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Abstract 

Biologically-based medicines such as vaccines and therapeutic proteins are routinely 

used in the clinic. While recombinant technologies are firmly entrenched and 

biotherapeutics will continue to be developed, maximising clinical efficacy requires 

optimal pharmacokinetics and duration of action. Treatment failures have also been 

known to occur due to poor adherence, compliance and access to healthcare. 

Generally, it is advantageous to have sustained protein delivery systems to reduce 

dosing frequency, to have fewer side effects, and to increase patient compliance. 

Controlled release protein-loaded particles or depots are options for less frequent dose 

administration.  Similarly, with vaccines, there is often a need to administer boosting 

dose, so long acting or pulsatile vaccine formulations could provide clinical benefit. 

This thesis focuses on using electrohydrodynamic processes to fabricate polymeric 

fibres and particles that could form the basis for controlled release of biotherapeutics. 

Chapters 1 and 2 describe the relevant background and the materials and methods that 

were used. Chapter 3 reports the processes essential for the fabrication of alkaline 

phosphatase (ALP) encapsulated by polyethylene oxide (PEO) fibres and particles, to 

help understand the effect of electrohydrodynamic atomisation (EHD) processing 

techniques on the enzyme activity. There was evidence of change to the activity of the 

enzyme, which can be minimised by reduction of voltage used in processes. Chapter 

4 describes the production of albumin-loaded from electrosprayed PLGA and Eudragit 

particles. Biphasic release systems could be generated by either mixing the two particle 

sets, or by forming core-shell structures. Albumin was used as a model antigen.  

Physicochemical and in vitro cytokine secretion assays were conducted to correlate 

particle properties with processing parameters. It was possible to vary the albumin 

release profiles and the poly(lactic-co-glycolic acid) (PLGA) particles significantly 

increase the production of tumour necrosis factor (TNF- Ŭ) but no other cytokines from 

macrophage-like cells. Chapter 5 describes optimisation of the processing parameters 

that affect particle shape and examines the effect of PLGA particle morphology on 

macrophage-like cells. Rod-like particles had more of an immunostimulatory effect 

than spherical particles and might hence be better suited to delivery of vaccines. 

In conclusion, materials fabricated using EHD can be tailored to achieve desired 

structures, shapes and release profiles.   
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Impact Statement 

Biological based vaccines and therapeutics (e.g. monoclonal antibodies, cytokines, 

insulins, and blood factors) have faced challenges relating to their long-term delivery 

and stability. The development of protein-loaded particles to sustain the duration of 

protein activity is advantageous as these could permit a reduction in dosing frequency, 

fewer side effects, local delivery and increased patient compliance. Another major 

limitation to the advancement in the use of some biopharmaceuticals is the poor 

stability that could result life-threatening side-effects when administered. In 

formulations commercially available, cold-chain storage has helped to minimise this 

risk. However, in many parts of the world facing problems with electricity and 

transportation, this limitation translates to substandard healthcare delivery. Associated 

impact on patients in developing countries include increased cost of delivering care 

and a potential worsening of disease burden. Formation of particle would help preserve 

the labile therapeutic and ensure therapeutic effect, polymeric encapsulation has also 

been known to limit the effect of environmental conditions on thermo-sensitive 

products and these particles offer an additional advantage of controlled release. 

To achieve the sustained release of biotherapeutics and vaccines, the protein cargo 

should preferably be encapsulated in a biocompatible carrier. The work in this thesis 

explored the formulation of protein-loaded polymeric particles. The materials were 

fabricated using Electrohydrodynamic (EHD) processes such as electrospinning and 

electrospraying. Attempts to understand the process whilst determining the effect of 

processing conditions and techniques were first undertaken. Different types of 

materials that can be generated using these processes such as fibres, spherical particles 

and rods were further investigated and their drug release profiles determined. 

Key findings in this work include a processing technique that maintains protein 

function after exposure to ethanol, an organic solvent, controlled release (over ca. 30 

days) core-shell formulations and the use of electrospraying to generate particles of 

tailored shapes and sizes that act to stimulate cells of immunity in vitro. 

The fresh perspective the research in this body of work will aid future scientists to 

explore the possibility of adjuvant-free drug delivery systems for the formulation of 

vaccines, will help in the consideration of appropriate processing and solution 

parameters during the optimisation of electrosprayed formulations, and will be 

informative in the development of depot drug delivery systems. 
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1   Introduction  

1.1 The scope of biopharmaceutics 

Recombinant technology and identification of disease targets have facilitated the 

development of many new products that have advanced healthcare (1). Protein-based 

treatments are effective for a wide range of diseases (2). Now more than ever, since 

molecular targets for diseases can be identified, it has become possible for therapeutic 

proteins such as antibodies to be widely beneficial. For example anti-TNF-Ŭ antibody 

based medicines are increasingly used to treat chronic inflammation diseases such as 

rheumatoid arthritis (3,4). Pharmaceutical proteins have good clinical efficiency 

because of their high structural specificity, but their use can be limited by the risk of 

immunogenicity compared to low molecular weight molecule drugs (5).  Further, a 

major limitation to the use of biologics is their low stability.  

Protein stability is defined as the preservation of the three dimensional tertiary 

structure of the polypeptide under changes in physical conditions (6). Proteinsô tertiary 

structure is derived from the primary structure of the protein main chain and non-

covalent interactions (e.g. hydrogen bonding, hydrophobic effects). The biological 

functionality of a protein is largely determined by this 3D structure. Under stress 

conditions such as heat, freezing, agitation and pH extremes, the non-covalent 

interactions in proteins can be disrupted, with loss of tertiary structure resulting in 

protein misfolding, aggregation or denaturation. Loss or modification of protein 

tertiary structure can reduce therapeutic activity, while increasing immunogenicity and 

toxicity (7ï9). Maintaining protein stability is a challenge that has been partly 

managed by maintaining a cold  chain (with temperatures in the range of 2-8 ̄ C) from 

the point of processing to storage and distribution (10).  

With the increasing importance and use of therapeutic proteins, investigations into 

optimising formulations to overcome their limitations have been on the rise (11), as 

has work to minimise the protein-protein interactions that could result in aggregation 

(3,12). For example, extensive research has been done into functionalising with 

poly(ethylene glycol), which in a broad sense positively impacts on the 

pharmacokinetic profile of a biologically active protein (13,14).  
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1.1.1 Therapeutic proteins 

Quite a few therapeutic proteins are newly being approved and marketed for the 

treatment and management of disease conditions, and they constitute a significant 

proportion of the drug delivery market (15). Therapeutic proteins can broadly be 

classified as monoclonal antibodies (mAbs), immunomodulatory proteins (e.g. 

cytokines) and therapeutic endogenous proteins (e.g. enzymes and hormones). Some 

examples of biotherapeutics currently approved for use include anti-TNF antibodies 

for the management of inflammatory conditions such as rheumatoid arthritis, 

ulcerative colitis, Crohnôs disease and psoriasis such as the brand, Remicade 

(Infliximab (generic name) by Janssen), Enbrel (Etanercept from Amgen) and Humira 

(Adalimumab by AbbVie). Conditions propagated by growth factor release such as 

human epidermal growth factor-sensitive breast cancer are treated with Herceptin 

(Trastuzumab by Roche), and Lucentis (Ranibizumab, Genentech) for the treatment of 

age-related macular degeneration are also widely applied biotherapeutics (16). 

1.1.2 Mechanisms of protein denaturation  

Often, proteins are formulated in a liquid for use parenterally. Maintenance of the 

tertiary structure in these formulations can be challenging, as a protein in a liquid form 

can adopt a number of different structures which are relatively close in energy (Figure 

1.1). Hence, the active tertiary structure can be easily disrupted. Protein unfolding (or 

denaturation) and misfolding (when the unfolded protein is not returned to its native 

state during refolding) can easily occur (17,18).  

Several factors such as changes in temperature, pressure, pH, light and ionic 

concentration can affect the manner in which protein structure changes. For instance, 

with an increase in temperature, there is increased mobility and frequency of 

interaction between protein molecules within a solution, which could lead to a faster 

loss of native structure through interaction of hydrophobic sites. In essence, protein 

aggregation and loss of tertiary structure can increase with temperature. Wiedersich et 

al. investigated the effect of temperature and pressure on fluorescein-binding lipocalin 

(FluA) stability. They found that on observation of absorption and emission spectra, 

increasing temperature whilst pressure was kept constant, or vice versa, accelerated 

denaturation of the protein (19). 
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Figure 1.1 Schematic mechanism of native protein degradation. The forms of protein are coloured 

from green to yellow to orange and then red, representing the increasing degree of associated 

irreversibility.  Where N = native protein, D = denatured form, I = intermediate species, A = 

aggregated form and P = precipitated form. Adapted from (3,20,21). 

The native protein (Figure 1.1) is the correctly folded protein, which can exert the 

expected biochemical response. Protein instability can lead to denaturation (loss of 

native structure), which can in turn cause unwanted immune responses (22). This 

process can be accelerated by exposure to stress factors (23ï25). Denaturation of a 

protein can occur by physical or biochemical processes. A range of degradation 

processes are possible and are summarised below. 

1.1.2.1 Biochemical degradation processes 

Covalent bond cleavage can occur through a series of reactions, as described below. 

a) Hydrolysis: This is the cleavage of bonds by water molecules. Aspartate and 

tryptophan residues when followed by glycine or proline are susceptible to 

hydrolysis (26,27).  

b) Deamidation and isomerisation: Glutamine and asparagine are likely to 

undergo deamidation (28,29). Factors that affect the propensity to deamidation 

include acidic pH, temperature and ionic strength (30). Deamidation occurs by 

the introduction of a negative charge and  can lead to a change in primary 

structure (2,31ï33). It is generally a slow process but can be accelerated by 

protein unfolding (34). Susceptibility to deamidation is based on the sequence 

and placement on individual amino acids e.g. Asparagine is prone to 

deamidation when there is a glycine at the end of the c-terminal (35). 
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c) Oxidation and cleavage of disulfide bonds: Protein based therapeutics are 

prone to oxidation at methionine, tryptophan, histidine and cysteine residues 

(29). Cysteine is typically stabilised by disulfide linkages (23,36,37), but if left 

unpaired is a target site for oxidation or reduction (8,38). The process can be 

accelerated by oxygen, metal ions and the presence of certain surfactants (39ï

41). For example, non-ionic surfactants such as polysorbate 20 and 80 in 

protein formulations undergo auto-oxidation reactions because polysorbates 

form hydroperoxides which could potentially damage protein structure (42,43). 

d) Racemization and ɓ-elimination: When hydrogen on the Ŭ-carbon is 

deprotonated, the intermediate could either cause ɓ - elimination or recombine 

with hydrogen. Upon exposure to thermal stress, this mechanism of 

degradation can occur (27,32,44). 

1.1.2.2 Aggregation 

Aggregates are non-native structures comprising multiple protein molecules. Small 

aggregates can be soluble, or may grow and precipitate (45). Protein concentration and 

temperature changes can cause protein-protein and protein-excipient contact 

frequency to increase, leading to interactions that form stable and often irreversible 

aggregates which hide hydrophilic surfaces in aqueous environments (8,46). Protein-

protein interactions can result in nucleation or aggregation to form dimers, trimers and 

oligomers (47,48). Aggregation can also be caused by the protein absorbing to syringe 

or tubing material, where protein-surface interactions (particularly to both air-water 

and silicone oil-water interfaces) can cause misfolding to occur (49). Both soluble and 

insoluble aggregates can reduce efficacy and dose reproducibility. Even small amounts 

of aggregates in a formulation can cause an immunogenic response such as 

sensitization or anaphylactic shock (9,50ï52).  

1.1.3 Strategies to maintain protein stability  

Achieving protein stability is complex and dynamic, key method of protein stability 

utilised would depend on the nature of the native protein investigated. Protein 

aggregation is the most common and troubling limitation in drug development (36). It 

is particularly problematic in liquid formulations, and storage stability is determined 

by molecular mobility (53). Stability can be improved by minimizing local mobility, 

most commonly by freezing the solution until it is required by the patient. 
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Thermodynamic, functional and in vivo stability enhancements to avoid aggregation 

of proteins can be achieved through covalent or non-covalent modifications (54,55).  

Lipid vesicles and emulsions provide 3D hydrophilic confinement for proteins, 

causing a degree of immobilisation (56). Confinement has been known to enhance 

preferential hydration (57,58). Preferential hydration refers to the water concentration 

in the immediate protein environment compared to the bulk (59). An alternative to 

confinement is physical adsorption onto macroscopic supports, via binding through 

weak forces such as van der Waals interactions to an inert carrier. These carriers are 

selected based on size and pore size distribution (60,61).  Also, solution characteristics 

such as pH, the presence of salts or surfactants, pressure and temperature can affect 

the activity and structural stability of the protein (6). The methods described later in 

this chapter are focused on physical confinement in the solid-state. 

Key formulation aspects that could be optimised to help relieve these challenges 

include the antigen loading capacity, efficacy, release-profile, safety and product 

stability (62). 

1.2 Vaccines and immunity  

Vaccines are one of the greatest triumphs of modern medicine, being the most cost-

effective public health intervention and preventing about 2 ï 3 million deaths every 

year (63). Vaccination exposes the immune system to a part or form of the infecting 

organism (termed the ñantigenò). The aim of vaccination is to ñtrainò the immune 

system to respond effectively to an infection, whilst posing minimal risks to the 

individual being vaccinated (64). Vaccines typically confer protection over an 

extended period of time and have helped eradicate infections worldwide. For instance, 

antibody responses in patients vaccinated against smallpox remain stable for up to 75 

years, and in 1980 the World Health Organisation (WHO) declared smallpox 

eradicated (65ï67). 

1.2.1 Cells involved in an immune response 

1.2.1.1 Monocytes 

Monocytes are circulating cells that are made in the bone marrow but can enter the 

blood stream and migrate into tissues and eventually differentiate into macrophages or 
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dendritic cells (68). They are a type of phagocytes, immune cells capable of adsorbing 

and internalising non-indigenous particles or pathogens by engulfment (69).  

1.2.1.2 Macrophages 

Macrophages are antigen presenting cells (APCs), and as such they take up and process 

antigens, and display them on their cell surface to aid induction of an immune response 

(70). They help engulf infectious agents and senescent cells through phagocytosis, and 

have significant influence on T-cell activation (71). Macrophages also synthesise 

cytokines, chemicals which send signals to the rest of the immune system (72,73). 

Macrophages express different phenotypes, reflecting specialization of function within 

microenvironments such as lymphoid or non-lymphoid areas (e.g. the liver, epidermis, 

reproductive organs, serosal cavities, lungs, nervous system, heart pancreas and 

kidneys) (74). 

1.2.1.3 Dendritic cells  

Dendritic cells are also APCs, and found in both lymphoid and non-lymphoid tissues, 

similarly to macrophages (75). These cells have characteristic nerve cell-like 

projections called dendrites that aid migration after activation. Dendritic cells are 

capable of initiating an immune response as a result of being highly effective at naïve 

T-cell activation (76).  

1.2.1.4 T lymphocytes 

Also known as T cells, T lymphocytes are produced in the bone marrow but mature in 

the thymus. They recognise, with a very high level of specificity, antigens bound to 

major histocompatibility complex (MHC) proteins on APCs and can be broadly 

categorised into three main types; killer or cytotoxic T cells (CTL), helper T cells (Th) 

and regulatory T cells (Treg) (77). CTLs recognise virally infected cells and trigger 

apoptosis. In contrast, Th cells (Th0, Th1, Th2 and Th17) act as cytokine factories to 

help and direct the general immune system response. Tregs  act as a negative feedback 

loop and help to keep the immune system form overreacting (64,78).  

Th0: These are unbiased and uncommitted T helper cells that can be converted by the 

cytokine environment to become Th1, Th2 or Th17 cells. For example, when an 

environment is interleukin-12 (IL-12) rich and under attack, Th0 cells are encouraged 



 24 

to commit to becoming Th1 cells. However, in an IL-4 or IL-6 rich environment they 

are persuaded to become Th2 or Th17 cells respectively (64).  

Th1: When attacked by a bacterial or viral infection in the tissues, Th1 cells produce 

tumour necrosis factor (TNF-Ŭ), interferon- ɔ (IFN- ɔ) and IL-2. These cytokines help 

activate, increase proliferation and maintain the activation of macrophages, cytotoxic 

cells and natural killer cells (64). 

Th2: Under tissue invasion by parasites and pathogenic bacteria via the digestive tract, 

committed Th2 cells secrete IL-4, IL-5 and IL-13. These cytokines induce the 

proliferation of B cells that can produce antibodies against parasites and stimulate the 

production of mucus to minimise entry of pathogens into the tissues (64). 

Th17: These cells help in the defence against fungal or extracellular bacterial 

pathogens and produce IL-17 and IL-21. These cytokines signal for the recruitment of 

cells to the site of infection and influence B cells to produce antibodies against the 

infection (64). 

1.2.1.5 B lymphocytes 

B cells are white blood cells produced in the bone marrow, and are capable of 

differentiating into plasma cells and manufacturing antibodies (IgG, IgA, IgD, IgE and 

IgM) in significant quantities (76). These highly specific antibodies then go on to tag 

complimenting antigens on the invading pathogen, permitting the latter to be destroyed 

by phagocytic cells. 

1.2.1.6 Other cells 

Other important immune cells include mast cells, neutrophils and eosinophils. These 

cells are important in conferring immunity through a number of mechanisms (79). 

1.2.2 Innate and acquired immunity 

Both innate and acquired (adaptive) immunity utilise macrophages and dendritic cells, 

which bridge between both systems to invoke responses to pathogen invasion. Some 

factors that affect the recognition and response by the immune system include the 

shape, size or protein markers on the surface of a pathogen which are recognised by 

the immune cells. 
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1.2.2.1 The innate immune system 

The innate immune system responds rapidly but non-specifically to pathogens and is 

a critical regulator of human inflammatory disease. The innate immune system is 

triggered by recognition of patterns such as pathogen-associated molecular patterns, 

(PAMPs) and damage-associated molecular patterns (DAMPs) brought about by stress 

(80,81). Cells involved in innate immunity include natural killer cells, neutrophils, 

mast cells, eosinophils, macrophages and dendritic cells (79). 

1.2.2.2 The adaptive immune system 

The acquired or adaptive immune system is heavily dependent on mass production of 

antigen-specific B cells and T cells (68). It is exquisitely specific to a particular 

pathogen, but slower to take effect than innate immunity. 

1.2.3 Types of vaccines 

1.2.3.1 Live attenuated vaccines 

These contain a weakened form of the pathogen, prepared using biological and genetic 

methods (82). Keeping the pathogen alive but removing its virulence helps build a 

long-lasting immune response without inducing disease. This can be achieved after 

one or two doses. Examples of clinically used live attenuated vaccines include: 

Zostavax, against the herpes zoster virus; VARIVAX, against varicella; and, DryVax 

against smallpox (83). With such vaccines there is a risk that the pathogen could revert 

to its virulent state, however (84). 

1.2.3.2 Inactivated vaccines 

These vaccines contain a killed (or inactivated) form of the pathogen, prepared using 

physical (heat), radiation, or chemical (formaldehyde) treatment (82). The antigen here 

is unable to replicate, so typically does not lead to the same level of immunogenicity 

as an attenuated antigen. Vaccination with inactivated antigens therefore requires more 

doses and co-formulation with an adjuvant (85). An adjuvant is a substance added to 

vaccine formulations to increase the immune response induced by the co-administered 

antigen, for instance AS02Ê (86). Inactivated vaccines can be advantageous because 

eliminating the risk of replication should completely reduce the risk of reversion to 

virulence. Examples of inactivated vaccines currently on the market include: Fluzone, 
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against influenza; VAQTA against hepatitis A; and, IXIARO for Japanese encephalitis 

(83). 

1.2.3.3 Subunit vaccines 

This type of vaccine exposes the immune system to an antigen comprising a 

component of the pathogen, for instance a peptide or cellular metabolite such as a 

specific protein or polysaccharide (79,87). The immunity provided is similar to that 

conferred by inactivated vaccines. Subunit vaccines can be further categorised into 

protein-based subunit vaccines (e.g. acellular pertussis vaccine), polysaccharide 

vaccines (e.g. protection against neisseria meningitidis groups A, C, W135 and Y), 

and conjugate subunit vaccines (e.g. typhoid conjugate vaccine) (88). 

1.2.3.4 Other types of vaccines 

Other types of vaccines available include toxoid vaccines, using inactivated toxins 

from a pathogen, and DNA vaccines (87). 

1.2.4 Challenges associated with vaccine delivery 

Vaccines have proven to be crucial in halting the spread of disease, but there remain 

challenges that dampen their efficacy after manufacture. This section describes the 

challenges associated with vaccine delivery, and the pharmaceutical or formulation 

opportunities we could use to overcome these challenges. This is a vital endeavour: 

according to the WHO, a detailed review of non-vaccine (product) related costs 

revealed that 70% of the US$ 25.4 billion spent globally on vaccine programmes in 

the past decade had gone towards covering service delivery and supply chain costs, 

rather than on the vaccine formulations themselves (89).  

Service delivery accounts for about 63% of non-vaccine dosage costs. Service delivery 

costs cover outreach, disease surveillance, programme management, training, and 

healthcare personnel wages (90). Over two-thirds of this cost could be eliminated or 

redirected towards more widespread vaccination if there was a means of self-

administering vaccines, without the need for a trained healthcare professional (91). 

The supply chain accounts for 37% of the non-vaccine costs and with more than half 

of this budget going towards cold chain equipment and overheads, there exists an 
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opportunity to minimise costs by formulating vaccines that do not require cold chain 

storage (92).  

1.2.5 The cold chain 

A cold chain refers to the maintenance of sub-ambient temperatures (typically around 

0 °C) during the processing, storage and distribution (from manufacturer to consumer) 

of various products including food, pharmaceuticals, electronics, artefacts and 

dangerous goods (10). It is advised to store most therapeutic proteins and vaccines at 

a WHO recommended temperature of between 2 ï 8 °C (93). Cold chain provision is 

one of the major bottlenecks in the provision of global vaccination programmes (93ï

95). Cold-chain dependence impacts a huge economic and logistical burden, and is a 

major cause behind the waste of nearly half of all global vaccines (90,96).  

With over 1.5 billion of the worldôs population living with minimal access to 

electricity, it can be very challenging to maintain the cold-chain: many regions in the 

developing world lack the infrastructure or equipment to adequately store, monitor, 

transport or check the reliability of products, making it easy for the cold chain to be 

broken. These and many more temperature related issues have been highlighted by the 

WHO (93) and were prominently evident in the distribution of the Ebola vaccine in 

Sierra Leone. 

A number of cold-chain related issues can arise. Accidental freezing can occur when 

medicines are stored at the back of a refrigerator. Proteins can also undergo freeze-

thaw cycles during transportation. The risks associated with freeze-sensitive vaccines 

have been shown in numerous studies. For instance, Matthias revealed in 2007 that 

over 75% of vaccine shipments were exposed to freezing temperatures in the national 

or regional stores of developing countries (97). Despite the major impact of freeze-

damage, there is no standardised method of analysis to assess this (as compared to heat 

associated damage). Confirmation of freeze damage can be predicted by a shake test 

(Figure 1.2) (92,95). The shake test is done by systematically shaking vaccine vials 

after exposure to freezing temperatures and recording sedimentation rates before 

microscopic analysis. The test is not quantitative and is subjectively dependent on a 

healthcare professionalôs judgement. 
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Figure 1.2 Visual assessment and optical microscopy detecting freeze damage to a vaccine after a 

shake test. Image obtained and adapted from Kartoglu et al. (98). From the image, we can see an 

increase in particle size after freezing that does not occur in the unfrozen sample. 

During freezing, formation of ice crystals disrupts the repulsive forces between 

excipients in the formulation causing coagulation and agglomeration. Clumping of 

adjuvants such as aluminium hydroxide (Figure 1.2) could increase the particle size, 

leading to structural damage to the antigen and a concomitant loss in potency 

(18,93,99). During lyophilisation the freezing and dehydration stresses may also cause 

proteins at either the air or container interfaces to also undergo structural changes 

(100). A breach of the cold chain could mimic the lyophilisation effect to compromise 

the physical, chemical and biological integrity of the protein cargo, increasing the risk 

of immunogenicity or causing the inability to induce an immune response (101).  

Temperature-induced protein damage, has resulted in a large amount of research to 

formulate stable vaccines, for instance leading to the formulation of proteins with 

sugars as cryroprotectants (94). Research efforts have focused on maintaining the 

stability of therapeutic proteins and vaccines through multiple heating and cooling 
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cycles, and over extended periods at ambient temperatures (102). Although there have 

been a number of promising developments in this regard, the cold chain remains the 

bastion of protein transport.  

The use of surfactants during freeze-drying is quite common. Surfactants help lower 

the interfacial tension between protein molecules and surfaces such as the air or 

container. Proteins are subject to precipitation and aggregation at hydrophobic 

interfaces. Addition of surfactants such as Tween 80, helps to reduce the freeze-

induced denaturation at the ice-water interface during drying by minimising 

hydrophobic interactions and unfolding (103,104).  

Ultimately, it would be desirable to produce protein-based therapeutics that are 

efficacious and safe as ñready to useò dosage forms after extended storage at ambient 

temperatures. This could improve access to treatment in hard to reach and disease 

burdened areas (105,106), leading to major improvements in human health and well-

being. For instance, an important contributing factor to smallpox eradication was the 

availability of the vaccine in a heat-stable form (67). In contrast, loss of the cold chain 

for hepatitis B vaccine can cause the expiration date to be reduced from 3 years to 3 

months if it is stored at room temperature, or to a week if stored at 45 °C (107). An 

adenovirus-based vaccine formulation displayed a 50% reduction in infectivity when 

stored for 7 years at 4 °C, while taking only 13 days for this reduction when stored at 

37 °C (24). 
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1.3 Drug delivery systems 

Drug delivery systems (DDS) are formulations or devices that aid in the administration 

of a therapeutic and improve the pharmacokinetic profile by controlling the time, 

place, rate and quantity of dosing in the body (108).  Drug delivery systems have been 

shown to comprise a solution for the medical and commercial challenges faced with 

delivering biotherapeutics (17,109). With novel concepts and designs emerging from 

interdisciplinary research teams, drug delivery systems can help ensure biological 

activity is retained and the risk of immunogenicity is curtailed (110). For instance, 

controlled release systems are advantageous for protecting encapsulated active 

pharmaceutical ingredients (APIs) and materials from loss of therapeutic activity or 

degradation, improving patient acceptability and compliance, minimising repetitive 

dosing requirements, tuning drug release rate, and reducing dosing variability (111). 

In this sub-section, biotherapeutic drug delivery devices and methods to obtain them 

are reviewed. 

1.3.1 Chemical modification 

1.3.1.1 PEGylation 

PEGylation is the process of covalently conjugating polyethylene glycol (PEG) to a 

biological agent. The extensive hydration capacity of PEG increases the hydrodynamic 

diameter, thereby reducing the clearance by glomerular filtration (112). PEG 

conjugation can also increase the blood circulation time by reducing proteolysis and 

opsonisation (113). There are over 15 clinically approved PEGylated products with 

biosimilar versions of some products now appearing e.g. biosimilar PEGylated 

granulocyte colony-stimulating factor. For example, Oncaspar® (Pegaspargase, a 

PEGylated form of the enzyme asparginase) was approved in 1994 for the treatment 

of leukaemia. It increases the half-life of the parent enzyme from 20 hours to 357 hours 

and protects it from proteolytic degradation (114). However, PEGylation can induce 

steric hindrance and hinder protein target binding (114). Also, long term 

administration of PEGylated proteins in laboratory animals has been shown to result 

in vacuolation of the renal epithelium (115). Although this risk has not yet been 

observed to result in associated renal damage in man, it is worth noting. 
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1.3.1.2 Hyperglycosylation 

Glycosylation, like PEGylation, is a modification that involves conjugation of the 

protein to an oligosaccharide. These biodegradable carbohydrate moieties hide the 

hydrophobic pockets on the protein surface which are typically involved in 

aggregation-related non-covalent interactions. This helps with reducing 

immunogenicity and increasing biological half-life (113,114). As with PEGylated 

products however, activity could also be decreased due to steric hindrance brought 

about by hyperglycosylation. 

Erythropoietin (EPO) is a cytokine with three N-linked glycans involved in the 

stimulation of red blood cell production. A hyperglycosylated form of EPO with two 

additional N-linked glycosylation sites, darbepoetin-alfa, has an increased efficacy 

(116). Glycosylation causes a three-fold increase in half-life when compared to 

intravenous epoetin-alfa (8.5 to 25.5 hours). The time to reach peak concentration is 

twice as fast, and the dosing schedule in chronic kidney disease patients can be 

significantly reduced (117). 

1.3.1.3 Reversible lipidisation 

Lipidisation is a chemical modification process that increases the lipophilicity of a 

macromolecule. PEGylation of proteins such as interferons can result in problems such 

as reduced potency and affinity to liver cells (118). However, reversible lipidisation 

by conjugation of human IFN-Ŭ cysteinyl residues to palmitoyl cysteine by disulphide 

bonds has helped improve affinity and potency (114). In another example, insulin 

detemir is a long acting soluble insulin analogue in which the threonine at position 

B30 is omitted and replaced with a C14 fatty acid (myristic acid). This allows long 

term binding of insulin to long-chain fatty acid binding sites, increasing the duration 

of action (119).  

1.3.1.4 Affinity-based drug delivery 

Affinity -based drug delivery systems control drug release and loading by taking 

advantage of associations between biotherapeutics and the carrier system. The 

interactions could be ionic, van der Waals, hydrophobic, or hydrogen bond-based 

(120). For instance, Belair et al. investigated the use of PEG hydrogel microspheres 

and affinity-mediated release to control the release of vascular endothelial growth 

factor (VEGF, a protein produced by cells to signal the formation of new blood 
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vessels). Tuning of the release profile could be achieved by varying the concentration 

of peptide available to interact with the polymer matrix (121,122). 

1.3.2 Encapsulation 

1.3.2.1 Liposomes 

Liposomes are spherical vesicles made up of phospholipid bilayers (123). Due to their 

amphiphilic nature, they can be used to encapsulate both hydrophilic and lipophilic 

species, including small drug molecules, peptides and proteins (124). They can also be 

surface conjugated for specificity (125). The use of liposomes can help improve 

stability and efficacy of a drug and reduce toxicity. These lipid-based formulations can 

also preferentially accumulate at target sites to deliver improved therapeutic activity 

(126). However, they have a short half-life, are expensive to produce, could leak 

encapsulated molecules and can undergo hydrolysis or oxidation type reactions (123). 

Studies were performed to deliver insulin encapsulated in liposomes to the liver via 

oral administration, but the associated costs and variability in glycaemic response  

outweigh the potential benefit of development (127).  

1.3.2.2 Semi-solids  

Hydrogels are materials that consist of 3D cross-linked networks containing ca. 50-

90% w/v of water, and which do not flow upon inversion (128). Hydrogels can be 

employed as drug delivery systems, with researchers typically exploring systems made 

from natural polymers such as polysaccharides (e.g. chitosan, dextran, alginate and 

hyaluronic acid) or proteins (e.g. collagen and gelatin) as well as DNA (129). 

In one recent example, Egbu et al. loaded a collapsible hydrogel based on crosslinked 

hyaluronic acid and poly(N-isopropylacrylamide) with infliximab, an antibody for the 

treatment of ocular inflammation. Zero order release was observed with about 25% of 

infliximab released from the hydrogel in the first 9 days (130). There are also clinical 

formulations based on hydrogels. Locteron, an interferon-Ŭ2b medicine formulated in 

PolyActive (biodegradable hydrogel) microspheres, was developed by OctoPlus for 

the treatment of hepatitis C virus, and offers 2-weekly dosing while the PEGylated 

form requires weekly administration. The hydrogel system also reduces the occurrence 

and severity of depression and flu-like side-effects which are experienced with the 

PEGylated version (131). 
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1.3.2.3 Solid micro- and nano- particulate polymer systems 

Polymer-based particles have garnered attention for decades as protein drug delivery 

vehicles. Suitable polymers that have been explored include poly-amino acids (e.g. 

polylysine), polyesters such as poly(D, L-lactide-co-glycolic acid) (PLGA). PLGA 

particles are explored in this thesis, and may be prepared via a number of routes.   

1.3.2.3.1 Nanoprecipitation 

Nanoprecipitation also known as the solvent displacement method, is a practical route 

to nano-particle formulation, and requires low energy input. Nanoprecipitation is 

based on reducing the quantity or changing the properties of a solvent, which can 

induce precipitation in a solution. This can be achieved by varying the pH, salt 

concentration, solvent, or the addition of a non-solvent (132).  

For example, in the non-solvent precipitation method, ethanol can be used as a poor 

solvent for a protein that has good solubility in water. Supersaturation causes the 

formation of protein nuclei on which more protein molecules condense. As a result, 

small unimodally-sized particles are produced without the need for surfactants or 

stabilisers (133,134). Morales-Cruz et al. utilised a two-step nanoprecipitation method 

to increase the loading capacity of various proteins such as lysozyme, Ŭ-chymotrypsin 

and cytochrome C into PLGA. They fabricated particles of 300 ï 400 nm in size with 

encapsulation efficiencies above 70% and residual protein activity of above 90% 

(135). However, although widely researched and utilised, in the nanoprecipitation 

method it can be challenging to eliminate solvent, and highly water-soluble actives are 

hard to incorporate into the matrix (136). 

1.3.2.3.2 Emulsification-based methods 

An emulsion is a mixture of liquids that are immiscible, resulting in a liquid-in-liquid 

colloid. An emulsion typically consists of a hydrophobic (oil; o) and hydrophilic 

(water; w) phase (137). The biphasic system which results is thermodynamically 

unstable, and requires an emulsifying agent to stabilise the formulation and prevent 

phase separation (138). Emulsions can be oil-in-water (o/w), water-in-oil (w/o) or even 

double emulsions (e.g. water-in-oil-in-water, w/o/w). They are constructed by 

providing kinetic input to disperse one immiscible phase in another (113). Over time, 

reversible processes like flocculation, creaming and sedimentation can occur. 

Irreversible processes such as Ostwald ripening, where small particles of the dispersed 
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phase grow larger by combining with one another (139), can also occur. 

Nanoemulsions however, usually have a dispersed droplet size of around 20 -500 nm, 

and typically are less likely to cream, sediment, flocculate or coalesce due to their high 

free energy (113).When formulating proteins, care needs to be taken as the process of 

emulsifying the preparation could be damaging to proteins.  

Emulsions have been instrumental in vaccine development. For instance, MF59Ê is a 

squalene-based licenced emulsion adjuvant that has been used in influenza vaccines 

and other licenced products (70,140). In the therapeutic setting, Kirby et al. 

investigated the use of PLGA and PLGA-PEG-PLGA for the emulsion encapsulation 

and delivery of bone morphogenetic protein-2 (BMP2), a growth factor for bone 

generation. They found the formulation released bioactive BMP2 over 2 weeks and 

could induce early differentiation of primary cells to osteogenic cells (141). Double 

and single emulsions containing PLGA have been used by McCall et al. to encapsulate 

Vitamin E-TPGS in spherical microparticles, but the group found that batch-to-batch 

variability was high even when the same protocol was used (142).  A pronounced 

drawback to the use of emulsions for protein processing would be the risk of damage 

to the native structure of the protein. 

1.3.2.3.3 Microfluidics 

Microfluidics involves the manipulation and utilisation of fluid behaviour in very 

small channels to help control the shape and size of particles, even in sub picolitre 

volumes (Figure 1.3) (143,144). Microfluidic technologies offer the advantage of 

tailored micro- or nanoparticles capable of delivering proteins. However, scale up and 

cost of production remain a challenge, and damage to the microfluidic chip by solvents 

or occlusion can halt the entire production process (145,146). Micro-channel based 

systems have been used to prepare proteins encapsulated in core/shell particles but 

shell rupture can occur during solidification. This leads to a burst release or unstable 

material (146). The microfluidic set up can also be expensive to set up. 
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Figure 1.3 Schematic diagrams of T-junction and flow focusing microfluidic set-ups for droplet 

formation. 

The Fernandez-Arevalo group used microfluidic approaches to generate green 

fluorescent protein (GFP) and insulin loaded PLGA particles, with the aim of 

increasing their half-life and improving oral absorption.  >90% encapsulation of GFP 

was seen, with no degradation products induced by the process (147). The insulin 

formulation was compared to particles generated by double emulsion fabrication. It 

was found that the microfluidic particles were more homogenous in size, had increased 

insulin loading, better encapsulation efficiency, slower release, and were better able to 

retain conformational stability of  the peptide (148). 

1.3.2.3.4 Lithography 

This technique enables the precise fabrication of 2D and 3D structures on small scale 

moulds similar to planographic printing (149,150). For instance, particle replication in 

non-wetting template (PRINT) is a highly versatile lithographic method with mould-

containing wells and cavities that can be used at scale to encapsulate oligonucleotides, 

proteins and synthetic viruses in particles with an array of sizes, shapes, compositions 

and surface properties (149,151,152). The DeSimone group developed a PLGA-based 

trivalent vaccine against influenza using lithography, and compared the immune 

response generated to soluble antigen. They found that their PRINT cylindrical-shaped 

particles induced significantly higher antibody production in rabbits than the soluble 

antigen (153). 

1.3.2.3.5 Freeze-drying 

Freeze-drying is the most widely-used method for drying protein samples and 

preserving functional activity for clinical products. In freeze-drying, a frozen sample 

is placed under vacuum and water is removed by sublimation (154). Freeze drying is 

the most widely used process to make solid formulations of proteins and vaccines 
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(155). Residual moisture of typically less than 1% is required for satisfactory stability 

on storage (156,157). Freeze drying comprises three steps: sample freezing, primary 

(sublimation of bulk water), and secondary drying (desorption of bound water).  

When freezing a sample (Figure 1.4a), the rate of freezing is important because it 

affects the size and number of protein particles formed. If the particles are large, the 

inter-particle pore size is increased, reducing the diffusion pathway and ice 

sublimation time (158,159). The ideal freezing temperature would be below the Tg of 

sample  (160). In a formulation prone to phase separation, slower drying could result 

in increased damage to the biological product (160ï162). This is because an ice-water 

interface is formed during freezing and proteins adsorbed at this interface can lose 

native tertiary structure ï an occurrence termed surface-induced denaturation (103). 

a b c 

 

Figure 1.4 Schematic illustration of the freeze-drying process a) Frozen formulation b) 

Sublimation of water in the bulk (unbound water) c) Desorption of interstitial water (bound 

water). 

Primary drying occurs after sample freezing (Figure 1.4b). Primary drying is a process 

by which frozen unbound water is sublimed by the direct conversion of ice to water 

vapour. After this process, only 10-20% of the initial water remains.  Vapour pressure 

(VP) or partial pressure is created by leaving the shelf temperature at a higher 

temperature than that of the condenser under reduced pressure. The shelf temperature 

refers to the temperature of the equipment directly in contact with the sample 

container. After the step, a dried cake is formed. As primary drying is the slowest part 
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of the process, a quicker primary drying step can make freeze-drying more 

economically favourable (158).  

Unfrozen water bound to the biological product (wg) is removed by diffusion at a shelf 

temperature significantly higher than the primary drying temperature, but low enough 

to avoid degradation or collapse during secondary drying (Figure 1.4c). This process 

generally takes less time than the primary drying process. Collapse of the product can 

occur during drying (primary or secondary) when material in the frozen state cannot 

maintain its macroscopic structure after removal of frozen solvent. Loss of cake 

structure can influence rehydration properties, water vapour flow and residual 

moisture content (163), and therefore collapse should be avoided. Secondary drying 

can also destabilise hydrogen bonds, leading to reversible or irreversible loss in the 

desired native conformation of the biological molecule (164,165). Removal of 

interstitial water under the right conditions has been known to improve the storage 

stability of biopharmaceuticals, however there is always a risk of damage to the protein 

occurring during freeze drying, due to stresses such as ice crystal formation, pH and 

ionic strength changes. These can lead to precipitation of biologic which can be 

minimised by use of suitable excipients that do not crystallise in frozen solutions 

(45,101,156,166). 

The most important parameters that could affect the biological product quality, 

potency, stability and characteristics after freeze drying are (158): 

a) The product: The formulation and its composition e.g. presence of stabilisers 

or buffers. The concentration of the composition and the fill volume. 

b) The process: Set temperature, shelf temperature, time spent at each step of the 

process and chamber pressure. 

c) The equipment: The freeze-dryer model and capacity, loading factors such as 

the presence of a shelf and its ability to temperature regulate. 

d) The storage container: Geometry of container, the type of container or material 

it is made of and the material of the lid. Contact surfaces such as the air-liquid interface 

can induce aggregation (104,158,167). The differences between contact surfaces play 

critical roles in the drying process and retention of protein integrity. 
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Freeze drying offers a range of advantages such as controlled moisture content and 

ease of reconstitution but it is a complex, time-consuming and expensive process that 

exposes the protein to interfaces that could be damaging.  

1.3.2.3.6 Spray drying  

Spray drying is a method that is well-established for the drying of pharmaceutical 

products. On atomisation of a suspension or emulsion (Figure 1.5), the liquid phase is 

evaporated by hot gas with an inlet temperature of around 100 ï 300 °C. This results 

in solid particles condensing (132,168,169). Factors such as the type of atomiser and 

feed rate affect the size and morphology of the fabricated particles. Spray drying is 

easy to scale, cost effective, often yields homogenous particles, and benefits from 

being a single step process (170). Spray drying an aqueous solution of pure protein 

can result in loss of conformational stability, aggregation and loss of activity, however 

(171) to reduce the likelihood of protein damage by spray drying, active 

pharmaceutical ingredients (APIs) can be formulated with stabilising excipients or by 

encapsulation in polymeric carriers (172,173). 

 

Figure 1.5 Schematic representation of the spray drying instrument. 

Wan et al. developed a spray-dried PLGA-encapsulated lysozyme formulation in a bid 

to sustain release and minimise the risk of degradation in vivo. They observed that the 

release profile was dependent on the solvent used during processing, and the speed at 

which the solution was fed into the spray-drier (174). When dichloromethane was used 

as a solvent, a burst release of over 50% was observed in under 5 hours; however, the 
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faster the feeding rate, the slower the rate of release after the burst. The authors suggest 

this arises because the processing conditions affect the lysozyme concentration at the 

particle surface. Spray drying is unsuitable for materials such as proteins, that are 

sensitive to heat or exposure to air. Spray drying could also reduce the yield of the 

product. 

1.4 Electrohydrodynamic processes 

An alternative to the approaches outlined above are electrohydrodynamic (EHD) 

processes. These are versatile and simple ótop-downô processing techniques that 

exploit electrical energy to produce ultra-fine structures from polymer solutions 

(175,176). When the process is used to make fibres, it is termed electrospinning and 

when particles are formed the process is called electrospraying. 

For centuries, the effect of electrostatic forces on liquids have been investigated and 

in the late 19th century Lord Rayleigh developed an equation to calculate the maximum 

charge a liquid droplet can hold whilst remaining stable. This is now known as the 

Rayleigh limit (177). In the early 20th century, Zeleny led efforts to mathematically 

model and understand the EHD process (178). In 1900 and 1902 Cooley and Morton 

patented electrospinning processes, and subsequently in 1934 Formhals patented an 

experimental set up that utilised electrostatic forces to produce filaments. This work 

was based on fabrication of cellulose acetate textile yarns using acetone and ethylene 

glycol as solvents (179). Over the subsequent 10 years Formhals, developed a number 

of new fibre collection and production set-ups.  In the 1960s, further advancements in 

the field were made when Taylor investigated the influence of electric fields on fluid 

droplets. He found that at the initiation of the process a conical shape is formed from 

which polymer jets are then ejected; this is known as the ñTaylor coneò (180ï182). 

After this early interest, there was little attention paid to EHD until the early 1990s 

with the emerging interest in nanotechnology for the production of particles and fibres. 

Kenawy et al.  were the first to recognise the potential of EHD use in drug delivery in 

2001 when they encapsulated tetracycline in a poly(lactic acid) and poly(ethylene-co-

vinyl acetate) blend for the treatment of periodontal disease (183). 

During electrohydrodynamic processing, a high voltage is applied between a spinneret 

(metal needle) and a collector plate (Figure 1.6) (184). A polymer melt or solution is 
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ejected from the spinneret at a controlled rate. The surrounding electric field (between 

the needle tip and collector) distorts the solution into the Taylor cone (Figure 1.7). 

Solution ejection is followed by jet initiation (185,186). When the electric field is 

stronger than the surface tension of the polymer solution, the polymer solution forms 

a jet which is stretched and whipped. In electrospinning, as the polymer jet travels 

away from the spinneret, solvent evaporation occurs, resulting in a solid product being 

deposited on the collector as a dry non-woven mat of one-dimensional fibres. In 

electrospraying, the jet is unstable and breaks down into droplets owing to the 

Rayleigh limit being exceeded. This results in micro- to nanosized particles. 

 

Figure 1.6 Schematic diagram of a basic EHD process set-up. The syringe is loaded with a polymer 

solution. 

EHD can be used to process a range of materials including synthetic polymers (e.g. 

PLGA), ceramics, metals, and natural biopolymers including collagen, alginates, 

elastin and fibrinogen (185,187). Some of the physicochemical properties that make 

EHD processed materials highly desirable include high specific surface areas, the 

ability to achieve thermolabile material encapsulation with minimal effect on stability, 

high tensile or mechanical strength, and the ability to process both biodegradable and 

non-biodegradable materials (188ï192). There has been exploration of the use of EHD 

in cosmetics, biomedicine (e.g. for wound healing, tissue engineering scaffolds, or the 
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controlled release of active ingredients), electrode materials, sanitary pads and diapers, 

protective clothing, sensors and ultra-light materials (193ï195). In particular, there is 

increasing interest in the use of EHD processes to produce nanostructured drug and 

biomaterial delivery vehicles with tailored material properties and release profiles  and 

even shapes, which could be challenging to achieve  using previously listed methods 

of microparticle fabrication (189,195,196). Advanced drug delivery systems could be 

fabricated to have varied shapes and properties such as burst, delayed, sustained, 

pulsatile or multi-phasic release functions (197). 

 

Figure 1.7 A schematic illustration of a Taylor cone being formed. a) A liquid droplet with no 

electrical field applied; the droplet adopts a spherical state owing to interfacial tension (ɔ). b) 

When high voltage is applied, the fluid meniscus is deformed and opposing forces start acting 

against the surface tension. c) A stable Taylor cone, which arises when the voltage applied 

overcomes the surface tension. Red arrows represent forces keeping the droplet together (e.g. 

surface tension and drag force) whilst the blue arrows represent the forces acting to break the 

droplet apart (e.g. gravitational force and Coulombic forces).  

1.4.1 Material fabrication process 

For a droplet or stream to break apart, the amount of charge on the surface of the 

droplet or forces driving for the break-up of the liquid have to be greater than the 

surface tension and drag forces which act to keep the droplet intact. In electrospraying, 
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the travelling stream then experiences Coulombic fission, where the droplet breaks up 

to form multiple daughter droplets. These then go forward to repeat the process until 

drying is achieved, material is collected on the grounded collector plate, and charges 

are dissipated (198). In electrospinning the forces holding the stream together are 

stronger, and thus rather than breaking up the travelling polymer jet accelerates 

towards the collector, becoming narrower as it does so and the solvent evaporates. A 

solid fibre product is thus collected after charge dissipation. 

The EHD process can be described mathematically by Equation 1.1: 

Equation 1.1  

ή ψ“ ‐‎Ὑ  

This defines the critical charge for a droplet with a given radius of R, ▲╡. Ⱡ▌ is the 

dielectric constant of the gas surrounding the liquid (air in most experiments), and ♬ 

is the liquid interfacial tension. When a charged droplet begins to travel away from the 

spinneret, the charge remains constant while the droplet size shrinks due to evaporation 

of solvent. A point is eventually reached where the interfacial tension is overcome by 

the charge-charge repulsion ï this is called the Rayleigh limit, or critical charge limit 

(Equation 1.1).  

1.4.2 EHD parameters 

Although relatively simple in concept, the EHD process involves a critical interplay 

between the factors highlighted in Equation 1.1 and Figure 1.7. These must be 

optimised to achieve desired properties, functionalities or morphologies of the final 

product. In drug delivery, most electrospinning or electrospraying processes are 

carried out using polymer/drug solutions. There are three broad families of processing 

parameters affecting the behaviour of a polymer solution in an electromagnetic field: 

a) solution parameters, b) processing conditions, and c) environmental conditions. 

This section aims to highlight the influence of these conditions on the formulations 

produced. 
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1.4.2.1 Solution parameters 

a) Solution viscosity: For the formation of fibres, the ability of the solution jet to 

stretch without breaking is key. Droplet stretching relies on polymer chain 

entanglement, and as entanglement reduces, particles or beads-on-strings are 

increasingly formed (Figure 1.8) (199,200). The likelihood of fibre formation can be 

predicted by knowledge of viscosity: a more viscous solution contains more entangled 

polymer chains (199). Factors affecting viscosity include the length of the polymer 

chain (molecular weight), morphology and the concentration of polymer in solution 

(201). It is important to optimise viscosity because as it increases, the fibre diameter 

and uniformity increase but blockage of the needle also becomes more likely (202). 

For instance, Nezarati et al. investigated the effect of poly(carbonate urethane) 

solution viscosity on fibre morphology and demonstrated that at low viscosity of 7.2 

Pa.s beaded fibres were formed with an average diameter of 1.2 µm, while at high 

viscosity of 22.5 Pa.s larger more uniform fibres were formed with an average 

diameter of 3.5 µm (203). 
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Figure 1.8 Schematic illustration of the relationship between polymer concertation and material 

formed. a) Electrospun fibre formed from concentrated polymer solution. b) Beads-on-strings 

structure. c) Particles. 

b) Surface tension: For the EHD process to occur, the repulsive forces in the 

charged polymer solution have to overcome the droplet surface tension. Increased 

surface tension decreases the surface area per unit mass of a fluid, resulting in the 

congregation of solvent molecules to adopt a spherical shape (204). When a solvent 

with high surface tension is used for electrospinning, a higher critical voltage is 

required for the formation of uniform fibres. Fong et al. investigated the effect of 

surface tension by varying the mixing ratio of water : ethanol from 100:0 to 59:41 in 

the spinning of poly(ethylene oxide) and found an increased ethanol content reduced 
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the surface tension, forming homogenous fibres, whereas beaded fibres were formed 

when the surface tension was higher due to increased water content (205). 

c) Solution conductivity and dielectric effect: Repulsion of surface electrostatic 

forces is fundamental to the separation of particles during electrospraying and for 

elongation of the jet in electrospinning. The more conductive a solution, the more 

charge that can be carried. In electrospinning this can help with the stretching of the 

polymer stream (206). Increased conductivity helps reduce fibre diameter and critical 

voltage (207). Choi et al. found that conductivity also increases the bending instability 

of a jet and deposition area (208). The dielectric constant of a solution indicates how 

well charges will be held after induction and has similar influence to conductivity 

(209). 

1.4.2.2 Processing parameters 

a) Voltage: This is the main driver of the EHD process. The applied voltage 

influences Taylor cone formation, jet initiation, and jet acceleration. When the applied 

voltage is sufficient, the surface tension of the solution can be overcome and as it 

increases, the travelling jet accelerates faster towards the collector (202). If the applied 

voltage is too high for the solution flow, the Taylor cone can recede into the spinneret 

and become unstable, resulting in non-uniform particles or fibres. Research by 

Megelski et al. shows Coulombic forces increase with the induced electric field, 

leading to greater stretching of a fibre, progeny formation and reduced diameter (210). 

b) Flow rate: The volume of solution available for processing is determined by 

the flow rate through the spinneret. The flow rate influences the stability of the Taylor 

cone and can affect the time available for solvent evaporation. There is a critical rate 

where there is continuous replenishment of the solution to prevent blockage while 

maintaining uniformity in the fabricated material. With an increased flow rate, fibre or 

particle diameter is likely to increase. However, a slower flow rate is often more 

desirable as the material will have more time to dry (211). Zuo and colleagues 

investigated the effect of feed rate on the morphology of electrospun fibres and 

concluded that when the rate is too high the field force is unable to stretch the polymer 

solution, resulting in the formation of beads with increasing diameter (212). 

c) Distance: Distance refers to the gap between the spinneret tip and grounded 

collector and is critical to the jet travel time and strength of the electric field. Hekmati 

and team investigated the effect of electrospinning distance on polyamide-6 (nylon-6) 
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fibre properties. When they varied the distance between 5 ï 20 cm the deposition area 

increased with distance, whilst fibre diameter reduced (213). 

d) Diameter of needle orifice: The internal diameter of the needle must be 

optimised to reduce clogging. A needle with a narrower orifice could help reduce the 

fibre diameter and risk of beading but increase the risk of blockage. However, if the 

bore is too small it would be difficult to extrude the solution and occlusion of the 

spinneret can be expected (214).   

1.4.2.3 Environmental parameters 

a) Temperature: An increased temperature of the solution and/or EHD chamber 

can increase the evaporation rate, viscosity, and risk of needle occlusion. In instances 

where biologics are being encapsulated, increased temperatures could lead to loss of 

therapeutic functionality (210). 

b) Humidity: At high humidity, water can condense on the fibre surface, thereby 

affecting morphology and limiting drying. Humidity can also induce pore formation 

on particle or fibre surfaces. The evaporation of solvent from the needle tip may be 

slower than the rate of removal leading to wrinkled or flattened morphology (215). 

1.4.3 Types of EHD set up  

The basic configuration used to conduct EHD processes (Figure 1.6) can be modified 

to control the distribution of active pharmaceutical ingredients within the polymer 

matrix. Tailored EHD techniques have provided the opportunity to load multiple 

components into a single DDS to yield multifunctional systems. For example, Jin et 

al. utilised coaxial electrospinning to fabricate fibres loaded with indomethacin, a non-

steroidal anti-inflammatory drug, and Gd(DTPA), a contrast agent for imaging, for 

simultaneous delivery to the colon (193). The major variants of the EHD apparatus are 

depicted in Figure 1.9. 
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Figure 1.9 Schematic diagrams of EHD processes showing (a) monoaxial, (b) multi -jet, (c) coaxial, 

(d) emulsion, and (e) side-by-side electrospinning, with the expected composition of a particle or 

fibre cross-section presented at the bottom. 

a) Monoaxial (Figure 1.9a): This is the simplest set up. Drug and polymer are 

mixed in a single solution, typically yielding a monolithic amorphous solid dispersion 

with the drug evenly distributed throughout the matrix. The solution is dispensed from 

a single syringe and spinneret, similar to the set up in Figure 1.6 (216). A first order 

drug release profile is typically expected with this fabrication technique (217), 

although Kaassis et al. have fabricated a pulsatile release system for ibuprofen (218). 

The multi-jet method (Figure 1.9b) offers an avenue to increase the production 

capacity of single-fluid processing, as multiple ejection ports are used. 

b) Coaxial (Figure 1.9c): In this experimental set-up, two nested feeding 

capillaries are used to produce core-sheath structures (219). The flow of the core is 

controlled separately from the flow of the shell, resulting in two-compartment 

products. This method has been known to protect labile core material by limiting 

interaction with the shell solvent (220). Compared to the single-fluid set-up, an 

additional syringe pump is required to yield a multi-layered system with distinctive 

compartments. Ji et al. compared protein loaded scaffolds made by coaxial and 

monoaxial methods, and found that the core-shell method resulted in more uniform 

fibre morphology and controlled protein distribution (216). 
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c) Emulsion (Figure 1.9d): Emulsion processes use the basic monoaxial set up, 

with all components flowing through the same syringe. The main difference is that an 

emulsion is prepared by homogenisation or ultra-sonication prior to atomisation. The 

simultaneous spraying of two or more immiscible solutions has been known to result 

in the formation of core-shell materials, advantageous in the delivery of labile material 

(221). 

d) Side-by-side (Figure 1.9e): Like the coaxial set-up, a separate syringe pump is 

required for both the individual solutions. Here, neither of the polymer solutions are 

embedded in the other, but a spinneret is instead constructed to allow the flow of 

constituents next to each other. This method has been used to fabricate Janus structures 

for multifunctional applications. Vazquez at al. investigated the use of electrosprayed 

Janus particles for photo-chemotherapy, and found it was possible to develop 

formulations which were highly selective for cancer cells over healthy cells (222). 

1.4.4 EHD for biomolecule delivery 

EHD processing has been explored for its use in biotherapeutic molecule delivery in a 

number of literature reports. This section explores research on various material 

encapsulated using EHD technology.  

1.4.4.1 Therapeutic proteins  

Emulsion electrospinning has been explored for its use in encapsulating proteins. 

Horseradish peroxidase and alkaline phosphatase were prepared as emulsions with 

Eudragit L-100 by Frizzell et al. and electrospun to achieve a pH-sensitive depot 

system with retained bioactivity that could be administered orally (223). 

Angkawinitwong and colleagues investigated core-shell fibres encapsulating the anti-

VEGF antibody bevacizumab in a poly(Ů-caprolactone) shell for the sustained 

intraocular treatment of age-related macular degeneration. The group found that 

optimised fibres delivered structurally intact monoclonal antibodies consistently over 

months (224). Electrospraying has also been explored for the encapsulation of genes 

(225ï228). 

Other researchers have applied coaxial electrospraying to prepare core-shell insulin-

loaded silk fibroin microparticles for accelerated chronic wound healing (229). The 

formulation was subsequently loaded into dressings, and it was found that insulin was 
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released over 40 days with a half-life of about 7 days. Histological observations of 

dorsal skin wounds revealed accelerated neovascularisation in type 1 diabetic rats 

when exposed to the insulin-loaded silk fibroin dressing (229).  

Stromal derived factor-1Ŭ (SDF-1Ŭ) has shown potential for its use in the treatment of 

myocardial infarction by recruiting endogenous stem cells into the injured 

myocardium. Zamani et al. developed a novel system that encapsulated this protein in 

PLGA using coaxial electrospraying. The group found that SDF-1Ŭ release was rate-

controlled and continuous above 40 days especially when co-encapsulated with bovine 

serum albumin (BSA). The chemotactic activity of SDF-1Ŭ was retained and the 

number of migrated mesenchymal stem cells was increased (230).  In other work, 

Romano et al. investigated the release of E-green fluorescent protein (EGFP) from 

core-shell electrospun fibres comprising polycaprolactone as the shell and 

poly(ethylene oxide) in the core. Photoluminescence studies showed the spectrum of 

the fibres as being identical to the native protein, suggesting that processing using 

electrospinning retained EGFP functionality. In addition, protein release was observed 

to be extended over 200 hours (231). 

Table 1.1 provides a brief summary of the key research performed to date on EHD 

processed proteins. 
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Table 1.1 Summary of key studies that utilise EHD processing for the fabrication of protein-loaded materials. 

 

Abbreviations: bFGF: basic fibroblast growth factor, BMP: bone morphogenetic protein, BSA: bovine serum albumin, CMV: cytomegalovirus, DCE: 

dichloroethane, DMF: dimethylformamide, DNA: deoxyribonucleic acid, EGFP: enhanced green fluorescent protein, PCL: polycaprolactone, PEG: 

poly(ethylene) glycol, PEI-HA: polyethylenimine-hyaluronic acid PLA:  poly(lactic) acid and PLGA: poly lactic-co-glycolic acid. 

 

EHD materials Protein Polymer Solvent Material  size Reference(s) 

Blend fibres pCMVɓ plasmid encoding ɓ-

galactosidase (DNA) 

PLGA and PLA-PEG-

PLA 

DMF 75 ï 150 µm (232) 

Coaxial fibres FITC -BSA PCL (shell) and PEG 

(core) 

TFE (shell) and deionised water 

(core) 

270 ï 380 nm (233) 

Emulsion fibres BMP-2 plasmid DNA and 

chitosan 

PLGA/hydroxylapatite  Dichloromethane 100 ï 250 nm (234) 

Blend and coaxial fibres BSA and bFGF  PLGA Hexafluoroisopropanol 100 ï 500 nm (235) 

Emulsion fibres BSA PLA Dichloromethane and water 2.21 ï 7.16 µm (236) 

Coaxial fibres BSA and lysozyme PCL (shell) and PEG 

(core) 

DMF and chloroform  (shell). 

Double distilled water (core) 

545 ï 774 nm (237) 

Triaxial particles Insulin-glutamic acid (core) Arabinoxylans and 

laccase enzyme solution  

Sodium acetate buffer and water  150 ï 300 µm (238) 

Emulsion particles BSA PLA DCE and PBS 0.8 ï 3.95 µm (239) 

Coaxial particles BSA and lysozyme PLGA Dichloromethane 0.8 ï 10.0 µm (240) 

Coaxial fibres EGFP with a CMV promoter  PEI-HA Chloroform and methanol 0.27 ï 0.52 µm (241) 
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1.4.4.2 Vaccines  

Chitosan is a naturally-occurring biodegradable and mucoadhesive biopolymer. 

Single-fluid electrosprayed chitosan has been explored to prepare an oral vaccine 

formulation. The particles were loaded with ovalbumin (OVA) as a model antigen and 

Quil-A as an adjuvant (242). The mucoadhesive microparticles prepared were non-

cytotoxic, released their encapsulated payload over 10 hours, had high particle stability 

and displayed potential for oral vaccine delivery. 

Chen et al. developed acetalated dextran (Ace-DEX) microparticles to tune the release 

properties and attain cold chain stability. The particles were loaded with mirabutide, 

an adjuvant with an immunomodulatory structure similar to peptidoglycan, and OVA 

as a model antigen (243). The particles were prepared by electrospraying and assessed 

for their release kinetics and bioactivity. The Ace-DEX electrosprayed particles 

resulted in significantly higher stimulation of IL-6 and TNF- Ŭ production in vivo than 

the soluble form. A burst release was expected, but could be controlled by varying the 

cyclic acetal coverage in the dextran (244). 

In another study, Furtmann et al. utilised electrosprayed PVA-coated PLGA in the 

encapsulation of subunit antigens in the form of cytomegalovirus peptides, and 

compared these to particles fabricated by double-emulsion methods (245,246). The 

group found that 80% of the encapsulated antigen was released over the first 10 days, 

following a burst of about 20%. TNF- Ŭ and IFN- ɔ production in CD8+ T cells that 

were exposed to the nanoparticles was comparable to the soluble antigen and 

significantly higher than with the emulsion-prepared particles (245).  
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1.5 Hypothesis 

The key hypothesis of this work is that EHD can be used as a fabrication process for 

the development of antigen loaded drug delivery systems that retain biological activity. 

For antigen loaded particles, it should be possible to develop systems with 

immunogenicity that varies as a function of particle size and shape. To first understand 

the principles of protein fabrication using EHD and quickly ascertain the effect of 

processing parameters on biologic activity, it was important to first explore a widely 

researched protein such as an enzyme (e.g. alkaline phosphatase) with a well-

established and easy-to-perform test for biological activity. The specific aims 

employed to explore this hypothesis were set as follows: 

1) Alkaline phosphatase was used as a model enzyme to optimise and compare 

blend and coaxial electrospinning and electrospraying processes for the 

fabrication of biologically active enzyme formulations. PEO was selected due 

to its high solubility in aqueous environments which would allow for quick 

assessment of enzymatic activity.  

2)  The feasibility of making biocompatible modified release systems for the 

delivery of vaccine antigens and biotherapeutics using emulsion and coaxial 

EHD methods was explored. Eudragit S100 was selected due to its solubility 

at a physiologically relevant pH (7) and PLGA, a widely explored 

biocompatible polymer that is present in a few commercially available 

preparations was be suitable for in vitro assessments. 

3)  A design of experiments approach was implemented to understand the 

influence of process parameters in the formation and optimisation of non-

spherical shapes in EHD, and the immunomodulatory effects of particle 

morphology explored.  
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2   Materials and methods 

2.1 Materials 

A list of materials used in the experiments in this thesis is detailed in Table 2.1. 

Table 2.1 List of chemicals and materials used throughout the thesis. 

Material  Catalogue or lot 

number 

Supplier 

0.4% Trypan Blue Solution 15250061 ThermoFisher Scientific (UK) 

1 StepÊ Ultra TMB-ELISA Substrate 

Solution 

TH2615263 ThermoFisher Scientific (UK) 

10% Formalin HT501128 Sigma Aldrich (UK) 

2-amino-2-methyl-1-propanol (AMP) A0375230 Acros Organics (UK) 

2,2,2-Trifluoroethanol (TFE)  A0402648 Acros Organics (UK) 

Acetic acid A6283 Honeywell (Germany) 

Alakaline phospatase yellow para-

nitrophenylphosphate (p-NPP) liquid 

susbstrate system 

P7998 Sigma Aldrich (UK) 

Albumin -fluorescein isothiocynate A9771 Sigma Aldrich (UK) 

Alkaline phosphatase (ALP) from bovine 

intestinal mucosa (Ó 10 DEA units/mg) 

P7640 Sigma Aldrich (UK) 

Bovine serum albumin A7030 Sigma Aldrich (UK) 

Bovine serum albumin A3733 Sigma Aldrich (UK) 

Cell mask orange C10045 ThermoFisher Scientific (UK) 

DAPI (4ǋ,6-diamidino-2-phenylindole 

dihydrochloride) 

28718-90-3 ThermoFisher Scientific (UK) 

Dichloromethane (DCM) 32222 Sigma Aldrich (UK) 

Dimethyl sulfoxide (DMSO) H199C Honeywell (Germany) 

Ethanol, Absolute 32221 Sigma Aldrick (UK) 

Eudragit® S 100® B141005006 Evonik Industries (UK) 

GibcoÈ Dulbeccoôs eagle modified 

Medium (DMEM) GlutaMAX  

10566016 Gibco by Life Technologies 

(UK) 

GibcoÈ Dulbeccoôs phosphate-buffered 

saline (DPBS), no calcium, no magnesium 

14190250 Gibco by Life Technologies 

(UK) 

Gibco® heat inactivated, foetal bovine 

serum 

10082139 Gibco by Life Technologies 

(UK) 

Gibco® Penicillin-Streptomycin 15-140-1148 Gibco by Life Technologies 

(UK) 

InstantBlueÊ (Coomassie based stain) ISB1L Expedeon Ltd. (UK) 

Lipopolysaccharides from E coli O11:B4 

(LPS) 

L4391 Sigma Aldrich (UK) 
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Material  Catalogue or lot 

number 

Supplier 

Micro BCAÊ Protein assay kit 23235 ThermoFisher Scientific (UK) 

Mouse IL-12/23 ELISA MAXÊ standard 

set 

431601 BioLegend (UK) 

Mouse IL-6 ELISA MAXÊ standard set 431301 BioLegend (UK) 

Mouse TNF-‌ ELISA MAXÊ standard 

set 

430901 BioLegend (UK) 

NHS-Fluorescein (5/6 

carboxyfluoresceinsuccinimmidyl ester), 

mixed isomer (NHS- FITC)  

46410 ThermoFisher Scientific (UK) 

Novex sharp pre- stained protein 

standard marker 

2082117 Invitrogen by ThermoFisher 

Scientific (UK) 

Novex® Bis-Tris 4-12% precast gel 19062470 Invitrogen by ThermoFisher 

Scientific (UK) 

NuPAGE® LDS (lithium dodecyl sulfate) 

sample buffer 

1962150 Invitrogen by ThermoFisher 

Scientific (UK) 

NuPAGE® MOPS running buffer  2035740 Novex by Life Technologies 

(UK) 

Phosphate buffered saline (PBS) 187018 ThermoFisher Scientific (UK) 

PierceÊ Silver Stain 24612 ThermoFisher Scientific (UK) 

Poly(ethylene glycol) PEG (Mv 20,000) 95172 Sigma Aldrick (UK) 

Poly(ethylene oxide) (PEO) (Mv of 

600,000) 

182028 Sigma Aldrich (UK) 

Poly(lactic-co-glycolic acid) (PLGA) 

50:50 (17 kDa) 

1840432 Corbion Purac (UK) 

PrestoBlueÊ cell viability reagent A13262 Invitrogen by ThermoFisher 

Scientific (UK) 

Rhodamine B isothiocyanate (RBITC) 36877-69-7 Sigma Aldrich (UK) 

Sodium azide 71290 Sigma Aldrich (UK) 

Sodium bicarbonate (NaHCO3) S6014 Sigma Aldrich (UK) 

Sodium carbonate (Na2CO3) 13418 Sigma Aldrich (UK) 

Sodium dodecyl sulfate 442442F BDH Laboratory Supplies (UK) 

Sodium hydroxide (NaOH) I1980 Honeywell (Germany) 

Sulfuric acid 7664-93-9 BDH Laboratory Supplies (UK) 

Tryban blue solution (0.4% v/v) 15250061 ThermoFisher Scientific (UK) 

Trypsin -EDTA (0.05%), phenol red 59417C Sigma Aldrich (UK) 

Tween® 20 P1379 Sigma Aldrich (UK) 
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2.2 General Methods 

2.2.1 Particle engineering 

2.2.1.1 Freeze-drying 

Samples to be freeze-dried were transferred to glass vials which were filled to a 

maximum volume of 33% of the vial capacity. Samples were then frozen in dry ice, 

and loaded on to the shelf of a Virtis Advantage Freeze Drier to undergo primary 

drying at a pressure of 200 mBar and temperature of -20 °C for 48 hours. Subsequently, 

with pressure maintained, the temperature was increased to 20 °C for 2 hours to allow 

for removal of interstitial water (secondary drying).  

2.2.1.2 Electrohydrodynamic atomisation 

The EHD processes is introduced in Section 1.4. Polymers were dissolved in 

appropriate solvents, drawn up into a 5 mL (Terumo, UK) plastic syringe and fastened 

onto a syringe pump (KDS-100-CE, KD Scientific, USA). A 20G stainless steel needle 

(internal diamater 0.61 mm; Nordson EFD, UK) was attached to the syringe tip. A 

positive electrode was connected to the needle tip and a grounded one to a metal plate 

(14.5  20 cm) covered in aluminium foil. High voltage was generated by a DC power 

supply (HCP Series, FuG Elektronik, Germany). Distance was adjusted using a 

stainless steel lab jack (Dixon Science, UK). The environmental conditions were left 

uncontrolled but were measured using a Traceable® meter (Fisher Scientific, UK), 

Relative humidity ranged from 26% up to 62% and the ambient temperature ranged 

from 16 °C to 32 °C. For coaxial electrospraying, a coaxial spinneret (COAX_2DISP, 

Linari Biomedical, Italy) was used. This required silicone feeding tubing to dispense 

fluids from the syringes to the spinneret. The needle had a core inner diameter of 1 

mm and a shell inner diameter of 2 mm. For emulsion electrospraying, fluids were 

homogenised (Ultra Turrax T25, IKA Werke, UK). 

2.2.2 Morphology 

2.2.2.1 Digital microscopy or light microscopy (LM) 

During process optimisation, samples were collected on glass slides for initial 

assessment. An EVOS XL Cell Imaging System inverted digital microscope (Life 

Technologies, UK) was used for this purpose. For cell imaging and particle 

visualisation, filters of various wavelengths were used. 
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2.2.2.2 Scanning electron microscopy (SEM) 

For electrospun fibres, small samples of approximately 1  1 cm were cut from each 

mat. For particles, a similar area of aluminium foil with deposited particles was used. 

Samples were then coated with a 20 nm gold sputter (Q150T, Quorum Technologies, 

UK) and then imaged using a Quanta 200F microscope (FEI, USA) connected to a 

secondary electron detector (Everheart-Thornley detector). Following imaging, the 

ImageJ software (National Institutes of Health, USA) was used to determine the 

average fibre or particle diameter (247). At least 100 separate measurements for each 

sample were obtained where diameter alone was measured. For aspect ratio 

quantification, at least 50 particles were sampled and had both diameter and length 

measured. The collected data were then plotted into a histogram using OriginLab 

software (Version 9.1, Origin OEM, USA). 

2.2.2.3 Transmission electron microscopy (TEM) 

During the particle fabrication process, samples were collected directly onto formvar 

coated 2030C 300 mesh copper TEM grids (SPI Supplies, USA) for about 20 seconds. 

The samples were then analysed using a JEM- 2100F instrument (JEOL, Japan). 

2.2.3  Physical characterisation 

2.2.3.1 Fourier transform infra-red spectroscopy (FTIR) 

FTIR was performed on approximately 3 mg of samples using a Spectrum 100 

spectrometer (Perkin Elmer, USA), with twenty scans collected per sample at a 

resolution of 2 cm-1 over the wavelength range of 4000 ï 650 cm-1. Three independent 

samples were investigated per formulation. The FTIR data were analysed using the 

OriginLab software. 

2.2.3.2 X-ray powder diffraction (XRD) 

Samples were placed on aluminium plates and diffraction patterns were obtained using 

a Miniflex 600 instrument (Rigaku, Japan) supplied with Cu KŬ radiation at 40 kV 

and 15 mA. Patterns were recorded over the 2ɗ range 3 - 40º at a speed of 5º per minute 

(size step = 0.02o). Data were analysed using the OriginLab software. Three 

independent samples were investigated per formulation.  
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2.2.3.3 Differential scanning calorimetry (DSC) 

Approximately 5 mg of each sample was sealed in Tzero aluminium pans (T130425) 

with pin-holed hematic lids (TA instruments, USA). A Q2000 DSC (TA Instruments) 

was used to collect data at a heating rate of 10 °C per minute, from 20 ºC to ca. 140 

oC. All experiments were performed under a nitrogen purge of 50 mL per minute. 

Following data collection, results were analysed using the OriginLab software. Three 

independent samples were investigated per formulation.  

2.2.3.4 Thermogravimetric analysis (TGA) 

Analysis was conducted using a Discovery TGA instrument (TA Instruments, USA). 

Approximately 3 mg of each sample was heated from room temperature to 200 °C, at 

a rate of 10 °C/min in open aluminium pans. The instrument was purged with nitrogen 

gas at a flow of 25 mL/min throughout. Three independent samples were investigated 

per formulation. Data were analysed using OriginLab software.  

2.2.4 In -vitro protein release 

In-vitro release studies were carried out in the PK-Eye (Figure 2.1). This is a two 

compartmental model made of anterior (0.2 mL) and posterior (4.2 mL) chambers, 

separated by a dialysis membrane (molecular weight cut-off [MWCO] 12 ï 14 kDa). 

Inflow of buffer (Phosphate Buffered Saline (PBS) with 0.05% w/v sodium azide) into 

the model occurs through the posterior segment (4.2 mL), and outflow is through an 

outlet in the anterior segment (0.2 mL) (248). The buffer flow is controlled by a 16-

channel Ismatec peristaltic pump (Michael Smith Engineers Ltd., UK) at 37 ºC. The 

flow rate used was around 2 mL/min for the total duration of the release experiments. 

Particles to be assayed for release were made into suspensions and injected (0.5 mL at 

10 mg/mL in PBS) into the posterior cavity. Drug release was quantified using 

MicroBCAã as detailed in Section 2.2.5.2. 
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Figure 2.1 Labelled images and schematic diagrams of the PK-Eye model, detailing 

compartments and flow channels. Reproduced with permission from Awwad et al. Copyright 

Elsevier 2015. 

Although the work in this thesis does not focus on ocular drug delivery, the PK-Eye 

was strategically selected because it was designed to help study the clearance of drugs 

in suspension or implants (249). Models for testing the release of subcutaneous pre-

clinical formulations have had significant limitations and are not truly reflective of 

release properties in-vivo (250).  

2.2.5 Protein analysis and quantification 

2.2.5.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

NuPAGE (6 µL) LDS sample buffer was added to a solution (20 µL) of the protein to 

be tested. The mixture was vortexed for 3 - 5 seconds and loaded on to a Novex Bis-

Tris 4-12% precast gel mounted in an electrophoresis tank. The pre-stained molecular 

weight standard (5 µL) was added to the first well. Running buffer (NuPAGE MOPS 

SDS buffer diluted in distilled water, 1:20 v/v) was added into the tank. A voltage of 

200 V and current of 70 mA were applied and the experiment allowed to run for 50 

minutes. The gel was removed, stained using Coomassie blue for 1 hour and then 

washed with distilled water for 1 hour.  
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2.2.5.2 MicroBCAÊ 

To quantify the protein present in a sample, the PierceÊ Micro BCA Protein Assay 

Kit (ThemoFisher Scientific) was used, following the manufacturerôs recommended 

protocol. Assays were performed in clear 96-well plates (Corning, USA). To make the 

MicroBCA working reagent (WR), the provided reagents were mixed in the ratio 

25:24:1 v/v/v. Protein samples of 150 ɛL were added to individual wells of the plate, 

and an equal volume of WR added. The plate was shaken using a plate shaker for 30 

seconds. Controls included the polymer used in processing, no treatment (PBS), the 

protein of interest, and the solvents used for processing. After shaking, the plate was 

incubated at 37 ºC for 2 hours, left to cool at room temperature for 5 minutes, and read 

for absorbance at 562 nm with a SpectraMax M2e plate reader (Molecular Devices, 

USA). Analysis of results was undertaken using the OriginLab software. The most 

accurate quantification range using BCA lies within the range of 5 ï 40 ɛg/mL. Thus, 

to quantify the protein present a standard curve was made for each protein across this 

range.  

2.2.5.3 Protein extraction  

To determine the amount of encapsulated protein in a non-water soluble polymer 

system, 10 mg sample of particles were dissolved in 1 mL DMSO and gently agitated 

for one hour (251,252). A solution (5 mL) of NaOH (0.05 M) and SDS (0.05% w/v) 

was then added to the sample solution, and the mixture allowed to gently agitate for 

another hour. The resulting solution was then diluted and analysed using Micro 

BCAÊ as detailed in Section 2.2.5.2 (251).  

2.2.5.4 Drug loading 

The drug loading was calculated using Equation 2.1, with protein mass determined 

using the BCA method as detailed in Section 2.2.5.2. 

Equation 2.1 

ὈὒϷ
άὥίί έὪ ὴὶέὸὩὭὲ Ὥὲ ὴὥὶὸὭὧὰὩί έὶ ὪὭὦὩί

ὸέὸὥὰ ύὩὭὫὬὸ έὪ ίὥάὴὰὩ
 ὼ ρππ 

2.2.5.5 Encapsulation efficiency 

Encapsulation efficiency was calculated using Equation 2.2, again based on protein 

quantifications from the BCA assay. 
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Equation 2.2 

ὉὉϷ
ὸέὸὥὰ άὥίί έὪ ὴὶέὸὩὭὲ ὩὼὸὶὥὧὸὩὨ

ὸὬὩέὶὩὸὭὧὥὰ άὥίί έὪ ὴὶέὸὩὭὲ Ὥὲ ὸὬὩ ὪέὶάόὰὥὸὭέὲ
 ὼ ρππ 

2.2.6 Cell culture 

The RAW 264.7 cell line is an adherent murine macrophage derived from male 

BALB/c mice. All experiments were carried out below passage 10 in a bid to minimise 

the risk of changes to healthy cell proliferation that occur past 25 passages (253). The 

cells (0.5 million cells seeded) were maintained in complete growth media in 

ventilated Corning® T75 flasks, incubated at 37 ºC in a humified atmosphere of 5% 

(v/v) CO2 and passaged every 2 ï 3 days. Complete growth media comprised 

Dulbecco's Modified Eagle Medium (DMEM) (500 mL), foetal bovine serum (FBS) 

(50 mL) and PenStrep solution (5 mL). PenStrep solution is made up of penicillin 

(10,000 units/ mL) and streptomycin (10,000 µg/ mL). 

To passage confluent cells, flasks were taken out of the incubator and visualised by 

LM for fungal growth, media colour and opacity. In the ethanol (70% v/v) 

decontaminated safety cabinet, the growth media was gently aspirated without 

disturbing the adherent cells, and warm PBS (5 mL) was used to wash over the cell 

layer before being aspirated. Cells we detached by addition of 3 mL Trypsin (0.05% 

w/v), which was swirled over the cell layer for 2 minutes whilst monitoring using LM. 

Trypsin action was neutralised by 3 times the volume of growth media and the cells 

transferred to a centrifuge tube. The cells were counted and centrifuged at 1000 rpm 

for 8 minutes at 4 ºC. The supernatant was decanted, the cell pellet resuspended with 

fresh media and 0.5 million cells seeded to new flasks. Warm growth media was added 

to bring up the volume to 30 mL. The new flasks were then re-incubated. 

Cells were counted by trypan blue exclusion. Trypan blue solution (10 µL) was mixed 

with cell suspensions (10 µL) and the mixture loaded into a haemocytometer for 

counting under a light microscope. The total number of cells and blue cells were 

counted from the sample to give an indication of the cell count and the health of the 

culture. 
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2.2.7 Cell Viability  

Cell viability was determined using a PrestoBlueÊ cell viability assay, which employs 

a permeable resazurin-based solution as a reagent. Healthy living cells have the ability 

to irreversibly reduce in their cytosol using mitochondrial dehydrogenase, the blue 

coloured resazurin to resorufin which is a highly fluorescent pink compound. The 

PrestoBlueÊ assay gives information on mitochondrial enzyme activity of a test 

sample compared to a control, providing a measure of cell viability. Fluorescence and 

absorbance were quantified following incubation using a plate reader (Spectramax 

M2e, Molecular Devices, USA). Absorbance measurements for detection of live cells 

and normalization references were taken at 570 nm and 600 nm respectively.   

To determine the cytotoxicity of particles fabricated by electrospraying, cell 

suspensions containing ca. 65,000 cells per well (in 200 ɛL of complete medium) were 

cultured in a flat-bottomed 96-well plate. To the wells containing cells, a particle 

suspension (10 ɛL at 10 mg/mL in PBS), negative control (10 ÕL PBS), BSA (10 ɛL 

at 10 mg/mL in PBS) and lipopolysaccharide (LPS) (10 ɛL at 10 or 100 ng/mL in PBS) 

were added. Three batches of each formulation were tested, with 3 independent 

experiments per batch and triplicate wells in each plate, resulting in a total of 27 

replicates per set of particles tested. 

2.2.7.1 Enzyme-linked immunosorbent assay (ELISA) 

Cytokine production was determined using an enzyme-linked immunosorbent assay 

(ELISA). ELISA MAXÊ kits were purchased from Biolegend (UK), and experiments 

performed following the manufacturerôs recommended protocols. 75 ɛL aliquots of 

cell culture media were aspirated from 96-well plates with a multi-channel pipette 

(Discovery Comfort, HTL Lab Solutions, Poland). The samples were transferred to 

new plates with lids using a multi-channel pipette and stored at -25 ºC until assayed 

for the presence of the selected cytokines. Carbonate buffer (pH 9.5) was prepared by 

placing NaHCO3 (8.4 g) and Na2CO3 (3.56 g) in a bottle and making up to the required 

volume (1 L) with distilled water.  

The standard BioLegend sandwich ELISA protocol was followed (254). Capture 

antibody was diluted using a coating buffer (filtered carbonate buffer at pH 9.5). 

Diluted capture antibody (100 µL) was added to the wells of 96-well Nunc 
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MaxiSorpÊ flat-bottomed microplates (ThermoFisher Scientific, UK), sealed and 

incubated overnight at 2 ï 8 ºC. The plate was then washed with washing buffer (PBS 

with 0.05% Tween 20) four times. To the desired wells, 200 ɛL of assay diluent (1% 

BSA in filtered PBS) was added, the plate sealed, and then left to incubate at room 

temperature for 1 hour whilst shaking at 500 rpm. The plate was then washed 4 times 

with washing buffer. Samples (50 ɛL) and diluted standards (standard and assay 

diluent) were added to the wells, and the plate was sealed and incubated at room 

temperature for 2 hours with shaking. 

The plate was next washed 4 times with washing buffer and diluted detection antibody 

(diluted with assay diluent by a factor of 1000; 100 ɛL) was added to each well, before 

the plate was sealed and incubated at room temperature for 1 hour with shaking. The 

plate was washed 4 times with washing buffer, and 100 ɛL of diluted Avidin-HRP 

solution (diluted with assay diluent) added to each well. The plate was sealed and 

incubated at room temperature for 30 minutes with shaking (500 rpm). Following 

Avidin-HRP incubation, the plate was washed with washing buffer 5 times, with 30 

seconds of soaking between each wash. 1 StepÊ Ultra TMB-ELISA substrate solution 

(100 ɛL) was added to each well and the plate incubated in the dark for about 15 

minutes as colour developed. Lastly, 2 M sulfuric acid (100 µL) was added to each 

well to stop the reaction. Absorbance at 450 (reading) and 570 nm (reference) was 

measured using the SpectraMax M2e plate reader and the reference subtracted from 

the reading. Cytokine concentrations were then calculated using a standard log-log 

plot for each plate. 

2.2.8 Statistical analysis 

All data are presented as mean ± standard deviation (SD). Statistical analysis and 

graphs were plotted using the OriginLab software. Statistical significance was 

evaluated by one-way ANOVA using Tukeyôs post-hoc test. Significance was set at 

probability of p < 0.05 (*). 
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3   Fabrication of alkaline phosphatase containing 

part icles and fibres using EHD processes 

3.1 Introduction  

The fabrication of drug delivery systems using electrohydrodynamic processes (EHD) 

(electrospinning and electrospraying) has attracted increased attention in recent years. 

This chapter describes the effect of EHD processing conditions on polymer-

encapsulated protein drug delivery systems.  

3.1.1 Electrospinning and electrospraying 

Electrospinning to fabricate nanofibres has been more widely explored than 

electrospraying for particle fabrication. However, it is thought that both processes can 

be tailored to provide formulations with structural and functional advantages over the 

API alone (255). In part as a result of the greater volume of work performed, 

electrospinning processes are currently more practical and easier to optimise than 

electrospraying processes (192,256). Large-scale manufacturing capacity is also 

currently easier with electrospinning than electrospraying (257). 

Electrospun fibre materials can be fabricated into implantable formulations (258) that 

have a number of desirable properties. For instance, Xie et al. have investigated the 

use of PLGA-based electrospun implants for the delivery of paclitaxel to treat glioma 

(259). The PLGA fibres fabricated by Xieôs team released about 50% of the 

encapsulated drug at a constant rate over around 60 days. In contrast, Gliadel® wafers 

(a commercial implant for the treatment of glioma) released their drug cargo over a 

period of five days, and other polymer disc formulations explored released the active 

pharmaceutical ingredient over 37 days but experienced a burst of 20% release in the 

first 2 days. This study by Xieôs team thus suggests that fibres can extend release times 

more effectively than wafers. Fibres have also been widely researched for their topical 

use, for instance loaded with dexamethasone as a corticosteroid (260), mefoxin as an 

antibiotic (261), itraconazole as an antifungal (262), vitamins A and E as antioxidants 

(263), bupivacaine as a local anaesthetic (264) or growth factors (265). The benefits 

of using fibres as implants include the ability to release a drug cargo slowly, resulting 
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in low local release concentrations that also limit the risk of toxicity to healthy tissue 

(266).   

The porosity and structure of fibre mats can be controlled to mimic the natural 

extracellular matrix and thus they have been investigated for their use in tissue 

regeneration (186). For silencing gene expression, siRNA-transfection agent loaded 

poly( -caprolactone) nanofibres were prepared by Rujitanaroj et al. for local delivery 

at a tumour site. The team found their material achieved a 28-day sustained release of 

the incorporated RNA and 30.9% efficiency in gene knock-down, which was 

significantly improved in comparison to a bolus administration of the agent (267,268). 

The enzyme lactate dehydrogenase (LDH) has been loaded in poly(vinyl alcohol) 

fibres by Moreno et al. using coaxial electrospinning, and sustained delivery over 20 

days observed. However, great care must be taken when formulating: Yang et al. 

performed similar experiments to Morenoôs team, replacing LDH with a lysozyme-

gelatin complex, but obtained complete release in just over 2 hours from the 

electrospun fibres (269). More examples are cited in Table 1.1. 

The processes for making particles and fibres are largely dependent on the polymer 

solution viscosity. The same polymer and drug materials can be processed by 

electrospinning and electrospraying. Compared to electrospun fibres, the preparation 

of electrosprayed particles requires that the solution has lower viscosity. This is 

typically achieved by reducing the polymer molecular weight and concentration 

(203,270). Particles have been fabricated by electrospraying in the nano- to micro-

sized range (271). Particles are thought to be easier to inject than fibres as they do not 

require post-processing modification to be injectable. Further, particles can distribute 

into the circulatory system and at an appropriate size (~ 100 nm) are also known to be  

taken up by cells (272). This could be advantageous in targeted drug delivery. 

Medicines available as powders are familiar formulations, so electrosprayed particles 

resembling these may be easily adopted for use as oral, injectable and inhaled 

formulations. EHD can also be used to coat surfaces such as microneedles (273). 

The delivery of antigens from polymer particles has garnered considerable interest as 

these vehicles have been found to prolong, accelerate and enhance immune responses 

via uptake of material by antigen-presenting cells, which is more effective in 

particulate form than soluble form (274). Particles of an appropriate size can be wholly 
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taken up to stimulate an array of responses, making them an attractive option for 

investigation (275). Lastly, it has been challenging to encapsulate proteins within 

biodegradable polymers using standard approaches such as spray drying owing to 

damage being imparted on the active during processing. Given this, and consideration 

of the need to fabricate sustained release drug delivery systems for active proteins, 

EHD processes offer a platform to explore protein encapsulation with material that 

could aid cold chain stabilisation efforts.  

3.1.2 Blend and core-shell particles 

There is considerable interest to encapsulate protein therapeutics in core-shell 

structures fabricated by EHD processes (195). It is possible with the core/shell 

structure to localise the protein in the core to minimise burst release so the system can 

act as a reservoir (276ï278). Biomolecules encapsulated within the core may be better 

protected from degradation and can have minimal interaction with organic solvents 

during fabrication (241,279). This is in contrast to using a single solution for EHD, 

where the protein and solvent inevitably come into contact. Exposure of the majority 

of proteins to organic solvents generally causes the loss of protein tertiary structure, 

resulting in denaturation and loss of function (280).  

EHD processes that simply disperse the bioactive components directly into the 

polymer working fluid are referred to as blend or single-fluid processes (281). There 

is minimal control of protein distribution within the resultant particle (216). Blend 

EHD processes are less complex than coaxial processes, however. In a coaxial process 

a specialised two-needle spinneret is required. Additional variables including both the 

solutionsô viscoelasticity and interfacial tension, and process flow rates, must be 

optimised (233,282). 

Mickova et al. encapsulated horseradish peroxidase-containing liposomes in 

electrospun fibres. The nanofibre-liposome systems were either blended with 

poly(vinyl alcohol) (PVA) or encapsulated as core-shell materials, with PVA and 

liposomes forming the core, and poly-Ů-caprolactone (PCL) as the shell. They found 

that liposomes embedded within core-shell fibres better preserved the enzymatic 

activity of the horseradish peroxidase, while the blend system did not preserve the 

intact liposomes and resulted in a loss of enzymatic activity (283). 
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3.1.3 Alk aline phosphatase (ALP) 

Alkaline phosphatase (ALP) is a dimeric metalloenzyme with a molecular weight of 

about 115 ï 165 kDa. Different isoforms of ALP exist, containing varying amounts of 

zinc and magnesium (Figure 3.1) (284,285). Two identical subunits of about 56 kDa 

act to catalyse the hydrolysis of phosphate monoester and diester bonds in alkaline 

environments (286). ALP is found in specific tissue including in the placenta, liver, 

tumours, intestinal mucosa, kidney, neuronal membranes and bone, and even in 

bacterial cells such as Escherichia coli (287ï289). ALP in the liver catalyses the 

breakdown and excretion of phosphorylcholine, which otherwise could potentiate 

cardiovascular disease, into bile (290). 

 

Figure 3.1 A ribbon drawing of the monomer of E. coli alkaline phosphatase. Reproduced with 

permission from Kim and Wyckoff (291). Copyright Elsevier 1991. 

ALP has been investigated clinically for its role in predicting mortality in patients 

undergoing haemodialysis (292). The enzyme levels can be used as a diagnostic 

marker for liver, endocrine, bone injury, neoplasia, pregnancy, diet and age related 

conditions (293). For example, ALP levels are used routinely in combination with 

other tests as an indication of damage to the liver. ALP has also been proposed to 

detoxify endotoxins of gram-negative bacteria by non-specific dephosphorisation of 

phosphate groups in their lipopolysaccharides, and hence investigations have been 

performed into role of ALP in the treatment of sepsis (294,295). 

In this chapter, ALP will be used as a model protein since it is an extensively 

researched and widely available enzyme with a fairly simple activity assay 
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(216,296,297). This chapter describes efforts to understand the effects of EHD 

processing on the preparation of solid fibres and particles containing ALP. 

A study by Ji et al. has previously explored ALP in blend and coaxial electrospinning 

in poly( -caprolactone) and poly(ethylene glycol) (216). The fibres fabricated as 

core/shell formulations retained about 76% of the enzymatic activity, while the blend 

fibres displayed only 49% of the ALP activity. The core-shell fibres also displayed 

uniform morphology with less burst release than the blend fibres. 

3.1.4 Poly (ethylene oxide) (PEO) 

Poly(ethylene oxide) (PEO), or high molecular weight poly(ethylene glycol) (PEG) 

(Figure 3.2), is a synthetic (298) semi-crystalline, non-toxic polymer used in cosmetics 

(299), food additives, biomaterials, and drug formulation (300). PEO is generally 

thought to be biocompatible (301,302). Due to the electronegative oxygen, PEO 

contains many dipole moments, making it have good solubility in water and aqueous 

environments. The physicochemical properties of the polymer such as its viscosity in 

solution, solubility and the wide range of molecular weights available make it suitable 

for electrospinning and electrospraying (303). 

 

Figure 3.2 The chemical structure of PEO 

Due to its high aqueous solubility, recovery of enzyme from a PEO-based drug 

delivery system post-processing should be straightforward. Using PEO as an 

encapsulating polymer should thus allow for analysis of physical properties, and rapid 

determination of protein activity. 

PEO has been used extensively for EHD fabrication of protein-loaded biomaterials. 

PEO (600 kDa) and casein were used by Xie and colleagues to electrospin the lipase 

enzyme using a monoaxial process (304). They found that when casein was processed 
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alone fibres were not formed, but on addition of PEO even at 5:95 PEO: casein (w/w), 

continuous fibres were formed. Lastly, there was high enzyme loading of up to 30% 

w/w. PEO has also been used in the core fluid for the encapsulation of enhanced green 

fluorescent protein within a PCL shell, to aid the electrospinning properties, modify 

the possible release properties, and tailor fibre diameter (231).  

3.1.5 Formulation  

There is a need to fabricate depot systems for delivery of proteins. Biologics are 

typically unstable in the gut, are often poorly absorbed orally and can easily be 

degraded into constituent peptides or amino acids, reducing their bioavailability. 

Formulation techniques can improve their pharmacokinetic, pharmacodynamic and 

pharmacological profile (305). It is thus useful to explore how polymer encapsulation 

techniques such as EHD processes can provide formulation advantages but also 

address concerns about the effect of processing on the biologic. 

Four ALP formulations fabricated by EHD were examined in this chapter. These 

formulations are listed in Table 3.1. 

Table 3.1 Data key for the ALP-loaded fibres and particles described in this chapter. 

Sample details Key used 

Fibres prepared using coaxial spinning EFC 

Fibres prepared from blend spinning EFB 

Electrosprayed particles prepared using 

a coaxial approach 

EPC 

Electrosprayed particles prepared by 

blend processing 

EPB 

Alkaline phosphatase, as supplied ALP 
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3.2 Aims 

The principal aim of the work described in this chapter is to examine the potential of 

using EHD processing techniques to fabricate protein-loaded particles and fibres using 

ALP as a model drug. The objectives are to: 

¶ Optimise the formation of ALP-loaded fibres and particles using both blend 

and coaxial EHD processing methods. 

¶ Examine the impacts of blend and coaxial techniques on the physical properties 

of the fibres and particles. 

¶ Explore how the different processing approaches impact on ALP activity. 

3.3 Methods 

3.3.1 Optimisation of electrospinning parameters 

To encapsulate ALP using electrospinning, parameters had to be first optimised for 

the spinning of PEO alone. For the fibres, the PEO concentration (600 kDa) was 

optimised at 3% (w/v) after screening across the range from 2 ï 6 % (w/v). Solvent 

ratios and polymer concentration were explored, and their influence on fibre 

morphology from single needle electrospinning determined. Polymer solutions were 

prepared in a mixture of ethanol and water (7:3 v/v). PEO solution (20 mL) was 

prepared and stirred for 48 h using a magnetic stirrer at 30 °C to obtain a homogenous 

mixture. ALP powder was dissolved in PBS to obtain an enzyme concentration of 5% 

w/v. 

The protocol followed to optimise the electrospinning parameters was adapted from 

Jinôs study (184). For single-needle spinning, PEO or PEO and enzyme solutions were 

loaded in plastic syringes and spun from a 0.61 mm inner diameter needle using a 

voltage range of 9 ï 15 kV, a needle-to-collector plate distance range of 12 ï 22.5 cm 

and a flow rate of 0.5 - 1 mL/h at room temperature (25 ± 2 °C) and a relative humidity 

of 30 ± 1%. Fibres were collected as a mat on aluminium foil, left for 2 h at room 

temperature to allow for additional solvent evaporation, and then stored in a desiccator 

containing phosphorous pentoxide prior to further analysis and characterization. 

PEO/enzyme solutions were generated by adding ALP solution (5% w/v in PBS, 0.5 
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mL) to a PEO solution (3% w/v in ethanol and water (7:3 v/v), 3.5 mL) and gently 

stirred until homogeneous, prior to spinning.  

Coaxial fibres were spun with 3% w/v PEO (shell fluid, internal diameter of 2 mm) 

and 5% w/v ALP (core, internal diameter of 1 mm). The polymer was dissolved in 

ethanol and water (7:3 v/v) and the enzyme was dissolved in phosphate buffered saline 

(PBS, pH 7.4). The core flow rate was varied from 0.1 ï 0.5 mL/h, and the shell flow 

rate from 0.6 ï 1.0 mL/h. The voltage range explored was 9 ï 18 kV and the distance, 

12 ï 20 cm. The resulting fibres were collected under environmental conditions, using 

the same materials and stored in the same way the blend fibres were. 

The conditions for blend spinning are described in Table 3.2 and for core-shell fibres 

in Table 3.3. 

Table 3.2 Optimised processing conditions for the formation of EFB. 

Process parameter Value 

Voltage 9 kV 

Distance 22.5 cm 

Flow rate 0.8 mL/h 

 
Table 3.3 Optimised processing conditions for the formation of EFC. 

Process parameter Value 

Voltage 15 kV 

Distance 15 cm 

Flow rate (core) 0.1 mL/h 

Flow rate (shell) 0.6 mL/h 

 

3.3.2 Optimisation of electrospraying parameters 

For blend electrospraying, PEO (20 kDa) in solution (10% w/v; in ethanol: water, (7/3 

v/v) was loaded into a 5 mL disposable plastic syringe. The electrospraying of this 

solution alone to form particles was then optimised. Once an appropriate range of 

parameters had been identified, ALP was introduced to the system. 250 µL of ALP 

(10% w/v in PBS) was added to the PEO solution (3.75 mL) to form the spraying 
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solution. The latter was infused with a flow rate range of 0.3 ï 1.5 mL/h, a needle-to-

collector plate distance of 10 - 20 cm and an applied voltage from 9 - 25 kV at room 

temperature (25 ± 2 °C) and a relative humidity of 30 ± 1%. For coaxial 

electrospraying, the shell fluid contained PEO 20 kDa (10% w/v) dissolved in a 

mixture of ethanol and deionised water (7:3 v/v). ALP (5% w/v) was dissolved in 

phosphate buffered saline (PBS, pH 7.4) and used as the core solution. The polymer 

solution was freshly prepared before electrospraying (conducted at ambient 

conditions, 25 ± 2 °C and 30 ± 1% RH).  

ALP/PEO core-shell particles were prepared using a coaxial needle (core internal 

diameter 1 mm, and shell internal diameter 2 mm). The core solution was loaded into 

a 1 mL plastic syringe attached to the inner channel of the coaxial spinneret, whilst a 

5 mL plastic syringe containing PEO solution was linked to the shell channel through 

a silicone tube. The two fluids were simultaneously dispensed through the coaxial 

spinneret. The core flow rate was varied from 0.6 ï 1.0 mL/h, and the shell flow rate 

from 0.02 ï 0.15 mL/h. The voltage range explored was 17 ï 23 kV and the distance 

15 ï 20 cm. Optimisation of core shell particle production and physical 

characterisation of this formulation (EPC) was completed by Jiazhe Zhang, a 

supervised MSc student. The conditions for blend spraying are described in Table 3.4 

and for core-shell particles in Table 3.5. 

Table 3.4 Optimised processing conditions for the formation of EPB. 

Process parameter Value 

Voltage 15.5 kV 

Distance 15 cm 

Flow rate 0.6 mL/h 

 
Table 3.5 Optimised processing conditions for the formation of EPC. 

Process parameter Value 

Voltage 22.5 kV 

Distance 17 cm 

Flow rate (core) 0.02 mL/h 

Flow rate (shell) 0.3 mL/h 
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3.3.3 Morphological characterisation 

Investigation of fibre and particle formation and morphology was performed using 

LM, SEM and TEM as described in Section 2.2. 

3.3.4 Physicochemical characterisation 

Physical characterisation was performed using FTIR, TGA, DSC and XRD as 

described in Section 2.2.3. The DSC thermograms for the fibres have been presented 

as (n=1). 

3.3.5 SDS PAGE and protein assays 

The protein molecular mass was determined using SDS-PAGE, and protein 

quantification using MicroBCAÊ. Step-wise descriptions of these methods are 

described in Section 2.2.4. 

3.3.5.1 Alkaline phosphatase (ALP) activity assay 

ALP activity was measured using a p-nitrophenyl phosphate (p-NPP) substrate (216). 

The colourless p-NPP is hydrolysed to yellow p-nitrophenol (p-NP) in the presence of 

ALP and alkaline conditions, and p-NP can be quantified at an absorbance of 405 nm. 

The standard protocol was modified on the basis of methods described by Ji et al. 

(216). Fibres and particles (10 mg) were dissolved in deionised water (5 mL) to get 

ALP samples. ALP aliquots (80 µL) were incubated with 2-amino-2-methyl-1-

propanol (1.5 M; 20 µL) and loaded in a 96-well plate. The p-NPP liquid substrate 

solution (100 µL) was added to the initial mixture. After 5 min, NaOH (1 M, 20 µL) 

was added to stop ALP catalysis and the absorbance of p-NPP was measured using a 

SpectraMax M2 microplate reader (Molecular Devices, USA) at 405 nm. The 

percentage relative ALP activity was then determined using Equation 3.1: 

Equation 3.1 

ὃὒὖ ὥὧὸὭὺὭὸώ Ϸ
 ὃὒὖ ὰέὥὨὭὲὫ ὨὩὸὩὶάὭὲὩὨ ὦώ ὃὒὖ ὥὧὸὭὺὭὸώ ὥίίὥώ

ὃὒὖ ὰέὥὨὭὲὫ ὧὥὰὧόὰὥὸὩὨ όίὭὲὫ ὓὭὧὶέὄὅὃΆ
ὼ ρππ 
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3.4 Results and discussion 

3.4.1 Morphological characterisation 

3.4.1.1 SEM of fibres 

The morphology of electrospun formulations is affected by a number of factors such 

as solvent choice, material properties, the concentrations of constituent materials, and 

processing parameters (210). Using the parameters in Table 3.2 smooth, uniform bead-

free fibres (EFB) comprised of ALP and PEO could be produced by blend 

electrospinning, with an average diameter of 236 ± 79 nm (Figure 3.3a and b). The 

histogram in Figure 3.3c shows the blend fibre diameters to have a normal distribution. 

Studies by Wongsasulak et al. showed that blend electrospun PEO fibres containing 

ovalbumin generated fibres with diameters ranging from 188 ï 470 nm. The fibre 

diameter increased as the polymer concentration increased (306). This occurred 

because the viscosity of the solution was also increased. It was interesting to note that 

pure PEO (300 kDa, 5% w/v) fibres in Wongsasulakôs study had an average diameter 

of 202 ± 20 nm but the average diameter reduced to 188 ± 22 nm on the addition of 

protein to the blend. The study suggests that the addition of protein to a polymer 

solution can result in the formation of fibrous structures with smaller diameters. The 

EFB fibres fabricated here, using PEO with twice the molecular weight but at a lower 

concentration (600 kDa, 3% w/v) than that employed by Wongsasulak, have very 

similar diameters.  

 

Figure 3.3 SEM images of EFB at (a) 3000× and (b) 12000x magnification; (c) the fibre diameter 

distribution (n = 100). The mean fibre diameter ± SD was 236 ± 79 nm. 
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Figure 3.4 SEM images of EFC at (a) 2000× and (b) 20000x magnification; (c) the fibre diameter 

distribution (n = 100). The mean fibre diameter ± SD was 316 ± 127 nm. 

The core-shell processed ALP-PEO (EFC) fibres (Figure 3.4a and b) prepared using 

the optimal conditions presented in Table 3.3 show bead-free cylindrical structures. 

These fibres have an average diameter of 316 ± 127 nm, somewhat larger than the 

monolithic fibres (236 ± 79 nm) , and also less of a normal distribution in diameter 

(see Figure 3.3c). When comparing the physical appearance of the blend and core-

shell fibres, EFB orientation was more symmetrical than EFC.  

In a study by Tiwari and Venkatraman, the formation of monolithic and core-shell 

fibres were compared (307). The team deduced that the difference in viscosity of the 

solution used in either process, affects the fibres produced. For EFB, polymer viscosity 

was reduced due to the direct addition of the protein solution resulting the formation 

of fibres with a smaller diameter. 

3.4.1.2 SEM of particles 

The SEM images of the blend ALP-PEO particles (EPB; Figure 3.5  a and b) show 

monodisperse PEO particles with an average particle size of 730 ± 160 nm. The size 

histogram displays a normal distribution (Figure 3.5c) with most particles ranging 

from 500 ï 1000 nm in size.  
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Figure 3.5 SEM images of EPB at (a) 2000× and (b) 10000x magnification; (c) size distribution 

determined (n = 100). The mean particle diameter ± SD was 730 ± 160 nm. 

The SEM images of the core/shell ALP-PEO particles (EPC) in Figure 3.6a and b show 

particles with a generally smooth surfaces and an average size of 1290 ± 240 nm. There 

appears to be a secondary population of smaller particles attached to the larger bulk 

(see Figure 3.6b). The particle size histogram in Figure 3.6c shows a normal 

distribution. Comparing the blended and coaxial formulations, the EPB blend system 

appears to be more fused than EPC. The blend particles appeared smooth, but with 

greater cohesion between them observed than with the core-shell processed particles. 

This cohesion may be attributed to the presence of proteins at the particle interface 

with EPB changing surface tension properties (308,309).  

 

Figure 3.6 SEM images of EPC at (a) 10000x and (b) 2000x magnification; (c) size distribution (n 

= 100). The mean particle diameter ± SD was 1290 ± 240 nm. 

Both the particles and fibres that were fabricated by core-shell processes had larger 

diameters than their blend analogues. Reduction in material diameter could be due to 

reduced PEO concentration when the protein and polymer solutions are directly 

blended (310). Also, the presence of charged proteins at the surface of fibres and 

particles reduces the stability of the travelling jet, promoting breakup or fission (311). 

Reardon et al. prepared core-shell and blend PLGA microparticles using EHD 
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processing techniques. The blend particles had an average diameter of 550 ± 80 nm 

whilst the core-shell particles had an average diameter of 850 ± 200 nm (312). In the 

study above, the Reardon et al. fabricated particles that were smaller than both EPB 

and EPC but this could have been due to the viscosity, molecular weight and 

concentration of the polymer selected. 

Electrospinning and electrospraying processes are described to mainly differ by the 

morphology, either fibres or particles, achieved through modification of solution 

properties (313). The functional advantages are expected to be similar, but structural 

advantages would depend on factors such as porosity, surface area to volume ratio, 

size and mat or powder bulk which could all be tailored by changes to the processing 

parameters (314). For example, electrosprayed powders could be better suited for the 

delivery of inhaled materials whilst electrospun fibres would be more appreciated for 

tissue engineering applications. 
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3.4.1.3 TEM of fibres 

The images of the EFB fibres show structures varying in size (Figure 3.7a). The fibre 

diameter measured by TEM is consistent with findings deduced from the SEM results, 

at ca. 333 nm and 276 nm. Blend fibres are known to be monolithic in nature, which 

holds true for the EPB fibres here (Figure 3.7a) (315). In contrast, the TEM images in 

Figure 3.7b show a core-shell structure for the EFC sample, with an internal diameter 

of 184 nm and a shell diameter of 235 nm. The EFC shell diameter of 235 nm falls 

within the size distribution expected for this sample from SEM (as detailed in  Figure 

3.4c). The fact that the TEM diameter is somewhat smaller than the mean SEM value 

can be ascribed to the low number of observations in the TEM experiment. 

a 

 

b 

 
Figure 3.7 TEM images of a) EFB, with the blue arrow indicating the formation of fibres with a 

smaller diameter and orange arrows confirming the formation of monolithic fibres. b) EFC, with  

orange arrows showing the formation of core-shell structures. 
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3.4.1.4 TEM of particles 

TEM images of the electrosprayed particles are shown in Figure 3.8a (EPB) and Figure 

3.8b (EPC). The images for EPB structures suggest the formation of homogenous- 

particles. The TEM images (Figure 3.8b) of the coaxial particles is consistent with 

core-shell structures having been formed, presumably with ALP being localised within 

the PEO shell.  

a 

 

b 

 
Figure 3.8 TEM images of a) EPB displaying homogeneous-phased particles. b) EPC displaying 

a core-shell structure. The images display particles of EPC with a faint white line illustrating the 

interphase between the constituent phases. 

Wen et al. utilised coaxial electrospinning for the encapsulation of a BSA / chitosan 

(core) in a sodium alginate and PEO (shell), and achieved distinct core-shell structures 

(316). Other examples of core-shell particles using coaxial EHD processes have been 

described including Buitrago et al. encapsulating stem cells in collagen (317) and 

Zamani et al. encapsulating BSA in PLGA (318). The TEM images of both EPC and 

EFB are consistent with the literature showing that coaxial processes yield solid 

structures with core-shell morphologies. 
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3.4.2 Physicochemical characterisation  

3.4.2.1 FTIR 

FTIR spectra are displayed in Figure 3.9.  The PEO absorption peaks at around 1341 

cm-1 are assigned to vibrations of the C-H bonds. Bands at around 1064 cm-1 and ca. 

1100 are CïOïC and C-C group stretching vibrations. The peak at 1460 cm-1 arises 

from C-H bending (301).  

The main peaks identified in ALP include a broad peak at 3283 cm-1 that corresponds 

to the presence of a secondary amine (N-H). The primary amine band is located at 

1641 cm-1 (amide I) and is closely followed by amide II, an NH2 bending peak at 

around 1530 cm-1. Both these peaks are present - although weak - in all the ALP loaded 

fibres and particles, confirming the encapsulation of protein. The reduced intensity of 

the ALP peaks in the formulations is presumably owing to the protein comprising a 

relatively small proportion of the overall mass of the material (319).  

All the key bands of PEO are observed in the spectra of the formulations generated by 

EHD processes. The absorption peak at 2881 cm-1 for the fibres, and 2868 cm-1 for the 

particles, is attributed to CH2 bending vibrations in both the polymer and protein (301). 

In the spectra for the blend and core-shell fibres, a weak absorption peak is identified 

at 1733 cm-1. This peak is not present in the polymer or protein and is indicative of a 

carbonyl stretch. This carbonyl stretch could arise due to a shift in the original amide 

band position, or the peak may have appeared as a result of hydrolysis or oxidation of 

the protein due to the complexity of the structures being processed (319).   
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a 

  

b 

  

Figure 3.9 FTIR spectra of a)  As supplied PEO (600 kDa), ALP, EFB and EFC. b) FTIR spectra 

of as supplied PEO (20 kDa), ALP, EPB and EPC. The spectra show ALP bands are present in 

both EPB and EPC. The spectra show ALP peaks are present in both the fibres and particles. 

3.4.2.2 DSC 

Sharp endotherms corresponding to the melting temperature (Tm) of PEO (ca. 66 °C) 

are seen with all the formulations (Figure 3.10). The processing conditions and thermal 
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history of a material affects the endothermic changes that are seen on a thermogram 

and the melting temperatures vary from 64 °C to 70 °C, which is similar to 

observations by several other researchers in the literature (281,320,321). The melting 

temperature of the fibres is generally higher than the particles owing to the difference 

in molecular weights of the PEO used (20 kDa for the particles and 600 kDa for the 

fibres) (322). 

On further analysis of the samples, the melting enthalpy of the semi-crystalline PEO 

for both the fibres and the particles (Table 3.6), reduces after processing by EHD 

methods. For the fibres, although melting temperatures remained similar (Figure 

3.10a), the melting enthalpy of the PEO-containing materials reduced from 28.6 J/g to 

about 23 J/g for both the core-shell and blend fibres, suggesting a reduction in 

crystallinity for the 600 kDa polymer post-processing. 

With regards to the particles, there was also an observed reduction in the melting 

enthalpy of PEO (20 kDa) from 30.7 J/g to 23.9 J/g for EPB, and 17.3 J/g for EPC. 

Unlike the fibres, there is a greater reduction in the melting enthalpy of the core-shell 

processed material than there was for the blend. The degree of crystallinity changes 

depending on polymer processing history. The data suggest that core-shell processing 

of particles increases the amorphous regions of the polymer. 

The difference in melting enthalpies of the various forms of PEO used can be attributed 

to the molecular weight of the polymers.  

Table 3.6 Calculated melting enthalpy of the samples analysed using DSC and presented in Figure 

3.10. The table shows that the melting enthalpy of the EHD fabricated particles and fibres reduced 

in comparison to the reference polymer. Data for presented particles (n = 3) and for fibres, (n=1). 

Sample 
Melting enthalpy 

(J/g) 

Fibres 

PEO (600 kDa) 28.6  

ALP 20.9  

EFB 24.0 

EFC 23.3  

Particles 

PEO (20 kDa) 30.7 ± 2.7 

ALP 24.9 ± 0.1  

EPB 23.9 ± 1.9 

EPC 17.3 ± 2.5 
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a 

  

b 

  

Figure 3.10 DSC thermograms of a) As supplied PEO (600 kDa), electrospun PEO, ALP, EFB 

and EFC. DSC thermograms of b) As supplied PEO (20 kDa), ALP, EPB and EPC. The 

thermograms show EHD processed materials, closely maintained the proprieties of their 

constituent PEO polymers. 

ALP alone displays an endotherm below 60 °C, which corresponds to the degradation 

of the enzyme (323). The batch of ALP employed to prepare the fibres (Figure 3.10.1) 

has a different degradation temperature to the ALP in the particles (Figure 3.10.2), 
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which came from a different batch, suggesting a difference in the physical properties 

of the ALP used.  

3.4.2.3 XRD 

The physical form of polymer and enzyme were also assessed using XRD (Figure 

3.11). The XRD pattern for ALP shows a halo diffractogram in both Figure 3.11 a and 

b, with no Bragg reflections. This is as expected since the as-supplied freeze-dried 

protein is known to be amorphous (45). As can be seen in Figure 3.11, the PEO-

containing samples are observed to have Bragg reflections at around 19°, 24° and 27° 

with the second reflection having the highest intensity. These reflections are 

characteristic of PEO, which is a semi-crystalline polymer (218).  

The higher molecular weight PEO does not have a peak at 27° after fibre fabrication, 

but a detailed analysis of the pattern reveals a much weaker Bragg reflection at around 

32°. For the fibres, the first peak at 19° has a full width at half maximum (FWHM) 

value of 1.3° which decreases to about 0.5 for both EFC and EFB. Similar reductions 

occur to the peak at 24°, suggesting a possible reduction in crystallinity or crystallite 

size post-processing. The d-spacing at 19°, calculated at 4.5 Å, is slightly increased at 

4.6 Å for both EFB and EFC. At 24°, similar trends are observed where the d-spacing 

increases from 3.7 Å to 3.8 Å in the processed materials. Based on the literature, the 

assigned lattice group for PEO is an orthorhombic unit cell (324). 

The plausible reduction in crystallinity is supported by the reduced melting enthalpies 

deduced from the DSC thermograms. It thus appears that the fibres contain ALP 

amorphously distributed in a semi-crystalline PEO matrix. Tables containing 

information on d-spacing and FWHM values for both the fibres and particles are 

available in the Appendix (Section A.1).  

The XRD patterns of the electrosprayed particles were dominated by the PEO pattern, 

with generally reduced intensities but with prominent reflections at 19°, 23° and 27°. 

With the particles, the d-spacings observed in the processed materials remain at 

broadly the same angles as earlier highlighted. However, there are marked differences 

in the FWHM especially for the EPC at angles above 23° that suggests a reduction in 

crystal size uniformity or crystallinity as observed with DSC. Analogously to the fibres 
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therefore, it can be concluded that the particles contain ALP amorphously distributed 

throughout a semi-crystalline PEO carrier.  

a 

  

b 

  

Figure 3.11 X-ray diffraction patterns of a) As supplied PEO 600 kDa, ALP, EFB, and EFC. b) 

X-ray diffraction patterns of as supplied PEO 20 kDa, ALP, EPB, and EPC. The semi-crystalline 

structure of PEO displays characteristic diffraction peaks at around 19°, 23° and 27° which are 

still present in the EHD processed preparations.  
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3.4.3 Protein quantification  

3.4.3.1 Encapsulation efficiency and drug loading   

The ALP loading of both the blend and coaxial fibres were determined by 

MicroBCAÊ assay (Table 3.7). 

Table 3.7 Drug loading and encapsulation efficiency data of electrospun fibres loaded with ALP 

(data presented as mean ± S.D., n=3). 

 Theoretical 

loading 

Drug loading Encapsulation 

efficiency 

EFB 17.4% 8.0 ± 0.3% (w/w) 46.0 ± 2.0% 

EFC 13.8% 13.0 ± 2.0% (w/w) 94.0 ± 12.0% 

 

Table 3.7 reveals that the blended fibres contain less ALP than the core-shell fibre, 

and the encapsulation efficiency of EFB is approximately half that of EFC. Although 

this notable difference in encapsulation efficiencies could be due to the mechanical 

dispersion method used for the blend structure ï homogeneity of protein distribution 

in a polymer solution can be hard to achieve without the use of high shear equipment 

(e.g. a homogeniser) (325). In addition, the direct exposure of protein to organic 

solvent in the blend formulation could have resulted in the precipitation of some 

enzyme out of the blend (326).  

Chew and colleagues investigated the encapsulation of human ɓ-nerve growth factor 

(NGF) and BSA in electrospun monolithic fibres. They calculated theoretical loadings 

of 0.0123 and 4.08% for NFG and BSA respectively (311), but observed significantly 

lower levels of encapsulated NFG (3.10 ± 0.53 × 10-4%) and attributed this difference 

to instability of the protein ï polymer jet during electrospinning. BSA levels were not 

determined. The evidence from Chewôs study suggests that materials such as proteins 

that are charged could act very differently to the polymer carrier in an electromagnetic 

field, causing protein to be deposited on surfaces that might not have been intended 

for collection.  

The low loading efficiency for protein actives can be improved by processing separate 

solutions of the protein and polymer solutions in coaxial electrospinning (327). Protein 

encapsulation efficiency is generally increased in core-shell structures as the core 
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solution is within the shell and carried with it to the collector. Drying occurs before 

protein can migrate to the surface of the material and display alternative spraying 

characteristics, depositing on areas not intended for collection. The results form 

Chewôs study corroborate the findings in Table 3.7, as encapsulation efficiency was 

improved in the core-shell structures (311). 

As was observed for the fibre preparations, the encapsulation efficiency of EPB was 

lower than that of EPC (Table 3.8). However, the ALP loading was greater for EPB 

than EPC owing to the low flow rate which had to be used for the core of EPC. 

Reduced entrapment efficiency in blend systems would mean more material waste. 

Table 3.8 Drug loading and encapsulation efficiency data of electrosprayed particles loaded with 

ALP (data presented as mean ± S.D., n=3). 

 Theoretical 

loading 

Drug loading Encapsulation 

efficiency 

EPB 5.9% 5.0 ± 0.2% (w/w) 85.0 ± 4.0% 

EPC 3.0% 3.0 ± 0.4% (w/w) 99.0 ± 12.0% 

 

When comparing the drug loading of fibres to particles, more ALP is loaded in the 

fibres than in particles. Differences in drug loading could be due to the concentration 

of protein in the original stock solution and the ratio of polymer to protein in the 

feedstock, which affects the protein concentration as described in Sections 3.3.1 and 

3.3.2, or the flow rate of the protein feed which when increased, increases the amount 

of protein available per unit time (328). For example, the shell solution for fibre 

formation was flowing 6 times faster than the core, containing the protein solution, 

whilst the for particles the shell flowed 15 times faster. It is easier to form fibres than 

particles and optimisation of particles required significant reduction of the core flow 

rate, suggesting that drug loading in fibres (Table 3.7) might typically be expected to 

be higher than in particles (Table 3.8).  

When protein loading is reduced, as was necessary for in the formation of particles, 

better higher encapsulation efficiencies are observed; 85% and 99% respectively for 

the blend and core-shell particles but 46% and 94% are calculated for the for the 

analogous fibres. This further highlights, as Chewôs study did, that the alternative 
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deposition of processed materials due to the presence of proteins, increases with 

protein concentration. 

3.4.4 SDS PAGE 

Preliminary experiments were carried out to determine the effect of the EHD process 

on the ALP enzyme. The gels show clear protein bands at around 56 kDa from ALP, 

both for fresh ALP and after dissolution of the EPB and EPC particles (Figure 3.12a). 

As ALP is expected to have a molecular weight of 115 ï 165 kDa, the position of the 

bands suggest the as-supplied ALP had been broken down into monomers (329) either 

during the freeze-drying process or by the SDS used in the gel. Overall the SDS-PAGE 

gel suggests that there is a negligible effect of blend or core-shell particle preparation 

on the size of ALP monomers.  

For the fibres (Figure 3.12b), the SDS-PAGE data are rather different, and the raw 

ALP shows bands at 100 ï 120 kDa (dimers), as well as at around 55 kDa. The 

differences between this and the ALP data from the particle experiment can be 

attributed to different batches of ALP being used for the two studies. After spinning, 

these bands are all still present, but a new band appears with a size of around 30 kDa. 

This might be the result of breakdown products which may also be linked to the 

additional FTIR C=O band at 1733 cm-1 noted after electrospinning (Figure 3.9). On 

the FTIR spectra in Figure 3.9, the characteristic peak can be identified as a carbonyl 

stretch, but exactly where it comes from is unclear. This could arise due to a shift in 

the original amide band position, or the peak may have appeared as a result of 

hydrolysis or oxidation of the protein. 

The SDS-PAGE reveals that by and large for both blend and coaxial processing ALP 

maintains its size after processing, and there are no clear differences noted between 

the coaxial and blend data.  
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a b 
Figure 3.12 SDS-PAGE gels for ALP after encapsulation into a) particles and b) fibres. Lanes: 

M) marker. Bands in a correspond to: 1) ALP, 2) EPB and, 3) EPC. Bands in b represent: 1) ALP, 

2) EFB and, 3) EFC. 

3.4.5 ALP activity  

ALP activity assays were employed to assess whether there was any loss of activity 

caused by EHD processing. Activity was calculated relative to the starting ALP, from 

protein quantification of the assayed samples. The results in Figure 3.13a indicate that 

the ALP in EPB retained almost all its activity whilst EPC retained approximately 

60%. There was a statistically significant difference in protein activity when EPC was 

compared to ALP.  The difference in ALP activity between the blend and core-shell 

particles is unlikely to have occurred due to the presence of ethanol (Figure 3.13a), but 

may be attributed to the voltage required for processing. The data in Figure 3.13a and 

b show that both the core-shell and blend electrospun fibres retain close to 100% of 

the ALP activity. These results in conjunction with SDS-PAGE gels indicate both 

blend and coaxial electrospinning did not diminish protein integrity. 

Krishnaswamy and Kenkare investigated the effect of organic solvents such as dioxane 

(25% v/v in water) and formamide (25% v/v in water) on ALP activity (330). ALP 

appears to maintain activity when exposed to mixed aqueous-organic solvent systems.  

While there may have been some protein denaturation, the ability of the enzyme to 
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transform the p-NPP substrate was still maintained (330). This may also be the case 

for ALP in the presence of ethanol, explaining the retention of activity for EPB, EFB, 

EFC and ALP even though ethanol was employed. The results from Krishnaswamyôs 

study suggest that core-shell processes are not always necessary, and protein stability 

should first be investigated prior to determining the most appropriate EHD technique 

to be used. 
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a 

  

b 

 

Figure 3.13 The results of ALP activity assays for a) electrosprayed particles and b) electrospun 

fibres. Data are reported as mean ± S.D. (n = 3). The majority of ALP remained active after 

fabrication except in the case of EPC. Fresh ALP was used as a positive control and ALP boiled 

in water at 100 ºC for an hour was the negative control. The asterisk denotes statistical 

significance (p Ò 0.05) in the difference between the sample and pure ALP activity . 
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In contrast, Tiwari and Venkatraman investigated the effect of organic solvents 

(chloroform and dimethylformamide mixtures) on lysozyme encapsulated in blend 

PLGA fibres fabricated by electrospinning (331). It was found that increasing 

concentrations of dimethylformamide caused a 30% reduction in lysozyme activity, 

presumably due to loss of enzyme tertiary structure (331). The presence of the organic 

solvents in addition to a strong electric field (22-25 kV) further reduced lysozyme 

efficiency until only 36% of activity was retained after electrospinning. In other work, 

Kim et al. electrospun  fibres of lysozyme in PCL and PEO using the monoaxial 

approach with a chloroform and DMSO solvent blend, and while they found a 

reduction in lysozyme activity this was only about 5 - 10% (281). 

Advances in food technology have resulted in the use of pulsed electric fields (PEF) 

as a non-thermal method to minimise bacterial growth but preserve the nutritional 

value of liquid and semi-liquid foods (332). Shamsi et al. investigated the effect of 

PEF on ALP inactivation. The group discovered that PEF treatments of 25 ï 35 kV at 

15 ºC caused a decrease of 24 ï 42% in ALP catalytic activity (333). Another study 

found that pulses of 22.3 kV reduced ALP activity by 44% (334). These studies 

indicate that there may be changes in ALP activity due to exposure to high voltage. 

The EPC was prepared at the highest voltage of 22.5 kV and also used a relatively 

slow flow rate, resulting in an increased exposure time of the ALP to the electric field. 

Other materials were processed using voltages of 9 ï 15.5 kV. The loss of ALP activity 

observed for EPC but not for EFC may thus be primarily due to prolonged exposure 

to a high voltage in the former case.  

Coaxially processed systems, especially particles, typically require higher voltage than 

blend EHD systems. Hence, although this chapter shows that higher encapsulation 

efficiency can be achieved using core-shell processes, care has to be taken during EHD 

processing so as not to cause field-induced misfolding.  
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3.5 Conclusions 

ALP-PEO fibres and particles were fabricated by EHD processes. The blend 

formulations EFB (236 nm) and EPB (730 nm) had smaller mean sizes than the 

corresponding coaxial formulations EFC (316 nm) and EPC (1290 nm). Investigation 

of physicochemical properties showed similar results for both the blend and core-shell 

materials. The particles had similar physicochemical attributes to the fibres despite the 

difference in PEO molecular weight, and all the formulations comprise amorphously 

distributed ALP in a semi-crystalline PEO carrier. The encapsulation efficiency (EE) 

and drug loading (DL) were as follows: EFB (46% and 8% w/w), EBP (85% and 5% 

w/w), EFC (94% and 13% w/w) and EPC (99% and 3% w/w). The EE is lower for the 

blend formulations than the core-shell analogues because directly mixing the protein 

and polymer can cause the jet to deposit in areas other than the collector. The EHD 

processing parameters used to make fibres, because of the optimised flow rates used 

in processing or reduced risk of side deposition, were capable of loading more ALP 

than the EHD processing parameters used to make particles. 

The results of ALP activity assays suggest that the EHD processes used to prepare 

both particles and fibres maintained ALP activity except in cases where the solution 

being processed was exposed to very high voltages (EPC). ALP appeared unchanged 

by SDS-PAGE investigations after EHD processes were used to prepare both particles 

and fibres, but ALP activity was reduced by about 40% when coaxial EHD was used 

to prepare particles.  

The work in this chapter lays a foundation for the investigation of vaccine, protein and 

peptide particles, and for the consideration of the optimal EHD technique to be 

employed in a given setting. It appears that exposure of an enzyme or antigen to some 

organic solvents during blend processing could leave the material just as active as 

when it is processed using coaxial methods. Blend techniques were shown to be as or 

more effective at preserving protein activity than the coaxial EHD processing, offering 

an opportunity to explore less complex means of protein processing. 
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4   Model antigen-loaded particles prepared using 

electrospraying 

4.1 Introducti on 

Vaccination is a major strategy for preventing life-threatening infections, saving at 

least 8 million lives annually (335,336). Since most vaccines are administered by 

injection, socioeconomic factors such as limited access to healthcare and the need for 

trained medical personnel have resulted in under-utilisation of vaccines, causing 

inadequate immune coverage in resource-limited parts of the world (337). 

Furthermore, for most vaccines, a single bolus dose is not sufficient to provide long-

term protective immunity. Additional booster doses are required. This is particularly 

problematic in the developing world, given the need for a medical professional to 

administer each dose. Micro-particles with tuneable release profiles may provide a 

strategy to confer long-lived immunity after a single dose (275). There are a number 

of key challenges with delivery of single-dose vaccines including vaccine stability, 

safety, efficacy and the release properties of the antigen, which can be continuous or 

pulsatile (335,338).  

Arenas-Gamboa et al. compared the immunity conferred to BALB/c mice after 

immunisation with adjuvant-free antigen (live attenuated B. melitensis) solution and a 

single dose of alginate microcapsules loaded with antigen that released over 37 days 

(339). They found that vaccine efficacy was improved significantly when the delivered 

antigen was micro-encapsulated in alginate. The profile of side effects such as 

increased spleen size was significantly reduced (p<0.001) in mice receiving 

microencapsulated antigen. IgG levels peaked at 18 weeks post immunisation for the 

encapsulated particles as compared to 8 weeks for the non-encapsulated form. The 

microparticle vaccine resulted in a 2 ï 5-fold increase in antibody titres after the mice 

were challenged post immunisation. This work highlights that microparticle vaccine 

delivery systems can be used to overcome immunisation challenges. Similar 

microparticle potency was described by Eyles and colleagues when they investigated 

the CD69+ expression on both splenic B-cells and CD4+ cells 9 days after intranasal 

administration of B. anthracis (340). 
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In addition to the immunological benefits of microparticles in vaccination, several 

studies have been described using encapsulation to improve the thermal stability of 

labile antigens. Wahid and colleagues explored the thermal stability of tuberculosis 

antigen (Ag85b) and a Staphylococcus aureus-protein based adjuvant Sb (sbi-Ag85b) 

vaccine conjugate (341). They found that when the vaccine formulations were exposed 

to 21 °C or 37 °C for 4 days, antigenic protein aggregates form and the system 

irreversibly loses structural integrity which was assumed to mean a change in function. 

In contrast, Wahid found that the encapsulated formulation retained a similar 

secondary structure to the native antigens following exposure to 37 °C for 7 days (341).  

The work described in this chapter focuses chiefly on the fabrication, characterisation 

and release of an encapsulated model antigen from particles.  

4.2 Vaccine particles 

Particles can be engineered to target immune cells, and can be delivered by mucosal 

and parenteral (intradermal, subcutaneous or intramuscular) administration to 

stimulate both cellular and humoral immune responses (342ï344). Many studies have 

described the use of particles in vaccine development (150,272,339,345ï347), 

including the use of single-shot vaccines derived from PLGA particles (e.g. prevention 

of HIV-1 (348ï351)). The idea of exploring vaccines as solid particles has attracted 

growing interest mainly to determine if i) vaccines in the solid-state could improve 

antigen stability, and ii) a more long-lasting immunogenic profile can be achieved 

(78,352ï354). 

Discontinuous or pulsatile antigen exposure has been proposed as a means to stimulate 

a protective immune response over time while avoiding the induction of anergy or 

tolerance (355). For example, Guarecuco et al. investigated the formulation and 

immunogenicity of bovine serum albumin (BSA)-containing pulsatile-release particles 

and found these particles had the same antibody titre as 3-doses of an solution form 

administered at 0, 4 and 8 weeks (356). Guarecucoôs research supports the suggestion 

that the adaptive immune system can be more effectively triggered by a pulsatile 

delivery system than a sustained release one.  Change-detection when the pulsatile 

system causes antigen levels to increase, is hypothesised to a trigger for the immune 

system (357). It was useful to identify if pulsatile and sustained release systems could 

achieve the same effect.  
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Sustained release particles can offer low-dose antigens that confer immunity. 

Intradermal delivery of the model antigen ovalbumin (OVA) encapsulated in chitosan 

using a 28-day sustained dissolvable microneedle gel, showed that even after 18 weeks 

at low-dose (200 µg) OVA-specific antibody responses were markedly high compared 

to the antigen solution injected at full dose (358). In contrast, there was a 2.5-fold 

decline in antibody titre after about 6 weeks of an IM full-dose (500 µg) injection 

having been administered (358). Another group (Chua et al.) co-delivered an OVA-

loaded chitosan implantable depot and low dose adjuvant over a 52-56-week period 

and consistently found high antibody titres (359). Jaganathan investigated PLGA as a 

sustained delivery (35 day) carrier for a tetanus toxoid formulation and found this to 

be advantageous over two alum-based doses spaced 4 weeks apart and containing 

twice the cumulative OVA dose (360). Several researchers have found no difference 

between delivering a continuous bolus over time or as three separate injections that 

simulate a pulsatile release (361,362). There is increasing data in the literature to 

support the investigation and development of sustained release formulations for 

vaccine delivery but there remains a need to process these formulations using 

techniques that can be widely varied to alter release properties using a range of 

materials. 

Steipel et al. investigated the use of EHD processes to generate particles for drug 

delivery and suggested that the range of shapes and sizes that can be formed from a 

wide variety of solvents can be tailored to give tuneable structural properties (347). 

EHD fabrication can produce less polydisperse particles with relatively higher 

encapsulation efficiencies than nano precipitated particles (347,363). EHD therefore 

has promise for the development of vaccine particles. A few examples of EHD 

generated particles for antigen delivery are highlighted in Table 4.1. 

Table 4.1 Examples of electrosprayed particles for the delivery of antigens 

Polymer Antigen Particle diameter References 

Chitosan Enterohemorrhagic E. coli 

(recombinant) 

365 ï 425 nm (364) 

Acetalated 

dextran 

Subunit recombinant 

protective antigen against 

anthrax 

1 ï 3 µm (365) 

Acetalated 

dextran and 

PLGA 

cGAMP and resiquimod 1.5 ï 3 µm (366) 
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4.2.1 PLGA 50:50 

PLGA (Figure 4.1) is a polymer ester derived from lactic (LA) and glycolic acids 

(GA), hydroxy carboxylic acids. The physicochemical, degradation and drug release 

properties of PLGA are dependent on the relative incorporation ratio of the two acids. 

The lactide group is more hydrophobic than the glycolic acid component and plays an 

important role in the limitation of water imbibition (367,368). PLGA is widely used in 

drug delivery due to its biocompatibility, biodegradability and sustained-release 

properties (150,369). The polymer has also been used for decades to make resorbable 

sutures, and in tissue engineering to examine the development of 3-D scaffolds, 

implantable structures and supports (370). Besides features of the particle (e.g. surface 

area, density and loading) and encapsulated material properties (hydrophilicity and 

size), drug release from PLGA can be tuned by varying the molecular weight and ratio 

of its monomers ï a composition with an increased amount of lactic acid is more likely 

to display a slower degradation profile. All these factors affect the accessibility of 

water to the ester linkage (367).  Several PLGA-based formulations are commercially 

available, which make the polymer a suitable candidate to be considered to sustained 

delivery of antigens (371). 

 

Figure 4.1 The chemical structure of poly(lactic-co-glycolic acid) and its monomers:  lactic acid 

(x) and glycolic acid (y). 

Drug release from PLGA occurs due to water imbibition.  PLGA then degrades mainly 

by ester hydrolysis (372). The release of entrapped material from PLGA-based 

systems is typically characterised by an initial burst followed by a slow and extended 

diffusion of the remaining drug. Ester bonds in the polymer chain are cleaved 

randomly forming carboxylic acid and hydroxyl end groups (372,373). The PLGA 

molecular weight decreases as hydrolysis occurs, causing the formation of water-
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soluble oligomers which can resorb.  The presence of the carboxylic acid moieties 

reduces the pH to autocatalytically increase the rate of polymer hydrolysis, which also 

increase the relative amount of hydrophilic moieties that can accelerate polymer 

resorption and release of encapsulated material (374)(369).  

Single-dose PLGA microspheres have been investigated by the WHO for tetanus 

vaccinations (375). However, development was terminated as there were challenges 

with upscaling production technology and transfer to GMP facilities for aseptic 

processing, owing to spray-drying or coacervation being used to develop the 

formulations. Removal of organic solvents from the particle preparation process was 

also a problem. Resolving these issues would have resulted in a 10 ï 100-fold increase 

in the price compared to current vaccines, making the particle-based vaccine 

significantly more expensive than the other forms. PLGA has been explored widely 

for its use in EHD processing (318,376,377). 

4.2.2 Eudragit S100 

Eudragit S100 (ES 100; Figure 4.2) is an anionic copolymer of methacrylic acid and 

methyl methacrylate in a molar ratio of 1:2. It is soluble in aqueous conditions above 

pH 7 but not at lower pH values (378,379). There are a range of methacrylate-based 

(Eudragit) polymers, but S100 was selected was selected because of the pH conditions 

at which it becomes soluble.  

 

Figure 4.2 Chemical structure of Eudragit S100. 

The pH-sensitive dissolution properties of ES 100 are typically exploited to achieve 

delayed release of orally administered active ingredients that require gastro-protection 

from the stomach (380). ES 100 is a common pharmaceutical excipient found in 

medicines such as Colpermin IBS relief capsules, Asacol®, Budenofalk, Octasa® and 
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Mezavent® (381). Having these characteristics, ES 100 was thus considered as a 

polymer to fabricate particulates for an initial loading dose of antigen in a modified-

release vaccine formulation. The deprotonated carboxylic acid is ionised during 

dissolution. Above pH 7, Eudragit increases in swellability and permeability, resulting 

in drug release (382).  The pH solubility advantage can be used to buffer particle 

suspensions just below physiological pH e.g. pH 6.0 which on injection, will dissolve 

to release encapsulated antigen. Eudragit was thus selected for its dissolution 

properties at physiological pH. 

Other forms of Eudragit with varying copolymer compositions exist, including those 

typically for taste masking and targeted release to different parts of the intestine (L, 

FS and E) and for sustained drug release (such as RL, RS and NE) (383).  A number 

of the Eudragit materials have proven amenable to EHD processing. For example, 

electrosprayed Eudragit L100 particles were used to encapsulate the corticosteroid and 

BCS class 2 drug prednisolone for oral administration, in order to minimise the side 

effect profile and improve the drug solubility in the small intestine (384). This is 

advantageous because when taken as a non-enteric-coated formulation, the risk of 

gastrointestinal bleeding and perforation from repeated prednisolone doses are 

increased (385). In other work, to minimise release of drug in the stomach and enhance 

its localised delivery in the colon Shams et al. formulated a Eudragit-based system that 

retarded drug release at pH 1-2 (384).  

4.2.3 Bovine Serum Albumin (BSA) 

Albumin is a 66.5 kDa globular protein that is synthesised in the liver and found 

abundantly in blood plasma (35-50 g/L). With a circulatory half-life of about 19 days, 

high water solubility and the presence of multiple binding pockets, albumin is a good 

candidate to be used as a model antigen. BSA has also been investigated to be used for 

antigen conjugation and delivery (386,387). BSA conjugation to a fragment of the 

capsular polysaccharide of Streptococcus pneumoniae was used by Akhmatova et al. 

to vaccinate mice and inculcate an antibody response against the bacteria (388).  

Alginate microspheres containing BSA as a model antigen were used by Lemoine et 

al. to investigate the feasibility of controlled release systems for vaccination (389). 

They found the BSA could be encapsulated at drug loadings of up to 10% w/w, and 
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that the BSA loaded microparticles released BSA over 72 hours. Importantly, the 

protein molecular weight and structure were retained. In another study, microcrystals 

using BSA as a model antigen were formulated to enhance stability, phagocytosis and 

immunogenicity (390). BSA in this study was used as a model protein antigen because 

it is readily available, yet also has the potential to be used as a carrier conjugate for an 

otherwise unstable subunit antigens (388). 

4.3 Aims 

The aim of the research described in this chapter was to investigate the feasibility of 

making biocompatible modified release systems for the delivery of antigens using 

BSA as a model antigen. Specific objectives are: 

¶ To optimise parameters to fabricate PLGA and ES 100 BSA-loaded particles 

by EHD processing. 

¶ To determine the BSA release properties of the particles. 

¶ To determine the production of immunomodulatory cytokines in vitro.  
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4.4 Methods 

4.4.1 Optimisation of electrospraying parameters 

To optimise the formation of ES 100 particles, different 10 mL solutions of Eudragit 

S100 in ethanol-water were prepared at concentrations ranging from 2-6% (w/v). The 

ratio of ethanol to water was varied (9:1, 8:2 and 7:3 v/v). For the BSA-loaded PLGA 

loaded particles, the PLGA concentration was varied from 6 ï 8% (w/v) in several 

solvents (e.g. chloroform, dichloromethane - DCM and 2,2,2 tri-fluoroethanol - TFE). 

PLGA particles were first prepared before the BSA-loaded particles were prepared. 

Optimisation was accomplished by evaluating particles first by LM and then SEM. 

4.4.2 Double emulsion 

To prepare the Eudragit formulation for electrospraying, BSA (20 mg) was dissolved 

in PBS (200 µL, pH7.4).  DCM (2.0 mL) was then added to the BSA solution and the 

resulting mixture was homogenised (30 s, 11,000 rpm) to form an emulsion. To the 

resulting emulsion, 4 mL of a 2% (w/v) Eudragit S100 solution in ethanol and water 

(8:2 v/v) was added and the mixture homogenised at 11,000 rpm for 30 s to give a 

w/o/w double emulsion (391,392). 

For the 6% (w/v) PLGA 50:50 in (TFE) solution, similar homogenisation steps as used 

for the Eudragit emulsion were followed. Emulsions were generated, by dissolving 40 

mg of BSA in 200 µL of PBS. This solution was then added to DCM (2.0 mL). The 

resulting mixture of the PBS solution and DCM were then added to PLGA solution (4 

mL) to form the final emulsion. 

4.4.3 Morphological characterisation 

Particle morphology was imaged using LM, SEM and TEM as described in Section 

2.2.2. 

4.4.4 Physicochemical characterisation 

Characterisation was performed using FTIR, DSC and XRD as detailed in Section 

2.2.3. 
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4.4.5 Fluorescent labelling of BSA 

Following a protocol from Sigma Aldrich, a solution of ca. 10 mg/ml of BSA in 

conjugation buffer (0.1 M sodium carbonate-bicarbonate at pH 9) was prepared (393). 

BSA was labelled using rhodamine b isothiocyanate (RBITC) and fluorescein 

isothiocyanate (FITC). Subsequently, 1 mg/mL of dye in DMSO was added slowly 

under stirring. The protein to dye mass ratio was (1.00: 0.16). After the addition of 

dye, the reaction mixture was left to incubate overnight with stirring at 2 - 8 ºC in a 

fridge. After incubation, a PD-10 desalting column was equilibrated by first washing 

with 5 mL PBS three times. The resulting conjugated solution (5 mL) was eluted 

through the washed PD-10 column with PBS buffer ï a void volume of 5 mL was 

allowed to wash out first before collection started. The first three (1 mL) fractions were 

pooled after UV absorbance at 280, 495 and 555 nm was recorded and then freeze-

dried and stored at -20 - -40 ºC in capped glass vials (394). The first three fractions 

were retained as they contained both protein and dye.  

The ratio of dye to protein is known as the (F/P) molar ratio, where F is the fluorescent 

label and P is the protein. This value gives an indication of how many moles of dye 

are conjugated to each mole of protein. The ratio for FITC labelling was calculated 

according to Equation 4.1 (395):  

Equation 4.1 

ὓέὰὥὶ Ὂὖϳ
ὃ   ὅ

ὃ πȢσυ ὃ
 

Where A495 is the absorbance at 495 nm (maximum absorption of the dye), A280 the 

absorbance at 280 nm, and C is a correction factor for proteins that adjusts for the 

amount of absorbance at 280 nm caused by the dye, calculated using Equation 4.2. 

Equation 4.2 

ὅ  
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MW is the molecular weight of BSA, E0.1%280 is the absorbance of a 1 mg/mL solution 

of protein at 280 nm, 389 is the MW of FITC and 195 is the E0.1% of bound FITC at 

495 nm. For RBITC, the same equation was used but substituted with absorbance 

values at 555 nm, and the MW of RBITC (536), as described by Yang et al. (396). The 
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results show that each molecule of BSA was labelled using 6.3 moles of FITC but only 

1.09 of RBITC was used for each mole of BSA. 

4.4.6 Thin-layer chromatography (TLC) 

TLC was performed on dye-containing samples to determine the presence of free dye 

in the pooled contents after buffer exchange. TLC silica gel 60 F254 (Merck, Germany) 

was the substrate. A starting point line was marked on the plate using pencil, and 

sample aliquots spotted on the TLC silica at the line.  The end of the TLC plate was 

placed in a glass beaker and a mixture of hexane, ethyl acetate and methanol (v/v/v 

1:1:1) was allowed to elute up the plate. After 5 minutes, the TLC elution pattern was 

observed by UV light (365 nm) and sample migration was traced using pencil.  

4.4.7 Protein quantification 

BCA and ELISA were performed as described in Section 2.2.5. 

4.4.8 In vitro release 

The dissolution study was performed as described in section 2.2.4. 

4.4.9 In vitro biological evaluations 

To determine the viability of RAW 264.7 cells in the presence of the electrosprayed 

samples, a PrestoBlue assay (Section 2.2.6) was performed after incubation in a 96-

well plate for 24 hours. Each well contained about 60,000 cells in 200 µL complete 

DMEM media. Particle samples and BSA (10 µL) were added to cells at an initial 

concentration of 10 mg/mL in PBS. LPS was added (10 µL) at an initial concentration 

of 10 ng/mL. The cells were treated with BSA to determine if this had any effect on 

their viability or cytokine release. Production of TNF-Ŭ, IL-6 and IL-12 were 

subsequently investigated using ELISA, in accordance with the manufacturerôs 

instructions (Section 2.2.5.6). 
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4.5 Results and discussion 

Four formulations were explored during particle optimisation studies (Table 4.2). The 

aim for preparing these formulations was to explore the use of EHD processes to 

fabricate particles from different polymer matrixes that could generate varying release 

profiles. Particles intended for extended release were to be first generated, followed 

by those for immediate release. Methods of further modifying the release could then 

be considered by either mixing the extended and immediate release preparations or 

using the solutions from both to attempt core-shell structures. The extended and 

immediate release solutions were emulsified prior to electrospraying. 

Table 4.2 Data key for the samples investigated in this chapter. 

Sample details Key used 

Electrosprayed PLGA particles loaded 

with BSA 

ER 

Electrosprayed Eudragit particles loaded 

with BSA 

IR 

Electrosprayed PLGA in Eudragit 

particles prepared by coaxial approach 

Coaxial 

Electrosprayed PLGA and Eudragit 

particles containing dye-labelled BSA 

Mixed 

Bovine Serum Albumin BSA 

 

4.5.1 Optimisation of PLGA particles 

EHD processes were examined to fabricate BSA-loaded PLGA particles that could 

release BSA over a two-week period. Process optimisation to make the electrosprayed 

particles (Figure 4.3) requires the modification of several parameters. The process 

optimisation strategy was aimed at preparing particles that appear dry, without the 

formation of fibres. Three PLGA-soluble solvents were examined: chloroform, DCM 

and TFE. From the literature presented in Chapter 1.4.2 and experience of material 

fabrication in Chapter 3, the expected outcomes of changing individual parameters 

were understood and utilised.  
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PLGA solutions of 6 ï 8% (w/v) were prepared and sprayed with a range of processing 

conditions (Table 4.3). Concentrations below 14% were known to increasingly form 

particles (397). At concentrations of PLGA above 6% (w/v), fibres were increasingly 

formed. The results of EHD runs conducted at PLGA 6% w/v in chloroform are shown 

Figure 4.3 and Table 4.3. 

Table 4.3 Optimisation conditions investigated for the electrospraying of 6% (w/v) PLGA in 

chloroform. Parameters adjusted include: voltage, distance and flow rate. Light microscopy was 

used to confirm observations. 

 Voltage 

(kV) 

Distance 

(cm) 

Flow rate 

(ml/h) 

L ight microscopy general observations 

A 12 10 0.2 Bubble-like depositions ï not dry. 

B 15 10 0.2 Fibres, small and large droplets. 

C 15 10 0.5 Non-uniform sized droplets with fibres. 

D 15 11 0.5 Few fibres and large particles size. 

E 15 13 0.5 Reduced fibre formation but large particles. 

F 17 13 0.5 Particles alone formed but not fully dry. 

G 17 13.5 0.5 Particles very much resemble F. 

H 20 13.5 0.5 Increase in smaller-sized particle formation. 

I  20 15 0.5 Very inconsistent size distribution. 

J 22 15 0.5 Similar to I but no more droplets. 

K 22 15 0.8 Large undried droplets and fibres. 

L 22 15 0.5 Non-uniform particles. 

M 22 19 0.5 More uniform particles with a few droplets. 

N 22 19 0.35 Resembles M but with larger particles. 

O 22 19 0.2 Fibre formation restarted 

 

When considering the impact of processing parameters, changes were made according 

to the underlying literature. For instance, for the particles generated using parameters 

in A,  an option to reduce particle size was to increase the voltage (B) which could 

either reduce the particle size by propagating fission of particles or lead to alternative 

changes to particle morphology such as formation of rods,  due to a reduced travelling 

time from the spinneret to the collector. In another voltage increase instance, when 

moving from G to H the diameter was reduced. 

In some instances, the distance between the spinneret and collector was adjusted or 

increased. This was typically done to provide a longer drying time and reduce particle 

size, however it was worth remembering that an increase in distance can weaken the 

strength of the electromagnetic field. For example, the transition from D to E involved 
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increasing the distance from 11 ï 13 cm and reduced the likelihood of fibre formation 

and increasing the distance from L ï M, resulted in the formation of smaller and more 

even particles. 

Another processing parameter considered was flow rate. A reduction in flow rate could 

allow the particles more drying time and increase the impact of voltage on a droplet 

and an increase in flow rate could lead to particle formation as seen in B ï C rather 

than droplets as observed in A. The flowrate determines the amount of solution 

available for processing but the effect of a change in this parameter is considered along 

with the strength of the electromagnetic field in which the solution is under. 

Samples C, F, H, L, M and O (Table 4.3) seemed to be promising and worthy of further 

evaluation, so electrosprayed particles were prepared again under these conditions to 

ensure reproducibility, and then visualised using SEM. The SEM images (Figure 4.4) 

revealed that particle drying was a limitation to individual particle formation when 

chloroform was used. The particles appear to still be wet after using a range of collector 

distances. Although the boiling point for chloroform is considered to be low enough 

for drying by EHD, chloroform was an unsuitable solvent because the solution was 

unable to hold induced charges as the ejected spray travelled towards the collector. 

This caused the particles to fuse together before complete drying had been achieved. 

Use of DCM tended to give non-spherical PLGA particles, especially in the presence 

of BSA.  The use of DCM to make particles was further explored in Chapter 5. TFE 

gave the most promising spherical particles.
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V:20 D:15 F:0.5 

 

V:22 D:15 F:0.5 

 

V:22 D:15 F:0.8 

 

V:22 D:15 F:0.5 

I  J K  L  

 

V:22 D:19 F:0.5 

 

V:22 D:19 F:0.35 

 

V:22 D:19 F:0.2 

M N O 
Figure 4.3 Light microscopy images showing the differences in the effect of varying electrospraying parameters on 6% (w/v) PLGA in chloroform. Scale bar represents 

200 µm. The parameters used for the formation of each sample given in the description with V ï voltage, D ï distance and F - flow rate.
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V:22 D:15 F:0.5 
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V:22 D:19 F:0.5 

 

V:22 D:19 F:0.2 

M O 
Figure 4.4 SEM images of selected sample parameters for PLGA in chloroform. The images show 

particles which had not completely dried on contact with the foil. The parameters used for the 

formation of each sample given in the description with V ï voltage, D ï distance and F - flow rate. 

PLGA particles prepared from TFE solution were optimised in a similar manner as the 

chloroform solvent particles to generate individual sub-micron spherical-shaped 

particles. The particles made using TFE were much quicker and less strenuous to 
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optimise, as the trends to increase particle formation were observed from Table 4.3 

and applied. BSA was then added first by single emulsion method, then double 

emulsion to improve the stability. 

Emulsion-based vaccines have been widely explored for the delivery of antigens (398ï

400). Emulsion formation was modified from Sahôs protocol (391,401). BSA 

encapsulated in PLGA particles prepared from double emulsion using DCM have been 

investigated for loading, effect on protein stability, release capability and 

encapsulation efficiency. One of the groups involved in this study, Igartua et al., found 

that there was no apparent effect of the solvent and probe sonication on the structural 

or conformational integrity of BSA (402). 

The BSA-containing PLGA double emulsion was then further EHD optimised by 

modifying parameters then understood to produce spherical, dry particles. Following 

the optimisation process described in Section 4.4.2., particles encapsulating BSA in 

emulsion electrosprayed PLGA were formed using the parameters listed in Table 4.4. 

Table 4.4 Optimised processing conditions for the formation of ER using a w1/o/w2 emulsion of 

BSA and PBS (w1) / DCM (o) /PLGA 6% (w/v) in TFE (w2). 

Processing parameter Value 

Voltage 18 kV 

Distance 15 cm 

Flow rate 0.5 mL/h 

 

4.5.2 Morphological characterisation of PLGA particles 

SEM shows that the electrospraying process of BSA in PLGA using TFE (ER) yielded 

spherical particles (Figure 4.5a). The mean particle size was 237 ± 112 nm (Figure 

4.5b). TEM images show what appear to be randomly distributed structures within the 

particle (Figure 4.6). The dispersed structures within the dashed lines in Figure 4.6a 

and b may be attributed to phase separation of the emulsion (BSA and PBS in DCM). 

The particles imaged by TEM appear to be above 100 nm but below 500 nm in size, 

which corresponds to the size range determined using SEM. 
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Figure 4.5 a) SEM image of ER at a magnification of 10000X, and b) a histogram detailing particle 

size distribution. The mean particle diameter ± SD was 237 ± 112 nm. 

 

Figure 4.6 TEM of ER particles (a and b). The dotted circles represent particle perimeters and 

the darker structures within.   
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4.5.3 Physical characterisation of PLGA particles 

4.5.3.1 FTIR 

The FTIR spectra (Figure 4.7) indicated that there were no detectable differences 

between the PLGA as supplied and post processing, indicating that exposure to the 

TFE solvent and EHD processing did not cause chemical changes. PLGA displays a 

weak absorbance band at 2986 cm-1 indicative of CH, CH3 and CH2 stretching, and a 

C=O stretching band at 1754 cm-1. CH2 and CH3 bond are being deformed and 

wagging vibrations are visible below 1500 cm-1 (403). These characteristic absorbance 

peaks of PLGA remain unchanged in the ER. Distinctive BSA peaks at 1653 and 1526 

cm-1 are clearly visible in the spectrum of the ER protein-loaded PLGA particles. 

There are no shifts of the characteristic peak positions of both PLGA and BSA in the 

electrosprayed samples with little to no intermolecular bonding in the ER formulation. 

 

Figure 4.7 FTIR spectra of PLGA, BSA and ER. The ER spectrum shows the presence of BSA 

and PLGA peaks. 
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4.5.3.2 DSC 

The thermograms in Figure 4.8 show thermal transitions from 45 - 48 ºC that are 

related to a glass transition (Tg) of PLGA (404). Overlapping with the Tg baseline shift 

there is also a noticeable endotherm, which corresponds to the relaxation that occurs 

upon storage of PLGA (403ï406). The lack of a melting temperature indicates both 

PLGA and the BSA-loaded particles are completely amorphous.  

  

Figure 4.8 DSC thermograms of PLGA, BSA and ER. There is an endotherm present at 48 ºC for 

ER which corresponds with a PLGA T g. 

4.5.3.3 XRD 

There is a complete absence of Bragg reflections in the diffraction patterns for all of 

the samples (Figure 4.9). The broad halo peaks seen are suggestive of amorphous 

materials.  
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Figure 4.9 X-ray diffraction patterns of PLGA, BSA and ER. All samples exhibit the 

characteristics of an amorphous system. 

4.5.4 In -vitro assessments of ER particles 

BSA loading was measured to be 14.0 ± 0.5% w/w by MicroBCAÊ. Since the 

theoretical BSA loading was 14.3% (w/w), the encapsulation efficiency for the 

optimised ER formulation was 97.6 ± 3.5%. In-vitro release was investigated using the 

continuous flow two-compartment model described in Chapter 2.2.6 and aliquots were 

collected every 24 h.  

Yao et al. encapsulated BSA in PLGA microspheres by emulsion electrospraying and 

found that as drug loading increased BSA encapsulation efficiency reduced. EE values 

ranging from 80 ï 92% encapsulation efficiency were seen (407). In comparison, 

Zhang et al. encapsulated BSA in PLGA using a double emulsion method and 

emulsifiers. followed by solvent evaporation. Zhangôs team found that the 

encapsulation efficiency was highest using Tween as an emulsifier, at about 25% (408) 

to the EE values for the particles made in this chapter and by Yaoôs group reveal that 

electrospraying better encapsulates BSA than using a double emulsion method, even 

in the presence of an emulsifier. 
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Raghuvanshi et al. also investigated the encapsulation of tetanus toxoid by multiple 

emulsion in PLGA 50:50 particles of different molecular weights, 14 kDa and 45 kDa. 

The group found that the encapsulation efficiency of  tetanus toxoid nanoparticles was 

better (72%) for the higher molecular weight polymer than the 14 kDa alternative 

(69%) (409). Raghuvanshiôs study used a similar molecular weight PLGA but resulted 

in particles of a larger size (520 nm) which were not as efficient at encapsulating the 

protein payload. 

Keles et al. investigated some other factors that could influence the release of 

entrapped materials from PLGA microparticles. Using PLGA (50:50 

lactide:glycolide), PLGA (72:25 lactide:glycolide) and PLA (100:0 lactide:glycolide) 

for related investigations, they found that with increasing lactic components of the 

polymer, degradation rate constants decreased (410). When the hydrophobicity of a 

sample increases, it can be challenging for water molecules to diffuse and promote 

degradation of the copolymers. Al though only PLGA 50:50 was investigated in this 

chapter, Kelesô study suggests that the duration of release could be extended by 

increasing lactide concentration. 

4.5.4.1 Use of the PK-Eye as a drug release model 

A two-compartment outflow model was used to evaluate BSA release from the ER 

formulation. There are no accepted in vitro subcutaneous dissolution or release models 

described in the pharmacopeia.  For instance, Cortez et al. developed an injectable 

implant for the subcutaneous delivery of long-acting nevirapine (411). To determine 

the release kinetics of their formulation, the group first carried out in-vitro experiments 

in a USP apparatus II dissolution system that required the suspension of the 

formulation (2 mg) in deionised water (500 mL) to be stirred (30 rpm) at ambient 

temperature (26 ï 30 ºC) for the duration of the experiment, and periodic sampling. 

Subsequently, animal studies were carried out in Sprague-Dawley rats. The 

researchers found that the results from the animal studies did not correspond to the in-

vitro results. This is not surprising, given that the USP II method uses conditions very 

different to those in the subcutaneous space in terms of solvent volume, agitation, etc. 

A few other researchers such as Hua (412) have used dialysis membrane tubing 

experiments for in-vitro dissolution testing of implants; however, this is also 

problematic because there are no agreed protocols and thus the experimental set up 

differs between research groups and can be difficult to replicate. 
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USP apparatus IV, a flow-through cell system utilising a reservoir, pump and collector, 

has been growing in acceptance for the dissolution testing of sub-cutaneous sustained 

release formulations. The USP apparatus IV, like the two-compartment outflow model 

used here, allows for the control of flow and temperature in volumes as small as 8 mL 

(413). Hu et al. used their soft gelatine capsule formulation containing a poorly water 

soluble drug, to compare the dissolution profiles generated by USP apparatus II and 

IV (414). They varied the excipient composition of each formulation and found 

dissolution to be much faster in apparatus II than IV and, IV was better able to and 

more sensitive at distinguishing between various formulations. However, one major 

limitation to the USP IV kit, and its major difference from the model used in this study, 

is the absence of a membrane that can mimic physiological barriers for diffusion into 

the circulation and lymphatic systems. A similar two-compartment model to the PK-

Eye has also been used to derive in vitro - in vivo correlations with dexamethasone-

loaded PLGA in volumes as low as 10 µL (415). The PK-Eye was thus employed here, 

since it can be used to determine release from materials including macromolecules at 

small doses, and have been tested previously using PLGA formulations (415). 

4.5.4.2 ER release investigations 

A biphasic BSA release profile was observed from the ER particles (Figure 4.10). Such 

a release profile, with a burst followed by a much slower extended release phase, was 

expected because, BSA molecules at the surface are easily accessible to water in the 

release medium (416,417). Over 40% of the BSA was released in less than 100 h (4 

days) and then the remaining 60% was released at a constant rate over 600 hours (25 

days) (Figure 4.11). There appeared to be a consistent rate protein released over time 

from day 4 until the end of the study, with only minor variation between batches of 

PLGA particles investigated. 
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Figure 4.10 a) Cumulative release profile of ER. b) BSA mass released per day. Both plots depict 

a burst and then a constant rate of release over subsequent weeks. Data are presented as mean ± 

SD (n=3). 

The mechanism of active ingredient or antigen release is important for a sustained-

release system. Release from PLGA particles can occur through a combination of four 

factors: diffusion, degradation, swelling and erosion (111).  

The data from day 4 to the end of the experiment is plotted in Figure 4.11. A fit of the 

zero-order release model to these data gives an R2 value of 0.99 and a rate of 0.07 ± 

0.00% release per hour. The zero-order release in the second phase of the plot would 

mean that a constant dose of BSA can be delivered over time after the loading dose 

has been achieved.  

Zhang et al. used a double emulsion method to encapsulate BSA in PLGA. They used 

stabilisers and emulsifiers such as sodium chloride and Tween to improve microsphere 

(45 µm) yield and BSA entrapment efficiency (76.6 ± 6.8%) but still observed a burst 

of about 50 ï 60% in the first 24 h of release (408). When compared to the ER 

formulation, ER particles were better entrapped and released 50% of BSA after four 

days. This was further retarded using core-shell electrospraying.  
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Figure 4.11 A plot showing linear (zero-order) release of BSA from ER from 168 to 672 h. 

The biphasic release profile (Figure 4.10a) can be attributed to two main factors. 

Firstly, substantial diffusion of BSA from the surface of the particles occurs which is 

represented by a burst. In the second phase, it has been suggested that PLGA releases 

encapsulated material by bulk-erosion (416,418) following water penetration. The 

initial burst is dependent on water  transport properties of the system (419,420). PLGA 

has also been used to encapsulate BSA by coaxial electrospraying with the molecular 

weight of polymer varied: the higher the molecular weight, the greater the reduction 

in burst release, and the more slowly the BSA releases over time (318).  

Rhodamine B-loaded PLGA particles have also been prepared using coaxial 

electrospraying by Zhang et al. to examine new approaches to treat wet age-related 

macular degeneration. The dye-loaded particles displayed a zero-order release profile 

reaching about 60% of release at 600 h (421). These particles differed from ER in that 

there were coaxially prepared. Emulsion preparations cause a random distribution of 

protein pockets within the particles whereas a material within the core has a longer 

diffusion distance to travel before it can be released. 

Yao and colleagues also encapsulated BSA in PLGA prepared by emulsion 

electrospraying (407). Although the group used PLGA (50 kDa, 75:25) with a higher 

molecular weight and lactic to glycolic acid ratio, the particles had initial bursts of 
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about 30 ï 55% in under 50 h. The release phenomena that Yaoôs group observed was 

similar to that in Figure 4.10, suggesting that burst release is characteristic of PLGA. 

Estey et al. investigated the effect of solvent-extruded PLGA on encapsulated BSA 

release and found acidification of the microenvironment during release could lead to 

denaturation of BSA (422). Due to the auto-catalytic nature of PLGA degradation, 

denaturation of encapsulated proteins could thus occur as the polymer hydrolyses 

(369). However, this is potentially less of a concern in the context explored here: the 

loss of tertiary structure can be more dangerous for proteins than for vaccines, as the 

primary aim is to induce an immune response. There is no certainty that BSA was 

affected by the PLGA but 100% of the encapsulated BSA was released.  

4.5.5 Optimisation of IR particles 

The target of this work was to develop BSA-loaded systems that could mimic an initial 

loading dose during a treatment or immunisation. These were intended to comprise 

individual nano- or microparticles fabricated using Eudragit S100 by EHD and 

efficiently delivering loaded model antigen in under 72 hours (3 days). As with the ER 

formulation requiring the particles to be individualised and dry after each change to 

solution characteristics, factors such as polymer concentration (2 ï 6% w/v) and water 

to ethanol ratio (9:1, 8:2 and 7:3 v/v) were varied and optimised before considering 

processing parameters such as voltage, flow rate and distance. Ethanol was chosen as 

a suitable solvent for the water-soluble polymer (Eudragit S100) without screening 

because it was found to be a suitable medium by several other researchers (423ï425). 

A polymer concentration of 2% (w/v) was found to be optimal after investigation of 

concentrations form 2 ï 5% (w/v), with an ethanol to water ratio of (7:3 v/v). The 

concentration and solvent mixture yielded dry particles with no competitive fibre 

formation having occurred as observed using LM or SEM. 

To generate particles, multiple processing parameters were considered building on the 

understanding of factors that influenced previously generated structures. Table 4.5 

presents the steps involved and results achieved when factors such as voltage, flow 

rate and distance were altered. 
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Table 4.5 Examples of optimisation conditions investigated for the electrospraying of 2% (w/v) 

Eudragit S100 in ethanol and water. BSA was then added to particles with promising conditions. 

Images in Figure 4.12. 

 Voltage 

(kV) 

Distance 

(cm) 

Flow rate 

(ml/h) 

Comments 

A 14 16 0.9 Even, dried particles. 

B 10 10 1.3 Formation of fibres. 

C 9 14 1.5 Formation of fibres. 

D 12 10 0.8 Particles do not appear dry. 

E 15 16 1 Uneven particle size. 

F 16 18 0.8 Uneven particle size. 

G 18 14 1 Even, dried particles. Add BSA. 

H 10 15 1.3 Formation of fibres. 

I  14 16 0.8 Even, dried particles. Add BSA. 

J 16 15 0.8 Uneven particle size. 

K 20 18 0.6 Uneven, dried particles. Add BSA. 

 

After the optimisation process (Table 4.5) micron-sized spherical particulates were 

formed. BSA was added to the polymer solution that yielded promising particles; A. 

G, I and K. The parameters for the formation of BSA-loaded ES 100 double emulsion 

were further optimized applying by varying the voltage, flow rate and distance to aid 

particle formation. The optimised condition to encapsulate BSA in ES 100 were 

obtained (Figure 4.12), and could be formed reproducibly using the parameters listed 

in Table 4.6. 
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V:18 D:14 F:1 

 

V:10 D:15 F:1.3 

 

V:14 D:16 F:0.8 

G H I  

 

V:16 D:15 F:0.8 

 

V:20 D:18 F:0.6 
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Figure 4.12 Light microscopy images showing the effect of varying electrospraying parameters on 2% (w/v) Eudragit S100 in ethanol and water (7:3 v/v) for the conditions listed in 

Table 4.5. Scale bar represents 100 µm. The parameters used for the formation of each sample given in the description with V ï voltage, D ï distance and F - flow rate.
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Table 4.6 Optimised processing conditions for the formation of BSA loaded Eudragit (2 % w/v) 

particles. 

Process parameter Value 

Voltage 18 kV 

Distance 14 cm 

Flowrate 0.8 mL/hr 

 

4.5.6 Morphological characterisation of ES 100 particles 

SEM was used to study the particle size and morphology (Figure 4.13a). The fabricated 

particles were generally spherical and clustered with a seemingly bimodal particle size 

distribution (Figure 4.13b). The mean particle size (647 ± 209 nm) was not 

representative of the actual size population. From the histogram, most particles have a 

particle size below 600 nm (Figure 4.13b). A Shapiro-Wilk test for normality as 

performed on the data set and was found to not be normally distributed at p < 0.05. 

The median value was found to be 429 nm, which is lower than the minimum size 

calculated by the SD of the mean, also suggesting that the mean is not truly 

representative of the sample population.  

The individual particles appear to be evenly mixed with no obvious phase separation 

in TEM images (Figure 4.14). The TEM images also clearly show the range in particle 

size.  

The IR emulsion was prone to phase separation after preparation, and the two particle 

populations can be attributed to the instability of the polymer emulsion (426). The 

larger particles (around 1µm) are thought to be formed from polymer rich regions of 

the solution whilst areas containing more protein are likely to have higher charge 

densities and form smaller secondary jets (427,428). The bimodal particle distribution 

could be advantageous in reducing suspension viscosity for easier injectability when 

prepared as a final dosage form. Ramirez et al. proposed that particle size affects the 

viscosity of a suspension, stating that smaller particle sizes increase the viscosity of a 

dispersion and a more polydisperse sample, reduces the viscosity (429). However, 

bimodality of particle size is not a primary concern here: the formulation is designed 

as an immediate release system, and the ES 100 should dissolve very rapidly at the 
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physiological pH. Thus, particle size should not have a huge effect on the release 

profile. 

Attempts were made to investigate emulsion stability by determining the creaming 

ratio and improving the emulsion stability with the use of surfactants. Investigations 

were performed to obtain an emulsion that could remain stable for the duration of 

spraying (6 ï 10 hours). Efforts were directed at using varying volumes of Span and 

Tween to get a reproducible hydrophilic-lipophilic balance of around 5 for the first 

w/o phase. Oil in water emulsions typically require low HLB value (3 - 6) for improved 

stability (430). However, investigations into the use of surfactants were halted after 

the emulsion proved challenging to stabilise and diverted efforts from the original aim 

of the study. 

 

Figure 4.13 a) SEM image of IR at a magnification of 10000X, and b) a histogram detailing 

particle size distribution. The mean particle diameter ± SD was 647 ± 209 nm. 
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Figure 4.14 TEM images of ES 100 particles containing BSA. The images show homogenous-

phased particles without distinct phases but with varies sizes.  

4.5.7 Physical characterisation of IR particles 

4.5.7.1 FTIR 

FTIR was used to probe the composition of the IR formulation and determine the 

influence of processing parameters on BSA and Eudragit ES 100 (Figure 4.15). In the 

spectrum of BSA (Figure 4.15), the absorbance at 3290 cm-1 corresponds to O-H or 

N-H stretching vibrations of the amino acids. The band at wavenumbers starting from 

2800 to 3000 cm-1 indicate the presence of C-H stretching. Also for BSA, there is a 

strong peak at 1647 cm-1from the amide I stretch accompanied by a weaker amide II  

(431). The IR formulation in Figure 4.15, shows mainly peaks due to ES 100 at 2948 

cm-1, 1723 cm-1 and 1144 cm-1 with minimal evidence for the presence of BSA 

suggesting that the loading efficiency is low, a greater BSA presence was observed 

with ER. This might have been due to the loading concentrations of BSA. In the ES 

100 spectrum, there are distinct peaks at 1723 cm-1 from the C=O ester stretch and at 

around 1439 cm-1 due to a ïCH bend (432). 
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Figure 4.15 FTIR spectra of Eudragit  100, BSA and IR. The IR spectrum of the IR formulation 

mirrors Eudragit S100 peaks with the addition of weak BSA-related peaks at around 1647 cm-1. 

4.5.7.2 DSC 

Differential scanning calorimetry data are presented in Figure 4.16. They show a broad 

shallow endotherm for Eudragit ES 100 and a slightly more obvious endotherm for the 

IR particles. This broad endotherm from about 30 °C to 100 °C can be ascribed to 

dehydration of ES 100, which is an amorphous material with a degradation 

temperature at about 180 °C (433,434).  
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Figure 4.16 DSC thermograms of Eudragit  100, BSA and IR. The thermogram shows similar 

broad endotherms observed for the polymer and IR. 

4.5.7.3 XRD 

XRD was used to characterise the physical form of the IR formulation. The data 

indicate that the BSA-loaded ES 100 particles were amorphous similarly to the ER 

particles (Figure 4.17).  
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Figure 4.17 X-ray diffraction patterns of ES 100 and IR. IR exhibits characteristics indicative of 

an amorphous state, similarly to ES 100. 

4.5.8 In -vitro BSA release from IR particles 

BSA loading and encapsulation efficiencies were then determined for the IR 

electrosprayed particles. The encapsulated BSA was extracted and quantified using a 

BCA assay. The BSA loading was found to be 7.2 ± 3.9% w/w resulting in an 

encapsulation efficiency of 35.9 ± 19.8%. The low encapsulation efficiency is 

consistent with the weak BSA peaks in the IR formulation in the FTIR (Figure 4.15). 

The differences in the encapsulation efficiency can be attributed the stability of the 

emulsions (Figure 4.18). The low IR encapsulation efficiency and the corresponding 

high standard deviation for BSA encapsulation  may be attributed to the heterogeneity 

or lack of stability of the emulsion, as suggested by the bimodal size distribution (391).  

BSA could have also adsorbed onto the bottle surface prior to the electrospraying 

process or been deposited onto a non-collector surface during processing.   
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a b 

Figure 4.18 Image illustrating the IR phase separation that occurs when the sample is left to stand 

a) after being freshly prepared and b) after about 1 h. 

In-vitro release was investigated using the continuous flow model described in Chapter 

2.2.6 and used for the ER formulation, aliquots were collected every 24 h (Figure 

4.19). More than 50% of the entrapped BSA was released in the first day, followed by 

slower release over another two days before no further BSA release was observed. ES 

100 is a pH sensitive copolymer that is soluble above pH 7, at which there is typically 

observed swelling and a subsequent dissolution of the polymer (435). Under suitable 

conditions, pH affects the swelling index which has a direct consequence on the ease 

of fluid entry into the particle to promote dissolution (436,437). Factors such as 

polymer concentration can decrease the permeability of the Eudragit particle as a 

diffusive barrier to slow down BSA release (432). From the period of incubation to 50 

hours, swelling of the particle occurs to release encapsulated BSA consistently over 2 

days at pH 7.4.  

The release studies were repeated to evaluate reproducibility as the original 

experiments, similar to the profile in Figure 4.19, suggests BSA release of about 120% 

of the loading. Additional negative controls were also evaluated by MicroBCAÊ to 

eliminate the possibility of additional absorbance being generated by materials (e.g. 

ES 100) and solvents used in particle fabrication. However, in all these repeat 

experiments similar results showing release to be approximate 120% were observed.  

It is worth noting that the linear working range of microBCAÊ according the 

manufacturerôs guide ranges from 2 - 40 µg/mL and values at below this, was 
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challenging to accurately estimate. From Figure 4.19b the mass of BSA released after 

50 hours, reduced significantly to nearly 0 µg/mL  (Figure 4.19b), leading to a 

supposed BSA release of over 100%. Also, the drug loading of the IR particles was 

highly variable resulting in some uncertainty about BSA loading.  

ES 100 has been used to make spray dried microparticles for the delivery of BSA in a 

study by Shastri et al. (438). The group found that more than 80% of total release 

occurred in the first 24 hours compared to 48 hours in Figure 4.19 (438). Spray drying 

may result in the formation of much larger very porous structures compared to 

electrospraying; this could then impact diffusion, dissolution and release properties 

from the particles. Also, the dissolution model used for drug release could have 

contributed to the difference in BSA release properties. 

 

Figure 4.19 a) Cumulative release profile of IR. b) BSA concentration in the release milieu as a 

function of time. Rapid release of BSA was observed over the first two days at pH 7.4. Data are 

presented as mean ± SD (n=3). 

The main aim of the Eudragit ES 100 formulation was to encapsulate BSA so that it 

would be released in vivo in less than 48 hours. In vaccination, the sudden presence of  

antigens brought about by burst release may produce protective immune responses 

(355). The EHD-processed particles made of PLGA and Eudragit S100 could be co-

formulated to tailor the release profile of the encapsulated material. A side-by-side plot 

of ER and IR is displayed in Figure A.1.2. 
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4.5.9 Optimisation of core-shell particles 

Core-shell particles were made by incorporating the PLGA emulsion (ER) as the core 

fluid into the Eudragit emulsion (IR) as the shell using a coaxial needle. EHD process 

optimisation (Table 4.7) was undertaken to prepare core-shell particles and the 

products evaluated by LM and SEM. Figure 4.20 shows SEM images of particles 

prepared using the process parameters in Table 4.7. The process parameters for core-

shell electrospraying were optimised as detailed in Table 4.8. These conditions were 

selected as they reproducibly yielded individual particles that could be efficiently 

recovered upon preparation from the aluminium foil. 

Table 4.7 Optimisation conditions investigated for the electrospraying of core-shell particles with 

ER in the core and IR in the shell. 

 Voltage (kV) Distance (cm) 
Flow rate (ml/h) - 
core 

Flow rate (ml/h) - 
shell 

A 16.4 22 0.2 0.3 

B 22 20 0.1 0.3 

C 23 22 0.1 0.3 

D 20 15 0.4 0.6 

E 25 15 0.4 0.6 

 

 



 

 131 

 

V:16.4 D:22 FC:0.2 FS:0.3 

 

V:22 D:20 FC:0.1 FS:0.3 

 

V:23 D:22 FC:0.1 FS:0.3 

A B C 

 

V:20 D:15 FC:0.4 FS:0.6 

 

V:25 D:15 FC:0.4 FS:0.6 

D E 
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Figure 4.20 SEM images of selected sample parameters explored for core ï shell particle formation. The images show particle clusters at a magnification of 1000x 

(scale bars represent 5 µm). The parameters used for the formation of each sample given in the description with V ï voltage, D ï distance, FS - flow rate of core and 

FS - flow rate of shell.
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Table 4.8 Optimised processing conditions for the formation of BSA loaded core (ER)-shell 

(IR) electrosprayed particles 

Process parameter Value 

Voltage 23 kV 

Distance 22 cm 

Flow rate - Core 0.1 mL/h 

Flow rate - Shell 0.3 mL/h 

 

4.5.10 Morphological characterisation  

An SEM image and histogram of size distribution of the core shell particles that 

were prepared using the optimised EHD processing conditions are presented in 

Figure 4.21. The particles appear spherical and as clusters, with a particle size of 

698 ± 414 nm. The particle size is highly varied, with some diameters larger than 1 

µm. The histogram reveals most particles are less than 1 µm in size. Compared to 

the PLGA particles (Figure 4.5), the core-shell particles are almost three times the 

size and have a more clustered and less uniform morphology. When the core-shell 

particles are compared to the Eudragit particles (Figure 4.13), there is more of a 

normal particle size distribution. 

 

Figure 4.21 a) SEM image of coaxial electrosprayed particles ER (shell) and IR (core) at a 

magnification of 10000X, b) and a histogram detailing particle size distribution. The mean 

particle diameter ± SD was 698 ± 414 nm. 
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Figure 4.22 TEM images of coaxial particles. a) indicate distinct distribution of constituents 

within the particle with the yellow dotted line showing the demarcation between core and shell 

b) unclear layered structure with different phases. 

With particles in both images being less than 500 nm, image Figure 4.22a displays 

a distinctive core-shell structure whilst the particle shown in Figure 4.22b displays 

a less obvious looking core. The expected core-shell structure was a clear 

distinction between the IR and ER layers, with the ER layer completely surrounded 

by the IR layer. This suggests that the particles may not have uniform properties. 

4.5.11 Labelling of BSA 

BSA was labelled using FITC and RBITC to help determine the release profile and 

origin of BSA when the ER and IR components are mixed together. FITC 

(fluorescein isothiocyanate) and RBITC (Rhodamine B isothiocyanate) were each 

used to separately label BSA to aid visualisation of BSA distribution within the 

EHD-fabricated particles and release (407).  SDS-PAGE was used to confirm BSA 

labelling (Figure 4.23). The unlabelled and labelled BSA bands are all located at 

about 60 kDa which is the size of BSA, indicating successful conjugation. The free 

dye alone would not have resulted in the formation of a band and the presence of a 

fluorescent band suggests that dye present is conjugated to BSA. 

ŀύ ōύ 
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Figure 4.23 Preparation of (a) FITC- and (b) RBITC-labelled BSA. Each panel showing a 

Novex sharp pre-stained protein standards, a Coomassie blue stained gel and 4 ï 12% Bis-

Tris gel pre-staining under UV light. 

After purification (Section 4.4.5) the tagged protein fractions were collected, 

pooled, and freeze-dried. The absence of free dye was corroborated by TLC (Figure 

4.24).  Free dye (lanes b and d) eluted much further up the plate than the dye tagged 

BSA samples, which were still visible under UV light (365 nm). The results show 

there were negligible quantities of free dye present in the freeze-dried dye labelled 

BSA.  
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Figure 4.24 TLC of a) FITC -labelled BSA, b) FITC , c) RBITC-labelled BSA, and d) RBITC. 

No free dye band was witnessed for samples a and c under UV light. Final dye location borders 

marked using pencil. 

4.5.12 Optimisation of mixed particles 

To better understand the potential application of IR and ER particles when 

simultaneously dosed, it was important to investigate how protein was released 

from either particle. The burst from the ER along with the IR release was expected 

to mimic a bolus initial vaccine or loading dose and latter release profile to mimic 

a maintenance dose. To determine the BSA release characteristics of a mixture of 

ES 100 and PLGA particles, RBITC-BSA was loaded into PLGA and FITC-BSA 

was loaded into Eudragit. The EHD process parameters required some re-

optimisation for particle fabrication because the labelled BSA caused the 

conductivity of the solution to change compared to when unlabelled BSA was used. 

The voltage and distance remained the same but a slight decrease in flow rate was 

required to form particles. Table 4.9 shows the changes made to flow rate to 

optimise particle formation for dye-labelled BSA. The particles formed are 

displayed in Figure 4.25. 

d c b a 
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Table 4.9 The changes made to flow rate to optimise particle formation for dye-labelled BSA 

 PLGA-BSA PLGA and 

RBITC -BSA 

Eudragit -BSA Eudragit and 

FITC -BSA 

Flow rate 0.5 mL/h 0.4 mL/h 0.8 mL/h 0.6 mL/h 

 

  
a b 

Figure 4.25 SEM image confirming the formation of particles after the change in parameters 

and addition of dye. a) ER particles containing RBITC-BSA and b) IR particles containing 

FITC -BSA. Both images are magnified by 10 000x and scale bars represent 10 µm. 
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4.5.13 Physical characterisation of mixed and core/shell particles 

4.5.13.1 FTIR 

The IR spectra of coaxial particles are displayed in Figure 4.26. When comparing 

the coaxially electrosprayed structures (Figure 4.26 coaxial)  to the spectra of IR 

(Figure 4.26 IR) and ER (Figure 4.26 ER) particles, there is an overlap of 

absorbance of the two polymers around 1750 cm-1. The characteristic peak BSA 

which is clearly visible in the PLGA formulation spectrum at 1651 cm-1 reduces in 

intensity in the coaxial system, which is expected to be due to the likely lower BSA 

loading when compared to the Eudragit or core-shell formulations. 

 

Figure 4.26 FTIR spectra of ER, IR, mixed particles and coaxial particles. The mixed and 

core-shell particles display peaks in the same regions indicating that both processes yielded 

materials with similar properties. 

When comparing the spectra for the mixed and the core-shell samples, the 

absorption peaks are very similar but with some subtle differences. There is a slight 

shift to the right of Figure 4.26 (mixed) at around 1750 cm-1 that better aligns with 

the Eudragit formulation absorbance at around 1700 cm-1. There is no strong 

indication of a structural difference between the core-shell particles and the mixed 
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particles. The spectra above confirm the presence of BSA-loaded IR and ER 

characteristic features in the core-shell formulation  

4.5.13.2 DSC 

DSC data (Figure 4.27) were obtained for PLGA, Eudragit, mixed and core-shell 

particles. There is a sharp endotherm visible at 52 °C for the PLGA particles, and a 

broad endotherm from around 70 °C for the Eudragit formulation (IR). An 

endotherm was noted at 51 °C for the mixed and coaxially spun particles at which 

could be attributed to PLGA, displaying the amorphous physical properties of 

parent constituents.  

 

Figure 4.27 DSC thermograms of ER, IR, mixed and coaxial particles. Both the coaxial and 

mixed particle samples similarly display features of IR and ER thermograms. 
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4.5.13.3 XRD 

The XRD patterns in Figure 4.28 display only broad halos for all the samples, with 

no sharp Bragg reflections. These findings are indicative of amorphous materials. 

The results shown here are in line with findings from the DSC experiments. There 

are peaks present at around 32 and 45 degrees in the mixed, IR and ER samples but 

were not when previously investigated (n = 3) in Figure 4.9 and Figure 4.17. This 

suggests that the appearance of peaks could be due to experimental methods by 

XRD sample holder readings or contamination from previous materials used on the 

holder. 

  

Figure 4.28 X-ray diffraction patterns of ER, IR, mixed and coaxial particles.  

 

4.5.14 In -vitro release of mixed particles 

For mixed particles, IR and ER samples (5 mg) were weighed in equal amounts and 

mixed to allow for comparison with the coaxial particles.  
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Figure 4.29 a) Cumulative release profile over time of mixed particles as determined by BCA 

and sum of spectrophotometric measurements. b) BSA concentration as a function of time as 

measured using BCA, and spectrophotometric measurements at 495 nm for IR released FITC-

labelled BSA and 550 nm for ER released RBITC-labelled BSA. Data are presented as mean 

± SD (n=3). 

The release data for the 1:1 mixed particles in Figure 4.29a shows an initial burst 

release of BSA arising from both the PLGA and Eudragit particles.  The loading of 

BSA in the PLGA component (ca. 14%) was double the BSA expected to be 

released from the Eudragit particles (ca. 7 % drug loading). The BSA-loaded 

Eudragit particles mirror quite closely the IR release profile shown in Figure 4.19. 

The PLGA release behaviour was also similar to that displayed in Figure 4.10 (ER). 

There was a burst release with a maximum concentration of BSA released over the 

first two days, and then the release rate declined until after 200 hours where the 

release concentration remained constant. FITC-BSA encapsulated in Eudragit was 

completely released before 150 h. This was expected and is the same as noted with 

the IR release curve in Figure 4.19. Again as expected, RBITC-BSA loaded in 

PLGA replicated the release profile for the ER particles (Figure 4.10).  

The amount of labelled BSA released after 200 h was higher when measured using 

MicroBCAÊ than when observed using UV alone. This quantification difference 

may have been due to some unlabelled BSA present being. Another possibility is 

that the dye may have been quenched. There was a problem in quantifying RBITC-

BSA by MicroBCAÊ because the absorbance wavelength of rhodamine b is similar 

to that for the BCA complex. Rhodamine B has an excitation wavelength of 540 

nm and an emission wavelength of 590 nm, which overlaps the MicroBCAÊ 

optimised absorbance wavelength of 562 nm (439).  
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4.5.15 In -vitro release of coaxial particles 

Prior to the investigation of release behaviour, the BSA (unlabelled) loading was 

calculated to be 9.12 ± 1.67% (w/w) and the encapsulation efficacy (n=3) 58.3 ± 

10.7%. The drug loading and encapsulation efficiency was improved when 

compared to the IR formulation but not as good as the ER particles. From the release 

data in Figure 4.30 (a), burst of protein release is noted in the first 100 h. After the 

first 48 h, the rate of release begins to decrease but not consistently enough to limit 

about 50% of BSA from being released in the first 100 hours. The desired release 

profile was to minimise the burst that occurred with the ER formulation.  

The mixed particles give a summative burst of the IR and ER-loaded BSA. In 

contrast, the burst from coaxial formulation shows a reduced burst compared to the 

expected analogous amount of the individual formulations. Suggesting, the ER core 

of the coaxial particles were not as quickly hydrated causing a relative retardation 

in the expected burst. The effect of the shell hydration on release from the core can 

be optimised using EHD processes to further reduce rate of BSA release by varying 

polymer and loading properties e.g. PLGA ratio or molecular weight or BSA 

concentration. 

 

Figure 4.30 a) Cumulative release profile over time of the coaxially prepared particles. b) The 

released BSA concentration as a function of time. Data are presented as mean ± SD (n=3).  

When BSA was incorporated into PLGA as an emulsion, there was an observed 

half-life of 3.96 days (95 h). Coaxial electrospraying thus helped increase the half-

life by about 2 days. BSA burst release from the PLGA particles is hypothesized to 
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be reduced during swelling of IR by restricted access of dissolution buffer to the 

ER core component. 

As with the ER release profile (Figure 4.10) there is constant BSA release after an 

initial burst phase. To better understand this, Figure 4.31 shows the fit of a zero-

order release after the burst. The biphasic release profile is desirable for sustained 

delivery of proteins. After the burst release period, the coaxial particles release 

about 0.07% of the encapsulated BSA per hour with linear regression constant of 

0.99. The release profile could potentially help patients reduce dose variability as 

wells as increase compliance. 

 

Figure 4.31 Graph showing the linear release profile of BSA from the coaxial particles after 

170 hours. 

Wang et al. investigated the release of BSA from emulsion electrosprayed PLGA 

particles. They observed a reduced amount of BSA released during the burst 

compared to coaxially electrosprayed particles of the same materials but the second 

sustained phase (Figure 4.31) had a steeper slope for the coaxially prepared 

particles (391). Although the work described in this chapter involved the 

electrospraying of two BSA-loaded emulsions, the release behaviour of PLGA is 

found to be similar in both the ER and coaxial formulations as BSA is released from 
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PLGA as a burst. The coaxial formulation helps to reduce the burst at the initial 

release phase which could be beneficial in ensuring drug availability for a more 

sustained release (240). 

Due to the complexity of the coaxial electrospraying process and control of electro 

capillary flows, greater effort was needed to optimise the formation of micron-sized 

particles. The challenge to form micron-sized particles is compounded by the fact 

that both solutions in the coaxial needle have different properties (144,440). For 

particles to be formed, the EHD forces have to act on at least one liquid but the 

interplay between electro-fluid-mechanical properties and how the interplay affects 

stability of the liquid aerosol remain poorly understood (220). The miscibility of 

the solutions will  depend on several factors such as the interfacial tension, 

temperature and solvent properties, which could lead to a less predictable 

distribution of BSA within the particles. BSA distribution within particles is 

instrumental in controlling the rate of initial burst (109,209). 

The BSA formulations processed by EHD that are described in this chapter can be 

used to load proteins, peptides and antigens with varied pharmacokinetic properties. 

For example, dual drug delivery systems made with PLGA and PVP have been 

investigated by Cao et al. Coaxial electrospraying was used to prepare polymeric 

core-shell particles containing rhodamine B and naproxen. Varying the drug 

loading and position of individual actives (core or shell), provides options for 

tailoring the release profile (441). Opportunities remain to be explored for the use 

of the core-shell or mixed drug delivery system for the use of dual-active therapies.  

Particle-based vaccines can also be dual-loaded with both antigen and adjuvant, 

conferring an advantage over soluble antigen by controlling the pharmacokinetics 

and possibly reducing degradation (442). The same antigen-presenting cell can 

receive both constituents. According to Park, co-delivering both components to the 

same cells increase the chance of APC activation ensuring a favourable cell-

mediated immune response (443).  
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4.5.16 In-vitro biological evaluations 

4.5.16.1 Cell viability 

Although a single cell line does not represent the immune system, the use of RAW 

cells has been described in several studies to examine biological effects associated 

with immunogenicity (71,444). RAW 264.7 cells were treated with 

lipopolysaccharide (LPS, positive control), IR, ER, and the mixed and coaxial 

particles. LPS is a bacterial endotoxin and a major component of gram-negative 

outer membranes (445). LPS is commonly used as a positive control for evaluating 

immunopotentiating effects of a particle or drug candidate (446). 

 The viability data show there was no significant difference (p Ò 0.05) between the 

treated cells and cells in the control group (Figure 4.32). The IR and ER samples 

showed reduced viability compared to the untreated cells. The difference in cell 

viability was however, not statistically significant. Thus, incubation with the 

various particles did not cause cytotoxicity to RAW 264.7 cells. 

 

Figure 4.32 RAW 264.7 cell viability after 24 h incubation with the various formulations. 

Three batches of each sample were tested in as triplicates in 3 independent experiments, 

bringing the total test per sample to 27. 
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Material properties such as charge and lipophilicity underlie the cytotoxicity of 

polymeric nanoparticles (80). Both PLGA and Eudragit have been known to not be 

cytotoxic. PLGA was at a final concentration of just under 500 µg/mL. Singh and 

Romarao investigated the dose-dependent toxicity of PLGA (1 µg/mL ï 1 mg/mL) 

in RAW 264.7 cells and found that PLGA degradation products are generally non-

toxic (447). Efavirenz is an anti-retroviral drug that was loaded into Eudragit 

nanoparticles. When the solvent-evaporated particles were investigated for 

cytotoxicity in T-lymphatic (C8166) cell lines, they did not show signs of 

cytotoxicity (448). 

4.5.16.2 Cytokine release 

Secretion of IL-6, IL-12 and TNF-Ŭ from RAW cells exposed to the formulations 

were quantified by ELISA (Section 2.2.7.1).  

Interleukin - 12 (IL-12) 

Figure 4.33 shows the production of IL-12. No changes are seen with cells exposed 

to the electrosprayed particles, and the only significant increase is for the positive 

control, LPS. This means that the presence of ES 100 or PLGA particles does not 

stimulate IL-12 production in RAW cells. Macrophages produce IL-12 on 

stimulation by TNF-Ŭ to increase the stimulation of natural killer cells and 

concentrations of IFN-Ὓ available to prime macrophages (449). IL-12 acts to 

specifically activate the conversion of a naïve Th0 to obtain a Th1 or sometimes a 

Th17 response (450,451). A Th1 response is desired when defending against a viral 

or bacterial attack that cause pathogen replication in the tissues. This could mean 

the RAW cells did not perceive the incubated sub-micron particles as threat enough 

to cause a cascade of reactions. Both the IR and ER particles could be used for 

protein or peptide delivery and may require an adjuvant if considered for vaccine 

delivery. 

The data is represented by a box and whisker plot which provides a summary of the 

data set per sample. The bars that extend from the plot, represent the maximum and 

minimum values. The upper lay of the box represents the 75th percentile, the middle 

line through the box represents the median and the line at the bottom of the box 
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represents the 25th percentile. Outliers are indicated independently above or below 

the sample plot. 

 

Figure 4.33 IL -12 release by RAW 264.7 cells after exposure to the various formulations for 

24 h. Experiments were performed with 3 batches with triplicates in 3 independent 

experiments, bringing the total number of measurements to 27 per sample. LPS was used as a 

positive control and the untreated cells serve as negative control. * denotes p Ò 0.05 

Interleukin - 6 (IL-6) 

Similarly to IL-12, secretion of IL-6 was only increased when LPS was added, 

while the formulations had no effect (Figure 4.34).  IL-6 is associated with Th17 

polarisation. IL-6 acts in union with transforming growth factor beta (TGF-‍) to 

accelerate the differentiation of newly activated T helper cells to produce of Th17 

related cytokines (452). A Th17 response is desired in an attack by fungi or 

extracellular bacteria (64). IL-6 has also been associated with aluminium-

containing adjuvants (453). This means the EHD fabricated particles, did not 

stimulate the production of IL-6. 
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Figure 4.34 IL -6 released from RAW 264.7 cells after the cells were stimulated with the various 

formulations for  24 h. * p Ò 0.05 

Tumour Necrosis Factor alpha (TNF-Ŭ)  

TNF-Ŭ secretion increased after exposure of RAW cells to all the formulations, but 

this increase was significant only for the PLGA-containing formulations or the 

positive control (Figure 4.34). ER resulted in the production of more cytokine than 

the positive control. The mixed and coaxial particles showed similar TNF 

production to the positive control.  

PLGA is a biodegradable polymer that forms lactic and glycolic acid by nonspecific 

hydrolytic scission of ester bonds in the polymer backbone. These  monomers cause 

a slight decrease in the pH of the cell or incubating media and the production of 

reactive oxygen species (ROS) (454,455). Inflammation typically occurs following 

implantation of a biomaterial or medical device (456).  
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Figure 4.35 TNF-Ŭ released from RAW 264.7 cells after the cells were exposed to the different 

formulations for 24 h. * p Ò 0.05 

From the results (Section 4.5.16), we can deduce that RAW cells were stimulated 

and could be activated to possibly induce a relative Th17 or Th1 response. TNF-Ŭ 

has been known to act as specific inhibitors of IL-12 p40 (457), and this might 

explain the reduced IL-12 response. The lack of IL-6 production could be attributed 

to the absence of adjuvant-like properties of the particles investigated, which could 

mean vaccination would be solely based on the efficacy of the antigen and adjuvant 

co-formulation may be required. 

Murine melanoma antigenic peptides (TRP2) were loaded into PLGA-

nanoparticles to determine the effect on the immune system by Zhang et al. There 

was no induction of TNF-Ŭ and IL-12 responses after 24-h incubation with CD8+ 

T cells. They also found that injection of the particles when co-loaded peptide, 

MPLA, induces antigen-specific T-cell responses more strongly than when a 

solution is administered with an adjuvant (458). Zhangôs study suggests that the 

particles on their own were non-immunogenic, because they did not result in the 

secretion pro-inflammatory cytokines. However, on addition of a suitable antigen, 

cytokine response surpassed a solution injection. Others have found that PLGA 
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particles prepared by emulsion and tested for the release of TNF-Ŭ after incubation 

in J774 murine macrophages, are less likely with smaller particles to stimulate 

cytokine production (459). Roberts et al. also found that PLGA particles made 

using PRINT (particles replication in non-wetting templates) technology, a soft-

lithographic method,  did not stimulate the production of TNF-Ŭ or IL-6 in mice 

macrophages (460). These studies suggest that PLGA particles were not expected 

to produce IL-12 and IL-6 but TNF-Ŭ production may occur due to the size of 

particles. 

PLGA-containing particles are recognised for their potential to cause inflammation 

(454). PLGA containing formulations such as Bydureon (exenatide) for the 

management of diabetes mellitus and Signifor (pasireotide pamoate) for the 

treatment of acromegaly and Cushingôs are marketed products that report injection 

site reactions such as erythema which is an inflammation symptom as a common 

side effect (461). While inflammation can occur, PLGA-containing particles as well 

the Eudragit particles can be used a vaccine delivery system. 

4.6 Conclusions 

EHD was successfully used to fabricate particles encapsulating BSA and provided 

a facile and reproducible method for polymeric particle fabrication. IR had a 

bimodal particle size distribution, was amorphous, and released BSA in less than 

96 hours. ER particles were uniform in size, amorphous, and released the 

encapsulated protein over a one-month period following a burst release. After 160 

hours, there was a constant rate of release, following a zero-order profile. A mixture 

of the two formulations gave a release profile corresponding to a composite of the 

mixed formulations. Coaxial particles were also prepared; these particles too were 

amorphous and physicochemical properties were similar to a physical mixture of 

the comprising original particles however, the initial burst displayed by the ER 

alongside the IR release was minimised resulting an observed half-life increase. 

Cell viability assays and cytokine production were investigated to establish what 

effect the particles had on immune cells. The particles were not cytotoxic to RAW 

cells. IL-12 and IL-6 were not significantly upregulated by any of the formulations, 

but TNF-Ŭ was stimulated by all the PLGA-containing samples. Electrosprayed 
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particles show some encouraging results that could be translated for the 

encapsulation and sustained delivery of antigen. 
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5   Rods vs sphere-shaped particles: exploiting EHD 

processing to vary particle morphology 

5.1 Introduction  

Particle properties such as size, shape and degradation profile are known to 

determine cellular interactions and bio-distribution (462). However, exploration in 

this field of research has faced challenges due to the difficulty in reproducibly 

fabricating non-spherical shapes whilst simultaneously controlling the size, shape 

and morphology (462,463).  

The term ñshapeò refers to the geometry of the drug delivery carrier. Doshi and 

Mitragotri investigated the effect of particle shapes such as spheres, rods and oblate 

ellipsoids on cellular interactions. They found that rod-shaped particles exhibited 

the highest level of attachment to macrophages but also the lowest internalization 

rate (464,465). They hypothesized that because a number of bacteria are rod shaped, 

macrophages may possess features to recognise rod-shaped objects. Macrophages 

mainly clear particles by phagocytosis, and particle shape may be a key factor for 

endocytosis and the stimulation of inflammation in some cells (71,466). Yoo and 

colleagues also found that the rate of internalisation of PLGA particles by human 

umbilical vein endothelial cells was four-fold higher for spheres that for elliptical 

discs during the first hour (467). Other researchers found that when an ellipsoidal 

particle (aspect ratio - 4, major axis - 4 µm) approached a macrophage with its 

major axis it was engulfed within 6 minutes, but when approached with its minor 

axis internalisation of the particle took several hours (462). Similar relative uptake 

rates have also been observed with much smaller nano-sized particles. For example, 

HeLa cells displayed a three-fold greater rate of uptake of colloidal gold rods (74 × 

14 nm) than spheres of either 74 nm or 14 nm diameter (468). These results indicate 

that particle shape may influence particle-cell interactions, although there appear to 

be differences between cell types.  

Particle geometry may influence other biological processes besides cell uptake, 

including circulation time. Geng et al. found filament-shaped micelles displayed a 

prolonged half-life compared to spheres (469). Biodistribution is also affected: iron 
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oxide nanoworms showed higher tumour targeting efficiency compared to spherical 

particles in mice (470), and elliptical disc shaped particles showed higher 

accumulation than spherical particles in mouse lungs while being less readily up 

taken by the liver (471).  

EHD processing, as described in Section 1.4, is a versatile, resource-efficient, 

technique that may have the potential to prepare different shaped particles. Other 

means of fabricating non-spherical or ellipsoidal particles include soft lithography, 

microfluidics, self-assembly, templating and 3D printing. Many of these processes 

do not produce micron-sized particles however, and are expensive, requiring 

specialised equipment or heat (152,376,472ï474).  

5.2 Solvent selection and rod formation 

Polymer-solvent interactions are important in the EHD process as they directly 

impact solution properties, which in turn can influence particle morphology and 

aspect ratio (475ï477). Jarusuwannapoom et.al found that properties such as 

surface tension and Coulombic forces are the key factors responsible for forming 

particles by EHD (478ï480). Sphere formation is dependent on choosing an 

appropriate solvent system for the polymer being processed, based on 

considerations such as  dielectric constant/permittivity, viscosity, electric 

resistivity, boiling point, conductivity and surface tension (481).  

Particle shape is affected by the same factors that influence particle size, including 

both solution characteristics and processing parameters (482,483). Droplets tend to 

form particles with a spherical shape due to the cohesive forces at the surface. 

Droplet formation can be distorted by process optimisation, for instance by varying 

the applied voltage and modifying solution properties such as permittivity. 

According to Fernandez de la Mora and Loscertales, for a liquid with high 

conductivity, the EHD particle size is given by Equation 5.1 (484).  

Equation 5.1 

Ὠ  ‌ ‎  
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where d is the diameter, ‌ is a constant relating to viscosity, Q is the flow rate, K 

is the liquid conductivity, ‎ refers to the liquid-gas surface tension, ‐ ὥὲὨ ‐ are 

dielectric constants (which could also be defined as the air and relative permittivity 

respectively) (483ï485).  

Equation 5.1 highlights the importance of the dielectric constant or permittivity in 

determining diameter (480).  

Rods are generated by electrohydrodynamic deformation of the solution during 

EHD processing due to field induced droplet ionisation (486). Torza et al. 

hypothesised that when an emulsion droplet is subjected to an electric field, the 

drop is likely to deform into a prolate or oblate sphere.  

 

Figure 5.1 Sequences of 225 µm methanol droplets undergoing asymmetric distortions over 

time at E (strength of the electric field) = 2.46 × 106 V/m. Reprinted with permission from 

Grimm and Beauchamp, 2005, Journal of Physical Chemistry B. Copyright 2005 American 

Chemical Society. 

Grimm and Beauchamp found a link between the aspect ratio of the fabricated 

particle and the time a droplet spends in an intense electric field (Figure 5.1). They 

found there is generally a proportional relationship, and that strong electrical fields 

can induce the polarisation of a neutral droplet. The droplet then becomes unstable 

when it reaches the Taylor limit, which is also known as the critical electric limit 
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(487). As the charge borne by a droplet increases, the critical electric limit is 

reduced. Under a high electric field, neutral droplets develop positive and negative 

charge densities at opposite ends and geometrically elongate in a direction that 

aligns with the electrical field. If a droplet is below the Taylor limit, it will undergo 

shape oscillation between spherical and ellipsoidal geometries until an equilibrium 

shape is reached. The oscillatory effect is caused by charge separation followed by 

a restoration of the original charge distribution. The charge restoration occurs due 

to internal charge attraction. For rod particles to be formed, the electrical field has 

to be greater than the Taylor limit (488). 

To achieve the formation of non-spherical geometries, it is useful to design 

experiments that critically consider the influence of individual factors on rod 

formation. 

5.3 Quality by Design (QbD) 

QbD is a concept that has been proposed for use in pharmaceutical development by 

the ICH (International Conference on Harmonisation). QbD is considered to be óthe 

application of systematic approaches to development, beginning with predefined 

objectives and emphasising product and process understanding and process control, 

based on sound science and quality risk managementô (489,490). The principle of 

QbD is that quality should be built into product design by thoroughly understanding 

the manufacturing processes (491). In recent years, there has been an increase in 

the use of QbD for the development of biopharmaceuticals (492).   

QbD allows large amounts of data to be obtained from conducting a minimal 

number of experiments. A QbD approach allows for continuous improvement due 

to flexibility within the design space and places a focus on process robustness. It 

understands and controls variation, while the traditional approach of manipulating 

one factor at a time is not as receptive to changes (493). Wurth et al. applied a QbD 

tool to investigate the formulation robustness of a model therapeutic monoclonal 

antibody (Mab), an IgG1. They found the QbD tool was useful to determine the 

robustness of a formulation as long as targets are well-defined (494).  

Design of experiments (DoE) is a QbD tool that aids understanding of the complex 

interplay between processing conditions and the control of targeted outcomes. 
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Recognising that a significant number of process variables can influence outcome, 

DoE offers a systematic approach to assess the impact of multiple process variables 

simultaneously, without having to adjust one variable at a time. To vary particle 

morphology, it will be important to consider EHD processing parameters such as 

voltage, flow rate, distance from tip to collector, and protein concentration.  

Particle screening analysis could be performed using LM and SEM to test responses 

such as the formation of particles, homogeneity in size, formation of rods and the 

size of particles. In process optimisation, independent variables are usually adjusted 

one at a time whilst keeping other associated factors constant from screening to 

implementation. This approach can be limited by failing to consider parameters 

systematically and simultaneously. The current one-factor-at-a-time approach is 

tedious, labour intensive and generally inefficient. DoE offers the opportunity to 

overcome some of these issues. 

Aleksiev and colleagues utilised DoE for the optimisation and development of 

microparticulate galantamine drug delivery systems by suspension spraying in a 

fluid bed system. By performing 35 experiments, they investigated the effect of 

factors such as spray rate, temperature, airflow, pressure and sugar pellet 

concentration on the formation of agglomerated structures, critical for a reservoir-

type microparticulate. It was found that there were two significant factors that were 

important for microparticulate optimisation (495). Another example is the use of 

DoE to optimise the loading of pregabalin into nano-based hydrogel carriers to 

prepare a transdermal delivery system with minimal side effects. Arafa and Ayoub 

used DoE to optimise the particle size, entrapment efficiency and drug release by 

varying the ratio of cholesterol to surfactant (496). The use of DoE enabled these 

researchers to optimise multiple factors by varying different parameters at the same 

time. Implementing a DoE approach may be useful to examine EHD processes for 

achieving particle shape control. 
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5.4 Aims 

It is hypothesised that DoE can be used as a tool to develop EHD processes that can 

tailor particle shape and size, and thereby to vary the immune response to the EHD 

products. A model antigen, bovine serum albumin (BSA), was incorporated into the 

PLGA particles during electrospraying. The key aim was to correlate the shape of 

PLGA particles with their immunomodulatory effects on macrophage-like cells. 

The objectives are to: 

¶ Utilise DoE to understand the influence of EHD process parameters in the 

formation and optimisation of rod shape particles containing BSA.  

¶ Conduct physicochemical characterisations to assess the effect of process 

and structure on particle properties. 

¶ Explore routes to separate particles post-fabrication. 

¶ Investigate the effects of optimised and separated particles of different 

shapes on murine RAW 264.7 cells. 

5.5 Methods 

5.5.1 Solution preparation 

Electrospraying emulsions were prepared by first dissolving BSA (20 or 40 mg) in 

PBS (200 µL) and then adding this to 6 mL of a solution of PLGA (4% w/v in 

DCM), followed by homogenisation (11,000 rpm for 1 min). The final protein 

concentrations were 3.08 or 6.45mg/ mL. 

5.5.2 Design of experiments (DoE) 

To make particles with the desired properties, an optimisation flow line is typically 

adopted. The logical step process (Figure 5.2) helps highlight external features that 

might have earlier not been considered and minimise the likelihood of errors. A 

DoE approach is used in pharmaceutical process development because it is 

systematic, resource-efficient and bias limiting (497,498). 
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Figure 5.2 The seven-step optimisation flowline followed to generate electrosprayed rod 

particles using DoE. Adapted from (499,500). 

From Figure 5.2, the initial step was to screen for the important parameters needed 

to fabricate particles. Two DoEs were carried out: the first to determine factors 

influencing particle formation, and the second to optimise rod formation. Screening 

experiments for particle formation were first carried out to give the DoE 

parameters. 

A customised four-factor, DoE using the JMP software (SAS institute, USA) was 

generated with a set of 26 experiments to optimise particle formation. The 

responses to be investigated were aspect ratio, homogeneity, presence of rods, and 

particle formation. The experiments were conducted and responses recorded. 

Attempts were then made to validate the method using confirmation experiments 

before optimal particle fabrication. The main means of determining particle 

morphology was SEM. A three factor two level full factorial DoE was then 

designed to study the effect of voltage, flow rate and distance on rod formation. A 

set of 19 experiments were generated and performed. 

The number of individual particles measured using ImageJ during the DoE was 50 

per experiment, and for the final formulation 150. For every particle width was 

measured before length and aspect ratio was calculated as length/width. 

5.5.3 Morphological characterisation 

The morphology of particles was studied by SEM as detailed in Section 2.2.2. For 

each sample, at least five SEM images were obtained.  
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5.5.4 Uptake observation 

Visualisation for uptake studies was performed as detailed in Section 2.2.2.1. A 

GFP image was then taken to determine the position of the particles. Subsequently, 

an image of the cells with a Texas red filter was taken to visualise the cell 

membrane. Finally, the images were overlayed, so the interaction between the 

particles and the cells could be imaged.  

5.5.5 Physicochemical characterisation 

The physicochemical properties the final formulation were studied by TGA, DSC, 

XRD, and FTIR as detailed in Section 2.2.3. 

5.5.6 Particle disaggregation 

5.5.6.1  Changing the substrate 

To minimise aggregation of particles, attempts were made to change the collection 

substrate after optimisation. Collectors comprising aluminium foil, water, liquid 

nitrogen or polymer films cast from polyvinyl alcohol (PVA) were explored. After 

30 ï 60 minutes of collection in a liquid substrate, the mixture was frozen 

immediately and subsequently freeze dried or dried in an oven at 37 °C. Following 

30 ï 60 minutes of collection on PVA, the film was dissolved in water and the 

product centrifuged at 1000 rpm and 18 °C for 15 minutes four times. The resulting 

samples were then dried as above. 

5.5.6.2  Sonication 

After electrospraying, a scalpel was used to gently scrape the particles off the 

aluminium foil. The sample was then placed in either water or hexane to be 

sonicated (Soniprep 150, Richmond Scientific, UK). The duration of sonication, 

amplitude and temperature were varied. 

Protein extraction prior to quantification was carried out as described in Chapter 

2.2.5.3. 
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5.5.7 In vitro release 

The in vitro release studies were performed using the PK-Eye bi-compartmental 

aqueous outflow model (248). Aliquots of release samples were collected every 24 

hours as described in Section 2.2.4. 

5.5.8 In -vitro biological studies 

5.5.8.1 Cell viability  

Viability assays were carried as detailed in Section 2.2.6, but with some minor 

variations. To determine the viability of RAW 264.7 cells in the presence of the 

electrosprayed samples, a PrestoBlue assay was performed after incubation in a 96-

well plate for 24 hours. Samples and BSA solutions or suspensions (10 µL) at a 

concentration of 10 mg/mL were added to the cells. The final concentration in 

media was 0.5 mg/mL. LPS as a positive control was added at an initial 

concentration of 100 ng/mL. The cells were treated with BSA to determine if the 

model protein used had an effect on cellular response.  Data are shown as mean ± 

S.D. Statistical analysis was conducted using one-way analysis of variance and 

Tukeyôs pairwise test, with differences considered significant when p < 0.05. Three 

batches of each sample were evaluated as triplicates in three independent 

experiments, bringing the total tests per sample to 27. 

5.5.8.2 Cytokine release 

Evaluation of cytokine release was performed using ELISA. Experimental 

processes were as described in Section 2.2.6.1. Cytokine production was quantified 

using ELISA for 3 batches of particles, with 3 independent experiments having 3 

replicates each, bringing the total number of experiments to 27 per sample.  

5.5.8.3 Particle uptake 

Complete media (2 mL) containing about 70,000 RAW cells was plated in 24-well 

plates. Complete media is made up of 500 mL Dulbeccoôs Modified Eagle Medium 

(DMEM), 50 mL foetal bovine serum (FBS) and 5 mL of penicillin-streptomycin 

solution. Particle suspensions (10 µL) at a concentration of 10 mg/mL were added 

to individual wells to give a final concentration of about 5 µg/mL. The plated cells 

were incubated for 24 hours at 37 °C and 5% CO2. Media was aspirated from the 

wells, and the cells were washed carefully and slowly with 2 mL of warm PBS. 
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Staining with 6-diamidino-2-phenylindone (DAPI): 500 µL of 10% (v/v) formalin 

in PBS was added to the cells and the plate left to incubate at room temperature for 

10 minutes. Cells were then washed again carefully three times with 500 µL cold 

PBS in preparation for staining. A 1 in 5000 dilution of DAPI in Tris-buffered saline 

with 0.1% (v/v) Tween 20 (TBST) was prepared and 500 µL of the dilution was 

added to each cell-containing well before the plate was left to incubate at room 

temperature for 10 minutes. Cells were washed with Tris-buffered saline (TBS) 

three times. Each wash step involved soaking with 500 µL of TBS for 5 minutes 

under gentle agitation or swirling. After the last TBS wash, cells were viewed under 

a digital microscope. 

Staining cell membrane with CellMaskÊ Orange: Cells for plasma membrane 

stains were mounted on coverslips. Fresh working stain was made by adding 10 µL 

of stain concentrate to 10 mL of TBST to form a CellMaskÊ dilution (1000x). Cells 

were washed carefully and slowly with 2 mL of warm PBS. CellMaskÊ dilution 

(500 µL) made earlier was added to each cell-containing well and the plate left to 

incubate at room temperature for 10 minutes. The stain was removed, and cells 

washed with TBS three times. Each wash step involved soaking with PBS (500 µL) 

for 5 minutes under gentle agitation or swirling. After staining, 500 µL of 10% (v/v) 

formalin in PBS was added to the cells and the plate left to incubate at room 

temperature for 10 minutes. Cells were then washed again carefully three times with 

500 µL cold PBS in preparation for viewing. 
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5.6 Results and discussion 

5.6.1 Design of experiments 

5.6.1.1 Particle formation (DoE 1) 

This DoE focuses on the parameters most important in the formation of dry 

particles. Factors were considered at two levels for particle fabrication. The factors 

explored were (minimum value, maximum value): electrospray voltage (10, 22 kV), 

flow rate (0.2, 1.5 mL/h), distance from needle to collector (10, 22 cm) and mass 

of BSA present in solution (20, 40 mg). Flow rate, distance and voltage are the 

simplest and most common parameters to modify during screening. Since proteins 

are charged, it was hypothesised that BSA concentration in addition to the process 

parameters could have an effect on optimisation conditions. The responses and the 

associated targets are as listed in Table 5.1. Particle formation was the aim of this 

DoE but when rods were noticed, the likelihood of formation was also noted. 

Table 5.1 Factors investigated in PLGA particle formation. 

Response Goal 

Presence of rods Maximise 

Particle diameter Minimise 

Particle formation Maximise 

Particle size deviation from mean Minimise 

 

A set of pre-screening experiments was conducted prior to implementing DoE, to 

give an indication of the ranges to set for each parameter. The SEM image in Figure 

5.3 shows examples of the various particle shapes that can be formed in a non-

optimised electrospraying process. The labelled particles include spheres and rods 

of varying aspect ratios. Particles A and B have similar aspect ratio and curvature. 

Particles C and D are examples of rods that have similar size, but with varying 

curvature.  
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Figure 5.3 An exemplar SEM image from the initial screen to electrospray a BSA in PLGA 

emulsion. Scale-bar: 50 µm. Particles with different morphologies are highlighted. 

The presence of rods and particle formation was assessed in preliminary 

experiments by visually quantifying the fraction of isolated particles in the total 

content using SEM images. Particle formation refers to the parameters required to 

yield isolated dry particles recorded as a value between 0 ï 1, 0 meaning no particles 

were formed and 1 meaning the SEM image was only made up of independent 

particles. Rod formation assessment (rods present) was also preformed likewise e.g. 

a value of 0.5 for rod formation would mean that of the particles formed, 50% were 

rod-shaped. For example, sample 1 (Figure 5.4) shows particles are formed 90% of 

the time and of those, 60% of are rods.  
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Sample SEM image Factors Response 

No. 1 

 

Flow rate: 0.2 

mL/h 

Rods 

present: 0.6 

Distance: 22 cm Mean 

Diameter: 

3.0 µm 

Voltage: 10 kV SD: 1.4 µm 

BSA: 20 mg Particle 

formation:  

0.9 

No. 14 

 

Flow rate: 0.2 

mL/h 

Rods 

present: 0.1 

 

Distance: 22 cm Mean 

Diameter: 

2.3 µm 

Voltage: 22 kV SD: 1.2 µm 

BSA: 20 mg Particle 

formation:  1 

No. 18 

 

Flow rate: 1.5 

mL/h 

Rods 

present: 0.6 

Distance: 22 cm Mean 

Diameter: 

3.3 µm 

Voltage: 22 kV SD: 1.5 µm 

BSA: 20 mg Particle 

formation:  1 

Figure 5.4 SEM images (magnification x2000), processing parameters and recorded responses 

of selected experiments (1, 14 and 18) from the DoE for PLGA particle formation. Diameter 

here refers to measurement across only the minor axis (n = 50). A table presenting the data 

used to generate the information in this figure is highlighted in the appendix (Table A.3.1). 

A set of 26 experiments were generated and performed. Particle uniformity was 

determined in terms of the standard deviation of the aspect ratio and size. 
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Representative examples of the particles produced using different EHD conditions 

are shown in Figure 5.4. Particle characterisation is also provided. 

The DoE reviews recorded response changes as a factor of various parameters, both 

independently and simultaneously. The relationship between the responses and 

parameters are established (see Figure 5.5). For example, if the propensity for 

particle formation increases as the distance does (Figure 5.5a), there is a linear 

relationship and the model can then predict the likelihood of a particle forming at 

any given distance. More complex relationships can also be handled (Figure 5.5b). 

The response and parameter relationship is determined for each parameter 

individually and for all combinations of parameters, so that the effect of an interplay 

of factors can be determined.  

  

a b 
Figure 5.5 Examples of relationships which could exist between a single parameter and a 

desired response. a) An example of a linear relationship and b) an example of a hyperbolic 

relationship. 

A mathematical relationship between the parameters and responses is established 

that allows certain outcomes to be predicted. The predicted values can then be 

linearly compared to the experimental values to generate an RSq. The RSq informs 

on the accuracy of the model fit. 

The propensity for rod particle formation was determined and an adjusted RSq 

value of 0.91 (Figure 5.6) was obtained, meaning that the predicted values are 

expected to be fairly representative of the actual values and this increases the 

reliability of the model to suggest parameters and responses that could be 

experimentally derived. The DoE predictor model adjusts the RSq value according 
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to the number of predictors available and suggests the correlation improves the DoE 

model greater than would be determined by just chance alone.The significant 

responses measured with p < 0.05 are summarised in Table 5.2. 

 

Figure 5.6. The fit for rods present vs DoE predicted rod formation. An adjusted RSq value of 

0.9115 was used. A table presenting the data used to generate the information in this figure is 

highlighted in the appendix (Table A.3.1). 

In Figure 5.6, the blue line represents the predicted centre point value, which is the 

predicted value if the centre point of all the selected parameters were used. The 

centre point is important to determine if the relationship between processing factors 

is linear. For example, voltage was investigated at a range of 10 ï 22 kV, so the mid 

point for voltage was 16 kV. Application of high voltage induces charges and when 

the electrostatic forces overcome the surface tension, the jet accelerates and 

atomises into much smaller droplets. The charged droplets travels a set distance 

towards the grounded collector, making voltage important but not an independent 

variable. The closer the distance between the needle tip and collector, the stronger 

the electromagnetic field induced by the voltage (Table 5.2) 
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Table 5.2 The major factors responsible for rod formation. The * represents an interplay of 

factors. 

Effect P-value 

Voltage*Flow rate*Distance 
0.01728 

Voltage*Flow rate 
0.02369 

Voltage*Flow rate*Concentration 
0.02754 

Voltage*Distance*Concentration 
0.02862 

Distance 
0.04080 

 

The data from Figure 5.6 suggest that the DoE model should be effective at 

predicting which parameters influence in rod formation. The DoE further highlights 

the most influential parameters (Table 5.2), with p values below 0.05, involved in 

forming rod particles. The factors from this dataset could be modified to fall within 

a more suitable range to optimise rod formation.  After consideration of all 

parameter and response relationships, the set of experiments performed suggests 

that with the highest statistical significance, an interplay of the relationship between 

voltage, flow rate and distance are the parameters necessary to maximise the 

formation of particles. 

5.6.1.2 Rod formation optimisation (DoE 2) 

The first DoE was conducted to determine the influence of the selected parameters 

(Table 5.2) on particle formation. The parameters that resulted in the formation of 

particles that were rod shaped were recorded with an aim to assess them further in 

DoE 2. The second DoE then focused on the factors influencing rod formation. 

When particles are formed, the shape and aspect ratio (AR) desired can be 

optimised. The factors evaluated in DoE 1 that resulted in rod formation were 

adjusted to increase the likelihood of achieving particles that were solely rods. The 

same factors considered for DoE 1 were used and the flow rate, and minimum 

voltage were varied but BSA mass was kept constant at 40 mg, as it was found not 

to be a significant a factor when considered independently. The factors that were 

explored at both minimum and maximum values were: electrospray voltage (12, 22 

kV), flow rate (1, 3 mL/h) and distance from needle to collector (10, 22 cm).  
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Table 5.3 Factors investigated in PLGA rod particle formation. 

Response Goal 

Particle aspect ratio 
Maximise 

Volume of particle 
Maximise 

Particle uniformity  
Maximise 

 

A full factorial design was used in determining factors to increase rod formation 

with a D efficiency of 86.6%. D efficiency is a measure of the goodness of the 

design used and optimal values tend toward 100%, although it is not possible to 

achieve 100% (501). A set of 19 experiments were performed. SEM images were 

obtained and analysed for each experiment as in DoE 1 and the relationship between 

the actual and predicted values are plotted in Figure 5.8. Results for the comeple 

SEM analysis can be found in Table A.2. 
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Sample SEM Images Factors Response 

No. 9 

 

Flow rate: 3 

mL/h 

Aspect 

Ratio ± 

SD: 18.7 ± 

6.4 

Distance: 22 

cm 

Volume: 

158.3 µm3 

Voltage: 12 

kV 

Predicted 

AR: 18.22 

BSA: 40 mg  

No. 11 

 

Flow rate: 1 

mL/h 

Aspect 

Ratio ± 

SD: 6.2 ± 

6.7 

Distance: 22 

cm 

Volume: 

81.7 µm3 

Voltage: 22 

kV 

Predicted 

AR: 5.5 

BSA: 20 mg  

No. 17 

 

Flow rate: 1 

mL/h 

Aspect 

Ratio ± 

SD: 8.2 ± 

6.7 

Distance: 22 

cm 

Volume: 

66.5 µm3 

Voltage: 12 

kV 

Predicted 

AR: 8.7 

BSA: 40 mg  

Figure 5.7 SEM images (magnification x2000), processing parameters and recorded responses 

of selected experiments (9, 11 and 17) from the DoE 2. Aspect ratio here refers to major axis 

measurement divided by the minor axis. A table presenting the data used to generate the 

information in this figure is given in the appendix (Table A.3.). 
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Figure 5.8 A graph showing the fit for actual aspect ratio vs predicted aspect ratio. Adjusted 

RSq: 0.9879. A table presenting the data used to generate the information in this figure is given 

in the appendix (Table A.3.2). 

Using measurements like those presented in Figure 5.7, data were entered to the 

DoE model to aid future experimental design and data used in Figure 5.8. The DoE 

model then generated the important parameters for aspect ratio increase (Table 5.4). 

The most significant factors to be adjusted for modifying particle shape were flow 

rate, distance and voltage * distance, considered as a single variable. The DoE 

model also suggests that larger aspect ratios were obtained as flow rate increased 

and voltage was reduced (Table 5.4).  

Table 5.4 The major factors responsible for increased aspect ratio. The * denotes an interplay 

between factors, representing a synergistic effect in increasing particle aspect ratio. 

Factor 
P-value 

Flow rate 
0.0191 

Distance 
0.01983 

Voltage*Distance 
0.04651 

 

5.6.1.3 Model validation 

Values for voltage, flow rate and distance were obtained from a predictive model 

of DoE 2. The parameters expected to result in defined aspect ratios were used in 

an attempt to validate the DoE model. Three sets of factors that fell within ranges 

(in the DoE model AR 5 - 20) were selected at random to yield similar aspect ratios 

(Table 5.5). Distance and BSA mass were kept constant for all validation 

experiments, at 15 cm and 40 mg respectively. 
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Table 5.5 The parameters for model validation and set aspect ratios. 

Sample name Predicted voltage 

(kV)  

Predicted flow 

rate (mL/h) 

Expected aspect 

ratios 

AP 1 16. 8 1.0 7.3 

AP 2 19.0 1.3 7.9 

AP 3 22.0 1.7 8.2 

AP 4 12.0 2.7 11.8 

AP 5 13.0 2.8 11.8 

AP 6 14.0 3.0 11.9 

 

The products from EHD experiments were analysed using measurements from 

SEM (Figure 5.9).The experiments to fabricate samples AP 1- AP 6 were performed 

twice and the two replicates labelled as AR1 and AR2. The results of actual (Figure 

5.9) versus predicted aspect ratio are shown in Figure 5.10. It is evident that the 

predicted values for AR1 and AR2 are close to the actual values ï almost matching 

for sample AP4 on AR2. However, SD values are high and not consistent between 

AR1 and AR2, likely due to w/o emulsion instability and environmental conditions. 

Before these results can be implemented to prepare rod shape particles, optimisation 

to narrow the deviation from sample mean would need to be carried out. The figure 

below (Figure 5.9) shows individual samples with their predicted and actual ± SD 

aspect ratios. 
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Sample  AR1 and aspect ratio AR2 and aspect ratio 

AP 1 

 

  

7.3 
Predicted 

4.4 ± 4.8 6.0 ± 7.5 

AP 2 

  

7.9 
Predicted 

5.4 ± 5.0 9.7 ± 7.0 

AP 3 

 

 

8.2 
Predicted 

6.0 ± 6.4 9.1 ± 9.3 
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AP 4 

  

11.8 
Predicted 

9.0 ± 8.0 12.0 ± 7.0 

AP 5 

  

11.8 
Predicted 

8.2 ± 5.5 3.8 ± 5.0 

AP 6 

  

11.9 
Predicted 

6.6 ± 5.0 10.8 ± 11.1 

Figure 5.9 SEM images (magnification x10000), predicted and calculated aspect ratios of AP1 

ï AP6 from two batches AR 1 and 2. Particles were generated using parameters calculated by 

the DoE 2 model (n=50) using Image J. Aspect ratio here refers to major axis measurement 

divided by the minor axis. The images show a high standard deviation and porosity suggesting 

a lack of homogeneity. 
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Figure 5.10 The predicted and measured aspect ratios of 6 selected samples. 

AR1 refers to the first attempt and AR2 is the repeat. Individual samples are 

plotted at mean ± SD. 

 

There are a few limitations that could have contributed to the variations in aspect 

ratio and morphology observed (Figure 5.10): 

- Aspect ratio was calculated from the measured length and width of at least 

50 particles per sample. Measurements were obtained from 2D SEM images 

and may fail to account for particle curvature. The rod cylindrical volume 

could be calculated but this approximation would be inappropriate as it 

assumes every shape is cylindrical. A particle insight size and shape 

analyser, an instrument by micromeritics, could be used to obtain more 

accurate aspect ratio measurements. 

- The range of shapes and sizes make each sample inhomogeneous leading to 

a very high standard deviation. 

- The batch-to-batch variation of samples in AR1 and AR2 could have arisen 

from factors that were not originally controlled during the DoE such as 

environmental factors, as the only difference between samples would have 

been the days on which they were collected.  

- Aspect ratios in this study are presented as a mean ± SD, which fails to fully 

appreciate the homogeneity or lack thereof of samples both in terms of 

shape and size.  
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- Lastly, differences between the predicted and actual aspect ratios might be 

due to the reliability of the fit above an aspect ratio of 12, as there are limited 

plot points in that region.  

Despite the limitations of the DoE, the objective to identify the key process 

parameters needed to fabricate rod particles was achieved. These were flow rate, 

distance and the interplay between distance and voltage. Further experiments 

utilising information from DoE 2 results were investigated to make rod and a 

mixture of rod and spherical shaped particles (Figure 5.11 a and b), with the rods 

having predicted aspect ratios of 7 and 13 respectively. The fabricated particles 

were then compared to spherical particles that were prepared and described in 

Chapter 4 (Figure 4.5). Spheres have an aspect ratio of 1. The optimised parameters 

optimised for aspect ratios 7 and 13 are listed in Table 5.6. 

Table 5.6 The parameters selected for the fabrication of non-spherical particles A and B. 

Sample 
Voltage (kV) Flow rate 

(ml/h) 

Distance (cm) Predicted 

aspect ratio 

A 
17 1 15 7 

B 
13 2 22 13 

 

 
a 
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b 

Figure 5.11 a) Morphological characterisation of BSA loaded PLGA particles prepared using 

condition A (voltage: 17 kV, flow rate: 1 mL/h and distance: 15 cm) as highlighted in Table 

5.6. A mixture of spheres and tailed rods with an average aspect ratio of 8 ± 5 was observed. 

b) Morphological characterisation of BSA loaded PLGA rods prepared using condition B 

(voltage: 13 kV, flow rate: 2 mL/h and distance: 22 cm). Rods with an average aspect ratio of 

21 ± 13 and a few discs are observed. 

The particles obtained from processes A and B (Table 5.6) were suitable for follow 

up studies because they were reproducible. The actual aspect ratios were 8 ± 5 and 

21 ± 13, but the ratios were predicted at 7 and 13 respectively. Although the 

particles had a higher aspect ratio than predicted, the samples obtained allowed for 

distinctive differences in shape to be tested. For further investigation it was useful 

to compare not only the rod particles to spherical particles but also samples that 

contained a mixture of both shapes, this would inform the importance of shape 

being dependent on the quantity of material present. 

5.6.2 Particle disaggregation  

Particle aggregation on collection was a hindrance to the progress of the research 

study. The resulting aggregates would not allow an effective determination of the 

effect of particle shapes on cells. It was thus important to explore methods to limit 

aggregation. 

When charged droplets are electrosprayed and collected on foil-covered plates the 

resulting particles generally deposit as aggregates. Permittivity is defined as the 

ability of a substance to store electrical energy (502), and a particle made using a 
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solvent with low permittivity will break and stay apart less readily under strong 

electric fields. Modesto-Lopez and Biswas determined that the electrical 

conductivity of a solution or suspension influence how much the formed particles 

will aggregate (503). Another possible reason for aggregation could be the 

formation of capillary bridges between particles, brought about by the solvent in 

the solution or the presence of water in a humid atmosphere (504ï506). As seen in 

Figure 5.11 a and b, the particles appear aggregated.  

For the effect of shapes to be accurately investigated, agglomerated particles have 

to be disaggregated to allow for the individualised particles and its effect to be 

examined. Presented in Figure 5.12 are a few of the methods adopted to attempt to 

yield separated particles.  

Similar experiments were performed for sample B and trends observed were the 

same. The impact of several separation techniques was also easier to visualise with 

Sample A because of the particle size. 

A B C 

 

Sonicated in water for 1 

minute using a water bath 

 

Sonicated in water for 2 

minutes using a water bath 

 

Sonicated in water for 3 

minutes using a water bath 

D E F 

 

Sonicated in water at 16 

A/µm for 1 minute 

 

Sonicated in water at 16 

A/µm for 2 minutes 

 

Sonicated in water at 16 

A/µm for 3 minutes 
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G H I  

 

Sonicated in hexane at 10 

A/µm for 1 minute 

 

Sonicated in hexane at 10 

A/µm for 2 minutes 

 

Sonicated in hexane at 10 

A/µm for 5 minutes 

J K L 

 

Sonicated in hexane at 6 

A/µm for 1 minute 

 

Sonicated in hexane at 6 

A/µm for 2 minutes 

 

Sonicated in hexane at 6 

A/µm for 5 minutes 

  
























































































































































