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 i 

Summary 

 

In the last 20 years biotherapeutic macromolecules have become the fastest growing 

sector within pharmaceutical industry. Their development, facilitated by the introduction 

of advanced molecular engineering techniques, has led to improved treatment options for 

patients with autoimmune conditions, various cancer types, and infectious disease. The 

complex molecular structure of these drugs render them susceptible to degradation and, 

as a result, many commercially available products are suitable for parenteral drug delivery 

only. Subsequently, the hypodermic needle and syringe has remained the device of choice 

for biotherapeutic delivery, despite the many drawbacks associated with this method. 

Transdermal delivery has been an attractive alternative for many pharmaceutical 

formulators. However, few drugs possess the appropriate physicochemical properties 

required for crossing the human skin barrier. Microneedle (MN) technology combines 

micro-engineering and material sciences to fabricate micron scale projections 

manufactured onto a platform. That, when pressed against the skin, create aqueous 

apertures allowing drug delivery directly into the dermal tissue. This thesis explores the 

development of polymeric MN-based drug delivery systems, capable of facilitating 

intradermal and transdermal passage of biotherapeutic macromolecules. The model 

protein ovalbumin was incorporated into polymeric MN systems using commonly 

employed industrial manufacturing techniques and sterility was successfully 

demonstrated. Further these MN platforms were evaluated for intradermal delivery in vivo, 

highlighting the potential adjuvant effects of Gantrez® S-97. Subsequently, through 

industrial collaboration with market leading transdermal manufacturing company, 

Lohmann Therapie Systeme AG, the commercially available vaccine Pentavac® was 

successfully incorporated into dissolving MN arrays. This study has provided significant 

learnings for both academia and industrial partners, in relation to industrial manufacture 

of MN and biotherapeutic macromolecules. Finally, polymeric MN platforms were 

evaluated in vitro and in vivo for transdermal delivery of a therapeutically relevant 

monoclonal antibody, bevacizumab. This thesis provides significant evidence to support 

polymeric MN arrays, as minimally invasive intradermal and transdermal delivery 

platforms of biotherapeutic macromolecules. Focused input from key stakeholders, 

including: academia, industry, regulators, healthcare professionals and patients will be 

needed to ensure successful MN commercialisation.
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1.1 Biotherapeutic agents 

 

Biotherapeutic agents now make up one of the most rapid growing sectors of the global 

pharmaceutical market. Currently, market valuations place monoclonal antibody 

therapeutics at US$90 billion/year with annual growth rates in this sector projected at 8% 

or more over the next several years (Ecker et al. 2015). Although currently dominated by 

small molecule compounds, the pharmaceutical industry continues to develop 

biotherapeutic agents, as growth in this sector outperforms traditional small molecule 

development. With regard to mAbs, in 2010 blockbuster drug status (drug sales in excess 

of US$1Billion/year) was afforded to nine mAb therapeutics, with 75% of the total 

income as a result of five mAbs: bevacizumab (Avastin®), rituximab (Rituxan®), 

adalimumab (Humira®), infliximab (Remicade®) and trastuzumab, highlighting the 

commercial success of this particular class of drugs (Elvin et al. 2013). These drugs have 

risen to fame primarily as they are highly tunable compounds which allow for specific 

ligand targeting and as such yield the promise of fewer side-effects and limited off target 

consequences. Biotherapeutic agents have provided significant benefit to patients as 

cancer treatment options, as immunotherapies, the treatment of autoimmune diseases, in 

blood coagulation control, treating infectious diseases and in tissue regeneration and 

engineering. The World Health Organization (WHO) describes biotherapeutic products 

as material derived from biological sources or recombinant deoxyribonucleic acid (DNA) 

technology and includes recombinant proteins, peptides, antibodies, antibody-conjugates, 

antibody fragments, Fc-fusion (fragment crystalisable-fusion) proteins, vaccines, 

oligonucleotides and other bio-engineered molecules (World Health Organization 2013).  

 

First endorsement for biotherapeutics came in 1982, when the US Food and Drug 

Administration granted approval for human insulin, derived from recombinant DNA 

technology, to be used as a treatment for diabetes (FDA 1982). Since then, many 

biotherapeutics have been approved for human use. Hundreds more are currently 

undergoing clinical trials, with a further 70 monoclonal antibody therapeutics set for 

market by 2020 (Ecker et al. 2015). Biotherapeutics are have been achieving higher 

approval success ratings whilst maintaining similar development phase lengths to small 

molecule compounds (Reichert 2010). 

 

 



Chapter 1 Introduction 
 

 2 

A selection of biotherapeutic drug classes and marketed examples thereof, are 

documented in Table 1.1. The diversity in structure and function of these products is vast 

and, yet, drug delivery options are frequently limited to intramuscular (IM), intravenous 

(IV), or sub-cutaneous hypodermic injection. 

 
Table 1.1. Drug class of marketed biotherapeutic compounds, reproduced from Recent Advances in 

Biotherapeutic Drug Discovery and Development Present and future. Adapted from Zhong et al. (2011). 

 

1.1.1 Protein and peptide therapeutics 

In contrast to traditional small molecule compounds, protein and peptide pharmaceuticals 

are significantly larger in molecular weight and, as a result, are more complex in their 

molecular structure. In 1972, Paul Berg produced the first recombinant DNA, which 

initiated the beginning of recombinant technology. This work gained Berg the Nobel 

Prize in 1980 and signaled the birth of a new class of pharmaceuticals, namely 

recombinant proteins. Protein and peptide molecules can be derived from recombinant 

DNA technology or harvested from natural sources and characteristically have a 

backbone of amino acids. Amino acid sequencing is characterised by the peptide bond 

which results from the condensation reaction between carboxyl function of one amino 

acid and the amine function of another (Stryer et al. 1998). The sequence in which the 

amino acids are arranged is referred to as the peptide primary structure and is coded for 

in DNA by triplet base codons. The primary sequence is fundamental in determining 

protein and peptide conformation and ultimately function. Linus Pauling and Robert Cory 

Drug Class Examples 

Growth 

Factors 

Erythropoietin’s, Granulocyte colony-stimulating factors 

Hormones Insulin, Human growth hormone 

Cytokines Interferon- alfa, -beta, -gamma, Interleukins (Neumega®, Anakinra®) 

Therapeutic 

replacement 

enzymes 

Naglazyme®, Myozyme®, Elaprase® 

Blood factors Factor VIII, Factor VIIa, Factor IX 

Anticoagulants Tissue plasminogen activator, recombinant hirudin, activated protein C 

Therapeutic 

antibodies 

Ritxumab, Adalimumab, Cetuximab, Trastuzumab 

Fc-fusion 

proteins 

Etanercept, CD2-Fc, Abatacept, Nplate® 
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(1951) suggested that amino acid folding could lead to two separate structural phenomena, 

now widely accepted as the secondary structures of alpha helix and beta pleated sheets 

(Figure 1.1). 

 
Figure 1.1. Schematic representation of the four levels of protein structure: primary, secondary, tertiary and 

quaternary. Adapted from Reece et al. (2012). 

 

Further folding of these structural phenomena is referred to as a protein’s tertiary 

structure, which is stabilised by a number of intramolecular bonds including, ionic 

interactions, hydrophobic interactions, hydrogen bonds and disulfide linkages (Figure 

1.2). Instances when multiple protein sequences aggregate and form a larger globular 

protein structure is defined as the quaternary structure. 
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Figure 1.2. Schematic representation of the tertiary structure of a protein sequence showing stabilizing 

forces, ionic bonds, hydrophobic interactions, disulfide linkages and hydrogen bonds between polypeptide 

amino acid residues. Adapted from Reece et al. (2012). 

 

The large size and complexity of protein and peptide therapeutics, ranging from 10 Da to 

>200,000 Da, makes these compounds an impressive feat of molecular engineering, and 

affords a specificity for target receptor binding not seen with the traditional small 

molecule therapeutics. The specificity in binding has allowed treatment development for 

new disease states combined with side effect reduction and continual improvement on 

existing treatment options. The significant increase in hydrodynamic radius, in 

comparison to traditional small molecule therapeutics has a dramatic effect on the 

absorption, diffusion, metabolism and excretion (Markowitz et al. 1997) and each require 

consideration at the formulation stage. Protein therapies display superior specificity over 

many small molecule compounds and as such, have been described as ideal candidates for 

specific and targeted drug therapies (Adair et al. 2012). 

 

1.1.2 Monoclonal antibody therapeutics 

As a direct result of advances in biomolecular sciences, biotechnology and protein 

engineering, mAb therapeutics have become one of the most successful categories of drug 

compounds currently available on the pharmaceutical market and are used to treat 

multiple pathophysiologies (Strohl 2009). The specific binding quality, defined as a result 

of their unique and complex structure, ensures they are particularly useful as tunable 

therapeutics. In contrast to polyclonal antibodies, monoclonal antibodies are structurally 

identical and derived from a single source hybridoma cell line. The generation of 
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hybridoma cells was first described in 1975 by Köhler and Milstein, whereby specific 

antibody-producing B-cells were fused with myeloma cell lines. The resulting 

“hybridoma” had the capacity to produce specific monoclonal antibodies (antibodies 

displaying singular specificity with regards to their binding site). This method of 

production has since become the primary route of mAb production (Köhler et al. 1975). 

The mass production of mAbs is now carried out in high-yield, scaled up cell lines such 

as Chinese Hamster Ovary (CHO) cells or Human Embryonic Kidney (HEK) cells. 

Figure 1.3 shows the ribbon and space fill structure of a mouse immunoglobulin (IgG) 

antibody molecule. 

 
Figure 1.3. Structural representation of a mouse immunoglobulin (IgG) antibody molecule, heavy chain 

shown in blue, light chain shown in green and glycosylation shown in orange. Adapted from the Protein 

Data Bank: accession number 1IGY (Wright et al. 1998). 

 

MAbs suffer similar disadvantages to other smaller protein and peptide compounds with 

regards to drug delivery. Figure 1.3 gives an indication as to the complex structure of an 

IgG antibody, with short and long chain sections, hinge regions and variable chain aspects. 

Low bioavailability, oral bioavailability and the inability to cross epithelial barriers as a 

result of high molecular weights, low lipophilicity and charged functional groups that 

hamper absorption have been defined as the key factors for delivery of these compound 

(Aungst et al. 1996). As a result of these key factors mAbs, peptides and protein 

compounds are generally unsuitable for oral administration (Mitragotri et al. 2014). 

Intravenous (IV) or subcutaneous injection of mAbs, proteins and peptide therapeutics 

has traditionally been the principle method of delivery as they can circumvent these 

absorption problems. Despite this, systemic protease activity and metabolism, 

opsonisation, conformational changes and denaturation, reversible and irreversible 
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complexation with other blood components continue to pose as challenges for mAb, 

protein and peptide drug formulators (Maher et al. 2012). 

 

1.1.3 Vaccines 

Vaccination stands as potentially one of the most important, cost-effective and successful 

public health interventions available to healthcare systems worldwide. Vaccination 

effectively prevents disease, can improve the morbidity of a population base and helps to 

reduce mortality rates. Recent publications have shown that vaccination strategies can not 

only serve to improve the health of an individual, but further improve the overall health 

of a population. Many commercially available vaccines are protein-based compounds, 

ranging from small amino acid sequences to large combinations of globular proteins. As 

such, delivery of these compounds has also been restricted to needle and syringe 

approaches. In order to vaccinate an entire population, significant resources are needed 

to provide the necessary infrastructure to access all individuals.  

 

The concept of “herd immunity” can refer to indirect protection of a community of 

people from a disease by immunizing a critical proportion of that population. A common 

implication of herd immunity is that the risk of infection among susceptible patients can 

be reduced by close proximity of individuals that are immune to the disease (Fine et al. 

2011). Herd immunity allows a break in the infection transmission, such that outbreaks 

cannot occur. One example of this is the transmission of measles, which may be halted 

by vaccinating 92-95% of a population (Anderson 1992). The remaining unvaccinated 

individuals are, theoretically, protected by conferred immunity. Given the high percentage 

of vaccination coverage within the population, this results in measles transmission being 

blocked within the community. This principle has been utilised in order to reduce the 

vaccination burden on healthcare systems for populations that may be difficult to 

effectively vaccinate. The Ebola virus epidemic has served as a reminder that disease 

outbreaks can be swift and devastating. As such novel methods of vaccination are 

constantly being developed in order to facilitate vaccination coverage in a particular 

population (Gittings et al. 2016). This concept of community or “herd” immunity is 

represented in Figure 1.4 below, showing the containment of a contagious disease in a 

population where a high percentage of healthy people are vaccinated. 
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Figure 1.4. Schematic representation of the effect of community or “herd” immunity following 

immunisation against a contagious disease. Reproduced from National Institute of Allergy and Infectious 

Disease (NIAID) (2016). 

 

The first vaccination was famously carried out by Edward Jenner in 1796 and resulted in 

the development of the smallpox vaccine (Kris et al. 2012). It is now known that 

introduction of antigenic material into the body can improve a person’s immunity against 

a specific disease, through production of antibodies or through cell-mediated responses 

(Saroja et al. 2011).  Vaccines have since expanded and now encompass a number of 

different types including: live attenuated, inactivated, subunit, toxoid, and DNA vaccines. 

Many vaccines aim to mimic a disease-causing organism and ultimately stimulate the hosts 

immune system. To achieve effective vaccination, the body must be able to recognise the 
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antigen as foreign, inactivate or destroy the vaccine, and ultimately remember the vaccine, 

such that any further provocation by the organism can be quickly and effectively dealt 

with. Vaccine composition is unique in each case and has a significant impact on the way 

these vaccines are administered and, ultimately, how their effects are mediated (Baxter 

2007).  

 

Live attenuated vaccines have been available since the 1950s and are derived from 

pathogens capable of causing disease. Using certain laboratory techniques these 

pathogens are weakened so that they will grow in a vaccinated patient however will only 

cause mild or no disease. These vaccines have remained popular, as they provide similar 

immune responses as to wild type pathogens, providing sufficient time for memory cell 

production. Notable live attenuated vaccines include tuberculosis (BCG), oral polio 

vaccine (OPV), measles, rotavirus and yellow fever. There have been some concerns with 

respect to the degree of unpredictability of such vaccines. In some rare occasions, such 

as in vaccine-associated paralytic poliomyelitis (VAPP) and disease-causing vaccine-

derived poliovirus (VDPV) vaccines have reverted to pathogenic forms resulting in 

symptomatic disease (World Health Organisation 2004). Inactivated vaccines are 

manufactured from pathogens, such as viruses or bacteria that have been killed through 

physical or chemical processes and therefore cannot cause disease. Whole-cell pertussis 

and inactivated polio virus vaccines have proven effective at reducing disease spread 

(World Health Organisation 2003). There are some concerns that the immune response 

stimulated by inactivated vaccines may not be robust and long lasting. In order to 

overcome this, many of these vaccines require repeated administrations, again adding to 

the vaccine administration burden. 

 

Subunit vaccines, similar to inactivated whole-cell vaccines, do not contain live pathogens. 

They simply contain the antigenic segments of the pathogen, often fragments of the 

pathogens cell wall. Subunit vaccines can be broadly categorised into three groups namely: 

protein-based, polysaccharide and conjugate referring to the type of molecules used to 

achieve copies of the antigenic sequence. Subunit vaccines are highly specific and 

therefore, costly. However, similar to inactivated vaccines, subunit vaccines are 

considered extremely safe. Acellular pertussis and hepatitis B are examples of protein-

based vaccines. Inactivated pertussis toxin (a protein), first formulated in the 1950s, was 

produced by a process of chemical detoxification (Helting 1977). Similarly, hepatitis B 
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vaccines originally were composed of the hepatitis B surface antigen, which was produced 

by hepatitis B virus particles. Recently recombinant technology has since replaced this 

method of production reducing the risk of potential contamination with viral particles 

and increasing the safety profile of the vaccine. Adverse reactions are very rare with each 

of these protein based vaccines, highlighting the success of protein subunit vaccines 

(World Health Organisation 2005; World Health Organisation 2009). Polysaccharide 

vaccines are used to provide an immune response targeted towards a pathogens capsule, 

however such sugar molecules are small and often not significantly immunogenic. As a 

result, they tend to provide short term immunity with slowly increasing antibody titres. 

These vaccines are often ineffective in infants and small children. Polysaccharide vaccines 

include meningococcal disease as a result of Neisseria meningitides groups A, C, W135 and 

Y. Conjugate subunit vaccines are beneficial as polysaccharide molecules are tethered to 

a carrier protein capable of inducing long-term protective responses, even in infants and 

young children. One of the most notable conjugate vaccines is the Haemophilus influenzae 

type B (Hib) vaccine. The inclusion of diphtheria and tetanus toxoid proteins as carriers 

can help prevent infections for which polysaccharide vaccines are ineffective or only 

provide short term protection (World Health Organisation 2006). This particular vaccine 

group has proven highly effective in the prevention of infectious diseases in adults and 

children, notably in developing countries. 

 

Toxoid vaccines are specifically based on the toxin produced by a particular pathogen, 

for example tetanus toxoid or diphtheria toxoid. These toxoid vaccines are often adsorbed 

onto aluminium or calcium salts which can increase the immune response and provide 

more effective immunity. Such adjuvant effects are often exploited in immunological 

research to heighten the immune response to mildly immunogenic materials. Toxoid 

vaccines are safe, as there is no possibility of reversion to virulence, and often stable as 

they are less susceptible to alterations in temperature, humidity and light (Baxter 2007). 

 

DNA vaccines are a relatively new approach, whereby bacterial plasmids constructed to 

express an encoded bacterial protein is administered into the host. Following transfection 

of the host cell with bacterial plasmid, the antigen is produced and an immune response 

is mounted. A number of DNA vaccines have been licensed for veterinary use however 

their prevalence within the human pharmaceutical market remains low (Liu 2011). DNA 

vaccines present an exciting area of research, with significant efforts being taken in order 
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to develop human DNA vaccines. The first DNA vaccines are likely to be based on simple 

plasmid DNA derived from bacterial cells. However, future vaccine candidates may 

include ribonucleic acids (RNA) and other nucleic acid complexes (Yin et al. 2013). 

Vaccines can be described as mono- or polyvalent and describes the number of strains or 

serotypes of the same antigen. Vaccine products are usually formulated as a single vaccine 

however, it is often beneficial to combine multiple vaccines in order to overcome logistical 

constraints of multiple injections and accommodate patient fears and anxieties. A number 

of challenges surround vaccines with regards to delivery options. Despite their widespread 

success, the majority of current vaccination strategies rely on parenteral injectable 

formulations.  

 

1.2 Biotherapeutic formulation challenges 

 

Liquid preparations for infusion and bolus injection have traditionally been the most 

common formulation option for biotherapeutic macromolecules. Initial development of 

basic murine antibodies through to complementary-determining region grafting, 

ultimately leading to fully humanised constructs, it is clear that the production of protein 

based therapeutics is highly advanced (Daugherty et al. 2006). Despite this, a number of 

fundamental formulation issues surround macromolecule production. The production of 

material at quantities suitable for therapeutic use, although costly, is now an appealing 

area of pharmaceutical manufacture. The high degree of specificity afforded by 

biotherapeutic molecules making them attractive to pharmaceutical manufacturing 

companies is hampered only slightly by the stability challenges associated with this class 

of compounds.  

 

In comparison to small molecule therapeutics, proteins are relatively easily degraded. It is 

well known that exposure to excessive heat, light, extremes of pH, agitation, sheer-stress, 

some metal ions and organic solvents can lead to loss of protein structure and function. 

In addition to these generic protein formulation issues, antibody therapeutics can suffer 

further specific degradation events, rendering them ineffective. Such specific degradation 

pathways include Fc glycosylation and oxidation events, hinge-region cleavage and partial 

heavy chain processing (Harris 2005). Additionally, difficulties in preparing formulations 

with the desired dosing, often in the range of 100 mg/ml or greater, can be challenging 

to attain. Often general pre-formulation strategies are used whereby isotonic, non-
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haemolytic, mildly acidic conditions are employed. Simple animal studies involving 

intravenous infusion or subcutaneous injections attempting to imitate the delivery strategy 

that may ultimately be used in the clinic, often highlighting stability issues of the drug in 

such formulations (Bazin et al. 1994). Protein precipitation can occur following 

refrigeration or as a result of repeated freeze-thaw cycles. Such events may be facilitated 

by inappropriate buffer selection or inappropriate pH. Re-engineering of protein 

therapeutics may be required in order to ascertain a more thermodynamically stabile 

molecule with greater folding efficiency (Ewert et al. 2004). Similarly, alterations in amino 

acid sequences may confer a higher degree of thermal stability. However, such changes 

can alter the antigen binding site. 

 

Oxidation of methionine and cysteine residues within protein structure and specifically in 

antibody therapeutics is a frequent degradation feature, whilst glutamine and asparagine 

residues display a significant propensity for deamination reactions. With both light and 

heavy chains susceptible to deamination, this accounts for one of the most widespread 

events resulting in charge heterogeneity in monoclonal antibody formulations. Empiric 

assessment of variations in pH, ionic strength and temperature remain the most effective 

methods for reduction deamination events (Zhang et al. 2013).   

 

Liquid formulations of biotherapeutic agents often display aggregation events, whereby 

low concentration solutions loose further proteins within the bulk fluid to adsorption of 

the protein to the container walls. Conversely, at higher concentrations proteins 

characteristically aggregate. Antibody preparations were initially formulated at medium 

concentrations (1-10 mg/ml) for acute administrations so that protein adherence and 

aggregation losses were not significant. However, as antibody therapies became more 

widespread within chronic care and therefore subject to repeated dosing, there was a need 

to reduce volumes to achieve subcutaneous injection volumes thus increasing 

concentrations to >50 mg/ml. At these concentrations antibody solutions can be 

problematic in that aggregation events are more common and viscosity increases 

significantly. Synagis®, an anti-respiratory syncytial virus antibody, was formulated at 100 

mg/ml, exemplifying the potential for success in overcoming such formulation 

challenges. Protein-protein interactions increase in a dependent fashion as concentration 

increases and so too does the opportunity for stable aggregates to form. Due to the natural 

internalisation of hydrophobic domains, in order to achieve a more thermodynamically 
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stable state, protein interactions which maintain this state are more favourable. 

Aggregation can be overcome through storage at lower temperature, slightly acidic 

conditions, and low to medium salt concentration (<1 M NaCl). Similarly a number of 

additives have been found to reduce protein aggregation, for example: urea, guanidium 

chloride, amino acids, sugars, polyols, polymers, such as poly(ethylene glycol), and 

surfactants (Baynes et al. 2014). 

 

Protein fragmentation involves the breakdown of molecules at various cleavage sites. 

Antibody therapeutics are composed of several portions that exhibit natural flexure 

points. Fragmentation of antibody molecules is common and will significantly affect their 

functionality in vivo. This form of degradation can play a more significant role in targeted 

therapeutics where, for example, cytotoxic compounds are tethered to the antibody for 

targeted delivery. With loss of structural integrity, this can lead to an altered 

biodistribution profile or safety profile (Daugherty et al. 2006). As a result of these 

formulation challenges, liquid formulation has remained the most often used form of 

pharmaceutical preparation within protein based and antibody therapeutics. Early studies 

involving antibody drugs suggested they were stable following freeze-drying. However, 

technical advances in protein aggregation assessment now suggests that cryoprotectants 

are required to reduce the formation of insoluble aggregates particularly with respect to 

reconstituted intravenous preparations (Krausková et al. 2016). The potential for 

degradation, as a result of one or many of these pathways makes protein and antibody 

therapeutics inherently difficult to formulate, particularly in conjunction with novel 

delivery platforms. 

 

1.3 Biotherapeutic drug delivery strategies 

 

Traditionally drug delivery of protein therapeutics was limited to the parenteral route with 

IV, IM and subcutaneous injection the only options available. This is primarily as a result 

of the additional difficulties, described previously, associated with formulation of a 

biomolecule. Parenteral delivery is often costly, with initial formulation costs high owing 

in part to the need for sterility and medical supervision. Many biomolecules are unsuitable 

for terminal sterilisation processing, such as dry heat or steam sterilisation, as they degrade 

significantly. Therefore, many injectable biotherapeutics are manufactured under aseptic 

conditions, significantly increasing cost for manufacturing and production. Furthermore, 
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injectable formulations generally require trained healthcare professionals to administer 

and monitor the patient pre- and post- injection further increasing total cost. Many 

antibody therapies require long infusion times often > 2 h. Such lengthy infusion times 

are required initially to assess patient tolerance of the formulation on first exposure, with 

shorter infusion times employed on repeat administrations. Further, in order to achieve 

high concentrations of circulating antibodies within the blood stream, large infusion 

volumes are required adding to administration time. During these times patients receiving 

such infusions cannot continue with day-to-day living. Alternative routes of delivery are 

detailed in Table 1.2 highlighting the advantages and disadvantages for each route. 

 
Table 1.2. The advantages and disadvantages of different routes of drug delivery. Adapted from 

Abrahamsson et al. (2016). 

Route Advantage Disadvantage 

Oral Preferred by patients 

Simple 

Slow/prolonged release capabilities 

Patient suitability – “nil by mouth” 

Slow absorption 

Enzymatic/acidic degradation 

Rectal High degree of absorption Unsuitable for some patients 

Patient acceptability 

Subcutaneous 

or 

intramuscular 

Good absorption 

Rapid onset compared to oral or rectal 

Potential for depot 

Unpredictable absorption if peripheries 

are poorly perfused 

Pain 

Needle phobia 

Intravenous Accurate and reproducible 

Instant response 

Titration of dose 

Requires cannulation 

Expensive 

Cannula infection risk 

Topical Minimally invasive 

Simple 

Patient satisfaction 

Poor absorption for many drugs 

Slow absorption 

Inhaled Rapid adsorption 

Potential for targeted delivery 

Bioavailability dependent on inhalation 

technique 

 

1.3.1 Alternative biotherapeutic delivery options 

The oral route of delivery is most preferred by patients. However, due to the harsh pH 

and enzymatic environment of the stomach it is unsuitable for delivery of many 

biotherapeutic macromolecules. Some steps have been taken in order to improve the 

bioavailability of such compounds within the gastrointestinal tract. However, these have 

not been easily translated into clinical practice. Bioavailability from the gastrointestinal 
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tract is dependent upon molecular mass, with significant decreases in absorption seen in 

molecules greater than 500-700 Da (Elsayed et al. 2009). The intestinal mucosa is 

considered to be a highly complex structure which has two main targeting sites for 

adhesion namely the mucosal tissue and the mucus gel layer. Current formulation 

strategies involve increasing the bioavailability of a macromolecule by overcoming 

enzymatic degradation, enhancing permeability, and developing higher potency 

macromolecule drugs (Philippart et al. 2016). It has been suggested that small protein and 

peptide therapeutics follow the paracellular route of adsorption however are subject to 

metabolic barriers consisting of brush border peptidases and luminal enzymes such as 

trypsin, carboxypeptidase, and elastase (Salamat-Miller et al. 2005). Interferon and human 

growth hormone are two biotherapeutic macromolecules formulated for oral delivery of 

particular note (Orive et al. 2014). Figure 1.5 summarises the main transport mechanisms 

involved in macromolecular adsorption within the gastrointestinal tract. 

 

 

Figure 1.5. Schematic representation showing (A) Transport mechanism of biodrug through the intestinal 

epithelium membrane, (B) Probable mechanism of penetration enhancer, and (C) enzyme inhibitors, (D) 

Representative mechanism of prodrug absorption and activation. Reproduced from Muheem et al. (2014). 
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Penetration enhancers and enzyme inhibitor-biotherapeutic conjugates have been used to 

increase biotherapeutic penetration into the intestinal lining and reduce the loss of activity 

as a result of enzymatic degradation. Prodrug conjugation has also been employed, 

however these methods have to date failed to yield commercial success within the 

biopharmaceutical industry. 

 

Pulmonary protein delivery has been an attractive option for patients with respiratory 

conditions such as asthma, chronic obstructive pulmonary disease (COPD) and cystic 

fibrosis (CF). Targeted drug delivery can provide localized benefits, reducing side-effects 

and minimizing off target consequences. Fellner et al. 2016 recently described promising 

inhaled protein and peptide-based therapies for respiratory diseases, described in Figure 

1.6 below. 

 

 
Figure 1.6. Rationale for SPLUNC1-derived peptide therapy for CF lung disease A) Normal airways B) CF 

airways C) Renormailisation of airway hydration and mucus clearance in CF airways. Reproduced from 

Fellner et al. (2016). 

 

Under normal physiological conditions bicarbonate secreted through cystic fibrosis 

transmembrane conductance regulator (CFTR) maintains airway surface liquid at pH 7. 

Here secreted short palate, lung, and nasal epithelial clone (SPLUNC-1) can bind to 

epithelial Sodium channel (ENaC), resulting in internalisation and inhibition of the 

channel. In the airways of patients with CF airways the surface liquid is acidic as a result 

of reduced bicarbonate secretion from dysfunctional CFTR. Under acidic conditions 

SPLUNC-1 adopts an inappropriate conformation where it cannot bind to ENaC causing 
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sodium hyperabsorption and airway surface liquid dehydration. S18-derived peptides are 

pH-dependent and can inhibit ENaC, reducing sodium absorption and facilitating 

normalisation of airway hydration and mucus clearance in acidic CF patient airways 

(Fellner et al. 2016). This is a prime example of pulmonary protein delivery achieving 

clinical effects in the treatment of CF. Following a similar method of delivery aerosolised 

formulations have been formulated for the delivery of mAb therapeutics to the lung. 

Biotinylated-cetuximab which targets epidermal growth factor receptors as a potential 

lung cancer treatment has been formulated for aerosolised mAb therapy in combination 

with AvidinOX® (artificial receptor for targeting biotinylated drugs to inoperable liver 

metastasis) (Storti et al. 2015). This method of drug delivery has been generally well 

tolerated by patients and are attractive for their dose sparing capacity. The majority of 

preclinical studies have shown the process of aerosolisation is conservative and preserves 

the biotherapeutic activity following pulmonary administration. 

 

The blood-brain barrier (BBB) provides an effective obstruction for most biotherapeutic 

agents from entering the central nervous system. Recent studies have shown that 

intranasal delivery may provide opportunities to gain access to the central nervous system 

(Meredith et al. 2015). Biotherapeutic macromolecules may gain entry through contact 

with the cribriform plate, or indirectly by entering vasculature or the lymphatic system 

(Figure 1.7). 

 
Figure 1.7. Pathways for intranasal transport. Reproduced from Meredith et al. (2015). 
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The most direct pathways available for protein therapeutics to reach the brain are via the 

trigeminal nerve or through the olfactory bulb. It is hypothesized that larger 

macromolecules access the brain through an indirect pathway. Drainage from the 

cribriform plate to the lymphatic system and ultimately through blood circulation to the 

BBB. Following navigation of the BBB the substances are transported to various regions 

of the brain by extranueronal, intraneuronal, or transneuronal transport mechanisms 

(Meredith et al. 2015).  

 

Exendin is a glucagon-like peptide 1 (GLP-1) homolog and acts as an agonist for GLP-1 

receptors. GLP-1 receptors in the central nervous system facilitates effects important in 

neuroprotection and cognition. Intranasal exendin has been shown to improve neuronal 

survival (During et al. 2003). Leptin is a larger protein (146 amino acids) secreted by 

adipose tissue and has been identified as important in spatial memory (Li et al. 2002). 

Intranasal delivery of synthetic leptin was shown to be four times bioavailability compared 

with IV or subcutaneous injection in mice. Since then uptake of pluronic-modified leptin 

into the central nervous system has been suggested as an efficacious treatment of obesity 

(Yi et al. 2014a). Despite the lack of clinical trials these examples serve to highlight the 

potential for intranasal delivery of biotherapeutic macromolecules. 

 

Many of the delivery strategies involved in targeting macromolecules to the central 

nervous system involves the use of polymer chains in particle technology. Figure 1.8 

shows a number of particle modification strategies used to enhance the permeation or 

longevity of biomacromolecules within the systemic circulation. 

 

 
Figure 1.8. Particulate carriers for central nervous system delivery of biomacromolecules. Reproduced 

from  Yi et al. (2014b) 

 

Liposomes that have received surface modification with poly(ethylene glycol) (PEG) 

allow for increase blood circulation time alongside targeting ligands facilitating increased 
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cellular uptake at the brain endothelium. Poly(lactic-co-glycolic acid) (PLGA) micro- and 

nanoparticles provide unique advantages for sustained delivery. Biodegradability 

associated with PLGA can allow for hydrolytic degradation, allowing controlled delivery 

of associated biotherapeutic agents (Zaric et al. 2013). Poly(butyl cyanoacrylate) (PBCA) 

nanoparticles with non-ionic surfactants have been shown to provide a delivery route for 

low molecular weight proteins. Block ionomer complex results from self-assembly of 

charged proteins and oppositely charged block ionomers. This method of protein delivery 

is still in early development however, shows significant promise for cellular uptake, high 

loading efficiencies and retention of biologic activity within the block ionomer complexes 

(Yi et al. 2014b). Intravitreal administration of biotherapeutic macromolecules generally 

involves the use of a hollow needle to inject material directly into the vitreous of the eye. 

This process is shown in Figure 1.9A and the typical fundus photographs of monkeys 

following intravitreal administration of Avastin® is shown in Figure 1.9B. 

 

 
Figure 1.9. A) Schematic representation of an intravitreal injection B) Typical fundus photographs obtained 

in a monkey before and 4 days after an intravitreal injection of Avastin® to the right eye. Reproduced from 

Heiduschka et al. (2007). 

 

Vascular endothelial growth factor (VEGF) inhibitors (Avastin®, Roche), ranibizumab 

(Lucentis®, Genentech/Novartis) and aflibercept (Eylea®, Regeneron) have been used for 

the treatment of age-related macular degeneration. Initially requiring repeated intravitreal 

injections, a number of controlled-release depot formulations now provide consistent 

local delivery of the biotherapeutic macromolecules (Mitragotri et al. 2014). This method 

of prolonged delivery of a biomacromolecule to a specific tissue has also shown promise 

for use in tissue engineering. Here prolonged exposure of specific macromolecules such 

as growth factors can significantly improve tissue growth, with down-stream impacts on 

A B 
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the release of cytokines and nucleic acids, improving cell survival (Mountzaris 2013). A 

number of highly specialized formulations involving polymeric materials are currently 

available for biotherapeutic macromolecules however, in many cases these methods 

continue to rely on injection administration. Despite the advances in injectable 

formulations providing significant reductions in repeat administrations for patients the 

biotherapeutic sector has yet to achieve a commercially successful alternative to injection 

administration. 

 

1.3.2 Alternative vaccine delivery options 

As with biotherapeutic delivery vaccine delivery has relied heavily on IM, intradermal (ID) 

and subcutaneous injection methods, providing an accurate and reliable means of 

introducing antigenic material into the host and producing robust antibody production 

and sustained memory B-cell formation. These labour intensive methods are costly and 

usually involve cold chain storage, reconstitution or both. Many vaccine preparations 

include adjuvants which act to potentiate the immune-stimulatory property of the antigen 

whilst being non-immunogenic, nontoxic and biodegradable in isolation (Saroja et al. 

2011). Vaccine delivery systems including emulsions, immune-stimulating complexes, 

microparticles and liposomes are often used to adjuvant vaccine antigens. Similarly, 

aluminium hydroxide and aluminium phosphate along with polynucleotides are examples 

of adjuvant used in commercially available vaccine products. Polymeric delivery systems 

allow for targeted delivery, with particle size playing a crucial role in antigen uptake by 

antigen presenting cells (APC). Table 1.3 highlights delivery of vaccines by polymeric 

microparticles through various routes of administration, showing the range of particle 

sizes employed. 

 
Table 1.3. Vaccine delivery using polymeric PLGA microparticle technology via various administration 

routes. Reproduced from Saroja et al. (2011) 

Antigen Particle size (µm) Delivery route 

B. pertussis fimbriae 0.8 – 5.3 PO 

B. pertussis hemagglutinin 1 IN 

Diphtheria toxoid 30 – 100 IM 

Influenza virus (formalinized) 2.2 – 10.8 Sub-Cut & PO 

Tetanus toxoid 10 – 60 Sub-Cut 

Vibriocholera cell-free lysate 1 – 10 PO & IT 

PO = peroral, IN = intranasal, IM = intramuscular, Sub-Cut = subcutaneous & IT = intrathecal. 
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Repeated vaccination dosing usually required with antigenic material may be overcome 

by use of such microparticle technology. Larger particles, which cannot be phagocytosed 

by macrophages begin to biodegrade yielding smaller fragments of polymer and antigen. 

This has been shown to provide pulsatile dosing which may reduce the need for repeated 

vaccination - the pulsatile release of antigen imitating prime and boost vaccination 

schedules (Oyewumi et al. 2010). 

 

Many disease causing organisms reach the body by first entering through mucosal tissue. 

It is therefore not surprising that significant immunologically important cells reside within 

surface mucosal tissues (Chadwick et al. 2010). Figure 1.10 shows the main mucosal 

surfaces throughout the human body, indicating many potential vaccine sites. 

 

 
Figure 1.10. Schematic representation of the mucosal immunisation routes within the human body. 

Reproduced from Lycke (2012).  
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Certain vaccination sites are more effective at producing immunity in specific 

compartments within the human body. Intranasal immunisation is currently the preferred 

route for targeting respiratory, gastric and genital tracts. Similarly, oral vaccination is most 

effective for inducing antibodies in the mammary glands (ultimately secreted in the milk) 

and in the gut. Rectal vaccination elicits significant induction of colonic and rectal 

immunity. Intravaginal immunisation is potentially the most effective with respect to the 

production of antibody responses and T-lymphocyte immunity in the genital tract (Lycke 

2012).  

 

It is worth noting that many of the challenges associated with biotherapeutic nasal delivery 

apply to vaccine delivery, with short antigen exposure playing a key role in ineffective 

antibody responses. Mucoadhesive adjuvants have been used to overcome the rapid 

clearance of vaccines form the nasal mucosa thus increasing residence time within the 

nasal cavity and prolonging antigenic exposure. A further drawback from nasal delivery 

of vaccine agents is due to the proteolytic barrier present at this site which hampers 

vaccine delivery, as enzymatic degradation is relatively high. A number of live attenuated 

flu vaccines have been able to overcome these formulation issues and have commercial 

success, namely: FluMist®, FluMist® Quadrivalent and Fluenz®. A number of other 

vaccines are currently under investigation for intranasal delivery: Hepatitis B, 

Mycobacterium tuberculosis, Bacillus anthacis, human immunodeficiency virus (HIV) infection, 

Streptococcus pneumoniae, and shigella (Fortuna et al. 2014).  

 

Vaginal delivery of vaccines has also shown significant promise with regards to the 

production of a robust immune response at the pathogen site of entry. This has particular 

implications for sexually transmitted diseases (Steinbach 2015). Intravaginal delivery of 

antigenic material has a number of difficulties with achieving prolonged exposure of 

antigen to APC’s such as mucosal shedding, high immunotolerance, and mucus and 

epithelial changes according to the fluctuating hormone cycle (Kuo-Haller et al. 2010). 

Intravaginal delivery of DNA and (small interfering ribose nucleic acid) siRNA to treat 

HIV is still at an early stage of development. However results have shown preliminary 

success following in vitro and in vivo results in terms of reducing HIV transmission (Yang 

et al. 2013).  
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The delivery of DNA vaccines is made further challenging as the plasmid must enter the 

host progress into the cell and ultimately into the nucleus, where it can then fulfil its role. 

In order to transdermal delivery in this way a number of transdermal delivery strategies 

have been employed such as jet injector devices, gene guns, electroporation and pressure 

injectors. Figure 1.11 shows the progression of a DNA vaccine through tissue and into 

an antigen presenting cell, highlight some of the methods that can be employed to increase 

the potency of DNA vaccines. 

 

 
Figure 1.11. Schematic representation of sites to increase the potency of DNA vaccines. Reproduced from Liu (2011). 

 

DNA vaccine potency may be improved through attempting to alter the plasmid itself to 

increase expression or immunogenicity. Similarly, formulation designed to augment the 

stability of the plasmid such that it can be delivered by mucosal surfaces may provide 

increased potency of such a vaccine product. 

 

Many of the vaccine delivery systems discussed here aim to target the mucosal sites within 

the body, aiming to overcome barriers to successful vaccination such as enzymatic 

degradation, short residence time and high rate of clearance. In order to fully achieve 

commercial success, novel vaccination strategies need to: reduce cost, have high patient 

acceptability, be inherently simple to use, preferable reduce the need for healthcare 

supervision, overcome formulation challenges such a stability, stimulate effective 

antibody production and ultimately provide effective immunological protection.  
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1.4 Skin 

 

1.4.1 Structure and function of the skin 

The skin is one of the most complex organs of the body, providing functions such as 

temperature regulation, mechanical protection and maintenance of homeostasis. 

Regulation of the entry and outlet of chemicals and water are key to maintaining healthy 

functioning in the human body. The skin has a surface area of approximately 2 – 3 m2 

and is considered the largest organ of the human body receiving up to one third of the 

total blood circulation (Woolfson et al. 1993). The skin has been a target for drug delivery 

for many years due in part to its size and the associated ease of administration of topical 

medicines. The skin is a multilayered organ comprising of the epidermis, dermis and 

subcutis. It provides a barrier to the external environment which is flexible yet tough. The 

upper layers of the skin can be segregated into five distinct strata namely: stratum corneum 

(SC), stratum lucidum (SL), stratum granulosum (SG), stratum spinosum (SS) and the stratum basale 

(SB). These layers rest on top of the dermis and subcutis, as shown in Figure 1.12 below. 

 
Figure 1.12. Schematic representation of skin morphology, reproduced from “Structure and function of 

the epidermis related to its barrier properties” adapted from Baroni et al. (2012). The diagram indicates 

epidermis layer composed of the stratum corneum SC, stratum lucidum SL (not shown), stratum granulosum SG, 

stratum spinosum (SS), stratum basale SB, the dermis and hypodermis layers of the skin. 
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The subcutis and hypodermis fat layer provides support and cushioning, also acting as an 

insulator of heat and as a biological shock absorber. The blood vessels that supply the 

skin reside in this layer. The dermis lies below the 5 outer layers of the skin, providing 

tensile strength, protection from injury and infection. The subcutis also provides nutrition 

and water storage for the epidermis. The dermis is characteristically a gel-like matrix of 

collagen, elastin and mucopolysaccharides (Wilkes et al. 1973). The vasculature of the skin 

helps to regulate the skin temperature and supply oxygen and nutrients, removing waste 

products and aiding in wound repair. Locally absorbed chemicals are also removed from 

the skin via the blood circulation – an important factor for drug administration. The close 

circulation of blood to the epidermal junction provides a continuous concentration 

gradient between the skin layers and the blood supply. Similarly this concentration 

gradient is also maintained by lymphatic drainage present within the skin layers (Cross et 

al. 1993). 

 

The dermis comprises a number of appendageal structures of the skin such as, sweat 

ducts, sebaceous glands, arrector pili muscles, sweat glands and hair follicles. Human skin 

contains between 40-70 hair follicles and 200 -250 sweat ducts/cm2, or 0.1% of the total 

surface area. Sebum, an oily secretion from the hair follicles, acts as a plasticizer for the 

SC and aids in the maintenance of skin surface acidity, pH 5 (Bronaugh et al. 1999). The 

epidermis is the thinnest part of the skin ranging from 0.8 mm on the hands and feet to 

0.06 mm on the eyelids and scrotum. The deepest layer of the epidermis is called the basal 

layer or SB. The cells residing here are continuously undergoing mitosis providing new 

cells to move up through the skin layers on an outward journey. Melanocytes, Langerhans 

cells and Merkel cells are found in this layer. The SS lies above the SB and is usually 

between 2 and 6 layers thick consisting of cells arranged in an irregular morphology. This 

layer is metabolically active however does not undergo mitosis. The next layer, the SG, 

lying closer to the surface of the skin, consists of flattened granular cells containing 

keratohyalin, which gives them their respective appearance under histological staining. 

This is the first layer where cell organelles begin to degrade significantly. The decreased 

activity as the cells pass through this layer finally results in degradation of the nucleus and 

cessation of metabolic activity. The SL lies just beneath the SC and here cells are 

elongated, translucent and lack nuclei or cytoplasmic organelles. Here, there is an increase 

in keratinization as cells progress from the bottom to the top of the epidermis. 
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The SC is the outer layer of the skin comprised of keratinized, dehydrated and compacted 

layers of dead cells. This layer is on average 10 µm in thickness, equating to approximately 

15 – 20 cells and can swell to many times this thickness when wet. The cells within the 

SC are physiologically inactive and are continually being shed and replaced by the outward 

migration of cells from the tissues underlying it. The SC is known as the rate-limiting 

membrane of the skin, thus limiting chemical impasse from the external environment and 

also controlling water loss from the body (Scheuplein et al. 1971). The SC consists of 

mainly corneocytes, acting as hydrophilic cells however is on balance slightly lipophilic 

due to the high composition of keratin, triglycerides, cholesterol, fatty acids and 

phospholipids (Anderson et al. 1973). The SC continuously sheds the outermost layer of 

cells and this process is known as desquamation. This process involves cleavage of 

intracellular bridges suggesting a certain degree of metabolic activity within the layers of 

cells considered to be dead. The SC is described by the “bricks and mortar” model, 

whereby the densely packed corneocytes represent “bricks” which are held together by 

lipid bilayers, or “mortar” (Michaelis et al. 1975; Elias et al. 1981). The outermost 

corneocytes can be described as polygonal. These are the final stages of keratinocyte 

differentiation are interlinked by corneodesmosomes. The “mortar” lipid bilayer is 

lamellar and continuous, with ceramides generally considered the most important 

component of this phase. The bricks and mortar model of the SC can be seen in detail in 

Figure 1.13. Polar ceramide lipids help to form a continuous polyproteinacious phase 

which alters slightly at various sites around the body for example at the palm of the hand 

and soles of the feet. 

 
Figure 1.13. Schematic representation of the “bricks and mortar” model of the SC. Reproduced from 
Harding (2004). 
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A number of transdermal routes of absorption have been proposed with the most 

common theory surrounding the absorption through the lipid layer of the SC. This 

absorption pathway is somewhat longer and more tortuous when compared to the 

transcellular pathway however, does not require multiple partitioning between lipids and 

corneocytes within the SC. Simply, molecules partition into the lipids of the SC “mortar” 

and diffuse through this phase until it reaches the deeper layers of skin tissue. The 

intercellular and transcellular pathways of drug diffusion are shown in Figure 1.14. 

 
Figure 1.14. Pathways of drug penetration through skin. Reproduced from Moss (2015). 

 

The transappendageal route of drug administration refers to movement of molecules 

across the skin via hair follicles or sweat glands. Although this route of drug absorption 

has been subject to significant interest, the low percentage area available for this route is 

so low, that often little significant drug absorption is reported. In order for drug molecules 

to move from a topical formulation through the skin, the drug molecule must be able to 

permeate from the formulation vehicle onto the surface of the skin whereby drug 

molecules can begin to partition into the SC. This process is highly dependent upon the 

chemical properties of the drug trying to penetrate the skin layers. The drug must 

permeate through the SC and into the deeper skin layers. The drug must diffuse via the 

intercellular, transcellular or transappendageal route of adsorption. It is thought that total 

drug permeation is a result of a combination of all three routes of absorption. The 

partition effects of each layer of the epidermis are generally thought to be negligible and 

as such are generally combined into a single diffusion coefficient (Moss 2015). 

 

Thickness has been recognised as inversely proportional to the movement of molecules 

across a membrane. However, with respect to drug passage across the skin it has been 
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suggested that lipophilicity and not thickness that has most relevance (Elias et al. 1981). 

In order for a drug to successfully traverse the SC and ultimately achieve transdermal 

delivery the drug must possess some key physicochemical parameters. These include an 

intermediate lipophilicity (log P of 1 – 3), molecular size of < 500 Da and good aqueous 

solubility characterised by a low melting point. A drug molecule with these characteristic 

is more likely to passively move through the skin layers, through permeation and partition 

between the lipophilic and hydrophilic regions of the skin (Idson 1975). It should be 

noted that a number of skin factors can affect the absorption of drug molecules including 

skin condition, hydration and occlusion, age, regional variation, ethnicity and skin 

temperature. Some of these aspects have been subject to investigation in order to improve 

drug delivery. Hydration and occlusion is often used in transdermal drug delivery in order 

to increase drug permeation. Similarly, the application of heat to a particular patch of skin 

can increase the movement of drug compounds into the patient. This has had significant 

impact upon transdermal delivery of opioid compounds such as buprenorphine and 

fentanyl – where patients are advised to avoid overheating to reduce the effect of 

inappropriate dose release from the patch formulation.  

 

1.5 Transdermal drug delivery 

 

Transdermal delivery has traditionally been viewed as an opportune method of drug 

transfer into the human body. The first transdermal patch available for patient use was 

Scopolamine in 1979. Current transdermal market indications show that only around 20 

drugs are available. However, a significant number of clinical trials for enhanced 

transdermal drug delivery strategies are underway. The majority (>80%) of drugs targeted 

by enhanced transdermal techniques are compounds that do not exhibit the appropriate 

physicochemical properties required to passively cross the SC (Watkinson et al. 2013). 

This clearly emphasises the need for further development of facilitated transdermal drug 

delivery methods. There are several key advantages to delivering drugs via the transdermal 

route, primarily by affording compounds the ability to circumvent oral drug absorption. 

Such benefits include avoiding the extreme pH environments of the gastrointestinal tract, 

enzymatic breakdown of the active, food and drug interactions and importantly avoiding 

first pass metabolism following initial absorption (Morrow et al. 2007). Further advantages 

such as reduced dosing frequency and as a result improved compliance and adherence 

have been documented as positive aspects of this method. As drug release can be 
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controlled with many formulations displaying steady state drug release profiles, supra-

therapeutic dosing spikes leading to undesirable side effects can be avoided and in many 

instances removal of the drug in emergency situations is possible (Findling et al. 2014). 

Biotherapeutic agents have traditionally been administered via hypodermic IM injection, 

as this bypasses the associated problems of poor oral bioavailability. This method of 

delivery is prone to a number of drawbacks, including an increased risk of infection, 

increased risk of cross-contamination, propagation of blood borne diseases and the need 

for sharps waste disposal. The WHO estimates 1.3 million people die each year from 

diseases obtained as a result of needle stick injuries. Another major drawback from this 

form of delivery is that many of the biotherapeutic agents formulated as a liquid injectable 

or lyophilised powder for reconstitution require cold chain storage (McNally 2007). The 

WHO further states that up to half of vaccines delivered in sub-Saharan Africa are 

ineffective, due to lack of cold chain storage, clearly, a disadvantage that requires focused 

research to provide alternative options to overcome these challenges.  

 

1.5.1 Methods of improving transdermal drug delivery 

A number of transdermal drug delivery methods have been explored with some degree 

of success. Chemical enhancement techniques including penetration enhancers can have 

a role in improving drug delivery across the skin however, their presence in widespread 

drug formulation has remained low (Moss 2015). Penetration enhancers act to solubilize 

skin lipids altering the conformation and barrier function of the skin (Bronaugh et al. 

1986).  Chemical enhancers such as Azone® (1-dodecylazacyclonheptan-2-one) increase 

the transdermal transport however, have not successfully been incorporated with 

biomacromolecules for topical delivery, as instability and vast molecular size simply do 

not allow clinically relevant quantities to cross the skin (Williams et al. 2004). Figure 1.15 

highlights some of the most commonly explored methods of transdermal drug delivery. 
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Figure 1.15. Schematic representation of methods for enhanced transdermal drug delivery using A) Jet 

injection, B) microneedles, C) Iontophoresis, D) Thermal ablation & E) Sonophoresis. Adapted from 

Watkinson et al. (2016). 

 

Jet injections have been used predominantly as a method of mass vaccination, particularly 

of note in the military sectors, whereby particles of drug are administered into the skin 

under high pressure, forcing them through the SC and into the deeper skin tissues. Initial 

devices were rudimentary and administration was extremely painful and often resulted in 

unacceptable bruising or bleeding at the site of application. Modern technology has 

allowed for the reduction of pain and is beginning to address some of the issues associated 

with jet injectors. The high energy impact of drug particles into the skin often caused 

interstitial fluid and blood to rise to the surface contaminating the injection nozzle, posing 

an increased risk of the transmission of blood borne diseases. Single use nozzles may help 

to reduce this risk, with novel jet injector designs currently in manufacture. The 

technology presents significant potential for the delivery of macromolecules, hormones, 

and nucleic acids particularly in gene delivery (Hogan et al. 2015). Iontophoresis involves 

the use of a mild external electrical current to drive charged and neutral molecules across 

the skin. The amount of drug that can be delivered using this method can be controlled 

by varying the electrical input of the iontophoretic device (Hirvonen 2005). This method 

of drug delivery  provides a number of possible advantages such as enhanced flux, 

customizable drug depot location, controlled release, and protection of unstable 

therapeutics from degradation such as protein compounds (Cevc et al. 2010). Recently 

this technology has been employed to delivery drug loaded PLGA nanoparticles providing 
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a minimally invasive method of macromolecule delivery. Electroporation describes the 

transient disruption of the skin following the application of voltage pulses, creating 

aqueous pores in the cell membranes (Denet et al. 2004). It has been successfully used to 

enhance drug molecule permeability specifically with respect to biomacromolecules (Ita 

2016). Particular interest has been shown for the electroporation transdermal delivery of 

DNA vaccines (Broderick et al. 2014). The first-in-man phase I study of antiangiogenic 

metargidin peptide (novel anticancer therapeutic) using electro-transfer was shown to be 

safe and promises positive therapeutic benefits for future use (Spanggaard et al. 2013). 

 

Sonophoresis is known to increase skin permeability however, the fundamental 

mechanism is not clearly understood (Park et al. 2014). A number of effects may 

contribute to the effectiveness of sonophoresis including thermal and cavitation effects. 

Figure 1.16 shows the formation of pores in the SC following 5 mins of low frequency 

sonophoresis treatment. 

 

 
Figure 1.16. Scanning electron microscopy image of the SC surface of mouse skin A) before low frequency 

sonophoresis treatment B) after 5 mins low frequency sonophoresis (arrowheads = 1-2 µm sized pores). 

Reproduced from Lee et al. (2010). 

 

It is proposed that the formation of pores through cavitation effects leads to increased 

permeation of drug molecules across the skin. Although most studies have investigated 

the permeation of low molecule weight drugs, a number of studies looking at model 

compounds such as bovine serum albumin (BSA) (Mw 65,000 Da) fluorescein 

isothiocyanate (FITC) dextrans (Mw up to 150,000 Da) and the protein tetanus toxoid 

(Mw 150,000 Da) have shown improved transdermal permeation in vivo in mini-pigs (Park 

et al. 2014). This work is encouraging showing promise for the future commercialisation 

and application to transdermal delivery of biotherapeutic macromolecules however, 

miniaturization of the technology to allow for portable patch-like devices may prove the 
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current challenge in this sector or drug delivery. The use of heat to enhance transdermal 

delivery was first reported in 1963 (Fritsch et al. 1963). Thermal ablation refers to the 

disruption of the skin layers using heat energy. The removal of the SC is achieved by 

vapourising the immediate underlying tissues, reducing the barrier function of the skin 

(Lee et al. 2011). The rapid disruption of the skin is caused by high temperatures (> 100°C) 

for short periods of time. This method causes little damage to the lower skin layers 

however, does reduce the barrier capabilities of the SC and as such may leave the skin 

liable for infection or injury. Despite the high energy methods used to produce thermal 

ablation, the devices have achieved some success with a small number of drug molecules 

currently in clinical trials. Glucagon-like peptide-1 (GLP-1) and human growth hormone 

are currently in the pipeline to commence phase 1 clinical trials (Shahzad et al. 2015). 

 

Each of these technologies has the potential to provide enhanced transdermal delivery of 

biotherapeutic macromolecules however, progress in this field has been hampered by the 

need for high dose delivery, formulation stability and the maintenance of conformational 

and biological activity. As research in these areas continues it may be becoming apparent 

that without circumvention of the SC, biomacromolecule delivery across the skin may not 

provide the clinical responses required for a successful product. As such, the use of 

minimally invasive technology, that provides a method to by-pass the SC, may hold the 

key for transdermal delivery of biotherapeutic macromolecules. 

 

1.6 Microneedle technology 

 

1.6.1 Microneedle development 

First inception of the microneedle (MN) model as an aid for drug delivery came in the 

mid 1970s (Gerstel et al. 1976). However, it was not until 1998, when Henry et al. made 

initial headway and first fabricated true MNs (Henry et al. 1998). The first MN arrays were 

manufactured from silicon and came as a direct result in advances in microelectronic 

technology and microfabrication (McAllister et al. 1998). Since then the scope of MN 

manufacture has grown dramatically with further advances in microengineering and 

polymer chemistry driving innovative array designs and as a result significant headway has 

been gained with regards to transdermal drug delivery. MN arrays have been fabricated 

from silicon (Quinn et al. 2008), metal (Chandrasekhar et al. 2013), glass (Wang et al. 2006, 

Martanto et al. 2006), ceramics (Bystrova et al. 2011) and polymers (Garland et al. 2012, 
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Donnelly et al. 2012a) in a multitude of designs, with each class presenting their own 

advantages and limitations. These various formulations can be easily surmised into 

separate categories, based on their primary form of drug delivery (Figure 1.17). Firstly, 

solid MNs are employed in the “Coat and Poke” technique. Here, solid MNs that have 

been formulated to have a thin drug coating which can be inserted into and removed from 

the skin depositing the drug loaded coating in the dermal tissue. Solid MNs can also be 

employed in the “Poke and Patch” technique, where solid MNs are inserted into the skin 

and removed. Subsequent application of a drug-loaded formulation allows for permeation 

of the active into dermal tissue through microchannels, which have been created by the 

MNs. Hollow MN designs have a central bore or lumen, through which compounds can 

pass from a drug reservoir into the dermal microcirculation. 

 

 
Figure 1.17. Schematic representation of the basic mechanism of drug release from hollow, coated, solid, 

dissolving, and hydrogel-forming MN arrays, when applied to the skin. Adapted from Quinn et al. (2014). 

 

Soluble MNs or biodegradable MNs refer to those made from dissolving or degradable 

polymers. Following penetration of the SC, the MNs containing drug compounds 

dissolve or degrade on contact with the interstitial fluid held within the dermal 

microcirculation. The resulting dissolution facilitates drug release. The most recent 

additions to MN technology are hydrogel-forming MNs, which are fabricated from 

polymeric materials that have been crosslinked. The MNs pierce the SC and draw up 

interstitial fluid, causing the polymeric matrix to swell. Molecular diffusion of drug 

Hollow Coated Solid Dissolving Hydrogel-
forming
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substances through the swollen matrix allows for delivery of therapeutic agents into the 

dermal tissue. The manufacture of MN arrays from glass, sugar, metal, coated metal, solid 

polymer, aqueous hydrogels, and dissolving polymers has been extensively documented 

(Lutton et al. 2015). In order to fabricate MN arrays from such a range of materials a 

number of techniques have been employed to engineer materials to the desired 

conformation. Micromoulding or replica moulding involves prefabricated moulds into 

which polymer blends are cast. Following drying and potentially cross-linking the arrays 

can be removed (Park et al. 2007). In order to improve on rough needle surface, laser 

cutting has been employed to prepare laser engineered micromoulds (Aoyagi et al. 2007). 

This has facilitated the production of highly defined micromoulds with smooth surfaces 

which has improved uniformity and helped with MN array demoulding. Photolithography 

is a processes involving the use of photo-resistant layers and protective veneers in order 

to prevent high intensity UV light from reacting with silicon oxide wafers. A schematic 

representation of this process is shown in Figure 1.18. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 1.18. Schematic representation of the photolithographic method of microneedle fabrication. (a) 

Silicon wafer (b) Silicon wafer coated with silicon oxide (c) Photo-resistive material applied (d) high intensity 

UV light applied in conjunction with a protective veneering agent (e) Positive resist (f) negative resist. 

Reproduced from Quinn et al. (2015). 
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Wet etching refers to a process involving the use of liquid alkaline solutions to react with 

the substrate to produce the desired microstructures. Deep reactive-ion etching is a 

process that allows for the production of steep sided structures, such as MNs. These 

processes are often involved in microelectrochemical systems and can be scaled-up to 

produce industrial-scale machining tools. Layer-by-layer deposition has also been used to 

build up MN structures. As 3D printing technology improves and resolution is refined, it 

may be possible to simply print MN arrays in the desired shape and structure desired. 

Droplet-born air blowing is a further process of fabrication utilised to produce sharp MN 

structures, Figure 1.19. 

 

Figure 1.19. Schematic illustration of dissolving MN fabrication via droplet-born air blowing method. (A) 

Biopolymer dispensing on the flat surface for base structure fabrication. (B) Dispensing of drug-containing 

droplet over the base structure. (C) Contact of dispensed droplet by downward movement of upperplate. 

(D) Control of MN length. (E) Air blowing-mediated solidification of droplet to shape MN structure. (F) 

Separation of two plates producing dissolving MN arrays on upper and lower plates. Reproduced from Kim 

et al. (2013). 

 

Despite the vast quantities of materials and manufacturing techniques, few MN products 

have progressed to commercialisation. Many of the MN products currently available 

represent devices more akin to minaturised hypodermic hollow needles that facilitate 

transdermal delivery of liquids.  
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It has become clear that developing scalable techniques for the mass manufacture of MN 

arrays will play a key role in developing a successful MN array product. In order to achieve 

this, a number of regulatory concerns may need to be overcome prior to marketing 

authorization. Standards in Good Manufacturing Practice (GMP) will need to be defined 

so that companies can work towards product development in a focused manner. This 

may involve defining multiple types of MN arrays and classifying them according to their 

mechanism of action for example, quality control testing for needle integrity in dissolving 

MN arrays containing the active drug are likely to be vastly different from hydrogel-

forming or coated MN where the needles are to be removed from the skin intact (Lutton 

et al. 2015). Similarly, there are currently no pharmacopoeial standards for MN arrays in 

terms of dissolution, disintegration, hardness, water content, microbial contamination and 

sterility requirements. This provides current industry and academia with a challenge, 

whereby new MN array designs, methods of manufacturing or materials are being 

developed. However, as there are no marketed patch-like MN products and consequently 

no Pharmacopoeial standards published, there is no reference on which to base minimum 

standards. Despite this, the academic community continues to provide MN-based 

transdermal delivery opportunities for biotherapeutic macromolecules. 

 

1.6.2 Considerations in MN development 

MN technology has been investigated for its application in patient drug monitoring. 

Therapeutic drug monitoring is a commonly employed method of optimising treatments 

and minimizing adverse or side-effects. Typically blood samples are taken from patients 

using hypodermic needle and syringe following which the samples are analysed for the 

analyte of interest. A number of commonly used drug treatments require regular 

monitoring and often therapeutic levels of emergency drugs are needed to guide a 

prescriber in life threatening situations. The risk of infection and contamination are 

considered to be relatively high when extracting blood and as such MN technology may 

provide acceptable alternatives demonstrating lower risk. The extraction of interstitial 

fluid from the skin can provide an alternative to blood samples which can yield accurate 

reflection of the endogenous biomarkers or drug concentration. MN have been used as a 

method of collecting blood free interstitial fluid for patient monitoring (Romanyuk et al. 

2014). Glucose detection has possibly been subject to the most scrutiny for the potential 

applications in diabetes monitoring (Mukerjee et al. 2004). Further work has been carried 

out in relation to hydrogel-forming MN arrays and their potential for extracting interstitial 
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fluid to monitor plasma levels of drug compounds, such as caffeine (Donnelly et al. 2014). 

As in situ analysis technology continues to improve and miniaturize, it may be possible to 

develop a portable/wearable monitoring device capable of sampling interstitial fluid 

providing instant read outs on biomarkers or specific analytes of interest. 

 

The effects of MN insertion into skin, either on a one off basis or on repeat administration 

are of prime concern to researchers. It is of utmost importance that patient safety remains 

at the heart of MN-based research. The effects of micropore formation and potential for 

local erythema comprise a significant portion of the investigation carried out by academia. 

A number of MN studies have shown that, following MN application and removal, the 

channels produced begin to close over regaining barrier function within a matter of hours 

(Kalluri et al. 2011, Park et al. 2014). Similarly, a number of erythema studies have been 

conducted involving the application of MN arrays and assessing the development of local 

or systemic effects, the most obvious of which reddening of the skin. One study in 

particular have shown no significant difference in the erythema index following MN 

application (Park et al. 2014). This has also been demonstrated in a recent vaccination 

study with MicroHyala®, discussed in greater detail below (Hirobe et al. 2015). The safety 

of MN technology cannot be taken for granted as demonstrated by a small number of 

adverse incidents reported. Three cases of allergic granulomatous and systemic 

hypersensitivity in female patients have been reported. It should be noted that these 

patient applied a non-sterile, unlicensed formulation to skin pretreated with MN rollers 

(Soltani-Arabshahi et al. 2014). These cases, although rare, highlight the need for fully 

licensed and tested therapeutic agents which are designed to be used in conjunction with 

MN technology (McCrudden et al. 2015). 

 

1.6.3 MN delivery of vaccine therapeutics 

Use of MN technology to complement vaccination as a novel drug delivery strategy has 

been of great interest within the academic community in recent years. Vaccination 

methods have proven to be the most effective method of reducing infectious disease, in 

light of both mortality and morbidity (Hegde et al. 2011, Koutsonanos et al. 2012). 

Traditional vaccines rely on delivery of antigenic material to the muscle or subcutaneous 

fat, rather than the skin itself. Delivery of vaccines to the skin has been viewed as a more 

logical approach, as the various professional antigen-presenting immune cells contained 

within, make the skin a natural target for vaccine delivery (Al-Zahrani et al. 2012a). This 
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transition to skin-targeted vaccine delivery was first supported by an important 

publication by Combadière et al. (2010) – a Phase-I clinical trial which demonstrated that 

transdermal delivery of an inactivated influenza vaccine had superior CD8 effector T-cell 

activation profiling over a traditional IM injection (Combadière et al. 2010). As a result, 

targeting the skin as an immunogenic organ in its own right has allowed MN vaccination 

to be considered in more detail. 

 

Producing a vaccination method that is effective, user-friendly, painless, minimises sharps 

disposal requirements and is also mass producible has been the challenge of the vaccine 

industry for many years (Gratieri et al. 2013). Inherently, MN technology has the ability 

to enhance transdermal and intradermal delivery of vaccines. This has resulted in a swathe 

of research exploring MN vaccine possibilities. The world’s first MN based vaccine device 

was marketed as Soluvia® in 2009; a 1.5mm hollow MN (silicon) which can be attached 

to a typical barrel syringe. This has been marketed in conjunction with an intradermal 

vaccination, Fluzone Intradermal®, IDFlu® and Intanza®. This was an achievement for 

MN vaccination, however much work still needs to be clarified for MN devices to fulfil 

their expected potential. Initially, the perceived limiting factor to MN vaccine delivery is 

in relation to antigenic material volume that can be reliably delivered. However, vaccine 

dose volumes are generally smaller than conventional oral or parenteral dosage forms and 

are therefore ideal as candidates for MN product development. It has been suggested that 

delivery of vaccines to the skin may allow for a reduction in dose volume, as it contains 

significant volumes of antigen presenting cells (APCs) (Al-Zahrani et al. 2012b).  

 

Dissolving MN designs arguably show most promise with respect to commercialisation, 

owing mostly to their obvious advantages: targeted delivery of antigen to a highly 

immunogenic region and self-disabling nature. Dissolving MNs made from trehalose and 

carboxymethylcellulose (CMC) have been utilised to deliver cell-culture-derived influenza 

vaccine with considerable effect (Kommareddy et al. 2012). This capacity further 

exemplified in the delivery of trivalent influenza vaccine, in conjunction with ovalbumin 

by cast CMC, to mice producing a strong immune response (Raphael et al. 2010). Superior 

to traditional IM delivery methods, MNs manufactured from polymerised monomeric N-

vinylpyrrolidone containing inactivated influenza vaccine has been demonstrated as 

stimulating robust humoral and cellular immune response post immunisation (Sullivan et 

al. 2010). Zaric et al. (2013) took advantage of poly-D,L-lactide-co-glycolide (PLGA) 



Chapter 1 Introduction 
 

 38 

nanoparticles encasing ovalbumin (OVA) as a model protein, suspended in aqueous 

blends of poly(methylvinylether-co-maleic acid) to target dendritic cells (DCs). Dissolving 

within minutes, the dissolution strategy resulted in a considerable Th1 CD4+ and potent 

cytotoxic CD8+ T cell responses. Matsuo et al. has carried out work using MicroHyala® to 

delivery vector constructs from the adenovirus group also tetanus, diphtheria, influenza, 

malaria, and for the model ovalbumin antigen to provide, in each case, immunisation 

results comparable with traditional parenteral injection (Matsuo et al. 2012a, Matsuo et al. 

2012b). This same group have recently published a human clinical study using 

MicroHyala® dissolving MN arrays to delivery influenzae antigen as an effective means of 

transcutaneous vaccination (Figure 1.20). 

 

Figure 1.20. Photographic depiction of the administration sites, in human volunteers, of application sites 

following MN application and subcutaneous injection. Reproduced from Hirobe et al. (2015). 

 

Microneedle application Subcutaneous injection 
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The human volunteers showed no signs of severe local or systemic reaction and showed 

comparable immune responses against A/H1N1 and A/H3N2 strains with subcutaneous 

control groups. Figure 1.20 shows the wheal formation at the site of application and 

injection. Interestingly the study highlighted that dissolving MN array vaccination yielded 

a stronger immune response to the B strain than seen in subcutaneous control 

comparisons (Hirobe et al. 2015). 
 

Vaccination against Alzheimer’s disease (AD) based on the amyloid cascade hypothesis 

has been attempted for a number of years, initially by Schenk et al. 1999 (Schenk et al. 

1999). The group aimed to deliver an amyloid-beta 42-amino acid peptide as antigenic 

stimulant via the traditional parenteral method. This particular approach failed at Phase-

II clinical trials due to over stimulation of Th1 immune response, resulting in a number 

of cases of meningoencephalitis (Orgogozo et al. 2003). Recently however, this peptide 

has been revisited and its potential reassessed with regards to MicroHyala®; a dissolving 

MN patch composed of hyaluronic acid. Although the most recent publication did not 

show improved brain function, it demonstrates that efficient anti-amyloid beta 42 

immune responses can be attained by MN application (Matsuo et al. 2014), a success for 

MN vaccine delivery.  Solid MN designs have also shown success with regards to 

stimulating appropriate immune responses following vaccine application. This technique 

requires applying the antigenic material to the surface of solid MNs and following 

insertion, the coating is shed to deliver the vaccine component, thereafter allowing 

removal of the solid MN array. Coating solid MNs has proven to be popular interest as 

this process requires minor alteration to longstanding techniques such as spray coating 

(McGrath et al. 2011, Vrdoljak et al. 2012) and repeated dip coating to load stainless steel 

(Weldon et al. 2012), titanium (Choi et al. 2013) and silicon (Chen et al. 2012) projections 

with antigenic material. Stainless steel MNs have been employed to deliver the 

Edmonston-Zagreb vaccine strain. Trehalose, acting as a viscosity enhancer, was 

employed to stabilize the vaccine through a rapid drying stage post-coating. This study 

demonstrated that coated MNs have the ability to produce neutralizing antibody 

equivalent to subcutaneous injection (Edens et al. 2013). Kommareddy et al. showed 

coating influenza antigen onto solid MN structures could produce comparable antibody 

titres to traditional IM injection (Kommareddy et al. 2013). Another study by Zhu et al. 

revealed that following application of an influenza vaccine coated MNs, complete 
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protection from lethal challenge of H3N2 and H1N1 seasonal strains of influenza virus 

was afforded in mouse models (Koutsonanos et al. 2009, Zhu et al. 2009).  

 

Vrdoljak et al. achieved vaccine delivery of a live recombinant adenovirus and the 

modified vaccinia virus Ankara. This was done by spray coating vaccine particles onto 

wet-etched silicon pyramidal MNs, referred to as “ImmuPatch” (Figure 1.21H). This 

produced comparable antibody or CD8+ T cell response to that of a traditional needle 

and syringe approach (Vrdoljak et al. 2012). More recently, a coated-MN delivery system 

provided transdermal delivery of an autoantigen for the purposes of immunotherapy 

treatment of type 1 diabetes in mice. The metal MNs coated with a solution containing 

the peptide autoantigen provided immuno-tolerance in type 1 diabetes offering significant 

benefits over intradermal delivery (Zhao et al. 2016). There are numerous MN design and 

coating processes, an example of which is shown in Figure 1.21A-G below. 
 

 
Figure 1.21. Design of MNs suitable for both human and mouse studies. A) Individual needle dimensions 

B) MN array design. Each MN array contains 10 needles C) A single stainless steel MN array (left) shown 

with a 29G insulin injection needle for scale (right); D) Coating technique; Each needle was manually coated 

with peptide using a fine pipette tip, filled with 10 µg peptide (pink); E) Scanning electron microscopy 

(SEM) image of a MN tip before and after electropolishing; F) The elements contained in each MN set; the 

3 MN arrays are held in place between the end plates and are separated by spacers; G) Sequential assembly 

of a MN set. Reproduced from Zhao et al. (2016) H) Wet-etched silicon MNs “ImmuPatch”. Reproduced 

from O’Mahony (2012). 
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Vaccination with DNA and RNA constructs is beginning to show significant potential 

with transfection success steadily on the increase (Saade et al. 2012). Using a coated MN 

approach DeMuth et al. demonstrated a novel pH dependent lipid nano-capsule layering 

system for loading and delivering DNA vaccine for a model of human immunodeficiency 

virus (DeMuth et al. 2012), achieving similar results to that of the Gene Gun™ (Gill et al. 

2010). More recently, Kim et al. (2014) published work furthering AD vaccine delivery. A 

plasmid-DNA layered MN system has been developed whereby the change in pH caused 

by insertion into skin allows MN coated polyplex release, exposing dermal APCs to the 

plasmid DNA payload. The study demonstrated that, comparable with subcutaneous 

injection, a robust humoral response was achieved. 

 

A broad-spectrum vaccine against influenza, based on an influenza extra-cellular matrix 

and toll like receptor fusion protein formulated onto stainless steel MN by way of micro-

precision dip coating, has shown comparative protective efficacy in mice to intranasal 

delivery and highlights significant improvement over IM delivery (Wang et al. 2014). This 

highlights and further strengthens the MN vaccination route and even shows enhanced 

efficacy over traditional parenteral methods. Vaccine delivery through a hollow MN aims 

to emulate the Mantoux technique (dermal needle technique based on shallow angle 

needle insertion), which has been demonstrated to produce inconsistent results with 

respect to dermal cell response (Laurent et al. 2007, Flynn et al. 1994). Initial and follow 

on studies with anthrax vaccination in rabbit models showed up to 50-fold dose reduction 

when delivered by hollow MN. Subsequent to lethal challenge with anthrax spores this 

resulted in equivalent survival profiles to the more traditional IM route (Mikszta et al. 

2005, Mikszta et al. 2006). Similar dose sparing studies conducted with rabies vaccine in 

healthy adult human trials have demonstrated adequate immune-efficacy contrasted with 

IM injection (Laurent et al. 2010). Multiple vaccine-components amalgamated into a single 

combined product have also received attention (Morefield et al. 2008). This group 

successfully used hollow MNs to deliver a combination vaccine providing protection 

from staphylococcal toxic shock, botulism, anthrax and plague in rhesus macaque 

monkeys. 

 

Key aspects of vaccine formulation lie in relation to maintaining stability of the vaccine 

components, crucially throughout manufacture and storage. Encapsulation into 

dissolving MN or, conversely, coating onto solid MN remains the major challenge to 
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vaccine stability. As with other biologic agents drying stages of manufacture, associated 

with this MN loading and formulation tend to cause the majority of API destruction, in 

this case loss of antigenicity. Coating solid MN techniques often require the addition of a 

viscosity enhancer to provide appropriate coating conditions but also to reduce the extent 

of antigenicity loss (Kim et al. 2010). Most recently Kommareddy et al. has shown 

improvement in stability of the influenza subunit vaccine, achieving successful storage at 

4°C in a desiccated environment – this paper also explored the effect of freeze-thaw 

cycling on antigen activity (Kommareddy et al. 2013). Long-term storage of injectable 

vaccines continues to present challenges with cold chain storage often required (Lee et al. 

2012). MN approaches may hold the key to overcoming these challenges as many of the 

strategies mentioned above result in vaccine material formulated in the dry state. 

Recrystallisation of adjuvants, namely trehalose in the mechanical studies carried out by 

Park et al. indicated that antigen stability was significantly affected by phase transitions 

(Jung-Hwan 2010). The use of sugars and polyols may prove to be key to effective 

vaccination from polymeric MN arrays, enabling stabilisation of the payload. Mechanical 

properties of polymeric MNs and the crystalline nature of excipients have been assessed 

in CMC formulations providing further evidence to support the development of vaccine 

MN which do not require cold chain storage (Raphael et al. 2016).  

 

MN vaccination has gained considerable headway within the academic community and 

with further research efforts, can be a viable alternative to traditional vaccine delivery 

methods, having moved past proof-of-concept and into a more developmental stage of 

research. It has been suggested that manufacture, sterile production and scale up of 

animal-model testing each need to be explored. Rattanapak et al. suggested moving from 

mice, rat and miniature pig models to pre-clinical and clinical studies in man to drive MN 

vaccination forward so that full potential can be achieved (Rattanapak et al. 2014). Further 

work on the long-term effects of MN vaccination need to be addressed. For example, 

solid MNs and the effects of repeated miniature assaults of the SC and dissolving MN, as 

to the lasting effects of polymer deposition within the skins rich immunological 

environment. The latter may not pose too challenging, as repeated administrations of 

vaccine components are generally not required. The vast majority of vaccine regimens are 

single dose or a boost-prime, thus repeated daily or weekly application of a MN vaccine 

product would not be necessary. Phase-II and Phase-III clinical trials conducted with 

microinjection of a trivalent influenza vaccination observed a difference in response 
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between healthy adult patients aged between 18 - 57 years (Beran et al. 2009) and healthy 

elderly patients aged >60 years (Holland et al. 2008; Arnou et al. 2009). Dermal APC 

changes with age are well documented, Langerhans cell phenotypic presentation being no 

exception (Ogden et al. 2011). Ultimately, MN efficacy will need to be demonstrated, as 

the various dermal components alter with age, ensuring vaccine protection across a 

breadth of ages. 

 

MN technology as a method of vaccination has recently been studied through assessment 

of the perception, acceptability and suitability of the technology for paediatric use. The 

opinion of children, patients, parents and healthcare professionals were ascertained 

through focus group sessions, where discussion of their views of MN technology as a 

method of vaccination was carried out. It was concluded that opportunities for this type 

of technology were “glaringly apparent”. However, for MN vaccination to be 

commercially successful, significant education and promotion would be necessary in 

stakeholder groups (Marshall et al. 2016). 

 

1.6.4 MN delivery of biotherapeutic agents 

To date, research groups have successfully demonstrated transdermal delivery of both 

small and large molecular weight compounds. Insulin has received significant attention, 

with a number of research groups demonstrating MN potential. One group reports pre-

treatment with solid MN, followed by application of a topical insulin solution, which 

showed lowering of blood-glucose levels in diabetic rats (Zhou et al. 2008). More recently, 

similar insulin loaded MN array studies have been conducted in mice and dog animal 

models and shown equivalent success (Ito et al. 2007, Ito et al. 2008a, Ito et al. 2012). 

Coated MN arrays have been used to successfully deliver bio-therapeutic molecules 

including: salmon calcitonin (Tas et al. 2012), desmopressin (Ito et al. 2012) and 

parathyroid hormone (Daddona et al. 2011), the latter of which is currently at the end of 

Phase-II clinical trials. With respect to dissolving MN platforms human growth hormone 

(Ito et al. 2008b, Lee et al. 2011, Ito et al. 2012), leuprolide acetate (Ito et al. 2011) and 

erythropoietin (Ito et al. 2006, Ito et al. 2010) have each been successfully delivered. 

Gomaa et al. were the first to deliver a type of the low molecular weight heparin, 

nadroparin calcium (Gomaa et al. 2012). Yan et al. (2014) have shown that including 

motorised technology, in combination with MN devices can lead to improved DNA 

transfer into the epidermal layer of mouse skin. Dip coating of MN into DNA solutions, 
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with intradermal delivery aimed at improving novel treatment options for genetic skin 

diseases and cutaneous cancers has also been described (Pearton et al. 2012). Pearton et al. 

used saccharide excipients to improve mechanical and physical test results, without 

detriment on biological function of the DNA plasmids (Pearton et al. 2012). Metal MN 

coated in siRNA genetic material has been shown to silence gene expression in vitro and 

in vivo (Chong et al. 2013). Donnelly et al. (2012) demonstrated delivery of milligram 

quantities of BSA (Mw 65,000 Da), as sustained delivery over 24 hours, across neonatal 

porcine skin. Demir et al. utilised the “Poke and Release” method of protein delivery, 

highlighting BSA delivery from sodium alginate MNs (Demir et al. 2013) Interestingly 

another study by Donnelly et al. (2014) also showed that, although combinational 

approaches involving iontophoresis did not significantly increase delivery of low 

molecular weight compounds, such as ibuprofen,  it did significantly increase delivery of 

protein compounds across a hydrogel MN system. Dissolving MN arrays were fabricated 

from hyaluronan and a humanized IgG antibody (Mw = 150,000 Da) for the purpose of 

intradermal antibody delivery (Monkare et al. 2015). The group achieved sharp MN tips, 

as shown in Figure 1.22, and following dissolution recovered the protein with no 

significant conformational changes in structure. 

 

 
Figure 1.22. Scanning electron microscopy (SEM) & Confocal laser-scanning microscopy (CSLM) images 

of MNs. SEM images of A) MN array, B) a MN C) MN tip with 2% IgG. CLSM visualization of distribution 

of fluorescently labeled MN arrays D&E) MN arrays F&G) MN tips D&F) with 2% and E&G) 10% of 

IgG: hyaluronan distribution in green (D1, E1, F1, G1), IgG distribution in red (D2, E2, F2 and G2), and 

their overlay (D3, E3, F3, G3). Reproduced from Monkare et al. (2015). 
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The work conducted by Monkare et al. (2015) demonstrates a method of manufacture of 

dissolving MN arrays containing an IgG antibody which causes minimal conformational 

changes and preserving protein stability. The antibody was successfully delivered to the 

top layers of skin however, the total drug quantity remains low (low microgram range), 

limiting the clinical applications of this work to local skin delivery of monoclonal 

antibodies. 

More recently tip-loaded dissolving MN arrays have been used to delivery tumour 

necrosis factor-alpha specific antibodies (anti-TNFa) into human skin ex-plants 

(Korkmaz et al. 2015). Tumour necrosis factor-alpha (TNFa) has been implicated in a 

number of inflammatory diseases. However, systemic delivery of anti-TNFa has been 

associated with immunosuppression and adverse side effects. As such, CMC MN arrays 

were employed here to delivery anti-TNFa locally in order to provide effective TNFa 

binding and reducing psoriasiform inflammation including epithelial thickness and IL-1 

beta. This work supports the development of MN arrays for the localised delivery of 

antibody therapeutics. Similarly, dissolving hyaluronic MN arrays were used to deliver the 

glucagon-like peptide-1 receptor agonist Exendin-4, in the treatment of type 2 diabetes in 

rats. The results here showed tip loaded MN arrays comparable to subcutaneous injection 

(Liu et al. 2016). This example of protein delivery is significant in that it further 

demonstrates dissolving MN capabilities. However, it is worth noting that this therapeutic 

agent is 39 amino acids in length, significantly smaller than the anti-TNFa antibody 

reported previously. 

MN mediated transdermal delivery of biotherapeutic macromolecules is currently at the 

beginning of a long road to maximising its full potential. The publications discussed here 

represent considerable work demonstrating a number of manufacturing methods for 

biotherapeutic macromolecules such as antibodies and vaccine compounds. A recent 

report provided a list of anticipated MN-based products with a number of protein 

therapeutics (Roots Analysis 2014). Many of these products are still undergoing clinical 

trials, with anticipated marketing dates as early as 2018. Many of the products discussed 

in this market report are more akin to patch-like MN arrays, showing a potential move 

away from miniaturised hypodermic needle designs to a true MN array patch.  
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1.6.5 Future considerations for MN technology 

Laboratory manufacturing techniques of MN have yielded successful in vitro and in vivo 

data, showing the potential for clinical applications. However, scale-up and manufacturing 

on an industrial scale embodies the largest barriers to commercialisation. As the MN field 

moves towards the production of clinically relevant MN products a number of regulatory 

aspects will need to be established including standardisation for quality testing, 

pharmacopoeial standards and Good Manufacturing Practice (GMP). Scale up and 

industrial manufacturing will require a focused and strategic plan, particularly with respect 

to the vast number of MN fabrication methods described to date (Indermun et al. 2014). 

Many of the reports discussed here involve a number of discreet step-wise processes, not 

ideal for continuous production. This may prove challenging as industrial partners will 

seek to develop cost efficient manufacturing platforms.  

Industrial and academic partners have provided significant evidence to show appropriate 

MN usability within the population, highlighting significant benefits for patients and 

healthcare professionals (Norman et al. 2014). In order to progress, regulators will need 

to provide minimum standards with respect to MN production. Quality control and the 

potential need for sterility are two aspects that need to be addressed (Lutton et al. 2015). 

It is likely that following the success of one MN product, a precedent will be set to which 

other companies can then refer until such time as regulators define pharmacopoeial 

standards. The classification of MN platforms with respect to transdermal or intradermal 

may hold key answers to how MN arrays will be produced. MN products as injections or 

as transdermal patches will ultimately direct the definition of minimum standards. More 

long standing concerns of packaging, disposal, ease of use and assurance of correct use 

will not only impact on formulators but similarly on the patients (Donnelly et al. 2014). 

Potentially of significant importance are the questions arising over repeat administration 

of polymeric MN systems. For example, how does repeated administrations of polymer 

affect the skin? Will this result in immunological effects or alterations in the skin? These 

questions may only be fully answered on retrospective analysis of post-marketing 

surveillance data. However, until then, both academia and industry strive to provide 

practical solutions for these issues. 
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1.7 Conclusion 

 

Biotherapeutic macromolecules, such as antibodies and vaccine, have become central to 

the treatment and prevention of severe and debilitating disease. Vaccination alone is 

considered to be one of the most significant health interventions developed and antibody 

therapeutics represent the fastest growing pharmaceutical sector. Drug delivery options 

for protein macromolecules has remained relatively restricted to the traditional 

hypodermic needle and syringe, due mostly to the difficulties in formulation and 

manufacture of these complex biomolecules. A small number of alternative delivery 

strategies have been investigated including oral, nasal, inhaled and topical delivery 

however only a few have successfully been marketed. The skin, the largest organs of the 

human body, has been an attractive option for therapeutic delivery. However, few drug 

molecules possess the required physicochemical characteristics to allow for passive 

diffusion across the SC. As such, a number of transdermal enhancement technologies 

have been developed. One of the most promising of these is MN technology, whereby 

micron-sized needles penetrate the rate limiting SC and facilitate transdermal and 

intradermal drug delivery. This technology allows for drug delivery of molecules that 

would not inherently traverse the SC. The numerous MN delivery options available make 

this a promising delivery strategy for biotherapeutic macromolecules. Current published 

work serves to demonstrate the considerable benefits that can be attained by MN 

technology. However, a number of challenges still need to be overcome. The high doses 

required of low potency biotherapeutic molecules, such as antibody therapeutics for 

systemic effects has yet to be achieved and regulatory concerns over sterility and quality 

control remain undefined by regulatory authorities. Despite these concerns, MN 

technology shows significant promise for clinical applications with regards to transdermal 

and intradermal delivery of biotherapeutic macromolecules. 
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1.8 Aims and Objectives 

 

This thesis aims to explore polymeric MN arrays with respect to transdermal and 

intradermal delivery of biotherapeutic macromolecules. This work will consider clinical 

applications and will specifically focus on industrial scale-up requirements. 

 

The objectives of this thesis were: 

 

• Validate analytical methods for the quantification and detection of two 

biomacromolecules: the model protein ovalbumin (OVA) and the antibody 

therapeutic bevacizumab (BEV). 

• Evaluate methods for the sterile manufacture of polymeric MN platforms 

compatible with OVA and assess their impact on subsequent in vitro protein 

delivery. 

• Investigate polymeric MN platforms for intradermal delivery of OVA as a model 

vaccine agent in vivo in mice.  

• Evaluate dissolving MN arrays containing the commercially available vaccine 

Pentavac® for intradermal delivery in vivo in mice through industrial collaboration 

with Lohmann Therapie-Systeme AG (LTS). 

• Evaluate polymeric MN platforms for the transdermal delivery of a clinically 

relevant antibody therapeutic BEV in vitro and in vivo in rats.
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2.1 Introduction 

 

2.1.1 Pharmaceutical analysis 

Pharmaceutical analysis comprises one of the fundamental elements of drug, formulation 

and product development encompassing the detection and quantification of both active 

pharmaceutical ingredients (API) and excipient compounds. Modern pharmaceutical 

analysis now comprises an armory of analytical techniques which can provide highly 

descriptive information regarding purity, stability, conformation, and efficacy throughout 

the formulation process. Pharmaceutical research and manufacturing teams have a 

responsibility to the end user to ensure their medicinal product has been subject to the 

highest levels of scrutiny to ensure the identity, safety, efficacy and quality of the drug 

product is known (MHRA 2016). 

 

As a result of the advancement in biotechnology, biotherapeutic agents such as protein, 

peptide and antibody therapies have become commonplace in the pharmaceutical market. 

Compared to traditional small molecule drugs, protein based compounds tend to be 

complex macromolecules exhibiting extensive tertiary folding and quaternary interactions. 

Consequently, many of the traditional forms of pharmaceutical analysis are unsuitable to 

detect minor conformational differences in macromolecular structures and ultimately to 

assess biological activity. Many of the traditional pharmaceutical analysis techniques have 

been replaced by immunoassays and biochemical tests which can not only identify the 

compound of interest but can also identify alterations in conformation. 

 

2.1.2 Biotherapeutic analysis 

Biotherapeutic agents differ from traditional small molecule drugs in a number of ways. 

Firstly, biotherapeutic agents are significantly larger, with the typical antibody possessing 

a molecular mass of ~150,000 Da. Secondly, unlike small molecule therapeutics 

synthesised using traditional chemical means, antibodies are often isolated from cell 

cultures, processed and refined. Initially the earliest biotherapeutic agents were altered 

forms of naturally occurring proteins, such as insulin and growth hormones – developed 

in the early 1980’s. As the field developed, recombinant technology has progressed from 

minor modification of proteins to advanced deoxyribonucleic acid (DNA) sequencing, 

affording almost complete control over antibody design and development. With this new 

era of drug design, a complete library of physico- and bio-chemical analytical methods 
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have emerged so that standards in purity and quality can be accurately monitored in 

structurally complex macromolecules. 

 

2.1.3 Size-exclusion chromatography 

One of the most commonly used forms of pharmaceutical analysis for protein molecules 

is that of size exclusion chromatography (SEC). This process involves separation of 

compounds based on their molecular size and has advanced alongside pharmaceutical 

technology to encompass high performance liquid chromatography. Size exclusion-high 

performance liquid chromatography (SE-HPLC) was first recognised almost 50 years 

after Tswett’s first discovery of column liquid chromatography in 1906 (Woelm 1954). 

Following SECs first introduction, it quickly became popular as a method of separation 

for complex samples with separation modes based on molecular hydrodynamic volume 

compared to the column packing material. Initially SEC was most used for polymer 

separation, however advances in packing material quickly facilitated separation of proteins 

and biomaterials. A schematic representation of the size dependent mode of separation 

can be seen in Figure 2.1 below.  

 

 

Figure 2.1. Schematic representation of the separation process of small, medium, and large molecules by 
size exclusion chromatography (Snyder et al. 1997).  
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Here molecules with the smallest hydrodynamic volume interact to a greater degree with 

the stationary phase, are retained on the column longer than larger molecules and 

subsequently are the final element/compound to elute from the column. SEC in 

comparison to reverse phase-HPLC does not require gradient elution, as it relies on the 

mobile phase to mechanically push the solute through the column, where small molecules 

interact more with the column stationary phase and are therefore retained for longer. 

 

SEC was first conceptualised in 1951. However, it was only in 1956 that granular starch 

was developed as a suitable packing material (Lathe et al. 1956). It was in the continual 

development of novel packing materials that further allowed refinement of the SEC 

process with cross-linked dextran’s in 1962, to high performance silica’s in the late 1970’s 

where biochemists began to use what is now seen as high-performance SEC techniques, 

with high resolution and short run times (Porath 1959; Porath 1963). In 1979 Yau, 

Kirkland and Bly published the first comprehensive textbook on SEC (Yau et al. 1979). 

In a modern pharmaceutical laboratory, SE-HPLC columns contain highly functionalised 

silica beads as packing material, providing an almost ideal inert stationary phase where 

secondary interactions between the molecules of interest and the silica surfaces can be 

significantly reduced, yielding sharp peaks and accordingly high resolution. 

 

2.1.4 Enzyme linked immunosorbent assay 

Enzyme linked immunosorbent assays (ELISA) are bioanalytical methods for detecting 

and quantifying compounds of protein origin such as antibodies, antigens, or proteins. 

The first enzyme immune assay was described in 1960, and focused on the detection of 

human insulin from plasma (Yalow et al. 1960). From then, ELISA has been used 

extensively as a laboratory and clinical technique for protein and antibody detection and 

quantification (Lequin 2005). ELISA are based on serial binding of antibodies to specific 

epitopes on sample molecules. This binding is highly specific allowing the technique to 

differentiate between small differences in conformational structure. This specificity 

results in low limits of detection and quantification, making it suitable for analysis of large 

molecular weight compounds at low working concentrations, often within nano- and 

pico-gram range. Figure 2.2 below shows the antibody coating stages of a sandwich 

ELISA methodology, indicating the sequential and specific binding between antibodies, 

sample, and detection conjugates. 
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Figure 2.2. Schematic representation of ELISA serial binding 1. Primary antibody coats plate, 2. Inert 

blocking proteins fill alternative binding sites, 3. Sample analyte selectively binds to primary antibody, 4. 

Secondary antibody-conjugate selectively binds to sample analyte, 5. Enzyme conjugate binds to secondary 

antibody-conjugate, 6. Enzymatic degradation of a substrate yields colour development (Cox et al. 2004). 

 

2.1.5 Ovalbumin 

Throughout the following Chapters ovalbumin (OVA) has been employed as a model 

protein and vaccine agent incorporated into microneedle (MN) patch devices for 

transdermal delivery. OVA comprises around 50% of egg white protein and was one of 

the first proteins to be crystallised and studied  (Hofmeister 1890). From then, significant 

work has been undertaken to elucidate the exact molecular structure and folding of the 

protein, with preliminary x-ray diffraction studies carried out on OVA crystals in 1983 by 

Miller (Miller et al. 1983). OVA has been found to display sequence homology with the 

serpin group of protease inhibitors (Hunt et al. 1980), however differs from this particular 

group as it does not alter conformation following proteolytic cleavage (Stein et al. 1990). 

In 1991 Stevens et al. showed that OVA contains four cysteine residues with one cysteine 

disulfide bridge (Stevens 1991).  

 

OVA exists in its monomeric form at low concentrations. However, at higher 

concentrations will dimerise and can exist to a lesser extent in trimeric forms, 

corresponding to the dephosphorylated, mono- and di-phosphorylated forms at sites 

1. 2. 3. 4. 5. 6. 
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Ser68 and Ser344 (Lush 1964). At position Asn292 a carbohydrate moiety can be seen 

and OVAs N-terminus is acetylated (Stevens 1991). OVA has a molecular weight of 

45,000 Da and isoelectric point of 4.5. OVA is used extensively as its size and relative 

abundance makes it a good model for other more expensive, therapeutically relevant 

protein compounds. Considering these physiochemical parameters, SE-HPLC may be a 

suitable method to detect and quantify OVA from in vitro sample matrices containing 

other compounds. Similarly, detection and quantification of OVA from more complex 

sample matrices containing other biologic compounds may be more suited to ELISA. 

Accordingly, these two methods will be employed in the pharmaceutical analysis of OVA 

in forthcoming experimental Chapters.  

 

2.1.6 Bevacizumab 

Bevacizumab (BEV) is a recombinant humanised monoclonal IgG1 antibody which binds 

to and inhibits vascular endothelial growth factor (VEGF), and as such is used as a 

combination anti-cancer therapeutic. BEV is a whole antibody molecule with a molecular 

weight of 149,000 Da, with 93% human and 7% murine amino acid sequence homology 

(European Medicines Agency 2005b). The melting point of the fragment antigen binding 

(FAB) is 61ºC with the whole antibody melting point stated as 71ºC (Vermeer et al. 2000a). 

Through crystallographic analysis, BEV has been shown to effectively bind VEGF with 

a high degree of specificity, with a total of 25 amino acid residues involved in epitope 

recognition (Muller et al. 1998). This specific binding between BEV and its biologic target, 

namely human VEGF, could be exploited in the development of a BEV specific sandwich 

ELISA using human recombinant VEGF as a capture antibody. Considering these 

physicochemical parameters, ELISA may be most suitable for the detection and 

quantification of BEV from samples containing other biologic contaminants, whilst 

allowing assessment of the biotherapeutic activity retention of BEV. In this instance, 

human VEGF165 will be utilised as a primary capture antibody, with a commercially 

available biotinylated VEGF 165 secondary antibody acting to form the sandwich 

component of the immunoassay.  
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2.2 Aims and Objectives 

 

The aim of this Chapter was to develop two suitable pharmaceutical analysis methods for 

the detection of OVA and BEV from lyophilised wafers to establish recovery of active 

proteins in vitro and also to establish quantitative transdermal delivery in vivo. 

 

The objectives of this Chapter were to: 

 

• Validate a SE-HPLC method using UV detection to chromatographically separate 

OVA from interfering compounds in in vitro studies with distinct resolution and 

robust linearity across the expected concentration range 

• Validate an ELISA for reliable and sensitive detection of OVA from interfering 

compounds in in vitro studies with robust linearity across the expected 

concentration range 

• Validate an ELISA for reliable and sensitive detection of BEV from interfering 

compounds in in vitro and in vivo studies with robust linearity across the expected 

concentration range. 
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2.3 Chemicals and Apparatus 

 

• OVA >98% was purchased from Sigma Aldrich, Dorset, UK. 

• Sodium Chloride was purchased from Sigma Aldrich, Steinheim, Germany. 

• HPLC grade water was sourced from ELGA Purelab ultra water purification 

system. 

• HPLC grade Methanol was purchased from Sigma Aldrich, Dorset, UK. 

• Mobile phase was sonicated using a Deconâ FS300b sonicating-water bath. 

• HPLC instrumentation used was composed of an Agilent 1200® Binary Pump, 

Agilent Degasser 1200®, Standard Autosampler and Agilent 1200® Variable 

Wavelength Detector each purchased from Agilent Technologies UK Ltd., 

Stockport, UK.  

• SE-HPLC separation was performed using a Bio-Sep-SE-S 3000 column (300 mm 

x 7.80 mm) purchased from Phenomenex, Cheshire, UK.  

• Individual chromatographs obtained were analysed using Agilent ChemStation® 

Software version B.02.01. 

• Monoclonal anti-Chicken egg ovalbumin antibody was purchased from Sigma 

Aldrich, Steinheim, Germany 

• Sodium hydrogen carbonate was purchased from Sigma Aldrich, Dorset, UK. 

• Sodium carbonate was purchased from Sigma Aldrich, Dorset, UK. 

• Tween®-20 was purchased from Sigma Aldrich, Steinheim, Germany. 

• SuperBlock® T20 was purchased from ThermoScientific, Rockford, USA. 

• Rabbit anti-Chicken egg ovalbumin polyclonal antibody and biotin conjugate were 

purchased from Novus Biologic, Littleton, USA. 

• Streptavidin horseradish peroxidase conjugate was purchased from Biolegend® 

San Diego, USA. 

• 3,3’,5,5’-tetramethylbenzidine (TMB) was purchased from Sigma Aldrich, 

Steinheim, Germany. 

• 4M Hydrochloric acid was purchased from Sigma Aldrich, Steinheim, Germany. 

• 96 well plate, high binging capacity purchased from Geiner-BioOne, 

Gloustershire, UK. 
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• UV-vis spectroscopy was conducted on a Powerwave microplate 

spectrophotometer from Bio-tek, Swindon, UK. Data analysis was carried out 

using Microsoft Excel software. 

• BEV Avastin® solution for infusion was purchased from Roche, Welwyn, UK. 

• Recombinant human VEGF165 was purchased from Biolegend® San Diego, 

USA. 

• Biotinylated VEGF165 was purchased from ibt systems, Dusseldorf, Germany. 
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2.4 Methods 

 

2.4.1 Instrumentation and chromatographic conditions 

HPLC analysis was carried out using SE-HPLC, on an Agilent 1200 series system. The 

column used for separation was a Bio-Sep-SE-S 3000 column (5 µm particle size, 290 Å 

Pore size and 300 mm length) fitted with a guard column of matching chemistry. The 

mobile phase was 250 mM sodium chloride solution, with a flow rate of 1 ml/min, 

injection volume of 20 µl, sample runtime of 11 min with additional 5 min post-time 

washout. UV detection for OVA was carried out at 214 nm. 

 

The mobile phase solution was filtered using a 0.22 µm filter, and degassed by sonication 

prior to use for 1 h. The column temperature was regulated to 25ºC. A 50 µl rinse solution 

of acetonitrile, and flush of sodium chloride solution was drawn into the injection needle 

between each sample run to ensure adequate cleaning. 

 

2.4.2 Stock solution and working standards of OVA in PBS 

OVA stock solutions were prepared by dissolving 10 mg of OVA in 10 ml of phosphate 

buffered saline (PBS) (pH 7.4), and gently inverted using a Stuart Rotator SB2 at a 

constant rate of 20 rpm for 2 min to ensure complete dissolution. Working standards 

were prepared from the stock solution through a series of serial dilutions to achieve a 

concentration of 10 µg/ml in PBS (pH 7.4). Working standards were prepared and diluted 

to between 1 - 10 µg/ml OVA using 250 mM sodium chloride solution. 

 

2.4.3 OVA ELISA method 

Monoclonal anti-chicken egg ovalbumin antibody, produced in mouse (MoAb) was 

diluted in 0.1 M bicarbonate buffer (pH 9.6) to a previously optimised concentration of 

2.5 µg/ml (McCrudden et al. 2014). The 0.1 M bicarbonate buffer was prepared by mixing 

300 ml of 0.1 M Na2CO3 solution (containing 28.62 g/l) with 700 ml 0.1 M NaHCO3 

(contains 8.40 g/l). A 50 µl aliquot of the diluted anti-ovalbumin antibody was dispensed 

into each well of a 96-well plate, covered with Parafilm® and incubated overnight at 4°C. 

The following day, the wells of the plate were filled with washing buffer, comprising of 

0.05% v/v Tween®-20 in PBS, and left to soak for 30 s before being discarded. This 

process was repeated 5 times, following which the plate was dried briefly using absorbent 

paper. The wells of the plate were then blocked with SuperBlock® T20, 150 µl/well and 
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incubated for 2 h at room temperature, having sealed the plate with Parafilm®. The plate 

was then washed with Tween®-PBS washing buffer, as described previously. A freshly 

prepared OVA solution at a concentration of 1 mg/ml in PBS was then subsequently 

diluted to the range of 1000 ng/ml to 50 ng/ml, using a serial dilution method. A 50 µl 

volume of sample was dispensed into each well - each sample was analysed in triplicate. 

The plate was then covered with Parafilm® and incubated for 1 h at room temperature. 

Following this the plate was washed with Tween®-PBS washing buffer. The plate was 

incubated with rabbit anti-chicken egg ovalbumin, polyclonal antibody biotin conjugate 

at the optimised concentration of 1 µg/ml in SuperBlock® T20 buffer for 1 h at room 

temperature (McCrudden et al. 2014). The plate was again washed with Tween®-PBS 

washing solution and dried with absorbent paper. The plate was incubated with 

streptavidin – horse radish peroxidase (Strep-HRP) conjugate, diluted 1:5000 in PBS, for 

30 min at room temperature. The plate was washed with Tween®-PBS washing buffer and 

dried with absorbent paper. To detect antibody binding, 50 µl of 3,3’,5,5’-

tetramethylbenzidine substrate (TMB) was added to each well and incubated for 30 min. 

Colour development was terminated using 50 µl/well, 4.0 M hydrochloric acid (HCL) and 

optical density (OD) was measured at 450 nm using a micro 96-well plate 

spectrophotometer (Powerwave™ XS, Bio-Tek Instruments Inc., Minooski, USA). 

 

2.4.4 BEV ELISA method 

The primary coating antibody - recombinant human, vascular endothelial growth factor 

(VEGF165) was diluted 1:5000 in 0.1 M bicarbonate buffer (pH 9.6). 100 µl of the diluted 

recombinant human VEGF 165 solution was dispensed into each well, covered with 

Parafilm® and aluminum foil to reduce evapouration and protect from light infiltration 

and incubated for 16 h at 4°C. To wash the plate, each well was filled with washing buffer, 

comprising of 0.05 % v/v Tween®-20 in PBS, and left to soak for 30 s before being 

discarded. This process was repeated 5 times, following which the plate was dried briefly 

using absorbent paper. The plate was then blocked with SuperBlock® T20, 150 µl/well 

and incubated for 2 h at room temperature, having sealed the plate with Parafilm® and 

covered with aluminium foil. The plate was then washed with Tween®-PBS washing 

buffer, as described previously. A freshly prepared BEV solution at a concentration of 1 

mg/ml in PBS was then subsequently diluted to the range of 400 ng/ml to 5 ng/ml for 

in vitro sample analysis and 400 ng/ml to 50 ng/ml for in vivo sample analysis, using serial 

dilution. A 100 µl volume of sample was dispensed into each well - each sample was 
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analysed in triplicate. The plate was then covered with Parafilm® and aluminium foil and 

incubated for 1 h at room temperature. Following this the plate was washed with Tween®-

PBS washing buffer. The plate was incubated with the secondary antibody – biotinylated 

VEGF165 antibody diluted 1:10,000 in SuperBlock® T20 buffer for 1 h at room 

temperature. The plate was again washed with Tween®-PBS washing solution and dried 

with absorbent paper. The plate was incubated with Streptavidin-HRP conjugate, diluted 

1:5000 in PBS only, for 30 min at room temperature. The plate was washed with Tween®-

PBS washing buffer and dried with absorbent paper. To detect antibody binding, 50 µl of 

TMB substrate was added to each well and incubated for 30 min. Colour development 

was terminated using 50 µl/well, 4.0 M hydrochloric acid and OD was measured at 450 

nm using a micro 96-well plate spectrophotometer (Powerwave™ XS, Bio-Tek 

Instruments Inc., Minooski, USA). 

 

2.4.5 Method validation  

Method validation was conducted for SE-HPLC and ELISA methods with specific 

reference to those articles as recommended by the International Conference on 

Harmonisation of Technical Requirements for Registration of Pharmaceuticals for 

Human Use (ICH) Validation of Analytical Procedures Q2 Analytical Validation Revision 

one (R1) 2005, namely: specificity, accuracy, precision, repeatability, linearity and range, 

lower limit of detection (LoD) and lower limit of quantification (LoQ). 

 

2.4.6 Specificity 

Specificity is defined in Analytical validation Q2 (R1) as the ability to assess unequivocally 

the analyte in the presence of components which may be expected to be present, including 

impurities, degradants, and matric components. In each analytical method validated, a 

minimum of three independent replicates were used to identify the analyte of interest 

from expected matrix components and interferences. 

 

2.4.7 Accuracy 

Ensuring accuracy of an analytical procedure expresses the closeness of agreement 

between the value which is accepted either as a conventional true value or an accepted 

reference value and the value found. Accuracy of validated methods were expressed in 

terms of mean percentage recovery ± standard deviation (SD). ICH guidelines suggest 

that mean percentage recovery should be within 15% of the true value for quality control 
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samples. However, the lower limit of quantification can have an accepted deviation of up 

to 20%. In each validated method, inter- and intra-day accuracy was assessed, with a 

minimum of three independent repeats indicated for low, medium, and high 

concentration sampling. Inter-day accuracy was calculated using one replicate of low, 

medium and high concentration from three 24 h periods. Intra-day accuracy was 

calculated using thee replicates at low, medium and high concentration from one single 

24 h period.  

 

2.4.8 Precision 

The precision of an analytical procedure expresses the closeness of agreement between a 

series of measurements obtained from multiple sampling of the same homogeneous 

sample under the prescribed conditions. The precision of an analytical procedure is 

usually expressed as the variance, standard deviation of coefficient of variation of a series 

of measurements. In each validated method inter- and intra-day precision was assessed, 

with a minimum of three independent repeats indicated for low, medium, and high 

concentration sampling and expressed in terms of coefficient of variation as percentage. 

Inter-day precision was calculated using one replicate of low, medium and high 

concentration from three 24 h periods. Intra-day precision was calculated using thee 

replicates at low, medium and high concentration from one single 24 h period. 

 

2.4.9 Repeatability 

Repeatability is defined by ICH Analytical procedure Q2 (R1) as an expression of the 

precision under the same operating conditions over a short interval of time. Analytical 

methods validated to ICH guidelines often consider repeatability in terms of short, 

medium and long term and in this instance short and medium term intra-day precision 

can be thought of as a reflection of short term repeatability, with inter-day precision a 

reflection of medium-term precision. 

 

2.4.10 Linearity and range 

Linearity refers to the ability of an analytical procedure to obtain test results which are 

directly proportional to the concentration of analyte in each sample. Linearity is set within 

a range and is bound by the lower limit of detection and an upper limit defined by the set 

range. For each validated analytical method a range has been clearly defined. 
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2.4.11 Lower limit of detection 

The lower limit of detection (LoD) is defined by the ICH as the lowest amount of analyte 

in sample which can be detected but not necessarily quantified as an exact value. The LoD 

indicates the lowest concentration of analyte that can be distinguishable from the 

concentration obtained from a blank sample measurement. The LoD may be determined 

using the following equation: 

 

𝐿𝑜𝐷 = %.%	(
)

    Equation 2.1 

 

Equation 2.1 is used to calculate LoD where σ is defined as the standard deviation of the 

output signal and S is defined by the slope of the linear regression model created as a 

result of correlation between known standard concentrations and the analytical procedure 

output. In this Chapter validated SE-HPLC method signal output is defined as area under 

the curve (AUC) of the chromatographic analyte peak, whereas ELISA methodologies 

define UV OD as signal output. 

 

2.4.12 Lower limit of Quantification 

The lower limit of quantification (LoQ) is defined by the ICH as the lowest amount of 

analyte in sample which can be quantitatively determined with a suitable precision and 

accuracy. The quantitation limit is a parameter of quantitative assays for low levels of 

compounds in a sample. 

 

𝐿𝑜𝐷 = *+	(
)

    Equation 2.2 

 

Equation 2.2 is used to calculate LoQ where σ is defined as the standard deviation of the 

output signal and S is defined by the slope of the linear regression model created as a 

result of correlation between known standard concentrations and analytical procedure 

output signals. In this Chapter validated SE-HPLC method signal output is defined as 

AUC of the chromatographic analyte peak, whereas ELISA methodologies define UV 

OD as signal output. 

 

 

 

 



Chapter 2 Validation of analytical methods for quantification and detection of ovalbumin and bevacizumab 
 

 62 

2.4.13 Statistical analysis 

Statistical analysis was performed using Microsoft® Excel® for Mac® 2016, and included 

calculation of mean, standard deviation, coefficient of variance, construction of 

calibration plot with least squares linear regression analysis and analysis of residuals. 
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2.5 Results 

 

2.5.1 OVA SE-HPLC validation 

SE-HPLC was used for the detection and quantification of OVA from in vitro samples 

dissolved in PBS (pH 7.4). Following optimisation of the SE-HPLC the resultant 

chromatographic conditions yielded a sharp peak with an elution time of 9 min for OVA 

at UV detection wavelength 214 nm. Figure 2.3 shows a representative SE-HPLC 

chromatograph of OVA 10 µg/ml and a blank sample respectively.  

Figure 2.3. Representative SE-HPLC chromatograph of ovalbumin (OVA) in PBS (pH 7.4) overlaid and 

off-set by 5 % blank negative control PBS (pH7.4). 

 

Throughout method development and optimisation, standard solutions of OVA in PBS 

were used within the range of 1-10 µg/ml. The mobile phase used was 250 mM sodium 

chloride solution, flow rate of 1 ml/min, injection volume of 20 µl, sample runtime of 11 

min with an additional 5 min post-time washout. 

 

Least squares linear regression and correlation analysis were performed on calibration 

curves (carried out in triplicate) produced on three individual days establishing the 

equation of the line (Figure 2.4). 
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Figure 2.4. Calibration curve for OVA in PBS solution at 214 nm. Means ± S.D., n=3. 

 

The correlation coefficient of the line was 0.998, demonstrating a high degree of linearity 

across the concentration range. The LoD and LoQ was calculated for OVA and displayed 

in Table 2.1 below. 

 
Table 2.1. Calibration curve properties for OVA SE-HPLC detection and quantification through linear 

regression and correlation analysis with limits of detection and quantification analysis. 

Conc. range 

(µg/ml) 
R2 y-intercept slope LoD (µg/ml) LoQ (µg/ml) 

1 - 10 0.998 -4.036 13.018 0.329 0.995 

 

Accuracy was determined in triplicate, over three concentrations representative of varying 

sections of the calibration curve. Measured concentrations, calculated from AUC data 

were then compared to the theoretical value and percentage recovery documented in 

Table 2.2 below. Percentage recovery was found to be within 95% demonstrating a high 

degree of accuracy. 
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Table 2.2. Determination of accuracy for SE-HPLC for the detection and quantification of OVA in PBS. 

Means ± S.D., n=3. 

Theoretical conc. 

(µg/ml) 
Percentage recovery (%) 

Mean recovery ± 

SD (%) 

 

2 

Day 1 

Day 2  

Day 3 

98.08 

96.54 

97.70 

 

97.4 ± 0.80 

 

5 

Day 1 

Day 2 

Day 3 

97.92 

100.38 

97.19 

 

98.7 ± 1.42 

 

10 

Day 1 

Day 2 

Day 3 

103.81 

105.42 

101.35 

 

103 ± 2.10 

 

Precision was analysed with respect to repeatability over short time intervals, specifically 

within one 24 h period (intra-day) and also over an intermediate time interval, specifically 

three consecutive 24 h periods (inter-day). Intra- and inter-day precision is presented, in 

terms of the coefficient of variance for OVA at high, medium, and low concentrations in 

Table 2.3 below. 
 

Table 2.3. Determination of precision for SE-HPLC for the detection and quantification of OVA in PBS. 

Means ± S.D., n=3. 

Intra-day precision 

Theoretical conc. (µg/ml) Conc. found ± SD (µg/ml) Variation coefficient (%) 

2 2.08 ± 0.13 6.38 

5 5.00 ± 0.18 3.59 

10 10.35 ± 0.21 1.98 

Inter-day precision 

Theoretical conc. (µg/ml) Conc. found ± SD (µg/ml) Variation coefficient (%) 

2 1.95 ± 0.02 0.82 

5 4.85 ± 0.20 4.04 

10 9.89 ± 0.22 2.2 
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2.5.2 OVA ELISA validation 

An OVA specific ELISA was optimised for the detection and quantification of OVA 

from in vitro samples, with the capacity to detect and quantify OVA in the presence of 

other proteins. OVA ELISA required a series of antibody coating and washings with end 

point determination quantified by UV detection of OD as a result of conversion of the 

same by enzymatic catalysis. Figure 2.5 shows a representative calibration plot for OVA 

across the concentration range of 50 – 1000 ng/ml in PBS. 

 

 
Figure 2.5. Representative calibration plot for OVA samples in PBS, as determined by the ELISA. Means 

± S.D., n=3. 

 

Regression analysis yielded linearity of r2 value of 0.9993, with specific calibration 

parameters documented in Table 2.4. 

 
Table 2.4. Calibration curve properties for OVA ELISA detection and quantification through linear 

regression, correlation analysis, and limit of detection and quantification analysis. 

Conc. range (ng/ml) R2 slope LoD (ng/ml) LoQ (ng/ml) 

50 - 1000 0.999 0.000362 23.54 71.32 

 

Accuracy was determined in triplicate, over three concentrations representative of varying 

sections of the calibration curve. Measured concentrations, calculated from OD data were 

then compared to the theoretical value and percentage recovery of protein is documented 

in Table 2.5. 
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Table 2.5. Determination of accuracy for ELISA for the detection and quantification of OVA in PBS. 

Means ± S.D., n=3. 

Theoretical conc. (ng/ml) Percentage  recovery (%) Mean recovery ± SD (%) 

 

50 

Day 1 

Day 2 

Day 3 

94.67 

108.01 

101.33 

 

101.3 ± 6.67 

 

400 

Day 1 

Day 2 

Day 3 

99.33 

103.50 

106.83 

 

103.2 ± 3.76 

 

800 

Day 1 

Day 2 

Day 3 

101.75 

104.67 

99.67 

 

102.0 ± 2.51 

 

Precision was analysed with respect to repeatability over short time intervals, specifically 

within one 24 h period (intra-day) and also over an intermediate time interval, specifically 

three consecutive 24 h periods (inter-day). Intra- and inter-day precision is presented, in 

terms of the coefficient of variance for OVA at high, medium, and low concentrations, 

in Table 2.6. 

 
Table 2.6. Determination of precision for ELISA for the detection and quantification of OVA in PBS. 

Means ± S.D., n=3. 

Intra-day precision 

Theoretical conc. 

(ng/ml) 

Conc. found ± SD (ng/ml) Variation coefficient (%) 

50 48.33 ± 1.44 2.98 

400 388.33 ± 8.78 2.26 

1000 996.67 ± 29.19 2.92 

Inter-day precision 

Theoretical conc. 

(ng/ml) 

Conc. found ± SD (ng/ml) Variation coefficient (%) 

50 50.67 ± 3.33 6.58 

400 412.89 ± 15.03 3.64 

800 816.22 ± 20.09 2.46 
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2.5.3 BEV ELISA in vitro 

A BEV specific ELISA was developed and optimised for the detection and quantification 

of BEV from in vitro samples predominantly containing PBS, with the capacity to detect 

and quantify BEV from interfering components, such as the proteins leached from 

neonatal porcine skin used in Franz cell permeation studies. The BEV ELISA required a 

series of antibody coating and washing steps with end point determination quantified 

though UV detection of OD as a result of the substrate conversion by enzymatic 

degradation. Figure 2.6 shows a representative calibration plot for BEV across the 

concentration range of 5 – 400 ng/ml in PBS.  

 
Figure 2.6. Representative calibration plot for BEV samples in PBS, as determined by the BEV specific 

ELISA. Means ± S.D., n=3. 

 

Regression analysis yielded linearity with r2 value of 0.998, with LoD and LoQ also shown 

in Table 2.7. 

 
Table 2.7. Calibration curve properties for OVA ELISA detection and quantification through linear 

regression, correlation analysis, and limit of detection and quantification analysis. 

Conc. range 

(ng/ml) 
R2 

y-

intercept 
slope 

LoD 

(ng/ml) 

LoQ 

(ng/ml) 

5 - 400 0.998 0.00102 0.0129 13.25 40.16 

 

Accuracy was determined in triplicate, over three concentrations representative of varying 

sections of the calibration curve.  
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Measured concentrations, calculated from OD data were then compared to the theoretical 

value and percentage recovery documented in Table 2.8. 
 

Table 2.8. Determination of accuracy for ELISA for the detection and quantification of BEV in PBS. 

Means ± S.D., n=3. 

Theoretical concentration 

(ng/ml) 
Percentage recovery (%) Mean recovery ± SD (%) 

 

10 

Day 1 

Day 2 

Day 3 

93.40 

101.18 

108.96 

 

101.18 ± 7.78 

 

200 

Day 1 

Day 2 

Day 3 

102.34 

91.06 

92.97 

 

95.44 ± 6.06 

 

400 

Day 1 

Day 2 

Day 3 

95.90 

93.16 

97.07 

 

95.38 ± 2.00 

 

Precision was analysed with respect to repeatability over short time interval, specifically 

within one 24 h period (intra-day) and also over an intermediate time interval, specifically 

three consecutive 24 h periods (inter-day). Precision is presented, in terms of the 

coefficient of variance for BEV at high, medium, and low concentrations, in Table 2.9. 
 

Table 2.9. Determination of precision for ELISA for the detection and quantification of BEV in PBS. 

Means ± S.D., n=3. 

Intra-day precision 

Theoretical conc. 

(ng/ml) 
Conc. found ± SD (ng/ml) Variation coefficient (%) 

10 10.59 ± 1.08 10.19 

200 214.01 ± 2.47 1.16 

400 399.69 ± 35.12 8.79 

Inter-day precision 

Theoretical conc. 

(ng/ml) 

Conc. found ± SD (ng/ml) Variation coefficient (%) 

10 10.12 ± 0.78 7.69 

200 190.89 ± 12.11 6.34 

400 381.51 ± 8.02 2.10 
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2.5.4 BEV ELISA in vivo 

The BEV ELISA was also optimised for the detection and quantification of BEV from 

in vivo serum samples from Sprague-Dawley rats, with the capacity to detect and quantify 

BEV from potential interfering components. The BEV ELISA required a series of 

antibody coating and washing steps with end point determination quantified though UV 

detection of OD as a result of TMB substrate conversion by enzymatic degradation. 

Figure 2.7 shows a representative calibration plot for BEV (concentration range of 50 – 

400 ng/ml) in PBS.  

 

 
Figure 2.7. Representative calibration plot for samples containing BEV in SD rat serum. Means ± S.D., 

n=3. 

 

Regression analysis yielded linearity with r2 value of 0.993 – calibration curve properties 

can be seen in Table 2.10 below. 

 
Table 2.10. Calibration curve properties for BEV ELISA detection and quantification through linear 

regression, correlation analysis, and limit of detection and quantification analysis. 

Conc. range 

(ng/ml) 

R2 y-

intercept 

slope LoD 

(ng/ml) 

LoQ 

(ng/ml) 

50 - 400 0.993 0.0634 0.000560 27.53 83.43 

 

Accuracy was determined in triplicate, over three concentrations at varying sections of 

the calibration curve. Measured concentrations, calculated from OD data were then 

compared to the theoretical value and percentage recovery documented in Table 2.11. 
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Table 2.11. Determination of accuracy for ELISA for the detection and quantification of BEV in rat serum. 

Means ± S.D., n=3. 

Theoretical concentration 

(µg/ml) 
Percentage recovery (%) Mean recovery ± SD (%) 

 

50 

Day 1 

Day 2 

Day 3 

106.60 

99.43 

92.27 

 

99.43 ± 7.16 

 

200 

Day 1 

Day 2 

Day 3 

100.07 

93.81 

100.97 

 

98.28 ± 3.90 

 

400 

Day 1 

Day 2 

Day 3 

100.63 

101.52 

98.39 

 

100.18 ± 1.61 

 

Precision was analysed with respect to repeatability over short time interval, specifically 

within one 24 h period (intra-day precision) and also over an intermediate time interval, 

specifically three consecutive 24 h periods (inter-day precision). Intra- and inter-day 

precision is presented, in terms of the coefficient of variance for BEV at high, medium, 

and low concentrations, in Table 2.12. 

 
Table 2.12. Determination of precision for ELISA for the detection and quantification of BEV in rat 

serum. Means ± S.D., n=3. 

Intra-day precision 

Theoretical conc. 

(ng/ml) 

Conc. found ± SD (ng/ml) Variation coefficient (%) 

75 71.66 ± 4.85 6.76 

300 313.41 ± 19.81 6.32 

400 391.25 ± 16.62 4.24 

Inter-day precision 

Theoretical conc. 

(ng/ml) 

Conc. found ± SD (ng/ml) Variation coefficient (%) 

150 160.54 ± 17.89 11.14 

200 214.09 ± 27.33 12.76 

400 390.81 ± 17.61 4.51 
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2.6 Discussion 

 

The aim of this Chapter was to develop detection and quantitation methodologies for the 

analysis of OVA and BEV from both in vitro and in vivo samples for experimental setups 

that are employed in the forthcoming Chapters. The analytical techniques used in this 

Chapter, namely SE-HPLC and ELISA were selected for their ability to accurately detect 

and quantify the proteins of interest from sample matrices, which included small molecule 

interfering compounds and other protein molecules.  

 

Initially SE-HPLC was used to detect and quantify OVA from in vitro samples. SE-HPLC 

principally allows for the separation of molecules based on their molecular size. 

Separation is achieved as sample molecules pass along the column through a process of 

differential exclusions from the pores of the packing material. The smaller molecules 

interact with the packing material to a greater degree and are therefore retained on the 

column for longer than the larger molecules, which can then pass on to the detector 

module. There are many types of detectors used in conjunction with SE-HPLC such as 

UV-VIS, fluorescence, mass spectroscopic and refractive index detectors. An ideal 

detector should be sensitive towards the sample molecules over the mobile phase, display 

low background noise, facilitate low detection limits, and provide a linear dynamic range. 

UV-VIS detectors are most commonly used in HPLC analysis owing in part to their low 

cost and ability to detect a wide range of molecules.  UV-VIS was chosen as an appropriate 

method for the detection of OVA by SE-HPLC, as this provided sufficient limits of 

detection to allow accurate and precise measurement of OVA from the in vitro sample 

matrices.  

 

Sample separation analysis was performed using a Bio-Sep-SE-S 3000 column (5 µm 

particle size, 290 Å Pore size and 300 mm length). This column was selected for its 

compatibility and ability to separate molecules described as medium to large proteins, 

namely 7,000 to 700,000 Da (OVA MW = 45,000 Da). Initially distilled, degassed water 

was employed as the mobile phase. However, this led to peaks that were broad in shape 

– yielding unreliable results when chromatographic analysis was performed to calculate 

the AUC. These broad peaks were thought to occur as a result of secondary binding 

effects of the protein with the packing material within the separation column (Hong et al. 

2012). The addition of a salt to the mobile phase is known to affect the hydrodynamic 
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radius of proteins and minimise the effect of secondary binding. It is important to 

remember that relatively minor changes in protein tertiary structure can lead to significant 

changes in protein solubility and ultimately have an impact on protein hydrophobic 

binding potential. Secondary binding interactions can occur between proteins and 

between protein and packing material. It was therefore a necessity to change the 

composition of the mobile phase to include a salt such as sodium chloride in order to 

reduce secondary binding effects, allowing chromatographic separation to be carried out 

based on protein molecular size alone, and ultimately providing sharp and distinct peaks 

on the chromatogram for subsequent analysis. The mobile phase was modified to include 

250 mM sodium chloride in water, with a flow rate of 1 ml/min as this provided an 

acceptable elution time of approximately 9 min, yielding sharp distinct peaks. A sample 

volume of 20 µl was sufficient to achieve sharp distinguishable peaks with final sample 

runtime set at 11 min with an additional 5 min post-time washout.  

 

Protein molecules often display several UV absorbance maxima, with the most frequently 

reported maxima as a result of the absorption of light by aromatic side chains on the 

amino acids tryptophan and tyrosine, absorbing between 275-280 nm. OVA has relatively 

few tryptophan (3) and tyrosine (10) residues of the 385 OVA amino acid residues in the 

primary sequence, and as such, the absorption maxima at 280 nm is relatively weak, 

making it a poor choice for UV-VIS detection following SE-HPLC. Instead UV detection 

for OVA was carried out at 214 nm, as this corresponded to the absorption maxima 

resultant from energy absorption by the peptide bond, extensively present in protein 

molecules and inherently found in the OVA molecule backbone. 

 

Validation of the developed SE-HPLC method was carried out by application of the ICH 

analytical validation guidelines. The objective of validation is to demonstrate that the 

analytical procedure is suitable for its intended purpose. The ICH guidelines do not state 

recommended acceptance of failure criteria but rather simply state the necessary aspects 

to consider in the validation process. Throughout this work, SE-HPLC validation 

acceptance criteria were set based on good manufacturing practice and industrial 

regulation requirements (European Medicines Agency 2015). 

 

Specificity was analysed through comparison of samples containing PBS only (pH 7.4) 

and samples containing OVA dissolved in PBS (pH 7.4). Throughout validation, the 
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matrix bulk solution was PBS (pH 7.4), as future in vitro recovery and permeation studies 

would be carried out using PBS and would be diluted (if required) in mobile phase. Figure 

2.1 clearly demonstrates the effective resolution of OVA from sample interferences. The 

concentration range 1-10 µg/ml OVA was selected based on the anticipated sample 

concentrations to be tested, and produced a linear calibration plot with R2 of 0.998. 

Samples to be analysed that yielded concentrations outside of the stated concentration 

range were diluted in PBS (pH 7.4), to ensure measurements were recorded within the 

validation parameters.  

 

The SE-HPLC method was subsequently effectively utilised in the determination of OVA 

recovery from manufactured MN arrays and lyophilised wafers, however was ineffective 

at separation of OVA from sample matrices utilised in in vitro permeation studies. In these 

studies, excised neonatal porcine skin was used as the model membrane for permeation 

and protein compounds that leached from the skin layers resulted in poor protein 

separation and non-distinct peaks on resultant chromatograms. As a result, the SE-HPLC 

method detailed above was not suitable for the detection of OVA from samples collected 

from studies where excised neonatal porcine skin was used. Instead OVA detection from 

such samples would be analysed through use of an OVA specific ELISA. 

 

ELISA are commonly used laboratory techniques valued for their ability to detect and 

quantify low concentrations of specific proteins from complex biological samples, though 

binding and interaction with antibodies and antigens. There are a number of different 

types of ELISA methodology approach namely: direct, indirect, sandwich, and 

competition or inhibition ELISA. Through a process of serial binding beginning with a 

solid surface, usually poly(styrene) 96-well plates, ELISA methodologies yield a coloured 

end-point that can be quantified using simple UV-VIS spectroscopy correlating the 

optical density of the coloured solution to the sample protein concentration. Based on 

the observations listed above, analytical work involving OVA was more suited to 

detection using a specific sandwich ELISA. Moreover, future analytical work involving 

BEV would also be more suited to detection through ELISA, and so development and 

validation of a BEV specific ELISA was undertaken. 

 

The sandwich ELISA was chosen for the techniques increased selectivity and sensitivity 

over basic direct or indirect ELISA. It has been reported that proteins can under-go 
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certain denaturation events by interacting with solid phase systems, which could affect its 

detection by ELISA (Mould 2009). Primary and secondary antibodies were selected based 

on their ability to effectively bind OVA or BEV.   

 

With reference to OVA detection, a mouse monoclonal antibody was selected for primary 

capture with a biotinylated rabbit polyclonal anti-chicken egg ovalbumin antibody being 

employed as secondary (McCrudden et al. 2014). A full re-validation process was necessary 

as the original antibodies used in a previously developed ELISA for the detection and 

quantitation of OVA was no longer commercially available. As a result of this, an 

alternative ELISA method had to be developed with other commercially available 

antibodies and as such an indirect sandwich ELISA was developed. Direct sandwich 

ELISA describe a system whereby the secondary capture antibody is conjugated to an 

enzyme, which can then allow substrate conversion and resultant colour change. An 

indirect sandwich ELISA, as is the case here, describes a system whereby the secondary 

antibody is not directly conjugated to an enzyme, and so a further binding step must be 

employed. In this validated OVA specific ELISA, the polyclonal secondary antibody is 

biotinylated which in turn can bind to streptavidin, itself conjugated to the enzyme HRP. 

Initially, an optimised concentration of 5 µg/ml secondary capture antibody was used as 

this yielded a low detection limit of OVA. An optimised concentration of 2.5 µg/ml of 

the primary antibody was used as this showed low background signals. This yielded an 

assay method with low background variation and high signal detection for OVA. 

 

Specificity was analysed through comparison of samples containing PBS only (pH 7.4) 

and samples containing OVA dissolved in PBS (pH 7.4). Accuracy data analysed over 

three days at low, medium, and high concentration OVA displayed mean percentage 

recovery of 101.3 ± 6.67%, 103.2 ± 3.76%, and 102.0 ± 2.51% respectively. This data 

indicates a high degree of accuracy with each recovery data recorded falling within 10% 

standard deviation, set as acceptable levels for biological assays. Similarly, in both intra- 

and inter-day precision analysis at low, medium, and high concentrations, the coefficient 

of variation was less than 10%. It is accepted that intra- and inter-day precision analysis 

yielding variation of 10-15% is acceptable for immunoassays (European Medicines 

Agency 2015).  
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The data collated indicates a high degree of precision and reproducibility across the OVA 

concentration range 50 -1000 ng/ml with a high degree of linearity, R2 0.999. The assay 

produced low limits of quantitation and detection with LoD 23.54 ng/ml and LoQ 71.32 

ng/ml, respectively. Interfering protein molecules from neonatal porcine skin used in 

permeation studies were tested against background samples with mean OD of PBS 

samples containing porcine skin contaminants of 0.065 ± 0.005 OD units. This level of 

specificity can be attributed to the nature of the sandwich ELISA (Voller et al. 1978). 

Sandwich ELISA employs two specific antibodies to bind the sample protein, minimizing 

the possibility of cross-reactivity or interference from molecules likely to be found in the 

samples. 

 

With respect to BEV analysis, a further sandwich ELISA development model was 

followed. Recombinant human VEGF165 was selected as the primary detection antibody 

with a biotinylated VEGF165 antibody selected as a secondary detection antibody. 

Streptavidin-HRP conjugate was then added to provide enzymatic degradation of TMB, 

yielding a yellow colour development. 

 

Initially the BEV specific ELISA was developed and validated for the detection of BEV 

from in vitro samples. A high degree of linearity R2 0.998 was found in the range 5-400 

ng/ml. Specificity was observed with low background and no detectable cross-reactivity 

or sample interferences. Accuracy data at low, medium, and high concentrations were 

101.78 ± 7.78%, 95.44 ± 6.06%, and 95.38 ± 2.00%, respectively. Variation here was 

below the 10% limitations in each case. Intra- and inter-day precision data displayed 

coefficient of variation less than or equal to 10% in all cases. The highest degree of 

variation was recorded in the lowest concentration levels, however still within the 

accepted 15% variation limitations for this immunoassay. 

 

Furthermore, the BEV specific ELISA was validated to ensure that BEV could be reliably 

detected and quantified from in vivo samples. In this instance serum from Sprague-Dawley 

rats was the sample matrix, and so the process of validation was conducted to ensure the 

analytical procedure could detect and quantify BEV from rat serum, replete with 

numerous serum-derived proteins. Here a high degree of linearity was found, indicated 

by R2 of 0.993. However, this was achieved by restricting the concentration range to 50-

400 ng/ml. The LoD and LoQ of BEV from rat serum was found to be 27.53 ng/ml and 
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83.43 ng/ml, respectively. Accuracy data showed low levels of variation at low, medium, 

and high concentrations with mean recoveries at 99.43 ± 7.16%, 98.28 ± 3.90%, and 

100.18 ± 1.61%, respectively. The highest degree of variation is found towards the lower 

concentration range. This stands to reason as assay variation begins to increase as you 

approach the lower limitation of detection. Intra- and inter-day precision data showed 

low variability, indicated by the coefficient of variation at low, medium, and high 

concentrations reported as less than 15% in each case. 
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2.7 Conclusion 

 

In this Chapter a SE-HPLC method for the separation, detection, and quantification of 

OVA from in vitro samples containing non-protein compound interferences was 

successfully validated using the principles recommended by the ICH guidelines for 

validation of analytical procedures. To facilitate the analysis of OVA from more complex 

in vitro sample matrices, such as leached proteins from excised neonatal porcine skin, an 

OVA specific sandwich ELISA was developed and validated, again using ICH validation 

guidelines.  

 

A BEV specific sandwich ELISA was developed and validated for the detection and 

quantification of BEV from in vitro samples, and in vivo Sprague-dawley rat serum samples. 

In each case the concentration range, linearity, intra- and inter-day precision, accuracy, 

LoD, LoQ, and specificity were analysed. Acceptance criteria were set according to 

normal industrial standards. Subsequently, these validated analytical techniques will be 

used to reliably detect and quantify OVA and BEV in forthcoming Chapters.
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3.1 Introduction 

 

Microneedle (MN) technology provides opportunities to effectively overcome some of 

the challenges associated with biotherapeutic drug delivery namely: pH effects, enzymatic 

degradation, and poor gastrointestinal absorption. MN technology also offers the 

advantage of complete circumvention of the outermost barrier of the skin, the stratum 

corneum (SC). Recently, research in the field of MN technology has been based on MN 

arrays prepared from Food and Drug Administration (FDA) approved biocompatible 

polymers (Donnelly et al. 2012). Using such polymers has a number of advantages in terms 

of safety profiling, as FDA approved biocompatible polymers tend to have a history of 

safe usage in other medical applications. Initially, researchers used materials such as 

carbohydrate melts or heated polymers to manufacture MN arrays. This ultimately led to 

degradation and wastage of the biotherapeutic payload (Donnelly et al. 2009). High 

temperature and pressure stresses are more likely to result in loss of active biotherapeutics, 

rendering these techniques expensive, wasteful, and uneconomical. Specifically, with 

regards to manufacture and production, there has been a shift within the field of MN 

technology towards the use of aqueous polymeric gels, such as dissolving MN arrays 

(Migalska et al. 2011; McCrudden et al. 2014) and hydrogel-forming MN arrays (Donnelly 

et al. 2012; Donnelly et al. 2013). These methods of manufacture lend themselves to 

biotherapeutic compatibility, as they generally employ “mild” formulation conditions. For 

example, room temperature processing. Deployment of such manufacturing techniques 

may ultimately result in higher yields of active biotherapeutic in processing, and so could 

provide cost-efficiencies in manufacturing.  

 

It is important to note that MN devices are not merely applied to the surface of the skin, 

somewhat akin to traditional transdermal patches. In fact, MN penetrate through the 

skin’s protective layer. The needles of the array penetrate well below the SC into the viable 

dermis and epidermis (Donnelly et al. 2009). The epidermal and dermal layers which lie 

below the skins surface are tissue compartments that are, under normal physiological 

conditions, sterile. It stands to reason that a device which comes in contact with these 

deeper skin layers should not contain microbial contamination such that they could cause 

local or systemic infection. Furthermore, it is well documented that the viable epidermis 

and dermis are host to a rich immune cell population and so it is imperative that the 

bioburden in MN is minimised, ensuring that the risk of triggering such immune cells to 
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mount an immune response is attenuated (McCrudden et al. 2014; Donnelly et al. 2013). 

Donnelly et al. 2013 have previously shown the microbial burden of hydrogel-forming 

MN and subsequent potential for movement of these microorganisms into the skin 

following application. The microbial contamination was shown to be no more than that 

caused by a sterile hypodermic needle penetrating into the skin and demonstrated no 

movement of microorganisms across the epidermal layer upon MN insertion. (Donnelly 

et al. 2013). Figure 3.1 below highlights the difference in penetration depth into the skin 

layers by a MN array and a traditional hypodermic needle. The group have suggested that 

the drying and chemical cross-linking stages (which involves heating to 80°C for 24 h) 

may contribute to the lack of viable microorganisms in the final MN matrix. Regardless 

of this, it is still conceivable that regulatory authorities may impose sterility requirements 

in manufacture. Vaccine products are outlined in the British Pharmacopoeia as sterile 

products, with injectable formulations reflecting similar sterility requirements. 
 

Figure 3.1. Schematic representation of a microneedle array penetrating into the skin compared to 

traditional hypodermic needle penetration. 

 
Anticipating the need for sterility considerations, this Chapter will explore methods of 

terminal sterilisation for hydrogel-forming MN arrays and associated lyophilised wafer 

reservoirs containing a model protein drug. Three methods of terminal sterilisation, 

routinely employed in industrial manufacture of pharmaceutical products will be 

investigated in this study. They include dry heat sterilisation, steam sterilisation, and 

ionising radiation (gamma radiation), as set out by the British Pharmacopoeia (British 

Pharmacopoeia 2016).  
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This work will consider sterile manufacture of hydrogel-forming MN arrays and 

associated lyophilised drug reservoirs for the delivery of biotherapeutic molecules. As 

such ovalbumin (OVA) will be utilised as a model biotherapeutic agent. OVA is a member 

of the serpin family and has been extensively used in immunological testing and as model 

protein in numerous drug delivery studies to date. OVA is 385 amino acids in length and 

displays the classical features of protein structure as displayed (Figure 3.2); alpha helices 

(pink), beta pleated sheets; both parallel and anti-parallel (yellow) and connecting loops 

(white). The protein can easily be divided into two sub units and has molecule weight of 

45,000 Da. OVA is used extensively as its size and relative abundance makes it a good 

model for other more expensive, therapeutically relevant protein compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2. Visualisation of the crystal structure of ovalbumin at 1.95 angstroms resolution, organism 

source: Gallus gallus. Reproduced from Protein Data Bank Berman et al. (2014). Alpha helix visualised in 

pink, beta pleated sheets visualised in yellow and random loops visualised in white. 

 

MN mechanical properties and recovery of OVA post-manufacture will be used as 

indicators of a successful or appropriate production method and sterilisation technique. 

It is worth noting that although heat and ionising radiation are known to cause alterations 

in protein structure, these sterilisation techniques will be investigated to ascertain if any 

potential protective effects are demonstrated by both: polymers in MN formulation, or 

excipients in the lyophilised reservoir formulation. 
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The hierarchy chart below outlines the most commonly employed terminal sterilisation 

processes within pharmaceutical research and industry, Figure 3.3. 

 

 
Figure 3.3. Hierarchy chart comprising of the most commonly used terminal sterilisation techniques within 

the pharmaceutical sciences field. 

 

Many of the sterilisation processes listed above are not suitable for biotherapeutic 

molecules, as the processes destructive nature renders the molecule inactive. This has 

significant implications on the ability of pharmaceutical formulators to circumvent the 

need for aseptic preparation, and as a result can dramatically affect the production 

process, often with added costs. 

 

Dry heat sterilisation is one of the earliest sterilisation techniques, and relies on 

conduction of heat from hot dry air to the item being sterilised. Energy is transferred to 

the surface of the object, which then conducts to the next layer until the entire unit has 

reached the required temperature for sterilisation. The primary mechanism of action for 

dry heart sterilisation is due to its production of oxidising molecules which then destroy 

constituents of the cell of an organism. There are two main types of dry hat sterilising 

chambers available:  static air – which relies on natural convection currents caused by 

heated and cooled air; and forced air sterilisation system – which involves an indwelling 
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fan to assist with even distribution of hot air. Dry heat sterilisation is non-toxic, non-

corrosive for metallic objects, and allows for full penetration of heat throughout the 

material. Disadvantages of dry heat sterilisation include long cycle times (>150 mins 

depending on volume) due to the slow rate of heat penetration and often the high 

temperatures involved result in a lack of compatibility with many materials. 

 

Steam sterilisation has been used for more than a century and has many advantages of 

being non-toxic, readily available, and easily controlled. One main advantage over dry heat 

sterilisation is the reduced exposure time required for steam sterilisation, with usual 

operational cycles running at 121°C for 12 minutes. The process relies on direct surface 

steam contact, which allows saturated steam to transfer energy to the object thus 

providing thermal energy required for sterilisation to take place (Hagpal et al. 1978). 

Similar to dry heat, the main disadvantage is in that many articles to be sterilised are heat 

labile or are incompatible with water. 

 

Gamma irradiation sterilisation uses Cobalt 60 radiation to produce ionising effects within 

the item contained in the sterilisation chamber. In the case of microorganisms this 

ionising effect results in damage to DNA and cellular structures, rendering the cell 

incapable of reproduction. This form of sterilisation has become popular within the 

pharmaceutical industry as it can be used on many articles that are not suitable for dry 

heat or steam sterilisation. The process is highly controlled, and as such remains relatively 

expensive. 
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3.2 Aims and Objectives 

 

The aim of this Chapter was to develop an industry scalable method of sterile manufacture 

for hydrogel-forming MN arrays and associated drug loaded lyophilised wafers, with the 

capacity to successfully delivery a model protein (OVA) in vitro across neonatal porcine 

skin. 

 

The objectives of this study were to: 

 

• Prepare hydrogel-forming polymeric MN arrays and lyophilised drug reservoirs 

containing OVA 

• Evaluate mechanical strength and swelling capacity of the MN arrays and 

dissolution of OVA containing lyophilised reservoirs 

• Conduct in vitro permeation studies using Franz cell apparatus 

• Conduct sterility tests and quantify endotoxin content following exposure to three 

terminal sterilisation processes and subsequently assess the suitability of each 

process 
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3.3 Chemicals and Apparatus 

 

• OVA >98% was purchased from Sigma Aldrich, Dorset, UK 

• Sodium Chloride was purchased from Sigma Aldrich, Steinheim, Germany 

• Pearlitol® 50C-Mannitol was supplied by Roquette, Lestrem, France 

• Cryogel SG3 was supplied by PB Gelatins, Pontypridd, UK  

• Escherichia coli NCTC 10418 and Staphylococcus aureus NCTC 10788 were obtained 

from LCG Standards, Middlesex, UK  

• GenScript ToxinSensorTM Chromogenic LAL Endotoxin Assay Kit was obtained 

from GenScript USA Inc. Piscataway, NJ, USA 

• Co-polymer of methylvinylether and maleic acid (PMVE/MA) Gantrez® S-97 

(PMVE/MAH, Mw 1,080,000 Daltons), was a gift from ISP Corp. Ltd., 

Guildford, UK  

• Poly(ethylene glycols) (PEG), MW 10,000 Daltons, was obtained from Sigma-

Aldrich (Steinheim, Germany)  

• Astell ASB280BT steam autoclave (Astell Scientific Sidcup, Kent) 

• LTE Touchclave-Lab Steriliser oven (Laboratory Thermal Equipment, 

Greenfield, Nr. Oldham) 

• NuAire A laminar-air-flow cabinet purchased from Fernbrook lane, Plymouth, 

USA 

• Freeze drier was obtained from VisTis, Advantage, Trivac Leybold, Germany 

• 96 well plate, high binging capacity purchased from Geiner-BioOne, 

Gloustershire, UK 
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3.4 Methods 

 

3.4.1 Preparation of hydrogel-forming MN arrays 

MN arrays were prepared using laser-engineered silicone micromoulds manufactured as 

described previously (Donnelly et al. 2011). A schematic representation of the casting, 

laser-engineered micromoulds, and array dimensions are described in Figure 3.4 below. 

 
Figure 3.4. Schematic representation showing A) gel casting and centrifugation of polymer into laser-

engineered micromoulds, B) de-moulding of MN arrays and removal of side walls using a heated scalpel 

blade, C) finished MN array and needle dimensions. 

 

The MN arrays were comprised of 361 needles (19 x 19) having a needle height of 600 

µm, base width of 300 µm and a base interspacing of 50 µm. The needles were conical 

shaped and each array had an approximate area of 4.9 cm2. Blank hydrogel-forming 

polymeric MNs, made from aqueous blends of 20% w/w Gantrez® S-97 and 7.5% w/w 

PEG 10,000 were prepared by diluting the 40% w/w Gantrez® S-97 stock solution and 

mixing it with the required amount of PEG 10,000 solution and subsequently added 3% 

w/w anhydrous sodium carbonate. Following this 500 mg of the blend were poured into 

the moulds, centrifuged at 3000 rpm for 15 min and dried at room temperature for 48 

hours. Subsequently, the moulds were heated at 80 °C for 24 hours (esterification 

reaction) (Al-Zahrani et al. 2012; Donnelly et al. 2012). Upon cooling, the MN arrays were 

removed from the moulds.  The MN array sidewalls were removed by use of a heated 

scalpel blade. 

 

3.4.2 Preparation of OVA-loaded lyophilised wafers 

Lyophilised wafer-type drug reservoirs loaded individually with OVA were prepared as 

described previously (Donnelly et al. 2014). Briefly, in the case of OVA-containing 
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reservoirs, the protein (0.5% w/w) was dissolved in distilled water, followed by the 

addition of Sigma-Aldrich gelatin (10% w/w), mannitol (40% w/w), NaCl (10% w/w) 

and sucrose (1% w/w). The formulation was then mixed by a speed mixer (SpeedMixer™, 

DAC 150 FVZ-K, Synergy Devices Ltd., UK) at 3000 rpm for 60 s and sonicated at 37 

°C for 60 min. The resulting formulations were then cast (500 mg) into cylindrical moulds 

with one open end (diameter 15 mm, depth 5 mm), frozen at −80 °C for a minimum of 

60 min and then lyophilised in the freeze-drier (Virtis Advantage® Bench top Freeze Drier 

System, SP Scientific, Warminster PA, USA), according to the following regime: primary 

drying for 48 h at a shelf temperature of −40 °C, secondary drying for 10 h at a shelf 

temperature of 20 °C and vacuum pressure of 50 mTorr. 

 

3.4.3 Sterilisation procedure for hydrogel-forming MN arrays 

The MN arrays and OVA-loaded lyophilised wafers were individually terminally sterilised 

using three independent approaches, as described by the British Pharmacopoeia. Method 

of Preparation of Sterile Products 5.1.1 (British Pharmacopoeia 2016). These were steam 

sterilisation (autoclave), dry heat sterilisation (oven) and ionising radiation (gamma 

irradiation). In the case of steam autoclave treatment, the MN arrays or wafers were 

individually placed in small glass bottles, and the lids were loosely sealed. These were 

placed in an Astell ASB280BT steam autoclave (Astell Scientific Sidcup, Kent) and 

subjected to conditions of 121 °C for 15 min, thus saturating the load with steam. MN 

arrays and wafers which were treated in the dry sterilisation oven were placed in similar 

glass bottles, but no lids were used. Instead, aluminium foil was used to seal the bottles. 

These were placed in an LTE Touchclave-Lab Steriliser oven (Laboratory Thermal 

Equipment, Greenfield, Nr. Oldham) and subjected to conditions of 160°C for 2 h. 

Finally, MN arrays and wafers treated using gamma irradiation were sealed in moisture-

impermeable, heat-sealable poly(ester) foils (Transparent Film Products Ltd., 

Newtownards, N. Ireland). Gamma irradiation of the samples, conducted at the Queen’s 

University Belfast, Agri-Food and Biosciences Institute (AFBI), was carried out from a 

Cobalt-60 source. All samples were exposed to a 25 kGy (2.5 MRads) dose of gamma 

irradiation at exposure times of 14 h. The temperature was monitored during exposure 

and did not exceed 30°C. Sterilisation was conducted at room temperature (20-23°C). 
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3.4.4 Sterilisation procedure for OVA-loaded lyophilised wafers 

Initial sterilisation of gelatin, mannitol, sucrose and sodium chloride was conducted in an 

Astell ASB280BT steam autoclave (Astell Scientific Sidcup, Kent) and subjected to 

conditions of 121°C for 15 min, saturating the load with steam. In this case samples were 

placed in similar glass bottles and aluminium foil was used to seal the bottles. These were 

placed in an LTE Touchclave-Lab Steriliser oven (Laboratory Thermal Equipment, 

Greenfield, Nr. Oldham) and subjected to conditions of 160 °C for 1 h. The samples were 

combined with 0.22 µm filter sterilised OVA solution, within a class A laminar-air-flow 

cabinet, in a class B clean room under aseptic conditions. The mixture was aseptically 

transferred into a presterilised paper bag and sealed. This was then placed inside the freeze 

drier (VisTis, Advantage, Trivac Leybold, Germany) for lyophilisation. 

 

3.4.5 Dissolution of lyophilised wafers 

The time required to achieve complete dissolution of dissolving MN arrays or lyophilised 

wafers pre- and post-gamma irradiation was determined by placing the MN array or wafer 

into a known volume (20 ml) of phosphate-buffered saline (PBS, pH 7.4) in a volumetric 

flask. The time required for complete dissolution of the sample to be achieved with 

continuous stirring at 200 rpm was then recorded. 

 

3.4.6 Determination of OVA recovery from OVA-loaded lyophilised wafers pre- and post-gamma 

irradiation 

The OVA content of dissolving MN arrays and loaded wafers both pre- and post-gamma 

irradiation was determined by dissolving the MN array or wafer in 100 ml PBS. Following 

appropriate dilutions, the final protein content was determined using a commercially 

available bicinchoninic acid (BCA) assay (Micro BCA™ Protein assay reagent kit, Thermo 

Scientific, Rockford, IL, USA) using spectroscopic detection at 562 nm (Powerwave™ 

XS, Bio-Tek Instruments Inc., Minooski, USA), and OVA recovery was expressed as a 

percentage of the average total content of non-irradiated samples. 

 

3.4.7 Mechanical testing of MN arrays 

MN arrays were subjected to mechanical tests for compression. The mechanical 

properties were evaluated, as described previously (Singh et al. 2009; McCrudden et al. 

2014) using a TA-XT2 Texture Analyser (Stable Microsystems, Haslemere, UK) in 

compression mode. 
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3.4.8 Swelling of hydrogel-forming MN arrays in phosphate-buffered saline 

Swelling studies on hydrogel-forming MN arrays pre- and post-gamma irradiation were 

carried out as described before (McCrudden et al. 2014). Briefly, MN arrays, from which 

the sidewalls had been removed, were weighed at the zero-time point in the dry state (m0) 

and then placed into a volume of PBS. The arrays were removed at specific time points, 

surface fluid was removed between pieces of filter paper and the mass of the swollen array 

was recorded (mt). PBS was selected as the swelling medium as it was deemed to closely 

resemble/simulate skin interstitial fluid and has been used as the swelling medium in other 

similar studies (Singh et al. 2009). The percentage swelling of the MN arrays was then 

determined using Eq. 3.1: 

 

%	𝒔𝒘𝒆𝒍𝒍𝒊𝒏𝒈 =
𝑚5 − 𝑚7

𝑚7
	×	100% 

Equation 3.1 

3.4.9 Test for sterility 

Sterility tests were carried out on lyophilised wafers containing OVA, performed under 

aseptic conditions in a class-A laminar-air-flow cabinet located within a class B cleanroom 

facility. All tests were carried out in accordance with British Pharmacopoeial test 

standards (British Pharmacopoeia 2016). Culture media appropriate for aerobic and 

anaerobic bacteria testing, soya-bean casein digest media and fluid thioglycollate media 

were inoculated with a sample of PBS, pH 7 which the lyophilised wafers had been 

dissolved. Positive controls of E. coli NCTC 10418 and S. aureus NCTC 10788 and 

negative controls of culture media inoculated with sterile PBS only were included in the 

test procedure. 1 ml of control or test solutions were transferred into 20 ml of the 

appropriate culture media, so that test sample volume was not more than 10% of the total 

media volume. The inoculated media were incubated between 20-25°C (soya-bean casein 

digest media) and 30-35°C (fluid thioglycollate media) for fourteen days. At intervals 

throughout the fourteen-day period, examination for macroscopic evidence of microbial 

growth was carried out. 

 

3.4.10 Endotoxin testing procedure 

ToxinSensorTM Chromogenic LAL Endotoxin Assay Kit was obtained from GenScript 

(Piscataway, NJ, USA). The endotoxin assay was conducted in a class A laminar-airflow 

cabinet, and in accordance with the manufacturer’s guidelines - all components of the kit 

were reconstituted as directed. Five E. coli endotoxin standards were prepared. Test 
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samples were subsequently dissolved or swollen in 15 ml endotoxin-free saline (0.9 % 

w/v sodium chloride, Baxter, Berkshire, UK). Aliquots (2 ml) of each sample were then 

filter-sterilised through 0.22 µm filter, prior to analysis within the system. LAL Reagent 

Water (supplied within the kit) and endotoxin-free saline were used as negative controls. 

Standards and test samples (100 µl) were dispensed into endotoxin-free vials and added 

to each was 100 µl of reconstituted LAL (reconstituted in LAL Reagent Water, supplied 

with assay kit). These vials were then incubated at 37°C for 30 min and the appropriate 

volume of chromogenic substrate was added. The solutions were aliquoted into the wells 

of a 96-well plate (Nunc®, Sigma Aldrich, Dorset, UK). Absorbance was then recorded at 

545 nm using a UV spectrophotometer (Biotek® Powerwave XS, Winooski, VT, USA). 

 

3.4.11 In vitro permeation of OVA from a combined system of hydrogel-forming MN arrays and 

associated OVA-loaded lyophilised wafers 

OVA in vitro drug permeation was carried out using the Franz cell apparatus described 

previously (Donnelly et al. 2009). Briefly, neonatal porcine skin, obtained from stillborn 

piglets and immediately (<24 hours after birth) excised, and trimmed to a thickness of 

350 µm using an electric dermatome instrument. Skin was stored in sealed petri dishes at 

-20ºC until further use. Neonatal porcine skin samples were thawed and pre-equilibrated 

in phosphate buffered saline (PBS) pH 7.4 and shaved to remove excess hair. A circular 

specimen of the skin was secured to the donor compartment of the diffusion cell using 

cyanoacrylate glue, with the SC facing the donor compartment. This was then placed on 

top of dental wax, to provide support, and MN arrays inserted into the centre of the skin 

section, using a spring activated applicator with a uniform force of 11.0 N per array. Then 

the lyophilised patches were placed on the top of MN and a circular steel weight (diameter 

11.0 mm, 3.5 g mass) was then placed on top of the patch. Furthermore, a piece of 

laboratory film (Parafilm®) placed over the Franz cell lid. With MN arrays in place, donor 

compartments were mounted onto the receptor compartments of the Franz cells. At 

predetermined time intervals, a 200 µl sample was collected via the side arm of the Franz 

cell and the receiver compartment immediately replenished with an equivalent volume of 

release medium. All samples were analysed using OVA specific ELISA, as described 

above. 
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3.4.12 Statistical analysis 

Statistical analysis was performed using commercially available software (Prism). Where 

appropriate, statistical analyses of the results were performed using a one-way analysis of 

variance (ANOVA) or two-way analysis of variance. Unpaired t tests, both one- and two-

tailed, were used to compare between groups. In all cases, p < 0.05 was taken to represent 

a statistically significant difference. 

 

 

 

 

 

 

 

  



 Chapter 3 Sterile manufacture of hydrogel-forming microneedle arrays and associated lyophilised drug reservoirs 

 92 

3.5 Results 

 

3.5.1 Sterilisation methodologies 

Where lyophilised wafers contain the protein component, there is a wealth of knowledge 

to suggest that dry heat, steam sterilisation and gamma irradiation will cause protein 

degradation. In order to investigate the potential protective effects of MN formulation 

components, these methodologies where employed with hydrogel-forming MN arrays 

and OVA containing lyophilised wafers. This work aimed to address the question of 

which sterilisation methodologies are appropriate, or indeed inappropriate, for a protein 

molecule intended for transdermal delivery using MN. As can be seen from Figure 3.5 

sterilisation of the hydrogel-forming MN arrays and OVA containing lyophilised wafers 

via steam autoclave led, in all instances to complete, disintegration or dissolution.  

 

 

 

 

Figure 3.5. Photographic representation of A) hydrogel-forming MN arrays and B) OVA containing 

lyophilised wafers (i) directly following manufacture, (ii) immediately following steam autoclave treatment, 

(iii) immediately following treatment in dry heat sterilisation oven, and (iv) immediately following gamma 

irradiation.  

 

Similarly, the use of dry heat sterilisation oven resulted in complete destruction of the 

arrays and wafers. In the case of the lyophilised wafers the degradation of the gelatin led 

to the characteristic brown colour that was generated. In contrast all MN and lyophilised 

wafers, upon visual inspection, tolerated gamma irradiation with no obvious loss of 

structure or mechanical strength and, obviously, no dissolution.  
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3.5.2 Determination of OVA recovery from lyophilised wafers 

In the case of OVA, however, there were statistically significant differences in OVA 

recovery between those samples which had been gamma-irradiated and those which had 

undergone no such treatment. OVA recovery from OVA containing lyophilised wafers 

was 99.7 ± 1.6 % for non-irradiated wafers but only 60.1 ± 2.2 % from irradiated wafers 

(p=0.0079). This is shown in Figure 3.6 below. 

 
Figure 3.6. The percentage recovery of OVA from OVA-loaded lyophilised wafers, which were untreated 

(Non-irradiated) or had undergone gamma irradiation (Irradiated). Means ± S.D., n=6 (p=0.0079). 

 

Based on the fact that the treatment of OVA-loaded vehicles (MN arrays or lyophilised 

wafers) with gamma irradiation, as expected, led to the inherent loss of the active 

compound, further studies on OVA-loaded irradiated vehicles were no longer carried out. 
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3.5.3 Mechanical characteristics of MN arrays 

The mechanical characteristics of MN arrays pre- and post-gamma irradiated were 

compared. In all cases the percentage reduction of MN height increased with increasing 

force. Figure 3.7 below, indicates the percentage reduction in MN height across three 

compression forces. 

Figure 3.7. Bar chart showing the percentage reduction in MN height of hydrogel-forming MN arrays 

following application of three different compression forces of 0.05, 0.4, and 0.5 N/needle, pre- (Non-

irradiated) and post-gamma sterilisation (Irradiated). Means ± S.D., n=5. 

 
MN arrays pre- and post-gamma irradiation that were exposed to 0.05 N/needle displayed 

5.1 ± 2.1% and 5 ± 2.3% reduction in needle height respectively. MN arrays pre- and 

post-gamma irradiation that were exposed to 0.4N/needle displayed 15.1 ± 2.5% and 17.4 

± 5.3% reduction in needle height respectively. Whereas MN arrays pre- and post-gamma 

irradiation that were exposed to 0.5 N/needle displayed 24.3 ± 5.2% and 25.2 ± 10.1% 

reduction in needle height respectively. 
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3.5.4 Dissolution time for lyophilised wafers pre- and post-gamma irradiation 

Lyophilised wafers pre- and post-gamma irradiation were dissolved in 20 ml PBS and 

dissolution times were recorded. Figure 3.8 below shows the complete dissolution times 

for OVA-loaded lyophilised wafers before and after terminal sterilisation by gamma 

irradiation. 

 

Figure 3.8. Bar chart describing the average dissolution time of OVA-loaded lyophilised wafers pre- 

(Non-irradiated) and post-gamma irradiation (Irradiated). Means ± S.D., n=3. 

 

OVA containing lyophilised wafers pre- and post-gamma irradiation displayed dissolution 

times of 5.2 ± 0.3 mins and 4.5 ± 1.6 mins respectively. No statistical difference was 

found between the dissolution profiles, before and after terminal sterilisation by gamma 

irradiation. 
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3.5.5 Swelling studies of hydrogel-forming MN arrays post-gamma irradiation 

To ensure the swelling capacity of the MN arrays was not adversely affected by the gamma 

irradiation sterilisation process swelling studies of MN pre- and post-gamma irradiation 

were conducted. Figure 3.9 describes the swelling profile of non-irradiated and irradiated 

MN arrays, in PBS over 24 hours. 

 

 
Figure 3.9. Swelling profiles for hydrogel-forming MN arrays which were untreated (Non-irradiated) or 

had been subject to gamma irradiation, as terminal sterilisation process (Irradiated) based on the increasing 

mass of the swelling array expressed as a percentage of the mass of a dry MN array. Means ± S.D., n=5. 

 

 
MN array percentage swelling was similar across the 24 h measurement period, with final 

percentage swelling of non-irradiated and irradiated MN as 2481 ± 325% and 2524 ±199 

respectively. 
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3.5.6 Test for sterility 

Sterility tests were carried out on each formulation used in this study, namely hydrogel-

forming MN arrays and lyophilised wafers containing OVA, pre- and post-gamma 

irradiation and following ambient or aseptic preparation. These tests for sterility were 

conducted in accordance with the methods documented in the Ph. Eur. (British 

Pharmacopoeia 2016). In each formulation tested, there was no evidence of microbial 

growth thought all samples of the 14-day experiment. No microbial growth was observed 

in either soya bean casein or thioglycollate media. Figure 3.10 shows representative 

photographic images of inoculated media following the mandatory 14-day incubation 

period. 

 

 
Figure 3.10. Photographic representation of A) E. coli NCTC 10418 positive controls in soya bean casein 

media, B) soya bean casein media inoculated with hydrogel-forming MN array sample, C) S. aureus NCTC 

10788 positive controls in fluid thioglycollate media and D) fluid thioglycollate media inculcated with 

lyophilised wafer sample. 

 

It is also worth noting negative controls, consisting of an inoculum of the relevant broth 

with sterile PBS only (pH 7.4), continued microorganism-free over the entire course of 

A B 

C D 



 Chapter 3 Sterile manufacture of hydrogel-forming microneedle arrays and associated lyophilised drug reservoirs 

 98 

the 14-day experiment. Positive controls of E. coli NCTC 10418 and S. aureus NCTC 

10788 were included in the experimental set-up and indicated positive growth in each 

case. 

 

3.5.7 Endotoxin studies 

Endotoxin quantification of hydrogel-forming MN arrays pre- and post-gamma 

irradiation were conducted. Similarly, endotoxin quantification was carried out on 

lyophilised wafers that had been prepared under ambient conditions and under sterile 

manufacture. The endotoxin concentrations are reported as endotoxin units per device 

(EU/device). Figure 3.11 shows the comparative endotoxin concentrations resulting from 

LAL assay. 

 
Figure 3.11. Bar chart showing the determined endotoxin concentrations (endotoxin units per device, 

EU/device) in hydrogel-forming MN arrays pre- (Non-irradiated) and post- (Irradiated) gamma irradiation 

and OVA-loaded lyophilised wafers prepared under ambient conditions (OVA wafers Non-sterile) or 

aseptically prepared (OVA wafers Aseptic). Means ± S.D., n=6. The FDA approved endotoxin limit of 20 

EU/device for medical devices in direct contact with cardiovascular or lymphatic tissue is illustrated by 

dashed line. 

 

The highest concentrations of endotoxin were reported in the OVA-loaded lyophilised 

wafers prepared under ambient and aseptic conditions, respectively at 11.5 ± 0.7 

EU/device and 6.8 ± 5.1 EU/device. Endotoxin concentrations for MN arrays pre- and 

post-gamma irradiation were 1.8 ± 1.5 EU/device and 2.0 ±1.5 EU/device, respectively. 
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3.5.8 In vitro permeation studies 

OVA delivery from aseptically prepared lyophilised wafers was found to be comparable 

with that achieved from lyophilised wafers prepared under non-sterile conditions. OVA 

permeation across excised neonatal porcine skin in a modified Franz cell set-up from 

lyophilised wafers in combination with MN arrays, prepared under non-sterile conditions 

yielded 674 ± 217 µg OVA. Within the same 24 h timeframe aseptically prepared OVA-

loaded lyophilised wafers, in combination with MN arrays delivered 517 ± 228 µg OVA 

in 24 hours (Figure 3.12).  

 

 
Figure 3.12 Cumulative OVA permeation across excised neonatal porcine skin in a modified Franz cell set-

up from lyophilised wafers containing OVA in combination with MN arrays prepared under sterile 

manufacture or non-sterile manufacture. Means ± S.D., n=3. 

 

There was no statistical difference in the total concentration of OVA which permeated 

from MN systems prepared via sterile and non-sterile manufacture over 24 h (p = 0.7263). 
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3.6 Discussion 

 

Transdermal delivery of biotherapeutic molecules using MN technology has been largely 

investigated to date based on lab-scale production and with little foresight to 

industrialisation, specifically with respect to potential sterility and endotoxin 

requirements. It remains to be seen if MN technology will be required to meet sterility 

assurance standards during the manufacturing process. Regulatory bodies have yet to 

define comprehensive manufacturing standards so that mass production can progress 

unabated. While we wait to hear from regulators, the academic community presses 

forward providing potential solutions to the perceived potential challenges such as the 

need for sterility and minimal endotoxin loading. As the body of research builds 

supporting the positive aspects of MN technology, challenges associated with MN 

production are beginning to be investigated. 

 

This chapter looks at some of the sterile manufacture techniques currently employed in 

the pharmaceutical industry and applies those most appropriate to the production and 

fabrication of a hydrogel-forming MN system and associated lyophilised drug reservoir 

containing the model protein compound, OVA. A series of mechanical characterisation 

studies, swelling and dissolution studies, sterility and endotoxin testing, and in vitro drug 

permeation studies were carried out in order to ascertain the effectiveness and suitability 

of various sterilisation and aseptic preparation procedures. 

 

MN-based systems, by design and necessity, puncture the skin’s protective SC barrier. To 

this end, they have the potential to introduce microorganisms into the otherwise sterile 

environment of the viable dermis and epidermis. Addressing this in a study, Donnelly et 

al. (2009) demonstrated that microbial penetration through MN-induced holes was 

minimal and indeed, there have never been any reports of MN devices, when used 

appropriately, causing skin or systemic infections. This may be due to the potent 

immunostimulatory nature of the skin (Al-Zahrani et al. 2012) or due to enzymatic 

degradation of invading microorganisms by residual skin-derived proteases, such as skin 

esterases and serine proteases (Beisson et al. 2001). Alternatively, as the created 

micropores are aqueous in nature, microorganisms may be more inclined to remain on 

the more hydrophobic SC. Soltani-Arabshahi et al., (2013) report three cases of allergic 

granulomatous and systemic hypersensitivity in female patients, following application of 
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a non-sterile topical product, and subsequent microneedle treatment with the aim of skin 

rejuvenation; in each case medical supervision was absent. The combined use of these 

topical products with microneedle application is unlicensed, and so with the artificially 

enhanced delivery of the products to the dermis, resulting hypersensitivity reactions were 

observed. In all cases full or partial recovery was achieved following corticosteroid or 

tetracycline treatments (Soltani-Arabshahi et al. 2014). These cases highlight the need for 

caution in regards to inappropriate use of topical medicines in combination with enhanced 

transdermal delivery methods. MN application should only be used in conjunction with 

fully licensed and tested therapeutics or cosmetics, designed for this intended purpose.  

 

Moving towards commercialisation of MN products, regulators will ultimately decide how 

MNs should be categorised based on the weight of available evidence and their intended 

application (e.g. drug/vaccine delivery, cosmeceutical ingredient delivery or minimally-

invasive monitoring). To this end, MN devices may, in time, be classed as drug delivery 

systems, consumer products or medical devices. From the perspective of MN usage in 

the facilitated delivery of medications, the categorisation of MN products will ultimately 

determine whether the final product will require sterilisation, will need to be prepared 

under aseptic conditions or simply will have to be shown to harbour a low bioburden. 

Accordingly, microbial content of the MN devices would have to be identified and 

quantified, in addition to determining the endotoxin content of the same. In addition, if 

terminal sterilisation of the devices is required, then the method chosen to achieve this 

will be crucial, since the most commonly-employed sterilisation approaches, namely moist 

heat, gamma radiation and microwave radiation, may adversely affect the mechanical 

properties of the MN themselves in addition to having potential deleterious effects on 

the contained active ingredient (e.g. biomolecules). The work outlined in the current 

chapter aims to address the appropriateness of a range of different sterilisation 

approaches in the preparation of MNs and associated products (i.e. lyophilised active-

loaded wafers to be used in conjunction with MN devices).  

 

The aim of the sterilisation process is to kill microorganisms, such as fungi, bacteria and 

viruses which may be contaminating equipment, food, medication or biological culture 

media (Block 2001; Kanjickal et al. 2008; Silindir et al. 2009; Fraise et al. 2012). As there is 

currently no classification for MN devices as sterile or non-sterile products, they could be 

aseptically prepared or terminally sterilised.  
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The methodologies employed in the current chapter to sterilise the MNs and associated 

OVA-loaded lyophilised wafers can be classified into two categories: cold sterilisation 

achieved by the use of gamma irradiation and hot sterilisation achieved using steam 

autoclave or dry sterilisation oven. Gamma irradiation, the most common method for 

sterilising polymer based medical devices (Dorati et al. 2009) has been used increasingly 

in the food, medical and pharmaceuticals industries as a means to terminally sterilise 

products (Yaman 2001; Martinez et al. 2004; Silindir et al. 2009) and as such deserves to 

be evaluated as a means of sterilising MN. This method has been determined to be the 

most appropriate choice for the sterilisation of polymeric systems intended for parenteral 

administration (Dorati et al. 2009; Martinez et al. 2004). One of the major advantages of 

gamma irradiation is penetration. As such, pharmaceutical products can be sterilised in 

their final packages.  

 

In the current study, three different sterilisation processes were enlisted. Hydrogel-

forming MN arrays and OVA-loaded lyophilised wafers were subjected to steam 

autoclave, dry sterilisation oven and gamma irradiation. Neither MN array nor lyophilised 

wafer survived the steam autoclave as they all, to varying degrees, dissolved following 

steam treatment. In the case of the dry sterilisation oven treatment, the MN arrays and 

lyophilised wafers lost inherent mechanical strength. The hydrogel-forming MN arrays 

developed a distinctive brown colour, presumably due to resultant polymer degradation 

or the formation of new polymer derivatives (Andersson 2012). The lyophilised wafers 

dissolved and also developed a characteristic brown colour. This was presumably due to 

degradation of the gelatin within the wafers. In the case of gamma irradiation sterilisation, 

a radiation dose of 25 kGy (2.5 MRads) was employed, as this reference dose often used 

as in industrial processing to provide a sterility assurance level (SAL) of 10-6 according to 

the British Pharmacopeia (Silindir et al. 2009; British Pharmacopoeia 2016). Both MN 

arrays and lyophilised wafers survived the gamma irradiation process with no dissolution 

or obvious loss of inherent mechanical strength observed. Based on these observations, 

gamma irradiation was used in the current study as an exemplar of one of the sterilisation 

methodologies that could potentially be used to terminally sterilise MN arrays and the 

associated OVA-loaded lyophilised wafers. The influence of gamma irradiation 

sterilisation on MN array and wafer integrity, mechanical properties, dissolution profiles, 

active compound recoveries and microbiological profiles were subsequently studied and 
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compared to those which had undergone no such treatment in a bid to determine the 

suitability of this sterilisation process.  

 

Worth noting is the fact that there was some observed colouration of the MN arrays 

following gamma irradiation. Coloration following gamma irradiation has been shown to 

arise due to formation of two different types of colour centres; ‘permanent’ and 

‘annealable’ (Clough et al. 1996). Annealable colour centres are associated with radical 

species trapped within the rigid, glassy polymer matrices. They disappear with time 

through two different mechanisms: one involves reaction with oxygen diffusing into the 

sample from the surrounding atmosphere, while the other involves a non-oxidative, 

highly temperature-dependent process that can be attributed to recombination reactions 

(Wallace et al. 1993; Clough et al. 1995; Clough et al. 1996). Permanent colour centres in 

irradiated polymers correspond to the formation of stable, conjugated chromaphores 

within the polymer. Structural groups originally present in the macromolecular (aromatic 

rings, carbonyl groups) may also become a part of conjugated chromaphores (Clough et 

al. 1995). From the literature it becomes clear that gamma irradiation results in 

colouration; the material becomes yellow (Gillen et al. 1993; Klemchuk 1993;). Many 

strategies have been published for a reduction of discoloration resulted from gamma 

sterilisation, among which the use of “mobilising agents” (paraffinic oils) (Williams et al. 

1982) and special stabiliser formulations (Klemchuk 1993; Clough et al. 1995). This study 

highlights the efficiency of gamma irradiation method to sterilise MNs. This is an added 

feature which should further encourage the use of gamma irradiation in sterilisation of 

MN arrays. Gamma irradiation with 25 KGy dose was found to be an effective method 

for sterilization of hydrogel-forming MN systems.  

 

There were no statistical differences in the dissolution profiles of lyophilised wafer, 

irrespective of having undergone gamma irradiation treatment or not. It has been well 

characterised however that gamma irradiation can induce structural changes in both 

polymer-based delivery systems and the encapsulated drugs, particularly if the active 

compound is proteinaceous. To this end, the percentage recovery of OVA from 

lyophilised wafers was determined pre- and post-gamma irradiation. Gamma irradiation 

led to the loss of approximately 40% of the total loaded OVA into the lyophilised wafers, 

supporting work carried out previously (Jain et al. 2011; Mohhanan et al. 2012). Irradiation 

can produce denaturation and degradation that subsequently affects the integrity and 
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bioactivity of the therapeutic agent (Johnson et al. 1991; Park et al. 1995). Recent reports 

have documented a two-stage formulation approach; the intention of which aimed at 

overcoming denaturation of the protein constituent, during manufacture. Initially 

poly(D,L-lactic-co-glycolide) (PLGA) microparticles were formulated and terminally 

sterilised by gamma irradiation. The protein component (in this case vaccine antigen) was 

prepared under aseptic conditions and ultimately reconstituted with the PLGA 

microparticles, to create the end product (Jain et al. 2011). Similar to this work it may be 

necessary to formulate in two stages, so that post-gamma irradiated OVA retains tertiary 

structure and bioactivity. Several studies have reported the effects of gamma irradiation 

on the stability of both polymer and embedded drug. Further publications have studied 

the effects of gamma irradiation on PLGA microspheres entrapping peptides and 

proteins. Recombinant human insulin-like factor 1 (rhILGF1) post-gamma irradiation 

investigations indicated a significant alteration in rhILGF1 release from PLGA 

microspheres, as compared with pre-gamma irradiated tests. Significant aggregation of 

rhILGF1 post-gamma irradiation has been concurrently documented; highlighting the 

challenges associated with retaining bioactivity of protein compounds post-gamma 

irradiation (Carrascosa et al. 2003). Schwach et al., (2003) indicated conserved bioactivity 

following protein loading and purity assessments of PLGA microspheres, containing the 

gonadotropin-releasing hormone receptor antagonist, Degarelix® post-gamma irradiation 

(Schwach et al. 2003). Another investigation indicated significant reduction in OVA 

release rate from PLGA microspheres post-gamma irradiation; however, such effects 

could be minimised by optimising excipient content in the PLGA microspheres. 

Simultaneously, differential scanning calorimetry denoted alterations in microsphere 

morphology post-gamma irradiation (Dorati et al. 2005). Concerning free OVA post-

gamma irradiation, significant reduction in the immunogenicity profile in mice has been 

observed comparative to pre-gamma irradiation, indicating a loss in immunogenicity. 

Conversely, OVA in combination with PLGA microspheres displayed superior OVA-

specific IgG1 production and T-cell response post-gamma irradiation, signifying PLGA 

microspheres provided a degree of protection from the detrimental effects of gamma 

irradiation on OVA (Mohhanan et al. 2012). The high ionization energies employed may 

pose a challenge for the sterilisation of pharmaceutical products, particularly those 

containing labile active compounds, such as proteins and peptides (Andersson 2012; 

Montanari et al. 1998). Therefore, the dose of gamma irradiation enlisted must be balanced 

against the risk of degradation of formulations or the formation of new active by-products 
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caused by the high ionisation energies used (Mohhanan et al. 2012). Based on these 

previous studies and due to the resultant loss of OVA protein observed and reported in 

the current experimental work, it is apparent that no protein containing MN arrays or 

associated products could realistically be treated with gamma irradiation as a viable means 

of sterilisation.  

 

The mechanical properties of hydrogel-forming MN arrays were shown to undergo no 

change after gamma irradiation, indicating that there were no changes in the crosslinking 

density of the hydrogel system (Eljarrat-Binstock et al. 2007). This and the current study 

thus confirm the feasibility of sterilising hydrogel systems using gamma irradiation. 

Following on from this, the swelling properties of gamma irradiated hydrogel-forming 

MN arrays were compared to those MN arrays which had not been irradiated and gamma 

irradiation was determined to have had no deleterious effects on the percentage swelling 

of the arrays. Similar trends were also observed by Eljarrat-Binstock et al. (2007).  

 

The hydrogel-forming MN described here, in line with work previously published 

(Donnelly et al. 2013) possess inherent antimicrobial properties.  The hydrogel-forming 

MN arrays, irrespective of having undergone gamma irradiation or not, were proven to 

be sterile, as they passed the pharmacopoeia sterility test enlisting the direct inoculation 

of the drug product into microbial growth media followed by visual inspection for 

bacterial growth during the incubation period (14 days). These observations are not 

surprising, given the temperature required for crosslinking of the hydrogel-forming MN 

arrays (24 h at 80°C) and the apparent inherent antimicrobial properties of the Gantrez® 

S-97 polymer used to manufacture (Boehm et al. 2012). 

Endotoxin quantification in MN devices or associated products has not been documented 

in the literature. Similarly, regulatory authorities have yet to detail MN specific guidelines 

regarding acceptable endotoxin exposure limits. Naturally, it is anticipated that the 

maximum endotoxin limits for MN devices will be lower than those of traditional 

transdermal patches, as MN arrays actively penetrate and breach the SC. FDA guidelines 

regarding acceptable endotoxin levels for medical devices in direct contact with 

cardiovascular or lymphatic tissue state that, following the appropriate flush or immersion 

procedure, endotoxin concentration must be <0.5 EU/ml (FDA 2012). As dermal fluid 

drains via the lymphatic system, for the purposes of this chapter the FDA cardiovascular 

and lymphatic device guidelines have been adopted as reference criteria. It is yet to be 
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ascertained if MN endotoxin regulations will follow similar standards. Each of the 

components tested, yielded endotoxin concentrations lower than the adopted FDA limits 

(<0.5 EU/ml). As such, products formulated in this way would be deemed acceptable in 

relation to endotoxin load by FDA standards. The highest levels of endotoxin were found 

in the drug loaded lyophilised wafers, in comparison to the hydrogel-forming MN arrays. 

This follows expectation as hydrogel-forming MN arrays contained relatively few 

excipients compared with lyophilised wafer formulations. Similarly, using products 

derived from natural sources, such as gelatin and OVA, higher endotoxin concentrations 

in the final product would be anticipated. No significant difference in endotoxin 

concentration was found between irradiated and non-irradiated samples of the 

formulations tested.  

In comparative in vitro permeation studies OVA permeation through hydrogel-forming 

MN arrays from lyophilised wafers, studies between aseptically and non-irradiated 

prepared formulations were carried out. Once again, the permeation profiles of the 

differently prepared reservoirs mirrored each other with final concentrations of 0.9 ± 0.1 

mg and 0.7 ± 0.3 mg, respectively being successfully delivered over the course of the 24 

h experiment. This confirms the efficacy of aseptically preparing the OVA targets and 

achieving optimum delivery of the active proteinaceous compound, while avoiding the 

inherent destructive features of gamma irradiation.  
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3.7 Conclusion 

 

This Chapter aimed to develop a suitable method of sterile manufacture for hydrogel-

forming MN arrays and associated lyophilised reservoirs containing the model protein 

drug, OVA. To achieve this, mechanical testing, swelling capacity, dissolution, in vitro drug 

permeation studies, and tests for sterility and endotoxin loading were conducted. 

Accordingly, dry heat, steam, and gamma irradiation sterilisation methodologies were 

enlisted in this study to determine the effects on the various characteristics and properties 

of hydrogel-forming MN arrays and associated OVA-loaded lyophilised wafers. The 

hydrogel-forming MN arrays investigated have a prominent advantage over other such 

MN systems due to the nature of the formulation and the high temperatures required to 

facilitate the crosslinking esterification reaction.  Gamma irradiation of protein loaded 

lyophilised reservoirs will lead to destruction of the encapsulated active compound and 

as such is an entirely unsuitable means of terminally sterilising these products. Aseptic 

preparation of such targets is proposed as an alternative. Currently, as no Pharmacopoeial 

standards exist for MN-based products, the exact requirements for a proprietary product 

based on hydrogel-forming MN arrays are at present unclear. As such, it is of tremendous 

importance that a comprehensive MN specification series be developed such that it 

informs future developments in this field. As a final point, gamma irradiation was shown, 

to not be essential, in terms of reducing microorganism loading in the MN arrays and 

could be carried out to meet regulatory standards without compromising MN properties. 

As stated, the establishment of recognised pharmacopoeial standards for these 

transdermal products will inform further developmental and methodological processes in 

this research area.
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4.1 Introduction 

 

4.1.1 Skin vaccination 

Delivery of vaccines into the skin has long been viewed as a logical approach, as the 

various professional antigen-presenting immune cells contained within make the skin a 

natural and ideal target for vaccine delivery (Al-Zahrani et al. 2012). This transition to 

skin-targeted vaccine delivery was first supported by Combadière et al. (Combadière et al. 

2010). In this study, a Phase-I clinical trial demonstrated that intradermal delivery of an 

inactivated influenza vaccine resulted in superior CD8 effector T-cell activation over 

administration via intramuscular (IM) injection. It has also been suggested that delivery of 

vaccines to the skin has a dose-sparing effect when compared to IM vaccination, due to 

the significant numbers of antigen-presenting cells (APCs) present in the skin, permitting 

the induction of a strong immune response with lower antigen doses (Al-Zahrani et al. 

2012). As a result, targeting the skin as an immunogenic organ in its own right has allowed 

microneedle (MN) vaccination to be considered in more detail, with extensive research 

now having been conducted in this area. Some of the most prevalent immunological cells 

resident in the skin layers are shown in Figure 4.1 below. 

 

 
Figure 4.1. Schematic representation showing the layers of skin and resident cell types. Langerhans cells 

are prevalent in the epidermis, with dendritic cells more prevalent in the dermis layer. Mast cells, 

plasmacytoid dendritic cells, CD4+ T-cells, CD8+ T-cells, macrophages, and natural killer cells are also 

present in the dermal layers of skin. Schematic adapted from Jatana et al. (2014). 
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Although the first MN-based vaccine device, Soluvia® was marketed in 2009 in 

conjunction with the intradermal vaccine formulations: Fluzone Intradermal®, IDFlu® 

and Intanza®. There are a number of important advantages offered by skin vaccination 

over conventional hypodermic injection, such as reduced pain and anxiety for patients. 

MN skin vaccination could be administered by patients, reducing the need for trained 

health care professionals, potentially affording significant cost savings especially in low 

resource countries. Extensive vaccination programs in pandemic outbreaks may also 

benefit from the increased coverage that could be achieved by utilising minimally invasive 

MN technology (Kim et al. 2012).  

 

4.1.2 Ovalbumin as model protein 

Ovalbumin (OVA) (Mw 45,000 Da) is the major constituent of chicken egg whites and 

acts as a mild immunogenic compound. OVA is a glycoprotein that is routinely used in 

vaccination studies and has recently been employed in the MN research area to assess the 

efficacy of intradermal delivery strategies. Van der Maaden et al. (2014) showed the 

induction of anti-OVA specific IgG in conjunction with robust activation of CD4+ and 

CD8+ T-cells in BALB/c mice following a prime, boost & second boost vaccination 

schedule. This particular study involved comparison of the “Poke and Patch” method 

with a coated pH-sensitive MN delivery platform. In 2014, the Donnelly group published 

one study on intradermal vaccination with dissolving MN arrays, measuring anti-OVA 

specific IgG (McCrudden et al. 2014). In this instance the prime, boost & second boost 

vaccination schedule resulted in significantly higher antibody serum titres following 

vaccination with dissolving MN arrays, compared with intradermal administration. This 

suggested that not only could dissolving MN be a suitable platform for fragile biomolecule 

delivery but also act as a vaccination strategy that may be more effective than traditional 

intradermal methods.  
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OVA delivery into the skin results in antigen presenting cells such as Langerhans cells and 

dendritic cells presenting OVA fragments to T-lymphocytes. This presentation results in 

activation of CD4+ & CD8+cells leading to the destruction of infected cells or vial 

pathogens (Figure 4.2). 

 

 
Figure 4.2. Schematic representation of microneedle arrays penetrating the skin layers releasing polymer 

and OVA. OVA is processed by dendritic cells and fragments are presented to T lymphocytes. T 

lymphocytes become active to CD4+ & CD8+ which then help to destroy infected cells and viral pathogens, 

adapted from Larrañeta et al. (2016). 

 

4.1.3 MN polymer selection 

MN vaccination studies to date have shown that following MN insertion and dissolution 

of the antigen, specific antibody production and the induction of robust cellular responses 

can be achieved. However, as MN vaccination platforms progress towards 

commercialisation, transfer of laboratory manufacturing processes to industrial settings 

may prove challenging. Pertinently for dissolving MN delivery systems, it is important 

that biocompatible polymers, which are safe for human use, are employed. Uniformity of 

chain homogeneity, high levels of quality and minimal batch-to-batch variation makes the 

use of synthetic polymers highly attractive to industrial processing. Highly characterised 

raw materials can help to reduce variation in processing and final fabrication of dissolving 
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MN arrays. The work described in Chapter 3 highlighted that use of natural materials, 

such as gelatin, inherently may introduce the need for further considerations. Although 

not problematic in the previously described work, endotoxin levels were notably higher 

in natural materials, such as gelatin, compared to endotoxin levels present in synthetic 

polymers. Previous vaccination studies utilising poly(methylvinylether-co-maleic acid) as 

polymer base have focused on Gantrez® AN-139. However this polymer is not accredited 

as benzene free (Ashland 2015). Benzene is a cyclic hydrocarbon traditionally used in 

manufacture of plastics, lubricants, rubbers, dyes, detergents, drugs, and pesticides. 

Benzene use has diminished recently, as it is a known carcinogen in humans, with many 

polymeric manufacturing companies opting to use alternative means to produce chemical 

entities, particularly if such products are for human use. Gantrez® S-97, also a 

poly(methylvinylether-co-maleic acid) polymer, is routinely used in cosmetic preparations 

and is accredited as benzene free. The skeletal chemical structures for Gantrez® AN-139 

and Gantrez® S-97 are shown in Figure 4.3 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.3. Skeletal chemical structure of the repeating monomeric unit of A) Gantrez® AN-139 (Mw 

1,080,000 Da) and B) Gantrez® S-97 (Mw 1,200,000 Da). Reproduced from ChemSpider (2016). 
 

The main difference in polymeric chain is the presence of an anhydride moiety in 

Gantrez® AN-139. In Gantrez® S-97, the anhydride has been hydrolyzed, yielding 

carboxylic acid functionalities. With respect to dissolving MN arrays it remains to be seen 

if Gantrez® S-97 can reproduce similar vaccination potential as previously documented 

A 

B 
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with Gantrez® AN-139 polymer. The free carboxylic acid functionalities present in 

Gantrez® S-97 has allowed its use in the fabrication of hydrogel-forming MN arrays via a 

cross-linking esterification reaction with poly(ethylene glycol) (PEG) 10,000 (Garland et 

al. 2011; Singh 2011). Although hydrogel-forming MN arrays with accompanying drug 

reservoirs have been used to deliver a number of small molecule compounds, to date 

vaccination strategies have not been tested. This Chapter will therefore evaluate the 

capacity for Gantrez® S-97 dissolving MN arrays containing OVA and hydrogel-forming 

MN arrays in conjunction with OVA loaded lyophilised reservoirs to act as intradermal 

vaccination platforms. 

 

In this Chapter, OVA vaccination using dissolving MN arrays fabricated from Gantrez® 

S-97 will be compared with a combined system of hydrogel-forming MN arrays in 

conjunction with lyophilised reservoirs containing OVA and also intraperitoneal (IP) 

injection of OVA. The vaccination schedule employed in this study is detailed in Figure 

4.4 below. 

 

 

 

 

 

 
Figure 4.4. Schematic representation indicating the days of prime, boost & second boost vaccination and 

blood collection (sample days) employed in this Chapter for IP, dissolving OVA MN arrays and hydrogel-

forming MN arrays. 
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4.2 Aims and Objectives 

 

As a means of exploring the possibility of dissolving and hydrogel-forming MN arrays 

providing suitable platforms for the delivery of protein compounds, this Chapter aimed 

to evaluate the capacity for polymeric MN delivery systems to deliver the model protein 

compound OVA, firstly in vitro across neonatal porcine skin and, subsequently, in vivo in 

BALB/c mice. 

 

The objectives of this Chapter were to: 

 

• Formulate dissolving MN arrays containing OVA, assessing needle insertion, 

dissolution and OVA recovery 

• Formulate lyophilised reservoirs containing OVA for use in conjunction with 

hydrogel-forming MN arrays 

• Compare permeation of OVA from dissolving and hydrogel-forming MN 

systems in vitro using a modified Franz cell apparatus 

• Conduct in vivo OVA vaccination studies in BALB/c mice from dissolving and 

hydrogel-forming MN systems   
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4.3 Materials and Apparatus 

 

• OVA >98% was purchased from Sigma Aldrich, Dorset, UK 

• Cryogel SG3 was supplied by PB Gelatins, Pontypridd, UK 

• Pearlitol® 50C-Mannitol was supplied by Roquette, Lestrem, France 

• Sucrose was purchased from Sigma Aldrich, Dorset, UK 

• Sodium Chloride (NaCl) was purchased from Sigma Aldrich, Steinheim, Germany 

• Sodium carbonate (Na2CO3) was purchased from Sigma Aldrich, Steinheim, 

Germany 

• Gantrez® S-97 was a gift from Ashland Pharmaceutical, Kidderminster, UK 

• Poly(vinyl alcohol) (PVA, MW 9,000-10,000 Da) was purchased from Sigma 

Aldrich, Steinheim, Germany 

• Nair™ Gentle hair removal cream was purchased from Nair Co., London, UK 

• Electric hair clippers were bought from Remmington Co., London, UK 

• Franz cell apparatus was purchased from Crown Glass Co. Sommerville, New 

Jersey, USA 

• Ketalar™ 10 mg/ml ketamine hydrochloric solution purchased from Pfizer Ltd. 

Ramsgate Road, Kent, United Kingdom 

• Rompun™ 100 mg/ml, purchased from Bayer Healthcare LLC, Bergkamen, 

Germany 

• BALB/c mice were obtained from Charles River Laboratories Inc., Scotland, 

UK 

• Mouse anti-OVA specific IgG ELISA KIT was purchased from Alpha 

Diagnostic, San Antonio, Texas, USA 

• Isoflurane inhaled anesthetic agent was purchased from AbbVie Ltd, 

Maidenhead, UK 

• Rompun™ 100 mg/ml, purchased from Bayer Healthcare LLC, Bergkamen, 

Germany.   

• Ketalar™ 10 mg/ml ketamine hydrochloric solution purchased from Pfizer Ltd. 

Ramsgate Road, Kent, United Kingdom. 

• 3M™ Medical grade poly(ethylene) foam adhesive 4135, purchased from 3M 

Science, Minneapolis, USA. 
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• 96 well plate, high binging capacity purchased from Geiner-BioOne, 

Gloustershire, UK. 

• UV-vis spectroscopy was conducted on a Powerwave microplate 

spectrophotometer from Bio-tek, Swindon, UK. Data analysis was carried out 

using Microsoft Excel software. 

• Cyanoacrylate glue was purchased from Loctite® Dublin, Ireland 

• SpeedMixer™, DAC 150 FVZ-K was purchased from Synergy Devices Ltd., 

London, UK 

• Virtis Advantage® Bench top Freeze Drier System was purchased from SP 

Scientific, Warminster PA, USA 

• Adhesive was purchased from DuroTak™ National Starch & Chemical 

Company, Bridgewater, New Jersey, USA 

• Scotchpak® 2.84 mil al vapour coated film was purchased from 3M Science, 

Minneapolis, USA. 
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4.4 Methods 

 

4.4.1 Preparation of hydrogel-forming MN arrays 

Hydrogel forming MN arrays were formulated from 20% w/w Gantrez® S-97, 7.5% w/w 

PEG 10,000 and 3% w/w anhydrous Na2CO3. Firstly, an aqueous blend was obtained by 

fully dissolving Gantrez® S-97 and PEG 10,000 in water. Following this Na2CO3 was 

added. This formulation was mixed well using a glass rod until foaming had ceased and a 

uniform gel was obtained. The formulation was then transferred into 50 ml falcon tubes 

and centrifuged for 15 min at 3500 rpm to remove bubbles. The formulation was 

dispensed onto prefabricated silicone moulds using a 1 ml standard syringe. The silicone 

moulds had an array of 19 x 19 needles, each 500 µm high, 300 µm at the base with an 

interspacing of 50 µm. Onto each mould 100 µl of gel formulation was dispensed. 

Following this, the moulds were placed into a stainless steel positive pressure chamber, 

and air was pumped into the vessel to increase atmospheric pressure to 3 bar. This 

pressure was maintained for 15 min to facilitate filling of the needle tips, the pressure was 

then reduced to normal atmospheric pressure, and the moulds were removed from the 

chamber and allowed to dry at room temperature for 48 h. The MN arrays were cross-

linked through an esterification reaction, by heating at 80°C for a further 24 h (Donnelly 

et al. 2012; Donnelly et al. 2014; McCrudden et al. 2015). Hydrogel-forming MN arrays 

were then allowed to cool and removed from the moulds, ready for use.e 

 

4.4.2 Preparation of OVA-containing lyophilised wafers 

Lyophilised wafer-type drug reservoirs, loaded individually with OVA, were prepared 

following a previously developed lyophilisation process (Donnelly et al. 2014). Briefly, 

OVA-containing reservoirs were formulated such that 0.5% w/w OVA was dissolved in 

distilled water and added to a mixture containing 10% w/w gelatin, 40% w/w mannitol, 

10% w/w NaCl and 1% w/w sucrose. The formulation was then mixed by a speed-mixer 

at 3000 rpm for 60 s and sonicated at 37°C for 60 min. The resulting formulation was 

then cast into cylindrical moulds of diameter 10 mm and height 5mm (250 mg) with one 

open end, frozen at −80°C for a minimum of 60 min and then lyophilised in a freeze-

drier according to the following regime: primary drying for 48 h at a shelf temperature of 

−40°C, secondary drying for 10 h at a shelf temperature of 20°C and vacuum pressure of 

50 mTorr. 
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4.4.3 Preparation of OVA-containing dissolving MN arrays 

OVA-containing dissolving MN arrays were prepared from aqueous blends of 

poly(methylvinylether co-malic acid) co-polymer, Gantrez® S-97. Initially a stock solution 

was prepared by slowly adding 200 g of Gantrez® S-97 powder to 300 g distilled water in 

a glass beaker and stirring continuously to achieve a gel of 40% w/w. This stock was then 

sealed in the glass beaker using Parafilm® and refrigerated at 4°C, for at least 12 h to allow 

full hydration of the polymer chains. Using a top pan balance, 250 mg of OVA was 

measured and dissolved in distilled water and made up to 10 g in a 50 ml poly(propylene) 

tube. This solution was then added to 10 g stock Gantrez® 40% w/w and mixed using a 

glass rod to achieve a final mixture of Gantrez® S-97 20% w/w and OVA 1.25% w/w. 

The formulation was centrifuged at 3500 rpm for 15 min to remove bubbles. The 

formulation was dispensed onto prefabricated silicone moulds using a 1 ml standard 

syringe. The silicone moulds had an array of 19 x 19 needles, each 500 µm high, 300 µm 

at the base, with an interspacing of 50 µm. Onto each mould 100µl of gel formulation 

was dispensed. Following this, the moulds were placed into a stainless steel positive 

pressure chamber, and air was pumped into the vessel to increase atmospheric pressure 

to 3 bar. This pressure was maintained for 15 min to facilitate filling of the needle tips, 

the pressure was then reduced to normal atmospheric pressure and the moulds were 

removed from the chamber and allowed to dry at room temperature for 48 h. The MN 

arrays were then de-moulded, ready for use. 

 

4.4.4 Dissolution of lyophilised reservoirs and dissolving MN arrays 

The time required to achieve complete dissolution of dissolving MN arrays or lyophilised 

reservoirs and dissolving MN arrays was determined by placing the MN array or reservoirs 

into phosphate-buffered saline (PBS, pH 7.4) in a volumetric flask and made up to 20 ml. 

The time required for complete dissolution of the sample to be achieved with continuous 

stirring at 200 rpm was then recorded. 

 

4.4.5 Determination of OVA recovery from OVA-loaded lyophilised wafers and dissolving MN 

OVA recovery was determined through a process of dissolution and analysis by SE-

HPLC. OVA-containing lyophilised wafers were fully dissolved in 100 ml PBS (pH 7.4) 

in a glass beaker using a magnetic stirrer set to 200 rpm. Similarly, OVA-containing 

dissolving MN arrays were fully dissolved in 100 ml PBS (pH 7.4) in a glass beaker using 

a magnetic stirrer set to 200 rpm. Upon visual inspection for complete dissolution, 
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samples were taken and analysed by a previously validated SE-HPLC methodology, as 

described in Chapter 2. 

 

4.4.6 Detection and quantification of OVA from in vitro sample matrices by SE-HPLC  

The SE-HPLC employed for the detection and quantification of OVA from in vitro 

recovery sample matrices was validated in accordance with the International Conference 

on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for 

Human Use (ICH) Validation of Analytical Procedures Q2 Analytical Validation Revision 

one (R1) 2005, as detailed in chapter two of this project. Briefly, HPLC analysis was 

carried out using SE-HPLC on an Agilent 1200 series system. The column used for 

separation was a Bio-Sep-SE-S 3000 column (5 µm particle size, 290 Å Pore size and 300 

mm length) fitted with a guard column of matching chemistry. The mobile phase was 250 

mM sodium chloride solution, with a flow rate of 1 ml/min, injection volume of 20 µl, 

sample runtime of 11 min, with additional 5 min post-time washout. UV detection for 

OVA was carried out at 214 nm. The mobile phase solution was filtered using a 0.22 µm 

filter and degassed by sonication prior to use for 1 hour. The column temperature was 

regulated to 25ºC. A 50 µl rinse solution of acetonitrile and flush of sodium chloride 

solution was drawn into the injection needle between each sample run to ensure adequate 

cleaning. 

 

4.4.7 Dissolving OVA MN weights 

Dissolving MN arrays containing OVA were formulated and dry weights were recorded. 

The needle tips were then removed using a scalpel blade and baseplate weights recorded. 

The needle weight was calculated by finding the difference between weight of MN arrays 

with and without needle tips. 

 

4.4.8 MN insertion studies 

Parafilm® was used as a model membrane to assess MN strength for penetration into the 

skin, as described by our group previously (Larrañeta et al. 2014). Briefly, one sheet of 

Parafilm® was carefully folded such that it formed 8 layers, approximately 1 mm thick. 

This was then laid onto a poly(ethylene) sheet for support. Manual insertion studies were 

conducted by applying thumb pressure to the MN array formulations. MN depth of 

penetration was assessed through visual inspection of the Parafilm® layers. 
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4.4.9 In vitro permeation studies of OVA on modified Franz cell apparatus 

The permeation of OVA from lyophilised wafers though hydrogel-forming MN arrays 

and subsequently across neonatal porcine skin was investigated in vitro using the modified 

Franz cell apparatus. FDC-400 Franz diffusion cells with flat flange, 15 mm luminal 

diameter, mounted on a FDCD diffusion drive console providing synchronized stirring 

at 600 rpm and temperature regulated at 37 ± 1ºC were used in this experimentation, as 

described previously by our group (Migalska et al. 2011). Neonatal porcine skin was 

acquired from stillborn piglets and excised immediately (<24 h post-partum) and trimmed 

to 350 µm thickness using a dermatome. The skin was stored at -20ºC until it was needed. 

The neonatal porcine skin was shaved and equilibrated in PBS (pH 7.4) for 15 min prior 

to use. A portion of this skin was secured to the donor compartment of the diffusion cell 

using cyanoacrylate glue. MN arrays were applied to the skin using manual application 

pressure for 30 s. To facilitate adhesion of the lyophilised wafer, 10 µl of water was applied 

to the back of the MN array. A metallic weight was placed on top of the OVA containing 

lyophilised wafer to help maintain contact between wafer and MN, and also to ensure 

MN insertion throughout the 24 h experiment. The donor cell was secured to the receiver 

compartment using a steel clamp, and covered with Parafilm® to reduce evaporation. 

Samples were taken (<200 µl) at intervals over the 24 h time period with heat equilibrated 

PBS (pH 7.4) used to replace sampling fluid. Similarly, the permeation of OVA from 

dissolving MN arrays was assessed using a similar Franz cell set-up. The MN arrays were 

manually inserted into the skin and a metallic weight was placed on top to ensure insertion 

was maintained. Again, samples were taken (<200 µl) at intervals over the 24 h time period 

with heat equilibrated PBS (pH 7.4) used to replace sampling fluid. 

 

4.4.10 Detection and quantification of OVA from in vitro sample matrices by ELISA 

The ELISA employed for the detection and quantification of OVA from in vitro recovery 

sample matrices was validated in accordance with the International Conference on 

Harmonisation of Technical Requirements for Registration of Pharmaceuticals for 

Human Use (ICH) Validation of Analytical Procedures Q2 Analytical Validation Revision 

one (R1) 2005, as detailed in Chapter two. Briefly, monoclonal anti-chicken egg 

ovalbumin antibody, produced in mouse was diluted in 0.1 M bicarbonate buffer (pH 9.6) 

to a previously optimised concentration of 2.5 µg/ml. A 50 µl aliquot of the diluted anti-

ovalbumin antibody was dispensed into each well of a 96-well plate, covered with 

Parafilm® and incubated overnight at 4°C. To wash the plate, each well was filled with 
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washing buffer, comprising of 0.05% Tween®-20 in PBS, and left to soak for 30 s before 

being discarded. This process was repeated 5 times, following which the plate was dried 

briefly using absorbent paper. The plate was then blocked with SuperBlock® T20, 150 

µl/well and incubated for 2 h at room temperature, again the plate was sealed with 

Parafilm®. The plate was then washed with Tween®-PBS washing buffer, as described 

previously. A freshly prepared OVA solution at a concentration of 1 mg/ml in PBS was 

then subsequently diluted to the range of 1000 ng/ml to 50 ng/ml, using a serial dilution 

method. A 50 µl volume of sample was dispensed into each well - each sample was 

analysed in triplicate. The plate was then covered with Parafilm® and incubated for 1 h at 

room temperature. Following this the plate was washed with Tween®-PBS washing 

buffer. The plate was incubated with rabbit anti-chicken egg ovalbumin, polyclonal 

antibody biotin conjugate at the optimised concentration of 1 µg/ml in SuperBlock® T20 

buffer for 1 hour at room temperature. The plate was again washed with Tween®-PBS 

washing solution and dried with absorbent paper. The plate was incubated with 

Streptavidin – horseradish peroxidase (Strep-HRP) conjugate, diluted 1:5000 in PBS, for 

30 min at room temperature. The plate was washed with Tween®-PBS washing buffer 

and dried with absorbent paper. To detect antibody binding, 50 µl of 3,3’,5,5’-

tetramethylbenzidine substrate (TMB) was added to each well and incubated for 30 min. 

Colour development was ended using 50 µl/well, 4.0 M hydrochloric acid and optical 

density was measured at 450 nm using a micro 96-well plate spectrophotometer. 

 

4.4.11 In vivo permeation studies of OVA in BALB/c mice 

Dissolving MN arrays and hydrogel-forming MN arrays with lyophilised reservoirs 

containing OVA were applied to the backs of BALB/c mice. Female BALB/c mice at 

the age of 10-12 weeks were used throughout this work. Prior to commencing work, the 

mice were allowed to acclimatise to laboratory conditions for a minimum of 7 days. 

Following this, the backs of the mice were shaved using an electric razor and hair removal 

cream applied for 10 min. This was then removed using absorbent paper and water. The 

mice were monitored for 24 h to ensure no adverse effects developed. In the case of 

hydrogel-forming MN arrays with OVA-containing lyophilised reservoirs, initially the 

MN were applied manually to a clean dry hair-free area on the backs of the mice. To 

facilitate MN application, the mice were first anesthetised by intraperitoneal (IP) injection 

of the sedative agents Ketamine/Xylaxine at 100/10 mg/kg. The average weight of 5 

mice was measured using a top pan balance (21 g). An aliquot (100µl) of the anesthetic 
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solution was drawn into a 1 ml syringe and injected into the peritoneal cavity, at an 

anteromedial injection site. Following visible assessment of respiration, as a reflection of 

the grade of anaesthesia, the mice had 2 MN arrays applied to their backs. The MN were 

held in place by an adhesive foam border, with a 10 µl aliquot of water spotted onto the 

centre of the MN array. An OVA-containing lyophilised wafer was then placed onto the 

MN array and held in place for 24 h using surgical tape. Similarly, dissolving MN 

containing OVA were applied manually to a clean dry hair-free area on the backs of the 

mice. In this instance there was no need for the adhesive boarder and surgical tape was 

wrapped around the animal’s abdomen to ensure the MN remained in situ for 24 h. The 

mice were monitored to ensure satisfactory recovery. All MN arrays were left in situ for 

24 h, after which time they were removed. To achieve this, the mice were placed in a 

chamber and anaesthesia induced at a concentration of isoflurane 5% v/v, flow 2 L/min. 

Following this, maintenance anaesthesia was achieved by lowering the concentration of 

anesthetic agent to isoflurane 2.5% v/v, flow 2 L/min. MN arrays were removed from 

the mice, and observed until recovery achieved. All animals were reviewed 24 h later and 

no animal showed any sign of ill health or adverse effects. This process was repeated for 

boost applications. The dosing schedule included applications at day 0, 28, and 56, namely 

prime, boost, second-boost, and third-boost respectively, as shown in Figure 4.4. 

Negative control BALB/c mice were maintained throughout the is experiment receiving 

IP injection of sterile PBS (pH 7.4). Positive control BALB/c mice were also maintained 

throughout this experiment, receiving IP injections of 100 µg OVA in 100 µl sterile PBS 

(pH 7.4) at prime, boost and second-boost time points – mimicking MN application 

dosing. 

 

4.4.12 Blood collection procedure 

Initially, each mouse was placed into a heat box set at 39 ºC for a maximum of 5 min to 

help ensure bleeding would commence upon tail pricking. Mice were restrained using a 

mouse restrainer and tails were pricked with a Terumo® 25G hypodermic needle 

approximately 1 cm from tail tip. 20 µl blood samples were collected in non-heparinised 

Sarstedt Microvette® serum collection tubes. Mice were replaced to cages and monitored 

for signs of dehydration. All mice recovered quickly and fully following the tail prick 

procedure. 

 

 



Chapter 4 Intradermal delivery of the model protein compound ovalbumin using polymeric microneedle arrays 

 122 

4.4.13 Cardiac puncture procedure 

Initially mice were humanely culled by means of a rising concentration of carbon dioxide, 

and the cardiac puncture procedure initiated immediately after death. Cardiac puncture 

involved the introduction of a hypodermic needle into the chambers of the heart and 

withdrawal of up to 500 µl of blood. The mouse was placed in a supine position and the 

needle inserted below the rib cage in the direction of the heart. 

 

Throughout the project, all animal experiments were conducted in accordance with the 

policy of the federation of European Laboratory Animal Science Associations and the 

European Convention for the Protection of vertebrate animals used for experimental and 

other scientific purposes, with implementation of the principles of the 3 R’s – 

replacement, reduction, and refinement. In each case Ethical permission for theses animal 

experiments was obtained from the Queen’s University Animal Welfare and Ethics 

Review Board. The Project License holder and Personal License holders have been 

assessed and granted permission from the UK Home Office to oversee projects involving 

the application of polymeric MN arrays to mice. Following conclusion of the animal 

experiments a retrospective analysis was conducted where by future animal work could 

be further enhanced by implementation of the 3 R’s. 

 

4.4.14 Mouse serum sample processing 

Blood samples were incubated at 37°C for 60 min, and centrifuged at 2000 rpm for 15 

min in an Eppendorf® rotary refrigerated centrifuge set to 4°C. The supernatant fluid 

(serum) was then extracted and aliquoted into 1.5 ml Eppendorf® tubes and stored at -

80°C until required. 

 

4.4.15 Anti-OVA IgG specific ELISA 

The anti-OVA specific IgG ELISA was conducted in accordance with the manufacturers 

recommended protocol. Briefly, all reagents were brought to room temperature 

equilibration prior to use. Mouse serum samples were thawed on ice and allowed to come 

to 2-8°C prior to use. An aliquot (300 µl) of Working Wash Solution was added to each 

well of the pre-coated plate and let to stand for 5 min. The liquid was then aspirated from 

the wells and patted dry on a paper towel prior to sample addition. All steps were 

performed at room temperature. An aliquot (100 µl) of each anti-OVA specific IgG 

calibration solution, as provided in the ELISA kit incorporating the range 1000 U/ml to 
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100 U/ml was added to the plate-wells. Similarly, 100 µl serum samples of test and control 

mice, diluted to the desired concentrations in the sample diluent, were added to the plate-

wells. The plate was tapped gently to ensure reagents were mixed appropriately and left 

to incubate at room temperature for 60 min. The plate-wells were then washed with the 

working wash solution and patted dry with a paper towel. This washing process was 

repeated 4 times in accordance with the ELISA kit procedure. Anti-OVA specific IgG 

Horseradish Peroxidase (HRP) conjugate antibody was diluted in the working sample 

diluent 1:10, and 100 µl added to each well. The plate was then incubated at room 

temperature for 30 min. The plate was washed 5 times, as described previously. An aliquot 

of 100 µl of the 3,3’,5,5’-tetramethylbenzidine (TMB) substrate was added to each well 

and incubated in the dark for 15 min. 100 µl of the Stop solution (dilute sulfuric acid) was 

added to each well, in order to halt the enzymatic reaction process resulting in the liquid 

filled wells turning yellow. The plate was then read at a wavelength of 450 nm within 30 

min following addition of the stop solution on the micro-96 well plate spectrophotometer. 

 

4.4.16 Statistical analysis 

Statistical analysis was performed using Microsoft® Excel® for Mac® 2016 and GraphPad® 

PRISM® 2016, and included calculation of mean, standard deviation, construction of 

calibration plot with least squares linear regression analysis and analysis of residuals. Mann 

Whitney U, ANOVA with Sidak correction and Student’s t test were used to assess 

statistical significance throughout. 
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4.5 Results 

 

4.5.1 Dissolving MN array, hydrogel-forming array and lyophilised reservoir formulation 

Dissolving OVA MN arrays and hydrogel-forming MN arrays with lyophilised OVA 

reservoirs were fabricated as described previously. Figure 4.5A & B shows a hydrogel-

forming MN array in the dry state and swollen, indicating the significant increase in array 

volume post swelling. A light microscope depth composition image of hydrogel-forming 

MN can be seen in Figure 4.5C, indicating the sharp tips which facilitate needle insertion 

through the SC and into the skin. One example of OVA containing lyophilised reservoirs 

which are place on top of the hydrogel-forming MN arrays can be seen in Figure 4.5D 

and a cross sectional light microscope image in Figure 4.5E shows the internal 

microstructures created during the lyophilisation process. The air pockets within the 

lyophilised reservoir created a “honeycomb” like structure and, accompanied with the 

hygroscopic nature of mannitol, creates an environment to which water is drawn, 

ultimately helping to swell the hydrogel-forming array and dissolve the reservoir. A light 

microscope image of dissolving OVA MN is shown in Figure 4.5F, indicating a uniform 

needle height of 500 µm. 

 
Figure 4.5. A) Photograph of hydrogel-forming MN array in the dry state beside 23G needle, B) A swollen 

hydrogel-forming MN array beside 23G needle, C) light microscope depth-composition image of a 

hydrogel-forming MN array in the dry state, D) photograph of a lyophilised OVA containing reservoir 

beside 23G needle, E) light microscope cross section image of the internal microstructure of an OVA 

reservoir & F) light microscope image of dissolving OVA MN array showing 500 µm needle height. 

A B C 

D E F 
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4.5.2 Dissolution of dissolving MN arrays and lyophilised reservoirs 

Dissolving MN arrays and OVA-containing lyophilised reservoirs were immersed in 20 

ml PBS (pH 7.4), stirred at 200 rpm at 20°C, and time to complete dissolution of the 

formulations was recorded in Table 4.1 below. 

 
Table 4.1. Time for complete dissolution for OVA dissolving MN and lyophilised reservoirs immersed in 

20 ml PBS (pH 7.4). Means ± S.D., n=4. 

Formulation Time for complete dissolution (min) 

OVA dissolving MN 4.55 ± 0.7 

Lyophilised OVA reservoir 5.23 ± 0.3 

 

There was no significant difference between the time for complete dissolution of OVA-

loaded dissolving MN arrays and lyophilised OVA reservoirs (p=0.1969). 

 

4.5.3 OVA recovery from dissolving MN arrays and lyophilised reservoirs 

OVA concentration was determined using SE-HPLC method validated in Chapter 2. The 

mean percentage recovery of OVA from dissolving MN arrays and lyophilised wafers was 

82.5 ± 11.6% and 91.0 ± 3.9% respectively, as shown in Figure 4.6 below. 

 
Figure 4.6. Percentage recovery of OVA from dissolving MN arrays and a lyophilised reservoirs. Means 

± S.D., n=6.  
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4.5.4 Dissolving OVA MN weights 

The weight of OVA dissolving MN arrays with and without needles was recorded, and 

the total needle weight calculated. This has been recorded in Table 4.2 below and 

highlights the percentage of OVA available for permeation from the needle tips alone. 

 
Table 4.2. Weight of MN arrays with and without needles. Means ± S.D., n=3.  

MN array (with needles) 

weight (mg) 

MN array (without needles) 

weight (mg) 

Proportion of MN array 

needles by weight (%) 

33.1 ± 2.9 31.2 ± 3.3 10.4 ± 0.4 

 

4.5.5 MN insertion studies 

In vitro insertion studies of dissolving MN arrays containing OVA and hydrogel-forming 

MN arrays into Parafilm® layers. The texture analyser was used to insert MN arrays 

uniformly into Parafilm® at a defined force of 32 N (Figure 4.7). Dissolving OVA MN 

tip heights were 497.78 ± 1.0 µm and 491.7 ± 3.2 µm before and after insertion 

respectively. Hydrogel-forming MN tip heights were 503.8 ± 5.3 µm and 498.1 ± 3.5 µm 

before and afert insertion respectively.  

 
 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Photographic depiction of a representative example of A) Parafilm® layer 1, B) Parafilm® layer 

2, C) Parafilm® layer 3 showing the holes created by MNs following insertion. D) Line graph showing the 

percentage of holes created in Parafilm® layers following insertion of dissolving PVA MN containing OVA 

and hydrogel-forming MN arrays using the texture analyser with a force of 32 N. Means ± SD, n=5. 
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On mean 99.7 ± 0.3% and 87.3 ± 11.4% of the 361 (19 x 19) hydrogel-forming MN 

inserted into the first and second layers of Parafilm®, with a significant drop to 12.2 ± 

4.9% in the third layer. A similar trend was observed with dissolving PVA MN containing 

OVA with a mean of 99.5 ± 0.7% needles penetrating the first layer of Parafilm®. The 

most significant decrease was also seen between the percentage of needles inserting into 

the second and third layer of Parafilm® (88.2 ± 7.7% to 20.0 ± 3.3%). With each Parafilm® 

layer measuring 126 µm, penetration of needles to the third layer suggests the MN are 

inserting up to 378 µm.  
 

4.5.6 In vitro permeation studies 

The 24 h permeation profiles for hydrogel-forming MN arrays and lyophilised reservoirs 

and dissolving MN arrays were compared and can be seen in Figure 4.8 below. 

 

 

 
Figure 4.8. Line graph showing OVA permeation across excised neonatal porcine skin over 24 h, using 

hydrogel-forming MN arrays with OVA loaded lyophilised wafers (2500 µg OVA) and dissolving MN arrays 

containing OVA (2500 µg). Means ± S.D., n=4. 

 

The mean hydrogel-forming MN-mediated permeation of OVA from lyophilised 

reservoirs was 674.5 ± 227.9 µg at 24 h, equivalent to 27.0 ± 9.1% of the available OVA 

(2500 µg). The mean OVA permeation from dissolving MN arrays peaked at 300 min at 

197.8 ± 44.6, equivalent to 7.9 ± 1.8% of the available OVA (2500 µg), significantly lower 

than the hydrogel-forming setup (p=0.0286). It should be noted that this concentration 
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drops to 178.1 ± 52.5 µg OVA at 24 h, this artefact may be as a result of protein 

aggregation or degradation during this period. 

 

4.5.7 In vitro drug delivery studies in BALB/c mice 

Initially, MN application was tested on the ears of BALB/c mice. However, it became 

apparent that this would not be appropriate. Although there was sufficient interstitial fluid 

within the tissue of the mice ears to facilitate dissolution of the dissolving OVA MN array, 

there was insufficient fluid to swell the hydrogel-forming MN array. As a result, the 

lyophilised reservoir did not dissolve and so OVA delivery was likely to be negligible. At 

this stage, it was decided that both dissolving and hydrogel-forming MN platforms would 

be applied to the backs of the mice. Therefore, mice were shaved using electric clippers 

and hair removal cream applied to remove the fur. The cream was removed from the skin 

and mice allowed to recovery for 24 h. Dissolving and hydrogel-forming MN platforms 

were applied to the mice backs using manual pressure for 3 min and held in place with a 

foam border and surgical tape. Each mouse received either 2 dissolving MN arrays or 2 

hydrogel-forming MN arrays with lyophilised reservoirs. This process was carried out at 

prime, boost & second boost time points. One cohort of mice received an intraperitoneal 

injection of 100 µg OVA in PBS (pH 7.4) at prime, boost & second boost time points. A 

further control cohort of mice received an intraperitoneal injection of sterile PBS (pH 

7.4) at prime, boost & second boost time points. Blood samples were taken from all mice 

at 14, 42 and 70-day time points. The blood was processed as described previously and 

stored at -80°C until anti-OVA specific IgG analysis could be completed. Each sample 

was subject to one full freeze-thaw cycle to ensure uniformity throughout. 

 

Following removal of the MN arrays, the mice were monitored for signs of adverse 

reactions. None of the animals treated with dissolving or hydrogel-forming MN arrays 

showed signs of skin reactions or other adverse effect throughout the prime, boost & 

second boost applications. It should be noted that during a regular check on animal well-

being one mouse from the cohort treated with IP OVA in PBS was found dead in the 

cage. This was raised to the relevant staff within the Biological Services Unit, reported to 

the Home Office as per laboratory protocol and a retrospective report was conducted. 

The cause of death of the mouse was unknown. However, it was not believed to be linked 

to the experimental treatment. A photograph of representative mice from dissolving and 

hydrogel-forming MN treated cohorts is shown in Figure 4.9A & B, respectively. The 
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remaining baseplate from the dissolving OVA MN array can be seen in Figure 4.9A, 

highlighted by the black dashed circle. 

 

Figure 4.9. Photographic depiction of BALB/c mouse A) Following removal of dissolving OVA MN 

array, dashed black circles represent application site, B) Following removal of hydrogel-forming MN array 

with lyophilised OVA reservoir. 

 

The anti-OVA specific IgG antibody titres of each mouse vaccinated in this study were 

derived from the ELISA kit IgG standard curve via linear regression analysis. The data is 

presented using vertical scatter plots in order to disseminate exactly how the data is spread 

over the various data sets. The anti-OVA specific IgG titre (U/ml) for each individual 

serum sample is represented as a single data point, with the mean anti-OVA specific IgG 

titre displayed via the horizontal line in the centre of the error bars in Figure 4.10 below. 

 

A B 
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Figure 4.10. Scatter plots indicating anti-OVA specific IgG in BALB/c mice following prime, boost & 

second boost treatments with A) OVA IP injection, B) Dissolving OVA MN, C) Hydrogel-forming MN 

arrays & lyophilised reservoirs containing OVA & D) IP injection of PBS only (pH 7.4). 

 

Mice vaccinated with IP OVA showed a progressive increase in anti-OVA specific IgG 

titre over the 70-day sampling period. Of the 6 mice treated with IP OVA the mean anti-

OVA specific IgG titre was 4.38 x 106 ± 2.25 x 105 U/ml at day 70, with the highest and 

lowest anti-OVA specific IgG titres 7.41 x 106 and 2.73 x 105 U/ml respectively. This 

showed an increase in anti-OVA specific IgG titre at day 42, which had a mean of 2.21 x 

106 ± 2.28 x 106 U/ml. Similarly, the mice vaccinated with dissolving OVA MN arrays 

showed a progressive increase in anti-OVA specific IgG titre over the 70-day sampling 

period.  Of the 8 mice treated with dissolving OVA MN arrays the mean anti-OVA 

specific IgG titre was 1.75 x 107 ± 6.92 x 106 U/ml at day 70, with the highest and lowest 

anti-OVA specific IgG titres 2.67 x 107 and 3.75 x 106 U/ml respectively. In 7 out of 8 

mice treated with dissolving OVA MN this showed a marked increase compared to IP 

OVA administration, and represented a significant difference (p=0.0001). 
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The mice vaccinated using the hydrogel-forming MN and lyophilised OVA reservoirs 

showed progressive increases in anti-OVA specific IgG titre over the 70-day sampling 

period, however to a lesser extent than shown in the dissolving MN cohort. Of the 8 mice 

treated with hydrogel-forming MN and lyophilised OVA reservoirs, the mean anti-OVA 

specific IgG titre was 1.18 x 106 ± 1.74 x 10 6 U/ml at day 70, with the highest and lowest 

anti-OVA specific IgG titres 5.40 x 106 and 1.40 x 105 U/ml, respectively. These values 

were significantly lower than anti-OVA specific IgG titres produced by dissolving OVA 

MN (p<0.0001), yet significantly higher than the IP PBS (pH 7.4) negative control 

antibody response (p<0.0001). Importantly, the hydrogel-forming MN array cohort anti-

OVA specific IgG titres showed no significant difference when compared to IP OVA 

positive control (p=0.7028), indicating a statistically similar response in these two 

treatments. A cohort of 6 mice received IP sterile PBS (pH 7.4) only and did not show 

any progressive increases in anti-OVA specific IgG titre over the 70-day sampling period. 

It should be noted that anti-OVA specific IgG was detected in the control cohort with 

mean titres 1100 ± 859 U/ml at day 70. These baseline antibody titres are significantly 

lower than other treatment cohorts in this study (p=0.0002). 
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4.6 Discussion 

 

It has been well documented that there are a number of highly desirable attributes to skin 

vaccination. These include the ability to target resident antigen presenting cells, potentially 

vaccinate with lower doses of antigen, employ adjuvant technologies and provide a 

vaccination method which may prove preferential to patients (Kim et al. 2012; Kines et al. 

2014; Norman et al. 2014). MN technology has provided a platform for skin vaccination 

which can combine successful vaccination with a method of administration that 

circumvents many of the drawbacks associated with traditional hypodermic needle and 

syringe. Dissolving MN arrays penetrate the skin and, following hydration of the polymer 

chains in the interstitial skin fluid, begin to dissolve, releasing polymer and drug. 

Hydrogel-forming MN provide an aqueous pathway from drug reservoir to the dermal 

tissue through penetration of the upper skin layers and subsequent in situ swelling. This 

work looks at the potential for hydrogel-forming MN arrays and dissolving MN arrays to 

facilitate intradermal delivery of a biomacromolecule, such as OVA (Mw 45,000 Da).  

 

Initially, dissolving MN arrays containing OVA were fabricated from an aqueous blend 

of Gantrez® S-97 using a positive pressure chamber to help fill laser engineered silicone 

micromoulds. The MN arrays were fully formed upon drying and were successfully 

demoulded. The process of gel formulation, casting and drying of the MN arrays showed 

minimal degradation of OVA upon recovery analysis. This is an important aspect of 

formulation as it shows that the ambient working conditions did not have a significant 

effect on OVA stability throughout the process. In each case MN were freshly prepared 

48 h prior to use. The dissolving MN arrays dissolved completely at 4.55 ± 0.7 min. MN 

dissolution in skin is a key parameter of the formulation and was modelled by dissolution 

in PBS (pH 7.4). It is anticipated that rapid patch dissolution would result in fast delivery 

of the vaccine agent, similar to previously published literature ( Liu et al. 2014; McCrudden 

et al. 2014; Lahiji et al. 2015). OVA is a medium sized glycoprotein (Mw 45,000 Da) and, 

as a direct result, permeation is likely to be markedly reduced in comparison to small 

molecule compounds released from similar dissolving MN platforms (Donnelly et al. 

2014). The method of dissolving OVA MN manufacture described in this work results in 

10.4 ± 0.4% of the final MN weight comprising the needle tips, with the remaining weight 

making up the baseplate portion of the MN system. This artefact of MN manufacture 

may result in relatively low permeation of OVA from the MN array in vitro and in vivo as, 
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minimal diffusion of OVA from the baseplate is expected. McCrudden et al. (2014) 

reported significant permeation of the small molecule ibuprofen sodium from the 

baseplates of dissolving MN arrays. However, due to the marked difference in 

hydrodynamic radius of ibuprofen and OVA, it is anticipated that minimal quantities of 

OVA will move from the baseplate in this instance. 

 

Hydrogel-forming MN arrays and lyophilised reservoirs containing OVA were 

formulated as described by our group previously (McCrudden et al. 2015). It has been 

shown that such hydrogel-forming MN arrays swell extensively and can provide sufficient 

fluid to dissolve lyophilised reservoirs when sandwiched together in skin (Donnelly et al. 

2014;  McCrudden et al. 2014). Three key characteristics of hydrogel-forming MN 

platforms are: MN swelling capacity, MN swelling time and time for lyophilised reservoir 

dissolution. It stands to reason that, as the hydrogel-forming MN swells, the fluid is drawn 

up to dissolve the lyophilised reservoir, releasing the OVA for permeation through the 

MN array and into the skin. Dissolution of lyophilised reservoirs containing OVA was 

complete at 5.23 ± 0.3 min indicating that the lyophilised reservoirs are likely to dissolve 

when paired with the hydrogel-forming MN arrays, firstly in a modified Franz cell set-up, 

and later in vivo in BALB/c mice. OVA recovery from lyophilised reservoirs, analysed by 

SE-HPLC, indicated that minimal losses of OVA were observed during the formulation 

process. Lyophilisation is a commonly used formulation technique for protein vaccine 

agents and can provide a stable environment, avoiding many destabilization events 

present in other formulation processes and can in some cases circumvent the need for 

cold chain storage (Hansen et al. 2015). 

 

The MN insertion studies conducted here suggest that both hydrogel-forming MN and 

dissolving PVA MN were successfully inserted in vitro. Considering the MN arrays are 

~500 µm, this indicates that the MN tips are inserting up to 75.6% of their height. Work 

previously conducted by our group showed that similar insertion characteristics displayed 

here suggest the formulations can insert successfully into skin tissue (Larrañeta et al. 2014). 

In vitro permeation of OVA from dissolving MN arrays and a combined system of 

hydrogel-forming MN arrays with OVA loaded lyophilised reservoirs was assessed using 

Franz cell apparatus. Here, excised neonatal porcine skin is used as the model membrane. 

While it is recognised that porcine skin is not an exact model of human skin, it has been 

documented that the SC closely matches the hair density and thickness (Garland et al. 
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2012). The SC is known to act principally as the main barrier to drug permeation and so, 

in this case, is thought to serve as an appropriate model of human skin. Upon insertion 

of the hard, dry hydrogel-forming MN arrays into the skin, interstitial fluid is absorbed 

into the MN structure. The hydration of the cross-linked polymer chains by interstitial 

skin fluid results in the formation of a hydrogel network. As a result of the hygroscopic 

effects of the lyophilised drug reservoir placed on top of the MN array, interstitial skin 

fluid is drawn through the swelling hydrogel matrix and begins to dissolve the reservoir. 

Hydration and dissolution of the reservoir yields free drug, which is then able to diffuse 

through the aqueous network of the MN array into the skin and, ultimately, into the 

receiver compartment. The permeation of OVA from this system represents 27.0 ± 9.1% 

of the available OVA form the lyophilised reservoirs. It is worth noting that OVA 

concentrations were analysed at this point by OVA specific ELISA. SE-HPLC was used 

to detect OVA in sample matrices, where other proteins of similar molecular weight were 

not present, for example in OVA recovery studies. Protein compounds leached from the 

neonatal porcine skin used in this Franz cell setup resulted in masking of OVA 

concentration when analysed using SE-HPLC. OVA specific ELISA allowed for the 

detection and quantification of OVA in the native conformation only. This proved to be 

a more robust method of OVA detection from the receiver compartment of the Franz 

cell apparatus. From the in vitro data presented in Figure 4.8, it can be seen that, as the 

hydrogel-forming MN swells, within the first 15 min, there is minimal delivery of OVA. 

Similarly, as the lyophilised wafer dissolves, OVA concentration rises to a plateau at 180 

min. The concentration of OVA rises only marginally between then and the final sample 

at 24 h. This suggests that the maximum OVA permeation is complete within this initial 

timeframe. 

 

In vitro permeation of OVA from dissolving MN arrays is comparatively lower than that 

seen with the hydrogel-forming MN platform. OVA permeation from dissolving MN 

represents only 7.9 ± 1.8% of the total OVA available in the MN array. This relatively 

low permeation of OVA from dissolving MN arrays is not surprising, as the proportion 

of the MN array by weight that comprises needles is 10.4 ± 0.4%. With almost 90% of 

the MN array comprising the baseplate, this significantly reduces the expected OVA 

permeation. Low permeation of this nature highlights that only OVA contained within 

the needles themselves is available for deliver, with minimal or no movement of OVA 

form the baseplate. This may restrict the delivery of similar size protein compounds from 
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dissolving MN to the amount of drug that can be incorporated into the needles 

themselves. 

 

The in vivo vaccination study in BALB/c mice represents the first example of dissolving 

OVA MN arrays fabricated form Gantrez® S-97 compared to vaccination using hydrogel-

forming MN arrays with lyophilised reservoirs. With respect to the hydrogel-forming MN 

system, following removal of the arrays post-24 h it was apparent that the MN had 

swollen, with significant dissolution of lyophilised reservoirs in each case. In some MN 

arrays, a white residue could be seen on the surface of the MN arrays. In some instances, 

the MN array had become opaque where the lyophilised reservoir dissolved partially and 

had permeated into the hydrogel matrix. During the 24 h application time, the mice are 

highly mobile. However, the majority of MN arrays had remained in place. Similarly, with 

the dissolving MN arrays, upon return post-24 h application, the MN arrays had dissolved 

fully with only a small quantity of baseplate gel remaining on the site of application.  

 

The control cohort, having received IP injections of sterile PBS (pH 7.4) only, showed 

minimal anti-OVA specific IgG serum antibodies. It is worth noting that anti-OVA 

specific IgG were detected in low concentrations. This may suggest that these mice were 

exposed to OVA at some stage. Following retrospective contact with the feed 

manufacturer ENVIGO Harlan®, it was noted that the feed given to the mice, HUK diet 

2018 Global rodent diet®, may contain trace quantities of OVA. Although not directly 

included in the feed, OVA is used in other animal feed preparations at the manufacturing 

plant. As such ENVIGO Harlan® could not guarantee OVA-free feeds. This potential for 

OVA exposure may serve to explain the detectable, but low, anti-OVA specific IgG serum 

titres in the negative control cohort. 

 

It is well established that, in order to achieve long-term vaccine efficacy, the persistence 

of specific antibodies and the generation of immune memory cells is essential. Vaccination 

following a traditional prime, boost & second boost schedule has been utilised in order 

to generated specific antibodies and provide long-term vaccine efficacy (Fiorino et al. 

2013). Throughout this study, IP injection of 100 µg OVA in PBS (pH 7.4) was employed 

as the positive control delivery route. Several challenges associated with intradermal 

injections, such as accuracy and limitations with injection volume, limit the usefulness of 

intradermal injection. Previous vaccination studies have opted to employ IP injection of 
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antigenic proteins, such as OVA, over intradermal injection (Conrad et al. 2009). The 

vaccination schedule employed here resulted in significant incremental increases in anti-

OVA specific IgG serum titres. 

 

The mice treated with hydrogel-forming MN arrays and lyophilised reservoirs containing 

OVA also showed incremental increases in anti-OVA specific IgG serum titres. The anti-

Day 70 anti-OVA specific IgG serum titres observed in this cohort, although lower, were 

comparable to IP control and did not represent statistical significance (p=0.7028). This 

data supports the current theory that, as the hydrogel-forming MN array swells and 

absorbs interstitial fluid, the lyophilised reservoirs dissolves releasing OVA. The OVA is 

then free to permeate through the MN array and into the skin, where it encounters 

antigen-presenting cells, such as Langerhans cells and dendritic cells. Such antigen 

presenting cells can then migrate to the regional lymph nodes and present antigenic 

molecules to native T-cells, ultimately inducing an adaptive immune response and the 

production of anti-OVA specific IgG antibodies (Chomiczewska et al. 2009). This data is 

encouraging as it suggests that using hydrogel-forming MN arrays in combination with 

lyophilised reservoirs in this way may serve as a viable minimally-invasive skin vaccination 

alternative. 

 

Interestingly, the mice treated with dissolving OVA MN arrays showed significantly 

increased anti-OVA specific IgG serum titres compared to mice treated by IP OVA 

injection and the hydrogel-forming MN platform. From the data presented here the 

antibody titres for dissolving OVA MN arrays at day 42 were statistically similar to IP 

OVA antibody titres at day 70 (p=0.7126). Although the longevity of antibody titre (>70 

days) was not measured in this study, there may be potential for dose saving opportunities 

with dissolving MN arrays fabricated from Gantrez® S-97. The dissolving OVA MN 

arrays in this instance have proven to be the most efficacious method of vaccination for 

production of anti-OVA specific IgG antibodies. This may be as a result of a potential 

adjuvant effects conferred by polymer-OVA interactions. The hydrogel-forming MN 

array platform is likely to result in OVA delivered into the skin as a “naked” protein with 

only minimal movement of polymeric entities into the skin, as the hydrogel-forming MN 

arrays are removed fully intact. In contrast, as the polymeric chains of dissolving MN 

arrays dissolve into interstitial skin fluid, it is anticipated that entangled OVA-polymer 

particles may be released. As these OVA-polymer particles are released into the skin 
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antigen presenting cells may be more inclined to recognise these OVA-polymer particles 

as foreign material compared to OVA alone. Polymeric adjuvants are widely used, with 

examples of polymeric nanoparticles used to enhance immune modulation (Trimaille et 

al. 2015). Similar biocompatible and biodegradable polymers, such as poly(lactide), have 

been used for their adjuvant effects (Pavot et al. 2013). 

 

Based on the in vitro data, significantly less OVA was likely to be released from dissolving 

MN platform into the skin compared to the hydrogel-forming MN platform. Despite this, 

the antibody titres produced were significantly higher, again supporting the adjuvant 

effect conferred by the delivery of small quantities of Gantrez® S-97 with OVA. 

Previously, one study conducted by McCrudden et al. highlighted the potential of 

dissolving MN arrays manufactured from Gantrez® AN-139 (McCrudden et al. 2014). In 

this study, dissolving OVA MN showed significantly higher anti-OVA specific IgG 

antibody titres than intradermal control, supporting trends observed in the current work. 

Interestingly, antibody titres generated by dissolving OVA MN arrays were comparable 

to antibody titres produced by dissolving OVA MN containing imiquimod – a potent 

modulator. Comparing these studies, it is apparent that Gantrez® S-97 may serve as an 

appropriate alternative to Gantrez® AN-139 in the manufacture of dissolving OVA MN 

arrays.  It should also be noted that the un-neutralised acidic nature of Gantrez® S-97, 

compared to the neutralized Gantrez® AN-139 used previously, may encourage 

inflammatory cell infiltration to the site of MN application, enhancing the immune 

response and, ultimately, enhancing vaccine efficacy. Molecular weight may also 

contribute to the differences in response observed between the two studies. Gantrez® S-

97 is larger than Gantrez® AN-139 and so this may be important for immune cell 

recognition.  

 

Further adaptive immune studies looking at detailed antibody production and T-cell 

expansion may provide important information on the activation pathways involved in 

skin vaccination using dissolving and hydrogel-forming MN platforms. It may also be 

pertinent to conduct a dose-comparison vaccination study to assess the potential for dose 

sparing opportunities with dissolving MN arrays compared to IP or intradermal injection. 

This work highlights the potential for hydrogel-forming MN arrays in conjunction with 

lyophilised vaccine loaded lyophilised reservoirs to be an effective alternative to 

traditional vaccination methods. Hydrogel-forming MN arrays may provide a formulation 
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option for intradermal delivery of a vaccine compound in such instance where the dose 

is particularly high, allowing for comparatively smaller patch sizes than could otherwise 

be formulated as dissolving MN platforms. It also highlights the efficient vaccination 

capabilities associated with dissolving MN technology. 
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4.7 Conclusion 

 

This Chapter has explored dissolving MN arrays and hydrogel-forming MN arrays as a 

method of minimally invasive intradermal vaccination using the model protein compound 

OVA. Research into polymeric MN has yielded significant evidence to support 

intradermal vaccination strategies using this technology. In vitro studies suggest the 

formulation processes described here do not significantly degrade OVA and suggests such 

MN platforms can successfully deliver OVA to the skin. In vivo studies indicate Gantrez® 

S-97 may provide significant adjuvant effects when utilised as a dissolving platform, 

resulting in markedly increased serum antibody titres. It is suggested that the adjuvant 

effect may be as a result of its large molecular weight or low pH, resulting in the 

recruitment of inflammatory cells, and ultimately providing enhanced immune responses. 

This work also highlights the potential for hydrogel-forming MN platforms to play a role 

in intradermal delivery as a formulation strategy for vaccines requiring a high dose. 

Similarly, this work provides further evidence to suggest that dissolving MN arrays may 

provide a suitable candidate as a minimally invasive method of skin vaccination. In order 

for these polymeric MN-mediated intradermal vaccination platforms to be commercially 

successful, demonstration of robust antibody production and efficacious protection 

against disease will need to be shown.
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5.1 Introduction 

 

5.1.1 Industrial scale-up and commercialisation 

As microneedle (MN) technology progresses towards commercialisation, the practical 

elements of translating laboratory scale formulation techniques into mass production, on 

an industrial scale, come into sharp focus. For any novel delivery platform under 

development, laboratory scale manufacturing steps can often become more challenging 

when transferred to an industrial scale and setting. Industrial partners often express 

concerns with respect to developing new methods of mass manufacture as their primary 

emphasis is centered on adherence to Good Manufacturing Practice (GMP) and achieving 

suitable Quality Assurance (European Medicines Agency, 2012). Traditional methods of 

pharmaceutical manufacturing such as tableting and parental formulation preparation are 

governed by extensive quality control testing, such that tight error margins yield high 

productivity and uniformity. Such controls are often governed by individual drug and 

formulation Pharmacopoeial standards, for example dissolution testing for controlled 

release tablets, or sterilisation requirements previously addressed in Chapter 3.  

 

Industrial scale-up serves to identify areas of manufacture where laboratory scale research 

may or may not be directly translated to an industrial setting. In many instances, 

adjustments or adaptations to the formulation process need to be made in order to 

achieve adherence to GMP standards. Figure 5.1 below highlights some of the primary 

objectives of scale-up programs. 

 

 
Figure 5.1. Objectives of pharmaceutical scale-up programs. Adapted from Abrahamsson et al. (2016).  

 

To produce physically and chemically stable therapeutic dosage

Review of the processing equipment

Guidelines for production and process control

Evaluation and validation

To identify the critical features of the process

To provide master manufacturing formula



Chapter 5 Pre-clinical feasibility study for industrially manufactured dissolving MN arrays containing Pentavac® vaccine 

 141 

Scale-up of fabrication has proven such an issue for pharmaceutical companies, that 

currently only miniaturized MN devices have successfully reached the market (Lutton et 

al. 2015). With no formally recognised standards available, companies are stifled in their 

ability to progress with manufacturing. The lack of regulation has proved to be a major 

drawback for the promising MN research currently in progress (Lutton et al. 2015). One 

of the main challenges faced by MN commercialisation is the need to develop scalable 

manufacturing methods, that can be scrutinized under current or novel quality control 

tests. The lack of validated quality control tests available, specific to MN technology, 

continues to hamper commercialisation attempts. Such MN quality control tests have 

proven elusive as they would need to be tailored to the MN design, type, material, and 

mechanism of release – hollow, solid, coated, dissolving, and hydrogel-forming. Each of 

the MN designs function in markedly different ways and, as such, distinct quality controls 

would be required in each case. Taking dissolving MN as an example - the quality control 

tests in place for traditional transdermal patches have been deemed somewhat unsuitable 

in their direct application to testing of dissolving MN array patches. The Donnelly 

research group have begun to address some of the quality control issues surrounding use 

of laboratory practices in an industrial setting. In one publication, they showed that use 

of Parafilm® as a model skin membrane could be used to assess MN insertion depth 

(Larrañeta et al. 2014). Similarly, the same group have sought to find an in vitro drug release 

model for dissolving MN arrays, taking into consideration that traditional tablet 

dissolution testing is not fully representative of MN dissolution in skin (Larrañeta, 

Stewart, et al. 2016). These publications certainly represent a step towards developing MN 

specific quality control tests. However, many parameters still need to be assessed to 

appease regulatory bodies and entice manufactures to address MN fabrication. 

 

A number of MN acceptability studies have shown that the ideal MN platform should be 

capable of delivering the appropriate quantity of drug quickly and painlessly without the 

need for multiple application steps (Norman et al. 2014; Marshall et al. 2016). Dissolving 

MN arrays made from biocompatible polymers are one MN platform that could 

specifically meet these criteria. Casting polymer blends containing drug onto prefabricated 

moulds and drying to form rigid MN arrays is one method utilised throughout MN 

manufacture. However, until now, this manufacturing approach has remained untested in 

an industrial setting. The use of industrial methods to create dissolving MN arrays 

containing a commercially available vaccine agent would be an early example of how 
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future products may be manufactured. With the use of currently available industrial 

techniques, such as aqueous polymer blend mixing, accurate automated gel dispensing, 

mould filling, drying, and de-moulding, this Chapter seeks to evaluate the feasibility of 

developing dissolving MN arrays at an industrial scale. 

 

5.1.2 Lohmann Therapie-Systeme AG 

Lohmann Therapie-Systeme AG (LTS) are a manufacturing company with sites in 

Germany, USA and China. specialising in transdermal therapeutic systems and oral thin 

film production. The company first began as a specialist in technical adhesive tapes, in 

1980 and launched its first transdermal therapeutic system (TTS) in 1984 with Deponit® 

(a transdermal nitroglycerin patch). Since then, the company have developed a plethora 

of TTS products including the first nicotine patch in 1991, the world’s first hormone TTS 

matrix system (Estradiol patch) in 1992, the first contraceptive patch (Evra®) in 2002, and 

the first rivastigmine patch (Exelon®) for the treatment of Alzheimer’s disease in 2007. 

Since then, LTS have launched Butrans® patch in Japan and USA in 2011 and Ibupas® - 

an ibuprofen transdermal patch for acute and chronic analgesia in tennis elbow (Lohmann 

Therapie-Systeme, 2016). LTS began basic investigation into MN products in 2004, with 

Innovative Injektions-Systeme (IIS) (a wholly-owned subsidiary of LTS) currently 

working with partners in academia to develop novel transdermal delivery platforms using 

MN technology. Recently, LTS have been exploring the possibility of developing 

manufacturing techniques for the production and fabrication of polymeric MN arrays, 

with a view to industrialisation and commercialisation of MN technology for transdermal 

drug delivery. LTS are a contract manufacturer and as such are not the product license 

holder for products that they produce. In this Chapter, a collaborative working approach 

will explore the fabrication of polymeric MN arrays containing a commercially available 

vaccine product. Here the formulation work will be carried out in a low-bioburden 

environment, with fully automated systems for the formulation of dissolving MN arrays. 

This represents a significant step forward in scale-up of commonly used laboratory 

practices for the preparation of polymeric MN arrays. Based on the work conducted in 

Chapter 3, discussing the potential need for sterile manufacture of transdermal MN 

systems, sterility may become an important consideration of polymeric MN manufacture. 

Currently, each stage of industrial fabrication has been engineered such that following 

regulatory decision on the need for sterile process, the processes could be modified for 

full decontamination and MN arrays could be manufactured under sterile conditions. 
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Discussion with both the European Medicines Agency (EMA) and the German 

pharmaceutical regulators. Federal Institute for Drugs and Medical Devices 

(Bundesinistitut fur Arneimittel und Medizinprodukte - BfArM) have indicated that low-

bioburden levels will be accepted for Phase I clinical trials however, further discussions 

regarding sterility may be required for a marketed product. 

 

5.1.3 Dissolving MN platforms 

There is significant evidence to suggest that the first MN products to reach market could 

be vaccine based (Raphael et al. 2010; Kim et al. 2012; Choi et al. 2013; Kim et al. 2014; 

Norman et al. 2014; Kim et al. 2015). With this in mind, industrial collaboration will remain 

a feature of future research efforts, so that a combined approach may deliver a marketable 

MN product. One suggestion to hasten the development process is to work with a 

previously registered and licensed medicinal product. Understandably, the financial and 

ethical risk involved with developing both a New Chemical Entity as drug candidate, 

simultaneously in conjunction a novel delivery platform, could prove challenging in terms 

of patient safety and financial resourcing. It is worth noting that Pharmacopoeial 

standards require vaccines to be sterile, except in cases of live vaccines, where only the 

vaccine should be viable. Many researchers have looked at commercially available 

vaccines, in order to combine these with their new transdermal delivery system. The 

hollow MN syringe Soluvia® was marketed in 2009 in conjunction with intradermal 

vaccines Fluzone Intradermal®, IDFlu® and Intanza® – However, no other MN designs 

have emulated this success. 
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5.1.4 Vaccination 

Vaccination is widely considered one of the most significant medical advancements in 

modern history, responsible for saving countless lives from diseases that could otherwise 

have caused widespread morbidity or mortality. The World Health Organisation (WHO) 

has stated that Haemophilus influenzae type b, which is a major cause of meningitis and 

pneumonia in children, now has vaccination coverage in 192 countries, with global 

averages for 3 doses of Hib vaccine estimated at 56% (Figure 5.2). 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Bar chart indicating the World Health Organisation (WHO) global immunization coverage 

estimations 2014. Haemophilus influenzae type b coverage estimated at 56%, indicated by red line. Bar chart 

adapted from WHO website World Health Organisation (2016). 

 

However, this figure captures significant variation between regions, with coverage in the 

Americas estimated at 90%, compared to 21% and 30% in the Western Pacific and South-

East Asia regions, respectively (World Health Organisation, 2016).  
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5.1.5 Pentavac® 

Pentavac® is a pentavalent vaccine used to induce immunological protection against 

diphtheria, tetanus, pertussis, poliomyelitis, and H. influenza type b. The vaccine is 

indicated for active immunisation against diphtheria, tetanus, pertussis, poliomyelitis and 

invasive infections caused by H. influenza type b (such as meningitis, septicemia, cellulitis, 

arthritis, and epiglottitis) for primary vaccination in infants. It can also be used as a booster 

in children who have previously  been vaccinated with Pentavac® or another diphtheria, 

tetanus, whole cell or acellular pertussis-poliomyelitis vaccine (Sanofi Pasteur, 2008). The 

Pentavac® vaccine was clinically evaluated for efficacy and was marketed in European 

countries in 1997, now clinically available worldwide and in regular use in over 67 

countries (Lagos et al. 1998; Carlsson et al. 1998; Kanra et al. 1999 Mallet et al. 2000; 

Carlsson et al. 2002) . Pentavac® will be used throughout this study as a representation of 

a commercially available vaccine to be loaded into MN arrays. One attractive aspect of 

novel delivery platforms is their potential for the extension of patents on already 

commercially available products. 

 

With the development of novel delivery strategies, traditional methods of assessing 

vaccination efficacy have become commonplace within the academic community. A new 

vaccine must have a large body of evidence reflecting safety and efficacy in vitro and in vivo 

prior to the initiation of testing in humans. Disease states developed by mice in response 

to microbial challenge can differ from what is observed clinically in humans. However, 

mice are routinely used in preliminary H. influenza type b vaccination studies (Warren et 

al. 2009). Murine models are often the initial starting point, in order to test the efficacy of 

a new vaccine agent or a new mode of delivery (Mills et al. 2014). Preclinical testing of H. 

influenza type b vaccine studies have been conducted in mice, ferrets, guinea pigs, rats and 

macaques assessing potential therapeutic targets (Bouvier et al. 2010). Although each 

particular animal model may not accurately reflect the vaccination process in humans, it 

is important that early preclinical work is conducted to ascertain safety and efficacy status 

prior to the clinical stages. It is worth noting that Pentavac® is a commercially available 

vaccine and so rigorous testing has already been conducted to ensure this medicine is safe 

for human use. As such, in this Chapter BALB/c and hairless mice (SKH1 Hrhr 477) were 

used to assess Pentavac® vaccine delivery from dissolving MN arrays. Initially BALB/c 

mice were chosen, as they are routinely used to test antibody production in infection 

models and so may help to reduce variability in antibody response to vaccination across 
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the cohorts. Hairless mice were also chosen as a murine model in this work, as their lack 

of fur coat may provide more reliable insertion. From a practical viewpoint, hairless mice 

do not have a fur coat and as such, surgical adhesive tape is much easier to apply, 

simplifying the process for the research personnel and making the process less stressful 

for the animal. 

 

It has been shown that protective immunity to H. influenzae vaccine (Hib) results from 

antibody production generated in response to  poly(ribosylribitol phosphate) (PRP) 

capsular polysaccharide of the bacterium (Kodituwakku et al. 2004). As such, vaccinated 

mice which show production of anti-Hib-PRP IgG will, in the current study, be brought 

forward for bacterial challenge with H. influenza type b. Challenge studies currently 

represent the gold standard for the determination of immunological status in mice and 

can act as substantive evidence in the preclinical progression of a new vaccine product. 

As such, this Chapter used a murine challenge model involving IN administration of H. 

influenza type b to assess immunological status of mice following vaccination with 

industrially manufactured MN arrays containing Pentavac® vaccine. The National 

Collection of Type Cultures NCTC8467 was used in this study, as it is regularly used in 

H. influenzae infection models. NCTC8467 is maintained as a H. influenzae type b isolate 

originally collected from human cerebrospinal fluid in a confirmed meningitis infection 

case in 1944 (Sacchi et al. 2005). Vaccination with H. influenzae type b vaccine has been 

shown to reduce the viable colony count of H. influenzae in both the lungs and nasal 

associated lymphoid tissue (NALT) in both mice and rats (MacIver et al. 1991). For this 

reason, lung and NALT of vaccinated mice were harvested 24 h post-challenge and 

assessed for the number of viable H. influenzae bacteria within the tissue. Using this 

information, compared with control animals that have received IN administration of H. 

influenzae may provide evidence of effective vaccination with Pentavac® MN formulations. 
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Table 5.1 provides a summary of the various MN formulations tested in this Chapter 

indicating the polymer base used, Pentavac® dose, site of manufacture and murine model 

tested. 

 
Table 5.1. Summary of MN formulation parameters including polymer used, Pentavac® dose per MN 

array, site of manufacture and murine model employed for the two in vivo studies conducted in this 

Chapter. 

MN code Murine model Site of Manufacture MN polymer 

Pentavac® 

dose 

(µg/array) 

F1 BALB/c LTS – Andernach PVP 0.02 

F2 BALB/c LTS – Andernach PVP 0.1 

F3 BALB/c LTS – Andernach PVP 0.5 

F4 SKH1 Hrhr 477 LTS – Andernach Gantrez® S-97 0.5 

F5 SKH1 Hrhr 477 QUB – Belfast Gantrez® S-97 0.5 

F6 SKH1 Hrhr 477 QUB – Belfast PVP 0.5 
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5.2 Aims and Objectives 

 

The aim of this Chapter was to develop, in conjunction with industrial partners, a method 

of mass producing dissolving MN arrays containing the commercially available vaccine 

agent, Pentavac®. This work also aims to assess the efficacy of MN prepared in an 

industrial setting by LTS and in a laboratory setting by QUB. 

 

The objectives of this Chapter were to: 

 

• Formulate dissolving MN arrays containing Pentavac® at LTS industrial 

manufacturing facility in Andernach, Germany and QUB laboratories in Belfast, 

Northern Ireland 

• Following MN vaccination in mice, monitor MN dissolution in vivo, subsequently 

measure anti-Hib-PRP IgG serum titres, and compare these to control 

vaccination titres 

• Determine an intranasally administered lethal dose of H. influenzae in mice, to 

facilitate a challenge study in mice showing antibody response to MN vaccination 

• Conduct a challenge study in vaccinated mice 
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5.3 Materials and Apparatus 

 

• Bio-Rad Protein Assay was purchased from Bio Rad laboratories, Hertfordshire, 

UK. 

• BCA Protein Assay reagent was purchased from Thermo Fisher Scientific, UK. 

• Poly(vinylpyrrolidone) (MW 40,000 Da) was purchased form Sigma Aldrich, 

Dorset, UK. 

• Gantrez® S-97 was a gift from Ashland Chemical, ISP Corp. Ltd., Guildford, 

UK. 

• Stuart SSL4 lab scale rocker was purchased from Bibby Scientific, Staffordshire, 

UK.   

• Haemophilus influenzae (ATCC 9795) biotype I and serotype B was sourced from 

the National Collection of Culture Types (NCTC), Salisbury, UK. 

• Mouse anti-Hib-PRP IgG ELISA Kit Cat. 980-120-PMG containing: HbO-HA 

Coated Microwell Strip Plate, anti-Hib-PRP Calibrator 0.5 U/ml, anti-Hib-PRP 

Calibrator 1 U/ml, anti-Hib-PRP Calibrator 2.5 U/ml, anti-Hib-PRP Calibrator 

5 U/ml, anti-Mouse IgG HRP Conjugate, Sample Diluent, Low NSB Sample 

Diluent, Wash Solution, TMB substrate, and Stop solution was obtained from 

Alpha Diagnostic International, 6203 Woodlake Centre Drive, San Antonio, 

Texas, USA.  

• Mouse anti-H. Influenzae B (Hib) PRP lgG ELISA KIT was purchased from 

Source BioScience, UK. 

• BALB/c mice were obtained from Charles River Laboratories Inc., Scotland, 

UK. 

• SKH1 Hrhr 477 euthymic and immunocompetent, hairless mice obtained from 

breeding colony in Biology Research Unit, Medicine and Biology Centre, 

Queen’s University Belfast. Colony sourced from SKH1 Hrhr 477 mice 

available at Charles Rivers Laboratories International Inc., Scotland, UK. 

• Pentavac® Vaccine was purchased from Sanofi Pasteur MSD Ltd. Berkshire, 

UK.  

• BD Micro-Fine™ insulin syringes 0.3ml 0.3mm (30G) x 8mm purchased from 

Becton Dickinson and Company, Pottery Road, Dun Laoghaire, Co. Dublin. 

Ireland.  
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• Water for injection BP purchased from B. Braun Medical Ltd., Sheffield, UK.  

• Rompun™ 100 mg/ml, purchased from Bayer Healthcare LLC, Bergkamen, 

Germany.   

• Ketalar™ 10 mg/ml ketamine hydrochloric solution purchased from Pfizer Ltd. 

Ramsgate Road, Kent, United Kingdom. 

• Chocolate agar base was purchased from Sigma Aldrich, Dorset, UK. 

• Bacitracin purchased from Sigma Aldrich, Dorset, UK. 

• Fisher Scientific petri-dishes were purchased from Thermo Fischer Scientific 

Laboratories, Glasgow, UK. 

• VDI 12 Homogeniser was purchased from VWR International Inc., 

Leicestershire, UK. 
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5.4 Methods 

 

5.4.1 Detection and quantification of tetanus toxoid 

Initially one vial of Pentavac® was reconstituted in 1 ml water for injection. Each vial 

contains 25 µg starting mass of tetanus toxoid, yielding a stock concentration of 25 µg/ml. 

This stock solution was diluted to working concentrations of 10, 2, 1 and 0.5 µg/ml. 

These samples were then subjected to two protein quantification assays, namely the Bio-

Rad protein assay and the bicinchoninic acid protein assay (BCA). Tetanus toxoid is a 

protein molecule and therefore can be quantified through the aforementioned protein 

assays (Helting et al. 1977). Bio-Rad protein micro-assay procedure is validated within the 

concentration range 8-80 µg/ml and states compatibility with glycerol. However, does 

not specifically state compatibility with Tween®. Pentavac® has a number of excipients 

within the lyophilised formulation which may interact with the protein assays, such as 

Tween® or sucrose. Bio-Rad assay was carried out according to manufacturer instructions. 

Briefly, the bovine serum albumin (BSA) standards were reconstituted, adding 20 ml of 

deionised water and mixed well until fully dissolved. Five working standards were freshly 

prepared each time the Bio-Rad assay was carried out. 800 µl of each standard and sample 

solution were transferred into clean, dry 1.5 ml tubes. Each concentration of standard or 

sample was analysed in triplicate. 200 µl of the dye reagent was added to each tube and 

vortexed for 30 s. The tubes were incubated at room temperature for >5 min, but no 

longer than 1 h. 200 µl of each solution was then transferred to a clear 96-well plate and 

absorbance measured at 595 nm wavelength. The BCA protein assay procedure is 

validated within the concentration range 20-2,000 µg/ml. Briefly, 25 µl of each standard 

or sample was pipetted into a 966 well plate. The working reagent was prepared by mixing 

50 parts of BCA reagent A with 1 part of BCA reagent B. 200 µl of the working reagent 

was added to each well and mixed on a plate rocker for 30 s. The plate was then covered 

with aluminium foil and left to incubate at 37°C for 30 min. 

 

5.4.2 Formulation of PVP dissolving MN arrays containing Pentavac® 

Initially PVP dissolving MN arrays were prepared in three dose categories containing 

Pentavac®, namely: F1 (0.02 µg), F2 (0.1 µg) and F3 (0.5 µg) of the lyophilised antigen of 

Haemophilus influenzae type B (PRP conjugated to tetanus toxoid (PRP-T)) from the 

commercially available vaccine Pentavac®. The MN arrays were manufactured at two 
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facilities, namely LTS Andernach, Germany and Queen’s University Belfast, Northern 

Ireland. Figure 5.3 below summarises the formulation processes. 

 

 
Figure 5.3. Schematic representation of A) dispensing gel onto MN mould, B) Use of a positive pressure 

chamber to increase atmospheric pressure to fill MN mould tips, C) drying, and D) de-moulding of dry MN 

array with MN dimensions. 

 

Dissolving MN arrays were prepared at QUB briefly, a stock solution of PVP was made 

by making 40 g of PVP powder up to 100 g with water, stirring vigorously until a 

homogeneous viscous solution was formed. This was covered with Parafilm® and placed 

in a refrigerator to fully hydrate or 24 h. This stock solution was then diluted with water 

to the required concentration. One vial of Pentavac® was dissolved in water for injection 

and added to the PVP solution in order to attain the high, medium, and low dose 

concentrations of 0.5 µg/100 µl, 0.1 µg/100 µl, and 0.02 µg/100 µl respectively, and 

stirred using a glass rod until uniform. The formulations were then transferred into 50 ml 

falcon tubes and centrifuged for 15 min at 3500 rpm to remove bubbles. The formulations 

were dispensed onto prefabricated silicone moulds using a 1 ml standard syringe. 100 µl 

of each formulation was dispensed onto the surface of each MN array. Following this, 

the moulds were placed into a stainless steel positive pressure chamber, and air was 

pumped into the vessel to increase atmospheric pressure to 3 bar. This pressure was 

maintained for 15 min to facilitate filling of the needle tips, the pressure was then reduced 

to normal atmospheric pressure, and the moulds were removed from the chamber and 

A. Dispense 
formulation 

B. Positive pressure 
environment 

C. Drying D. MN array removal 

 500 µm 

300 µm 

50 µm 
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allowed to dry at room temperature for 24 h. The MN arrays were then removed from 

the moulds ready for use. 

 

MN formulation was also replicated at the industrial manufacturing site in Germany by 

LTS. This process was conducted in accordance with Good Manufacturing Practice and 

included 5 stages of processing, namely: dosing, pressure mould filing, drying, demoulding 

and primary packaging, and die-cutting and secondary packaging. Prior to processing, 

materials were loaded into a Class A Pharmaceutical Safety Isolator within a class D 

cleanroom. Materials were decontaminated using either hydrogen peroxide or 

isopropanol and sealed into pouches, as shown in Figure 5.4. Hydrogen peroxide 

decontamination was executed overnight. 

 

      
Figure 5.4. Photographic depiction of materials loaded into an isolator for decontamination at LTS 

manufacturing site, Andernach, Germany. 

 

Briefly, stage 1 dosing was carried out in a Class A Pharmaceutical Safety Isolator inside 

a class D cleanroom using a Syringe pump KD Scientific Legato 110.  Single-use syringes 

(BD Plastipak) and tubing (AsepticSU®), with an internal diameter of 0.8 mm, was used 

to carry the formulation to a 27G blunt cannula, which acted as a dispensing needle. Stage 

2 pressure mould filling was also carried out in a class A Pharmaceutical safety isolator in 

class D cleanroom with Pharma-grade nitrogen used as gas supply to accurately dispense 

100 µl onto the pre-fabricated silicone mould. Stage 3 drying was also conducted within 

Class A Pharmaceutical Safety isolator in class D cleanroom. Laminar air flow at 0.5 

m/sec was provided by the isolator and a Gestigkeit PZ28-1ETTef heating plate was used 

to assist drying.  
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A schematic representation of the industrial process can be seen in Figure 5.5 below. 

 
Figure 5.5.  Schematic representation of LTS (I) dosing, (II) pressure mould filling, and (III) drying stages 

of manufacture of MN arrays. 

 

The MN arrays were dried for 3 h at an elevated temperature of 60°C and removed from 

the moulds using a vacuum gripper. MN arrays were then placed into primary blister 

packaging 20 mm x 20 mm, poly(vinyl chloride) (PVC) 50 µm thick, with a 36 µm 

poly(ethylene terephthalate) (PET) backing film, coated with Acronal® A225, Figure 5.6 

below.  

 

 
Figure 5.6. Schematic representation of LTS (IV) de-moulding and primary packaging of MN arrays. 
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The formulation process was designed in order to have as little personnel contact as 

possible, so throughout vacuum gripper techniques have been implemented to facilitate 

movement of MN arrays and packaging, as shown in Figure 5.7 below. 

 

 
Figure 5.7. Photographic depiction of the automated vacuum gripper transporting primary packed blister 

containing MN to heat seal step in stage 5, at the LTS manufacturing site, Andernach, Germany.  

 

Stage 5 involved die-cutting of the blister packs and secondary packaging into Sudpack® 

polyamide/aluminium/polyester peel pouches concluded in a Class D cleanroom. A 

HAWO® sealing device was used to heat seal the pouches. 

 

5.4.3 Formulation of Gantrez® S-97 dissolving MN arrays containing Pentavac® 

Dissolving MN arrays were fabricated from a stock solution of Gantrez® S-97 

poly(methylvinylether-co-maleic acid). Briefly, a stock solution of 40% w/w Gantrez® S-

97 in water was made by slowing adding 40 g of Gantrez® S-97 powder to 60 g of water 

and stirring vigorously until a homogeneous viscous solution was formed. This was 

covered with Parafilm® and placed in a refrigerator to fully hydrate for 24 h. This stock 

solution was then diluted with water to the required concentration. One vial of Pentavac® 

was dissolved in 2.5 ml water for injection and added to the S-97 solution in order to 

attain the high dose concentrations of 1 µg/100 µl and stirred using a glass rod until 

uniform. The formulation was then transferred into 50 ml falcon tubes and centrifuged 

for 15 min at 3500 rpm to remove bubbles. The formulation was then dispensed onto 

prefabricated silicone moulds using a 1 ml standard syringe. 100 µl of each formulation 

was dispensed onto the surface of each MN array. Following this, the moulds were placed 

into a stainless steel positive pressure chamber, and air was pumped into the vessel to 
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increase atmospheric pressure to 3 bar. This pressure was maintained for 15 min to 

facilitate filling of the needle tips. The pressure was then reduced to normal atmospheric 

pressure and the moulds were removed from the chamber and allowed to dry at room 

temperature for 24 h.  

 

5.4.4 IM Pentavac® control administration 

Intramuscular injection (IM) of the Pentavac® vaccine was administered to mice, at three 

concentrations, namely: high dose - 1 µg, medium dose – 0.2 µg, and low dose 0.04 µg. 

IM injections were administered in 20 µl volumes to alternate left and right lower 

quadriceps upon prime and boost administration. Low dose (0.04 µg) administrations 

were achieved by reconstituting one vial of Pentavac® vaccine in 1000 µl water for 

injection. This was then diluted with water for injection 1:5 into a previously heat sterilised 

1.5 ml tube, yielding 0.04 µg Pentavac® in 20 µl water for injection. Medium dose (0.2 µg) 

administrations were achieved by reconstituting one vial of Pentavac® vaccine in 500 µl 

water for injection and diluting 1:2 into a previously heat sterilised 1.5 ml tube, yielding 

0.2 µg in 20 µl water for injection. Similarly, High dose (1 µg) administrations were 

achieved by reconstituting one vial of Pentavac® vaccine in 200 µl water for injection, 

yielding 1 µg in 20 µl water for injection solution. Mice that received IM administrations 

of Pentavac® were observed following the injection and no adverse events were recorded. 

Mice were reviewed after 24 h to ensure animal health and safety maintenance. 

Throughout the project, all animal experiments were conducted in accordance with the 

policy of the federation of European Laboratory Animal Science Associations and the 

European Convention for the Protection of vertebrate animals used for experimental and 

other scientific purposes, with implementation of the principles of the 3 R’s – 

replacement, reduction, and refinement. In each case Ethical permission for these animal 

experiments was obtained from the Queen’s University Animal Welfare and Ethics 

Review Board. The Project License holder and Personal License holders have been 

assessed and granted permission from the UK Home Office to oversee projects involving 

the application of polymeric MN arrays to mice. Following conclusion of the animal 

experiments a retrospective analysis was conducted where by future animal work could 

be further enhanced by implementation of the 3 R’s. 
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5.4.5 MN application to mice ears at prime and boost time points 

Mice were anesthetised by intra-peritoneal (IP) injection of the anesthetic agents 

Ketamine/Xylaxine at a dose of 100/10 mg/kg. 10 mice were weighed on a top pan 

balance to assess average weight (~23 g). 100 µl of the anesthetic solution was drawn into 

a 1 ml syringe and injected into the peritoneal cavity at an anteromedial injection site.  

 

Following visible assessment of respiration, as a reflection on the grade of anaesthesia, 

the mice received one MN array applied to the dorsal surface of each ear, held in place 

with surgical tape (Figure 5.8). 

 

 

 

 

 

 
Figure 5.8. Schematic representation of MN array on surgical tape, used to hold array in situ for 24 h. 

 

MNs were applied to the reverse of the mouse ears, pinched, and held in place for 5 min 

and left in situ for 24 h. MN arrays were then removed from the mice and mice were 

observed until recovery achieved. All animals were reviewed 24 h later and no animal 

showed any sign of ill health or adverse effects. BALB/c dosing schedule was vaccination 

on day 0, 28, and 84. Hairless mice were vaccinated on day 0 and 28 with challenge 

conducted on day 112. 

 

5.4.6 Mouse tail bleed procedure 

Initially, each mouse was placed into a heat box for a maximum of 5 min to help dilate 

the blood vessels of the tail and ensure adequate blood flow on collection. The mice were 

restrained using a mouse restrainer and tails were pricked with a Terumo® 25G 

hypodermic needle approximately 1 cm from tail tip. Blood samples (20 µl) were collected 

in non-heparinised Sarstedt Microvette® serum collection tubes. Mice were replaced to 

cages and monitored for signs of dehydration. All mice recovered quickly and fully 

following the tail prick procedure. 

 

 

 

Surgical tape 

Microneedle array 
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5.4.7 Cardiac puncture procedure 

Initially, the mouse is humanely culled by means of a rising concentration of CO2 and the 

cardiac puncture procedure initiated immediately after death. Cardiac puncture involves 

the introduction of a hypodermic needle into the chambers of the heart and withdrawing 

a quantity of blood (usually up to 500 µl). The mouse is placed in a supine position and 

the needle is inserted below the rib cage in the direction of the heart. When the chamber 

of the heart is located, a sample of blood is withdrawn. Dislocation of the spinal column 

is used as a secondary confirmation of death, as specified by the Home Office.  

 

5.4.8 Mouse serum sample processing 

Blood samples were incubated at 37°C for 60 min, and centrifuged at 2000 rpm for 15 

min in an Eppendorf® rotary refrigerated centrifuge. The supernatant fluid (serum) was 

then extracted and aliquoted into 1.5 ml Eppendorf® tubes and stored at -80°C until 

required. 

 

5.4.9 Anti-Hib-PRP IgG ELISA procedure 

Anti-Hib-PRP IgG ELISA was conducted in accordance with the manufacturers 

recommended protocol. Briefly, all reagents were brought to room temperature 

equilibration prior to use. Mouse serum samples were thawed on ice and allowed to come 

to 2-8°C prior to use. An aliquot of 300 µl of working wash solution was added to each 

well of the pre-coated plate and let to stand for 5 min. The liquid was then aspirated from 

the wells and patted dry on a paper towel prior to sample addition. All steps were 

performed at room temperature. An aliquot of 100 µl of each anti-Hib-PRP calibration 

curve, as provided in the ELISA kit incorporating the range 5 U/ml to 0.5 U/ml was 

added to the plate-wells. Similarly, 100 µl serum samples of test and control mice, diluted 

to varying concentrations in the sample Diluent, were added to the plate-wells. The plate 

was tapped gently to ensure reagents were mixed appropriately and left to incubate at 

room temperature for 60 min. The plate-wells were then washed with the working wash 

solution and patted dry with a paper towel. This washing process was repeated 4 times in 

accordance with the ELISA kit procedure. anti-Mouse IgG Horseradish Peroxidase 

(HRP) conjugate antibody was diluted in the Working Sample Diluent 1:10, and 100 µl 

added to each well. The plate was then incubated at room temperature for 30 min. The 

plate was washed 5 times, as described previously. 100 µl of the 3,3’,5,5’-

tetramethylbenzidine (TMB) substrate was added to each well and incubated in the dark 
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for 15 min. 100 µl of the Stop solution (dilute sulfuric acid) was added to each well, in 

order to halt the enzymatic reaction process resulting in the liquid filled wells turning 

yellow. The plate was then read at wavelengths 450 nm within 30 min following addition 

of the stop solution, on a micro-96 well plate spectrophotometer. In cases where colour 

development progressed to yield optical density (OD) units > 2.0 at 450 nm, the plate 

was read at 405 nm in accordance with kit protocol. 
 

5.4.10 Dissolution and swelling of MN arrays in PBS (pH 7.4) 

MN arrays were immersed in 30 ml PBS (pH 7.4) and left to dissolve without stirring The 

time taken for needles to fully dissolve was recorded. MN swelling studies were also 

conducted by fully immersing the MN array in 30 ml PBS (pH 7.4) for 60 min. MN arrays 

were weighed at zero time in the dry state (m0). At defined intervals the MN arrays were 

removed, surface fluid was removed using absorbent paper and the mass of the swollen 

MN array recorded (mt), following which the MN were re-immersed. PBS (PH 7.4) was 

selected as the swelling medium, as it has been shown to closely resemble skin interstitial 

fluid (Mikolajewska et al. 2010; Donnelly et al. 2014). These weights were recorded and 

percentage swelling was calculated using Equation 1, below. 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔	 % = 	GHIGJ
GJ

	×	100 Equation 5.1 

 

5.4.11 Determination of H. Influenzae growth curve 

H. Influenzae NCTC8467 was cultured in blood enriched nutrient broth at 37°C in a CO2 

enriched environment (5%) for 60 h. Samples of the broth were taken at hourly for the 

first 8 h and then at 30 h and 48 h. This was to facilitate determination of the optimal 

growth phase of H. Influenzae in the media. Similarly, samples were taken at 2, 4, 9, 24, 

and 52 h where OD was measured at 600 nm wavelength. Samples were also taken at 

various time intervals and plated onto chocolate agar-bacitracin plates at serial dilutions 

of 10-1, 10-2, and 10-3. These plates were incubated for 24-48 h and colonies were manually 

counted. 
 

5.4.12 Intranasal inoculation of mice with H. Influenzae 

The mice were separated, sorted and placed into individually ventilated cages within a 

Category II isolation suite, to allow the animals to acclimatise prior to initiation of the 

study. Mice were evenly distributed across each of the test concentrations, to ensure an 

accurate reflection of the variance in susceptibility naturally exhibited between age and 
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sex of the animals within the study. Each of the mice was anesthetised by intraperitoneal 

(IP) injection of anesthetic agent (100 µl ketamine/xylazine 100/10 mg/kg). Following 

attainment of a suitable level of anaesthesia, the mice were scruffed and 20 µl of the 

inoculum was administered IN to each animal by pipetting small droplets to the base of 

the nose. The mice were allowed to recover and monitored for signs of distress of adverse 

events. The mice were then weighed and assessed at regular 6-8 hourly time intervals for 

the duration of the study.  

 

5.4.13 Lung and nasal associated lymphoid tissue harvesting procedure 

At 48 h, the study was concluded, whereby the animals were culled and whole lung tissues 

and NALT were harvested for bacterial culture. The mice each received a 400 µl overdose 

IP injection of anesthetic agent. Animals were assessed for signs of life through pedal 

reflex and confirmation of death obtained prior to dissection. The mice were sprayed with 

ethanol to kill any dermal bacteria that may otherwise interfere with the bacterial culturing 

procedure prior to dissection. The lungs were retrieved, by making a small incision in the 

lower abdomen, peeling the skin upwards holding the tail to reveal peritoneal cavity. A 

small incision in the peritoneal lining was made and similarly pealed back exposing the 

organs. Specific care was taken not to disrupt the liver, intestines or gall bladder, as 

contents could affect lung microbial content. A small incision was then made in the 

diaphragm, which allowed for collapse of the lungs. The rib cage was then cut, upwards 

and towards the jaw, allowing for the rib cage to be pinned back exposing the heart lungs 

and thymus. Following exposure of the lungs, two strands of connecting tissue between 

the lungs and the abdomen were cut. This allowed for the extraction of the lungs, leaving 

the heart and the thymus. In some cases, the lungs appeared pink (healthy tissue) and in 

others the lungs appeared darker (indicating necrotic tissue). The lower jaw of the animal 

was removed by cutting away through the cheeks and lower jawbone. The nose of the 

animal was removed by cutting directly behind the front two incisors. The NALT resides 

in the upper palate of the mouse. Following removal of lower jaw and nose portion of 

the animal’s head, the upper palate was removed by holding down either side with 

tweezers and pealing back the exposed layer on the palate of the animal. Animal carcasses 

were placed into a sterilisation bag and disposed of by maceration, following sterilisation 

from the Category II facility. Record cards were retained and returned to the Project 

License holder, in accordance with Home Office regulation. 
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5.4.14 Lung and NALT processing 

The NALT was placed into 500 µl of previously sterilised PBS (pH 7.4) in a sterile 7 ml 

bijou bottle and, similarly, the lungs were placed into 2 ml of sterilised PBS (pH 7.4) in 

labeled 7 ml bijou bottles. A VWR VD 12 homogenizer was used to homogenize the lung 

tissue and the NALT. The homogenizing tip was sterilised in an autoclave and the 

following steps were taken to ensure the homogenizing apparatus remained sterile 

between samples, avoiding contamination between the test samples. Initially the tip was 

rinsed in denatured alcohol, then in sterile PBS (pH 7.4), ensuring removal of excess 

denatured alcohol prior to insertion into a new sample. The work was conducted beside 

a blue flame and basic laboratory aseptic technique was followed throughout. 

Homogenizing the tissues for 30-40 s ensured bacterial release and also ensured that no 

lumps were present, so that it could be pipetted. The homogenizer was rinsed in distilled 

water to remove excess tissues, followed by rinsing in denatured alcohol to kill remaining 

bacterial cells, followed by rinsing in sterile PBS (pH 7.4) to ensure removal of excess 

denatured alcohol, which would otherwise kill bacteria in the next sample. Serial dilutions 

of 101, 102, 103 are prepared by 900 µl PBS (pH 7.4) and 100 µl sample.  

 

5.4.15 Lung and NALT bacterial culture 

Bacterial loading of the lung tissues and NALTs were assessed on blood agar/chocolate 

agar plates with bacitracin (20,000 U). These plates are specific for growth of Haemophilus 

species. Plates were split into two sections and 50 µl aliquots of each dilution were added 

to the surface of the plate and spread to fill the half area. The blood agar/chocolate agar 

and bacitracin plates are then incubated at 35°C for 24 h in a 5 % CO2 enriched incubator 

(range 5-10 % CO2). The plates were then removed from the incubator and stored in a 

cold room at 5°C until the number of colonies could be counted. Following this, a 

Kaplan-Meier estimator was constructed to allow determination of median lethal dose, in 

hairless mice with H. Influenzae NCTC8467. 

 

5.4.16 Statistical analysis 

Statistical analysis was performed using Microsoft® Excel® for Mac® 2016, and included 

calculation of mean, standard deviation, construction of calibration plot with least squares 

linear regression analysis and analysis of residuals. Percentage survival, as a determinant 

of lethal dose calculation, was statistically assessed by Log-rank Mantel-Cox test. 
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5.5 Results 

 

5.5.1 In vitro tetanus toxoid detection and quantitation 

Initially, the integrity of the proteinaceous tetanus toxoid component of Pentavac® 

vaccine prior to incorporation into MN formulations was assessed in vitro using two 

commercially available protein assays, namely Bio-Rad and Thermo Scientific microBCA. 

This was conducted in order to quantify protein content of the vaccine such that protein 

content may be a reliable in vitro method of vaccine quantification. These assays were 

conducted on samples of Pentavac® dissolved in PBS (pH 7.4) and compared to 

theoretical concentrations of tetanus toxoid in the commercial vaccine. Table 5.2 below 

shows the experimentally determined tetanus toxoid concentrations from Bio-Rad and 

microBCA protein assays compared to Pentavac content. 

  
Table 5.2. Experimentally determined tetanus toxoid concentrations compared to the theoretical 

concentration in Pentavac®. Means ± S.D., n=3. 

Theoretical Conc. (µg/ml) of 

tetanus toxoid in Pentavac® 

Experimentally determined concentration (µg/ml) 

Bio-Rad Thermo Scientific 

25 14.3 ± 0.2 32.8 ± 0.2 

10 9.1 ± 1.0 19.4 ± 0.2 

2 2.8 ± 0.1 7.3 ± 0.1 

1 1.4 ± 0.1 5.5 ± 0.1 

0.5 0.7 ± 0.1 4.3 ± 0.2 

 

In vitro detection of tetanus toxoid by both Bio-Rad and microBCA, although showing 

trends with respect to rising concentration of tetanus toxoid do not definitively reflect 

the actual concentration in samples containing PBS (pH 7.4). 

 

5.5.2 Prime application BALB/c 

Following application of MN arrays to the ears of BALB/c mice, the arrays were 

recovered and assessed for degree of dissolution. This was a subjective analysis to help 

assess the extent of dissolution in skin following the application procedure. MN arrays 

were visualised under light microscope and photographs recorded in Table 5.3 below. 

 

 

 



Chapter 5 Pre-clinical feasibility study for industrially manufactured dissolving MN arrays containing Pentavac® vaccine 

 163 

 Table 5.3. Photographic depiction of exemplar MN arrays showing total and partial dissolution following 

application to the ears of BALB/c mice. 

Extent of 

Dissolution 
Photograph Light Microscope Image 

Total 
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Partial 
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>50% 

 

 Partial 
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Not 
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On visual inspection, 91% of the MN arrays applied dissolved fully or partially following 

application to the mouse ears, post 24 hrs. Similarly, 73% of MN arrays applied to the 

mice ears dissolved fully or partially >50% by visual assessment, shown in Figure 5.9.  

 

 
Figure 5.9. Cumulative bar chart representing MN dissolution, assessed by visual inspection of F1, F2, and 

F3 MN arrays following removal from the BALB/c mice ears post prime. n=32. 

 

In the medium and high dose test groups, one MN array did not appear to have dissolved, 

the entire array of needles remaining intact. A total of 6.5 MN arrays were not recovered 

from the mice ears or the housing unit and, therefore, could not be assessed for needle 

dissolution extent. Prime dosing of BALB/c mice with low, medium, and high dose 

Pentavac® vaccine was successfully conducted for IM injection to the quadriceps muscle 

and MN application to the ear. 
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5.5.3 Boost application BALB/c 

Similarly, following MN array removal, the extent of dissolution was assesed by visual 

inspection and the number of MN arrays that dissolved was documented and can be seen 

in Figure 5.10. 

Figure 5.10. Cumulative bar chart representing MN dissolution, assessed by visual inspection of F1 (n = 

32), F2 (n=32), and F3 (n=30) MN arrays following removal from the BALB/c mice ears post boost. 
 

Following visual inspection and assessment, 100% of the MN arrays applied to the mouse 

ears, for the purposes of boost dosing, had dissolved completely. MN arrays were 

visualised under light microscope and exemplar photographs are recorded in Table 5.4. 
 

Table 5.4. Photographic representation showing the extent of dissolution of the Microneedle arrays, post 

24 h insertion into primed BALB/c mice. 
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5.5.4 Boost anti-Hib-PRP IgG 

The blood samples collected 10-days post-boost were assessed for anti-Hib-PRP IgG 

concentration. The titres of each mouse vaccinated in this study have been derived from 

the IgG standard curve via linear regression analysis. The data has been presented in 

Figure 5.11 using vertical scatter plots in order to disseminate exactly how the data is 

spread over the various data sets. The anti-Hib-PRP IgG titre (U/ml) for each individual 

serum sample is represented as a single data point, with the average anti-Hib-PRP IgG 

titre displayed via the horizontal line in the centre of the error bars.  

 

Initially, the IM control cohort boost samples were tested for anti-Hib-PRP IgG titre and 

can be visualised in Figure 5.11 below. Of the eight mice given an IM dose of 0.02 µg 

Pentavac® (low dose), six exhibited positive anti-Hib-PRP IgG titres. The average titre 

was 73.8 U/ml with the highest and lowest titres of 358 U/ml and 3.1 U/ml, respectively. 

Of the eight mice given an IM dose of 0.1 µg Pentavac® (medium dose), eight exhibited 

positive anti-Hib-PRP IgG titres. The average titre was 223.5 U/ml with the highest and 

lowest titres of 435 U/ml and 24.7 U/ml, respectively. Of the eight mice given an IM 

dose of 1 µg Pentavac® (high dose), eight exhibited positive anti-Hib-PRP IgG titres. The 

average titre was 222.7 U/ml, with the highest and lowest titres of 286.8 U/ml and 63.8 

U/ml, respectively.  

 
Figure 5.11. Scatter plot showing anti-Hib-PRP IgG titres of BALB/c mice vaccinated via IM or MN dose 

of Pentavac® following boost dosing A) IM low dose, 0.02 µg; IM medium dose 0.1 µg; IM high dose 1 µg, 

and F1, F2, and F3 MN arrays, means ± S.D. B) Expanded view of axis for F1, F2, and F3 anti-Hib-PRP 

IgG titres, means ± S.D. 

 

The individual anti-Hib-PRP IgG titres for boosted BALB/c that received MN 

application to the ears is also shown in Figure 5.11. Here, it can be seen that, of the 16 

A B 
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mice given a F1, only four exhibited positive anti-Hib-PRP IgG titres. The average titre 

was 6.4 U/ml, with the highest and lowest titres of 15.1 U/ml and 0.64 U/ml, respectively. 

Of the 16 mice given a F2 MN arrays, 12 exhibited positive anti-Hib-PRP IgG titres. The 

average titre was 6.7 U/ml, with the highest and lowest titres of 19 U/ml and 2.2 U/ml, 

respectively. Of the 15 mice given F3, 13 exhibited positive anti-Hib-PRP IgG titres. The 

average titre was 9.9 U/ml, with the highest and lowest titres of 63.8 U/ml and 2.2 U/ml, 

respectively. It is worth noting that the anti-Hib-PRP IgG titres of the two remaining 

mice that received F3 could not be determined as no blood samples could be collected 

from these mice, primarily due to poor venous access. 

 

Anti-Hib-PRP IgG indices were also determined according to anti-Hib-PRP IgG ELISA 

protocol. These are an indicator of statistical difference between anti-Hib-PRP IgG levels 

in control (no vaccination) and test (vaccinated) mice. In all cases (IM and MN 

applications), the average anti-Hib-PRP IgG indices (no units) were positive, see below. 

A numerical reading > 1 indicated a positive anti-Hib-PRP IgG response and a numerical 

reading < 1 indicated a negative response. As can be seen in Table 5.5 below, all samples 

indicated an anti-Hib-PRP index >1, indicating a collective immune response to at least 

some degree within each cohort. The MN cohorts, however, are only marginally above 

the statistical threshold, consistent with the anti-Hib-PRP IgG titres reported above.  

 
Table 5.5. Detailing the anti-Hib-PRP index for IM and MN administration routes at three doses namely, 

low, medium, and high. 

Administration route Dose anti-Hib-PRP index 

IM 

IM 

IM 

Low 2.98 

Medium 8.53 

High 6.67 

F1 

F2 

F3 

Low 1.15 

Medium 1.06 

High 1.16 
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5.5.5 Second Boost application BALB/c 

The second boost vaccination was conducted with MNs applied for 24 h and, following 

MN array removal, the extent of dissolution of the arrays was assesed by visual inspection. 

MN arrays were visualised for total, >50%, <50% or no dissolution following the same 

specification as used previously. 

Figure 5.12. Cumulative bar chart representing MN dissolution, assessed by visual inspection of F1 (n = 

32), F2 (n=32), and F3 (n=30) MN arrays following removal from the BALB/c mice ears post second 

boost. 

 

From Figure 5.12, it can be seen that 76% and 74% of the MNs applied in the F1 and F2 

cohorts showed either total or >50% dissolution of the needles.  In contrast to this, 93% 

of the F3 MNs dissolved fully. The remaining 2 F3 MN arrays showed extensive 

dissolution, having only a small number of intact needles at the periphery of the arrays. 

Comparing the MN dissolution profiles from previous applications and grouping them 

according to their manufactured batches, a distinct pattern of MN dissolution can be 

observed. In essence, those MNs prepared in November 2014 and January 2015 tended 

to dissolve to a much higher degree than those prepared in the October 2014 batch.  
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Figure 5.13 shows the cumulative dissolution of MN arrays across Prime, Boost and 

Second Boost applications, grouped according to their date of manufacture, namely: 

October 2014, November 2014 and January 2015. Those MN arrays produced in the 

November 2014 batch, together with the January 2015 High dose batch of MNs display 

a definite trend towards total dissolution of the MN arrays. In contrast to this, MN arrays 

produced in the October 2014 batch show a notable difference in dissolution profile, with 

an overall trend towards dissolution to a much lesser degree. 

 

 

Figure 5.13. Cumulative bar chart showing the proportion of MN arrays that were fully, partially (>50%), 

partially (<50%), not dissolved, unrecovered from animal, and unrecovered from unit following removal 

from BALB/c mice ears for F1 (n=157), F2 (n=94)), and F3 (n=30), grouped according to their date of 

manufacture. 
 

5.5.6 Second boost IgG results 

The second boost anti-Hib-PRP IgG titres of each mouse vaccinated was derived from 

the IgG standard curve via linear regression analysis. The data is presented using vertical 

scatter plots so as to disseminate exactly how the data is spread over the various cohorts. 

The anti-Hib-PRP IgG titre (U/ml) for each individual serum sample is represented as a 

single data point, with the average anti-Hib-PRP IgG titre displayed via the horizontal line 

in the centre of the error bars. 
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Of the five mice given an IM dose of 0.02 µg Pentavac® (low dose), two exhibited positive 

anti-Hib-PRP IgG titres. The average titre was 35.1 U/ml, with the highest and lowest 

titres 118.7 U/ml and 70.0 U/ml, respectively. Of the eight mice given an IM dose of 0.1 

µg Pentavac® (medium dose), eight exhibited positive anti-Hib-PRP IgG titres. The 

average titre was 278.5 U/ml, with the highest and lowest titres 520.1 U/ml and 0.18 

U/ml, respectively. Of the seven mice given an IM dose of 1 µg Pentavac® (high dose), 

seven exhibited positive anti-Hib-PRP IgG titres. The average titre was 328.2 U/ml, with 

the highest and lowest titres 534.2 U/ml and 16.9 U/ml, respectively (Figure 5.14).  

 

Figure 5.14. Scatter plot showing anti-Hib-PRP IgG titres of BALB/c mice vaccinated via IM or MN dose 

of Pentavac® following second boost dosing A) IM low dose, 0.02 µg; IM medium dose 0.1 µg; IM high 

dose 1 µg, and F1, F2, and F3 MN arrays, means ± S.D. B) Expanded view of axis for F1, F2, and F3 anti-

Hib-PRP IgG titres, means ± S.D. 

 

Of the 14 mice given F1, none of the mice exhibited positive anti-Hib-PRP IgG titres. 

Of the 16 mice given F2, four exhibited positive anti-Hib-PRP IgG titres. The average 

titre was >0 U/ml, with the highest and lowest titres 1.7 U/ml and 0.2 U/ml, respectively. 

Of the 15 mice given F3, 14 exhibited positive anti-Hib-PRP IgG titres. The average titre 

was 5.4 U/ml with the highest and lowest titres 20.4 U/ml and 0.7 U/ml, respectively. 

Again, it is worth noting that the anti-Hib-PRP IgG titres of the two remaining mice 

which received low dose MN arrays, could not be determined, as no blood samples could 

be collected from these mice. Again, this was primarily due to poor venous access. 
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Anti-Hib-PRP IgG indices were also determined for serum concentrations following 

second boost applications, as per ELISA protocol. As can be seen in Table 5.6 below, 

only low and medium dose MN arrays application failed to meet the statistical criteria of 

a ratio > 1.  

 
Table 5.6. Detailing the anti-Hib-PRP index for IM and MN administration routes at three dose namely, 

low, medium, and high. 

Administration route Dose anti-Hib-PRP index 

IM 

Low 1.88 

Medium 8.12 

High 9.40 

MN 

Low 0.89 

Medium 0.92 

High 1.12 

 

As is evident from the data presented here, the IM administration of the Pentavac® 

vaccine proved more efficacious, in terms of anti-Hib-PRP IgG titres developed. The MN 

administration resulted in a dose dependent anti-Hib-PRP IgG response in the MN 

cohort of mice. However, it did not attain equivalent anti-Hib-PRP IgG titres in this 

instance. 

 

5.5.7 SKH1 Hrhr 477 mice vaccination study 

Following the lack of robust anti-Hib-PRP IgG development in the F1, F2, and F3 MN 

cohorts, it was deemed unethical to subject these animals to a challenge study. Instead an 

alternative strategy involving manufacture of MN formulated using PVP and MN 

formulated using Gantrez® S-97 containing high dose Pentavac® was employed. In each 

case, the manufacturing processes detailed previously were maintained. This second study 

was undertaken to highlight any difference in clinical efficacy between MN manufactured 

at bench scale in QUB, Belfast and industrial scale in LTS, Andernach. Table 5.1 shows 

a summary of the MN formulations employed in this study. A three arm comparison 

study with traditional IM administration as an additional control arm was designed. In 

this study, SKH1 Hrhr 477 euthymic and immunocompetent hairless mice were chosen as 

an animal model to assess the delivery of Pentavac® vaccine using dissolving MN arrays. 

This strain of mouse was selected in order to more readily facilitate MN application. Using 

this particular hairless strain of mouse meant that the adhesive tape used to secure the 
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MN in place would not also adhere to other fur on the animal. As such, using a hairless 

strain would reduce the stress caused to the animal throughout the process.  

 

5.5.8 Prime and boost application SKH1 Hrhr 477 

MN arrays fabricated from F4, F5 and F6 were applied to the ears of hairless mice as 

detailed previously. The MN were maintained in situ using surgical tape and removed from 

the mice ears post 24 h application, when each MN was visually assessed for extent of 

dissolution, and recorded as totally dissolved, >50% dissolved, <50% dissolved or not 

dissolved. The extent of dissolution for MN removed following prime vaccination can be 

seen in Figure 5.15 below. 

 

 
Figure 5.15. Cumulative bar chart showing in situ dissolution profiles of F4 (n=16), F5 (n=16), and F6 

(n=16) MN applied to mice ears following prime dosing. 

 

It can be seen from Figure 5.15 that the dissolution profile of F4 arrays overall showed a 

lower proportion of dissolution (50%), compared to the F5 and F6, 87.5% and 75% 

respectively. 
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The extent of dissolution for MN arrays following the boost applications were recorded 

and can be visualised in Figure 5.16 below.  

 
Figure 5.16. Cumulative bar chart showing in situ dissolution profiles of F4 (n=16), F5 (n=16), and F6 

(n=16) MN applied to mice ears following boost dosing. 

 

Varying dissolution profiles were observed, with many of the F4 MN arrays having 

remained intact, or only partially dissolved, as exemplified in the above Figures. This 

introduces a degree of concern with regards to the reliability of accurate dosing within 

each cohort. At each application stage, F4 arrays showed significantly poorer dissolution 

profiles in comparison to their F5 counterparts. The F6 formulation, in both cases, 

showed total dissolution in the majority of test animals. The issues raised by poor 

dissolution profiles of the MN formulations prompted the conduct of a simple in vitro 

dissolution study. 
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5.5.9 Dissolution and swelling studies 

MN formulations were immersed in 30 ml PBS and dissolution times were recorded. F5 

and F6 MN dissolved fully within 5 min (n=3). F4 MN did not dissolve when immersed 

in the PBS, but rather began to swell. Weights were recorded at T0 min and up to T60 min. 

Subsequently, Equation 5.1 was used to calculate the percentage swelling of these MN 

arrays. At 60 min, the arrays had swollen by 3700 ± 240%, as presented in Figure 5.17. 

 

 
Figure 5.17. Percentage swelling of F4 when immersed in 30 ml PBS for 60 min. Means ± S.D., n=4. 

 

It should be noted that 24 h after initiation of this dissolution study, F4 had not fully 

dissolved. However, assessing percentage swelling at this time point was not possible, as 

the arrays had imbibed PBS (pH 7.4) to a degree that the arrays could not be handled. 

 

5.5.10 Serum anti-Hib-PRP IgG antibody titres 

The anti-Hib-PRP IgG antibody titres of each mouse vaccinated in this study have been 

derived from the IgG standard curve via linear regression analysis. The data is presented 

using vertical scatter plots in order to disseminate exactly how the data is spread over the 

various data sets. The anti-Hib-PRP IgG titre (U/ml) for each individual serum sample is 

represented as a single data point, with the average anti-Hib-PRP IgG titre displayed via 

the horizontal line in the centre of the error bars. Of the 10 mice treated with 1 µg IM, 5 

mice showed positive anti-Hib-PRP IgG titres. The average anti-Hib-PRP IgG titre was 

72.9 U/ml, with the highest and lowest anti-Hib-PRP IgG titres of 237.2 and 7.9 U/ml, 

respectively. Of the 4 mice treated with F4 MN, none of the mice showed detectable 

serum Ab titres, suggesting that the vaccine was not successfully delivered to these mice. 
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Of the 4 mice treated with F5, all 4 displayed detectable anti-Hib-PRP IgG serum titres. 

This is shown in Figure 5.18 below. 

 

 
Figure 5.18. Scatter plot representation of mouse anti-Hib-PRP IgG titre vaccinated by IM injection and 

MN application of F4, F5 and F6 arrays, means ± S.D. 

 

The average anti-Hib-PRP IgG titre was 137.6 U/ml, with the highest and lowest anti-

Hib-PRP IgG titres of >500 and 6.8 U/ml. The anti-Hib-PRP IgG titre of one mouse in 

the F5 cohort was significantly higher than the upper detection limit of the ELISA. The 

anti-Hib-PRP IgG titre was determined to be 1930 U/ml but this value is likely to be an 

overestimation as the readings for this sample lay beyond the limits of the linear regression 

analysis. This understandably skews the data for this cohort but still reflects the positive 

index for this mouse. Of the 4 mice treated with F6, only 1 mouse showed positive anti-

Hib-PRP IgG titre at 387.3 U/ml. In summary, all four F4 vaccinated mice were non-

responders, 1 of 4 mice treated with F5 was a non-responder, and 3 of 4 mice treated with 

F6 were non-responders. Therefore, only mice showing a positive anti-Hib-PRP IgG 

response were brought forward for challenge with H. influenzae. 

 

5.5.11 Lethal Dose 100 study SKH1 Hrhr 477  

In order to determine the lethal dose of IN administered H. Influenzae in mice, an initial 

culture of H. Influenzae NCTC8467 was grown in broth overnight at 37°C in 5% v/v CO2 

enriched environment. Optical density of the resultant broth containing H. influenzae was 

measured at 600 nm at defined intervals for 60 h and plotted as a growth curve, which 



Chapter 5 Pre-clinical feasibility study for industrially manufactured dissolving MN arrays containing Pentavac® vaccine 

 176 

can be seen in in Figure 5.19 below. The exponential growth portion of the curve has 

been represented by a straight line. 

 
Figure 5.19. Growth curve for H. Influenzae NCTC8467 over 60 h at 37°C in 5% v/v CO2 enriched 

environment. Exponential growth portion represented by straight line. 

 

The colony forming units (CFU/ml) for H. Influenzae NCTC8467 cultured over 60 h was 

determined at defined intervals and can be seen in Figure 5.20 below plotted alongside 

the optical density at 600 nm of H. influenzae in broth. 

 
Figure 5.20. OD600 and CFUs/ml for H. Influenzae NCTC8467 cultured in broth at 37°C in 5% v/v CO2 

enriched environment for 60 hrs. 

 

This graph helps to show the reduction in CFU >9 h after initiation of broth culture. This 

demonstrates that as LogOD continues to increase this does not accurately reflect a 

continual increase in CFU/ml. In order to attain the highest quantity of viable CFU under 
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these conditions H. influenzae in broth will be grown for 9 h. Therefore, bacterial culture 

of H. Influenzae was carried out for 9 h and was followed by centrifugation and washing 

with sterile PBS (pH 7.4). The washed bacterial cocktails were combined to form 4 test 

concentrations, detailed in Table 5.7. 

 
Table 5.7. Intranasal H. influenzae inoculum concentration and associated code. 

Intranasal inoculum Code 
Intranasal inoculum H. influenzae 

concentration (CFU/ml) 

C1 2 x 108 

C2 2 x 107 

C3 2 x 106 

C4 2 x 105 

 

These inoculums were used to ascertain lethal dose 100 in mice by testing four 

concentrations of H. influenzae inoculum, C1-C4. Samples of the test inoculum were 

retained pre- and post-administration on ice, and plated on chocolate agar plates to allow 

exact quantification of the doses employed in the study. It was noted that there was a 

significant drop in viable CFU between the time of first preparation, administration, and 

final plating. H. influenzae was kept on ice during transit between Centre for Immunology 

and Infection facility and BRU animal unit. This cooling may have contributed to the loss 

of viable CFU units within the inoculum.  

 

Development of lethal dose 100 in these hairless mice was necessary to provide a positive 

control of infection, and ultimately assess vaccination efficacy of the Hib component of 

the Pentavac® vaccine. The experimental record sheet documenting the initial start 

weight, bacterial dose received by IN administration and progressive weights of mice 

throughout the lethal dose 100 study is shown in Appendix 1.   
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Mice were observed throughout the course of this study for physical and behavioural 

signs of ill health. Loss of >15% total body weight was used as an objective indication of 

severe illness and as such utilized as the humane end point for that animal. In conjunction 

with total body weight, visual assessment of the mice for behavioral signs of distress and 

illness were noted. These included: rapid respiration, unresponsiveness to physical 

stimulus, alteration in movement, (walking on tip toes), hunched stance, segregation from 

group, extent to which bedding was prepared, cleanliness of the individual animals, 

development of conjunctivitis and perforation or swelling of the ear drum/canal 

potentially indicating meningeal involvement. This provided identifiable signs of illness 

and allowed confirmation of H. influenzae infection in the animal. It has been shown 

previously that development of severe disease in mice as a result of IN inoculation with 

H. influenzae is likely to result in death of the animal, thus providing an estimator of lethal 

dose 100. 

 

The percent survival of the mice administered C1 H. influenzae inoculum showed that 5 

of 6 mice infected had to be culled due to a drop below their minimum weight. This 

represents a statistically significant drop in percent survival (p =0.0003). In the C2 dose, 

only one mouse had to be culled. This is evidenced in Kaplan-Meier estimator Figure 5.21 

below. 

 

 
Figure 5.21. Kaplan-Meier estimator curve for H. influenza through IN inoculation of C1 (2 x 108 CFU/ml), 

C2 (2 x 107 CFU/ml), C3 (2 x 106), and C4 (2 x 105) in hairless mice. n=6. 
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5.5.12 H. Influenzae challenge study in SKH1 Hrhr 477 mice 

The 16 mice that showed a positive response in anti-Hib-PRP IgG production following 

MN prime and boost, were brought forward for challenge with a lethal dose of H. 

Influenzae.  The experimental records sheet detailing age, sex, weight, and cohort of the 

mice are documented in Appendix 2. 

 

The calculated CFUs present in each NALT or lung, for each mouse are presented in 

Figure 5.22 below. In each case, one data point represents the NATL or lung CFUs for 

one individual mouse. 

 
Figure 5.22. Scatter plot showing the number of CFU in each NALT in those mice which exhibited 

bacterial colonization, means ± S.D. 
 

The average CFUs across the negative control cohort (those mice which had not been 

vaccinated with the commercial vaccine, but which were challenged with the bacterium) 

in the NALT was 60243 ± 62082 CFU. This is indicative of an upper respiratory tract 

infection. Mice vaccinated with F5 displayed an average of only 25307 ± 22112 CFUs. 

This was lower than the negative control cohort, although the difference was not 

significant. One mouse was vaccinated with F6 and had 5938 CFU in the NALT. This 

value is much lower than the negative control cohort average and more in line with the 

IM control cohort values. It must be considered that only one mouse was in this F6 cohort 

and so provides little statistical significance. Mice that received 1 µg IM injection of 

Pentavac® showed an average of only 1860 CFU. Two mice were kept as PBS controls, 



Chapter 5 Pre-clinical feasibility study for industrially manufactured dissolving MN arrays containing Pentavac® vaccine 

180 

 

receiving an IN dose of sterile PBS only. These mice displayed an average CFU count of 

3097 and 1923 CFUs. Although the PBS control cohort were not challenged with H. 

Influenzae, it is not surprising that they did harbour some Haemophilus species within their 

NALT. It is worth noting that the plates used to culture CFUs are not specific for H. 

Influenzae, but rather other Haemophilus species can grow on these plates also. Also worth 

noting is the fact that these mice had not been housed in individually ventilated cages 

(IVC), prior to challenge study and, therefore, are likely to have been exposed to many 

bacteria including Haemophilus species, while in conventional caging.   
 

Whole lung tissues were also extracted from mice receiving IN administration of H. 

Influenzae and subsequent colony counts were recorded as displayed in Figure 5.23 below. 

 
Figure 5.23. Scatter plot showing the distribution of lung associated CFU in those mice which exhibited 

bacterial colonization, means ± S.D. 
 

Similarly, the lungs were extracted with the negative control cohort displaying only one 

of four mice displaying an elevated CFU reading, with the average for the cohort being 

2.34 x 105 ± 4.40 x 105 CFUs. The F5 cohort showed 1.06 x 106 ± 1.79 x 10 6 CFU. The 

mouse vaccinated with the F6 had 2.57 x 106 CFU in the lungs, whereas the IM control 

had 0 and 800 CFU respectively. The PBS controls had an average of only 250 CFU in 

the lung. Again, the presence of detectable H. influenzae in the PBS control suggests the 

possibility of other resident Haemophilus species in the animals prior to the initiation of 

this study.  
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5.6 Discussion 

 

This project serves to highlight some of the challenges faced during conventional 

laboratory scale and industrial scale manufacture of a dissolving MN platform compatible 

with effective delivery of a protein based vaccine compound. In this instance the 

commercially available vaccine Pentavac® was chosen for its ability to confer protection 

against H. Influenzae type b, diphtheria, tetanus, pertussis (whooping cough), and hepatitis 

B. This chapter heavily focused on the ability/efficacy of a range of dissolving MN arrays 

containing Pentavac® vaccine to confer immunological protection in mice against H. 

Influenzae type b. The main learning form this work lies in understanding that an already 

commercially available vaccine may not simply be transferred into aqueous polymer gels 

and fabricated into MN arrays. This work may serve as an example for the MN research 

field, suggesting the need to consider vaccines from first formulation principles. 

 

Initially an in vitro detection and quantitation method for the tetanus toxoid protein 

component of Pentavac® was explored through use of commercially available protein 

assay kits, namely: Bio-Rad and micro BCA. Detection and quantitation of the protein 

component of Pentavac® vaccine, such as the tetanus toxoid may have provided an insight 

into vaccine stability, firstly in solution and ultimately in the polymeric MN arrays, in an 

in vitro setting. Each vial of Pentavac® contained 25 µg tetanus toxoid and, as such, were 

diluted with water for injection and formulated as aqueous polymeric blends of PVP or 

Gantrez® S-97, both Bio-Rad and micro BCA analytical assays were tested against known 

concentrations of Pentavac® vaccine dissolved in PBS (pH 7.4), and therefore known 

concentrations of tetanus toxoid. Although the linear range of the Bio-Rad assay was 

deemed to be between 8 and 80 µg/ml as per manufacture instructions, this was found 

this not to be the case. It was sensitive in the lower range of tested samples (0.5-20 µg/ml) 

however at concentrations higher than this, the standard curve was saturated, hence 

leading to the underestimation of tetanus toxoid at the highest concentration tested (25 

µg/ml). In contrast, the BCA assay linearity lay in the higher range (20-2000 µg/ml) and, 

for this reason, was not sensitive in the lower range (0.5-10 µg/ml) of samples tested. 

This led to overestimation of sample concentrations in this case. In vitro detection of 

tetanus toxoid by both Bio-Rad and microBCA, although showing trends with respect to 

rising concentration of tetanus toxoid do not definitively reflect the actual concentration 

in samples containing PBS (pH 7.4). As a result, neither Bio-Rad nor microBCA analysis 
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could serve as a robust in vitro method of quantification of the tetanus toxoid component 

of the Pentavac® vaccine in this case. 

 

5.6.1 Prime application in BALB/c mice with F1, F2 and F3 

The extent of MN array dissolution by visual inspection upon removal of the MN was 

used as an arbitrary indication of successful application and delivery of the vaccine 

compound, prior to serum analysis for anti-Hib-PRP IgG. Following prime application 

successful delivery of the full Pentavac® dose could not be guaranteed for each animal. 

This is evidenced by the high degree of variation in the extent of dissolution. This is in 

contrast to dissolution studies of MN formulated from PVP, which show reproducible 

dissolution when applied to skin (Sullivan et al. 2010). At this stage of the study, it was 

impossible to determine if the poor dissolution was as a result of the application process 

or whether it was due to an issue with some formulation aspect of the MN manufacture 

process. 

 

5.6.2 Boost application in BALB/c mice with F1, F2 and F3 

In contrast to prime application, following assessment of the boost dissolution profiles, 

full dissolution of the MN arrays was observed. This suggests that the application process 

was suitable in terms of the required pressure upon application to ensure efficient 

penetration of the skin by the MN arrays. The contrast in dissolution profile between 

prime and boost applications, therefore, raised questions regarding the manufacture of 

the initial batch of MN arrays. Following inspection of the manufacturing records it 

became apparent that the MN arrays were not allowed to dry fully prior to packaging. As 

a result, it is possible that the MN arrays had a higher water content than expected and, 

as such, did not possess the mechanical strength required to efficiently penetrate the 

stratum corneum, leading to poorer dissolution. The necessity for sufficient mechanical 

strength of polymeric MN arrays is well documented throughout the literature and has 

been shown by a number or research teams to feature as a key parameter for successful 

transdermal delivery (Sullivan et al. 2010; Matsuo et al. 2012; Guo et al. 2013; McCrudden 

et al. 2014). 

 

ELISA analysis of anti-Hib-PRP IgG from serum samples collected 10 days after the 

boost application show a dose dependent response in F1, F2 and F3 MN treated cohorts 

of mice, further adding evidence that the MN application process was successful to at 
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least some degree. The production of anti-Hib-PRP IgG suggests at least some delivery 

of the Pentavac® from F1-3. However, the antibody titres recorded were not as high as 

the IM cohort.  The difference in antibody production following IM vaccination and 

vaccination with F1-3 may be due to a number of factors. Due to the variation in 

dissolution profiles, it is not possible to confirm that each animal received the intended 

dose of Pentavac®. In comparison to the absolute definitive dosing of 0.02, 0.1 and 1 µg 

Pentavac® from the IM administration, the exact delivery from F1-3 MN arrays cannot 

be guaranteed, as exemplified by the varied dissolution profiles observed upon removal 

of the F1-3 MN. A number of formulation parameters are also unknown, with respect to 

vaccine stability in the MN formulation, the exact dose of vaccine within the needles, the 

baseplate, and subsequently the amount release from each MN array into each mouse, an 

artefact of the inability to quantify the Pentavac® vaccine in vitro.  Consequently, it is 

difficult to make direct comparisons in the anti-Hib-PRP IgG titres detected following 

MN and IM administration. These issues were further underpinned by an LTS deviation 

from formulation protocol on manufacture of F1-3 in October 2014. Upon retrospective 

investigation of F1-3 October 2014 batch of MN arrays, it was found that a shorter than 

stated drying time of 48 h was used, resulting in the arrays containing higher than expected 

water content, ultimately reducing their mechanical strength and ability to penetrate the 

SC. 

 

Polymer selection may have played a role in reducing the efficacy of the Pentavac® 

vaccine. PVP has previously been used for its “stealth” and “shielding” properties when 

used in conjunction with some drug therapies (Salmaso et al. 2013). Through steric 

hindrance and encouraging water retention, polymeric systems have been used to prolong 

the residence times of drugs within the blood stream, such that circulating immune cells, 

such as macrophages, are less able to recognise “non-self” particles. Therefore, it is worth 

noting that there may be unknown, non-specific interactions taking place between the 

vaccine and PVP which may prevent the efficient release of Pentavac® from the MN 

formulations and, thus, its recognition by immune cells within the mouse may be 

prevented. This work has highlighted the need to consider fully polymer selection upon 

initiation of MN formulation. In order to ensure an effective formulation can be gained, 

specific considerations for the physicochemical properties of polymers used need to be 

tested for interactions with vaccine agents. 
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5.6.3 Second boost application in BALB/c mice with F1, F2 and F3 

The application procedures undertaken throughout this study were each carried out by 

the same experienced MN research personnel and, as such, the differences in MN 

dissolution profiles are more likely due to MN batch variation, rather than differences in 

the application process. The second boost application utilised MN manufactured in 

October 2014 and January 2015. Although not ideal, this was necessary following 

disruption of the transportation of MN arrays from the LTS manufacturing site in 

Andernach, Germany to Queen’s University Belfast. Dissolution profile of F1-3 

manufactured at LTS in October 2014 showed high variability and low dissolution 

efficiency. In contrast, F1-3 manufactured in November 2014 and January 2015 yielded 

low variability and high degrees of dissolution. Consequently, it may be reasonable to 

assume the initial prime dosing with F1-3 was ineffective in the majority of mice tested 

and that sufficient quantities of Pentavac® were not delivered to the mice. Assuming this 

to be true, then subsequent boost vaccination is likely to have had minimal impact on 

stimulating anti-Hib-PRP IgG production. Instead many of the mice may have remained 

unvaccinated and still “Pentavac® naïve”. Looking at the serum anti-Hib-PRP IgG 

responses following second boost, no marked increases in antibody titres are observed. 

Given the difficulties surrounding the primary vaccination, it is difficult to determine if 

the animals did indeed truly receive three doses of vaccine.  

 

Due to the lack of robust immunological response denoted here by only slight increases 

in anti-Hib-PRP IgG titre and the variation in dissolution profiles of F1-3 MN arrays, it 

was deemed unethical to bring these particular mice forward for challenge with H. 

Influenzae. As such, this animal experiment was terminated. This initial study, although 

unsuccessful in stimulating measureable anti-Hib-PRP IgG serum titres, has proved 

useful with regards to highlighting the importance of particular formulation parameters. 

Basic techniques of casting and drying which can appear straightforward at lab scale can 

be more difficult to control at large scale manufacture, with careful consideration needed 

in the assessing of drying times and temperatures. Moving forward with future studies, 

drying rate and drying duration will be monitored closely. 

 

This study demonstrates the need for careful consideration of polymer. Based on this 

work the industrial counterparts are now aware that polymer selection may require further 

consideration, looking not only for the polymers ability to form MN arrays but also to 
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include consideration of any potential effects of polymer-drug interactions on the efficacy 

of the final formulation. Considering potential interactions between the Pentavac® 

vaccine and PVP - as a polymer, PVP features high flexibility and high hydrophilicity, 

which intrinsically make it suitable for the formulation of thin films and, ultimately, MN 

arrays (Sullivan et al. 2010; McCrudden, et al. 2014). However, these same characteristics 

may make it unsuitable for formulation as part of a vaccine product. PVP has been used 

as a stealth technology to “hide” or “shield” drug molecules within the blood stream from 

opsonisation, phagocytic clearance and the reticuloendothelial system, conveying a longer 

residence time (Tabata et al. 1990). Although useful in instances where drug is cleared 

quickly, this property may act against the efficacy of a vaccine product. Vaccines by their 

nature need to be picked up by static or circulating immune-surveillance cells, such as 

macrophages, Langerhans cells and dendritic cells. As such, the Pentavac® vaccine itself 

may be entrapped in a PVP globule as it dissolves from the MN array. This, in turn, may 

reduce the effective recognition of the vaccine by the appropriate immune cells, finally 

leading to a reduction in the production of anti-Hib-PRP IgG antibodies. The use of a 

different polymer may allow the negation of this potential phenomenon, and yield more 

effective immunological protection. 

 

5.6.4 Prime and boost applications in SKH1 Hrhr 477 mice with F4, F5 and F6 

Moving forward to address some of the issues faced in the initial animal study, a further 

in vivo comparison study was initiated. Similar to the initial study, dissolution profiling was 

used as a method to arbitrarily indicate successful delivery of the vaccine agent. Across 

both prime and boost applications we can see markedly reduced dissolution in F4 MN 

arrays, in comparison to F5 and F6 MN arrays. Reflecting on this discrepancy in 

dissolution profile, a simple dissolution study was carried out on a sample of F4-6 MN 

arrays. As expected, both F5 and F6 arrays dissolved fully within 5 min. However, F4 MN 

arrays did not dissolve, and in fact imbibed PBS (pH 7.4) swelling to 3700 ± 240% within 

60 min. Following a further review of the formulation strategy conducted by both LTS 

and QUB, it was noted that the LTS drying stage involved a heating step – an aspect of 

the formulation process not undertaken when preparing QUB formulations. F4 had been 

heated to 60ºC for 3 h, whereas F5 and F6 arrays were dried at room temperature for 48 

h. It has been documented that the free carboxylic acid group (COOH) featured on 

Gantrez® S-97 polymer chain is capable of reacting at elevated temperatures with polyols 

through an esterification reaction process (McCarron et al. 2004; Raj Singh et al. 2009). It 
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is, therefore, suggested that heating F4, even for a short time, could introduce enough 

energy to overcome the minimum activation energy required for Gantrez® S-97 to 

undertake cross-linking reactions with the numerous possible binding functionalities 

present within the Pentavac® vaccine. The resultant quasi-cross-linked state may explain 

the swelling of F4, as opposed to anticipated dissolution. In a quasi-cross-linked network, 

it may be expected that Pentavac® would not be released from the system by the same 

mechanism as from F5 and F6, which have not been subjected to elevated temperatures. 

 

5.6.5 Determination of anti-Hib-PRP IgG titre in SKH1 Hrhr 477 mice following F4, F5 and F6 

application 
Anti-Hib-PRP IgG titres from all treatment groups, including positive controls, were 

lower than those seen in the initial studies conducted in BALB/c mice. Hairless mice are 

less responsive in terms of IgG production following vaccination, in comparison to 

BALB/c mice. Therefore direct comparisons between the two mouse strains and indeed 

experiments cannot be made (Jones et al. 1985). Using anti-Hib-PRP IgG response as an 

initial indicator for immunological response to MN vaccination, mice that produced a 

statistically higher than baseline antibody titre were brought forward for challenge with 

H. Influenzae. Each of the four F4 vaccinated mice were non-responders, 1 of 4 F5 

vaccinated mice, and 3 of 4 F6 vaccinated mice were non-responders. Although antibody 

response was low, it cannot be concluded that alternative immunological cellular pathways 

have also not been elicited and so progression to a challenge study with H. Influenzae could 

determine if immunological cover has been conferred to MN cohorts, compared to IM 

control administration (Esposito et al. 1984). 

 

5.6.6 Lethal dose 100 

The purpose of conducting a lethal dose 100 study was to determine the dose of H. 

influenzae administered IN so that an effective challenge could be conducted. The dose of 

H. influenzae should be such that animals become infected with the pathogen however do 

not reach end-point within the first 24 h observation period. The NALT and lung tissues 

could then be extracted and plated onto chocolate agar/bacitracin plates to indicate the 

viable H. influenzae within the host animal. In many of the cases, animals regained the 

weight that had initially been lost after 48 h, recovering to their initial start weight. This 

suggests that the C3 and C4 IN doses of H. influenzae were successfully cleared by the 

mice by 96 h and were returning to a healthy status. Four mice were maintained as a 
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control, receiving only sterile PBS (PH 7.4) through IN inoculation, and consequently 

survived for the duration of the study. The Kaplein-Meier estimator curve shown in 

Figure 5.21 shows that C1 (2 x 108 CFU/ml) was an effective lethal dose 100 dose. In this 

cohort, one mouse survived to 96 h however it should be noted that this particular mouse 

was male. It is well documented that the sex and age of mouse can drastically effect the 

lethal dose 100 of a particular pathogen (Florez-Vargas et al. 2016). Each cohort was sex 

and age matched as closely as possible to help reduce bias within the groups. This 

particular strain of mice are much more inclined to display a varied response to such an 

infection model, compared to BALB/c mice for example (Benavides et al. 2010). It was 

also noted that CFU were higher in NALT than in the lungs, this could be as a result of 

the IN application. Applying larger droplets of inoculum below the nostrils of the mouse 

is potentially more likely to result in a lower respiratory tract infection (high lung CFU 

count), whereas using smaller droplets may result in an upper respiratory tract infection 

(high NALT CFU count). The C1 H. influenzae inoculum (2 x 108 CFU/ml) administration 

over 24 h was chosen for challenge as this would most likely ensure the mice were 

properly infected, and displaying signs of illness, and therefore having measurable CFU’s 

present in NALT or lungs. Choosing the challenge time of 24 h also ensured recovery of 

the NALT and lung tissues from infected mice could be ensured.  

 

5.6.7 Challenge study in SKH1 Hrhr 477 mice following F5 and F6 vaccination 

It is difficult, based on the low sample numbers, to ascertain if an upper and lower 

respiratory tract infection was initiated in all animals. This could be as a result of individual 

physiological differences between the animals or may be a reflection on the method of 

IN administration, which does not guarantee successful inoculation into the deep tissue 

of the lungs. The IM cohort was included in this study to allow comparison of efficacy 

between the traditional IM method of vaccination and MN administration of the vaccine. 

The PBS control cohort received no H. Influenzae, instead receiving 20 µl sterile PBS IN. 

This allowed for bacterial load estimation for resident Haemophilus species that may be 

resident in the mice, i.e. not introduced within the challenge study specifically. One animal 

within the PBS control group did show low-level growth of Haemophilus, demonstrating 

that throughout the study, some animals may have resident Haemophilus in the NALT and 

lung tissues. 
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The results described indicate that animals vaccinated with MN arrays containing 

Pentavac® have shown preliminary signs of recovery. Mice that received the F5 MN 

exhibited lower CFU in the NALT, when compared to the negative control mice. 

Similarly, the F5 MN treated animals, although showing an average increase in CFU in 

the lung tissue compared to negative controls, 2 of 3 mice show vast reduction in the 

viable load of H. Influenzae, with one non-responsive animal skewing the data. A degree 

of natural variation is expected within animal experimentation and as such, outliers are 

not uncommon. The mouse vaccinated with F6 showed a drastic decrease in the CFU 

load present in the NALT, compared to negative controls. This reduction in CFUs is 

comparable to that elicited in the IM control cohorts, although the same reduction pattern 

is not observed in the case of lung CFUs. Vaccination with F6 did not lead to any 

significant reduction in CFU isolated from the lung tissues of challenged mouse. It is 

difficult to interpret this data in isolation. However, this is an unfortunate artefact of the 

small sample numbers in this study.  

 

This study has shown that vaccination with MN arrays could have a role to play as an 

alternative to conventional IM injection of Pentavac® or similar vaccines. More detailed 

studies with higher cohort numbers would serve to bolster the initial data collected in this 

studies. This study also highlights a number of manufacturing challenges with regards to 

the translation of bench scale manufacture of dissolving MN arrays to industrial 

production. Although somewhat inconclusive with regards to vaccination status following 

challenge, this study has yielded significant opportunities in learning based on knowledge 

gained during the industrial scale up of MN manufacture. Individual parameters such as 

drying rate, temperature of drying and polymer selection have each proven critical in the 

therapeutic success/failure of the MN arrays developed. Moving forward with future 

preclinical studies in mice, a number of options could be explored prior to initiation. For 

example, it would prove beneficial to have a full in vitro analytical portfolio of the agent 

being delivered such that accurate determination of the distribution of active within the 

MN array – needles versus baseplate. This could facilitate accurate determination of dose 

delivered from the array, as opposed to a holistic approach of knowing the exact amount 

of active in the entire MN array. Further, having a more detailed understanding of the 

importance of the drying stages in MN manufacture this could further be controlled. In 

a bid to hasten MN array drying within the industrial setting, ambient temperature was 

increased. In retrospect, this proved problematic, resulting in the production of a quasi-
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cross linked hydrogel, instead of a dissolving MN platform, ultimately rendering the 

formulations ineffective. As a direct result of this work, the importance of appropriate 

polymer selection has highlighted with respect to vaccine formulation. Simply working 

on the basis of choosing a polymer which forms “good”/mechanically strong MN is not 

appropriate, and potential vaccine-polymer interactions need to be considered from the 

outset. It is worth mentioning that this work has specifically focused on H. influenzae, only 

one target of the 5 part Pentavac® vaccine product. Given further time similar vaccination 

studies would need to be conducted in order to establish the efficacy of these dissolving 

MN platforms and the diphtheria, tetanus, pertussis and poliomyelitis components of the 

vaccine.  
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5.7 Conclusion 

 

Industrialisation and commercialisation of polymeric MN technologies continues to be a 

highly sought after achievement within the transdermal drug delivery research field. 

Specific efforts with respect to translation of bench scale fabrication processes to 

industrial manufacture have been undertaken and highlighted within this Chapter. Here 

the formulation of dissolving MN arrays from two polymers, namely: PVP and Gantrez® 

S-97, containing the commercially available vaccine agent, Pentavac® have been explored. 

Assessing antibody production in response to the H. influenzae type b component of the 

vaccine was measured in serum and used as an indication of successful vaccination. An 

IN lethal dose 100 of H. influenzae in hairless mice was developed to facilitate a challenge 

study for mice showing significant antibody production in response to test MN 

formulations. Although this challenge study did not produce statistically significant 

conclusions, primarily due to low sample size, it highlighted the potential for success of 

industrially manufactured polymeric MN arrays with Pentavac®. 

 

This work has provided significant learnings for LTS with respect to polymeric MN 

manufacturing. LTS can now make dissolving MN on an industrial scale and understand 

the need for controlled drying without the need for excessive heat, particularly when 

formulating with a vaccine compound. A number of formulation requirements have been 

highlighted, such as the need for carefully considered polymer selection, and tightly 

controlled manufacturing processes. As a direct result of the learnings provided by this 

work, LTS are currently conducting a MN vaccine study using the pure antigen for 

hepatitis B, provided by the Serum Institute of India. It is likely that a dissolving MN 

platform for vaccine delivery could be widely accepted within the general population, 

owing to their potential ease of use and efficacy. 
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6.1 Introduction 

 

6.1.1 Biotherapeutic formulation 

The use of biotherapeutic agents has increased rapidly in the past 10 years to become a 

mainstream option for the prevention and treatment including peptides, proteins, virus-

like particles and antibody therapies. Initial development of biotherapies including 

vaccines and diabetes treatments have progressed now to facilitate efficacious 

therapeutics for diseases states previously not managed by small molecule drugs. Efficacy 

provided by highly selective target-ligand binding has paved the way for therapeutic agents 

with minimal off-target effects, resulting in better treatments with fewer side effects 

(Zhong et al. 2011). However, with these added advantages have come formulation 

challenges. Currently the vast majority of biotherapeutic agents are delivered through 

traditional needle and syringe-based hypodermic injections. It has been well documented 

that one significant drawback to biotherapeutic formulation is the lack of appropriate 

drug delivery platforms available for biologic drugs. Biotherapeutics are traditionally 

prone to degradation, even under highly controlled environments. Loss of biological 

activity can arise as a result of structural changes undertaken when a globular protein is 

subject to changes in pH, alterations in ionic and osmotic pressure and shear stress exerted 

on the formulation (Daugherty et al. 2006). Some of the formulation considerations 

associated with peptide, protein and antibodies are highlighted in Figure 6.1 below. 

 
Figure 6.1. Flow chart representing some of the formulation considerations associated with biotherapeutic 

drug delivery development Abrahamsson et al. (2016). 
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Alongside these parameters, formulators must also consider oxidative and deamidation 

reactions that can result in degradation on storage of the biotherapeutic agent. Delivering 

high doses of protein based macromolecules, often in the milligram scale, affords the 

added difficulties associated with preventing excessive aggregation and ultimately loss of 

therapeutic activity.  

 

A number of formulation options have been explored for delivery of monoclonal 

antibodies, such as pulmonary and nasal delivery. However, these have failed to become 

widely accepted within the pharmaceutical industry and instead have remained as niche 

delivery methods (Respaud et al. 2015). Similarly, significant costs associated with initial 

development of biotherapeutic agents, for example monoclonal antibody therapies, have 

made these treatment options expensive for the patient. As such, this expense has resulted 

in the need to develop delivery methods with high bioavailability, targeted delivery, or 

even exploring dose sparing options. 

 

6.1.2 Bevacizumab 

Bevacizumab (BEV) is a humanised monoclonal antibody therapeutic available within the 

European Union since licensure in 2005 (European Medicines Agency 2005b). 

Commercially available as Avastin®, manufactured by Roche, BEV is indicated for the 

treatment of a number of cancers, namely: metastatic colorectal cancer, first-line 

treatment of advanced non-squamous non-small cell lung cancer, metastatic breast 

cancer, advanced renal cell carcinoma, advanced epithelial ovarian, fallopian tube and 

primary peritoneal cancer. It is also used for the treatment of recurrent, platinum-sensitive 

or platinum-resistant epithelial ovarian, fallopian tube and primary peritoneal cancer 

(European Medicines Agency 2014). It has been extensively documented that 

angiogenesis serves a vital role in aiding tumour growth, invasion and metastasis (Rak et 

al. 1995; Ferrara 2004a). Vascular endothelial growth factor (VEGF) is a potent 

angiogenic protein signaling molecule which can induce proliferation and migration of 

vascular endothelial cells (Ferrara 2004b). This growth and migration of cells results in 

the promotion of tumour angiogenesis and ultimately hastens the progression of disease. 

VEGF has other effects within the vascular system and also acts to increase vascular 

permeability, mobilise endothelial cell precursors from the bone marrow and can act as a 

survival factor for endothelial cells through the inhibition of apoptosis (Ferrara 2004a; 

Ferrara 2004b). VEGF was identified as a potential therapeutic target and, as such, BEV 
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was designed to target and inhibit VEGF (Ferrara et al. 2004). BEV is a monoclonal 

immunoglobulin-G (IgG) antibody produced using recombinant technology in Chinese 

hamster ovary cells (Gerber et al. 2005). BEV is designed to target all isoforms of VEGF-

A, with the resultant effect of preventing binding to endothelial cell surface receptors Flt-

1 and KDR/Flk-1 (Braghiroli et al. 2013; Lee et al. 2014). This action of inhibition results 

in the regression of tumour vasculature, reduction in tumour neovascularization and 

subsequent inhibition of tumour growth. It has also been suggested that through BEVs 

mechanism of re-normalising tumour vasculature and thus reducing elevated interstitial 

pressure in tumour, it may aid in effective delivery of concurrently administered  

chemotherapy agents (Jain 2001; Willett et al. 2004). The isoelectric point of BEV has 

been reported as 7.6. It has a molecular weight of 149,000 Da (Wiig et al. 2005; Andrew 

et al. 2011). Currently, BEV is available as a concentrate solution for infusion and is 

delivered over 30 – 90 min, using traditional needle and syringe technology. A schematic 

representation of BEV structure derived from murine Anti-VEGF-A mAb is shown in 

Figure 6.2. 

 

 
 

 

 

 

 

 

 

 

Figure 6.2. Schematic representation of BEV structure derived from the humanization of murine anti-

VEGF-A monoclonal antibody, adapted from Avastin®, Roche Genentech (2016). 

  

6.1.3 MN technology and biotherapeutics 

Microneedle (MN) technology has emerged as a credible option for transdermal drug 

delivery of biotherapeutic agents. A number of research groups have demonstrated 

successful delivery of drug therapies across the stratum corneum (SC) and into the dermal 

microcirculation. Polymeric MN platforms perhaps show most promise with respect to 

delivery of large quantities of drug (McCrudden et al. 2014). The delivery of large 

molecular weight monoclonal antibodies, that are usually required in high doses, will 

require a delivery strategy capable of providing high dose delivery. This particular issue 
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provides a significant challenge for many of the coated MN technologies, which are 

usually limited to low dose, potent therapies such as vaccines (Ma et al. 2014). 

 

In this Chapter, two distinct MN technologies will be assessed for their capacity to deliver 

the commercially available monoclonal antibody, BEV. These are namely: hydrogel-

forming MN array in conjunction with a BEV loaded lyophilised reservoir, and dissolving 

MN arrays containing BEV fabricated from the polymer polyvinyl alcohol (PVA). 

 

6.1.4 Dissolving MN arrays 

Dissolving MN arrays have previously been manufactured from a number of polymeric 

materials, perhaps most notably poly(vinylpyrrolidone) (PVP), hyaluronic acid (HA), 

dextrans, hydroxyethyl cellulose (HEC), poly(methylvinylether-co-maleic acid) (PMVE-

co-MA) and poly(vinyl alcohol) (PVA) ( Sullivan et al. 2010; McCrudden et al. 2015; Kim 

et al. 2012; Zhu et al. 2014 Larrañeta et al. 2016; Wu et al. 2016). 

 

For the purposes of this Chapter, the polymer PVA (MW = 9,000-10,000 Da) was chosen 

to formulate dissolving MN arrays. The molecular structure of PVA is shown in Figure 

6.3 below. 

 
Figure 6.3. Skeletal chemical structure of the repeating monomeric unit of PVA (Mw 9,000-10,000 Da). 

Reproduced from ChemSpider (2016). 

 

Polymer selection, as alluded to in Chapter 5 is of utmost importance. Polymer selection 

should be based not only on physical parameters such as mechanical strength and 

dissolution profile, but also on a chemical basis so as to avoid unwanted drug-polymer 

interactions. To effectively formulate a polymeric MN array using a micromoulding 

technique, the polymer must be able to fully fill the needle tip compartments, such that 

on de-moulding MN are fully formed. The polymeric microstructures need to have 

sufficient mechanical strength to facilitate SC penetration and thereby achieve appropriate 

insertion into the skin. The polymer must then within an appreciable timeframe dissolve 
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of degrade to release the therapeutic payload. PVA has relatively few chemical moieties 

and is relatively inert, making this polymer particularly plausible as a dissolving MN 

platform polymeric base. 

 

6.1.5 Hydrogel-forming MN arrays 

One of the principal benefits of utilising hydrogel-forming MN arrays as a drug delivery 

device circles around the higher drug loading which can be achieved by use of a lyophilised 

drug reservoir. With a combination system comprising of reservoir and hydrogel-forming 

MN array, the therapeutic loading is not restricted to the quantity that can be loaded into 

the array itself, instead can utilise the capacity afforded by the drug reservoir (McCrudden 

et al. 2015). For the first time, this work will explore the possibilities of incorporating a 

large (BEV Mw 149,000 Da) biotherapeutic agent into a lyophilised reservoir. The 

proposed mechanism of permeation of BEV from the lyophilised wafer, through the 

hydrogel-forming MN array and into skin is represented in Figure 6.4 below. 

 

 

 

 

 

 

 

 

 

 
Figure 6.4. Schematic representation of BEV permeation from lyophilised reservoir through the hydrogel-

forming MN array and into the skin. 

 

Initially the hydrogel-forming MN array system is applied to the skin where the solid, dry 

MN penetrate the SC. Upon entry of the needle tips into the lower skin layers, the 

underlying interstitial skin fluid causes the MN to swell, fluid which is further drawn into 

the hygroscopic lyophilised reservoir. The reservoir hydrates and begins to dissolve, 

leading to dissolution of the active drug, which is then free to permeate across the aqueous 

hydrogel MN and into the skin. This method of delivery has previously been conducted 

by the Donnelly group for delivery of small molecule therapeutics and small to medium 
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sized protein compounds, the largest of which ovalbumin (Mw 45,000 Da) (Donnelly et 

al. 2012; Donnelly et al. 2014; Mooney et al. 2014; McCrudden et al. 2014). 

 

Delivery of BEV using a hydrogel-forming MN array system would be the first example 

of a transdermal delivery system compatible with a biotherapeutic macromolecule of this 

molecular size. Formulation and delivery of BEV from a hydrogel-forming MN platform 

and from a dissolving MN platform could provide insight into developing a controlled 

release transdermal delivery system for large antibody therapeutics. 
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6.2 Aims and Objectives 

 

The aim of this Chapter was to assess transdermal delivery of the biotherapeutic 

macromolecule BEV. This work explores the use of two MN delivery platforms namely: 

dissolving MN arrays and a combined system of hydrogel-forming MN arrays and drug-

loaded lyophilised reservoirs.  

 

The objectives of this Chapter were to: 

• Formulate dissolving MN arrays containing BEV, assessing needle insertion, 

dissolution and BEV recovery 

• Formulate lyophilised reservoirs containing BEV for use in conjunction with 

hydrogel-forming MN arrays 

• Compare permeation of BEV from dissolving and hydrogel-forming MN systems 

in vitro using a modified Franz cell apparatus 

• Conduct in vivo BEV drug-delivery studies in Sprague-dawley rats from dissolving 

and hydrogel-forming MN systems  
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6.3 Materials and Apparatus 

 

• Avastin® concentrate solution for infusion 25 mg/ml was purchased from Roche 

Welwyn Garden City, Hertfordshire, UK. 

• Cryogel SG3 was supplied by PB Gelatins, Pontypridd, UK. 

• Pearlitol® 50C-Mannitol was supplied by Roquette, Lestrem, France. 

• Sucrose was purchased from Sigma Aldrich, Dorset, UK. 

• Sodium chloride (NaCl) was purchased from Sigma Aldrich, Steinheim, Germany. 

• Sodium carbonate (Na2CO3) was purchased from Sigma Aldrich, Steinheim, 

Germany. 

• Gantrez® S-97 was a gift from Ashland Pharmaceutical, Kidderminster, UK. 

• PVA (MW 9,000-10,000 Da) was purchased from Sigma Aldrich, Steinheim, 

Germany. 

• Nair™ Gentle hair removal cream was purchased from Nair Co., London, UK. 

• Electric hair clippers were bought from Remmington Co., London, UK. 

• Franz cell apparatus was purchased from Crown Glass Co. Sommerville, New 

Jersey, USA. 

• Cyanoacrylate glue was purchased from Loctite® Dublin, Ireland 

• SpeedMixer™, DAC 150 FVZ-K was purchased from Synergy Devices Ltd., UK 

• Virtis Advantage® Bench top Freeze Drier System was purchased from SP 

Scientific, Warminster PA, USA 

• Occlusive backing was purchased from Scotchpak 9523, 3M Carrickmines, 

Ireland 

• Adhesive layer was purchased from DuroTak™ National Starch & Chemical 

Company, Bridgewater, New Jersey, USA. 
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6.4 Methods 

 

6.4.1 Stability studies of BEV in PBS 

Standard solutions of BEV 250 µg/ml in PBS were prepared by diluting Avastin® in PBS 

(pH 7.4) and stored under various conditions, namely: refrigerated to 4°C and protected 

from light, ambient temperature (20°C) and exposed to natural light, and heated using an 

incubator to 37°C and protected from light. These solutions were stored in 50 ml falcon 

tubes and samples taken at 0, 24, 48, and 72 h. Aluminium foil was used to wrap the 

falcon tubes in cases where samples were protected from light. A minimum of three 

replicates were stored in each case with 1ml samples taken at each time point. The samples 

were subject to one complete free freeze thaw cycle prior to analysis by BEV specific 

ELISA, described in Section 6.4.7 and previously validated in Chapter 2. 

 

6.4.2 Formulation of dissolving MN arrays containing BEV 

Dissolving MN arrays were prepared from aqueous blends of PVA and Avastin® 

concentrate solution for infusion. Initially an aqueous based stock solution of PVA was 

prepared at 40% w/w. The PVA powder was mixed with water in a water bath 40°C for 

3 h, following which the formulation was allowed to stand for 12 h. The PVA stock 

solution was diluted with water and Avastin® concentrate solution for infusion, to achieve 

a working concentration of 20% w/w PVA. This formulation was slowly mixed with a 

glass rod to ensure minimal bubbles, and then centrifuged at 3500 rpm for 2 min. The 

formulation was dispensed onto prefabricated silicone moulds using a 1 ml standard 

syringe. The silicone moulds had an array of 19 x 19 needles, each 500 µm high, 300 µm 

at the base with an interspacing of 50 µm. Onto each mould 100 µl of gel formulation 

was dispensed. Following this, the moulds were placed into a stainless steel positive 

pressure chamber and air was pumped into the vessel to increase atmospheric pressure to 

3 bar. This pressure was maintained for 15 min to facilitate filling of the needle tips, the 

pressure was then reduced to normal atmospheric pressure, and the moulds were 

removed from the chamber and allowed to dry at room temperature for 48 h. The dry 

dissolving MN arrays were removed from the moulds, ready for use. 

 

6.4.3 Formulation of hydrogel-forming MN arrays 

Hydrogel forming MN arrays were formulated from 20% w/w Gantrez® S-97, 7.5% w/w 

PEG 10,000 and 3% w/w Na2CO3. Firstly, an aqueous blend was obtained by fully 
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dissolving Gantrez® S-97 and PEG 10,000 in water, following this Na2CO3 was added. 

This formulation was mixed well using a glass rod until foaming had ceased and a uniform 

gel was obtained. The formulation was then transferred into 50 ml falcon tubes and 

centrifuged for 15 min at 3500 rpm to remove bubbles. The formulation was dispensed 

onto prefabricated silicone moulds using a 1 ml standard syringe. The silicone moulds 

had an array of 19 x 19 needles, each 500 µm high, 300 µm at the base with an interspacing 

of 50 µm. Onto each mould 100 µl of gel formulation was dispensed. Following this, the 

moulds were placed into a stainless steel positive pressure chamber, and air was pumped 

into the vessel to increase atmospheric pressure to 3 bar. This pressure was maintained 

for 15 min to facilitate filling of the needle tips, the pressure was then reduced to normal 

atmospheric pressure, and the moulds were removed from the chamber and allowed to 

dry at room temperature for 48 h. The MN arrays were cross-linked through an 

esterification reaction, by heating at 80°C for a further 24 h (Donnelly et al. 2012; 

McCrudden, et al. 2014; McCrudden et al. 2015). Hydrogel-forming MN arrays were then 

allowed to cool and removed from the moulds, ready for use. 

 

6.4.4 Formulation of lyophilised reservoirs containing BEV 

Lyophilised wafer-type drug reservoirs loaded individually with BEV were prepared 

following a previously developed lyophilisation process (Donnelly et al. 2014). Briefly, 

BEV-containing reservoirs were formulated with 20% w/w Avastin® concentrate solution 

for infusion (25 mg/ml BEV) dissolved in distilled water. This was then added to a 

mixture containing 10% w/w gelatin, 40% w/w mannitol, 10% w/w NaCl and 1% w/w 

sucrose yielding a final mixture with 0.5% w/w BEV. The formulation was then mixed 

by a speed-mixer at 3000 rpm for 60 s and sonicated at 37°C for 60 min. The resulting 

formulation was then cast into cylindrical moulds (250 mg) with one open end, frozen at 

−80°C for a minimum of 60 min and then lyophilised in a freeze-drier according to the 

following regime: primary drying for 48 h at a shelf temperature of −40°C, secondary 

drying for 10 h at a shelf temperature of 20°C and vacuum pressure of 50 mTorr. 

 

6.4.5 Loss of mass following lyophilisation of BEV containing reservoirs 

Low and high dose lyophilised wafers containing BEV were assessed for mass loss, as an 

indication of water loss following the lyophilisation process. Initially, approximately 250 

mg of the wafer formulation was cast into wafer moulds, with the exact mass recorded. 
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Following lyophilisation, the wafers were de-moulded and weighed. Using Equation 6.1, 

loss of mass as percentage was calculated as: 

 

𝐿𝑜𝑠𝑠	𝑜𝑓	𝑚𝑎𝑠𝑠	 % = 	LMILN
LM

	×	100  Equation 6.1 

 

where Mw is the mass of wet formulation cast into the wafer moulds and Md is the mass 

of the dry wafer following lyophilisation. 

 

6.4.6 MN insertion studies 

Parafilm® was used as a model membrane to assess MN strength for penetration into the 

skin, as described previously by our group (Larrañeta et al., 2014). Briefly, one sheet of 

Parafilm® was carefully folded, such that it formed 8 layers, approximately 1 mm thick. 

This was then laid onto a poly(ethylene) sheet for support. Manual insertion studies were 

conducted by applying thumb pressure to the MN array formulations. MN depth of 

penetration was assessed through visual inspection of the Parafilm® layers. 

 

6.4.7 ELISA for detection and quantification of BEV in vitro and in vivo 

The ELISA employed for the detection and quantification of BEV from in vitro sample 

matrices and in vivo Sprague-dawley rat serum matrices was validated in conjunction with 

the International Conference on Harmonisation of Technical Requirements for 

Registration of Pharmaceuticals for Human Use (ICH) Validation of Analytical 

Procedures Q2 Analytical Validation Revision one (R1) 2005, as detailed in Chapter two. 

In summary, the primary coating antibody - recombinant human VEGF165 was diluted 

1:5000 in 0.1M bicarbonate buffer (pH 9.6). 100 µl of the diluted recombinant human 

VEGF 165 solution was dispensed into each well, covered with Parafilm® and aluminum 

foil and incubated for 16 h at 4°C. To wash the plate, each well was filled with washing 

buffer, comprising of 0.05% v/v Tween®-20 in PBS, and left to soak for 30 seconds 

before being discarded. This process was repeated 5 times, following which the plate was 

dried briefly using absorbent paper. The plate was then blocked with SuperBlock® T20, 

150 µl/well and incubated for 2 h at room temperature, again the plate was sealed with 

Parafilm® and covered with aluminium foil. The plate was then washed with Tween®-PBS 

washing buffer, as described previously. A freshly prepared BEV solution at a 

concentration of 1 mg/ml in PBS was then subsequently diluted to the range of 400 ng/ml 

to 5 ng/ml for in vitro sample analysis and 400 ng/ml to 50 ng/ml for in vivo sample 
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analysis, using serial dilution. A 100 µl volume of sample was dispensed into each well - 

each sample was analysed in triplicate. The plate was then covered with Parafilm® and 

aluminium foil and incubated for 1 h at room temperature. Following this the plate was 

washed with Tween®-PBS washing buffer. The plate was incubated with the secondary 

antibody – biotinylated VEGF165 antibody diluted 1:10,000 in SuperBlock® T20 buffer 

for 1 h at room temperature. The plate was again washed with Tween®-PBS washing 

solution and dried with absorbent paper. The plate was incubated with Streptavidin-HRP 

conjugate, diluted 1:5000 in PBS only, for 30 mins at room temperature. The plate was 

washed with Tween®-PBS washing buffer and dried with absorbent paper. To detect 

antibody binding, 50 µl of 3,3’,5,5’-tetramethylbenzidine (TMB) substrate was added to 

each well and incubated for 30 mins. Colour development was ended using 50 µl/well, 

4.0M hydrochloric acid and optical density (OD) was measured at 450 nm using a micro 

96-well plate spectrophotometer. 

 

6.4.8 BEV recovery from lyophilised reservoirs 

Low and high dose lyophilised wafers containing BEV were dissolved fully in 10 ml PBS 

(pH 7.4). A magnetic stirrer was used to ensure complete mixing, with the rotor set at 200 

rpm, 20ºC for 30 min. Following complete dissolution, samples were taken and analysed 

using BEV specific ELISA.  

 

6.4.9 BEV recovery from PVA dissolving MN 

PVA MN containing BEV were dissolved in 10 ml PBS (pH 7.4). A magnetic stirrer was 

used to ensure complete mixing, with the rotor set at 200 rpm, 20ºC for 30 min. Following 

complete dissolution, samples were taken and analysed using BEV specific ELISA.  

 

6.4.10 BEV MN weights 

PVA MN arrays containing BEV were formulated and dry weights were recorded. The 

needle tips were then removed using a scalpel blade and baseplate weights recorded. The 

needle weight was calculated by finding the difference between full MN array weight and 

MN with no needle array weight. 

 

6.4.11 In vitro permeation studies of BEV on modified Franz cell apparatus 

The permeation of BEV from lyophilised wafers though swelling hydrogel MN arrays and 

subsequently across neonatal porcine skin was investigated in vitro using modified Franz 
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cell apparatus. FDC-400 Franz diffusion cells with flat flange, 15 mm luminal diameter, 

mounted on a FDCD diffusion drive console providing synchronized stirring at 600 rpm 

and temperature regulated at 37±1 ºC were used in this experimentation, as described 

previously (Migalska et al. 2011). Neonatal porcine skin was acquired from stillborn piglets 

and excised immediately (<24 h post-partum) and trimmed to 350 µm thickness using a 

dermatome. The skin was stored at -20 ºC until it was needed. The neonatal porcine skin 

was shaved and equilibrated in PBS (pH 7.4) for 15 min prior to use. A portion of this 

skin was secured to the donor compartment of the diffusion cell using cyanoacrylate glue. 

MN arrays were applied to the skin using manual application pressure for 30 s. To 

facilitate adhesion of the lyophilised wafer, 10 µl of water was applied to the back of the 

MN array. A metallic weight was placed on top of the BEV containing lyophilised wafer 

to help maintain contact between wafer and MN, and also to ensure MN insertion 

throughout the 24-h experiment. A schematic representation of the Franz cell apparatus 

can be seen in Figure 6.5 below. 

 

 
Figure 6.5. Schematic representation of the Franz cell apparatus used to model the MN-mediated 

permeation of BEV across, excised neonatal porcine skin, dermatomed to 350 µm thickness. 

 

The donor cell was secured to the receiver compartment using a steel clamp, and covered 

with Parafilm® to reduce evaporation. Samples were taken (<200 µl) at intervals over the 

24-h time period with heat equilibrated PBS (pH 7.4) used to replace sampling fluid. 

Similarly, the permeation of BEV from dissolving PVA MN arrays was assessed using a 

similar Franz cell set-up. The MN arrays were manually inserted into the skin and a 

metallic weight was placed on top to ensure insertion was maintained. Again, samples 

Lyophilised BEV reservoir 
Hydrogel-forming MN array 
Neonatal porcine skin 
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were taken (<200 µl) at intervals over the 24 h time period with heat equilibrated PBS 

(pH 7.4) used to replace sampling fluid. 

 

6.4.12 In vivo permeation studies of BEV in Sprague-dawley rats 

Dissolving MN arrays and hydrogel-forming MN arrays with lyophilised wafers 

containing BEV were applied to Sprague-dawley rats for in vivo assessment of transdermal 

drug delivery. Female Sprague-dawley rats at 10 weeks of age were used throughout these 

experiments. Prior to commencing experimentation, the rats were allowed to acclimatise 

to laboratory conditions for a minimum of 7 days. Firstly, the backs of the rats were 

shaved using an electric razor and hair removal cream applied for 10 min which was then 

removed using absorbent paper and water. The rats were observed to ensure no adverse 

effects developed and then left to recover for 24 h. In the case of experiments carried out 

using BEV in lyophilised reservoirs, two cohorts were assessed namely HF-10 and HF-5. 

The HF-10 cohort received 4 hydrogel-forming MN arrays and 4 BEV loaded lyophilised 

wafers (each wafer containing 2.5 mg BEV), whereas the HF-5 cohort received 2 

hydrogel-forming MN arrays and 2 BEV loaded lyophilised wafers (each containing 2.5 

mg BEV). The hydrogel-forming MN arrays were manually inserted into the hair free skin 

site on the rats’ backs with the addition of a foam adhesive boarder to assist in application 

of the MN to the skin. An aliquot of 20 µl water was spotted onto the centre of each 

hydrogel-forming MN array and a lyophilised wafer placed on top of this. An adhesive 

film was applied onto and surrounding the MN system to aid in retention and provide 

adequate occlusion. Similarly, for experimentation involving dissolving MN arrays, the 

arrays were manually applied to hair free, clean dry skin on the rats’ backs. In this instance 

only an adhesive film was applied in order to provide adequate retention of MN in the 

skin and appropriate occlusion. Three control rats were maintained throughout the 

experiment, receiving an initial IV dose of 100 µl of Avastin® via tail vein injection. 

 

Blood samples were gained by lateral tail venous access using a 23G butterfly needle. 

Briefly, the rats were individually placed into a heat box at <39ºC for a maximum of 10 

min, following which the animals were restrained using a surgical gown. The lateral tail 

vein was identified and needle inserted approximately one third from the tip of the tail. A 

maximum of 200 µl of blood was collected into a non-heparinised polypropylene 1.5 ml 

tube. The rats were not subject to more than 2 heat cycles in a 24 h period, in accordance 

with the current Queen’s University Biological Sciences Laboratory policy. Animals were 
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monitored following each tail vein bleed and assessed for signs of ill health or adverse 

reaction. In each case no adverse effects were reported. 

 

Throughout the project, all animal experimentation was conducted in accordance with 

the policy of the federation of European Laboratory Animal Science Associations and the 

European Convention for the Protection of vertebrate animals used for experimental and 

other scientific purposes, with implementation of the principles of the 3 R’s – 

replacement, reduction, and refinement. In each case, Ethical permission for theses 

animal experiments were obtained from the Queen’s University Animal Welfare and 

Ethics Review Board. The Project license holder and Personal license holders have been 

assessed and granted permission from the UK Home Office. Following conclusion of the 

animal experiments, a retrospective analysis was conducted, whereby future animal work 

could be further enhanced by implementation of the 3 R’s. Animals were anesthetised 

using isoflurane and termination was conducted with rising concentration of carbon 

dioxide, with manual dislocation of the spinal column used as a secondary confirmation 

of death, in accordance with laboratory policy. 

 

6.4.13 Serum extraction and processing 

A maximum of 200 µl of blood was collected into a non-heparinised polypropylene 1.5 

ml tube, following which the whole blood sample was placed in an incubator at 37 ºC for 

40 min undisturbed, to facilitate clotting. The samples were then centrifuged at 4 ºC for 

10 minuets at 2,000 g, following which the supernatant (serum) was removed and placed 

into a clean dry non-heparinised polypropylene 1.5 ml tube and stored at -80 ºC. Each 

serum sample was subject to one complete freeze thaw cycle prior to analysis by ELISA. 

 
 
6.4.14 Statistical analysis 

Statistical analysis was performed using Microsoft® Excel® for Mac® 2016 and GraphPad® 

PRISM® 2016, and included calculation of mean, standard deviation, construction of 

calibration plot with least squares linear regression analysis and analysis of residuals. Mann 

Whitney U, ANOVA and Student’s t test were used to assess statistical significance 

throughout.  
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6.5 Results 

 

6.5.1 Stability studies of BEV in PBS 

The stability of BEV in solution was monitored for degradation over 72 h period, with 

samples subject to one complete freeze-thaw cycle. Samples were assessed for percentage 

recovery of BEV using the ELISA method stated in Section 6.4.7. The percentage 

recovery of BEV when stored under varying conditions, namely: refrigerated at 4°C 

(dark), at ambient temperature 20°C (light), and heated to 37°C (dark) is shown in Figure 

6.6 below. 

 

 
Figure 6.6. Line graph showing the percentage recovery of BEV in PBS (pH 7.4) when stored under 

varying conditions, namely: refrigerated at 4°C (dark), at ambient temperature 20°C (light), and heated to 

37°C (dark) over 72 h. Means ± S.D., n=3.  

 

At time 0 h, BEV concentrations in PBS (pH 7.4) were quantified as 95.2 ± 5.48% of the 

original 250 µg/ml solution. At 72 h when stored at 37°C and kept away from light this 

dropped to 73.0 ± 14.5%. The least degradation was observed when samples were stored 

at 4°C and protected from light, showing only a decrease to 81.0 ± 13.3%. Storing the 

solutions of BEV at 20°C and not making any adjustments to protect from light showed 

a decrease to 73.1 ± 7.1% of the original concentration. The observed decrease between 
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start and end point percentage recovery represented was of statistical significance (p = 

0.0374), however there was no statistical difference in the decrease in percentage recovery 

after 72 h (p = 0.5793). This shows a similar trend to those samples stored at a higher 

temperature yet protected from light, suggesting photosensitivity could be the main cause 

of BEV degradation in PBS (pH 7.4) and not directly related to the increase in 

temperature. Although not statistically significant, this data reflects the general trends for 

BEV to be photosensitive, and so to minimise degradation formulations containing BEV 

were refrigerated at 4°C, and protected from light using aluminium foil. 
 

6.5.2 MN formulation and lyophilised reservoir loss of mass 

Loss of mass was calculated for lyophilised reservoirs containing BEV as a result of 

dehydration upon freeze-drying. On average the BEV containing lyophilised reservoirs 

yielded a significant loss of mass of 33.0 ± 0.27% (p < 0.05). Similarly, the percentage 

water loss was documented for dissolving MN arrays following the drying process. On 

average the PVA dissolving MN arrays yielded a significant loss of mass of 65.9 ± 1.40% 

(p < 0.05). 
 

6.5.3 MN insertion studies 

In vitro insertion studies of dissolving MN arrays containing BEV and hydrogel-forming 

MN arrays into Parafilm® layers. The texture analyser was used to insert MN arrays 

uniformly into Parafilm® at a defined force of 32 N. Dissolving BEV MN tip heights were 

497.0 ± 1.5 µm and 487.8 ± 3.1 µm before and after insertion respectively. Hydrogel-

forming MN tip heights were 503.8 ± 5.3 µm and 498.1 ± 3.5 µm before and after 

insertion respectively. On average 99.7 ± 0.3% and 87.3 ± 11.4% of the 361 (19 x 19) 

hydrogel-forming MN inserted into the first and second layers of Parafilm®, with a 

significant drop to 12.2 ± 4.9% in the third layer (Figure 6.7). 
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Figure 6.7. Percentage of holes created in Parafilm® layers following insertion of dissolving BEV MN and 

hydrogel-forming MN arrays using the texture analyser with a force of 32 N. Means ± SD, n=5. 
 

A similar trend was observed with dissolving BEV MN with an average of 100.0 ± 0.0% 

needles penetrating the first layer of Parafilm®. The most significant decrease was also 

seen between the percentage of needles inserting into the second and third layer of 

Parafilm® (78.0 ± 12.1% to 17.9 ± 5.6%). With each Parafilm® layer measuring 126 µm, 

penetration of needles to the third layer suggests the MN are inserting up to 378 µm of 

the total 500 µm height.  
 

6.5.4 BEV recovery studies from lyophilised reservoirs 

Lyophilised reservoirs containing BEV were dissolved in 10 ml PBS (pH 7.4). Samples 

were taken and percentage recovery was determined using BEV specific ELISA. Similarly, 

prior to the lyophilisation process, samples of the formulation were taken and percentage 

recovery was determined using BEV specific ELISA. The percentage recovery of BEV 

pre- and post- lyophilisation can be seen in Table 6.1 below. 
 

Table 6.1. BEV percentage recovery determined by ELISA pre- and post- lyophilisation. Means ± S.D., 

n=8. 

Pre- lyophilisation BEV recovery (%) Post- lyophilisation BEV recovery (%) 

95.2 ± 3.33 92.7 ± 3.91 
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BEV recovery from reservoirs pre-lyophilisation post-lyophilisation was not statistically 

significant (p = 0.4457) indicating that the lyophilisation process had minimal impact upon 

the biological activity of BEV throughout the formulation process. 
 

6.5.5 BEV recovery studies from dissolving PVA MN 

Dry PVA MN arrays containing BEV were dissolved in 10 ml PBS (pH 7.4), samples were 

taken and percentage recovery was determined using BEV specific ELISA. Similarly, prior 

to drying, samples of the BEV-PVA gel formulation was taken and percentage recovery 

was determined using BEV specific ELISA. The percentage recovery of BEV pre- and 

post-drying can be seen in Table 6.2 below. 
 

Table 6.2. BEV percentage recovery from PVA MN determined by ELISA pre- and post-drying. Means 

± S.D., n=8. 

Pre-drying BEV recovery (%) Post-drying BEV recovery (%) 

90.2 ± 3.41 89.1 ± 4.13 

 

BEV recovery from PVA MN arrays pre- and post-drying was not statistically significant 

(p = 0.758) indicating that the drying process had minimal impact upon the biological 

activity of BEV throughout this formulation process. 
 

6.5.6 Loss of mass 

Loss of mass was calculated by measuring the mass of each formulation pre- and post-

drying in the instance of dissolving MN arrays, and pre- and post-lyophilisation in the 

instance of BEV reservoirs. The percentage loss of mass is recorded in Table 6.3 below. 
 

Table 6.3. Loss of mass following drying of dissolving MN arrays and lyophilisation of BEV containing 

reservoirs. Means ± S.D., n=8. 

Formulation Loss of mass (%) 

Dissolving PVA MN 65.9 ± 1.40 

Lyophilised reservoirs 33.0 ± 0.27 

 

6.5.7 PVA MN weights 

The weight of PVA MN arrays with and without needles was recorded, and the total 

needle weight calculated. This has been recorded in Table 6.4 below and highlights the 

percentage of BEV available for permeation from the needle tips alone. 
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Table 6.4. Weight of MN arrays with and without needles. Means ± S.D., n=3. 

MN array (with needles) weight 

(mg) 

MN array (without needles) 

weight (mg) 

Proportion of MN array needles 

by weight (%) 

34.1 ± 3.4 30.6 ± 3.0 10.4 ± 0.4 

 

6.5.7 In vitro permeation studies – hydrogel-forming MN arrays and lyophilised reservoirs 

In vitro permeation of BEV across dermatomed neonatal porcine skin was conducted 

using a modified Franz cell apparatus setup. Hydrogel-forming MN arrays were inserted 

into the skin using manual pressure, 20 µl of PBS (pH7.4) was applied to the baseplate to 

facilitate adhesion of the lyophilised reservoir, which was then placed onto. This was held 

in situ using a metallic weight. Samples were taken via the sampling port, subjected to one 

freeze-thaw cycle and analysed using BEV specific ELISA. Lyophilised reservoirs were 

formulated such that low dose contained 1250 µg BEV and high dose contained 2500 µg 

BEV. The experimental setup was compared with high dose lyophilised reservoirs which 

were applied to the skin without hydrogel-forming MN arrays. Similarly, the high dose 

control lyophilised reservoirs contained 2500 µg BEV. The 24 h permeation profiles for 

high dose and low dose reservoirs in conjunction with hydrogel-forming MN arrays, 

compared to the control set-up (no MN) can be seen in Figure 6.8 below. 

 
Figure 6.8. Graph showing BEV permeation across excised neonatal porcine skin over 24 h, using high 

and low dose lyophilised reservoirs (2500 µg and 1250 µg BEV respectively) in conjunction with hydrogel-

forming MN arrays, compared to high dose lyophilised reservoirs (2500 µg BEV) alone, serving as a control 

set-up (no MN). Means ± S.D., n=4. 
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The average MN-mediated permeation of BEV from high dose reservoirs was 687.8 ± 

61.2 µg, equivalent to 27.5 ± 2.5% of available BEV (2500 µg). This was statistically 

different from the control release set up (p = 0.0238). The average MN-mediated 

permeation of BEV from low dose reservoirs was 303.4 ± 57.1 µg, which is equivalent to 

24.3 ± 4.6% of available BEV (1250 µg). This was also of statistical significance compared 

to the control set-up (p = 0.0357). Permeation of BEV from the control set-up (no MN) 

was 24.5 ± 21.1 µg, or 0.9 ± 0.8% of available BEV (2500 µg). It should be noted that 

the control permeation results lay below the limit of detection of the BEV specific ELISA, 

and therefore can only serve as a guide to say that a low concentration of BEV had 

permeated after 24 h. The difference between MN-mediated low and high dose 

permeation of BEV after 24 h was also of statistical significance (p = 0.0043), showing 

almost a two-fold increase in permeation. This doubling effect strongly indicates a dose 

dependent mechanism of permeation from the lyophilised reservoirs, through the 

hydrogel-forming MN arrays and skin, into the receiver compartment of Franz cell 

apparatus. 

 

6.5.7 In vitro permeation studies - dissolving PVA MN arrays containing BEV 

Similar in vitro permeation studies were conducted using dissolving PVA MN arrays 

containing BEV. In this instance manual pressure was used to apply the MN arrays to 

dermatomed neonatal porcine skin. The MN array was held in place using a metallic 

weight. Samples were taken via the sampling port at defined intervals for 24 h and 

underwent one full freeze-thaw cycle prior to analysis by BEV specific ELISA. In this 

instance dissolving MN arrays were formulated to contain 1250 µg BEV in each array. 

The lower drug loading is one of the drawbacks of formulating a dissolving MN array. In 

this case the drug loading is limited by the amount of polymer gel loaded into the MN 

moulds. The permeation profile of BEV from PVA dissolving MN arrays can be seen in 

Figure 6.9. 

 



Chapter 6 Delivery of a monoclonal antibody therapeutic using dissolving and hydrogel-forming MN 

212 

 

 
Figure 6.9. Line graph showing BEV permeation across neonatal porcine skin over 24 h, from PVA 

dissolving MN arrays, mean ± S.D., n=4. 

 

The average permeation of BEV from dissolving PVA MN arrays after 24 h was 105.2 ± 

11.9 µg, which is equivalent to 8.7 ± 0.9% of the total BEV available (1250 µg). It is worth 

noting that the needles comprised 10.4 ± 0.4% of the total array by mass. Taking into 

account the large molecular weight of BEV it could be assumed that there would be 

minimal diffusion of BEV from the baseplate, and in fact only polymer and drug in the 

needles would be delivered. With this in mind, it is perhaps more realistic to imagine that 

only 10% of the total BEV loading, equivalent to the drug loading in the needles would 

be available for delivery. Assuming approximately 125 µg of BEV in the needle tips, 

permeation of 105.2 ± 11.9 µg represents approximately 84 ± 9.5% of the available BEV 

after 24 h. 

 

6.5.8 In vivo delivery of BEV in Sprague-dawley rats 

In vivo delivery of BEV was conducted in female Sprague-dawley rats aged 10 weeks. A 

four-way comparison study was undertaken, comparing high and low dose delivery of 

BEV from lyophilised reservoirs through hydrogel-forming MN arrays, dissolving PVA 

MN arrays containing BEV and IV control. In this study the HF-10 (hydrogel-forming 

10 mg) cohort received 4 hydrogel-forming MN arrays with 4 accompanying lyophilised 

reservoirs, each containing 2500 µg BEV (total 10 mg BEV). The HF-5 (hydrogel-forming 

5 mg) cohort received 2 hydrogel-forming MN arrays with 2 accompanying lyophilised 

reservoirs, each containing 2500 µg BEV (total 5 mg BEV). The PVA-5 (PVA dissolving 

MN) cohort received 4 arrays applied to each rat, each containing 1250 µg BEV (total 5 
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mg BEV). The IV control cohort received one dose of 100 µl of Avastin® 25 mg/ml 

concentrate for infusion through tail IV injection, totaling 2.5 mg BEV.  

 

The MN formulations were applied to the backs of shaved rats using manual application 

technique for 3 min and held in situ for 24 h using an occlusive adhesive patch and surgical 

tape (shown in Figure 6.10A). Blood samples were taken at defined intervals for one week, 

serum was extracted and stored at -80°C, undergoing one freeze thaw cycle prior to 

ELISA analysis. Following removal of the PVA-5 dissolving MN from the rat’s backs 

after 24 h, in each case the array needle bed had dissolved completely, as shown in Figure 

6.10B. In both the HF-10 and HF-5 cohort, following removal of the hydrogel-forming 

MN arrays from the rats back at 24 h visible microchannels were present (Figure 6.10C) 

and the MN arrays had swollen extensively with the lyophilised reservoirs having 

dissolved fully, leaving none visible upon removal (Figure 6.10D). 

Figure 6.10. Photographic depiction of A) a female Sprague-dawley rat with HF-5 MN applied to the back 

covered by occlusive dressings, B) PVA-5 MN arrays post-removal showing complete dissolution of MN 

arrays, C) HF-5 MN microchannels (black dashed circles) present on the rats back following removal of 

hydrogel-forming MN arrays and D) hydrogel-forming MN arrays that have swollen completely after 24 h 

following removal from the rats back – the lyophilised reservoirs have also completely dissolved. 

A B 

C D 
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Figure 6.11 shows the average serum concentrations of BEV over the course of one week, 

as quantified by BEV specific ELISA. It is worth noting that as a result of repeated blood 

sampling restrictions in rats, as per current laboratory policy, only one blood sample was 

obtained at 2, 4, and 6 h time points. 

 

 
Figure 6.11. BEV serum concentrations in Sprague-dawley rats having received IV control of 100 µl 

intravenous injection of Avastin®, HF-10 representing hydrogel-forming MN arrays with lyophilised 

reservoirs containing a total of 10 mg BEV, HF-5 representing hydrogel-forming MN arrays with 

lyophilised reservoirs containing a total of 5 mg BEV and PVA-5 representing dissolving PVA MN arrays 

containing a total of 5 mg BEV. 0-24 h time points n=1. 24-168 h time points mean ± S.D., n=3  

 

Figure 6.11 shows that the IV control cohort consistently displayed the highest serum 

concentrations of BEV with the peak serum concentration (Cmax) observed soon after 

the initial administration (75.6 µg/ml at 4 h). At 24 h the serum concentration had reduced 
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to 42.7 ± 70.1 µg/ml and by the end of the experimental time period the serum 

concentration was 28.4 ± 6.1 µg/ml (168 h). The Cmax for IV control was statistically 

different from HF-10, HF-5, and PVA-5 Cmax (p < 0.0001).  

 

The BEV serum concentration at steady state was calculated for HF-10, HF-5, and PVA-

5 using Equation 6.2 below, where AUC is the area under the curve and t is time. 

 

𝐶𝑠𝑠 = 	 PQRJSH
5

    Equation 6.2 

 

The pharmacokinetic parameters for HF-10, HF-5 and PVA-5 platforms are summarized 

in Table 6.5 below. 

 
Table 6.5. Pharmacokinetic parameters of BEV applied to rats using three MN platforms: HF-10, HF-5, 

and PVA-5. Means ± S.D., n=3. 

Parameter HF-10 HF-5 PVA-5 

AUC (ng h/ml) 44357 ± 4540 11353 ± 1338 44952 ± 5702 

Tmax (h) 48 48 6 

Cmax (ng/ml) 358.2 ± 100.4 81.2 ± 25.2 488.7 

Css (ng/ml) 924 ± 95 237 ± 28 7492 ± 950 

 

The HF-5 cohort consistently yielded the lowest serum concentrations of the various 

delivery platforms. The time of maximum serum concentration (Tmax) was observed at 

48 h yielding 81.2 ± 25.2 ng/ml with serum concentrations reducing to 56.7 ± 5.7 ng/ml 

at 168 h. The HF-5 Cmax was statistically different from HF-10 and PVA-5 Cmax (p = 

0.100). The HF-10 cohort displayed a similar serum concentration profile however was 

consistently higher than seen in the HF-5 platform. Similar to the HF-5 platform, the 

Tmax was 48 h (358.2 ± 100.4 ng/ml). The experimental endpoint of 168 h yielded a 

serum concentration that had decreased to 210.7 ± 6.3 ng/ml. Although the HF-10 Cmax 

was statistically different to the HF-5 and IV control Cmax, the difference with PVA-5 

Cmax was not significant (p = 0.200). In contrast to the HF-10 and HF-5 platforms, the 

PVA-5 dissolving arrays showed the Tmax at the 6 h time point, with Cmax of 488.7 

ng/ml. However, due to the limitations with respect to repeated blood sampling in rats, 

this data point is representative of only one rat blood sample and is therefore of minimal 

significance. The serum concentration at 24 h was 403.5 ± 88.9 ng/ml for the PVA-5 
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platform and by 168 h had decreased to 149.6 ± 21.1 ng/ml. It is interesting to see that 

in the HF-10 and HF-5 cohorts the Tmax was observed almost 24 h after the MN array 

had been removed from the back of the rats, suggesting that a main aspect of controlled 

delivery conferred by this system lies between BEV entering the microcirculation and 

progressing to the circulating serum within the rat. This is in contrast to the PVA-5 

cohort, where Tmax is seen much earlier. 
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6.6 Discussion 

 

Since the development of recombinant technologies, pharmaceutical formulators have 

struggled to provide delivery options for these structurally complex molecules, other than 

through parenteral injection. Currently, biologically-selective therapeutics such as 

monoclonal antibodies, are restricted to the traditional hypodermic needle and syringe 

model. Alternative drug delivery options may be afforded through MN-mediated 

transdermal platforms. Indeed a number of biotherapeutic agents have been delivered 

across the skin using MN technology – insulin, growth hormone, model protein 

compounds such as ovalbumin and bovine serum albumin (Demir et al. 2013; Cheung et 

al. 2014; Delgado-Charro et al. 2014; van der Maaden et al. 2014). Dissolving MN arrays 

penetrate the skin and following hydration of the polymer chains in the interstitial skin 

fluid, begin to dissolving releasing polymer and drug. Hydrogel-forming MN provide an 

aqueous pathway from drug reservoir to the dermal microcirculation through penetration 

of the upper skin layers and subsequent in situ swelling. This work looks at the potential 

for hydrogel-forming MN arrays and dissolving MN arrays to facilitate delivery of a large 

macromolecule, such as BEV (Mw = 149,000 Da). Transdermal delivery of BEV may 

provide an alternative method for administration which could provide opportunities for 

drug delivery by use of a minimally invasive technology. 

 

Initially short term degradation studies were conducted in order to assess the effect of 

light and heat on the recovery of BEV from aqueous solutions. It is well documented that 

biotherapeutic agents such as antibodies containing aromatic amino acid residues can 

absorb UV-light. This in turn can result in the conversion of amino acid side chains, 

altering the molecular structure of the compound and as such can have conformation 

effects on the overall folding and tertiary structure. (Haywood et al. 2013) Further to this, 

excipients such as Tween® 80 used in antibody solutions can confer additional 

photosensitivity, and so prolonged exposure to UV-light can substantially increase 

degradation (Singh et al. 2012). In this instance BEV degradation from Avastin® was not 

further increased by exposure to light, however this may be a consideration for prolonged 

storage. Similarly, the effects of heat on BEV recovery from Avastin® seen in this study 

reflect literature findings. Multi-domain protein molecules, such as BEV are subject to 

degradation upon heating, and as such BEV remain in a conformational naïve state in 

higher concentrations when stored at lower temperatures (Vermeer et al. 2000b). This 
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brief study indicated that in order to attain high recovery of BEV from solution by ELISA, 

protection from UV-light and cooled conditions would be required. This decision was 

taken so that a true reflection of native BEV could be ascertained following the 

formulation procedures and not result in an underestimation of BEV concentrations as a 

result of BEV degradation during dissolution and testing. To minimise this, fresh 

solutions of BEV were prepared each time prior to ELISA analysis. 

 

The lyophilisation process was shown not to result in excessive degradation of BEV, 

yielding high percentage recovery. Lyophilisation is now routinely used within the 

biopharmaceutical manufacturing sector, as it has shown to be a stable format for protein 

formulation (Cicerone et al. 2015). The concept of a lyophilised drug reservoir has 

previously been shown to be a viable option for formulation of biomolecules, such as the 

model compound ovalbumin discussed in Chapter 3.    

 

Similarly, the gel formulation, casting and drying of PVA-BEV into MN arrays showed 

minimal degradation upon recovery analysis. This is an encouraging feature of MN 

preparation, with potential for minimal losses in high value therapeutics during the 

formulation stages. Loss of active therapeutic throughout manufacture is of prime 

concern to industrial partners when considering scale-up and commercialisation of a 

novel drug delivery platform, such as with MN technology. 

 

It is important to note that photo- and thermal stability of BEV in each of the formulation 

was not assessed in this work. Further stability studies, including accelerated studies where 

increased temperature and humidity may result in loss of biological activity of the drug 

need to be formally conducted. It has been noted that dissolving and hydrogel-forming 

MN arrays may require specific packaging to ensure that changes in atmospheric humidity 

do not affect needle strength and integrity (McCarron et al. 2004). Therefore, the use of 

appropriate packaging, such as heat-sealed moisture impermeable foils, could provide an 

acceptable solution to dissolving or hydrogel-forming MN array packaging. 

 

The MN insertion studies conducted here suggest that both hydrogel-forming MN and 

dissolving BEV MN were successfully inserted in vitro. As discussed in Chapter 4, work 

previously conducted by our group showed that similar insertion characteristics, as 
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displayed here, suggest the formulations can insert successfully into skin tissue (Larrañeta 

et al. 2014) 

 

In vitro permeation of BEV from drug loaded dissolving MN arrays and a combined 

system of hydrogel-forming MN arrays and drug loaded lyophilised reservoir was assessed 

using Franz cell apparatus. Here, excised neonatal porcine skin is used as the model 

membrane. While it is recognised that porcine skin is not an exact model of human skin, 

it has been documented that the SC closely matches the hair density and thickness 

(Garland et al. 2012). The SC is known to act principally as the main barrier to drug 

permeation, and so in this case is thought to serve as an appropriate model of human 

skin. The limited permeation of BEV from the high dose control lyophilised wafer (no 

MN) demonstrate the limited ability for BEV to cross intact skin. BEV is a large molecule 

which may restrict its permeation by passive diffusion through skin. 

 

Upon insertion of the hard, dry hydrogel-forming MN arrays into the skin, interstitial 

fluid is absorbed into the MN structure. The hydration of the cross-linked polymer chains 

by interstitial skin fluid results in the formation of a hydrogel network. As a result of the 

hygroscopic effects of the lyophilised drug reservoir placed on top of the MN array, 

interstitial skin fluid is drawn through the swelling hydrogel matrix and begins to dissolved 

the reservoir. Hydration and dissolution of the reservoir yields free drug, which is then 

able to diffuse through the aqueous network of the MN array, into the skin and ultimately 

into the receiver compartment. Dissolution of BEV loaded lyophilised wafers is complete 

within 15 min when tested in PBS alone. With this in mind, the permeation controlling 

feature of this combined system is likely to relate to the swelling of the hydrogel-forming 

MN arrays (Donnelly et al. 2014).  

 

The permeation of BEV from this system represents 27.5 ± 2.5% and 24.3 ± 4.6% of 

available BEV in the high and low dose reservoirs respectively. Previously conducted 

studies with model proteins such as ovalbumin have shown percentage permeation rates 

of 49% (Donnelly et al. 2014). The lower percentage permeation may be as a result of 

slower diffusion of such a large molecule through the tortuous hydrogel network. The 

hydrodynamic radius of a monoclonal antibody such as BEV (Mw=149,000 Da) is 

significantly more massive than that of a model protein compound such as ovalbumin 

(Mw = 45,000 Da) and so slower permeation could be expected. It appears that the BEV 
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system has delivered its full payload by 6 h and so may not be suitable for 24 h patch 

application time. The hydrogel-forming MN system employed here contains sodium ions, 

which are thought to act as a method of reducing the cross-link density during the drying 

and cross-linking stages of manufacture (Donnelly et al. 2014). The lower cross-link 

density results in a hydrogel-matrix with greater capacity for swelling and was specifically 

chosen in this study to allow maximum absorption of fluid from the skin so that BEV 

would physically be allowed to permeate between the hydrogel network polymer chains. 

 

As the in vitro experiment progresses it is apparent that the volume in the receiver 

compartment reduces, as water is lost through evaporation. Although Parafilm® is used 

to seal donor, receiver and sampling ports as a measure to reduce water loss, it is not 

100% efficient. As air is introduced between the receiver fluid and the skin membrane, 

this provides a further barrier to BEV permeation. It is not possible to interrupt the 

system to allow re-filling of receiver compartment and so with hydrogel-forming MN 

tested in this way the BEV concentration in receiver compartment is seen to plateau at 6 

h. This artefact is seen when transferred to an in vivo set-up, as the MN are held in place 

using a backing adhesive layer. 

 

With respect to PVA dissolving MN arrays, in the dry state these can penetrate the SC 

and almost immediately begin to dissolve in interstitial fluid. As the polymer chains 

hydrate and dissolve the BEV is released from the needle tips. This BEV is then able to 

permeate through the skin and into the receiver compartment. In contrast to the hydrogel-

forming system, we see only 8.7 ± 0.9% of total BEV delivered from PVA MN. The 

needles comprise approximately 10% w/w of the dry MN array (needles and baseplate). 

Low permeation of this nature suggests that only BEV contained in the MN needles 

themselves is available for delivery, with minimal or no movement of BEV contained in 

the baseplate. Compare this to previous work conduced with small molecule therapeutics 

such as ibuprofen, where a small proportion of the baseplate containing drug was able to 

permeate through the microchannel caused by the MN arrays before the skin seals over, 

and an alternative mechanism of release could be suggested (McCrudden et al. 2014). The 

large sterically hindered BEV molecule may not be as “mobile” as the likes of a small 

molecule, such as ibuprofen, and so as the baseplate/needle interface begins to hydrate 

and dissolve the BEV is unable to move through the microchannels prior to skin closure. 

This ultimately may restrict delivery of large biotherapeutic molecules from dissolving 
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MN to the amount of drug that can be incorporated into the needles themselves. A two-

step manufacturing process whereby drug-containing gel is cast into the MN tips alone, 

and subsequently fused to a blank baseplate may help improve the delivery efficiency 

from this MN system. A two-step procedure for the manufacture of dissolving MN arrays 

containing drug only in the needle tips has previously been reported (McCaffrey et al. 

2016).  

 

The in vivo study in rats represents one of the first examples of successful delivery of a 

clinically relevant biotherapeutic macromolecule BEV using an integrated system of 

hydrogel-forming MN arrays and lyophilised drug reservoir. This study also provides an 

opportunity to compare and contrast BEV delivery from a hydrogel-forming system and 

a dissolving MN platform. Antibody delivery from dissolving MN platforms have been 

reported in the literature. Recently a dissolving MN system for the delivery of anti-PD1 

antibody for cancer immunotherapy was described by Wang et al. (2016). Similar 

dissolving MN platforms have also been described by Chen et al. (2015). These 

publications demonstrate the capacity for dissolving MN arrays to provide transdermal 

delivery of biotherapeutic macromolecules however, there is currently no published work 

showing the efficacy of hydrogel-forming MN as a transdermal delivery system for 

antibody therapeutics such as BEV. 

 

With respect to the hydrogel-forming MN system, following removal of the arrays post-

24 h it was apparent that the MN had swollen extensively, with almost full dissolution of 

the lyophilised reservoirs in each case. In some of the patches, a white residue could be 

seen on the surface of the MN arrays. However, in the majority of cases the MN array 

had become opaque where the lyophilised reservoir had dissolved and moved into the 

hydrogel matrix itself. This suggests that the swollen MN arrays provided sufficient fluid 

to dissolved the lyophilised reservoir, allowing it to fulfill its purpose of delivering BEV 

to the MN array. During the 24 h experiment, the rats are highly mobile. However, most 

of the swollen MN arrays remained in place throughout. It is anticipated that any MN 

product that relates to this proposed technology would be used in humans that are 

motivated to use it appropriately, and so removal by biting and scratching would be less 

of an issue. A number of patient acceptability studies have shown that patients would 

prefer to wear a MN patch over receiving a hypodermic injection (Marshall et al. 2016). 

Similarly, with the PVA-5 cohort, upon return post-24 h application the MN arrays had 
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dissolved fully with only a small quantity of baseplate gel remaining on the site of 

application. Although both needles and baseplates had dissolved upon removal, it is 

unlikely that significant quantities of BEV had diffused through the microchannels 

produced by the MN, despite these channels remaining open for some time after the MN 

have penetrated the SC. Optical coherence tomography (OCT) has been used as a method 

to visualise, in real time, pore closure following MN application (Kalluri et al. 2011). 

Comparing in vitro dissolution of PVA MN arrays, the needle tips dissolved within 5 h. 

Therefore, it may be reasonable to assume similar dissolution kinetics in vivo. It remains 

that minimal permeation of BEV from the baseplate may be expected due to its large 

hydrodynamic volume and potential for steric hinderence.  

 

It is interesting to note that the serum concentrations continue to rise after the HF-10 

and HF-5 MN have been removed from the rat’s backs. This suggests that the rate limiting 

stage of drug delivery may not be directly as a result of the swelling kinetics of the 

hydrogel-forming MN arrays, rather diffusion within the skin itself. Although in vitro 

permeation studies showed a high degree of mobility of BEV from lyophilised reservoir 

into the skin and, ultimately into the receiver compartment, the peak serum 

concentrations do not appear at 6 h as expected. Instead, Cmax is not seen until the 48 h 

sample, 24 h after the hydrogel-forming MN system has been removed from the rats’ 

backs. It should be noted that initial 0-6 h blood samples are representative of n=1. This 

is due to the limited blood within the rats and as such sampling was limited to 1 sample 

per animal in the initial 24 h period, ensuring the availability of blood sampling for the 

subsequent 7-day period. Without more regular blood sampling it is impossible to say that 

48 h time point represents the true Tmax. However, it may be reasonable to assume Tmax 

is reached between 24-48 h. This delay in serum concentration peak suggests that BEV is 

not returning to the circulating blood from the dermal microcirculation, and is either 

being retained within the skin layers to be leached out slowly, or flushed to the lymphatic 

system prior to re-entry to circulating blood. BEV has an isoelectric point of 7.6 and so 

when resident in the interstitial skin fluid (neutral pH) it is likely that BEV is 

predominantly positively charged (Wiig et al. 2001). BEV may be interacting with 

negatively charged molecules resident in the skin layer, such as glycosaminoglycans 

resulting in the observed delay in BEV Cmax. In comparison with the hydrogel-forming 

platform, BEV released from the dissolving PVA platform may be protected from 
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interacting with negatively charged molecules, and so helping to explain the burst release 

observed in this study. 

 

It is known that small molecules such as water, glucose, and ions can passively move 

through the endothelial lining of blood vessels. However, larger molecules such as 

albumin, IgG and other antibodies cannot (Sukriti et al. 2014). Molecules with a molecular 

radius of >3.6 nm (IgG ~ 11.5 nm) are predominantly transported via transcytosis or 

vesicular transport (Komarova et al. 2010). Transcellular transport is significantly slower 

than the passive diffusion of smaller molecules and, so, may be less favoured by BEV. It 

is anticipated that significant quantities of BEV are flushed from the dermal interstitium 

to the draining lymphatic system. This pathway may help to explain the delay in BEV 

returning to the circulating blood. In order to understand fully the pathway taken by BEV 

from interstitial skin fluid to circulating blood volume, further studies involving 

radiolabeled antibodies could be used to trace macromolecules as they pass through the 

lymphatic system and could be imaged using positron emission tomography (Van Dongen 

et al. 2012). With respect to PVA-5 dissolving platform, the Tmax is observed 

considerably sooner at 6 h. Such a difference in observed Tmax between the hydrogel-

forming and dissolving platforms helps exemplifies the different mechanism of BEV 

permeation. In this instance as PVA is a hydrophilic polymer, there is minimal delay in 

BEV release as the needles can immediately begin to dissolve upon insertion (Wang et al. 

2009). With respect to the hydrogel-forming system, dissolution and permeation of BEV 

can only begin once the array has begun to swell and sufficient fluid is available to begin 

reservoir dissolution. The comparatively higher Cmax observed following PVA-5 

application may result from rapid dissolution of the MN in skin and as such releasing the 

full available payload of BEV from the needle tips as a bolus dose. In contrast to this the 

HF-10 and HF-5 platforms may more slowly release their BEV cargo over the 24 h period 

leading to a lower Cmax and broader pharmacokinetic profile. 

 

In comparison to the IV control, based on this data, the transdermal options have not 

provided equivalent circulating serum concentrations. However, without further testing 

it is impossible to say that high concentrations of BEV are not in the lymphatic system of 

the animals. It stands to reason that a molecule of such a large hydrodynamic radius may 

be more likely to be transported by the draining lymphatic fluid, rather than permeate 

directly into the blood stream. This may provide an option for MN-mediated transdermal, 
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targeted delivery of macromolecules to the lymphatic system. It is well documented that 

the lymphatic system plays a key role in the spread of metastases following primary cancer 

development (Karaman et al. 2014). This may have implications for the treatment of 

lymphoma carcinoma or secondary metastasis following a number of primary cancers, 

such as lung cancer.   

 

Serum concentrations of BEV following IV administration were equivalent to the 

recommended human circulating concentrations of BEV. A number of clinical efficacy 

studies have shown that the effect of receiving 5 mg/kg/2 weeks in humans can result in 

a circulating concentration of ~50 µg/ml with >98% of VEGF bound to BEV yielding 

significant inhibition. Any further increase in BEV dosing would result in only minor 

additional inhibition of circulating VEGF (European Medicines Agency 2005a). On this 

occasion the circulating BEV serum concentrations provided by PVA-5, HF-5 and HF-

10 were sub-clinical. However, this work provides robust evidence that transdermal 

delivery of a biotherapeutic macromolecule such as BEV can be achieved using dissolving 

MN and hydrogel-forming MN technology. It is unlikely that extending the application 

time of the dissolving PVA MN would yield further delivery of BEV. Similarly extending 

the application time of hydrogel-forming MN would unlikely provide further delivery. As 

previously stated, limiting BEV to the needle tips in the dissolving platforms may improve 

delivery efficiency and reduce therapeutic wastage. It is important to consider all 

possibilities early on the commercialisation process with regards to therapeutic application 

for new medical devices, such as MN arrays. It may, therefore be beneficial to include 

both aspects of dissolving and hydrogel-forming technologies into a combined patch. 

This may provide opportunities for the sustained release of a biotherapeutic 

macromolecule such as BEV, based on this work, up to 48 h. With initial bolus dosing 

from the dissolving needles and prolonged release of BEV from the hydrogel-forming 

component. In both cases, there is much scope for patch scale-up, as these experiments 

were conducted using 0.5 cm2 MN arrays. Both polymeric and hydrogel-forming MN 

arrays have been proposed for use in humans at patch sizes of up to 30 cm2. Patches of 

this size have been manufactured at bench scale by a number of research groups 

(Donnelly et al. 2012; Kathuria et al. 2016). This would provide significant opportunities 

for increasing the transdermal dose of BEV delivered, however, would require further in 

vivo analysis. 
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6.7 Conclusion 

 

This Chapter has explored transdermal delivery of the biotherapeutic macromolecule 

BEV through the use of two MN array platforms, namely dissolving MN arrays and a 

combined system of hydrogel-forming MN arrays and drug loaded lyophilised reservoirs. 

Dissolving MN arrays prepared from aqueous blends of PVA and Avastin® were subject 

to mechanical insertion, dissolution and recovery tests. Similarly, lyophilised reservoirs 

containing BEV were prepared in conjunction with hydrogel-forming MN arrays. These 

MN platforms were tested in vitro using a modified Franz cell apparatus for BEV 

permeation across excised neonatal porcine skin, before being tested in vivo in Sprague-

dawley rats. Although the serum concentrations observed were sub-therapeutic, this work 

stands as proof-of-principle for the delivery of a biotherapeutic macromolecule using 

these transdermal delivery methods. Polymeric MN-mediated transdermal delivery of 

macromolecules in this way may provide significant opportunities for targeted delivery to 

the lymphatic system. The delivery of antibody therapeutics, targeted to the lymphatics 

systems, could be a viable option for treatment of lymphomas and secondary metastatic 

tumours. Opportunities for circumventing some of the problems associated with 

traditional hypodermic needle and syringe methods may be overcome by use of polymeric 

MN arrays. This work provides an insight into the delivery mechanisms of dissolving and 

hydrogel-forming MN platforms in rats. With further optimisation and alteration it is 

conceivable that a MN system combining both dissolving and hydrogel-forming 

technologies could result in effective delivery of other biotherapeutic macromolecules, at 

controllable rates, using the skin as principle route of delivery.
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Biotherapeutic macromolecules, such as antibodies and vaccine agents, have become 

central to the treatment and prevention of severe and debilitating disease. With the advent 

of recombinant technologies, highly specialised macromolecules can now be designed and 

manufactured on an industrial scale. This has provided significant advances in treatment 

and prevention of diseases, allowing for targeted and specific ligand binding and leading 

to therapies providing reduced side-effects and fewer off-target consequences. This has 

ultimately provided significant patient benefit, reducing morbidity and mortality. 

Vaccination alone is considered to be one of the most significant health interventions 

ever developed. The World Health Organization (WHO) estimates that 17.1 million lives 

have been saved since 2000 by a “one-vaccine” initiative targeted at reducing measles and 

rubella infections in children (World Health Organization, 2015). This initiative serves to 

exemplify the significant global health impact vaccination has had on mortality rates for 

preventable diseases. Further, the WHO reports 86% of infants worldwide received the 

minimum required doses of the diphtheria, pertussis and tetanus (DTP) vaccine in 2015. 

Vaccination coverage of this nature requires significant resources in terms of funding and 

personnel. 

  

Drug delivery options for protein macromolecules has remained relatively restricted to 

the traditional hypodermic needle and syringe, due mostly to the difficulties in 

formulation and manufacture of these complex biomolecules. Protein stability and 

conformational changes, commonly seen when working with large protein molecules, 

provide significant formulation challenges for the biopharmaceutical sector. Variations in 

pH, ionic strength, exposure to heat or light and repeated freeze-thaw cycles can 

significantly alter the bioavailability of biomacromolecules (Daugherty et al. 2006). A small 

number of alternative delivery strategies have been investigated including oral, nasal, 

inhaled and topical delivery however, only a few have successfully been marketed. There 

are currently over 150 technologies, developed by ~120 companies, focused on the 

development of novel formulations or systems for delivery of antibodies and proteins. As 

a result of the rising incidence of chronic disease, growing popularity of biotherapeutics 

and the employment of novel formulation technologies, annual growth in this area is 

estimated at 9.6% between 2015 and 2025 – the fastest growing pharmaceutical sector 

(Roots Analysis 2015). 
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The skin, the largest organs of the human body, has been an attractive option for 

transdermal therapeutic delivery. However, few drug molecules possess the required 

physicochemical characteristics to allow passive diffusion. As such, a number of 

transdermal enhancement technologies have been developed. One of the most promising 

of these is microneedle (MN) technology, whereby micron-sized needles penetrate the 

rate limiting stratum corneum (SC) and facilitate transdermal and intradermal drug delivery 

(Henry et al. 1998). This technology allows for drug delivery of molecules that would not 

inherently traverse the SC. As a result of their small size, MN do not induce pain or cause 

bleeding. MN technology has shown numerous examples of how it can improve on 

parental delivery methods, such as, reducing fear and anxiety in patients and having the 

potential to reduce the incidence of sharps injuries among healthcare professionals 

(Marshall et al. 2016). MN arrays are fabricated from numerous materials, including glass, 

silicon, metals and polymers. MN designs offer minimally invasive transdermal and 

intradermal delivery of compounds. MN array geometry, design and fabrication have been 

documented extensively in the patent and academic literature. The numerous MN delivery 

options available make this a promising delivery strategy for biotherapeutic 

macromolecules.  

 

Previously published work has demonstrated the considerable benefits that can be 

attained by MN technology. However, a number of challenges still need to be overcome. 

The systemic delivery of high dose, low potency biotherapeutic molecules has yet to be 

achieved and standards regarding sterility and quality control remain undefined by 

regulatory authorities. Despite these concerns, MN technology shows significant promise 

for clinical applications with regards to transdermal and intradermal delivery of 

biotherapeutic macromolecules. This thesis has explored polymeric MN arrays with 

respect to transdermal and intradermal delivery of biotherapeutic macromolecules, taking 

into consideration clinical applications and specifically focusing on industrial scale-up 

requirements. The work presented here represents the first example of a comprehensive 

investigation into the transdermal and intradermal delivery of biotherapeutic 

macromolecules using dissolving and hydrogel-forming polymeric MN technology.  

 

Ovalbumin (OVA) is a model protein compound (Mw 45,000 Da) used extensively in 

drug delivery formulation development as a low cost substitute for clinically relevant 

therapeutics. Similarly, OVA is also used for its mild antigenic effects, as a model protein 
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antigen for testing novel vaccination technologies in vivo, often in mice. Using OVA serves 

as an initial step towards developing MN platforms compatible with clinically relevant 

biotherapeutic macromolecules. OVA has been used in this work to show the effects of 

MN formulation and production on protein bioactivity and structure. Firstly, Chapter 2 

describes a size-exclusion high performance liquid chromatography (SE-HPLC) method 

for the separation, detection, and quantification of OVA from in vitro samples containing 

non-protein compound interferences. This was successfully validated using the principles 

recommended by the International Conference on Harmonisation (ICH) guidelines for 

validation of analytical procedures. This provided a suitable assay for OVA recovery 

studies following MN formulation. To facilitate the separation of OVA from more 

complex in vitro sample matrices, such as leached proteins from excised neonatal porcine 

skin resultant from the Franz cell set-up used, an OVA-specific sandwich enzyme-linked 

immunosorbent assay (ELISA) was developed and validated, again in accordance with 

validation guidelines. 

 

Industrialisation and mass production of MN technology has been highlighted as one of 

the most significant barriers to commercialisation (Donnelly et al. 2014). Despite the 

numerous laboratory scale manufacturing methods described in the literature, a lack of 

regulatory guidance and Pharmacopoeial standards with respect to minimum standards 

of quality, has resulted in no true patch-like MN products progressing to market. Similarly, 

regulatory authorities have yet to outline the sterility and endotoxin requirements for MN 

products. Many small molecule drugs can be sterilised through a number of terminal 

sterilisation processes, such as dry heat, steam sterilisation and gamma irradiation. 

However, biomacromolecules are inherently more sensitive to extreme conditions and so, 

cannot be treated in this way. Chapter 3 aimed to develop a suitable method of sterile 

manufacture for hydrogel-forming MN arrays and associated lyophilised reservoirs 

containing OVA. To achieve this, mechanical testing, swelling capacity, dissolution, in vitro 

drug permeation studies and tests for sterility and endotoxin loading were conducted. 

Accordingly, dry heat, steam, and gamma irradiation sterilisation methodologies were 

enlisted in this study to determine the effects the various characteristics and properties of 

hydrogel-forming MN arrays and associated OVA-loaded lyophilised wafers. The 

hydrogel-forming MN arrays investigated have a prominent advantage over other 

polymeric MN systems, due to the nature of the formulation and the high temperatures 

required to facilitate the crosslinking esterification reaction.  Previous publications by our 
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group have shown MN arrays provide no more risk of introducing viable bacteria into 

the skin than a traditional hypodermic needle (Donnelly et al. 2009). Similarly, the group 

have demonstrated the antimicrobial effects of Gantrez® polymers when formulated as a 

hydrogel-forming MN platform (Donnelly et al. 2013). Nevertheless, if authorities insist 

on sterility, MN products may need to demonstrate this with respect to Pharmacopoeial 

standards. Gamma irradiation of protein loaded lyophilised reservoirs will lead to 

destruction of the encapsulated active compound and, as such, is an entirely unsuitable 

means of terminally sterilising these products. Aseptic preparation of such formulations 

is proposed as an alternative. Specifically linked to sterility considerations is the need to 

limit endotoxin contamination. The MN arrays and associated lyophilised reservoirs 

formulated under the described conditions yielded endotoxin concentrations below the 

maximum limits accepted for medical devices that come in contact with cardiovascular 

and lymphatic tissues. Despite a number of raw materials employed in this work being of 

natural source all formulations fell within these stringent standards (Food and Drug 

Administration 2012). It is anticipated that future standards adopted by regulatory 

authorities may be, at most, equal to those robust standards adopted for this study. 

Currently, as no Pharmacopoeial standards exist for MN-based products, the exact 

requirements for a proprietary product based on hydrogel-forming MN arrays are at 

present unclear. As such, it is of tremendous importance that a comprehensive MN 

specification series be developed, such that it informs future developments in this field. 

As stated, the establishment of recognised pharmacopoeial standards for these 

transdermal products will inform further developmental and methodological processes in 

this research area.  

 

It has been widely suggested that the first patch-like MN product to reach the market will 

be a vaccine based product, owing primarily to the dense population of antigen presenting 

cells (APC) present in the skin layers providing robust immune responses (Fehres et al. 

2013). Chapter 4 sought to explore dissolving MN arrays and hydrogel-forming MN 

arrays as a method of minimally invasive intradermal vaccination using OVA. Research 

into polymeric MN has yielded significant evidence to support intradermal vaccination 

strategies using this technology. However, to date, Gantrez® S-97 has not been tested. In 

vitro studies in BALB/c mice were conducted and suggest the formulation processes 

described did not significantly degrade OVA. Previously, poly(methylvinylether-co-maleic 

acid) Gantrez® AN-139 was used as the polymeric material in MN vaccination studies 
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(McCrudden et al. 2014). However, in order to address potential safety concerns 

associated with benzene (Gantrez® AN-139 is not certified benzene-free), a move to 

benzene-free certified polymers yielded Gantrez® S-97 as a potential alternative. 

Dissolving MN arrays fabricated from Gantrez® S-97 MN, when tested in vivo highlighted 

significant adjuvant effects, resulting in markedly increase serum antibody titres compared 

with intraperitoneal injection controls. It is suggested that the adjuvant effect may be as a 

result of its large molecular weight or acidic nature, resulting in the recruitment of 

inflammatory, cells and, ultimately, providing enhanced immune responses. Similarly, the 

fact that MN application in this way forms 361 small holes in the SC compared to a single 

hole created following a conventional injection, may help explain the adjuvant effects. 

This work also highlights the potential for hydrogel-forming MN platforms to play a role 

in intradermal delivery as a formulation strategy for vaccines requiring a high dose. 

Instances where a high dose of antigen is required to stimulate robust immune responses, 

hydrogel-forming MN arrays may provide a method of delivery where dissolving MN 

arrays may otherwise necessitate large patches. Similarly, the work shown in Chapter 4 

provides further evidence to suggest that dissolving MN arrays may provide a suitable 

candidate as a minimally invasive method of skin vaccination. However, in order for these 

polymeric MN-mediated intradermal vaccination platforms to be commercially 

successful, demonstration of robust antibody production and efficacious protection from 

disease will need to be shown following industrial scale manufacture of a commercially 

available vaccine. 

 

Industrial collaboration is key to the successful translation of laboratory scale manufacture 

to an industrial setting. Important learning opportunities exist for both industry and 

academia which could prove to be mutually beneficial for MN research and subsequent 

commercialisation of products. Lohmann Therapie Systeme AG (LTS) are the current 

market-leading manufacturer of transdermal products worldwide (Lohmann Therapie-

Systeme 2016). As the major players in the production of transdermal patches and oral 

thin films globally, LTS are keenly interested in novel transdermal drug delivery 

technologies. As a direct result of published work, LTS recognise the potential for MN 

technology to play a significant role in drug delivery and specifically as a method of 

minimally invasive vaccination. In order to progress with industrial manufacture of 

polymeric MN platforms, the work conducted in Chapter 5 has sought to provide key 

learnings in the translation of laboratory scale manufacturing of a vaccine-based 
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dissolving MN platform to industrial manufacture. The formulation of dissolving MN 

arrays from two polymers, namely: poly(vinylpyrrolidone) (PVP) and Gantrez® S-97, 

containing the commercially available vaccine agent Pentavac® were explored in vivo. 

Pentavac® is a conjugate vaccine offering vaccination coverage for diphtheria, tetanus, 

pertussis, hepatitis b and Haemophilus influenzae type b. Assessing antibody production in 

response to the H. influenzae type b component of the vaccine was measured in serum in 

vivo. Although antibody production has been shown to be a good indicator of effective 

vaccination, true protection can only be assessed following a challenge study with the 

pathogen. Therefore, an IN lethal dose 100 of H. influenzae in hairless mice was developed 

to facilitate a challenge study for mice showing significant antibody production in 

response to test MN formulations. Although this challenge study did not produce 

statistically significant conclusions, primarily due to low sample size, it highlighted the 

potential for success of industrially manufactured polymeric MN arrays with Pentavac®. 

This work has provided significant learnings for LTS with respect to polymeric MN 

manufacturing. LTS can now make dissolving MN on an industrial scale and understand 

the need for controlled drying at ambient temperatures. LTS now realise the need to 

maintain mild formulation conditions, particularly when formulating with a vaccine or 

biotherapeutic compound. A number of formulation requirements have been highlighted, 

such as the need for carefully considered polymer selection, and tightly controlled 

manufacturing processes. Following this work, LTS are currently conducting a MN 

vaccine study using the pure antigen for hepatitis B, provided by the Serum Institute of 

India. The results of this recent study are keenly anticipated to see if industrially 

manufactured dissolving MN arrays can effectively protect against a pathogen. It is likely 

that a dissolving MN platform for vaccine delivery could be widely accepted within the 

general population, owing to their potential ease of use and efficacy. MN vaccination may 

provide specific benefits to low resource countries, such as, decreased distribution costs 

as a result of cold-chain circumvention, increased vaccination coverage and, ultimately, 

lower rates of morbidity and mortality. 

 

In addition to the intradermal delivery of vaccine agents, polymeric MN technology has 

shown significant potential as a minimally invasive method of transdermal drug delivery. 

At this stage, a number of small molecule drugs have been delivered to the systemic 

circulation using MN arrays. However, only a limited number of biomacromolecules have 

been delivered in this way. Previous studies have shown successful delivery of small 
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quantities of antibody therapeutics from coated solid MN arrays and a limited selection 

of dissolving MN arrays (Chen et al. 2015; Wang et al. 2016). To date, there are no 

examples of in vitro or in vivo delivery of a therapeutic antibody using hydrogel-forming 

MN technology. The work conducted in Chapter 6 serves as the first example of 

transdermal delivery of a therapeutic antibody using a hydrogel-forming MN array. 

Bevacizumab (BEV), sold under the trade name Avastin® (Genentech/Roche), is an 

angiogenesis inhibitor used as an adjunct in the treatment of some cancers including 

metastatic colorectal, breast and certain lung cancers. BEV (Mw 149,000 Da) is a 

recombinant humanized monoclonal antibody designed to inhibit vascular endothelial 

growth factor A (VEGF-A) and slow the growth of new tumour blood vessels 

(Genentech 2016). BEV has traditionally been delivered as an intravenous infusion, 

necessitating healthcare professional supervision and long infusion times. A BEV specific 

sandwich ELISA was developed in Chapter 2 and validated for the detection and 

quantification of BEV from in vitro samples, and in vivo Sprague-dawley rat serum samples. 

In each case the concentration range, linearity, intra- and inter-day precision, accuracy, 

limit of detection (LoD), limit of quantitation (LoQ), and specificity were analysed. 

Acceptance criteria were set according to normal industrial standards. Chapter 6 explored 

transdermal delivery of the biotherapeutic macromolecule BEV through the use of two 

MN array platforms, namely a dissolving MN arrays and a combined system of hydrogel-

forming MN arrays and drug loaded lyophilised reservoirs. Dissolving MN arrays 

prepared from aqueous blends of poly(vinyl alcohol) (PVA) and Avastin® were subject to 

mechanical insertion, dissolution and recovery tests. Similarly, lyophilised reservoirs 

containing BEV were prepared in conjunction with hydrogel-forming MN arrays. These 

MN platforms were tested in vitro using a modified Franz cell apparatus for BEV 

permeation across excised neonatal porcine skin, before being tested in vivo in Sprague-

dawley rats. Although the serum concentrations observed were sub-therapeutic, this work 

stands as proof-of-principle for the delivery of a biotherapeutic macromolecule using 

these transdermal delivery methods. Due to the large hydrodynamic radius of BEV, it is 

likely that transdermal delivery resulted in drainage to the lymphatic system, yielding 

relatively low serum concentrations. Polymeric MN-mediated transdermal delivery of 

macromolecules in this way may provide significant opportunities for targeted delivery to 

the lymphatic system. The delivery of antibody therapeutics, targeted to the lymphatics 

system, could be a viable option for treatment of lymphomas and secondary metastatic 

tumours. Opportunities for circumventing some of the problems associated with 
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traditional hypodermic needles and syringe may be overcome by use of polymeric MN 

arrays. This work provides an insight into the delivery mechanisms of dissolving and 

hydrogel-forming MN platforms in rats. With further optimisation and alteration it is 

conceivable that a MN system combining both dissolving and hydrogel-forming 

technologies could result in effective delivery of other biotherapeutic macromolecules, at 

controllable rates, using the skin as the principal route of entry. 

 

In summary, the work presented here provides significant points of learning for both 

academia and industry. This thesis supports the further development of MN-mediated 

transdermal drug delivery of biotherapeutic macromolecules. A number of laboratory and 

industry relevant formulation considerations have been addressed and practical solutions 

to overcome current barriers to commercialisation have been proposed. Methods for 

preparing polymeric MN arrays and associated lyophilised drug reservoirs, such that they 

can be sterilised, have been demonstrated. With the possibility of regulatory sterility 

requirements in mind, future work should consider packaging with particular focus on 

primary packaging. Polymeric MN arrays, as a result of their primary mechanism of action, 

may be vulnerable to increased environmental humidity levels and therefore, may require 

a desiccated or modified atmosphere to maintain acceptable levels of polymer chain 

hydration. Similarly, long-term storage of antigenic or complex macromolecules 

formulated into MN arrays, or associated lyophilised drug reservoirs, needs to be assessed. 

Maintenance of the complex structure of such compounds may prove challenging long-

term. In comparison to small molecule compounds, biotherapeutic macromolecules tend 

to have shorter shelf-lives and so the preservation effects of polymer chains in MN 

technology need to be assessed. Polymeric MN technology may provide novel methods 

for targeting the lymphatic delivery of biotherapeutic macromolecules. In order to fully 

elucidate the potential of such delivery strategies, in vivo drug delivery studies specifically 

aimed at the lymphatic system should be conducted. Specific sampling of lymphatic fluids 

and the recovery of lymph nodes may allow determination of antibody therapeutic 

concentrations. Accelerated stability studies may shed light on potential challenges 

encountered on long-term storage of biotherapeutics in this format. It has been suggested 

that MN technology may provide opportunities to circumvent cold-chain storage. 

However, this has yet to be demonstrated at an industrially manufactured level. Often 

vaccination programs within low resource countries suffer from weaknesses in the drug 

distribution chain, with the “last mile” (a reference to the transport of vaccine vials to 
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rural parts by alternative means – often breaking the cold chain) presenting a major 

challenge to global coverage (Parenteral Drug Association 2016). Maintenance of the cold 

chain until this point has been shown to be robust in many cases. The goal for vaccine 

formulators is to achieve a product capable of maintaining antigenicity throughout these 

short term, variable conditions. Polymeric MN arrays may prove to be efficacious 

following long-term storage at cold temperatures and provide adequate stability for the 

relatively short, “last mile”.
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Appendix 1  

 

Anti-Hib-PRP IgG serum dilution optimisation studies 

 

The Mouse Anti-Hib-PRP IgG ELISA detection assay states that kit sensitivity has been 

optimised to differentiate anti-Hib-PRP IgG from background (non-antibody) signal with 

mouse serum samples diluted 1:100. As such, it was decided that an initial dilution of 

serum sample of 1:200 in ELISA kit diluent was appropriate. The graph shown in Figure 

1 shows the standard curve generated using calibrators in the range of 5 U/ml to 0.5 

U/ml, provided in the Mouse Anti-Hib-PRP IgG ELISA kit. This calibration curve 

indicates good linearity and a high correlation between optical density (OD) values and 

antibody titre. Using the equation of the linear portion of the line, antibody titre 

quantitation can be measured in serum samples. 

 

 

 

 
Figure 1. Internal standard derived for Mouse Anti-Hib-PRP IgG from the range 0.5 U/ml to 5U/ml at 

450 nm. y = 0.2025x – 0.0251. R2= 0.992. 

 

Samples representative of Prime, Boost and negative control were analysed with dilutions 

of serum samples carried out at 1:200. This yielded OD < 0.06 and therefore only 

indicating very low concentrations of detectable IgG within the samples. OD values as 

low as this fall below the linear section of the standard line and so are unreliable. 
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It was decided that a 4-fold increase in OD would yield more acceptable OD values and 

so a dilution of serum samples of only 1:50 was carried out and the subsequent data 

analysed. To enhance the cost-efficiency of this optimisation analysis, only Boost samples 

were analysed. In this instance 4 out of 5 samples indicated significant IgG titre of 284.2 

± 266.0 U/ml. Sample Boost 5 did not show any positive indication of IgG titre. Closer 

inspection of the OD values indicates these results may not be representative of the 

sample titres as they fall above the standard range and may be subject to system saturation. 

In order to address this, a further analysis of Boost serum samples was conducted at a 

dilution of 1:100. In this instance, OD readings fell within the standard range and IgG 

tire was measured in all samples analysed. The iterative process of dilution selection is 

summarised in Table 1 below. 

 
Table 1. Iterative summary for serum sample dilution in relation to OD values and the standard calibrator 

ranges 5 U/ml to 0.5 U/ml. 

Serum sample dilution OD in relation to standard range 

1:200 OD < standard range 

1:50 OD > standard range 

1:100 OD within standard range 

 

Positive quantification of Anti-Hib-PRP IgG was observed and confirmed serum dilution 

at 1:100 in Boost samples 1-5, as shown in Table 2 below. 

 
Table 2. Anti-Hib-PRP IgG titre as calculated from Boost samples diluted 1:100 

Boost Sample IgG titre (U/ml) 

1 61.8 

2 186.6 

3 613.5 

4 488.6 

5 1.5 

 

A positive index can also be used to determine IgG levels in samples. This involves 

relating OD values to a negative control value + 2 standard deviations. It is worth noting 

that sample Boost 5 indicated a significantly lower response than other samples and would 

not be deemed a positive index result for Anti-Hib-PRP IgG. Samples Boost 1-4 show a 

positive result for Anti-Hib-PRP IgG.
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