
 

Engineering Particle Systems for 

Pulmonary Delivery 

 

Jiaying Song 

Open Researcher and Contributor ID (ORCID):  

orcid.org/ 0000-0002-9215-4845 

 

Submitted in total fulfilment of the requirements of the degree of  

Doctor of Philosophy 

 

May 2020 

 

Department of Chemical Engineering  

The University of Melbourne 

  



 

 

 

 

 

 

 

 

Produced on archival quality paper 



i 

 

Abstract 

Pulmonary delivery has proven to be a promising delivery route for either local lung targeting 

or systemic delivery. A variety of particle systems such as polymeric particles and lipid-based 

particle systems have been developed as therapeutic delivery carriers for pulmonary delivery. 

However, the majority of current inhaled particles have limited retention time and low 

bioavailability in the target lung region, leading to suboptimal efficacy of therapeutic delivery 

and needing increased drug dosage or dose frequency, which could cause severe side effects. 

This is mainly due to the clearance and metabolic degradation mechanisms in the lungs. The 

mucociliary clearance and the alveolar macrophage clearance defend the airway and deep lung 

region, respectively, and are responsible for the elimination of inhaled particles. Therefore, it 

is important to understand the interactions of particles with the complex lung physiological 

environment in order to design more effective drug delivery carriers that can overcome various 

biological barriers or exploit the defence mechanisms to achieve improved biological outcomes. 

This PhD thesis focuses on engineering particle systems for pulmonary drug delivery, with 

specific aims of studying the interactions between inhalable particles and complex biological 

systems in the lungs including particle−mucus interactions and the role of a pulmonary corona 

in the uptake or clearance of particles by alveolar macrophages. Poly (ethylene glycol) (PEG) 

as a low-fouling material commonly used for ‘stealth’ modification of particles to reduce 

immune clearance was first investigated. The use of PEG building blocks with various 

architectures resulted in PEG-based particles with different structures and mechanical 

properties, which further affected the interactions of particles with proteins and immune cells 

in a complex biological environment (e.g., human blood). The particle−mucus interactions 

were then studied in the second part of this PhD research by comparing different polymer 

particles with potentially mucoadhesive and mucus-penetrating properties, obtaining a basic 

understanding of mucociliary clearance of particles in the lungs. The role of the pulmonary 

protein corona in alveolar macrophage clearance of polymer particles was then studied. The 

presence of a protein corona on particles resulted in increased or reduced macrophage uptake 

depending on the particle properties. When particles were transferred from one biological 

environment into another (e.g., blood to lungs), the interplay of protein coronas formed in each 

environment determined the composition of the eventual mixed protein corona and the 

subsequent particle−cell interactions. Finally, drug (structurally nanoengineered antimicrobial 

peptide polymers) loading and intracellular delivery using promising polyphenol-based carriers 
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were investigated as potential antimicrobial therapies against lung infections (e.g., 

tuberculosis). 
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1.1 Introduction 

The lungs, as a portal entry into the body with the special structures and natures including large 

surface area suitable for effective absorption, low thickness of the epithelial barrier allowing 

for rapid penetration, extensive vascularisation and relatively low proteolytic activity in the 

alveolar region, represent an promising delivery route of pharmaceuticals either for local lung 

targeting or systemic circulation.1-2 Compared to other administration routes such as oral 

delivery and intravenous administration route, pulmonary delivery can achieve a more rapid 

onset of drug action, potentially enhanced delivery efficacy and thereby reduced overall drug 

dosage, decreased systemic toxicity and less severe side effects.3 However, as a major defence 

organ, the lungs have developed highly efficient clearance mechanisms, including mucociliary 

clearance, macrophage clearance, and metabolic degradation to protect the body by eliminating 

foreign substances from entering the systemic circulation, resulting in limited retention time 

and reduced treatment outcomes of inhaled therapeutics.4 

Over the past decades, due to the rapid development of material science and nanotechnology, 

various nanoengineered materials with unique properties and functions have been developed 

for medical diagnosis, medical imaging, and as drug or gene delivery carriers for disease 

prevention andtreatment.5-7 Particle-based pulmonary delivery, compared to conventional 

therapeutic formulations, can protect the encapsulated pharmaceuticals against enzymatic and 

hydrolytic degradation or inactivation. In addition, controlled drug release over prolonged time 

can be achieved, biological barriers can be overcome, and targeting to specific structures or 

cells may be possible by manipulating the physicochemical properties of the particles including 

size, shape, surface chemistry and elasticity.5, 8-9 

This thesis will focus on engineering particle systems for pulmonary delivery, with specific 

aims of investigating the bio-nano interactions between distinct particle systems and complex 

biological environments, including immune defence, particle-mucus interactions and the 

effects of protein corona on particle identity and downstream biological responses, to explore 

the potential biomedical applications of promising particle candidates in pulmonary delivery. 

In this chapter, relevant literature is reviewed aiming to provide an overview of : 1) lung 

physiology and lung diseases (section 1.2); 2) pulmonary delivery, including particle carriers 

and aerosolisation approaches (section 1.3); 3) biological barriers in the lungs, including 

mucociliary clearance and macrophage clearance (section 1.4); and 4) interactions between 

particle systems and biological environments, including particles-mucus interactions and the 
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effect of pulmonary corona derived from pulmonary surfactant environment in deep lungs 

(section 1.5). 

 

1.2 Lung Physiology and Lung Diseases 

The lungs are a major organ of the respiratory system, responsible for performing gas exchange 

between the external environment and the internal bloodstream.10 Due to constant exposure to 

chemicals and particulates such as pollutants, allergens, and pathogens in ambient air, the lungs 

are vulnerable to infection and injury, leading to unhealthy lung conditions.11 According to the 

World Health Organisation (WHO), respiratory diseases make up five of the top 30 common 

causes of death globally: chronic obstructive pulmonary disease (COPD) is the third, leading 

to about 3 million deaths each year; lower respiratory tract infection is the fourth, causing 

nearly 4 million deaths annually; tracheal, bronchial and lung cancer is the sixth, which is the 

most common cancer worldwide killing 1.6 million people each year; tuberculosis (TB) is the 

twelfth, causing 1.4 million people died from it in 2015; and asthma is the twenty-eighth with 

about 334 million people suffering from it.12-15 This section provides an overview of lung 

physiology and lung diseases, which is fundamental background for the development of 

effective pulmonary therapies and drug delivery carriers. 

 

1.2.1 Lung Physiology 

The lower respiratory system can be functionally separated into a conducting zone and a 

respiratory zone, as shown in Figure 1.1. The conducting zone (also known as upper airways) 

consisting of oropharynx, larynx, trachea, bronchi, bronchioles and terminal bronchioles is a 

continuous passageway for air to be inhaled into and exhaled out of the lungs. The respiratory 

zone (also known as lower airways) is where gas exchange takes place, consisting of the 

respiratory bronchioles, alveolar ducts and alveolar sacs (alveoli). More detailed structures are 

shown in Figure 1.2. The unique structural design of the respiratory system maximises delivery 

of air to each part of the lungs and provides the maximal surface area for gas exchange, to 

ensure that the breathing process meets the oxygen demands of the body.10  
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Figure 1.1. Schematic illustration of the human respiratory system. The figure is adapted from 

reference 16. 

 

 

Figure 1.2. Schematic illustration of the human respiratory system in detail. The figure is 

adapted from reference 17. 
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1.2.2 Lung Diseases 

Lung diseases are some of the most common diseases around the world, killing millions of 

people at various ages each year, and millions more people are suffering from severe lung 

conditions.18-23 Due to our constant exposure to the external environment where various 

infectious and toxic agents can exist, the lungs are vulnerable to infection and injury.24 There 

are many factors that may result in unhealthy lungs, of which infections, smoking and genetics 

are common causes.25-27 Lung diseases can result from any problem in any part of the 

respiratory system, including the above-mentioned airways, tissues and blood vessels located 

in the lungs.28  

Airway diseases such as chronic obstructive pulmonary disease (COPD), asthma, cystic 

fibrosis (CF), and emphysema, usually cause a narrowing or blockage of airways, making it 

difficult for the lungs to take in oxygen and release carbon dioxide.28 COPD is the third 

common cause of death globally, affecting more than 200 million people around the world.29 

Tobacco smoke is the primary factor causing the development of COPD, by damaging lung 

tissue (emphysema) and obstructing the small airways with inflammation compounds and 

mucus (chronic bronchitis), resulting in shortness of breath and cough.30 In addition to inhaled 

tobacco smoke, air pollution and genetic syndromes such as α-antitrypsin deficiency are also 

responsible for the development of COPD.31 Avoiding or reducing exposure to the risk factors 

(e.g., air pollute, and tobacco smoke) are essential for prevention and treatment of COPD.32-33 

Asthma is a chronic inflammatory disease leading to narrowing and swelling of airways, and 

extra production of mucus, which makes breathing difficult and can trigger coughing and 

wheezing.34 Asthma afflicts about 334 million people of various ages in the world, and the 

incidence has experienced rapid increase in global prevalence in the past three decades.35 The 

causes of most asthma are not well known and there are no effective strategies to prevent it. 

The development of asthma is sometimes associated with genetic predisposition, exposure to 

air pollution and environmental allergens and, airway microbiome makeup, dietary factors and 

abnormal immunological responses.36-37 

Cystic fibrosis (CF) is a genetic disorder that affects the mucus-producing cells in the lungs, 

causing dysfunctional mucus secretion.38 The thicker and stickier mucus can block the tubes, 

ducts and passageways, providing an environment for bacterial growth, which leads to 

persistent lung infections, inflammation and limited ability to breathe over time.39 Physical 

airway clearance, inhaled medicines including antibiotics for the treatment of lung infections, 
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and pancreatic enzyme supplement capsules for enhanced absorption of vital nutrients, are the 

most common therapies for CF.40 Gene therapy has being investigated using animal models 

but has not been translated to human therapy yet.41-43 

Lower respiratory tract infection (LRTI) and pneumonia also affect the lungs, killing around 4 

million each year.44-46 Viral infection and bacterial infection are the two factors leading to LRTI, 

of which 90% is caused by viruses such as respiratory syncytial virus (RSV), influenza, 

coronavirus, and rhinovirus.47-48 For most bacterial infections which are caused by 

Streptococcus pneumonia, Mycoplasma pneumonia or Bordetella pertussis, antibiotics 

administration is the primary treatment, even though there is growing bacteria resistance 

against antibiotics with the increasing administration of antibiotics.49-51 For the infections 

caused by parasites or viruses, antibiotics do not help at all. Actually, most viral infections are 

self-limited and there is no specific treatment for them.52 Immunisations are normally 

recommended to build up the immune system for prevention against infections. Much attention 

should be paid to new respiratory pathogens such as the severe acute respiratory syndrome 

(SARS) in 2003 and the corona virus (SARS-CoV-2) in 2019. These viruses can rapidly spread 

throughout the world due to the ease of transmission, leading to widespread pandemics and 

global disaster. Vaccines are necessary and important for the control and prevention of these 

diseases, which require active international efforts.53 

Lung cancer which is the most common and fatal cancer in the world. It kills 1.6 million people 

each year and the number is rapid growing annually.54-55 Non-small cell lung cancer (NSCLS) 

(making up 80−85% of all cases) and small cell lung cancer (SCLC) are two major types of 

lung cancer. Smoking is the primary factor contributing to most cases of lung cancer via 

damaging DNA and mutating protective genes.56-57 Lung cancer can also happen to people who 

have never smoked probably due to second-hand smoke, exposure to certain toxins (e.g., 

biomass fuel, diesel exhaust, radon and asbestos), and family history.58-60 In addition to surgery, 

chemotherapy and radiation therapy, targeted drug therapy and immunotherapy are considered 

to be useful treatments for lung cancer.60 Inhalation delivery has been an attractive route for 

lung cancer targeting due to the ease of access to the lungs and the accumulation of drug in 

local lung region.61-62 However, early stage of lung cancer is difficult to diagnose until the 

cancer has spread to regional lymph nodes or has metastasised to other organs, making lung 

cancer highly fatal to the patients.63  
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Tuberculosis (TB) is a serious bacterial infectious disease caused by Mycobacterium 

tuberculosis bacterium (MTB). It killed 1.4 million people in 2015, making it the greatest single 

infectious agent cause of death among overall deaths in the world.14 MTB is a small, aerobic, 

nonmotile bacillus capable of withstanding weak disinfectants and surviving in a dry state for 

a couple of weeks. It divides every 16−20 hours, which is much slower than other bacteria.64 

TB is a systemic disease. Besides the lungs, the liver, kidneys, spleen, uterus and bones are 

also prominent sites of infection. Because the bacteria is present in different organs and cell 

types in different metabolic states, treatment of TB is a complicated task.65 Table 1.1 lists some 

antibiotics used in the treatment of TB, which can be divided into first-line antibiotics such as 

isoniazid, rifampicin, ethambutol and pyrazinamide, and second-line drugs, including 

capreomycin, cycloserine, clofazimine, ciprofloxacin, ofloxacin and streptomycin.65 Anti-TB 

medicines have been used for several decades, however, due to the inappropriate use of drugs, 

drug resistance has emerged resulting in limited effective antimicrobial options. Therefore, 

there is a significant and urgent need to develop new alternative antimicrobial agents for the 

treatments of bacterial infections.64, 66 In the past decades, synthetic mimics of antimicrobial 

peptides (AMPs) have been increasingly developed as a new class of antimicrobial agents, 

which exhibit high activity, broad-spectra, and relatively low propensity for resistance that is 

common for natural AMPs.67 However, the high toxicity towards mammalian cells has limited 

their successful translation to the clinic.68 Recently, a new class of synthetic AMP mimics, 

termed ‘structurally nanoengineered antimicrobial peptide polymers’ (SNAPPs) with the 

formation of star-shaped polypeptide nanoparticles containing cationic lysine and hydrophobic 

valine amino acid residues has been reported.68-69 The SNAPPs displayed excellent 

antimicrobial properties with negligible toxicity to mammalian cells and no bacterial resistance, 

and are considered to be a promising therapeutic for lung diseases caused by bacterial infection 

(e.g., tuberculosis).68-69 
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1.3 Pulmonary Delivery 

The lungs, as a portal entry into the body with special structures, including large surface area 

suitable for absorption (70−140 m2 in an adult human), good epithelial permeability owing to 

low thickness of the epithelial barrier (0.2 µm in alveoli), extensive vascularisation and 

relatively low proteolytic activity in the alveolar region, represent an promising delivery route 

for therapeutics either for local lung targeting or systemic circulation.3, 70 In contrast to other 

administration routes such as intravenous administration, pulmonary delivery is needle-free 

and non-invasive, which is friendly to patients especially those who need frequent dosages, and 

can achieve a rapid onset of drug action, potentially enhanced delivery efficacy and hence, 

reduced overall drug dosage and less severe side effects.2 

For local lung diseases such as asthma, lung infectious diseases, lung hypertension and lung 

cancer, pharmaceuticals delivered via inhalation delivery do not need to pass though the 

digestive system and/or the circulatory system but go to the lung region directly, where a more 

rapid onset of drug action can be achieved compared to intravenous administration and oral 

delivery.2, 70 Additionally, enhanced accumulation and retention of drugs in the lungs lead to 

reduced overall drug dosage and consequent less severe systemic side effects, which mainly 

results from high levels of systemic drug exposure.71 For example, some poorly-soluble drugs 

for the treatment of lung diseases such as corticosteroids (ICS) for asthma (e.g., 

beclomethasone dipropionate (BDP) and fluticasone propionate (FP)) were administered via 

inhalation and found to be completely absorbed in the lungs even though deposition and 

absorption occurred in both the conducting airways and alveoli region.72-73 Another study 

compared the organ distribution of liposomes and nanostructured lipid carriers after 

intravenous and inhalation delivery.74 As shown in Figure 1.3, the majority of the injected 

particles accumulated in the liver, kidney and spleen, and only about one quarter of the injected 

particles accumulated in the lungs, which indicated that most of the injected particles did not 

reach the lungs leading to not only reduced treatment efficacy, but also potential severe side 

effects on other organs. In contrast, the particles delivered via inhalation preferentially 

accumulated in the lungs. 
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Figure 1.3. Organ distribution of liposomes (A) and nanostructured lipid carriers (NLC, B) 

after intravenous and inhalation delivery. The figure is modified from reference 74. 

 

For systemic circulation, the lungs are used as a portal of entry to the body. Drugs are delivered 

into the lungs where they can be rapidly absorbed through the thin layer of epithelial cells and 

enter the blood circulation system.75 Compared to oral delivery, pulmonary delivery can 

overcome the problem of poor gastrointestinal tract (GI tract), avoid the first-pass metabolism 

which is coupled with slow absorption, and thereby significantly improve the bioavailability 

and the delivery efficacy of therapeutics.76-77 Furthermore, pulmonary delivery is a promising 

administration route for biomacromolecules and biotherapeutics such as peptides and proteins 

which can’t be delivered orally due to enzymatic degradation and poor intestinal membrane 

permeability.76, 78 For example, inhalation of insulin for systemic circulation has been 

investigated recently. Inhaled insulin is considered to be as reliable as, or more reliable than, 

subcutaneous injected insulin. Other biotherapeutics such as human growth hormones, 

glucagons and oxytocin, which are normally delivery via conventional intravenous injection 

can also be potentially delivered via inhalation.79-81 Though exactly which part in the lungs is 

best for drug deposition and optimum absorption varies with the drug, and is mostly dependent 

on the properties of drugs especially their molecular weight. Some general principles are 

emerging. For drugs with high molecular weight such as immunoglobulins of the IgG class 

(150 kDa), the ideal absorption location might be the middle and upper airways, where IgG is 

under receptor-mediated transcytosis, while it is better to deposit small molecules and peptides 

in deep lungs for enhanced absorption rather than in the larger airways.82 
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Table 1.2 lists some examples of inhaled medicines that have been investigated, including 

hydrophobic small molecules, peptides and other macromolecules, some of which have been 

approved for clinical use.  

 

Table 1.2. Examples of inhaled medicines3 

 

 

1.3.1 Particle-Based Pulmonary Delivery 

With the development of material science and nanotechnology, a variety of nanoengineered 

particle systems with unique properties and functions, including liposomes,83-84 

polymersomes,85-86 protein-drug conjugates,87-88 micelles,89-90 dendrimers,91-92 polymer 

particles,8, 93 and polymer capsules,94-95 have been developed as drug carriers for biomedical 

and therapeutical applications with the aim of improving therapeutic outcomes (Figure 1.4). 

Compared to conventional delivery of therapeutic formulations, particle-based delivery can 

protect the loaded-drug against enzymatic and hydrolytic degradation or inactivation. In 

addition, controlled drug release can be achieved, a variety of biological barriers ca be 
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overcome and targeting to specific structures or cells may be possible by manipulating the 

physicochemical properties of the particles including composition, size, shape, surface 

chemistry, elasticity, and surface modification with targeting ligands (Figure 1.5).96-101  

 

 

Figure 1.4. A timeline of the development of nanoengineered particle systems for biomedical 

applications. The figure is adapted from reference 8. 
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Figure 1.5. Schematic illustration of key physicochemical properties of nanoengineered 

particles that affect drug delivery efficacy. The figure is adapted from reference 102. 

 

Building on extensive fundamental and translational research, advances in the nanotechnology 

and biomedical fields are currently converging to revolutionise the treatment of a variety of 

diseases.103 Particles for therapeutical use should be composed of biocompatible and 

biodegradable materials which will degrade into safe products in the body and then be resorbed 

through natural pathways or excreted out of the body.104-105 Table 1.3 lists some examples of 

particle-based therapeutics which have been approved for clinical use by the FDA or are 

undergoing clinical investigation, including liposomes, protein nanoparticles, and polymeric 

nanoparticles.106 For pulmonary delivery, in addition to polymeric particles which have 

numerous advantages such as modifiable surface properties and high drug encapsulation, 

liposomes and lipid-based systems namely, solid lipid nanoparticles (SLN) and solid lipid 

microparticles (SLM), have received great attention and are a popular delivery system due to 

their physiological components in the formulation and low toxicity.107-113 Examples of different 

drug-incorporated particle systems for pulmonary applications are listed in Table 1.4. 
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Table 1.3. List of FDA-approved nanomedicines stratified by material category by 2016114 
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Table 1.3 (continued) 
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Table 1.3 (continued) 
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Table 1.4. Different active pharmaceutical ingredient (API) molecules incorporated into 

different particle systems for pulmonary applications115  

 

SLN, solid lipid nanoparticles; SLM, solid lipid microparticles; NP, nanoparticles; NC, 

nanocarriers. 
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1.3.2 Aerosol Delivery Approaches 

Inhaled particles deposit along the respiratory tract. Many factors affect where the particles 

deposit along the respiratory tract following inhalation, of which the aerodynamic diameter (Da) 

of particles is the primary determinant.116 Generally, large particles with Da > 5 μm mainly 

deposit in the oropharyngeal region and will be subsequently exhaled or swallowed, while 

particles with Da ranging from 1 μm to 5 μm can be delivered to the trachea, bronchi, bronchiole 

and alveolar region, where they can potentially display therapeutical effectiveness. Even 

smaller particles with Da < 1 μm are likely to remain in the airstream and be exhaled in 

following breathing cycles.71 

However, large particles exhibit relatively lower cell availability compared to small particles.97 

To achieve both high deposition in deep lungs and high bioavailability for the cells, small 

particles are usually delivered via aerosolisation in a dry powder formulation or a nebulised 

liquid formulation into the lungs.117-118 Pressurised metered Dose Inhaler (pMDI), dry powder 

inhaler and nebuliser are the most widely used devices for aerosolisation (Table 1.5). DPI is 

considered the most convenient device, which is chemically stable and patient friendly. Drug 

or drug-loaded carriers are required to be formulated into dry powders by freeze drying or spray 

drying process before aerosolisation.119-121 It has potential advantages for the drug and particle 

systems, which can keep long-term stability and sterility in a dry state. Therapeutics not 

amenable to the drying process or unstable in a dry state cannot be delivered via dry powder 

inhalation.122 Most dry powders exhibit a large polydisperse aerosol population and lack 

control over the resulting particle shape,123 while recently more studies have explored precise 

control of Da by designing dry powders in a uniform microparticle shape, size, and 

morphology.124 Table 1.6 shows some examples of pulmonary delivery of nanoparticles using 

dry powder carriers. 

Nebulisation of drug solution or drug-loaded particle suspension is another commonly used 

approach.125 Nebulisers have been used for long time since the mid-1800s. Aerosol droplets 

are generated from drug solution or drug-loaded particle suspension by ultrasonic, air-jet or 

other types of nebulisers. Compared to dry powder formulations, nebulisation of particle 

suspension can avoid freeze drying or spray drying process and provide finely controlled 

particle size, allowing the modulation of the bio-nano interactions between the drug-loaded 

particles and the biological environments where they deposit.126 However, it requires that the 

nebulised particle suspension must be physically and chemically stable during the nebulisation 
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process. Table 1.7 shows some examples of pulmonary delivery of nanoparticle suspensions 

using nebulisation. 

A pMDI device is more portable than a nebuliser and each dose is administered in less than a 

minute. The pMDI formulation normally consists of a liquid formulation of the active 

pharmaceutical ingredient (API), a high vapor pressure propellant and surfactants, and other 

excipients to reduce drug-aerosol aggregation. The pMDI releases a metered dose of liquid 

drug at a high pressure, resulting in heterogeneous droplets containing drugs from the actuator 

mouthpiece.  

Table 1.5. Comparison of nebuliser, pMDI and DPI127 

 

 

Table 1.6. Examples of pulmonary delivery of nanoparticles using dry powder carriers107 

 

 

Table 1.7. Examples of pulmonary delivery of nanoparticle suspensions using nebulisation107 
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1.4 Biological Barriers in the Lungs 

As a major defence organ that protects the body by filtering out foreign substances from 

entering the systemic circulation, the lungs have developed highly efficient particle clearance 

mechanisms, including mucociliary clearance, macrophage clearance, and metabolic 

degradation as shown in Figure 1.6. Particles that are delivered to the middle or lower airways 

via aerosolisation, are faced with metabolic degradation, pulmonary absorption, or elimination, 

dependent on the physicochemical properties of particles and the deposition sites.128-129 The 

fate of the inhaled particles can be altered by some structural or surface modification.130 For 

example, unmodified dendrimers were found to be rapidly absorbed into the bloodstream with 

limited retention time in the lungs, while those modified with poly(ethylene glycol) polymers 

(PEG) resulted in much more accumulation in the lungs leading to a different biodistribution.131  

These clearance mechanisms have an important role in determining the retention time of 

particles in the lungs. Therefore, it is necessary to study and understand the interactions 

between particles and the lung physiological environment, in order to design drug delivery 

carriers that can overcome the biological barriers, or even utilise the defence mechanisms. 

Mucociliary clearance and macrophage clearance, which are the primary defences in the airway 

and alveolar region, respectively, will be discussed in this section. 

 

 

Figure 1.6. Factors affecting drug metabolism, adsorption and clearance in the lungs. The figure 

is reproduced from reference 4. 
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1.4.1 Mucociliary Clearance 

Mucociliary clearance is the primary clearance mechanism in the airways, serving to entrap 

foreign particulates in the mucus layer before they move into the deeper regions of the lungs. 

Particles are swept out of the lungs by the mucociliary escalator.4 Airway mucus is a highly 

hydrated gel-like biological mixture composed of cross-linked mucin glycoproteins, 

polypeptides, cellular debris, lipids, salts, DNA and other free proteins produced by goblet cells 

and secretory cells covering the epithelial surface.132 Structurally, airway mucus consists of 

two main layers: a superficial gel layer produced by the goblet cells, composed of glycoproteins, 

lipids, antibodies and immune cells to destroy any bacteria and viruses; and a periciliary layer 

(PCL), also called as a sol layer, which enables the gel mucus that locates at the tips of the cilia 

to be transported by the ciliary (Figure 1.7).133-134 The mucociliary clearance mechanism can 

eliminate foreign particles to protect the body, but it also accelerates the clearance of inhaled 

drug-loaded particles, decrease their retention time in the lungs leading to reduced delivery 

efficacy. To overcome the mucus barrier, different strategies have been explored to modulate 

the surface properties of nanoengineered particles and subsequent bio-nano interactions. More 

details will be discussed in section 1.5.1.  

 

 

Figure 1.7. (A) general schematic representation of mucus secretion from goblet cells and 

submucosal glands; (B) schematic representation of the generally accepted structure of airway 

surface liquid. The figure is adapted from reference 134. 
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1.4.2 Macrophage Clearance 

Particles that escape from mucociliary clearance and land in lower alveolar region can be 

scavenged by alveolar macrophages, which is a key defence against infections in the deep 

lungs.135 Alveolar macrophages are a heterogeneous family of phagocytic cells which are 

derived from monocytes, existing in large numbers in the lungs and have phagocytic, antigen 

processing and immunomodulatory functions.136 Normally, there are 12−14 alveolar 

macrophages in each alveolus serving as a scavenger to keep the alveolus free from foreign 

substances to maintain health and sterility.137 Alveolar macrophages play a very important role 

in inflammatory activation. Once the particles are recognised and engulfed by the alveolar 

macrophages, other immune responses are immediately activated.138 The neutrophils are 

quickly recruited to the lungs in response to microbes in which they perform phagocytic 

functions and kill the invading pathogen by producing proteases, reactive oxygen species (ROS) 

and reactive nitrogen species (RNS).139 This can further lead to enhanced neutrophil 

recruitment with the release of inflammatory cytokines (IL-6, TNFα, IL-1) and other chemical 

signals (Figure 1.8).140 Due to macrophage clearance, the retention time of inhaled particles in 

alveoli is significantly reduced, resulting in increased dose frequency, which could cause 

increased side effects and limit patient compliance. Although some studies have reported that 

the alveolar macrophages mostly uptake particles with the diameters between 1.5 µm and 3 µm, 

and smaller particles may potentially escape from the alveolar macrophage clearance achieving 

longer retention time,4 the exact mechanism of alveolar macrophage clearance beyond particle 

uptake, transportation, and elimination in the alveolar region is still not well understood, and 

there is a significant need to study these mechanisms for the design and development of more 

effective delivery systems. 
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Figure 1.8. Schematic illustration of the immune responses in the alveoli. The figure is 

reproduced from reference 140. 

 

1.5 Interactions between Particle Systems and Biological Environments 

In the past decades, with the rapid development of nanotechnology and an increasing number 

of novel materials, a major challenge of drug delivery has come to understand how 

nanoengineered materials interact with complex physiological systems.103, 141-143 Studies have 

transitioned from functional design of particles to investigating particle behaviours both in vitro, 

ex vivo and in vivo (Figure 1.9).103 In this section, the interactions between particle systems and 

lung physiological environments including particle−mucus interactions and the effect of 
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pulmonary surfactant on particle properties and cellular interactions will be described to 

provide important insight into the development of more effective particle systems. 

 

 

Figure 1.9. Timeline illustration of some examples of bio-nano interactions studied using 

particles assembled through templating methods in the Caruso group. The figure is adapted 

from reference 103. 

 

1.5.1 Interactions between Particles and Mucus 

As mentioned in 1.4.1, the mucociliary clearance in the airway can accelerate the clearance of 

inhaled drug-loaded particles and decrease their retention time in the lungs leading to reduced 

delivery efficacy.144 It is of vital importance to understand the interactions between mucus and 

particle systems in order to design more effective particle systems capable of overcoming or 

even utilizing the mucus barrier for better therapeutic outcome. 

Airway mucus is a highly hydrated gel-like biological mixture composed of cross-linked mucin 

glycoproteins, polypeptides, cellular debris, lipids, salts, DNA and other free proteins produced 

by goblet cells and secretory cells covering the epithelial surface. Mucins are large molecules 

with a typical molecular weight ranging from 0.5 MDa to 40 MDa forming a cross-linked 

network with an average mesh diameter from tens of nanometer to hundreds of nanometer.145 

Due to the size filtering, only particles smaller than the mesh space can diffuse through the 
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mucus layer.146 In addition to particle size, particle surface properties played an extremely 

important role in particle−mucus interactions.147 Manipulating the particles with mucoadhesion 

property (termed mucoadhesive particles) such as modification with chitosan, hyaluronic acid 

or thiol groups that can establish bonding and interactions with negatively charged glycosylated 

or cysteine-rich hydrophobic domains of mucin fibres, has been commonly applied to improve 

the drug absorption by increasing the residence time at the targeted mucosal site (Figure 

1.10).148 Others have developed mucus-penetrating particles with modified inert surface 

property in order to reduce particle immobilisation in mucus and allow further penetration of 

the particles through the mucus layer to interact with the underlying cells (Figure 1.10).149-152 

One of the commonly used techniques is coating the material with a densely packed layer of 

poly(ethylene glycol) (PEG), a ‘stealth’ polymer, resulting in a more hydrophilic surface and a 

large excluded hydrated cloud, which strongly repels the binding of biological components and 

effectively suppresses the subsequent clearance of particles.40, 149, 153 It was also reported that 

in the presence of both mucoadhesive particles and mucus-penetrating particles, high 

concentrations of mucoadhesive particles induced disruption of mucus, resulting in enlarged 

mucus mesh pores to increase the diffusion of mucus-penetrating particles (Figure 1.11).154 

 

Figure 1.10. Schematic illustration of the fate of conventional mucoadhesive particles (CP) and 

mucus-penetrating particles (MPP) after administration to a mucosal surface. CP are mostly 

immobilised in the luminal mucus layer, while MPP tend to penetrate through the luminal 
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mucus layer and enter the underlying adherent mucus layer. The figure is adapted from 

reference 132. 

 

 

Figure 1.11. (a) Mucus disruption induced by particles. A mucus fibre network is depicted on 

the left with the introduction of particles leading to their entanglement with mucus resulting in 

a change of the fibre network. The figure is reproduced from reference 155. (b) The potential 

effects of mucoadhesive particles on the mucus structure. Mucoadhesive particles can increase 

mucus pore sizes by bundling mucin fibres with adhesive interactions. The figure is reproduced 

from reference 154. 

 

Preparation of mucus is a crucial step for all particle−mucus interaction studies. There are 

various models of mucus from the simplest ex vivo model to the closest in vivo models, 

including simple mucin,156 artificial mucus,157 and natural mucus from animals (e.g., horse and 
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pig) or human.151, 158-159 The use of pathological mucus and mucus produced by specialised cell 

lines for in vitro transcellular crossing or cell uptake experiments have been reported.145 

Natural mucus is the most ideal model but it is usually difficult to collect from an individual, 

and the composition and thus the physicochemical properties may vary from different batches 

and sources. Mucin solutions, or artificial mucus prepared from mucin with the addition of 

other components such as DNA and salts, are more simple models than natural mucus, with 

ease of access and relative consistency. However, due to the disruption of mucin structure 

during the preparation and purification process of mucin, even if using the same concentration 

of mucin as that in natural mucus and with the addition of other components of mucus, 

differences can still be observed compared with natural mucus. Researchers should be careful 

when choosing a mucus model. 

There are many methods and techniques to evaluate the interactions between particles and 

mucus in vitro including zeta-potential and particle size measurements, Transwell diffusion 

system (Figure 1.12), quartz crystal microbalance with dissipation monitoring (QCM-D) 

(Figure 1.13), multiple particle tracking (MPT) (Figure 1.14), and air-liquid interface (ALI) 

cell culture (Figure 1.15).160 Briefly, entrapment of particles by mucus results in a change in 

particle size and zeta potential, which can be used to evaluate particle−mucus interactions and 

the mucus-penetrating behaviour of the particles.157 Furthermore, interactions between 

particles and mucus can be qualitatively and quantitively detected by measuring the deposition 

of particles on mucus-modified sensor via QCM-D analysis.161-162 Transwell diffusion system 

is another useful model to determine particle diffusion through mucus layer. Permeation of 

different particles, through different mucus samples, under different environmental conditions 

(e.g., pH and salt concentration), can be examined by using this model.157, 163 In addition, MPT, 

as a technique that can be used for dynamic measurements of the motion of individual particles 

in a heterogeneous matrix, is capable of assessing the interactions between particles and mucin 

fibres or the steric entrapment of particles within the mucin mesh network by calculating the 

particle diffusion via in-depth analysis of the time-resolved particle trajectories.151, 164 Finally, 

ALI culture, an in vitro cell culture model consisting of mixed cell types including goblet cells, 

basal cells, cilia epithelial cells, and noncilia epithelial cells, offers mimic in vivo conditions of 

the airway epithelium and has proven to be a very useful model for the studies on drug 

metabolism and particle permeation in respiratory system.165-167 
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Figure 1.12. A schematic illustration of a Transwell diffusion system containing A: acceptor 

compartment; B: semipermeable membrane; C: mucus layer; D: donor compartment. The 

figure is reproduced from reference 168. 

 

 

Figure 1.13. Scheme of the experiment setup to study particle−mucus interactions by QCM-D. 

The figure is adapted from reference 160. 
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Figure 1.14. The movement of each particle (P) was captured by video as individual particle 

trajectories (A) over a minimum of 30 consecutive frames with the criterion that any individual 

particle tracked must display a continuous presence in the X–Y plane throughout the respective 

30 sequential frames. For example, P1 in (A) above tracked from (∆t1) to (∆t30). The distance 

moved in the X–Y trajectory by each particle over a time interval (∆t), i.e. camera frame rate, 

is expressed as a squared displacement (SD) (B), SD = (X∆t)2 +(Y∆t)2 (∆t n = 1–30). The figure is 

adapted from reference 160. 

 

 

Figure 1.15. Schematic illustration of (A) submerged and (B) air-liquid interface culture of 

primary human bronchial epithelial cells grown on porous culture inserts. The figure is adapted 

from reference 169. 
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1.5.2 Pulmonary Surfactant and Pulmonary Corona 

The interactions of nanoengineered particles with biological fluids upon entering a 

physiological environment, such as the adsorption of biomacromolecules and the resultant 

formation of a biomolecular corona on particle surfaces, endow the particles with a ‘biological 

identity’ that might be different from their original ‘synthetic identity’, which could in turn 

alter their interactions with cells and the eventual fate in the biological system (Figure 1.16).170-

174 The biomolecular corona is generally composed of two parts with an inner tightly bound 

near-monolayer termed ‘hard corona’ and an outer layer termed ‘soft corona’ in which 

components are associated more loosely by lower affinity with a higher exchanging speed.175 

The formation of a biomolecular corona is influenced by both the particle physicochemical 

properties including size, shape, surface chemistry and elasticity, and the distinct composition 

of the surrounding physiological environments.176-177 As the interactions between particles and 

biological fluids are a highly dynamic process with continuous adsorption or desorption of 

components onto or off from the particle surface, the components associated with particles are 

likely to be replaced leading to an altered composition of biomolecular corona during the 

transportation of particles from one biological environment to another.178-179  

 

 

Figure 1.16. Formation of protein corona on particle surface and its effect on immunological 

identity and targeting ability of nanoparticles. The figure is adapted from reference 180. 

 

Pulmonary surfactant layer covering the epithelial cells in deep lungs is a complex biological 

aqueous mixture consisting of high contents of surfactant specific proteins, lipids, and other 

components, constituting the important line of body defence as the most outer section of the 

air-blood barrier.181 Four pulmonary surfactant associated proteins (SP-A, -B, -C, and -D) have 

been identified in pulmonary surfactant and have various biological functions.182 The two 
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highly hydrophobic SP-B and SP-C are responsible for modulation and dynamisation of the 

behaviour of the lipid layers, while the two hydrophilic proteins, SP-A and SP-D, are involved 

in the innate immune response. Therapeutics or particles for systemic circulation via pulmonary 

delivery will encounter the lung surfactant environment in the deep lungs before entering the 

blood circulation system.182 The surface association of the components in pulmonary surfactant 

will result in a complex mixed corona around particles, which is likely to be different from the 

conventionally studied protein corona formed in blood plasma, and can potentially affect the 

downstream biological interactions in blood (Figure 1.17).183  

 

 

Figure 1.17. Schematic illustration of plasma corona and pulmonary surfactant corona. The 

figure is reproduced from reference 181. 

 

1.6 Scope of Thesis 

As described in the literature review above, pulmonary drug delivery is an promising delivery 

route for either local lung targeting or systemic delivery. However, the clearance and 

degradation mechanisms in the lungs especially the mucociliary clearance and the alveolar 

macrophage clearance may accelerate the elimination of inhaled particles, leading to 

suboptimal efficacy of therapeutic delivery. Therefore, it is important to understand the 

interactions of particle systems with the lung physiological environment, including the mucus 

layer, biological components in lung fluid and specific cells (e.g., alveolar macrophages) for 

improved lung delivery efficiency and desirable biological outcomes. It is hypothesized that 

by tuning the particle physicochemical properties, the biological behaviour of particles can be 
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regulated. This is the motivation and the major scientific question of this PhD thesis. The thesis 

is set in a structure from particle design to exploring biomedical applications (pulmonary 

delivery), bridged by studies on particle−biological system interactions. The interaction of 

engineered particles with mucus, and the influence of the pulmonary corona on particle 

properties and performances are investigated by using presumably mucoadhesive and mucus-

penetrating polymer particles fabricated via mesoporous silica templating. The potential for 

drug encapsulation and intracellular delivery for lung disease therapies is also demonstrated by 

using promising carriers. 

A variety of instrumentations and techniques were used in this thesis for the characterisation 

of materials, and evaluation of their properties and performance in biological environments. 

An overview of the main instrumentations and techniques utilised in this thesis is described in 

Chapter 2. 

Poly (ethylene glycol) (PEG) as a type of low-fouling material is widely used for particle 

surface modification to supress the rapid clearance of particles from biological systems. The 

stealth behaviour of PEGylated particles is governed by the physicochemical properties of 

particles. PEG molecular weight and PEG coating density have been reported to affect the 

biological interactions of PEG-based particles. However, little attention has been paid to PEG 

molecular architecture. In Chapter 3, the influence of the architecture of PEG building blocks 

on the formation and the mechanical properties of assembled PEG-based particles is 

systemically described. The impact on particle−immune cell interactions in a complex 

biological environment (e.g., human blood) and the biomolecular corona were also studied, 

providing a better understanding on how the physicochemical properties of particles modulate 

bio-nano interactions and physiological responses. 

As the bio-nano interactions can be significantly influenced by the physicochemical properties 

of particles, manipulating the particles with different surface properties can potentially alter 

their behaviours in a biological system. In Chapter 4, the interaction between mucus and 

polymer particles with different surface properties is described. The behaviour of 

mucoadhesive particles and mucus-penetrating particles in mucus forms a preliminary 

understanding of mucociliary clearance in the lungs. 

When particles encounter the surfactant environment in deep lungs, the surface association of 

the components in pulmonary surfactant will result in a complex pulmonary corona around 

particles, resulting in an altered particle identity, which will potentially influence the 
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subsequent particle−cell interactions. Despite the numerous investigations on the interaction of 

particles with blood plasma, less attention has been paid to lung biological fluid, including the 

formation of a pulmonary corona. There is little known about the interplay of the pulmonary 

corona and plasma protein corona on particle−cell interactions during the delivery of particles 

via different administration routes. Chapter 5 investigated the effects of pulmonary corona on 

alveolar macrophage clearance of polymer particles. The interplay of plasma protein corona 

and pulmonary corona on the composition of the mixed protein corona and further macrophage 

uptake of particles was also studied. The composition of protein coronas on different particle 

systems was identified by mass spectrometry.  

Drug immobilisation and intracellular delivery by using promising carriers (polyphenol-based 

capsules) are subsequently explored in Chapter 6 to demonstrate the potential application of 

particle-based therapies against lung infections. 

Overall, this thesis covers the engineering of particle systems for pulmonary delivery, including 

studies on their bio-nano interactions in complex biological environments and the application 

of particle-based therapeutics as potential therapies against lung infections. The conclusions 

and outlook are presented in Chapter 7. 
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2.1 Aim 

This chapter provides an overview of the major instrumentation and techniques used in this 

thesis, including basic theoretical principles, general operation procedures, and their 

application in material characterisation. Specific instruments and detailed experimental 

protocols are presented in the experimental section of respective chapters. 

 

2.2 Instrumentation and Techniques 

2.2.1 Differential Interference Contrast (DIC) Microscopy 

DIC microscopy is an optical microscopy technique that is typically used to enhance the 

contrast of unstained and transparent specimens to achieve improved visualisation in bright 

field mode using a beam-shearing interface system. Different from a conventional bright-field 

microscope in which visible light illuminates the samples and traverses a set of optical lenses, 

resulting in a magnified image of the samples, in a DIC microscope, light produced by the light 

source (illuminator) is polarised at 45° after passing through a polarising filter. The polarised 

light is then separated into two beams polarised at 90° relative to each other after entering the 

first Nomarski (modified Wollaston) prism. The two beams (a sampling beam and a reference 

beam) are focused by the condenser and then traverse two adjacent points in the sample that 

are approximately 0.2 μm apart from each other. The two beams encounter different optical 

path lengths due to different refractive indexes or thicknesses, leading to a change in phase of 

one beam relative to the other. The two beams are subsequently focused by an objective lens 

and go through the second Nomarski prism, leading to a recombined light polarised at 135°. 

The combination of the two beams results in an interference that enhances the contrast of the 

image by brightening or darkening the image at some points based on the different optical paths 

(Scheme 2.1).1 

In this thesis, a DIC microscope was used for the imaging of polyphenol-based capsules 

(Chapter 6). 
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Scheme 2.1. Simplified illustration of the basic components and principle of a DIC microscope. 

The figure is reproduced from reference 2. 

 

2.2.2 Fluorescence Microscopy 

Fluorescence microscopy is an optical microscopy technique that is used for the imaging of 

fluorescent samples either with auto-fluorescence or fluorescent labelling, following a similar 

operating principle to bright-field microscopy. When a fluorophore is excited upon absorption 

of photons from an excitation light, the electrons jump to the highest excited energy state (S2) 

from the ground state (S0). However, owing to instability at the high-energy level, the 

fluorophore returns to a lower excited state (S1) by internal conversion and vibrational 

relaxation. Further relaxation from S1 to the ground state (S0) results in the emission of 

fluorescence (Scheme 2.2). The loss of energy during the short excited state lifetime results in 

a lower energy and a longer wavelength of the emitted light when compared with that of the 

excited light, allowing distinction between the two of light irradiation.3-4 
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Scheme 2.2. Simplified Jablonski diagram of fluorescence photoluminescence. An electron is 

excited by an excitation light, followed by internal conversion and vibrational relaxation to the 

lowest excited state (S1) owing to instability at the high-energy state. Further relaxation to the 

ground state (S0) results in the emission of fluorescence light. The figure is reproduced from 

reference 3. 

 

A typical fluorescence microscope comprises a light source, an emission filter, a dichroic 

mirror, an excitation filter, and a set of lenses. The sample is illuminated by a light with a 

specific excitation wavelength of the fluorophores associated with the sample; this is achieved 

by filtering the light generated from the light source (e.g., xenon-arc lamp or mercury-vapor 

lamp) with a set of emission filter and dichroic mirror. The fluorophore is excited after 

absorbing the excitation light, resulting in the emission of fluorescence light, as illustrated in 

Scheme 2.2.5 The emission light is then separated from the excitation light by passing through 

the dichroic mirror and emission filter, which are used to block the incident excitation light, 

and finally passes through a set of lenses for focus and magnification of the image (Scheme 

2.3). A digital image is obtained by capturing the light with a digital camera, and multi-colour 

images resulting from various fluorophores can be produced by overlaying several mono-

colour images.5 
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In this thesis, a combined DIC/fluorescence microscope, as illustrated in Scheme 2.4, was used 

for the imaging of fluorescently labelled polymer particles (Chapters 3–5) and polyphenol-

based capsules (Chapter 6). 

 

 

Scheme 2.3. Simplified illustration of the basic components and principle of a fluorescence 

microscope. The figure is reproduced from reference 5. 
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Scheme 2.4. Simplified illustration of the basic components and principle of a 

DIC/fluorescence microscope configuration. The figure is reproduced from reference 6. 

 

2.2.3 Confocal Laser Scanning Microscopy (CLSM) 

CLSM is an advanced optical imaging technique for detecting fluorescent molecules in three 

dimensions. A higher resolution and better focus than that achieved by conventional 

fluorescence microscopy can be attained by using a spatial pinhole between the photon detector 

and dichroic mirror (Scheme 2.5) to exclude out-of-focus light in image formation.7 In a 

conventional microscope, light passes through the sample as deep as it can penetrate, whereas 

in a confocal laser scanning microscope, a smaller beam of light is focused to a particular depth 

level and thus only the focused plane of the sample is imaged. A three-dimensional (3D) 

structure of the sample can be constructed by scanning the sample at different depths to gather 

multiple two-dimensional (2D) images. CLSM is particularly useful and extensively used in 

life sciences, especially for the imaging of particle–cell interactions including the cellular 

binding and uptake of particles. In addition, the permeability of capsules can be easily 
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determined by using CLSM due to the lower amount of out-of-focus light relative to that 

obtained from a conventional fluorescence microscope. 

In this thesis, the imaging of particle–cell interactions (Chapters 3−6) and the capsule 

permeability measurements (Chapter 6) were conducted using CLSM. 

 

 

Scheme 2.5. Simplified illustration of the setup of a confocal laser scanning microscope. The 

figure is adapted from reference 8. 
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2.2.4 Transmission Electron Microscopy (TEM) 

TEM follows a similar working principle to that of light microscopy but can achieve 

significantly higher magnification and resolution by using a beam of electrons (instead of light) 

transmitting through a specimen.9 A typical transmission electron microscope comprises an 

electron emission source (electron gun), a set of electromagnetic lenses, and an electron sensor 

for imaging such as a fluorescent screen (Scheme 2.6). High-energy electron beams generated 

from an electron gun which is connected to a high voltage source (typically ~100–300 kV) at 

the top of the microscope are accelerated by an electric potential and subsequently focused by 

a set of electrostatic and electromagnetic lenses onto the sample after passing through the 

vacuum in the column of the microscope. TEM samples are generally prepared as ultrathin 

sections (<100 nm thick) or by dropping a suspension on a grid to reduce the reflection of 

electrons, thus allowing for the transmission of electrons.10 The amount of transmitted electrons 

is different for different parts of the sample based on the thickness, density, and structure of 

each part. The transmitted electrons hit a fluorescent screen at the bottom of the microscope 

and are projected for visualisation. A ‘shadow image’ of the sample with distinct darkness and 

brightness in different parts based on the amount of transmitted electrons is generated 

containing detailed structure information of the sample.11 

In this thesis, the morphology and structure of mesoporous silica particles, various polymer 

particles (Chapters 3–5), calcium carbonate particles, and polyphenol-based capsules (Chapter 

6) were characterised by TEM. 
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Scheme 2.6. Simplified illustration of the setup of a transmission electron microscope. The 

figure is reproduced from reference 11. 

 

2.2.5 Scanning Electron Microscopy (SEM) 

SEM is a commonly used microscopy technique for analysing the surface morphology of a 

sample. The setup of a scanning electron microscope is similar to that of a transmission electron 

microscope and consists of an electron gun, a set of electromagnetic lenses and an electron 

detector for imaging such as a fluorescent screen (Scheme 2.7). The major difference between 

SEM and TEM is the type of electrons used to generate the images. An SEM image is produced 

from the emitted secondary electrons by scanning the sample surface with a focused beam of 

electrons. In SEM, the electron beams generated from an electron gun and directed by a set of 

lens are scattered on the surface when interacting with the sample, resulting in the emission of 

secondary electrons which are subsequently detected by an electron detector and projected for 

visualisation.12 The diverse types of secondary electron signals collected, including those 

differing in intensity, represent the surface morphology and composition information of the 

sample. SEM can achieve a typical resolution of 1 nm. However, sample pre-treatments are 

required as SEM analysis requires a conductive sample surface. To achieve this, the sample is 

typically sputter-coated with gold or platinum to enhance its surface electrical conductivity.  
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In this thesis, the surface morphology of mesoporous silica particles (Chapter 3–5), calcium 

carbonate particles and polyphenol-based capsules (Chapter 6) was measured using SEM. 

 

 

Scheme 2.7. Simplified illustration of the setup of a scanning electron microscope. The figure 

is reproduced from reference 13. 

 

2.2.6 Atomic Force Microscopy (AFM) 

AFM is a type of scanning probe microscopy with extremely high resolution that can be used 

for topographic imaging (to characterise the 3D structure of a sample surface), force 

measurements (to determine the mechanical properties, such as the Young’s modulus and 

stiffness, of a sample) and manipulation (for microfabrication of a structure) by ‘feeling’ or 

‘touching’ the sample surface with a mechanical tip.14 An atomic force microscope typically 

consists of (1) a small spring-like cantilever with a sharp tip attached to its free end that acts as 

a probe to scan the sample surface, (2) a sample stage, (3) a Piezoelectric element to oscillate 
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cantilever at its eigen frequency, (4) a laser source to generate a laser beam directed onto the 

top surface of the cantilever, (5) a position-sensitive photodetector to collect the reflected laser 

for recording deflection and motion of the cantilever, (6) an xyz drive to allow sample 

movement and (7) a set of mirrors and lenses (Scheme 2.8).15 The operating principle of an 

atomic force microscope is based on the interactions between the tip and the sample surface. 

When the tip approaches the sample surface, the forces between the tip and the sample surface 

(e.g., mechanical contact force, van der Waals forces, capillary forces, chemical bonding, 

electrostatic forces, and solvation forces) result in deflection of the cantilever based on Hooke’s 

law. A laser beam generated from the laser source is directed onto the top surface of the 

cantilever, and the reflected laser is collected by a position-sensitive photodetector while the 

cantilever scans the sample surface to record the deflection and motion of the cantilever; these 

changes translate to information of the forces experienced by the cantilever and the surface 

features of the sample.14 Generally, two operating modes termed the contact mode and tapping 

mode are used in AFM measurements. The tapping mode in which the tip is oscillated at a 

frequency and has little contact with the sample; it is more commonly used than the contact 

mode owing to reduced damage to the sample.15 

In this thesis, the morphology, structure and thickness of various polymer particles (Chapters 

3–5) and polyphenol-based capsules (Chapter 6) were analysed by AFM. The Young’s 

modulus of poly(ethylene glycol) particles (Chapter 3) was evaluated via AFM force 

measurements. 
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Scheme 2.8. Typical configuration of an atomic force microscope. The figure is reproduced 

from reference 15. 

 

2.2.7 Ultraviolet–Visible (UV–vis) Spectroscopy 

UV–vis spectroscopy is a spectroscopic technique routinely used to qualitatively or 

quantitatively analyse the chemical information of a specimen based on the absorption of light 

in the ultraviolet–visible region (wavelength ranging from 200 to 800 nm). In general, the 

absorption of ultraviolet or visible light by a specimen containing bonding and non-bonding 

electrons leads to the excitation of these electrons from the ground state to an excited state. The 

energy gap between the highest occupied molecular orbital and the lowest occupied molecular 

orbital determines the wavelength of light that can be absorbed, which is related to the 

molecular structure of the specimen.16 The absorption varying from different wavelength 

results in an absorption spectrum of the specimen that can be used for the characterisation of 

molecular compounds and quantification of the concentration of a specimen. 

In a typical UV–vis spectrophotometer, light generated from a light source is diffracted by 

passing through a diffraction grating monochromator, resulting in monochromatic light at a 

single wavelength. The monochromatic light then passes through the sample solution in the 

cuvette resulting in reduced intensity due to the absorption of light by the sample. The 

transmitted light is then detected and recorded by a detector. The transmittance of the light can 

be converted into absorbance, which can be used to determine the concentration of the 

absorbing compound in the sample solution using the Beer–Lambert Law (Equation 2.1):16 

𝐴 = log10 (
𝐼0

𝐼
) = 𝜀𝑐𝐿                                 (Equation 2.1) 

where A is the measured absorbance at a specific wavelength in arbitrary units (a.u.), I0 is the 

intensity of the incident light, I is the intensity of the transmitted light, ε (L mol−1 cm−1) is the 

extinction coefficient of the absorbing compound, c (mol L−1) is the sample concentration in 

the solution, and L (cm) is the path length of the light passing through the sample in the cuvette. 

In this thesis, UV–vis spectroscopy was used to determine the thiol-modification degree 

(Chapters 4 and 5), concentration of structurally nanoengineered antimicrobial peptide 

polymers (SNAPPs) and cell viability (Chapter 6). 
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Scheme 2.9. Simplified illustration of a typical UV–vis spectrophotometer. The figure is 

reproduced from reference 17. 

 

2.2.8 Fluorescence Spectroscopy 

Fluorescence spectroscopy is an electromagnetic spectroscopy typically used to analyse the 

fluorescence of a sample. Complementary to absorption spectroscopy, which analyses the 

transition of electrons from the ground state to the excited state, fluorescence spectroscopy 

detects transitions from the excited state to the ground state (Scheme 2.2) by exciting the 

electrons in the molecules of a certain specimen with a beam of light. The concentration of the 

compounds with fluorophores in the sample can be determined by analysing the fluorescence 

intensity.18 The instrument used for fluorescence spectroscopy measurements is called a 

fluorometer (Scheme 2.10). The operating principle of a fluorometer includes: (1) selecting a 

specific excitation wavelength of a certain compound in the sample by diffracting the light 

generated from a light source with a broad spectrum using a diffraction grating monochromator; 

(2) excitation of the sample in a cuvette by absorbing the excited light, leading to emission of 

fluorescence light; (3) selecting the emitted light by passing through a second diffraction 

grating monochromator that is at 90° to the incident light; and (4) collecting the selected light 

by a detector that is at 90° to the incident light to eliminate noise signals of the transmitted or 

reflected incident light. A fluorescence excitation spectrum or fluorescence emission spectrum 
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can be generated by plotting the fluorescence intensity against a series of measured excitation 

wavelengths or measured emission wavelengths at a fixed emission wavelength or a fixed 

excitation wavelength, respectively.  

In this thesis, fluorescence spectroscopy was used to determine the amount of the fluorescently 

labelled drug that was released from polyphenol-based capsules (Chapter 6). 

 

 

Scheme 2.10. Simplified illustration of a typical fluorometer. The figure is reproduced from 

reference 19. 

 

2.2.9 Dynamic Light Scattering (DLS) 

DLS is a commonly used technique to determine the size distribution of small particles or 

polymers in aqueous environments (Scheme 2.11). For the measurements, monochromatic 

light is shone toward the sample after passing through a polariser. The light is scattered in all 

directions by the sample if the particle or molecule size is smaller than the wavelength of the 

light. As small particles or small molecules in the solution are undergoing constant Brownian 

motion, the intensity of the scattered light caused by the samples is constantly changing with 

time. Particles or molecules with different sizes lead to different fluctuation of the scattered 

light due to the size-dependent Brownian motion. The scattered light is collected by a 
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photomultiplier after going through a second polariser. The size distribution of the particles or 

molecules can be calculated from the fluctuated scattered light.20 

In this thesis, DLS was used to measure the size distribution of mesoporous silica particles and 

various polymer particles (in Chapters 3–5). 

 

 

Scheme 2.11. Simplified illustration of DLS measurement of two particle systems comprising 

particles of different sizes. The figure is reproduced from reference 20. 

 

2.2.10 Microelectrophoresis 

Microelectrophoresis is a technique used to analyse the electrophoresis of dispersed particles 

by optical microscopy. The net surface charge of particles in an aqueous environment is 

difficult to determine directly. Charged particles attract counter ions that can bind strongly to 

the particle surface, resulting in a ‘Stern Layer’ (Scheme 2.12). Beyond the Stern Layer, there 

is a relatively loose layer of an ion cloud consisting of both ions and counter ions. At the 

boundary of this loose region, which is termed the slipping plane, ions do not bind or associate 

with the particle surface and the solute no longer moves with the particle. The zeta potential is 
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defined as the electrical potential at the slipping plane and is widely used as a reference to the 

surface charge of a particle. The zeta potential can be strongly influenced by the environment 

including ionic strength, pH and suspension media. 

Electrophoresis measurements are typically performed to measure the zeta potential of a 

sample. After an electric field is applied across the particle suspension, the charged particles 

move toward the electrode with an opposite charge at a constant velocity that is relative to the 

zeta potential of the particles. The migration velocity can be measured by DLS. The scattered 

light caused by the moving particles is detected and analysed for the calculation of zeta 

potential by using the Helmholtz–Smoluchowski equation (Equation 2.2):21 

 𝜈 =
𝜇

𝐸
=

𝜀R𝜀0E

𝜂
𝜁                                     (Equation 2.2) 

where ν is the particle velocity, μ is the electrophoretic mobility of the particles, εR is the 

relative permittivity of the solution, ε0 is the permittivity of vacuum, E is the electric field 

strength, η is the dynamic viscosity and ζ is the zeta potential of the moving particles. 

In this thesis, zeta potential measurements were performed to determine the surface charges of 

various polymer particles (Chapters 3 and 5) and polyphenol-based capsules (Chapter 6). The 

effect of protein corona on the particle surface charge was also investigated (Chapters 3 and 5). 
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Scheme 2.12. Illustration of the distribution of ions within an electrical double layer around a 

charged particle in solution. The zeta potential is measured at the slipping plane. The figure is 

reproduced from reference 22. 

 

2.2.11 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) 

QCM is a surface characterisation technique that can be used to study the adsorption properties 

of materials and interactions between biomolecules by measuring changes in mass on a thin 

quartz crystal sensor which is located between a pair of electrodes. QCM can be used in 

different conditions including vacuum, gas phase and liquid phase. Upon application of a 

voltage to the quartz crystal, the latter oscillates at a fundamental frequency that is dependent 

on the thickness of the crystal. When the test material is deposited on the crystal surface, the 

resonance frequency decreases due to the increase in mass of the crystal, according to 

Sauerbrey’s equation (Equation 2.3).23 Thus, the deposition of the material can be quantitively 

evaluated by monitoring the resonance frequency of the oscillating crystal. 

Δ𝑓 = −
2𝑓0

2

𝐴√𝜌q𝜇q
Δ𝑚                                  (Equation 2.3) 
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where Δf (Hz) is the measured frequency change, f0 (Hz) is the resonance frequency, A (cm2) 

is the area of the piezoelectrically active crystal, ρq (2.648 g cm−3) is the density of the quartz 

crystal, µq (2.947 × 1011 g cm−1 s−2) is the shear modulus of the quartz crystal and Δm (g) is the 

mass change. 

However, Sauerbrey equation assumes that the deposited material is an extension of the crystal 

and is therefore valid for rigid and evenly distributed deposition only. In addition, the measured 

resonance frequency shift (Δf) should be smaller than the fundamental resonance frequency 

(f0). For analysis of soft or viscoelastic materials, QCM-D is more ideal (Scheme 2.13). QCM-

D is based on the ring-down technique and is typically used in interfacial acoustic sensing. 

Dissipation (D) is a parameter that is used to evaluate the viscoelasticity of the film, as defined 

as the loss of energy per oscillation period divided by the total energy stored in the system 

(Equation 2.4).23 QCM-D is appropriate for in situ, real-time measurements of both mass and 

viscoelastic changes of films on a quartz crystal surface.  

𝐷 =
𝐸loss

2𝜋𝐸store
                                           (Equation 2.4) 

where D is the dissipation, Eloss is the energy loss during the oscillation cycle, and Estore is the 

total energy stored in the oscillator. 

In this thesis, the interactions between different particles and mucus layer (Chapter 4) were 

analysed by QCM-D. 

 

Scheme 2.13. Illustration of the working principle of QCM-D. The figure is adapted from 

reference 24. 
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2.2.12 Flow Cytometry 

Flow cytometry is a technique that has been widely used in materials science and biological 

research to detect and measure multiple parameters (e.g., cell size, morphology) of a population 

of cells and various physical and chemical characteristics (e.g., size, granularity, fluorescence 

intensity) of particles by using light scattering.25 A flow cytometer typically comprises a 

fluidics or flow system, an optics system consisting of laser beams and a series of optical 

devices, and an electronic system to convert the detected light signals into electronic signals.25 

In the measurement process, a sample suspension containing cells or particles is injected into 

the flow cytometer. The cells or particles are individually aligned and pass through a small 

aperture in the flow chamber and then illuminated by a high-power laser beam, resulting in 

light scattering and emitted fluorescence light, both of which are filtered and oriented by a 

series of dichroic mirrors. The scattering signals are finally collected by a forward scatter 

detector, which allows assessment of particle size, and a side scatter detector, which allows 

evaluation of morphological complexity of cells or particles. The emitted fluorescence light is 

collected by photomultipliers that convert the light into electrical signals, which can be 

amplified and digitised by an external computer system for data analysis.25 

In this thesis, flow cytometry is used to determine particle and capsule count and to quantitively 

evaluate cell association (Chapters 3, 5 and 6). 

 

 

Scheme 2.14. Simplified illustration of a typical flow cytometry system. The figure is 

reproduced by reference 26. 
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2.2.13 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Gel electrophoresis is a technique that is primarily used for the separation and identification of 

biomacromolecules (e.g., protein, DNA and RNA) based on their different electrophoretic 

mobility, which is dependent on their characteristics such as molecular weight, conformation 

and charge. The basic procedure of gel electrophoresis, as shown in Scheme 2.15, includes 

loading samples in a gel, sample movement from the cathode to anode upon application of an 

electric field and staining the gel for visualisation. To eliminate the effect of charge and high-

order structures (secondary/tertiary structures), proteins are typically pre-incubated with a 

chemical denaturant that converts the ordered structured proteins into unstructured chains 

before conducting gel electrophoresis. This step ensures that the electrophoretic mobility is 

governed by the molecular weight only.27 SDS is an anionic surfactant that is commonly used 

to convert proteins into a linear structure with an evenly distributed negative charge (Scheme 

2.16). The SDS-treated proteins are loaded onto a gel matrix consisting of polyacrylamide with 

uniformly sized pores and subsequently allowed to migrate through the gel to the positively 

charged anode after applying a voltage. This procedure is called SDS-PAGE. Small proteins 

readily migrate through the mesh of the gel at a higher moving speed, whereas larger proteins 

migrate more slowly, resulting in the separation of proteins based on molecular weight. The 

gel is then stained for visualisation and further analysis. 

In this thesis, SDS-PAGE with SimplyBlue staining was used to analyse the composition of 

protein coronas on various particles (Chapters 3 and 5). 

 

Scheme 2.15. Illustration of the setup of gel electrophoresis to separate biomolecules. The 

figure is adapted from reference 28. 
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Scheme 2.16. Simplified illustration of SDS-PAGE procedure. The figure is reproduced from 

reference 29. 

 

2.2.14 Mass Spectrometry 

Mass spectrometry is a highly sensitive, analytical technique capable of identifying different 

molecules in a sample and provides quantitively analytic data by measuring the mass-to-charge 

ratio of ions from the sample.30 Mass spectrometry is widely used in food and nutrition sciences, 

life sciences and environmental sciences. A mass spectrometer typically consists of four main 

components: an ion source, a mass analyser, a detector and a recording device (Scheme 2.17). 

The basic operating principle of a mass spectrometry includes the ionisation of sample 

molecules into negatively charged ions by a variety of methods such as electron ionisation and 

chemical ionisation, and subsequent separation of ions according to their mass-to-charge ratio 

by acceleration and deflection processes. Ions with increasing mass reach the detector in a 

sequential manner. 30 The signals are detected and converted into electrical signals resulting in 

a spectrum that can be processed and analysed. 30 
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The ions are separated by a mass analyser based on their mass-to-charge ratio, according to 

two laws that determine the dynamics of charged particles in electric and magnetic fields in 

vacuum, i.e., Lorentz force law (Equation 2.5) and Newton’s Second Law (Equation 2.6):30 

𝐹 = 𝑄(𝑬 + 𝒗 × 𝑩)                                   (Equation 2.5) 

Lorentz force law, where F is the force applied to the ion, Q is the ion charge, E is the electric 

field, v is the vector cross product of the ion velocity and B is the magnetic field. 

𝐹 = 𝑚𝑎                                             (Equation 2.6) 

Newton’s second law of motion in non-relativistic case, where F is the force applied to the ion, 

m is the mass of the ion and a is acceleration. 

The differential equation generated from these two laws is the classic equation of motion for 

charged particles (Equation 2.7), which governs the particle’s motion in space and time in terms 

of m/Q, together with the particle’s initial conditions.30 

(𝑚 ∕ 𝑄)𝑎 = 𝑬 + 𝒗 × 𝑩                             (Equation 2.7) 

where m is the mass of the ion, Q is the charge of the ion, a is the acceleration, E is the electric 

field, v is the vector cross product of the ion velocity and B is the magnetic field. 

Mass spectrometry is a useful technique for proteomics analysis. Proteins are pre-treated with 

chemicals and enzymes, which after digestion generate small fragments of peptides. The 

resulted peptides are then subjected to mass spectrometry analysis. 

In this thesis, mass spectrometry was used for the detection, identification and characterisation 

of proteins from protein coronas on various particles (Chapter 5). 
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Scheme 2.17. Simplified illustration of the setup of a mass spectrometer. The figure is 

reproduced from reference 31. 

 

2.2.15. Nebulisation 

Nebulisation is a commonly used approach to deliver drug solution or drug-loaded particle 

suspension to the lungs, which can avoid freeze drying or spray drying processes common in 

dry powder production and provide finely controlled particle size, allowing the modulation of 

the bio-nano interactions between the drug-loaded particles and the biological environment 

where they deposit.32 Aerosol droplets are generated from drug solution or drug-loaded particle 

suspension by ultrasonic, air-jet or other types of nebulisers. The basic working principle of an 

air-jet nebuliser is that the compressed air is forced through a tubing system which is connected 

to a nozzle, resulting in negative pressure and suction. The liquid in the reservoir is pulled up 

on a feed tube and then formed as an aerosol.33 In this thesis, an air-jet nebuliser was used to 

assess the amenability of particles during the nebulisation process (Chapter 4 and 6). 
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Scheme 2.18. A picture of a PARI air-jet nebuliser, reproduced from Trek® S Portable Aerosol 

System, PARI, USA. 
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3.1 Aim 

Poly(ethylene glycol) coating (termed PEGylation) exerts a ‘stealth property’ on surfaces, 

including carriers for drug delivery, to prolong circulation lifetimes by suppressing 

phagocytosis and subsequent clearance of nanoengineered materials following intravenous 

administration. PEG replica particles prepared by templated assembly are promising 

nanomaterials for biomedical applications due to the tunable bio-nano interactions they impart. 

In this chapter, the influence of the mechanical properties of PEG-based particles on their 

biological interactions in a clinical relevant samples (i.e., human blood) was investigated. Four 

types of PEGylated mesoporous silica (MS@PEG) particles (template present) and 

corresponding PEG particles (template removed) with modulated mechanical properties were 

fabricated using PEG building blocks with the same arm length but different arm numbers, and 

their behaviour in human blood especially the interactions with immune cells was studied.  

 

3.2 Introduction 

Over the past decades, nanostructured materials with unique properties and functions have been 

developed as drug delivery carriers with the aim of overcoming biological barriers and the 

immune defence, prolonging blood circulation time, increasing target accumulation, and 

thereby improving the delivery efficacy of encapsulated therapeutics.1-5 The behaviour of 

nanostructured materials when entering a biological environment is mostly governed by their 

physicochemical properties including size, shape, surface chemistry and elasticity.6-10 However, 

the physiological interactions such as the adsorption of biomacromolecules and the resultant 

formation of a biomolecular corona on the surface endow the material with a ‘biological 

identity’ that might be different from its original ‘synthetic identity’, which could in turn alter 

its interactions with the biointerface and determine its fate.11-14  

Different strategies have been explored to modulate the surface properties of nanomaterials, 

with the aim of avoiding uptake by the mononuclear phagocyte system and hence rapid 

clearance from the bloodstream.15-17 A commonly used technique is coating the material with 

a densely packed layer of poly(ethylene glycol) (PEG), a ‘stealth’ polymer, resulting in a more 

hydrophilic surface and a large excluded hydrated cloud.18 This type of modification strategy, 

termed ‘PEGylation’, strongly reduces interparticle attractive forces, thus preventing severe 

particle aggregation, and repels the binding of biological components, such as plasma proteins, 
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thereby effectively suppressing phagocytosis and subsequent clearance.19 Numerous studies 

have investigated the factors influencing the behaviour of PEGylated particles in vitro or in 

vivo, including the influence of PEG molecular weight and PEG surface density on the low 

fouling behaviour of particles.7, 20-25  

Caruso and co-workers have reported the templated assembly of PEG replica particles and 

demonstrated their potential as platforms for a range of biomedical applications, including drug 

delivery and tumour targeting.26-29 In these study, the molecular weight of PEG building block 

and the overall particle size significantly influenced particle association with blood cells and 

biodistribution in mice.26 Moreover, these PEG particles can counterfeit red blood cell as 

examined by micro-channels due to their extremely ‘soft’ character.27 However, the 

relationship between the mechanical properties and bio–nano interactions of PEG-based 

particles (especially with immune cells) has yet to be determined.  

Herein, in the chapter, the influence of the mechanical properties of PEG-based particles on 

their biological interactions in clinical-relevant samples (i.e., human blood) was examined. 

Four types of PEGylated mesoporous silica (MS@PEG) particles (template present) and 

corresponding PEG particles (template removed) with modulated mechanical properties were 

fabricated using PEG building blocks with the same arm length but different arm numbers 

(Scheme 3.1a), and their behaviour in a complex biological environment (i.e., human whole 

blood) was studied (Scheme 3.1b). Varying the PEG unit architecture from 3-arm PEG to 4-

arm PEG, 6-arm PEG and 8-arm PEG produced particles with different morphology and 

elasticity. When incubated in human blood, the different MS@PEG and PEG replica particles 

exhibited different interactions with plasma proteins and specific blood cell populations. This 

work indicates that the building block architecture can influence the mechanical properties of 

the assembled particles of the same composition, and subsequently alert their interactions with 

biological systems.  
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Scheme 3.1. (a) Schematic illustration of the assembly of MS@PEG (template present) and 

PEG particles (template removed) using different PEG building blocks (3-arm PEG, Mw 15 

kDa; 4-arm PEG, Mw 20 kDa; 6-arm PEG, Mw 30 kDa; and 8-arm PEG, Mw 40 kDa) via MS 

particle templating. (b) Human blood assays: MS@PEG particles and PEG particles were 

incubated in (1) human whole blood (with plasma proteins), (2) human blood plasma followed 

by washed blood (without plasma proteins) or (3) human washed blood (without plasma 

proteins) and their cellular association with human immune cells was subsequently examined. 

 

3.3 Experimental section 

3.3.1 Materials 
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Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB), poly(acrylic acid) 

(PAA, Mw ~250 kDa, 35 wt% solution in water), ammonium hydroxide solution (NH3·H2O, 

28–30%), sodium phosphate dibasic (Na2HPO4), hydrofluoric acid (HF, 48 wt%), ammonium 

fluoride (NH4F), anhydrous dimethyl sulfoxide (DMSO), Dulbecco phosphate-buffered saline 

(DPBS), paraformaldehyde, formaldehyde, ethylenediaminetetraacetic acid (EDTA) and 

bovine serum albumin (BSA) were obtained from Sigma-Aldrich (Australia). 3-Arm-

poly(ethylene glycol) amine (3-arm-PEG-NH2, Mw 15 kDa), 4-arm-poly(ethylene glycol) 

amine (4-arm-PEG-NH2, Mw 20 kDa), 6-arm-poly(ethylene glycol) amine (6-arm-PEG-NH2, 

Mw 30 kDa) and 8-arm-poly(ethylene glycol) amine (8-arm-PEG-NH2, Mw 40 kDa) were 

obtained from JenKem Technology USA Inc. (China). 8-Arm-poly(ethylene glycol) 

succinimidyl succinate (8-arm-PEG-NHS, hexaglycerol core, Mw 10 kDa) was purchased from 

Creative PEGWorks (USA). Dulbecco’s modified Eagle’s medium (DMEM), Alexa Fluor 488 

carboxylic acid succinimidyl ester (AF488-NHS), Alexa Fluor 647 carboxylic acid 

succinimidyl ester (AF647-NHS), RPMI-1640 medium, fetal bovine serum (FBS), wheat germ 

agglutinin Alexa Fluor 594 conjugate (WGA-594), Hoechst 33342, NuPAGE LDS sample 

buffer, NuPAGE sample reducing agent, SeeBlue Plus2 pre-stained protein standard, and 

SimplyBlue safe stain were provided by Life Technologies (Australia). BioRad 4−20% Mini-

PROTEAN TGX gel and Tris/glycine/sodium dodecyl sulfate running buffer were purchased 

from BioRad (CA, USA). The antibodies CD66b BV421 (G10F5), CD19 BUV395 (HIB19), 

CD3 AF700 (SP34-2), CD14 APC-H7 (MΦP9), CD56 PE (B159) and HLA-DR PE-CF594 

(G46-6) were purchased from BD Biosciences. The antibody lineage cocktail 1 fluorescein 

isothiocyanate (Lin-1 FITC) was obtained from BioLegend (USA). 

High-purity water used in all experiments with a resistivity greater than 18.2 MΩ cm was 

generated from a three-stage Millipore Milli-Q plus 185 purification system (Millipore 

Corporation).  

 

3.3.2 Synthesis of Mesoporous Silica (MS) Particles 

MS particles were synthesised according to a previously reported method.26 Briefly, 1.1 g of 

CTAB was completely dissolved in 50 mL of water under constant stirring. Then, 4.3 g of PAA 

solution (35 wt% in water) was added to the above solution. When the solution turned clear 

after ca. 20 min, 3.5 mL of ammonium hydroxide solution (28–30%) was added under vigorous 

stirring. Then, 4.46 mL of TEOS was added to the above milky suspension after stirring for 20 
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min. The suspension was further stirred for 15 min and finally transferred into a Teflon-sealed 

autoclave allowing 48 h reaction between 80 and 90 ℃. After washing with water and ethanol, 

and subsequent drying at 80 ℃, the synthesised MS particles were finally calcined at 550 ℃ 

for 30 h for the removal of organic materials. 

 

3.3.3 Synthesis of MS@PEG and PEG Particles 

MS@PEG and PEG Particles were fabricated by using a modified published method.26 For 

MS@3-arm PEG and 3-arm PEG particles, 480 μL of 3-arm-PEG-NH2 solution (5 mg mL−1 in 

100 mM, pH 8.0 phosphate buffer) was added to approximately 6 mg of MS particles for 

overnight incubation with constant shaking. 3-Arm-PEG-NH2 was infiltrated into the pores of 

the MS particles driven by electrostatic interactions. After removing excess polymer by 

washing with phosphate buffer three times, the particles were subsequently incubated in 400 

μL of 8-arm-PEG-NHS solution (2 mg mL−1 in phosphate buffer) for 2 h to form a cross-linked 

polymer network by the covalent bond between 3-arm-PEG-NH2 and 8-arm-PEG-NHS. The 

MS@3-arm PEG particles were labelled with AF488-NHS or AF647-NHS (5 μL, 1 mg mL−1 

in anhydrous DMSO) during the cross-linking step. The resultant particles were finally washed 

three times with water to remove unreacted cross-linker and dye. The 3-arm PEG particles were 

obtained by dissolving MS templates with a 2 M HF/8 M NH4F solution (pH ∼5). Caution! 

HF is highly toxic and extreme care should be taken during handling HF solution. The resultant 

3-arm PEG particles were washed three times with water and resuspended in water until 

analysis. 

4-Arm-PEG-NH2, 6-arm-PEG-NH2 and 8-arm-PEG-NH2 were used as building blocks for the 

preparation of MS@4-arm PEG or 4-arm PEG particles, MS@6-arm PEG or 6-arm PEG 

particles and MS@8-arm PEG or 8-arm PEG particles, respectively, as described for the 

MS@3-arm PEG/3-arm PEG particles above.  

 

3.3.4 Particle Characterisation 

Fluorescence microscopy images were taken by using a differential interference contrast (DIC) 

(U-DICT, Olympus) / inverted fluorescence combined microscope (Olympus IX71) equipped 

with a 100× oil immersion objective. Transmission electron microscopy (TEM) images were 

taken with an FEI Tecnai TF20 instrument operating at the voltage of 80 kV for the PEG 
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particles and 120 kV for the MS particles. The TEM samples were prepared by placing a drop 

of an aqueous particle suspension onto plasma-treated formvar-coated copper grids and 

subsequent drying in air. Atomic force microscopy (AFM) images were acquired by using a 

NanoWizard II atomic force microscope (JPK Instruments, Berlin, Germany). An aqueous 

suspension of particles was placed onto Piranha-precleaned glass slides and dried in air. 

Caution! Piranha solution is extremely corrosive and reacts violently with organic materials. 

It should be handled with great care. Scanning electron microscopy (SEM) images were taken 

with a Philips XL30 instrument at an operation voltage of 15 kV. The SEM samples were 

prepared by placing a drop of the particle suspension onto clean silicon wafers, followed by 

sputter-coating with gold. The zeta potential of the particles was measured using a Zetasizer 

Nano-ZS instrument (Malvern Instruments, Malvern, UK). Particle counting and particle 

fluorescence measurements were carried out by flow cytometry (Apogee Flow). Image analysis 

was conducted using ImageJ software. 

 

3.3.5 Mechanical Property Measurements and Analysis 

Mechanical property measurements of the PEG particles were conducted using a Nanowizard 

II atomic force microscope (JPK Instruments AG, Berlin, Germany) equipped with a 

fluorescence microscope (Lecia DMI4000B). 

The samples were prepared by placing a drop of concentrated AF488-labelled PEG particle 

suspension (approximately 10 μL) onto a poly(ethyleneimine)-precoated FluoroDish (50 mm, 

World Precision Instruments Inc.), which was subsequently filled with Milli-Q water. A 

monolayer of PEG particles was immobilised at the base of the FluoroDish after settling, which 

was visualised by fluorescence microscopy (60× oil immersion objective) (Figure S3.5b).  

The probe used in this experiment was prepared by modifying the cantilever (MLCT, Bruker 

AFM Probes) by attaching a spherical glass bead (D = 22 μm, Polysciences) using an epoxy 

resin (Selleys Araldite Super Strength, Selleys) through micromanipulation in an AFM system 

(Figure S3.5a). After drying the glued glass bead overnight for complete curing, the resultant 

probe was completely cleaned with ethanol, water, and via an oxygen plasma treatment. The 

spring constant of the probe was 0.09 N m−1 determined using the Hutter–Bechhoefer method.30  

For the measurements, the probe was slowly lowered into an aqueous particle suspension 

avoiding air bubbles and hydrodynamic effects. A clean area on the glass with no particles was 
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used for calibration. Next, the probe was slowly lowered onto individual immobilised particles 

ensuring vertical alignment by using the inbuilt micromanipulation stage. The location of 

individual particles was identified by fluorescence microscopy. Force measurements were 

performed at an approach velocity of 2 µm s−1 with a maximum indentation force of 

approximately 10 nN. Force–deformation curves were obtained from the raw AFM voltage–

displacement data processed using JPK data processing software (v.4.4.29). After completing 

the measurements on a single particle, the location of the particle was assessed using the 

attached fluorescence microscope. The particle position remained unchanged during the 

measurements (Figure S3.5b and c). Six repeated measurements were performed for each 

particle, and at least five different particles were measured and analysed for each sample to 

obtain representative Young’s modulus values of different PEG particles. 

The Hertz theory, which predicts force (F) on a particle as a function of a (small) applied 

indentation by a spherical probe, was used as follows:31 

𝐹 =
4𝐸√𝑅eff

3(1−𝜈2)
𝛿3/2                                        (Equation 3.1) 

where 𝑅eff =
𝑅𝑅p

𝑅+𝑅p
 is the effective radius of the probe radius Rp and the PEG hydrogel particle 

radius R. Equation 3.1 is valid when the Young’s modulus of the indenter Ep is greater than the 

elastic modulus of the PEG hydrogel particle (E). Otherwise, the effective Young’s modulus is 

used. In the present work, the probe is stiffer than the PEG hydrogel particle hence the equation 

is valid. Here, F is the measured force as a function of indentation of the probe into the particle 

(𝛿 ) and ν is the Poisson ratio (~0.4). The Young’s modulus value of PEG particles was 

evaluated from the linear range (0 to 200 nm) of the F versus 𝛿3/2 curves. The slope of the 

force curves (
4𝐸√𝑅eff

3(1−𝜈2)
) was used to calculate the modulus. 

 

3.3.6 Raw 264.7 Cell Association 

RAW 264.7 cells were seeded in a 24-well plate (80 000 cells per well) in RPMI media with 

10% (v/v) FBS and treated with AF488-labelled MS@3-arm PEG, MS@4-arm PEG, MS@6-

arm PEG, MS@8-arm PEG or the corresponding PEG particles at a particle-to-cell ratio of 

100:1 or 1000:1. After 12 or 24 h incubation at 37 ℃, the cells were detached from the plate 

using trypsin and subsequently washed with DPBS three times via centrifugation (300 g, 5 
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min). The resultant cell pellets were resuspended in DPBS and analysed by flow cytometry 

(Apogee Flow). 

 

3.3.7 RAW 264.7 Cell Association Imaging by Confocal Microscopy 

RAW 264.7 cells were seeded in a 8-well Lab-Tek chambered coverglass slides (Thermo 

Fisher Scientific, USA) (40 000 cells per well) in RPMI media with 10% (v/v) FBS and treated 

with AF488-labelled MS@3-arm PEG, MS@4-arm PEG, MS@6-arm PEG, MS@8-arm PEG 

or the corresponding PEG particles at a particle-to-cell ratio of 100:1 for 12 h at 37 ℃. After 

incubation, the cells were gently washed with DPBS and then fixed with paraformaldehyde (4% 

in DPBS) for 15 min at room temperature. The fixed cells were then stained with WGA-594 (5 

μg mL−1) for 5 min and Hoechst 33342 (0.1 mg mL−1) for 5 min at room temperature. 

Cell association imaging was carried out using a laser scanning confocal microscope (Nikon 

Corporation, Japan) equipped with a Plan Apo λ 60× 1.4 NA oil immersion objective, and 405, 

488, 561, and 640 nm lasers, and analysed by ImageJ software. 

 

3.3.8 Human Whole Blood Cell Association 

Human whole blood from a healthy volunteer was collected into sodium heparin vacuettes 

(Greiner Bio-One) and then aliquoted in 100 μL in polystyrene tubes (Falcon® Round-Bottom 

Polystyrene Tubes, 5 mL) with informed consent in accordance with the University of 

Melbourne Human ethics approval 1443420 and the Australian National Health and Medical 

Research Council Statement on Ethical Conduct in Human Research. Cell numbers were 

counted with a CELL-DYN Emerald analyser (Abbott) using 20 μL of blood. MS@PEG or 

PEG particles dispersed in DPBS (approximately 5 μL) were added to the blood for 1 h 

incubation at 37 ℃. The ratio of particles to white blood cells (WBCs, also called leukocytes) 

was 50:1, 20:1, 10:1, 5:1 for MS@PEG particles, and 200:1, 100:1, 50:1 for PEG particles. 

After treatment with particles, the red blood cells were lysed using 4 mL of PharmLyse buffer 

and removed by centrifugation (500 g, 5 min). After washing twice with 4 mL of DPBS (500 

g, 7 min), the cells were phenotyped on ice for 30 min with an antibody ‘cocktail’ consisting 

of Lin-1 FITC (BioLegend), CD66b BV421 (G10F5, BD), CD19 BUV395 (HIB19, BD), CD3 

AF700 (SP34-2, BD), CD14 APC-H7 (MΦP9, BD), CD56 PE (B159, BD) and HLA-DR PE-

CF594 (G46-6, BD) in titrated concentrations. The cells were then washed twice with flow 
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cytometry staining (FACS) wash buffer (DPBS containing 2 mM EDTA and 0.5% w/v BSA, 

pH 8.0) and centrifuged at 500 g for 7 min to remove free antibodies. After fixation with 100 

μL of 1% w/v formaldehyde in DPBS, the cells were analysed in a flow cytometer 

(LSRFortessa, BD Biosciences) for particle association determination. The data were analysed 

using FlowJo V10. 

 

3.3.9 Human Washed Blood Cell Association 

Human whole blood collected from a healthy volunteer was centrifuged (900 g, 15 min, no 

brake) in sodium heparin vacuettes (Greiner Bio-One) directly. The supernatant was collected 

and transferred into 1.5 mL eppendorf tubes for further centrifugation (1500 g, 10 min) to 

remove any remaining cells, resulting in human plasma for further experiments. The blood 

cells remaining in sodium heparin vacuettes were transferred into 50 mL tubes filled with 

DPBS and centrifuged at 950 g for 10 min with low brake. The supernatant was discarded 

carefully without disturbing the cell pellets, and this wash step was repeated four more times 

until the absorbance of the supernatant at 280 nm was virtually 0 as measured using Nanodrop 

(Thermo Fisher Scientific, Australia), which confirmed the absence of plasma proteins. The 

cells were finally resuspended in DPBS in a similar cell concentration to that of the whole 

blood.  

The concentrated MS@PEG or PEG particles were preincubated in 50 μL of DPBS or plasma 

for 1 h at 37 ℃. Approximately 5 μL of above particle suspension was added to 100 μL of 

washed blood at a particle-to-cell ratio of 10:1 for MS@PEG particles or 100:1 for PEG 

particles. Subsequent steps were the same as those used for the measurements of human whole 

blood cell association described above. 

 

3.3.10 Formation of Biomolecular Corona-Coated Particles 

MS@3-arm PEG, MS@4-arm PEG, MS@6-arm PEG, MS@8-arm PEG or corresponding 3-

arm PEG, 4-arm PEG, 6-arm PEG, 8-arm PEG particles (2 × 108 dispersed in DPBS) were 

incubated in 300 μL of plasma, which was separated from human whole blood for 1 h at 37 ℃ 

with constant shaking (600 rpm). The particles were then washed with DPBS six times resulting 

in ‘hard’ corona-coated particles for zeta potential and fluorescence intensity measurements. 
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3.3.11 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

The biomolecular corona-coated particles were obtained as described above. The adsorbed 

proteins were eluted from the particles by incubating particles with NuPAGE LDS sample 

buffer and NuPAGE sample reducing agent, followed by heating to 70 °C for 10 min. After 

removal of particles by centrifugation, the supernatant was loaded on 4−20% Mini-PROTEAN 

TGX gel (BioRad) running at 120 V for 40 min. Diluted plasma was also loaded as control. 

After washing with RO water, the gel was stained with SimplyBlue overnight and rinsed with 

RO water three times prior to imaging. 

 

3.4 Results and Discussions 

3.4.1 Synthesis and Characterisation of MS@PEG and PEG Particles 

MS@PEG and PEG particles were prepared from PEG building blocks with the same arm 

length but different arm numbers (Figure S3.1a, amine group-functionalised PEG: 3-arm-PEG-

NH2, Mw 15 kDa; 4-arm-PEG-NH2, Mw 20 kDa; 6-arm-PEG-NH2, Mw 30 kDa; and 8-arm-

PEG-NH2, Mw 40 kDa) via MS particle templating based on a modified method (denoted as 

MS@3-arm PEG, MS@4-arm PEG, MS@6-arm PEG, MS@8-arm PEG particles and 3-arm 

PEG, 4-arm PEG, 6-arm PEG, 8-arm PEG particles, respectively).26 PEG-NH2 was infiltrated 

into the porous structure of MS particles driven by electrostatic interactions, followed by cross-

linking with succinimidyl carboxyl methyl ester group modified PEG (Figure S3.1b, 8-arm 

PEG-NHS) via covalent bonding, resulting in MS@PEG particles. The average particle size of 

the MS templates was 891 ± 83 nm as determined from TEM analysis (Figure S3.2). After MS 

template removal, PEG replica particles were obtained. Both MS@PEG and PEG particle 

systems were subsequently labelled with fluorescence dye AF488-NHS or AF647-NHS to 

enable particle visualisation, imaging and identification.  
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Figure 3.1. Fluorescence microscopy, TEM and AFM images of (a1–a3) 3-arm PEG particles, 

(b1–b3) 4-arm PEG particles, (c1–c3) 6-arm PEG particles and (d1–d3) 8-arm PEG particles. 

Scale bars are 10 μm in (a1–d1) and 2 μm in (a2–d2) and (a3–d3). 

 

Figure 3.1 reveals the morphology and structure of 3-arm PEG, 4-arm PEG, 6-arm PEG and 8-

arm PEG particles. The fluorescence microscopy images (Figure 3.1a1–d1) show the 

monodispersity and homogenous fluorescence of all the particles in aqueous solution, with an 

average diameter of ~1.3 μm (Table 3.1), which represents approximately 46% swelling 

compared with the initial MS template size due to extensive hydration of PEG. TEM (Figure 

3.1a2–d2) and AFM (Figure 3.1a3–d3) images show the detailed morphology and structure of 

PEG particles in the dry state. Particles appeared collapsed after air-drying as a result of 

dehydration. 3-Arm PEG particles exhibited a loose and dendritic structure, with a thickness 

of 5.6 ± 1.2 nm from analysis of a collapsed particle by AFM (Table 3.1, Figure S3.3), revealing 

that the cross-linked PEG network was highly porous and not rigid. Increasing the PEG arm 

number resulted in PEG particles that typically had tighter and denser structures that were less 

dendritic. Particle thickness (Table 3.1) and fluorescence intensity increased with increasing 
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PEG arm numbers (Figure S3.4), suggesting the higher mass of polymer material was cross-

linked and constructed into particles.  

Based on the above results, it appears that the architecture of the PEG building block (multi-

arm PEG-NH2) may influence adsorption into the pores of MS particles and subsequent cross-

linking due to the distinct steric effect from the stretched PEG arms, which contributes to the 

differences in the structure and mechanical properties of the resultant PEG particles. 

 

Table 3.1. Average size and thickness of PEG particles in aqueous solution or in dry state 

Sample 
Average size in 

aqueous solutiona (nm) 

Thickness in 

dry stateb (nm) 

3-arm PEG 1316 ± 118 5.6 ± 1.2 

4-arm PEG 1310 ± 107 22.1 ± 3.4 

6-arm PEG 1313 ± 97 36.9 ± 8.3 

8-arm PEG 1333 ± 40 55.9 ± 4.1 

a The average size of PEG particles in aqueous solution was analysed from fluorescence 

microscopy images using ImageJ software. The full width at half maximum of the fluorescence 

profile across the particles was considered as the particle diameter. Forty particles were 

analysed for each sample.  

b The air-dried particle thickness was determined from the distance between the highest point 

on the particle and the substrate surface using AFM. Fifteen particles were analysed for each 

sample. 

 

Zeta potential measurements (Figure 3.2) show that MS@PEG particles had a less negative 

surface charge than the MS particles in phosphate buffer (pH 7.4, 5 mM) owing to the neutral 

PEG coating. This ‘neutralisation effect’ was more obvious with increasing PEG arm number, 

probably due to the higher PEG coating density and different PEG conformation on the surface 

masking the negative charge of the MS core in phosphate buffer. PEG replica particles (without 

MS templates) exhibited near-neutral charge at pH 7.4 irrespective of the PEG arm number. 
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Figure 3.2. Zeta potential of MS particles, MS@PEG particles and PEG particles in phosphate 

buffer (pH 7.4, 5 mM). Data are shown as the mean ± standard error of at least three 

independent experiments (Student t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001 versus the column of ‘MS’). 

 

3.4.2 Mechanical Property Analysis 

To measure the elastic modulus of the PEG particles, AFM force measurements were 

performed using the colloidal-probe atomic force microscopy (CP-AFM) technique (Figure 

3.3a). A modified probe was used with a spherical glass bead (D = 22 μm) attached to a 

cantilever using epoxy resin (Figure S3.5a). The probe was slowly lowered onto the individual 

immobilised PEG particles to perform the force measurements. Force–deformation curves 

(Figure 3.3b) were obtained from the raw AFM voltage–displacement data processed using 

JPK data processing software (v.4.4.29). The Young’s modulus value of PEG particles was 

evaluated from the linear range (0 to 200 nm) of F–δ curves using Hertz theory (as described 

in Section 3.3.5). As shown in Figure 3.3c, the Young’s modulus of the PEG particles varied 

with different PEG building blocks and increased with increasing PEG arm numbers from ~1.5 

kPa for 3-arm PEG particles to ~14.9 kPa for 8-arm PEG particles. As the particles were all 

constructed with PEG and have similar sizes in aqueous solution, the particle elastic modulus 

is mainly influenced by material density within the cross-linked structure. 8-Arm PEG particles 

had the highest Young’s modulus value among the four types of PEG particles, which is 

consistent with the highest particle density observed in TEM and AFM images in Figure 3.1. 

All the particles were very soft compared with previously reported polymeric particles and 

PEG-based particles.25, 32 
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Figure 3.3. (a) Schematic illustration of the elastic modulus measurements between a glass 

bead probe and PEG particles by CP-AFM. (b) Representative force–deformation (F–δ) curves 

of 3-arm PEG, 4-arm PEG, 6-arm PEG and 8-arm PEG particles. The F–δ curve of a glass 

substrate is also shown for calibration. (c) Young’s modulus derived from the F–δ analysis for 

the PEG particles. 

 

3.4.3 Cell Association 

To explore the ‘stealth property’ of the PEG particles and the different MS@PEG particles 

(with mesoporous silica cores intact), their cellular interactions with a commonly studied 

macrophage cell line RAW 264.7 was examined. The association of MS@PEG particles with 

RAW 264.7 cells was significantly higher than that of corresponding PEG particles after 12 h 

of incubation regardless of the PEG building block used (Figure 3.4a). However, negligible 

differences were detected between the different MS@PEG particles from the statistical 

analyses shown in Figure S3.6a; all particles displayed >90% cell association. The PEG 

particles displayed low cell association irrespective of arm number and incubation time (Figure 

3.4a and b), which confirms the stealth property of the PEG particles. Increasing the particle 

number (the particle-to-cell ratio from 100:1 to 1000:1) effectively increased cell association 

slightly, with 8-arm PEG particles exhibiting the highest binding (Figure S3.6b), probably due 

to the highest density and stiffness of these particles.25, 33 Confocal microscopy analysis was 

carried out to confirm RAW 264.7 cell association of MS@PEG and PEG particles (Figure 

3.5). The images were consistent with flow cytometry results, with the PEG particles 

associating with the RAW 264.7 cells in low numbers, whereas more than 90% of cells 

contained MS@PEG particles. 
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Figure 3.4. RAW 264.7 cell association of (a) MS@PEG and PEG particles after 12 h of 

incubation at a particle-to-cell ratio of 100:1 and (b) PEG particles after 24 h of incubation at 

a particle-to-cell ratio of 100:1 and 1000:1. Data are shown as the mean ± standard error of at 

least three independent experiments. Statistical data are presented in Figure S3.6. 
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Figure 3.5. Confocal microscopy images of RAW 264.7 cells after incubation with AF488-

labelled (a1) MS@3-arm PEG, (b1) MS@4-arm PEG, (c1) MS@6-arm PEG, (d1) MS@8-arm 

PEG, (a2) 3-arm PEG, (b2) 4-arm PEG, (c2) 6-arm PEG, or (d2) 8-arm PEG particles (green) 

for 12 h at a particle-to-cell ratio of 100:1. The cell membrane was stained with wheat germ 

agglutinin Alexa Fluor 594 conjugate (WGA-594, red) and the nuclei were stained with 

Hoechst 33342 (blue). Scale bars are 20 μm. 

 

Because of the limitation of using a model cell line, wherein cells cultured under non-

physiological condition, which is not representative of cells residing in a complex biological 

environment, human blood was used to predict the behaviour of MS@PEG and PEG particles 

in vivo.34 Many nanostructured materials fail to fulfil their designed function following 

intravenous administration as they are rapidly recognised and sequestered by the mononuclear 

phagocyte system in the body, which is responsible for removing dead cells, pathogens and 

foreign substances from the blood circulation.35 Human whole blood, a highly complex 

biological environment consisting of red blood cells, immune cells and numerous biomolecules 

such as plasma proteins and antibodies, is thereby considered to be a more relevant model to 

study the interactions between particles and biological systems than a mono-cultured cell line.36 

Herein, AF647-labelled MS@PEG or PEG particles were incubated in fresh healthy human 

whole blood at varying particle-to-cell ratios for 1 h at 37 ℃. The major human immune cells 

in blood (granulocytes, monocytes, B cells, NK cells, T cells and dendritic cells) were labelled 

with a fluorescent antibody ‘cocktail’ in titrated concentrations for the gating of cell population. 
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The cell association measurements were carried out by the flow cytometry and analysed using 

a previously established gating method (Figure S3.7). 

Consistent with the results derived using RAW 264.7 cells, MS@PEG particles resulted in 

notably higher association with granulocytes, monocytes and B cells compared with the 

corresponding PEG particles at the same particle-to-cell ratio of 50:1, irrespective of PEG arm 

numbers (Figure 3.6). The high cell association of MS@PEG particles is likely due to their 

rigid structure in addition to the net negative surface charge that could lead to the adsorption 

of biomolecules by electrostatic interactions. At a particle-to-cell ratio of 50:1, cell association 

for all MS@PEG particles was >90%, which decreased with decreasing particle-to-cell ratios 

and MS@PEG particles loaded with more-arm PEG had lower association with phagocytes 

(granulocytes and monocytes) and B cells, likely owing to the thicker and denser PEG 

protective layer on the surface. At the lower ratios, it was also observed that B cells have a 

greater association with particles than granulocytes and monocytes for all the MS@PEG 

particles studied (Figure 3.6a). For instance, cell association with MS@3-arm PEG at a 

particle-to-cell ratio of 10:1 resulted in 90% of B cells taking up the particles, whereas 65% of 

granulocytes and 55% of monocytes associated with the particles.  

The opposite trend was observed for the PEG particles. B cells associated at a lower extent 

with PEG particles than granulocytes and monocytes. The association of PEG particles with 

phagocytic blood cells (granulocytes and monocytes) and B cells increased with increasing arm 

number and this was more pronounced at higher particle-to-cell ratios (Figure 3.6b). As the 

particles are made of the same material with a comparable surface charge (~0 mV), the 

differences in cell association are likely due to differences in particle structure, conformation 

and elasticity, which may lead to different hydration degrees and repulsion forces to the 

surrounded proteins. The results are opposite to the previous finding that PEG building blocks 

with the same arm number but higher molecular weight (longer arms) resulted in reduced cell 

association of assembled PEG particles,26 suggesting that higher molecular weight PEG does 

not necessarily contribute to lower cell association and better stealth property for PEG replica 

particles. The architecture of PEG units is an important factor that needs to be considered when 

studying stealth property. 
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Figure 3.6. Cell association of (a) MS@PEG and (b) PEG particles with granulocytes, 

monocytes and B cells after incubation in human whole blood for 1 h at varying particle-to-

cell ratios. Data are shown as the mean ± standard error of three independent experiments, with 

at least 100 000 leukocytes analysed in each individual experiment. Cell associations with the 

other blood cell populations, i.e. NK cells, T cells and dendritic cells, are shown in Figure S3.8. 

 

To further understand how particle properties affect the formation of a biomolecular corona 

and subsequent interactions with blood cells, the cell association of MS@PEG and PEG 

particles incubated under different conditions was examined: (1) human whole blood; (2) 

human blood plasma followed by washed blood; and (3) human washed blood, where either 

‘hard’ and ‘soft’ corona (1 and 2) or ‘no’ corona (3) was formed (Scheme 3.1b). Condition (1) 

refers to particles treated with whole blood where both biomolecules in plasma and cells are 

present in the system. Condition (2) refers to particles preincubated in blood plasma to allow 

the formation of a ‘hard’ and ‘soft’ corona, followed by incubation with cells that had been 

separated from whole blood via centrifugation (termed washed blood). Condition (3) refers to 

particles incubated in washed blood directly where only blood cells are present without plasma 

proteins. 
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Figure 3.7a shows that the association of MS@PEG particles with cells in washed blood was 

substantially reduced in contrast to incubation in whole blood, which indicates that the plasma 

proteins play an essential role in cellular association. This observation is supported by the 

results of preincubating particles in blood plasma before incubation with washed blood, which 

recovered cellular association to the high levels. Furthermore, despite the low level of cell 

association in the absence of protein corona, there were still detectable differences between 

MS@8-arm PEG particles and the other three types of particles (Figure S3.9), indicating that 

in addition to the formation of protein corona, the intrinsic properties of a particle directly 

influence cellular association. 

For PEG particles (Figure 3.7b), there was no significant difference between the cell 

associations with (2) and without (3) protein corona, which suggests that the protein corona 

has relatively limited influence on low-fouling materials such as PEG. From Figure 3.7b, there 

was a gradual increase in cellular association with increasing PEG arm numbers, with 8-arm 

PEG particles exhibiting the highest binding to B cells, granulocytes and monocytes in the 

presence or absence of a protein corona. This suggests that cellular association for the PEG 

particles was governed mainly by the synthetic properties of the particles such as structure and 

elasticity, probably by influencing the mechanism of cell uptake of particles particularly 

receptor-independent mechanisms.37 
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Figure 3.7. Cell association of (a) MS@PEG and (b) PEG particles with granulocytes, 

monocytes, and B cells after incubation in (1) human whole blood, (2) blood plasma followed 

by human washed blood or (3) human washed blood. Based on the different incubation 

conditions, either a ‘hard’ and ‘soft’ corona (1 and 2) or ‘no’ corona (3) was formed on the 

particles. The particle-to-cell ratio was set at 10:1 for MS@PEG particles and 100:1 for PEG 

particles. Data are shown as the mean ± standard error of three independent experiments, with 

at least 100 000 leukocytes analysed in each individual experiment. Control refers to the cell 

populations without particle treatment in the incubation medium.  

 

3.4.4 Protein Corona 

To confirm the formation of a protein corona on particles and its effect on the particle surface 

chemistry, the fluorescence intensity (Figure 3.8a) and zeta potential (Figure 3.8b) of 
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MS@PEG and PEG particles were examined before and after protein corona coating derived 

from human blood plasma. The fluorescence intensity of both MS@PEG and PEG particles 

was reduced in the presence of a protein corona (Figure 3.8a). The shift of the MS@PEG 

particle distribution towards a lower fluorescence intensity was more obvious than that of the 

PEG particles (Figure S3.10), as a higher surface coverage of proteins led to a greater decrease 

in particle fluorescence intensity. For both MS@PEG and PEG particles, the increase in 

fluorescence intensity from 3-arm to 8-arm remained linear after protein corona coating. The 

adsorption of proteins reduced the zeta potential of MS@3-arm PEG and MS@4-arm PEG 

particles, whereas no significant changes in the zeta potential of MS@6-arm PEG and MS@8-

arm PEG particles were observed (Figure 3.8b). For the PEG particles, except for the 8-arm 

PEG, the particle zeta potential changed from ~ −2 to ~ −5 mV in the presence of a protein 

corona, which was likely due to some nonspecific binding of biomolecules on the surface. The 

negligible change in particle fluorescence intensity and zeta potential for 8-arm PEG particles 

suggests that few proteins are adsorbed onto particles, which supports the hypothesis that the 

interaction of 8-arm PEG particles with cells is mainly due to the intrinsic properties of the 

particles, including higher density and stiffness, whereas the protein corona plays a smaller 

role. However, it should be noted that the protein corona-coated particles analysed in Figure 

3.8 were extensively washed to avoid interference from free proteins, thus the layer of ‘soft’ 

corona was removed completely. The particles were therefore not the same as those existing in 

plasma, which have both the ‘hard’ and ‘soft’ corona present. The tightly bound proteins on 

particles termed as ‘hard’ protein corona were eluted and analysed by SDS-PAGE (Figure 

S3.12). The results showed a clear band between 64 kDa and 98 kDa which is likely to be 

histidine-rich glycoprotein for all the MS@PEG particles with smaller bands present for 

MS@3-arm PEG particles, whereas evidence of protein adsorption on the PEG particles was 

poor, confirming the low-fouling nature of PEG replica particles. 
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Figure 3.8. (a) Fluorescence intensity and (b) zeta potential of MS@PEG and PEG particles 

without or with protein corona derived from human blood plasma. Data are shown as the mean 

± standard error of at least three independent experiments (Student t-test, ns p > 0.05, * p < 

0.05, ** p < 0.01, *** p < 0.001). 

 

3.5 Conclusions 

PEG-based particles were synthesised by a mesoporous silica-templated method. Removal of 

the silica template resulted in PEG particles. The elastic modulus of the PEG particles was 

tuned from 1.5 to 14.9 kPa by using PEG building blocks with different arm numbers. For 

PEGylated mesoporous silica (MS@PEG) particles, increasing the arm numbers of PEG units 

led to reduced phagocytic blood cell and B cell association, potentially due to a denser PEG 

coating and reduced negative surface charge at higher PEG arm numbers. However, the 

opposite trend was observed for the PEG particles, with more-arm PEG building blocks (higher 

molecular weight) resulting in higher immune cell association, probably due to a denser and 

stiffer structure. This finding is contrary to previous findings that have revealed that having the 

same arm number, higher molecular weight PEG (longer arms) contributes to reduced cell 

association and enhanced stealth property for assembled PEG particles. Thus, this comparison 

suggests that higher molecular weight PEG does not necessarily contribute to an improved 

stealth property for PEG replica particles. The present findings suggest that both the intrinsic 

properties of particles and their interactions with biological components, such as blood proteins, 

determine the interaction of the particles with immune cells and that the protein corona plays a 

relatively limited role in low-fouling materials. This work indicates that the building block 

architecture can influence the mechanical properties of the particles with identical composition, 
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and subsequently alert their interactions with biological systems, which is an important factor 

that needs to be carefully considered in the design of functional nanoengineered materials for 

biomedical applications. It also shows how the synthetic properties of particles can be 

engineered to control their biological identity to allow modulation of interactions with cells in 

complex biological environments. PEG-based particles with low-fouling properties are 

potential candidates for drug delivery to increase retention time in the lungs and can be further 

engineered to target the epithelial cells underlying the mucus layer. This aspect is interesting 

and relevant for the scientific community to guide particle design for biomedical applications, 

including pulmonary delivery. 

 

3.6 Supporting Information 

 

 

Figure S3.1. Molecular structures of (a) building blocks 3-arm-PEG-NH2, 4-arm-PEG-NH2, 

6-arm-PEG-NH2 and 8-arm-PEG-NH2, and (b) cross-linker 8-arm-PEG-NHS. 
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Figure S3.2. (a) SEM and (b) TEM images and (c) size distribution (determined by dynamic 

light scattering) of MS particles. 

 



104 

 

 

Figure S3.3. Representative AFM images and corresponding height profiles of (a) 3-arm PEG, 

(b) 4-arm PEG, (c) 6-arm PEG and (d) 8-arm PEG particles. Scale bars are 2 µm. 
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Figure S3.4. Fluorescence intensity of AF488-labelled PEG particles. 

 

 

Figure S3.5. (a) Optical microscopy image of the silica colloidal probe used for the CP-AFM 

force measurements. Fluorescence microscopy images of AF488-labelled 8-arm PEG particles 

at the base of a FluoroDish (b) before and (c) after the force measurements. Scale bars are 50 

µm in (a) and 20 µm in (b) and (c). 
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Figure S3.6. RAW 264.7 cell association of (a) MS@PEG and PEG particles after 12 h of 

incubation at a particle-to-cell ratio of 100:1 and (b) PEG particles after 24 h of incubation at 

a particle-to-cell ratio of 100:1 or 1000:1. Data are shown as the mean ± standard error of at 

least three independent experiments (Student t-test, ns p > 0.05, * p < 0.05, ** p < 0.01, *** p 

< 0.001, **** p < 0.0001). 
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Figure S3.7. (a) Gating method used to identify white blood cell populations. Side and forward 

scatter were first applied to gate white blood cells before doublets were excluded. The specific 

cell types were identified according to expression of surface markers: CD66b+ granulocytes; 

CD14+ monocytes; CD19+ B cells; CD56+ NK cells; CD3+ T cells; and HLA-DR PE-CF594 

dendritic cells. (b) Percentage of each cell type positive for the AF647-labelled particles was 

then measured and an example of the gating and particle association values for one sample is 

shown. 
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Figure S3.8. Cellular association of (a) MS@PEG and (b) PEG particles with NK cells, T cells 

and dendritic cells after incubation in human whole blood for 1 h at varying particle-to-cell 

ratios. Data are shown as the mean ± standard error of three independent experiments, with at 

least 100 000 leukocytes analysed in each individual experiment. 
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Figure S3.9. Association of MS@PEG particles with granulocytes, monocytes and B cells after 

incubation in human washed blood at a particle-to-cell ratio of 10:1. Data are shown as the 

mean ± standard error of three independent experiments, with at least 100 000 leukocytes 

analysed in each individual experiment (Student t-test, ns p > 0.05, * p < 0.05, ** p < 0.01, *** 

p < 0.001, **** p < 0.0001). 
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Figure S3.10. Fluorescence intensity distribution of MS@PEG and PEG particles without or 

with protein corona measured by flow cytometry (Apogee flow). 
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Figure S3.11. Fluorescence intensity distributions of (a) MS@PEG and (b) PEG particles 

without protein corona, and (c) MS@PEG and (d) PEG particles with protein corona, measured 

by flow cytometry (Apogee flow). 
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Figure S3.12. SDS-PAGE image of proteins separated from ‘hard’ corona of MS@PEG and 

PEG particles after 1 h of incubation in human blood plasma at 37 °C. The reference bands 

related to particular molecular weights are shown on the left in the image as indicated by an 

arrow. The results of blood plasma are shown on the right. 
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Table S3.1. Cell count data of human whole blood (before wash) and human washed blood 

(after wash) for the cell association experiments displayed in Figure 3.6, Figure 3.7 and Figure 

S3.8 

Cell type Whole blood Washed blood 

WBC [×109 L−1] 12.2 11.8 

Lymphocytes [%] 20.5 15.4 

Monocytes [%] 6.6 6.5 

Granulocytes [%] 72.9 78.1 

RBC [×1012 L–1] 4.76 5.5 

Haemoglobin [g L–1] 132 153 

Haematocrit [L L−1] 0.396 0.469 

Platelets [×109 L−1] 285 20 

WBC, white blood cells; RBC, red blood cells. 

 

Table S3.2. Properties of the antibodies used in the human blood assays 

Antibody Colour Clone Targeted cells 

Lin-1 FITC Mouse various Negative dendritic cells 

CD66b BV421 Mouse G10F5, κ Neutrophils 

CD19 BUV395 Mouse SJ25C1, κ B cells 

CD3 AF700 Mouse SP34-2, λ T cells 

CD14 APC-H7 Mouse MΦP9, κ Monocytes 

CD56 PE Mouse B159, κ NK cells 

HLA-DR PE-CF594 Mouse G46-6, κ Dendritic cells 
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4.1 Aim 

Mucociliary clearance is the primary clearance mechanism in the airways, which can eliminate 

foreign particulates to protect the body but also accelerate the clearance of inhaled drug-loaded 

particles resulting in limited retention time and reduced delivery efficacy. To overcome the 

mucus barrier, mucoadhesive and mucus-penetrating delivery carriers have been explored to 

improve drug absorption by increasing the residence time at the targeted mucosal site or 

allowing penetration of the particles through the mucus layer to interact with the underlying 

cells, respectively. In this chapter, we aim to study the particle−mucus interactions in the lungs 

by comparing thiol modified-poly(methacrylic acid) (PMASH) particles and poly(ethylene 

glycol) (PEG) particles, which exhibit distinct surface properties using an artificial mucus and 

air-liquid interface (ALI) cell culture model. The amenability of the particles to the 

aerosolisation process for inhalation therapy was also investigated. 

 

4.2 Introduction 

As a portal entry into the body with features including large surface area suitable for fast 

absorption, low thickness of the epithelial barrier allowing for penetration, extensive 

vascularisation and relatively low proteolytic activity in the alveolar region, the lungs represent 

a promising delivery route of therapeutics either for local lung targeting or systemic 

circulation.1-3 In contrast to other administration routes such as oral delivery and intravenous 

administration route, pulmonary delivery can achieve a more rapid onset of drug action, 

potentially enhanced delivery efficacy and thereby reduced overall drug dosage and less severe 

side effects.4 Particle-based pulmonary delivery, compared to conventional therapeutic 

formulations, can protect the encapsulated drug against enzymatic and hydrolytic degradation 

or inactivation, and achieve controlled drug release over prolonged time, overcoming a variety 

of biological barriers and targeting to specific structures or cells by manipulating the 

physicochemical properties of the particles.5-7  

However, as a major defence organ, the lungs have developed highly efficient clearance 

mechanisms such as mucociliary clearance, macrophage clearance, and metabolic degradation 

to protect our body by eliminating foreign substances from entering the systemic circulation, 

resulting in limited retention time and reduced delivery efficacy of inhaled drug-loaded 

particles.8-9 Many factors including formulation, size, shape, density, surface chemistry and 
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other physicochemical properties affect the deposition of inhaled particles in the lungs.10 In 

particular, the aerodynamic diameter of the particles is a critical determinant. Generally, 

particles larger than 5 μm are mostly exhaled or swallowed while even smaller particles (<1 

μm) are likely to remain in the airstream and be exhaled again. Particles with the aerodynamic 

diameter between 1 μm and 5 μm mainly deposit in the middle and lower regions in the lungs, 

which is considered desirable for pulmonary delivery.11 Since large particles cannot be 

effectively taken up by cells, delivery of small particles via aerosolisation is a widely used 

technique to achieve both high deposition in deep lungs and improved bioavailability for the 

cells.5 Compared with dry powder formulations, nebulisation of particle suspensions can avoid 

the freeze drying or spray drying processes to form powder and provide finely controlled 

particle size, allowing the modulation of the bio-nano interactions between the drug-loaded 

particles and the biological environments where they deposit. 

Mucociliary clearance is the primary clearance mechanism in the airways, serving to entrap 

foreign particulates in the mucus layer and sweep them out of the lungs by the mucociliary 

escalator.8 Airway mucus is a highly hydrated gel-like biological mixture composed of cross-

linked mucin glycoproteins, lipids, salts, DNA and other free proteins produced by goblet cells 

and secretory cells covering the epithelial surface.12 To overcome the mucus barrier, different 

strategies have been explored to modulate the surface properties of nanomaterials and 

subsequent bio-nano interactions.13 Endowing particles with a mucoadhesive property (termed 

mucoadhesive particles) such as modification with chitosan, hyaluronic acid or thiol groups 

that can establish bonding and interactions with mucin fibres has been commonly applied to 

improve the drug absorption by increasing the residence time at the targeted mucosal site.14 

Others have developed mucus-penetrating particles with modified inert surface property in 

order to reduce particle immobilisation in mucus and allow further penetration of the particles 

through the mucus layer to interact with the underlying cells.15-18 One of the commonly used 

techniques is coating the material with a densely packed layer of poly(ethylene glycol) (PEG), 

a ‘stealth’ polymer, resulting in a more hydrophilic surface and a large excluded hydrated cloud, 

which strongly repels the binding of biological components and effectively suppresses the 

subsequent clearance of particles.19-21 

In the past decades, polymer particles with distinct properties and functions have been 

increasingly developed for various biomedical applications including drug delivery.22 Caruso 

and co-workers have reported a template-mediated assembly for the synthesis of various 

polymer particles with diverse composition, controllable size and shape, tunable mechanical 
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property and modulable surface property.23-25 For example, modified-poly(methacrylic acid) 

(PMASH) particles prepared via mesoporous silica (MS) templating were investigated as drug 

delivery carriers for immobilisation and intracellular delivery of chemotherapeutic compound 

doxorubicin (DOX), which showed high association with cancer cells and significant 

cytotoxicity in vitro.26 In Chapter 3, the interactions of PEG-based particles with immune cells 

in human blood were investigated. PEG coating could reduce the immune cell association of 

particles, and such stealth property of PEGylated particles and PEG replica particles were 

affected by the architecture of PEG building blocks.  

Herein, in this chapter, the study of particle−mucus interactions in artificial lung models was 

performed by comparing PMASH-based particles and PEG-based particles (Scheme 4.1a) 

which exhibit distinct structure and surface properties. The amenability of particles to the 

nebulisation process were firstly investigated (Scheme 4.1b) and their interactions with 

artificial mucus and an air-liquid interface (ALI) cell culture model (Scheme 4.1c) were then 

examined. All the particles were found to be amenable to the nebulisation process maintaining 

their original structure and morphology without aggregation. PMASH particles exhibited strong 

interactions with artificial mucus while PEG particles were found to repel artificial mucus by 

using quartz crystal microbalance with dissipation (QCM-D) method. PMASH-loaded MS 

(MS@PMASH) particles and PMASH particles (MS template removed) were found to be 

entrapped in the mucus layer in ALI cell culture, whereas PEG-loaded MS (MS@PEG) 

particles and PEG particles (MS template removed) showed negligible adhesion to the mucus 

layer. 
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Scheme 4.1. (a) Schematic illustration of the assembly of MS@PMASH particles (template 

present), PMASH particles (template removed), MS@PEG particles (template present) and PEG 

particles (template removed) via MS particle templating. (b) Schematic illustration of the 

nebulisation process of particle suspensions. The PARI air-jet nebuliser figure was reproduced 

from Trek® S Portable Aerosol System, PARI, USA. (c) Schematic illustration of the 

particle−mucus interactions in ALI cell culture. 

 

4.3 Experimental Section 

4.3.1 Materials 

Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB), poly(acrylic acid) 

(PAA, Mw ~250 kDa, 35 wt% solution in water), ammonium hydroxide solution (NH3·H2O, 

28−30%), sodium phosphate dibasic (Na2HPO4), hydrofluoric acid (HF, 48 wt%), ammonium 

fluoride (NH4F), (3-aminopropyl)-triethoxysilane (APTES), poly(methacrylic acid, sodium 

salt) (PMA, Mw ~9.5 kDa, 30 wt% solution in water), anhydrous dimethyl sulfoxide (DMSO), 

N-(3-(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-Chloro-p-

toluenesulfonamide sodium salt (chloramine T), dithiothreitol (DTT), 98% sulfuric acid 

(H2SO4), 30% hydrogen peroxide (H2O2), 3-(N-morpholino)propanesulfonic acid (MOPS), 2-
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(N-Morpholino)ethanesulfonic acid hydrate (MES), Dulbecco phosphate-buffered saline 

(DPBS), sodium chloride (NaCl), potassium chloride (KCl), mucin from porcine stomach (type 

III), egg yolk emulsion, diethylenetriaminepentaacetic acid (DTPA), deoxyribonucleic acid 

from herring sperm and 10% neutral buffered formalin solution were obtained from Sigma-

Aldrich (Australia). 8-Arm-poly(ethylene glycol) amine (8-arm-PEG-NH2, Mw 40 kDa) was 

obtained from JenKem Technology USA Inc. (China). 8-Arm-poly(ethylene glycol) 

succinimidyl succinate (8-arm-PEG-NHS, hexaglycerol core, Mw 10 kDa) was purchased from 

Creative PEGWorks (USA). Pyridine dithioethylamine hydrochloride (PDA) was obtained 

from Shanghai Speed Chemical Co. Ltd. (China). Alexa Fluor 488 carboxylic acid 

succinimidyl ester (AF488-NHS), Alexa Fluor 488 C5 Maleimide (AF488 Maleimide), RPMI-

1640 medium and Hoechst 33342 were purchased from Life Technologies (Australia). B-ALI 

Bronchial Air-Liquid Interface Medium BulletKit was purchased from Lonza (Australia). 

High-purity water used in all experiments with a resistivity greater than 18.2 MΩ cm was 

generated from a three-stage Millipore Milli-Q plus 185 purification system (Millipore 

Corporation).  

 

4.3.2 Synthesis of Mesoporous Silica (MS) Particles 

MS particles were synthesised following the same protocols described in Chapter 3 (3.3.2).25 

Briefly, 1.1 g of CTAB was completely dissolved in 50 mL of water under constant stirring. 

Then, 4.3 g of PAA solution (35 wt% in water) was added to the above solution. When the 

solution turned clear after ca. 20 min, 3.5 mL of ammonium hydroxide solution (28–30%) was 

added under vigorous stirring. Then, 4.46 mL of TEOS was added to the above milky 

suspension after stirring for 20 min. The suspension was further stirred for 15 min and finally 

transferred into a Teflon-sealed autoclave allowing 48 h reaction between 80 and 90 ℃. After 

washing with water and ethanol, and subsequent drying at 80 ℃, the synthesised MS particles 

were finally calcined at 550 ℃ for 30 h for the removal of organic materials. 

 

4.3.3 Synthesis of MS@PEG and PEG Particles 

MS@PEG and PEG Particles were fabricated by using the same protocols described in Chapter 

3 (3.3.3).25 Briefly, 480 μL of 8-arm-PEG-NH2 solution (5 mg mL−1 in 100 mM, pH 8.0 

phosphate buffer) was added to approximately 6 mg of MS particles for overnight incubation 
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with constant shaking. 8-Arm-PEG-NH2 was infiltrated into the pores of the MS particles 

driven by electrostatic interactions. After removing the excessive polymer by washing with 

phosphate buffer three times, the particles were subsequently incubated in 400 μL of 8-arm-

PEG-NHS solution (2 mg mL−1 in phosphate buffer) for 2 h to form a cross-linked polymer 

network by the covalent bonding between 8-arm-PEG-NH2 and 8-arm-PEG-NHS. MS@PEG 

particles were labelled with AF488-NHS (5 μL, 1 mg mL−1 in anhydrous DMSO) during the 

cross-linking step. The resultant particles were washed three times with water to remove 

unreacted cross-linker and dye. PEG particles were obtained by dissolving the MS templates 

with a 2 M HF/8 M NH4F solution (pH ∼5). Caution! HF is highly toxic and extreme care 

should be taken during handling HF solution. The resultant PEG particles were washed three 

times with water and resuspended in water. 

 

4.3.4 Poly(methacrylic acid) (PMA) Functionalisation 

Thiol-modified PMA (PMAPDA) was synthesised as described previously via formation of 

amide bond between the carboxyl groups of PMA and amine groups of PDA mediated by 

EDC.27 In a typical experiment, 458 mg of PMA solution (30 wt% in water, 1 equiv.) was 

diluted into 4.875 mL of sodium phosphate buffer (10 mM, pH 7.4). The resulting solution was 

allowed to react with 97.5 mg of EDC (0.4 equiv.) with stirring for 20 min. Then 70.56 mg of 

PDA (0.2 equiv.) in 3.538 mL of phosphate buffer was added to the above mixture and the pH 

was adjusted to 7.6. After incubation with constant shaking overnight, the mixture was 

transferred into a dialysis membrane (molecular weight cut-off 7000, Thermo) and allowed to 

dialyse thoroughly against water for three days, and finally, lyophilised for storage until further 

use. The thiolation degree of as-synthesised thiol-modified PMA (PMAPDA) was quantified as 

8% by using a NanoDrop 1000 spectrophotometer. Briefly, PMAPDA was reduced in 0.5 M 

DTT solution in MOPS buffer (20 mM, pH 8.0) and then diluted in NaOAc buffer (50 mM, pH 

4.0) to a final concentration of 0.5 mg mL−1. The thiolation degree was calculated according to 

the absorbance readings at 343 nm based on a standard curve. 

 

4.3.5 Synthesis of MS@PMASH and PMASH Particles 

MS@PMASH and PMASH particles were prepared according to a previously reported method.28 

Firstly, MS particles were modified with amine groups by incubating MS particles in a mixture 
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of ethanol, ammonia and APTES at a volume ratio of 20 : 1 : 1 overnight followed by thorough 

washing with ethanol and water. Approximately 3 mg of amine-modified MS particles were 

incubated in 5 mg mL−1 PMASH solution in NaOAc buffer (50 mM, pH 4.5) with constant 

shaking overnight. After washing with NaOAc buffer three times, the particles were exposed 

to a 10 mM chloramine T solution in MES buffer (50 mM, pH 6) for 2 min to allow cross-

linking of the polymer network. After washing with water and sodium phosphate buffer (10 

mM, pH 7.4), the resultant MS@PMASH particles were fluorescently labelled with AF488 

maleimide (5 µL, 1 mg mL−1 in DMSO) overnight under gentle shaking. PMASH particles were 

obtained by dissolving the silica templates with a 2 M HF/8 M NH4F solution (pH ∼ 5). Caution! 

HF is highly toxic and extreme care should be taken when handling the solution. The resultant 

fluorescently labelled PMASH particles were washed three times with sodium phosphate buffer 

(10 mM, pH 7.4). 

 

4.3.6 Particle Characterisation 

Fluorescence microscopy images were taken by using a differential interference contrast (DIC) 

(U-DICT, Olympus) / inverted fluorescence combined microscope (Olympus IX71) equipped 

with a 100× oil immersion objective. Transmission electron microscopy (TEM) images were 

taken with a FEI Tecnai TF20 instrument operating at the voltage of 80 kV for PEG particles 

and 120 kV for other particles. The TEM samples were prepared by dropping aqueous particle 

suspension onto plasma-treated formvar-coated copper grids followed by air-drying. Scanning 

electron microscopy (SEM) images were taken with a Philips XL30 instrument at an operation 

voltage of 15 kV. The SEM samples were prepared by placing a drop of particle suspension 

onto clean silicon wafers, followed by sputter-coating with gold. The zeta potential of the 

particles was measured using a Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK). The 

size distribution of particles was measured by dynamic light scattering (DLS) (Malvern 

Instruments, Malvern, UK). The aerosol size distribution was measured by laser diffraction 

(Spraytec, Malvern, UK). Particle counting was carried out by using flow cytometry (Apogee 

Flow). Image analysis was conducted using ImageJ software. Nebulisation was performed 

using a PARI air-jet nebuliser (Trek® S Portable Aerosol System, PARI, USA).  
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4.3.7 Nebulisation of Particles 

Aerosol size distribution of nebulised particle suspensions (3 × 105 particles μL−1) using a PARI 

air-jet nebuliser was measured by laser diffraction (Spraytec, Malvern Instrruments) at 25 °C. 

To compare the particle properties before and after nebulisation, an aliquot of 2 mL of particle 

suspension was subjected to nebulisation for 5 min. The outlet of the nebuliser was attached to 

a pipette tip to direct the flow of aerosol into a 1.5 mL Eppendorf tube for the aerosol collection.  

 

4.3.8 Preparation of Artificial Mucus 

Artificial mucus was prepared according to a modified method.29 Generally, a mixture of 500 

mg of deoxyribonucleic acid (DNA), 250 mg of mucin, 250 mg of NaCl, 110 mg of KCl, 0.295 

mg of DTPA, 1 mL of RPMI-1640 media, and 250 μL of egg yolk emulsion were dissolved in 

water in a final volume of 50 mL. The artificial mucus was allowed to equilibrate at 25 °C for 

2 h and used within 24 h. 

 

4.3.9 Quartz Crystal Microbalance with Dissipation (QCM-D) Analysis 

QCM-D analysis of interactions between particles and artificial mucus was carried out by using 

a Q-Sense E4 quartz crystal microbalance from Biolin Scientific (Västra Frölunda, Sweden). 

Gold-coated quartz crystal microgravimetry sensor crystals purchased from ATA Scientific 

(Taren Point, Australia) were cleaned using Piranha solution prepared by mixing 98% sulfuric 

acid (H2SO4) and 30% hydrogen peroxide (H2O2) at v/v of 3:1. Caution! Piranha solution is 

extremely corrosive and reacts violently with organic materials. It should be handled with 

great care. The crystals were then rinsed extensively with Milli-Q water followed by ethanol, 

and dried under a nitrogen stream. Prior to use, the crystals were further cleaned using a UV-

ozone cleaner (BioForce Nanosciences, IA) for 30 min. Experiments were conducted at 37 °C 

at a flow rate of 200 μL min−1. The frequency values of the third overtone were recorded for 

the data analysis, and the fifth, seventh, and ninth overtones all followed similar trends. DPBS 

was firstly injected into the flow cell to allow a stable baseline. After stabilisation of the signals, 

10 × diluted artificial mucus was introduced to the crystal until stabilisation. After rinsing with 

DPBS three times (approximately 15 min each rinse) to remove unbound components, a stable 

mucus layer was established. PMASH or PEG particle suspensions (1 × 106 particles µL−1 in 

water) were introduced to the crystal allowing incubation for approximately 20 min. Finally, 
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unbound particles were removed by rinsing with DPBS twice (approximately 20 min each 

rinse). 

 

4.3.10 Air-Liquid Interface (ALI) Cell Culture 

ALI cell culture was set up by using a previously reported method.30 Primary human bronchial 

epithelial cells (HBECs) obtained from Lonza (Waverley, Australia) were cultured using B-

ALI Bronchial Air-Liquid Interface Medium BulletKit according to the manufacturer’s 

protocols (50 000 cells per well). The cells were cultured for differentiation for over 21 days 

at an air-liquid interface on fibrillar collagen-coated 24-well Corning Transwell 0.4 μm pore 

polyester membrane cell culture inserts (Sigma-Aldrich, MO, USA). Cell differentiation was 

monitored and confirmed by the measurements of trans-epithelial electrical resistance (TEER) 

and visualisation of beating cilia. After starvation of the cell culture for 24 h by replacing the 

complete media with minimal media (Table S4.2), MS@PMASH, PMASH, MS@PEG or PEG 

particles with the size of ~400 nm were added onto the apical surface of the cell culture at a 

particle/cell ratio of 100:1, and then incubated for 24 hours at 37 ℃. After incubation, the cell 

culture was washed with DPBS twice to remove free particles and then fixed with 10% neutral 

buffered formalin solution. The fixed cell culture was stained with Hoechst 33342 (0.1 mg 

mL−1) and imaged by confocal microscope. 

 

4.4 Results and Discussions 

4.4.1 Particle Synthesis and Characterisation 

MS particles with a bimodal pore structure consisting of smaller mesopores in the 2−3 nm 

range and larger mesopores ranging from 15 nm to 60 nm were synthesised as described above 

(Figure S4.1).31 PMASH and PEG particles were prepared from PMASH and PEG building 

blocks, respectively, via MS particle templating. For the adsorption of PMASH, the MS particle 

templates were modified with amine groups to make the surface positively charged (from −24.4 

mV to 16.8 mV in pH 7.4 phosphate buffer) for the electrostatic interaction with PMASH 

polymer (Figure S4.2b). The amine-modified MS particles (MS-NH2) maintained 

monodispersity with similar size to the initial MS particles (Figure S4.2a). PMASH or PEG-

NH2 was infiltrated into the porous structure of the templates followed by cross-linking, 

resulting in MS@PMASH and MS@PEG particles, respectively. After template removal, 
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PMASH or PEG particles were obtained. Particles were subsequently labelled with fluorescence 

dye Alexa Fluor 488 to enable visualisation and imaging.  

The characterisation shown in Figure 4.1 and Figure 4.2 reveals the dispersity, morphology 

and structure of the MS@PMASH, PMASH, MS@PEG and PEG particles. The fluorescence 

microscopy images (Figure 4.1a1–d1) show the monodispersity and homogenous fluorescence 

of all the particles in aqueous solution. TEM images (Figure 4.2a1–d1) show the detailed 

morphology and structure of particles in the dry state. MS@PMASH particles were observed to 

be more dense (appear darker) compared to MS@PEG particles due to the adsorption of 

polyelectrolyte. PMASH particles exhibited a dense, rigid, smooth spherical structure with a 

thickness of 343.1 ± 24.8 nm from analysis of air-dried particles by AFM (Table 4.1), while 

PEG particles appeared collapsed after air-drying with a thickness of 55.9 ± 4.1 nm as a result 

of dehydration and had a relatively loose and rough structure.25-26  

PMASH-based and PEG-based particles exhibited different surface properties. MS@PMASH 

and PMASH particles had a zeta potential of ~ −31 mV in phosphate buffer (5 mM, pH 7.4), 

which was much more negatively charged than MS@PEG particles with ~ −14 mV mainly due 

to the presence of MS. After MS removal, PEG particles exhibited near neutral charge at pH 

7.4 (Table 4.1). 

 

Table 4.1. Zeta potential and thickness of particles. 

Particles 
Zeta potential in 

buffera (mV) 

Thickness in 

dry stateb (nm) 

MS@PMASH −31.8 ± 0.9 - 

PMASH −30.7 ± 0.8 343.1 ± 24.8 

MS@PEG −13.9 ± 0.5 - 

PEG −4.2 ± 0.2 55.9 ± 4.1 

a 5 mM phosphate buffer (pH 7.4). 

b The air-dried particle thickness was determined from the distance between the highest point 

on the particle and the substrate surface using AFM. Twenty particles were analysed for each 

sample. 
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4.4.2 Nebulisation of Particles 

PMASH and PEG particles have previously been investigated for the delivery of therapeutics, 

including vaccines and anti-cancer agents.26, 32 To demonstrate their potential for pulmonary 

delivery, the MS@PMASH, PMASH, MS@PEG and PEG particles were aerosolised using an 

air-jet nebuliser which generates fine inhalable aerosol droplets from a liquid of particle 

suspension by using compressed air.  

To investigate the amenability of particles to the nebulisation process and compare the particle 

properties before and after nebulisation, the nebulised particles were collected for further 

characterisation by attaching a pipette tip to the outlet of the nebuliser to direct the flow of 

aerosol into an Eppendorf tube. The MS@PMASH, PMASH, MS@PEG and PEG particles 

remained well-dispersed in aqueous solution without aggregation after nebulisation (Figure 

4.1a2–d2), and there was no significant shift of the particle size distribution following 

nebulisation (Figure 4.3). The particles maintained intact with the morphology and structure 

not damaged or altered by nebulisation as observed from the TEM images (Figure 4.2a2–d2), 

which indicates that all of the particles investigated in our study were able to tolerate the 

nebulisation process. 

Aerosol size distribution of different particle suspensions were measured by laser diffraction 

as shown in Figure S4.3 and Table S4.1. The droplet volume median diameters (Dv(50)) of 

water, MS@PMASH, PMASH, MS@PEG and PEG particles are all around 5 µm and in the 

desirable range (1−5 μm) for pulmonary delivery, indicating that the aerodynamic diameter of 

the liquid aerosol carrying different particles is primarily influenced by the nebuliser properties . 
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Figure 4.1. Fluorescence microscopy images of AF488-labelled MS@PMASH, PMASH, 

MS@PEG and PEG particles before (a1–d1) and after (a2–d2) nebulisation. The scale bars are 

10 µm. 

 

 

Figure 4.2. TEM images of MS@PMASH, PMASH, MS@PEG and PEG particles before (a1−d1) 

and after (a2−d2) nebulisation. The scale bars are 2 µm. 
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Figure 4.3. Size distribution of MS@PMASH, PMASH, MS@PEG and PEG particles before and 

after nebulisation determined by DLS.  

 

4.4.3 Particle−Mucus Interactions by QCM-D Analysis 

To study the interactions between particles and mucus, QCM-D analysis was conducted by 

measuring the adsorption of PMASH particles and PEG particles to the artificial mucus-

modified sensors (Figure 4.4). QCM-D allows real-time monitoring of adsorption processes as 

mass is adsorbed leading to the decrease in the frequency of an oscillating piezo-electric crystal. 

Upon the introduction of mucus to the flow module, the adsorption of mucus components 

resulted in an immediate decrease in frequency, indicating a mass increase in the system. After 

rinsing with buffer to remove the unbound mucus, a stable mucus layer was established on the 

sensor with the decrease in frequency (∆f) of ~40 Hz. The subsequent introduction of PMASH 

particles to the mucus-modified sensor led to a rapid decrease in frequency (overall ∆f ~25 Hz) 

indicating an increase in mass, which reveals the strong adhesion of PMASH particles to the 

mucus layer probably due to the formation of disulfide bonding between the thiol groups of 

PMASH particles and the cysteine groups of mucin, and this process appears to occur 

immediately (within 1 min).14, 33 In contrast, PEG particles were not detected to be adsorbed 
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onto the mucus layer with a negligible ∆f after the introduction of PEG particles, confirming 

the poor mucoadhesive characteristic and low-fouling property of PEG particles resulting from 

the large excluded hydrated cloud that strongly repels the binding of biological components in 

mucus. 

 

 

Figure 4.4. Changes in frequency (∆f) with time recorded by QCM-D showing the interactions 

between artificial mucus with PMASH particles and PEG particles. The frequency values quoted 

are for the third overtone only; the fifth, seventh, and ninth overtones all followed similar trends. 

 

4.4.4 Particles in ALI Cell Culture 

To investigate the behaviour of MS@PMASH, PMASH, MS@PEG and PEG particles in a 

relatively physiological environment, ALI cell cultures consisting of differentiated human 

respiratory epithelial cells from primary human bronchial epithelial cells (HBECs) were 

established. ALI cell cultures as a relevant in vitro model provide mimic in vivo conditions of 

the airway epithelium.34-36 MS@PMASH, PMASH, MS@PEG or PEG particles with diameters 

~400 nm were added onto the apical surface of well-differentiated ALI cell cultures (Scheme 

4.1c) at a particle/cell ratio of 100:1 for 24 h incubation at 37 ℃. The cell culture was then 

washed with DPBS to remove free particles and fixed for staining and imaging. The mucus 

distribution on ALI cell culture was determined by Hoechst 33342 staining due to the presence 

of high content of DNA in mucus. As observed in the confocal microscopy images (Figure 4.5), 
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MS@PMASH and PMASH particles were entrapped in the apical mucus layer potentially due to 

the interactions between the thiolated particle surface and the biological components in the 

mucus layer, whereas MS@PEG and PEG particles were not detected in the culture, indicating 

their negligible adhesion to the mucus. Due to the size filtering of mucin fibres and week 

vertical driven forces, MS@PEG and PEG particles did not penetrate through the mucus layer 

present at the apical site, and were removed during the rinsing steps. The results are in 

accordance with the results derived from the QCM-D analysis in 4.4.3. As mucins are large 

molecules forming into cross-linked network with an average mesh diameter from tens of 

nanometer to hundreds of nanometer37 and only particles smaller than the mesh space have 

chances to diffuse through the mucus layer, engineering particle size and density in addition to 

the surface property may help them penetrate through mucus layer. 

 

Figure 4.5. Confocal microscopy images of ALI cell culture treated with (a) MS@PMASH, (b) 

PMASH, (c) MS@PEG and (d) PEG particles (green), captured as a volume view. The nuclei 

and mucus (blue) were stained with Hoechst 33342. The scale bars are 50 µm. 



135 

 

4.5 Conclusions 

This chapter investigated the particle−mucus interactions in the lungs by comparing PMASH-

based particles and PEG-based particles which exhibit distinct structure and surface properties 

by using artificial mucus and an ALI cell culture model. The amenability of particles to the 

nebulisation process were also investigated. MS@PMASH, PMASH, MS@PEG and PEG 

particles were found to be amenable to the nebulisation process maintaining their original 

structure and morphology without aggregation, with a droplet size of ~5 μm which is in the 

desirable size range for pulmonary delivery. PMASH particles exhibited strong adhesion to the 

artificial mucus as evaluated by QCM-D, probably due to the interactions between the thiol 

groups of PMASH particles and the cysteine groups of mucin. In contrast, PEG particles showed 

negligible adsorption onto the mucus layer, confirming the poor mucoadhesive characteristic 

and low-fouling property of PEG particles. The particle behaviours in ALI cell culture were 

consistent with the results derived from the QCM-D analysis, with MS@PMASH and PMASH 

particles stuck in the mucus layer and no detectable adhesion of MS@PEG and PEG particles 

to the mucus. Taken together, this study demonstrates the potential of PMASH-based particles 

and PEG-based particles which exhibit different structure and surface properties for pulmonary 

delivery via nebulisation, and provides a preliminary understanding of the interactions of 

distinct particles with airway mucus and insight on modulating nanoengineered materials for 

biomedical applications in pulmonary delivery. 

 

4.6 Supporting Information 

 

Figure S4.1. (a) SEM and (b) TEM image of 800 nm MS particles. (c) TEM image of 400 nm 

MS particles. 
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Figure S4.2. (a) Size distribution and (b) zeta potential of 400 nm and 800 nm mesoporous 

silica particles with or without amine group modification (denoted as MS-NH2 and MS, 

respectively). 

 

 

Figure S4.3. Aerosol size distribution of nebulised water, and MS@PMASH, PMASH, 

MS@PEG and PEG particle suspensions as evaluated by laser diffraction. 
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Table S4.1. Droplet size of different particle suspensions 

Particles 
Droplet size 

Dv(50) (μm) 

MS@PMASH 5.419 

PMASH 5.620 

MS@PEG 5.654 

PEG 5.284 

Dv(50): The volume medium diameter 

 

Table S4.2. Components in complete media vs minimal media for the ALI cell culture 

Component Complete media Minimal media Source 

BPE (Bovine 

Pituitary Extract) 
52 g protein contents mL−1 - SingleQuots 

rhEGF 0.5 ng mL−1 - SingleQuots 

Hydrocortisone 0.5 g mL−1 (1.4 M) 0.035 g mL−1 (0.1 M) SingleQuots 

Insulin 5 g mL−1 (0.87 M) 1 g mL−1 (0.18 M) SingleQuots 

Transferrin 10 g mL−1 (0.125 M) As complete media SingleQuots 

Epinephrine 0.5 g mL−1 (2.7 M) As complete media SingleQuots 

Triiodothyronine 6.5 ng mL−1 (0.01 M) As complete media SingleQuots 

Gentamicine 50 g mL−1 As complete media SingleQuots 

Amphotericin B 50 ng mL−1 As complete media SingleQuots 

Retinoic acid 5 × 10-8 M As complete media SingleQuots 

BSA 3 g mL−1 As complete media Sigma 
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5.1 Aim 

Nanoengineered particles have been found to adsorb biomolecules, especially proteins, when 

they enter a biological environment, which results in the formation of a ‘protein corona’ around 

particles. This theory has primarily considered the interactions of particles with components in 

blood plasma. Pulmonary surfactant is a complex biological aqueous mixture in deep lungs, 

composed of high contents of surfactant specific proteins, lipids, DNA and other components. 

The surface association of these components results in a complex corona, which is likely to be 

different from the one formed in blood plasma. Therapeutics for systemic circulation via 

pulmonary delivery go through the lung surfactant layer before entering the blood circulation 

system, while injected therapeutics targeting the lung regions contact blood plasma first before 

they cross the lung environment. This chapter aims to study the role of the protein corona in 

the modulation of particle−cell interactions, focusing on the interplay of pulmonary corona and 

plasma protein corona on the macrophage clearance of polymer particles to mimic different 

administration routes. 

 

5.2 Introduction 

The interactions of nanoengineered particles with biological fluids upon entering a 

physiological environment, such as the adsorption of biomacromolecules and the resultant 

formation of a biomolecular corona on particle surface, endow the particles with a ‘biological 

identity’ that might be different from their original ‘synthetic identity’, which could in turn 

alter their interactions with cells and the eventual fate in the biological system.1-3 The 

biomolecular corona is generally composed of two parts with an inner tightly bound near-

monolayer termed ‘hard corona’ and an outer layer termed ‘soft corona’ in which components 

are associated more loosely by lower affinity with a higher protein exchange rate.4 The 

formation of a biomolecular corona is influenced by both the particle physicochemical 

properties including size, shape, surface chemistry and elasticity, and the distinct composition 

of the surrounding physiological environments.5 As the interactions between particles and 

biological fluids are highly dynamic processes with continuous adsorption and desorption of 

components on the particle surface, the components associated with particles are likely to be 

replaced leading to an altered composition of the biomolecular corona during the transportation 

of particles from one biological environment to another.6-7 
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The pulmonary surfactant layer covering the epithelial cells in the deep lungs is a complex 

biological aqueous mixture consisting of high proportions of surfactant specific proteins, lipids, 

DNA and other components, constituting the important line of body defence at the air-blood 

barrier.8 Therapeutics or particles for systemic circulation via pulmonary delivery will 

encounter the lung surfactant environment in the lungs before entering the blood circulation 

system.9 The surface association of the components in pulmonary surfactant will result in a 

complex mixed corona around particles, which is likely to be different from the conventionally 

studied protein corona formed in blood plasma, and can potentially affect the downstream 

biological interactions in blood. On the other hand, therapeutics targeted for the lung regions 

via the traditional administration route of injection will contact blood first, followed by the 

lung environment. Despite the numerous investigations on the interaction of particles with 

blood plasma,10-14 less attention has been paid to the formation and composition of the 

pulmonary corona around inhaled particles and its influence on subsequent biological 

responses, such as macrophage clearance which results in the poor efficacy of nanomaterial 

delivery to the target cells or tissues and bioavailability of nanomaterials in the body. Recently, 

some studies have reported the proteomic and lipidomic analysis of the pulmonary corona,8 

there is little known about the interplay of the pulmonary corona and plasma protein corona on 

particle−cell interactions during the delivery of particles via different administration routes. 

In this chapter, the role of the pulmonary corona and plasma protein corona in the cellular 

associations of particles with different physicochemical properties was studied. The specific 

aim was to explore the interplay of pulmonary corona and plasma protein corona on the 

macrophage uptake of polymer particles to mimic different administration routes. Modified-

poly(methacrylic acid) (PMASH)-based particles and poly(ethylene glycol) (PEG)-based 

particles developed in Chapter 4 (Scheme 5.1a) were incubated in (i) mouse plasma, (ii) mouse 

bronchoalveolar lavage fluid (BALF), (iii) mouse plasma followed by BALF, or (iv) mouse 

BALF followed by plasma, to form (i) plasma protein corona-coated particles, (ii) lung protein 

corona-coated particles, (iii) plasma plus lung protein corona-coated particles, or (iv) lung plus 

plasma protein corona-coated particles, respectively (Scheme 5.1b). The composition of the 

protein coronas derived via different ways was analysed by mass spectrometry. The influence 

of various protein coronas on particle clearance by macrophages were investigated by using 

mouse alveolar macrophage MH-S cells and murine monocyte/macrophage-like RAW 264.7 

cells (Scheme 5.1b). Pulmonary corona, plasma protein corona and the mixed coronas altered 

the surface properties and cell association of engineered particles differently. The study reveals 
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that the protein corona initially formed from biological environment A can be partially retained 

when the particles are subsequently transferred into another biological environment B, and this 

effect is influenced by the sequence, which means that the resulting protein corona on particles 

transported from environment B then A is not necessarily equal to the protein corona formed 

from environment A then B. The interplay of both protein coronas determines the composition 

of the mixed protein corona, and influences particle properties and subsequent particle−cell 

interactions. 

 

 

Scheme 5.1 (a) Schematic illustration of the assembly of MS@PMASH particles (template 

present), PMASH particles (template removed), MS@PEG particles (template present) and PEG 

particles (template removed) via mesoporous silica (MS) particle templating. Adapted from 

Scheme 4.1. (b) Schematic illustration of the experimental setup: MS@PMASH, PMASH, 

MS@PEG, and PEG particles were incubated in (i) plasma, (ii) BALF, (iii) plasma followed 

by BALF, or (iv) BALF followed by plasma, to form (i) plasma protein corona-coated particles 

(denoted as PC-Plasma), (ii) lung protein corona-coated particles (denoted as PC-Lung), (iii) 
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plasma plus lung protein corona-coated particles (denoted as PC-Plasma+lung), or (iv) lung 

plus plasma protein corona-coated particles (denoted as PC-Lung+plasma), respectively, 

followed by incubating with mouse alveolar macrophage MH-S cells or murine 

monocyte/macrophage-like RAW 264.7 cells. 

 

5.3 Experimental Section 

5.3.1 Materials 

Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB), poly(acrylic acid) 

(PAA, Mw ~250 kDa, 35 wt% solution in water), ammonium hydroxide solution (NH3·H2O, 

28−30%), sodium phosphate dibasic(Na2HPO4), hydrofluoric acid (HF, 48 wt%), ammonium 

fluoride (NH4F), (3-aminopropyl)-triethoxysilane (APTES), poly(methacrylic acid, sodium 

salt) (PMA, Mw ~15 kDa, 30 wt% solution in water), N-(3-(dimethylamino)propyl)-N’-

ethylcarbodiimide hydrochloride (EDC), N-Chloro-p-toluenesulfonamide sodium salt 

(chloramine T), DL-dithiothreitol (DTT), 3-(N-morpholino)propanesulfonic acid (MOPS), 2-

(N-Morpholino)ethanesulfonic acid hydrate (MES), Dulbecco phosphate-buffered saline 

(DPBS), paraformaldehyde (PFA), mouse plasma, acetonitrile (CH3CN), tetraethylammonium 

bromide (TEAB), tris(2-carboxyethyl)phosphine hydrochloride (TCEP), trifluoroacetic acid 

(TFA), trifluoroethanol (TFE), iodoacetamide (IAM), trypsin from porcine pancreas 

(proteomics grade), and formic acid were obtained from Sigma-Aldrich (Australia). 8-arm-

poly(ethylene glycol) amine (8-arm-PEG-NH2, Mw 40 kDa) was obtained from JenKem 

Technology USA Inc. (China). 8-Arm-poly(ethylene glycol) succinimidyl succinate (8-arm-

PEG-NHS, hexaglycerol core, Mw 10 kDa) was purchased from Creative PEGWorks (USA). 

Pyridine dithioethylamine hydrochloride (PDA) was obtained from Shanghai Speed Chemical 

Co. Ltd. (China). Alexa Fluor 488 carboxylic acid succinimidyl ester (AF488-NHS), Alexa 

Fluor 488 C5 Maleimide (AF488 Maleimide), RPMI-1640 medium, fetal bovine serum (FBS), 

NuPAGE LDS sample buffer, NuPAGE sample reducing agent, SeeBlue Plus2 pre-stained 

protein standard, and SimplyBlue safe stain, Dulbecco's Modified Eagle's Medium (DMEM), 

wheat germ agglutinin Alexa Fluor 594 conjugate (WGA-594), Hoechst 33342 were purchased 

from Life Technologies (Australia). BioRad 4−20% Mini-PROTEAN TGX gel, and 

Tris/glycine/sodium dodecyl sulfate running buffer were purchased from BioRad (CA, USA).  
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High-purity water used in all experiments with a resistivity greater than 18.2 MΩ cm was 

generated from a three-stage Millipore Milli-Q plus 185 purification system (Millipore 

Corporation).  

 

5.3.2 Synthesis of Mesoporous Silica (MS) Particles 

MS particles were synthesised following the same protocol described in Chapter 3 (3.3.2).15 

Briefly, 1.1 g of CTAB was completely dissolved in 50 mL of water under constant stirring. 

Then, 4.3 g of PAA solution (35 wt% in water) was added to the above solution. When the 

solution turned clear after ca. 20 min, 3.5 mL of ammonium hydroxide solution (28–30%) was 

added under vigorous stirring. Then, 4.46 mL of TEOS was added to the above milky 

suspension after stirring for 20 min. The suspension was further stirred for 15 min and finally 

transferred into a Teflon-sealed autoclave allowing 48 h reaction between 80 and 90 ℃. After 

washing with water and ethanol, and subsequent drying at 80 ℃, the synthesised MS particles 

were finally calcined at 550 ℃ for 30 h for the removal of organic materials. 

 

5.3.3 Synthesis of MS@PEG and PEG Particles 

MS@PEG and PEG particles were fabricated by using a modified published method as 

described in Chapter 3 (3.3.3).15 Briefly, 480 μL of 8-arm-PEG-NH2 solution (5 mg mL−1 in 

100 mM, pH 8.0 phosphate buffer) was added to approximately 6 mg of MS particles for 

overnight incubation with constant shaking. 8-Arm-PEG-NH2 was infiltrated into the pores of 

the MS particles driven by electrostatic interactions. After removing the excessive polymer by 

washing with phosphate buffer three times, the particles were subsequently incubated in 400 

μL of 8-arm-PEG-NHS solution (2 mg mL−1 in phosphate buffer) for 2 h to form a cross-linked 

polymer network by the covalent bonding between 8-arm-PEG-NH2 and 8-arm-PEG-NHS. 

MS@PEG particles were labelled with AF488-NHS (5 μL, 1 mg mL−1 in anhydrous DMSO) 

during the cross-linking step. The resultant particles were washed three times with water to 

remove unreacted cross-linker and dye. PEG particles were obtained by dissolving the MS 

templates with a 2 M HF/8 M NH4F solution (pH ∼5). Caution! HF is highly toxic and extreme 

care should be taken during handling HF solution. The resultant PEG particles were washed 

three times with water and resuspended in water. 
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5.3.4 Poly(methacrylic acid) (PMA) Functionalisation 

Thiol-modified PMA (PMAPDA) was synthesised as described previously via formation of 

amide bond between the carboxyl groups of PMA and amine groups of PDA mediated by 

EDC.11 In a typical experiment, 458 mg of PMA solution (30 wt% in water, 1 equiv.) was 

diluted into 4.875 mL of sodium phosphate buffer (10 mM, pH 7.4). The resulting solution was 

allowed to react with 97.5 mg of EDC (0.4 equiv.) with stirring for 20 min. Then 70.56 mg of 

PDA (0.2 equiv.) in 3.538 mL of phosphate buffer was added to the above mixture and the pH 

was adjusted to 7.6. After incubation with constant shaking overnight, the mixture was 

transferred into a dialysis membrane (molecular weight cut-off 7000, Thermo) and allowed to 

dialyse thoroughly against water for three days, and finally, lyophilised for storage until further 

use. The thiolation degree of as-synthesised thiol-modified PMA (PMAPDA) was quantified as 

8% by using a NanoDrop 1000 spectrophotometer. Briefly, PMAPDA was reduced in 0.5 M 

DTT solution in MOPS buffer (20 mM, pH 8.0) and then diluted in NaOAc buffer (50 mM, pH 

4.0) to a final concentration of 0.5 mg mL−1. The thiolation degree was calculated according to 

the absorbance readings at 343 nm based on a standard curve. 

 

5.3.5 Synthesis of MS@PMASH and PMASH Particles 

MS@PMASH and PMASH particles were prepared according to a previously reported method 

as described in Chapter 4 (4.3.5).10 Firstly, MS particles were modified with amine groups by 

incubating MS particles in a mixture of ethanol, ammonia and APTES at a volume ratio of 20 : 

1 : 1 overnight followed by thorough washing with ethanol and water. Approximately 3 mg of 

amine-modified MS particles were incubated in 5 mg mL−1 PMASH solution in NaOAc buffer 

(50 mM, pH 4.5) with constant shaking overnight. After washing with NaOAc buffer three 

times, the particles were exposed to a 10 mM chloramine T solution in MES buffer (50 mM, 

pH 6) for 2 min to allow cross-linking of the polymer network. After washing with water and 

sodium phosphate buffer (10 mM, pH 7.4), the resultant MS@PMASH particles were 

fluorescently labelled with AF488 maleimide (5 µL, 1 mg mL−1 in DMSO) overnight under 

gentle shaking. PMASH particles were obtained by dissolving the silica templates with a 2 M 

HF/8 M NH4F solution (pH ∼ 5). Caution! HF is highly toxic and extreme care should be taken 

when handling the solution. The resultant fluorescently labelled PMASH particles were washed 

three times with sodium phosphate buffer (10 mM, pH 7.4). 
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5.3.6 Particle Characterisation 

Fluorescence microscopy images were taken by using a differential interference contrast (DIC) 

(U-DICT, Olympus) / inverted fluorescence combined microscope (Olympus IX71) equipped 

with a 100× oil immersion objective. Transmission electron microscopy (TEM) images were 

taken with a FEI Tecnai TF20 instrument operating at the voltage of 80 kV for PEG particles 

and 120 kV for other particles. The TEM samples were prepared by dropping aqueous particle 

suspension onto plasma-treated formvar-coated copper grids followed by air-drying. Scanning 

electron microscopy (SEM) images were taken with a Philips XL30 instrument at an operation 

voltage of 15 kV. The SEM samples were prepared by placing a drop of particle suspension 

onto clean silicon wafers, followed by sputter-coating with gold. The zeta potential of particles 

was measured by a Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK). The size 

distribution of particles was measured by dynamic light scattering (DLS) (Zetasizer Nano-ZS, 

Malvern Instruments, Malvern, UK). Particle counting was carried out by using flow cytometry 

(Apogee Flow). Image analysis was conducted using ImageJ software. 

 

5.3.7 Collection of Mouse Bronchoalveolar Lavage Fluid (BALF) 

Lavage procedure of the mouse lungs was carried out by using a reported method.16 All 

procedures were conducted in accordance with ethical guidelines from the University of 

Melbourne Animal Ethics Committee (AEEC#1513736.1). The trachea of lethally anesthetized 

C57Bl/6 mice (20–25 g) was surgically exposed and intubated with a syringe catheter. The 

lungs were lavaged with DPBS four times (300 μL each time) and a total of ~1.2 mL of BALF 

was obtained from each mouse. After removal of the cells in BALF by centrifugation (2500 g, 

5 min) at 4 °C, the supernatant was stored at −80 °C until further use. Protein concentration in 

BALF was determined by using a Micro BCA Protein Assay Reagent (Fisher Thermo Scientific) 

according to the manufacturer’s protocol. Absorbance of samples at 562 nm was converted to 

the protein concentration based on a standard curve generated with serial dilutions of bovine 

serum albumin (BSA) (0−40.0 µg mL−1). 
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5.3.8 Formation of Protein Corona-Coated Particles 

MS@PEG particles, PEG particles, MS@PMASH or PMASH particles (2 × 108 dispersed in 

DPBS) were incubated in 100 μL of 10 mg mL−1 mouse plasma or BALF for 1 h at 37 ℃ with 

constant shaking (600 rpm), and then washed with DPBS thoroughly resulting in plasma 

protein corona-coated particles or lung protein corona-coated particles, respectively. The as-

obtained protein corona-coated particles were further incubated in 100 μL of as-obtained BALF 

or 10 mg mL−1 mouse plasma for 1 h at 37 ℃ with shaking, followed by extensive washing 

with DPBS, to form (i) plasma plus lung protein corona-coated particles or (ii) lung plus plasma 

protein corona-coated particles. These protein corona-coated particles were used directly for 

particle characterisation, cell association and protein corona analysis. 

 

5.3.9 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

The plasma protein corona-coated particles, lung protein corona-coated particles, plasma plus 

lung protein corona-coated particles, or lung plus plasma protein corona-coated particles, were 

obtained using the above described method (5.3.8). The adsorbed proteins were eluted from 

the particles by incubating particles with NuPAGE LDS sample buffer and NuPAGE sample 

reducing agent, followed heating at 70 °C for 10 min. After removal of particles by 

centrifugation, the supernatant was loaded on the 4−20% Mini-PROTEAN TGX gel (BioRad) 

running at 120 V for 40 min. Diluted mouse plasma and BALF were loaded as controls. After 

washing with RO water, the gel was stained with SimplyBlue overnight, and rinsed with RO 

water three times prior to imaging. 

 

5.3.10 Proteomics Analysis by Mass Spectrometry 

The protein corona-coated particles were obtained using the above described method (5.3.8). 

Samples for mass spectrometry analysis were prepared following a standard protocol. Briefly, 

the protein corona-coated particles were incubated in a mixture of 25 µL of 100 mM TEAB, 

25 µL of TFE and 2.5 µL of 200 mM TCEP at 60 °C for 45 min for protein denaturation. 10 

µL of 200 mM IAM (in 50 mM TEAB) was then added to the mixture, allowing 45 min-

incubation at room temperature in the dark. Then, 2.5 µL of 200 mM TCEP was added to the 

mixture for 30 min-incubation at room temperature in the dark, to destroy the excess IAM. 

After that, the mixture was diluted by adding 300 µL of water and the pH was raised to between 
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7.5 and 8.0 by adding 100 µL of 100 mM TEAB. The eluted proteins were digested by 

incubating with 0.2 µg of trypsin overnight at 37 °C. The trypsin activity was stopped by adding 

2 µL of formic acid to lower the pH. The resultant mixture was centrifuge at 15000 g for 10 

min to remove any pellets. The collected supernatant was freeze dried followed by 

resuspending in 20 µL of 2% CH3CN/0.05% TFA.  

Three replicates of each samples were analysed by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) using a QExactive plus Orbitrap mass spectrometer (Thermo 

Scientific) with a with a nanoESI interface in conjunction with an Ultimate 3000 RSLC 

nanoHPLC (Dionex Ultimate 3000). The LC system was equipped with an Acclaim Pepmap 

nano-trap column (Dinoex-C18, 100 Å, 75 µm × 2 cm) and an Acclaim Pepmap RSLC 

analytical column (Dinoex-C18, 100 Å, 75 µm × 50 cm). The tryptic peptides were injected to 

the enrichment column at an isocratic flow of 5 µL min−1 of 2% v/v CH3CN containing 0.1% 

v/v formic acid for 5 min applied before the enrichment column was switched in-line with the 

analytical column. The eluents were 0.1% v/v formic acid (solvent A) and 100% v/v CH3CN 

in 0.1% v/v formic acid (solvent B). The flow gradient was as follows: (i) 0−6min at 3% B, (ii) 

6−40 min, 3−25% B, (iii) 40−48 min, 25−45% B, (iv) 48−50 min, 40−80% B, (v) 50−53 min, 

85−85% B, (vi) 53−54 min, 85−3% and equilibrated at 3% B for 10 minutes before the next 

sample injection. The QExactive plus mass spectrometer was operated in the data-dependent 

mode, whereby full MS1 spectra were acquired in positive mode, 70 000 resolution, AGC 

target of 3e6 and maximum IT time of 50 ms. Fifteen of the most intense peptide ions with 

charge states ≥ 2 and intensity threshold of 1.7e4 were isolated for MS/MS. The isolation 

window was set at 1.2m/z and precursors fragmented using normalised collision energy of 30 

at 17 500 resolution, AGC target of 1e5 and maximum IT time of 100 ms. Dynamic exclusion 

was set to be 30 s. 

Raw files were processed using the MaxQuant platform (version 1.6.10.43) and searched 

against UniProt human database (January 2019) using default settings for Orbitrap 

instrument.17 Trypsin was selected as the enzyme with the number of maximum missed 

cleavages set to 2. Fixed modification was carbamidomethyl of cysteine while variable 

modifications included acetyl (protein N-terminus) and oxidation of methionine. False 

discovery rate (FDR) was set to 1% on both protein and peptide level. Label free quantitation 

required a minimum of two peptides with at least one razor or unique peptide. Protein groups 

identified in MaxQuant were imported into Perseus for further analysis.18 
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5.3.11 Cell Culture 

Mouse alveolar macrophage MH-S cells obtained from American Type Culture Collection 

(ATCC, USA) were maintained in complete RPMI-1640 media containing 10% FBS and 0.05 

mM 2-mercaptoethanol at 37 °C in a 5% CO2 humidified atmosphere. Mouse RAW 264.7 cells 

(ATCC, USA) were cultured in complete DMEM containing 10% FBS and 2 mM glutamine 

at 37 °C in a 5% CO2 humidified atmosphere. 

 

5.3.12 Cell Association by Flow Cytometry 

MH-S cells or RAW 264.7 cells were treated with AF488-labelled MS@PMASH, PMASH, 

MS@PEG or PEG particles in the absence or presence of various protein coronas (bare 

particles, plasma protein corona-coated particles, lung protein corona-coated particles, plasma 

plus lung protein corona-coated particles, and lung plus plasma protein corona-coated particles) 

in serum free medium at a particle-to-cell ratio of 100:1 (8 × 104 cells per well, 24-well plate). 

After 2 h incubation at 37 ℃, the cells were detached from the plate using trypsin and 

subsequently washed with DPBS three times by centrifugation at 100 g, 10 min for MH-S cells, 

and 300 g, 5 min for RAW 264.7 cells. The resultant cell pellets were resuspended in DPBS 

and analysed by flow cytometry (Accuri Flow). 

 

5.3.13 Cell Association by Confocal Microscopy 

MH-S cells or RAW 264.7 cells were treated with AF488-labelled MS@PMASH, PMASH, 

MS@PEG or PEG particles in the absence or presence of various protein coronas (bare 

particles, plasma protein corona-coated particles, lung protein corona-coated particles, plasma 

plus lung protein corona-coated particles, and lung plus plasma protein corona-coated particles) 

in serum free medium at a particle-to-cell ratio of 100:1 (5 × 104 cells per well, 8-well Lab-Tek 

chambered coverglass slides) at 37 ℃ for 2 h. After incubation, the cells were gently washed 

with DPBS and then fixed with paraformaldehyde (4% in DPBS) for 15 min at room 

temperature. The fixed cells were then stained with WGA-594 (5 μg mL−1) for 5 min and 

Hoechst 33342 (0.1 mg mL−1) for 5 min at room temperature. 
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Cell association imaging was carried out using a laser scanning confocal microscope (Nikon 

Corporation, Japan) equipped with a Plan Apo λ 60× 1.4 NA oil immersion objective, and 405, 

488, 561, and 640 nm lasers. Images were analysed by ImageJ software. 

 

5.4 Results and Discussions 

5.4.1 Particle Preparation and Characterisation 

MS particles with an average diameter of 891 ± 83 nm were synthesised as described above 

(Figure S5.1). PMASH particles which showed high cell association as reported in previous 

study,19 and PEG particles which exhibited ‘stealth property’ in bloodstream,15 were used in 

this study for comparison. PMASH and PEG particles were prepared from PMASH and PEG 

building blocks, respectively, via MS particle templating. For the adsorption of PMASH, the 

MS particle templates were modified with amine groups to make the surface positively charged 

(from −24.4 mV to 16.8 mV in pH 7.4 phosphate buffer) for the electrostatic interaction with 

PMASH polymer. The amine-modified MS particles (MS-NH2) maintained monodispersity 

with similar size to the initial MS particles (Figure S5.2). PMASH or PEG-NH2 was infiltrated 

into the porous structure of the templates followed by crosslinking, resulting in MS@PMASH 

or MS@PEG particles. After template removal by HF, PMASH or PEG particles were obtained. 

Particles were subsequently labelled with fluorescence dye Alexa Fluor 488 to enable 

visualisation and imaging.  

The characterisation shown in Figure 5.1 reveals the dispersity, morphology and structure of 

the MS@PMASH, PMASH, MS@PEG and PEG particles. The fluorescence microscopy images 

(Figure 5.1a1–d1) show the monodispersity and homogenous fluorescence of all the particles 

in aqueous solution. TEM images (Figure 5.1a2–d2) show the detailed morphology and 

structure of particles in the dry state. MS@PMASH particles were observed to be more electron 

dense compared to MS@PEG particles due to the adsorption of PMASH. PMASH particles 

exhibited a dense, rigid, smooth spherical structure with a thickness of 343.1 ± 24.8 nm from 

analysis of air-dried particles by AFM, while PEG particles appeared collapsed after air-drying 

with a thickness of 55.9 ± 4.1 nm as a result of dehydration and had a relatively loose and rough 

structure.  

MS@PMASH, PMASH, MS@PEG, and PEG particles were incubated in (i) plasma, (ii) BALF, 

(iii) plasma followed by BALF, or (iv) BALF followed by plasma, to form (i) plasma protein 
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corona-coated particles, (ii) lung protein corona-coated particles, (iii) plasma plus lung protein 

corona-coated particles, or (iv) lung plus plasma protein corona-coated particles, respectively, 

following the methods described in 5.3.8. 

 

Figure 5.1. Fluorescence microscopy images of AF488 fluorescently labelled (a1) 

MS@PMASH, (b1) PMASH, (c1) MS@PEG and (d1) PEG particles. TEM images of (a2) 

MS@PMASH, (b2) PMASH, (c2) MS@PEG and (d2) PEG particles. Scale bars are 10 μm in 

(a1–d1), and 1 μm in (a2–d2). Modified from Figure 4.1 and 4.2. 

 

5.4.2 Protein Corona Effects on Particle Surface Charge 

To evaluate the effect of protein corona on particle surface charge, the zeta potential of the 

particles with or without protein corona was measured using microelectrophoresis (Figure 5.2a). 

The bare PMASH-based and PEG-based particles without protein corona exhibited different 

surface properties. MS@PMASH and PMASH particles both had a zeta potential of ~ −31 mV 

in phosphate buffer (5 mM, pH 7.4), which was much more negatively charged than MS@PEG 

particles with zeta potential of ~ −14 mV, due to the different surface chemistry. PEG particles 

exhibited near neutral charge at pH 7.4. In general, the adsorption of proteins from BALF 

and/or plasma resulted in neutralisation of the particle surface charge for MS@PMASH and 

PMASH particles, whereas this charge neutralisation effect was negligible for MS@PEG and 

PEG particles probably due to the repulsion force from the hydrated PEG surface. The heatmap 

of the statistical analysis (Figure 5.2b) showed the significant differences between different 

protein corona-coated particles. Notably, plasma protein corona, plasma plus lung protein 

corona, and lung plus plasma protein corona resulted in similar alteration of particle surface 
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charge, suggesting that the plasma protein corona played a dominant role in the eventual mixed 

protein corona no matter with the sequence of protein corona formation. The lung protein 

corona had less influence on the particle surface charge probably due to the more diluted 

protein concentration (~180 µg mL−1) in BALF, and resultant lower amount of adsorbed 

proteins and different protein composition of the lung corona on particles (Figure 5.6).  

 

 

Figure 5.2. (a) Zeta potential and (b) corresponding statistic analysis of MS@PMASH, PMASH, 

MS@PEG or PEG particles without a protein corona (PC) (A: bare) or with different protein 

coronas (B: PC-Plasma; C: PC-Lung; D: PC-Plasma+lung; and E: PC-Lung+plasma). Data are 

shown as the mean ± standard error of at least three independent experiments. ns p > 0.05, * p 

< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (one-way ANOVA with Tukey’s multiple 

comparisons test). 

 

5.4.3 Protein Corona Effects on Cell Association 

As a protein corona endows particles with a ‘biological identity’ that might be different from 

their original ‘synthetic identity’, we then investigated the effects of different protein coronas 

on the cell association of MS@PMASH, PMASH, MS@PEG and PEG particles using mouse 

alveolar macrophage MH-S cells and murine monocyte/macrophage-like RAW 264.7 cells. 

MS@PMASH, PMASH, MS@PEG and PEG particles were fluorescently labelled with AF488, 

and counted using flow cytometry before and after the formation of protein corona. MH-S cells 

and RAW 264.7 cells were treated with MS@PMASH, PMASH, MS@PEG and PEG particles 

in the absence or presence of various protein coronas (plasma, lung, plasma plus lung, and lung 
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plus plasma protein coronas) for 2 h at 37 ºC. The cells associated with particles were then 

evaluated quantitatively and qualitatively by flow cytometry (Figure 5.3) and confocal 

microscopy (Figure 5.4 and 5.5), respectively.  

In general, the formation of protein corona led to reduced cell association of MS@PMASH and 

PMASH particles, with stronger reduction for PMASH particles than MS@PMASH particles, 

which is consistent with a previous study of PMASH capsules and PMASH core-shell particles.12 

This is probably due to the difference of rigidity and deformability between MS@PMASH and 

PMASH particles. The protein corona, however, resulted in increased macrophage uptake of 

MS@PEG particles, but had negligible effect on PEG particles which retained a low level of 

cell association, for both MH-S cells and RAW 264.7 cells. This indicates that the effect of 

protein corona on particle−cell interactions was dependent on the particle properties (Figure 

5.3). The inhibition effect of protein corona on cell association of MS@PMASH and PMASH 

particles were likely due to the reduced free energy of the particle surface in the presence of 

protein corona, and a consequently decreased adhesion to the cell membrane of protein corona-

coated particles compared to bare particles.20-21 Furthermore, the adsorption of proteins could 

reduce the exposure of thiol groups present on MS@PMASH and PMASH particle surface, 

which have been found to enhance cellular association and internalisation via interactions with 

exofacial thiols on the cell surface,22 and thereby reduced the cell uptake. In contrast, protein 

corona promoted macrophage uptake for MS@PEG particles. In the absence of proteins corona, 

MS@PEG particles had little (~13%) association with cells due to limited interactions between 

the highly hydrated PEG surface and the cell surface.23 The presence of adsorbed proteins on 

particle surface enhanced the cell association to >40% for both MH-S cells and RAW 264.7 

cells. This could probably result from the protein−receptor interactions between specific 

components in the protein corona and cell recognition receptors on cell membranes as 

suggested in a previous study.24 The PEG particles retained a low level of cell association 

mainly due to the small amount of proteins adsorbed on the particles (Figure 5.6). 

Furthermore, it was found that different protein coronas played different roles in cell 

association of particles (Figure 5.3). Although the lung protein corona had limited influence on 

particle surface charge as shown in Figure 5.2, it altered their association with macrophages, 

especially for PMASH and MS@PEG particles. As shown in Figure 5.3a, the association of bare 

PMASH particles with MH-S cells was 94%, while in the presence of lung protein corona, the 

association was reduced to 82%. And the lung protein corona led to significantly increased cell 

association of MS@PEG particles (44%) compared to bare MS@PEG particles (13%). 
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Furthermore, although the particles exhibited similar zeta potential after coating with plasma, 

plasma+lung or lung+plasma protein corona (Figure 5.2), the cell associations of these particles 

were significantly different (Figure 5.3). For example, the plasma+lung protein corona resulted 

in 28% of PMASH particles associated with MH-S cells, which was significant lower than that 

of plasma protein corona (66%) and lung+plasma protein corona (67%). For MS@PEG 

particles, the cell association in the presence of plasma+lung protein corona was 72%, which 

was higher than that of plasma protein corona (63%) and lung+plasma protein corona (38%). 

Similar results were found for RAW 264.7 cells. These findings revealed that the protein 

corona altered the particle surface properties especially their biological identity in addition to 

the particle surface charge. Notably, the plasma+lung protein corona-coated particles and the 

lung+plasma protein corona-coated particles exhibited different levels of cell association under 

the same conditions (e.g., MH-S cells: difference ~39% for PMASH particles and ~34% for 

MS@PEG particles), suggesting that even though plasma+lung protein corona and 

lung+plasma protein corona were generated from the same biological environments (plasma 

and BALF), their composition might be different due to the different corona formation 

sequence, leading to subsequently different particle−cell interactions. 
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Figure 5.3. (a) Cell association and (b, c) corresponding statistical analysis of MS@PMASH, 

PMASH, MS@PEG or PEG particles without a protein corona (PC) (bare, A) or with different 

protein coronas (B: PC-Plasma; C: PC-Lung; D: PC-Plasma+lung; and E: PC-Lung+plasma) 

with MH-S cells and RAW 264.7 cells after 2 h incubation at a particle-to-cell ratio of 100:1. 

Data are shown as the mean ± standard error of at least three independent experiments. ns p > 

0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (one-way ANOVA with Tukey’s 

multiple comparisons test). 

 



160 

 

Figure 5.4. Confocal microscopy images of MH-S cells after incubation with AF488-labelled 

MS@PMASH, PMASH, MS@PEG or PEG particles without a protein corona (PC) (bare) or 

with different protein coronas (PCs) (PC-Plasma, PC-Lung, PC-Plasma+lung, and PC-

Lung+plasma) (green) for 2 h at a particle-to-cell ratio of 100:1. The cell membranes were 

stained with Alexa Fluor 594-conjugated wheat germ agglutinin (WGA-594, red), and the 

nuclei were stained with Hoechst 33342 (blue). Scale bars are 20 μm. 
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Figure 5.5. Confocal microscopy images of RAW 264.7 cells after incubation with AF488-

labelled MS@PMASH, PMASH, MS@PEG or PEG particles without a protein corona (PC) 

(bare) or with different protein coronas (PCs) (PC-Plasma, PC-Lung, PC-Plasma+lung, and 

PC-Lung+plasma) (green) for 2 h at a particle-to-cell ratio of 100:1. The cell membranes were 

stained with Alexa Fluor 594-conjugated wheat germ agglutinin (WGA-594, red), and the 

nuclei were stained with Hoechst 33342 (blue). Scale bars are 20 μm. 

 

5.4.4 Protein Corona Analysis by SDS-PAGE and Mass Spectrometry 

To analyse the composition of the protein corona, proteins eluted from various protein corona-

coated particles were separated by SDS-PAGE, and then stained with SimplyBlue for 

observation. The present protein bands were slightly different varying from different protein 

coronas and particles, indicating that the composition of protein corona was dependent on both 

biological environments and particle properties (Figure 5.6). Due to the low profile of SDS-

PAGE, proteomics analysis was carried out by mass spectrometry (LC-MS/MS) to obtain 
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detailed protein information. Three replicates of each sample were analysed and only proteins 

that were identified in at least two replicates were evaluated. The percentage of the top 20 most 

abundant proteins from the total adsorbed proteins derived from the plasma+lung protein 

corona and lung+plasma protein corona on MS@PMASH, PMASH, MS@PEG and PEG 

particles as shown in Figure 5.7 and 5.8. The values were calculated from the intensity based 

absolute quantification (iBAQ) value, by dividing a certain protein’s iBAQ value to the sum 

iBAQ value of all identified proteins, generating a relative iBAQ (riBAQ) value for each 

protein. The results show the differences in protein composition of the plasma+lung protein 

corona and lung+plasma protein corona, which could serve as evidence to explain their 

different influence on particle−cell interaction as discussed in 5.4.3. In general, for a certain 

particle system, even though these two types of mixed protein corona were derived from the 

same biological environments (plasma and BALF), the protein content was not necessarily the 

same especially for the relatively more abundant proteins, due to the different corona formation 

sequence. For example, with MS@PMASH particles (Figure 5.7a), the most abundant protein 

in plasma+lung protein corona was HBA1 (hemoglobin subunit alpha) at 16.5%, while it was 

only 8.7% in the lung+plasma protein corona and much lower than the most abundant FGB 

(fibrinogen beta chain) (17.9%). Similar results were found in PMASH, MS@PEG and PEG 

particles. Notably, such differences in protein composition between plasma+lung protein 

corona and lung+plasma protein corona were more obvious for MS@PMASH and PMASH 

particles than MS@PEG and PEG particles. For MS@PEG and PEG particles, except for the 

most abundant HBA1(hemoglobin subunit alpha) protein, the proportions of the other 19 

proteins were at a similar level in both types of protein corona. 

The signal intensity of proteins identified from the different protein coronas is presented 

through heatmaps (Figure S5.5, S5.6 and S5.7). Some proteins (e.g., apolipoprotein B-100 in 

Figure S5.6) detected in plasma protein corona but undetected in lung protein corona were 

found in plasma+lung and lung+plasma protein corona. Similarly, some proteins (e.g., 

apolipoprotein C-III in FigureS5.6) undetected in plasma protein corona but detected in lung 

protein corona were found in plasma+lung and lung+plasma protein corona. There were also 

some proteins detected in both plasma protein corona and lung protein corona but undetected 

in plasma+lung protein corona or lung+plasma protein corona. These findings suggested that 

previously adsorbed proteins may be replaced by the proteins from the new environment when 

the particles are transferred from one biological environment into another, though the protein 

corona derived from the former environment can be partially retained. Figure S5.7 shows the 
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signal intensity of proteins in plasma+lung protein corona and lung+plasma protein corona on 

MS@PMASH, PMASH, MS@PEG or PEG particles by heatmap. Many differences were 

observed either between different particles or between different protein coronas within a certain 

particle system, revealing that the features of protein corona are dependent on both biological 

environments and the particle properties. Furthermore, the addition of protein corona B to 

protein corona A is not necessarily equal to the addition of protein corona A to protein corona 

B. The interplay of both protein coronas determines the composition of the mixed protein 

corona (Figure 5.7, S5.5, S5.6, S5.7), and the resultant influence on particle properties (Figure 

5.2) and subsequent particle−cell interactions (Figure 5.3).  

 

Figure 5.6. SDS-PAGE images of separated corona proteins derived from (a) MS@PMASH, (b) 

PMASH, (c) MS@PEG and (d) PEG particles. A = PC-Plasma, B = PC-Lung, C = PC-

Lung+plasma, and D = PC-Plasma+lung. 
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Figure 5.7. The top 20 most abundant proteins found in plasma+lung protein corona and 

lung+plasma protein corona on (a) MS@PMASH particles and (b) PMASH particles. Data 

represent the mean value ± standard deviation (n = 3). ** p < 0.01, **** p < 0.0001 (two-way 

ANOVA with Tukey’s multiple comparisons test). 
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Figure 5.8. The top 20 most abundant proteins found in plasma+lung protein corona and 

lung+plasma protein corona on (a) MS@PEG particles and (b) PEG particles. Data represent 

the mean value ± standard deviation (n = 3). * p < 0.05, **** p < 0.0001 (two-way ANOVA 

with Tukey’s multiple comparisons test). 
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5.5 Conclusions 

This chapter demonstrated the influence of pulmonary corona and plasma protein corona on 

particle properties, and the interplay of both protein coronas on the composition of the mixed 

protein corona obtained when particles were transported from the lung environment to blood 

and vice versa. The influence of the protein corona on macrophage uptake of the particles was 

also studied. Protein coronas formed from plasma or lung environment alone and the mixed 

coronas had different effects on the particle properties (e.g., zeta potential) and the subsequent 

particle−cell interactions. Overall, the presence of a protein corona led to reduced macrophage 

uptake of MS@PMASH and PMASH particles, but increased macrophage uptake of MS@PEG 

particles, and negligible effect on the PEG particles. The plasma+lung protein corona-coated 

particles and the lung+plasma protein corona-coated particles exhibited different levels of cell 

association under the same condition, due to the different composition and proportions of 

protein in the coronas as evaluated by mass spectrometry. The relative abundance of specific 

functional proteins (e.g., immunoglobulins) may play an important role in regulating the 

particle–cell interactions. The study reveals that even though the previously adsorbed proteins 

may be replaced by the proteins from the new environment when the particles are transferred 

from one biological environment into another, the protein corona derived from the former 

environment can be partially retained. The features of the protein corona including the protein 

composition and proportions are dependent on both biological environments and the particle 

properties. The addition of protein corona B to protein corona A is not necessarily equal to the 

addition of protein corona A to protein corona B, in terms of both the features of the mixed 

protein corona and its influence on subsequent particle-cell interactions. The interplay of both 

protein coronas determines the composition of the mixed protein corona, and the resultant 

influence on particle properties and their interactions with biological systems. This study 

provides improved understanding of the role of mixed protein coronas from two different 

environment in particle−cell interactions, which is helpful for the design of particle systems to 

overcome the biological barriers present in multiple environments and achieve promising 

biological outcomes. 
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5.6 Supporting Information 

 

Figure S5.1. (a) SEM and (b) TEM images of MS particles. 

 

 

Figure S5.2. Size distribution of MS particles with or without amine group modification 

(denoted as MS-NH2 and MS, respectively) measured by dynamic light scattering (DLS). 

 

 

Figure S5.3. Size distribution of MS@PMASH, PMASH, MS@PEG and PEG particles measured 

by dynamic light scattering (DLS). 
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Figure S5.4. Bovine serum albumin (BSA) standard curve produced using a Micro BCA protein 

assay. Data represent the mean value ± standard deviation (n = 3). 
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Figure S5.5. Heatmap of identified proteins from plasma+lung protein corona or lung+plasma 

protein corona on MS@PMASH particles. Data represent the mean value from at least two 

replicates. Blank cells refer to absence of proteins. 
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Figure S5.6. Heatmap of identified proteins from plasma+lung protein corona or lung+plasma 

protein corona on MS@PEG particles. Data represent the mean value from at least two 

replicates. Blank cells refer to absence of proteins. 



171 

 

 

Figure S5.7. Heatmap of identified proteins from plasma+lung protein corona or lung+plasma 

protein corona on MS@PMASH, PMASH, MS@PEG or PEG particles. Data represent the mean 

value from at least two replicates. 
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6.1 Aim 

Polyphenols (e.g., tannic acid) are ubiquitous and naturally occurring compounds capable of 

forming networks or conjugates with metal ions via coordination bonding and various 

biomacromolecules, including DNA and proteins, via complex interactions. Polyphenol-based 

drug delivery systems have developed as promising delivery carriers for biomedical 

applications due to their distinct properties including pH responsiveness, high bioavailability 

and biocompatibility. This chapter aims to explore drug encapsulation and intracellular 

delivery by using promising carriers for the potential applications in pulmonary delivery. 

Specifically, structurally nanoengineered antimicrobial peptide polymers termed SNAPPs, a 

new class of synthetic antimicrobial peptide mimics that exhibit excellent antimicrobial 

properties with negligible toxicity to mammalian cells and no bacterial resistance are 

investigated. Their immobilisation, in vitro time-dependent release, cellular delivery and 

antimicrobial activity were examined by loading into polyphenol-based delivery systems, with 

implications for the delivery of therapeutics for lung diseases caused by bacterial infection (e.g., 

tuberculosis). 

 

6.2 Introduction 

With the development of nanoengineering technology, a variety of particle systems with unique 

properties and functions, including liposomes,1 polymersomes,2 protein–drug conjugates,3 

micelles,4 dendrimers,5 polymer particles6 and polymer capsules,7 have been developed for 

drug delivery with the aim of improving therapeutic outcomes.8 Compared to conventional 

delivery of therapeutic formulations, particle-based delivery can protect the loaded drug against 

enzymatic and hydrolytic degradation or inactivation and achieve controlled drug release over 

prolonged time, and thereby overcoming a variety of biological barriers and achieving targeting 

to specific structures or cells by manipulating the physicochemical properties of the particles 

such as via functionalisation with targeting ligands.9-10 

Polyphenols (e.g., tannic acid) are ubiquitous and naturally occurring compounds widely found 

in plants and capable of forming networks or conjugates with metal ions via coordination 

bonding and various biomacromolecules, such as DNA and proteins, via complex interactions, 

including electrostatic interactions, hydrogen bonding and hydrophobic interactions.11-14 

Recently, polyphenols have been reported for their application as a multifunctional coating 
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molecule for various types of materials of different shapes and composition via the formation 

of metal–phenolic networks (termed MPNs) or protein–phenolic assemblies.11, 13, 15 MPN 

capsules prepared via templated assembly have emerged as a promising drug delivery carrier 

owing to their distinct properties, including high biocompatibility, pH-dependent degradability 

and cargo release, and controllable intracellular delivery.16 In a previous study by Caruso and 

co-workers, MPN capsules were investigated as pulmonary delivery carriers by assessing the 

airway distribution of the nebulised capsules using an in vitro lung model, capsule 

biodistribution at both single cell and organ levels, cellular interactions, capsule 

biocompatibility and resulting inflammatory in the lungs.17 MPN capsules could be delivered 

to the deeper regions of the lungs with a priority of association with alveolar macrophages and 

neutrophils, which are major phagocytic cell subsets present in the lungs, without leading to 

severe lung inflammation or toxicity,17 thus demonstrating the potential of the MPN capsules 

as a highly attractive candidate for pulmonary delivery. 

Bacterial infection is a common cause of lung diseases in the lower respiratory regions.18 

Antibiotics are administered to the deep lungs for the therapy of bacterial infections.19 However, 

there is likely to be increasing incidence of antibiotic resistance among bacteria with the 

increase of antibiotic administration, which leads to reduced efficacy.20 Recently, Lam et al. 

reported a new type of synthetic antimicrobial peptides (AMP) mimics termed structurally 

nanoengineered antimicrobial peptide polymers (SNAPPs) via the formation of star-shaped 

polypeptide nanoparticles containing cationic lysine and hydrophobic valine amino acid 

residues (Scheme 6.1a).21 The SNAPPs exhibited excellent antimicrobial properties with low 

toxicity toward mammalian cells and no bacterial resistance and thus considered to be a 

promising therapeutic for lung diseases caused by bacterial infection (e.g., tuberculosis).21-22  

Herein, two effective methods of SNAPP immobilisation and encapsulation were reported from 

the assembly of SNAPP-TA and SNAPP-loaded MPN (SNAPP-FeIII-TA) capsules using a 

sacrificial calcium carbonate particle templating method (Scheme 6.1b). Maximum loading 

amounts of 0.8 pg capsule−1 and 4.4 pg capsule−1 were achieved for SNAPP-TA capsules and 

SNAPP-FeIII-TA capsules, respectively. In vitro time-dependent SNAPP release at different 

pH, cellular interactions, intracellular delivery and antimicrobial activity of SNAPP-TA and 

SNAPP-FeIII-TA capsules were investigated. Both SNAPP-TA and SNAPP-FeIII-TA capsules 

showed controlled SNAPP release at physiology pH and were effectively taken up by mouse 

alveolar macrophages with negligible cytotoxicity. The released SNAPP retained its high 

antimicrobial activity, as evaluated using an Escherichia coli (E. coli) model. The present study 
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provides important insights and promising prospects for the delivery of therapeutics for lung 

diseases caused by bacterial infection (e.g., tuberculosis) by using polyphenol-based capsules. 

 

 

Scheme 6.1. (a) Schematic of the synthesis of a SNAPP via ring-opening polymerisation (ROP), 

resulting in the formation of star-shaped polypeptide nanoparticles containing cationic lysine 

and hydrophobic valine amino acid residues. (b) Schematic depicting the immobilisation and 

encapsulation of SNAPPs by the assembly of SNAPP-TA and SNAPP-loaded MPN (SNAPP-

FeIII-TA) capsules on sacrificial calcium carbonate particle templates. 

 

6.3 Experimental Section 

6.3.1 Materials 

Poly(sodium 4-styrenesulfonate) (PSS, 70 kDa), calcium nitrate tetrahydrate (Ca(NO3)2·4H2O), 

sodium carbonate (Na2CO3), iron(III) chloride hexahydrate (FeCl3·6H2O), tannic acid (TA), 3-

(N-morpholino)propanesulfonic acid (MOPS), ethylenediaminetetraacetic acid (EDTA), 

Dulbecco phosphate-buffered saline (DPBS), glycine hydrochloride, sodium acetate, sodium 

phosphate monobasic monohydrate, sodium phosphate dibasic, sodium borohydride, 

generation 2 polyamidoamine dendrimer (G2 PAMAM), bis(trichloromethyl)carbonate 
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(triphosgene), trifluoroacetic acid (TFA), hydrobromic acid (HBr) (33% in acetic acid), 

anhydrous n-pentane, fluorescein isothiocyanate (FITC), paraformaldehyde, phenazine 

methosulfate (PMS), anhydrous dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF), 

2-mercaptoethanol, fluorescein isothiocyanate-dextran (FITC-dextran; 3–5, 20, 59–77, 250, 

500 and 2000 kDa) and Mueller–Hinton broth (MHB) were purchased from Sigma-Aldrich 

(Australia). Dulbecco’s modified Eagle’s medium (DMEM), RPMI-1640 media, fetal bovine 

serum (FBS), wheat germ agglutinin Alexa Fluor 594 conjugate (WGA-594), Hoechst 33342 

and LysoTracker Red DND-99 were obtained from Life Technologies (Australia). 2,3-Bis(2-

methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) was obtained from 

Invitrogen (Australia). H-L-Lys(Z)-OH (>99%) was obtained from Mimotopes (Australia). D,L-

Valine (>99%) was purchased from Acros Organics (Australia). Generation 0 polyamidoamine 

dendrimer (G0 PAMAM) was obtained from Dendritech Inc. (USA). Sodium bicarbonate 

(NaHCO3), tetrahydrofuran (THF), diethyl ether, ethyl acetate (EtOAc) and n-butyl alcohol 

were obtained from Chem-Supply (Australia). 

High-purity water with a resistivity greater than 18.2 MΩ cm, which was used in all 

experiments, was obtained from a three-stage Millipore Milli-Q plus 185 purification system 

(Millipore Corporation). 

 

6.3.2 Synthesis of Structurally Nanoengineered Antimicrobial Peptide Polymers 

(SNAPPs) 

6.3.2.1 Synthesis of D,L-Valine N-Carboxyanhydrides (Val NCA) and (Z)-L-Lysine N-

Carboxyanhydrides (Lys NCA) 

Val NCA and Lys NCA were synthesised using a previously reported method.22 Briefly, 2 g 

(7.14 mmol) of dried H-L-Lys(Z)-OH or 2 g (17.0 mmol) of D,L-valine was dissolved in 50 mL 

of anhydrous THF in an over-dried three-neck round bottomed flask under argon, followed by 

the addition of triphosgene (for Lys NCA: 0.85 g, 2.86 mmol, 1.2 equiv. phosgene; for Val 

NCA: 2.0 g, 6.74 mmol, 1.2 equiv. phosgene) to the suspension. The mixture was refluxed at 

65 °C for 2 h with constant stirring. The clear solution was sparged with argon for 45 min 

resulting in the formation of a solid after cooling to room temperature, and then resuspended 

in 50 mL of anhydrous EtOAc. The suspension was placed in a separating funnel where the 

crude NCA solution was removed by gently washing with 50 mL of chilled saturated brine 

solution and 50 mL of 0.5% w/v NaHCO3 solution. The organic phase was dried with MgSO4 
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followed by filtering and concentrating into an oil under low heat, and then recrystallised twice 

from anhydrous EtOAc and anhydrous n-pentane. The as-obtained crystals were further filtered 

and washed with dry n-pentane, and subsequently redissolved in a small volume of EtOAc, 

followed by filtering, precipitation, rinsing with dry n-pentane, and finally drying at ambient 

temperature to obtain a white powder of Val NCA or Lys NCA (yield ~80%). Lys NCA – 1H 

NMR (400 MHz, CDCl3, δH): 1.40–1.60 (m, 4H, NH–CH2–CH2–CH2–CH2–), 1.81–1.94 (m, 

2H, NH–CH2–CH2–CH2–CH2–), 3.18 (m, 2H, NH–CH2–CH2–CH2–CH2–), 4.25 (t, 1H, J = 4.0 

Hz, CHN), 4.97 (s, 1H, side chain NH), 5.09 (s, 2H, CH2–ArH), 7.04 (s, 1H, ring NH), 7.3–7.4 

(m, 5H, ArH). mp 80–82 °C (lit.23 mp 80 °C). Val NCA – 1H NMR (400 MHz, CDCl3, δH): 

1.02 (d, 3H, J = 8.0 Hz, CH3), 1.08 (d, 3H, J = 8.0 Hz, CH3), 2.25 (m, 1H, CH(CH3)2), 4.22 (d, 

1H, J = 4.0 Hz, CH–NH), 6.95 (s, 1H, CO–NH). mp 99–100 °C (lit.24 mp 99 °C). 

 

6.3.2.2 Synthesis of Poly(Z-L-Lysine-r-D,L-Valine)armPAMAM-(NH2)m,core Star Peptide 

Polymers 

Lys NCA and Val NCA at a molar ratio of 2:1 were dissolved in anhydrous DMF to a total 

NCA concentration of ~55 mg mL−1. The solution was mixed with PAMAM-(NH2)m (dried) 

which was completely dissolved in anhydrous DMSO in a volume corresponding to 10% v/v 

of total reaction volume under N2. The reaction tube containing the mixture was incubated in 

ice with constant stirring for 24 h in a nitrogen atmosphere with a bleed for CO2 removal. n-

Butyl alcohol (0.86 µL mg−1 of NCAtotal) was then added to the mixture and stirred for a further 

1 h to quench the remaining NCA monomer. The resulting mixture was concentrated under 

vacuum followed by precipitation in diethyl ether. The precipitate was then washed extensively 

with ether and finally dried in a vacuum to obtain poly(Z-L-Lysine-r-D,L-Valine)armPAMAM-

(NH2)m,core star peptide polymers as a white solid. The average yield was ~60%.  

 

6.3.2.3 Deprotection of Star Peptide Polymers 

The star peptide polymers synthesised in Section 6.3.2.2 was completely dissolved in TFA (200 

mg mL−1) followed by the addition of 33% HBr in acetic acid (10 mL g−1 peptide polymers). 

After stirring for 2 h at room temperature, the mixture was allowed to precipitate in diethyl 

ether and subsequently washed with ether twice followed by drying under vacuum. The 

resulting solid was redissolved in minimal Milli-Q water and thoroughly dialysed against Milli-
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Q water in a 3.5 kDa dialysis tubing. The dialysed solution was lyophilised to obtain the 

deprotected SNAPP as a dried white solid. 1H NMR (400 MHz, D2O, δH): 0.9 (s, 2(CH)3), 1.3–

1.9 (m, NH–CH2–CH2CH2–CH2–), 2.0 (br s, CH–NH valine), 3.0 (s, NH–CH2–CH2–CH2–

CH2–), 4.0–4.15 (s, CH–NH backbone valine), 4.2–4.4 (s, CH–NH backbone lysine).  

 

6.3.2.4 FITC Labelling of SNAPP  

SNAPP was dissolved in sodium phosphate buffer (100 mM, pH 8.0) to achieve a concentration 

of 2.5 mg ml−1, to which FITC dissolved in DMSO (10 mg mL−1) was added (20 µL mg−1 of 

SNAPP). The mixture was stirred for 90 min at room temperature. To remove unreacted dye, 

the sample was extensively dialysed in a 3.5 kDa dialysis tubing against Milli-Q water. The 

filtrate was lyophilised to afford the FITC-labelled SNAPP. 

 

6.3.3 Synthesis of Calcium Carbonate Particles 

CaCO3 particles with an average diameter of 1.8 ± 0.1 µm were synthesised by a fast 

precipitation method in the presence of PSS, followed by removal of organic material by 

calcination.17 To prepare PSS-stabilised CaCO3 particles, 5 mL of Ca(NO3)2 solution (1 M), 

20 mL of PSS solution (10 mg mL−1) and 175 mL of Milli-Q water were mixed in a 200 mL 

beaker under mild stirring. Next, 1 mL of Na2CO3 solution (1 M), 0.5 mL of PSS solution (10 

mg mL−1) and 3.5 mL of Milli-Q water were mixed in a 50 mL tube. These two solutions were 

rapidly mixed in a 200 mL beaker under vigorous stirring for 1 min. After static incubation for 

20 min, the mixed solution was further vigorously stirred for 1 min. The obtained particles 

were washed three times with Milli-Q water by centrifugation (2000 g, 2 min), dried in an oven, 

and calcined in the presence of air at 450 °C for 6.5 h. 

 

6.3.4 Preparation of SNAPP-Tannic Acid (SNAPP-TA) Capsules 

For the assembly of SNAPP-TA capsules, 5 µL of TA solution (40 mg mL−1) was added to 2 

mg of CaCO3 particles that were dispersed in 140 µL of Milli-Q water. After 15 min of 

incubation under shaking (1400 rpm), 50 µL of SNAPP solution (2 mg mL−1) was added to the 

mixture followed by incubation for 6 h at 37 °C with shaking (1400 rpm). The particles were 

washed three times with Milli-Q water to remove excess TA and SNAPP (1000 g, 1.5 min). 
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The SNAPP-TA capsules were obtained after removal of CaCO3 templates using EDTA (100 

mM, pH 8.0). For capsule imaging and the quantification of the loading and release of SNAPP, 

FITC-labelled SNAPP was used. 

 

6.3.5 Preparation of SNAPP-loaded MPN (SNAPP-FeⅢ-TA) Capsules 

To assemble SNAPP-FeⅢ-TA capsules, 20 µL of CaCO3 particle suspension (100 mg mL−1) 

was diluted to 100 µL with Milli-Q water and incubated with 150 µL of SNAPP solution (2 

mg mL−1) for 2 h under shaking (1400 rpm) to allow the adsorption and infiltration of SNAPP 

into the CaCO3 particles. The particles were then washed three times with Milli-Q water to 

remove free SNAPP. Then, 5 μL of FeCl3·6H2O solution (10 mg mL−1) and 5 μL of TA solution 

(40 mg mL−1) were sequentially added to the SNAPP-loaded CaCO3 particle suspension to 

form metal–polyphenol complexes. The mixture was vigorously vortexed for 10 s, afer which 

500 μL of MOPS buffer (50 mM, pH 8.0) was added to raise the pH. The particles were washed 

three times with Milli-Q water to remove excess TA and metal (1000 g, 1.5 min). The SNAPP-

FeⅢ-TA capsules were obtained after removal of CaCO3 templates using EDTA (100 mM, pH 

8.0). For the preparation of thick SNAPP-FeⅢ-TA capsules, a slightly modified protocol was 

applied: 20 μL of FeCl3·6H2O solution (10 mg mL−1), 40 μL of TA solution (40 mg mL−1) and 

500 μL of MOPS buffer (50 mM, pH 8.0) were sequentially added to the SNAPP-loaded 

CaCO3 particle suspension, followed by vigorous stirring for 15 min. The resultant particles 

were washed six times with Milli-Q water (1000 g, 1.5 min). The templates were removed 

following the same method as described above. To enable capsule imaging and quantification 

of the loading and release of SNAPP, FITC-labelled SNAPP was used. 

 

6.3.6 Capsule Characterisation 

Fluorescence microscopy images were taken by using a differential interference contrast (DIC) 

(U-DICT, Olympus) / inverted fluorescence combined microscope (Olympus IX71) equipped 

with a 60× or 100× oil immersion objective. Transmission electron microscopy (TEM) images 

were taken with an FEI Tecnai TF20 instrument operating at an operation voltage of 120 kV. 

The TEM samples were prepared by dropping an aqueous capsule suspension onto a plasma-

treated formvar-coated copper grid and subsequent drying in air. Atomic force microscopy 

(AFM) images were acquired using a NanoWizard II AFM instrument (JPK Instruments, Berlin, 
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Germany). An aqueous suspension of the capsules was placed onto Piranha-precleaned glass 

slides and then dried in air. Caution! Piranha solution is extremely corrosive and reacts 

violently with organic materials. It should be handled with great care. Scanning electron 

microscopy (SEM) images were taken with a Philips XL30 instrument at an operation voltage 

of 15 kV. The SEM samples were prepared by dropping a capsule suspension onto a silicon 

wafer, followed by sputter-coating with gold. The zeta potential of the capsules was measured 

by a Zetasizer Nano-ZS instrument (Malvern Instruments, Malvern, UK). Capsule counting 

was performed by flow cytometry (Apogee Flow, UK). Image analysis was conducted using 

ImageJ software. 

 

6.3.7 Nebulisation of Capsules 

To investigate the amenability of capsules to nebulisation and effect of this process on the 

capsule properties, an aliquot of 2 mL of SNAPP-TA or SNAPP-FeⅢ-TA capsule suspension 

was subjected to nebulisation for 5 min using a PARI air-jet nebuliser. The outlet of the 

nebuliser was attached to a pipette tip to direct the flow of aerosol into a 1.5 mL Eppendorf 

tube for the aerosol collection. 

 

6.3.8 SNAPP Loading Capacity of SNAPP-TA and SNAPP-FeⅢ-TA Capsules 

To assess the SNAPP loading capacity of SNAPP-TA and SNAPP-FeⅢ-TA capsules, FITC-

labelled SNAPP solutions of varying concentrations were examined for the assembly of 

SNAPP-TA and SNAPP-FeⅢ-TA capsules. The UV absorbance at 498 nm of the diluted 

SNAPP-TA or SNAPP-FeⅢ-TA capsule suspensions was measured on an Infinite M200 

microplate reader (Tecan, Switzerland), and the concentration of immobilised SNAPP was 

calculated using a standard curve, which was calibrated by measuring SNAPP solutions with 

different known concentrations. Capsule counting was performed by flow cytometry. The 

loading capacity was expressed in picograms of SNAPP per capsule, and the loading efficiency 

was expressed as a percentage of the amount of immobilised SNAPP compared to the amount 

of SNAPP in the feed solution used during loading. 
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6.3.9 In Vitro SNAPP Release  

In vitro time-dependent release of SNAPP from SNAPP-TA and SNAPP-FeⅢ-TA capsules 

was measured as follows: SNAPP-TA or SNAPP-FeⅢ-TA capsules prepared from FITC-

labelled SNAPP were suspended in 150 µL of glycine hydrochloride buffer (50 mM, pH 3.0), 

sodium acetate buffer (50 mM, pH 4.5), sodium phosphate buffer (50 mM, pH 7.4) or borate 

buffer (50 mM, pH 9.0) under shaking (1000 rpm) at 37 °C. At predefined time points, capsules 

in the buffers were centrifuged (SNAPP-TA: 3000 g, 5 min; SNAPP-FeⅢ-TA: 1000 g, 2.5 min) 

and 100 µL of supernatant was carefully collected for fluorescence intensity measurements by 

an Infinite M200 microplate reader (Tecan, Switzerland) at an excitation wavelength of 490 

nm and an emission wavelength of 525 nm. The SNAPP concentration in the supernatant was 

calculated according to the standard curve established from measuring the absorbance of 

SNAPP solutions at varying known concentrations. The capsule suspensions were topped up 

with 100 µL of fresh corresponding buffer solutions to maintain a total volume of 150 µL for 

the subsequent release study.  

 

6.3.10 Capsule Permeability Measurements 

Capsule permeability was evaluated according to a previously reported method.11 The 

suspensions of SNAPP-TA or SNAPP-FeⅢ-TA capsules (~1 × 107 capsules mL−1) in different 

buffers (the same buffers as those in Section 6.3.9 at pH 3.0, 4.5, 7.4 and 9.0) were mixed with 

an equal volume of FITC-dextran solution (5 mg mL−1) in the corresponding buffers. Confocal 

microscopy images of the capsules were taken after incubating the capsules with FITC-dextran 

solutions for 15 min in the dark. The capsules with dark interiors were considered to be 

impermeable, whereas capsules with interiors of similar fluorescent intensity to the outer 

environment were considered to be permeable. At least 100 capsules were assessed for each 

sample. 

 

6.3.11 Cell Culture  

Mouse alveolar macrophage MH-S cells (American Type Culture Collection (ATCC), USA) 

were cultured in complete RPMI-1640 media containing 10% FBS and 0.05 mM 2-

mercaptoethanol at 37 °C in 5% CO2 humidified atmosphere. 
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6.3.12 Cell Association Analysis by Flow Cytometry 

MH-S cells were seeded in a 24-well plate (8 × 104 cells per well) in RPMI-1640 media with 

10% (v/v) FBS and 0.05 mM 2-mercaptoethanol and cultured overnight. SNAPP-TA or 

SNAPP-FeⅢ-TA capsules were added to the cell culture at a capsule-to-cell ratio of 50:1. After 

incubation for 8 or 24 h at 37 ℃, the cells were washed twice with DPBS and harvested by 

trypsinisation via centrifugation (100 g, 10 min). The cell pellets were washed with DPBS three 

times and finally resuspended in 250 µL of DPBS for the cell association analysis by flow 

cytometry (Apogee Flow). Three independent experiments were performed with at least 8000 

cells analysed in each individual experiment.  

 

6.3.13 Cell Association Imaging by Confocal Microscopy 

MH-S cells were seeded in a 8-well Lab-Tek chambered coverglass slides (Thermo Fisher 

Scientific, USA) (4 × 104 cells per well) in RPMI-1640 media with 10% (v/v) FBS and 0.05 

mM 2-mercaptoethanol and treated with SNAPP-TA or SNAPP-FeⅢ-TA capsules at a capsule-

to-cell ratio of 50:1. After incubation for 8 or 24 h at 37 ℃, the cells were gently washed with 

DPBS and then fixed with paraformaldehyde (4 % in DPBS) for 15 min at room temperature. 

The fixed cells were then stained with WGA-594 (5 μg mL−1) for 5 min in the dark and Hoechst 

33342 (1 µg mL−1) for 5 min at room temperature. 

Cell association imaging was performed using a laser scanning confocal microscope (Nikon 

Corporation, Japan) equipped with a Plan Apo λ 60× 1.4 NA oil immersion objective and 405, 

488, 561 and 640 nm lasers, and analysed by ImageJ software. 

 

6.3.14 Cell Internalisation Analysis by Imaging Flow Cytometry 

MH-S cells were seeded in a 6-well plate (2 × 105 cells per well) in RPMI-1640 media with 

10% (v/v) FBS and 0.05 mM 2-mercaptoethanol and incubated overnight. SNAPP-TA or 

SNAPP-FeⅢ-TA capsules were added to the cell culture at a capsule-to-cell ratio of 50:1. After 

incubation for 24 h at 37 ℃, the cells were washed twice with DPBS and harvested by 

trypsinisation by centrifugation (100 g, 10 min). The cells were then washed with DPBS three 

times and fixed with paraformaldehyde (4 % in DPBS) for 15 min at room temperature. The 

fixed cells were then stained with WGA-594 (5 μg mL−1) for 5 min in the dark at room 
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temperature and finally resuspended in 50 μL of DPBS for cell internalisation analysis by 

imaging flow cytometry (AMNIS ImageStream®X MarkII, Amnis Corporation, USA). Bright-

field and fluorescence images of at least 5000 cells were obtained. The internalisation analysis 

was processed by Amnis ImageStream IDEAS software. 

 

6.3.15 Cell Viability Analysis by XTT Assay 

Cytotoxicity studies were performed via XTT assay. MH-S cells cultured in a 96-well plate (1 

× 104 cells per well) were treated with SNAPP-TA or SNAPP-FeⅢ-TA capsules at a capsule-

to-cell ratio of 10:1 or 50:1 for 24 h at 37 ℃. After incubation, the cell culture media was 

replaced with 100 µL of fresh RPMI-1640 media containing XTT and PMS (9 mL of 0.2 mg 

mL−1 XTT in RPMI-1640 media + 22.5 µL of 0.6 mg mL−1 PMS in DPBS). After further 

incubation for 4 h, the absorbance of the mixture at 475 nm was measured using an Infinite 

M200 microplate reader (Tecan, Switzerland). The relative cell viability (%) was determined 

as a percentage of the absorbance of the treated cells compared to the untreated cells.  

 

6.3.16 Co-localisation by Confocal Laser Scanning Microscopy 

MH-S cells were seeded in an 8-well Lab-Tek chambered coverglass slides (Thermo Fisher 

Scientific, USA) (4 × 104 cells per well) in RPMI-1640 media with 10% (v/v) FBS and 0.05 

mM 2-mercaptoethanol and allowed to incubate overnight. SNAPP-TA or SNAPP-FeⅢ-TA 

capsules were added to the culture media at a capsule-to-cell ratio of 50:1. After incubation for 

24 h at 37 ℃, the cells were gently washed three times with DPBS, and then incubated with 

LysoTracker Red DND-99 which was in a final concentration of 100 nM for 1 h for 

endo/lysosome staining according to the manufacturer’s protocol. Cells were then gently 

washed twice with DPBS and incubated with Hoechst 33342 (1 µg mL−1) for 10 min for nuclei 

staining. The imaging of live cells were carried out by using a laser scanning confocal 

microscope (Nikon A1R) equipped with a 60× oil immersion objective. Pearson’s correlation 

coefficient (PCC) values and colour scatter plots were analysed by using WCIF ImageJ 

software. Three independent experiments were performed and the representative images with 

more than 50 cells were analysed for the calculation of PCC values. The results are presented 

as mean ± standard deviation. 
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6.3.17 In Vitro Antimicrobial Activity 

To assess the antimicrobial activity of the released SNAPP compared to free SNAPP, E. coli 

was used as a model for the antimicrobial assay based on a previously published methods with 

slight modifications.22 E. coli (ATCC, 14948) was incubated in MHB at 37 °C under orbital 

shaking (200 rpm) for 5 h to allow bacteria growth. The bacteria were then dispersed in DMEM 

to achieve a concentration of 2.5 × 106 cells mL−1, and 150 µL of this E. coli suspension was 

added to a 96-well microplate. Then, 150 µL of serial two-fold dilutions of free SNAPP 

solutions (100−6.25 mg mL−1) or released SNAPP collected from capsule suspensions at pH 

7.4 at different time points was added to the microplate, resulting in a mixture (300 µL) of 

bacteria and SNAPP. A sample of bacteria that was not treated with SNAPP was set as a 

negative control. After incubation for 90 min at 37 °C and undisturbed, 100 µL of the bacteria 

and SNAPP mixture was incubated with the same volume of MHB on a microplate. The 

microplate was placed in an Infinite M200 microplate reader (Tecan, Switzerland) incubating 

at 37 °C under orbital shaking (180 rpm), and the optical density at 600 nm (OD600) of the 

samples was measured every 20 min for at least 7 h. The OD600 was plotted against the time 

point to generate growth curves of E. coli in the presence of SNAPP in different concentrations. 

The OD600 of the samples at the time point at which bacteria exponential growth of the negative 

control was completed was normalised as a relative percentage compared to the OD600 of the 

negative control, expressed as relative bacterial growth (%). The relative bacterial growth (%) 

was plotted against SNAPP concentration and fitted into an exponential regression. The 

minimum inhibitory concentration (MIC), which is the lowest concentration of SNAPP that 

leads to 99% inhibition of bacterial growth, was determined as the concentration corresponding 

to 1% relative bacteria growth in the fitted exponential regression. The experiments were 

repeated three times. 

 

6.4 Results and Discussions 

6.4.1 Preparation and Characterisation of SNAPP-TA and SNAPP-FeIII-TA Capsules 

SNAPPs were synthesised following a previously reported method via ROP of cationic Lys 

NCA and hydrophobic Val NCA monomers (Scheme 6.1a).21 Initiated by the terminal primary 

amines from a PAMAM dendritic core, NCA monomers were randomly polymerised for the 

formation of the star-shaped arms with a theoretical lysine-to-valine molar ratio of 2:1. The 
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lysine residues were then deprotected by hydrobromic acid, resulting in water-soluble polymers. 

Variations in the arm number and overall molecular weight were achieved by using PAMAM 

dendrimer cores of different generations with a specific number of reactive surface sites 

(Scheme S6.1). Large SNAPP (LSNAPP) (Mw 54.0 kDa) and small SNAPP (SSNAPP) (Mw 3.7 

kDa) with different structures and molecular weights were obtained from G2 PAMAM and G0 

PAMAM, respectively, and exhibit similar surface charge in buffers ranging from pH 3.0 to 

pH 9.0 (Figure S6.1). 

Two methods of SNAPP immobilisation and encapsulation were investigated by the assembly 

of SNAPP-TA capsules and SNAPP-loaded MPN (SNAPP-FeIII-TA) capsules on sacrificial 

CaCO3 particle template (Scheme 6.1b). CaCO3 particles with a porous structure and an 

average diameter of 1.8 ± 0.1 μm were prepared by a fast precipitation method in the presence 

of PSS followed by removal of organic material by calcination and used subsequently as 

templates (Figure S6.2). For the assembly of SNAPP-TA capsules, TA and SNAPP solutions 

were successively added to a suspension of CaCO3 particles followed by incubation for 6 h for 

the formation of SNAPP-TA assemblies on the CaCO3 particle surface. SNAPP-TA capsules 

were obtained following removal of the CaCO3 template using EDTA. To encapsulate SNAPP 

in MPN capsules, SNAPP was first deposited onto the porous surface and interior of the CaCO3 

particles by mixing a CaCO3 particle suspension with SNAPP solution. After extensive 

washing to remove excess SNAPP, FeCl3·6H2O and TA solutions were sequentially added to 

the suspension of SNAPP-loaded CaCO3 particles, followed by the addition of MOPS buffer 

(50 mm, pH 8.0) to raise the pH, resulting in the cross-linking of MPNs via the formation of 

FeIII-TA complexes. After removal of the CaCO3 template via incubating in EDTA solution 

and subsequent washing with water, monodisperse SNAPP-FeIII-TA capsules were obtained. 

The morphology and structure of SNAPP-TA and SNAPP-FeIII-TA capsules prepared from 

FITC-labelled LSNAPP were characterised using DIC microscopy, fluorescence microscopy, 

TEM, SEM and AFM, as shown in Figure 6.1. DIC microscopy (Figure 6.1a1, b1) and 

fluorescence microscopy (Figure 6.1a2, b2) images indicate that both LSNAPP-TA and 

LSNAPP-FeIII-TA capsules were relatively monodisperse and spherical from the homogenous 

fluorescence detected in aqueous solution. TEM (Figure 6.1a3, b3), SEM (Figure 6.1a4, b4) 

and AFM (Figure 6.1a5, b5) images show the detailed morphology and structure of LSNAPP-

TA and LSNAPP-FeIII-TA capsules. The LSNAPP-TA capsules appeared fully collapsed after 

air-drying, featuring a shell thickness of 23 ± 2 nm and typical folds and creases that were 

observed for air-dried hollow MPN capsules reported previously.15 The LSNAPP-FeIII-TA 
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capsules featured a much denser and rigid structure with a thicker capsule shell (39 ± 7 nm) 

when compared to LSNAPP-TA capsules and typical FeIII-TA films25 or unloaded hollow MPN 

capsules11 (10 nm) owing to the deposition of large amounts of SNAPP and FeIII-TA complexes 

on the highly porous surface of the CaCO3 particles. The addition of larger amounts of 

FeCl3·6H2O and TA for a longer incubation period resulted in a rougher particle surface, 

increased capsule thickness (269 ± 26 nm), and reduced collapse upon air-drying (Figure S6.3). 

To demonstrate the potential application of the particles prepared herein in pulmonary delivery, 

the LSNAPP-TA and LSNAPP-FeIII-TA capsules were aerosolised using an air-jet nebuliser, 

which generated fine inhalable aerosol droplets from a capsule suspension by using compressed 

air, following the same approach discussed in Chapter 4, Section 4.4.2. To investigate the 

amenability of the capsules to the nebulisation process and assess the effect of the process on 

the properties of the capsule, the nebulised capsules were collected for further characterisation 

by attaching a pipette tip to the outlet of the nebuliser to direct the flow of aerosol into an 

Eppendorf tube. The LSNAPP-TA and LSNAPP-FeIII-TA capsules remained well dispersed and 

retained their internal fluorescence in aqueous solution with negligible aggregation and 

minimal leakage of SNAPP after nebulisation (Figure S6.4e, f). The morphology and structure 

of both types of capsules remained intact, with no damage or alteration observed from the TEM 

images (Figure S6.4g, h) as a result of nebulisation, indicating that the LSNAPP-TA and 

LSNAPP-FeIII-TA capsules were not affected by the nebulisation process and that SNAPP 

immobilisation and encapsulation was maintained. 

 

Figure 6.1. DIC microscopy, fluorescence microscopy, TEM, SEM, and AFM images of (a1–

a5) LSNAPP-TA capsules and (b1–b5) LSNAPP-FeIII-TA capsules. Scale bars are 10 µm in (a1, 

a2, b1, b2) and 2 µm in (a3–a5 and b3–b5). 
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6.4.2 SNAPP Loading and In Vitro Release 

The SNAPP loading capacity of the SNAPP-TA and SNAPP-FeIII-TA capsules was dependent 

on the SNAPP feed concentration (Figure 6.2a, b and Figure S6.6). In general, the SNAPP 

loading amount increased with increasing SNAPP concentration, with a maximum LSNAPP 

loading amount of 0.8 pg capsule−1 for the LSNAPP-TA capsules and 4.4 pg capsule−1 for the 

LSNAPP-FeIII-TA capsules (Figure 6.2a); however, the loading efficiency decreased with 

increasing SNAPP concentration (Figure 6.2b). The MPN capsules encapsulated a higher 

amount of SNAPP (both LSNAPP and SSNAPP) than the SNAPP-TA capsules at higher 

SNAPP concentration (>0.4 mg mL−1), probably due to the relatively stronger electrostatic 

interaction between positively charged SNAPP and the negatively charged CaCO3 surface, as 

well as increased likelihood of the deposition of smaller-sized SNAPP onto the porous surface 

and interior of the CaCO3 templates when compared with the less positively charged and 

bigger-sized SNAPP-TA complex (Figure S6.2). 

The in vitro release of SNAPP from SNAPP-TA and SNAPP-FeIII-TA capsules was assessed 

at different pH (3.0, 4.5, 7.4 and 9.0) to investigate how the encapsulated drugs can be released 

under different pH conditions and understand the possible interactions between drugs and 

carriers. As shown in Figure 6.2c and d, sustained release of LSNAPP was achieved at pH 7.4 

and pH 9.0 for both LSNAPP-TA and LSNAPP-FeIII-TA capsules, with a faster release observed 

at pH 9.0. Although the formation of coordination bonds between polyphenols and metal ions 

is pH dependent and MPN capsules tend to disassemble at low pH,15 the presence of SNAPP 

stabilised the MPN capsules via complex interactions including electrostatic interaction, 

hydrogen bonding (derived from the lysine parts of SNAPP) and hydrophobic interaction 

(derived from the valine parts of SNAPP) with TA or MPN. Thus, negligible release was 

observed at acidic pH (3.0, 4.5) mainly due to the stronger hydrogen bonding and ionic 

interaction between the lysine parts of SNAPP and the hydroxyl groups of TA at lower pH. 

When incubated at pH 7.4, ~28% of LSNAPP was released from LSNAPP-TA capsules after 

12 h, which was higher than the amount released (~12%) for LSNAPP-FeIII-TA capsules. 

SNAPP-TA capsules exhibited a faster release of SNAPP and higher overall release percentage 

over a 168 h period than SNAPP-FeIII-TA capsules probably owing to the exposure of SNAPP 

on the surface. Coating with a thicker MPN layer did not significantly slow the release of 

LSNAPP (Figure S6.5, and Figure S6.7), as the MPN is highly porous, thus allowing the 

diffusion of molecules its permeable shell (Figure S6.8). 
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Figure 6.2. (a) Loading amount and (b) loading efficiency of FITC-labelled LSNAPP in 

LSNAPP-TA or LSNAPP-FeⅢ-TA capsules as a function of LSNAPP loading concentration. In 

vitro time-dependent release of FITC-labelled LSNAPP from (c) LSNAPP-FeⅢ-TA capsules or 

(d) LSNAPP-TA capsules at pH 3.0, 4.5, 7.4 and 9.0. Data presented are averages of three 

replicates, and error bars represent standard deviations. 

 

6.4.3 In Vitro Cell Interactions Study 

To assess the capsule–cell interactions, mouse alveolar macrophage MH-S cells were treated 

with SNAPP-TA or SNAPP-FeIII-TA capsules over different incubation periods at 37 °C 

(Figure 6.3 and Figure S6.12). Both capsule systems minimally influenced cell viability after 

incubation for 24 h, as evaluated by XTT assay (Figure S6.13). Despite the similar sizes in 

aqueous solution (Figure 6.1a1, a2, b1, b2) and similar surface charge at physiological pH 

(LSNAPP-TA: −28 mV, LSNAPP-FeIII-TA: −32 mV, Figure S6.2), LSNAPP-TA capsules 

exhibited significantly higher association with MH-S cells than LSNAPP-FeIII-TA capsules 

after incubation for 8 h (difference ~37%) or 24 h (difference ~52%) (Figure 6.3a), probably 

due to the thinner shell and resultant higher flexibility and deformability of SNAPP-TA 

capsules upon contact with the cell membrane, leading to higher cell membrane adhesion.26 
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The differences in the capsule roughness and surface chemistry (presence of SNAPP on the 

capsule surface or interior) were also likely to affect cell association.27-28  

The internalisation of the capsules by the cells was quantified by imaging flow cytometry based 

on an internalisation factor (IF), which was analysed from the spatial relationship between the 

fluorescently labelled capsules and the cell membrane. A positive IF value refers to cells 

containing internalised capsules, whereas a negative IF refers to cells with capsules associated 

on the cell membrane. As shown in Figure 6.3b and c, both LSNAPP-TA or LSNAPP-FeIII-TA 

capsules exhibited >99% internalisation by MH-S cells.  

The cell uptake of LSNAPP-TA or LSNAPP-FeIII-TA capsules was further verified by confocal 

microscopy. After incubation for 8 h, most internalised LSNAPP-FeIII-TA capsules were intact, 

thus retaining their original spherical shape (Figure 6.3f), whereas some of LSNAPP-TA 

capsules appeared deformed (Figure 6.3e). Increasing the incubation time to 24 h resulted in 

an increasing amount of deformed and disassembled LSNAPP-TA capsules (Figure 6.3g), 

whereas most LSNAPP-FeIII-TA capsules remained intact (Figure 6.3h), indicating that 

SNAPP-FeIII-TA capsules were more stable in intracellular environment than SNAPP-TA 

capsules. The intracellular disassembly of SNAPP-TA capsules endows them with potential 

applications for controllable intracellular drug release. 

 

Figure 6.3. In vitro cell interactions study. (a) Association of LSNAPP-TA or LSNAPP-FeⅢ-

TA capsules with MH-S cells following incubation for 8 or 24 h at 37 °C and a capsule-to-cell 



195 

 

ratio of 50:1. Imaging flow cytometry of the quantification of the internalisation of (b) 

LSNAPP-TA and (c) LSNAPP-FeⅢ-TA capsules in MH-S cells after incubation for 24 h at 

37 °C at a capsule-to-cell ratio of 50:1. The capsules were fluorescently labelled by loading 

with FITC-labelled LSNAPP (green) and the cell membranes were stained with WGA-594 

(orange). The degree of cell internalisation was expressed as an internalisation factor. The 

insets show the representative images of cells with internalised capsules (positive IF). Confocal 

microscopy images of the MH-S cells treated in the (d) absence of capsules (control) and (e, g) 

presence of LSNAPP-TA or (f, h) LSNAPP-FeⅢ-TA capsules for 8 h (e, f) or 24 h (g, h) at 

37 °C at a capsule-to-cell ratio of 50:1. The capsules were fluorescently labelled by loading 

with FITC-labelled LSNAPP (green). The cell membranes were stained with WGA-594 (red) 

and the nuclei were stained with Hoechst 33342 (blue). Scale bars are 10 µm in (d–h). 

 

6.4.4. Intracellular Delivery 

To further explore the intracellular and subcellular distribution of SNAPP-TA and SNAPP-

FeIII-TA capsules, co-localisation analysis of SNAPP-TA and SNAPP-FeIII-TA capsules with 

endo/lysosomes in MH-S cells was conducted. The capsules were fluorescently labelled by 

loading with FITC-labelled LSNAPP (green). The endo/lysosomes were stained with 

LysoTracker Red (red) and the nuclei were stained with Hoechst 33342 (blue). As shown in 

Figure 6.4a, after incubation for 24 h, LSNAPP-TA capsules exhibited relatively strong co-

localisation with endo/lysosomes, indicating that most of LSNAPP-TA capsules were 

entrapped in endo/lysosomal compartments where the capsules were likely to be degraded by 

exposure to a variety of enzymes. In the contrast, LSNAPP-FeIII-TA capsules displayed a 

smaller degree of co-localisation with endo/lysosomes, suggesting that LSNAPP-FeIII-TA 

capsules tend to escape from endo/lysosomal compartments remaining in the cytoplasma, 

probably due to the ‘proton-sponge effect’ arising from the buffering capacity of MPNs, which 

was reported previously.29 The colour scatter plots (Figure 6.4b) and corresponding PCC values 

(Figure 6.4c) which provide a statistical correlation between the red and green fluorescence 

signals in the images, reveal the stronger positive correlation and higher degree of co-

localisation for LSNAPP-TA capsules with endo/lysosomes when compared with LSNAPP-

FeIII-TA capsules. 
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Figure 6.4. (a) Intracellular distribution of LSNAPP-TA and LSNAPP-FeⅢ-TA capsules in MH-

S cells after 24 h incubation at 37 °C at a capsule-to-cell ratio of 50:1, as evaluated by confocal 

microscopy. The capsules were fluorescently labelled by loading with FITC-labelled LSNAPP 

(green). The endo/lysosomes were stained with LysoTracker Red (red). The nuclei were stained 

with Hoechst 33342 (blue). The cellular boundaries were represented by dashed lines according 

to the corresponding bright-field images. Scale bars are 10 μm. (b) Representative colour 

scatter plots of LSNAPP-TA and LSNAPP-FeⅢ-TA capsules vs endo/lysosomes. (c) 

Corresponding Pearson’s correlation coefficient (PCC) values of LSNAPP-TA and LSNAPP-

FeⅢ-TA capsules vs endo/lysosomes (mean ± standard deviation, n > 50). **** p < 0.0001 

from the unpaired t-test. 

 

6.4.5. In Vitro Antimicrobial Activity 

The antimicrobial activity of the SNAPP released from SNAPP-TA and SNAPP-FeⅢ-TA 

capsules was evaluated by determining the MIC value against a model Gram negative bacteria 

E. coli via a standard antimicrobial assay, which can correlate the increase in turbidity of a 
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culture with bacterial proliferation.22 The MIC indicates the lowest concentration of an 

antimicrobial agent that can inhibit bacterial growth without necessarily killing the pathogen, 

with lower MIC values corresponding to stronger antimicrobial activities. 

Free SNAPP solutions of varying concentrations or released SNAPP collected from SNAPP-

TA and SNAPP-FeⅢ-TA capsule suspensions at pH 7.4 at different time points were added to 

the E. coli culture and the bacteria growth curves in the presence of SNAPP at different 

concentrations were obtained by plotting the OD600 of the samples as a function of time (Figure 

S6.14a, c). The OD600 of the samples at the time point at which the bacterial exponential growth 

of the negative control was complete was normalised as a relative percentage compared to the 

OD600 of the negative control, expressed as relative bacterial growth (%). The relative bacterial 

growth (%) was plotted against SNAPP concentration and fitted into an exponential regression 

(Figure S6.14b, d, and Figure 6.5). The MIC was determined as the concentration 

corresponding to 1% relative bacteria growth in the exponential regression.  

As shown in Figure S6.14, free LSNAPP displayed excellent antimicrobial activity against E. 

coli with an MIC of 16.1 μg mL−1, whereas free SSNAPP showed a much weaker activity (MIC 

of 134.6 μg mL−1), thereby requiring a significantly higher concentration to trigger the similar 

antimicrobial effect. This result can be explained by the cooperative mechanism of 

antimicrobial polypeptides reported previously, where in more substituted SNAPPs (i.e., with 

more polypeptide arms) can facilitate the cooperative action of neighbouring polypeptide arms 

and thus display antimicrobial activity at relatively lower concentrations.21 The LSNAPP 

released from LSNAPP-TA and LSNAPP-FeIII-TA capsules retained antimicrobial activity 

against E. coli with an MIC of 30.5 μg mL−1 for LSNAPP-TA capsules and 29.3 μg mL−1 for 

LSNAPP-FeIII-TA capsules, which is higher than that achieved by free LSNAPP (MIC of 16.1 

μg mL−1) probably due to the reduced binding of SNAPP with bacterial outer membrane via 

electrostatic interactions resulting from the adhesion of TA and neutralised charge. 
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Figure 6.5. Relative growth (%) of E. coli as a function of the concentration of LSNAPP 

released from (a) LSNAPP-TA or (b) LSNAPP-FeⅢ-TA capsules. The MIC, defined as the 

lowest concentration of SNAPP that inhibited 99% of bacterial growth (i.e., the X value at Y = 

1%), was determined from the fitted exponential regression. Data represent the mean value ± 

standard deviation (n = 3). 

 

6.5 Conclusions 

This chapter demonstrated the potential of drug encapsulation and intracellular delivery by 

using polyphenol-based capsules for the subsequent application in pulmonary delivery. 

SNAPPs, a new class of synthetic antimicrobial peptide mimics, were immobilised and 

encapsulated via the assembly of SNAPP-TA and SNAPP-FeⅢ-TA capsules with maximum 

loading capacities of 0.8 pg capsule−1 and 4.4 pg capsule−1, respectively. Sustained release of 

LSNAPP was achieved at pH 7.4 and pH 9.0 for both LSNAPP-TA and LSNAPP-FeIII-TA 

capsules, with a faster release observed at pH 9.0. SNAPP-TA capsules exhibited a faster 

release of SNAPP and higher overall release percentage over a long period than SNAPP-FeIII-

TA capsules probably owing to the exposure of SNAPP on the surface. Both SNAPP-TA and 

SNAPP-FeIII-TA capsules exhibited negligible cytotoxicity towards mouse alveolar 

macrophage MH-S cells and could be effectively taken up by the cells. SNAPP-TA capsules 

showed higher cell association than SNAPP-FeIII-TA capsules and exhibited relatively stronger 

co-localisation with endo/lysosomes, thus highlighting the potential of intracellular 

disassembly and degradation. The released LSNAPP from both LSNAPP-TA and LSNAPP-

FeIII-TA capsules retained high antimicrobial activity, as evaluated using an E. coli model. This 
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study provides important insights into the drug encapsulation and cellular delivery using the 

presently engineered polyphenol-based delivery carriers and their promising prospects for the 

delivery of therapeutics for lung diseases caused by bacterial infection (e.g., tuberculosis).  

 

6.6 Supporting Information 

 

Scheme S6.1. Schematic illustrations of (a) the structure of a generation 2 PAMAM dendrimer 

(G0 = generation 0; G1 = generation 1; G2 = generation 2) and (b) the structure of LSNAPP 

(Mw 54.0 kDa) and SSNAPP (Mw 3.7 kDa). 
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Figure S6.1. Zeta potential of SNAPP (LSNAPP and SSNAPP), SNAPP-TA and SNAPP-FeⅢ-

TA capsules prepared from LSNAPP and SSNAPP at different pH (mean ± standard deviation, 

n = 3). 

 

 

Figure S6.2. (a) SEM and (b) TEM images of CaCO3 particles showing their porous surface 

structure. 

 

 

Figure S6.3. (a) DIC microscopy, (b) fluorescence microscopy, (c) TEM, (d) SEM and (e) 

AFM images of thick LSNAPP-FeIII-TA capsules (thickness of 269 ± 26 nm). Scale bars are 10 

µm in (a, b) and 2 µm in (c–e). 
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Figure S6.4. (a, b) Fluorescence microscopy and (c, d) TEM images of LSNAPP-TA (a, c) and 

LSNAPP-FeIII-TA (b, d) before nebulisation. (e, f) Fluorescence microscopy and (g, h) TEM 

images of LSNAPP-TA (e, g) and LSNAPP-FeIII-TA (f, h) after nebulisation. Scale bars are 10 

µm in (a, b, e, f), and 2 µm in (c, d, g, h). 

 

 

Figure S6.5. In vitro time-dependent release of LSNAPP from thick LSNAPP-FeⅢ-TA capsules 

(thickness of 269 ± 26 nm) at pH 3.0, 4.5, 7.4 and 9.0. Data presented are averages of three 

replicates and error bars represent standard deviations. 
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Figure S6.6. Loading amount of FITC-labelled LSNAPP and SSNAPP in SNAPP-TA and 

SNAPP-FeⅢ-TA capsules as a function of SNAPP loading concentration. Data presented are 

averages of three replicates and error bars represent standard deviations. 

 

 

Figure S6.7. In vitro time-dependent release of FITC-labelled SSNAPP from (a) SSNAPP-FeⅢ-

TA capsules, (b) thick SSNAPP-FeⅢ-TA capsules and (c) SSNAPP-TA capsules at pH 3.0, 4.5, 

7.4 and 9.0. Data presented are averages of three replicates and error bars represent standard 

deviations. 
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Figure S6.8. Molecular weight-dependent permeability of LSNAPP-FeⅢ-TA capsules and 

LSNAPP-TA capsules at different pH. Representative confocal microscopy images of (a) 

LSNAPP-FeⅢ-TA capsules and (b) LSNAPP-TA capsules incubated with FITC-dextran (3–5, 

59–77 and 2000 kDa) at pH 4.5. Scale bars are 5 μm. The percentage of permeable (c) LSNAPP-

FeⅢ-TA capsules and (d) LSNAPP-TA capsules plotted as a function of the molecular weight 

of FITC-dextran. 

 

 

Figure S6.9. UV–vis absorbance standard curve of (a) FITC-labelled LSNAPP and (b) SSNAPP 

in Milli-Q water.  
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Figure S6.10. Fluorescence intensity standard curves of FITC-labelled LSNAPP at different pH 

(the measurement parameter was adjusted to achieve a reasonably high fluorescence intensity 

with the detectable range). 
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Figure S6.11. Fluorescence intensity standard curves of FITC-labelled SSNAPP at different pH 

(the measurement parameter was adjusted to achieve a reasonably high fluorescence intensity 

with the detectable range).  
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Figure S6.12. Association of SNAPP-TA and SNAPP-FeⅢ-TA capsules prepared from 

LSNAPP or SSNAPP with MH-S cells after incubation for 24 h at 37 °C at a capsule-to-cell 

ratio of 50:1 (mean ± standard deviation, n = 3). 

 

 

Figure S6.13. Cell (MH-S) cytotoxicity of SNAPP-TA and SNAPP-FeⅢ-TA capsules prepared 

from LSNAPP or SSNAPP after incubation at 24 h at 37 °C at a capsule-to-cell ratio of 10:1 or 

50:1. Cell viability was evaluated by XTT assay (mean ± standard deviation, n = 3). The 

viability of cells treated in the absence of capsules was normalised to 100%. 
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Figure S6.14. Growth curves of E. coli in the absence and presence of (a) LSNAPP and (c) 

SSNAPP at different concentrations. Relative OD600 at 4 h of these samples compared to the 

control (0 µg mL−1, 100%) was fitted to an exponential function, of which the X value at Y = 

1% was established as the MIC of (b) LSNAPP and (d) SSNAPP (mean ± standard deviation, n 

= 3).  
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Chapter 7 

Conclusions and Outlook 
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The unique structure of the lungs, including large surface area, low thickness of the epithelial 

barrier, extensive vascularisation and relatively low proteolytic activity in the alveolar region, 

makes the lungs an attractive delivery route for either local lung targeting or systemic delivery. 

With the development of nanotechnology and advances in materials science, various particle 

systems with unique properties and functions, such as polymeric particles and lipid-based 

particle systems have been developed as therapeutic carriers for pulmonary delivery. However, 

due to the presence of clearance and degradation mechanisms in the lungs, including the 

mucociliary clearance in airway and the alveolar macrophage clearance in deep lungs, inhaled 

particles are likely to have limited retention time in the target site and be rapidly eliminated. 

This could lead to reduced efficacy of therapeutic delivery and thus needing higher drug dosage, 

which could result in severe systemic side effects. For improved efficacy of therapeutic 

delivery and development of particle systems for biomedical applications, it is of vital 

importance to understand the interactions of particle systems with complex physiological 

environments. Therefore, in this thesis, the interactions of engineered particles with mucus, 

and the influence of the pulmonary corona on particle properties and cellular interactions were 

investigated by using distinct polymer particles thiol modified-poly(methacrylic acid) 

(PMASH)-based particles and poly(ethylene glycol) (PEG)-based particles), which exhibit 

different surface properties. The potential for drug loading and intracellular delivery of 

therapies for lung disease or infections was also explored by using promising polyphenol-based 

carriers. 

In Chapter 3, the link between the mechanical properties of low-fouling PEG-based particles 

and their interactions with immune cells was studied using a clinically relevant ex vivo human 

blood model. The PEG-based particles were prepared from different multi-arm PEG building 

blocks, which vary in arm number, using a mesoporous silica-templated method. The resultant 

PEG replica particles (template removed) showed different morphology and structures, and 

their elastic modulus increased from 1.5 kPa to 14.9 kPa with increase in PEG arm numbers. 

The mechanical properties of the particles influenced their biological interactions in a 

physiological system. Increasing the arm numbers (higher molecular weight) of PEG particles 

led to increased association with phagocytic blood cells and B cells. However, the opposite 

was observed for PEGylated mesoporous silica (MS@PEG) particles—those composed of 

PEG building blocks with increasing number of arms resulted in lower immune cell 

associations, probably due to a denser PEG coating and less negative particle surface charge at 

higher PEG arm numbers. A previous study reported that having the same arm number, higher 
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molecular weight PEG (longer arms) contributed to reduced immune cell associations and 

enhanced stealth property for assembled PEG particles, while in this study, higher molecular 

weight PEG led to increased cell association of PEG particles due to greater number of PEG 

arms. These findings suggest that higher molecular weight PEG does not necessarily contribute 

to better stealth property for PEG replica particles. This work indicates that the architecture of 

building blocks can affect the mechanical properties of the assembled particles with identical 

composition, and further alter their interactions with biological systems, which should be taken 

into account in the design of functional nanoengineered materials for biomedical applications. 

It also shows how the particle synthetic properties can be engineered to modulate their 

biological identities and interactions with cells in complex biological environments.  

In Chapter 4, particle−mucus interactions in the lungs were investigated by comparing how 

PMASH-based particles and PEG-based particles, which exhibit different structure and surface 

properties, interact with artificial mucus and an air-liquid interface (ALI) cell culture. 

MS@PMASH, PMASH, MS@PEG and PEG particles were found to be amenable to the 

nebulisation process maintaining their original structure and morphology without aggregation, 

with a droplet size of ~5 μm, which was in the desirable size range for deposition of particles 

in the deep lung region. PMASH particles exhibited strong adhesion to the artificial mucus as 

evaluated by QCM-D, probably due to the interactions between the thiol groups of PMASH 

particles and the cysteine groups of mucin, while PEG particles showed negligible adsorption 

onto the mucus layer, confirming the low-fouling property of PEG particles. The particle 

behaviours in ALI cell culture were found to be consistent with the QCM-D results. 

MS@PMASH and PMASH particles were mostly stuck in the mucus layer, while no mucus 

adhesion of MS@PEG and PEG particles was detected. Taken together, this study 

demonstrates the potential of drug-loadable PMASH-based particles and PEG-based particles 

for pulmonary delivery via nebulisation and provides a preliminary understanding of the 

interactions of these particles with airway mucus. 

Chapter 5 demonstrated the influence of the pulmonary corona on the particle surface 

properties and their interactions with cells. The interplay of both protein corona from blood 

(plasma protein corona) and pulmonary corona on the composition of a mixed protein corona, 

and the resultant influence on macrophage uptake of polymer particles were also investigated. 

Plasma protein corona, lung protein corona and the mixed coronas had different influence on 

the particle properties and their interactions with macrophages. The presence of a protein 

corona reduced macrophage uptake of MS@PMASH and PMASH particles, but increased 
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macrophage uptake of MS@PEG particles, and negligible effect on the PEG particles. The 

plasma+lung protein corona-coated particles and the lung+plasma protein corona-coated 

particles showed different levels of cell association under the same experimental conditions, 

mainly due to the different composition of the eventual mixed protein corona as evaluated by 

mass spectrometry. The results indicate that the features of the protein corona including the 

protein composition and proportions and are dependent on both biological environments and 

the particle properties. When particles are transferred from one biological environment into 

another, previously adsorbed proteins may be partially replaced by the proteins from the new 

environment, and partially retained. The interplay of both protein coronas determines the 

composition of the eventual mixed protein corona, and further affects the particle−cell 

interactions. The addition of protein corona B to protein corona A is not necessarily equal to 

the addition of protein corona A to protein corona B. This study provides improved 

understanding of the role of the protein corona in particle−cell interactions as a result of the 

transport of particles from one biological site to another, which is helpful for the design of 

particle systems to overcome the biological barriers and achieve promising biological outcomes. 

Chapter 6 explored the potential of drug encapsulation and intracellular delivery using 

polyphenol-based capsules for applications in pulmonary delivery. Structurally 

nanoengineered antimicrobial peptide polymers (SNAPPs), a new class of synthetic 

antimicrobial peptide mimics, were immobilised and encapsulated via the assembly of SNAPP-

TA and SNAPP-FeⅢ-TA capsules with the maximum loading amount of 0.8 pg capsule−1 for 

SNAPP-TA capsules and 4.4 pg capsule−1 for SNAPP-FeIII-TA capsules. Sustained release of 

SNAPP was achieved at pH 7.4 and pH 9.0 for both SNAPP-TA and SNAPP-FeIII-TA capsules 

with faster release at pH 9.0. SNAPP-TA capsules exhibited faster release of SNAPP and 

higher overall release percentage over a long period than SNAPP-FeIII-TA capsules. Both 

SNAPP-TA and SNAPP-FeIII-TA capsules exhibited negligible cytotoxicity and showed high 

internalisation by mouse alveolar macrophage MH-S cells. SNAPP-TA capsules showed 

higher cell association than SNAPP-FeIII-TA capsules, and exhibited relatively stronger co-

localisation with endo/lysosomes, revealing the potential of intracellular disassembly and 

degradation. The released SNAPP from both SNAPP-TA and SNAPP-FeIII-TA capsules 

maintained high antimicrobial activity as evaluated in E. coli. This study provides strategies 

for drug encapsulation and cellular delivery using promising delivery carriers against bacterial 

infections in the lungs (e.g., tuberculosis, cystic fibrosis).  
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In summary, this thesis provides an overview of engineering particle systems for pulmonary 

delivery, including understanding bio-nano interactions in lung physiological environments 

and the applications of therapeutic delivery of potential therapies for lung diseases. PEG as 

low-fouling material that is commonly used for ‘stealth’ coating can minimise the adhesion of 

particles to mucus, while modification with thiol groups can result in strong interactions with 

mucus as consistent with published literature. The stealth property of PEG replica particles and 

PEGylated mesoporous silica (MS@PEG) particles can be influenced by the architecture of 

the PEG building blocks by tuning the mechanical property and surface charge of assembled 

particles. The synthetic or chemical properties of particles can be engineered to allow 

modulation of their biological identities to influence interactions with cells in complex 

biological environments. Upon contacting the pulmonary surfactant environment, the 

pulmonary corona formed on particles played an important role in modulating particle 

properties and their interactions with cells. When particles are transferred from one biological 

environment into another, previously adsorbed proteins may be partially replaced by the 

proteins from the new environment, and partially retained. The interplay of both protein 

coronas determines the composition of the eventual mixed protein corona, and further affects 

the particle−cell interactions. Furthermore, polyphenol-based capsules can be engineered as 

therapeutic carriers for pulmonary drug delivery. Overall, these findings provide an insight of 

the bio-nano interactions of potentially inhalable particles for pulmonary delivery and provide 

promising prospects for future development of templated polymer particles and polyphenol-

based materials for respiratory applications. 

Given the low-fouling property and poor mucoadhesive characteristic of PEG-based particles, 

they are potential candidates for drug delivery with long retention time in the lungs. Future 

work investigating the permeation performance of PEG-based particles through mucus, 

subsequent interactions with underlying cells, and particle distribution in vivo after inhalation 

is important to better understand the behaviour of mucus-penetrating particles in a real 

physiological environment for clinical applications. Besides, further tailoring of PEG-based 

particles such as functionalisation with specific targeting ligands can potentially expand their 

biomedical applications in the lungs, achieving a balance of targeting and ‘stealth’ ability to 

evade clearance mechanism. SNAPP-loaded polyphenol-based capsules are promising 

candidates for targeting therapy of the diseases that are caused by bacteria localised in 

endosomes of alveolar macrophages (e.g., tuberculosis). Future work evaluating the 

performance of SNAPP-loaded polyphenol-based capsules by using a more relevant ex vivo 
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model (e.g., bacteria-infected cells) or in vivo model is essential to explore their potential use 

as inhalable antimicrobials. Encapsulation and intracellular delivery of other therapeutic agents, 

including small drugs and nucleic acid drugs, using polyphenol-based capsules with tailorable 

properties can also be investigated as potential therapies for lung diseases. It should be noted 

that the polyphenol-based capsules developed in this thesis are in the micrometer scale, which 

usually results in relatively lower bioavailability than smaller particles especially those in a 

size range between 50 nm and 200 nm. Therefore, one challenge of extending the applications 

of polyphenol-based materials is to reduce their size to the nanometer scale (50–200 nm). Self-

assembly or template-mediated methods will be explored in future work to fabricate nano-sized 

polyphenol-based materials for pulmonary delivery. 

In this thesis, proteomics analysis by mass spectrometry was performed to identify the proteins 

in the pulmonary corona. Due to the presence of high contents of phospholipids in pulmonary 

surfactant, large amounts of lipid can be adsorbed onto particles together with proteins. 

Therefore, it is essential to analyse the lipid composition of the pulmonary corona in addition 

to the protein composition to comprehensively characterize the complex composition of the 

pulmonary corona. Furthermore, it is important to study the specific roles of four major 

surfactant associated proteins (SP-A, -B, -C and -D) in biological responses, especially in 

macrophage uptake to better understand the interactions of particles with the highly complex 

pulmonary surfactant fluid. The effect of the pulmonary corona on cell apoptosis/death and 

inflammatory cytokine secretion should also be studied in the future. 

 

 


