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Abstract 

 

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by the severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus. The response to the 

pandemic saw widespread diagnostic testing, and the development of vaccines at 

speed, with global distribution ahead of emergency regulatory approval.  

Antibody conjugation with nanoparticles (NPs) through Staphylococcus Protein A 

(SpA) can be used a platform for the development of new diagnostics, and Molecular 

Dynamics (MD) simulations were used to investigate SpA for its potential as an 

antibody conjugation agent with model NPs. The simulations showed the model 

negatively charged silica surface produced favourable SpA adsorption, that facilitated 

the binding of antibodies at the Fc region to functionalise the system. The SpA was 

blocked on both sides when it bound to the model gold surface, and the SpA receptor 

binding domain (RBD) is blocked on the model positive silica surface. Overall, these 

results indicate SpA is a promising agent to guide the development of a new diagnostic 

for COVID-19.  

The initial aim was to develop a novel diagnostic for COVID-19. However, after the 

withdrawal of my original industrial partner, and the project workplan change with my 

new industrial partner, it was decided to pursue the development of a dry-powder 

intranasal (IN) vaccine. Therefore, the aim of this thesis is to design a dry-powder IN 

vaccine for COVID-19, by studying the SARS-CoV-2 RBD interactions with model 

NPs. The SARS-CoV-2 RBD and SARS-CoV-2 RBD with histidine tag (His-Tag) 

were studied by MD simulations with model silica NPs (SiNPs) and model carboxyl 

terminated SiNPs (COOH SiNPs). The MD simulations indicate SARS-CoV-2 RBD 

binds preferentially on the model SiNPs and SARS-CoV-2 RBD with His-Tag binds 

preferentially to the model COOH SiNPs. These model systems were used to guide 

the experimental production of a dry-powder IN vaccine for COVID-19.  

The simulations guided the laboratory work, where a spray-dryer was used along with 

other characterisation equipment for the production, and analysis of a dry-powder IN 

vaccine formulation for COVID-19. Alpha lactose monohydrate spheres, used as the 

excipient in the dry-powder IN vaccine formulation, were successfully spray-dried to 



xvii 

 

the required size. Despite the overall unsuccessful attempt at IN vaccine production 

for COVID-19, this project has opened up many possibilities for the future, as the MD 

simulations showed the NPs are suitable for a vaccine formulation, and the 

experimental component of this project also contributed to the development of an IN 

vaccine.   
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Chapter One: Introduction 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

“What is not started will never get finished” 

Johann Wolfgang von 

Goethe 
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The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a 

previously unknown coronavirus, caused global chaos. Hospitals were overwhelmed 

with patients, and economies affected as the global response saw the adoption of social 

distancing, face masks and lockdowns. Researchers made it their priority to diagnose 

and treat coronavirus disease 2019 (COVID-19), and the initial aim of this project was 

to design a new diagnostic for COVID-19, using antibody conjugation with 

Staphylococcus Protein A (SpA). However, COVID-19 diagnostic tests rapidly 

became commonplace, with RT-PCR tests effectively scaled up, and new antigen tests 

also introduced. 

Vaccines for the virus were also developed at speed, and they were successfully rolled 

out in different vaccination programmes. However, the current vaccines for COVID-

19 pose several challenges, and there is a need for alternative mucosal vaccines that 

would primarily target respiratory surfaces. The aim of this thesis is to design a dry-

powder intranasal (IN) vaccine for COVID-19, by targeting the SARS-CoV-2 receptor 

binding domain (RBD), which causes COVID-19. This chapter begins by introducing 

vaccines, discussing different types of vaccines, assessing their key features and 

components, and looking at some COVID-19 vaccines. Dry-powder IN vaccines are 

then introduced, their clear advantages over conventional vaccines are explored, and 

current attempts at IN vaccines for COVID-19 are assessed. The chapter concludes 

with a summary of key points pinpointing the motivation for this work, and a 

description of the contents of subsequent chapters. 

1.1. Vaccine Types 

 

A vaccine is a biological preparation that provides active acquired immunity to a 

particular infectious or malignant disease (Pollard and Bijker, 2021). The formulation 

contains an agent that resembles a disease-causing microorganism, which is often 

made from weakened or dead forms of the microbe, its toxins or one of its surface 

proteins (World Health Organisation, 2020). The agent stimulates the body’s immune 

system to recognise it as a threat and destroy it. It also creates ability for the immune 

system to destroy any related threat in future encounters (World Health Organisation, 

2020). There are several types of vaccine, and they are detailed below.  
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1.1.1. Toxoid Vaccines 

 

Toxoid vaccines use inactivated toxins to suppress toxic effects of these bacterial-

released proteins, rather than targeting the bacteria itself (Yadav et al., 2014). These 

vaccines are effective at preventing certain toxin-mediated diseases such as tetanus or 

diphtheria. For instance, the harmful toxin produced by the bacterium Clostridium 

tetani causes painful muscle contractions, causing the neck and jaw muscles to lock, 

making it hard to open the mouth or swallow (Moynan et al., 2018). Diphtheria, caused 

by Corynebacterium diphtheria, is a highly contagious bacterial disease causing 

inflammation of the mucous membranes, and the formation of a false membrane in the 

throat that hinders breathing and swallowing (Hadfield et al., 2000). In toxoid 

vaccines, the toxin is purified from the bacterial cell culture and then inactivated via 

chemical treatment with formalin. For immunisation purposes, the inactive, harmless 

form of the toxin known as the ‘toxoid’ generates an immune response, building long 

lasting immunity to the particular disease (Yadav et al., 2014), and boosters are often 

given every 10 years for ongoing immunity. However, toxoid vaccines are only useful 

for diseases caused by certain toxin-producing bacteria (Angsantikul et al., 2018), as 

other pathogens do not produce toxins.  

1.1.2. Live Attenuated Vaccines 

 

Using one of the earliest methods of eliciting a protective immune response, a live 

attenuated vaccine contains an ‘attenuated’ or weakened pathogen, inducing an 

immune response for the target pathogen, to develop long-term immunity (Yadav et 

al., 2014). The actual pathogen is weakened sufficiently, but retains the epitopes key 

to recognition by the immune system. As this vaccine type contains an actual, live 

pathogen, it delivers strong immunity and booster shots are not always needed (Aaby 

et al., 2023), it is also the closest treatment to a live infection. The pathogen may be 

attenuated by introducing it into an unfamiliar host in a process known as ‘passaging’, 

or by growing it through tissue culture. The former relies on the principles of genetic 

variability and mutation, as the strain evolves in the new host, the pathogen becomes 

well acquainted to the new host, making it harmless to the original recipient (Hanley, 

2011). Attenuation through cell culture relies on the same principle. The pathogen is 
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repeatedly ‘passaged’ through cell lines, forcing replication and putting it under 

increased pressure to adapt to the different environment, thus weakening the pathogen 

and reducing its efficacy, but keeping it strong enough to elicit an immune response 

(Bankamp et al., 2008).  

An example of a live-attenuated vaccine is the rotavirus vaccine, Rotarix ®. Rotavirus 

is a highly infectious gastric organism affecting mainly babies and young children, 

with symptoms including fever, stomach ache, diarrhoea and vomiting (Anderson and 

Weber, 2004). Development of this vaccine involved obtaining a virus isolated from 

an infected child and serially passaging it through primary African Green Monkey 

Kidney (AGMK) cells; this was carried out 26 times, and then a further 7 times in a 

serially passaged AGMK cell line (Bernstein et al., 1998). To determine the 

attenuation of the virus, studies were conducted in adults, followed by children with a 

rotavirus infection (Bernstein et al., 1998).  

Live attenuated vaccines demonstrate durable immunity against a disease because they 

are as close to the active, wild-type virus, and therefore, can usually immunise after a 

single dose, not always requiring boosters (Aaby et al., 2023). On the other hand, live 

attenuated vaccines cannot be safely given to people who are immunocompromised, 

as they would not be able to fight the attenuated pathogen and could develop serious 

illness as opposed to developing immunity (Torresi and Kollaritsch, 2013). These 

vaccines cannot be given to pregnant women too, as pregnancy weakens the immune 

system and increases the risk of the vaccine making its way to the developing foetus, 

which could cause serious damage to the unborn child (Bozzo et al., 2011, Torresi and 

Kollaritsch, 2013). Furthermore, the vaccines pose logistical problems when it comes 

to transport and delivery in some countries, as they are only effective when kept and 

stored at controlled temperature. They also need security to prevent theft/diversion of 

the vaccine (Kartoglu et al., 2020).   

1.1.3. Inactivated Vaccines 

 

It is also possible to produce inactivated vaccines, which generally have poorer 

immunogenicity than live attenuated vaccines.  Inactivated vaccines involve killing a 

pathogen in the process, or altering it so that it cannot replicate. When the vaccine is 
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administered, the ‘inactivated’ pathogen is strong enough to initiate an immune 

response, yet cannot cause disease (Lopez et al., 2023). However, as the pathogen 

cannot replicate in the host cell, the immunity provided is not as strong as live 

attenuated vaccines, and multiple booster doses are needed for ongoing immunity 

(Louten, 2016). Inactivated vaccines are usually more stable in long-term storage than 

live attenuated vaccines, and do not need a cold chain, making them more accessible 

to store/transport, and readily available to use (Dumpa et al., 2019). The vaccines may 

be safer than live vaccines as the pathogen is essentially inactive, and unlikely to 

mutate into a harmful form (Louten, 2016). 

Commonly, whole live pathogens are collected from animal cell cultures and then 

‘inactivated’ using heat or formalin; there are currently several licensed inactivated 

vaccines available on the market. Poliomyelitis (Polio) is an infectious disease that is 

spread by the faecal-oral route, and symptoms of polio include fever, paralysis and 

muscle pain (Mehndiratta et al., 2014). An example of an inactivated vaccine is the 

Inactivated Polio Vaccine (Salk, 1953), which is produced by wild-type poliovirus 

strains of each serotype that have been inactivated with formalin. The vaccine is often 

given as a combination along with diphtheria, tetanus and acellular pertussis vaccines. 

There is no risk of ‘reversion’ with inactivated vaccines, as opposed to live vaccines, 

and inactivated vaccines can also be freeze-dried for ease of transport (Louten, 2016). 

On the other hand, production of inactivated vaccines can be relatively expensive 

because of the treatment processes involved in inactivating the pathogen (Fu et al., 

2022); this is an important consideration for mass vaccine manufacture.  

 

1.1.4. Subunit Vaccines 

 

A subunit vaccine is formulated from a component of a pathogen, so they do not 

contain whole pathogens, but rather a protein and/or a polysaccharide from a pathogen, 

that has been carefully studied using in silico methods to identify if it initiates a strong 

immune response (Goodswen et al., 2023). There are three main types of subunit 

vaccines: 
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- Polysaccharide vaccines target an immune response to pathogenic bacteria 

encased in a chain of polysaccharide found in the pathogen capsule (i.e. the 

cell walls of some bacteria), and this develops responses against the surface of 

the bacteria, killing the pathogen in the process (Mandell, 2012).  

- Conjugate vaccines also have a polysaccharide component, but the weak 

polysaccharide antigen is bound to a strong protein antigen. The  

polysaccharide-conjugated protein complex boosts the immune response, and 

helps in forging strong immune memory (Granoff et al., 2013). 

- Protein-based vaccines contain isolated proteins from pathogens. The immune 

response is usually instigated by a surface protein of the pathogen, or against a 

secreted toxin, and the antigen used in the vaccine is a very specific part of or 

derived from the pathogen.  

Subunit vaccines may be produced from the original pathogen or recombinantly. 

Hepatitis B is a viral liver infection spread through blood, semen and vaginal fluids, 

and symptoms of hepatitis B include high temperature, sickness and diarrhoea (Liang, 

2009). The hepatitis B vaccine, Recombivax HB ®, is an example of a recombinant 

protein-based subunit vaccine, which is produced using yeast cells.  

The biggest advantage of subunit vaccines is their safety. For instance, the organism 

in live attenuated vaccines can undergo changes in their genetic material, which can 

cause a harmless version of a pathogen to revert to the original virulent pathogen 

(Hanley, 2011). There is no such risk with subunit vaccines, and this is particularly 

helpful for immunocompromised individuals or pregnant women, who cannot take live 

vaccines. However, despite their safety and efficacy, the immunity initiated by subunit 

vaccines is weaker than live vaccines, and multiple booster doses are needed 

(Chellasamy et al., 2021). Finally, subunit vaccines need to be engineered to contain 

several antigens, as preparing a vaccine with just one epitope will not be enough to 

provide effective immunity (Heidary et al., 2022).  

1.1.5. Viral Vector Vaccines 

 

A viral vector vaccine uses a harmless virus to deliver genetic code to host cells. Their 

key differentiator is that they do not actually contain antigens, but instead a modified 
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virus to deliver genetic code of the antigen into human cells (Deng et al., 2022). The 

mass production of the antigen triggers an immune response, and the vaccine ‘mimics’ 

infection with a real pathogen. The principle relies on the ability of viruses to survive 

and replicate by invading and hijacking host cells, except the vaccine ‘acts’ as the virus 

and delivers genetic code to host cells to generate the antigen. The double advantage 

of vector vaccines is that they stimulate a strong cellular immune response by T cells, 

as well as stimulating the production of antibodies by B cells (Gavi). Most viral vector 

vaccines only need one administration, as they induce strong immunity. However, 

booster doses maybe needed for ongoing immunity (Deng et al., 2022, Kanokudom et 

al., 2022). On the other hand, disadvantages of viral vector vaccines include a more 

complicated manufacturing process and an increased risk of genomic integration (Li 

et al., 2020). An example of a viral vector vaccine distributed on a vast global scale is 

the COVID-19 Oxford-AstraZeneca vaccine (Falsey et al., 2021) (See section 1.2). 

The viral vector maybe used as a platform for treating cancer (Larocca and Schlom, 

2011, University of Oxford, 2021). Imlygic ® (Ferrucci et al., 2021), which employs 

similar technology to that found in viral vector vaccines, is available as a treatment for 

certain people with melanoma skin cancer, where cancer cannot be removed by 

surgery. 

1.1.6. mRNA Vaccines 

 

mRNA vaccines use mRNA (encoding a specific pathogenic protein) encapsulated in 

organic nanoparticles (NPs), and most commonly lipid NPs (LNPs) to induce 

immunity (Reichmuth et al., 2016). LNPs are readily integrated in medicines due to 

their high biocompatibility, low toxicity, ability to cross membranes and seamless 

integration with hydrophobic/hydrophilic drugs (Syama et al., 2022, Ghasemiyeh and 

Mohammadi-Samani, 2018). Once the LNPs reaches the host cell, the cell machinery 

follows the encapsulated mRNA instructions and produces the target protein, which is 

then displayed on the cell surface and eventually triggers an immune response (Pardi 

et al., 2018). Upon future exposure to the pathogen, memory immune cells rapidly 

trigger the relevant antibody production to fight the threat (Reichmuth et al., 2016). 

This is probably one of the newest and most exciting developments in recent vaccine 

technology, and the biggest advantage of this approach is the ability of large-scale 
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vaccine manufacture at speed (Rosa et al., 2021), as conventional vaccines can take 

months, or even years to develop. The most significant example of this type of vaccine 

is the Pfizer-BioNTech COVID-19 vaccine (Polack et al., 2020) (see section 1.2), 

which saw a highly successful global roll out, and is estimated to have saved around 

110,000 lives in 2021 (Fujimura, 2022). The Moderna COVID-19 vaccine (Wang et 

al., 2020) only took seven weeks from design, manufacture and shipment (World 

Economic Forum, 2021). However, although the early efficacy data of these vaccines 

is positive, the long-term effects are still unknown (World Economic Forum, 2021) 

and the data is not representative of long-term efficacy and side effects (Anand and 

Stahel, 2021). On the other hand, the requirement for a cold-chain remains with mRNA 

vaccines (Fahrni et al., 2022), making storage and distribution challenging. The 

mRNA vaccine technology is fairly recent, and has so far been studied for a few viral 

diseases, including influenza (Arevalo et al., 2022), zika (Essink et al., 2023), rabies 

(Li et al., 2022) and cytomegalovirus (Clinical Trials Arena, 2021). Aside from 

vaccines, mRNA technology has also been studied to initiate an immune response 

against specific cancer cells (Qin et al., 2022). 

1.2. Vaccines and COVID-19 

 

NPs can open up a variety of administration routes beyond injection. For example, 

liposomes can be designed for ingestion, protecting the drug from the acidic 

environment of the digestive tract to release it within the gastrointestinal tract and to 

relevant immune structures (Daraee et al., 2016). The obvious target for the SARS-

CoV-2 virus is the Spike (S) protein (see Section 2.1.2) found on the surface of the 

virus, and the mRNA-based vaccine developed by BioNTech in collaboration with 

Pfizer targets this. The vaccine was approved by the United States Food and Drug 

Administration (FDA), the United Kingdom Medicines and Healthcare products 

Regulatory Agency (MHRA) and the European Medicines Agency (EMA), 

demonstrating an estimated efficacy of 95% (Mahase, 2020b) (Polack et al., 2020). As 

described above, another mRNA-based vaccine targeting the S protein was also 

developed at speed by Moderna, a United States based biotech firm (Wang et al., 

2020). Phase 3 clinical trials demonstrated 94.1% efficacy in preventing COVID-19 

(Mahase, 2020a, Baden et al., 2020). The Moderna vaccine was also approved by the 
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FDA for emergency use, and by the MHRA and EMA. The viral vector Oxford-

AstraZeneca COVID-19 vaccine (Falsey et al., 2021) was also developed very quickly 

to help combat the COVID-19 pandemic, and was globally rolled-out at scale, with 

emergency approval by the MHRA and EMA. The vaccine uses a modified, 

replication-deficient chimpanzee adenovirus as a vector, from which essential 

replication genes were deleted and replaced with a gene encoding the S protein 

(Arashkia et al., 2021, Watanabe et al., 2021). A tissue plasminogen activator (tPA) 

leader sequence was also used to increase immunogenicity (Arashkia et al., 2021, 

Watanabe et al., 2021). A phase 3 clinical trial demonstrated that the vaccine had 

64.3% efficacy in preventing COVID-19 (Falsey et al., 2021), and it was rolled out at 

speed, as part of the immediate response to the COVID-19 pandemic. 

McKay (McKay et al., 2020) investigated the vaccine potential of a self-amplifying 

RNA (saRNA) molecule encoding the S protein, encapsulated within LNPs, and a high 

concentration of SARS-CoV-2 specific antibody titres was observed in mice. When 

compared to the results from a natural immune response in recovered COVID-19 

human patients, the vaccine resulted in higher antibody titres, which were able to 

neutralise both a pseudo and wild type SARS-CoV-2 virus. Furthermore, there was no 

observation of Antibody-dependent Enhancement (McKay et al., 2020), which could 

result in enhanced respiratory disease and acute lung injury after respiratory virus 

infection. This is a common concern when developing antibody dependent vaccines, 

which could reverse amplify the infection (Arvin et al., 2020).    

saRNA is a newer type of RNA vaccine which contains a viral replication enzyme 

(replicase), which allows the target antigen to multiply (Ballesteros-Briones et al., 

2020). The saRNA enters the host cell, translates the replicase, making a negative copy 

of the mRNA. The mRNA strand is used by the replicase to synthesise more saRNA, 

while simultaneously binding to a sub-genomic promoter in the negative strand 

(Bloom et al., 2021, Blakney, 2021). This synthesises sub-genomic mRNA at a 10-

fold greater concentration than genomic RNA, encoding the viral antigen more 

effectively and making a more efficient vaccine (Blakney, 2021, Bloom et al., 2021).  
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1.3. Drawbacks to Conventional Vaccination 

 

Vaccination is one of the most powerful, and in the long-term, cost-effective health 

care interventions, preventing 4-5 million deaths per annum, and working effectively 

in all age groups (World Health Organisation, 2019). However, traditional delivery is 

by needle, and this is a major drawback which influences uptake and effective delivery 

of vaccination programmes. Firstly, there is increased chance of transmission of blood-

borne pathogens (Kuehnert and Cardo, 2000). Secondly, the safety of these vaccines 

maybe compromised due to unsafe use, resulting in needlestick injury. Thirdly, the 

fear of needles is a real concern for children and adults, and one which deters people 

and reduces vaccine uptake (Freeman et al., 2021). Therefore, it is crucial to explore 

new vaccines that will overcome some, if not all the barriers faced by needle 

administration, and provide a better scope for delivery.  

There are several alternative delivery methods which may be considered a ‘safer’ 

alternative to needles. Mucosal immunisation involves delivery of the drug to mucosal 

membranes such as the oral, nasal, pulmonary or vaginal/rectal membranes (Huang et 

al., 2022a, Song et al., 2004), and there are advantages and disadvantages to each. Oral 

delivery has been proven to be extremely challenging due to deactivation of the 

vaccine in the gastrointestinal tract, resulting in low bioavailability (Homayun et al., 

2019). Vaginal or rectal delivery results in poor patient compliance and low retention 

time caused by poor adsorption (ClinicalGate, 2015). The nasal mucosa is often the 

first point of contact for inhaled pathogens, and it is better to administer vaccines via 

the nasal mucosal surface to induce local mucosal immunity to prevent infectious 

agents from entering the host (Erdő et al., 2018).    

1.4. IN Vaccines 

 

IN vaccines act as a ‘first entry block’. This means, the pathogen is blocked from 

entering the nose, while the vaccine acts on the mucosal surface by inducing local 

microbial-specific immune responses (Ramvikas et al., 2017). As the nasal mucosa is 

often the first point of contact for inhaled pathogens, administering vaccines via the 

nasal mucosal surface effectively prevents infectious agents from entering the host 

(Erdő et al., 2018). The IN administration route for vaccine delivery also allows easy 
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administration, is non-invasive (Degenhard et al., 2015), and it may allow self-

administration, as demonstrated by a self-administration trial of an IN influenza 

vaccine (Burgess et al., 2015). A pharmaceutical powder formulation is a solid dosage 

form which contains a mixture of finely divided drugs in combination with an 

excipient, and the tuneable properties of powdered drug formulations mean they are 

currently used in a wide variety of formulations, ranging from ointments and pastes to 

suppositories (Bartels et al., 2021). Powder properties can be adjusted to develop a 

formulation that yields several advantages over liquid formulations for use in IN 

vaccine design include: the reduction of the powdered formulation to a very fine state, 

increasing adsorption, and enhancing therapeutic activity (Henriques et al., 2022, 

Tiozzo Fasiolo et al., 2018). Furthermore, nasal powders have increased stability 

without the use of preservatives, a prolonged residence time, better storage stability 

and enhanced protection at mucosal surfaces (Chavda et al., 2021). By adding a dry-

powder adjuvant to the formulation, it can induce specific mucosal and systemic 

antibody responses (Awate et al., 2013).  

1.5. IN Vaccines and COVID-19 

 

For COVID-19, nasal administration is an attractive proposition since the virus 

primarily enters the host by breathing in virion particles, and therefore, providing 

protection at the site of infection would be beneficial. One existing flu vaccine, 

FluMist (FluMist Quadrivalent, 2022) is sprayed into the patient’s nose where the 

weakened virus induces mucosal, as well as systemic immunity (Mantis et al., 2011). 

This means that the immunised patient has two layers of defence against the virus, and 

reduced likelihood of being able to carry and transmit the virus. Nanoparticulate 

systems could similarly be administered through inhalation or nasal spray, providing 

an attractive administration route with potential for greater protection for the patient, 

and more feasible storage conditions for healthcare providers (Kafetzis et al., 2023).  

Successful development of a COVID-19 IN vaccine will overcome the aforementioned 

problems associated with conventional vaccines, as well as providing effective 

mucosal immunity. The results from trials of current IN vaccines for COVID-19 have 

so far been mixed, with a clear indication that for an IN vaccine to work effectively, a 
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tailor-made formulation for IN administration is required. Researchers from the 

University of Oxford reported Phase 1 clinical trial data studying the safety and 

efficacy of an IN vaccine (University of Oxford, 2022) using the same formulation as 

the viral vector vaccine (Falsey et al., 2021, University of Oxford, 2022) that was 

previously licensed for emergency use (see Section 1.2). The researchers reported 

mucosal antibody responses in a few participants and weaker systemic immune 

responses when compared to intramuscular vaccination (Slomski, 2022). Intravacc has 

an ongoing trial for an IN subunit COVID-19 vaccine booster (Intravacc, 2022), and 

the phase 1 clinical trial concluded on 15/1/24 (UK date) (ID: NCT05604690). 

Another experimental IN vaccine from Blue Lake Biotechnology provided strong 

protection against COVID-19 according to preliminary results from a Phase 1 clinical 

trial (ID: NCT04954287). Hyderabad based Bharat BioTech (Bharat Biotech, 2022) 

have developed an IN vaccine, which has been licensed for use as a primary vaccine 

and as a booster (Bharat Biotech, 2022). The vaccine, administered through the nose 

in the form of liquid drops, overcomes many of the problems associated with 

conventional vaccines. However, administration of the vaccine still stimulates the 

reflex action of sneezing or initiating a runny nose (Bharat Biotech, 2022). Therefore, 

the challenge of developing a dry-powder IN vaccine for COVID-19, one that will 

overcome the problems associated with traditional vaccines, liquid formulation IN 

vaccines, as well as limiting side-effects and maximising patient comfort, remains.  

1.6. Project Aims  

 

The initial plan was to conjugate anti-SARS-CoV-2 antibodies to NPs, guided by 

Molecular Dynamics (MD) simulations, and use those studies to develop a new 

diagnostic for COVID-19. However, following the withdrawal of ‘The Antibody 

Company’ as my industrial sponsor, and the IBioIC CTP requirement of working with 

an industrial partner, I am now working on vaccine development with my new 

industrial partner, Alchemy Pharmatech. This study is sponsored by Alchemy 

Pharmatech, Manchester, and will use a MD-designed formulation for delivery of a 

dry-powder with their IN delivery device, Naltos. The main aim of this study is to 

investigate an IN vaccine for COVID-19, while targeting the significant unmet need 

of a dry powder IN vaccine that overcomes the aforementioned issues with traditional 
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vaccines, and those with currently licensed IN COVID-19 vaccines. MD simulations 

will be carried out to optimise antigen and inorganic NPs formulations, followed by 

experimental work starting with spray-drying lactose carrier particles in the 20-25 

micrometres range, as it is the Naltos device particle size requirement, then 

incorporating silica NPs (SiNPs), and finally SiNPs with the S protein RBD. The thesis 

is presented as the following chapters: 

• Chapter one (the current chapter) is an introduction to the topic, and sets the 

scope for the dissertation. 

• Chapter two is a literature review, giving further background information 

relevant to experimental/MD simulation work carried out in this thesis. The 

chapter builds on chapter one to provide a deeper understanding as to why the 

work in this thesis was pursued.  

• Chapter three covers the theory behind the instrumentation and methods used 

in this thesis, both for the experimental and computational work. 

• Chapter four describes MD simulations to study the interaction of SpA with 

different model NPs to establish its suitability for designing a new diagnostic. 

In this study, SpA was modelled on three surface models (SiO2 Siloxide, SiO2 

Silicon-undercoordinated, and Au (111)) to study adsorption and the 

predicted stability of the protein/NPs systems. The interactions of SpA with 

common model inorganic NPs developed an initial understanding of the 

protein-NPs systems for integration into a new diagnostic following the 

antibody conjugation route.  

• Chapter five describes use of MD simulations to study the interaction of 

SARS-CoV-2 S protein RBD with model SiNPs and model carboxyl 

terminated SiNPs (COOH SiNPs). MD simulations were carried out to 

establish the structural stability of S protein RBD with the NPs, and to provide 

a good prediction as to their behaviour in practice, where these systems will 

be constructed experimentally. SARS-CoV-2 was chosen as the model for the 

dry-powder IN vaccine due to its relevance at the time, and to address the 

ongoing need for a dry-powder IN vaccine for COVID-19.  



 

 

14 

 

• Chapter six uses the MD studies to attempt production of a dry-powder IN 

vaccine formulation. In this part of the study, a dry powder IN vaccine 

formulation was constructed which consisted of lactose spheres, along with S 

protein RBD conjugated to SiNPs and COOH SiNPs, with the aim of 

formulating a dry-powder vaccine formulation consisting of the S protein 

RBD with SiNPs and lactose excipient. 

• Chapter seven evaluated the work carried out by drawing conclusions, giving 

general perspectives and outlining scope for future work. 
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Chapter Two: Therapeutics  
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Everything is theoretically impossible until it is done” 

Robert A. Heinlein 
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The current vaccines for COVID-19 present several challenges (see Section 1.3), and 

it is important to review and establish the best way to approach the development of 

new vaccines for COVID-19. SARS-CoV-2 consists of several different antigens, and 

with each antigen acting differently, this opens up a range of possibilities for new 

vaccines. We can also assess different materials, and determine how they may be used 

in conjunction with the target antigen, to optimise the design of potential new 

approaches.   

 

2.1. Coronaviruses 

 

Coronaviruses are a family of viruses that can affect both animals and humans and 

which generally cause mild to moderate upper-respiratory tract illnesses in humans 

(Hu et al., 2021). The coronavirus genome consists of RNA, which can constantly 

change and adapt, and these mutations may have been the root of the emergence of the 

COVID-19 pandemic (Harvey et al., 2021), although natural mutation as opposed to a 

laboratory-derived source is still controversial (Yee et al., 2021). There are seven 

coronaviruses that have been found in humans to date (Table 2.1), and four of them 

cause symptoms such as those seen with a common cold. The other three coronaviruses 

cause more severe illness, which in many cases can be fatal. These coronaviruses are 

SARS-CoV (emerged in Nov 2002), MERS-CoV (emerged in 2012) and SARS-CoV-

2 (emerged in 2019) (National Institute of Allergy and Infectious Diseases, 2022).  
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Table 2.1: A list of coronaviruses found in humans and the illness they cause (Chen 

et al., 2020) (Liu et al., 2021). 

 

Coronavirus Illness 

SARS-CoV-2 (2019) COVID-19 

SARS-CoV (2003) SARS 

MERS-CoV (2012) MERS 

HCoV-NL63 (2004) Cough, fever, inspiratory stridor 

HCoV-229E (1965) Headache, nasal discharge, sneezing, 

sore throat, general malaise 

HCoV-OC43 (1967) Sore throat, coryza, general malaise 

HKU1 (2005) Cough, nasal congestion, rhinorrhoea, 

fever, sputum, sore throat, chills, 

postnasal discharge, tonsillar 

hypertrophy 

 

2.1.1. Structure and Function of SARS-CoV-2 

 

The causative agent of the COVID-19 pandemic (Vox, 2021), was a previously 

unidentified coronavirus strain, denoted as SARS-CoV-2 (Cucinotta and Vanelli, 

2020). SARS-CoV-2 (Figure 2.1) is spread predominantly from person to person, by 

droplets generated when an infected person coughs, sneezes or expels air though the 

mouth. Infection may also occur by touching contaminated surfaces, and then touching 

the face without first washing hands. The faecal-oral route may also be a source of 

transmission for the virus (Mohan et al., 2021). The basic symptoms include fever, 

cough, shortness of breath, fatigue, and loss of taste and/or smell, and dependent on 

factors such as infection level, age, ethnicity, and strain of virus, the symptoms may 

be extended to include headaches, coughing up of blood from the lungs (haemoptysis) 

(Casey et al., 2020), or diarrhoea, highlighting the severity of the virus, which can be 

fatal (Hanley et al., 2020).  
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Figure 2.1: Diagram showing the structural proteins of the SARS-CoV-2 virus 

(Farouq et al., 2021). Created using PowerPoint for Microsoft 365. 

Analysis of the genomic sequence of SARS-CoV-2 (Wu et al., 2020) shows there are 

at least six open reading frames (ORFs), which are segments of an RNA molecule that 

can be translated, allowing production of four main structural proteins: the S protein, 

Envelope (E) protein, Membrane (M) protein, and Nucleocapsid (N) protein. There is 

also the viral haemagglutinin-acetylesterase (HE) glycoprotein receptor, as illustrated 

in (Figure 2.1).  The M and E proteins are involved in virus morphogenesis and 

assembly (Schoeman and Fielding, 2019), while the N protein protects the RNA at the 

core of the virus, and the S protein is on the outside, and the entry point of the virus 

into host cells. As well as COVID-19, the S protein has also been linked with causing 

cardiovascular disease by damaging cardiac pericytes, which are mural cells 

supporting the maintenance and repair of the vasculature in the heart (Avolio et al., 

2021, Chen et al., 2015, Imig, 2022). 

2.1.2. Therapeutic Targets 

 

The S protein is an important therapeutic and diagnostic target, as it is responsible for 

entry into and infiltration of the host cell. It is a homotrimer with two domains, S1 and 

S2 on each monomer. Analysis of these monomers shows they are highly glycosylated 
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(Andersen et al., 2020), protecting the protein from the biological environment and 

allowing evasion from the host immune system.  

 

 

Figure 2.2. Interaction between the ACE2 receptor (Blue) and the S protein RBD 

(Red). Inset shows key interacting residues between the ACE2 receptor (Farouq et al., 

2021). The crystal structure was obtained from the Protein Databank entry 6M0J.pdb 

(Lan et al., 2020). The crystal structure was viewed and analysed using Visual 

Molecular Dynamics 1.9.1 (Humphrey et al., 1996).  

The S1 subunit contains the RBD that binds to the peptidase domain of angiotensin-

converting enzyme 2 (ACE2) (Figure 2.2), a cellular receptor expressed on several 

cell types in human tissues, that allows entry of SARS-CoV-2 into the cell (Lam et al., 

2020). Upon cell entry, two ORFs, 1a and 1b, translate to two polypeptides (1a and 

1ab) which further encode two proteases, the main protease (Mpro), which is also 

known as the chymotrypsin-like cysteine protease (3CLpro), and papain-like protease 

(PLpro) (Shin et al., 2020). These represent significant therapeutic targets, since 

inhibition of these will stop production of proteins that are critical to viral transcription 

and replication (Gui et al., 2017, Selvaraj et al., 2020, Grottesi et al., 2020). The S1 

subunit allows entry of the virus into the host cell, and inhibition of this will block the 

protein from interacting with the ACE2 receptor (Nayak, 2020). Another potential 

target for vaccine development is transmembrane protease serine 2 (TMPRSS2) found 

on host cells (Mollica et al., 2020). It cleaves the S protein into its subunits to enable 

cell entry, and inhibition of this process may prevent the initial entry of the virus.      
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NsP12 is a RNA-dependent RNA polymerase (RdRp) which plays a critical role in the 

assembly of the entire RNA polymerase replicative machinery, and is a key enzyme 

mediating the synthesis of all viral RNA molecules (Mishra and Rathore, 2021), 

making it a potential target. In addition, guanine N7-methyltransferase (N7-MTase), 

found at the C-terminal of SARS-CoV-2 nsP14, is crucial for exonuclease activity 

(Ogando et al., 2020). Inhibition of this target could interfere with enzyme catalysis, 

and prevent capping of the 5’-ends of viral genomic RNA and sub-genomic RNA, that 

is crucial in SARS-CoV-2 evasion of the host immune response (Pearson et al., 2021). 

This is because failure of RNA capping leads to viral RNA degradation and 

interference with the viral replication cycle (Selvaraj et al., 2020). 

High density lipoproteins (HDLs) are particles consisting of several proteins which 

transport all fat molecules around the body. HDL-scavenger receptor B type 1 (SR-

B1) is a cell surface HDL receptor, which has been shown to facilitate ACE2-

dependent entry of SARS-CoV-2, and further enhance uptake and increase the rate of 

virus entry (Wei et al., 2020). Wei (Wei et al., 2020) also suggested that blockage of 

the cholesterol binding site on the S1 subunit or treatment with SR-B1 antagonists 

inhibits HDL enhanced SARS-CoV-2 infection. Therefore, SR-B1 could also 

potentially be a target for vaccine design. Patel (Patel et al., 2020) also suggested HE 

as a target to inhibit the virus invasion mechanism. 

The residues responsible for the interaction between the S protein and the ACE2 

receptor have been investigated by Veeramachaneni (Veeramachaneni et al., 2020). 

This information is important for designing any medicine, since the residues required 

for interaction with the target should remain free to bind to the therapeutic molecule, 

to allow effective inhibition. Their analysis has identified the key residues that interact 

with the ACE2 receptor (see Figure 2.2). 

2.2. NPs 

2.2.1. The Role of NPs in Vaccines 

 

NPs are very small materials with a dimension between 1 and 100 nm. Their key 

physicochemical properties include a high surface area to volume ratio, solubility, 

surface topology/morphology and controllable aggregation, making them suitable for 
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application in a variety of commercial and domestic sectors including electronics, 

catalysis, environment, imaging, energy, automotive and healthcare (Khan et al., 

2019).  

Pharmaceutical nanotechnology is the development of therapeutic materials and 

devices at a nanometre scale, and there are several advantages to exploiting NPs in 

drug delivery. These include, but are not limited to: (i) improvement in the solubility 

of certain drugs; (ii) controlled, sustained release of drugs for a long-term effect; (iii) 

reduction of the side effects of some drugs; (iv) targeting of specific cells; (v) 

administration routes; and (vi) delivery of drugs in a secure manner, so that they are 

protected from degradation in the body and can effectively reach the target cells intact 

(Gelperina et al., 2005). NPs can display efficient adsorption of proteins, drugs 

molecules, and a variety of other chemical compounds. Therefore, NPs can carry a 

varied cargo load (Mitchell et al., 2021), making them efficient not only for drug 

delivery, but also diagnostic and therapeutic applications.  

 

Figure 2.3: A schematic diagram showing drug loading options in NP targeted drug 

delivery (Farouq et al., 2021). Created using PowerPoint for Microsoft 365 
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The key properties of NPs (Figure 2.3) make them ideal for a variety of effective drug 

delivery systems. They can be porous or even hollow, and are often amenable to 

surface chemistry modification. Proteins adsorbed on NPs normally form a dynamic 

corona, and the conformational changes associated with the adsorption influence the 

overall in vivo bioreactivity (Oh et al., 2018). The nature of NPs can influence the 

folding and unfolding properties of the protein, and by tuning the properties of the 

NPs, it can open new prospects in producing biologically active molecules. Thus, 

understanding the properties of the corona is essential (Treuel and Nienhaus, 2012). 

The interactions between NPs and a particular protein can utilise a noncovalent route, 

with the solvent having a critical role to facilitate the interaction (Treuel and Nienhaus, 

2012). Consequently, it is vital to utilise a solvent in vitro that mediates the same 

interactions in vivo (Bresme et al., 2009).  

The biodegradation of NPs also requires attention, as uniform bio-distribution kinetics 

and sustained drug release are key elements in the drug design process. Absorption, 

distribution, metabolism and excretion are pharmacokinetic features linking directly 

to the nature and profile of these systems, and it is therefore crucial to account for all 

these factors when designing a nanoparticulate therapy (Patil et al., 2020).  

Adjuvants are compounds used to boost an immune response, and are particularly 

useful where vaccines do not naturally promote a strong immune response (Awate et 

al., 2013). This is especially true for many vaccines developed in the modern era as 

they contain just a small component of the pathogen. On the other hand, vaccines 

designed with a weakened or live “wild” virus or bacteria can yield a strong, protective, 

immune response.  

Adjuvants are particularly important for IN delivery due to the low affinity of most 

antigens with the epithelium, and the rapid clearance of antigens by mucociliary 

removal (Jiao and Zhang, 2019). Therefore, in addition to enhanced immunogenicity 

in the mucosal area, the addition of vaccine adjuvants to IN vaccines increases the 

magnitude and durability of antiviral immunity (Jiao and Zhang, 2019, Coffman et al., 

2010). Mucosal adjuvants must therefore be robust, as a strong mucosal response 

requires adjuvants capable of exerting their effects under the harsh conditions often 

found in mucosal tissues (low pH, high-density microbiota, sparse lymphoid cells) 
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(Freytag and Clements, 2015). Particulate adjuvants such as microspheres, 

nanospheres or microparticles, and various polymers used to encapsulate antigens, 

have been used as carriers or adjuvants for mucosal vaccines. Therefore, several 

substances have been described for IN delivery, many of which demonstrate great 

potential for use in humans. 

For instance, CTA1DD is a nontoxic cholera toxin derivative, hybridised with a 

fragment of SpA (Eriksson et al., 2004). CTA1DD adjuvanted vaccines effectively 

induced antibody responses and prevented influenza virus infection and transmission 

after IN administration (Bernasconi et al., 2021). Chitosan, which is a natural 

derivative of α-chitin, has promising mucoadhesive and immune-stimulatory 

properties leading to prolonged local retention time and enhanced mucosal adsorption 

(Wen et al., 2011, Shim and Yoo, 2020). A chitosan adjuvanted, inactivated mutant, 

diphtheria toxoid CRM197 vaccine generated high levels of neutralising antibodies in 

humans after IN administration (Mills et al., 2003). Also, a norovirus vaccine 

adjuvanted with chitosan and monophosphoryl lipid A (MPL), showed no signs of 

vaccine-related serious adverse effects (Clinical trial number: NCT00806962) (El-

Kamary et al., 2010) and induced strong antigen-specific humoral responses (Clinical 

trial number: NCT00973284) (Atmar et al., 2011).  

 

2.2.2. Therapeutic Applications of Adjuvants 

 

Aluminium Salts 

Aluminium salts were initially used in the 1930s, 1940s and 1950s with the diphtheria 

and tetanus vaccines (Centre for Disease Control and Prevention, 2022). The mode of 

action these mineral agents employ in enhancing the efficacy of vaccines has been 

widely discussed (HogenEsch, 2002, Marrack et al., 2009, HogenEsch, 2013), and 

several different mechanisms have been suggested. The antigen depot effect is when 

the antigen is released slowly, providing continuous stimulation to the immune system 

and amplifying the immune response triggered by a vaccine (Awate et al., 2013). The 

antigen-adjuvant complex disintegrates, and the insoluble adjuvant keeps the antigen 

at the injection site. Antigen presenting cells navigate the bloodstream to the local 
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nymph nodes, where the antigen is presented to T cells (Brewer et al., 2018). 

Aluminium salt adjuvants could enhance vaccine action by this phenomenon (Marrack 

et al., 2009, He et al., 2015). Alternatively, the aluminium salt adjuvants may act by 

stimulation of cytokine and chemokines, the enhancement of antigen uptake and 

presentation, and the promotion of antigen transport to draining lymph nodes (Awate 

et al., 2013). Cytokines are peptides produced by a variety of cells, and are especially 

important in the immune system (Arango Duque and Descoteaux, 2014). There have 

been suggestions that aluminium salts work heavily in activating intracellular 

recognition receptor signalling pathways involving the NACHT, LRR and PYD 

domains-containing protein 3 (NLRP3) (Franchi and Núñez, 2008, Eisenbarth et al., 

2008, Kool et al., 2008a). Activation of NLRP3 also releases potent inflammatory 

cytokines such as IL-1β and IL-18, which direct the host response (Franchi and Núñez, 

2008). 

 

Aluminium salts could be linked to the production of uric acid (Thakkar et al., 2018b, 

Kool et al., 2008b), excessive production of which may cause accumulation in the 

kidneys, leading to the formation and deposition of stones (El Ridi and Tallima, 2017). 

In current products, aluminium salts are attached to antigens using physical adsorption. 

This means any kind of physical strain to the product can break the bonds, making the 

vaccine ineffective, so the utmost care must be taken during formulation to ensure a 

good balance between product stability and efficacy (D’Amico et al., 2021). 

Aluminium hydroxide salts (alum) are used as effective adjuvants in vaccines, and 

elicit a strong Th2 immune response (Ulanova et al., 2001, Brewer et al., 1999) in 

mice. Alum was found to act as a powerful and unique adjuvant when added to a nasal 

influenza vaccine in mice (Sasaki et al., 2021). The vaccine worked by the release of 

IL-33 from alveolar epithelial cells, which stimulates production of IgA through a Th2 

immune response (Sasaki et al., 2021). IL-33 is from the IL-1 superfamily of 

cytokines, and can function both as a traditional cytokine and as a nuclear factor 

regulating gene transcription (Miller, 2011), meaning it is an important protein in cell-

signalling. A dry powder vaccine, adjuvanted with insoluble aluminium salt was found 

to initiate both specific mucosal and systemic immune responses (Thakkar et al., 

2018a). 
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The AS03 immunological adjuvant is an oil-in-water emulsion composed of squalene, 

polysorbate 80, and alpha-tocopherol (vitamin E), used in various vaccine products 

including the A/H1N1 pandemic flu vaccine (Pandemrix ®) manufactured by 

GlaxoSmithKline (GSK) (GSK, 2009a, GSK, 2009b). Several mouse and human 

studies have demonstrated that the vaccine triggers a transient innate immune 

response, although additional mechanisms are also likely to be involved (Pulendran et 

al., 2021). The vaccine was associated with increased risk of narcolepsy, a chronic 

sleep disorder, in young children (Miller et al., 2013, Nohynek et al., 2012). The 

successor to AS03, AS04, consists of aluminium hydroxide and MPL, it is commonly 

used in the HPV-16/18 AS04-adjuvanted vaccine (Cervarix ®) (Le Tallec et al., 2009, 

Apter et al., 2015, Angelo et al., 2014). The MPL component of this formulation 

increases nuclear factor NF-κB and cytokine production, while the aluminium 

hydroxide component increases the efficiency of the immune response (Didierlaurent 

et al., 2009). 

Despite aluminium salt adjuvants being commonplace in many vaccines, there are 

several disadvantages to their use, giving scope for further research and development. 

Firstly, a vaccine prepared with aluminium salts involves binding of the antigens with 

the adjuvant, and in order to maintain high efficacy of this formulation, the vaccines 

must be kept in cold-chain (2-8°C) storage during transport (Thakkar et al., 2017, 

Fortpied et al., 2018). In practical terms, this is a challenging requirement, as even a 

slight deviation from the ideal temperature can lead to freeze damage, resulting in 

drastically altered colloidal composition of the aluminium salts and irreversible cluster 

formation (Rybczynska et al., 2020), and leading to loss of stability and efficacy of the 

vaccine (Fortpied et al., 2018, Rybczynska et al., 2020). The accidental exposure of 

the vaccines to freezing temperatures means their safety is compromised and they must 

be discarded, not only contributing significantly to medical product waste, but also 

wasting time and resources used to produce and transport the vaccine (Thielmann et 

al., 2019, Das et al., 2020, Lloyd et al., 2015). Thin-film freeze-drying can be used to 

convert aluminium salt-adjuvanted vaccines from a liquid dispersion to a dry powder 

without causing particle aggregation or decreasing immunogenicity (Thakkar et al., 

2017). However, despite the best efforts to produce and transport these vaccines, 

temperature deviations still occur due to several reasons including: faulty refrigerators, 
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loss of power needed to operate the refrigerators and a poor understanding of 

maintaining the required temperature (Kumru et al., 2014). 

 

SiNPs  

SiNPs are amorphous materials that are highly versatile. They show promise for a 

variety of applications due to their properties which include high biocompatibility, 

hydrophobicity, systemic stability, and resistance to pH changes (Roy et al., 2003). 

These combined factors make these materials useful for a variety of applications in 

drug delivery and nanomedicine, e.g. SiNPs have previously been investigated as a 

vaccine platform against human immunodeficiency virus (HIV) (Thalhauser et al., 

2020). A particularly interesting feature of SiNPs is the ability to functionalise them 

with different coatings, and Xia (Xia et al., 2009) demonstrated that cationic polymer 

(PEI) coated SiNPs significantly increased their bioavailability.  

 

Figure 2.4: a) Scanning Electron Microscope, b) Transmission Electron Microscope 

images of mesoporous SiNPs (MSNPs). The inset image shows a high resolution 

electron microscope image of a single particle, highlighting the tuneable pore size 

(Nandiyanto et al., 2009).  
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Figure 2.5: A diagram showing the process of making mesoporous NPs. Their porous 

structure can host a variety of molecules, making them ideal candidates for drug 

delivery. Figure adapted from (Nandiyanto et al., 2009).  

 

SiNPs exist in non-porous and mesoporous forms (Figures 2.4 & 2.5). Colloidal 

mesoporous SiNPs (CMSNPs) were investigated for their adhesion with 

polydimethylacrylamide (PDMA) (Kim et al., 2017). The polymer and linker in 

PDMA is comparable to the extracellular matrix, and several different NPs with 

varying pore and particle diameters and concentrations were prepared, with the NPs 

evaluated for wound healing in mouse skin, as well as their degradation rate (Kim et 

al., 2017). The results were compared with conventional suture and treatment with 

non-mesoporous NPs, and the CMSNPs were significantly more adhesive than the 

non-mesoporous equivalent. The CMS-C50 NPs, with an average diameter of 50 nm, 

and a pore diameter and specific pore volume of 6.45nm and 1.79 cm3/g were found 

to absorb the largest amount of polymer at any given concentration (Kim et al., 2017).  

The interactions of particles with cell membrane phospholipids can cause the release 

of hydrophobic drugs (Lu et al., 2007), and studying the rate of cellular uptake of these 

mesoporous SiNPs (MSNPs) is therefore important. By attaching a fluorescent dye to 

the MSNPs, confocal microscopy can be used to visualise their movements, and 

fluorescent dye molecules fluorescein isothiocyanate and rhodamine B isothiocyanate 
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were attached to the surfaces of particles, with visible cellular uptake with normal and 

cancerous cell lines (Lu et al., 2007). The robustness, coupled with tunable pore size, 

high biocompatibility, and cargo of a variety of drug molecules, means that MSNPs 

have potential to adapt as drug delivery systems for cancer treatment (Mohamed Isa et 

al., 2021, Pasqua et al., 2016). Zwitterionic MSNPs (Z-MSNPs) were prepared by the 

inclusion of carboxylic groups (with pH-dependent negative charge) and quaternary 

amine groups (pH-dependent positive), so that the release of the drug encapsulated 

within the structure depended on the interaction with the environment (Khatoon et al., 

2016). When in contact with aqueous matrix, these NPs form a hydration layer on their 

surface via electrostatic interactions, leading to prolonged blood circulation in the 

body, and enhanced cellular uptake in tumour cells (Khatoon et al., 2016). These 

properties make Z-MSNPs exciting and with unparalleled potential for use as 

nanocarriers in drug delivery (Estephan et al., 2011, Cao et al., 2010). Z-MSNPs were 

tested with doxorubicin (DOX), a chemotherapy drug used to treat cancer. DOX was 

not readily released from the Z-MSNPs under standard blood conditions (pH 7.4), but 

release of DOX was shown to favour mildly acidic conditions (Khatoon et al., 2016). 

Overall, DOX-Z-MSNPs showed higher anti-tumour efficacy than standard DOX or 

DOX-MSNPs (Khatoon et al., 2016). These results also demonstrate Z-MSNPs as a 

promising candidate for cancer therapy and other biomedical applications.  

However, there are several disadvantages to SiNPs for drug delivery. Firstly, they may 

be toxic; this toxicity stems from their high surface area to volume ratio, which can 

affect cellular interactions in organisms (Saikia et al., 2018, Zhao et al., 2011). The 

toxicity in NPs is also associated with the surface SiOH groups (Slowing et al., 2009). 

Secondly, SiNPs may lead to the production of reactive oxygen species (ROS). ROS 

are chemically volatile radicals, and their instability makes them very reactive with 

tissues, resulting in cell death (Lehman et al., 2016). The HO* radical in particular is 

one of the most volatile species, and ROS can cause a variety of damage to DNA, cell 

membranes, and in some cases even initiate cancer (Fu et al., 2014).  

There are two subsets of T-lymphocyte cells, CD4+ T helper cells and CD8+ cytotoxic 

T cells. CD4+ T cells differentiate into Th1 and Th2 cells, and Th1 cells drive the 

immune response towards a cell-mediated response, while Th2 cells promote a 
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humoral response. While CD8+ cells directly kill virus-infected cells. Many 

conventional vaccines produce either a Th1 or Th2 mediated immune response, and 

there is a clear need for a robust, non-toxic and effective adjuvant that can induce 

coproduction of immune responses with no or minimal side effects. SiNPs may act as 

vaccine adjuvants and Hepatitis B virus core virus like particles were found to adsorb 

onto commercially available SiNPs. These complexes then induced strong Th1-biased 

immune responses in mice (Skrastina et al., 2014). In a separate study, SiNPs were 

found to enhance adjuvant immune activity when used in combination with other 

inorganic vaccine delivery vectors. SiNPs with layered double hydroxide core-shell 

NPs were synthesised to deliver DNA vaccines and activate macrophages. It promoted 

the expression of IFN-γ, IL-6, MHC II and CD86, displaying an enhanced immune 

response in mice (Wang et al., 2014). 

Gold NPs 

Gold NPs (AuNPs) have been investigated against the influenza A virus to combat 

mutations which caused the virus to become resistant to existing anti-viral drugs (Kim 

et al., 2020). AuNPs are particularly promising because of their properties which 

include: chemical inertness, a large surface area to volume ratio and the simplicity of 

integrating them in synthetic processes (Yeh et al., 2012, Cao-Milán and Liz-Marzán, 

2014). Their large surface area is particularly helpful in SpA functionalisation, 

providing a good interface for SpA-IgG binding. A spin-off using AuNPs (Liu et al., 

2019), was studied, where citrate-capped AuNPs, and their conjugation with cysteine-

tagged recombinant Protein A (rProtA) and Protein G (rProtG) was investigated. The 

resulting conjugates were characterised by Surface Plasmon Resonance (SPR) 

spectroscopy, Dynamic Light Scattering (DLS), Electrophoretic Light Scattering 

(ELS) and Rotary Metal Shadowing Transmission Electron Microscopy (RMTEM) 

(Liu et al., 2019). The data was cross analysed and the rProtA-AuNPs complex 

exhibited stronger binding properties towards IgG. In addition, there was a larger size 

distribution and a distinct build-up of protein corona around the AuNPs, indicating 

protein absorption (Liu et al., 2019). Binding isotherms, which are curves resulting 

from the measurement of a solid-liquid equilibrium interaction at constant 

temperature, indicated a 4-fold higher binding strength of rProtG on AuNPs than 
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rProtA. However, the rProtA-AuNPs conjugate displayed significantly higher binding 

capacity (Liu et al., 2019). Given their aforementioned properties, several types of 

AuNPs maybe adapted and used as adjuvants in vaccines. The immune response to the 

envelope protein of the West Nile virus was compared with nanorods, nanocubes, and 

40nm/20nm nanospheres. The immune response was found to be the best with 40nm 

nanospheres, however, nanorods induced the secretion of proinflammatory cytokines 

IL-1β and IL-18 more effectively (Niikura et al., 2013). TNF-α is an inflammatory 

cytokine produced by macrophages/monocytes during acute inflammation (Idriss and 

Naismith, 2000), and the nanospheres and nanocubes were found to increase TNF-α, 

monocytes IL-6/IL-12, and glycoprotein GM-CSF (Niikura et al., 2013). AuNPs are 

more effective as antigen carriers and adjuvants when combined with other immune 

response stimulants, most commonly Complete Freund’s Adjuvant (CFA) and CpG 

oligodeoxynucleotides (CpG ODNs) (Dykman and Khlebtsov, 2017, Dykman et al., 

2018), with unmethylated CpG motifs found to be particularly effective 

immunostimulants (Weiner et al., 1997). AuNPs coupled with CpG ODNs effectively 

enhanced intracellular penetration of NPs into macrophages and significantly 

increased the secretion of proinflammatory cytokines TNF-α and IL-6. Furthermore, 

the immunostimulatory effect of AuNPs conjugated to CpG ODNs is higher than the 

equivalent concentration of CpG ODNs (Chen et al., 2014, Zhang and Gao, 2017). 

Javadi (Moshref Javadi et al., 2022) assessed the immunogenicity of AuNPs-

conjugated RBD protein coupled with CFA to establish its efficacy as a possible 

vaccine candidate for COVID-19 in BALB/c mice. Two formulations, one with RBD 

protein only and another with AuNPs-conjugated RBD protein were tested and both 

formulations displayed short-term humoral immunity mediated by IgM antibodies. 

However, the AuNPs-conjugated RBD formulation gave stronger shorter and longer-

term immunity mediated by IgG and IgM antibodies, producing TNF-ɑ and IFN-γ 

cytokines. These results indicate the RBD protein only vaccine is promising for short-

term immunity, while the AuNPs-adjuvanted vaccine was promising for long-term 

immunity (Moshref Javadi et al., 2022).   
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Silver NPs 

Silver NPs (AgNPs) have also been investigated for their anti-viral activity against 

Peste des petits ruminants virus, which depends on the NPs interaction with the virion 

surface (Khandelwal et al., 2014). These NPs may also lead to better anti-viral activity 

when used in conjunction with bronchodilators in the lungs (Subhasish, 2020). The 

immunological adjuvant effect of AgNPs was investigated in vivo and in vitro with 

model antigens ovalbumin (OVA) and bovine serum albumin (BSA) (Xu et al., 2013). 

The formulation was administered to mice and AgNPs were found to enhance 

production of antigen-specific IgG. Furthermore, the AgNPs induced Th2-biased 

immune responses, and in vivo assays showed increased peritoneal leukocytes, MHC 

II molecules on the macrophage surface and TNF-ɑ and IFN-γ levels, indicating 

AgNPs act as adjuvants by the activation of peritoneal leukocytes, particularly 

macrophages (Xu et al., 2013). In a separate study, the efficacy of an AgNPs-

adjuvanted influenza vaccine formulation was demonstrated in a mouse model 

(Sanchez-Guzman et al., 2019), with the inclusion of AgNPs resulting in a reduction 

of viral loads and prevention of excessive lung inflammation following influenza 

infection. The AgNPs also enhanced specific IgA secreting plasma cells and antibody 

titres, indicating successful Th2/IgA mediated mucosal immunity (Sanchez-Guzman 

et al., 2019).  

 

Cyclodextrin NPs 

 

Cyclodextrin NPs (CNPs) are cyclic oligosaccharides with a hydrophilic outer surface 

and a lipophilic central cavity (Garrido et al., 2020, Gadade and Pekamwar, 2020). 

These NPs maybe particularly useful due to their physical properties with polar 

hydroxy groups oriented specifically, allowing increased solubility and decreased 

toxicity of the associated drug. Garrido (Garrido et al., 2020) suggested the use of 

cyclodextrins against COVID-19. Therapeutic cancer vaccination requires the 

activation of antigen-specific cytotoxic T lymphocytes. These are poorly stimulated 

by conventional vaccines, and immunisation of mice with peptide-loaded CNPs 

showed increased cytokine-producing CD8+ T cells (Geisshüsler et al., 2022). 

However, this study focused on eliciting CD8+ responses, and an efficient immune 
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response needs a balanced CD8+ and CD4+ T-cell response, which could be achieved 

by utilising longer peptide sequences in the formulation. This study highlights the 

potential of CNPs as a vaccine platform which may be investigated for a range of 

diseases, and ultimately trialled in humans (Geisshüsler et al., 2022). 

NPs for COVID-19 

NPs can be readily constructed with a similar size to a virus, and may interact with 

proteins associated with the SARS-CoV-2 virus, disrupting viral replication and 

disease prognosis (Sportelli et al., 2020). Tabish (Tabish and Hamblin, 2020) explored 

the multivalent nature of nanomedicines and how this may be particularly useful in the 

fight against COVID-19. Multivalent NPs have several advantages over standard 

monovalent drugs, including a high density of binding sites on individual NPs, the 

ability to form multivalent ligand receptor pairs, multi-fold RNA hybridisation, and 

the transformation of inactive NPs into multivalent conjugates (Tabish and Hamblin, 

2020). Multivalency works through receptor-mediated endocytosis (Gao et al., 2005), 

and Hassanzadeh (Hassanzadeh, 2020) suggested the use of multivalent NPs against 

COVID-19. Given the similarities in size of synthetic NPs and SARS-CoV-2, they 

could be particularly useful for investigation with drug repurposing, enhancing 

properties of existing drugs and compounds against COVID-19. However, caution is 

required, since SARS-CoV-2 may induce a hyperinflammatory response, driven by a 

dysregulated macrophage response (Merad and Martin, 2020). Therefore, it is 

important to look at the properties of any material to make sure it does not interact 

negatively in vivo. 

Given the aforementioned studies, there are several types of NPs that have been 

investigated for their therapeutic properties, either to deliver drugs, or as vaccine 

adjuvants. SiNPs (used in this work) have several features which make them effective 

for therapeutic applications (see Section 2.2.2), and there are several human studies 

(Zanoni et al., 2021, Phillips et al., 2014, Kharlamov et al., 2015, Meola et al., 2021, 

Tan et al., 2014) which indicate their potential, and are promising in work towards 

making therapeutics incorporating SiNP, or indeed other NPs, readily available on the 

market. 

 



 

 

 

33 

 

Chapter Three: Methodology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Science is magic that works”  

 Kurt Vonnegut 
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3.1. Molecular Simulation  

 

Molecular Simulation (MS) utilises computers with a variety of theoretical and 

experimental models to help solve scientific problems that would be difficult to 

accomplish through experimental methods alone (van Gunsteren et al., 2018). MS has 

been used as an important tool by many researchers to expand understanding of 

systems and processes, and by building up a mathematical model, outcomes can be 

predicted (van Gunsteren et al., 2018). The recent rise in computational power has 

made simulations easier to run, and has seen MS establish itself as an increasingly 

important tool in research. There are two main branches of MS techniques: Monte 

Carlo (MC), and MD. MC builds up many models of potential results, giving a range 

of values and calculating results by extensive random sampling; these results are 

displayed in the form of probability data charts (Harrison, 2010). The random sampling 

of molecules allows all possible outcomes to be viewed as a result of variables, which 

can be changed in the system. Therefore, it is possible to build up an approximation of 

uncertainty in a system, and allow necessary changes to influence the result. MC is 

used in a variety of fields for research and risk management (Suhobokov, 2007). In 

this project MD simulations have been chosen to study biomolecular interactions, and 

to shape the experimental work. 

3.2. MD 

 

MD allows direct analysis of the physical movement of atoms and molecules in a 

system over time. The major advantage of MD over MC is that it allows the study of 

real time, precise interactions, giving a true dynamic representation of the system 

(Hollingsworth and Dror, 2018). MD results in a trajectory, which is a collection of 

sequential snapshots representing atomic position over time (Likhachev et al., 2016). 

The trajectory is computed numerically by solving the Newton’s equations of motion 

for the system, allowing access to interactions that would otherwise be impossible to 

observe, such as changes in protein dynamics and structural changes that occur upon 

interaction with different systems (Durrant and McCammon, 2011). Furthermore, the 

versatility of MD in allowing the study of a variety of systems, while observing 
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relationships and real-time interactions in the systems, has led to the growth of MD as 

a commonly used simulation technique (Hospital et al., 2015).  

3.2.1. Integration Algorithms, Constraint Solvers, and Water Models 

 

MD simulations numerically solve Newton’s equations of motion, and there are 

general algorithms available to solve such equations. For instance, the fourth order 

Runge-Kutta method (Ramos and Vigo-Aguiar, 2007), or any of the other higher-order 

predictor/corrector methods come with limitations including an increased computation 

cost and an instability in dealing with long simulations of multi-particle systems 

(Ramos, 2019). In MD simulations, higher-order integration algorithms are not 

necessary for several reasons. Firstly, only an algorithm that will specifically solve 

Newton’s laws is required, to ensure the correct statistical ensembles are generated, 

while energy is conserved (MSI, 1998). Secondly, the increased accuracy of higher-

order algorithms does not allow a proportional increase of the timestep due to the stiff 

nature of the interatomic forces at short distances (Babicheva et al., 2022). The 

timestep limits the length of MD trajectories and the simulation, as too large timesteps 

can cause a simulation to become unstable due to the energy in the system increasing 

rapidly with time, allowing the atoms move freely. Therefore, it is important to 

regulate the timestep of a simulation, as a proportional increase will yield simulations 

and trajectories with quality data. Finally, the algorithm should place minimal load on 

computer memory, while allowing use of a large timestep (Winger et al., 2009). The 

Verlet algorithm (Verlet, 1967) is a 3rd order, symplectic integrator, with three 

algorithms; The Basic Verlet, Leapfrog Verlet and Velocity Verlet algorithms. Phase 

space is a mathematical concept that represents all possible states of a system, and it 

is important to use a symplectic integrator in MD simulations as it gives a conservative 

system, where the set of position and momentum statepoints remain constant in the 

system for the duration of simulation, conserving the overall momentum. Otherwise, 

using a non-symplectic integrator in MD simulations will give a dissipative system, 

resulting in increased motion of species and a decrease in momentum, as energy is lost 

through motion. The Velocity Verlet algorithm (Verlet, 1967, Swope et al., 1982) 

generates a sequence of ‘images’ for the particle coordinates and velocities, following 
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the same order as the Basic Verlet algorithm, which makes it fast and accurate while 

preserving linear and angular momentum. The algorithm is also time reversible, this, 

and the aforementioned properties make it the most widely used integration algorithm 

and it was also used in this work. 

A constraint solver satisfies bond geometry constraints in protein and peptide MD 

simulations, allowing efficient simulations by neglecting motion along some degrees 

of freedom, either translational, rotational or vibrational (López-Villellas et al., 2023). 

Therefore, the use of constraint solvers in MD simulations reduces the time required 

to compute the high-frequency movements in simulation, or else, finding the 

equilibrium state between the protein, water and ions would use much more 

computational power (López-Villellas et al., 2023). Explicit or implicit constraint 

solvers maybe used, with the former needing more computational power, resulting in 

an inefficient simulation (Simuleon, 2021). Therefore, implicit-force constraint solvers 

increase the overall efficiency of the simulation. The SHAKE algorithm was first 

developed for satisfying bond geometry constraints during MD simulations (Ryckaert 

et al., 1977). The method was then further developed to handle any holonomic 

constraint (Ciccotti and Ryckaert, 1986), and the SHAKE algorithm is commonly used 

to satisfy bond geometry constraints during MD simulations without significantly 

affecting the accuracy of simulations. The SHAKE algorithm was also used in this 

work. 

Several water models can be used in MD simulations. The TIP3P model uses water 

molecules with three sites of interaction at two hydrogen atoms and one oxygen atom, 

and it is a simple water model which saves computational power. It is therefore the 

most commonly used water model in simulation (Izadi and Onufriev, 2016), and was 

also used in this work. Using a more complex water model, such as the TIP4P or TIP5P 

maybe be more accurate (Ji et al., 2012), but would require significantly more 

computational power. The single point charge (SPC) model maybe more 

computationally efficient (Ji et al., 2012). A measure to improve simulation efficiency 

is to use an implicit solvent model. Using an implicit solvent water model means 

instead of adding all the individual water molecules explicitly, and running many 

calculations simultaneously, water is treated as a continuous medium surrounding the 
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solute, which reduces computational load and increases simulation efficiency (Liu et 

al., 2017). Although an implicit solvent speeds up the calculations, this comes at the 

expense of some of the simulation details as it considerably decreases the number of 

particles it tracks for a system (Al Qaraghuli et al., 2018). Therefore, an explicit 

solvent model was used in these simulations to ensure as much of the simulation detail 

and data is available. 

3.2.2. Thermostats, Barostats and Forcefields 

 

MD simulations are usually computed in one of three thermodynamic ensembles. The 

Microcanonical (NVE) where number of particles (N), the system volume (V), and the 

energy (E) are kept approximately constant. The Canonical (NVT), where N, V and 

the temperature (T) are kept approximately constant or Isothermal-Isobaric (NPT), 

where N, the system pressure (P) and T are kept approximately constant (CompChems, 

2022). T is a statistical quantity which has to be expressed as a function of position 

and momenta of all particles in the system, and for a system containing enough atoms, 

the temperature can be estimated from the kinetic energy (Bormashenko, 2020). The 

NVT and NPT ensembles are the most practically relevant as experimentally, it is far 

easier to control the temperature of a system than it is to control energy.  

A thermostat is therefore an algorithm used in MD simulations to regulate the 

simulation temperature (Hünenberger, 2005). There are several thermostat algorithms 

available to use, and in this work, the Langevin thermostat was used, which is a 

stochastic method most commonly used with Nanoscale Molecular Dynamics 

(NAMD) and most MD software packages. The Langevin Equation (eq 3.1) regulates 

the temperature while changing the way in which velocities are updated: 
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Where m is the mass, v is the velocity, F is the force, γ is the friction coefficient, Kb is 

the Boltzmann constant, T is the temperature and R(t) is a random number drawn from 

a univariate Gaussian random process (Phillips et al., 2005). Newton’s equations of 

motion are modified by adding appropriate dissipative and fluctuating forces, and the 

system randomly assigns new velocities based on the Maxwell-Boltzmann 

distributions for the target temperature, slowing down the system kinetics, but reaching 

the desired temperature (eq 3.1).  

A barostat is a pressure control algorithm used in MD simulations that adjusts the 

volume of the simulated system by scaling the coordinates of each atom in a system 

by a small factor (Braun et al., 2019) . This also changes the size of the system, but 

ensures the desired pressure is reached in simulation. There are several barostats 

available to use, and the Langevin piston Nose-Hoover method, which is a 

combination of the Nose-Hoover constant pressure method (Martyna et al., 1994), and 

piston fluctuation control implemented using Langevin dynamics (Feller et al., 1995) 

was used in this work.  

The potential energy (PE) is the energy of the object which depends purely on the 

position of the object in space, and PE is associated with several different forces that 

act on the object concerned. PE can be divided into covalent forces and non-bonded 

interactions, and this is simplified with the following equation: 

 

PE = EBonded + ENon-bonded 

Where 

EBonded = EBond + EAngle + EDihedral 

And                                                                                                                           

ENon-bonded = EElectrostatic + EVDW                                                                                                                                   

(3.2) 
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In forces defined by forcefields (FF), Ebonded interactions refer to all two, three and four 

atom interactions in the system, while ENon-bonded refers to all the electrostatic and Van 

der Waals (VDW) interactions in the system (Theoretical and Computational 

Biophysics Group, 2002).  

A FF is a collection of interatomic potentials defining the forces between particles 

given their positions at a particular point in time (Guvench and MacKerell, 2008) (eq 

3.2), and every FF includes interatomic interactions based on parameters suited to the 

system. Non-bonded terms use the most computational power, and VDW forces are 

usually calculated using the Lennard-Jones (L-J) potentials. Therefore, it is crucial to 

select the correct FF for a system to ensure correct parameterisation to a system and 

effectively cover all the interactions, while delivering effective performance. The 

Charmm-27 FF covers most protein interactions and was used in this work 

(Vanommeslaeghe et al., 2010). 

In MD simulations, the atoms in a system are modelled as interacting balls with a 

defined radius and no directional properties. The radius of the ‘ball’ depends mainly 

on the atomic properties, and charge is setup on a particular atom, and remained fixed 

on all species in all simulations in this thesis. Simple harmonic oscillation can be 

described as an oscillatory motion in which the acceleration of the particle at any 

position is directly proportional to the displacement from the mean position. This 

principle can be explained by Hooke’s law (eq 3.3): 

F(x) = -kx 

(3.3) 

Where F is the spring force, k is the spring constant and x is the spring compression, 

and -kx is the restoring force.  

The equation of motion is given by Newton’s second law (eq 3.4): 

ΣFx = -kx = max 

 (3.4) 
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Where ΣFx is the sum of forces in x direction, k is the spring constant, x is the spring 

compression, -kx is the restoring force, m is the mass and ax is the acceleration in x 

direction. This equation can be solved for acceleration (eq 3.5) to provide the basis for 

simple harmonic motion: 

ax = -k/mx 

(3.5) 

In simulation, bonds and angles are treated as harmonic oscillators, they are modelled 

virtually and treated as ‘springs’, so there is no bond formation or destruction, 

independent of the distance between the bonded and non-bonded atoms.  

 

 

 

 

 

(3.6) 

The simple Coulomb equation gives the total Coulomb interaction energy, where qi 

and qj are the amount of charge on ionic pairs, ε0 is the dielectric permittivity of vacuum 

and rij is the interatomic separation (Theoretical and Computational Biophysics Group, 

2002). This links both to Coulomb and VdW forces, which are crucial to the simulation 

and disappear rapidly as the distance between the molecules increases; the nature of 

the electrostatic forces in simulation is formulated by the simple Coulomb equation 

(eq 3.6). As the electrostatic force loses its value slower than the L-J potential, which 

gives a stronger interaction, using a defined cut-off may therefore not be the best idea, 

as the strength of the interaction may fluctuate. Particle Mesh Ewald (PME) is a 

method for computing full electrostatics in a system. As the electrostatics of the 

simulation can be attractive or repulsive dependent on charge, PME divides the long-

range interaction into two parts: a short-range contribution and a long-range 

contribution and the basic idea of PME is to replace the direct summation of interaction 

energies between point particles.  

𝑈𝑒𝑙 =∑
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗
𝑖>𝑗
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The VdW force is the sum of the attractive and repulsive forces between atoms due to 

dispersion forces, irrespective of covalent bonds or electrostatic interactions between 

ions or charged atoms. These can be defined by the following equation:           

                                       

 

 

 

 

(3.7) 

Where εmin is the minimum dispersion energy, rij is the interatomic separation and Rmin 

is the distance at which the particle-particle PE is zero. VdW forces are relatively weak 

when compared to covalent bonds or electrostatic interactions, but collectively, they 

play an important role in simulation. VdW forces are described by the L-J potential 

(eq 3.7). The L-J potential approaches zero rapidly as the rij increases, meaning the 

VdW forces usually shift to be zero past the L-J cutoff radius (Theoretical and 

Computational Biophysics Group, 2002).   

3.2.3. NAMD and Visual Molecular Dynamics  

 

NAMD is a MD code designed for high-performance simulation of large biomolecular 

systems, with features ranging from constant temperature and pressure control 

methods, to more advanced simulation methods such as free energy calculations and 

enhanced sampling via replica exchange (Theoretical and Computational Biophysics 

Group, 2013). NAMD can be used on supercomputers with many nodes in parallel to 

simulate large systems with millions of atoms (Theoretical and Computational 

Biophysics Group, 2013). 

Several options may be modified to reduce computational cost and increase the 

efficiency of simulations. NAMD has options that control the way non-bonded 

interactions are calculated, and the simplest non-bonded interaction is VdW (Blamey 

et al., 2017). The L-J cut-off is the local interaction distance common to both 

electrostatic and VdW calculations, and in NAMD, VdW interactions are always 
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truncated at the L-J cut-off distance (Theoretical and Computational Biophysics 

Group). In general, a higher L-J cut-off will give a more accurate simulation. However, 

for best results, the L-J cut-off which validates a FF should be used.  

Periodic Boundary conditions (PBC) are a set of boundary conditions which allow 

simulations to mimic an infinite system by allowing particles to become enclosed in a 

unit cell, and being replicated to infinity by periodic translations (Cheatham et al., 

1995). The use of PBC in simulation means a relatively small system can be used to 

obtain detailed results to explain the corresponding experimental data. The simulation 

timestep holds the dynamic data for a molecule for a single step in a simulation 

trajectory and maybe altered in a way to improve simulation efficiency. A larger 

timestep, for example 2fs instead of 1fs ensures phase space can be sampled more 

rapidly, saving on computational power (NanoMedic, 2021). However, it is important 

to exercise caution as too large a timestep can cause the simulation to become unstable 

as the energy increases rapidly with time (Löfgren et al., 2022). 

Visual Molecular Dynamics (VMD) is a molecular modelling and visualisation 

software package, with features ranging from visualising MD simulations to extensive 

exploitation of biomolecules to generate images (Humphrey et al., 1996, Theoretical 

and Computational Biophysics Group). VMD allows a large quantity of trajectory data 

to be loaded, which is particularly helpful when analysing trajectories. 

3.3. Laboratory Techniques 

3.3.1. Spray Drying and Characterisation of The Sample 

 

Spray drying 

Spray drying is a method of changing a liquid to a dry powder by atomising the 

solution and drying it with a hot gas (Daniel et al., 2017). The solution is sprayed into 

droplets, and then the rapidly evaporating droplets are dried into powder by a mixture 

of hot gas, temperature and pressure (Gohel et al., 2009). The method is used 

commercially across the food and pharmaceutical industries, and the heated drying 

medium may consist of hot air or nitrogen gas, though the use of nitrogen is preferred 
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as it allows the safe drying of organic solvents and reduces oxidation in the product 

(Gaspar, 2014).  

 

Figure 3.1: A schematic representation of the conventional spray-drying process 

(Piñón-Balderrama et al., 2020).  

 

All spray dryers use a spray nozzle or atomiser head to disperse the liquid into a 

controlled particle size, and a blast of hot gas dries the particles into a free-flowing 

powder, with the size of the final particles dependent on the type of nozzle used to 

disperse the solution (Both et al., 2020) (Figure 3.1). There are two main types of 

spray-dryer and the most common type, a single-effect spray dryer, consists of a single 

source of drying gas at the top of the chamber with the hot gas blown in co-current as 

the sprayed liquid, resulting in fine dried particles. Counter current spray dryers, which 

spray the hot gas in the opposite direction to the sprayed liquid, are also available 

(Julián et al., 2017), and these maybe more thermally efficient (Feeco). However, 

single-effect spray dryers may result in poor powder flow and a low-quality powder. 
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Newer, multiple-effect spray dryers overcome this limitation by operating through two 

steps, the first drying occurs as with single effect spray dryers, and the second drying 

with an integrated static bed at the bottom of the chamber. The spray dryer used in this 

work was the single-effect Buchi B290 mini spray dryer.  

 

Laser Diffraction 

Laser diffraction spectroscopy uses diffraction patterns of a laser beam to measure the 

dimensions of a particle. In most laser diffractors, a laser beam is passed through an 

object at speed, resulting in a quick measurement, and although practically there is a 

particle size limit of ~0.1-10000 µm, objects can range from hundreds of nanometres 

to several micrometres in size (Rawal and Patel, 2018). The range of particle size 

measurement can be extended by using multiple laser light wavelengths. The basic 

principle of laser diffraction relies on the measurement of the angles from the intensity 

of the light scattered as the beams pass through the sample. When the laser beam is 

fired at larger particles, the light is scattered at smaller angles, while firing the beam 

at smaller particles scatters the light at larger angles (Rawal and Patel, 2018). The 

measured data is then analysed to calculate the size of the particles using the Mie 

theory of light scattering. 

 

 

 

(3.8) 

The Rayleigh approximation (eq 3.8), where I is the intensity of the scattered radiation, 

θ is the scattering angle, R is the distance to the particle, λ is the wavelength of light 

under consideration, n is the refractive index of the particle and d is the diameter of the 

particle (Seinfeld and Pandis, 2006).  
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Figure 3.2: A schematic diagram showing the optical setup for a laser diffractor 

(Sympatec). 

The Mie theory is a complete mathematical-physical theory of the scattering of the 

electromagnetic wave by a sphere, requiring knowledge of the real refractive index and 

imaginary component of both the sample being measured, along with the refractive index 

of the dispersant (Singh and Soni, 2019). The real refractive index defines where the 

exiting light will focus and spread, while the imaginary component is an indication of the 

intensity of the refracted light. If the imaginary component is very low, the intensity of 

refraction will be high. The imaginary component is especially relevant to particle size, 

and as it is not known or defined, and selection of the correct value is based on 

compensation values from predicted light scattering particle size distribution. For 

instance, very small (< 1 micrometre), transparent, and not highly absorbing particles 

have a very short light path and absorption does not occur, so the imaginary term can be 

assumed to be zero (MicroTrac). Particle size increase is proportional to the imaginary 

component, but it results in a weak secondary effect of negligible or insignificant 

importance as the imaginary component is not defined (MicroTrac). A notable feature of 

the Mie theory is Mie resonances, which account for varied particle sizes that scatter the 

beam particularly strongly or weakly. This is in contrast to the Rayleigh scattering 

approximation (eq 3.8), which describes the elastic scattering of light by primarily small 

particles (Farafonov et al., 2011). A simplified approach to measuring data is to use the 

Fraunhofer approximation of the Mie theory, which does not require the aforementioned 

data for the sample. However, the Fraunhofer approximation can only provide accurate 
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data for larger particles (Chen et al., 2017a). The two laser diffractors used in this work 

are the Mastersizer 3000, and the Sympatec HELOS (Figure 3.2). 

 

3.3.2. Spray-dried Sample Imaging 

 

Scanning Electron Microscope 

A Scanning Electron Microscope (SEM) is a type of electron microscope that uses 

electrons to scan the surface of a sample to produce an image (Golding et al., 2016). 

SEMs have been developed over the years to become powerful and versatile tools for 

characterisation as they can work with very small materials (Golding et al., 2016). The 

wavelength of electrons is smaller than light, so the resolution of SEMs is far superior to 

that of conventional light microscope images (ThermoFisher, 2019). 

 

 

Figure 3.3: a) A typical SEM column, and b) sample-beam interactions within a SEM 

(ThermoFisher, 2019). 
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The electrons are generated at the top of the column by the source, and these are then 

emitted and attracted to a positively-charged anode (Figure 3.3). The main column and 

all internal components must be under vacuum, so as to prevent any interference when 

testing to avoid any contamination of the sample (ThermoFisher, 2019). Additionally, the 

column being under vacuum means the electrons are not able to collide with the gas atoms 

in air, resulting in a higher resolution image (ThermoFisher, 2019). Another key element 

of the apparatus is the electromagnetic coils, these are used to control the path of electrons 

and two types of lenses are used to achieve this. The condenser lens converges the 

electron beam, defining the size of the electron beam, and directly affecting the resolution 

of the image produced. The beam is then passed along a second lens, the objective lens, 

which focuses the beam onto the sample (Figure 3.3) (ThermoFisher, 2019).  

Once the beam strikes the sample, it generates several types of electrons, and the SEM 

commonly uses two types of electrons to form an image (ThermoFisher, 2019), 

backscattered (BSE) or secondary electrons (SE). BSE are formed from the primary 

electron beam and are reflected back after elastic interactions between the beam and the 

sample (Figure 3.3), while SE originate from the atoms of the sample and are a direct 

result of inelastic interactions between the electron beam and the sample (ThermoFisher, 

2019) (Figure 3.3). The aforementioned events also affect the image produced, BSE 

images show a higher sensitivity to differences in atomic number, which increases with 

a brighter image, whereas, SE provides more detail about the sample surface 

(ThermoFisher, 2019). The electrons are detected by a solid-state detector, placed 

above the sample to maximise BSE collection (Figure 3.3). Commonly, an Everhart-

Thornley detector is used for SEs (ThermoFisher, 2019). A low voltage is applied to 

the faraday cage with a scintillator inside, attracting the low energy SEs to it. This is 

an important differentiator as the other higher energy electrons are not attracted to the 

scintillator. The scintillator builds to a high positive voltage, attracting the incoming 

electrons to it and once the electrons collide with the scintillator, they convert to light 

photons. The light photons are guided by total internal reflection, and the photons 

travel outside the vacuum chamber to a photomultiplier for amplification, forming a 

3D image of the sample (ThermoFisher, 2019). The SEM used in this work is the 

Hitachi TM-4000-plus. 
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Morphologi G3 

The Morphologi G3 is a particle shape analysis and size measurement instrument 

which uses static image analysis to analyse samples (Malvern Panalytical, 2021, 

Müller et al., 2015). The sample is placed in the dry powder dispersion system, and 

then automatically dispersed and analysed for its statistical data. Images of the sample 

complement the statistical data, and recalibration of the image analysis system between 

runs ensures accurate images (American Pharmaceutical Review). The storage of a 

custom made Standard Operating Procedure (SOP) also speeds up subsequent analyses 

as the operational parameters do not need to be inputted every time (American 

Pharmaceutical Review).    

3.3.3. NPs Characterisation 

DLS 

DLS is a technique used to determine the size distribution of small particles in solution. 

The Brownian motion is the random movement of particles due to bombardment by the 

surrounding solvent molecules, and the larger the particle, the slower the Brownian 

motion, meaning smaller molecules move further and quicker (Trueman et al., 2012). 

The Stokes-Einstein equation (eq 3.9) is used to calculate the particle size in DLS: 

 

d(x) = kbT/ 3πnx 

(3.9) 

Where d(x) is the translational diffusion coefficient, kb is the Boltzmann constant, T is 

the temperature, n is the viscosity and x is the size of the assumed spherical particles 

(Sympatec). The translational diffusion coefficient establishes the correlation between 

the variables, and the particle diameter measured in DLS refers also to the particle 

movement in solution, which is why it is called the hydrodynamic diameter (Zheng et al., 

2016). The translational diffusion coefficient depends not only on the size of the particle 
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‘core’, but also on several other factors such as: ionic strength of the medium; particle 

surface structure and non-spherical particles (Malvern Panalytical, 2010). 

DLS measures the speed at which particles diffuse due to their Brownian motion by 

measuring the rate at which the scattered light fluctuates. A monochromatic light source, 

usually a laser beam, is shot through a polariser and through the sample (Stetefeld et al., 

2016). All the molecules in the sample are hit by the light, and they all diffract the light 

in different directions. The diffracted light can interfere constructively or destructively, 

and the process is repeated at short time intervals, and the resulting ‘speckle patterns’ are 

analysed by an autocorrelator which compares the light intensity at each spot over time 

(Stetefeld et al., 2016). The Malvern Nano ZS was used for the DLS analysis.  

Zeta Potential 

Zeta Potential (ZP) is the potential difference between particles and the surrounding 

liquid medium. It is one of the fundamental parameters that affect stability, and 

measurement of the ZP gives a detailed insight into the dispersion, aggregation and 

flocculation of molecules (Joseph and Singhvi, 2019). Measuring and understanding the 

surface potential of NPs in solution is an important tool for understanding these 

interactions, and predicting/improving the long-term stability of a colloidal dispersion. 

The data can be used to improve a variety of formulations including pharmaceuticals, 

dispersions, emulsions and to improve water treatment processes (Nobbmann et al., 2010, 

Barhoum et al., 2018). The PE of the interactions involved in ZP can be defined by the 

following equation: 

 

(3.10) 

Where A is a constant, a is the particle radius, ζ is the ZP, R is the distance between 

particle centres, rD is the thickness of the electric double layer and s is the distance 

between the surfaces of two particles (Atkins and de Paula, 2006). In colloidal 
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dispersions with a low ZP value, other attractive forces can overcome the charge 

repulsion, leading the molecules to aggregate (eq 3.10). When a particle is dissolved or 

dispersed in a solution, the functional groups on its surface react with the surrounding 

medium, creating a surface charge which attracts oppositely charged ions (Pal et al., 

2020, Ouyang et al., 2021). In colloidal systems, dispersed particles have two layers of 

oppositely charged ions on the surface called the stern (ions strongly bound) and diffuse 

(ions loosely bound) layers (Bücker et al., 2019). The ZP is the voltage at the edge of the 

diffuse layer, where the particles meet the surrounding liquid, and if the charge of the 

NPs falls below a certain level, the colloid will start to flocculate, conjugate and 

eventually sediment, which further emphasises the importance of maintaining the ideal 

ZP to yield the optimum experimental results (Bücker et al., 2019). The ZP was 

measured using the Malvern Nano ZS, with folded capillary zeta cells used for the 

sample. The folded capillary zeta cells are a disposable poly-carbonate cell with gold-

plated copper electrodes (Malvern Panalytical, 2013). The gold-plated copper 

electrodes conduct the outside field into the sample, allowing measurement of the ZP. 

The copper electrodes are gold plated for inertness, however, the thin gold film may 

blacken overtime as it interacts with aqueous compounds during sample measurements 

(Malvern Panalytical, 2013). 

 

3.3.4. Design of Experiments 

Design of Experiments (DoE), is a process optimisation method which involves 

designing a task, all while accounting for the variation caused by simultaneous factors 

(Weissman and Anderson, 2015). DoE falls into the applied statistics field, and helps with 

planning, conducting, analysing and interpreting tests, while allowing evaluation of the 

factors affecting the output to control the process (Jankovic et al., 2021). All possible 

combinations of factors affecting an experiment (full factorial) or only a portion of the 

possible combinations (fractional factorial) can be investigated, and multiple input factors 

may be manipulated simultaneously, allowing DoE to account for every single interaction 

and covering all combinations that might otherwise be missed when experimenting by 

changing one factor at a time (Jankovic et al., 2021). The key concepts in creating a 

designed experiment include blocking, randomisation, and replication (Clifton Young, 
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1996). Randomisation refers to the order in which the trials of an experiment are 

performed, and a randomised sequence helps eliminate effects of unknown or 

uncontrolled variables (Clifton Young, 1996). When randomising a factor is too costly, 

blocking enables partial randomisation of the process by carrying out all of the trials with 

one setting of the factor, and then all the trials with the other setting. Replication is 

repetition of a complete experimental setup to ensure reliability in results (Clifton Young, 

1996). Therefore, a repetitive approach, consisting of three steps to gaining the necessary 

information is utilised. Firstly, a screening design narrows the field of variables under 

assessment. Secondly, a ‘full factorial’ design studies responses of every factor levels and 

zones in on where the process is likely optimised. Finally, a response surface is designed 

to model the response, and we can evaluate the process and make changes as required 

(ASQ). 

The biggest advantage of DoE is being able to strategically plan and execute experiments, 

as many experimental setups use a ‘one factor at a time’ approach. This approach is 

highly inefficient for mainly two reasons. Firstly, it leads to a large number of runs, some 

of which may not be needed, and secondly, interactions between the factors are not 

considered, which may have a bearing on whether the experiment is successful (Czitrom, 

1999). A well performed DoE provides answers that would be impossible to obtain with 

a ‘one factor at a time approach’ by allowing establishment of the key factors in a process. 

DoE also gives the perfect settings which deliver acceptable performance and bring about 

less variation in the results (ASQ). 

A fractional factorial design, using Minitab v19.0, was used in this work.   
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Chapter Four: Model SpA Systems 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“If we knew what we were doing, it would not be called research, would 
it?”  

 Albert Einstein 
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4.1. SpA 

 

Studying protein adsorption on biomaterials is important in modern medicine and 

biotechnology (Hlady and Buijs, 1996), since it can indicate whether a biomaterial is 

suitable for a therapeutic application (Serpooshan et al., 2015). Ascertaining the 

suitability of materials, and how they interact with proteins, is the first step towards 

the development of new diagnostics. SpA (Figure 4.1) is a 42 kDa bacterial protein 

produced by Staphylococcus aureus (S. aureus). The high affinity of SpA for the Fc 

fragment of antibodies makes it an interesting candidate for biotechnologies. 

 

Figure 4.1: The SpA structure (5H7A.pdb) illustrated using VMD 1.9.1 (Humphrey 

et al., 1996). The protein is indicated as a ghost surface, and the secondary structural 

α-helices are coloured as follows. Helix 1: red ribbons (close to the N terminus), helix 

2: orange, helix 3: grey, helix 4: yellow, helix 5: light blue, helix 6: green, helix 7: dark 

blue, helix 8: brown, helix 9: black (close to the C terminus). The purple needle 

indicates the dipole moment. The key Glu and Asp residues that interact with the Fc 

fragment of antibodies are indicated in the ‘liquorice’ representation. 

 

SpA is a crucial part of S. aureus as it helps the bacteria suppress the host B-cell 

immune response, preventing damage to the bacteria (Kobayashi and DeLeo, 2013). 

B-cells are a type of white blood cell which function in the humoral immunity 

component of the immune response. They mount a response against bacteria and 

viruses by secreting antibodies, which are highly specific to pathogens and lock onto 

their surface to allow destruction by other immune cells (Hoffman et al., 2016). SpA 

functions as an antibody binding protein, primarily binding to IgG type antibodies, 
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through the Fc region because it recognises both the second and third constant domains 

(Graille et al., 2000). The binding interactions of SpA with IgG1, IgE and IgG3 have 

been studied by conducting MD simulations, and the binding free energy 

decomposition calculated using the Molecular Mechanics Poisson-Boltzmann Surface 

Area (MM/PBSA) method (Huang et al., 2011). SpA was shown to interact with IgG1 

through ‘hotspots’ via hydrophobic interactions involving the F132, Y133, H137, 

E143, R146 and K154 residues for SpA, and I253, H310, Q311, D315, K317, E430, 

N434 residues for IgG1 (Huang et al., 2011). 

 

Figure 4.2: The structure of Staphylococcal sortase A, the enzyme which binds SpA 

to the cell wall (Zong et al., 2004). 

 

SpA is bound to the cell wall of S. aureus by sortase A (Figure 4.2) which is an enzyme 

catalysing the cell wall sorting reaction involving linkage of a Thr residue to a Gly 

residue in the peptidoglycan cross bridge (Ilangovan et al., 2001). The release of SpA 

from the bacterial cell wall has been studied extensively, and this is an important 

consideration because of the importance of SpA in commercial use. LytM is a secreted 

glycyl-glycine endopeptidase of S. aureus which cuts the cross-bridges of 

staphylococcal peptidoglycan and releases SpA into the cellular medium. It was found 

that LytM released significantly more SpA into the cellular medium than the mutant 

version of LytM (Becker et al., 2014). Furthermore, the release of SpA from the 
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bacterial cell wall may be influenced by bacterial growth (Wang et al., 2022, Becker 

et al., 2014). 

SpA has previously been studied for use as a vaccine candidate, and the effectiveness 

of this approach relies on its ability to block the immune response (Kobayashi and 

DeLeo, 2013). However, such promise has only been observed in mice, and the 

approach to using SpA in vaccines is still under development. SpA suppression of B-

cells is also fundamental in the progression of some auto-immune diseases. 

Rheumatoid Arthritis (RA) is an auto-immune condition where the immune system 

produces IgG which attacks the synovial tissues in multiple joints (Navegantes et al., 

2017), leading to swollen and painful joints with stiffness over a prolonged period of 

time (Bullock et al., 2018). An immunoadsorption treatment device containing SpA 

(Furst et al., 2000) and ultrapure SpA (PRTX-100) (Gemma et al., 2017) has 

previously been investigated as a treatment for RA. Furthermore, SpA is also a target 

for drug delivery, and targeting SpA with monoclonal antibodies significantly 

decreased S. aureus colonisation in the mouse nasopharynx and intestinal tract (Chen 

et al., 2019). 

NPs have been studied computationally for their integration in diagnostics and 

therapeutics (Ramezanpour et al., 2016), and SpA has been previously studied as a 

treatment for autoimmune diseases (Navegantes et al., 2017, Gemma et al., 2017). 

SpA binding to antibodies through the Fc region allows extraction of antibodies, while 

keeping the Fab site free to allow antigen binding (Kobayashi and DeLeo, 2013), 

enabling the study of SpA for the development of new diagnostics and therapeutics. 

However, for this concept to succeed, it is crucial to understand how SpA interacts 

with different inorganic materials, since this will determine whether SpA maintains its 

functionality when adsorbed.   

 

The aim of this chapter is to use MD simulations to investigate the interactions of SpA 

with model inorganic materials, and establish if the interaction of the protein with the 

materials is optimal for integration in diagnostics. This work is a preliminary study 

that could be further used to develop a COVID-19 diagnostic by aiming to conjugate 

anti-SARS-CoV-2 antibodies to NPs. However, this antibody conjugation route was 
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not pursued following the withdrawal of ‘The Antibody Company’ as the industrial 

sponsor for this project. A new industrial partner, Alchemy Pharmatech was found, 

and the direction of the project changed to developing a dry-powder IN vaccine 

formulation for COVID-19, that could be used with their ‘Naltos’ nasal delivery 

device. The work in this chapter is based on a published paper ‘Functionalisation of 

Inorganic Material Surfaces with Staphylococcus Protein A: A Molecular Dynamics 

Study’ (Farouq et al., 2022). The Protein Data Bank (PDB) file (5H7A.pdb) consists 

of nine α-helices, with helices 7-9 containing the Fc binding region. Although this 

PDB structure has some residues missing at the N-terminal end, this is not expected to 

affect protein function or behaviour in simulation, as the residues making up the body 

of the protein and the Fc binding region are present.  

4.2. Materials and Methods 

4.2.1. Surface Models 

 

SiO2: The model SiO2 slab employed in the simulations is neutral, but it has an 

intrinsic dipole moment across it that does not change during the simulation; the slab 

is created from an α-cristobalite structure and the material was modelled as ions fixed 

in space (Patwardhan et al., 2012). Due to the 3D periodicity of the simulation cell, an 

electric field is induced through the simulation box (Kubiak-Ossowska et al., 2013), 

so that the electrostatic environment above the slab mimics that expected above a 

negatively charged silica surface. The slab dimension was 103 Å x 199 Å x 13 Å, with 

17280 atoms, yielding two surfaces; an SiO2 surface with siloxide groups at the top of 

the slab and undercoordinated Si species at the bottom. The Charmm-27 force-field 

parameters for the surface were used according to Patwardhan (Emami et al., 2014). 

The SiO2 surface with siloxide groups at the top mimics the negatively charged surface 

encountered experimentally at pH7 (Patwardhan et al., 2012), and the surface with 

under-coordinated Si species exposed mimics a positively charged surface. The 

positive surface is not encountered in practice, except perhaps at very low pH, and is 

therefore not a realistic model but nevertheless provides an interesting model structure 

to explore SpA adsorption at a hypothetical positively charged material surface. These 

variants of the model silica surface represent SiNPs. 
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Au (111): Adsorption to the model Au (111) surface was explored by creating a slab 

of face-centered cubic crystal (fcc) Au oriented with the (111) direction aligned the z-

axis of the simulation cell. The model Au had no partial charges (and so no electric 

field has been introduced). The atoms of the Au (111) model surface were also fixed 

in space to represent a slab of 98 Å x 196 Å x 15 Å, with 13824 Au atoms, and the 

Charmm-27 force-field parameters for Au were used following Heinz et al. (Feng et 

al., 2011, Heinz et al., 2009, Heinz et al., 2008). This model surface represents AuNPs. 

4.2.2. MD Simulations  

 

The protein obtained from the PDB structure was not modified in any way, despite 

missing 33 residues at the N-terminal end. This is because the protein binds to the Fc 

region of antibodies through residues on the C-terminal, and those residues are all 

present. The simulations were computed at pH 7 as at the time, there was no indication 

of where this diagnostic would be used, and whether pH needed to be adjusted 

accordingly. The NAMD 2.12 package (Phillips et al., 2005) was utilised along with 

the Charmm-27 force-field, and the simulation results were analysed with VMD 1.9.1 

(Humphrey et al., 1996). The simulation was performed in three stages (Kubiak-

Ossowska et al., 2016). The first stage consisted of adding water and ions to the 

simulation cell that contained the static protein as obtained from the PDB structure, 

followed by water and ion minimisation of 1000 steps and a subsequent 100 ps run in 

the NVT ensemble with an integration time-step 1 fs, at a target temperature of 300K 

and a pressure of 1 atm. The second stage of the system preparation used the complete 

system (protein, water and ions), with energy minimisation for 10,000 steps followed 

by NVT equilibration for 300 ps. Finally, the production trajectory was performed, 

which consisted of an initial 10 ns run, extended to 100 ns with a 2fs time-step at 300 

K in the NVT ensemble. PBC were used along with the SHAKE algorithm: the PBC 

create copies of the simulation cell in all directions, creating a continuous surface for 

the protein to adsorb onto. The L-J cut-off distance for the VdW interactions was set 

at 12 Å, and the PME summation was used to describe the electrostatic Coulomb 

interactions (Essmann et al., 1995). Only the production trajectories have been 

analysed in detail.  
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Protein in Water 

The crystal structure of Protein A obtained from the PDB entry 5H7A.pdb contained 

four repeat modules, from which one (C) was used in the simulations. A single SpA 

unit contains 221 amino acids (3,001 atoms), and the net protein charge at pH 7 is -

11e. SpA was initially simulated with just water and ions, and then with the model 

crystal slabs included. The dipole moment changes due to protein flexibility in 

simulation, and is an important indicator in studying charge distribution and interaction 

of a protein with model surfaces. The protein was initially solvated in a rectangular 

box that extended at least 12 Å from the structure, and the TIP3P (Jorgensen et al., 

1983) (Neria et al., 1996) model was used describe the water molecules. The system 

was neutralised by adding NaCl salt at ionic strength 2 x 10-2 M (16 Na+ and 5 Cl-), 

making the system better representative of experimental conditions. The system 

comprised 46357 atoms (SpA: 3001 atoms; Water: 43338; Ions: 21), and the initial 

simulation in water showed the protein is stable, so it was further simulated with the 

surface models.  

Protein, Water and SiO2 surfaces 

The protein was placed ~80 Å above the siloxide-rich surface (the protein surface 

distance varied between 80-83 Å), and solvated in a rectangular water box (TIP3P 

model) extending at least 40 Å in the z axis (~96415 water molecules), giving a system 

with ~310,000 atoms.  
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Figure 4.3: a) simulation setup where the protein is placed closer to the surface than 

the image, the resulting system is wider and shorter, which could restrict protein 

movements, b) simulation setup where the protein is placed closer to the image than 

the surface, this results in a narrower system, forcing the protein to freely diffuse 

upwards. 

The protein was therefore closer to the image of the SiO2 slab (Figure 4.3), meaning 

further away from the surface, and this larger system was employed to allow the 

protein time to diffuse and re-orientate before adsorbing to the surface. The electric 

field that runs in the -z-direction between the top of the SiO2 slab to bottom of its 

image (across the water-protein space) is screened by NaCl: 288 Na+ ions to screen the 

siloxide-rich surface, and 277 Cl- ions to screen the positive Si-rich surface. Sufficient 

ions were added through trial and error to shield both of the surfaces, and the additional 

11 Na+ ions neutralise the system, as the protein has a charge of -11 at pH 7. There 

was a distance of 5 Å from the solute, and between ions.  

A further system was set up with the SiO2 undercoordinated silicon termination 

surface, the protein was positioned ~40 Å above the surface (the protein surface 

distance varied between 40-43 Å) and solvated in a rectangular box (TIP3P model), 

extending at least 60 Å (~87332 water molecules) in the z axis, giving a system with 

~260,000 atoms. The net protein charge was -11 e, so the system was charge 

neutralised by the addition of NaCl salt (288 Na+, 277 Cl-). The protein was placed 

closer to the surface than the image in this simulation (Figure 4.3), following a 

standard simulation setup. It was only when adsorption was difficult to obtain on the 
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siloxide surface in a standard setup, was the protein moved further from the surface 

and closer to the image. Throughout the simulation, the silica atoms were kept 

immobile to make the model surface as representative of NPs as possible. 

 

Protein, Water and Au (111) surface 

The protein was positioned ~20 Å above the Au (111) surface (the protein surface 

distance varied between 18-21 Å), and solvated in a rectangular box (TIP3P model) 

extending at least 30 Å in the z axis (~48500 water molecules), resulting in a system 

with ~160,000 atoms. The net protein charge was -11 e, so the system was charge 

neutralised by the addition of NaCl salt at ionic strength 2 x 10-2 M (mol/L), which is 

at a suitable ionic strength for studying these interactions with surfaces. The addition 

of ions also makes the system better representative of practical conditions. Throughout 

the simulation, the gold surface atoms, as with the silica surface atoms, were kept 

immobile so they could not move, and the protein was placed in four different 

orientations above the surface. The positioning of the protein was related to default in 

two systems, and the N terminus was flipped to the opposite side in the remaining two. 

Therefore, there were four 100ns trajectories named SpA_on_gold1 to SpA_on_gold4. 

SpA_on_gold4 gave the adsorption trajectory analysed further, because it gave the 

most consistent adsorption to the surface. 

The protein was placed at a different distance away from the surface in every system, 

along with a different water box and ionic concentration. This was done to optimise 

adsorption conditions for the protein on each model surface. Generally, on the silica 

surfaces, the protein was placed further from the surface and more water was also 

added to the systems, when compared with the Au (111) model surface, to improve 

chances of adsorption by free diffusion of the protein.  
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4.3. Results and Discussion 

4.3.1. Structural Stability 

 

Simulation in water 

The SpA in water system was simulated for 100 ns and the Root Mean Square 

Deviation (RMSD) is reported in Figure 4.4a. The RMSD is a measure of the average 

deviation of a molecular structure from the reference structure, and the smaller the 

RMSD, the similar the structures and more stable the molecule in question is (Kufareva 

and Abagyan, 2012). The RMSD initially increases to 3 Å, indicating a structural 

change as the protein is solvated. The RMSD for the whole protein fluctuated between 

~3-7 Å throughout the simulation, demonstrating its stability in these simulations 

(there is no consistent growth in the RMSD and no observable unfolding). This shows 

that the model protein structure is stable, and is good enough for assessment of its 

adsorption behaviour and interactions with model surfaces. The key binding sites of 

the protein, which bind to the Fc fragment of antibodies, maintain their structural 

integrity throughout the duration of simulation, this is crucial for SpA binding to 

antibodies, conjugated to NPs. 

The fluctuations can mainly be attributed to flexing between the α-helices in the 

protein, which tend to be linked together by short flexible loops (see Figure 4.1). The 

relative stability of the α-helices can be analysed by studying the RMSD for each α-

helix separately, overlapping each in turn with its structure at t = 0 ns. The results are 

also presented in Figure 4.4b, where it can be seen that α-helix 4 is the most stable in 

the simulation with an average RMSD of 0.35 Å, while α-helix 7 is the least stable, 

reaching a maximum of 2.5 Å at 65 ns and averaging 1.5 Å through the course of 

simulation. Consistent bending of α-helix 7 is visible in the simulation. α-helices 8 and 

9, the other two with the glutamic acid and aspartic residues involved in binding to the 

Fc fragment of antibodies, also show good stability. It will be particularly interesting 

to examine how SpA interacts with the model surfaces, observe changes in the angles 

between the α-helices, and explore whether the structural stability remains similar to 

that in the bulk water simulation.  
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Figure 4.4: a) full protein RMSD of SpA, the water simulation is shown in gold, the 

silica siloxide simulation is shown in dark green, the silica undercoordinated 

simulation is shown in dark grey, and the Au (111) simulation is shown in purple, b) 

RMSD for the individual α-helices of SpA in the water simulation, c) RMSD for the 

individual α-helices of SpA in the silica siloxide simulation, d) RMSD for the 

individual α-helices of SpA in the silica undercoordinated simulation, e) RMSD for 

the individual α-helices of SpA in the Au (111) simulation. The α-helices colour 

scheme is same as Figure 4.1. 

SiO2 Siloxide Surface Simulation 

SpA has an overall negative charge of -11e in the simulations, so based on simple 

electrostatics there is a net force driving the protein away from the surface. Since the 

system is designed to have an electric field above the siloxide-rich surface, the electric 

field would force it towards the positive surface. However, the surface electric field is 

screened by the ions in solution, and the protein experiences a fluctuating electric field 

when it is closer than the Debye screening length from the surface (Kubiak-Ossowska 

et al., 2016). Furthermore, the charge distribution across the protein surface is not 

uniform, meaning a negatively charged protein can approach close to a negatively 

charged surface, and if it is oriented in a preferred way with positively charged regions 
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exposed to the surface, adsorption is possible (Kubiak and Mulheran, 2009, Kubiak-

Ossowska et al., 2016, Stroud et al., 2019).  

Adsorption, where the residues have a close approach, strong interactions with the 

surface and strong interaction with the ions shielding the surface, is observed on the 

siloxide rich surface with the residues Lys34 and Lys37 (positively charged, strongly 

hydrophilic), along with Asn36 (neutral, strongly hydrophilic) and Met33 and Phe 35 

(neutral, hydrophobic). The residues anchor the protein to the surface, leaving the Fc 

binding regions, found between α-helices 7-9, freely moving and exposed to solution 

(see Figure 4.5). 
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Figure 4.5: Adsorption of SpA on the oxygen rich surface. The protein colour scheme 

follows that in Figure 4.1. The outer layer of oxygen atoms in the silica model surface 

is shown as red spheres, Cl- ions are shown as lime VdW spheres, and Na+ as magenta. 

The adsorbing residues are also shown as VdW representation. The purple needle 

indicates the dipole moment, and water molecules are not shown for clarity. 

 

The Na+ ions are attracted to the O- siloxide surface, forming a diffuse layer that 

screens the electric field. There is a persistent electric field that can steer the adsorption 

of SpA and five key residues anchor the protein to the surface, three of which are 

neutral and two are positive. The residues leading the protein adsorption penetrate the 

water layers, opening a path through the ion layer for adsorption to occur. This 
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phenomenon is particularly visible with the positive Lys residues, which reach out for 

the surface; this is particularly noticeable with Lys34.  

On positive surfaces, the electric field causes rotational and translational motion of the 

protein, leading to adsorption. However, in adsorption on the negative surface, the 

protein approaches the surface several times without adsorbing, diffusing close to the 

surface due to the effective screening of the surface by the Na+ ions. This is because 

adsorption on the negative surface for an overall negative protein is a rare event. 

Furthermore, due to a complicated electric field, the protein is not steered towards a 

particular adsorption site, as it fluctuates between attraction with the ions and repulsion 

from the surface. The protein movements are also influenced by the water box. During 

this time, there is no preferential orientation of the protein to encourage anchoring.  

 

ai bi 

aii bii 
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Figure 4.6: Representative sequential snapshots showing ai) the Lys37 sidechain at 

25ns, aii) the Lys37 sidechain at 50ns, aiii) the Lys37 sidechain at 77.32ns, when it 

first starts to form contacts with the surface, aiv) the Lys37 sidechain at 100ns, when 

the residue is firmly bound to the surface, bi) the Lys34 sidechain at 25ns, bii) the 

Lys34 sidechain at 50ns, biii) the Lys34 sidechain at 80.24ns, when it first starts to 

form contacts with the surface, biv) the Lys34 sidechain at 100ns, when the residue is 

firmly bound to the surface. 
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However, at 77.32 ns in the production trajectory, the Met33 and Lys37 side-chains 

extend and almost make direct contact (come within the relevant VdW radii, defined 

as the closest distance of two equal, non-covalently bound atoms) with the surface. 

Lys34 is the next residue to adsorb to the surface at 80.24 ns, and the positive charge 

on the Lys side-chains explains the attraction to the negative surface. The Lys34 and 

Lys37 residues extend their side-chains to penetrate the water layer at the silica 

surface, displacing the water molecules and creating strong anchors to the surface, and 

it appears that after a weak initial binding, the residues bound firmly on the surface as 

the simulation progresses (Figure 4.6). The formation of an ordered water layer at 

ionic surfaces has also been demonstrated previously (Kubiak-Ossowska et al., 2016, 

Kubiak and Mulheran, 2009, Mulheran et al., 2016). The adsorption in this simulation 

is electrostatically driven, so that the dipole moment of the SpA is oriented towards 

the O-rich surface.  

The RMSDs reported in Figures 4.4a and 4.4c show the stability of the protein and 

the individual α-helices. The protein appears to have similar stability to that in bulk 

solution (Figure 4.4a). Again, α-helix 7 is the least stable, with a peak RMSD of 3 Å 

at 28 ns (see Figure 4.4c). However, it is clear that lower-index α-helices (so at the N-

terminus side) respond to the adsorption processes at around 80 ns, but these are 

nearest to the silica surface. At the opposite end of the protein, α-helix 8 is the most 

stable, with a starting RMSD of 0.2 Å, reaching a maximum of 0.9 Å at 88 ns. α-helix 

9 also shows good stability, although its RMSD fluctuates the most. This is important 

because it means the end of the protein containing the binding sites is unaffected by 

the surface adsorption, behaving in a similar way to the protein in bulk solution.  

Most importantly, the simulation demonstrates adsorption to the siloxide-rich silica 

surface, as found experimentally by the adsorption of peptides to negative SiNPs 

(Patwardhan et al., 2012), and leaves the SpA’s Fc binding region free and exposed to 

the solution. In this sense, the protein orientates itself in an ideal manner due to the 

role that the electrostatics plays above the charged surface. There are several 

unsuccessful 100ns trajectories, and only one successful adsorption trajectory in a 100 

ns period. This further highlights such an adsorption event is rare in a 100 ns timescale 

because the interacting bodies possess identical charge, and adsorption requires 
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favourable local fluctuations of the electric field, as well as a bigger system than the 

other simulations. 

The adsorbed state appears to be stable, and a 100ns trajectory extension to this 

simulation shows the protein remains anchored to the surface in its initial orientation, 

as dictated by the electrostatics, slightly diffusing on the surface, indicating low 

likelihood of desorption. There was also no significant change to the position of SpA, 

and this observation is encouraging as it suggests there is scope for further adsorption 

simulations of the protein at different points on the surface, and to assess whether the 

protein being placed in a different position will have an effect on 

adsorption/desorption.  

 

SiO2 Under-coordinated Surface Simulation 

The model silica slab used in the adsorption simulations presents both an oxygen-rich 

and a silica-rich surface to the solution. The latter creates a model positively charge 

surface on which SpA adsorption can be explored, and the electric field above the 

surface, while fluctuating due to the movement of the screening Cl- ions, readily pulls 

the negatively charged protein towards it. Due to the polarising effect created by 

charged surfaces in the model SiO2 slab, the Na+ and Cl- ions were attracted to the 

oppositely charged surfaces, which partially screens the force field beyond the Debye 

length. So even though the positive surface has a layer of negative Cl- ions, adsorption 

is easily achieved due to net protein charge (-11e). After several attempts, the 

trajectory with the most consistent and stable protein adsorption to the surface was 

analysed further.  

The starting orientation of the protein in this simulation is such that the Fc binding 

sites are not directly facing the surface, and the protein is in a side-on conformation. 

During the first few nanoseconds of simulation, the SpA long axis changes orientation, 

so as to align its dipole moment with the electric field imposed by the charged surfaces, 

before stabilising in its movements and adsorbing to the surface. The positively 

charged surface attracts the Cl- ions and creates a diffuse screening, and adsorption in 
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this simulation is supported by three neutral residues which interact with the surface 

for the duration of the simulation. The ‘anchoring’ residues involved in the adsorption 

are Ala221 (neutral, hydrophobic), Ala219 (neutral, hydrophobic), and Gln220 

(neutral, strongly hydrophilic), all localised in α-helices 7-9, which is the Fc binding 

region (Figure 4.7). The trajectory shows these anchoring residues have increased 

mobility prior to adsorption, as they diffuse close to the surface, eventually stabilising 

once anchored to the surface. The residues display weak binding to the surface in the 

early stages of adsorption, and as the simulation progresses, they strengthen their grip 

to the surface by further disruption of the water layer formation at the surface. The 

attraction of the protein to the surface is driven by the overall negative charge on the 

protein, as opposed to specific residues, and the overall negative charge attracts it to 

the positive surface below the diffuse Cl- layer. The whole adsorption event is slow as 

the protein this time fluctuates between attraction with the negative Cl- ion layer and 

the positive surface, and the protein movements are also influenced by the water box, 

meaning the protein freely diffuses for a long time before adsorption. This is despite 

adsorption on the positive surface not being a rare event, as negative protein adsorption 

to a positive surface would be expected. 
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Figure 4.7: Adsorption of SpA on the positively charged surface. The colour scheme 

is same as Figure 4.5. The purple needle indicates the dipole moment, and water 

molecules are not shown for clarity. 

 

This also explains why only the anchoring residues, and no others remain adsorbed to 

the surface for the duration of simulation, and although the simulation is for 100ns, 

this is unlikely to change if the simulation is extended as the adsorption state seems 

stable. Due to electrostatics driving adsorption on the model SiO2 slab, it is reasonable 

to expect an increased presence of negatively charged residues on the side of the 

protein which is in contact with the positive surface. However, most of the observed 

residues on the protein binding side are in fact neutral, meaning in addition to a 

complicated electric field with several charges pulling the protein, other factors such 

as pH and hydrophobicity could also have a bearing on the protein behaviour 

(Antosiewicz and Długosz, 2020, Mücksch and Urbassek, 2014). Due to the 

orientation of protein as it adsorbs, the Fc binding residues are directed towards the 
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surface and so are not free to interact with the solution. Crucially, it is an important 

observation because integration of the SpA in new technology will only really be 

effective if the Fc binding sites are kept free, allowing interaction of SpA with the 

antibody, leading to facile and efficient conjugation that enables the antibody to further 

bind to its target with its exposed Fabs.  

Consequently, SpA adsorption to positively charged surfaces and NPs is not 

favourable, while adsorption to negatively charged ones is. As mentioned previously, 

the model SiO2 surface creates an electric field, and positively charged residues are 

attracted towards the negative surface, while negatively charged residues are attracted 

to the positive surface. Subsequently, the protein may unfold as the residues are pulled 

by opposing forces. The electric field in the charged simulation system can be easily 

managed by increasing the number of ions accordingly, as the ions form a layer of 

opposing charge on the surface, screening the electric field over the Debye length and 

reducing the forces pulling the protein. As a result, the system setup is a compromise 

between retaining some electric field as it influences adsorption kinetics, ensuring the 

protein retains its integrity, while also considering the effect of ionic strength in 

slowing down MD simulations, which ultimately may slow down the rate of adsorption 

(Mulheran et al., 2016). However, as the surface charge must be neutralised in order 

to represent the electrostatic environment above the surface, the bulk ionic strength is 

not expected to have a noticeable impact on the adsorption process. Therefore, and 

accounting for the aforementioned factors, the ionic concentration was much higher in 

the simulation systems with the model SiO2 surface slab than the Au (111).  

Adsorption also occurred on the SiO2 undercoordinated surface faster than the 

siloxide-rich surface, and this could be explained by the electric field, which may 

stimulate the protein movement towards the surface. The atoms in the silica surfaces 

are densely packed, and this means both the anchoring residues and ions are present at 

well-defined distances from the surface, which is determined from the VdW volume 

of the atoms. As with many fully atomistic MD simulations, the present work is 

focused on the first 100 ns or so of protein adsorption on a surface, which is the first 

stage of adsorption, but not the final stable state which can be different, as suggested 

by previous work (Kubiak-Ossowska and Mulheran, 2012). Nevertheless, the 
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structural stability of SpA in the simulations was similar to previous work (Alonso and 

Daggett, 2000). Furthermore, in the case of the charged surfaces, the electrostatics will 

tend to keep the protein oriented in the same way as it adsorbs, suggesting that the 

conclusions from the simulations provide good indicators of long-term behaviour too, 

as indicated by the siloxide surface adsorption, which was extended by 100ns. 

Table 4.1: SpA dipole moment at various stages of adsorption on the three different 

surfaces. 0 = starting position, D1/D2 = Protein movements in solution, pre-adsorption, 

abs = at the time of adsorption, 10/20 = 10/20 ns post-adsorption. The arrows indicate 

the direction of the dipole moment vector. The upwards direction is normal to the 

surface for the Si-rich surface, so that the surface normal points in the downwards 

direction for the O-rich surface. Numbers in the following row indicate the value of 

the dipole in Debye. 

 0 D1 D2 abs 10 20 

Au (111) 

surface 

      

Dipole 

moment 

(Debyes) 

883 941 928 850 980 973 

Silica 

siloxide-

rich surface 

      

Dipole 

moment 

(Debyes) 

883 

 

971 902 1066 1036 993 

Silica 

under-

coordinated 

Si surface 

      

Dipole 

moment 

(Debyes) 

882 947 942 1055 1027 1175 

 

The SiO2 slab used to create the model silica surfaces has an intrinsic dipole moment 

across it; the atoms were fixed in space, so that the siloxide groups were on the top and 
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under-coordinated Si species at the bottom. Therefore, when adsorption was driven by 

a long-range electric field above a positive surface, the adsorption is rapid and specific. 

In the first stages of the simulation, the dipole moment of the protein quickly aligns 

(Table 4.1) with the electric field and in all simulations the protein flexes in a way to 

orient its dipole moment perpendicularly to, and away from the under-coordinated 

surface.  

Studying the α-helix stability in this system, α-helix 7 is the most unstable, with a peak 

RMSD of 4 Å at 31 ns, it increases in value at 30 ns. This is down to the fluctuations 

of the flexible loops in the structure, linking to a subset of atoms in the helix, and 

causing divergence in the backbone RMSD. In terms of stability, α-helix 8 is very 

stable, peaking at 0.9 Å after 45 ns, followed closely by α-helix 9 which peaks at 1.5 

Å (55 ns) (Figure 4.4d). As it turns out, even the α-helices of interest are generally 

stable in this simulation, although the antibody binding region is blocked.  

Previous work involving protein adsorption on the SiO2 surface has revealed roles for 

many residues. Adsorption of BSA on the SiO2 siloxide surface was also reported 

(Kubiak-Ossowska et al., 2016), and it was found that in the final adsorption state there 

are several interacting residues at the protein-silica interface, of which Lys plays a 

significant anchoring role in a similar way to found here (see Table 4.3). The 

importance of charged residues in adsorption to the silica surface has been widely 

noted, in particular the positively charged Lys and Arg residues (Mathé et al., 2013). 

Au (111) Surface Simulation 

Adsorption on the Au (111) surface is expected to be slow and non-specific, and it is 

difficult to predict a priori which parts of the protein may bind stronger. This is 

because even though the protein has a positive dipole moment, this surface is neutral. 

Therefore, the interactions on the Au (111) surface are not driven by charge, but by 

hydrophobicity and influenced by VdW forces. Adsorption on a hydrophobic surface 

occurs due to dehydration of the surface. This is because water closest to the surface 

initially has a reduced entropy, but as the simulation progresses, displacement of the 

surface water into the bulk solution increases its enthalpy and entropy, as the water 

forms hydrogen bonds with the surrounding water molecules. 
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Adsorption to the model hydrophobic gold surface provides no orientation preference 

for the protein dipole. Since this aligns to the long axis of the protein (see Figure 4.8), 

and the protein tends to lie parallel to the surface plane to maximise the short-range 

interactions with it, the dipole also tends to be parallel to the gold surface (Table 4.1), 

also maximising water displacement from the surface. The initial orientation of the 

protein was in a side on conformation, and in the adsorption trajectory, one end of the 

protein (towards the C-terminus) adsorbs first, followed later by the adsorption of the 

opposite end of the protein. The final adsorbed conformation is shown in Figure 4.8. 

 

Figure 4.8: Adsorption of SpA on the hydrophobic gold surface. The colour scheme 

is the same as in Figure 4.5, and the gold atoms are shown as pink VdW spheres 

(defined in VMD 1.9.4). The purple needle indicates the dipole moment, and water 

molecules are not shown for clarity. 

 

Adsorption is influenced by the water box, ionic strength of the system, hydrophobicity 

of the interacting residues relevant to the hydrophobic surface, and entropic/enthalpic 

effects. However, the protein seems to follow a non-specific Brownian motion in the 

bulk solution until the first adsorption event in this simulation occurred at 27.88 ns, 

this is by Ala221, which is neutral and hydrophobic. This initial interaction on the Au 
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(111) surface occurs at the active binding site of the protein to antibodies, which is 

evidence of the expected arbitrary adsorption on the Au (111) surface. This is followed 

by the adsorption of Gln220 (neutral, strongly hydrophilic) at 51.28 ns, and Asp218 

(neutral, strongly hydrophilic) at 63.08 ns. The adsorption for the other residues on the 

non-binding side involves Lys34 (positively charged, strongly hydrophobic) at 84.08 

ns and Met33 (neutral, hydrophobic) at 88.6 ns. The presence of Met33 in the list of 

residues interacting with Au (111) is particularly noteworthy as it is a sulphur 

containing residue. This is crucial in cysteine, which is the preferential binding site for 

gold in proteins (Buglak and Kononov, 2020), and dependent on the accessibility, it 

may be able to play a further role in sulphur-gold interactions, although potential 

covalent bonding of this type is not considered in these simulations.  

Note that of these key residues that adsorb to the Au (111) surface, Ala221, Gln220 

and Asp218 are located on the Fc binding side of the protein. Although the Ala221 and 

Gln220 residues are not involved in Fc binding, their interaction with the gold surface 

impacts those residues that are involved. It is also worth noting that the non-specific 

adsorption on the model hydrophobic surface is likely to encourage the protein to lie 

parallel to the surface plane, so that the availability of the Fc binding residues will 

always be restricted to some extent. The SpA maintains a good degree of mobility on 

the surface after the anchoring event, with a stable adsorption state and the protein 

only slightly diffusing on the surface. There is a structured layer of water at the model 

Au (111) surface, penetrated by the SpA residues, which break through the layer to 

interact directly with the surface; this phenomenon has previously been observed with 

metal surface models (Tavanti et al., 2017, Palafox-Hernandez et al., 2014, Penna et 

al., 2014, Hughes et al., 2017). The side of the protein facing the model Au (111) 

surface contains mostly uncharged, hydrophilic residues, as expected since adsorption 

is driven by water displacement, resulting from entropic/enthalpic effects. 

The RMSD for the protein in the system is relatively stable. All the α-helices in the 

protein maintain their structural integrity with an average RMSD value of 1.5 – 2 Å. 

α-helix 3 is slightly higher, suggesting more movement for that part of the protein. The 

most stable α-helix in simulation with the gold surface is α-helix 4, starting at 0.25 Å 

and consistently maintaining its value throughout, and peaking at 1.3 Å (12 ns). 
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Although α-helix 4 was not specifically kept free, consistent stability is a good sign 

nonetheless. α-helix 7 shows improved stability in this simulation compared to the 

water box simulation, starting at 0.7 Å and ending at 1.3 Å, although it is consistently 

above 1 Å after 13 ns and hits a high of 2.3 Å at 25 ns. α-helix 8 displays instability 

relative to the simulation in water, hitting a high of 2.1 Å at 67 ns, and at 40 ns, this 

jumps up significantly. This is an indication of the flexible loops moving together in 

the active region of the protein. α-helix 9 is slightly more stable, starting at 0.3 Å and 

finishing at 1.4 Å, with a peak of 1.8 Å at 60 ns (Figure 4.4e). The RMSD values 

(Table 4.2) show SpA maintains the highest structural integrity on the Au (111) 

surface, and this can be attributed to VdW interactions, which influence adsorption. 

VdW interactions become important when adjacent atoms come close enough, so that 

their outer electron clouds briefly interact. Therefore, the interactions are short range, 

relatively weak, and not as specific or as strong as electrostatic interactions, though 

they can still be strong collectively (Reilly and Tkatchenko, 2015). These collective 

factors do not affect the protein structure as much as they do in adsorption driven by 

electrostatics, as seen with the silica siloxide rich surface. This also explains why SpA 

maintains its structural integrity on the Au (111) surface; the VdW interactions are 

strong at a short distance, and the SpA has more time to adjust and find local energetic 

minima. Simulations on the two SiO2 surfaces (Table 4.2) show the biggest structural 

changes for the full protein and for individual α-helices. This links primarily to the 

electrostatic interactions on the SiO2 surfaces, which are strong and long range (York 

et al., 1993), so that adsorption is directed and specific. Furthermore, the charge on 

SpA is not spread evenly across the structure (Lee et al., 2021), so there are positive 

and negative patches that can distort the protein’s tertiary structure in the electric field 

above the charged surfaces (Zhou and Pang, 2018). 
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Table 4.2: RMSD summary in Water, Au (111), SiO2 O
-, SiO2 Si+ simulations. 

 
RMSD Values in Simulation 

Start (Å) – 0 ns End (Å) – 100 ns Max RMSD Value (Å) 

Simulatio

n 
Water 

Au 

(111) 

SiO2 

O- 

SiO2 

Si+ 
Water 

Au 

(111) 

SiO2 

O- 

SiO2 

Si+ 
Water 

Au 

(111) 

SiO2 

O- 

SiO2 

Si+ 

α-helix1 0.2 0.2 0.29 0.2 1 0.3 0.2 0.2 1.1 1 0.88 1.4 

α-helix2 0.32 0.3 0.23 0.4 1 0.33 0.2 0.6 0.95 1.3 1.07 1.2 

α-helix3 0.33 0.35 0.6 0.7 1 1.35 1 1.2 1.4 2.7 1.7 1.9 

α-helix4 0.3 0.25 0.3 0.3 0.35 0.25 1 0.5 0.75 1.3 1.1 1.4 

α-helix5 0.5 0.4 0.6 0.5 0.8 1.3 1.4 1.5 1.6 1.48 2.2 1.8 

α-helix6 0.3 0.35 0.3 0.4 0.6 0.5 0.6 0.4 1.4 1.1 1.2 1.2 

α-helix7 0.5 0.7 0.6 0.6 1.7 1.3 1.5 3.6 2.5 2.3 3 4 

α-helix8 0.3 0.3 0.2 0.2 0.7 1.5 0.2 0.5 1 2.1 0.9 0.9 

α-helix9 0.5 0.3 0.3 0.5 1.3 1.4 0.3 1.1 2.1 1.8 1.4 1.5 

Full 

Protein 
1 1 3 2 4 5.8 6.3 5.1 7.8 6.5 8 8 

 

Due to the lack of an electric field, adsorption on the Au (111) was slower and non-

specific, and it is worth noting, hydrophobic residues rather than hydrophilic residues 

are responsible for anchoring on the hydrophobic surface. This is despite hydrophobic 

residues mainly being in the core of the polypeptide chain of a protein (Kovacs et al., 

2006), as explained by the hydrophobic effect. Adsorption is initiated by a 

hydrophobic residue, followed by hydrophilic residues, and once the protein is 

adsorbed, the protein unfolds on the surface, facilitated by dehydration of the surface, 

and allowing exposure of the hydrophobic residues in the core. There is also be an 

entropic element influencing this phenomena, as protein unfolding increases its 

conformational entropy (Dyakin and Uversky, 2022). Another interesting observation 

is that most of the residues that anchor the Au (111) surface are polar uncharged and 

hydrophobic, this could explain the reduced mobility of the SpA on the Au (111) 

surface once adsorbed, as it has increased interactions between the hydrophobic 

anchoring residues and the Au (111) surface. Furthermore, it is worth considering 

previous work using similar surfaces, and the key residues observed in those 

simulations. The adsorption of amino acids and surfactants on a model Au (111) 

surface were studied (Feng et al., 2011), and of the key anchoring residues found in 

the simulations (see Table 4.3), Gln and Met were found to be in the strongest binding 
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group, with Lys having intermediate strength, supporting the stability of the adsorbed 

state. 

Table 4.3. Residues in contact with the surface (anchoring residues) in the final stages 

of SpA adsorption on the three model surfaces. 

Surface Adsorbing Residues  

Au (111) Ala221, Gln220, Asp218, Met33, Lys34 

Silica O-rich Met33, Lys34, Phe35, Asn36, Lys37 

Silica Si-rich Ala221, Gln220, Ala219 

 

4.3.2. Angles Between Neighbouring α-helices in Simulation 

 

The protein has nine α-helix structures linked by loop regions, and all consecutive 

helices are aligned anti-parallel to each other. This is an interesting observation, as 

visibly, the protein structure moves in unison and the α-helices stay closely linked 

throughout, pointing to strong hydrogen bonding, which is optimal in anti-parallel 

structures. The protein maintains a low RMSD value throughout the simulations, 

indicating good stability and similarity to the original structure. 
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Figure 4.9: The angles between the α-helix pairs in ai) water, bi) silica siloxide, ci) 

silica under-coordinated, di) Au (111) simulations. The angles between the α-helix 

pairs every 10ns in aii) water, bii) silica siloxide, cii) silica under-coordinated, dii) Au 

(111) simulations, these figures also contain the average angle in simulation, and 

standard deviations showing the spread of data. 

The angles between the long axes of the neighbouring helices throughout the 

simulations are given in Figures 4.9ai, 4.9bi, 4.9ci and 4.9di. There is clear 

uniformity, and the angles are close to (but below) 180º across all simulations, this 

could be attributed to the nature of the vectors being in opposite directions because of 
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the helix packing. The behaviour of the protein in the bulk water simulation (Figure 

4.9ai), where there is no surface to guide protein movement, allows observation of the 

natural protein behaviour. Adsorption to the model charged surfaces (Figures 4.9bi 

and 4.9ci) do not show significantly different fluctuations in the inter-helix angles, 

again confirming the structural stability of the protein adsorbed to these surfaces.  

In the Au (111) simulation, greater fluctuation of some of the inter-helix angles is 

observed (Figure 4.9di). It is particularly visible in the angle between helices 5&6, 

where the angle is regularly ~130º between 65-85 ns. This seems to accommodate the 

adsorption of both ends of the protein to the surface (see Figure 4.8); the overall 

bending of the protein is permitted by hinging movements between the helices, which 

themselves retain rather rigid structures. In the same simulation, helices 8&9 generally 

maintain a lower angle of ~150º when compared to the bulk water simulation, where 

it is ~170º. The angle every 10 ns of simulation, the average angle over 100 ns of 

simulation, and the spread of data is shown for every simulation in Figures 4.9aii, bii, 

cii and dii. 

4.3.3. Ramachandran Plots 

 

The Ramachandran plot (Ramachandran et al., 1963) is a 2d plot of the φ-ψ torsion 

angles of the protein backbone, and provides a simple view of the conformation of a 

protein (Ramachandran et al., 1963). The distribution of backbone dihedral angles 

(Figure 4.10) in a protein relevant to the observed and the experimental distribution 

of residues are highlighted. These graphs are powerful assets for quality control and 

assessment of the suitability of protein structure in biochemistry (Hooft et al., 1997). 

The graphs show the φ-ψ angles clustered into distinct regions, with each region 

corresponding to alpha helix, or beta sheet, with the residues visible as being in 

sterically ‘allowed’ or ‘disallowed’ conformations. There are four basic types of 

Ramachandran plots, depending on the stereo-chemistry of the amino acid: generic, 

glycine, proline, and pre-proline (MacArthur and Thornton, 1991). The generic and 

proline Ramachandran plots are now well understood (Ho et al., 2003), but the glycine 

and pre-proline Ramachandran plots are not. 
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Figure 4.10: a) Ramachandran plots of SpA in water i) at 0 ns, ii) after 100 ns; b) 

Ramachandran plots of SpA simulation with SiO2 siloxide surface i) at 0 ns, ii) after 

100 ns;  c) Ramachandran plots of SpA simulation with SiO2 undercoordinated surface 

i) at 0 ns, ii) after 100 ns; d) Ramachandran plots of SpA simulation with Au (111) 

surface i) at 0 ns, ii) after 100 ns. The blue indicates alpha helix, green indicates beta 

sheet and the yellow squares indicate residues. The presence of most of the residues 

on the blue area shows SpA is a helical protein, and a few residues on white indicate 

they are in an ‘forbidden’ conformation. 

 

Ramachandran plots were computed for four simulations: SpA in water (Figure 

4.10a), on SiO2 Siloxide surface (Figure 4.10b), on SiO2 Undercoordinated surface 

(Figure 4.10c) and on Au (111) surface (Figure 4.10d). The Ramachandran Plots 

confirm all previous observations. Structurally, SpA is further highlighted as a helical 

protein with no observed protein unfolding, this is the same as what was previously 

observed from the protein structure and its stability in simulation trajectories, where it 

maintained its structure. Furthermore, the Ramachandran plots indicate good stability 

of the protein upon adsorption to the surfaces, and there seems to be little change in 

the protein secondary structure as the simulation proceeds. Finally, there are little to 

no residues at the “disallowed” regions, which is further validation of the simulation 

quality. 
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4.4. Conclusions 

 

The model SiO2 slab with an electric field across the water/protein space, and a model 

Au (111) slab without an electric field both highlight the effect of different factors 

affecting protein adsorption. The three fully atomistic MD simulations of SpA at 

different model surfaces provide an interesting insight into protein dynamics at the 

solid/liquid interface. In the present study, the effect of surface chemistry on the 

adsorption mechanism of SpA was investigated, and the following conclusions can be 

drawn.  

Firstly, when adsorption was driven by a long-range electric field above a positive 

surface, as seen with the under-coordinated silica surface model, the adsorption was 

found to be direct and specific, and the dipole moment of the protein quickly aligns 

with the electric field in the early stages of simulation, while the anchoring residues 

interact specifically with the surface. Similarly, adsorption to the negatively charged 

siloxide surface required the protein to re-orientate above the surface, which it is able 

to do due to the screening of the electric field by the diffuse layer of counter ions in 

solution.  

Secondly, SpA has a large negative charge (-11e) at pH7, yet can still adsorb to the 

negatively charged silica surface due to the distribution of positively and negatively 

charged residues on the protein, and the capacity of a larger system in allowing the 

protein to diffuse and adsorb freely. Furthermore, the protein remains functional upon 

adsorption on the Siloxide surface and available for subsequent binding to the Fc 

region of antibodies. 

Thirdly, the adsorption on the uncharged Au (111) surface was relatively slow and 

non-specific, and the interactions are therefore short-range in nature, with no preferred 

protein orientation, other than to maximise the contacts between the protein and the 

surface atoms. After a period of Brownian motion, the protein aligns in a way so the 

correct residues are in place to facilitate the anchoring event. The anchoring residues 

are polar uncharged, highlighting their importance at the initial stages of adsorption, 

and the interactions of SpA with Au (111) were driven by hydrophobicity, meaning it 
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has little effect on the interacting residues, which were mostly uncharged. The low 

adsorption specificity on gold has also been found by other authors (Heinz et al., 2009, 

Feng et al., 2011, Heinz et al., 2008), and since hydrophobic Met33 is involved in the 

protein-gold interactions, this might indicate an important role for sulphur-gold 

interactions. 

Fourthly, the conformational changes of SpA observed upon adsorption were related 

to local structural adjustments facilitated by the intrinsic flexibility between the α-helix 

structural elements of the protein. However, it is to be noted that only the early stages 

of protein adsorption were assessed, so the long-term adsorption states might be 

different. This is particularly true for the adsorption onto the uncharged, hydrophilic 

model gold surface. However, for the adsorption onto the charge silica surfaces, it is 

worth noting that the electrostatics favour the adsorbed orientation of the protein with 

its long axis directed away from the surface plane, so that this is likely to be the long-

term orientation. 

Finally, these results indicate that adsorption to the negatively charged silica surface, 

as observed experimentally for SiNPs, is likely to produce favourable SpA adsorption 

that facilitates the binding of antibodies at the Fc region to functionalise the system. 

SpA not only adsorbs more readily, but the SpA also appears to need less amino acid 

‘anchors’ on the negatively charged silica surface and it should be readily available to 

interact with the environment, and crucially keep the Fc binding regions free. Ionic 

strength also matters in the silica simulations as adsorption is driven more by 

electrostatic charge than hydrophobicity. The aforementioned results are, to some 

extent, transferable to other inorganic materials, and adsorption to other negatively 

charged NPs would similarly result in favourable functionalisation.  

The intended approach was to use these studies as a basis to conjugate anti-SARS-

CoV-2 antibodies to NPs in developing a new diagnostic for COVID-19. As mentioned 

previously, following the withdrawal of ‘The Antibody Company’ and the 

appointment of Alchemy Pharmatech as the new industrial partner, this route was not 

pursued, and the IN vaccine development route was pursued instead.   
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Chapter Five: Model SARS-CoV-2 RBD Systems 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“The science of today is the technology of tomorrow”  

 Edward Teller 
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5.1. Introduction 

 

The surface chemistry of a material is an important aspect of protein-surface 

interactions, due to materials being hydrophobic or hydrophilic, and positive or 

negative. Engineering materials with the desired chemical properties can be achieved 

with the use of Self-assembled Monolayers (SAMs) (Almeida et al., 2021, Latour, 

2008, Ozboyaci et al., 2016, Latour, 2014). SAMs are molecular formations of 

molecules formed on surfaces by adsorption (Figure 5.1); these molecules bind to the 

surface in an ordered way and are controllable for a variety of applications (Valkenier 

et al., 2011). SAMs have been widely used in the past to study protein-surface 

interactions both experimentally and computationally, and have proven to be effective 

model surfaces (Liamas et al., 2018, Farouq et al., 2022). Antibody interaction was 

investigated on charged SAMs, with positively charged NH2, and negatively 

terminated COOH SAMs utilised on a gold surface (Chen et al., 2003). This is 

particularly relevant, as COOH SAM terminated NPs will also be used in this work. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Diagram showing the possible adsorption of IgG1 onto two different 

SAMs on a gold surface. Figure modified from (Chen et al., 2003). 
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The IgG1 and IgG2a antibodies were immobilised on SAMs, and further studied by 

Atomic Force Microscopy (AFM), secondary ion mass spectrometry and SPR. The 

difference in surface charge of COOH and NH2 SAMs, and the higher dipole moment 

of the antibodies affected the ionic strength of protein/surface interactions, indicating 

the protein/surface interaction, which is driven by electrostatics, can be controlled by 

the type of SAMs on the surface (Chen et al., 2003). The SPR experiments also showed 

a higher concentration of antibodies on the NH2 SAMs than the COOH SAMs, 

indicating that antibodies interact preferentially with positively charged and 

hydrophilic surfaces (Chen et al., 2003).  

Furthermore, the effect of SAMs on the immobilisation of protein G from 

streptococcal bacteria with IgG from rat serum showed promising results (Yuan et al., 

2016). Using MD simulations, two thiols, 16-mercaptohexadecanoc acid (MHDA) and 

11-mercapto-1-undecanol (MUO) were assembled into four different self-assembly 

systems with varying ratios, and the SAMs with the highest MUO ratio showed the 

best results (Yuan et al., 2016). These results were also verified experimentally using 

a Quartz Crystal Microbalance (QCM) sensor, and the biggest shift of resonant 

frequency was observed for the SAMs with the highest MUO ratio (Yuan et al., 2016), 

further indicating the MUO SAMs effectively immobilised protein G with IgG. The 

adsorption of BSA, lysozyme (LYZ) and rabbit IgG were previously studied with 

several SAMs ((HS(CH2)9CH3), (HS(CH2)11OH), (HS(CH2)10CHO) and 

(HS(CH2)15COOH)) using AFM. The IgG immobilised strongly on the aldehyde 

terminated surface primarily through covalent bonding (Wadu-Mesthrige et al., 2000), 

and the adsorption with the COOH terminated SAMs was found to be electrostatic and 

unaffected by water on or around the SAMs layer. These properties could be attributed 

to the various conformations of IgG on the surface; the physical interactions are also 

affected by surface functionality and pH, which changes the coverage of the SAMs 

(Wadu-Mesthrige et al., 2000). These can be modified by washing with a surfactant 

solution such as 1% (v/v) Tween, at the iso-electric point (IEP) (e.g. pH at which the 

molecule has no electrical charge), the molecules adsorbed onto the SAMs with 90% 

coverage, binding through hydrophobic interactions (Wadu-Mesthrige et al., 2000). 
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Investigating SAMs on NPs through experimental means or by MD simulations is 

important in assessing their influence in biomolecular interactions. 

 

Figure 5.2: The S1 subunit structure (PDB: 7BWJ) illustrated using VMD 1.9.4 

(Humphrey et al., 1996). The protein is indicated as a ghost surface, while the 

secondary structural α-helices are coloured purple, and the beta sheets are coloured 

yellow. The blue needle indicates the dipole moment. The key residues that interact 

with the ACE2 receptor, namely Lys417, Asn487, Gln493, Gln498 and Tyr505 are 

indicated by the ‘liquorice’ representation and coloured by atom type (carbon is cyan, 

nitrogen is blue, oxygen is red and hydrogen is white) (Humphrey et al., 1996). 

 

The S1 subunit of the S protein (Figure 5.2) binds to the ACE2 receptor through the 

Lys417 (positive, hydrophilic), Asn487 (neutral, hydrophilic), Gln493 (neutral, 

hydrophilic), Gln498 (neutral, hydrophilic) and Tyr505 (neutral, hydrophilic) residues 

(Veeramachaneni et al., 2021). Therefore, it is important the protein adsorbs to the 

surface in a way to keep this region (RBD region) free. As established previously (see 

Chapter 4), MD simulations can provide molecular-scale insight into the interactions 

between biomolecules and inorganic materials, revealing details that would otherwise 
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be impossible to observe. There are several computational studies on the effect of 

surface charge, hydrophobicity, and ions on protein adsorption and electrostatic 

interactions play a key role in driving the proteins onto charged surfaces, where the 

adsorption takes place between charged surfaces and oppositely charged residues 

(Albers et al., 2001, Singh et al., 2016, Farouq et al., 2022, Kubiak and Mulheran, 

2009, Kubiak-Ossowska et al., 2014). The ions also play a key role during adsorption 

on charged surfaces because they screen the electric field, which can promote or inhibit 

protein adsorption (Mulheran et al., 2016). 

 

Figure 5.3: The S1 subunit (PDB: 7BWJ), illustrated using VMD 1.9.4 (Humphrey et 

al., 1996). The colour scheme is the same as Figure 5.2. Additionally, the histidine tag, 

added to the C terminal of the protein is shown as a CPK representation. 

 

The aim of this chapter is to investigate the interactions of the S1 subunit, which 

contains the ACE2 binding RBD (see Section 2.1.2), with model inorganic NPs, and 

investigate how the S1 subunit binds to inorganic material surfaces, and if it binds in 

a way to keep the ACE2 binding region free. Keeping this region free is crucial for 

effective integration of these systems in designing a new vaccine, and adsorption is 
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studied on a model silica surface and a model COO- SAMs terminated silica surface. 

The simulations will be further assessed to establish: the adsorption stability of the S1 

subunit on the model surfaces; the factors impacting protein stability; the influence of 

the histidine tag (His-Tag) on protein behaviour and adsorption. The S1 subunit 

modified with a His-Tag (Figure 5.3) is also being studied here due to its better 

availability experimentally. 

 

5.2. Materials and Methods 

5.2.1. Surface Models 

 

SiO2: The model SiO2 slab, created from an α-cristobalite structure was modelled as 

ions fixed in space (Patwardhan et al., 2012). An electric field induced through the 

simulation box (Kubiak-Ossowska et al., 2013), means the electrostatic environment 

above the slab mimics that expected above a negatively charged silica surface. The 

slab dimension was 103 Å x 199 Å x 13 Å, with 17280 atoms, yielding two different 

faces: (i) an SiO2 surface with siloxide groups at the top of the slab and (ii) 

undercoordinated Si species at the bottom. The Charmm-27 force-field parameters for 

the surface were used according to Patwardhan et al. (Emami et al., 2014), and the 

SiO2 surface with siloxide groups at the top mimics the negatively charged surface 

encountered experimentally at pH7 (Patwardhan et al., 2012). The surface with under-

coordinated Si species exposed mimics a positively charged surface, though this is a 

model only and not available experimentally.  

COO- Terminated SiO2 surface: The SAMs surface was constructed with two 

carboxyl (-COOH) slabs on opposing sides, with all the carboxyl molecules in their 

deprotonated (-COO-) state to achieve a homogeneous model negative surface. The 

molecules consisted of a backbone of four carbon molecules in addition to the COOH 

groups, and the broken C-C bonds were patched with hydrogen atoms to satisfy the 

valence requirements. The individual molecules were placed parallel to each other with 

a distance of 4.97 A between them (Ulman et al., 1989), and the slab contained 15,283 

atoms with dimensions of 107 Å x 147 Å x 77 Å. The thickness of each surface was 

larger than the L-J cut-off distance of the VdW forces (12 Å), in order to prevent 
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interaction between the outer surface and the protein within the system water box. The 

first carbon atom (from the bottom) of every SAMs molecule was fixed in space, 

leaving the other three carbons on the backbone and the terminal functional groups 

free to move. The geometry and parameters for aspartic acid residue side chains were 

used to represent the COOH molecules. 

 

5.2.2. MD Simulations of S1 Subunit 

 

The NAMD 3.0 package (Phillips et al., 2020) was utilised along with the Charmm-

27 force-field, and the simulation results were analysed with VMD 1.9.4 (Humphrey 

et al., 1996). The simulation was performed in three stages following previously 

reported protocol (Kubiak-Ossowska et al., 2016). The first stage involved water and 

ions being added to the simulation cell, that already contained the static protein as 

obtained from the PDB structure, followed by water and ion minimisation of 1000 

steps, and a subsequent 100 ps run in the NPT ensemble with an integration time-step 

1 fs, at a target temperature of 300K, and a pressure of 1 atm. The second stage 

simulated the complete system consisting of protein, water and ions through energy 

minimisation for 10,000 steps, followed by NPT equilibration for 300 ps. The final 

stage consisted of an initial 10 ns run, with a 2fs time-step at 300 K in the NVT 

ensemble, extended to give a 100ns production trajectory. PBC, along with the 

SHAKE algorithm, were used in the simulation and the L-J cut-off distance for the 

VdW interactions was set at 12 Å. PME summation was used to describe the 

electrostatic Coulomb interactions (Essmann et al., 1995). The simulation setups of 

protein, water, ions and with the surfaces are described below. 
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S1 Simulations in water  

The S1 subunit, obtained from PDB: 7BWJ consists of 217 amino acids (1536 atoms), 

and a net protein charge at pH 7 of -2e. The structure also contains eight α-helices and 

eleven β-sheets, with the ACE2 receptor binding residues located towards the N 

terminus. The protein was initially solvated in a rectangular box extending at least 12 

Å (16821 waters) from the structure, and the TIP3P (Jorgensen et al., 1983, Neria et 

al., 1996) model was used describe the water molecules. The system was neutralised 

by adding NaCl salt at ionic strength 2 x 10-2 M (6 Na+ and 8 Cl-), giving a system 

with 53428 atoms.  

SiO2 Surface Simulations 

The siloxide silica surface simulation system involved the S1 subunit being placed ~20 

Å above the surface (the protein surface distance varied between 20-23 Å). The 

structure was solvated in a rectangular water box (TIP3P model) extending at least 40 

Å in the z axis (~65781 water molecules), giving a system with ~216464 atoms. NaCl 

ions were added to shield both the siloxide and silicon undercoordinated surfaces (288 

Na+, 286 Cl-). The net protein charge was -2e, so the ions added neutralised the system, 

as well as shielding the surfaces. 

The silicon undercoordinated surface simulation system had the protein positioned ~22 

Å above the surface (the protein surface distance varied between 22-24 Å), and was 

solvated in a rectangular water box (TIP3P model) extending at least 22 Å (~57270 

water molecules) in the z axis. NaCl salt was added (288 Na+, 286 Cl-) to shield both 

surfaces, giving a system with ~190935 atoms.   

COOH terminated SiO2 surface 

The simulation with the SAMs terminated surface was initially tested at the same 

parameters used for simulations on the model silica surface. However, to improve the 

properties of the SAMs surface even further, the systems were computed at slightly 

different settings. The production trajectory was computed in the NPT ensemble 

(1.01325 bar atmospheric pressure, isotropic), with a timestep of 2fs at 300k. The 

protein was positioned ~25 Å above the surface (the protein surface distance varied 
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between 25-27 Å), and solvated in a rectangular water box (TIP3P model) extending 

at least 50 Å (~34921 water molecules) in the x axis. The system was neutralised and 

NaCl concentration was set to 0.2 mol/L, adding 1115 Na+ ions and 131 Cl- ions, 

shielding both COO- surfaces and giving a system with ~120054 atoms.  

5.2.3. MD Simulations of S1 Subunit with His-Tag 

 

The same simulation setup used for the S1 subunit (See Section 5.2.2) was adapted for 

simulations of the S1 subunit with a His-Tag. The S1 subunit was modified with a His-

Tag at the C terminus of the protein (See Figure 5.3) by the addition of six α-carbon 

atoms, representing the addition of six histidine (positive, hydrophilic) residues. The 

simulation setups of protein, water, ions and with the surfaces are described below. 

Simulations in Water at pH6 

The crystal structure of the S1 subunit (Youn et al., 2017) previously used in the 

simulations was modified with a His-Tag at the C terminus, and some residues were 

protonated to run the simulations at pH6 (Table 5.1). These simulations, where the S 

protein RBD was modified with a His-Tag, were computed at pH6 because the 

protonated His-Tag was then positively charged, thus enhancing the protein’s ability 

to conjugate to negatively charged NPs and more likely to result in an optimum 

orientation of the conjugated protein for use in new therapeutics. 

Table 5.1: A list of residues in the S1 subunit that were protonated to run the His-Tag 

modified S1 subunit simulations at pH6. The residue name changed to Hsp once 

protonated. 

Residue Type Residue Number 

Asp 398, 406 

His 519, 527, 529, 530, 531, 532 

 

The final modified structure had 223 amino acids (1638 atoms), and a net protein 

charge at pH 6 of +11e. The protein was solvated in a rectangular water box extending 

at least 15 Å (40379 waters) from the structure, and the TIP3P (Jorgensen et al., 1983, 
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Neria et al., 1996) model was used describe the water molecules. The system was 

neutralised by adding NaCl salt at ionic strength 2 x 10-2 M (7 Na+ and 18 Cl-), giving 

a system with 58887 atoms.  

Simulations with Silica Surfaces at pH6 

In the silica siloxide surface simulation, the protein was placed ~44 Å above the 

surface (the protein surface distance varied between 44-50 Å), and solvated in a 

rectangular water box (TIP3P model) extending at least 40 Å in the z axis (~65023 

water molecules), giving a system with ~214323 atoms. NaCl ions (Na+: 277, Cl-: 288) 

were added to shield both surfaces. 

In the silicon undercoordinated system, given the net charge and the influence of the 

His-Tag, the protein was positioned closer to the surface, with the His-Tag facing the 

positive silicon undercoordinated surface to encourage adsorption. The distance from 

the surface was ~22 Å (the protein surface distance varied between 22-24 Å), and the 

system was solvated in a rectangular box (TIP3P model), extending at least 44 Å 

(~77137 waters) in the z axis. As the net protein charge was +11e, the ions neutralised 

the system as well as shielding the surfaces, so NaCl salt was added (277 Na+, 288 Cl-

), giving a system with ~250665 atoms.  

COOH terminated SiO2 surface pH6 

The production trajectory was also computed in the NPT ensemble (1.01325 bar 

atmospheric pressure, isotropic), with a timestep of 2fs at 300k, compared to the NVT 

ensemble for the silica surface. The protein was positioned ~20 Å above the surface 

(the protein surface distance varied between 20-23 Å), and solvated in a rectangular 

box (TIP3P model) extending at least 60 Å (~36824 water molecules) in the x axis. 

The system was neutralised and NaCl concentration was set to 0.2 mol/L adding 1113 

Na+ ions and 138 Cl- ions, shielding both COO- systems and giving a system with 

~125864 atoms. 
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5.3. Results and Discussions 

5.3.1. Adsorption of the S1 Subunit and S1 Subunit with a His-Tag  

 

Simulations in Water 

Protein adsorption is affected by several factors including surface charge and 

hydrophobicity; however, another important factor is the structural integrity of the 

protein. Therefore, the simulations in solution only needs to be prepared for ensuring 

the stability of the protein within the used FF and the MD protocol employed. As 

mentioned previously, for successful binding with materials, the ACE2 binding region 

must be kept free, and to establish whether the fragment maintains its structural 

integrity in simulation, the protein was placed in a simulation box with water 

molecules and NaCl ions, with the computation of a 100 ns trajectory.  

The RMSD for the tagless S1 subunit (tagless protein) is initially ~1.2 Å, and the His-

Tag modified S1 subunit (tagged protein) is initially ~2 Å, indicating there is little 

deviation in the original protein 3D structure, in other words the protein is stable. 

However, as the simulation in water progresses, the situation changes around 55 ns of 

the trajectory. There is an increase just after 55ns (Figure 5.4a) for the tagged protein, 

which remains higher than the tagless protein for most of the remaining duration, 

increasing to ~4.8 Å at 74ns, while the tagless protein increases to ~3.9 Å at 79ns, 

indicating the introduction of the His-Tag affects the protein movements negatively, 

as it results in a decrease in stability. This shift after 55ns, when compared to the 

simulation from 0-55ns, could be attributed to the bending and twisting of the protein 

through the loops connecting the subsequent modules, as seen in the simulation 

trajectory and from the structure overlaps after 100ns (Figure 5.5a). The bends 

between subsequent modules may be greater as the simulation progresses, due to a 

lack of stabilisation coming from the remaining parts of the protein. For the tagged 

protein, the His-Tag is showing a particular tendency to flex as observed from the 

trajectory. This will naturally give a higher RMSD, and at the end of the simulation, 

the His-Tag visibly moves, changing its final position after 100ns relative to the 

original structure (Figure 5.5b).  
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Figure 5.4: The a) RMSD, b) Root mean square fluctuations (RMSF) of S protein 

RBD and tagged-S Protein RBD in the water simulations. The coloured ribbon at the 

top of the RMSF figure indicates the secondary structure of the protein: β-sheets (red) 

and α-helices (yellow), while unstructured parts are shown in grey. The green arrows 

indicate the location of ACE2 binding residues. The His-Tag is at residues 527-532. 

 

Despite the sudden increase, the RMSD curves for both the tagged and tagless proteins 

overall remained ~constant for the last 30ns of simulation, indicating the proteins 

maintained their structural integrity.  
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Figure 5.5: The structure overlaps after 100 ns simulation in water a) tagless protein, 

b) tagged protein. The original structure is indicated in red while the structure after 

100ns is indicated in green, while the His-Tag is annotated. 

 

The dipole moment for the tagless protein was 188.88 D fluctuating to 257.15 +/- 85 

D as the simulation progressed. The dipole moment for the His-Tag modified protein 

was 779.61 D fluctuating to 715.69 +/- 158 D, the much larger dipole moment after 

100ns could be attributed to vigorous fluctuations of the His-Tag. The Root Mean 

Square Fluctuations (RMSF), which measures the average deviation of a particle over 

time from a reference position, is ~3.1 Å for the Lys 417 (positive, hydrophilic) 

residue, ~3.2 Å for the Asn 487 (neutral, hydrophilic) residue, ~3.7 Å for the Gln 493 

(neutral, hydrophilic) residue, and ~9 Å for the Tyr 505 (neutral, hydrophilic) residue 

for both proteins (Figure 5.4b). The RMSF values are ~9 Å for the Gln 498 (neutral, 

hydrophilic) residue (tagged protein), and ~7 Å (tagless protein). These are the ACE2 

binding residues, and it is especially important to consider the RMSF for them as it is 

important this region is kept free, as well as possessing good conformational 

flexibility, which will enhance its use in therapeutics. The RMSF further shows 

fluctuations are generally small at the secondary structure regions, and the higher 

RMSF values generally occur at loop regions. The tagged protein generally maintains 

a higher RMSF than the tagless protein, especially at the His-Tag region, indicating 

certain regions have greater conformational flexibility in simulation, the higher RMSF 

could also be attributed to loop regions, which display greater movement during the 

simulation trajectory. Both proteins maintain an overall stable RMSD, and the 

structure overlaps (Figure 5.5) confirm the secondary structure of both structures 
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remains intact throughout simulation, meaning both models are stable to attempt 

adsorption on charged surfaces. However, the tagged protein is slightly less stable than 

the tagless protein (Figure 5.5b). 

 

Tagless Protein Simulation on Negatively Charged Silica Surface  

The two statistically independent trajectories obtained displayed similar behaviour of 

the protein described here. The tagless protein is overall negatively charged, meaning 

the electric field implemented in the model surface would direct it towards adsorption 

on the positive surface. However, despite its overall negative charge, the protein can 

adsorb on negatively charged surfaces. This is due to the attraction with positively 

charged regions in the protein, and these positively charged patches on the protein may 

be exposed as the protein rotates and diffuses in water (Lin et al., 2014, Kubiak-

Ossowska et al., 2016). To promote the adsorption of negative protein onto negative 

surface, the electric field was screened by adding 286 Na+ and 284 Cl- ions. The protein 

was placed in a side-on initial conformation, and the tagless protein undergoes 

Brownian motion in the first few ns of simulation. The RMSD increases steadily 

(Figure 5.6a), indicating a slight decrease in protein stability at this stage in 

simulation. The tagless protein ascends at 20ns and interacts with the ion/water layer 

at the surface, approaching the surface several times without adsorption, until 22.3ns, 

when the Asn 370 (neutral, hydrophilic) residue adsorbs to the surface in the first 

anchoring event. The first anchoring event is followed by the adsorption of the Asn 

388 (neutral, hydrophilic) and Thr 333 (neutral, hydrophilic) residues adsorbing at 

23.1ns and 24.6ns. The protein continues to diffuse on the surface, and the Asn 388 

(neutral, hydrophilic) residue desorbs at 26.7ns, and readsorbs at 27.7ns, along with 

the first adsorption of the Val 367 (neutral, hydrophobic) residue. The RMSD increases 

as the protein adsorbs (Figure 5.6a) to the surface, indicating slight distortion of the 

protein structure upon adsorption, but overall good stability of the protein in its 

adsorbed state. The protein seems to be more stable when adsorbed to the surface, 

compared to the structure in water (Figure 5.4a), and the simulation trajectory seems 
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to indicate the protein seems to maintain its structural integrity. Though as the 

simulation proceeds, the protein seems to relax at the surface interface.   

 

 

Figure 5.6: The a) RMSD, b) RMSF of S protein RBD and His-Tag S Protein RBD 

in the siloxide silica surface simulations.  The colour scheme is the same as Figure 5.4. 

Additionally, the pink arrows represent the tagless protein adsorbing residues and the 

black arrows represent the tagged protein adsorbing residues. 
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These adsorptions are further followed by the Thr 385 (neutral, hydrophilic) residue 

reaching for the surface and adsorbing at 32.9ns, and the Asp 389 (negative, 

hydrophilic) residue, which adsorbs at 35.8ns. The Thr 333 (neutral, hydrophilic) 

residue, which was the first to interact with the surface, maintains this interaction with 

the surface and stays strongly bound, while the other residues desorb at 39.6ns. There 

are further changes in the RMSD at this point, meaning the final, stable adsorption 

state is not achieved and the protein tends to remain close to the surface, adjusting its 

structure and attempting to form stronger anchors to the surface. The protein freely 

diffuses on the surface, interacting with the ion/water layer and the Asp 389 (negative, 

hydrophilic) residue adsorbs again at 41.2ns. Shortly after at 47.7ns, the Val 362 

(neutral, hydrophobic) residue also adsorbs to the surface. 

There seems to be a cluster of residues that are always present at the surface ion/water 

layer and the Thr 333 (neutral, hydrophilic) residue seems to form the strongest 

anchors to the surface for the duration of the simulation. Adsorption seems to be driven 

by hydrophilic/hydrophobic residues as opposed to charged residues, this results in 

non-specific movement of the protein, and when adsorption is achieved, it is weaker 

(Liamas et al., 2018), which is why the residues desorb easily. The simulation events 

are consistent with the RMSD, which increases to ~3.7 Å (Figure 5.6a) at 63ns, 

indicating the movements of the protein up to that point are unstable when compared 

with the starting point, and the RMSD increases steadily as the simulation progresses.  
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Figure 5.7: The S1 subunit shown as a ghost representation, and the positively charged 

hydrophilic lysine and arginine residues are shown as blue VdW representation. The 

ACE2 binding residues are shown as orange VdW representation. The red needle 

indicates the dipole moment, and water molecules are not shown for clarity. 

 

All of the residues directed towards the surface are neutral, and the positive arginine 

and lysine residues, which would be expected to drive adsorption on negative surfaces 

are concentrated in the centre of the protein (Figure 5.7). The protein also has a 

hydrophilic core, and the surrounding sides seem to be soft and flexible with 

hydrophobic residues, with an irregular distribution of charged residues resulting in 

regions with varying partial charges. This is also an explanation for adsorption in the 

absence of positive residues, as the differently charged regions of the protein will 

interact with the target surfaces accordingly, resulting in a variety of conformations on 

adsorption. Furthermore, due to the electric field, positively charged residues are 

attracted towards the negative surface, and negatively charged residues are attracted 

towards the positive surface. Therefore, the protein may unfold when present in a 

strong field, as the strong opposing forces pull on the positive and negative residues. 

The atoms in the silica surfaces are also densely packed, and both the anchoring 

residues and ions are present at well-defined distances from the surface, which is 
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determined from the VdW volume of the atoms. The aforementioned observations also 

confirm electrostatic forces are the main driving force behind adsorption on the silica 

surfaces, as any adsorption of the protein is driven by the rapid movement of the 

residues. The protein remains close to the surface, and the Val 367 (neutral, 

hydrophobic) residue adsorbs to the surface at 75.6ns. The Thr 333 (neutral, 

hydrophilic) residue desorbs for the first time, along with the Asp 389 (negative, 

hydrophilic) and Val 362 (neutral, hydrophobic) residues.  

 

Figure 5.8: Adsorption of the S1 subunit on oxygen rich surface. The protein colour 

scheme is same as Figure 5.2, and the outer layer of oxygen atoms in the silica model 

surface is shown as red spheres. Cl- ions are shown as lime VdW spheres, and Na+ as 

orange. The adsorbing residues are also shown as VdW representation, and the ACE2 

adsorbing residues are indicated by the black arrows. The blue needle indicates the 

dipole moment, and water molecules are not shown for clarity. 
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Generally, there is periodic interaction of the residues with the surface, and mostly the 

protein diffuses at the ion/water layer. The Thr 333 (neutral, hydrophilic) residue 

always maintains strong interactions with the surface, and the dipole moment is 

aligned towards the positive surface in this simulation. This indicates the adsorption 

events are driven by the electric field of the system, even though the protein seems to 

be influenced by other forces at times. In the final stable adsorption state after 100ns, 

the Thr 333 (neutral, hydrophilic), Val 362 (neutral, hydrophobic), and Val 367 

(neutral, hydrophobic) residues are adsorbed to the surface (Figure 5.8). This also 

demonstrates absorption to the siloxide-rich silica surface, as found experimentally 

(Patwardhan et al., 2012). The tagless protein RMSD (Figure 5.6a) indicates the 

protein is the most stable in the first 50ns of simulation.  

The RMSF is higher in the latter regions of the protein (Figure 5.6b), which is to be 

expected as that is where the ACE2 binding residues are located, and they would be 

expected to have higher conformational flexibility. For the adsorbing residues, the Thr 

333 (neutral, hydrophilic) and Val 362 (neutral, hydrophobic) residues have values of 

~3 Å, and the Val 367 (neutral, hydrophobic) residue is ~4 Å (Figure 5.6b). The 

adsorbing residues in this simulation are therefore not as conformationally flexible, 

indicating low affinity for the surface, this is also evidenced by the dipole moment of 

the tagless protein in simulation, which is aligned in the opposite direction, and 

wanting to pull the protein away from the surface. The ACE2 binding residues have 

RMSF values of ~3 Å for the Lys 417 (positive, hydrophilic) residue, ~10 Å for the 

Asn 487 (neutral, hydrophilic) residue, ~1.2 Å for the Gln 493 (neutral, hydrophilic) 

residue, ~2 Å for the Gln 498 (neutral, hydrophilic) residue and ~5 Å for the Tyr 505 

(neutral, hydrophilic) residue, indicating the Asn 487 (neutral, hydrophilic) residue is 

the most flexible in this simulation. Generally, the ACE2 binding residues seem to 

display higher conformational flexibility in the water simulation, when compared with 

the adsorption simulation of the protein on the negative silica surface (Figure 5.4b).  

Tagged Protein Simulation on Negatively Charged Silica Surface  

The two statistically independent trajectories obtained displayed similar, general 

behaviour of the protein described here, and identical to the tagless protein, the tagged 
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protein was placed on a side-on conformation, in the centre of the system to allow it 

to freely diffuse towards whichever surface. As the protein is overall positively 

charged, adsorption on the negative siloxide surface would be expected, and in the first 

few nanoseconds of simulation, the His-Tag on the C terminus of the protein flexes 

increasingly, and seems to cause the overall vigorous movements of the protein. This 

also corresponds to the higher RMSD of ~2.5 Å (Figure 5.6a) when compared to ~1.3 

Å for the tagless protein. The Gly 504 (neutral, hydrophilic), residue starts moving 

towards the oxygen terminated siloxide surface at 12.6ns, and at 17ns, the protein 

freely diffuses, with the Thr 500 (neutral, hydrophilic) residue leading the protein. 

Interestingly, the Thr 500 (neutral, hydrophilic) residue was on the opposite side in the 

tagless protein simulation. The direction in which the protein moves changes, and this 

seems to be influenced by the His-Tag, as the vigorous movements of the His-Tag 

seem to drag the protein C terminus end to the opposite side. The RMSD increases, 

indicating a decrease in stability of the protein at this point in simulation. The protein 

diffuses in the bulk solution, and at 23.8ns, the Thr 500 (neutral, hydrophilic) residue 

this time descends, and the protein as a whole changes direction in which it moves. 

The His-Tag, which is very flexible in its movements, drags the protein, and leads the 

protein for adsorption on the negative siloxide surface. The Hsp 531 (positive, 

hydrophilic) side chain is the specific residue leading the charge. 

The protein diffuses and gets close enough to the surface once it feels the electric field, 

there is rapid penetration of the water/ion layer and the first anchoring event occurs at 

43.9ns by the Hsp 531 (positive, hydrophilic) residue. The Hsp 531 residue is joined 

by the Asn 370 (neutral, hydrophilic) and Hsp 529 residues at the ion/water layer. 

There is further adsorption of the Asn 370 (neutral, hydrophilic) residue at 48.6ns, and 

the Hsp 527 and Hsp 530 residues at 50.4ns. The RMSD for the tagged protein 

overlaps with the tagless protein until 63ns, averaging at ~3.3 Å, indicating both 

proteins have a similar stability at this point. In the final stable adsorption state, the 

Hsp 530 (Hsp 531, Hsp 532) and Asn 370 (Figure 5.9) residues are adsorbed to the 

surface. The tagged protein seems to be less stable in this simulation when compared 

with the water simulation (Figure 5.4a) and tagless protein adsorbed to the negative 

surface (Figure 5.6a), this could be attributed to the positive His-Tag attraction to the 
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negative surface, which influences its aggressive movements. The adsorbing residues 

are followed by other His-Tag residues, Hsp 526 - 528, which do not interact with the 

surface, but interestingly, are there to support the adsorption of the other residues. 

Adsorption is driven by the positively charged His-Tag and the overall positive charge 

on the protein, as opposed to individually positively charged residues, which are 

concentrated in the centre of the protein (Figure 5.7). 

 

Figure 5.9: Adsorption of His-Tag modified S1 subunit on oxygen rich silica surface. 

The colour scheme is same as Figure 5.8.  

 

The RMSD for the tagged protein is ~3.5 Å (Figure 5.6a) towards the end of 

simulation, indicating the protein is overall less stable compared to the tagless protein. 

The higher RMSD for the tagged protein is down to the vigorous movements of the 

His-Tag, which is the main difference between the movement of both proteins. During 

the course of this simulation, the dipole moment is aligned from the positive surface 
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to negative surface, which is what would be expected, and is further evidence of 

protein affinity for the surface in this simulation. However, the dipole moment is 

relatively large, indicating that the His-Tag is expected to lead adsorption on this 

surface, which could be attributed to the large differences in partial charge between 

the negative surface and positive tagged protein. 

The RMSF for the tagged protein is ~3 Å for Asn 370, and ~24 Å for Hsp 530, Hsp 

531, and Hsp 532 (Figure 5.6b). The much higher RMSF when compared to the 

simulation in water (Figure 5.4b) would be expected as the tagged region flexes much 

more and displays higher conformational flexibility. The ACE2 binding residues have 

an RMSF of ~3 Å for the Lys 417 (positive, hydrophilic) residue, ~5 Å for the Asn 

487 (neutral, hydrophilic) residue, ~2.5 Å for the Gln 493 (neutral, hydrophilic) 

residue, ~7 Å for the Gln 498 (neutral, hydrophilic) residue and ~8 Å for the Tyr 505 

(neutral, hydrophilic) residue, indicating the ACE2 binding residues overall have 

higher conformational flexibility in simulation when compared with the tagless protein 

(Figure 5.6b), which is a result of the more varied movements of the protein 

influenced by the His-Tag. Furthermore, the RMSF is higher for these regions of the 

proteins than in simulation in water (Figure 5.4b), indicating the difference a charged 

surface makes. 

Tagless Protein Simulation on Positively Charged Silica Surface  

The two statistically independent trajectories obtained displayed similar, general 

behaviour of the protein described here. Due to the polarising effect created by the 

charged surfaces, the Na+ and Cl- ions were again driven to shield the oppositely 

charged surfaces, this also partially screens the force field beyond the Debye length. 

During the early stages of simulation, the protein rotates along its long axis to align its 

dipole moment in parallel with the electric field imposed by the charged surfaces. This, 

coupled with the overall negative charge on the tagless protein, drives the protein 

towards the positively charged silicon undercoordinated surface. The RMSD for the 

tagless protein is lower than that in the siloxide surface simulation, ~1.1 Å, indicating 

better initial stability of the protein in this system. The first anchoring event is visible 

with the Glu 484 (negative, hydrophilic) residue, which adsorbs to the surface at 59ns. 
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Interestingly, this first adsorption event of negative protein on positive silica surface 

occurs much later than it does on the negative siloxide surface. This is contrary to what 

would be expected, and highlights the importance of other factors such as shielding 

ions and the bulk system solution in driving adsorption. The RMSD increases to ~3 Å 

at 61ns, pointing to the reduced stability of the protein in this conformation on the 

positive surface when compared to the water simulation (Figure 5.4a), and indicating 

a greater change in the protein structure upon adsorption. However, the protein seems 

to be more stable when compared to the simulation on the negative surface (Figure 

5.6a). The shift in RMSD may also correspond to the adsorption of the Val 483 

(neutral, hydrophobic) residue at 65ns in the same module, indicating a small 

adjustment of the structure, and then stabilisation of the protein as the RMSD decreases 

until 69ns (Figure 5.10a). The Glu 484 (negative, hydrophilic) residue has a stronger 

binding preference than the Val 483 (neutral, hydrophobic) residue, which is to be 

expected as negative residues will naturally attract to oppositely charged surfaces. The 

Val 483 (neutral, hydrophobic) and Glu 484 (negative, hydrophilic) residues desorb at 

77ns, and the protein remains at the interface, interacting with the ion/water layer. The 

Glu 484 (negative, hydrophilic) residue readsorbs at 84ns, corresponding to an 

increase in RMSD up to ~3.5 Å, and the protein seems particularly unstable when the 

Glu 484 (negative, hydrophilic) residue adsorbs. 
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Figure 5.10: The a) RMSD, b) RMSF of S protein RBD and tagged-S Protein RBD in 

the silica undercoordinated surface simulations.  The colour scheme is the same as 

Figure 5.6. 

 

The Val 483 (neutral, hydrophobic) residue also readsorbs at 88ns. The Glu and Val 

residues are consistently present at the interface, interacting with the ion/water layers 

and driving interactions with the surface. The Thr 478 (neutral, hydrophilic) residue 

adsorbs and desorbs at 95ns, this flash adsorption event corresponds to the RMSD 

observation that while the tagless protein RMSD was lower than the tagged protein for 
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the duration of simulation, it suddenly increases to ~4.1 Å at 95ns. The RMSD then 

decreases, and both protein’s RMSD overlap (Figure 5.10a) in the closing stages. 

 

Figure 5.11: Adsorption of the S1 subunit on the silicon rich silica surface. The colour 

scheme is same as Figure 5.8. 

 

At the end of the 100ns simulation, two residues adsorb to the surface: Glu 484 

(negative, hydrophilic) and Val 483 (neutral, hydrophobic) (Figure 5.11). However, 

these residues adsorbed intermittently and this is not a stable adsorption, indicating a 

reluctance of the protein to adsorb to the positive surface when compared to the 

negative surface. The dipole moment of the tagless protein in simulation is also aligned 

in the opposite direction to the surface it adsorbed to, contrary to what would be 

expected, and shows the protein tends away from the surface. The RMSF (Figure 

5.10b) for the adsorbing residues, Val 483 (neutral, hydrophobic) and Glu 484 

(negative, hydrophilic) is ~7 Å. The ACE2 binding residues have RMSF values of ~2 
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Å for the Lys 417 (positive, hydrophilic) residue, ~11 Å for the Asn 487 (neutral, 

hydrophilic) residue, ~1 Å for the Gln 493 (neutral, hydrophilic) residue, ~6 Å for the 

Gln 498 (neutral, hydrophilic) residue and ~7 Å for the Tyr 505 (neutral, hydrophilic) 

residue, indicating the ACE2 binding residues overall have lower conformational 

flexibility when compared to simulation in water (Figure 5.4b), which may be 

explained by the overall movements of the protein in this simulation on the positive 

surface, which seem to be more reserved. 

Although the protein adsorbs, this is not a representative model to guide development 

of new therapeutics as the protein tends to orient itself away from the surface, as 

indicated by the dipole moment and the observation that only the anchoring residues 

remain adsorbed in the final state. There do not seem to be any other residues showing 

a tendency to interact with the surface, which could be attributed to a strongly bound 

layer of water molecules on the undercoordinated-silicon silica surface, a layer which 

cannot be penetrated by every residue. The ACE2 binding residues are accessible from 

the side, except for the Asn 487 (neutral, hydrophilic) residue, which is sterically 

blocked. Furthermore, experimentally, most NPs are negatively charged, so even if all 

the ACE2 binding residues were free, this model is not an accurate representation of 

experiment. Nevertheless, these results indicate the possibility of such an adsorption.  

Tagged Protein Simulation on Positively Charged Silica Surface  

The two statistically independent trajectories obtained displayed similar, general 

behaviour of the protein described here. The tagged protein was positioned closer to 

the silicon undercoordinated surface, and rotated to move the His-Tag end towards the 

positive surface to encourage adsorption. The RMSD of ~2.1 Å is lower than that 

observed in the siloxide simulation (Figure 5.10a). The protein initially diffuses 

towards the undercoordinated silicon surface in the first stages of simulation, and at 

33.5ns, the protein rotates and the His-Tag end shifts to the opposite side. The protein 

remains in the centre of the system and does not gravitate towards any one surface, 

this behaviour of the tagged protein is to be expected, as the positive His-Tag would 

naturally repel a positive surface, and it shows no affinity for the positive surface as 

the His-Tag, which would be readily attracted to negative surfaces, was placed on the 



 

 

 

116 

 

opposite end. The protein continues to diffuse freely, and at 57.2ns, rotates and turns 

on its side the other way, this event corresponds to an RMSD increase to ~4 Å firstly 

at 57.2ns, and then at 76.8ns (Figure 5.10a), indicating lower stability of the protein 

at this stage in simulation. The protein seems to retain an RMSD similar or less stable 

than that in simulation in water (Figure 5.4a). 

The RMSD for the tagged protein steadily decreases as the RMSD for the tagless 

protein increases, until they overlap, briefly separating at 85ns and the tagged protein 

is overall less stable than the tagless protein (Figure 5.10a). The RMSDs for the tagged 

protein on the negative and positive silica surfaces (Figure 5.6a, Figure 5.10a) are 

identical, indicating the His-Tag drives protein movements by vigorous movement in 

both simulations.  After a 100ns trajectory, the protein is hovering in the centre. The 

RMSF data (Figure 5.10b) could be explained by the movement and flexing of the 

His-Tag observed in simulation. There are no adsorbing residues in this simulation, 

and the ACE2 binding residues have values of ~7 Å for the Lys 417 (positive, 

hydrophilic) residue, ~3 Å for the Asn 487 (neutral, hydrophilic) residue, ~2 Å for the 

Gln 493 (neutral, hydrophilic) residue, ~3 Å for the Gln 498 (neutral, hydrophilic) 

residue and ~5 Å for the Tyr 505 (neutral, hydrophilic) residue, indicating the ACE2 

binding residues have overall low conformational flexibility when compared to 

simulation of the protein in water and simulation of the tagged protein on the negative 

silica siloxide surface (Figure 5.4b, Figure 5.6b). This could also be attributed to the 

excessive flexing of the His-Tag, which although there is no adsorption of the tagged 

protein on the silicon undercoordinated surface, seems to be leading the protein 

movements, and the N terminus side of the protein with the ACE2 binding residues 

movement was much slower in comparison. As mentioned previously, the simulations 

on the silicon undercoordinated surface are not a representative model, so seeking 

protein adsorption on negative surfaces is a better model for experimental purposes.  

The tagless protein adsorption to the positive surface could be due to two reasons. 

Firstly, the tagless protein was placed slightly closer to the surface at the initial 

configuration, therefore, it was easier to reach the surface. Secondly, the overall charge 

of the tagless protein is -2e whereas the tagged protein is +11e. A negatively charged 

protein will readily attract to a positive surface, although the tagless protein residues 
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that adsorbed are not negatively charged, further highlighting the role of overall 

protein charge or the presence of positive patches on the protein, to adsorption.  

Tagless Protein Simulation on COOH SAMs Terminated Negatively Charged Silica 

Surface  

The three statistically independent trajectories obtained displayed similar, general 

behaviour of the protein described here. The tagless protein was placed in the middle 

of the system, and despite the overall negative charge of the protein, it is hoped it can 

adsorb to the negative surface through the influence of partial charges on different 

residues. As with previous simulations, the concentration of NaCl was high enough to 

shield the surfaces, to attempt to facilitate adsorption, otherwise, the negative tagless 

protein would repel the negative surface.  The protein diffuses freely and in the early 

stages of simulation, undergoes Brownian motion, slowly moving down and flexing 

above the surface. The RMSD increases from ~1 Å (Figure 5.12a) to ~1.3 Å at this 

point. The Gly 476 (neutral, hydrophilic) residue moves towards the surface at 11.08 

ns, the Phe 486 (neutral, hydrophobic), Glu 484 (negative, hydrophilic) and Asn 487 

(neutral, hydrophilic) residues, which are part of a combined cluster, move down 

towards the surface. The protein continues to diffuse just above the surface, and at 

40.92 ns, this cluster region moves further down and at this point, it almost seems 

separate from the rest of the protein. The RMSD is identical at this point to the 

simulation of the protein in water (Figure 5.4a), which is understandable as the protein 

has not interacted with the surface at this stage. The protein movements just above the 

surface continue, and at 85.84 ns, the Ser 477 (neutral, hydrophilic) residue attempts 

adsorption to the surface via its side chain, followed closely by the Thr 478 (neutral, 

hydrophilic) residue. The RMSD (Figure 5.12a) is higher than the tagged protein after 

50 ns, indicating the protein structure was more stable during the first 50 ns of 

simulation. It is however identical to the simulation in water (Figure 5.4a) for the 

duration of simulation, and in the simulation trajectory the protein is identical in its 

movements for both simulations. The trajectory was initially computed for 100 ns as 

with other simulations, and upon completion of 100 ns in this simulation, no adsorption 

of the protein was observed. The simulation was extended for another 100 ns, to see if 

the protein would adsorb, as it got very close to the surface within the 100 ns timescale.  
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The protein does not adsorb until 145.08 ns, when the first anchoring event occurs 

when the Gly 476 (neutral, hydrophilic) and Ala 475 (neutral, hydrophobic) residues 

adsorb to the surface. The adsorption of the residues does not seem strong or stable, as 

the protein movements are more vigorous than before and it looks to pull away. The 

weak adsorption is further evidenced by desorption of the protein at 161.24 ns, with 

the protein diffusing to just above surface once again. The N terminus side of the 

protein, with the ACE2 binding residues, is oriented towards the surface, and if a 

strong and stable adsorption to the surface was achieved, these residues would be 

blocked, rendering this model useless for our purposes.  

The tagless protein adsorbed in a stable state to the negative siloxide and positive 

silicon undercoordinated silica surfaces in a 100 ns timescale, only slightly diffusing 

on the surface. However, the tagless protein did not adsorb in a stable state to the SAMs 

terminated silica surface, only diffusing above the surface for most of the 200 ns 

trajectory. There is a reluctance of the protein to adsorb to the SAMs surface, and out 

of all the trajectories computed, 30% showed any kind of adsorption behaviour of the 

protein, when compared with 50% for the other silica surfaces. These observations 

further highlight the protein needs a His-Tag, which almost acts like a spacer arm, to 

adsorb to the SAMs terminated surface.  

The RMSF (Figure 5.12b) for the briefly adsorbing residues, Ala 475 (neutral, 

hydrophobic) and Gly 476 (neutral, hydrophilic) is ~4 Å. The RMSF for the ACE2 

binding residues is ~1.8 Å for the Lys 417 (positive, hydrophilic) residue, ~6.2 Å for 

the Asn 487 (neutral, hydrophilic) residue, ~2 Å for the Gln 493 (neutral, hydrophilic) 

residue, ~3.2 Å for the Gln 498 (neutral, hydrophilic) residue and ~2 Å for the Tyr 505 

(neutral, hydrophilic) residue, indicating the ACE2 binding residues overall have low 

conformational flexibility in this simulation when compared to the tagless protein 

simulation in water (Figure 5.4b). These regions of the protein also seem to display 

lower conformational flexibility when compared to the silica surface simulations 

(Figure 5.6b, Figure 5.10b), this is another indication of the reluctance of the protein 

to adsorb, and consequently be utilised on the SAMs terminated surface. 
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Tagged Protein Simulation on COOH SAMs Terminated Negatively Charged Silica 

Surface  

The three statistically independent trajectories obtained displayed similar, general 

behaviour of the protein described here. The tagged protein, which is overall positively 

charged, was placed in a side-on starting conformation, with the His-Tag facing the 

bottom negative surface. The RMSD is ~1.5 Å (Figure 5.12a), indicating good initial 

stability, and there is flexing of the protein until 5.84ns, when the His-Tag reaches out 

for the surface at 7.28ns, driven by the Hsp 532 residue. The RMSD steadily increases 

at this point, up to 10ns, indicating instability of the protein as it intensifies in its 

movements. 
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Figure 5.12: The a) RMSD, b) RMSF of S protein RBD and His-Tag S Protein RBD 

in the SAMs terminated silica surface simulations. The colour scheme is the same as 

Figure 5.6. 

 

The protein diffuses and slowly moves towards the negative surface, and the Hsp 532 

residue adsorbs to the bottom surface, in the first anchoring event at 19.56 ns. The 

observation is consistent with a decrease in the RMSD, indicating good stability of the 

protein in this conformation, the RMSD is also identical to the protein in water (Figure 

5.4a), indicating good stability on adsorption. Furthermore, even though the 

adsorption of positive residue on a negative surface is to be expected, the first 
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anchoring event occurs early in the simulation, earlier than the adsorption of the tagged 

protein on the silica siloxide surface, this indicates higher affinity of the tagged protein 

for the SAMs terminated surface, even though both surfaces are negative. The Hsp 531 

residue also displays a particular tendency to move towards the negative surface, and 

adsorbs to the surface at 27.68ns. Interestingly, only two of the six His-Tag residues, 

Hsp 531 (and Hsp 532) adsorb to the surface and the other four His-Tag residues do 

not adsorb or tend towards the surface, and they are there to strengthen the adsorption 

of the others by providing a backbone. The protein freely diffuses on the surface, and 

at 38.08ns, the Hsp 532 residue desorbs, readsorbing at 47.12ns, and from that point, 

the Hsp 531 and Hsp 532 residues are present at the interface, leading the protein 

interactions with the surface. Protein adsorption seems easier on the SAMs surface 

than the pure silica surface, as the flexible SAMs molecules allow for easier 

adsorption. The protein is stable (Figure 5.12a), in this adsorbed state over the 100ns 

timescale, only freely diffusing on the surface. The ACE2 binding residues are also 

exposed to the bulk water in this simulation (Figure 5.13), indicating this model is a 

good representation in driving experimental integration of the protein in new 

therapeutics. 
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Figure 5.13: Adsorption of His-Tag modified S1 subunit on COOH terminated silica 

surface. The colour scheme is same as Figure 5.8. 

After adsorption on the silica surfaces, the protein maintained good mobility, freely 

diffusing on the surface. However, despite a general diffusion of the protein, the 

anchoring residues in the SAMs terminated surface simulations were immobilised 

upon adsorption of the tagged protein. The lack of rigidity of the substrate in the SAMs 

surface has a role to play, as unlike the silica surface, where the atoms are fixed in 

space, the molecules that make up the SAMs terminated surface possess a degree of 

freedom. The SAMs terminated surface can therefore be considered as a ‘soft’ surface, 

which allows the anchoring residues to penetrate the SAMs molecules, create more 

bonds and inhibit their surface movement. 
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The increased mobility of the SAMs surfaces also allows the ions, water molecules 

and the anchoring residues to penetrate through the SAMs molecules. The immobility 

of the anchoring residues is further enhanced by the higher negative charge of the 

SAMs terminated surfaces as opposed to the silica surface, as when the residues are in 

contact with the charged SAMs surface, they develop an enhanced interaction that 

constrains their mobility. Furthermore, the SAMs surface has a combined layer of ions 

and water molecules strongly bound to the charged underlying substrate, and to anchor 

successfully, the residue has to compete with the water molecules and ions for the 

available free volume.  

The greater charge of the SAMs surfaces also means the bound layer adsorbed more 

strongly to the substrate, and it was therefore difficult for the anchoring residues to 

initially replace some of the bound species and occupy a space on the surface. 

However, once this was done, it resulted in a smaller distance between the anchoring 

residue and the charged functional groups on the SAMs surface. This also gave 

stronger adhesion, reducing the mobility of the anchoring residue, and this 

phenomenon has also been observed previously (Liamas et al., 2018). The extra ions 

in the SAMs systems could further strengthen the combined layer consisting of water 

molecules and ions bound on the surface substrate, which significantly reduces the 

possibility of further residues to adsorb. This is also an explanation for the adsorption 

of two residues and not more to the surface, as the barrier became very inaccessible as 

the simulation progressed, and the non-specific, slower movement of the protein 

fragment further prevented any subsequent adsorption.   

The RMSF (Figure 5.12b) is ~12 Å for the His-Tag binding residues, indicating great 

flexibility of this region of the protein during simulation, this is consistent with 

observations from the trajectory. The ACE2 binding residues have RMSF values of 

~1.7 Å for the Lys 417 (positive, hydrophilic) residue, ~4.3 Å for the Asn 487 (neutral, 

hydrophilic) residue, ~1.4 Å for the Gln 493 (neutral, hydrophilic) residue, ~2.3 Å for 

the Gln 498 (neutral, hydrophilic) residue and ~1 Å for the Tyr 505 (neutral, 

hydrophilic) residue, indicating the ACE2 binding residues overall have low 

conformational flexibility in this simulation when compared to the protein in water 

(Figure 5.4b), even though all the ACE2 binding residues are free to bind to the ACE2 
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receptor. The ACE2 binding residues seem to have lower conformational flexibility in 

this simulation when compared to adsorption of the tagged protein on the silica 

siloxide surface (Figure 5.6b). This could be explained by the more vigorous 

movements of the protein, driven by the His-Tag on the siloxide surface, this is despite 

both surfaces being negative. This also highlights a general reluctance of the protein 

to adsorb to the SAMs terminated surface as even though the first anchoring event 

occurs earlier than adsorption on the siloxide surface, the Hsp 532 residue does desorb 

and readsorb, compared to consistent adsorption on the silica siloxide surface. The 

His-Tag has a significantly higher RMSF in adsorption of the tagged protein on the 

silica siloxide surface (Figure 5.6b) than it does for adsorption of the protein on the 

silica undercoordinated and SAMs terminated surfaces (Figures 5.10b, Figure 5.12b), 

this could again be explained by the much more vigorous movements of the His-Tag 

in simulation with the siloxide surface, where it reaches straight for the surface and 

adsorbs in a stable conformation. The movement of both the tagless and tagged 

proteins on the SAMs surface, when compared to the silica surfaces, is slower and the 

protein follows a non-specific trajectory, despite the adsorption of the tagged protein. 

The lack of adsorption of the tagless protein on the SAMs surface could also be 

influenced by the increased ion concentration, compared to the silica surface 

simulation. A higher concentration of ions slows down the rate of adsorption, 

providing the protein with more time to explore suitable adsorption positions, and in 

this simulation, it did not adsorb at all. 

5.3.2. Further Discussion of Adsorption Simulations on Negative Surfaces  

 

The adsorption simulations on negative surfaces were further assessed for protein 

stability, and to establish their suitability in guiding the experimental work. The 

negative surface models were further analysed as they are realistic, and better 

representative of the protein binding to negative NPs experimentally. The following 

simulations were analysed: adsorption of the tagless protein on the siloxide surface, 

adsorption of the tagged protein on the siloxide surface and adsorption of the tagged 

protein on the COOH terminated surface. As established previously (see Section 

5.3.1), the tagless protein did not adsorb on the SAMs surface in a stable state, even 
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though the simulation was extended for another 100ns, so that simulation is not 

considered here. A hydrogen bond is formed from an electrostatic attraction between 

a proton in one molecule, and an electronegative atom in the other (Vladilo and 

Hassanali, 2018, Herschlag and Pinney, 2018). Hydrogen bond formation between the 

protein itself is an important indicator for protein stability in simulation. The tagless 

protein, forms an average of ~29.5 (Figure 5.14a) intramolecular hydrogen bonds, in 

the adsorption simulation with the siloxide surface, and as the simulation progresses, 

the protein forms more hydrogen bonds and there are several fluctuations in the 

hydrogen bonding data, indicating the protein is more stable at some parts in the 

simulation than others. The protein forms over ~50 hydrogen bonds at 30ns (Figure 

5.14a), at which point in the simulation trajectory, the protein is diffusing close to the 

surface, interacting with the ion/water layers at the interface. This observation is also 

particularly interesting as it shows protein stability is not always driven by adsorption, 

but sometimes by the residues interacting with the ion/water layers at the surface 

interface. The protein forms the most hydrogen bonds in this simulation, and this could 

also be attributed to the hydrophilic residues that are particularly active in this 

simulation. Hydrophilic residues are more hydrated than hydrophobic residues, and 

they will naturally form more hydrogen bonds. 
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Figure 5.14: The a) intramolecular Hydrogen Bonds, and b) Radius of Gyration every 

10ns, and the average over 100ns for the tagless protein on siloxide silica surface, 

tagged protein siloxide silica surface and tagged protein COOH silica surface 

adsorption simulations.   

 

The tagged protein forms an average of ~27 intramolecular hydrogen bonds in the 

siloxide surface simulation. As with the tagless protein on silica siloxide surface 

simulation, the hydrogen bonds formed between the protein increase as the simulation 



 

 

 

127 

 

progresses, and at 80ns, the protein forms ~46 hydrogen bonds (Figure 5.14a), at 

which point the His-Tag is adsorbed and the protein is diffusing on the surface, this 

peak could also correspond to the protein movements with the His-Tag, which is 

flexing and leading vigorous movements.  

The tagged protein forms an average of ~26.5 intramolecular hydrogen bonds on 

adsorption to the SAMs surface, and as the simulation progresses, the number of 

hydrogen bonds it forms fluctuates greater than the other simulations (Figure 5.14a). 

The protein forms ~42 bonds at 20ns, which is the highest throughout the simulation, 

this observation corresponds to the absorption of the Hsp 532 residue on the surface. 

This means the protein is stable in this conformation, as the protein forms the most 

intramolecular hydrogen bonds at that point, and intramolecular hydrogen bonds are 

essential to the structure and stability of proteins. After this point, the hydrogen bonds 

formed decrease, indicating instability of the protein as the simulation progresses, the 

protein continues to diffuse on the surface in its adsorbed orientation, and 70ns 

onwards, the hydrogen bonds formed decrease further as the protein forms ~30 and 

~28 hydrogen bonds at 70ns and 80ns.  

The hydrogen bonding data for the adsorption simulations on negative surfaces 

concurs with the adsorbed residues in the final state (Table 5.2). The tagless siloxide 

and tagged SAMs simulations form the most hydrogen bonds, this is to be expected as 

both those simulations have more active hydrophilic residues when compared to the 

tagged siloxide simulation. 

Table 5.2: A list of the adsorbed residues in the final adsorption state of each stable 

adsorption simulation on negative surfaces. 

Simulation Residues  

Tagless Siloxide Thr 333, Val 362, Val 367 

His-Tag Siloxide Hsp 530, Hsp 531, Hsp 532, Asn 370 

His-Tag COOH Hsp 531, Hsp 532 

 

The Radius of Gyration (RoG) is an imaginary distance from the axis of rotation to a 

point where the total mass of the body is concentrated, so the moment of inertia about 

the axis remains the same (ScienceTopia). In terms of proteins, this is the distribution 
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of atoms, which make up the mass body around its axis (Sneha and Doss, 2016). The 

RoG measures the compactness of a protein structure, and is an important measure to 

elucidate the stability of the protein in simulation along with the RMSD. α-proteins, 

which are proteins with more α-helices in their secondary structure, generally have 

higher RoG values, suggesting loose packing (Lobanov et al., 2008). A lower RoG 

value corresponds to a shorter peptide chain and a more compact structure, this is 

commonly found in β-proteins, which have more β-sheets in their secondary structure  

(Lobanov et al., 2008). The tagless protein siloxide surface simulation average RoG is 

~18.4 Å, and the protein is the most stable until 30 ns, when the RoG increases to 

~18.7 Å (Figure 5.14b). The increase could be attributed to the protein, which at this 

point in the trajectory, is fluctuating and may be relaxing. As the simulation progresses, 

the RoG further increases, and this data aligns with events observed in the trajectory 

at 60 ns, as the Phe 338 (neutral, hydrophobic) and Val 362 (neutral, hydrophobic) 

residues interact with the ion/water layers at the surface, causing changes in the protein 

structure. The protein maintains a RoG of ~18.7 Å for the remainder of the simulation, 

and based on the average RoG, the protein structure seems to be the most compact 

from the three adsorption simulations on negative surfaces. The RoG data is also 

complemented by the RMSD data for this simulation (see Figure 5.6a), where the 

protein maintains an RMSD of ~2.4 Å. 

The tagged protein maintains a high RoG throughout the simulation in the silica 

siloxide surface simulation, with an average RoG of ~18.9 Å. This fluctuates as the 

simulation progresses, and for the duration of simulation, the RoG remains higher than 

~18.8 Å. At 30 ns, there is a visibly higher RoG value of ~19.2 Å, at which point in 

the simulation trajectory, the protein is close to the surface, and the His-Tag seems to 

be pulling the protein, which maybe an explanation for the higher RoG, as the protein 

unfolds. The RoG remains constant between ~18.8-19 Å for the remainder of the 

simulation, ending with an RoG of ~18.9 Å, which is the highest from all simulations 

(Figure 5.14b). The RoG data also tells a different story about adsorption stability, 

indicating a decrease in protein structure compactness, while suggesting increased 

flexibility and unfolding of the protein. Therefore, the adsorbing residues (Table 5.2) 

are not as strongly bound to the surface, and they may desorb if the trajectory was to 



 

 

 

129 

 

be extended. The data are also consistent with the RMSD data for this simulation (see 

Figure 5.6a), where the protein maintains an RMSD of ~3.3 Å throughout, which is a 

further indication of the protein modules changing their structure as the simulation 

progresses. 

The tagged protein on the SAMs surface simulation has an average RoG of ~18.8 Å. 

The highest RoG for this simulation is ~19 Å at 40 ns. The RoG then decreases, and 

remains stable for the remainder of simulation, maintaining an average value of ~18.8 

Å (Figure 5.14b) and indicating good stability of the protein in its adsorbed state as 

the simulation progresses. The RoG data is similar to that of the tagged protein 

simulation on the siloxide surface, indicating the protein is more vigorous in its 

movements in these simulations than it is in the tagless protein simulation on the 

siloxide surface. The RoG data is further complemented by the RMSD data (see 

Figure 5.12a), which shows the protein maintains an RMSD of ~2.3 Å during the 

course of simulation, and indicating good overall structural integrity. 

5.4. Conclusions 

 

This chapter assessed the behaviour of the S1 subunit of the SARS-CoV-2 S protein 

in simulation on different model surfaces, and to see what factors affect adsorption of 

the protein on the surface. In addition, the S1 subunit modified with a His-Tag was 

also simulated on the model surfaces to establish if the His-Tag had any effect on 

protein behaviour in simulation. Finally, the simulations were evaluated for protein 

adsorption, and whether the ACE2 binding residues were free, which will indicate the 

most suitable models to guide the experimental work. Analysis of the trajectories and 

the aforementioned data allows the following conclusions to be drawn: 

• Simulations of the proteins with the negative silica siloxide surface showed 

anchoring for both tagged and tagless proteins was rapid and specific, and 

resulted in a ‘head-on’ final conformation. Simulations of the proteins with the 

positive silicon undercoordinated silica surfaces showed the tagless protein 

adsorbed, while the tagged protein was freely diffusing in the centre for the 

duration of simulation. Simulations of the proteins with the negative SAMs 
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surface showed the tagless protein moved non-specifically and did not adsorb, 

while the tagged protein was quick to adsorb. 

• The His-Tag seems to play a crucial role in driving the S1 subunit towards the 

negative surfaces, and especially on the SAMs surface, acting like a spacer arm 

to drive adsorption on that surface.  

• In all simulations except those on the model COOH SAM terminated silica 

surface, the tagged protein has lower structural integrity than the tagless 

protein, this could be attributed to the flexing of the His-Tag, which was 

prevalent in all simulations. 

• Although the ACE2 binding residues were free in all adsorption simulations on 

negative surfaces, the aforementioned data show the adsorption simulations of 

the tagless protein on the silica siloxide and the tagged protein on the SAMs 

surface are the best models to guide the experimental work in the next chapter. 

This is because the protein binds to these surfaces in an ideal orientation, 

keeping the ACE2 binding residues free, for effective integration into the dry-

powder IN vaccine formulation.  
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Chapter Six: Dry-Powder Vaccine Formulation 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“An expert is a person who has made all the mistakes that can be made in 

a very narrow field” 

Neils Bohr 
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6.1. Introduction 

 

The initial response to the COVID-19 pandemic led to the development of several 

traditional vaccines, and although the initial vaccine roll-out was successful, there 

were several challenges that emerged (Sandmann and Jit, 2022). Firstly, COVID-19 is 

likely to be a virus we will live with, and new variants will emerge, which will need 

adaptation of current vaccines (Pather et al., 2024). Secondly, many countries combine 

different vaccine products in their programmes, with this approach generating a robust 

immune response against COVID-19 (Rashedi et al., 2022, Atmar et al., 2022). 

Finally, with the current vaccines, the traditional challenges such as vaccine 

availability, geographical access and affordability remain (Galagali et al., 2022), 

meaning there remains a need for alternative routes of vaccination. IN vaccines for 

COVID-19 (see section 1.5) have so far yielded mixed results, and there is not, as of 

yet, a dry-powder IN vaccine on the market, or undergoing clinical trials. As discussed 

previously (see section 2.2.2), SiNPs are promising for a variety of applications in 

drug delivery and nanomedicine due to their properties. The aim of this chapter is to 

formulate a dry powder vaccine formulation for IN delivery, targeting the RBD found 

in the S1 subunit of the S protein, by incorporating two variants of SiNPs in the 

formulation, COOH SiNPs and SiNPs. 

 

6.2. Materials and Methods 

6.2.1. Initial Spray Drying Runs 

 

Rotary disk atomisers and spray dryer calibration   

A rotary disk atomiser is a device which uses a high speed rotating mechanism to form 

a hollow spraying mechanism and atomise viscous, multicomponent liquids 

(Kuhnhenn et al., 2018). The rotating cup or disk uses centrifugal energy to force the 

liquid to exit the mechanism at high speed, producing the high speed essential for 

atomisation (Huang and Mujumdar, 2008).  
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Figure 6.1: The concept of rotary atomisation. 

 

Rotary disk atomisers (Figure 6.1) are particularly important in spray drying as they 

allow the liquid sample to be fed into chamber at the optimum liquid feed rate for the 

required particle size (Huang and Mujumdar, 2008). The Buchi B-290 spray dryer was 

calibrated to give an indication of the rotations per minute (RPM) at every liquid feed 

level, and the liquid feed rate was tested at 20, 40, 60, 80 and 100 RPM before any 

spray-drying work. The spray dryer nozzle (see chapter 3.3.1) size was set at an outer 

diameter of 1.4mm with a nozzle tip of 0.5mm, and nitrogen was used as the preferred 

drying gas to air, this is because nitrogen allows organic solvents to be dried safely, as 

well as reducing oxidation in the final product. 
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Figure 6.2: The spray dryer calibration curve for the Buchi B290 mini spray dryer. 

This shows the liquid feed rate in relation to RPM count, which is particularly 

important for process control and optimisation. 

The initial experiments used the tubing which gave the calibration curve shown in 

Figure 6.2. As the experimental work proceeded, this led to deterioration of the tubing, 

and for the experiments incorporating NPs, a new tubing was used for the spray dryer, 

which gave a new calibration curve (Figure 6.3). As evident, the new tubing has a 

slower liquid feed rate, which means it needs higher RPM to give the required feed 

rate for the experimental setup. 
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Figure 6.3: The calibration curve for the new tubing.  

A full list of the materials used in this work is given in Table 6.1, and Alpha lactose 

monohydrate (LM) was used as the excipient. The aim was to spray dry it to a size of 

20-25 μm, which falls within the optimal particle size for nasal delivery (Degenhard 

et al., 2015, Tiozzo Fasiolo et al., 2018). 

Table 6.1: A list of the materials used in the experimental work and their 

abbreviations. 

Material CAS 

Number 

Supplier Abbreviation 

Alpha lactose 

monohydrate 

599-81-1 Sigma Aldrich, 

Massachusetts, 

USA 

LM 

Ethanol 64-1-5 Sigma Aldrich, 

Massachusetts, 

USA 

EtOH 

Silica 

nanoparticles 

7631-86-9 Sigma Aldrich, 

Massachusetts, 

USA 

SiNPs 

COOH 

terminated 

silica 

nanoparticles 

7631-86-9 Glantreo Ltd, 

Cork, Ireland 

COOH SiNPs 
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The spray-drying parameters were modified from literature (Brennan et al., 1971, 

Vickovic et al., 2023, Arpagaus et al., 2010, Wu et al., 2014, Ke et al., 2020), further 

research and modification of the parameters resulted in six parameter sets (PRM1-6, 

see Table 6.2) to trial. The spray-dryer inlet and outlet temperatures are 

complementary, and regulate the heat generated by the spray-dryer. This ultimately 

has an effect on final particle size. The liquid feed rate controls how much solution is 

fed into the spray-dryer at any one point, and a higher liquid feed rate means more 

solution is fed through, resulting in an increased droplet size. The rotameter is an 

indicator for spray gas flow, and the nozzle has a certain pressure drop, which increases 

with higher gas flow, meaning as the setting increases, there is higher gas flow and 

pressure. The aspirator pumps gas through the system, and the maximum rate of 100 

has a gas flow rate of 35 m3/h. These parameters were all tested with LM only first to 

find the optimum conditions for obtaining the desired size, with 12g of LM weighed 

into 200 mL of distilled water and stirred at 50°c until clear. The process was repeated 

for all the parameters, and the apparatus was flushed with water in between runs.  

Table 6.2: The spray-dryer parameters used in the first two cycles.  

PRM Inlet 

Temp 

Outlet 

Temp 

Liquid 

feed rate 

Rotameter 

Setting 

Aspirator 

rate 

1 120°C 57°C 15 mL/min 40mm 100 

2 85°C 50-80°C 10 mL/min 40mm 100 

3 170°C 87-93°C 6.6 mL/min  50mm 100 

4 170°C 87-93°C 10 mL/min 45mm 100 

5 150°C 40-90°C 15 mL/min  55mm 100 

6 200°C 40-90°C 15 mL/min  25mm 100 

 

6.2.2. DoE Spray Drying Parameters 

 

From the initial trials and a literature search (Brennan et al., 1971, Vickovic et al., 

2023, Arpagaus et al., 2010, Wu et al., 2014, Ke et al., 2020), four factors were 

identified as factors of interest which affect the experimental set up, and these factors 

were set at two levels most likely to be effective (Table 6.3).  
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Table 6.3: The two levels of the four factors that have the most effect on the 

experimental spray drying set up. 

 Low High 

Rotameter Setting 45mm 55mm 

Outlet temperature 40°C 95°C 

Inlet temperature 195°C 220°C 

Liquid feed rate 6.6 mL/min 10 mL/min 

 

The two levels of the four factors identified (Table 6.3), were chosen as they are more 

likely to give the desired result by allowing the spray dryer to operate to the level 

required. The levels were used to form a 24-1 fractional factorial design, using the 

Minitab v19.0 software, entailing 8 total runs with no centre points (Table 6.4).   

Table 6.4: The experimental runs obtained from running DoE in Minitab v19.0.  

 Rotameter 

Setting 

Inlet 

Temperature  

Outlet 

Temperature 

Liquid Feed 

Rate  

1 55mm 195°C 40°C 10 mL/min 

2 55mm 195°C 95°C 6.6 mL/min 

3 55mm 220°C 95°C 10 mL/min 

4 45mm 195°C 95°C 10 mL/min 

5 45mm 220°C 95°C 6.6 mL/min 

6 45mm 220°C 40°C 10 mL/min 

7 55mm 220°C 40°C 6.6 mL/min 

8 45mm 195°C 40°C 6.6 mL/min 

 

The subsequent experimental runs used the parameters obtained from Minitab v19.0 

(Table 6.4), and 19.9g of LM was mixed with 200 mL of distilled water, and stirred 

at 50°C until clear. LM was increased in these runs, as it may have a direct impact on 

particle size. In the run with SiNPs, 19.9g of LM and 0.0472g SiNPs were mixed with 

200 mL of distilled water and stirred at 50°C until clear. The solution was further 

sonicated at 30°C for 30 minutes. The run with COOH SiNPs consisted of 19.9g LM 

and 0.0403g COOH SiNPs, mixed with 200 mL distilled water and stirred at 50°C until 

clear.  
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6.2.3. Mastersizer 3000 

 

The hydro medium volume dispersion unit, which is an automated sample dispersion 

unit used for the controlled, automated wet dispersion of samples for particle size 

analysis, was used to disperse the sample for size analysis in the Mastersizer 3000. 

EtOH, in which the sample was dispersed, was poured into the dispersing unit, and the 

LM samples were loaded until the sample obscuration reached 10%. The obscuration 

is a measure of the amount of light blocked or scattered by the particles, and gives an 

accurate measure of the concentration of particles within the Mastersizer 3000. The 

obscuration is advised to be between 10-20% for a wet dispersion unit (Malvern 

Panalytical, 2023). The sample was also stirred at 2000 RPM, and ultrasound (US) was 

applied to ensure there was no particle aggregation. US radiation, when applied to a 

sample, removes agglomerates, resulting in a more uniform sample. The Mastersizer 

3000 takes six measurements of each sample, giving the average d10, d50 and d90. 

6.2.4. Morphologi G3 

 

The LM samples were placed in the sample dispersion unit using the 7mm sample 

holder. The Morphologi G3 automatically disperses the sample on the glass slide and 

then analyses the sample objectively for particle size and shape. The particles are also 

separated into classes, allowing for easier data analysis. The sample classes were saved 

to the computer as an SOP to speed up subsequent tests. 

6.2.5. SEM 

 

The samples were imaged using a Hitachi TM-4000 plus SEM. The standard specimen 

holder was used, with a gold splutter coating of 20.1nm. The SEM operated in BSE 

(see Section 3.3.2) mode, and the images were gathered at mode 2 with 10Kv 

accelerating voltage, at vacuum. All images for the LM samples were imaged at three 

magnifications, 100x, 200x, and 1000x. SiNPs and COOH SiNPs were imaged at 

2,500x and 7000x magnifications. 
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6.2.6. ZP 

 

SiNPs and COOH SiNPs were prepared in a 0.2g/L solution with distilled water, 

followed by sonication at 30°C for 50 min. The solution pH was measured using a 

Mettler Toledo M800 pH probe. The ZP measurements were performed using a 

Malvern Zetasizer Nano ZS, with the solution placed in folded capillary zeta cells 

(Malvern Panalytical, 2013). The direction and velocity of the motion is a function of 

particle charge, the suspending medium, and the electric field strength. The equipment 

utilises the laser Doppler velocimetry (LDV) technique, and the particle velocity is 

then measured by observing the Doppler shift in the scattered light. The particle 

velocity is proportional to the electrical potential of the particle at the shear plane. 

Thus, this optical measurement of the particle motion under an applied field can be 

used to determine ZP.  

6.2.7. DLS 

 

The same solution as prepared for the ZP measurement was used for the DLS 

measurement. The size of SiNPs was determined by DLS measurements using a 

Malvern zetasizer Nano ZS, which has a measurement range spanning from 0.6nm to 

6µm. Non-invasive backscattering optics were used in this instrument, and each 

measurement was conducted three times with the average result taken. 

6.3. Results and Discussion 

6.3.1. Initial Spray Drying Runs 

 

The initial spray drying runs utilised the parameters given in Table 6.2. The resulting 

samples showed visibly less product with PRM 6, where product waste occurred from 

adhesion to the sides of the spray-dryer chamber. This observation could be explained 

by the nitrogen gas pressure, which is crucial to the whole process. The nitrogen gas 

pressure at PRM 6 was low, therefore, the vaporised droplets were likely to be too big 

to dry, and instead adhered to the drying chamber. Furthermore, the sample for PRM 

2 was wet, which could be explained by the low inlet temperature at those settings. 

Subsequently, the PRM 2 & 6 parameters were not used in subsequent runs. The 
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sample for PRM 3 yielded a much greater size than what would be expected, so guided 

by these observations, PRM 4 and PRM 5 seem to be the most promising spray-drying 

parameters, and more likely to yield the desired size. The samples were stored with a 

silica gel desiccant to prevent any moisture destroying the sample. 

Table 6.5: Particle size data gathered from the Mastersizer 3000 from the initial 

runs. 

Sample d10 d50 d90 

PRM1 - US 4.38 µm 17.10 µm 36.92 µm 

PRM5 – US 8.88 µm 18.84 µm 31.92 µm 

PRM4 – No US 19.20 µm 37.70 µm 70.28 µm 

 

The data from the Mastersizer 3000 for the initial runs (Table 6.5) shows the three size 

distributions. The d10 distribution means 10% of the sample has particles of d10 size 

or below at, 50% for d50, and 90% for d90. These results highlight the importance of 

using US when preparing the sample for size analysis, as PRM 4 without US gives a 

higher average size. Overall though, the initial runs were test runs to establish if the 

spray-dryer was operational, to observe the effect of US on sample size measurement, 

and to determine which parameters were more likely to give the desired particle size. 

As PRM 2 and PRM 6 were eliminated, the experiments were repeated with the other 

parameters.  

Table 6.6: Particle size data gathered from the Mastersizer 3000 from the second 

runs. 

Sample d10 d50 d90 

PRM1 - US 51.48 µm 68.32 µm 90.03 µm 

PRM3 – US 13.10 µm 54.25 µm 65.87 µm 

PRM4 – US 7.53 µm 23.83 µm 48.01 µm 

PRM5 - US 7.19 µm 20.28 µm 41.73 µm 

 

The spray-drying runs were repeated at the parameters given in Table 6.2, and similar 

to the initial run, the results (Table 6.6) illustrate PRM 4 and PRM 5 as the most 

suitable parameters in obtaining the required particle size. A peculiar observation from 

these runs is that, although US was applied in the sample preparation, the samples at 

PRM 1 and PRM 3 had a significantly larger particle size. The sample for PRM 1 is 
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also notably clustered, with many interlinked particles, and little of the individual 

spherical particles that would be expected (Figure 6.4a). The observation is unusual, 

as smaller particles would be expected, given US should reduce the particle size, 

resulting in a narrower size distribution. The higher particle size for PRM 1 & PRM 5, 

when compared with the initial run (Table 6.5), could also be an indication of 

limitation of the Mastersizer 3000 instrument. The Mastersizer 3000 uses the laser 

diffraction technique, and the technique limitations such as uneven light scattering, or 

the inability to determine the exact size of some particles in a sample due to differences 

in wavelength maybe an explanation for the discrepancy between the results, and 

especially the very large particle size as seen with PRM 1 and PRM 3.  
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Figure 6.4: Images for A) PRM1, B) PRM3, C) PRM4, D) PRM5 for the second 

spray-drying runs. All images gathered from the Hitachi TM-4000- plus SEM.  

SEM images for spray-dried LM samples are shown in Figure 6.4. The sample for 

PRM 1 (Figure 6.4a) seems to be composed of clustered aggregates of particles. 

Furthermore, these SEM samples seem to disappear under vacuum, and although the 

particle sizes for PRM 4 and 5 are an ideal size according to the Mastersizer 3000 data, 

the SEM images show the particles for the latter were still aggregated to an extent, and 

not giving the desired uniform, and spherical particles. The SEM image data shows 

PRM 3 and PRM 4 particles are spherical, and closest in shape to the requirement. 

Although the LM used was pharmaceutical grade, some spherical agglomerates were 

visible, indicating some degree of moisture in the original LM. Amorphous LM is 

often used in dry powder inhalations as a diluent, and although it is the most commonly 

used carrier as a flow aid, it facilitates the dose of the active ingredients to the lungs 

(Hebbink et al., 2022, Janssen et al., 2023). However, crystalline LM after spray-
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drying could be a cause for concern, as it is more likely to absorb water in humid 

conditions, leading to wet samples (Afrassiabian and Saleh, 2020, Dominici et al., 

2022). This further reiterates the importance of optimising experimental conditions 

and processes in a way to ensure the resulting product is as dry and optimal as possible 

(Karas et al., 2023).  

Table 6.7: Particle size data gathered from the Morphologi G3 for the second runs. 

Sample d10 d50 d90 

PRM1 5.12 µm 6.43 µm 9.63 µm 

PRM3 4.83 µm 7.49 µm 10.93 µm 

PRM4 1.66 µm 4.87 µm 9.06 µm 

PRM5 6.75 µm 10.73 µm 16.79 µm 

 

The samples for the subsequent second run were also evaluated in the Morphologi G3 

and the results (Table 6.7) are a further indication that laser diffraction, and in 

particular the Mastersizer 3000, is not a reliable technique as it over inflates the particle 

size due to the intricacies of the diffraction process, and due to needing liquid sample. 

Furthermore, data from the Sympatec HELOS, gathered by Alchemy Pharmatech, was 

largely concurrent with that from the Morphologi G3. Therefore, the Morphologi G3 

instrument was selected for use for subsequent size analysis, as it gives real-time 

images as well as size data of the sample, allowing for verification of the size 

measurements. 

6.3.2. Further Production Runs Incorporating NPs 

 

Dynamic Light Scattering 

The average size of both COOH SiNPs and the SiNPs, was around ~200nm, with a 

polydispersity index (PDI) of 0.006 and 0.157, respectively.  
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Figure 6.5: Size distribution of a) COOH SiNPs, b) SiNPs, measured by DLS.  

The pH of the solution used in both the DLS and ZP measurements was 9 for the 

COOH SiNPs and 8.9 for SiNPs, meaning both solutions are mildly alkaline, and the 

pH may affect the properties (Fernando and Zhou, 2019), as well as the ZP (Fatfat et 

al., 2023, Lu and Gao, 2010) of the NPs. The average size of the COOH SiNPs is 

~200nm (Figure 6.5a), and the data has one uniform peak, indicating the sample was 

particularised without any impurities or aggregation of particles. Three measurements 

were taken, as standard for the equipment, and all three were within the required 

particle size range.  The COOH SiNPs image data (Figure 6.6a), seems to be 

concurrent with the DLS data, as there are fewer smaller clumps of particles. 

However, the size data for SiNPs (Figure 6.5b) gave two average peaks. The first 

peak, averaging at a size of ~200nm, is to be expected, and given the large average 
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area under the peak, indicates most of the particles in the sample were within the 

expected size range. The second peak at ~ 7500nm was unexpected, but could be 

attributed to several factors. The DLS measurements were taken three times, and in 

the first run, shown in red (Figure 6.5b) there is a greater % of particles at the required 

size. The second and third runs, shown in blue and green have fewer particles at the 

required size range and more at the larger particle size, this would generally not be 

expected. 

 

 

Figure 6.6: SEM images a) COOH SiNPs, b) SiNPs. All images gathered from the 

Hitachi TM-4000- plus SEM.  

 

Firstly, aggregation may have a part to play, as the image (Figure 6.6b) shows there 

are some smaller clumps of particles, more than those seen with the COOH SiNPs. 

However, it is worth noting, the DLS data was obtained from a sample prepared in a 
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solution by sonicating, while the sample for the SEM images was the NPs in their pure 

powder form. It also seems like some of the aggregates may have failed to break down, 

as the size of the particles corresponding to the second peak is larger. Secondly, the 

second peak could be attributed to impurities in the sample, originating from very 

small particulates that are visible in the NPs in their raw form. Finally, the second peak 

for the SiNPs may be caused by some instrument limitation, giving a low scattering 

signal and causing differences in the measurements.  

Zeta Potential 

The folded capillary zeta cells were used for both the ZP and DLS measurements.  

 

 

Figure 6.7: Zeta potential data for a) COOH SiNPs, b) SiNPs, measured using the 

Malvern Nano ZS Zetasizer. 
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The ZP measurement data (Figure 6.7) shows both the NPs are strongly negative, at 

~-60 mV. Therefore, both NPs are considered strongly anionic and tend to repel each 

other. Both NPs are stable and there will was no tendency for aggregation. There is 

however, deviation from the centre point at ~-60mV, with the standard SiNPs 

fluctuating to ~-50 mV, this observation maybe attributed to the pH of the solutions, 

which is higher than neutral pH. The NPs have negative ZP in their pure form, and 

when prepared in an alkaline solution, the particles tend to acquire more negative 

charge, this could account for the lower average ZP for COOH SiNPs. Additionally, 

there are two visible peaks for the COOH SiNPs, the larger peak is an average, and 

what would be expected of the ZP from the NPs. However, the smaller peak at ~-15 

mV could correspond to the smaller particulates/visible aggregates present in the 

sample (Figure 6.6a). These particulates have a more positive ZP, meaning they will 

repel each other, with no tendency to aggregate.  The ZP for stable particles should 

satisfy |Z| < -30 mV or > +30 mV (Honary and Zahir, 2013), and the SiNPs are 

moderately dispersed as they have a ZP of ~-30 mV for some of the particles in the 

sample, but most fall out of the range. The COOH SiNPs have a small quantity of NPs 

at a ZP of ~-15 mV, further indicating lower dispersion stability of these NPs. 

However, this observation for the COOH SiNPs does not match with the particle size 

data in Figure 6.5a, where there is one uniform size peak, indicating the ZP observed 

in the second peak for the COOH SiNPs sample maybe due to other factors such as an 

impurity in the sample. There is also more deviation in both samples, which could be 

influenced by sample movements and different levels of interaction with the electrode. 

The SiNPs and COOH SiNPs were imaged at much higher magnifications when 

compared to the spray-dried LM samples. This is because imaging them at the same 

magnifications as the LM samples did not show the individual NPs, as the NPs are 

significantly smaller than the spray-dried LM samples. The images (Figure 6.6) are 

therefore not as clear as those for the LM samples, but the spherical NPs are still clearly 

visible. 
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Spray-drying 

Given the mixed results obtained from the spray-drying runs so far, the factors 

affecting the experimental runs were evaluated. The humidity of the inlet air could be 

adjusted, in a way not to exceed the relative and absolute humidities, but to optimise 

the process. However, a literature search and pilot tests gave four main parameters that 

affect spray-drying runs (Table 6.3). These parameters were set at two levels most 

likely to give the desired outcome, and these were used to form a DoE in Minitab v19.0 

(Table 6.4) giving eight experimental runs for subsequent runs on the spray-dryer. 

The results from these experimental runs yielded four promising results that were close 

to the requirement of 20-25 micrometre lactose particle sizes. These were analysed 

using Morphologi G3 with the same method described before (See Section 6.2.4). The 

results (Table 6.8) show sample 4 has a significantly higher size than would be 

expected, and sample 6 is the closest to the required size of 20-25 micrometres. In this 

dataset, the d10 is within range for samples 1, 2 and 4. However, the d50 is the 

important parameter, and samples 1 and 6 are closest to the required particle size. 

Another observation from these runs was that although the exact parameters obtained 

from DoE were attempted to be implemented, the inlet and outlet temperatures were 

particularly difficult to regulate. This is because once the instrument heats up, it is 

difficult to cool it down to a low temperature. Subsequently, for the results in Table 

6.8, the spray dryer maintained inlet temperatures of 196/196/198/225°c and outlet 

temperatures of 109/119/95/115°c. The other parameters were exactly the same as 1 

(Table 6.4). 

Table 6.8: Particle size data gathered from the Morphologi G3 from the third 

experimental runs using the spray-drying parameters obtained from DoE. 

Sample d10 d50 d90 

1 20.72 µm 39.01 µm 66.33 µm 

2 24.66 µm 50.48 µm 463.4 µm 

4 24.62 µm 131.7 µm 310.5 µm 

6 5.92 µm 17.45 µm 43.51 µm 
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Figure 6.8: Particle size data for samples 1,2.4 and 6 from the third experimental runs. 

The standard error bars indicate the uncertainty of the data. All data gathered from the 

Morphologi G3.  

To confirm the conclusions and visualise the samples, samples 1 and 6, which were 

the closest to the required size range, were imaged with SEM using the methodology 

described in Section 6.2.5. As seen in Figure 6.9, sample 1 is a uniform powder, 

giving the spherical particles as would be expected. However, many of the particles 

are small and there are many shells of what appear to be damaged particles. 

Furthermore, the images do not agree with the size data given by the Morphologi G3, 

which seems to be significantly larger. This discrepancy in the data could be explained 

by the Morphologi G3 analysing clumps of particles as opposed to individual particles. 

As the DoE parameters only resulted in one sample with particles of the required size, 

an ANOVA statistical analysis was not done. 
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Figure 6.9: Images for a) 1, b) 6. All images gathered from the Hitachi TM-4000- plus 

SEM.  

 

The images for sample 6 are clumps of aggregated particles, some of which appear to 

have merged and melted during the process. Going by the above data, the spray-drying 

parameters for sample 1 were used for further runs, as despite the bigger size from the 

Morphologi G3 data, the SEM images show good size and distribution of the particles, 

the particles are also mostly uniform and spherical as would be expected.  

Similar to the previous runs using DoE parameters (Table 6.4), even though the spray 

drying parameters for sample 1 were employed in the production runs incorporating 

NPs, it was difficult to obtain a spray-dryer inlet temperature of 195°C and an outlet 

temperature of 40°C. The instrument gets very hot and regulating the temperature is 

challenging, this was despite feeding water initially to cool the instrument. 

Subsequently, in the production runs with SiNPs and COOH SiNPs, the spray dryer 
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maintained inlet temperatures of 196/195°C, and outlet temperatures of 121/115°C. 

The nitrogen gas flow rate and liquid feed rate was the same as that in the parameters 

obtained from DoE.  

The spray-drying run with LM and SiNPs, which was carried out by the technician due 

to my worsening mobility problems, resulted in a lower yield than expected due to 

operator error. The sample collection pot of the spray dryer was incorrectly secured, 

which resulted in the loss of some sample during the process.  

6.4. Conclusions 

 

This chapter attempted to create a vaccine formulation using spray-dried spherical 

lactose particles with NPs, and the SARS-CoV-2 S protein RBD. The work started by 

the testing of ideal spray-drying parameters and subsequent analysis of the samples 

with several different particle sizing and imaging techniques. This was followed by 

integration of the LM with NPs. Given the work completed above, the following 

conclusions can be drawn: 

• Spray drying the particles to obtain spherical particles as planned is 

challenging, and many times, the spheres break. It is therefore important to 

modify the spray drying parameters, to ensure maximum product yield, while 

obtaining uniform, spherical particles. This is also an indication of how 

challenging it is to develop dry-powder vaccines, and maybe an explanation 

for why there is not one currently on the market. 

• Despite the challenges though, LM was successfully spray-dried to the 

required size for a dry-powder IN vaccine formulation. 

• Going by the particle size and ZP data, both SiNPs and COOH SiNPs seem 

suitable for integration with the S1 subunit. 

• The use of DoE in this component of the project showed DoE although 

helpful, is not a complete solution, and there is still a bit of trial and error 

involved with fine-tuning parameters. 
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• The work conducted in this chapter is not a proof of concept by immunisation 

for COVID-19, but work towards the development of a product that maybe 

relevant for a future viral threat.  
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Chapter Seven: Conclusions & Perspectives 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“We feel that even if all scientific questions be answered, the problems of 

life have still not been touched at all” 

Ludwig Wittgenstein 
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7.1. Scope for IN Vaccines 

 

Many vaccines are on the market that have effectively prevented or eradicated 

infectious diseases globally (Zhu et al., 2014). There are several different types of 

conventional vaccines (see Section 1.1), but they come with the problems associated 

with conventional vaccines and vaccine programmes (see Section 1.3). Therefore, it 

is important to research and develop new alternatives. Dry-powder IN vaccines show 

much promise in the field of new vaccine development, with the aforementioned 

advantages (allow easy administration/self-administration, non-invasive) over 

conventional vaccines (see Sections 1.3 and 1.4) improving vaccine uptake and the 

delivery of vaccine programmes, enhancing overall patient care. Vaccine 

development, particularly IN vaccine development, is a dynamic process filled with 

both challenges and progress, and progress has been made with regards to overcoming 

stability and efficacy issues. This is illustrated by the popularity of FluMist 

Quadrivalent (Nigel, 2016, FluMist Quadrivalent, 2022), which reported a 72% 

vaccine effectiveness among children aged between 2-17 in the UK during the 

2021/2022 influenza season, and recently got licensed in Japan (Clinical Trials Arena, 

2023). Furthermore, MannKind corporation and TechnoVax Inc have created a 

powder formulation of a virus-like particle Influenza vaccine for intrapulmonary self-

delivery by inhalation. This ‘inhaled vaccine powder’ for influenza is shelf-stable and 

self-inhaled (Smutney et al., 2014, TechnoVax, 2023). These developments are a 

promising sign for the future of IN vaccines, and an indication that we are not too far 

away from having a dry-powder IN vaccine on the market as a competitive challenger 

to conventional vaccines.  

7.2. Development of a Dry-Powder IN Vaccine for COVID-19 

 

The work in this thesis started by using MD simulations to study the interactions of 

SpA with model inorganic materials, to establish the suitability of these models in 

driving the development of new diagnostics (see Chapter 4). Given the workplan 

change, it was decided not to pursue the SpA/antibody conjugation route for the 
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development of new diagnostics, and focus instead on the development of a dry-

powder IN vaccine formulation (see Chapter 3).  

From the literature (see Chapter 2), several target antigens for the SARS-CoV-2 virus 

were identified (see Chapter 2.1.2). The S protein, which has been chosen as the target 

protein in most COVID-19 vaccine applications (Antonopoulou and Athanassakis, 

2022), was also used here and it will need further study with different NPs, to establish 

the most effective adjuvants for new therapeutic applications. Many current vaccines 

use aluminium salts, as they remain at the site of injection, and initiate a stronger 

immune response against the antigen (Awate et al., 2013). However, aluminium salts 

can cause pain and inflammation at the site of administration, and even accumulate in 

the brain (Skrastina et al., 2014, Gherardi et al., 2015). In this study, SiNPs were used 

as an adjuvant for the S1 subunit of the S protein, as they are biocompatible, chemically 

stable and show low cytotoxicity (Han et al., 2011, Huang et al., 2022b). The S1 

subunit with and without a His-Tag, were both studied here, to establish the effect of 

the His-Tag (if any) on protein behaviour with model SiNPs (see Chapter 5). The 

targeting of the RBD region was made possible by simulations of the model proteins 

in water, ensuring the protein maintained its structural integrity and the RBD region 

remained intact for therapeutic application (see Chapter 5.3.1, Figure 5.5).  

The MD studies showed the SARS-CoV-2 S1 subunit interacted with model negative 

SiNPs, while keeping the ACE2 binding residues free (see Chapter 5.3.1, Figure 5.8). 

The S1 subunit with a His-Tag interacted similarly with model COOH SiNPs, with the 

His-Tag appearing to play a crucial role (see Chapter 5.3.1, Figure 5.13). These 

studies were used to guide the experimental work, where the development of a dry-

powder IN vaccine formulation was initiated (see Chapter 6). The size of the SiNPs 

and COOH SiNPs, measured by DLS (see Chapter 6.3.2, Figure 6.5), was ~200nm, 

indicating the SiNPs are big enough for the S1 subunit (Kianpour et al., 2022, Guerrini 

et al., 2022, NewsMedical, 2021). The S1 subunit with a His-Tag is positively charged, 

and as such it would be expected to effectively decorate the negative SiNPs, which 

have a ZP of approximately ~-60mV as found by ZP measurements (see Chapter 

6.3.2, Figure 6.7). The excipient, LM was also spray-dried to the required size 

between 20-25 micrometres (see Chapter 6.3.2, Figure 6.9).  
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My medical condition did impact aspects of the laboratory work, so I was unable to 

complete the work to the level planned. Therefore, the work in this component is 

targeted towards product development, and I have an image of what the final 

formulation and proof of concept vaccine would look like.  

7.3. Future Directions: Proof of Concept Dry-Powder IN Vaccine  

 

This project has initiated dry-powder IN vaccine formulation development, and further 

continuation of the project, if it was pursued for COVID-19, may involve the following 

steps. Further spray-drying runs would be conducted with SiNPs, COOH SiNPs and 

LM, this would be done in a way to ensure the NPs are integrated into the LM particles, 

while maintaining the desired particle size (20-25 micrometres). Then, the S1 subunit 

of the SARS-CoV-2 S protein would be adsorbed to the NPs to make the complete 

dry-powder IN vaccine formulation, all while ensuring the NPs and protein are 

encapsulated in the correctly sized LM particles.  

The complete dry-powder formulation would then undergo a variety of stability tests, 

ensuring the stability of the formulation in different storage/transport conditions. The 

residual moisture would be measured by Karl Fischer titrations (Huyge et al., 2012, 

Veazey et al., 2011, Lakeh et al., 2020). The complete formulation would also be 

tested for amorphism and crystallinity, which could be done using DSC (Huyge et al., 

2012). Final tests would involve measurement of dry dispersion properties, to ensure 

all particles are uniform and of the required size. This could be carried out using the 

Morphologi G3 (see Chapter 3.3.2), or other particle size instruments.  

Dependent on how the aforementioned tests go, if the SiNPs are found to be 

ineffective, further work could also involve simulation of the RBD protein with 

different model NPs, to establish if the protein maintains structural integrity and the 

suitability with different NPs. The above steps would need to be repeated with different 

NPs experimentally if necessary. The next stage would involve further testing of the 

complete dry-powder formulation with the Naltos nasal delivery device, ensuring it 

performs as planned, and giving a proof of concept vaccine ready for pre-clinical tests.  
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The vaccine would initially be administered to animals, human cell cultures and tissues 

to decide its efficacy and determine the effective dosage (Shegokar, 2020, AIMST 

University). Once safety of the vaccines is confirmed in humans, the vaccine will 

progress to the clinical development phase. Phase 1 trials would involve administration 

of the vaccine to a small number of healthy volunteers in order to assess its efficacy 

(Chen et al., 2017b, AIMST University), and a positive phase 1 trial will see the 

vaccine progress to phase 2, where actual COVID-19 patients would be chosen at 

random from a larger group to receive either the vaccine or a placebo (any other 

substance that looks identical to the vaccine, but has no chemical effect) (Van Norman, 

2019, AIMST University). A successful phase 2 trial will see progress to phase 3, 

where a much larger group will randomly receive the vaccine or a placebo (Umscheid 

et al., 2011). The much larger group is representative of the population the vaccine is 

intended for, making it is easier to detect side effects, and showing whether the vaccine 

is safer or more effective than current treatments (Umscheid et al., 2011, AIMST 

University).  

After passing phase 1, 2 and 3 clinical trials, the vaccine would have to undergo a 

regulatory approval process by health boards such as MHRA and FDA. The health 

boards will assess the safety and reliability of the vaccine, as well as the benefits 

outweighing the risks to the patient (Klamer et al., 2022, AIMST University). After 

regulatory approval, the vaccine would need continual monitoring of the production 

process, and for any adverse effects to ensure it is as safe and effective as possible (Lee 

et al., 2020, AIMST University). Traditionally, these combined stages could take 

anywhere between 21-25 years. However, modern research methods incorporating 

MD simulations (see Chapter 3.2), where target antigens can be studied in silico for 

their efficacy with different materials, have significantly expedited the process. 

SARS-CoV-2 was used a model in this study due to its relevance at the time, and it 

was shown for the first time that the model S protein RBD and S protein RBD with a 

His-Tag interact preferentially with model SiNPs, opening up a host of possibilities 

for IN vaccine design. However, the work completed in this project could allow design 

of an IN vaccine targeting any viral threat, and future work is not limited to SARS-

CoV-2. Needless to say, much work is still to be done before a dry-powder IN vaccine, 
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that can be a viable alternative to conventional vaccines, is approved and readily 

available on the market.   
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“Nothing in life is to be feared, it is only to be understood. Now is the 

time to understand more, so that we may fear less” 
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“Progress is made by trial and failure; the failures are generally a 

hundred times more numerous than the successes, yet they are left 

unchronicled” 

William Ramsay 
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