed to be able to pass through the gut wall which means it has the potential 
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to be useful as a more targeted drug delivery system (e.g. anti-cancer), where the aim 

is to get the drug delivery system to the exact site of action, thus avoiding systemic 

flow of the drug (i.e. avoid giving the drug free range throughout the entire body) 

and reducing side-effects.  Once through the gut wall into the blood stream BIS-PAH 

has very little haemolytic activity, whereas MCM-41 induced a significant amount of 

haemolysis.  Haemolytic activity is extremely undesirable in a drug delivery system, 

for obvious reasons.  Finally, due to silica’s chemical stability, minimal silica 

dissolution was observed over the course of a month.  This may be useful for 

prolonged release systems; however there are also concerns over bioaccumulation of 

silica resulting in unknown negative effects.   Although some studies have observed 

the effective clearance of silica from rats, a full in vivo study using BIS is essential 

for it to be developed for drug delivery applications.      

The main limitation of the study using ibuprofen is the unrealistic release 

conditions.All release was carried out in a low volume (1.4ml of PBS) in a static 

environment, which does not emulate the passage through the digestive tract.  This 

low volume will also impede the release of hydrophobic drugs since there is not a 

large enough diffusion pressure for the hydrophobic drug to be released into a 

hydrophilic environment.    Future investigations could look into the effect of sink 

volume (i.e. the volume of liquid that a drug is able to diffuse into from the DDS), 

which may result in increased drug release because of the higher diffusion pressures 

in the system and will stop the sink volume becoming saturated with drug.  The 

loading mechanism for BIS or MCM-41 is not optimal and should be improved in 

the future.   Throughout this investigation the loading concentration was relatively 

low (1mg/ml), which resulted in a low loading efficiency.   If a higher concentration 
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of drug or a super-saturated solution was used, then hydrophobic drugs would be 

more likely to bond with the silica surface.   An increased concentration of drug may 

also increase the drug loading into BIS.  Creating a more saturated solution of drug 

could be done simply by increasing the concentration of drug being dissolved and 

heating the solution to allow for more drug molecules to dissolve.   However, the in 

situ drug loading method for BIS presented here may also result in a more saturated 

solution of drug.  A study in 2005 used a similar “in situ” loading method for 

loading ibuprofen into their DDS (dextran).  Here they used a solution of dextran and 

ibuprofen (to a final concentration of 1 mg/ml) in NaOH and slowly reduced the pH.  

As the pH is reduced the solubility of ibuprofen reduces (at pH12 solubility is 31.53 

mg/ml, pH 7 solubility is 1.46 mg/ml and at pH 1 solubility is 0.02 mg/ml).  This 

decrease in solubility creates a more saturated solution and inducing ibuprofen 

precipitation with dextran, resulting in increased loading 180.    The creation of a 

more saturated drug solution could result in the potential issue of drug 

crystallisation.  This phase change could inhibit release of loaded drug 181.   Future 

work will require a more detailed investigation into this for the BIS system to 

discover is supersaturated solutions of drug increase loading and its effect on the 

drug release.  In doing so, drug dosages being released from BIS could be increased 

more therapeutically relevant concentrations.   

  Other improvements on the release experiment could include increasing the time of 

the release experiment (to observe any prolonged drug release), observing the effect 

movement has upon release (shaking may increase drug release which could result in 

a decrease in drug efficacy since it is being released higher up the digestive tract), 

the effect of pH changes (this was briefly investigated but requires a more focused 
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study and with changes in the pH of the release solution over time, similar to how it 

would change within the human body), and the effect of the release solution itself 

(PBS does not fully replicate the environment within the digestive tract).  Finally to 

improve drug loading and release, synthesis conditions in tandem should be 

investigated, for example, reactant concentration ratio of 2:2 and BIS-PAH 

synthesised at pH 5 both showed favourable loading and release conditions, would 

this improve further if both synthesis conditions were together?  Other additives 

could also be studied in order to improve the physical characteristics of BIS.  Larger 

surface areas and controllable pore sizes are important factors in the drug loading 

and release efficiencies of a DDS and changing the additive could vastly improve 

these characteristics of BIS, resulting in more pharmaceutically relevant amounts of 

drug being loaded and released.  The BIS with the highest surface area in the present 

research was BIS-PAH, with a surface area of 129 m2 g-1.  The use of alternative 

additives has been shown to produce silicas with surface areas of >500 m2 g-1 (with 

the use of amino acid derived surfactants to condense silica)182 and even up to 1030 

m2 g-1(with the use of polyethylene glycol) 183.  This high surface area rivals MCM-

41 (983 m2 g-1) and could allow for much improved drug loading efficiencies.  

The HPLC system and calibration curve for ibuprofen will also require 

improvement in future studies.  The HPLC calibration curve for ibuprofen has an R2 

of 0.95, which ideally should have a better fit and have an R2 of 0.99.  The lowered 

R2 value was deemed appropriate during this investigation but is not perfect.  The R2 

could be improved by adding more data points to the graph (figure 2.1), especially 

between 0.2mg/ml and 1 mg/ml.  The experiment could also benefit from the use of 

two calibration curves, one for the higher concentrations (mg/ml) (usually detected 
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when measuring drug loading) and one for the low concentrations (µg/ml) (usually 

when drug release is being detected).  This would help resolve subtle differences in 

drug loading and release. 

The sizing of particles was a major issue.  As previously discussed dynamic light 

scattering, was deemed inappropriate for sizing the BIS particles due to their 

deposition out of solution.  SEM was employed instead; however this may not have 

given an accurate representation of the silica particle sizes.  When measuring the 

sizes of BIS particles, the primary particles were measured; however these particle 

aggregate into larger particles in solution and so this measurement may not be a true 

representation.  When measuring MCM-41, the primary particles were not resolved 

and so large particles of varying sizes were measured.   Future work should include a 

more accurate sizing experiment for these particles.  TEM (transmission electron 

microscopy) was not employed to investigate the BIS and MCM-41 pore structure 

simply due to the lack of access to this equipment.  TEM images of BIS have been 

previously observed and found that a similar aggregation of primary particles 

occurred and a slight increase in particle  size was measured when using TEM rather 

than SEM 120. 

The porosity of BIS was too small to compete with MSN using post-synthesis 

hydrocortisone loading and so future work should entail developing BIS with a 

larger pore size and volume, without the use of surfactants, which will facilitate 

increased post-synthesis loading (as discussed above).  The synthesis protocol for 

BIS has the benefit of allowing in situ drug loading.  However, because of the 

chemical instability of hydrocortisone during in situ loading, BIS was deemed 

inappropriate for use as a DDS for hydrocortisone.  Future work would have to 
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involve a comprehensive screening of drug stability under the basic pH conditions 

encountered during BIS synthesis.  This may significantly limit the number of drug 

molecules that a BIS DDS could be used for.  Investigating potential degradation 

products is greatly important because, not only could the drug become non-

functional, but it may degrade into a toxic product (for example, pralidoxin degrades 

to cyanide under basic conditions 184).  It is the C17-dihydroxyacetone side chain of 

hydrocortisone which is susceptible to degradation under basic conditions 156, 

meaning that drugs with this side chain would also be inappropriate candidates for 

the BIS system.  Degradation often occurs as a result of hydrolysis and so pH-rate 

profiles of drugs are important to investigate in order to determine the stability of a 

drug molecule under the conditions found during BIS synthesis 185.  Some drug 

molecules which are also unstable under basic pH include cefazolin and flomexef 186.  

Even though BIS is an inappropriate drug delivery system for hydrocortisone there 

are other systems being developed such as Chronocort® (which is currently in phase 

3 of clinical trials and aims to be on the market as soon as 2018) and Plenadren®, 

which has a slow release core surrounded by an outer shell which quickly releases 

hydrocortisone 150,151. 

While there is evidence for good biocompatibility for BIS (especially when 

compared with MSN), this has all been investigated with in vitro work.  This is the 

major limitation of the biocompatibility study in the present study.  It has focused 

only on small parts of the journey of BIS through the digestive tract and into the 

blood stream, but studies looking at the system as a whole are required.  To fully 

uncover the safety of BIS, in vivo biocompatibility studies are essential and would 

involve the use of a model animal (usually a rat) and administering a dose of BIS.  
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This is most commonly done via intravenous injection, but to fully investigate BIS 

for oral delivery, the model animals would have to eat the silica.  The model animals 

would then be sacrificed and an autopsy would reveal bio-distribution, bio-

degradation and bio-accumulation of the silica within a body, as well as the potential 

deleterious effects BIS could have upon vital organs.  An example of this type of 

study was carried out by He, et al., who administered different sized MSN to rats 187.   

Another issue to regarding the biocompatibility of BIS is the use of amine 

additives. It has been previously shown that free amines (specifically PEHA) were 

toxic to human monocytes, however when this amine was used to synthesise BIS 

(and so is likely to be entrapped in the silica particles, this toxicity was removed 35.   

Due to the importance of amines in synthesising and functionalising the BIS 

system and the amines potential toxicity if released from BIS, it is important to 

measure the mass of amines in BIS and the location of these amines.   The ability to 

do this is quite difficult.  IR spectroscopy is not useful for detecting surface amines 

because the amine peaks will be too small to detect next to the very large silica peaks 

and are also obscured by peaks representing water, meaning that the use of IR is 

inappropriate for this issue.  NMR is a possible solution, however 14N goes not 

provide a signal and so amine additives would have to be synthesised with 15N to be 

detected using this technique.  This is expensive and labour intensive but some work 

had been carried out previously 77. 

What is also currently unknown is whether amine molecules are released from 

the silica, which could have great implications upon cytotoxicity.   Future work 
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should be carried out exposing BIS to various conditions found within the body and 

measuring whether amine is released (likely through use of HPLC). 

Also impacting on biocompatibility is surface charge.   The zeta potential (i.e. the 

surface charge) was not measured during this investigation, due to issues with the 

silica particles remaining in suspension (see sizing issues above).  However the 

surface charge of a particle can have drastic impacts upon its biocompatibility and 

should be measured in future work.   The surface charge of the nanoparticle is 

greatly important with positively charged particles being internalised into cells at a 

greater rate than negatively charged particles 167.  The cytotoxicity of charged silica 

does not appear to be concise in the literature, with one paper reporting with an 

increased negative charge being more cytotoxic 164 and another stating that amine 

modified (and therefore cationic) MSNs were less cytotoxic that their bare 

counterparts (with anionic charges) 168.  This is another reason that measuring 

biocompatibility of all new DDS is essential.   

If BIS was found to be safe, clinical trials on humans would be approved, which 

occur in four phases, with increasing numbers of test subjects 188.  If BIS passes 

these four phases a licence will be granted by the Medicines and Healthcare 

Regulatory Agency (MHRA); the government body in charge of regulating 

medicines and medical devices in the UK.  Once a licence is granted, BIS would 

finally be allowed to be sold and used for treating humans 189.  All drugs or medical 

devices will have some side-effects and so can never be regarded as 100% safe, but 

if the advantages outweigh the disadvantages, then a new drug delivery system, like 

BIS, could have a huge potential. 
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This thesis has shown promising results for BIS as a drug delivery system and 

has argued its benefits over other DDS and other types of silica, and so there is 

potentially a great future ahead for this technology.  Developing drug delivery 

systems is also financially logical since the development of new DDS cost 

approximately $20-50 million and take around 3-4 years to develop, whereas 

developing new drug molecules can cost around $500 million and take 10-12 years 

13.  The drug delivery technology market is predicted to be worth 1.5 trillion US  by 

2020 14, meaning that development of BIS for drug delivery applications has the 

potential for huge financial returns. 

 Along with the controllability provided through synthesis conditions, the 

additions of “smart”/”stimuli-responsive materials to BIS could bring more control 

over drug release (either at specific times or locations).  For example coating the 

surface of drug loaded BIS with poly(acrylic acid) (PAA), allows for pH dependent 

drug release 73.  PAA remains attached to the BIS under acidic conditions (thus 

holding in the drug), but under neutral conditions, it will detach from the silica and 

allow for drug release.  This will protect drug molecules from the low pH found in 

the stomach and release it in the small intestine where highest absorption occurs. 

  This would avoid the problem of burst release profiles and allow for the use of 

BIS for prolonged release treatments.  Prolonged and sustained released systems are 

very useful for treating a while range of conditions, since they reduce the amount of 

doses a patient is taking.  Some examples of these include anti-cancer treatments, 

anti-depressants, Hormone replacement therapy, Ritalin for treatment of attention 

deficit disorder, or any other treatment that requires the patient to take a drug for 

prolonged periods of their lives).  Due to the ease of control of BIS properties and 
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the ease of synthesis, there is a real potential in the future for BIS to be used in 

personalised medicines.  This could greatly improve the efficacy of drugs (since 

doses are specific to each patient), as well as improve the lives of patients with long-

term conditions, since they could take fewer doses of medicine and potentially 

synthesise their treatments at home.  This idea is still many years of research and 

development away, but the advantages of BIS (such as one-step formulation, simple 

controllability, lack of hazardous chemicals and superior biocompatibility) and the 

fact that BIS has similar or improved drug loading and release profiles to MCM-41 

when using ibuprofen, means that, with further drug and biocompatibility research, 

BIS as real potential as a viable DDS. 
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Appendix 
 

Appendix 1 – Nitrogen adsoption theory 
 

Adsorption Isotherms 

 

Both the BET and BJH methods rely on data from adsorption isotherms.  

This is the relationship between the amount of adsorbate gas (in this case nitrogen) 

adsorbed on the surface of a sample (in this case silica) and the pressure of the 

system 98.  Adsorption isotherms rely on Le-Chatelier’s principle of equilibrium. So, 

in the case of gas adsorption, when pressure is increased in the system the 

equilibrium, adsorbate + adsorbent ⇌ adsorption, will shift to release stress in the 

system (i.e. decrease the number of molecules in the system) and so the forward 

direction is favoured and gas molecules adsorb to the surface of a material.  By 

observing the shape of the adsorption isotherms curves one can deduce some 

information about the samples surface characteristics 97.  The majority of these 

isotherms can be grouped into 6 types (as shown in Figure A1.1). Table A1.1 gives a 

brief description of what each type of adsorption isotherms suggests about the 

samples surface characteristics. 
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Figure A1.1 - 6 main types of adsorption isotherms,  Figure reproduced from ref 97 
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Table A1-1 - Description of adsorption isotherms (Figure 2.3) 97  

Isotherm Type Description 

Type I Suggests a microporous solid with a relatively small 

external surface.   Adsorption is controlled by the 

micropore volume rather than internal surface area. 

Type II Normal isotherm for non-porous or macroporous 

materials.   Here there is unrestricted monolayer to 

multilayer adsorption. 

Type III Uncommon isotherm.  Suggests a role of adsorbate-

adsorbate interactions 

Type IV This isotherm has a characteristic hysteresis loop.  This 

occurs when adsorption occurs in mesopores first and 

limits the uptake at higher pressures.  This type of 

isotherm is characteristic of mesoporous materials. 

Type V Another uncommon isotherm.  The adsorbent-adsorbate 

interaction is weak when this type of isotherm is 

observed. 

Type VI This isotherm shows a stepwise multilayer adsorption on 

a uniform non-porous surface. 

 

BET theory 

The BET method, originally proposed by Brunauer, Emmett and Teller in 

1938 98, is a model used to describe the specific surface area of porous materials 97.  
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There are two main equations used to plot a BET isotherm; one for the low pressure 

section and one for the high pressure section. 

The low pressure section of the isotherm is calculated first, as some units 

calculated in this equation are used in plotting the high pressure isotherm.   The 

equation for the low pressure section is shown and described in equation A1.1. 

p

v(p0 − p)
=

c − 1

vmc
(

p

p0

) +  
1

vmc
 

Equation A1.1 - BET equation to fit the low pressure section of the isotherm.  Where p is the 

partial pressure, v is the total volume of the gas, P0
 is the reference pressure, Vm

 is the volume of 

gas required to from a complete uni-molecular adsorbed layer and c is a constant which is 

roughly equal to e [(E1-EL)/RT)
 (where E1 is the heat of monolayer adsorption, EL is the heat of 

liquefaction of adsorbate) 98. 

 This equation is ultimately the equation of a straight line and the linear graph 

produced suggests the formation of a monolayer.   Values Vm
 and c (used for 

calculating the higher pressure isotherm) are calculated here; the gradient is 
𝑐−1

𝑣𝑚𝑐
and 

the y intercept is  
1

𝑣𝑚𝑐
 .  It was found that when pressures rose above 0.35 , then 

equation 1 no longer accurately fits the experimental data 98.  As such a second 

equation was developed to plot the high pressure section of the BET isotherm 

(equation A1.2). 

v =  
vmcx

1 − x
(

1 − (n + 1)xn +  nxn+1

1 + (c − 1)x − cxn+1
) 

Equation A1.2 - BET equation to fit the high pressure section of the isotherm.  Where Vm and c 

have the same meaning as in equation 2.2 and n is the number of layers adsorbed 98. 

Knowing the volume of the monolayer (Vm) the surface area of a sample can 

be determined.  This is achieved by first determining the number of adsorbate 
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molecules on the surface (equation A1.3), and secondly calculating the surface area 

by using equation A1.4. 

volume of the monolayer

volume of one molecule of adsorbate
= number of adsorbate molecules 

Equation A1.3 - Equation to calculate the number of adsorbed molecules using the BET method 

 

(average area of one molec. )x (number of adsorbate molecules )

= absolute adsorbent surface area 

Equation A1.4- Equation to calculate the specific area of a sample using the BET method 

 

BJH theory 

 

Based on a 1951 paper by Barrett, Joymer and Halenda, the BJH method is 

utilised to calculate the pore size, volume and pore size distribution using the 

desorption curve (calculated as described above 99.  By applying a vacuum to the 

system, the partial pressure of the adsorbate gas (in this case nitrogen) is reduced and 

so small volumes of the adsorbate can be removed from the surface of the adsorbent 

in a controlled and sequential manner.  The largest pores empty first and so it can be 

said that the nth
 desorption corresponds with the emptying of the nth largest pore and 

a thinning of the remaining adsorbate layer within the n-1 largest pore. 

As each layer of the adsorbate (N2) evaporates as the partial pressure 

decreases, the volume of gas removed is plotted and can be related to pore size.  This 

is then used to create a plot of the pore size distribution.  The volumes of the pores 

are also calculated in the BJH method using equation A1.5. 
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Vpn = (
rpn

rkn + {
∆tn

2 }
)

2

(∆Vn − ∆tn ∑ CjApj

n−1

j=1

) 

Equation A1.5 - Equation used in the BJH method to calculate the pore volume distributions 

with respect to the pore width. Where Vpn is the pore volume of the nth desorption, ∆tn is the 

change in thickness of the adsorbed layer, rpn is the pore radius, rkn is the Kelvin capillary 

radius, Ac is the average area from which the adsorbed gas is evaporated, and Ap is the area of 

pores which is a constant equalling
𝟐𝐕𝐩

𝐫𝐩
  99. 

 This equation makes two fundamental assumptions.  Firstly, it assumes that 

all the pores have a cylindrical shape and, secondly, it assumes that the gas is 

retained in/on the adsorbent via physical adsorption on the pore walls and no 

chemical bonding occurs 99. 

 Using the Bet and BJH theory information regarding a material’s surface 

area, porosity and pore size distribution can be determined, making it a useful tool 

for surface characterisation. 
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Appendix 2 – Example adsorption isotherms 
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Figure A2.1 :-  Adsprotion isotherms for (A) BIS-DETA, (B) BIS-TEPA, (C) BIS-PEHA, 

(D) BIS-PAH and (E) MCM-41 
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Appendix 3 - HPLC traces of hydrocortisone 

 

Figure A3.1 :-  –. HPLC traces of hydrocortisone when exposed to various conditions (A) 70:30 - 

EtOH:H2O (pH 7.4), (B) 70:30 - EtOH:PBS (pH 7.2), (C) 1M HCl (pH1)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

(D) 30mM Sodium metasilicate (pH 12), (E) 30mM Sodium metasilicate (pH 7), (F) 1mg/ml PAH 

(pH5), (G) 1M NaOH (pH 17), (H) Heated at 85oC for 1 hour.  Hydrocortisone detected using an 

isocratic reverse phase HPLC method, with 40 µl injection volume , mobile phase of acetonitrile: 

water (7:3), flow rate of 1ml min-1, ACE 5 C-18 column (150X4.6 nm with 5 µm particle size).  
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Figure A3.2 :-  HPLC traces negative controls (A) 70:30 - EtOH:H2O (pH 7.4), (B) 70:30 - 

EtOH:PBS (pH 7.2), (C) 30mM Sodium metasilicate (pH 12), (D) 30mM Sodium metasilicate (pH 7), 

(E) 1mg/ml PAH (pH5).  Hydrocortisone detected using an isocratic reverse phase HPLC method, 

with 40 µl injection volume , mobile phase of acetonitrile: water (7:3), flow rate of 1ml min-1, ACE 5 

C-18 column (150X4.6 nm with 5 µm particle size).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 


